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Abstract. Cancer is characterized by unlimited proliferation
and metastasis, and traditional therapeutic strategies usually
result in the acquisition of drug resistance, thus highlighting
the need for more personalized treatment. mRNA vaccines
transfer the gene sequences of exogenous target antigens into
human cells through transcription and translation to stimulate
the body to produce specific immune responses against the
encoded proteins, so as to enable the body to obtain immune
protection against said antigens; this approach may be adopted
for personalized cancer therapy. Since the recent coronavirus
pandemic, the development of mRNA vaccines has seen
substantial progress and widespread adoption. In the present
review, the development of mRNA vaccines, their mechanisms
of action, factors influencing their function and the current
clinical applications of the vaccine are discussed. A focus is
placed on the application of mRNA vaccines in cancer, with
the aim of highlighting unique advances and the remaining
challenges of this novel and promising therapeutic approach.
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1. Introduction

Cancer remains a serious threat to human health and the
incidence rates continue to rise. In recent years, the number
of new cases and cancer-associated deaths has shown a
significant upward trend (1-3). The occurrence of cancer is a
multi-factor, multi-step and complex process, and its etiology
has not been fully clarified; however, it is well acknowledged
that it is closely related to various factors, including smoking,
infection, occupational exposures, environmental pollution,
an unhealthy diet and genetic factors (4-8). With the rapid
advances in life sciences and technology, a more in-depth
understanding of tumors has been gained. The search for more
effective treatments to improve the survival rates of patients
with cancer remains a central topic of research in the medical
industry.

mRNA vaccines are a type of nucleic acid preparation that
can transduce gene sequences of exogenous target antigens
into cells via a specific delivery system by means of transcrip-
tion and translation, and the transcribed proteins stimulate
the body to produce specific immunological responses, thus
enabling the body to obtain immune protection (9). mRNA
vaccines are the new generation of vaccines after inactivated
vaccines, live attenuated vaccines, subunit vaccines and
viral vector vaccines. With continuous improvements in
RNA-based technologies, this innovative treatment model is
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predicted to supplant traditional vaccines and may have the
ability to address the issues associated with small molecules
and antibody therapy. In addition to being used in infectious
diseases, mRNA vaccines also provide more effective and
longer-lasting treatment opportunities for diseases including
cancer, rare diseases and nervous system diseases (10). mnRNA
vaccines not only cover a variety of tumor antigens at one time
but also activate a wider range of T-cell responses through the
simultaneous delivery of human leukocyte antigen (HLA)-I
and HLA-II molecules, resulting in a more comprehensive
multi-angle attack. Thus, mRNA vaccines have significant
anti-cancer potential. Currently, there are dozens of clinical
trials related to mRNA tumor vaccines around the world, which
include (but are not limited to) melanoma, pancreatic cancer
and colorectal cancer, and in certain trials, mRNA vaccines
are combined with other tumor-immunity drugs (11-13). The
recently developed mRNA-4157 vaccine, which has been
declared a ‘Breakthrough Therapy Designation’ by the US Food
and Drug Administration (FDA) and a ‘Priority Medicines’
Programme by the European Medicines Agency, is expected
to be the first mRNA tumor vaccine on the market (14).

The present article reviews the current treatment methods
for cancer as well as the development and current status of
mRNA vaccines. On this basis, the value of mRNA vaccines
in tumor treatment is also discussed.

2. Treatment of cancer

Cancer is a major global public health problem. According
to the latest global cancer data released by the American
Cancer Society, it is estimated that there were 1,958,310 new
cancer cases and 609,820 deaths in the US in 2023. Amongst
the different types of cancer, cancers of the prostate, lung,
bronchus and colorectum account for almost half (48%) of all
cases in men, with prostate cancer alone accounting for 29% of
all diagnoses. For women, breast, lung and colorectal cancers
account for 52% of all newly diagnosed cancers, with breast
cancer (BCa) alone accounting for 31% of cancers in women.
Of the projected deaths from cancer, the highest number of
deaths were from lung, prostate and colorectal cancers in
men and from lung, breast and colorectal cancers in women
(Fig. 1A) (15).

Due to the continuous progress of medical approaches,
there are an ever-increasing number of methods for treating
cancer. According to the type and stage of cancer and the
specific conditions of a patient, choosing the appropriate treat-
ment can prolong the survival time and improve the quality of
life to a significant extent. The methods of cancer treatment
primarily include surgery, chemotherapy, radiotherapy and
immunotherapy. However, a single treatment is insufficient
for the treatment of cancer and the simple addition of a thera-
peutic regimen cannot achieve the goal. Thus, a reasonable
and comprehensive use of a variety of methods is required
to better control and eliminate the tumor; that is, a current
comprehensive multidisciplinary approach should be adopted
where possible (16).

With the development of vaccinations being promoted
by emerging innovations of the digital age, vaccinating a
patient with individual tumor mutations may become the
first truly personalized treatment for cancer (17). All types

of vaccines that can stimulate the body to produce agents
that counteract pathogenic factors for tumorigenesis or acti-
vate specific immunity in order to counteract the immune
escape effect of cancers and treat tumors can be called tumor
vaccines (18). Prophylactic vaccines, which are similar to
traditional vaccines, primarily target pathogenic microorgan-
isms directly related to cancer, such as Human papillomavirus
(HPV) and hepatitis B virus (HBV). In addition, there are
therapeutic vaccines for patients who already have cancer
and these promote the establishment of a lasting immune
memory and a long-term anti-tumor response by inducing
immune responses primarily against ‘autoantigens’ present
in tumors (19).

At present, the primary types of tumor vaccines are
as follows: i) Whole-cell vaccines; ii) dendritic cell (DC)
vaccines; iii) protein or polypeptide vaccines; and iv) nucleic
acid vaccines, including DNA vaccines and RNA vaccines
(Fig. 1B).

3. Overview of mRNA vaccines

History of mRNA vaccines

During the Coronavirus (CoV) disease 2019 (COVID-19)
pandemic, mRNA vaccines gained attention as a
cutting-edge technology used by several pharmaceutical
companies to create vaccinations (20,21). Of note, the first
potential vaccine to enter phase I clinical trials was an
mRNA vaccine. Brenner et al (22) first identified mRNAs
as an intermediary genetic element in the central nervous
system in 1961. Malone et al (23) in 1989 discovered that
mRNAs could be successfully transfected and expressed in
a variety of eukaryotic cells when encased in a cationic lipid
{N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium
chloride}, and this was when the notion of mRNA-based medi-
cations was first conceived. The 1990s saw a boom in mRNA
vaccine research, with preclinical trials being applied to a
range of illnesses, including infectious diseases and cancer.
The first successful effort at mRNA in vivo expression was
performed in 1990 when direct injection of in vitro-tran-
scribed mRNA was sufficient to introduce the mRNA into
mouse skeletal muscle cells (24). This demonstrated the
viability of mRNA vaccines. In 1992, Jirikowski et al (25)
discovered that injecting mRNAs encoding oxytocin and
vasopressin into genetically mutated diabetic insipidus mice
cured the condition within a few hours of injection for a
short period of time. An in vitro-generated mRNA vaccine
encoding the influenza virus's nucleoprotein to activate cyto-
toxic T-cells of mice was reported by Martinon ef al (26)
in 1993. The first researchers to find that DCs pulsed with
mRNA was a viable approach to trigger T-cell responses
were Boczkowski et al (27) in 1996. Zhou et al (28),in 1999,
showed the potential of mRNA vaccines against cancers
by directly injecting glycoprotein 100 mRNA encapsulated
in hemagglutinin virus of Japan-liposomes into the spleen,
which resulted in tumor growth restriction and a longer
survival time in a mouse model of melanoma. The safety,
effectiveness and industrial manufacturing ability of mRNA
vaccines have improved over the last several decades as
research has advanced and experimental procedures have
improved (29). Currently, several mRNA vaccines are being
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Figure 1. (A) Basic epidemiological characteristics of cancer in different genders. (B) The main types of tumor vaccines.

tested in clinical settings or are readily accessible to combat
cancer and several infectious diseases, including the Zika
virus, cytomegalovirus, influenza virus, metapneumovirus
and parainfluenza virus (30). In response to the need for a
timely and efficient vaccination, there has been a surge in
the research and development of nucleic acid-based vaccines
since the worldwide severe acute respiratory syndrome
(SARS) CoV-2 pandemic (21,31). Moreover, the market
value of mRNA vaccines has grown to tens of billions of
dollars, indicating a promising future for the develop-
ment of mRNA-based medications, particularly mRNA
vaccines (32) (Fig. 2).

Mechanism of mRNA vaccines

Manufacturing an mRNA vaccine involves several relatively
complex steps. First, the desired mRNA sequence needs to be
designed and synthesized; this sequence usually includes the
nucleotide sequence encoding the target antigen or another
therapeutic protein, and should also contain the appropriate 5'
end cap and 3' end tail sequences to improve mRNA stability
and translation efficiency (33). Through in vitro transcription,
the corresponding mRNA is synthesized, with the in vitro
transcription system typically consisting of RNA polymerase,
buffer solution, nucleoside triphosphates, zinc ions and cofac-
tors to facilitate transcription. Mixing the DNA template with
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Figure 2. Research history of mRNA vaccines and progress in tumor therapy.

the other components of the in vitro transcription system
constitutes a reaction mixture containing all the necessary
components for synthesizing mRNA. This reaction mixture
is then placed into appropriate reaction tubes and subjected
to an in vitro transcription reaction under the appropriate
conditions. During this reaction, the RNA polymerase identi-
fies the DNA template and uses it to synthesize mRNA (34).
Synthetic mRNAs need to be purified and modified to remove
impurities and improve stability and certain mRNA vaccines
may need to be encapsulated in liposomes to improve their
stability and promote cellular uptake in vivo. Liposomes are
usually composed of constituents such as phospholipids and
cholesterol, which can form tiny lipid vesicles in the aqueous
phase with a lipid bilayer structure. Surfactants (such as
polyethylene glycol) can be added to improve the stability
and cellular uptake efficiency of liposomes. The synthesized
mRNA is mixed with liposomes to form liposome-mRNA
complexes. These complexes can be transfected into target
cells by an endocytotic mechanism, whereby the cell
membrane forms invaginations to carry the liposome-mRNA
complexes inside the cell. The endocytosed vesicles encapsu-
late the liposome-mRNA complexes in endosomes, which in
turn fuse with other organelles in the cytoplasm and release
their contents into the cytoplasm. After the contents of the
liposome-mRNA complex are released into the cytoplasm,
the mRNA molecules are recognized and translated by intra-
cellular ribosomes (35,36) (Fig. 3). A fraction of this foreign
mRNA eludes destruction by ubiquitous RNase and is inter-
nalized by natural processes unique to individual cells (such

as macropinocytosis in developing DCs) into the endosomal
pathway, where it is released into the cytoplasm by the endo-
somes (37). Antigenic proteins are translated from the mRNA
by the host cell's translation machinery. Signal peptides dictate
the encoded protein's final location once it has been produced.
These may be recombinantly created to target the protein to
the appropriate cellular compartment inside the host cell, or
they can be inherent to the original protein's sequence (37). As
an alternative, this encoded protein may affect the function of
nearby cells via its secretion, and it can also affect distant organs
if it is released into the blood. Proteases in the cytoplasm break
down antigenic proteins that are important to cells, creating
antigenic peptide epitopes. The endoplasmic reticulum is
where antigenic peptide epitopes are transferred, loaded onto
class I molecules of the major histocompatibility complex
(MHCI) and presented to CD8" cytotoxic T-cells. The protein
product has to be directed to MHC class II loading compart-
ments in antigen-presenting cells (APCs) in order to enlist the
assistance of cognate T-cells to induce a more powerful and
longer-lasting immune response (10,37). This may be achieved
by adding routing signal-encoding sequences to the mRNA.
After the produced antigen peptide epitope is loaded onto the
MHC II molecule, the antigen-specific CD4* T-cell response
is induced and the loaded MHC II peptide epitope complex
emerges on the cell surface (33) (Fig. 4). Furthermore, via a
process called cross-priming, foreign antigens that are taken
up by DCs may also be processed and loaded onto MHC class
I molecules (38). This allows for the design, in vitro production
and delivery of any desired sequence to any kind of cell (39).
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When mRNA functions as the vector of foreign genes,
it may display certain characteristics similar to those of the
mRNA virus due to its self-adjuvant impact. APCs can identify
mRNAs prior to translation and this identification triggers the
activation of pattern recognition receptors, including Toll-like
receptor (TLR)3, TLR7 and TLRS8 (40). Single-stranded and
double-stranded (ds) RNA chains can be detected by TLR3,
TLR7 and TLRS, while short and long filaments of dSRNA
can be detected in the cytosol by retinoic acid-inducible gene-I
(RIG-I) and melanoma differentiation-associated protein
5 (41,42). As a result, the type I interferon (IFN-I) pathway
may be activated, chemokines and proinflammatory cytokines
may be produced and APCs may be activated, all of which
may trigger a robust adaptive response (43).

Advantages of mRNA vaccines

The mRNA tumor vaccine platform offers unique advan-
tages over other cancer therapies. Different from traditional
radiotherapy and chemotherapy, which are susceptible to
drug resistance, mRNA vaccines allow for the simultaneous
coverage of multiple antigens, thus overcoming vaccine resis-
tance in cancer treatment. The combination of mRNA vaccines
and immune checkpoint inhibitors (ICIs) can play a role in
reversing the pathways that allow for resistance. Therefore,
mRNA vaccines are expected to be a useful adjunct to ICIs and
the combination of the two may allow for the implementation
of precise and individualized treatment for patients (44). In
addition, conventional cancer treatments can cause significant
damage to normal human cells, whereas mRNA vaccines can
target tumor cells more precisely. Furthermore, the transient
nature of mRNA expression ensures that antigenic stimula-
tion is temporary, which effectively reduces the possibility of
chronic inflammation or autoimmune reactions (45). Compared
with other tumor vaccine platforms, mRNA vaccines are
highly immunogenic, stimulating a broader immune response
in patients.

While mRNA tumor vaccines show clinical potential, their
economic value is also noteworthy. As a novel therapy, mnRNA
vaccines have advantages over other cell and gene therapy
products due to their convenience and low cost of produc-
tion. Other gene/cell therapies already on the market, such as
chimeric antibody receptor T-cell immunotherapy (CAR-T),
are currently priced at millions of dollars, which poses a signif-
icant financial burden to patients and society (46,47). This is
due to the fact that CAR-T requires a series of processes such
as cell extraction, modification, in vitro culture and re-infusion
for patients, and it is difficult to scale up the production, thus
making it difficult to reduce the cost of a single product. By
contrast, nRNA vaccines are directly transcribed in vitro. The
synthesis and production steps for mRNA vaccines are stan-
dardized, allowing for the rapid and large-scale production of
the product, which would result in a significant cost advantage
of the product. Therefore, mRNA vaccines are expected to
provide a boon to less economically privileged cancer patients
and thus have significant economic potential in the current
medical environment.

Given the several benefits, mRNA technology is a more
appealing option than DNA or even conventional vaccina-
tions. In vitro transcription (IVT) synthesis eliminates the
need for cells and the regulatory barriers that go along with

them, making mRNA production unquestionably easier,
faster and cleaner than large-scale protein production and
purification (48,49), in contrast to conventional vaccination
approaches. The accuracy of antigen design allows for a
quicker response to new risks of pandemics and epidemics in a
timely and efficient manner (50). mRNA is precise because it
only produces certain antigens and triggers a tailored immune
response, in contrast to attenuated or inactivated vaccines.
mRNA may trigger and/or promote an adaptive immune
response by binding to pattern recognition receptors without
the need for adjuvants, while subunit vaccines need adjuvants
to elicit an immunological response. Nucleic acid vaccines
are less constrained by HLA types and are more likely to
elicit a wider T-cell response than peptide vaccines, as they
can encode full-length tumor antigens, which allows APCs to
cross-present or present multiple epitopes with both class I and
II patient-specific HLA at the same time (49,51).

The following describes the ways in which mRNA
vaccines are superior to DNA vaccines. The nuclear envelope
barrier that prevents DNA vaccines from working is removed,
as only mRNA has to be transcribed in the cytoplasm, while
DNA must be translated in the nucleus (52). Consequently,
both mitotic and non-mitotic cells may be successfully
transfected with mRNA vaccines (53). Furthermore, mRNA
is rarely integrated into genomic DNA and does not undergo
insertion mutation. Third, since mRNA is rapidly broken down
by biological processes and leaves no trace after 2-3 days, the
production of the coded antigens is only temporary. The mRNA
vaccine platform's flexibility is also useful for manufacturing,
since it allows for standardization of production, as modifica-
tions to the encoded antigen do not alter the physical/chemical
properties of the mRNA backbone. Fourth, there are fewer
safety concerns regarding the presence of viral contaminants
and cell-derived impurities than with other platforms, since
production is based on an in vitro cell-free transcription
process (39). Furthermore, RNA vaccinations often induce
stronger immune responses than DNA vaccines. The reasons
for this are not entirely clear, but some theories include low
expression of DNA-sensing machinery, different expression
of nucleic acid sensing pattern recognition receptors, ineffi-
cient delivery of DNA into human cells and the requirement
that DNA crosses both cell and nuclear membranes and is
transcribed in the nucleus in order to successfully transfect a
cell (34,54).

Potential limitations of mRNA vaccines

Although the current success of the SARS-CoV-2 mRNA
vaccine has fueled research into mRNA vaccines for cancer,
there are still limitations to the application of mRNA vaccines
in cancer, which are discussed in the following chapters.

Harsh preservation conditions. mRNA is an unstable
molecule that can be easily cleaved by biological nucleases
in the environment due to the presence of hydroxyl groups
on the ribose. Stable activity can be maintained when it is
cryopreserved, but the cost of storage is too high for economi-
cally underdeveloped regions (55). Carrier-based protectants
such as lipid nanoparticles (LNPs) can only preserve mRNA
vaccines for a maximum of 3 months (56). Cichlidin also
protects mRNA from enzymatic degradation but may make it
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more difficult to translate, affecting the efficacy of the mRNA
vaccine (57,58).

Relatively low anti-tumor effect when used alone. It is diffi-
cult to qualitatively improve the anti-tumor effect of mRNA
vaccines alone due to their poor stability, the relatively short
production cycle of the proteins, the heterogeneity of tumor
cells and the fact that the immune microenvironment of
advanced tumors is often highly immunosuppressive. As a
result, clinical studies on cancer mRNA vaccines have shown
limited progress (13).

Lack of long-term experimental findings. Clinical trials for
cancer mRNA vaccines are currently active and generally in
the early stages of development. Clinical trials with reported
results, particularly for personalized cancer mRNA vaccines,
are still limited and the therapeutic efficacy varies widely
among patients. There is still a lack of results from long-term
trials of mRNA vaccines in cancer, so the roadmap to their use
as a routine treatment for cancer is long. It has been reported
that mRNA vaccines may be associated with certain rare
and fatal thrombotic events, so the safety of mRNA vaccine
administration is also worth observing long-term (55). In
summary, it is essential to monitor the long-term efficacy and
side effects of mRNA vaccines in cancer therapy.

Regulatory challenges and ethical considerations. The devel-
opment and production of mRNA vaccines for personalized
neoantigens is directed at the genomic data of individuals,
and as a result, the vaccines can pose regulatory and approval
challenges.

Factors influencing mRNA vaccines

Despite all of the benefits of mRNA vaccines, their funda-
mental qualities nevertheless place certain restrictions on
their use in the treatment of cancer. For example, the nega-
tive charge of both mRNA and the cell membrane makes
mRNA distribution more challenging (34,37,59,60). Skin
and blood contain extracellular ribonucleases, which readily
break down mRNA (61). Given its inherent immunogenicity,
mRNA may trigger innate immunity by activating a down-
stream interferon-related pathway. Paradoxically, this inherent
immunogenicity promotes mRNA degradation, which lowers
antigen expression even though it may be used as an adju-
vant-like effect to increase the immune response (49). dsSRNA
contaminants are often found in mRNA in vitro transcription
products. Type I IFN production may be enhanced by dsRNA,
a simulant of RNA virus genome replication intermediates.
This further restricts the translation of mRNA and strengthens
the activation of innate immunity (62). Several techniques have
been developed to advance the science of mRNA vaccines in
response to these issues.

Delivery systems for mRNA vaccines. It is well established that
mRNA has a half-life of ~7 h and that its absorption is poor
in the absence of a delivery system (63). In addition, mRNA
is a naturally unstable molecule that is easily broken down by
endonucleases, 3' exonucleases and 5' exonucleases (64). One
of the most challenging applications of mRNA vaccines for
cancer is getting the mRNA into a sufficient number of cells
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with sufficiently high translation levels. This requires highly
targeted and effective mRNA delivery mechanisms (65). Thus
far, the identified delivery vectors for cancer mRNA vaccines
include LNPs, polymeric vectors, peptide vectors, DC vectors,
extracellular vesicle vectors and hybrid vectors.

One of the most well-developed, promising and widely used
mRNA non-viral delivery methods is LNP. It is made up of
four components that function together to encase and shield
the delicate mRNA core: Cholesterol, helper phospholipids,
cationic or ionizable lipids and polyethylene glycol (PEG)
ylated lipids (66,67). Cholesterol is used as a stabilizer
to increase LNP stability, ionizable cationic lipids can
promote the autonomous aggregation of mRNAs to form
a particle of ~100 nm and release mRNAs in the cytoplasm
through ionization, and PEG can extend the half-life of the
LNP complex (34,68). Natural phospholipids support the
nanoparticles to form a lipid bilayer structure. Currently,
there are LNP-mRNA cancer vaccines in clinical trials, e.g.,
mRNA-4157.

Purification of mRNA vaccines. The product of in vitro tran-
scription of mRNA is primarily a combination of targeted
mRNA, non-targeted mRNA, nucleotides, oligonucleotides
and proteins. Chromatographic methods are often used to
separate the target mRNA from other mRNA impurities in
this system, while precipitation and extraction techniques
are utilized to eliminate common impurities from the
mRNA (69,70). Type I IFN production may be enhanced by
dsRNA, a simulant of RNA virus genome replication inter-
mediates. Consequently, mRNA translation efficiency may
be increased and the type I IFN immune response to mRNA
vaccines is effectively reduced by purifying an mRNA in vitro
synthetic product. During IVT, dsRNA species may be
decreased by either generating RNA at a higher temperature
or by lowering the Mg** content (71). The purification charac-
teristics of dT 25-conjugated oligonucleotide affinity support
resin (dT25-OAS) were examined by Engel et al (72); due to its
very high binding capacity, dT25-OAS is a desirable substitute
for mRNA purification on a wide scale.

Molecular stabilization of mRNA vaccines. Increasing protein
expression often involves techniques such as modifying
sequences and/or the structure to improve mRNA stability
(increase the half-life) and translation. Methods include
extension of the poly(A) tail, alterations of the 5' cap, engi-
neering untranslated region (UTR) and open reading frame
(ORF) sequence patterns and altering the specific nucleotide
sequence (30,73,74). These changes result in the production of
considerable quantities of the protein for an extended period
of time, ranging from a few minutes to >1 week (75-77).
PERSIST-seq, a platform based on RNA sequencing, was
created recently to comprehensively characterize the stability
of intracellular mRNA of various mRNA libraries. This plat-
form has enabled and continues to enable computational trials
for mRNA drug enhancement (78).

5' cap modification. The 5' cap is a protective structure
that may trigger mRNA translation, prevent exonuclease
cleavage and control pre-mRNA splicing and nuclear export,
amongst other functions (79,80). The innate immune system
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uses the 5' cap to distinguish endogenous RNA from exog-
enous RNA (81). Regarding in vitro mRNA capping, there
are two standard methods. First, mRNA capping and in vitro
transcription may be accomplished by including the normal
cap analog, m’GpppG structure, into the mRNA transcription
system. Second, after the first in vitro transcription, methyl-
transferases methylate Cap O to Cap 1 for mRNA capping (82).

The most commonly used capping technique for mRNA
transcription in vitro is capping using cap analogs. Several
cap analogs have now been developed. The anti-reverse cap
analogs (ARCAs), which are altered inside the ribose moiety
of the m’G, are the most often reported cap analogs (83). To
enhance the quality of mRNA, additional alterations to the
ARCA structure have been developed recently. By increasing
the affinity of mRNA for eIF4E, phosphorus modification
based on ARCA, for example, may increase mRNA stability
by reducing its sensitivity to decapping enzymes and
improving translation efficiency (84-87). The insertion of
a novel chemically altered cap analog into ARCA increases
the mRNA's half-life by preventing it from being decapped
by mRNA decapping enzyme 2 (30). In 2018, ‘CleanCap’, a
co-transcriptional capping technique, was created as an addi-
tional cap analog. Compared to first-generation cap analogs
(such as mCap and ARCA), which have cap O structures at
lower efficiencies and reaction yields, this was far more effi-
cient (88).

Optimization of 5' and 3'-UTRs. The upstream (5'-UTR)
and downstream (3'-UTR) domains of the mRNA coding
region include the noncoding portion of the mRNA sequence
or UTR. UTRs have several functions, including the control
of mRNA stability, subcellular localization, translational
efficiency and mRNA export from the nucleus. The mRNA
expression levels in vivo are often increased by UTR opti-
mization, hence UTR is a key part of cancer mRNA vaccine
design (89-92).

Codon optimization of the ORF. The ORF region is the
coding region of mRNA, hence its translation rate is unques-
tionably important. Therefore, the total translation efficiency
of mRNA may be maximized by selecting the right codons
in this region (93). To accomplish the goal of optimizing
the sequence, either choosing the optimal codon pair that is
common to the highly expressed protein or maintaining the
same percentage of each codon that naturally exists in the
highly expressed protein in the target cell are the methods
used. Furthermore, to speed up translation, less common
codons in the ORF are often replaced by codons with increased
transfer RNA (tRNA) abundance (94). In such an instance,
it is possible to ensure sufficient levels of tRNA during the
production of foreign mRNA and/or the increased translation
of highly expressed genes utilizing the host's codons (95). To
control the translation elongation rate, the ORF's guanine (G)
and cytosine (C) content may be optimized. Another codon
optimization technique that has a direct correlation to a higher
GC content is uridine depletion. RIG-I can identify areas rich
in uridines, and when it is activated, protein expression may be
completely stopped (49).

Poly(A) tail modification. At the 3' end of an mRNA
construct is a polyadenylation region known as the poly(A)
tail. It is important for both the enzymatic stability of mRNA

and its translation. To control translational efficiency, it
specifically binds to several polyadenosyl binding proteins and
cooperates with the 7-methylguanosine cap (m’Gppp) on the
5'-end of mRNA sequences (96). According to early research,
the poly(A) tail is crucial in controlling the stability and trans-
lation efficiency of mRNA. It has been discovered that longer
tails result in increased protein expression levels in a variety
of cell types. Shorter poly(A) sequences, on the other hand,
may encourage this closed-loop shape for effective translation,
according to research by Lima et al (97). In conclusion, to
maximize the translation efficiency of mRNA, the length of
the poly(A) sequence should be modified for various cell types.

Modified nucleotides. Certain mRNA nucleotides undergo
post-transcriptional modifications during mRNA matura-
tion. IVT mRNA may be synthesized using these naturally
occurring modified nucleotides, such as 5-methylcytidine
and pseudouridine. IVT mRNA exhibits better translation
efficiency and stability when it possesses modified nucleosides
such as pseudouridine. This is hypothesized to be due to the fact
that nucleosides prevent TLR, RIG-I and The RNA-dependent
protein kinase R (PKR) from being activated, making IVT
mRNA undetectable to cytoplasmic TLRs such as TLR3,
TLR7 and TLRS, as well as RIG-I and PKR (98). However, it
has been suggested that unmodified mRNA vaccines can assist
the immune system in the recognition of tumor cells, in which
case modifications of cancer mRNA vaccines are not required.

Adjuvants. Adjuvants are substances, either natural or
artificial, that the immune system can easily detect and use
to augment the intended immunological response (99). The
injection of its matching adjuvant may improve the immune
response to antigens, even if mRNA vaccines themselves
have a self-adjuvant effect. Adjuvant addition to mRNAs is a
popular topic of research currently.

An mRNA adjuvant called TriMix consists of three
immune-modulatory molecules: CD70, CD40 ligand and
active TLR-4. Patients with stage III or IV melanoma
were administered TriMix mRNA along with additional
tumor-antigen mRNAs, and this resulted in long-lasting
clinical relief and an augmented increased immune
response (100,101). The adjuvant pulsed mRNA vaccine
NP technique for c16-r848 was recently established. This
technique significantly improved the amplification of
ova-specific CD8*, which allowed the activated T lympho-
cytes to penetrate the tumor bed in vivo, something that
was not observed with the mRNA vaccine NP without adju-
vant (100). The RNActive (curevac Ag) vaccination platform
and RNAdjuvant are other popular adjuvants. Furthermore,
certain mRNA delivery vectors, such as protamine and
cationic lipids, may enhance the effect of adjuvants.
Pam?2Cys, a synthetic neutral fatty amino acid that can signal
through the TLR2/6 pathway, has been shown to trigger both
humoral and cellular applicative immune responses, which
makes it a promising candidate adjuvant (102). A recent
study integrated Pam2Cys into mRNA-LNP to improve
the efficacy of mRNA vaccines. In prophylactic and thera-
peutic tumor models using this vaccine, CD4+ and CD8+
T-cell-dependent anti-tumor responses were significantly
enhanced, while memory anti-tumor responses were also
established. Thus, Pam2Cys is of notable value in the
development of future cancer mRNA vaccines (103).
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Figure 5. mRNA vaccines offer enormous promise in the treatment of a wide range of disorders. NSCLC, non-small cell lung cancer; HIV, human immunode-
ficiency virus; HSV, herpes simplex virus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

4. Applications of mRNA vaccines in infectious diseases

mRNA vaccines are primarily being studied for the treat-
ment of cancer and infectious disorders. At present, there are
~140 clinical studies assessing the use of mRNA vaccines
to treat various illnesses (39). Self-amplifying or replicon
RNA vaccines and non-replicating mRNA vaccines are the
two primary types of RNA vaccines that have been assessed.
Replicons are self-amplifying mRNAs that are produced
from RNA viruses that have had their structural viral proteins
replaced with mRNA-encoding RNA polymerases and anti-
gens. Thus, these mRNAs enhance immunogenicity and extend
protein expression, thereby improving efficiency (104,105).
Self-amplifying mRNAs have two ORFs, one encoding
the targeted antigen sequence and the other encoding the
viral replication mechanism, in contrast to the traditional
non-replicating IVT mRNA of ‘mature’ eukaryotic mRNA.
This allows for long-lasting RNA amplification in cells (49).
The delivery mechanism of non-replicating mRNA vaccines
may be further identified, since it can be administered directly
into a range of anatomical areas or by ex vivo loading of
DCs (34). While there are now several opportunities for the
therapeutic use of self-amplifying mRNAs in the prevention

of infectious illnesses, its use as a cancer vaccine is mostly
restricted to preclinical research and has only seen a small
number of clinical studies conducted (13,49).

Diseases caused by viral infection. Nucleic acid-based
vaccines induce humoral and cytotoxic T-cell responses by
imitating a viral infection and expressing vaccine antigens
in situ during immunization (106). This benefit is essential for
eliminating infections or intracellular pathogens, where strong
humoral and cellular immune responses are needed to provide
effective protection (Fig. 5).

Influenza-causing virus. The most effective method to
avoid influenza is vaccination (107). Compared to traditional
vaccines, mRNA vaccines that encode the conserved regions
of the influenza virus's effector protein(s) may induce the
production of specific antibodies, improving prevention
and ideally treatment outcomes (107). Furthermore, mRNA
vaccines are simpler to develop for novel influenza viruses due
to a speedier development process (108). This suggests that
mRNA vaccines may serve as quick and adaptable tools for
managing influenza, both seasonal and pandemic.

Human immunodeficiency virus (HIV). In the first human
clinical trial with naked mRNA (ihivarna) in combination with
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a novel HIV immunogen sequence (HTI immunogen) using a
DC activation approach (trimix: CD40 ligand (CD40L)* CD70*
encode constitutively active TLR4 (CATLR4) RNA), and
vaccination, the vaccine was safe and well tolerated. It rapidly
increased HIV-1 DNA and RNA in peripheral CD4 T cells and
triggered a modest HIV-specific T-cell response (109). The
activating adjuvant trimix and 16 conserved segments (GAG,
pol, Vif and Nef) from the HIV-1 structural protein were used
to make up the HTI trimix. It encoded a potent activation
signal and an efficient HIV recombinant antigen, making it a
promising novel vaccine candidate for mRNA-based therapy
of HIV-1. According to preclinical findings, it may success-
fully stimulate T-cells, the release of mature DCs and the
release of antiviral cytokines (particularly IFN-y). Phase I
and phase Ila clinical studies of HTI-TriMix were completed
by the end of 2019. HIV-1-positive individuals in a phase Ila
study were administered three vaccines at weeks 0-2 and 4,
as determined by ultrasonography guidance using an inguinal
lymph node (109,110).

Herpes simplex virus (HSV). A trivalent vaccination that
targets the glycoproteins C, D and E found on HSV-2 viral
particles was developed recently. After an HSV-2 assault,
the vaccination may shield animals against genital infec-
tion and subsequent viral shedding. In addition, vaccination
generated cross-reactive antibodies, which neutralized HSV-1
and provided defense against HSV-1 infection. As a result,
this vaccine offers a strong defense against genital HSV-1
and HSV-2 infections and is a suitable candidate vaccine for
human testing (111) (Fig. 5).

Flaviviruses. Numerous flaviviruses, such as Zika virus,
Powassan virus, dengue virus and tick-borne encephalitis
virus, have been treated and infections prevented using mRNA
vaccines (112-116). The use of mRNA vaccines against the
Zika virus has garnered significant interest. To assess immu-
nogenicity and protection in mice, Richner ez al (115) created
an LNP-encapsulated modified mRNA vaccine containing
wild-type or mutant ZIKV structural genes. In a phase I/I1
human clinical study, a comparable vaccine called mRNA-1893
resulted in >90% seroconversion after a prime-boost immuni-
zation administered at dosages of 10 or 30 ug (113) (Fig. 5).

COVID-19.The use of mRNA vaccines against COVID-19
has garnered notable interest. To date, several vaccines have
been produced, including mRNA-1273, BNT162, ARCT-021
and the cvncov vaccine (cv07050101). The near-identical 94 to
95% vaccination efficacies of the mRNA-1273 and BNT162b2
COVID-19 vaccines, as well as their rapid development and
testing period of a year, are remarkable achievements in
science and medicine (117).

Among the mRNA vaccines under development, only the
mRNA vaccine for COVID-19 is currently on the market.
Based on published clinical data, the COVID-19 mRNA
vaccine provides a high level of protection and safety. With
mRNA vaccination, recipients have significantly higher levels
of neutralizing antibodies than those who have recovered
from COVID-19 and who were not vaccinated and exhibit
an enhanced immune response and memory. The mRNA
COVID-19 vaccine provides 95% overall protection against
the virus in individuals aged =16 years and can effectively
induce a response to 20+ variants of the virus. Clinically
significant safety concerns have not been identified in the

majority of patients receiving the mRNA COVID-19 vaccine.
Myocarditis after neocoronary mRNA vaccination has been
observed in a small percentage of those vaccinated, with the
highest incidence in younger men after a second dose of the
vaccine (118).

Diseases caused by bacterial infection. Attempts to develop
mRNA vaccines against bacterial and parasitic antigen species
are limited, many of which are still in the preclinical testing
stage.

Maruggi et al (119) examined the effectiveness and
immunogenicity of self-amplifying mRNA vaccines that
express group A streptococcal antigen (GAS) and GBS.
Self-amplifying mRNA vectors were able to effectively
produce two prototype bacterial antigens: The GBS pilus 2a
backbone protein and the double-mutated GAS streptolysin-O.
In mice infected with GAS and GBS, the antibody responses
produced by self-amplifying mRNA vaccines were able to
consistently provide protection. Jawalagatti et al (120) devel-
oped a novel strategy for creating mRNA vaccines to be taken
orally.

5. Applications of mRNA vaccines in various tumors

Approximately 25 years ago, the viability of an mRNA-based
cancer vaccine was initially shown (121). Since then, the use of
mRNA vaccines in cancer treatment has been investigated in
several preclinical and clinical investigations. A small number
of mRNA cancer vaccine clinical studies have been conducted
so far (122). The majority of trials have focused on acute
myeloid leukemia (AML) (123), multiple myeloma (124), meso-
thelioma (125), glioblastoma (126), malignant glioma (127)
and renal cell carcinoma (128), as well as mRNA vaccines
for pancreatic cancer (129), melanoma (130), BCa (131),
non-small cell lung cancer (132), prostate cancer (133), ovarian
cancer (134) and colorectal cancer (135) and are still in their
early stages (I and II) (136-140) (Fig. 5). Moderna and Merck
Sharp & Dohme announced that the first combination therapy
of an mRNA personalized cancer vaccine (nRNA-4157) and
an anti-programmed cell death 1 (PD-1) monoclonal anti-
body (Keytruda) advanced to phase III clinical trials in July
2023 (14). This was the first mRNA cancer vaccine to enter
phase III clinical trials. Table I summarizes the clinical trials
of mRNA vaccines for the treatment of cancer.

Pancreatic cancer. Growing data suggest that the intra- and
intertumoral heterogeneity of pancreatic cancer, particularly
in relation to the immune microenvironment and genetic alter-
ations, is associated with resistance to treatment (141-143).
Traditional cancer treatment approaches often result in the
acquisition of resistance, underscoring the need for targeted,
individualized care (140). In patients with pancreatic ductal
carcinoma, a recent phase I clinical study using the adjuvant
tailored mRNA neoantigen vaccine autogene cevumeran, the
vaccination stimulated T-cell activity, which may have been
associated with a delayed recurrence of the illness. In the
clinical trial, 16 of 19 patients were treated with cevumeran
after treatment with Atezolizumab; 8§ of the 16 patients who
received the mRNA vaccine produced T-cell translocations
that sustained the production of IFNy, demonstrating the
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Table I. Representative clinical trials of mRNA vaccines for different tumors.

Primary
Tumour type Main ID (NCT no.) Status Phase Antigen Sponsor Investigator outcome(s)
Pancreatic ChiCTR2300077339 Recruiting 1 mRNA Chinese PLA Chinese PLA Percentage of
cancer General General subjects who
Hospital Hospital meet the
criteria of
DLT in cycle 1;
percentage of
subjects with AEs
NCT05916261 Recruiting 1 mRNA Ruijin Hospital ~Ruijin Disease control
Hospital rate; MTD or
Affiliated to DLT, If MTD is
Shanghai Jiao not reached,
Tong University  biologically
School of effective dose;
Medicine objective response
rate; reaction of
antigen-specific T
cells in peripheral
blood
Advanced solid NCT05198752 Recruiting 1 mRNA Stemirna NA DLT incidence
tumors Therapeutics
ChiCTR 1900023000 Recruiting 1 mRNA Dongfang Stemirna Specific CD4* and
Hospital Therapeutics, CD8*T
Affiliated to LLC lymphocyte
Shanghai Tongji responses to
University neoantigen
Advanced ChiCTR2100050688 Recruiting 0 mRNA Shanghai East ~ Shanghai East AEs; cytokine
malignant Hospital Hospital suite
tumors
Leukaemia NCT04977024 Recruiting 2 mRNA GeoVax, Inc. GeoVax, Inc. Biological
response
Esophageal NCT03908671 Recruiting NA mRNA Stemirna NA Number of
cancer; Therapeutics participants with
NSCLC treatment-related
AE:s as assessed
by CTCAE v4.03
NCT06077760 Recruiting 3 mRNA Merck Sharp &  Study Disease-free
Dohme, LLC Director: Medical survival
Director, Merck
Sharp & Dohme,
LLC
Melanoma NCT03897881 Recruiting 2 mRNA ModernaTX, NA RFS, assessed
Inc. using radiological
imaging
NCT05933577 Recruiting 3 mRNA Merck Sharp &  Study Director: ~ RFS
Dohme, LLC Medical Director,
Merck Sharp &
Dohme, LLC
Ovarian cancer EUCTR2010- Authorised 1,2 mRNA Oslo Oslo Immunological
020233-56-NO University University response to the
Hospital Hospital vaccine (induction

of specific T-cell
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Table I. Continued.

Tumour type Main ID (NCT no.) Status Phase

Primary

Antigen Sponsor Investigator outcome(s)

EUCTR2010-
018770-20-NO

Prostatic cancer Authorised NA

Hepatocellular ~ NCT05981066 NA

carcinoma

Recruiting

response) and
time of disease
progression and
survival time;
clinical treatment
response
monitored by
clinical
examination,
CA-125
evaluation and
CT scans every
third month
Time to treatment
failure defined as
two different
measurements of
prostate-specific
antigen levels
>0.5 pg/l with an
interval of at
least 4 weeks. At
this time the
patients are
referred to
standard
radiation therapy
Incidence and
severity of AEs;
clinically
significant
abnormal changes
in vital signs;
clinically
significant
abnormal
changes in
laboratory tests

mRNA  Oslo
University

Hospital

NA

mRNA  Peking Union NA
Medical
College

Hospital

NA, information not available; NSCLC, non-small cell lung cancer; NCT, National Clinical Trial registry; PLA, Chinese People's Liberation
Army; RFS, recurrence-free survival; AEs, adverse events; DLT, dose-limiting toxicity; MTD, maximum tolerated dose.

immune persistence of the mRNA vaccine. The median
relapse-free survival (RFS) of subjects who responded to
the vaccine had not been reached at the median follow-up
time of 18 months. The RFS was significantly higher in
responders than in non-responders. Therefore, it can be
concluded that Atezolizumab (an anti-PD-L1 monoclonal
antibody) in combination with the mRNA vaccine induced
extensive T-cell activity and delayed the recurrence of

pancreatic cancer (129). In patients with pancreatic duct
adenocarcinoma (PDAC) undergoing surgical resection and
at risk of delayed recurrence, Kang er al (144) demonstrated
that the personalized mRNA neoantigen vaccine, autogene
cevumeran (BNT122), induced significant T-cell activity
when combined with Atezolizumab and mFOLFIRINOX,
a standard adjuvant chemotherapeutic regimen following
surgery for PDAC.
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Colon cancer. mRNA vaccines against colon adenocarci-
noma are limited. A significant difficulty is sorting through
the several vaccine candidates to identify possible mRNA
vaccines that may be suitable for a specific type of cancer (145).
Thrombospondin 2, follistatin like 3, troponin T1, biglycan,
collagen triple helix repeat containing 1 and NADPH oxidase
4 are among the targeted antigens that Liu er al (139) identi-
fied as potential mRNA vaccine candidates. The study also
described aberrant gene expression patterns and the mutational
landscape of CRC. The results may assist in the determination
of patients with CRC who are suitable candidates for immuni-
zation and provide a theoretical foundation for the creation of
mRNA cancer vaccines.

Melanoma. To develop mRNA vaccines and iden-
tify appropriate vaccine populations, Ping et al (146)
analyzed potential tumor antigens in melanoma. Their
analysis revealed that protein tyrosine phosphatase receptor
type C, sialic acid binding Ig like lectin 11 (SIGLECI11),
cyclic-oligoadenylate-activated single-stranded ribonuclease
and single-stranded deoxyribonuclease 1, leukocyte immu-
noglobulin-like receptor subfamily B member 1 and ADAM
like decysin 1 may be antigenic targets for mRNA vaccines
for melanoma, laying the groundwork for the development of
mRNA vaccines in melanoma (146). According to the find-
ings of Sittplangkoon et al (147), unaltered mRNA vaccines
in melanoma models may result in the production of IFN-I
or trigger downstream signaling cascade responses, both
of which are essential for eliciting strong anti-tumor T-cell
responses that regulate tumor development and metastasis.
The experimental vaccine mRNA-4157/V940 in combination
with pembrolizumab may be used as an adjuvant therapy for
the treatment of high-risk melanoma, according to the results
of a recent clinical study. Compared with patients treated with
a PD-1 inhibitor alone, individuals receiving this combination
treatment had a noticeably decreased risk of recurrence after
surgery (130).

BCa. Li et al (148) identified groups of patients with BCa that
may be suitable candidates for mRNA vaccination as well as
putative BCa-associated antigens for the creation of anti-BCa
mRNA vaccines. A total of three tumor-associated antigens
were identified: CD74, interferon regulatory factor 1 and
proteasome activator subunit 2. These antigens were frequently
mutated, amplified or upregulated, and they were associ-
ated with immune-cell infiltration and prognosis. The tumor
microenvironment (TME) in patients with class B immune
subgroups may respond well to mRNA vaccines (148).

Patients in the prostate adenocarcinoma (PRAD) immune
subtypes 2 and 3 groups were more likely to benefit from
immunization, and prospective antigens for the PRAD mRNA
vaccine, including Kelch-like family member 17, carnitine
palmitoyltransferase 1B, IQ motif containing GTPase acti-
vating protein 3, Lck interacting transmembrane adaptor 1,
YjeF N-terminal domain containing 3, coiled-coil domain
containing 180, MutS homolog 5 and cadherin EGF LAG
seven-pass G-type receptor 3 (133).

Hepatocellular carcinoma (HCC). Peking Union Medical
College Hospital is conducting the first human clinical trial
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of the tumor antigen mRNA therapeutic vaccine ABOR2014
(IPM511). The vaccine encodes nearly 20 HCC antigens that are
frequently upregulated in patients with HCC. The study aims
to evaluate the safety, tolerability and preliminary efficacy of
IPM511 alone and in combination with PD-1 inhibitor therapy
in patients with advanced HCC with disease progression after
first-line standard therapy. The study is currently ongoing and
no results have been published, with the principal investigator
stating that IPM511 has been shown to demonstrate safety
and clinical accessibility in the first patient treated using this
approach

Esophageal cancer. A study of a personalized mRNA
cancer vaccine combined with a PD-1 inhibitor for the treat-
ment of advanced esophageal squamous cell carcinoma was
recently reported (149). The patient enrolled in the study was
first screened for neoantigens using whole-transcriptome
sequencing of tissue samples from the lesion. A personalized
mRNA cancer vaccine was developed that was tailored to
these neoantigens. Subsequently, the patient was adminis-
tered the mRNA cancer vaccine in combination with a PD-1
inhibitor and the patient obtained partial remission; the safety
of the treatment regimen was within manageable limits. Thus,
mRNA vaccines may be an effective therapeutic strategy for
patients with advanced esophageal cancer.

6. Functional implementation of mRNA vaccines in tumor
treatment

Immunotherapy of mRNA vaccines

Cancer may now be effectively treated with immunotherapy,
and given the positive early clinical outcomes, the FDA has
authorized an increasing number of immunotherapies. The
foundation of cancer immunotherapy is the immune system's
capacity to identify and eliminate cancer cells (150). With the
advent of several classes of medicines targeted at augmenting
immune responses against malignancies, this area of research
has rapidly expanded in recent years. These consist of various
vaccination approaches, adoptive T-cell treatments, immune
checkpoint inhibitors and cytokines (151-153).

Tumor antigens. Tumor-associated antigens (TAAs) and
tumor-specific antigens (TSAs) are two categories of antigens
that are encoded by mRNAs and have traditionally been
the target of immunotherapy. Given immunologic memory,
vaccines that specifically target TAAs or TSAs may target
and kill cancerous cells that exhibit upregulated expression of
antigens and provide a long-lasting therapeutic response (49).
TAAs. TAA is not unique to tumor cells. While they may
also be found in healthy tissues and cells, particularly in
embryonic tissues, the expression of these antigens is mark-
edly elevated in tumors. TA As in immunotherapy are potential
targets as shown by Conry et al (154) who developed the first
mRNA cancer vaccine; this vaccine demonstrated that mice
immunized with mRNA coding for carcinoembryonic antigen
(CEA) showed an anti-CEA antibody response when chal-
lenged with CEA expressing tumor cells. Significant attention
has been given to TAA research since this initial discovery,
with positive clinical study outcomes. Three tumor antigens,
including CD247, Fc gamma receptor Ia and transcription
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domain associated protein, were identified by Huang ez al (155)
in cholangiocarcinoma. These antigens are associated with an
improved prognosis and the infiltration of antigen-presenting
cells. These antigens may serve as potential candidates for
mRNA vaccines against cholangiocarcinoma (128,155). TAA
immunization methods do have certain drawbacks, however.
The TAAs are often not found in malignant cells. In addition,
as not all discovered TAAs induce an antitumor immune
response, selecting TAAs may be challenging and vaccine
development is expensive. There is a possibility that the tumor
itself may downregulate the TAA, allowing for escape when
focusing on a particular antigen (98). Finally, TAAs may also
be found in normal tissues, and vaccines against them may
cause peripheral and central tolerance responses, and this may
result in poor vaccination efficacy or autoimmunity against
normal tissues (156).

TSAs. TSAs, also known as neoantigens, are antigens
unique to tumor cells from somatic random changes and are
thus absent from normal tissues and cells. Tumor-specific
mutations are appealing targets for cancer immunotherapeu-
tics and these mutations may result in novel antigens, allowing
for the development of customized vaccines, as the mutated
antigens are not expressed in healthy tissues and may thus be
identified by T-cells (157,158). The following characteristics
of neoantigen-based vaccinations highlight their benefits over
TA A-based vaccines. Since neoantigens are only produced by
tumor cells, they can only trigger T-cell responses specific to
tumors, limiting harm to non-malignant tissues. Neoantigens
offer the potential to elicit immunological responses against
tumors by evading T-cell central tolerance of self-epitopes.
Furthermore, there may be long-term protection against
disease recurrence due to the capacity of these vaccine-boosted
neoantigen-specific T-cell responses to endure and provide
immunological memory beyond therapy (159). To immunize
patients against metastatic gastric cancer, Cafri et al (160)
recently linked the verified and characterized novel antigens
and predicted new epitopes and driver gene alterations into a
single mRNA construct. The developed vaccine proved safe
and produced a T-cell response specific to the expected new
epitopes that had not been discovered before immunization.
The use of neoantigens still faces several challenges despite the
advancements made; these obstacles stem from both biological
and technical factors, including polymorphism of putative
antigens and HLA molecules, gaps in our understanding of
HLA binding motifs for less common HLA alleles and the
heterogeneity of tumors (161-164).

Delivery methods of mRNA vaccines for tumor antigen

mRNA-transfected DC vaccines. DCs may be transfected with
the mRNA expressing tumor antigen and total tumor mRNA,
which can subsequently be delivered to the host and initiate
an immune response. Subcutaneous application of DCs trans-
fected with TAA mRNA or total mRNA to tumor-bearing
mice has been shown to induce T-cell immunity and inhibit the
growth of established tumors as early as the last century, which
also supports the feasibility of these two distinct transfection
methods (61). Patients receiving docetaxel for metastatic
castration-resistant prostate cancer showed no adverse effects
when Kongsted er al (165) transfected DCs expressing
numerous TAAs; ~50% of the research participants exhibited

an immune response. A phase 1 clinical trial including patients
with lung cancer is now assessing MIDRIXNEO, a custom-
ized mRNA-loaded dendritic cell vaccine that targets tumor
neoantigens (166).

Direct injection. There are several methods to directly
inject the mRNA encoding the tumor antigen into a host. Local
cells, such as APCs, take up the mRNA and translocate it to
the cytoplasm where it is translated. One of the most common
methods of delivering tumor antigens is via intranodal injec-
tion. Phase I research on 29 patients with advanced melanoma
started in 2012; unpublished data from this trial showed that
intranodal mRNA injection is safe and viable (NCT01684241).
mRNA encoding tyrosinase, premelanosome protein, MAGE
family member A3 (MAGE-A3), MAGE-C2 and melanoma
antigen preferentially expressed in tumors together with
TriMix mRNA were well tolerated when injected intrave-
nously. In another phase I clinical study, intranodal delivery
of a neoantigen-specific mRNA vaccine, consisting of 20
mutations specific to the patient, was studied in patients with
stage III and IV melanoma (NCT02035956), which demon-
strated that individual mutations can be exploited (167).

Administration via the skin. Administration of tumor anti-
gens expressed by an mRNA may be achievable via the skin.
Mice were injected with IVT mRNA encoding the enhanced
green fluorescence protein and the melanocyte autoantigen
TRP2 by blasting their skin with a gene gun. This success-
fully elicited cellular immunity specific to antigens, mediating
a protective effect against B16 lung metastases and inducing
vitiligo-like hair decolorization (168). Protamine-condensed
naked mRNA encoding six melanoma-associated antigens
was safely and successfully injected intradermally into two
of the four evaluable patients in a phase I/II clinical trial
involving 21 patients with metastatic melanoma. In addition,
1 of the 7 patients with measurable disease showed a complete
response to the vaccine (169).

Intranasal administration. The mucosal route, which
encodes a tumor antigen via mRNA, may efficiently elicit both
a systemic immune response and localized mucosal immunity.
Nasal-associated lymphoid tissue, a favorable location for
antigen internalization to promote protective responses against
cancer cells, may be reached via intranasal delivery. In an
invasive Lewis lung cancer model, Mai et al (170) immunized
mice intraperitoneally with a cationic liposome/protamine
complex carrying mRNA expressing cytokeratin 19, and this
slowed down the tumor's development and elicited a robust
cellular immune response.

Intravenous administration. The melanoma fixvac (bnt111)
intravenous liposome RNA (rna-lpx) vaccine, which encodes
four non-mutated tumor-related antigens, was investigated by
Sahin et al (171). The rna-lpx vaccination was a successful
method of immunotherapy; robust CD4* and CD8* T-cell
immunity was achieved against the vaccine antigen, which
was accompanied by a favorable clinical response. In certain
responders, the antigen-specific cytotoxic T-cell response was
durable and to the degree of often documented adoptive T-cell
treatment.

mRNA-encoded immunomodulators. Tumor immunotherapy,
also known as active nonspecific immunotherapy, was one of
the first fields of medicine to use immune system modulators.
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Target cell transfection in vitro, or intravenous or intratumoral
delivery, are the primary methods for producing immunomod-
ulators via mRNA in vivo (121). The immune system's cells can
communicate across short distances due to cytokines, which
are important regulators of both innate and adaptive immu-
nity. To stimulate the immune system of patients with cancer,
cytokine therapy has been a significant therapeutic approach
and is a major topic of clinical cancer research at present (172).
The goal of mRNA-encoded cytokine-based immunotherapy
is to increase the quantity of cytokines in the TME with the
least amount of toxicity and systemic exposure possible from
the delivery of recombinant proteins (173).

Given its strong proinflammatory properties, IL-12 is a
promising option for cancer immunotherapy. Type 1 T-helper
cell (Thl) differentiation, the acquisition of cytotoxic activities
by CD8" cells, and the activation of IFN-y production, all of
which improve phagocytic functions and local inflammation,
are all induced by IL-12 signaling (174). T-cells transfected
with mRNA producing a single-chain IL-12 (scIL-12) made up
of the p35 and p40 subunits were the subject of one investiga-
tion. In syngeneic and xenograft mouse models, intratumoral
injection of scIL-12-expressing T-cells led to total rejection
of both injected and remote tumor lesions. The anti-tumor
efficaciousness of T-cells was further enhanced by co-electro-
poration with 4-1BB ligand (4-1BBL) mRNA (175). It has been
shown that novel intratumoral IL-12 mRNA treatment can
stimulate Thl TME transformation and powerful antitumor
immunity (176). Additionally, in mouse tumor models resistant
to checkpoint inhibitors, it was shown that the combination of
immune checkpoint inhibitors with IL-12 mRNA increased
the anticancer response, enhancing overall survival (OS) and
tumor regression (176).

Multiple mRNAs encoding various cytokines have been
validated for their immunotherapeutic effects. The mRNA
encoding four cytokines, IL-12, IFN-a, IL-15 sushi, and gran-
ulocyte-macrophage colony-stimulating factor, was examined
by Hotz et al (177) after intratumoral administration. These
cytokines may promote the development of immunological
memory and have potent anticancer action. Hewitt et al (178)
showed that in a variety of TMEs, direct intratumoral admin-
istration of mMRNAs encoding these cytokines generated strong
anticancer responses.

Tumor immunotherapy also involves mRNA-encoded
stimulatory ligands and receptors, in addition to cytokines.
The immune system receives inflammatory signals from stim-
ulatory ligands and receptors, which may be used in cancer
immunotherapy. By temporarily supplying cells with stimula-
tory receptors, mRNA may be used to temporarily activate
potent inflammatory signals. While these immunostimulants
are not regarded as cancer vaccines, they are often adminis-
tered in conjunction with other immunotherapeutic treatments,
such as checkpoint blockade modulators, to enhance the
humoral and cellular responses. Several studies showed that
the immunostimulatory activity of DCs was significantly
increased upon electroporation with mRNAs encoding
co-stimulatory molecules, including CD83, TNF receptor
superfamily member 4 (also known as OX40) and 4-1BBL.
Trimix mRNA, an mRNA-based adjuvant that was created
in 2016, is made up of three mRNA molecules that encode
CATLRA4, activating stimulator CD40L, and costimulatory
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molecule CD70. Intramuscular injection of tethered IVT
mRNA-TLR7 agonists boosted antigen-specific cell-mediated
and humoral responses in vivo, as shown by Loomis et al (179).
Both alone (TriMix mRNA plus TAA mRNA, or autologous
monocyte-derived mRNA co-electroporated dendritic cells
with mRNA encoding CD40 ligand, CD70 and a constitu-
tively activated TLR4, which is referred as TriMixDC-MEL)
and in combination with ipilimumab checkpoint inhibitor, a
monoclonal antibody that blocks CTLA, the products were
able to elicit a potent immune response, which in turn led
to a promising clinical response and prolonged disease-free
survival rates (NCT01676779 and NCT01302496) (101,180).
These phase II studies were conducted for the treatment of
patients with stage III/IV melanoma.

mRNA-encoded antibodies. Since the first antibody was
licensed for use in cancer therapy, the field of oncology has
developed antibody-based therapeutics at a progressively
faster pace. As a result, there are now several approved
antibodies and additional candidates that are undergoing
clinical review (181). The ability of mRNA to produce
various antibodies and antibody types in vitro was shown by
Thran et al (182). furthermore, the mRNA that encodes tumor
antibodies may elicit robust anti-tumor immunity.

The following methods may be used to categorize the
involvement of antibodies in tumor treatment: i) Antibodies
that, after binding to the target receptor, may facilitate direct
death of tumor cells by inducing apoptosis signals or removing
vital growth signals. ii) Complement dependent cytotoxicity
(CDC) or antibody-dependent cell-mediated cytotoxicity
(ADCC) are induced when immune-mediated cell death is
activated by attaching to antigens specific to cancer cells.
iii) Blocking the immunological checkpoint, which involves
preventing the antibody of PD1 or CTLAA4, reactivating the
T-cell response specific to the antigen against cancer cells, and
triggering immune-mediated cell death. iv) Directly engaging
T-cells with cancer cells to initiate immune-mediated cell
death (183-188).

Monoclonal antibodies (mAb), mAb fragments and engi-
neering variations (such as diabodies, triabodies, minibodies
and single-domain antibodies) are the categories of antibodies
that are involved in tumor immunotherapy. Both monoclonal
and bispecific antibodies have been investigated and used
extensively (181).

The first mAb licensed for cancer therapy, rituximab,
targets CD20 and induces CDC and, to a lesser degree,
ADCC. It is used to treat chronic lymphocytic leukemia and
non-Hodgkin's lymphoma (189). A technique that has been
beneficial in a preclinical B-cell lymphoma model is the
encoding of this mAb in mRNA (190). Cancer cells starve
and eventually die as a result of trastuzumab's inhibition of
kinase activity, downstream signaling and human EGFR 2
(HER2)/Erb-B2 receptor tyrosine kinase 2 receptor dimeriza-
tion (186). Direct tumor cell death may also be induced by
antagonistic antibodies binding to apoptosis-inducing recep-
tors on cancer cells, such as TNF-related apoptosis-inducing
ligand receptors and antibody-drug conjugates that deliver
toxic payloads, particularly to cancer cells (184,188). When
intrathecally administered using a liver-targeting LNP formu-
lation, trastuzumab encoded by mRNA was retrieved from
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mouse serum and exhibited ADCC. In a HER2/neu-positive
BCa xenograft model, this approach increased survival (191).
The translation of anti-programmed cell death ligand 1
(PD-L1) mAbD in transfected cells and the infiltration of CD8*
T-cells into tumors may be facilitated by injecting antagonistic
anti-PD-L1 mAb expressing self-amplified RNA into mouse
tumors (192). Despite the several positive instances of mAbs in
cancer, poor tissue penetration limits the ability of the complete
antibodies to distribute uniformly across the tumor mass. As
a result, efforts have been made to modify the structure of
antibodies, resulting in the creation of novel antibody frag-
ments with improved tissue penetration (173). The discovery
of antibody fragments has considerably aided in the study of
bispecific antibodies (BsAbs) and these have been employed as
building blocks in the creation of these antibodies. The world's
first antibody to bind two antigens simultaneously was created
in the 1960s by Nisonoff et al (193) by combining the antigen
binding fragments from two rabbit polyclonal antibody sera
using a moderate reoxidation approach (194,195).

One possible benefit of BsAbs over regular mAbs is their
ability to target two distinct sites simultaneously and, to a
certain degree, circumvent tumor drug resistance. However,
since BsAbs have short serum half-lives (just a few hours)
they must be constantly administered to the patient using an
infusion pump (196). One possible method to overcome this
restriction is to employ mRNA to directly generate therapeutic
antibodies in patients.

A recent study highlighted a successful bispecific targeting
method; a clinically authorized LNP encapsulating mRNA
expressing C-C motif chemokine ligand 2 (CCL2) and CCL5
(bisccl2/51), which can bind and neutralize bispecifically. This
markedly promoted TAM polarization towards the anti-tumor
M1 phenotype and lowered immunosuppression in the TME.
BisCCL2/5i in conjunction with PD-1L inhibitor has been
shown to result in long-term survival in a mouse model of
pancreatic, colorectal and liver metastases from primary
liver cancer (193). The use of mRNA encoding a BsAb with
ablation Fc immunological impact function was described
by Wu et al (197). The antibody, also known as XA-1, targets
human PD-L1 and PD-1. In contrast to direct antibody therapy
for cancer, this work demonstrated that treatment with XA-1
mRNA LNPs may efficiently produce endogenous therapeutic
BsAbs via hepatocytes.

mRNA-encoding antigen receptors. By producing transgenic
T-cell receptors (TCRs) or CARs, it has been possible to
provide naive T-cell tumor selectivity due to the transitory
nature of mRNAs (173). mRNAs encoding CARs or TCRs
have shown to be of value; generating transient expression
of CARs or TCRs may prevent the development of cytokine
release syndrome, a negative consequence of chronic T-cell
activation (198-201). Considerable interest has been shown in
CAR-T cells as the most promising cancer-adoptive immuno-
therapy approach.

With CAR-T treatment, immunological T-cells are
extracted from patients, genetically altered in vitro, and
endowed with a ‘chimeric antigen receptor’ (CAR) that
identifies the antigen on the surface of cancerous cells. These
altered cells are grown in a lab before being reinfused into
the patient (202). Typically, extracellular TAA-specific

antibody-binding domains are fused to intracellular
T-cell-signaling regions to form chimeric receptors. Virtually
every tumor-associated antigen may be targeted by CAR-T
cells (203). There are several hazards associated with targeted
non-tumor toxicity in CAR-T treatment. In vitro transcribed
mRNA CAR-T cells are emerging as a safe therapeutic option,
since they can avoid focused anti-tumor toxicity (204). The
majority of studies use mRNA electroporation of CARs, as it
is a practical and scalable method that achieves lymphocyte
transfection rates of >90% without compromising the viability
of the cell product (205-208). CAR expression is observed on
the surface of T cells for ~7 days following mRNA electro-
poration, and CARs internalized upon target cell encounter
are not restored (199,207-213). However, the IVT mRNA
approach has drawbacks as well. These include poor tumor
infiltration, manufacturing difficulties when a limited number
of T-cells are available, the risk of side effects when repeated
doses of CAR-T cells are injected and the short lifespan of
mRNA-redirected T-cells, which results in the expression of
encoded protein for a number of days (214). Most importantly,
electroporation has various drawbacks that may significantly
impact the caliber of the CAR-T cells generated (53). In fact,
the integrity of the cell plasma membrane may be irreparably
compromised by the application of pulsed electric fields. In the
transfected cells that survive, decreased transgene expression,
abnormal gene expression profiles and poor viability may be
observed. In fact, it was demonstrated that when chemically
modified Im¥ mRNA and/or mRNA that was further purified
to remove dsRNA was used, as opposed to their unmodified
and unpurified counterparts, murine T-cells electroporated
with CAR-encoding mRNA showed a markedly reduced
upregulation of checkpoint molecules (PD-1 and lymphocyte
activation gene 3). This gave the immunosilent mRNA-trans-
fected T-cells a greater ability to kill, which persisted even
after the cells' CAR expression was eliminated. The current
results must be considered in the production of mRNA CAR-T
cells to meet the objectives of the clinical trials, which are now
conducting mRNA CAR studies for both hematologic and
solid tumor malignancies (215).

Currently, mRNA CAR-T cells are receiving significant
interest and showing promising outcomes in the study of
tumor treatment. Treatment of hematological malignancies
using mRNA CAR-T-cell therapy has seen favorable preclin-
ical and clinical outcomes. Primary targets include CD19,
CD37, CD33 and CD123. Preclinical research on mRNA
CAR-T cell treatments for lymphoma and leukemia has been
conducted (204). The approach for Hodgkin's lymphoma
targeting CDI19 and the approach for recurrent/refractory
acute myeloid leukemia targeting CD123 are both being
tested in clinical studies. These two studies demonstrate
that mRNA CAR-T treatment is safe (204). A novel concept
for mRNA CAR-T cell treatment was recently presented by
Jetani et al (216), who identified siglec-6 as a new target of
CAR-T cells in AML. Descartes-08, a novel CD8" CAR-T
cell product, was created by Lin ez al (217) to treat multiple
myeloma; preliminarily sustained responses and a strong
treatment index were shown by the product. Mesothelioma,
ovarian cancer, colorectal cancer, BCa and melanoma are
among the solid malignancies for which mRNA CAR-T
treatment has been investigated (204).
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Combination therapy-immunotherapy and mRNA vaccines.
mRNA therapy combined with another mode of treatment
may show great promise in the treatment of tumors. The inter-
action between tumor antigens and immunomodulators is the
primary focus of current research.

Early research has shown that TAA and IL-12 mRNA
transfection into mature DC boosted TA A-specific CTLs,
which may be exploited to trigger an immune response against
tumors that is mediated by NK effector cells and CTLs (218).
The safety and immunogenicity of cellular immunotherapy
using trimixdc Mel were demonstrated by tests of mRNA
encoding fusion proteins of a HLA-class II targeting signal
(DC-LAMP), melanoma-associated antigen encoding the
CD40 ligand, CATLR4 and CD70. At the study's IV dosage
level, antitumor efficacy with long-lasting disease control was
seen (219).

Sunitinib and rocapuldencel-T were recently employed
in the phase 3 study for metastatic renal cell cancer. OS of
patients receiving combined therapy was not improved
by self-immunization via electroporation with amplified
tumor RNA and CD40L RNA prepared from mature mono-
cyte-derived DCs. However, the OS-related immune response
was enhanced (220).

Protein therapy of mRNA vaccines

Methods of inducing cancer-cell death. Cancerous cells may
be made to produce a deadly intracellular protein by employing
mRNA therapies, which causes the cells to self-destruct (196).
Van Hoecke et al (221) delivered mRNA encoding the mixed
lineage kinase domain-like protein intrauterinally, which
resulted in arrested tumor growth and induction of necrotic
tumor-cell death.

Protein replacement therapy. The use of IVT mRNA in
protein replacement therapy is predicated on the production
of foreign proteins that can either activate or inhibit cellular
pathways, as well as the supplementation of proteins that are
absent or underexpressed. IVT mRNA injection has been used
to target several proteins since its first preclinical assessment
for protein replacement in 1992 (25).

Given their accessibility, the liver, lungs and heart are
the primary targets of protein replacement treatments based
on IVT mRNA. However, other tissues and organs, such as
the skin, the back of the eye or the nasal cavity, have also
been considered potential targets. Rare and hereditary
disorders are the primary targets for this mode of treatment.
The disease-causing down-regulated protein is linked to
genetic abnormalities and encoded by the therapeutic IVT
mRNA (222-227).

IVT mRNA as protein replacement therapy is being
studied as a mode of cancer treatment (228). This is very
difficult, however, as it requires recurrent administration, at
times even systemic distribution, and targeted mRNA expres-
sion. In the realm of protein replacement, no clinical trials
using IVT mRNA have been started yet, to the best of our
knowledge (229).

Mutations of the oncogene tumor protein (TP53) are present
in 96% of patients with high-grade serous ovarian cancer. p53
protein expressed by the TP53 gene recognizes and repairs
DNA damage in cells and induces cell death when the damage
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is not repairable, thus avoiding the proliferation of aberrant
cells to prevent the onset of cancer. When the TP53 gene is
mutated, the mutant p53 protein that is expressed loses its
oncogenic effect. In a recent study, a team synthesized mRNA
encoding the correct p53 protein and loaded it into liposomes
for delivery, thus allowing the mRNA to express functional p53
protein in cancer cells. After treatment with the above mRNA,
patient-derived ovarian organoids began to shrink and die, and
primary tumors and metastases in mouse models of ovarian
cancer almost completely disappeared. These findings suggest
that IVT-mRNA-based protein replacement therapy may reac-
tivate oncogenic proteins in cancer cells and may thus serve as
a valuable therapeutic option for the treatment of cancer (230).

Gene editing of mRNA vaccines. mRNA technologies
expressing programmable nucleases, such as zinc-finger
nucleases, transcription activator-like effector nucleases
and clustered regularly interspaced short palindromic
repeats (CRISPR)-CRISPR-associated endonuclease (Cas)9
systems (231), allow for gene editing as a potential thera-
peutic approach. By delivering site-specific alterations into
a cell's genomes, such as correcting harmful mutations or
introducing protective changes, these genome-engineering
techniques allow for the replacement or modification of gene
expression (232). CRISPR-Cas9 consists of Cas9 nucleic acid
endonuclease and a single guide RNA (sgRNA) and is a widely
used gene editing tool. CRISPR-Cas9 therapy can be used to
permanently abrogate cancer cell survival genes, avoiding the
need for repeat administration and thus improving treatment
efficacy (233). Cancer cells or T-cells were transfected with
Cas9 mRNA and sgRNA encapsulated in LNPs. The mRNA
is translated in the cytoplasm to produce the Cas9 protein,
which then complexes with sgRNA to form ribonucleoproteins
with affinity for specific DNA sequences. Next, ribosomal
complexes translocate to the nucleus to destroy tumor survival
genes. When this happens in T-cells, PD-1 and endogenous
TCR genes are knocked down to induce apoptosis in tumor
cells (12). Ling et al (234) treated cervical cancer with Cas9
mRNA and gRNA targeting the E6 or E7 oncogenes. The
results showed that this method not only effectively knocked
down the oncogenes but also reversed the immunosuppressive
microenvironment to achieve anti-tumor effects.

Regenerative medicine

The goal of regenerative medicine is to replace, regenerate
or restore damaged or destroyed tissues, organs or cells by
re-establishing or restoring their normal function (235).
Proteins that regulate cellular biological activity, such as
mitosis, migration and differentiation, and growth factors,
cytokines and transcription factors, are essential to the
regeneration process. An appealing substitute for traditional
somatic cell reprogramming and transdifferentiation is the
transfection of somatic cells with IVT mRNA expressing
transcription factors (236). The primary goal of using IVT
mRNA in regenerative medicine is to increase the ability of
patients with type 1 diabetes to secrete insulin. The use of cell
and mesenchymal stem cell engineering for tumor treatment
has not received significant attention. It has been shown that
stem cell exosomes with metastatic stem cell properties have
been induced from stem cells using prostaglandin E2 receptor
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antagonists and used in cancer therapy and regenerative medi-
cine. Stem cell exosomes can reduce tumor resistance (237).
Whether it is possible to express stem cell exosomes with
metastatic stem cell properties using mRNA vaccines for
cancer treatment is a point for consideration.

7. Conclusion and future prospects

Patients with cancer have better odds of surviving thanks
to the ongoing development of novel antitumor medications
and therapies; however, a number of issues, including tumor
drug resistance, dose-toxicity and other issues, keep posing
new difficulties. In contrast to standard treatment methods,
biotherapy for the majority of malignancies aims to prevent
tumor growth and incidence by stimulating autoimmunity and
obstructing critical signal transduction. There is some concern
regarding the lack of long-term effects of mRNA-based tech-
nologies; researchers are attempting to challenge how illness
is now treated using mRNA therapy.

mRNA vaccines have shown to be successful in several
applications since Wolff er al (24) showed that mRNA tran-
scribed in vitro in live cells may create proteins. As a promising
novel platform, mRNA-based vaccines need to overcome the
limitations of cold chain preservation and provide improved
adaptability, efficacy, simplicity and scalability, as well as
reduced costs. mRNA vaccines have shown benefits in infec-
tious illnesses and cancer is the intended target of mRNA
technology. Within the next 2-4 years, several active clinical
studies using tailored cancer vaccines should be finished.

The use of combinatorial mRNA treatment in tumor
therapy seems to have promising prospects. The current
methods of treating tumors, including surgery, radiation
therapy and chemotherapy, work well. As a novel biotherapy,
mRNA therapy requires additional clinical trials to provide a
better integration program before it can be effectively included
in current procedures. In addition, mRNA technology may
be utilized in conjunction with immunotherapy; currently,
the majority of research is focused on immunomodulators.
Owing to its distinct benefits, mRNA is also anticipated to
supplant recombinant protein medications such as ILs, IFNs
and cell colony factors. Tumor gene therapy may progress due
to the significant ability of IVT mRNA to reduce miss effects
in gene editing techniques. It is hypothesized that mRNA
treatment may eventually lower the prevalence of hereditary
family malignancies as tumor gene therapy is accomplished
by introducing the target gene into the vector. Thus, a wider
range of patients with cancer may benefit from these novel
solutions.

Future research on mRNA vaccines for cancer should focus
on the development of therapeutic and prophylactic vaccines.
Personalized mRNA vaccines offer novel therapeutic strate-
gies for tumors, such as pancreatic cancer, that do not respond
to current treatments. In addition, mRNA technology can be
used to develop vaccines for viruses that are important causes
of cancer, such as HPV and HBV. A study indicated that HPV
mRNA vaccines are more effective against tumors than HPV
recombinant protein vaccines and HPV DNA vaccines in
animal studies, supporting the future development of prophy-
lactic vaccines against tumors using mRNA technology, which
will be further evaluated in clinical trials (238).

Furthermore, the flexibility, adaptability and rapid
production capacity of mRNA vaccines will offer exciting
possibilities for the prevention and treatment of infectious
diseases and cancers in the future, which will contribute to the
reduction of the global disease burden.
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