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Abstract

The mRNA vaccine, a groundbreaking advancement in the field of immunology, has garnered
international recognition by being awarded the prestigious Nobel Prize, which has emerged as a
promising prophylactic and therapeutic modality for various diseases, especially in cancer, rare disease,
and infectious disease such as COVID-19, wherein successful mRNA treatment can be achieved by
improving the stability of mRNA and introducing a safe and effective delivery system.
Nanotechnology-based delivery systems, such as lipid nanoparticles, lipoplexes, polyplexes, lipid-polymer
hybrid nanoparticles and others, have attracted great interest and have been explored for mRNA
delivery. Nanoscale platforms can protect mRNA from extracellular degradation while promoting
endosome escape after endocytosis, hence improving the efficacy. This review provides an overview of
diverse nanoplatforms utilized for mRNA delivery in preclinical and clinical stages, including formulation,
preparation process, transfection efficiency, and administration route. Furthermore, the market situation
and prospects of mRNA vaccines are discussed here.

Keywords: mRNA, lipid nanoparticle, lipoplex, vaccine, gene therapy

Introduction

Messenger RNA (mRNA) is a naturally
occurring molecule that carries the "blueprint" of
human cells. It can produce target proteins for
therapeutic functions or immunogens that generate
immune responses in vivo to fight various pathogens.
Compared to DNA-based gene therapy, mRNA as a
therapeutic modality offers several advantages [1, 2].

Firstly, the transient activity of mRNA allows for
time-control, high flexibility, and a wide range of
therapeutic effects. Secondly, mRNA can perform
vital functions in the cytoplasm without entering the
cell nuclei. Thirdly, the Ilikelihood of mRNA
integration into the genome is much lower, as antigen
translation occurs in the cytoplasm, reducing the risk
of insertional mutation and carcinogenesis, and
ultimately increasing its safety and clinical
applicability. However, mRNA applications have

been limited due to perceived instability, poor cell
penetration, and insufficient immunostimulation
[3-5]. Researchers have tried to address these issues
by chemically modifying mRNAs, but with little
success [6, 7]. Therefore, selecting an efficient delivery
system to aid in mRNA cell entry and achieve
lysosomal escape is of particular importance.

In numerous reports on delivery vectors, viral
vectors have been described as an efficient delivery
system for mRNA. However, undesired immune
responses, toxicity, and vector size are the limiting
obstacles to its further development [8]. As an
important step forward, a variety of non-viral
nanovehicles, such as lipid-based nanoparticles,
polymeric nanoparticles, lipid-polymer hybrid
nanoparticles and others, have attracted considerable
attention for mRNA delivery [9-11]. Compared with
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viral vectors, non-viral nanocarriers have several
advantages: a) mRNA can be effectively condensed
and can avoid being degraded by enzymes [12]; b)
mRNA can be efficiently targeted and delivered to
lymphatic organs such as lymph nodes or
antigen-presenting cells, thereby promoting the
uptake and presentation of antigens which improves
the efficiency of vaccines [13]; ¢) nano-delivery
systems induce endosome escape after endocytosis
and improve transfection efficiency. Based on these
advantages, nano-delivery systems have become a
research  hotspot for mRNA vaccines and
therapeutics. The proton sponge effect is a hypothesis
that explains the endosome escape mechanism. After
cellular uptake of mRNA-loaded nanoparticles by
endocytosis, the pH of the endosomal compartment is
acidified from approximately 7.2 to 6.3 in the early
endosomes and to around 5.5 in the late endosomes
due to the ATP-dependent pump [14, 15]. The pKa of
nanoparticles is typically designed within the pH
change window range of the endosomes, providing
them with buffering capacity, which triggers a
substantial influx of protons (H*) and chloride (Cl’)
counterions. Subsequently, a large amount of water
flows into the endosomes to balance the osmotic
pressure, resulting in endosome swelling, rupture,
and eventual release of the cargo into the cytosol
[16-18]. Nanoparticles can collapse during endosome
escape or in the cytosol, depending on their material
properties, such as pH-sensitive or bioreducible
bonds [19, 20], further facilitating mRNA release and
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In this review, we will summarize recent
representative non-viral nanoplatforms used for
mRNA delivery. These include lipid-based vehicles
such as lipid nanoparticles (LNPs) and lipoplexes
(LPX), polymer-based polyplexes, lipid shell coated

lipopolyplexes  (LPPs),  cationic  lipid-assisted
nanoparticles (CLANs), inorganic mnanoparticles,
cationic nanoemulsion, etc. (Figure 1). The

formulation, preparation process and application
potential of these vectors will be emphasized, as well
as an overview of the route of administration.
Towards the end, we will provide an analysis of
clinical applications and market situation of mRNA
vaccines.

Diverse nanoplatforms for nRNA
delivery

Lipid based nanoparticles

Cationic liposomes

Cationic liposomes are composed of cationic
lipids with a positively charged head groups (such as
DOTMA or DOTAP) as well as stabilizers such as
cholesterol, which spontaneously assemble into
vesicles due to their amphiphilic nature [21]. In
general, the preparation methods of liposomes
include thin film dispersion, solvent injection, reverse
evaporation and so on [22, 23]. When -cationic
liposomes bind to mRNA, mRNA would be
embedded between the lipid bilayer, self-assembling
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Figure 1. The delivery system, application and administration route of mRNA vaccines. Created by BioRender.com.
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into lipoplex (LPX), which could protect mRNA from
nuclease hydrolysis and be taken up by cells easily
(Figure 2A). Krajewski et al. used 3p-[N-(N'N'-
dimethylaminoethane) carbamoyl] (DC-Cholesterol)
and DOPE with a ratio of 1:2 to generate cationic
liposomes for loading mRNA with dry-film method,
which caused high mRNA encapsulation efficiency
and successful cell transfection [24]. Zhang and
colleagues prepared cationic liposomes composed of
DOTAP, cholesterol and cholesterol-modified cation
peptide DP7 (DP7-C) via thin film dispersion method.
The cationic liposomes were found to enhance mRNA
incorporation into dendritic cells (DCs) and serve as
an immune adjuvant, boosting the immune response.
The results confirmed that DOTAP/DP7-C/mRNA
liposomes could stimulate DCs maturation and
cytokine secretion in vitro, demonstrating excellent
anti-tumor effect in vivo [25]. In addition, most of the
commercial agents used to deliver mRNA are also
cationic liposomes, such as Lipofectin™ (DOTMA:
DOPE=1:1(w/w)), MegaFectin™ (DOTMA together
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with DOPE or cholesterol), TransfectAce™ (dodecyl-
trimethylammonium bromide (DDTAB) and DOPE),
and Lipofectamine™ (2,3-dioleyloxy-N-[2(spermine-
carboxamido)ethyl]-N,Ndimethyl-1-propanaminium
trifluoroacetate (DOSPA):DOPE=3:1 (w/w)). Further-
more, Rosigkeit et al. explored translation activity of
mRNA-LPX in vivo. They prepared negatively and
positively charged mRNA-LPX by changing the
charge ratio between cationic lipid and mRNA. Both
of them successfully expressed luciferase in vivo.
Interestingly, the cationic LPX preferentially targeted
the lung, while the anionic LPX was enriched in the
spleen (Figure 2B) [26]. Therefore, the ratio between
cationic lipid and mRNA plays a crucial role in
determining the organ targeting selectivity of LPX.
Researchers further found that the DOTAP/
cholesterol (1:1 molar ratio) mRNA-LPX was superior
to the DOTAP/DOPE (2:3 molar ratio) mRNA-LPX in
transfecting murine bone marrow-derived dendritic
cells (BMDCs) [27].
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Figure 2. (A) Representative process flow of LPX. Created by BioRender.com. (B) The relationship between charge ratio of LPX and organ targeting. When LPX is positively
charged, it is targeted to the mouse lung; when LPX is negatively charged, it is targeted to the mouse spleen. Adapted with permission from [26], copyright 2018 American

Chemical Society.
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Recently, BioNTech has developed an mRNA-
LPX formulation with a charge ratio of 1.3:2 consisting
of DOTMA and DOPE, which effectively delivered
mRNA to the spleen. It was found that intravenous
injection of mRNA-LPX encoding influenza virus
hemagglutinin (HA) could induce the maturation of
splenic pDC, CD8* and CD8- ¢cDCs and upregulate the
activation markers CD40 and CD86 [28]. Besides,
antigen-specific CD8* and CD4* T cells were highly
proliferative. The preventive efficacy of the
mRNA-LPX vaccine was also assessed in B16-OVA
and CT26 models, immunized with OVA-LPX or
gp70-LPX, respectively, and the data indicated that
mRNA-LPX led to complete and long-lasting
protection upon tumor challenge [29].

Lipid Nanoparticles (LNPs)

LNPs are the most widely studied non-viral
vectors for mRNA delivery due to the commerci-
alization of Onpattro® (patisiran), an siRNA-LNP for
the treatment of the polyneuropathy [30, 31]. LNPs
typically consist of four components, ionizable lipid,
phospholipid, cholesterol and PEG-lipid [32]. The
ionizable lipid component is particularly important in
determining the mRNA delivery and transfection
efficiency. It is an amphiphilic molecule composed of
an ionizable head group and several hydrophobic
tails. Ionizable head groups, such as tertiary amines,
are uncharged at neutral pH but protonated at lower
pH, thereby binding to negatively charged mRNA
[33]. Once LNPs bind to the cell surface and
internalize through hydrophobic interactions or
receptor-mediated endocytosis, acidic conditions in
the endosome induce cationization of ionizable lipids,
transforming to a hexagonal Hy structure that break
down the endosome membrane and release mRNA
into the cytoplasm. At the same time, phospholipids
can be degraded in vivo due to the presence of ester or
amide groups, avoiding the toxic side effects caused
by phospholipid accumulation [34].

Phospholipids (DOPE or DSPC) can improve the
permeability of cell membrane, facilitating cell uptake
and endosome escape [35]. Cholesterol plays a crucial
role in enhancing particle stability by modulating
membrane integrity and rigidity [36]. Besides, its
derivatives can further affect delivery efficiency and
biodistribution of LNPs [37]. A study by Sahay et al.
found that replacing cholesterol with p-sitosterol can
facilitate both endosome escape and improve
transfection efficiency, as well as increase the stability
of LNPs after nebulization [38]. PEG-lipids have a
significant impact on adjusting particle size and zeta
potential, contributing to particle stabilization by
reducing particle aggregation, prolonging blood
circulation time of nanoparticles by reducing renal

and monocyte phagocyte system (MPS)-mediated
clearance, and enabling the coupling of specific
ligands to particles for targeted delivery [39]. Taken
together, compared to cationic liposomes, LNPs
behave electrically neutral at physiological pH,
greatly reducing toxicity and improving safety. They
also have a micellar structure within the particle core,
providing better kinetic stability and a more rigid
morphology than liposomes, placing LNPs as the
leading non-viral vector for mRNA delivery.

As microfluidic devices show many advantages,
they are preferably chosen to prepare mRNA-loaded
LNPs [40, 41]. In 2020, there are two LNDPs-based
vaccines against the SARS-CoV-2 spike protein
(mRNA-1273 and BNT162b2) that have been
approved for emergency use in the United States and
other countries (Table 1). Currently, there are the
other two mRNA-LNP vaccines, AWcorna and
SYS6006, have respectively received Emergency Use
Authorization (EUA) in Indonesia and China.

Table 1. Commercial COVID-19 mRNA-LNP vaccines (Partial).

Category Moderna BioNTech/Pfizer
Product mRNA-1273 BNT162b2
mRNA dose 100 pg 30 pg

Ionizable cationic lipid SM-102 ALC-0315
Phospholipid DSPC DSPC
Cholesterol Cholesterol Cholesterol
PEG-lipid DMG-PEG2000 ALC-0159

Molar ratios 50:10:38.5:1.5 46.3:9.4:42.7:1.6
Molar N/P ratios 6 6

Other excipients Potassium chloride Sodium acetate

Sodium chloride Sucrose
Sucrose Water for injection

Water for injection /

Note: SM-102, heptadecan-9-yl
8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate; ALC-0315,
(4-hydroxybutyl)azanediyl bis(hexane-6,1-diyl)bis(2-hexyldecanoate); ALC-0159,
(2-hexyldecanoate), 2-[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide;
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DMG-PEG 2000,
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000.

Selective organ targeting lipid nanoparticles
(SORT-LNPs)

When delivered into the blood, LNPs are
primarily taken up by the liver, which limits their
utility for broad therapeutic applications. Therefore,
achieving extrahepatic targeting of LNPs has become
a key area of research. In this regard, Daniel
Siegwart's team has proposed SORT-LNPs, which
enable achieve selective organ targeting by
introducing a fifth component: SORT lipids [42]. The
study revealed that when using the cationic lipid
DOTAP as the SORT molecule, the SORT-LNPs can
effectively target the lungs. On the other hand, by
utilizing the negatively charged 1,2-dioleoyl-sn-
glycero-3-phosphate (18PA) as the SORT molecule,
the SORT-LNPs can achieve targeting to the spleen
[42]. These SORT lipids allow different serum proteins
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to recognize and bind to them. The adsorbed proteins
on the LNP surface then interact with homologous
receptors expressed by cells in the target organs,
promoting mRNA delivery [43]. Recode Therapeutics,
utilizing the SORT-LNPs system, has been established
and boasts an extensive R&D pipeline. One notable
application is the development of an inhaled mRNA
vaccine for the treatment of primary ciliary
dyskinesia, which is currently undergoing phase I
clinical trials (NCT05737485).

Lipid nano-crystal (LNC)

LNC is prepared using calcium (Ca?*) ions and
naturally occurring phospholipids (phosphatidyl-
serine, PS), which is a component of the cell
membrane. When Ca?* interacts with PS, they
self-assemble spontaneously into stable crystalline
spiral structures with multiple layers, lacking of
internal aqueous space (Figure 3). For this reason,
LNC will be a promising next generation of mRNA
delivery system. mRNA can be trapped within the
layers, where it is protected from water and harmful
external elements, making LNC particularly suited for
oral administration and providing mRNA stability for
an extended period of time at room temperature. LNC
achieves effective intracellular delivery wvia both
phagocytosis and fusion. Endogenous PS, typically
confined to the inner layer of the membrane facing the
cytosol, moves towards the outer layer (cell
membrane) upon cellular infection or inflammation

[44]. This process acts as a precursor for cell and LNC
fusion, thereby facilitating phagocytosis of LNC by
cells. Once inside the low-calcium cytoplasm, LNC
collapses gradually to release mRNA. The LNC
platform has been utilized by Matinas Biopharma to
develop two promising drug candidates, and the
same LNC technology will also be used to develop
oral mRNA vaccines in collaboration with BioNTech.
Although early in vitro studies showed efficacy, recent
in vivo studies in mice showed no activity of
LNC-based oral mRNA vaccines. Therefore, the
cooperation between the two sides ended.

Polymeric nanoparticles

Cationic polymers have been widely studied for
mRNA delivery based on the diversified structure
and facile modification. Cationic polymers can bind to
the negatively charged mRNA wvia electrostatic
interaction, protecting mRNA from RNase, enhancing
cell-specific uptake, and promoting lysosomal escape
[45]. Moreover, mRNA loaded onto polymer can be
more effectively transported to the lymph nodes,
representing high adjuvanticity and triggering
stronger humoral and cellular immune responses.
With continuous exploration, various cationic
polymers have therefore been investigated for mRNA
delivery, including synthetic polymers such as
polyethyleneimine (PEI), polyester, dendrimers, and
others [46-48], as well as natural polymers such as
chitosan [49, 50] (Table 2).
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Figure 3. The structure of lipid nano-crystal (LNC). Created by BioRender.com
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Table 2. Selected polymer-based vehicles for mRNA delivery

Route of

Category Polymers mRNA delivered In vitro models 2dministration In vivo models Category

PEIy-stearic acid (PSA) ~ HIV-1 gag DC2.4 sc. BALB/c mice F;g)ethylenemme
Polyethyleneimine (PEI) CD-PEI HIV gp120, OVA, DC2.4, MDCK, Calu-3 mtra{nésal ) BALB/c mice 55, 56

Luc administration

PEI-g-PEG Luc PC3, DC2.4 iv. BALB/c mice 57

PACE FLuc Expi293F iv. BALB/c mice Polyester

PBAE-co-PCL FLuc Hela iv. C57BL/6 mice 62
Folyester NOD.Cg-Prkdcsid 63

3 ) g ~ . .Cg-Prkdcs
PBAE-PGA-Ab eGFP K562-CD19, Jurkat-E6  i.v. Hargnivii/Sa] (NSG) mice
PAMAM Luc, cCOVA BHK21 intranasal C37BL/6and BALB/c b drimers
. administration mice

Dendrimers tro-orbital si 65

IAJD Luc HEK 293T retro-orbital sinus BALB/c mice

injection

Chitosan coated PLGA Z3 nec-mRNA A549, MLE12 ip. SB?_ ;Z;;mce' transgenic Others
Others Oligoalkylamines-g-PAAs FLuc A549, HepG2, NIH 3T3  iv. BALB/c mice 67

P(Asp-AED-ICA)-PEG GFP HEK 293, RAW 264.7 / / 68

Note: i.v., intravenous; i.m., intramuscular injection; s.c., subcutaneous injection; i.p., intraperitoneal injection.

Polyethyleneimine (PEl)-based nanoparticles

PEI is a classic polymer for mRNA delivery,
which can provide high density positive charges for
mRNA complexation and endosomal escape owing to
the numerous amino groups. However, the strong
affinity between mRNA and PEI can impair the
transfection process of mRNA [51, 52]. Moreover, the
inherent disadvantages of PEI, including poor
biodegradability and high toxicity, limit its
widespread therapeutic applications [53]. Reportedly,
PEIs with high molecular weight exhibit excellent
nucleic acid delivery efficiency but cause serious
cytotoxicity, while those with low-molar-mass show
minimal toxicity, they are accompanied by a reduced
efficiency [54, 55].

To address the toxicity concerns associated with
PEI, researchers have wundertaken chemical
modifications to enhance transfection efficiency while
decreasing toxicity. For instance, PSA/mRNA
nanoparticles were developed by adding mRNA to
PElx-stearic acid (PSA) with the indicated weight
ratio. Subcutaneous administration of the nano-
particles demonstrated efficient mRNA delivery to
dendritic cells, resulting in antigen-specific immune
responses [56]. Additionally, cyclodextrin (CD) and
polyethylene glycol (PEG) modification can reduce
the charge density of PEI but retain its ability to
condense nucleic acids. Li et al. achieved successful
mRNA delivery using CD-PEI conjugates, in which
pre-diluted polymer and mRNA were mixed and
vortexed briefly, before incubating at room tempera-
ture to obtain CD-PEI/mRNA complexes. The
modified PEI could help mRNA to migrate to the
lymph nodes and elicit immune responses, while
retaining the potent mucosal adjuvant activity [57,
58]. Lastly, PEI-g-PEG/mRNA nanoparticles (PEG

grafting ratio was 0.5%) bearing amino or amino acid
terminal groups displayed the highest gene
transfection efficiency in the lungs following systemic
administration, when the aforementioned mixed
preparation method was applied [59]. Above all, these
PEI-based polymeric nanocarriers are provided with
improved transfection efficiency and reduced toxicity.

Polyester-based nanoparticles

Polyesters, including polyhydroxyalkanoate
(PHA), poly(amine-co-ester) (PACE), poly (b-amino
esters) (PBAE) and others [60, 61], have favorable
biodegradability due to the hydrolysis of ester bonds,
making them valuable for clinical translation. PACE
polymer library with different end groups was
synthetized by Jiang et al., and then PACE/mRNA
polyplexes were prepared in 25 mM sodium acetate
buffer (pH 5.8) by a brief vortex. Both in vitro and in
vivo results indicated that PACE could serve as a
platform for spleen-specific mRNA delivery [62]
(Figure 4A). Apart from PACE, several studies found
that chemically modified PBAE can be more effective
to promote endosomal escape and enhance
transfection efficiency [63]. When polycaprolactone
(PCL)-based PBAE terpolymer was synthetized to
complex mRNA viz a brief mixing protocol, the
transfection efficacy of the prepared polyplexes was
several times higher than PEl-based polyplexes,
accumulating in the spleen after intravenous adminis-
tration, and benefitting tumor immunotherapy [64].
Furthermore, by using similar mixed preparation
protocol, PBAE-mRNA polyplex can be developed
into a targeted-like mRNA nanocarrier coated with
ligands through a polyglutamic acid (PGA) linker to
improve cell targeting and transfection efficiency [65]
(Figure 4B).
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2020 American Chemical Society. (B) Schematic illustration of specific cell types targeted PBAE based nanoparticle coated with ligands through a polyglutamic acid (PGA) linker
for mRNA delivery. Adapted with permission from [64], copyright 2017 Nature Portfolio.

2.2.3 Dendrimers-based nanoparticles

Polyamide amines (PAMAMs) and branched PEI
are widely studied dendrimers for nucleic acid
delivery, containing numerous amino groups along
their polymer chains, and presenting a “tree-like”

architecture. A nano vaccine platform based on
alkyl-chain-modified PAMAM dendrimers was
constructed by Chahal et al. with a microfluidic
mixing device, encapsulating antigen-expressing
replicon mRNAs to fight against various diseases,
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such as lethal Ebola, HIN1 influenza, Zika and
Toxoplasma gondii [66]. Moreover, a one-component
multifunctional sequence-defined ionizable amphi-
philic Janus dendrimer (IAJD) delivery system for
mRNA was developed by injecting the ethanol
solution of IAJD into the acetate buffer of Luc-mRNA
(Figure 5). The results confirmed that the targeted
delivery of mRNA to spleen, liver, and lung could be
attainable by designing the hydrophobic region of
IAJDs through alternating dissimilar alkyl lengths
[67].

2.2.4 Other polymers-based nanoparticles

Apart from these above-mentioned polymers,
other polymer-based vectors have also been explored
for mRNA delivery. For example, chitosan-coated
PLGA  nanoparticles = were  prepared by
emulsion-diffusion-evaporation, which were used to
deliver nuclease-encoding mRNA to correct the
surfactant protein B (SP-B) deficiency in mice [68]. An
8000Da polyacrylic acid (PAAg) grafted with

oligoalkylamine has been developed as an mRNA
delivery vehicle, with high mRNA transfection
efficiency attributed to high buffering capacity in the
pH range of 6.2 to 6.5 [69]. Another intelligent mRNA
delivery system based on block copolymer
poly(aspartic ~ acid-(2-aminoethyl  disulfide)-(4-
imidazolecarboxylic acid))-PEG (P(Asp-AED-ICA)-
PEG) bearing disulfide bond was designed to respond
to biological trigger, glutathione (GSH) [70]. These
mRNA polyplexes were prepared by adding an
appropriate amount of polymer into phosphate-
buffered saline (PBS) solution containing mRNA
under mixing conditions. The polyplexes could
effectively escape from endosomes via the proton
sponge effect due to the presence of imidazole groups.
Once the polyplexes enter the cytoplasm and the
disulfide bonds were cleaved by GSH, the cationic
polymer would convert into a neutral polymer and
further promote the release of mRNA.

One-Component IAJD Dendrimersome Nanoparticle (DNP)

(IAJD)

sSS SS

One-Component
lonizable Amphiphilic
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Figure 5. Schematic representation of mRNA targeted delivery to spleen, liver, and lung with designed ionizable amphiphilic Janus dendrimer (IAJD). Adapted with permission

from [67], copyright 2022 American Chemical Society.
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Lipid-polymeric nanoparticles

Lipopolyplex (LPP)

Lipid-polymeric nanoparticles (lipopolyplexes,
LPPs) are composed of lipid shells and preformed
nucleic acid-polycation complex cores, presenting the
complementary properties of polymer nanoparticles
and liposomes [71], to promote cellular uptake and
facilitate endosomal escape of the payload [72]. The
earliest study on mRNA-based vaccines delivered by
LPPs was reported by Hoerr et al., who demonstrated
strong immune responses and long-term protection
using mRNA [73]. In recent years, several types of
LPPs for mRNA delivery have been explored using
various polymers, such as PEGylated histidylated
polylysine (PEG-HpK), PBAE, dendrimers, poly
(disulfide amide) (PDSA), and some other polymers
[74-76].

As reported, LPPs were prepared by adding
cationic lipids to the polyplexes composed of mRNA
and polymer PEG-HpK. This delivery system could
protect mRNA from degradation, facilitate
pH-responsive endosome escape, and enhance the
protective effect against melanoma tumor [77]. In
another study, LPPs containing mannose was
explored by incubating mRNA/PEG-HpK polyplex

with TriManlip100 liposome at an mRNA/liposome
ratio of 1:2 (Figure 6). These LPPs exhibited favorable
DCs targeting ability mediated by the interaction
between mannose and its receptors at cell surface, and
provided significant tumor-suppression ability [78]. A
redox-responsive polymer-lipid hybrid system was
established by taking advantage of hydrophobic
redox-responsive cysteine-based PDSA, G0-C14 and
lipid-PEG compounds [79]. PDSA was selected to
construct a stable core under normal physiological
conditions, while achieving a rapid trigger release of
payloads in tumor cells with high intracellular
glutathione (GSH) concentration. This polymer-lipid
hybrid vehicle could deliver p53-encoding mRNA
into tumor cells for the expression of tumor
suppressor p53 to achieve effective treatment.
Remarkably, SW-BIC-213, an mRNA vaccine using
LPP as a delivery system, was granted EUA in Laos in
2022, verifying the safety and efficacy of LPP in
delivering mRNA.

Cationic lipid-assisted nanoparticles (CLANs)

The CLANS system was first explored by Wang's
group in 2009. Major CLANSs consisting of PLGA core
and cationic lipid shell have been developed by
double-emulsion method. PLGA is typically used
with cationic lipids to load mRNA via electrostatic
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interactions due to its uncharged property. For
instance, PEG-b-PLGA-based nanoparticles assisted
by cationic lipid BHEM-Chol was developed to form
CLAN nanoparticles, which were then screened for
efficiently delivery of Cas9 mRNA and NLRP3 gRNA
to macrophages in mice (Figure 7) [80]. Successful
prevention or treatment of sepsis, peritonitis, and type
II diabetes in mice was demonstrated by knocking out
the NLRP3 gene and suppressing the activation of the
NLRP3 inflaimmasome. Similarly, Zhao et al
developed lipid-polymer hybrid nanoparticles by
incorporating acid-terminated PLGA into lipid
nanoparticles, resulting in prolonged release of
mRNA from the nanoparticles and improved mRNA
delivery efficiency [81]. Overall, CLANs have been
proved to be a promising platform for mRNA vaccine
delivery.

Inorganic nanoparticles

Inorganic nanoparticles have been extensively
researched for mRNA delivery due to their unique
properties, narrow size distribution, and surface
chemistry amenable to ligand conjugation [82, 83].
Iron oxide and gold nanoparticles are commonly
considered as non-toxic nanomaterials [84], but
further surface modification is still necessary for
better biocompatibility.

Erasmus et al. [85] applied lipid inorganic
nanoparticles (LIONs) to deliver replicon RNA
(repRNA) encoding SARS-CoV-2 S protein to enhance
vaccine stability, delivery, and immunogenicity.
LION is a highly stable cationic emulsion composed
of squalene, DOTAP, Span 60 and Tween 80, with
superparamagnetic iron oxide nanoparticles (SPIO)
embedded in the hydrophobic oil phase. When LION
was simply mixed with RNA molecules at a 1:1 (v/v)
ratio, electrostatic association between anionic
repRNA and cationic DOTAP on the surface of LION

90-nm LION/repRNA-CoV2S nanoparticle delivery
system was obtained (Figure 8). The nanoparticle
vaccine could elicit robust production of
anti-SARS-CoV-2 S protein IgG antibody in mice after
a single intramuscular injection, and potent T cell
responses were induced after a prime/boost regimen.
The efficacy was also demonstrated in nonhuman
primates, which emphasized the promising prospect
of this RNA delivery system. Interestingly, the author
claimed that the two-vial approach, where one vial
contains the LION formulation and the other vial
contains the repRNA vaccine, will be able to provide a
significant manufacturing and distribution advantage
over formulations requiring complex processes to
encapsulate  RNA into lipid nanoparticles. The
repRNA vaccine and LION formulation can be scaled
up and stockpiled separately and then combined on
site before use.

Gold nanoparticles (AuNPs) have been used as
biomacromolecule carriers in various applications.
Mbatha et al. [86] aimed to formulate folic-acid-
(FA)-modified, poly-amidoamine-generation-5
(PAMAM G5D)-grafted AuNPs (Au:G5D:FA) to
deliver mRNA encoding luciferase. Briefly, PAMAM
G5D was conjugated to FA, and then the synthesized
G5D:FA was further covalently grafted to AuNPs to
give rise to Au:G5D:FA, which was subsequently
mixed with mRNA at a 4:1 ratio (w/w) to obtain
mRNA-loaded nanocomplex. The stable nanocomplex
provided excellent protection to the mRNA against
RNases. More importantly, the superior in vitro
transfection efficiency of the nanocomplex indicated
the synergistic roles played by both dendrimer and
AuNPs in the formulation. The proof-of-concept
study has shown potential application of AuNPs in
mRNA delivery. However, despite the promising
results, most research using inorganic nanoparticles
for mRNA delivery is still in the proof-of-concept
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Figure 8. A graphical representation of LION and formation of the vaccine complex after mixing with repRNA. Adapted with permission from [85], copyright 2020 Amer Assoc

Advancement Science.
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optimization, as well as more studies in primates and
humans, are still necessary for inorganic nanoparticles
to broaden their potential applications.

Cationic nanoemulsion

Cationic nanoemulsions (CNEs) have more
recently been described as an mRNA delivery system,
mainly due to their safety, well-established
production technique, and ability to overcome some
major problems associated with liposomes, such as
the prevention of particle aggregation in biological
fluids [88]. CNEs are dispersions of an oil phase in an
aqueous phase, generally stabilized by a single
cationic lipid or a mixture of phospholipids, non-ionic
surfactants, and/or PEG-lipids. The cationic lipid in
the formulation plays a crucial role in the
complexation of mRNA through electrostatic
interactions.

Brito et al. [89] described a CNE delivery system
to deliver a self-amplifying mRNA vaccine. The CNE
is based on Novartis’s proprietary adjuvant MF59,
which was prepared by mixing an aqueous phase
containing Tween 80 with an oil phase containing
Span 85, DOTAP, and squalene, followed by homo-
genization with a homogenizer and microfluidizer.
mRNA was added to the CNE at a 7:1 N/P ratio and
allowed to complex on ice. The Z-average diameter of
the obtained complex was 129 nm with a PDI of 0.117.
The protective effect of CNE on mRNA stability was
demonstrated by RNase treatment. The obtained
vaccine elicited potent immune responses in mice,
rats, rabbits, and nonhuman primates, which offers an
optimistic prospect for this technology. In addition,
Luisi et al. [90] developed ZIKV vaccine candidates
using self-amplifying mRNA (SAM) delivered by
CNE that allows bedside mixing by trained medical
personnel. After intramuscular injection of the vaccine
candidate, a potent neutralizing antibody response to
ZIKV was elicited both in mice and nonhuman
primates, and these animals were protected from
ZIKV challenge. This study provides a preclinical
proof of concept that a SAM-CNE vaccine beside
mixing would be particularly useful for a rapid
response against a pandemic outbreak. Similarly,
researchers developed mRNA vaccines delivered by
CNE to fight against human immunodeficiency virus
and Venezuelan equine encephalitis virus, both
inducing robust protective immunogenicity [91, 92].

While human data on CNE are still pending, it
has demonstrated efficacy in multiple preclinical
models, indicating significant potential in human
clinical evaluation. Further studies are needed to
evaluate the safety and efficacy of these delivery
systems in humans.

Others

In addition to nanoparticles discussed above,
other mRNA drug delivery systems have been
explored.

Cationic peptides or proteins can electrosta-
tically interact with negatively charged mRNA to
form nanocomplexes. For example, protamine has
been used to form complexes with mRNA and has
shown improved transfection efficiency compared to
naked mRNA [73]. However, the development of this
delivery system is challenging due to severe adverse
effects [93]. Another class of potential mRNA drug
delivery systems is cell-penetrating peptides (CPPs),
which are mostly cationic peptides of 8-30 amino
acids in length. CPPs can spontaneously complex
with anionic mRNA through electrostatic interactions
upon physical mixing [94-96]. Some CPP-mRNA
nanocomplexes have yielded enhanced vaccination
effects compared to standard liposomal mRNA
formulations [97], indicating great potential for the
development of mRNA vaccines and therapeutics
[98].

Cell-secreted extracellular vesicles, also known
as exosomes, are also promising carriers for mRNA
delivery due to their favorable biocompatibility,
pharmacokinetic properties, and ability to penetrate
physiological barriers. However, obtaining adequate
exosomes to deliver mRNA has proven challenging,
as only a limited number of cells have been reported
to secrete sufficient exosomes [99]. While post-
insertion of short RNA into exosomes via electropo-
ration has demonstrated promising therapeutic
efficacy [100], challenges remain for delivering large
nucleic acids to nano-sized exosomes. Recently, Yang
et al. [101] developed a cellular nanoporation biochip
to stimulate cells to secrete exosomes containing
therapeutic mRNA. In glioma mouse models,
mRNA-containing exosomes were able to restore
tumor-suppressor function, enhance inhibition of
tumor growth, and increase survival time, supporting
the translational potential of therapeutic exosomes.
For exosome-based therapeutics, effective release of
exosomes by cells, exosome isolation techniques, and
efficient mRNA loading must be prioritized to achieve
successful applications [102].

Nano-hydrogel is another promising carrier for
mRNA delivery. Fu et al. [103] developed a
nano-hydrogel system composed of DNA for mRNA
delivery, which has superior biocompatibility
compared to chemical vehicles. The X-shaped DNA
scaffold contains 3 sticky ends that can be paired with
the tail and cap regions of the mRNA through a
pH-responsive i-motif linker. In this way, the compact
nanosphere can be formed under neutral conditions
and disintegrate under acidic environments due to the
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Figure 9. Local administration routes for mRNA vaccines delivery. Created by BioRender.com. (A) Intramuscular injection is the most common mode of vaccination and can
deliver mRNA into muscle tissue. (B) Intradermal injection can deliver mRNA into areas with abundant APCs and induce a Thl-type immune response. (C) Subcutaneous
injection can deliver mRNA into the loose adipose tissue beneath the skin, allowing for a large injection volume.

de-hybridization of the i-motif with the scaffold. The
nano-hydrogel maintains its nanostructure in
physiological conditions and disintegrates upon
entering the acidic lysosome of cells via endocytosis to
release mRNA and facilitate protein expression.
Compared to commercial liposomes, the nano-
hydrogel exhibits much better biocompatibility with
comparable mRNA expression efficiency.

As further interdisciplinary studies are
conducted, additional forms of nanocarriers will
likely emerge and be applied in the delivery of
mRNA, concomitantly addressing some of the
existing key challenges.

Route of administration

The delivery route of mRNA vaccines is crucial
in determining their efficacy, as it depends on the
anatomical and physiological characteristics of the
vaccination sites, such as skin, lymphatic organs, or
muscles. These vaccines can be administered either
systemically or locally to achieve optimal results.

Systemic administration, either via intravenous
(i.v.) or intraperitoneal (i.p.) injection, can deliver
mRNA drugs directly or indirectly into systemic
circulation. Intravenous injection can provide the
largest administration volume of mRNA nano-
particles [104], which accumulate in different tissues
according to their intrinsic characteristic. After i.v.
injection, plain LNPs are absorbed by apolipoprotein
E (ApoE) and preferentially target the liver due to the
abundant distribution of ApoE receptors. The
liver-targeting property of nanoparticles provides
more therapeutic potential for protein replacement
therapy because the liver is considered a protein
factory. Furthermore, specific modifications can be
made on mRNA-loaded nanoparticles to target
different tissues after i.v. injection, such as the lungs
[74, 105, 106], brain [107], and circulating cells [108].
However, intravenous administration has some
disadvantages. The nanoparticles may be affected by

plasma proteins, enzymes, and mechanical forces in
the bloodstream, and the delivery vehicles themselves
may introduce systemic toxicity [109, 110].
Intraperitoneal (i.p.) injection-based mRNA vaccines
are administrated inside the peritoneum but outside
the serosa of the gastrointestinal tract. These sites
exhibit a strong absorptive capacity due to the large
peritoneal area, dense blood vessels, and lax
lymphatic vessels. In a recent study, liposome-
protamine-mRINA nanoparticles demonstrated a good
safety profile and delivery capacity of mRNA as well
as strong anticancer ability through i.p. injection in a
C26 colon cancer model [111].

Local administration is a delivery method that
can decrease the risk of systemic toxicity associated
with mRNA and nanoparticle vehicles. Intramuscular
(im.) injection (Figure 9A) is the most commonly
used mode of administration for vaccination and can
deliver mRNA into muscle tissue [112]. This injection
method is advantageous for achieving high-dose
administration but has specific requirements for
particle size and charge; larger particle sizes and
charges can hinder delivery and impact efficacy.
Currently, all commercially available COVID-19
mRNA vaccines are administered intramuscularly
[113]. Intradermal (i.d.) injection (Figure 9B) can
directly deliver the nanoparticles between the
epidermis and dermis dermis and can induce a
Thl-type immune response effectively due to the high
presence of antigen-presenting cells such as Langer-
hans cells and DCs [114]. Therefore, i.d. adminis-
tration may reduce vaccine dose (dose sparing),
thereby reducing costs (including transportation and
storage) and expanding the supply chain [115].
However, i.d. injection is limited by its low injection
volume and increased risk of local adverse effect such
as swelling, pain, erythema, and pruritus [116].
Subcutaneous (s.c.) injection (Figure 9C) involves
administrating the mRNA vaccine to the subcuta-
neous tissue area under the epidermis and dermis. In
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contrast to the dermis, this layer of skin is primarily
composed of a loose network of adipose tissue with
few immune cells [117], which allows for a larger
injection volume compared to i.d. injections. Notably,
the absorption rate is slower in the s.c. region, which
may result in mRNA vaccine degradation [118].

Aside from the conventional delivery routes
mentioned earlier, other delivery methods such as
intranasal instillation, aerosol inhalation, intraocular
injection, and intracerebroventricular injection are
currently under exploration. Administering mRNA
vaccines via intranasal instillation is possible because
APCs present in the lymph nodes at mucosal sites can
efficiently uptake the lipid nanoparticle-mRNA
formulations [119]. This method can prompt humoral
and cell-mediated immune responses [120, 121], and
can also deliver mRNA specifically to the lung or
brain, offering alternative routes for targeted delivery
[122, 123]. In principle, aerosol inhalation of mRNA
vaccines allows for the targeting of all respiratory
tract regions, including the pulmonary region [124],
thereby inducing localized immune responses at the
pathogen’s port of entry [125]. However, nebulized
mRNA-LNP faces several wunique challenges,
especially the sensitivity to the shear stress during
nebulization which resulted particle structure
disintegration and aggregation. To address this kind
of problems, Jiang et al. [126] altered the nebulization
buffer from PBS to 100 mM citrate buffer to increase
the LNP charge, and added branched polymeric
excipients bPEG20K, to alleviate the nebulization-
induced aggregation. The combinatorial strategy
yields a significant improvement in lung mRNA
delivery. Zhang et al. [127] utilized vibrating mesh
nebulizers to aerosolize mRNA-LNP formulations
and found that the target protein was predominately
expressed in the mouse lung following nebulization.
Several LNP formulations administered via inhalation
under clinical studies, such as MRT5005 (NCTO
3375047), an mRNA-LNP-based therapeutic against
cystic fibrosis in phase 1/1I clinical stage, demonstrate
the potential for aerosol inhalation as a delivery route.
The feasibility of intraocular and intracerebro-
ventricular injections as administration routes is still
under early investigation [128, 129], as they have
fewer application scenarios and are much challenging
operationally [130].

Clinical progress of mRNA vaccines for
different indications

Infectious Diseases

Infectious diseases pose a significant threat to
human health. To address this issue, mRNA vaccines
have emerged as a new technology with the potential

to combat infectious diseases effectively. mRNA
vaccines offer several advantages, such as ease of
manufacturing, acceptable immunogenicity, and a
good safety profile, which make them an attractive
option for combating infectious diseases [131]. The
approval of the COVID-19 vaccines BNT162b2 and
mRNA-1273 by the US Food and Drug
Administration (FDA) marked a significant milestone
for mRNA technology (Table 3). mRNA is now
recognized as a promising vaccine model for
infectious diseases, and more research is needed to
validate the efficacy of mRNA.

SARS-CoV-2

The global impact of the COVID-19 pandemic is
staggering, with over 772 million people infected and
more than 6.9 million fatalities until 22 November
2023. Among the effective vaccine candidates against
the virus are Pfizer-BioNTech’s BNT162b2 and
Moderna’s mRNA-1273, both authorized by the FDA
in 2020. BNT162b2 is made up of ionizable lipid
ALC-0315 and nucleoside-modified mRNA. In a
phase III trial with over 43,000 participants, the
vaccine demonstrated a remarkable 95% overall
efficacy in preventing COVID-19 infection and was
also effective in a mass vaccination campaign [132,
133].

Moderna's mRNA-1273  vaccine  utilized
ionizable lipid SM-102 to encapsulate modified
mRNA in lipid nanoparticles. In addition to
mRNA-1273, thermostable vaccine candidates are also
being developed, including ARCoV, a collaboration
between the Academy of Military Sciences of China
and Abogen Biosciences. ARCoV has been shown to
remain stable for a week at 25°C, making it ideal for
distribution in regions with limited access to
refrigeration. In a phase I clinical trial with multiple
dosing groups, ARCoV was found to be safe and
well-tolerated among all participants. Furthermore,
the vaccine was capable of eliciting robust humoral
and cellular immune responses (ChiCTR2000039212)
[134]. Several other promising self-amplifying mRNA
vaccine candidates are also under development by
Arcturus Therapeutics. Arcturus Therapeutics is also
actively involved in the development of several
promising self-amplifying mRNA vaccine candidates,
which have the potential to optimize immune
responses and reduce the required vaccine doses.
These vaccine candidates are currently in various
stages of preclinical and clinical development, and
show promising results in animal models and
early-phase clinical trials. Arcturus Therapeutics is
dedicated to advancing these innovative vaccine
candidates to combat infectious diseases, including
the ongoing COVID-19 pandemic.
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Influenza viruses

The influenza virus is a widespread human
respiratory pathogen that presents a major challenge
to public health and the global economy. Its ability to
undergo antigenic drift and antigenic transfer allows
for the emergence of new influenza strains, resulting
in regular seasonal epidemics and occasional
pandemics. These biological phenomena drive the
need for continuous vaccine updates to provide
adequate protection against evolving viral strains
[135]. The ongoing emergence of new strains of
influenza virus underscores the urgent need for
effective vaccines. mRNA-based vaccines are one
promising avenue for improving influenza
prevention. Multiple studies have shown that
mRNA-based influenza vaccines can trigger a potent
and durable immune response against the virus [136].
For example, two phase I clinical trials of Moderna's
mRNA-LNP vaccines for pandemic avian influenza
H10N8 and H7N9 influenza viruses (NCT03076385
and NCT03345043) demonstrated the safety and
immunogenicity of the vaccine in healthy adults. The
trials showed that the mRNA-LNP vaccine generated
a strong humoral immune response against the
targeted influenza viruses in the absence of adjuvants.
These results indicate that the use of LNP-formulated
mRNA is a promising vaccine platform for influenza
prevention, and the ongoing development of mRNA
vaccines holds great potential to further improve
influenza prevention and control [137].

Rabies virus

Rabies is a life-threatening neurological disease
that can affect various warm-blooded animals,
including humans. CureVac has developed the
mRNA vaccine candidate, CV7201, for rabies using
the cationic polypeptide protamine as a delivery
carrier. Preclinical studies of CV7201 in mice and pigs
have indicated that it can elicit effective humoral and
T-cell immune responses [138]. A phase I clinical trial
of CV7201 (NCT02241135) demonstrated that the
vaccine had a favorable safety profile and induced
immunogenicity against rabies virus at low doses [93].
However, CV7201 had a higher neutralizing antibody
when injected with a needle-free device compared
with a needle-syringe, which indicated that the
efficacy of CV7201 appeared to be largely dependent
on the vaccination method and would thus limit the
application of this vaccine [93]. CureVac has since
developed an alternative LNP-based delivery system,
CV7202 (NCT03713086), which has shown improved
results in clinical trials. The low-dose mRNA-LNP
vaccine was well-tolerated and safe, with all
participants demonstrating valid titers above 0.5
IU/mL [139]. Comparison of clinical trial data

between CV7201 and CV7202 showed that the
LNP-based delivery system was superior to the
protamine system in inducing an effective immune
response against rabies virus. These findings
highlight the importance of the mRNA delivery
system in the development of successful mRNA
vaccines.

Human immunodeficiency virus (HIV)

HIV is a global health challenge that weakens the
immune system by destroying immune cells, making
individuals more vulnerable to various infections and
diseases. There were approximately 38.4 million
people across the globe with HIV in 2021 according to
the Global Statistics. Despite years of research,
effective preventive vaccines against HIV are still
urgently needed. However, many HIV vaccine
candidates have failed in trials. The Sanofi and GSK
HIV vaccine, once considered the most promising
candidate, was declared a failure in 2020 [140].
Johnson & Johnson's Imbokodo vaccine demonstrated
a protective efficiency of only 25.2%, leading to a halt
in further development. Moderna's experimental
mRNA HIV vaccine, developed using the same
platform technology as their COVID-19 mRNA
vaccine, has shown significant promise in mice and
non-human primates. The vaccine was found to be
safe and capable of inducing the production of
neutralizing antibodies and a potent immune
response against HIV [141]. Currently, a phase I
clinical trial (NCT05414786) is underway to evaluate
the safety and immunogenicity of the mRNA-1644
vaccine candidate. These positive results suggest that
mRNA-based vaccines represent an innovative
approach to developing effective HIV vaccines and
hold tremendous potential for revolutionizing the
field of HIV research.

Others

Moderna has developed several LNPs-
formulated vaccines, including an mRNA vaccine
candidate (mRNA-1893) for the Zika virus currently
undergoing a phase II clinical trial (NCT04917861).
The vaccine encodes for structural proteins of the Zika
virus and has shown promising results in a Phase I
study, with both 10 pg and 30 pg dose levels
seroconverting a majority of seronegative participants
and boosting seropositive participants with good
tolerability. Another vaccine in development by
Moderna is the cytomegalovirus (CMV) vaccine
(mRNA-1647). CMV is a major cause of birth defects
worldwide and is particularly concerning for
pregnant women [142], who can transmit the infection
to their unborn babies. There is currently no approved
vaccine for CMV infection.
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Table 3. Summary of on-going clinical studies of mMRNA vaccines for infectious disease.
Name of product Payload (for example, Disease Route of NCT Number Study Trial status Sponsor/collaborators  Vehicle
antigen or protein) administration phase
mRNA-1010 Encoding for Seasonal Influenza im. NCT04956575 1/11 Recruiting ~ Moderna LNP
hemagglutinin (HA)
glycoproteins of the four
influenza strains
mRNA-1010 Encoding for Seasonal Influenza im. NCT05827978 III Active, not Moderna LNP
hemagglutinin (HA) recruiting
glycoproteins of the four
influenza strains
mRNA-1020, Eight mRNAs targeting Seasonal Influenza im. NCT05333289 1/1I Completed Moderna LNP
mRNA-1030 both hemagglutinin and
neuraminidase
mRNA-1189 Four mRNA's that encode  Epstein-Barr Virus im. NCT05164094 1 Recruiting ~ Moderna LNP
EBV envelope Infection
glycoproteins
mRNA-1345 Stabilized prefusion F Respiratory syncytial ~ im. NCT05127434 11/111 Active, Moderna LNP
protein virus recruiting
mRNA-1644 eOD-GT8 60mer mRNA HIV-1-infection im. NCT05414786 1 Active, Moderna LNP
recruiting
mRNA-1644v2-Co Core-g28v2 60mer mRNA  HIV-1-infection im. NCT05414786 1 Active, Moderna LNP
re recruiting
mRNA-1647 Six mRNAs coding for CMYV infection im. NCT04232280 1I Completed Moderna LNP
pentamer viral antigen and
gB protein of CMV
mRNA-1647 Six mRNAs coding for CMV infection im. NCT05085366 III Recruiting ~ Moderna LNP
pentamer viral antigen and
gB protein of CMV
mRNA-1653 Two distinct mRNA Human im. NCT04144348 1 Completed Moderna LNP
sequences encoding the Metapneumovirus and
fusion proteins of h(MPV ~ Human Parainfluenza
and PIV3 Infection
mRNA-1893 Structural proteins of Zika Zika virus im. NCT04917861 11 Active, Moderna LNP
virus recruiting
mRNA-1283 SARS-CoV-2 SARS-CoV-2 im. NCT05137236 11 Completed Moderna LNP
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04405076 11 Completed Moderna LNP
SARS-CoV-2
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04470427 111 Completed Moderna LNP
SARS-CoV-2
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04649151 1II Active, not Moderna LNP
SARS-CoV-2 recruiting
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04796896 1II/III  Active, Moderna LNP
SARS-CoV-2 recruiting
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04969276 11 Completed Moderna LNP
SARS-CoV-2
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04811664 1II Completed NIAID LNP
SARS-CoV-2
mRNA-1273 Stabilized S protein of SARS-CoV-2 im. NCT04894435 11 Active, Canadian Immunization LNP
SARS-CoV-2 recruiting ~ Research Network
mRNA-1273.211 ~ Combines mRNA-1273 SARS-CoV-2 im. NCT04889209 1/11 Completed  NIAID LNP
and mRNA-1273.351 in a
single vaccine
mRNA-1273.351 Codes for the full-length ~ SARS-CoV-2 B.1.351 im. NCT04785144 11 Completed Moderna LNP
prefusion stabilized S variant
protein of the SARS-CoV-2
B.1.351 variant
BNT162 (four Four different SARS-CoV-2 SARS-CoV-2 im. NCTO04380701 1/1I Active, BioNTech-Pfizer LNP
types) vaccines: BNT-162al, recruiting
BNT162b1, BNT162b2,
BNT162c2
BNT162b2 SARS-CoV-2 SARS-CoV-2 im. NCT04889209 1/11 Completed  NIAID LNP
BNT162b2 SARS-CoV-2 SARS-CoV-2 im. NCT04969250 1II Completed NIAID LNP
BNT162b2 SARS-CoV-2 SARS-CoV-2 im. NCT04816643 1I/III  Active, BioNTech LNP
recruiting
BNT164 Tuberculosis Tuberculosis im. NCT05537038 1 Recruiting ~ BioNTech Not declared
CVnCoV SARS-CoV-2 SARS-CoV-2 im. NCT04515147 lla Completed CureVac LNP
CVnCoV SARS-CoV-2 SARS-CoV-2 im. NCT04652102 1II/1II  Completed CureVac LNP
CV0501 SARS-CoV-2 Omicron SARS-CoV-2 Omicron im. NCT05477186 1 Completed GSK LNP
CV7202 RABV-G mRNA Rabies im. NCT03713086 I Completed CureVac LNP
CVSQIV four different seasonal influenza im. NCT05252338 1 Completed CureVac/GSK Not declared
influenza strains
ARCT-154 SARS-CoV-2 SARS-CoV-2 im. NCTO05037097 1/1I Unknown Arcturus Therapeutics ~ LUNAR®
ARCT-154 SARS-CoV-2 SARS-CoV-2 im. NCT05012943 1II/1II  Completed  Arcturus Therapeutics =~ LUNAR®
ARCT-021 SARS-CoV-2 SARS-CoV-2 im. NCT04668339 11 Terminated Arcturus Therapeutics =~ LUNAR®
ChulaCov19-BNA SARS-CoV-2 SARS-CoV-2 im. NCT05231369 1/1I Recruiting ~ Chulalongkorn LNP
159 University
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Name of product Payload (for example, Disease Route of NCT Number Study Trial status Sponsor/collaborators  Vehicle
antigen or protein) administration phase

MRT5407 Quadrivalent Influenza Influenza im. NCT05553301 I/1I Active, not  Sanofi LNP
recruiting

COVID-19 mRNA SARS-CoV-2 COVID-19 im. NCTO05373485 1 Active, not  CanSino LNP

vaccine recruiting

COVID-19 mRNA SARS-CoV-2 COVID-19 im. NCT05373472 11 Active, not  CanSino LNP

vaccine recruiting

COVID-19 mRNA SARS-CoV-2 SARS-CoV-2 id. NCT05315362 11 Recruiting  Leiden University Solid

vaccine Medical Center microneedle

skin patch

SYS6006 SARS-CoV-2 SARS-CoV-2 im. NCT05439824 1I Active, not  CSPC ZhongQi Not declared

recruiting ~ Pharmaceutical
Technology

LVRNAO009 SARS-CoV-2 SARS-CoV-2 im. NCTO05352867 11 Completed  AIM Vaccine LNP

ABO1009-DP SARS-CoV-2 Omicron SARS-CoV-2 Omicron im. NCTO05433194 1 Active, not  Abogen Biosciences LNP
recruiting

iHIVARNA-01 An HIV immunogen to HIV in. NCT02888756 11 Terminated Hivarna consortium, LNP

induce T cell responses Etherna

against relatively
conserved, vulnerable
portions of the virus, HTI

Note: i.m., intramuscular injection; i.n., intranodal injection; i.d., intradermal injection.

The mRNA-1647 vaccine is composed of six
mRNAs encoding for two CMV surface proteins (the
pentamer complex and glycoprotein B) and is
currently undergoing Phase III clinical trials
(NCTO05085366) [143]. Moderna is also developing
vaccine candidates against other latent viruses,
including Epstein-Barr virus (EBV), herpes simplex
virus (HSV), and varicella-zoster virus (VZV). These
vaccine candidates, like Moderna's other mRNA
vaccines, utilize LNP formulations and hold promise
as new tools for preventing and controlling viral
infections. Continued research and clinical trials will
be essential to assess their safety, efficacy, and
potential impact on public health (Table 3).

Cancer

Cancer vaccines offer a promising alternative to
cancer immunotherapy by providing preventive and
therapeutic effects. By targeting tumor-associated
antigens (TAAs) or tumor-specific antigens (TSAs),
vaccines can specifically attack and destroy malignant
cells overexpressing these antigens while activating
immune memory to achieve long-lasting therapeutic
effects. Therefore, mRNA vaccines are expected to be
an effective means of cancer treatment.

TAAs are highly expressed on the surface of
tumor cells and can be recognized by the immune
system, thus achieving a killing effect. As a result,
many mRNA cancer vaccines based on TAAs are
under development, with BioNTech’s BNT111
showing the fastest progress, currently in phase I and
phase 1II clinical trials (NCT02410733). This vaccine is
formulated with LPX as a vehicle and mRNAs that
encode a fixed set of four melanoma-associated
antigens (New York oesophageal squamous cell carci-
noma 1 (NY-ESO-1), melanoma-associated antigen A3
(MAGE-A3), tyrosinase, and transmembrane phos-
phatase with tensin homology (TPTE)). The phase I

clinical trials showed BNT111 to be well tolerated in
patients with advanced melanoma and capable of
mediating a long-lasting immune response, linked to
the activation and strong expansion of tumor
antigen-specific CD4* and CD8* T «cells [144].
BioNTech also has other mRNA vaccines targeting
TAAs, such as BNT112 for prostate cancer (encoding a
fixed set of five prostate cancer-associated antigens),
BNT113 (encoding two oncoproteins, E6 and E7), and
BNT116 (encoding a fixed set of antigens frequently
expressed in non-small cell lung cancer (NSCLC)). In
contrast to BioNTech, previous investigations into
mRNA cancer vaccines at CureVac used protamine as
a delivery vehicle, which had limited protein
expression level speculated to be caused by excess
protamine and mRNA binding. Since then, the
pipeline appears to have been terminated. At present,
CureVac’s new pipeline CV8102 uses cationic peptide
as a carrier and is currently in phase I clinical study
for cancer treatment (NCT03291002) [145].

The genetic instability of tumor cells often results
in a large number of mutations. The expression of
non-synonymous mutations can lead to the
production of tumor-specific antigens (TSAs), known
as neoantigens. Some neoantigens can be expressed,
processed, and presented on the cell surface, where
they can be recognized by T cells. These neoantigens
are unique to each patient and have become ideal
targets for cancer immunotherapy. BioNTech has
developed several clinical neoantigen vaccine
candidates for the treatment of cancer. BNT122
(RO7198457) is an individualized cancer vaccine that
encodes up to 20 patient-specific tumor neoantigens.
Its aim is to induce a potent immune response against
the patient’s unique tumor. The vaccine is currently
being evaluated in a phase II trial. Recently, Moderna
and Merck have announced the phase 3 trial of their
personalized cancer vaccine, mRNA-4157 (also
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known as V940), which is formulated with up to 34
neoantigens and administered intramuscularly using
lipid nanoparticles (LNPs). The trial, launched on 26
July 2023, will test the efficacy of mRNA-4157
combined with pembrolizumab (Keytruda) as a
combination therapy for melanoma (NCT05933577).
Stemirna Therapeutics has also developed an mRNA
personalized cancer vaccine that uses encapsulated
mRNA encoding tumor neoantigens in LPP. The
vaccine is currently undergoing clinical phase I trial
(NCT05198752).

In addition, mRNA-LNPs can be used to relieve
the tumor immunosuppressive microenvironment by
delivering cytokines or co-stimulatory molecules,
producing anti-tumor effects. This approach has been
utilized in mRNA-2752, an LNP-encapsulated mRNA
vaccine encoding T cell co-stimulator (OX40 Ligand,
OX40L) and pro-inflammatory cytokines (IL-23 and
IL-36y). The vaccine is currently in phase I clinical
trials (NCT03739931), in which mRNA-2752 is
administered intratumorally every 2 weeks for up to 7
doses as monotherapy or in combination with
immune checkpoint inhibitor (ICI) durvalumab [146].
Results showed that mRNA-2752 was well tolerated
and of the 17 patients evaluated, 1 had a partial
response, 6 had stable disease, and 10 had progressive
disease. Similarly, BNT131 (SAR441000), encoding
IL-12sc, IL-15sushi, IFN-a, and granulocyte-
macrophage colony-stimulating factor (GM-CSF), is
also being investigated (NCT03871348).

The rapid development of delivery systems and
neoantigens has shown great potential in clinical trials
for the application of mRNA therapy in cancer, with
the possibility of improving cancer immunotherapies
in the tumor microenvironment (TME) by
nanoparticle-encapsulated mRNAs (Table 4).

In Vivo chimeric antigen receptor (CAR) T

The approval of CAR-T cell therapy by the FDA
in 2017 marked the beginning of a new era in cell
therapy. However, CAR-T cell therapy requires the
collection of the patient’'s own T cells, followed by
genetic reprogramming to enable them to recognize
and kill cancer cells. The entire process is complex,
time-consuming, and expensive. To overcome these
challenges, a potential solution is to engineer T cells in
vivo using a delivery system, especially LNPs, to
deliver mRNA encoding CAR.

The team of Michael J. Mitchell constructed an
ionizable library for the delivery of mRNA to primary
human T cells. The results showed that CD19-coding
mRNA could be successfully delivered to primary T
cells, producing functional CAR T cells [147].
Furthermore, Rurik et al. successfully generated
CAR-T cells in vivo and created an antifibrotic effect in

murine heart tissue using mRNA-LNPs. LNPs
modified with CD5 targeted T cells and delivered
mRNA for CAR that enabled them to attack activated
fibroblasts and reduce cardiac fibrosis [148]. While
CAR-T based on mRNA transduction may not
provide long-lasting CAR-T cells suitable for cancer
treatment, it is safer for myocardial fibrosis. The
development of in vivo generated CAR-T cell therapy
with only one injection of mRNA-LNPs holds great
promise to overcome the current problems of complex
processes, long treatment cycles, and high prices
associated with CAR-T therapy.

Others

mRNA-based protein replacement therapy has
shown promise in treating fibrosis. Patients with
fibrosis often suffer from recurrent airway infections
and chronic respiratory problems due to defective
fibrosis transmembrane conductance regulator
(CFTR), the chloride channel on epithelial cells. LNPs
encapsulating CFTR-coding mRNA can restore
chloride secretion in CFTR knockout mice.

Translate Bio has initiated a clinical trial
(NCT03375047) to evaluate the safety and tolerability
of inhalable mRNA-LNPs formulation (MRT5005) in
patients with fibrosis. In this study, patients received
a single dose of MRT5005 at three different dose
levels, and the results showed that MRT5005 was well
tolerated with improved lung function in the
medium-dose group.

Protein replacement therapy using mRNA-LNP
formulations can also treat inherited metabolic
diseases, such as propionic acidemia (PA)
(NCT04159103). PA is a rare metabolic disorder
caused by the deficiency of the PCC enzyme, with no
approved therapies. Moderna’s mRNA therapy for
PA (mRNA-3927) is a combination therapy encoding
for PCCA and PCCB to form an active PCC enzyme
(Table 5).

Gene editing systems provide the opportunity to
correct mutated genes, especially in genetic diseases.
Intellia Therapeutics has initiated a phase I clinical
trial (NCT04601051) to investigate the safety, kinetics,
and pharmacodynamics of NTLA-2001 (LNPs
encapsulating CRISPR-Cas9) in patients with
hereditary transthyretin amyloidosis (ATTR). ATTR is
a progressively fatal disease characterized by the
accumulation of amyloid fibrils composed of
misfolded transthyretin (TTR) protein in tissues.
NTLA-2001 aims to edit TTR in hepatocytes, leading
to a decrease in the production of both wild-type and
mutant TTR after a single administration [149].
Updated data from phase I over 60 patients showed
consistent, deep and durable serum TTR reduction,
which means that gene editing therapies may make
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breakthrough progress in the future.

Table 4. Summary of on-going clinical studies of MRNA vaccines for cancer.

Name of product Payload (for example,  Disease Route of NCT Study Trial status  Sponsor/collaborators Vehicle
antigen or protein) administration Number phase
mRNA-4157 Twenty Melanoma im. NCT03897881 11 Recruiting ~ Moderna LNP
tumor-associated
antigens
mRNA-4157 Twenty Melanoma im. NCT05933577 111 Recruiting ~ Moderna LNP
tumor-associated
antigens
mRNA-4359 IDO and PD-L1 Advanced Solid Tumors im. NCT05533697 1/11 Recruiting ~ Moderna LNP
mRNA-5671 Target G12D, G12V, Neoplasms im. NCT03948763 1 Completed  Merck Sharp & Dohme  LNP
(V941) G13D or G12C driver Carcinoma, Non-Small-Cell LLC
mutations in Lung
the KRAS gene Pancreatic Neoplasms
Colorectal Neoplasms
BNT111 Four melanoma- Melanoma iv. NCT04526899 11 Active, not  BioNTech LPX
associated antigens recruiting
BNT112 Five prostate cancer- Prostate Cancer iv. NCT04382898 1/11 Active, not  BioNTech LPX
associated antigens recruiting
mRNA-2752 Encoding OX40L T cell ~ Advanced Malignancies it NCT03739931 1 Recruiting ~ Moderna LNP

co-stimulator, IL-23 and
IL-36y pro-inflammatory

cytokines
MEDI1191 IL-12 Solid Tumors it NCT03946800 I Completed MedImmune LLC LNP
BNT113 Two oncoproteins, Unresectable Head and iv. NCT04534205 II Recruiting ~ BioNTech LPX
E6/E7 Neck Squamous Cell
Carcinoma
Metastatic Head and Neck
Cancer
Recurrent Head and Neck
Cancer
BNT116 Tumor-linked antigens  NSCLC iv. NCT05557591 11 Recruiting ~ BioNTech LPX
found to be
commonly expressed in
NSCLC
BNT122 Up to 20 patient-specific Colorectal Cancer Stage iv. NCT04486378 11 Recruiting ~ BioNTech LPX
(RO7198457) tumor neoantigens /11
BNT142 bispecific antibody, Solid Tumor iv. NCT05262530 I/11 Recruiting ~ BioNTech LNP
against CLDN6 and CD3
BNT151 L2 Solid Tumor iv. NCT04455620 1/11 Recruiting ~ BioNTech LNP
BNT152/BNT153 IL-7/1L-2 Solid Tumor iv. NCT04710043 1 Recruiting ~ BioNTech LNP
BNT131 1L-12sc, IL15-sushi, Metastatic Neoplasm it NCT03871348 1 Active, not  Sanofi Not
(SAR441000) GM-CSF, IFNa recruiting ~ BioNTech RNA declared
Pharmaceuticals GmbH
CV8102 Agonist to TLR-7/-8 and Melanoma (Skin) it NCT03291002 I Unknown  CureVac Cationic
RIG-I Squamous Cell Carcinoma status Syneos Health peptide
of the Skin Cromos Pharma LLC
Carcinoma, Squamous Cell
of Head and Neck
Carcinoma, Adenoid Cystic
SW1115C3 Neoantigen Solid Tumor s.Cc. NCT05198752 1 Recruiting ~ Stemirna Therapeutics LPP
SW1115C3 Neoantigen Solid Tumor s.C. NCT05949775 Not Not yet Stemirna Therapeutics LPP

Applicable recruiting

Note: i.t., intratumoral injection; i.v., intravenous; i.m., intramuscular injection; s.c., subcutaneous injection.

Table 5. Summary of on-going clinical studies of MRNA for other applications.

Name of product Payload (for example, Disease Route of NCT Study phase Trial status  Sponsor/collaborators Vehicle
antigen or protein) administration =~ Number
MRT5005 Cystic fibrosis Cystic fibrosis Inhalation NCT03375047 I/11 Unknown Translate Bio LNP
transmembrane status
conductance regulator
LUNAR-OTC Ornithine transcarbamylase Ornithine iv. NCT04442347 Tb Active, not Arcturus LUNAR®
(ARCT-810) transcarbamylase recruiting
deficiency
mRNA-3927 Propionyl-CoA carboxylase Propionic acidemia iv. NCT04159103 I/1I Recruiting Moderna LNP
NTLA-2001 Cas9 Transthyretin iv. NCT04601051 1 Recruiting Intellia Therapeutics ~ LNP
amyloidosis
NTLA-2001 Cas9 Transthyretin iv. NCT05697861 Observational Recruiting Intellia Therapeutics ~ LNP
amyloidosis
NTLA-2002 Cas9 Hereditary iv. NCT05120830 I/1I Recruiting Intellia Therapeutics ~ LNP
Angioedema

Note: i.v., intravenous.
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Market trend

The outbreak of COVID-19 has accelerated the
development of mRNA technology platforms, leading
to the creation of over 200 products as of 2023. These
products rely on delivery systems such as LNP, LPX,
LPP, LUNAR®, and other nanoparticles, although
LNP remains the most common formulation. Initially
focused on prophylactic vaccines, the number of
mRNA products is gradually shifting towards
therapeutic vaccines, with oncology being a
particularly notable area of progress. mRNA-based
therapies show great potential, and there are currently
approximately 150 clinical trials for mRNA-based
cancer treatments listed on ClinicalTrials.gov.

BioNTech, Moderna, and CureVac have robust
mRNA-based pipelines, with many companies
developing mRNA vaccines for cancer therapy,
including TAA vaccines, personalized cancer vaccines
(PCV), and cytokines, alongside anti-infection
prophylactic  mRNA  vaccines. BioNTech and
Moderna's clinical phase II products lead the way,
with few emerging mRNA enterprises entering the
clinical stage. In the realm of prophylactic vaccines,
Abogen's COVID-19 vaccine has entered clinical
phase 1II, while Stemirna, Lifanda Bio, CanSino, and
CSPC have also made significant progress. However,
other products are still in preclinical stages and
lagging behind the international market leaders.

An increasing number of companies are
collaborating with each other to develop combination
therapies, such as combining mRNA vaccines with
PD-1 inhibitors or cell therapy. Additionally, Capstan
Therapeutics is poised to advance in vivo CAR-T
therapy to the clinical stage using LNP and mRNA
technology, which target two types of cells: T cells for
treating hematological cancers, solid tumors, fibrotic
diseases, and autoimmune diseases, and hemato-
poietic stem cells for treating inherited blood
disorders.

According to Xie et al.'s analysis and prediction,
the global mRNA technology market was mainly
driven by COVID-19 in 2021. Pfizer and BioNTech's
COVID-19 mRNA vaccine generated nearly $40.4
billion in revenue, while Moderna saw a 2000%
increase in annual revenue due to the same. However,
with COVID-19 being controlled and the population
receiving universal vaccination, the market size is
expected to decrease. From 2025 to 2035, mRNA
products will be introduced successively, with
prophylactic vaccines remaining the mainstream
products. With the development of therapeutic
vaccines and other mRNA products, the market is
expected to reach approximately $23 billion by 2035
[150].

Conclusions and prospective

mRNA-based therapy holds great promise for
treating infectious diseases, cancer, and inheritable
diseases. The rapid development of biomaterials and
nanotechnology could greatly help solve various
problems such as delivery issues, limited stability, cell
targeting and transfection efficiency. Non-viral
vectors, such as LNPs, can effectively load mRNA,
improve transfection efficiency, trigger immune
responses, and enhance antibody titers. This has been
exemplified by mRNA vaccines for COVID-19.
Further development and clinical applications of
mRNA-based therapeutics can be facilitated by the
use of LPX, polyplexes, LPPs, and others. However,
the safety, effectiveness, and functionality of these
delivery vectors need to be explored. For lipid
nanoparticles, biodegradable lipid-based nanopar-
ticles can be quickly eliminated from plasma and
tissues, enhancing their safety and tolerability.
Cationic lipids determine the delivery efficiency and
transfection efficiency of lipid nanoparticle-mRNA
formulations, and toxicity of vectors is related to
cationic lipid structure. Ionizable lipids endow
vectors with low toxicity stealth ability. Regulating
head groups and hydrophobic tails of lipids can
enhance the delivery efficiency of mRNA by
increasing cellular uptake and endosomal escape of
mRNA-loaded lipid nanoparticles. Adjusting lipid
structures can also achieve organ-specific and
cell-specific delivery of lipid nanoparticles. In the face
of these challenges, naturally derived membrane
lipids (such as exosomes and cell membranes) may
provide another option for mnRNA delivery.

For other delivery vectors, polymeric nano-
particles exhibited diversified delivery strategies
owing to the versatility, tunability and scalability of
polymers. Both targeted functional groups modified
polymers and responsive polymers can effectively
delivery mRNA in vitro and in vivo. However, as
clinical vaccine candidates, polymeric nanoparticle-
mRNA formulations require comprehensive safety
evaluation of polymers and their degradation
products, as well as reliable quality controls based on
the complexity of polymer structures before entering
the market. Hybrid nanoparticles, such as LPPs or
CLANs, may improve mRNA delivery potency by
integrating the advantages of individual components,
whereas the biodegradability of components and their
degradation products should be evaluated.

In recent years, numerous preclinical and clinical
trials of mRNA vaccines for various diseases have
also confirmed the reliability of these mRNA-based
treatment nanoplatforms. mRNA vaccines on the
market are primarily administered by injection,
creating opportunities for the development of new
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delivery technologies and dosage forms. However,
due to the limitations of mRNA, additional efforts are
needed to explore novel nanoplatforms and
optimized formulations that can achieve effective in
vivo delivery, minimal toxicity, and favorable potency.
Therefore, ongoing research efforts are focused on
creating better mRNA delivery vehicles with
enhanced performance and safety for treating a range
of diseases.
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