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Abstract

mRNA vaccines have been increasingly recognized as a powerful vaccine platform since
the FDA approval of two COVID-19 mRNA vaccines, which demonstrated outstanding
prevention efficacy as well as great safety profile. Notably, nucleoside modification and
lipid nanoparticle-facilitated delivery has greatly improved the immunogenicity, stabil-
ity, and translation efficiency of mRNA molecule. Here we review the recent progress in
mRNA vaccine development, including nucleoside modification, in vitro synthesis and
product purification, and lipid nanoparticle vectors for in vivo delivery and efficient
translation. We also briefly introduce the clinical application of mRNA vaccine in
preventing infectious diseases and treating inflammatory diseases including cancer.

Messenger RNA (mRNA) was identified as the intermediate carrying

genetic information form DNA to ribosomes for protein synthesis in

1961 (Brenner et al., 1961). After the in vitro transcription (IVT) method

for RNA production was developed, scientists started to use mRNA to

express desired protein in mouse (Krieg and Melton, 1984; Wolff et al.,

1990). In theory, mRNA molecules inside the host cells would use the host
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translationmachinery to produce protein and execute the desired physiolog-

ical function. However, initially application of mRNA to express protein

in vivo was hampered by the instability of mRNA in vivo and inherited

inflammatory nature of mRNA with unmodified nucleotides. As the deliv-

ery technology quickly advanced in the recent years, and the development

of nucleoside modification to avoid innate immune recognition, the

applications of mRNA technology in biomedical field have been quickly

expanding (Sahin et al., 2014). Vaccine is probably the most well-known

field among the many applications, thanks to the excellent performance

of Coronavirus Disease 2019 (COVID-19) mRNA vaccines recently

approved by U.S. Food and Drug Administration (FDA).

Vaccine is nearly the most powerful weapon for human beings to battle

bacteria- or virus-caused infectious diseases. Traditional vaccines are often

made with live-attenuated or inactivated pathogens, or subunit antigens

derived from pathogens. Traditional vaccines have been successful in

preventing infectious diseases such as small pox, polio, etc., but the devel-

opment and large-scale production could be time-consuming, which may

not applicable for sudden outbreak of infectious diseases such as Severe

Acute Respiratory Syndrome (SARS) and COVID-19. By contrast,

mRNA can be quickly designed and synthesized, and the sequences can

be modified according to the need for controlling viral variants. In addition,

mRNA doesn’t integrate into genome, thereby avoid the potential muta-

genic risk. Using lipid nanoparticle-delivered mRNA encoding SPIKE

antigen derived from SARS-COV-2 virus, two mRNA vaccines developed

by BioNtech/Pfizer and Moderna Inc. have shown excellent prevention

efficacy with good biosafety profile, which lead to unprecedented fast

approval for human use by FDA (Chaudhary et al., 2021). In this chapter,

we briefly summarize the recent progress in mRNA vaccine development,

including mRNA design, delivery tools, and clinical applications.

1. Messenger RNA synthesis and modification
for vaccine

mRNA vaccine is composed of targeted sequence encoding antigen

and delivery system for intracellular release. The synthetic mRNA produced

by in vitro transcription has a similar structure of natural mRNA, including

50 cap, 50UTR (untranslated region), nucleoside-modified ORF (open

reading frame), 30UTR, and poly(A) tail (Fig. 1), to overcome the problem

in stability, translational efficacy as well as unwanted immunogenicity.
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1.1 50Cap structure
In eukaryotes transcription, 7-methylguanosine (m7G) binds to the 50 end of

mRNA via 50-50 triphosphate to form a cap structure. The cap makes eukary-

otic transcription initiation factor 4e (eLF4e) binding to initiate transcription,

and at the same time prevents mRNA degradation induced by exonuclease

Xrn1p. Besides, 50cap works synergistically with the following mentioned

“poly(A) tail” to enhance RNA stability (Mockey et al., 2006). There are

two major strategies for capping in an IVT reaction, one is enzymatic capping

post transcription; another one is capping simultaneously by additional cap ana-

log in transcription mixture. Because of the easy reverse orientation of m7G to

50 nucleotides of mRNA via 30-50 phosphodiester, which reduces translation

efficiency, anti-reverse cap analogues (ARCA) were developed in the past

decades, such like P(1)-30-deoxy-7-methyguanosine-50 P3-guanosine-50 tri-
phosphate and P(1)-30-O,7-dimethylguanosine-50 P3-guanosine-50 triphos-
phate (Stepinski et al., 2001). ARCA are made by chemical modification

on m7G including the replacement of 30-OH into the 30O-Me or the 30deoxy
substitution of oxygen molecule of the triphosphate bridge into sulfur, borane

or selenium (Grudzien-Nogalska et al., 2007). Those ARCA are also resistant

to decapping enzyme hydrolysis (Grudzien-Nogalska et al., 2007; Kowalska

et al., 2008; Kuhn et al., 2010), benefiting mRNA stability and protein

production.

1.2 UTRs
Untranslated regions (UTRs) flanking the ORF can bind with various regu-

latory protein and thus affect encoded protein translational efficacy. The

sequence, length and secondary structure ofUTR all affectmRNA translation

efficacy. The presence of encephalomyocarditis virus internal ribosome entry

site (IRES) within the 50UTR even facilitate a 50cap-independent protein
expression pathway (Elroy-Stein et al., 1989; Tan and Wan, 2008). UTRs

used in the synthetic RNA is usually from α/β-globin, human heat shock pro-

tein or virus. However, UTR performance may vary between cell types, and

Fig. 1 The structure components of IVT mRNA. In-vitro transcribed (IVT) mRNA contains
five structural elements: 50cap, flanking 50 and 30 untranslated regions (UTRs), open
reading frame (ORF) encoding the antigen and a poly(A) tail.
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customized design of specific UTR for targeted cell type is necessary. Differ

from 50UTR, 30UTR ismore inclined tomaintain the stability ofmRNA and

indirectly enhance gene expression.

1.3 Poly(A) tail
Polyadenylation naturally occurrs at the 30 end of majority mRNAs in a

co-transcriptional fashion and plays a critical role in transcript function

and cell biology. On the one hand, poly(A) tail mediates the cytoplasm trans-

location of mature mRNA (Natalizio andWente, 2013). On the other hand,

poly(A) tail regulates translation efficiency and controls mRNA degradation

(Bresson and Conrad, 2013;Wu et al., 2013). Poly(A) tailing of IVTmRNA

can be accomplished either by enzymatic polyadenylation after IVTmixture

or by cloning a poly(T) tail into the DNA template. The length of the

poly(A) tail affects the translation efficiency of mRNA. Generally, longer

poly(A) tail exhibits a higher promotion effect in protein translation. It

was reported that antigen-coding sequence with a poly(A) tail (not longer

than 120 bases) increased intracellular antigen protein expression and yield

higher protein translation efficacy, thus improved T cell stimulatory capacity

of dendritic cells (Holtkamp et al., 2006; Linares-Fernandez et al., 2021;

Zhang et al., 2021). However, longer length is not always better, and recent

findings suggest that 30-neucleotides length is likely the minimum length

needed for cytoplasmic poly(A) binding protein binding and efficient trans-

lation (Gohin et al., 2014; Lima et al., 2017; Passmore and Coller, 2022).

Further work is needed to decipher the detailed mechanism of poly(A) tail

in mRNA stability and translation regulation for better mRNA design for

efficient protein expression.

1.4 Nucleoside modification
The core of mRNA vaccine is the coding region expressing target protein

antigen. Sequence modification within ORF is also required to elicit strong

immune response. A strategy to enhance protein expression efficiency is

codon optimization. It is known that different organisms prefers different

codons (Gouy and Gautier, 1982). Protein expression outside host might

be very difficult for the rarely used codons in the desired host. Therefore,

replacing rare codon with frequently used codons in desired host enhance

protein expression (Gustafsson et al., 2004).

The host immune system recognizes unmodified single-stranded RNA

and switch on anti-virus responses once exogenousRNA entry into cell, and
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exerts anti-mRNA effect such as causing the instability of mRNA and

downregulating translation efficacy (Pollard et al., 2013). Chemical modifi-

cation on nucleosides improves the bottleneck of mRNA therapy by down-

regulating RNA-mediated innate immune activation and maintaining

mRNA stability. For example, Unmodified RNA stimulated pattern recog-

nition receptors (PRRs) including Toll-like receptor 3 (TLR3), TLR7,

TLR8，leading to the induction of potent IFNα/γ as well as IL-12

(Kariko et al., 2005). Strikingly, mRNA bearing modified nucleosides such

as 2-thiouridine and 5-methyl-cytidine modification prevented immune

response compared with unmodified RNA and dedicated a higher protein

expression level in vivo (Kormann et al., 2011).

Virus invasion leads to double- stranded RNA-dependent protein

kinase (PKR) activation, translation initiation factor eIF2α subunit phos-

phorylation and production of 20-50 oligonucleotide synthase (OAS) and

adenosinease (Pichlmair and Reis e Sousa, 2007). These downstream signals

prevent virus replication, translation and promote exogenous nucleoside

degradation. Based on virus depletion mechanism, modifications that help

avoid enzymatic hydrolysis and translation inhibition are discovered. It is

reported that 20-O-methyl-U retain nuclease resistance, and incorporation

of pseudouridine into mRNA can increase translation capacity while

avoiding PRR recognition and PKR activation (Kariko et al., 2008).

Furthermore, purification of IVT mRNA by Fast Protein Liquid

Chromatography (FPLC) or High Pressure Liquid Chromatography

(HPLC) would remove contaminated double-stranded RNA and greatly

reduced PKR activation (Baiersdorfer et al., 2019; Weissman et al.,

2013). Although some studies reported no discernible advantage of such

nucleotide modification in mRNA translation (Kauffman et al., 2016;

Thess et al., 2015), recent study confirmed that uridine modification and

dsRNA impurity removal are the two most important factors determining

the immunostimulating nature of synthesized mRNA (Nelson et al., 2020).

1.5 Self-amplifying RNA
There are two major types of RNA tested in vaccine application including

self-amplifying RNA (saRNA) and non-replicating RNA (nrRNA). For

traditional non-self-amplified mRNA, the expression level of encoded

antigens depends on the number of copies of the delivered mRNA. In order

to achieve stronger immune effect, it is necessary to increase the injection

dose or frequency. Compared with nrRNA, saRNA has additional virus
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replication elemental between its 50UTR and ORF. The viral replicase used

in saRNA could be from alphaviruses, flaviviruses, measles viruses, and rhab-

doviruses. Therefore, saRNA could produce a large amount of antigen pro-

tein and induce a strong immune response at a relatively small dosage. For

example, Beissert et al. developed a trans-amplifying RNA vaccine, which

in a nanogram was sufficient for inducing potent immune response (Beissert

et al., 2020). However, due to the longer length, saRNA delivery is more

challenging comparing to that of nrRNA (Lundstrom, 2018).

2. Carrier-mediated mRNA vaccine delivery

mRNA vaccine has shown therapeutic potential in preventing viral

infection and treating inflammatory diseases including cancer. For in vivo

administration, the most common injection routes for mRNA vaccines

are intranodal (IN), intramuscular (IM), subcutaneous (SC), and intravenous

(IV) administration (Chaudhary et al., 2021; Hou et al., 2021; Zeng et al.,

2020). Despite the different administration routes, the common targets are

the lymphoid organs and immune cells such as antigen-presenting cells

(APCs). Many methods have been investigated for delivering mRNA vac-

cines, such as carrier-mediated and dendritic cell-based. The dendritic

cell-based mRNA vaccine is a kind of cell therapy involving mRNA trans-

fection into in vitro cultured dendritic cells and infusion of cells back to

patient body, and requires strict in vitro culture process. In this section,

we focus on the advanced strategies for carrier-mediated mRNA vaccines

delivery.

The carrier-formulated mRNA can be easily and efficiently engulfed and

translated by APCswhen injected in vivo. Themost commonly used carriers

are lipid-based, polymer-based, peptide-based and pseudovirus-based parti-

cles (Fig. 2).

2.1 Lipid-based delivery
Lipids have been applied for exogenous mRNA delivery owing to several

advantages, such as protecting mRNA from enzymatic degradation and high

delivery efficiency into cell cytosol (Midoux and Pichon, 2015; Richner

et al., 2017a; Sabnis et al., 2018). The lipids usually contain three essential

domains: a polar head group, a linker and a hydrophobic tail region, while

the polar charged head was for electrostatic interaction with mRNA and the

hydrophobic tail was for nanoparticle formation.
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The 1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA),

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 2,3 dioleyloxy-

N-[2-(sperminecarboxamido) ethyl]-N,N-dimethyl-1-propanaminium

trifluoroacetate (DOSPA) and Ethylphosphatidyl choline (ePC) are commonly

used cationic lipids serving for mRNA delivery (Brito et al., 2014; Kormann

et al., 2011; Malone et al., 1989; Persano et al., 2017). DOTMA-mRNA

lipoplexes can target spleen specifically and serve as a systemic cancer

vaccine, which can be used for melanoma and colon cancer therapy (Kranz

et al., 2016a). DOTAP-based nanoemulsions and DOTAP-polymer hybrid

nanoparticle can deliver mRNA for the treatment of colon cancer and protec-

tion of multiple types of virus infection, such as respiratory syncytial virus

(RSV), human cytomegalovirus (hCMV) and human immunodeficiency virus

(HIV) infection (Brito et al., 2014; Sahin et al., 2020a). DOSPA, which con-

tains quaternary ammonium and spermine, can not only form mRNA com-

plex but also stimulate innate immune responses, thereby serving as an immune

adjuvant (Kormann et al., 2011). As another example, the engineered lipid-like

material (synthesized through the ring opening of 1,2-epoxytetradecane by

generation 0 of poly(amidoamine) (PAMAM) dendrimers with a different

length of carbon tails) can deliver mRNA vaccine and potentiate antitumor

efficacy through Toll-like receptor 4 (TLR4) signaling. Such lipid-like

material-packaged mRNA nanoparticles showed efficient mRNA-encoded

Fig. 2 Cartoon illustration of differentmRNAdelivery carriers. (A) Protamine-based carrier;
(B) Lipid nanoparticle-based carrier; (C) Polymer-based carrier; (D) Pseudovirus-based
carrier.
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antigen expression and presentation, and induced the expression of inflamma-

tory cytokines such as IL-12 via stimulating TLR4 signal pathway in dendritic

cells. Moreover, the nanovaccine exhibited significant antitumor efficacy in

both tumor prevention and therapeutic vaccine settings (Zhang et al., 2021).

Ionizable lipids are positively charged at low pH, and they can improve

the biocompatibility of lipid nanoparticles due to the less interactions with

the anionic members of blood cells, and facilitate endosome escape. The

MC3 and MC3-based engineered lipids such as L319 (used for RNA inter-

ference (RNAi) delivery), SM-102(used for intramuscular administration of

mRNA vaccines) and ALC-0315 (used for nucleic acids delivery) show

great mRNA delivery efficacy and pharmacokinetics (Maier et al., 2013).

More importantly, the SM-102 and ALC-0315 are the critical ionizable lipid

components for mRNA-1273 and BNT162b COVID-19 vaccines, respec-

tively (Baden et al., 2021; Vogel et al., 2021). Furthermore, the engineered

ionizable lipid with a heterocyclic amine as head group can not only deliver

the mRNA, but also active the STING (an critical innate immune sensor)

signaling pathway in dendritic cells, thereby triggering the anti-tumor

immune response (Miao et al., 2019).

In addition, the lipid helpers, such as DSPC, DOPE, cholesterol and

polyethylene glycol (PEG) were often combined with ionizable lipids for

mRNA delivery with different functions respectively. The DSPC could sta-

bilize the structure of lipid nanoparticles (Koltover et al., 1998), which has

been used in the mRNA-1273 and BNT162b COVID-19 vaccines (Baden

et al., 2021; Polack et al., 2020). DOPE could destabilize the endosomal

members and facilitate mRNA release into cytosol and was used for

mRNA and siRNA delivery in vivo (Kauffman et al., 2015). Cholesterol

can not only enhance the particle stability, but also affect the delivery efficacy

and biodistribution of in vivo mRNA administration. For example, its ana-

logues C-24 alkyl phytosterols increased the delivery efficacy of lipid

nanoparticle (LNP) mRNA in vivo (Eygeris et al., 2020). PEG affects the

lipid nanoparticle in multiple aspects, such as the nanoparticle formation,

avoiding nanoparticle aggregation and prolonging the blood circulation

of particles via providing a hydrophilic outer layer, and has been commonly

applied for nanoparticle-mediated siRNA delivery in vitro and in vivo

(Knop et al., 2010; Zhu et al., 2017).

Overall, lipid-based carriers could overcome multiple barriers and are

often used for in vivo delivery of mRNA vaccine due to many benefits, such

as enhanced mRNA stability, long circulating time, high fusion capacity

with cellular membranes and endosome escape. The rapid approval of
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LNP-formulated mRNA vaccines against COVID19 has witnessed the

rapid development, robust protection efficacy and good safety profile of such

vaccines. Nevertheless, there are minor side effects reported, which may be

attributed to the inflammatory nature of the lipid components in the vac-

cine.With further investigation, lipid-based barriers may facilitate the devel-

opment of more effective mRNA vaccines and therapeutic drugs while

avoiding unwanted side effect.

2.2 Polymer-based delivery
Polymers are also widely used for mRNA delivery and offer similar advan-

tages of lipids. Polyethylenimine (PEI), polyamidoamine (PAMAM)

dendrimer and polysaccharide are the most commonly used polymers for

mRNA delivery (Chahal et al., 2016; Moghimi et al., 2005). The

PEI-packaged HIV gp120 mRNA vaccine can trigger high levels of specific

antibodies against HIV infection in mice, but the in vivo toxicity impedes its

clinically application (Li et al., 2016; Moyo et al., 2019). The PAMAM den-

drimer with the self-amplifying mRNAs vaccine can protect mice from

Ebola, H1N1 and Zika virus infection (Chahal et al., 2016). In addition,

the poly(aspartamide)s conjugated with ionizable aminoethylene, which

can be charged at acidic pH, also lead to a high mRNA delivery and rapid

release of the mRNA from endosome to cytosol (Kim et al., 2019). Overall,

polymer-based mRNA delivery showed good delivery efficiency, but their

use is limited by obvious toxicity. Further studies may need to focus on

the structure modification or combination with other helper materials to

mitigate the polymer toxicity without sacrificing the delivery efficacy.

2.3 Peptide-based delivery
Peptides has also been applied for mRNA delivery owing to the cationic or

amphipathic amine groups, such as arginine, which can electrostatically bind

to the negatively charged mRNA and form nanocomplex (McCarthy

et al., 2014). The RALA peptide, which contains repetitive arginine-

alanine-leucine-alanine (RALA) motifs, can condense mRNA into nano-

particle, and transfect DCs and elicit T cell-mediated immune response

(Li et al., 2004). Anionic peptides conjugated to positively charged polymers

was also used for delivering mRNA into antigen presenting cells efficiently

and specifically, and triggered antigen presenting cells activation (Lou et al.,

2019). In addition, protamine was also used as cationic peptide for mRNA

delivery, as it can protect mRNA fromRNase degradation and active TLR7
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as an adjuvant (Kallen et al., 2013; Skold et al., 2015). The mRNA vaccines

which based on protamine-formulated delivery have been in clinical trials

for treating multiple cancer types including prostate cancer (CV9103

and CV9104) and non-small cell lung cancer (CV9201), but the in vivo

immune response was too weak for tumor control (Kubler et al., 2015;

Papachristofilou et al., 2019; Weide et al., 2009). Therefore, further

development of peptide-based mRNA vaccine is needed to improve the

magnitude of in vivo immune response.

2.4 Pseudovirus-based particles
Pseudovirus can be utilized for mRNA delivery which refers the RNA virus

structures (Lundstrom, 2020). The pseudovirus with mRNA shows high

delivery efficiency to cell cytosol thanks to multiple cell entry pathways

by the virus (Usme-Ciro et al., 2013). Moreover, some virus structure in

the particles can trigger innate immune response, thereby serving as self-

adjuvant purpose. The pseudovirus mRNA vaccines have been applied

for preventing dengue virus infection and inhibiting tumor growth in mice

(White et al., 2013), and the pseudovirus-based mRNA HIV vaccines have

been under clinical evaluation (Fuchs et al., 2015). However, the viral-based

mRNA delivery depends on packaging cell lines and needs to follow a spe-

cial manufacturing process, which limits its large-scale production (Rauch

et al., 2018). More importantly, the viral-based mRNA particles may induce

unwanted antibody production as the virus structure can be recognized as

antigen, which was reported in several clinical trials, such as the vaccine

for cytomegalovirus and therapeutic cancer vaccine for patients with

advanced cancer (Bernstein et al., 2009; Morse et al., 2010). Therefore,

future development must focus on the streamline preparation and minimiz-

ing the anti-viral structure immunity.

Taken together, there are multiple types of carriers for mRNA delivery,

which shows different benefits and shortages (Table 1). So far, lipid-based

carriers have been most widely used with excellent delivery efficiency

and great safety profile, but long-term monitoring of side effect is necessary

to avoid any potential risk.

3. mRNA vaccines for clinical applications

Battling the global pandemic of SARS-COV-2, mRNA vaccines

have gone from a small field to a widespread application, making a remark-

able contribution to saving many lives. Compared to traditional vaccines,
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mRNA vaccines enable precise antigen design and production of proteins

with “native-like” presentation, stabilized inmore immunogenic conforma-

tions, expose key antigenic sites or protein antigens from different pathogens

that results in a single vaccine targeting multiple targets (Gebre et al., 2021).

Due to their outstanding advantages in delivering antigens and eliciting

immune responses, mRNA vaccines have great potential in the treatment

of many diseases. This section will focus on the applications and summarize

the progress in preclinical and clinical trials of mRNA vaccines in

recent years.

The application of mRNA vaccines can be roughly divided into three

directions. First, it is applied to resist SARS-COV-2. The outbreak of

SARS-COV-2 in the end of 2019 has caused a worldwide pandemic. At

the forefront of the fight against Covid-19, mRNA vaccine products from

different manufacturing companies have been used clinically or are still

in clinical trials. The FDA-approved mRNA-1273 vaccine comes from

Moderna Inc. and encodes transmembrane prefusion SPIKE protein of

Covid-19 by nucleoside-modified mRNA (Corbett et al., 2020). The

SPIKE protein on SARS-CoV-2 surface is an essential component for virus

binding and uptake into mammalian cells (Letko et al., 2020). Vaccination

with mRNA-1273 induced remarkable type 1 helper T cell (Th1)-biased

CD4 T cell responses but weak Th2 or CD8 T cell responses and efficient

neutralizing antibodies, which provides effective protection against

SARS-CoV-2 (Baden et al., 2021; Corbett et al., 2020). Another mRNA

Table 1 Summary of commonly used mRNA delivery carriers.
Delivery format Advantages Challenges Clinical application

Lipid-based

carriers

mRNA stability

Blood circulation

Delivery efficacy

Reproduction

Scale up

Potential side

effects

Approved for

COVID-19 vaccine/

Clinical trials for others

Polymer-based

carriers

mRNA stability

Delivery efficacy

Toxicity Preclinical mouse model

Peptide-based

carriers

mRNA stability

Adjuvant activity

Low immune

response

Clinical trial/Preclinical

mouse model

Pseudovirus-based

carriers

mRNA stability

Deliver efficacy

Scale up/

Antibody to

viral vectors

Clinical trials
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vaccine that achieved colossal success clinically is BNT162b2 that man-

ufactured by BioNTech and Pfizer (Tauzin et al., 2021). BNT162b2, a

nucleoside-modified mRNA encapsulated in LNP that encodes SARS-

CoV-2 SPIKE glycoprotein, can elicit a strong responses of IFNγ+ or

IL-2+ CD8+ T cells and CD4+ Th1 cells and induce high neutralizing

antibody titres in serum from immunized individuals (Sahin et al., 2021).

Other companies also have designed different mRNA vaccines. CVnCoV

from CureVac uses unmodified mRNA to express full-length SPIKE pro-

tein and simultaneously activate innate immunity (Kremsner et al., 2021).

Nevertheless, the clinical trial outcomes were not as good as the previous

two mRNA vaccines, and the effective rate against Covid-19 was only

47%, according to their company statement. ARCT-021 from Arcturus

Inc. uses self-amplifying mRNA to encode the full length of SPIKE protein,

which also induced a strong Th1-dominant immune response and a

robust viral antigen-specific CD8+ T lymphocyte response (de Alwis

et al., 2021). LNP-nCoVsaRNA developed by Imperial College London

and Acuitas Therapeutics uses self-amplifying mRNA to encode the

SPIKE protein to provoke Th1-biased response against SARS-CoV-2

(McKay et al., 2020). ARCoV from Walvax biotechnology and Abogen

Inc. uses unmodified mRNA to encode secreted spike receptor-binding

domain (RBD) to elicit neutralizing antibodies against SARS-CoV-2 as well

as a Th1-biased cellular response in preclinical experiments (Zhang et al.,

2020). So far, the two mRNA vaccines using LNP-delivered mRNA with

nucleoside modification by Moderna Inc. and BioNtech Inc. exhibited

robust efficacy and received FDA approval in an unprecedented speed.

In addition to SARS-COV-2, the prevention effect of mRNA vaccines

was also tested against other infectious diseases, including cytomegalovirus,

Zika, human metapneumovirus, respiratory syncytial virus, Influenza A,

Chikungunya virus (CHIKV), and Rabies in preclinical animal experiments

or clinical trials (Alberer et al., 2017; Chahal et al., 2016; Chaudhary et al.,

2021; Kose et al., 2019; Magini et al., 2016; Richner et al., 2017b).

Generally, these mRNA vaccines are injected into the skin, muscle, or

subcutaneous space to transfer mRNA into antigen presenting cells that

finally induce specific CD8+ T cell responses, robust polyfunctional Th1

cells, and antibody responses to resist virus (Chaudhary et al., 2021). The

mRNA vaccine against CHIKV encodes a ultrapotent neutralizing human

monoclonal antibody to treat CHIKV infection (Kose et al., 2019). Apart

from fighting virus infection, mRNA vaccines have been reported to

elicit immune responses against Plasmodium species or Streptococci infection
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(Baeza Garcia et al., 2018; Maruggi et al., 2017). Plasmodium express an

ortholog of the mammalian cytokine macrophage migration inhibitory fac-

tor (PMIF), which modulates the host inflammatory response to malaria

(Cordery et al., 2007; Dobson et al., 2009). The mRNA vaccine based

on an RNA replicon encoding PMIF could reduce the expression of the

Th1-associated inflammatory markers TNFα, IL-12, IFNγ, and augment T

follicular helper cells and germinal center responses to increase anti-

Plasmodium antibody titers (Baeza Garcia et al., 2018). In conclusion, the

above results indicate that themRNAvaccine has substantial application value

in preventing infectious diseases caused by viruses, bacteria, and eukaryotic

microorganisms.

Another vast potential application scenario for mRNA vaccines is cancer

immunotherapy. Since 1995, there has been an attempt to use mRNA vac-

cine encoding carcinoembryonic antigen to elicit tumor antigen-specific

immune responses in mice (Conry et al., 1995). Nowadays, multiple

mRNA vaccines targeting different solid tumors like non-small-cell lung can-

cer, colorectal cancer, pancreatic adenocarcinoma, melanoma, triple-negative

breast cancer, ovarian cancer, and gastrointestinal cancer are in clinical trials

(Burris et al., 2019; Cafri et al., 2020; Hou et al., 2021; Sahin et al., 2020b;

Sebastian et al., 2014). With the fast development of nucleotide sequencing

technology, individualized sequencing results from tumor patients have

revealed many potential neoantigens. Neoantigens are tumor-specific and

highly immunogenic antigens generated by genetic mutations on tumor cells

and have great potential value for the design of tumor vaccines (Schumacher

and Schreiber, 2015). For example, an mRNA vaccine called mRNA-4157

encoding up to 34 neoantigens was designed to induce neoantigen-specific T

cells and associated anti-tumor responses to treat unresectable (locally

advanced or metastatic) solid tumors and resected cutaneous melanoma

(Burris et al., 2019). The novel mRNA vaccine against gastrointestinal cancer

encoding defined neoantigens, predicted neoepitopes, andmutations of driver

genes in a singlemRNA construct can elicit mainly CD4+, and not CD8+,T

cell-specific responses to inhibit tumor growth (Cafri et al., 2020). BNT111,

an intravenously administered liposomal RNA vaccine for melanoma, can

induce strong antigen-specific CD4+ and CD8+ T cell immunity by pre-

cisely and effectively targeting dendritic cells in various lymphoid compart-

ments accompanied by TLR7-triggered interferon (IFN) α production

(Kranz et al., 2016b; Sahin et al., 2020b).

To modify the very immunosuppressive nature of tumor tissue micro-

environment, mRNA can also be used to express proinflammatory
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cytokines to tailor tumor microenvironment besides expressing tumor anti-

gens. In a clinical trial (NCT03739931), mRNA 2752 encoding human

OX40L, IL-23, and IL-36γ was administrated to induce a proinflammatory

tumor microenvironment and to promote T cell expansion, infiltration, and

memory responses to prevent tumor progression (Bauer et al., 2019; Patel

et al., 2020). Recently, another fascinating study reported an mRNA-based

chimeric antigen receptor (CAR) T cell therapy treating heart failure. By

using mRNA complexed with CD5-targeted LNP to express the fibroblast

activation protein alpha-CARprotein inmice, the researchers observed spe-

cific and strong killing of fibroblasts, reduce fibrosis and restored cardiac

function after injury (Rurik et al., 2022).

The ability of encoding functional proteins has given mRNA therapies

enormous potential in treating genetic diseases, autoimmune diseases and

cancer immunotherapies. Altogether, evidenced by the success of mRNA

vaccines for controlling SARS-COV-2 global pandemic, mRNA vaccines

hold promise to revolutionize future vaccines for treating infectious diseases,

cancer, and beyond (Chaudhary et al., 2021).
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