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The current COVID-19 epidemic has greatly accelerated the application of mRNA technology to our real
world, and during this battle mRNA has proven it's unique advantages compared to traditional bio-
pharmaceutical and vaccine technology. In order to overcome mRNA instability in human physiological
environments, mRNA chemical modifications and nano delivery systems are two key factors for their
in vivo applications. In this review, we would like to summarize the challenges for clinical translation of
mRNA-based therapeutics, with an emphasis on recent advances in innovative materials and delivery
strategies. The nano delivery systems include lipid delivery systems (lipid nanoparticles and liposomes),
polymer complexes, micelles, cationic peptides and so on. The similarities and differences of lipid
nanoparticles and liposomes are also discussed. In addition, this review also present the applications of
mRNA to other areas than COVID-19 vaccine, such as infectious diseases, tumors, and cardiovascular
disease, for which a variety of candidate vaccines or drugs have entered clinical trials. Furthermore,
mRNA was found that it might be used to treat some genetic disease, overcome the immaturity of the
immune system due to the small fetal size in utero, treat some neurological diseases that are difficult to
be treated surgically, even be used in advancing the translation of iPSC technology et al. In short, mRNA
has a wide range of applications, and its era has just begun.

© 2021 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The mRNA (messenger RNA) is responsible for transferring ge-
netic information fromDNA to proteins [1]. In recent decades, there
have been great breakthroughs in mRNA technology. And mRNA-
based therapy has emerged as an effective platform for infectious
diseases, cancer, genetic diseases, and so on. Compared to rRNA or
tRNA, mRNA accounts for the smallest proportion of total RNA in
the cell, has the shortest lifetime, and the differences between cells
are relatively great, so it was the last one to be discovered and
studied up to now. In 1960, Monod et al. [2] speculated the exis-
tence of a new type of RNA with short life period and named it
messenger RNA, and it always appears with phage invasion of
bacteria. In 1961, Brenner et al. [3] discovered the existence of a
middleman between DNA and proteins. This important discovery
showed that there must be a bridge between the chromosomes in
the nucleus and the ribosomes in the cell. There exists amechanism
in the cell to transfer the genetic information in the nucleus to the
cytoplasm. In 1964, Brenner et al. [4] experimentally proved the
validity of the mRNA hypothesis. In 1978, scientists had used fatty
membrane structures called liposomes to transport mRNA into
mouse [5] and human [6] cells to induce protein expression. The
liposomes packaged and protected the mRNA and then fused with
cell membranes to deliver the genetic material into cells. In 1987,
Malone [7] performed a landmark experiment. He mixed strands
mixed strands of mRNA with droplets of fat, to create a kind of
molecular stew. Human cells bathed in this genetic gumbo absor-
bed the mRNA, and began producing proteins from it. This was the
first time that demonstrating the possibility of mRNA therapeutic
2

applications.
As the core of genetics, DNA can only be transcribed into mRNA

when it enters the nucleus. However, mRNA can initiate protein
translation in the cytoplasmwithout entering the nucleus, which is
much more efficient than DNA. Moreover, mRNA will not be
inserted into the genome, and the protein encoded by mRNA will
only be expressed instantaneously. In this way, there is no risk of
gene integration. Furthermore, compared with protein and virus,
mRNA production process is more simple and less cost, then it is
easy to promote to industrial production.

However, mRNA is negatively charged and easy to be degraded
by enzymes in vivo and in vitro, these all hinder its entry into cells
and limit the application of mRNA. In addition to modifying mRNA
to increase its own stability, it is more important to make an
effective vehicle, which on the one hand, wrap and protect mRNA,
on the other hand, break through the cell membrane barrier and
deliver mRNA into the cytoplasm in a certain way.

At present, there has been an urgent need of vaccines against
coronavirus disease 2019 (COVID-19) due to the ongoing SARS-
CoV-2 pandemic. Among all approaches, mRNA-based vaccine has
emerged as a rapid and versatile platform to quickly respond to
such a challenge [8]. This review based on the research of mRNA in
recent years, including the nano delivery systems, and innovative
materials. Besides these, the application prospects and current
problems of mRNA are also discussed.

2. The nano delivery systems of mRNA

Because mRNA is large (104e106 Da) and negatively charged, it
cannot pass through the anionic lipid bilayer of cell membranes.
Moreover, inside the body, because the mRNA is a single chain, it is
extremely fragile, will be engulfed by cells of the innate immune
system or degraded by nucleases [9]. The induction of an immune
response by injection of naked mRNA in conventional and self-
amplifying forms has been widely reported [10e14]. However,
mRNA delivery can be limited by the presence of extracellular
exonucleases in the target tissues, inefficient cell uptake or un-
successful endosomal release [15]. Various techniques, including
electroporation, gene guns and ex vivo transfection can intracellu-
larly deliver mRNA in a dish [16]. In vivo application, nevertheless,
requires mRNA nano delivery system that transfect immune cells
without causing toxicity or unwanted immunogenicity.

Fortunately, a number of innovative materials-based solutions
have been developed for this purpose [17,18]. Currently, the
commonly used nano delivery systems include lipid nano particles
(LNPs), liposomes, lipid polycomplexes, polymer materials, mi-
celles, polypeptides, protamine, electroporation, and so on [19e21].
LNPs and liposomes are one of the most promising mRNA delivery
tools [22].



Fig. 1. Structure of LNP [7].
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2.1. Lipid nano particles (LNPs)

LNPs are currently the leading non-viral delivery vector for gene
therapy [23]. As LNP-mediated siRNA therapeutic Onpattro®
(patisiran) advanced towards clinical trials and subsequent
approval [24], it was only natural that the mRNA delivery field
adopted LNP technology. LNP is a biocompatible vehicle of phos-
pholipid monolayer structure (Fig. 1), which could wrap mRNA in
lipid nuclear and avoid degradation [25]. In addition to the nega-
tively charged mRNA, the LNP generally have four other compo-
nents: ionizable cationic phospholipids, neutral auxiliary
phospholipids, cholesterol, and polyethylene glycol modified
phospholipids. Among them, the neutral auxiliary phospholipids
are generally saturated phospholipids, which can improve the
overall phase transition temperature and stability [26]. Cholesterol
has strong membrane fusion ability, which promotes the intracel-
lular intake of mRNA and cytoplasmic entry [27]. PEGylated phos-
pholipids are located on its surface to improve its hydrophilicity,
avoid being quickly cleared by the immune system, prevent particle
aggregation, and increase stability [28]. The most critical compo-
nent is ionizable cationic phospholipid, which is the decisive factor
for the efficiency of mRNA delivery and transfection [29,30]. It
needs to be non-ionized under physiological conditions (pH ¼ 7.4),
but ionized under acidic conditions (�5) [31]. At this point, the
tertiary amine is protonated, and the phospholipids form a smaller
zhiphoteric ion head and a hydrophobic chain tail, forming a
conical structure, promoting the transformation of the membrane
to hexagonal crystal phase to achieve efficient delivery and trans-
fection [32]. The existence of carboxylic ester ensures the degrad-
ability of phospholipids in vivo and avoids the toxic and side effects
caused by the accumulation of phospholipids [33].

LNPs are prepared through rapid mixing, often facilitated by
microfluidic devices [34e37]. A particularly popular microfluidic
preparation method is ethanol dilution, referring to the rapid
3

condensation of lipids into nanodroplets when their ethanol solu-
tion is added to the excess of aqueous media [38]. The resulting
LNPs may be considered a kinetic product and typically yield
considerable encapsulation of nucleic acid.

There are currently two ‘conventional’mRNACOVID-19 vaccines
in use that delivering S-mRNA through LNPs. These are the mRNA-
1273 vaccine by Moderna and the BNT162b2 by BioNTech/Pfizer
(Table 1).

In addition to the LNPs listed in the table above, there are many
novel LNPs with innovative materials in the R & D stage. Different
materials have a great influence on the properties of LNPs. Aguado
et al. [40] developed four kinds of LNPs with different composition
for mRNA delivery (as shown in Table 2). In the comparison of
DOTAP, DODAP and DOBAQ (as shown in Fig. 2.), DOTAP as the only
cationic lipid showed good stability after 7 months, and the sta-
bility was improved with the addition of polysaccharides.

Davies et al. [41] found that subcutaneous injection of LNPs
containing mRNA, can result in measurable secreted proteins in
plasma exposure, but will be affected by dose limit of related
inflammation. In order to overcome this limitation, the LNPs
composed of MC3 amino-lipid and L608 amino-lipid (Fig. 3.) were
constructed, showing extended protein expression duration, which
can realize system level of therapeutic proteins for chronic disease.

Billingsley et al. [42] investigated the efficacy of targeted ther-
apies against chimeric antigen receptor T cells (CAR-T), which had
the ability to induce remission in patients with acute lymphoblastic
leukemia and large B-cell lymphoma. However, CAR -T-cell engi-
neering methods used viral vectors to induce permanent CAR
expression, which may lead to serious adverse reactions. Therefore,
in order to reduce the toxicity of adverse reactions, they designed
LNPs for in vitro delivery of mRNA to human T cells. They used
Michael addition to synthesize 24 isolable lipid libraries (as shown
in Fig. 4.) to synthesize LNPs and screen luciferase mRNAs for de-
livery into Jurkat cells. Seven isolable lipids were found to be able to
alleviate symptoms by enhancing mRNA delivery via LNPs.

Yang et al. [43] proposed an ionizable LNPs based on IBL0713
lipids called ILP171, which was composed of IBL0713, cholesterol,
C16-PEG, and mRNA. The mRNA encapsulated in ILP171 could
successfully express proteins in human hepatocellular carcinoma
cells and hepatocytes, without toxicity or immunogenicity. Roshan
et al. [44] found that mannose, as a stable cholesterol-amine con-
jugate, could enhance the efficacy of mRNA-LNPs through the
enhanced uptake of antigen-presenting cells (APCs). During the
study, LNPs were modified with different lengths mannan (from
simple sugar to four sugars) to be MLNPs, indicating that with the
increase of mannose chain length, the antibody response was
remarkably improved. Compared with LNPs, the modified MLNPs
showed increased IgG1 and IgG2A level, indicating improved
immunogenicity.

Different LNPs also have different targeting and administration
effects. Zhang et al. [45] used a microflow controller to prepare
atomizable lipid nanoparticles for the delivery of mRNA to the
lungs. During in vitro evaluations, high protein expression was
detected. In addition, the luciferase protein was found to be highly
expressed in the lungs of mice after the inhalation of four lead
preparations.

The development of mRNA delivery by LNP is very fast. At pre-
sent, many companies are developing mRNA LNP products for
different diseases. Some of the mRNA-LNP technology in develop-
ment or on the market was shown in Table 3.

Although LNP is one of the most effective means for mRNA
delivery, there is a virtually endless parameter space that can be
modified in order to achieve a highly efficient, nontoxic, and tissue,
organ, or cell-selective LNP formulation. In addition, the poor sta-
bility makes mRNA-LNP expensive to transport and store. The long-



Table 1
Information about three mRNA-LNP products that are presently in use [39].

Category Moderna BioNTech/Pfizer

Product mRNA-1273 BNT162b2
mRNA dose 100 mg 30 mg
Components SM-102 ALC-0315

DSPC DSPC
Cholesterol Cholesterol
DMG-PEG2000 ALC-0159

Ionizable cationic lipid: neutral lipid: cholesterol: PEG-lipid (Molar ratios, %) 50:10:38.5:1.5 46.3:9.4:42.7:1.6
Molar N/P ratiosa About 6 6
Other excipients Potassium chloride Sodium acetate

Sucrose
Water for injection

Sodium chloride
Sucrose
Water for injection

a N ¼ ionizable cationic lipid (nitrogen), P ¼ nucleotide (phosphate).

Table 2
Solid lipid nanoparticles with different formulations [40].

Number Cationic lipids (%) Twain 80 (%)

DOTAP DODAP DOBAQ

1 0.4 0.1
2 0.2 0.2 0.1
3 0.4 0.1
4 0.2 0.2 0.1

Fig. 2. Structure of DOTAP, DODAP and DOBAQ.

Fig. 3. MC3 amino-lipid and L608 amino-lipid structures.
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term storage of it is a significant yet underexplored part of the LNP
lifecycle.

2.2. Liposome

Liposomes (Fig. 5.) are spherical enclosed vesicles formed by
phospholipid bilayer [46,47]. Liposomewas first discovered by A. D.
Bangham in 1965 and used for small molecule drug delivery for a
long time, with particle size range from 20 nm to 1000 nm [48,49].
In addition to the encapsulation of small molecule chemothera-
peutic drugs, more and more studies focus on the encapsulation
and delivery ability of liposomes for gene drugs (including mRNA,
pDNA, siRNA et al.), protein drugs, hormone drugs and so on.
Cationic liposomes are positively charged, mainly composed of
cationic lipids, which are able to efficiently concentrate nucleic
acids in a targeted manner [50,51]. In addition, good pharmacoki-
netic properties can be obtained in vivo by changing the physical
4

and chemical properties of cationic liposomes, such as adjusting
the size of particle size and modifying the surface of cationic lipo-
somes [52]. The commonly used phospholipid materials for mRNA
delivery liposomes was shown in Table 4. In general, the prepara-
tion methods of liposomes include thin film dispersion, solvent
injection, freeze drying, pH gradient method, etc.

There are a number of advantages to deliver mRNA by lipo-
somes. Firstly, liposomes are spherical vesicles, which can encap-
sulate mRNA and resist nucleases. Secondly, liposomes are similar
to cell membrane, easy to fuse with recipient cells and have high
transfection efficiency. Thirdly, as a delivery system, liposomes are
not subject to host restrictions. Finally, phospholipid double
layeredmembrane structure highly simulates cell membrane. It is a
stable structure known from biological evolution theory and has
excellent long-term storage stability.

Michel et al. [53] prepared cationic liposome by thin film
dispersion method, and encapsulated mRNA. The liposome was
composed of 3B [N-(N, N-dimethylaminoethane) carbamyl](DC-
cholesterol)/DOPE, and was stable even after stored at room tem-
perature for 80 days. Kuznetsova et al. [54] modified DPPC lipo-
somes with a non-covalent triphenylphosphine (1, 2-2 palmiacyl-
Sn-glycerol-3-phosphate choline). Compared with tetradecylimi-
dazolium hydrocarbon tail surfactant, the liposomes had higher
stability for more than 4 months. Mai et al. [55] prepared cationic
liposomes composed of DOTAP/CHOL/DSPES-PEG, by thin film
dispersion method. Then mixed liposomes, mRNA and protamine
at 10:1:1 to form stable liposome/protamine-mRNA complex.
Through nasal administration, the study had shown greate



Fig. 4. Structures of the AlkylChains (A) and Polyamine Cores (B) used to Generate the ionizable lipid library and Areaction scheme (C) of the Michael addition chemistry used to
synthesize the ionizable lipids by reacting an excess of alkyl chains with the polyamine cores. “C14 þ 5” was a representative reaction.

Table 3
mRNA-LNPs in development or on the market.

Name Adaptation disease Company

mRNA-1273 SARS-CoV-2 Moderna
CV7202 CureVac AG
BNT-162b1 BioTech
BNT-162b2
BNT-1623
Tozinameran
ARCT-021 Arcturus
mRNA-1647 Cytomegalovirus infection Moderna
mRNA-1443
mRNA-1345 Metabolic virus infection

Canine parainfluenza virus infections
Moderna

mRNA-1653
mRNA-1440 Infectious disease Valera LLC
mRNA-1851
mRNA-1325 Zika virus infection Moderna
mRNA-1893
CV-7202 Rabies infection CureVac AG
mRNA-1388 Chikungunya virus infection Valera LLC
mRNA-1172 Respiratory Syncytial Virus Infections Moderna

Fig. 5. Structure of Cationic Liposome encapsulating mRNA.
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efficiency and ability to stimulate dendritic cell maturation, and
further inducing a strong anti-tumor immune response. Zhang et al.
[56] modified DOTAP liposomes with cholesterol-modified cationic
5

peptide DP7 with transmembrane structure and immune adjuvant
function to form a common mRNA delivery system. It improves the
efficiency of personalized neoantigen mRNA delivery and enhances
the ability to activate dendritic cells (DCs). Huang [57] et al. first
constructed RBD-encoding mRNA formulated in liposomes (LPX/
RBD-mRNA), which could express RBD in vivo and successfully
induced SARS-CoV-2 RBD specific antibodies in the vaccinated
mice, then efficiently neutralized SARS-CoV-2 pseudotyped virus.
Moreover, the administration routes were found to affect the virus
neutralizing capacity of sera derived from the immunized mice and
the types (Th1-type and Th2-type) of cellular immune responses.

However, although mRNA has been successfully delivered
through liposomes, liposomes have some disadvantages. Compared
with LNP, the production process of liposome preparation and
mRNA encapsulation is much more complex. In general, LNP and
liposome are both lipid nanoparticles. They have many similarities,
as well as great differences (as shown in Table 5).

2.3. Polymer complexes

Although less explored, polymer based delivery systems can
also be used. Polymer materials are high molecular weight (usually
up to 10e106) compounds, which are repeatedly connected by co-
valent bonds from simple structural units, such as chitosan, poly-
ethyleneimine, polyurethane, and so on. Most polymer materials
used for mRNA delivery require modification to improve their
transfection efficiency and stability [58]. Polyethylenimine (PEI)
systems successfully delivered mRNA to cells [59] and intranasally
[60]. Additionally, PEI-based systems improved the response to sa-
mRNA vaccines in skin explants [61] and in mice [62].

Soliman et al. [63] prepared nanoparticles containing mRNA by
electrostatic complexation, which were composed of different de-
grees of deacetylation and sulfonation. The results showed that the
polymer length and charge density of hyaluronic acid and chitosan
directly affected the transfection efficiency by regulating the mRNA
affinity, and the mixture concentration of N:P:C ratio trehalose and
the nucleic acid dose also affected the transfection efficiency. Choia
et al. [64] reported an mRNA delivery system employing graphene
oxide (GO)-polyethylenimine (PEI) complexes for the efficient
generation of gene integration-free induced pluripotent stem cells
(iPSCs). GO-PEI complexes were found to be very effective for
loading mRNA of reprogramming transcription factors and pro-
tection from mRNA degradation by RNase. Dynamic suspension
cultures of GO-PEI/RNA complexes-treated cells dramatically



Table 4
The commonly used lipid materials for mRNA delivery.

Phospholipid materials Abbreviation

(2, 3-dioleoacyl-propyl) -trimethylamine DOTAP
1, 2-dioleoyl-sn-glycerol-3- phosphate ethanolamine DOPE
cholesterol chol
1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-[methoxy (polyethylene glycol)-2000] DSPE-PEG2000
anisamide AA
Histidylated polylysine HPK
L-histidine- (N, N-di-n-hexadecylamine)ethylamide HDHE
O,O-dioleyl-N- [3N-(N-methylimidazoliumiodide)propylene] KLN25
O,O-dioleyl-N-histamine phosphoramidate MM27
1,2-distearoyl-sn-glycero-3-phosphocholine DSPC
Poly-(b-amino ester)polymer PBAE
1, 2-dioleoyl-sn-glycero-3-phosphocholine DOPC
N-[1- (2,3-dioleyloxy)propyl]-N, N,N-trimethylammonium chloride DOTMA
1,2-dioleoyl-sn-glycero-3-phospho-L-serine DOPS
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] C14-PEG2000
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine EDOPC

Table 5
The comparison between LNP and liposome.

LNP Liposome

Similarities Particle size distribution, shape, lipid composition, positive charge
Differences 1 Phospholipid monolayer structure 1 Phospholipid bilayer structure

2 The microfluidic preparation method 2 The thin film dispersion method
3 Self assembly 3 High energy dispersion

Fig. 6. Chemical structure of chemically modified polyethylenimine.
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increased the reprogramming efficiency and successfully generated
rat and human iPSCs from adult adipose tissue-derived fibroblasts
without repetitive daily transfection. Chiper et al. [65] chemically
modified primary amine to aromatic domain, which realized
nucleic acid transfer of 1.8 kDa polyethylenimine (PEI) particles.
The modified chemical structure is shown in Fig. 6. This modifica-
tion does not affect the buffering capacity of polyethylenimine, but
enhances its pH-sensitive aggregation, stabilizing extracellular
complexes while still allowing nucleic acid to be released after cell
entry.

2.4. Micelles

Micelles refer to ordered aggregates of molecules that begin to
6

form in large quantities after surfactant concentration reaches a
certain value in aqueous solution. In micelles, hydrophobic groups
of surfactant molecules aggregate to form the core of micelles, and
hydrophilic polar groups form the outer layer of micelles [66].
Roloff [67] et al. studied the assembly of a novel RNA-polymer
amphiphilic molecule into spherical micelle (as shown in Fig. 7)
with diameters of about 15e30 nm, demonstrating that they can
efficiently enter living cells without the use of transfection re-
agents. Chan et al. [68] propose the use of specially tailored poly-
plex nanomicelles for the intravenous delivery of mRNA into the
brain of mice. In brief, along the backbone of a polyaspartamide
polymer that is terminated with a 42k Polyethylene glycol chain
(PEG), aminoethylene-repeating groups (two, three, and four units,
respectively) were conjugated to side-chains to promote electro-
static interactions with mRNA. This structural configuration would
ultimately condense into a polyplex nanomicelle ranging between
24 and 34 nm. Then the luciferase (Luc2) mRNA as a reporter gene
through in vitro transcription (IVT) and subsequently infused the
polyplex nanomicelles into mouse brains via an intra-
cerebroventricular (ICV) injection to bypass the bloodebrain bar-
riers (BBB). Data revealed that PEGylated polyplex nanomicelles
possessing four repeating units of aminoethylene groups had
exhibited the best Luc2 mRNA delivery efficiency with no signifi-
cant immune response registered, and may be applied in the
treatment of brain diseases.

2.5. Cationic peptides

Peptide-based delivery is a less explored system, as only prot-
amine has been evaluated in clinical trials [69]. New delivery ap-
proaches include the use of cationic cell-penetrating peptides
(CPPs) and anionic peptides. CPPs systems have proved to improve
T-Cell immunity response in vivo [70], modulate innate immune
response and enhance protein expression in both DC and human
cancer cells in vitro [71,72]. mRNA polyplexes conjugated with an
anion peptide, exhibited an increase in cellular uptake without
inducing cytotoxicity in DC cells [73].



Fig. 7. (A) Graphical illustration on the assembly of the polyamine of various length (DET, TET, and TEP) respective via the aminolysis of the benzylic alcohol side chains. (B) The
subsequent condensation with mRNA into nanomicelles in physiological environment [68].
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Qiu et al. [74] studied a novel RNA delivery vector, PEG12KL4,
which synthesized cationic KL4 peptide (KLLLLKLLLLKLLLLK-NH2)
and 12 monodisperse linear PEG molecules, PEG12KL4 and mRNA
in a 10:1 ratio (w/w) to form a nanoscale complex, and mediate the
effective transfection of human lung epithelial cells. The PEG12KL4/
mRNA complex was successfully prepared by spray drying (SD) and
spray freeze drying (SFD) techniques, and both SD and SFD powders
showed satisfactory atomization inhalation stability and high
Fig. 8. Composition of PLA-NP/peptide/mRNA [75].
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transfection efficiency, which showed a great prospect for clinical
application of PEG12KL4 peptide as mRNA delivery carrier. Coolen
et al. [75] developed an alternative lipid-based mRNA delivery
system using polylactic acid nanoparticles (PLA-NPs) and cationic
cell-penetrating peptides as mRNA polycondensation agents. The
formulation was assembled in two steps. The first step was to
combine mRNA with an peptide (RALA, LAH4 or LAH4-L1), and the
second was to absorb polymer on the surface of PLA-NPS, resulting
in PLA-NP/Peptide/mRNA complex (as shown in Fig. 8). It modu-
lated DCs innate immune response by activating endosomal and
cytoplasmic pattern recognition receptors (PRRs), and induced
adaptive response markers in primary human DCs with universal
Th1 signaling in vitro.

In view of the great application potential of mRNA, more and
more researches are advanced for mRNA nano delivery systems,
and are bound to invent novel delivery vectors with stronger
transfection efficiency, lower toxicity and better stability.

3. The applications of mRNA

The specific delivery of mRNA is an excellent alternative to
plasmid DNA, due to the latter's potential risk for random
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integration into the host genome. With the development of mRNA
modification technology and delivery technology, its application
prospect is more and more widespread.
3.1. Infectious diseases

In addition, mRNA vaccine could activate both cellular and hu-
moral immunity, achieving high protection rate. The research of
mRNA vaccine focuses on RNA viruses with strong infectivity and
high harmfulness, such as severe acute respiratory syndrome
(SARS-CoV-2), influenza A virus, rabies virus, respiratory syncytial
virus (RSV), Zika virus (Zika), human immunodeficiency virus (HIV-
1), Ebola virus (EBOV), and so on [76].
3.1.1. SARS-CoV-2
The development and technological breakthrough of mRNA

vaccine in recent decades laid the foundation for its rapid rise
during the SARS-CoV-2 pandemic. SARS-Cov-2 enveloped positive-
sense, single-stranded RNA viruses, and the virion is composed of a
helical capsid formed by nucleocapsid (N) proteins bound to the
RNA genome and an envelope made up of membrane (M) and
envelope (E) proteins, coated with “crown” like trimeric spike (S)
protein, which is the main site for neutralizing antibodies and
prone to mutation [77,78]. N501Y mutation can enhance the
infectivity by enhancing the binding force with host ACE2 [79],
while the variant G614 virus gradually replaced the originally
discovered D614 as the main epidemic strain, and the patients with
G614 will release more viral nucleic acid [80]. The variant strains
with reduced antibody sensitivity will become the main strain,
such as N439K is not onlymore infectious, but also has the ability to
resist a variety of antibodies, including a neutralizing antibody
authorized by the FDA for emergency use [81]. Highly mutated
viruses pose a great threat to the effectiveness of existing vaccines,
while mRNA vaccines can be rapidly applied by updating their se-
quences based on the mutated genes of the mutant strains. As
shown in Fig. 9, after entering the cytoplasm, S-mRNA could be
translated to S protein, which were produced by the host cell and
could induce immune response. Meanwhile, the mRNAvaccine also
shortened time by using the body's own molecular mechanisms.

COVID-19 has caused a worldwide challenging and threatening
pandemic, with huge health and economic losses. The US Food and
Drug Administration (FDA) has granted emergency use authoriza-
tion for treatment with the BNT162b2 (Pfizer/BioNTech) and
mRNA-1273 (Moderna). They are both mRNA vaccines coated by
LNPs that encodes S-protein. BNT162b2 has been recommended for
people 16 and older at a dose of 30 mg and at a cost of $19.50. It
Fig. 9. The immune mechanism of an mRNA vaccine [82].
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provides immunogenicity for at least 119 days after the first
vaccination and is 95% effective in preventing the SARS-COV-2
infection. However, mRNA-1273 has been recommended to peo-
ple 18 years of age and older, with a dose of 50 mg at a cost of $32 to
$37. It provides immunogenicity for at least 119 days after first
vaccination and is 94.5% effective in preventing SARS-CoV2 infec-
tion. However, both vaccines have reported some associated
allergic symptoms, including pain, redness, fever, fatigue, headache
and muscle pain at the injection site [83]. The BNT162b2 was re-
ported to have a lower incidence of adverse reactions compared to
mRNA-1273; However, mRNA-1273 is more stable for transport and
store. For nursing home residents in USA, two doses of mRNA
vaccines were 74.7% effective against infection (MarcheMay 2021).
During JuneeJuly 2021, when B.1.617.2 (Delta) variant circulation
predominated, effectiveness declined significantly to 53.1% [84].
Nevertheless, mRNA vaccine is still the vaccine with the shortest R
& D and application cycle, and is expected to be rapidly upgraded
for new strains. The timeline of mRNA-1273 and BNT162b2 is
showned in Fig. 10.

In addition to these, many more optimized mRNA vaccines
against SARS-CoV2 are in the clinical or preclinical stage. Qin et al.
[77] constructed mRNA-LNPs with much better stability at 2e8 �C,
and is in clinical stage now. Lederer et al. [85] revealed the superior
ability of SARS-CoV2mRNAvaccine to induce a SARS-COV2-specific
GCB cell response, which was associated with the effective pro-
duction of Nabs after a single or enhanced immunization. In addi-
tion, it has been demonstrated that mRNA vaccine could effectively
promote the induction of TFH cell program and shape the func-
tional characteristics of TFH cells, emphasizing the importance of
GC reaction for the production of protective ABS in SARS-CoV-2
vaccine vaccination, and pointing out that mRNA vaccine is a
promising candidate vaccine for inducing effective and high-quality
adaptive immune response. Corbett et al. [86] used it to make an
mRNA vaccine and evaluated viral replication in non-human pri-
mates. Results showed that mRNA vaccine produced strong SARS-
CoV-2 neutralizing antibody without any pathological changes in
the lungs.

3.1.2. Influenza
Martinon et al. [87] demonstrated immunization of animals by

subcutaneous injection of mRNA liposome vaccines, inducing
influenza-resistant cytotoxic T lymphocytes in vivo. The flu vaccine
was the first to attempt to use mRNA for disease prevention. Petsch
et al. [88] evaluated the effects of multivalent mRNA vaccines
(hemagglutinin, neuraminidase, and nucleoprotein) against influ-
enza A (H1N1), H3N2, and H5N1 strains in mice, ferrets, and pigs.
This intradermal mRNA vaccine induces antigen-specific neutral-
izing antibodies and protects the animal against influenza A virus.
Similarly, in human trials conducted by Moderna, intramuscular
vaccines against avian influenza A virus H10N8 and H7N9 have
been shown to be safe and immunogenic [89].

3.1.3. Rabies
The protective effects of mRNA vaccines have been shown to be

useful beyond respiratory pathogens. For example, Schnee et al.
[90] demonstrated the efficacy of mRNA vaccines against rabies in
rodents and pigs. The vaccine against viral glycoproteins induces an
antigen-specific immune response in the body. Notably, mRNA
vaccine induced more specific CD4þT cells than licensed vaccine
induced cells, and neutralizing antibody titers remained stable in
mice throughout the observation period (up to 1 year). The safety,
reactivity, and immune response of this vaccine are currently being
evaluated in a phase I trial of Curev AC (CV7202). Lou et al. [91]
found that the amplified mRNA vaccine using LNPs to deliver the
self-coding rabies virus glycoprotein (RVG) had a good protective



Fig. 10. Timeline of BNT162b2 and mRNA-1273.
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effect against rabies virus. Firstly, they compared several commonly
used cationic lipids, and then selected DOTAP or DDA, which were
the most efficient in inducing antigen expression, for animal eval-
uation of LNPs formed by them.

3.1.4. Zika virus
Pardi et al. [92] proposed a bivalently modified mRNA vaccine

that encodes the foremembrane and envelope glycoproteins of the
Zika virus strain in the 2013 outbreak. A single dose of the vaccine,
encapsulated in LNPs and delivered intradermally, was sufficient to
protect mice from viral attack two weeks or five months after
vaccination and was sufficient to protect non-human primates five
weeks after vaccination. Using the same antigen, Moderna has
developed an unmodified, encapsulated mRNA-1893 vaccine
against Zika, which received rapid FDA approval and was under-
going phase I trials to evaluate its safety, tolerability, and immu-
nogenicity [93]. Importantly, mRNA-1893 prevented congenital
transmission of the virus in a mouse model of congenital infection.

3.1.5. Cytomegalovirus
John et al. [94] have designed a cytomegalovirus (CMV) vaccine

to prevent CMV infection and disease during pregnancy and in
transplant patients. The vaccine consists of six modified mRNAs
encoding CMV glycoprotein and pentameric complexes and was
injected intramuscular in the form of LNPs. A single dose of it elicit a
strong immune response in mice and non-human primates and
was currently in a clinical trial sponsored by Moderna (mRNA-
1647).

3.1.6. Chikungunya
In addition to enhancing active immunity, mRNA can also be

used for passive immunity. The candidate drug mRNA-1944 is a
good example of mRNA therapy that encodes human monoclonal
neutralizing antibodies. The mRNA-1944 is designed to provide
passive protection against chikungunya infection [95]. The super-
potent antibody was isolated from B cells of natural infection sur-
vivors, and its sequence was encoded into mRNA molecules,
encapsulated in LNPs, and delivered to mice by infusion. After
mRNA delivery, CHKV-24, a human monoclonal antibody, was
found to be expressed at immune-related levels and its protective
ability was evaluated in a chikungunya mouse model. Treatment
with CHKV-24 mRNA 2 days after inoculation reduced viremia to
undetectable levels and protected mice from death. Further studies
in non-human primates have also shown that the mRNA-1944 has
long-lasting immunogenic effects [96]. In general, preclinical data
encourage first human trials.

3.1.7. Neonatal herpes
Latourette II et al. [97] evaluated the protection of mRNA-LNP

and protein vaccine against neonatal herpes by immunizing
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female mice before copulation, then compared the levels of IgG and
neutralizing antibodies in mothers and newborns. Both vaccines
protected first and second borns from disseminated infection, and
proved effective in preventing neonatal herpes.
3.2. Tumor

The purpose of mRNA tumor vaccine is to prompt the cell-
mediated response, such as the typical T lymphocyte response, so
as to achieve the aim of remove or reduce tumor cell without
harming normal cells [98]. STING is considered to be the center of
the innate immunity and adaptive immunity adjustment factor.
When stimulated, STING will induce type I interferon. The
expression of cytokines and T cell recruiting factors leads to the
natural effector cells of macrophages dendritic cells (such as NK)
and the tumor specific T cells, which can not only express antigen
in vivo, but also activate STING signaling pathway, and significantly
enhance the tumor antigen-specific immune response. This also
means that mRNA vaccines can be combined with other oncology
therapies, such as checkpoint inhibitors and immune agonists, to
achieve a more comprehensive oncology therapeutic effect [99].

Moderna, BioNtech and CureVac AG are three tycoon committed
to mRNA technology, and invested a lot in the application of mRNA
technology in tumor vaccine (as shown in Table 6). Several mRNA
tumor vaccines are currently in clinical trials. CV9202 is a self-
modifying mRNA vaccine that expresses six antigens commonly
expressed in non-small cell lung cancer. mRNA-5671 targets KRAS
and is currently being evaluated in patients with advanced or
metastatic KRAS mutations in NSCLC, colorectal or pancreatic
cancer. The mRNA-4157 is another cancer vaccine from Moderna,
but, unlike mRNA-5671, it is an individualized therapeutic vaccine
for melanoma. In this approach, gene sequencing and bioinfor-
matics analysis of the patient's tumor is performed to identify 20
patient-specific neoantigen epitopes that are encoded by mRNA
structures manufactured for an individual patient. BNT122 (phase
II) is designed to treat locally advanced or metastatic solid tumors,
including melanoma, non-small cell lung cancer, and bladder can-
cer. BioNtech has a number of other anti-tumor vaccines in devel-
opment, such as BNT111 for advanced melanoma, BNT112 for the
treatment of metastatic castration against prostate cancer and
high-risk localized prostate cancer, BNT114 for triple negative
breast cancer, BNT115 for ovarian cancer and so on. BNT113 is anti-
HPV16-derived oncoproteins E6 and E7, which are found in HPV16-
positive solid cancers, such as squamous cell carcinoma of the head
and neck.

Besides the above, cationic liposomes have been extensively
studied in mRNA tumor vaccine and the preclinical studies have
been conducted in different tumors [100,101](see Table 7).

The mRNA vaccine enhances the antiviral and antitumor effects
of the host by enhancing the antigenic reactivity of T cells [105].



Table 6
The mRNA tumor vaccines of Moderna, BioNtech, and CureVac AG.

Company Name Content

Moderna mRNA-4157 Personalized tumor vaccines
mRNA-5671, mRNA-2416, mRNA-2752, and so on. Colorectal cancer, non-small cell lung cancer, pancreatic cancer

BioNTech BNT111 Advanced melanoma
BNT112 Prostate cancer and high-risk localized prostate cancer
BNT113 HPV16-positive solid cancers
BNT114 Triple Negative Breast Cancer
BNT115 Ovarian cancer
BNT122 Melanoma, non-small cell lung cancer, bladder cancer, etc.

CureVac AG e Non-small cell lung cancer

e Superficial tumors

Table 7
A partially developed liposome containing mRNA.

Lipid composition Disease mRNA encoding protein

DOTAP [102] Colon cancer Survivin-T34A
DOTAP/Chol/DSPE-PEG [103] Lung cancer Cytokeratin
DOTAP/Chol/DSPE-PEG [104] Tumor Cytokeratin 19
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Some exogenous gene expression products directly act on immune
cells and promote the growth and proliferation of immune cells.
Thus, they could enhance the host's anti-tumor and antiviral
capabilities.
3.3. Cardiovascular disease

There is a growing body of studies demonstrating utility of RNA
for targeting previously ‘undruggable’ pathways involved in
development and progression of cardiovascular disease. Despite
significant advances in treatment options, cardiovascular disease
remains the number one cause of death in the world [106].

One of the earliest nucleic acid therapies for cardiovascular
disease was Mipomersen, a second-generation phosphorothioate
ASO targeting mRNA encoding apolipoprotein B-100. ASOs have
been chemically modified to have reduced toxicity. In a recent
Phase II trial of TQJ230 [AKCEA-APO(a)-LRx], an ASO targeting
lipoprotein(a) m RNA, more than 90% of patients achieved lip-
oprotein(a) concentrations below 50 mg/dl, after either 20 mg
weekly injection or 60 mg injection every 4 weeks [107]. Another
ASO that has reached clinical trials is volanesorsen. This ASO can be
injected subcutaneously and functions by binding APOC3 mRNA
and promoting its degradation. In a Phase II study, volanesorsen,
decreased Apoc-II (�80%) and triglycerides (�71%), and increased
HDL-cholesterol levels (46%) [108]. Another approach to lowering
cholesterol is to target mRNA encoding the enzyme proprotein
convertase subtilisin/kexin type 9 (PCSK9) which is predominantly
produced in the liver [109].

Beyond drugs inhibiting endogenous mRNA, the first
cardiovascular-related mRNA drug to have reached clinical trials, is
the mRNA encoding vascular endothelial growth factor (VEGF)-A
mRNA (Moderna, Cambridge, Massachusetts, USA). In a Phase I
study, intradermal administration of VEGF-A mRNA led increased
local VEGF-A protein expression (as assessed by cutaneous micro-
dialysis) and increased skin blood flow in menwith type 2 diabetes
[110]. Based on these results, a Phase 2a clinical trial will determine
if this mRNA therapeutic restores ischemic but viable myocardial
regions in patients with coronary artery disease, as assessed by
ejection fraction [111]. This is a randomized, double-blind, placebo-
controlled, multicenter study in patients with moderately impaired
systolic function undergoing coronary artery bypass surgery. Pa-
tients are randomized to doses of 0, 3, or 30 mg of VEGF A mRNA in
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a citrate buffer by epicardial injections. If this programmatic effort
is successful, it would provide evidence that direct injection of
mRNA into an ischemic tissue may improve perfusion and function.

3.4. Others

3.4.1. Genetic disease
Patel et al. [112] also used the microflow controller to prepare 11

lipid nanoparticles and tested their ability to deliver mRNA to the
back of the eyeball. Studies have shown that lipid nanoparticles
containing low PKA and unsaturated lipid chains have the highest
number of reporter gene transfectants in the retina, and the gene
expression kinetics show a rapid start (within 4 h) and a continu-
ation of 96 h. Gene delivery is cell type specific, with most
expression in the retinal pigment epithelium (RPE) and limited
expression in Muller glial cells, demonstrating that mRNA delivery
by this drug delivery system can be used to treat single-gene retinal
degenerative diseases of RPE and prevent blindness.

3.4.2. The immaturity of the immune system due to the small fetal
size

Riley et al. [113] studied the use of LNPs in utero to overcome the
immaturity of the immune system due to the small fetal size. They
developed a library of LNPs for mRNA delivery to mouse fetuses in
utero. The LNPs for luciferase mRNA delivery were first screened
and formulations that could accumulate in the fetal liver, lung and
intestine compared to the benchmark delivery systems with higher
efficiency and safety, demonstrating that LNPs can deliver mRNA to
induce liver production of therapeutic secretory proteins.

3.4.3. Neurological diseases
Dhaliwal et al. [114] developed an mRNA cationic liposome for

the treatment of chronic diseases based on nucleic acid therapy, in
which the liposomewas composed of DOTAP, DPPC and cholesterol.
The potential of intranasal delivery to the brain in mousemodel has
been evaluated. The results demonstrated the feasibility of brain-
specific non-viral mRNA delivery in the treatment of various
neurological diseases, as shown in Fig. 11.

3.4.4. Advance the translation of iPSC technology
Production of safe induced pluripotent stem cells (iPSCs) holds

great promise for the development of regenerative therapies. Choi
et al. [64] utilized GO-PEI complexes for efficient mRNA delivery
into adipose tissue-derived fibroblasts and successfully developed a
simple RNA-based technology of iPSC production. They found that
the dynamic suspension culture significantly increases the
reprogramming efficiency of cells treated with GO-PEI-RNA com-
plexes, and produced iPSCs from human or rat adipose tissue-
derived fibroblasts. The GO-PEI-mediated mRNA based technol-
ogy of iPSC production may be useful for the preparation of



Fig. 11. The range of the mRNA-liposome complex in the mouse brain after injection. This figure is adapted from Dhaliwal et al. [114].
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clinically safe and economically feasible iPSCs, advancing the
translation of iPSC technology into the clinical settings.
4. Outlook

The synthetic mRNA undergoes transient protein expression
after delivered to cytoplasm and can be completely degraded via
physiological metabolic pathways, which can avoid the risk of
genomic integration. This transient feature meets the need for
many applications which require protein expression for only
limited periods of time, such as gene editing, cell reprogramming,
and some immunotherapies [115]. Different mRNA delivery system
has different delivery mechanisms. Taking lipid nano delivery
system for example, LNPs entrap mRNA in the core through
microfluidic preparation method, and delivery mRNA to cells
mainly by endocytosis, lysosomal escape pathway; however, mRNA
attach inside and outside liposomes electrostatically, and delivery
mRNA to cells mainly by membrane fusion. Besides lipid nano de-
livery systems, the other nano delivery systems also have their own
mRNA entrapping strategy and delivery features, such as polymer
complexes, micelles, cationic peptides, and so on. However, the
synthetic mRNA-based therapeutics also suffer from some draw-
backs such as inefficient delivery and instability [116]. At present,
hampered by limited endosomal escape of nano delivery system,
only a small amount of mRNA (0.01%) could successfully enter the
cytoplasm and express the protein [117]. Therefore, high dose
administration is still normal andwill bring great side effects. In the
nearest future, lyophilization or other pharmaceutical processing
methods may help to resolve these problem and even enable nasal,
oral, or respiratory administration [118]. The administration routes
of mRNA nano delivery systems is very important to determine the
metabolism of the mRNA vaccine in vivo and the efficiency of the
translation of the target antigen protein. For example, if exposed
mRNA is given intravenously without any treatment, it is rapidly
degraded by nucleases in the blood. Currently, mRNA vaccines are
administered systematically or locally, depending on where the
antigenic protein needs to be expressed. Prophylactic vaccines are
usually administered locally subcutaneously and intramuscularly to
induce a strong immune response, while therapeutic mRNA vac-
cines are usually administered intraperitoneally or intravenously.
Moreover, innovative versatile materials may be another solution
to the challenge of mRNA applications.

In conclusion, the COVID-19 pandemic pushed mRNA technol-
ogies to the world, which showed their unique advantages at the
critical moment. These technologies have been developed through
years of painstaking work by scientists in academia and industry.
Although not perfect, it is undeniable that mRNA therapeutics are
ready for its time to shine, and the transition to a full-scale in-
dustrial revolution.
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