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Vaccines can prevent many millions of illnesses against infectious diseases and save numerous lives every year. However, traditional vaccines such as inactivated viral and live attenuated vaccines cannot adapt to emerging pandemics due to their time-consuming development. With the global outbreak of the COVID-19 epidemic, the virus continues to evolve and mutate, producing mutants with enhanced transmissibility and virulence; the rapid development of vaccines against such emerging global pandemics becomes more and more critical. In recent years, mRNA vaccines have been of significant interest in combating emerging infectious diseases due to their rapid development and large-scale production advantages. However, their development still suffers from many hurdles such as their safety, cellular delivery, uptake, and response to their manufacturing, logistics, and storage. More efforts are still required to optimize the molecular designs of mRNA molecules with increased protein expression and enhanced structural stability. In addition, a variety of delivery systems are also needed to achieve effective delivery of vaccines. In this review, we highlight the advances in mRNA vaccines against various infectious diseases and discuss the molecular design principles and delivery systems of associated mRNA vaccines. The current state of the clinical application of mRNA vaccine pipelines against various infectious diseases and the challenge, safety, and protective effect of associated vaccines are also discussed.
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Introduction

Vaccines prevent many millions of illnesses and save numerous lives every year. The vaccine is a biological agent that provides active acquired immunity to a specific infectious disease, preventing millions of diseases and saving countless lives each year (1). Vaccination against smallpox in the world is the best example of immunization to eradicate infectious diseases (2). Traditional vaccines, such as inactivated viral vaccines, live attenuated vaccines, subunit vaccines, and recombinant vector vaccines, are the most commonly used vaccines in clinical practice, providing lasting protection for various diseases. Inactivated vaccines cannot induce cytotoxic T lymphocytes (CTL) production by endogenous antigen presentation because inactivated pathogens cannot enter host cells and proliferate, limiting their immune effects. Live attenuated vaccines are at risk of reverting to mutations in the body, and people with immunodeficiency and pregnant women generally cannot receive live attenuated vaccines. The subunit vaccine is safe, effective, and low-cost, and the recombinant vector vaccine can be used as a multivalent vaccine for various protective antigens. Despite these successes, significant hurdles remain in developing vaccines against a variety of infectious diseases, requiring better evasion of adaptive immune responses, faster development, and large-scale production.

In addition, traditional vaccines are not suitable for controlling lethal infectious diseases such as malaria, acquired immunodeficiency syndrome (AIDS), and tuberculosis. The RTS.S (Mosquirix) vaccine developed by GlaxoSmithKline (GSK) is the first malaria vaccine to pass clinical trials. Four doses of the vaccine provide only 30% protection against severe malaria in less than three years (3). The protective effect of RTS.S diminished rapidly over time and was age-dependent. Bacille Calmette-Guérin (BCG) is the only vaccine approved to prevent tuberculosis (4). Although it can significantly reduce the incidence of miliary tuberculosis and tuberculous meningitis in children, its protective power is unstable and variable, precluding its use in immunocompromised patients (5–7). AIDS is a highly harmful infectious disease caused by the human immunodeficiency virus (HIV). Since HIV was first reported in 1981, only five trials have entered phase 3 clinical trials, and an effective vaccine against HIV has not yet been developed (8, 9). In addition, HIV, as an RNA virus, has a high frequency of genome mutation, so vaccines derived from specific evolutionary strains may be ineffective against other evolutionary branches.

mRNA vaccines that can be developed rapidly have significant advantages in response to pandemics. Figure 1 shows the development history of mRNA vaccines. In 1990, mRNA encoding a reporter gene was injected into mice, and the expression of the protein was detected (10). This is the first successful application of in vitro transcribed (IVT) mRNA in animal objects. The mRNA vaccines have not received significant investment due to their instability, high inherent immunogenicity, and low in vivo delivery efficiency. After 2005, with technological breakthroughs in modified nucleotides and delivery vehicles, mRNA vaccines have developed rapidly, and many clinical trials have been carried out. The outbreak of COVID-19 has made the benefits of mRNA vaccines clinically verified. At present, two mRNA vaccines, mRNA-1273 and BNT162b2, have been put on the market. Of course, getting an mRNA vaccine to market requires a lot of investment. The mRNA-based technology platform covers the mRNA delivery systems and the mRNA transformation technology. In 2019, Moderna and BioNTech spent $496 million and $254 million, respectively, on developing mRNA vaccines. Moderna has spent over $500 million on improving its technology platform and intellectual property.




Figure 1 | The Development of mRNA Technology.



These results show that mRNA vaccines can overcome the limitations of traditional vaccines and have future development prospects. In this review, we will discuss current mRNA vaccine synthesis methods, summarize recent discoveries in the field, and look forward to the prospects of mRNA vaccines. Compared with the previous reviews, this article not only thoroughly explains the molecular design and optimization of mRNA vaccines, delivery vehicles, and their clinical applications but also summarizes in detail the latest mRNA vaccines against the COVID-19.



The Molecular Design and Optimization Principles of mRNA Structures


Pharmacological Properties of mRNA

mRNA is a single-stranded ribonucleic acid that is transcribed using DNA as a template, and it can carry genetic information to guide protein synthesis. IVT mRNA-based therapy has the following advantages (11): (1) There is no risk of infection or insertion mutation of mRNA. In addition, mRNA can be wholly degraded through the physiological metabolic pathway; (2) mRNA can accurately control the expression degree and duration of the encoded protein; (3) mRNA has a high transcription yield in vitro and has the potential for rapid, cheap, and large-scale production. At present, there are two main types of mRNA for drug research: non-replicating mRNA and self-amplified mRNA, from virus sources. The best structure contains 5’cap, untranslated regions (UTRs), the poly(A) tail, and the open reading frame (ORF) encoding target antigen (12)(Figure 2). The difference between self-amplified mRNA and non-replicating mRNA is that the ORF of self-amplified mRNA not only encodes the target antigen, but also produces a viral replication mechanism that makes intracellular RNA self-amplify and increases protein expression, and the full length of self-amplified mRNA is much larger than that of non-replicating mRNA (≈ 9-10kb) (13).




Figure 2 | mRNA vaccine manufacturing process. (1) Sequencing and analysis of essential proteins of the virus; (2) The introduction of the plasmid into Escherichia coli and cultured and proliferated; (3) Plasmid extraction, purification, and Enzymatic digestion; (4) in vitro transcription of mRNA; (5) Microfluidic mixing; (6) The process of encapsulating mRNA into lipid nanoparticles (LNPs).





Translation Efficiency and Stability of mRNA

The stability and translation of mRNA are governed by a complex network of RNA/protein interactions and depend on both the primary and secondary structure of mRNAs, translation rates, and degradation mechanisms (11). A lot of efforts have been made to modify the composition of IVT mRNA to systematically improve its intracellular stability and translation efficiency, especially the 5’ cap, 5’,3’ UTR, ORF, Poly (A) tail, and nucleotides (14). These increase the expression of encoded proteins from minutes to weeks (15, 16).


The 5’Cap

The cap structure can enhance the translation of mRNA. Combining a 5’ cap with eukaryotic translation initiation factor 4e (EIF4E) is the key to effective translation (17). In Chinese hamster ovary (CHO) cells, the addition of a cap increased the translation of mRNA without poly (A) tail by 2.7 times (18). However, the addition of cap analogues has reverse integration, that is, the cap is integrated into the mRNA in the opposite direction. Take the cap analogue m7GpppG, which is the most commonly used in clinical trials, as an example, the m7G part of m7GpppG is connected to the first nucleotide residue of the RNA chain through a 3’ -5’ phosphodiester bond (19). Pasquinelli et al. (20)found that the reverse integration of m7 GpppG, a cap analogue from 1/3 to 1/2, into mRNA, decreased the translation activity of mRNA because it could not be recognized by translation mechanisms. Therefore, the anti-reversal cap analogue (ARCAs; m2 7,3’−OGpppG) is proposed, ensuring 100% correct direction (21). In various cell types, ARCA-capped mRNAs have better translation efficiency. For example, in rabbit reticulocyte lysate, the translation efficiency of the ARCA capped transcript is 2.3-2.6 times higher than that of m7GpppG (19).

Also, Cap is one of the determinants of mRNA degradation. It regulates the degradation of mRNA, in combination with scavenger decapping enzyme Dcp1, Dcp2, and DcpS (17). There are two types of capping enzymes in eukaryotic cells, which have different biological functions, substrate specificity and regioselectivity of hydrolysis (22). The first enzyme, the complex of Dcp1 and Dcp2 (Dcp1/Dcp2), is involved in the 5’→3’mRNA degradation pathway (17). Dcp2 is the catalytic subunit of Dcp1/Dcp2, which cleaves the cap between α and β phosphate esters, releasing m7GDP and 5’ -phosphorylated mRNA chains and exposing them to the digestion of exonuclease xrn1 (23, 24). DCPS is the second degrading enzyme, which is involved in the 3’→5’ mRNA degradation pathway, selectively cleaving the cap between the β and γ phosphates of the 5’,5’-triphosphate bridge, and then releasing m7GMP and a downstream (oligo) nucleotides (17). Grudzien-Nogalska, E. et al. (25)recently synthesized a series of dinucleotide cap analogues containing phosphorothioate groups at the α, β or γ position of the 5’-5’-triphosphate chain, which included m2 7,2’-OGpppSG, m2 7,2’-OGppSpG, and m2 7,2’-OGpSppG, respectively. Only m27,2’-OGppSpG D2 has complete resistance to Human Decapping Scavenger(hDcp)2, while m2 7,2’-OGppSpG D1 and m2 7,2’-OGpppSG have only partial resistance to hDcp2. In cultured HC11 mammary epithelial cells, the t1/2 of m7GpppG-capped luciferase mRNA was 86 min, while the t1/2 of luciferase mRNA was capped with m2 7,2’-OGppSpG (D2) was 257 min, capping further prolongs the half-life of mRNA (21).



The Poly(A) Tail

The poly(A) tail regulates the stability and translation effectiveness of the mRNA in cooperation with cap, internal ribosome entry sites, and other determinants (18). Sachs and Davis (26) proposed that the interaction between poly (A) tail (regulated by poly (A) binding protein) and 60s subunit is essential in controlling the formation of the 80s initiation complex. Because of their dual regulation, the translation efficiency and stability of mRNA have been improved by adding a cap or Poly (A) tail. The expression and half-life of luciferase in uncapped tobacco protoplasts with poly (A) Luciferase (Luc) mRNA were 1.5 and 1.4 times higher than those without poly (A), respectively (18). However, in capped mRNA, the expression of mRNA with poly (A) tail was 21 times higher than that of mRNA without poly (A) (18). Analysis in Dendritic Cells (DCs) showed that a poly (A) tail should not be added at the 3’ end. The optimal length of the masked poly (A) tail should be between 120 and 150 nucleotides (27, 28).



5’- and 3’-UTRs

The 5’ and 3’ UTRs elements on both sides of the coding sequence significantly affect the stability and translation of mRNA (29). Studies have shown that the 5’- end unstructured area should not contain upstream open reading frames, which can avoid incorrect translation initiation and replacement of reading frames (30). Introducing an optimized Kozak sequence (GCCRCCAUGG, vertebrates) can also avoid incorrect startup (31). It has been reported that because stable secondary structures block small ribosome binding initiation coding elements, the 5’UTR region must be short and loose (32). The most common stable pattern is that 3’UTR is rich in pyrimidines, which are recognized by ubiquitous α-complexes (33). The most characteristic sequence recognized by α-complex is about 180bp or about 80bp UTRs in β or α globin, respectively (34). In some preclinical studies, the 3’UTR of IVT mRNA is derived from the 3’UTR of human or African Xenopus β-globin genes (15). Compared with the reporter gene RNA which does not contain UTRs, the protein yield of RNA containing human β-globin 3’UTR is increased (35). Based on the analysis of the experimental data, Holtkamp, S. et al. concluded that the stabilization of the human-globin-UTR sequence was further enhanced by using two human β-globin 3’- UTR arrays in the head-tail (head-to-tail) direction (36). This is mainly because the 3’ UTR of α and β globin is rich in discontinuous pyrimidines (TC) and the corresponding ribonucleoprotein(RNP). RNP can directly interact with poly(A)-binding protein(PABP) to enhance the interaction with the poly(A) tail, protecting the mRNA from degradation. More importantly, there is a stable nucleolar protein binding element in the 3’UTR of β-globin mRNA (37). In addition, the base after terminating the codon is recommended to be G or An to effectively terminate the translation (38). In addition, the 3’- UTR of eukaryotic elongation factor 1 α mRNA (EEF1A1 mRNA) and the 5’- UTR element presenting in many orthopoxvirus mRNAs can not only inhibit capping but also inhibit the extranuclear degradation of 3’UTR, ultimately enhancing the stability and translation efficiency of mRNA (39, 40). To limit the duration of protein production, AU-rich elements can be added to 3’-UTR to rapidly degrade mRNA and shorten protein expression duration (41).



The Open Reading Frame (ORF)

The composition of codons will affect the efficiency of translation. Using frequent synonymous codons instead of rare codons can improve translation efficiency because using the same tRNA can speed up translation (42). Mammalian codons usually have G or C nucleotides at the third degenerate position, which is more effectively expressed than codons that end with A or T (43). In this case, it is difficult to distinguish whether the increased expression of codon-optimized proteins is caused by enhanced transcription, increased RNA stability, or enhanced translation. By direct comparison of optimized tRNA usage and removal of RNA secondary structure, potential splicing motifs, and other wild-type sequences in the mRNA, it is found that the resulting protein increased slightly (1.6-3 times) (44, 45). In addition, the use of the most GC-rich codon per codon is another optimization scheme, which can not only increase mRNA stability (in vitro) (46) but also increase pr translation (in vivo) (47).

Altering codon composition or introducing modified nucleosides (discussed below) can positively regulate protein expression, but may also affect mRNA secondary structure (GC content is related to folding energy) (48), translation dynamics and accuracy, and simultaneous protein folding (49, 50). The use of different synonymous codons affects translation dynamics, leading to different co-translational folding trajectories and ultimately to varying conformations of proteins. The non-random and non-uniform distribution of codons in the gene open reading framework provides a unique biospecific model that regulates local translation elongation and contributes to the stability of mRNA.



Modification of Nucleotides

Exogenous mRNA is an innate immune stimulator as it is recognized by various innate immune receptors located on the cell surface, endosome, and cytoplasm (51). The activation of RNA receptors can directly or indirectly affect translation. IVT RNA activates RNA–dependent protein kinase R (phosphorylated translation initiation factor 2-α) and 2-methyl-5-adenylate synthetase (when binding to the target RNA, OAS is activated to produce 2-methyl-5-linked oligoadenylate (2-5A), which activates RNase L, and then RNase L cleaves single-stranded autologous and non-autologous RNA), directly inhibits protein synthesis (52–54). Activation of other cytoplasmic and endosomal RNA sensors, including TLR family (TLR 3, TLR 7, TLR 8), RIG-I, MDA5, NOD2, IFIT-2, DHX9, DDX family and their complex, HMGB protein, and LRRFIP1, can lead to the release of type I interferon, which activates interferon-inducible genes including protein kinase R, RNase L, 2-methyl-5-adenylate synthetase and others, and inhibits translation (14).

By integrating modified nucleotides into IVT mRNA, such as pseudouridine, 2-thiouridine, 5-methyluridine, 5-methylcytidine, or N6-methyladenosine, RNA receptors can avoid being activated to inhibit the immunostimulatory effect of RNA and enhance translation (55–58). For example, Kariko, K. et al. (55) found that the translation of mRNA modified with pseudouridine in 293 cells was ten times higher than that of mRNA without modified nucleotide. The translation of mRNA modified with 5-methylcytidine was four times higher than that of unmodified mRNA.




Synthesis and Quality Control of IVT mRNA

In vitro production of mRNA from linear DNA templates in a cell-free system using RNA polymerases derived from T7, T3, or Sp6 phage (59) (Figure 2). This linear DNA template encodes all the structures of the functional mRNA, except for 5’cap. The mRNA can then be capped with enzymes. One way to add cap is to use capping enzyme capping from recombinant vaccinia virus after the initial synthesis of mRNA (60). The resulting cap structure is the same as the most common naturally occurring cap. Another more commonly used method is to add synthetic cap analogues to the transcriptional reaction, cap capping, and in vitro synthesis. However, the in vitro synthesis of mRNA competes with the cap analogue GTP, which results in the uncapped part of mRNA and the inactivation of translation. Similarly, the poly (A) tail can be transcribed directly from the template vector, or IVT mRNA can be lengthened by recombinant poly (A) polymerase through a two-step reaction. Recombinant poly (A) polymerase can integrate the modified nucleotides into the poly (A) tail and inhibit its deadenylation by poly (A) specific nuclease. One of the limitations of enzymatic polyadenylate is the production of mRNA with poly (A) tails of different lengths. On the contrary, transcribing RNA from a DNA template in vitro produces RNA with the same length of poly (A) tail. After that, the DNA template can be degraded by DNA enzyme, and the RNA can be separated by the traditional method of isolating nucleic acid. The 1μg DNA template is sufficient to produce 50-100 μg RNA (59). mRNA synthesized by the enzymatic method contains dsRNA contaminants as abnormal products of IVT reaction, and the presence of pseudouridine and/or M5C cannot eliminate its immunogenicity. high-performance liquid chromatography (HPLC). purification method can be used to eliminate dsRNA contaminants so that mRNA containing modified nucleotides can no longer induce interferon and inflammatory cytokines, and the translation level in primary cells can be increased by 10-1000 times (56). All enzymes and reactive components needed for mRNA’s good manufacturing practice (GMP) production can be expressed as synthetic chemicals or bacteria from commercial suppliers in the form of non-animal component reagents, thus avoiding the uncertainties surrounding cell culture-based vaccine production. All components, such as plasmid DNA, phage polymerase, capping enzyme, and NTPs, can be easily obtained as GMP-level traceable components.




Delivery Technology of mRNA

Effective delivery of mRNA in vivo is the key to the realization of treatment. Exogenous mRNA must cross the lipid membrane barrier to reach the cytoplasm to be converted into functional protein (Figure 3). Two key factors determine the cytoplasmic bioavailability of IVT mRNA. One is that a large number of highly active RNase, existing in the outer space of cells, can rapidly degrade IVT mRNA. The other is the cell membrane. It prevents negatively charged large RNA molecules from passively entering the cytoplasm. In principle, eukaryotic cells can actively uptake naked mRNA, but the uptake rate and cytoplasmic transfer rate are the lowest in most cell types (< 1/10000) (12). mRNA can be combined with the delivery system to improve the transfer efficiency and protect RNA from being degraded by nuclease. At present, there are three main strategies for mRNA delivery (1): physical methods that instantly destroy the function of a cell membrane barrier; (2) virus-based approaches that utilize naturally occurring biological uptake patterns; (3) nanocarrier-based non-viral vectors that are reasonably designed and easy to prepare (Figure 4).




Figure 3 | Pharmacology principles of antigen-encoding mRNA. (1) In vitro transcription using linearized DNA plasmid templates with antigen coding sequences. The in vitro transcribed mRNA contains the structures: cap, 5′and 3′ untranslated regions (UTRs), the open reading frame (ORF), and the poly(A) tail. (2) The synthesized mRNA was compounded with cationic liposomes to form an mRNA-LNP complex. (3) Liposomes protect mRNA from RNase degradation and facilitate cellular uptake of mRNA. (4) Release of the mRNA-LNP complex in the cytoplasm. (5) Release of mRNA from liposome complex. (6) mRNA is translated using the host cell’s protein synthesis machinery. (7) terminates translation by mRNAs degradation catalyzed by an external ribozyme. (8) the post-translational modification of the translated protein product depends on the nature of the host cell. (9) protein-derived epitopes can be presented by MHCI and MHCII molecules on the cell surface. (10) the antigenic peptide epitopes degraded by protein products were loaded on the major histocompatibility complex (MHC) and presented to cytotoxic T lymphocytes.






Figure 4 | Major delivery systems for mRNA vaccines. (A) Electroporation for naked mRNA delivery. (B) Polyplexes are formed by spontaneously interacting with negatively charged IVT-mRNA and cationic lipids. (C) Lipoplexs formed by loading mRNA into cationic lipids. (D) Lipopolyplexs are formed by a polymer ‘core’ and a lipid ‘shell’ with IVT-mRNA absorbed on the surface of the nanoparticle.




Physical Methods

Electroporation was first used in gene transfection in 1982 (61) and has been identified as a popular method for in vitro mRNA transfection of hematopoietic cells (62). Immunotherapy of IVT or autologous tumor-derived mRNA electroporation transfected DC in cancer patients has been proved to be safe (63–70). In the IB phase trial, patients with advanced III and IV melanoma developed strong CD4+ and CD8+ immune responses to antigens transcribed by IVT mRNA (64, 71). In the Phase I trial, 19 of 20 patients with metastatic prostate cancer also responded to developed antigen-specific CD8+T cells. The development of a new type of equipment for mild electroporation of a large number of cells under aseptic conditions makes it possible to develop a rapid clinical-level scheme for a wide range of cell therapy applications based on IVT mRNA. In vivo, electroporation is also used to increase therapeutic RNA uptake. However, in a study by Johansson et al. (72), electroporation only increased the immunogenicity of self-amplified RNA, not non-replicating mRNA. P Qiu et al. (73) proved that mRNA- gold particles complex can express in tissues by gene bombardment, a microplastic method. Gene gun has been proved to be an effective method for RNA transmission and vaccination in mouse models, but there are no efficacy data in large animals or humans (74–76). Physical methods may be limited by their increased cell death and poor contact with target cells or tissues. Recently, this field has tended to use lipids or polymer-based nanoparticles as effective and multi-functional carriers.



Virus-Based Approach

Recombinant vector particles are produced by co-transfection of vector genome and packaging construction into packaging cells. Tumor retroviral vectors are the first kind of viral vectors developed, and they are the preferred vectors for in vitro transfection of regenerated hematopoietic stem cells (77). Foamy virus (FV) is a subclass of retroviruses that can effectively transfect genes into neural progenitor cells and embryonic stem cells. FV vectors mainly target the gene transfection of hematopoietic stem cells (HSCs) (78–80). FV has an extensive tendency, mainly through the interaction between FV glycoprotein and heparan sulfate and the additional unknown receptor molecules on the surface of target cells. Although the effective transduction of the FV vector requires mitosis of host cells, the long-term latent survival of interphase cells also allows effective gene transfection to target tissues with slow division, such as hematopoietic stem cells, due to the highly stable capsid. PFV (prototype FV) vectors seem to increase their translation in transducing cells by at least 10 times. S Ferrari et al. (81) demonstrated that gene transfer mediated by recombinant Sendai virus (SeV) to differentiated airway epithelial cells has been proved to be very effective because of its ability to overcome intracellular and extracellular barriers that limit gene transmission. The virus can spread, so it is unlikely suitable for clinical trials. Viral vectors have inherent defects such as the potential risk of reverse genome insertion, difficulty in controlling gene expression, vector size restrictions, and strong immunological side effects.



Non-Viral Vector


Lipid-Based IVT mRNA Delivery System

Cationic lipids have been the most widely used and studied non-viral vectors for IVT-mRNA transfection. They can spontaneously form liposomes loaded with IVT-mRNA by electrostatic interaction. These lipid-based materials are artificially divided into three categories, DOTAP-based preparations, commercially available liposome preparations, and lipid nanoparticles (LNPs) developed by combinatorial synthesis methodology and library screening.


DOTAP-Based Preparations

N-[1-(2-mine3-dienoxy) propyl]-N-trimethyl ammonium chloride (DOTMA) is the first synthetic cationic lipid for in vitro delivery of luciferase-coding IVT-mRNA to different cell lines (82). 1,2-dioleoyloxy-3-trimethylammoniumpropane (DOTAP) is a derivate of DOTMA, has relatively low preparation cost and high IVT-mRNA transfer efficiency. Zohra et al. (83) modified DOTAP-based liposome with carbonate apatite (an inorganic crystal with a strong affinity for nucleic acid). Compared with the control group (only DOTAP), the transfection efficiency was increased by 5-15 times. Compared with non-targeted particles, IVT-mRNA-loaded DOTAP- apatite particles incorporated with fibronectin (the recognition motif of α5β1 integrin) could enhance the gene expression of transmitted IVT-mRNA in HeLa cells (84). Another strategy to improve DOTAP-mediated transfection of IVT-mRNA is the addition of neutral lipids to improve the endosome escape of liposomes. DOPE (1-dioleoyl-sn- glycerol-3-phosphate ethanolamine) is one of the most commonly used compounds to enhance gene expression when co-used with cationic lipids (85). The role of this DOPE is attributed to its ability to promote liposome formation and its tendency to transfer liposomes from bilayer structure to hexagonal arrangement at acidic pH levels, which may contribute to intimal fusion or instability (86). Besides, DOPE can also be used as an auxiliary lipid of DOTAP-based liposomes to reduce lipid aggregation (87).

However, the positive charge of cationic lipids hinders their in vivo application and clinical development. The positive charge of cationic lipids would promote non-specific interactions with non-target components, such as negatively charged serum proteins, resulting in the rapid clearance of formed aggregates (88, 89). The most common way to overcome this is to use hydrophilic and uncharged polymers, such as polyethylene glycol (PEG), to form a protective film on the surface of nanoparticles. Moreover, the PEG can be further modified with some active targeting ligands. Wang et al. (90) demonstrated PEG and ligand could be incorporated into lipid-based IVT-mRNA delivery systems for tumor therapy. In this study, DOTAP/cholesterol liposome and mRNA-protamine complex were mixed to form a core/membrane complex, and then the complex was coated with 1,2-distearoyl-phosphatidylethanolamine-polyethylene glycol(DSPE-PEG) and DSPE-PEG- anisamide to form liposome-protamine-RNA (LPR) (90). Hydrophilic PEG molecules are expected to block the positive charge of DOTAP/cholesterol lipid bilayers, and anisamide can promote nanoparticles to enter cancer cells with high expression of Sigma receptors through receptor-mediated endocytosis (90). The results show that LPR can transfect up to 68-78% of genes in single cells and mice, and produce more luciferase (25 pg/mg) in tumors than in other tissues (0-2 pg/mg) (90).



Commercially Available Liposome Preparations

Commercially available liposomes, such as Lipofectamine and Dreamfect Gold, have been proved to be effective vectors for IVT-mRNA transfection by Balmayor et al. (91). It was observed that Lipofectamine 2000 showed the highest transfection efficiency at 24h. Although the efficiency of DF-Gold was slightly lower than that of Lipofectamine 2000 at 24 h, it could still maintain the expression of MetLuc up to 120 h. However, the compound of MetLuc cmRNA and Lipofectamine 2000 was the most toxic in stem cells, and the cell survival rate decreased to less than 75% within 5 hours (91). The compound of DF-Gold and bPEI had mild cytotoxicity, and the cell survival rate was more than 80% at both time points. In the study by Johler SM et al. (92), the transfection rate of the complex formed by Lipofectamine 2000 and IVT-mRNA encoding green fluorescent protein in human bronchial epithelial cells was more than 50%, while the number of green fluorescent protein-positive cells obtained by polymer-based preparations was 3%. The use of these reagents in vivo is limited, in part because of their poor toxicity and transfection ability.



Lipid Nanoparticles (LNPs)

LNPs consist of cholesterol (which helps stabilize), natural phospholipids (supporting lipid bilayers), PEG derivatives (reducing aggregation and non-specific uptake), and ionizable liposomes (recombination with negatively charged RNA and increased endosome escape) (93). Researchers at the Novartis Institute used an ionizable lipid DLinDMA (1-diaminophenoxy-3-dimethylpropane) as the main component of LNPs for self-amplification-mRNA vaccination of respiratory syncytial virus fusion glycoprotein (RSV-F). It was prepared by ethanol dilution method, and the particle size ranged from 79 to 121 nm. This vaccine technique with an encapsulation rate of 85%-98% elicits a broad, potent, and protective immune response in mice (94). Anderson and his colleagues have demonstrated that C12-200LNPs, initially developed for siRNA delivery, can deliver IVT-mRNA by optimizing LNP formulation parameters such as lipid weight ratio, phospholipid properties, and excipient composition. In addition, the in vivo titer of C12-200LNPs loaded with IVT-mRNA is more than 7 times higher than that of the original preparation (95). Increasing the weight ratio of ionizable lipids to mRNA and adding drugs are considered key features of optimizing prescription. It has been proved that the preparation based on C14-113LNP is an effective non-viral agent, which can efficiently deliver IVT-mRNA to the hearts of small and large animals through multiple administration pathways. The used dose of IVT-mRNA is several orders of magnitude lower than that of previous studies (96, 97). It is speculated that ionized lipids are neutral at physiological pH but positively charged in acidic endosomes. By destroying the membrane of endosomes, ionizable lipids promote the rapid release of RNA goods in mature endosomes, resulting in effective transfection (98).




Polymer-Based IVT mRNA Delivery System

Cationic polymers can not only bind IVT-mRNA but also condense it into nanostructures, increase its uptake through endocytosis, protect it from nuclease degradation, and promote its endosome escape. The first trial of polymer-based IVT-mRNA delivery systems can be traced back to 1973 when diethylaminoethyl dextran was used to synthesize IVT-mRNA for in vitro transfection (99). Bettinger et al. (99) proved that high molecular weight polymers bind to IVT-mRNA are too close to release, resulting in poor gene expression. In contrast, the expression of the polymer formed with smaller PEI (polyvinyl imine) 2kDa and PLL (poly (L-lysine)) 3.4kDa was 5 times higher in B16-F10 cells than DOTAP, but depended on chloroquine for transfection activity. Li et al. (100) developed an effective PEI-based intranasal vaccination by combining cationic cyclodextrin-low molecular weight PEI conjugates with IVT-mRNA, which can reversibly open tight junctions and enhance the paracellular delivery of IVT-mRNA to overcome the biological barrier of nasal epithelium, thus minimizing the absorption of toxins in the nasal cavity. A strong immune response was obtained through the high mucosal affinity of cyclodextrin and the good adjuvant effect of cationic PEG polymers (100).



Peptide-Based Delivery

Cationic peptides containing cationic and amphiphilic amino groups can deliver mRNA into cells. Cationic peptides and mRNAs form nanocomplexes through electrostatic interactions (101). Helen O. McCarthy et al. designed a fusogenic cell-penetrating peptide containing a repeating arginine-alanine-leucine-alanine (RALA) sequence, it can change conformation through endosomal pH, promotes membrane pore formation and endosomal escape (102). This study shows that the formed nanocomplexes have good stability and no cytotoxicity. In addition, PepFect 14 (PF14), a commercialized cell-penetrating peptide consisting of 21 amino acids, is an efficient mRNA delivery vehicle. Brand et al. (103) complexed PF14 with mRNA to form nanoparticles that could deliver mRNA to ovarian cancer cells. Protamine is a small molecular weight, the arginine-rich protein that contains nuclear localization signals. It can efficiently self-assemble with negatively charged nucleotides to form stable complexes (95). Protamine complexed with mRNA can not only protect mRNA from degradation by RNase in serum (104) but also act as an adjuvant. A study in an animal glioma model showed that protamine and mRNA complexes have favorable antitumor effects (105).



Cationic Nano-Emulsion

Squalene-based cationic nanoemulsion, which consists of an oily squalene core and a stabilized lipid shell, has the function of mRNA delivery. MF59 is one of the Food and Drug Administration (FDA)-approved formulations of squalene that can be used as an adjuvant in influenza vaccines. MF59 can drive cells to secrete chemokines at the injection site and promote antigen-presenting cell uptake (106). Marcelo M. Samsa et al. (107) constructed a nanoemulsion composed of squalene, DOTAP, and sorbitan trioleate, and used this preparation to deliver mRNA, which has a robust immune effect.



Hybrid-Based IVT mRNA Delivery System

IVT-mRNA can be loaded into hybrid nanoparticles (complexes containing multiple materials, such as lipids, polymers, and peptides) for further transfection. Hybrid nanoparticles can integrate the advantages of their components, usually have a core-shell structure, and the “core” can be adjusted in response to external stimuli, which helps to promote endosome escape (108–110). At the same time, the “shell” can enhance the stability and pharmacokinetics of the nanoparticles, and endow their surface with tunable properties (111, 112). IVT-mRNA can be loaded into the “core” or absorbed into the surface of the “shell”, thus effectively transmitting, while the release spectrum may change faster in which the surface adsorbed IVT-mRNA is released.

Hoerret et al. (113) complexed IVT-mRNA which encodes galactosidase, with polycationic peptide (protamine), and then encapsulated the complex with liposomes. The resulting lipopolysaccharide protected the IVT-mRNA for longer times and demonstrated protein expression and subsequent immune response. Su et al. (108) developed biodegradable core-shell nanoparticles whose core is poly (β-amino ester) wrapped in a double phospholipid shell, which is used to deliver IVT mRNA-based vaccines in vivo. The pH-responsive component (poly (β-amino ester)) was selected to promote the destruction of the endosome, while the lipid surface layer (DOTAP) was selected to minimize the toxicity of the polycationic core and effectively adsorb IVT-mRNA to the surface of the nanoparticles. The resulting nanoparticles showed efficient cell uptake and cytoplasmic localization in vitro, low cytotoxicity, and reporter protein expression in vivo. Lee et al. (114) efficiently transfected IVT-mRNA into mouse cardiac fibroblasts through a heart targeting sequence fused with 9 arginine-containing peptides (CRPPR-R9) and ternary complexes containing liposomes. The mRNA transfection efficiency of CRPPR-R9/liposomes (charge ratio 20) was 44%, which was about 2 times higher than that of liposomes alone. A key challenge with direct mRNA reprogramming is the need for weeks of transfection. The repeated use of transfection agents, such as liposomes, will produce obvious toxicity. Studies have shown that one week after cardiac fibroblasts were transfected with C-Lipo containing 75% liposome (7 μ g CRPPR-R9 peptide per 1 μ g mRNA and 0.5 μ L liposome) and liposome (Lipo, 1 μ g mRNA containing 2 μ L liposome), C-Lipo caused a 25% decrease in cell viability, while Lipo caused a 90% decrease in cell viability, and the difference in cell survival rate was more significant at 2 weeks (114). Peptide-assisted mRNA transfection of cardiac fibroblasts has high efficiency and low toxicity and can be partially reprogrammed.





Application of mRNA Vaccine Against Infectious Diseases

The development of vaccines against infectious diseases is the most effective means to control and prevent the epidemic. The development and approval of commercial vaccines are slow and unsuitable for rapidly emerging acute viral diseases, as evidenced by the outbreak of Ebola and Zika viruses in 2014-2016 and the COVID-19 in 2019-2020. mRNA vaccines show good safety in animals and have versatility for emerging infectious diseases. It can be developed rapidly and can adapt to scalable GMP production. Self-amplifying mRNA vaccines and non-replicating mRNA vaccines are the two primary mRNA vaccines against infectious pathogens. There has been a rapid increase in the number of recently published preclinical studies in these areas, as discussed below, some of these have entered human clinical trials (as shown in Table 1, The table summarizes the clinical trials registered at ClinicalTrials.gov).


Table 1 | Clinical trials of mRNA vaccines against infectious diseases.




Self-Amplifying mRNA

Most of the self-amplifying mRNA (SAM) vaccines currently used are based on the genomes of influenza A viruses, such as Sindbis, Semliki Forest, and Venezuelan equine encephalitis viruses genomes (115–118). Genes encoding the RNA replication machinery are intact, but genes encoding structural proteins are replaced by the antigen of interest. Since antigens encoding RNAs replicate intracellularly, the SAM platform can generate large amounts of antigens from minimal doses of vaccines. Fleeton, M. N. et al. (119) proved that mice immunized with 10 μg nude SAM vaccine encoding respiratory syncytial virus fusion protein (RSVF), influenza virus hemagglutinin (HA), or amplifying virus membrane and membrane protein (PRM-E) could produce antibody response and partially protect against lethal virus attack. Annette B. Vogel. et al. (120) proved that the nude SAM vaccine encoding hemagglutinin (HA) from the H1N1 influenza virus could produce antibody response in mice by primary immunization-booster immunization and had a completed protective effect against H1N1/PR8 infection during the challenge. With the development of RNA complexing agents, the efficacy of the SAM vaccine has been significantly improved. A novel cationic nanoemulsion prepared from SAM expressing influenza virus hemagglutinin (HA) antigen [SAM (HA)] is immunogenic in ferrets. SAM (HA) induces potent functional neutralizing antibodies and cellular immune responses in mice, characterized by HA-specific CD4+cells and CD8+cells (121). Jesse H. Erasmus et al. (122). combined nanostructured lipid carriers with replicative virus RNA (RVRNA) encoding Zika virus (ZIKV) antigens, and demonstrated that a single dose (as low as 10 ng) could completely protect mice from the deadly Zika virus Sonal Saxena. et al. (123) showed that the self-amplifying rabies RNA vaccine provided adequate protection against virulent rabies at the dose of 10 μg vaccine and induced Th1 and Th2 responses. Imperial College London has launched a phase I clinical trial of novel coronavirus SARS-CoV-2. 15 volunteers will receive a single intramuscular injection of the LNP-nCoVsaRNA vaccine against 0.1/0.3μg. Starting with a low dose and then gradually increasing to a higher dose for subsequent volunteers to test the safety and derive the optimal dose. Three hundred healthy participants are expected to participate in the trial and receive two doses of the vaccine, and if the data prove, more extensive clinical trials are planned later this year.

One of the advantages of SAM vaccines is that they produce their adjuvants in the form of dsRNA structures, replication intermediates, and other motifs that may contribute to their high potency. However, the inherent nature of these PAMP may make it challenging to regulate the inflammatory characteristics or responsiveness of SAM vaccines. In addition, compared with the mRNA that does not encode the replicon gene, the SAM vaccine has a more significant restriction on the size of the insert, and the immunogenicity of the replicator protein may theoretically limit reuse.



Non-Replicating mRNA Vaccine

The mission of the therapeutic vaccine is to retrain the specific immune response of human immunodeficiency virus (HIV)-1 (re-educate) after the interruption of antiretroviral therapy (ART) to achieve lasting control of HIV-1 replication in virus-suppressed infections. In a double-blind, placebo-controlled IIa phase multicenter study, Wesley de Jong et al. (124) studied the safety and immunogenicity of intranodal injection of HIVACAT T-cell immunogen (HTI)-TriMix vaccine. The vaccine consists of naked mRNA targeting cytotoxic T lymphocytes (CTL) of HIV-1 subdominant and conserved regions (HTI), and mRNA encoding CD40 and CD70 ligands TLR4 as adjuvants (TriMix). The vaccine is safe and well-tolerated, but it can not prove the immunogenicity of the vaccine. Jean-Pierre Routy. et al. (125) evaluated novel immunotherapy (AGS-004) based on autologous dendritic cells (AGS-004), in which all or part of the HIV-specific proliferative immune response was specific to HIV antigens presented by AGS-004 and preferential targeting of CD8+T cells.

The emergence of Zika virus (ZIKV) has prompted global efforts to develop safe and effective vaccines. Justin M. Richner et al. (126) designed a modified mRNA vaccine encapsulated by LNPs that encodes wild-type or variant ZIKV structural genes and tested its immunogenicity and protection in mice. Two doses of 10μg encoding PrM-E gene containing 1-methylpseudouridine modified mRNA LNPs could produce high and low antibody titers (1100000), which had a protective effect on ZIKV infection and sterilization immunity (Figure 5). To eliminate the theoretical concern of ZIKV vaccine-induced cross-reaction between antibodies and related dengue virus (DENV), we designed a mutated PRM-E RNA, to destroy the conserved fusion ring epitopes in E protein. This variant protects cells or mice from ZIKV infection and reduces the production of antibodies that enhance DENV infection. Finally, the zika mRNA vaccine is also entering the clinical evaluation (NCT03014089) of phase I/II joint trial. Rabies virus glycoprotein vaccine based on mRNA has been proved to be safe and immunogenic in preclinical trials of mice and pigs (127). In phase I clinical results, 101volunteers were vaccinated with 306 doses of mRNA (80-640μg). Seven days after vaccination, subjects who received intradermal inoculation with 60/64 (94%) and intramuscular vaccination with 36/37 (97%) had injection site responses, and subjects with intradermal vaccination with 50/64 (78%) and intramuscular vaccination with 29/37 (78%) had systemic adverse events, including 10 level III events. However, the vaccine is generally safe and reasonably tolerated (128).




Figure 5 | Take Moderna’s mRNA vaccine against the zika virus as an example. (A) The composition of mRNA:(1) cap:m7G (2) 5’UTR: Including Kozak consensus sequence (3) ORF: It consists of a signal peptide sequence and a sequence encoding PRM/M and E protein of zika virus, and 1-methyl-pseudo UTP is used instead of UTP (4) 3’UTR:3’UTR of human alpha globin (5) poly(A):30bp. (B) A schematic diagram of the process of encapsulating mRNA into LNPs. (C) Intramuscular injection and antigen presentation.





mRNA Vaccines for COVID-19

The novel coronavirus (COVID-19) pandemic that emerged in December 2019, has reported more than 448 million cases worldwide and nearly 6.01 million deaths, as of March 2022 (1). In addition, COVID-19 mutates rapidly in the transmission process, and there have been reports of mutations with potential immune escape, with one or more mutations giving them worrisome epidemiological, immunological, or etiological characteristics (129). A SARS-CoV-2 vaccine is urgently needed to control the global COVID-19 public health crisis. several COVID-19 mRNA vaccines enter clinical trials (as shown in Table 2, The table summarizes the clinical trials registered at ClinicalTrials.gov).


Table 2 | Clinical trials of mRNA vaccines against SARS-CoV-2.



Pfizer and BioNTech jointly launched an mRNA vaccine (BNT162B2), which selected the S protein of the new coronavirus as the target antigen. After several Randomized Controlled Trial (RCT) studies, it was considered to be effective for the vaccine to slow the onset of severe COVID-19, the efficiency of two doses of 30μg mRNA vaccine is more than 95% (130). In addition, the vaccine was 75% effective against the delta variant and 91% against other variants (131). Over time after full vaccination, the vaccine efficacy decreased no matter which variant strain, but there was no significant difference in the magnitude of the decrease. Pfizer has published data on serum neutralizing activity following the third dose of BNT162b2. Preliminary data show that: 6 months after the second dose, the third booster vaccine showed the same safety profile as before; for wild-type virus, the neutralizing antibody titer after the third dose was 5-8 times higher than that of the second dose; for the Beta variant (B.1.351), the neutralizing antibody titer after the third dose of vaccine was 15-21 times higher than that of the second dose. Omicron is a highly differentiated mutant of COVID-19 whose Spike contains multiple previously unseen mutation sites, and the RBD and N-terminal domains contain 15 and 8 mutation sites, respectively (132). Alexander Muik et al. (133) showed that the geometric mean neutralizing antibody titer (GMTS) of pseudovirus against omicron decreased by 22.8 times after inoculation of two doses of BNT162b2 compared with the Wuhan strain. After the third dose of the vaccine, the GMTS against omicron was 23.4 times higher than that of the second dose, similar to the GMTS of BNT162b2 inoculated twice against Wuhan pseudovirus. These data suggest that three doses of the BNT162b2 vaccine can protect against omicron-mediated COVID-19. Andrews, N., et al. (134) showed that the protective rate of two doses of mRNA vaccine BNT162b2 against omicron strain was 65.5%, significantly lower than that of 90.9% against Delta strain. Up to now, the immune protective effect after three doses of the BNT162b2 vaccine is guaranteed, even against COVID-19 mutant strains.

Kizzmekia S. Corbett. et al. (135) direct the application of atomic-level structures to pre-fusion stable mutations that improve the expression and immunogenicity of β-coronavirus spike proteins. Using this established immunogen design, the release of the SARS-CoV-2 sequence immediately triggered the rapid production of mRNA vaccine expressing pre-fusion stable the SARS-CoV-2 spike trimer (mRNA-1273). For the mRNA vaccine mRNA-1273 of Moderna, 75.1% were inoculated against omicron strain. However, when the vaccination time was more than 25 weeks, the effective rate of mRNA-1273 against omicron decreased to 14.9%, much lower than the 55.0% effective rate of the BNT162b2 vaccine (134).

Centers for disease control and prevention have assessed the adverse events of 298 million doses of COVID-19 mRNA vaccines (BNT162b2 and mRNA-1273) through VAERS and v-safe surveillance systems (from December 14, 2020, to June 14, 2021) (136). The results were shown in Table 3. Most of them were non-serious adverse events (92.1%), the most common of which were headache (20.4%), fatigue (16.6%), and fever (16.3%), which were common symptoms caused by the induction of an immune response in the body after vaccination (136). The research on the safety of the COVID-19 mRNA vaccine has been uninterrupted, and scientific research teams in many countries have published the results of post-marketing safety monitoring of the vaccine (137–141). So far, mRNA vaccines have an extremely high safety profile, and no serious health effects associated with mRNA vaccination have been found.


Table 3 | The results of the mRNA vaccine safety assessment.



CureVac AG’s CVnCoV, the novel Coronavirus SARS-COV-2 lead vaccine candidate, does not use modified nucleotides in contrast to the previous two novel Coronavirus mRNA vaccines and has achieved positive preclinical results at low doses. Data showed rapid induction of a balanced immune response with a high-level viral neutralization titer (VNT) and T cell response (142). The Phase I dose-escalation clinical trial will include 168 healthy subjects aged 18 to 60 years with a target dose range of 2-8μg. On 16 June 2021, CureVac, a German mRNA vaccine company, announced that its phase 2B/3 HERALD trial of the mRNA vaccine developed by CureVac showed that the CVnCoV vaccine was only 47% protective against COVID-19 (143). It is also the lowest protection of any vaccine that has completed clinical trials. On 12 October 2021, CureVac, a German company, issued a notice to “stop the development of THE COVID-19 mRNA vaccine” due to the low protection rate (144).

The continuous variation of COVID-19 weakens the effectiveness of the existing vaccines on the market in preventing infection (145). Virologist Pual Bieniasz (146) suggested that it is unlikely that the vaccine will maintain its best efficacy, and it needs to be updated. The construction of mRNA vaccines against mutants by Moderna, such as mRNA-1273.211, mRNA-1273.351, and mRNA-1273.529, have entered the clinical stage. Innovative strategies for viral mutations also include the development of vaccines that target conservative sequences of the virus, or vaccines that encode broad-spectrum neutralizing antibodies, such as multivalent vaccines. Yu Liang et al. (147) innovatively designed a mutation-integrated trimerized fusion protein mutI-tri-RBD for the high variability of COVID-19 and developed a single-component broad-spectrum recombinant protein vaccine (NVSI-06-08), that is, the second-generation recombinant protein new crown vaccine. Wei et al. (148) built a circular RNA vaccine technology platform and developed circular RNA vaccines against COVID-19 and its series of variants. The circular RNA vaccine (circRNARBD-Delta) against the COVID-19 delta variant prepared in this study has broad-spectrum protection against various new coronavirus variants. The development of the COVID-19 vaccines still needs to continue.




Conclusions

In summary, mRNA vaccines have the advantages of high safety, high efficiency, and high yield. At present, with the outbreak of covid-19, the existing BNT162b2 and mRNA-1273 have been approved for market, and 17 mRNA vaccines are under clinical research. Numerous efforts have been made to modify the structure of IVT mRNA to systematically improve its intracellular stability and translational efficiency. The research on the safety of the mRNA vaccine has been uninterrupted, and researchers in many countries have published the results that no serious health effects associated with mRNA vaccination have been found. These studies make it possible for the broader use of mRNA vaccines in the future.
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