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ABSTRACT:-

In recent years, immuno-oncology has made
significant strides, fundamentally transforming
cancer treatment approaches. Among the array of
immunotherapy options, mRNA vaccines have
emerged as a groundbreaking modality for
combating  malignancies an  advancement
accelerated by their demonstrated success during
the COVID-19 pandemic. This review provides a
detailed and organized exploration of mMRNA-based
cancer vaccines, with an emphasis on optimizing
their molecular structure, selecting appropriate
delivery vehicles, and determining effective routes
of administration.

We also summarize key findings from both
preclinical experiments and clinical investigations
to shed light on the present state of mMRNA
vaccines in oncology. In addition, this review
addresses major hurdles hindering the advancement
of mMRNA cancer vaccines, including both
biological limitations and external challenges that
impact their clinical application. For mRNA
vaccine technology to reach its full potential in
oncology, it is essential to deepen our
understanding of tumor immunology, expand well-
structured clinical trials, and develop robust,
scalable production platforms. Achieving these
goals will require cohesive collaboration across
disciplines  bringing  together  researchers,
healthcare professionals, and industry leaders.
Keywords:-, Tumor immunology,mRNA vaccine
delivery systems,Lipid nanoparticles
(LNPs),Cancer immunotherapy, Clinical
trials,Preclinical ~ studies,Vaccine administration
routes, Molecular optimization, MRNA
therapeutics,  Translational cancer research,
Personalized cancer vaccines,Immune checkpoint
inhibitors,  Antigen  presentation, = Vaccine
manufacturing platforms, Therapeutic MRNA
design, Cancer vaccine development,Innate and
adaptive immunity, Multidisciplinary collaboration

l. INTRODUCTION:-

Cancer continues to pose a major public
health challenge with growing global concern. In
the United States alone, it was estimated that in
2023, approximately 5,370 new cases and 1,670
cancer-related deaths occurred daily [1]. Despite
significant advances in cancer therapy over recent
decades including the promising impact of immune
checkpoint inhibitors (ICIs) cancer remains a
persistent and widespread health threat affecting
millions worldwide [2]. As a result, there is an
urgent need for the development of more
innovative and effective treatment strategies.

Recent therapeutic progress has led to
notable reductions in cancer-related mortality, with
an estimated 3.8 million deaths being prevented .
Global cancer statistics for 2022 reflect these
improvements. Furthermore, projections by the
American Cancer Society for 2024 indicate that
there will be roughly 2 million new cancer
diagnoses and around 600,000 deaths in the United
States. Encouragingly, the cancer mortality rate has
shown a downward trend since 2021, culminating
in a 33% overall decline since 1991 [3,4].

Different types of cancer vaccines offer
distinct features, each with its own strengths and
limitations. In the case of mRNA-based cancer
vaccines, key challenges have included
susceptibility to degradation, inefficient delivery
mechanisms, and limited immune response
activation [1,5]. However, breakthroughs in mRNA
technology and the development of nanoparticle-
based delivery systems have significantly mitigated
these issues, paving the way for the emergence of
more robust mRNA vaccine platforms in cancer
therapy.

Advanced RNA Platform Technologies and
Novel Delivery System

Recent breakthroughs in RNA-based
technologies have transformed the landscape of
genetic medicine, offering new possibilities in
cancer therapy, vaccine development, and the
treatment of rare diseases. Advanced RNA formats
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such as self-amplifying RNA (saRNA), circular
RNA (circRNA), and chemically modified mMRNA
have been developed to improve RNA stability,
enhance translational efficiency, and fine-tune
immunogenic responses [6]. These innovations
provide better control over gene expression and
help reduce unintended biological effects.

In parallel, the emergence of advanced
delivery systems has addressed many challenges
associated with RNA transport and cellular uptake.
Lipid nanoparticles (LNPs), polymer-based
vehicles, and exosome-derived carriers have proven
highly effective in shielding RNA molecules from
degradation, enhancing their biodistribution, and
facilitating targeted delivery to specific tissues.
These delivery technologies are engineered to
overcome physiological barriers and improve
intracellular delivery, thus increasing the overall
therapeutic impact.The convergence of next-
generation RNA constructs with sophisticated
delivery mechanisms is setting the stage for safer,
more potent, and clinically viable RNA-based
treatments.

Screening for appropriate neoantigens;-

Identifying appropriate neoantigens is a
critical step in the development of effective tumor
vaccines. Neoantigens typically include tumor-
specific antigens (TSAs) and tumor-associated
antigens (TAAs). TSAs arise due to unique
alterations in cancer cells, such as gene mutations,
abnormal RNA splicing, or irregular post-
translational modifications. These alterations can
generate novel peptide sequences, known as
neoepitopes, which are recognizable by the
patient’s own T cells . Because these neoepitopes
are absent in normal tissues and evade central
immune tolerance, they present highly promising
targets for personalized cancer immunotherapy
[7,8].The identification of TSAs involves detecting
tumor-specific  non-synonymous mutations in
protein-coding regions, using next-generation
sequencing (NGS) to compare genomic data from
tumor samples and matched normal tissues
Computational algorithms are then used to predict
how well the mutated peptides bind to the patient's
human leukocyte antigen (HLA) molecules. This
prediction is essential for assessing the ability of T
cells to recognize and mount an effective immune
response against tumor cells [9].Through this
process, researchers can design individualized
tumor vaccines tailored to the unique mutation
profile of each patient, offering a personalized
approach to cancer treatment .

Characteristics of RNA vaccines;-
MRNA vaccine

Messenger RNA (mRNA) is a single-
stranded molecule that carries the instructions for
synthesizing proteins. Because it can be translated
into virtually any protein, mMRNA offers a flexible
platform for therapeutic applications [10]. In the
context of cancer vaccines, mRNA is designed to
encode one or more tumor-associated antigens
(TAAs) or tumor-specific antigens (TSAs). When
delivered into the cytoplasm of antigen-presenting
cells, the mMRNA is translated into the
corresponding antigens, which are then displayed
to the immune system triggering a targeted immune
response against tumor cells [11].

What are mRNA Cancer Vaccines ?

Unlike conventional vaccines that are
primarily used to prevent infectious diseases,
MRNA-based cancer vaccines serve a therapeutic
purpose by activating the patient’s immune system
to recognize and destroy cancer cells . The
fundamental concept involves delivering mRNA
sequences that encode tumor-specific or tumor-
associated antigens. Once inside the body, these
instructions are translated by the patient’s own cells
into antigens, which are then displayed on their
surface  through MHC molecules, thereby
prompting an immune response.

One of the major advantages of mMRNA
technology is its rapid and adaptable synthesis
process, which allows the creation of personalized
vaccines. These can be specifically designed to
target neoantigens genetic alterations unique to an
individual’s tumor. Such personalized strategies are
promising in addressing the complexity and
variability commonly seen in cancer [8].

How Do mRNA Cancer Vaccines Work?
1.Antigen Selection: Scientists first identify tumor-
associated or tumor-specific antigens proteins
highly expressed or uniquely mutated in cancer
cells.

2.mRNA Design: The selected antigens are
encoded into mRNA, which is optimized for
stability and efficient translation.

3.Delivery: The mRNA is delivered into the
patient’s body, usually encapsulated in lipid
nanoparticles (LNPs) to protect it and facilitate
uptake by antigen-presenting cells.

4.Antigen Presentation: Once inside cells, the
mRNA is translated into protein, which is
processed and presented on the cell surface via
MHC class | or 1l molecules .
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5.Immune Activation: The immune system
recognizes the foreign antigen, activating cytotoxic
T lymphocytes (CTLs) to seek and destroy tumor
cells expressing the same antigen.

1.STRATEGY FOR MRNA VACCINE
PREPARATION

The standard procedure for producing
mRNA-based cancer vaccines begins with in vitro
transcription (IVT), followed by the addition of a 5’
cap and a poly(A) tail at the 3’ end. This process
closely mimics the natural maturation of mMRNA
within eukaryotic cells (see Figure 1). Although
IVT is relatively straightforward, generating high-
quality mRNA suitable for therapeutic use without

triggering excessive inflammation has posed
significant challenges.

Recent advancements have substantially
minimized these issues. Innovations such as
enhanced capping and polyadenylation methods,
the use of chemically modified nucleosides
(especially modified uridine), refinement of coding
sequences, and thorough purification protocols
have collectively contributed to reducing innate
immune activation [12]. These improvements
lower the detection of synthetic mRNA by the
immune system, thereby decreasing inflammation
and boosting protein translation efficiency.(Figure-
1)
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Figure-1. mRNA in vitro transcription strategy.The strategy for mRNA preparation consists of template
preparation ,invitro transcription ,5'capaddition,3’poly (A) tailing,andpurification.[13]

1.1 Sequence Construction of mRNACancer
Vaccines

The development of mMRNA cancer
vaccines involves designing a synthetic mRNA
sequence that can effectively instruct human cells
to produce tumor-associated antigens or
neoantigens. These antigens are carefully selected
based on their presence in cancer cells, ensuring
specificity. To improve protein production, the
genetic sequence of these antigens is optimized
through codon optimization, which enhances

translational efficiency in human cells. The mRNA
molecule is then constructed with essential
elements a 5’ cap that promotes stability and
translation initiation, a 5’ untranslated region that
regulates translation a coding sequence that
encodes the antigen, a 3" UTR that supports mRNA
stability, and a poly(A) tail that prevents
degradation and facilitates export from the nucleus.
This entire sequence is synthesized in vitro using a
DNA template and RNA polymerase. To improve
the safety and durability of the mRNA, modified
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nucleotides such as pseudouridine are often
incorporated. After transcription, the mRNA is
purified to remove unwanted byproducts and is
then formulated with lipid nanoparticles or similar
carriers to ensure effective delivery into the body.
Once administered, the mRNA directs the patient's
own cells to produce the target antigen, which in
turn activates the immune system to recognize and
destroy cancer cells.

In Vitro Transcription (IVT) in mRNA Vaccine
Construction

In vitro transcription (IVT) plays a vital
role in the production of synthetic mMRNA used in
cancer vaccine formulations. The process starts
with a linearized DNA template containing the
coding region for a tumor-specific antigen, along
with essential regulatory sequences such as the 5’
and 3' untranslated regions (UTRs) and a poly(A)
tail. This DNA construct also features a promoter
sequence commonly derived from T7, SP6, or T3
phage recognized by the corresponding RNA
polymerase to initiate transcription. During VT,
RNA polymerase catalyzes the polymerization of
nucleoside triphosphates (ATP, CTP, GTP, and
UTP) into a single-stranded mRNA transcript [14].

To enhance stability and translational
performance, chemically modified nucleotides like
pseudouridine (V) and 5-methylcytidine are often
incorporated. These modifications help reduce
innate immune responses and mMRNA degradation.
The 5' cap structure, typically an anti-reverse cap
analog (ARCA), is either added during
transcription or enzymatically after the process to
promote efficient ribosome binding and protect the
mRNA [15]. Similarly, the poly(A) tail can be
encoded within the DNA template or added post-
transcription using enzymatic methods.

Following transcription, the mMRNA
product is subjected to purification procedures to
eliminate contaminants such as DNA residues,
enzymes, and particularly double-stranded RNA
(dsRNA), which can provoke strong immune
activation. Purification is commonly achieved
through techniques like high-performance liquid
chromatography  (HPLC) or cellulose-based
filtration systems. The resulting high-purity mRNA
is then encapsulated in lipid nanoparticles (LNPs)
or similar carriers, preparing it for effective in vivo
delivery as part of a therapeutic cancer vaccine.

5' Cap Addition in mRNA Cancer Vaccine
Synthesis

The 5' cap is a vital structural component
of synthetic mRNA, playing a key role in
stabilizing the molecule, enhancing its translation,
and protecting it from enzymatic degradation. In
naturally occurring eukaryotic mRNAs, this cap is
made up of a 7-methylguanosine (m” G) connected
to the first nucleotide of the transcript through a 5’
5" triphosphate linkage. When synthesizing mRNA
for cancer vaccines via in vitro transcription (IVT),
the 5’ cap can be introduced through either co-
transcriptional or post-transcriptional methods [16].

In the co-transcriptional approach, cap
analogs like anti-reverse cap analog (ARCA) or
more advanced reagents such as CleanCap® are
added directly during the IVT process. This enables
RNA polymerase, often T7, to attach the cap
structure at the 5’ end during mRNA synthesis,
ensuring correct orientation and functionality .
Alternatively, post-transcriptional capping is
performed enzymatically after IVT using enzymes
derived from the vaccinia virus. These enzymes
sequentially add the guanosine cap and methyl
groups to produce a fully functional cap
structure.The presence of a properly formed 5’ cap
is critical, as it facilitates ribosome binding for
efficient translation and prolongs mRNA stability
within the cytoplasm [17]. For mRNA cancer
vaccines, effective capping ensures successful
expression of tumor antigens, which is essential for
eliciting a robust immune response.

Poly(A) Tail in mRNA Cancer Vaccine
Synthesis

The Poly(A) tail, a sequence of
approximately 100-120 adenosine residues at the 3’
end of synthetic mRNA, plays an essential role in
maintaining mMRNA stability, supporting nuclear
export, enhancing translation efficiency, and
protecting against degradation by exonucleases. In
the realm of mRNA cancer vaccines, this tail is
crucial to ensure that the transcript remains stable
in the cytoplasm long enough to produce tumor
antigens, thereby promoting a sustained immune
response [18].There are two primary strategies for
incorporating a Poly(A) tail during mRNA
production: template-directed polyadenylation, in
which the tail is pre-encoded within the DNA
template used in in vitro transcription (IVT); and
enzymatic  polyadenylation,  where  poly(A)
polymerase adds the tail post-transcriptionally. The
template-based method offers more consistency in
tail length and composition, which is particularly
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important for quality control and meeting
regulatory standards in vaccine manufacturing.To
confirm the presence and appropriate length of the
Poly(A) tail, analytical techniques such as gel
electrophoresis or capillary electrophoresis are
commonly employed [19]. Overall, a well-
constructed Poly(A) tail significantly boosts protein
translation and antigen expression, making it a
critical element for the success of mRNA cancer
immunotherapies.

Purification of mRNA in Cancer Vaccine
Production

Purification is a critical phase in the
manufacturing of mRNA-based cancer vaccines,
aimed at producing mRNA that is highly pure,
stable, and free from unwanted immunogenic
components. Following in vitro transcription (IVT),
the resulting mixture includes not only the
synthesized mRNA but also various impurities
such as residual DNA templates, enzymes, unused
nucleotides, truncated RNA fragments, and
particularly, double-stranded RNA (dsRNA)
contaminants [20]. The presence of dsRNA is
especially concerning, as it can activate innate
immune pathways and negatively affect vaccine
safety and performance.

To eliminate these impurities, different
purification strategies are employed. A commonly
used approach is silica membrane column
purification, which enables selective binding of
RNA while removing low-molecular-weight
contaminants [5,6]. For applications requiring
superior  purity, advanced chromatographic
methods like high-performance liquid
chromatography (HPLC) and fast protein liquid
chromatography (FPLC) are utilized to isolate
intact, full-length mRNA and effectively remove
dsRNA and improperly capped
products.Additionally, cellulose-based techniques
have gained popularity for their effectiveness in
selectively removing dsRNA through specific salt-
based interactions with cellulose beads. Once
purified, the quality of the mRNA is assessed using
analytical tools such as UV spectrophotometry, gel
electrophoresis, or bioanalyzer systems to confirm
RNA purity, structural integrity, and absence of
contaminants.Producing high-purity mRNA is
fundamental to ensuring efficient translation into
tumor antigens and achieving optimal therapeutic
outcomes in MRNA cancer vaccine applications
[16].

MRNA Delivery Systems in Cancer Vaccines

A key challenge in the application of
mRNA cancer vaccines is ensuring the stability and
cellular delivery of the mMRNA molecule, which is
otherwise prone to rapid degradation by
extracellular RNases. Efficient delivery systems are
therefore essential to protect the mRNA, enhance
cellular uptake, and enable effective translation into
tumor antigens.Lipid nanoparticles (LNPs) have
emerged as the most established and widely
adopted delivery vehicle in clinical settings [21].
These nano-sized vesicles typically consist of
ionizable lipids, cholesterol, phospholipids, and
polyethylene  glycol (PEG)-modified lipids.
Together, these components create a protective
environment that shields the mRNA, aids in
cellular uptake particularly by antigen-presenting
cells like dendritic cells and facilitates endosomal
escape, allowing the mRNA to reach the
cytoplasm. Once inside the cytoplasm, the mRNA
is translated into tumor-specific antigens, thereby
triggering a targeted immune response .In addition
to LNPs, alternative delivery approaches are being
explored, including polymer-based nanoparticles,
liposomal carriers, peptide conjugates, and
exosome-derived systems. These novel platforms
offer various advantages, such as targeted delivery,
minimized toxicity, and enhanced tissue selectivity.
To further refine delivery, researchers are
investigating the use of targeting ligands on
nanoparticle surfaces to direct wvaccines to
lymphoid tissues or tumor sites
specifically.Optimizing delivery mechanisms is not
only crucial for improving the safety and efficiency
of mRNA-based therapies but also for ensuring
their scalability and adaptability in clinical
applications. Ultimately, robust delivery systems
are foundational to maximizing the therapeutic
efficacy of mMRNA cancer vaccines and achieving
durable anti-tumor immunity[13].

Lipid Nanoparticles (LNPs) in mRNA Cancer
Vaccine Delivery

Lipid nanoparticles (LNPs) are currently
the most extensively used and clinically validated
carriers for delivering mRNA in cancer vaccine
applications. Their core function is to shield the
mRNA from enzymatic degradation, promote
cellular uptake, and ensure successful delivery into
the cytosol of target cells particularly antigen-
presenting cells (APCs) such as dendritic cells.
LNPs are typically composed of four essential
components[22].
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1. lonizable lipids, which gain a positive charge in
acidic conditions (such as those within endosomes),
enabling effective endosomal escape;

2. Phospholipids, which contribute to forming the
bilayer membrane;

3. Cholesterol, which improves membrane stability
and flexibility;

4. PEGylated lipids (PEG-lipids), which enhance
circulation time in the body and help prevent
particle aggregation during production and storage.

Encapsulation of mRNA into LNPs is
commonly achieved using microfluidic mixing,
where aqueous mMRNA solutions are rapidly
combined with lipid mixtures in ethanol, allowing
LNPs to form spontaneously around the mRNA.
Once delivered into the body, the LNPs are
internalized by cells via endocytosis. Within
endosomes, the ionizable lipids enable membrane
disruption, releasing the mRNA into the cytoplasm.
There, the mRNA is translated into tumor-specific
antigens, which are presented on MHC molecules
to activate T cells and stimulate a strong and
targeted anti-cancer immune response[9]

LNPs offer several advantages, including
good biocompatibility, efficient delivery through
multiple administration routes (intramuscular,
intravenous, or intratumoral), low immunogenicity,
and scalable manufacturing. Due to these benefits,
LNPs are considered the gold standard for mMRNA
vaccine delivery and continue to be at the forefront
of innovations aimed at enhancing the safety and
effectiveness of mMRNA-based cancer therapies.

Self-Assembled Polymeric Micelles

A promising delivery strategy involves the
use of polymeric micelles formed by a
polyethyleneimine (PEI) copolymer known as
PVES, which is functionalized with vitamin E (a-
tocopherol) succinate. Vitamin E, classified by the
FDA as an inactive ingredient suitable for
intravenous, oral, and topical applications, has been
utilized as an immune-enhancing agent in humans
and as an adjuvant in various veterinary vaccines,
including those deployed during the HI1N1
influenza pandemic [23,24]. Additionally, vitamin
E is commonly employed as a delivery agent in
formulations like tocopherol polyethylene glycol
succinate (TPGS) micelles.

In 2016, Liu and colleagues introduced a
vitamin E-conjugated PEI polymer for enhanced
gene delivery. Their work demonstrated that this
modification significantly improved the uptake of
plasmid DNA by cells while maintaining low

toxicity levels . PEI, a water-soluble cationic
polymer, and VE, a hydrophobic molecule, form a
conjugated complex that self-assembles into stable
micellar structures in aqueous environments [25].

These PVES micelles exhibited high
transfection efficiency in several cell lines,
including HEK-293T, HelLa, Vero, and DC2.4,
without inducing notable cytotoxic effects.
Furthermore, mRNA vaccines delivered using
PVES elicited strong immune responses, activating
CD8+ T cells that secrete interferon-gamma (IFN-
v) characteristic of Thl responses as well as
CD4+ T cells that produce interleukin-4 (IL-4),
indicative of Th2 responses. Safety assessments
revealed no visible local inflammation or adverse
reactions at the injection site during the monitoring
period following vaccination [25].

Nano- hydrogel

Nano-hydrogels are an innovative and
versatile class of nanocarriers being explored for
the delivery of mRNA in cancer vaccines. These
are three-dimensional, hydrophilic  polymer
networks that can swell in water and form
nanoscale particles capable of encapsulating and
protecting delicate biomolecules like mMRNA.
Nano-hydrogels offer excellent biocompatibility,
biodegradability, and high loading capacity,
making them ideal for delivering nucleic acids.
They can be synthesized from natural polymers
(like chitosan, alginate, hyaluronic acid) or
synthetic polymers (such as polyethylene glycol
(PEG) and polyvinyl alcohol (PVA) [11]. In
mMRNA cancer vaccines, nano-hydrogels protect the
mRNA from enzymatic degradation and provide a
controlled release environment, improving its
stability and bioavailabilityOne of the key
advantages of nano-hydrogels is their ability to
respond to physiological stimuli such as pH,
temperature, or enzymatic activity, which allows
for site-specific or intracellular release of the
MRNA [26].For example, hydrogels that degrade in
the acidic environment of endosomes can
efficiently release mRNA into the cytoplasm,
enabling effective translation into tumor antigens.
Additionally, nano-hydrogels can be surface-
modified with targeting ligands (e.g., antibodies or
peptides) to enhance delivery specifically to tumor
tissues or antigen-presenting cells (APCs) like
dendritic cells.

Recent developments also include self-
healing and injectable nano-hydrogel systems,
which allow for localized and sustained antigen
expression, enhancing immune stimulation while
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minimizing systemic side effects. With their
customizable properties and gentle encapsulation
process, nano-hydrogels are gaining attention as a
next-generation platform for safe, efficient, and
targeted delivery of mRNA in cancer
immunotherapy[27].

Metal Nanoparticles

Nano-hydrogels represent a cutting-edge
category of nanocarriers being actively investigated
for mRNA delivery in cancer immunotherapy.
These are nanoscale, water-swelling networks
composed of hydrophilic polymers that can
encapsulate and safeguard fragile molecules like
MRNA. Thanks to their excellent biocompatibility,
biodegradability, and substantial loading capacity,
nano-hydrogels are especially well-suited for
transporting nucleic acids[28]. They can be
fabricated from naturally derived materials such as
chitosan, alginate, and hyaluronic acid, or from
synthetic polymers like polyethylene glycol (PEG)
and polyvinyl alcohol (PVA).In cancer vaccine
applications, nano-hydrogels protect mRNA from
degradation by nucleases and offer a controlled-
release environment, thereby enhancing the
molecule’s stability and therapeutic efficacy.A
notable feature of these carriers is their
responsiveness to biological stimuli such as
variations in pH, temperature, or specific enzymatic
activities. This property allows them to release
MRNA precisely at the target site for instance, by
degrading in the acidic environment of endosomes
to facilitate cytosolic release and subsequent
antigen expression.Furthermore, the surface of
nano-hydrogels can be engineered with specific
ligands such as antibodies or peptides to direct the
carrier toward tumor cells or professional antigen-
presenting cells (APCs), including dendritic cells,
for enhanced targeting. Innovations in this field
have led to the development of injectable and self-
healing nano-hydrogels that offer localized and
sustained antigen release, helping to amplify
immune activation while minimizing off-target
effects.Given their adaptable structure and mild
encapsulation techniques, nano-hydrogels are
emerging as a promising platform for safe,
effective, and targeted mRNA delivery in cancer
vaccine strategies[29].

Adverse Events Related to mRNA Delivery
Materials

Polymeric delivery vehicles, such as those
made from polyethyleneimine (PEI) or poly(lactic-
co-glycolic acid) (PLGA), may exhibit

cytotoxicity, especially at high concentrations, due
to their positively charged surfaces that can
compromise  cellular membranes[64]. Metal
nanoparticles, while holding therapeutic promise,
can accumulate in tissues and potentially induce
oxidative stress or long-term organ toxicity if not
efficiently eliminated from the body. Likewise,
some nano-hydrogel formulations may provoke
irritation or prolonged inflammation, particularly if
the material is not fully degradable or
biocompatible[27].The likelihood and intensity of
these adverse effects are influenced by several
variables, including the administered dose, delivery
route, nanoparticle size and surface charge, and
individual patient-specific factors such as immune
sensitivity. To address these concerns, researchers
are focused on designing safer materials, fine-
tuning formulations to reduce immune activation,
and developing targeted delivery strategies to
minimize off-target effects[30,11]

Despite isolated reports of toxicity, most
mRNA delivery systems have demonstrated
favorable safety profiles in preclinical and clinical
studies. Nevertheless, continuous toxicological
evaluations, post-administration monitoring, and
strict regulatory standards remain critical to ensure
the safe and effective use of these technologies in
cancer immunotherapy[11].

How mRNA works on the immut system
Messenger RNA (mRNA) plays a pivotal
role in immune activation by delivering genetic
instructions to host cells to produce specific
proteins most often antigens that prompt an
immune response. Upon administration, typically
via injection, the mRNA is encapsulated within
delivery vehicles like lipid nanoparticles (LNPs) to
protect it and enhance uptake. These nanoparticles
facilitate the entry of mMRNA into the cytoplasm of
host cells, particularly antigen-presenting cells
(APCs) such as dendritic cells.Once inside the cell,
ribosomes translate the mRNA into the target
protein. This protein, mimicking a pathogen- or
tumor-associated  antigen, is  subsequently
processed into  peptide  fragments[10]These
fragments are presented on the cell surface via
major  histocompatibility =~ complex  (MHC)
molecules, serving as signals for immune
recognition.The immune system is activated when
T cells detect these antigen-MHC complexes.
CD8+ cytotoxic T lymphocytes (CTLs) are
stimulated to eliminate cells displaying the antigen,
while CD4+ helper T cells enhance the immune
response by promoting B cell activation and
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boosting cytotoxic T cell activity[85. This dual
stimulation of both cellular and humoral immunity
ensures a comprehensive defense[29].

In addition, mMRNA vaccines also activate
the innate immune system. Pattern recognition
receptors (PRRs), such as Toll-like receptors 7 and
8 (TLR7/8), detect the foreign mRNA and trigger
early inflammatory responses. This innate
activation strengthens and shapes the subsequent
adaptive immune response. A significant safety
advantage of mRNA is that it does not enter the
cell’s nucleus or integrate into the genome. After
translation, the mRNA naturally degrades, making
it a transient and non-integrating platform. In
cancer immunotherapy, mRNA can be engineered
to encode tumor-specific neoantigens, allowing the
immune system to identify and target cancer cells
that would otherwise escape immune surveillance.
This adaptability, safety, and robust immune
activation make mRNA a powerful and innovative
tool for both infectious disease prevention and
cancer treatment [11].

MRNA Cancer Vaccine Induces an Innate
Immune Response

mRNA-based cancer vaccines contribute
not only to the activation of adaptive immunity but
also play a key role in initiating the innate immune
response the body’s immediate defense
mechanism. When synthetic mRNA, typically
packaged in lipid nanoparticles (LNPs), is
introduced into the body, it is detected as a foreign
element by pattern recognition receptors (PRRs)

located in innate immune cells such as dendritic
cells, monocytes, and macrophages[31].

These PRRs include Toll-like receptors
(TLR3, TLR7, and TLR8) within endosomes and
cytosolic receptors like RIG-1 and MDAS. Upon
sensing the presence of exogenous mMRNA, these
receptors activate intracellular signaling pathways
that result in the release of type I interferons (IFN-o
and IFN-B) and pro-inflammatory cytokines such
as IL-6, TNF-o, and IL-12. This localized
inflammation not only recruits additional immune
cells to the vaccination site but also enhances
antigen presentation and immune activation[32].

The stimulation of innate immunity serves
as a foundation for an effective adaptive response.
Activated dendritic cells mature and migrate to
nearby lymph nodes, where they present tumor-
derived antigens to T cells, ultimately triggering
cytotoxic T lymphocyte responses that target and
eliminate tumor cells. However, this innate
activation  must  be carefully  regulated
overactivation can lead to excessive inflammation,
premature mRNA degradation, or systemic side
effects[33].

To address this, modern mRNA vaccine
platforms incorporate  chemically = modified
nucleotides (such as pseudouridine) and utilize
refined delivery systems that reduce recognition by
PRRs, thereby minimizing adverse reactions while
still eliciting strong immune responses. This
balanced modulation of innate immunity is crucial
to maximizing the safety and therapeutic potential
of mRNA cancer vaccines.(Figure-2).
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Figure-2:-"mRNA Cancer Vaccine Induces an Innate Immune Response"[11].
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Induction of Acquired Immunity From
mRNACancer Vaccine

mRNA-based cancer  vaccines are
instrumental in stimulating adaptive immunity by
engaging antigen-specific T and B lymphocytes.
After delivery typically into antigen-presenting
cells (APCs) such as dendritic cells the synthetic
mRNA is translated into tumor-associated or
tumor-specific antigens within the host. These
antigens are subsequently processed and displayed
on the cell surface through  major
histocompatibility complex (MHC) class | and 1l
molecules[11].(figure-3).

This antigen presentation initiates a robust
immune response: CD8* cytotoxic T lymphocytes
(CTLs) are activated via MHC-1 pathways and can
directly identify and eliminate cancer cells
expressing the same antigenic markers[26].
Concurrently, CD4* helper T cells are activated
through MHC-II pathways, playing a critical role in
supporting cytotoxic T cell activity and assisting in
the maturation of B cells[34].

Once activated, B cells generate tumor-
specific antibodies, enhancing the humoral immune
response by tagging malignant cells for immune-
mediated destruction. Importantly, the immune
system also generates memory T and B cells, which
contribute to durable, long-lasting protection and a
swift response if the tumor recurs.

This ability to precisely activate the
immune system especially when tailored with
patient-specific neoantigens positions mMRNA
vaccines as a promising and highly adaptable
strategy in cancer immunotherapy.

Antigen presentation

Antigen presentation is a fundamental
mechanism through which cells communicate with
the immune system by displaying protein
fragments on their surface. In the context of mMRNA
cancer vaccines, laboratory-synthesized mRNA is
introduced into antigen-presenting cells (APCs)
like dendritic cells and macrophages[21].Once
inside, the mRNA is translated into tumor-specific
proteins, which are then broken down by the
proteasome into smaller peptide fragments.These
peptides are subsequently loaded onto Major
Histocompatibility Complex (MHC) molecules
with MHC class | presenting antigens to CD8*
cytotoxic T lymphocytes and MHC class Il
presenting to CD4* helper T cells. Activated
CD8* T cells can identify and kill cancer cells
bearing the same antigenic peptides, while CD4* T
cells coordinate the immune response by enhancing

cytotoxic T cell function and assisting B cells in
generating tumor-targeted antibodies[35].

By engaging both MHC pathways, mRNA
vaccines stimulate a comprehensive and highly
specific adaptive immune response, offering both
immediate tumor cell elimination and the formation
of immune memory for long-term protection.

Antigen Classification

Antigens are substances that can trigger an
immune reaction, either by stimulating antibody
production or activating T cells. They are typically
categorized based on factors such as their source,
their ability to provoke an immune response
(immunogenicity), and their specificity to
particular immune components.

1. Based on Origin

Exogenous Antigens: These antigens come from
external sources such as bacteria, viruses, or
environmental allergens. They typically enter the
body through pathways like ingestion, inhalation,
or injection. Once inside, they are captured and
processed by antigen-presenting cells
(APCs)[35,36].

Example: Proteins from the influenza virus.

Endogenous Antigens: Originating from within
the body, these antigens are usually produced by
cells that are infected or have become cancerous.
They are presented to the immune system via MHC
class | molecules.

Example: Viral proteins produced inside host cells
or tumor-derived antigens.

Autoantigens: These are the body’s own proteins
that, due to a malfunction in immune tolerance, are
incorrectly  recognized as  threats.  This
misidentification often leads to autoimmune
disorders.

Example: Insulin being targeted in individuals with
type 1 diabetes.

Neoantigens: Unique to diseased cells, particularly
cancer cells, neoantigens result from genetic
mutations. Since they do not exist in normal
healthy tissue, they serve as precise and
personalized targets for cancer therapies, including
mRNA-based vaccines.

Example: Mutation-derived peptides expressed
only on tumor cells.
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2. Based on Immunogenicity

Complete Antigens (Immunogens): These are
substances that can independently stimulate an
immune response and also bind to specific
antibodies. They are typically large and complex
molecules, such as proteins found on the surface of
pathogens.

Example: Pathogen-derived proteins like those
from bacteria or viruses.

Incomplete Antigens (Haptens): These are small
molecules that, by themselves, are not capable of
triggering an immune response. However, when
they bind to larger carrier proteins, they form a
complex that becomes immunogenic.

Example: Penicillin, which can act as a hapten
when it binds to body proteins and may trigger
allergic reactions.

3. Based on Specificity

Tumor-Specific Antigens (TSAs): These antigens
are uniquely expressed on cancer cells and are
absent from healthy, normal tissues. Because of
their exclusive presence on tumor cells, they serve
as ideal targets for highly selective cancer
immunotherapies.

Example: Mutated forms of the p53 protein
commonly found in various cancers.

Tumor-Associated Antigens (TAAS): These
antigens are found on both normal and malignant
cells but are significantly overproduced or
abnormally expressed in tumor cells. Their elevated
presence in cancers makes them useful for
diagnostic and therapeutic purposes, although they
may pose a higher risk for off-target effects.
Example: Overexpression of the HER2/neu
receptor in certain types of breast cancer.

Immunological Effects

The immunological effect describes the
series of reactions the immune system initiates in
response to the presence of antigens, including
activation of immune pathways, regulation of
responses, and development of immunological
memory . When a foreign antigen such as a protein
produced from an mRNA vaccine is introduced, the
immune system identifies it as non-self. This
recognition sets off a coordinated defense
beginning with innate immunity, where cells like
dendritic cells, macrophages, and natural Killer
(NK) cells detect the antigen and release signaling
molecules (cytokines and chemokines) to attract
and activate additional immune cells[37].

This is followed by the activation of
adaptive immunity.Antigen-presenting cells
(APCs) process the antigen and display its
fragments on MHC molecules, presenting them to
T lymphocytes. CD4* helper T cells respond by
releasing cytokines that enhance immune functions,
while CD8* cytotoxic T cells identify and
eliminate infected or cancerous cells carrying the
same antigen[38]. Meanwhile, B cells that
recognize the antigen become plasma cells,
producing antibodies that either neutralize the
antigen directly or mark it for destruction by other
immune cells[39].

Crucially, this process also generates
memory T and B cells, which enable a rapid and
potent immune reaction if the same antigen is
encountered again. In the context of mRNA-based
cancer vaccines, this mechanism is harnessed to
provoke a strong and sustained immune response
specifically targeting tumor-associated or tumor-
specific antigens, with the aim of destroying cancer
cells and reducing the risk of relapse[11].
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(figure-3):- induction of acquired immunity from mRNA cancer vaccine[11].
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5 clinical development of MRNA cancer vaccine

IVT mRNA-based vaccines are gradually
being developed for a variety of tumor treatments.
Currently, mRNA cancer vaccines are classified as
encoding TAAS, TSAs, cytokines, and antibodies
based on the final product types. In most clinical
trials, mMRNA cancer vaccines have been applied to
treat aggressive, refractory, and metastatic tumors.
Here, we summarize the clinical trials in different
cancer treatments based on product types
Moreover, we discuss therapeutic regimens to
explore the possibility of application of mRNA
vaccines for various cancers.

Clinical trials of mMRNA encoding TAAs

Appropriate antigen selection is the basis
for the development of cancer vaccines. Non-
mutant shared tumor antigens are generally selected
as targets form RNA cancer vaccines. A typical
example is themelanoma vaccine encoding selected
malignant melanoma-associated antigens. In
multiple clinical trials, NY-ESO-1, tyrosinase,
MAGE-A3, MAGE-C2, and TPTE have been
employed as TAAs for melanoma . BNT111 is a
cancer vaccine, a lead candidate for the BioNTech
FixVac platform, which utilizes a fixed
combination of TAAs designed to trigger a
powerful and precise immune response against
cancer. The FDA approved the BNT111 Fast Track
Designation, a new cancer immunotherapy for
advanced melanoma at the end of 2021, and
BNT111liscurrently under investigation in two
clinical trials. A recent report of an exploratory
interim  analysis from a phase | trial
(NCT02410733) showed that BNT111 is a potent
immunotherapy in patients with immune CPI-
experienced melanoma. A subsequent randomized
phase Il trial (NCT04526899) is aimed at
supporting the initial data from a phase | trial by
investigating the safety and antitumor responses of
BNT111 alone or in combination with Libtayo
(cemiplimab),an anti-PD-1 monoclonal antibody.
CVv9201 (NCT00923312) and CVv9202
(NCT01915524, NCT03164772) are two
vaccinetarget antigens expressed in NSCLC
[40,41]. The clinical trialsshowed that these two
vaccines are well tolerated and immuneresponses
could be detected after treatment, thus supporting
further clinical investigation of mMRNA-based
immunotherapy in NSCLC, including combinations
with CTLA-4.

TAAs are attractive vaccine targets but
are more suitable for certain solid tumors, such as
melanoma and NSCLC, which have TAAs.

Moreover, as TAAs are non-mutated self-antigens,
they are also present in normal tissues. Vaccines
expressing TAAs may trigger both central and
peripheral immune tolerance responses, thereby
reducing clinical vaccination efficiency observed in
many vaccine trials. Therefore, most vaccines
expressing TAAs are still used as adjunctive
therapy in combination with immune CPlIs.

Clinical trials of mRNA encoding TSAs

MRNA vaccines encoding a variety of
mutated antigens are ideal for treating mutation-
induced malignancies. This type of cancer vaccine
has been examined in the greatest number of
clinical trials. With the development of next-
generation  sequencing  (NGS) technology,
personalized mRNA cancer vaccines encoding
mutated antigens can be produced to stimulate the
immune system, to identify and kill cancer cells.
There is a great ideal of clinical and research
interest tin such personalized cancervaccines. Two
personalized mRNA cancer vaccines are currently
in phase |1 clinical trials, Moderna vaccine mRNA-
4157 andBioNTech vaccine BNT122
(RO7198457).mRNA-4157 was specifically
screened and encoded neoantigens on a single
MRNA molecule, depending on the patient’s cancer
mutations. Interim data from a phase | trial showed
that mMRNA-4157 monotherapy or in combination
with the PD-1 inhibitor Keytruda (NCT03313778)
was well tolerated at all doses tested and triggered
a neoantigen-specific T cell response. Due to the
positive phase | trial results, personalized cancer
vaccine mRNA-4157 is now in a phase Il clinical
trial (NCT03897881) to evaluate whether
postoperative adjuvant therapy with mRNA-4157
and pembrolizumab improves recurrence-free
survival compared to pembrolizumab alone in
patients with complete resection of cutaneous
melanoma and a high risk of recurrence. BioNTech
explored the efficacy and safety of RO7198457 in
combination with PD-L1 antibody to treat various
cancers. Phase Il clinical trials in melanoma,
NSCLC, and CRC were initiated in the first half of
2021.

Personalized mRNA vaccines provide a
new direction for precision tumor treatment. With
existing clinical data and a large number of
ongoing clinical trials, personalized mMRNA
vaccines have potential as adjuvant therapy for
immunotherapy. However, the data demonstrating
efficacy were generally in  completely
individualized immune responses. In addition,
these tumor specific immune responses rarely
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translate to tumor reduction. Overall, mRNA
cancer vaccines encoding TSAs can improve the
tumor immunogenicity and increase the sensitivity
of tumor cells to immune CPIs, so the clinical
response rate is meaningful.

Clinical  Trials of mRNA
Immunostimulants

mRNA-based cancer immunotherapies
extend beyond the delivery of tumor antigens; they
are also being engineered to  express
immunostimulatory molecules such as cytokines,
co-stimulatory ligands, and toll-like receptor (TLR)
agonists that enhance both innate and adaptive
immune responses.These MRNA constructs aim to
reshape the tumor microenvironment, strengthen T
cell activation, and counteract the
immunosuppressive mechanisms commonly
present in tumors.

One notable example is Moderna’s
MRNA-2752, which encodes three key immune
modulators: OX40 ligand (OX40L), interleukin-23
(IL-23), and interleukin-36 gamma (IL-36y). This
therapy is being developed for patients with various
solid tumors and lymphomas to trigger robust anti-
tumor immune activity[42]. Another promising
candidate is SAR441000 (also known as BNT131),
a product of collaboration between BioNTech and
Sanofi. It encodes a combination of four cytokines
IL-12sc, GM-CSF, IFN-q, and IL-15 fused with the
sushi domain for direct injection into tumors. This
localized administration strategy is designed to
stimulate immune responses at the tumor site while
reducing the risk of systemic side effects.

Most of these therapies are currently in
early-stage clinical trials (Phase /1), where
researchers are assessing their safety, tolerability,
and ability to induce targeted immune activation.
These mRNA immunostimulants are often tested
alone or in combination with immune checkpoint
inhibitors such as anti-PD-1 antibodies to further
enhance their therapeutic potential. The goal is to
achieve a stronger and more focused immune
attack on tumors while minimizing toxicity[11].

Encoding

Safety and Prospects for mMRNA Vaccines
mRNA vaccines have shown a favorable
safety profile in both infectious disease
applications such as the COVID-19 vaccines and in
the emerging field of cancer immunotherapy.
Because mRNA is inherently non-integrating, non-
replicating, and naturally degradable, the likelihood
of it causing permanent genetic changes or long-
term side effects is very low. Clinical trials

investigating mRNA-based cancer vaccines have
mostly reported mild to moderate adverse effects,
including localized pain at the injection site, fever,
fatigue, and temporary inflammation. These
symptoms are typically short-lived and are
considered indicators of immune system
activation[5].

Nonetheless, certain safety challenges
remain, particularly when vaccines are designed to
express potent immunostimulatory agents. These
include risks such as excessive immune activation,
cytokine storms, or autoimmune complications. To
reduce these risks while maintaining effectiveness,
advanced mRNA platforms now utilize chemically
modified nucleosides such as pseudouridine and
refined  delivery  technologies like lipid
nanoparticles. These innovations help balance
immune stimulation with safety.

Looking to the future, mRNA cancer
vaccines offer enormous potential. Their ability to
be rapidly developed and customized, along with
their capacity to encode a wide array of tumor-
specific  antigens and  immune-enhancing
molecules, positions them as a cutting-edge
approach for personalized cancer treatment.
Emerging technologies such as self-amplifying
RNA (saRNA), circular RNA (circRNA), and Al-
guided antigen selection are further accelerating
innovation in the field [43].

Positive  results  from  trials  like
KEYNOTE-942 which evaluates Moderna’s
MRNA-4157/V940 in combination with Merck’s
pembrolizumab in melanomahighlight the potential
for mRNA vaccines to improve clinical outcomes.
As more data emerge on their long-term safety and
efficacy, it is anticipated that mRNA cancer
vaccines will gain regulatory approval and become
a key component of modern cancer therapy, either
alone or in combination with other treatments like
checkpoint inhibitors and chemotherapy [44].

1.  CONCLUSION:-

Messenger RNA (mRNA) technology is
revolutionizing cancer treatment by offering
personalized and targeted immunotherapy. Through
advanced molecular design and delivery systems
like lipid nanoparticles, mRNA vaccines can
effectively stimulate both innate and adaptive
immune responses. Clinical trials with vaccines
such as mRNA-4157 and BNT111 have shown
promising safety and efficacy results. While
challenges like immune overactivation and delivery
limitations remain, ongoing innovations continue to
enhance stability, precision, and therapeutic
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outcomes. With its flexibility, safety, and rapid

development

potential, mMRNA-based cancer

vaccines are expected to become a crucial

component

of future cancer immunotherapy

strategies.
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