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Abstract: mRNA vaccine is a novel category in the medical field. Its core mechanism is to deliver mRNA into cells, and then 
use the host cell system to produce therapeutic proteins or immunogenic proteins, exerting therapeutic effects on the body or 
stimulating the body to produce antibodies. In addition to COVID-19, mRNA vaccines’ application in targeted tumor therapy is 
expanding, with numerous clinical trials underway. This review covers the molecular structure of mRNA vaccines, synthesis and 
purification technologies including nucleoside modification and LNP delivery systems, applications in infectious disease 
prevention and oncology treatment, and prospects for future development. 
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1. Introduction 
mRNA vaccine is a novel category in the medical field. Its 

core mechanism is to deliver mRNA into cells, and then use 
the host cell system to produce therapeutic proteins or 
immunogenic proteins, exerting therapeutic effects on the 
body or stimulating the body to produce antibodies[1]. 
COVID-19,caused by the novel coronavirus SARS-CoV-
2,emerged in late 2019.During the vaccine research, mRNA 
vaccines became an excellent candidate due to their non-
toxicity and potent immune response[2]. Meanwhile, mRNA 
vaccines are mainly synthesized by chemical methods, which 
are easy for industrialization with a relatively simple 
production process[3]. In addition to COVID-19, mRNA 
vaccines’ application in targeted tumor therapy is expanding, 
with numerous clinical trials underway[4]. This review 
mainly introduces the research progress of mRNA vaccines 
to support the research and development of mRNA vaccines. 

2. Molecular Structure 

2.1. Cap Structure 
The cap structure of mRNA mainly includes three types: 

Cap 0, Cap 1 and Cap 2. Among them, the terminal nucleotide 
ribose of Cap 0 is unmethylated; the ribose of the first 
nucleotide of Cap 1 is methylated; and the riboses of the first 
two nucleotides of Cap 2 are both methylated[5]. Selecting an 
appropriate capping method can ensure normal mRNA 
expression[6]. 

2.2. Poly(A) Tail Structure 
The poly(A) tail of mRNA can be added either before or 

after transcription. For a tailing method, a poly(T) sequence 
needs to be pre-constructed in the 3′ untranslated region of the 
target DNA to provide a template for the synthesis of the 
poly(A) tail[7]. The length of the poly(A) tail directly affects 
the translation and stability of mRNA: a tail that is 
excessively long cuts down traslation efficiency, while one 
that is overly short renders mRNA vulnerable to 
degradation[8]. In practical applications, an appropriate 
length should be selected to achieve an appropriate balance 

between mRNA translation efficiency and molecular 
stability[9]. 

3. Synthesis and Purification 

3.1. mRNA Molecular Modification and 
Optimization 

3.1.1. Nucleoside Modification Technology 
Incorporating chemically modified nucleosides into 

mRNA sequences can effectively resist degradation by 
intracellular ribonucleases, while improving translation 
efficiency and enhancing intracellular stability. Uracil 
analogs are the most commonly used. Replacing all uridines 
in mRNA with pseudouridine can improve efficiency and 
reduce immunogenicity. In addition, a variety of base analogs 
can be used in mRNA sequences to optimize their biological 
functions. Studies by Kormann et al.[10] have shown that 
modifying mRNA sequences with different ratios of 5-
methylcytidine and 2-thiouridine can effectively reduce the 
recognition rate of pattern recognition receptors (PRRs), 
alleviate PRR-mediated immune activation, improve the 
stability of mRNA and prolong the translation window, 
providing an important guarantee for the intracellular delivery 
and functional performance of mRNA. 

3.1.2. Cap Structure Optimization and Detection 
There are two technical routes for 5′-capping of mRNA: 

co-transcriptional capping by incorporating m7GpppG cap 
analogs, and post-transcriptional enzymatic capping 
catalyzed by capping enzymes after transcription[11]. At 
present, two schemes have been formed for mRNA capping 
technology: co-transcriptional capping and post-
transcriptional enzymatic capping. Post-transcriptional 
enzymatic capping, which is a mature application method, 
stably generates the Cap 1 structure through the combined 
catalysis of vaccinia virus capping enzyme and 2′-O-
methyltransferase[12]. Stable and reliable detection methods 
should be adopted for the 5′-cap structure to evaluate the 
efficiency and integrity of the capping reaction[13]. Currently, 
quantitative analysis of 5′-capping efficiency mostly adopts 
liquid chromatography-mass spectrometry[14]. 
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3.1.3. Poly(A) Tail Design and Stability Regulation 
Chemical modification of the 3′ polyadenylation tail 

provides an effective strategy to inhibit its degradation. At 
present, a "modular" modification strategy based on click 
chemistry has been developed, which can introduce 
modifications on the poly(A) tail, including linking modified 
oligonucleotides or coupling modified poly(A) tail trimers 
through branched topological structures[15,16]. 

3.2. Research and Preparation of Key Delivery 
Systems 

The delivery system is the core support for the application 
of mRNA technology, playing an important role in protecting 
mRNA, improving delivery and achieving targeted 
delivery[12]. Lipid nanoparticles (LNPs) have played a key 
role,not only protecting mRNA but also enhancing delivery 
efficiency in Pfizer-BioNTech and Moderna vaccines[17]. 

LNPs are generally composed of four core components: 
ionizable lipids, phospholipids, cholesterol and polyethylene 
glycol (PEG)-modified lipids[12]. Ionizable lipids are 
electrically neutral under physiological pH and carry positive 
charges in acidic environments. This characteristic promotes 
the fusion of LNPs with endosomal membranes, thus 
facilitating the release of mRNA into the cytoplasm[18].As 
the core component of the LNP lipid bilayer, phospholipids 
can mimic the lipid bilayer structure of cell membranes. They 
enhance the interaction between LNPs and cell membranes 
and improve delivery efficiency[12].Cholesterol exerts 
crucial effects on stabilizing LNP structure and increasing 
membrane fluidity. It facilitates the fusion between LNPs and 
cell membranes and maintains the stability of LNPs in 
vivo[12,19].PEG-modified lipids enable LNPs to evade rapid 
clearance by the immune system and extend their circulation 
time in the body. In addition, such lipids reduce LNP 
aggregation in blood and further optimize delivery 
capacity[12,20]. 

4. Applications 

4.1. Research on mRNA Vaccines Against 
Influenza Virus 

The antigenicity of seasonal influenza viruses mutates 
rapidly, especially hemagglutinin, the main target, leading to 
immune escape in the host[21]. An nm-mRNA-LNP vaccine 
expressing H3 antigen induced neutralizing antibody titers 
against the 3c.2A H3N2 virus more than 10 times higher than 
those induced by the MF59-adjuvanted conventional egg-
derived vaccine and the mRNA-LNP vaccine encoding egg-
adapted H3 antigen[22]. Two other mRNA vaccines (H10N8 
and mRNA H7N9) showed excellent effects in preclinical and 
Phase I clinical trials, with good safety and high 
immunogenicity[23]. In addition, mice inoculated with LNP-
mRNA vaccine encoding H1N1 HA produced a strong 
immune response, including high HAI titers, IgG, IgG1, 
IgG2a antibodies, and CD4+ T cells secreting IL-4 and IFN-
γ. Importantly, the vaccine provided 100% survival rate for 
mice under lethal viral challenge and reduced lung viral load 
by 3 times[24]. 

4.2. Research on mRNA Vaccines of Oncology 
The emergence of mRNA therapy has provided a clinically 

promising new strategy for the treatment of malignant 
tumors[25]. With the deepening of relevant research and the 
advancement of clinical trials, mRNA technology has shown 

great application potential: it can cover a variety of solid 
tumors simultaneously, and can target specific tumors such as 
lung cancer, breast cancer, prostate cancer, melanoma, as well 
as hematological tumors[26]. 

4.3. Research on mRNA Vaccines Against HIV 
Globally, human immunodeficiency virus (HIV) currently 

affects 40.8 million people[27]. After long-term research, an 
effective vaccine has not been developed, mainly due to the 
antigenic diversity of HIV protein and glycan shield masking 
key epitopes of the envelope protein[28]. A novel HIV 
vaccine strategy is to isolate broadly neutralizing 
antibodies[29]. Notably, the broadly neutralizing antibody 
VRC01 has attracted much attention in recent years, which 
can neutralize 98% of HIV strains and prevent the 
transmission of antibody-sensitive strains with an efficacy of 
75.4%[30]. In one study, a single intravenous injection of 0.7 
mg/kg LNP-encapsulated modified mRNA produced 
antibody concentrations comparable to those achieved by 
usual injections of 10–20 mg/kg monoclonal antibody 
proteins[31]. 

4.4. Research on mRNA Vaccines Against 
Rabies 

Rabies is the most fatal zoonotic disease. The first 
candidate mRNA rabies vaccine (CV7201) consists of mRNA 
encoding rabies virus glycoprotein antigen and cationic 
protein protamine[32]. In BALB/c mice, intradermal 
injection of this mRNA induced antibody production, thereby 
providing protection. Notably, rabies mRNA vaccines can 
induce a stronger cellular immune response compared with 
approved vaccines[33]. Phase I clinical trials further 
confirmed that the protamine-formulated rabies mRNA 
vaccine (CV7201) was immunogenic in most subjects when 
delivered by a needle-free injector. However, the vaccine 
required a high dose of mRNA to achieve protective 
effects[32]. To reduce the dosage, a new formulation 
encapsulated in lipid nanoparticles containing the same 
mRNA antigen as CV7201 has been applied in Phase I 
clinical trials. Recent studies have shown that only two low-
dose injections of LNP-encapsulated mRNA can induce 
neutralizing antibody responses meeting the World Health 
Organization standards in all subjects[34]. 

5. Conclusion and Prospect 
In summary, mRNA vaccine is a new technology in the 

biomedical field. With the advantages of non-toxicity, strong 
immunogenicity and easy industrial synthesis, it has been 
rapidly applied[35]. The maturity of technologies such as 
nucleoside modification and enzymatic capping, combined 
with detection methods such as LC-MS/MS, has improved the 
modification and quality control system of mRNA, and the 
application of LNP delivery system can protect mRNA and 
improve intracellular delivery efficiency[19]. At present, this 
technology has expanded from infectious disease to targeted 
tumor therapy[36].  

In the future, the development of mRNA vaccines can 
optimize targeting and explore novel vectors. Conventional 
lipid nanoparticles face challenges of insufficient targeting 
accuracy, rapid immune clearance by the mononuclear 
phagocyte system (MPS), and preferential hepatic 
accumulation leading to off-target effects. Advanced 
targeting strategies and innovative vectors can enhance 
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specific accumulation at lesion sites, reduce healthy tissue 
damage, and improve delivery efficiency and biosafety 
[37,38]. It can also accelerate the development of multivalent 
broad-spectrum vaccines for infectious diseases. Pathogens 
mutate rapidly, rendering monovalent vaccines ineffective 
against emerging variants. Multivalent broad-spectrum 
mRNA vaccines can induce antibodies against multiple 
subtypes/related pathogens in a single dose, reducing 
vaccination frequency and enabling rapid response to 
outbreaks [39,40]. Finally,it can promote the application of 
tumor vaccines. Tumors exhibit strong individual 
heterogeneity, limiting universal vaccines' efficacy. 
Personalized mRNA vaccines targeting unique tumor 
neoantigens trigger specific anti-tumor immunity, restrain 
immune escape, and complement surgery/ chemo/ 
radiotherapy to improve outcomes [41,42,43]. 
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