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ABSTRACT

In recent years, messenger RNA (mRNA) vaccines have been intensively studied
in the fields of cancer immunotherapy and infectious diseases because of their
excellent efficacy and safety profile. Despite significant progress in the rational
design of mRNA vaccines and elucidation of their mechanism of action, their
widespread application is limited by the development of safe and effective
delivery systems that protect them from ubiquitous ribonucleases (RNases),
facilitate their entry into cells and subsequent escape from endosomes, and
target them to lymphoid organs or particular cells. Some mRNA vaccines based
on lipid carriers have entered clinical trials. Vaccines based on polymers, while
not as clinically advanced as lipid vectors, show considerable potentials. In this
review, we discuss the necessity of formulating mRNA vaccines with delivery
systems, and we provide an overview of reported delivery systems.

polymer,
lipid

1 Introduction

Messenger RNA (mRNA) vaccines carry transcripts
encoding antigens, and use the host cell translational
machinery to produce the antigens, which then stimulates
an immune response [1]. In 1993, liposome-delivered
mRNA encoding influenza virus nucleoprotein was
shown to induce a virus-specific T cell response in
mice [2], and since then these vaccines have been the
subject of intense research. Their popularity reflects
their numerous advantages over other vaccine platforms.
Live attenuated vaccines carry the risk that the
attenuated organism will revert to a virulent form,
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and their complex composition can trigger adverse
effects [3]. In contrast, mRNA vaccines express well-
defined antigens that induce focused immune responses
specifically against the encoded antigens [4]. Inactivated
pathogens or subunit vaccines are generally safer
than live attenuated vaccines, but they are considered
to elicit primarily humoral immunity. In contrast,
mRNA vaccines can induce both humoral and cellular
immune responses, including responses mediated
by cytotoxic T lymphocytes (CTLs), which are essential
for cancer immunotherapy and for eradicating
pathogens “hidden” within host cells [5]. In addition,
these vaccines can be constructed simply and inex-
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pensively in a similar way with high purity and
stability [4, 6].

These advantages of mRNA vaccines mentioned
above are shared by DNA vaccines and viral vectors.
However, mRNA vaccines have advantages over these
other nucleic acid vaccines. DNA vaccines must be
delivered into the nucleus, where antigen transcripts
are generated for subsequent translation in the
cytoplasm. Ensuring entry of DNA vaccines into the
nucleus brings technical challenges and carries risk
of insertional mutagenesis [3, 7]. The application of
viral vectors can be severely limited by anti-vector
immunity resulting from live infection or previous
immunization [3]. In contrast, mRNA vaccines are
usually delivered by non-viral systems and are required
only to reach the cytoplasm, eliminating risk of
integration into the host genome [5]. In addition,
mRNA vaccines can transfect cells that divide slowly
or not at all, such as dendritic cells (DCs) [5]. DNA
vaccines cross the nuclear membranes of such
cells much less efficiently than they cross the nuclear
membranes of rapidly dividing cells [8]. The fact that
mRNA does not replicate and is metabolically degraded
within a few hours [9] means that the expression of
mRNA is rapid and transient. As a result, exposure
to antigen is more controlled, minimizing the risk of
tolerance induction [10]. Moreover, mRNA is not
categorized by the US Food and Drug Administration
as a genetically modified organism, whereas plasmid
DNA s [11].

Despite all these advantages of mRNA vaccines,
their development has long been surpassed by that
of DNA vaccines because of uncertainties about RNA
stability and large-scale manufacturing [3]. Technical
advances in RNA biology and chemistry have
eliminated these issues, but challenges remain,
including how to protect mRNA from degradation,
how to ensure its efficient arrival into the cytoplasm,
how to target it to desired cells and tissues in vivo,
and how to balance intrinsic adjuvant activity with
translation inhibition. In the present review, we will
discuss these challenges and describe the rational
design of mRNA structure to ensure its stability and
efficient translation. We will discuss the necessity of
formulating mRNA vaccines with delivery systems,
and review lipid- and polymer-based as well as hybrid
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delivery systems that have been reported in the
literature. Finally, we will provide an overview of
preclinical and clinical applications of mRNA vaccines.

2 From production to function

Synthetic mRNA can be produced in a cell-free in
vitro transcription system containing a DNA template
encoding all the structural elements of a functional
mRNA, ribonucleotides, bacteriophage RNA poly-
merase, and normally a synthetic cap analogue [7, 12].
In some cases, total RNA extracted from tumor cells
can also be used as vaccines [13]. The antigen-encoding
mRNA, whether in vitro-transcribed or extracted, is
administered nakedly or complexed with an appro-
priate vector. In all cases, the mRNA induces an
immune response via a similar process (Fig. 1).

At first, target cells internalize the mRNA vaccine;
these target cells may be DCs in the case of intranodal
injection [14] or non-immune cells at the administration
site in the case of intramuscular injection [15]. Many
cell types can take up naked mRNA spontaneously in
a temperature- and dose-dependent manner [16].
Most mRNAs appear to enter cells via caveolae/lipid
rafts and involve scavenger-receptor(s) [16, 17], but
they enter DCs primarily via macropinocytosis [18,
19]. Uptake of mRNAs in vivo can be as efficient, or
even more so, as uptake in vitro [7, 15, 20]. Internalized
mRNA vaccines are usually trapped in endosomal
vesicles, so they have to escape from the endosomes
to reach the cytosol to be translated. The underlying
mechanism remains unclear [5].

After escape into the cytoplasm, the mRNA is
translated to produce the encoded antigens, which in
DCs are degraded by cytosolic proteasomes, in the
same way that endogenous proteins are degraded.
The resulting epitope peptides are transported to the
endoplasmic reticulum, where they bind with major
histocompatibility complex (MHC) I molecules. MHC
I/epitope complexes are presented on the cell surface
and induce antigen-specific CD8+ T cell responses [5,
12, 21]. MHC II/antigen presentation, which leads to
a CD4+ T helper cell response, is induced after DCs
take up antigens released in the extracellular medium
[21]. When an mRNA vaccine is internalized mainly
by non-immune cells, a CD8+ T cell response is also
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Figure 1 Major steps involved for mRNA vaccines from production to function. (a) /n vitro transcription: mRNA is transcribed from a
DNA template in a cell-free system. (b) Cellular uptake: mRNA vaccine is internalized by DCs and trapped in endosomal vesicles.
(c) Endosome escape: Entrapped mRNA is released into the cytoplasm. (d) Translation: Antigen proteins are synthesized using translational
machinery of host cells. (¢€) MHC class I epitope processing pathway: Antigen proteins are degraded by proteasomes in the cytoplasm
and generated epitopes are transported into the endoplasmic reticulum to bind with MHC class I molecules. (f) Presentation of MHC
I/epitope complexes: MHC I/epitope complexes are presented on cell surface, leading to the induction of the antigen-specific CD8+ T
cell response. (g) MHC class 11 epitope processing pathway: Exogenous antigens are taken up and degraded in endosomes. Generated
epitopes bind with MHC class II molecules. (h) Presentation of MHC Il/epitope complexes: MHC Il/epitope complexes are presented on
the cell surface, leading to the induction of antigen-specific CD4+ T cell response.

observed, which might be partly obtained by cross-
presentation of the translated antigens [22].

In addition, in vitro-transcribed mRNA possesses
strong immunostimulatory effects and intrinsic
adjuvant activity that may affect vaccine efficacy [23].
Like viral RNA, synthetic mRNA is recognized by
specific pattern recognition receptors (PRRs) of the
innate immune system, inducing the secretion of type I
interferon (IFN) and establishing an antiviral response
[5]. These PRRs are mainly Toll-like receptors (TLRs)
localized in endosomal compartments, including TLR
3,7, and 8, as well as the retinoic acid-inducible gene
I (RIG-I)-like receptor (RLR) family and the nuclear
oligomerization domain-like receptor (NLR) family
in the cytoplasm [5]. Each PRR recognizes various
specific structural features of synthetic mRNA [24-33],
and the PRRs involved differ between immune and
non-immune cells [1, 12]. While this activation of the
innate immune system is desirable for vaccine efficacy,

it may actually reduce this efficacy by destabilizing
the antigen-encoding mRNA and inhibiting its
translation [1,5,12]. Therefore, one challenge in
designing effective mRNA vaccines is how to deal
with the “doubled-edged” sword of innate immune
induction.

In order to arrive in the cytoplasm of target cells
where it can be translated, naked mRNA faces several
serious challenges. It is susceptible to ubiquitous
extracellular ribonucleases (RNases) [34], and its large
size, negative charge, and hydrophilic nature mean
that it cannot easily diffuse passively across the cell
membrane [12]. Many cells can internalize naked
mRNA via caveolae/lipid rafts or macropinocytosis,
but usually the uptake is inefficient and saturates at
low doses [12]. Escape from endosomes is another
issue. It has been reported that only small amounts of
naked mRNA leak into the cytoplasm from lysosomes
after scavenger-receptor mediated endocytosis [16].
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Naked mRNAs also face challenges when they must
be preferentially internalized by DCs in order to launch
a CD8+ T cell response [5]. DCs can be pre-loaded ex
vivo with antigen-encoding mRNAs [35], usually by
electroporation, but the procedure is time-consuming
and laborious, and it requires patient-specific cell
preparations [7]. Another possibility is to administer
mRNA vaccines intranodally [14], where they are taken
up by resident DCs [5]; but this procedure usually
requires surgery or guidance, making it complex and
bringing potential risks [36].

These issues limit the ability of naked mRNA
to induce potent antigen-specific immune responses.
To achieve ideal vaccine potency, delivery systems
are required, which protect mRNA from ubiquitous
RNases, facilitate its entry into cells and escape from
endosomes, and target lymphoid organs or particular
cell types, especially DCs. Some carriers can even
affect the immunostimulatory properties of mRNA
[37]. Lipid-based vectors are the most frequently used
nucleic acid carriers, and some have entered clinical
trials [38]. Polymers can also efficiently deliver nucleic
acids, and they offer greater flexibility than lipids. In
this review, we will provide an overview of lipid- and
polymer-based vectors as well as hybrid vectors that
deliver mRNA vaccines in vivo.

3 Rational design of mRNA structure

The structural characteristics of mRNA have a strong
impact on its intracellular stability and translation

Non-replicating mRNA
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efficacy, so researchers have invested significant efforts
into modifying the structural elements of synthetic
mRNA. Normally, synthetic mRNA is designed based
on the blueprint of eukaryotic mRNA [7], including
adding a cap at the 5’ end, a poly(A) tail at the 3" end,
and 5 and 3’ untranslated regions (Fig.2). Coding
regions are also optimized and base modifications
are introduced as appropriate [39].

Cap structure at the 5 end of mRNA is recognized
by cap-binding factor elF4E, and facilitates the
recruitment of 43S pre-initiation complex to the 5" end
of mRNA [40]. As a consequence, capping of synthetic
mRNA improves translation initiation. One approach
to capping mRNA is to add a synthetic cap analogue to
the in vitro transcription reaction [12]. Conventional
cap analogues (m7GpppG) are added in both forward
and reverse orientations, but only the forward-added
caps are functional [41]. The use of anti-reverse cap
analogs (ARCAs), such as 7-methyl(3’-O-methyl)GpppG
and 7-methyl(3’-deoxy)GpppG, ensures that caps are
incorporated in the correct orientation [42]. The ARCAs
can be further modified with phosphorothioate
substitutions [43]. This cap analogue binds tightly to
elF4E and is resistant to the decapping pyrophos-
phatase (DCPS). Another approach to capping mRNA
is to perform a second step with recombinant vaccinia
virus-derived capping enzymes after the initial in
vitro transcription [44]. The poly(A) tail prevents
mRNA degradation and facilitates binding of poly(A)
binding protein, increasing protein expression [45].
One method of adding a poly(A) tail is to transcribe
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Figure 2 Structure of non-replicating mRNA and self-amplifying mRNA. Non-replicating mRNA is designed based on the blueprint
of eukaryotic mRNA, consisting of the 5’ cap, the 5’ and 3’ untranslated regions (UTRs), the open reading frame (ORF) encoding the
antigens, and the 3' poly(A) tail. Self-amplifying mRNA is derived from alphavirus genomic sequences, in which structural genes have
been replaced with antigen-encoding sequences (ORF2) while genes encoding replication machinery (ORF1) remain intact.
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the mRNA from a DNA template containing the
poly(A) stretch, which yields mRNA with a poly(A)
tail of defined length [12]. Another method of adding
a poly(A) tail is enzymatic polyadenylation, which
generates a mixture of mRNAs differing in the length
of the poly(A) tails [12]. In this enzymatic approach,
modified nucleotides can be incorporated into the
poly(A) tail to inhibit deadenylation by poly(A)-specific
nucleases [12, 46]. Extending the poly(A) tail with a
nucleotide other than A significantly reduces expression
efficiency [45].

The stability and translation efficacy of mRNA can
be further improved by adding 5" and 3’ untranslated
regions containing multiple regulatory sequence
elements [12], such as those of the Xenopus {3-globin
gene [47]. Production of the antigens encoded by
the mRNA can also be affected by codon context (that
is, neighboring nucleotides and codons) [48] and
nucleotide content [49]; replacing rare codons with
synonymous frequent codons improves translational
yield [50].

Substituting uridine and cytidine with their modified
counterparts can also enhance mRNA translation
efficacy [51-53]. They increase protein expression
mainly by modulating mRNA's interaction with innate
immune systems. Cells have various pathways to
dispose foreign RNAs, involving TLRs, RNA helicase
RIG-I, and protein kinase R, which will result in innate
immunity system activation and the cell’s translational
machinery to be shut down [54]. In contrast, base-
modified mRNA can evade such recognition. These
base modifications can also protect mRNA molecules
from degradation by RNases [55].

Other strategies have been described to produce
more effective mRNA vaccines. For example, incor-
porating the coding sequence for a viral replicase into
the mRNA turns it into a self-amplifying “replicon”
[54], which can reduce the dose needed to elicit an
immune response [56]. An mRNA encoding a tumor
antigen together with the MHC Il-targeting sequence
from an endosomal or lysosomal protein can elicit
CD8+ as well as CD4+ T cell responses [57], which
is essential for a potent immune response. The
same mRNA encoding only tumor antigen does not
effectively elicit CD4+ T cell responses.

Nano Res. 2018, 11(10): 5338-5354

4 Lipid-based vectors

Various synthetic and naturally derived lipids are
commonly used for nucleic acid delivery [21]. Lipids
can be prepared as liposomes (the complexes of
liposomes and nucleic acids are called lipoplexes) or
lipid nanoparticles (LNPs) (Fig. 3(a)), both of which
have been reported to efficiently deliver mRNA
vaccines.

4.1 Lipoplexes

Liposomes have long been used as drug carriers
because of their easy preparation, minimal toxicity,
and biodegradability profiles [58]. Several liposome
formulations carrying small chemical drugs have
been approved by the FDA [59]. Safety and efficacy
of small interfering RN A-liposomal formulations have
been demonstrated in human trials [59]. In fact, diverse
liposomes have been designed to efficiently deliver
genes in vivo [60, 61], and some have been evaluated
for mRNA vaccine delivery, showing promise for cancer
immunotherapy [38] and infectious diseases [2].
Especially, cationic liposomes can complex with RNAs
via electrostatic interaction, and the resulting liposome-
based formulations are called lipoplexes [21]. These
lipoplexes form in a self-assembly process, comprising
a topological transition from liposomes into compact
RNA-lipoplex nanoparticles with a distinct internal
molecular organization [62]. Cationic lipids, such as
1,2-di-O-octadecenyl-3-trimethylammonium-propane
(DOTMA) and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), and zwitterionic lipids, such as 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
have been used for mRNA vaccine delivery [38, 63].
Neutral lipids are also incorporated into cationic
liposomes to decrease toxicity and attain high
transfection levels in vivo [64].

Several factors can affect the physicochemical
characteristics and biological activity of lipoplexes,
such as lipid components, ratio of cationic lipid to
mRNA, and ionic conditions [62]. One study varied
lipid:RNA ratios of a intravenously administered
lipoplex formulation to evaluate the effect of overall
particle charge on in vivo targeting of DCs, and found
that gradual decrease of the cationic lipid content
shifted encoded protein expression from the lungs
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Figure 3 Vectors for mRNA vaccines. (a) Lipid-based vectors, including lipoplexes and lipid nanoparticles. (b) Polymer-based
vectors, including polyplexes and micelleplexes. (c) Hybrid vectors, including lipopolyplexes and cationic nanoemulsions.

towards the spleen [38]. Near-neutral and slightly
negative particles provided an exclusively splenic
signal. Further research indicated that DCs are the
main source of encoded protein expression in the
spleen. In this way, DCs were targeted precisely and
effectively in vivo by optimally adjusting the net
charge of the lipoplex formulation, irrespective of the
lipids used (for example, DOTAM, DOPE, DOTAP,
cholesterol), without the need for functionalization of
particles with molecular ligands. The study showed
that lipoplexes encoding viral or neo-antigens or
endogenous self-antigens induce strong effector and
memory T-cell responses, and mediate potent IFNa-
dependent rejection of progressive tumors. To translate
this lipoplex formulation from bench to bedside,
lipolpex melanoma RNA immunotherapy (“Lipo-
MERIT”), an investigational medicinal product for
application to patients, was developed [62]. Briefly
speaking, this product consists of two kits: Kit A
contains RNA drug products. Kit B contains the
liposomes and isotonic saline solution as diluent. The
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injectable product is obtained by addition of the
diluent and the liposomes to the RNA. This ready-
to-use product allows for the flexibility in the use
of different RNA components, paving the way for
personalized cancer immunotherapy.

As cationic lipids are associated with rapid clearance
and toxicity concerns, ionizable lipids can be an
alternative [65]. Ionizable lipids are positively charged
at low pH but are neutral at physiological pH, retaining
advantageous transfection efficacy while reducing
the toxicity induced by positive charge. However,
ionizable lipids are not broadly used in lipoplex
formulation, but are used in LNPs, which will be
discussed in the next section.

4.2 LNPs

LNPs are one the most frequently used vectors for in
vivo RNA delivery [66]. They typically consist of four
components, including a cationic or ionizable lipid,
cholesterol, a helper phospholipid, and a polyethylene
glycol (PEG) lipid [65]. Cationic lipids can efficiently
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complex with anionic RNA molecules, but their per-
manent positive charge makes them more toxic as
mentioned earlier. As a result, ionizable lipids are
more typically used. Ionizable lipids allow RNA to be
encapsulated under acidic conditions and maintain a
neutral or mildly cationic surface charge at physiological
pH, consequently reducing non-specific lipid-protein
interactions and facilitating RNA release in the
cytoplasm [67]. The ability for ionizable lipids to
ionize as the pH drops is crucial for endosomal escape
as well. It is thought that the lipids’ positive charge
facilitates their electrostatic interaction and fusion with
the negatively charged endosomal membrane [68].
Apart from ionizable lipid, cholesterol is incorporated
for particle stability and helper phospholipid is incor-
porated to preserve the lipid bilayer structure.
In addition, PEG lipid is incorporated to reduce
interactions with plasma proteins in vivo and prolong
circulation time [69]. LNPs are typically formulated
by mixing an aqueous solution of RNA at low pH with
lipids in ethanol, while lipoplexes are formulated by
mixing RNA with the finished liposomes in a second
step.

The extensive research of LNPs for siRNA delivery
facilitates the development of LNPs for mRNA delivery.
An LNP formulation, which was originally used to
deliver short interfering RNA [70-72], has been used
to deliver mRNA vaccines against the Zika virus [73,
74]. These vaccines used mRNA encoding the pre-
membrane and envelope (prM-E) glycoproteins of
the Zika virus. In one study, a single immunization of
prM-E mRNA-LNPs via the intradermal route elicited
a potent and durable neutralizing antibody response
in wild-type C57BL6 and BALB/c mice and rhesus
macaques, and the vaccinated animals were highly
protected from subsequent Zika challenge [73]. In
a second study, two intramuscular immunizations
of similar prM-E mRNA-LNPs with lower total dose
led to high neutralizing antibody titers that protected
against Zika infection and conferred sterilizing
immunity in immunocompromised mice and imm-
unocompetent mice [74]. To diminish production of
antibodies that might cross-react with the related
dengue virus (DENV), the study designed modified
prM-E mRNA encoding mutations destroying the
conserved fusion-loop epitope in the E protein. The
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modified mRNA vaccine can reduce the risk of
sensitizing individuals to subsequent exposure to
DENV.

LNPs have also been used for cancer immunotherapy,
such as against B16F10 melanoma [75]. In that study,
different lipids for the individual components and
the molar compositions of the components were
optimized to induce a potent T cell response in vivo.
As a result, treatment of B16F10 melanoma tumors
with the optimized LNP formulation containing
mRNA encoding tumor-associated antigens led to a
decrease in tumor volume and longer overall survival.
Incorporating adjuvant lipopolysaccharide into the
LNPs may further enhance the immune response.

5 Polymer-based vectors

Polymer vectors, although not as clinically advanced
as lipid vectors, show considerable potential for nucleic
acid delivery. The complexation of anionic mRNA
molecules with cationic polymers occurs spontaneously
through electrostatic interaction, forming polyplexes
or micelleplexes (Fig.3(b)), which are usually not
differentiated. However, there are differences between
them. Micelleplexes are produced by cationic and
amphiphilic copolymers that can aggregate to form
micelles, whereas the polyplexes do not form micelles
[76]. They normally show higher stability than lipoplexes
[77]. Modifications to polymers such as molecular
weight, geometry (linear vs. branched), and ligand
attachment can be easily achieved as well [78].

5.1 Polyplex nanoparticles

Polyethylenimine (PEI) is one of the most frequently
used cationic polymers for gene and oligonucleotide
delivery [79, 80]. It has been prepared into polyplex
nanoparticles for mRNA vaccines. In one study [81],
a self-amplifying mRNA encoding influenza virus
hemagglutinin and nucleocapsid was incorporated
into nanoparticles by using linear PEI (molecular
weight, 22 kDa) or histidylated PEI (molecular weight,
34.5 kDa) to improve the efficacy of mRNA vaccines.
The resulting polyplex formulations successfully
delivered the mRNA to DCs and facilitated its
translocation to the cytosol, eliciting both humoral
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and cellular immune responses.

PEIs with large molecular weights may be appro-
priate for the delivery of self-amplifying mRNAs
because of self-amplifying mRNAs’ great size (12-
14 kb) and complexity. However, the high molecular
weight of PEI is associated with higher toxicity [64],
and in the case of non-replicative mRNA, large PEI-
polyplex delivery vehicles usually are too stable to
release mRNA in the cytoplasm [8]. However, the
transfection activity of smaller PEIs is poor. To mitigate
these disadvantages, our group developed a CP/mRNA
nanocomplex formulation for nasal delivery against
HIV [37,82]. CP is a polymer synthesized with
[-cyclodextrin (molecular weight, 1,135 Da) and either
branched PEI2k or PEI600. This PEI modification helps
the mRNA vaccine to safely cross epithelial barriers
and reach the nasal-associated lymphoid tissue [37],
while retaining the potent mucosal adjuvant activity
of PEI [82]. Screening molecular weights of branched
PEI molecules as well as N/P ratios of PEI to mRNA
showed that a CP2k/mRNA nanocomplex prepared
at N/P 16 transfected cells most efficiently in vitro
and elicited the strongest immune responses in vivo.
Intranasal inoculation with this formulation led to
strong systemic and mucosal immune responses
involving a balanced Th1/Th2/Th17 profile. The fact
that CP2k/mRNA nanocomplexes triggered lower
production of type I IFN than naked mRNA suggested
that the immunostimulatory effects of mRNA delivered
in CP2k/mRNA nanocomplexes were weakened.
Nevertheless, CP2k/mRNA complex triggered modera-
tely higher production of type I IFN than untreated
mice, indicating that the nanocomplex formulation
still triggered a slight innate immune response. The
CP2k/mRNA nanocomplex may achieve a balance
between antigen-specific immune response and innate
immunity.

Apart from PEI and its derivatives, other polymers
that have been used as gene delivery vectors were
demonstrated to form polyplex nanoparticles with
mRNA and facilitate expression of encoded proteins,
such as poly(2-dimethylaminoethyl methacrylate)
(PDMAEMA) [83]. Charge-altering releasable trans-
porters (CARTs), which serve initially as oligo(a-
amino ester) cations that complex mRNA and then
change physical properties through a degradative,
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charge-neutralizing intramolecular rearrangement to
release mRNA in the cytoplasm, have been used to
promote systemic mRNA delivery and subsequent
translation in vivo [84, 85]. These polyplex vectors
may prove powerful for delivering mRNA vaccines,
but further research is necessary.

5.2 Micelleplex nanoparticles

Micelleplexes have the same characteristics of
polymeric micelles, including possessing a spherical
inner core constituted by hydrophobic blocks and an
outer shell constituted by hydrophilic units [86]. In
addition, they are positively charged, facilitating their
interactions with nucleic acids. Micelleplex formulation
offers the possibility to obtain a combined therapy
(drug and nucleic acid delivery), using the same
system [87].

The first micelleplex system to deliver mRNA
vaccines was developed in our group using branched
PEI2k and stearic acid conjugates (PSA) [88]. Those
so-called PSA/mRNA micelles were taken up quite
efficiently by cells, and they effectively escaped
endosomes. Subcutaneous immunization of PSA micelles
containing HIV gag mRNA into mice induced
production of anti-gag antibodies and a gag-specific
T cell response. PSA/mRNA micelles were capable of
stimulating DC maturation and their safety profile
was better than that of PEI/mRNA complexes, indica-
ting that this PSA/mRNA nanomicelle formulation
had the potential to be an efficient and safe vaccine
delivery system.

Most other reports of micelleplexes to deliver
mRNA have focused on non-vaccine applications.
Nanomicelles based on various PEG-polyaspartic
acid (PAsp) block copolymers have been used to
deliver mRNA for protein replacement [89], cellular
reprogramming [90], and cancer therapy [91]. Varia-
tions of PEG-PAsp block copolymers used to deliver
mRNA include PEG-PAsp(poly(N'-(N-(2-aminoethyl)-
2-aminoethyl)aspartamide)) (DET), PEG-PAsp-(poly((N"
(N"(N'-(N-(2-aminoethyl)-2-amino-ethyl)2-aminoeth
yl)-2-aminoethyl)aspartamide)) (TEP), and PEG-
PAsp(poly(N"(N'-(N-(2-aminoethyl)-2-aminoethyl)-2-
aminoethyl)aspartamide)) (TET). These micelles have
been used to drive expression of the encoded protein
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in nasal neurons [92], livers [89], knee joints [90], and
tumor sites [91]. It may not be possible to apply these
nanomicelles directly to the delivery of mRNA vaccines,
since such vaccines need to target immune organs
and cells. Future work should examine the capability
of nanomicelles to elicit strong immune responses.

6 Hybrid vectors

The vectors for mRNA vaccine delivery may consist
of multiple materials sometimes, which can be
categorized as “hybrid vectors”. These hybrid for-
mulations normally integrate potential advantages
of their components and provide more flexibility
compared with non-hybrid systems [93].

6.1 Lipopolyplexes

Lipopolyplexes are typical hybrid vectors (Fig. 3(c)).
They consist of a preformed nucleic acid-polycation
complex core and a lipid shell, forming ternary
complexes [94-96]. On the basis of the polycationic
component, they are divided into cationic peptide-
based lipopolyplexes and cationic polymer-based
lipopolyplexes [97]. They combine the advantages
of both lipoplexes (high stability, low cytotoxicity,
acceptable cellular uptake) and polyplexes (homo-
genous and small particle size, endosomal escape, high
transfection activity) [97], and they can perfectly
protect mRNA from degradation. One study found
that lipopolyplexes consisting of histidylated cationic
lipids, histidine-rich polymers, both of which were
reported to be efficient gene delivery vectors [98-100],
and mRNA encoding MART], but not corresponding
lipoplexes or polyplexes, significantly inhibited B16
melanoma tumor progression and reduced lung
metastasis formation in mice after their intravenous
administration [94]. This

lipopolyplexes are more potent nucleic acid vectors

result indicates that
than lipolexes and polyplexes.

Another study used poly-(3-amino ester) (PBAE) to
form a complex core with mRNA, which was then
encapsulated into a double-layered lipid shell to form
a lipopolyplex formulation. This core-shell structured
mRNA vaccine displayed intrinsic adjuvant activity
and enhanced the antigen-presenting ability of DCs.
When mice bearing lung metastatic B16-OVA tumors
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were subcutaneously vaccinated with this mRNA
vaccine, tumors shrank by over 90% [96]. PBAE used
in this formulation is an ionizable, degradable polymer.
As it is easy to synthesize chemically distinct PBAEs,
they have been investigated for a range of gene delivery
applications [101, 102]. However, PBAE-mRNA com-
plexes just slightly induced IFN-y secretion in mice
for vaccine applications [10].

6.2 Cationic nanoemulsions

Components other than lipids and polymers can also
be incorporated into hybrid vectors. Novartis has
reported a cationic nanoemulsion for delivering self-
amplifying mRNA vaccines (Fig. 3(c)) [103]. This
nanoemulsion formulation was based on the company’s
proprietary adjuvant MF59, an oil-in-water emulsion
consisting of squalene and surfactants. As a safe and
potent adjuvant for use with human vaccines [104],
MF59 is the second adjuvant, after aluminum, to
become commercially available. Starting from MF59
as a base, the researchers added DOTAP to the oil
phase to bind the mRNA electrostatically. This
method of delivering self-amplifying mRNA elicited
immune responses as potent as those triggered by viral
vectors in mice, rabbits, and non-human primates with
antigens against respiratory syncytial virus, human
immunodeficiency virus, and human cytomegalovirus.
In addition, the cationic nanoemulsion enhanced
the local immune environment after intramuscular
injection; it did so by recruiting immune cells, similar
to subunit vaccines containing MF59 adjuvant. The
same cationic nanoemulsions have been described
previously for delivery of plasmid DNA [105].

7 Preclinical and clinical applications
7.1 Cancer immunotherapy

Their ability to induce antigen-specific effector T cells
makes mRNA vaccines of tremendous interest for
cancer immunotherapy. They can encode either tumor-
associated antigens or neo-antigens [75, 106]. To be
effective, they are selectively internalized by DCs.
Once inside, the mRNA is translated in the cytoplasm,
and the resulting polypeptide is processed into epitope
peptides that bind to MHC class I molecules, which
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are presented to naive T cells, initiating a tumor-specific
T cell response.

Anti-cancer mRNA vaccines can be administered
directly by injection, in which case the administration
route and delivery vehicle can greatly influence
immunization outcomes [21, 107]. Lipoplexes, LNPs,
and lipopolyplexes can deliver anti-cancer mRNA
vaccines and induce potent anti-tumor immune
responses [62, 75, 96]. Anti-cancer mRNA vaccines can
also be pre-loaded into DCs in vitro [54, 108]. These
DC-based vaccines sidestep the issue of targeting
DCs in vivo [35]. Clinical trials have been performed
for mRNA vaccines either injected directly or loaded
into DCs [62, 109], and these vaccines have targeted
a range of tumors including melanoma, renal cell
carcinoma, pancreatic cancer, breast cancer, prostate
cancer, glioblastoma, mesothelioma, brain metastases,
and ovarian cancer [107, 110].

The efficacy of mRNA vaccines can be improved by
designing greater self-adjuvanticity, or by co-delivering
various adjuvants [7]. For example, combining
naked mRNA with granulocyte-macrophage colony-
stimulating factor (GM-CSF) induces a primarily Thl
immune response, while naked mRNA alone induces
a Th2 response [111]. Combining naked mRNA and
an adjuvant comprising protamine-mRNA complexes
induces a balanced TLR 7-dependent adaptive response
[112, 113]. DC responses can be strengthened using a
so-called “TriMix” of mRNAs encoding CD40L, CD70,
and truncated, constitutively active TLR 4 [114].

In fact, mRNA vaccines can be used in combination
with other agents or therapies. For example, mRNA
vaccines can synergize with radiation therapy to
eliminate tumors in preclinical animal models [115].
Data from an ongoing clinical trial suggests that the
combination of an mRNA vaccine and tyrosine
kinase inhibitor called Sutent (sunitinib) can extend
survival time for patients with renal cell carcinoma
[116]. Preclinical animal studies [117, 118] and clinical
trials [119] have tested the effects of combining mRNA
vaccines with immune checkpoint inhibitors.

In addition, personalized anti-cancer therapy becomes
easily accessible with mRNA vaccines, since mRNAs
can be rapidly and affordably synthesized to encode
tumor-associated mutations unique to each patient
[120]. These mutations can be identified using next-
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generation sequencing and their immunogenicity can
be predicted using immunoinformatics, paving the
way for clinical trials [121].

7.2 Vaccines against infectious diseases

For targeting infectious disease, mRNA vaccines
present several advantages over traditional ones.
Vaccines based on mRNA can be optimized and
produced rapidly on-demand, making them well-
suited as rapid responses to emerging pathogens or
sudden outbreaks [122]. A new modified dendrimer-
RNA nanoparticle vaccine system can be developed
in approximately 1 week [122], while traditional
vaccines based on cell cultures or fertilized eggs can
require at least 6 months [123, 124]. In addition, mRNA
vaccines can induce a CTL response to clear virus-
infected cells and eradicate the cellular reservoir
of pathogens [5]. To date, about 10 mRNA vaccines
against HIV-1, rabies virus, Zika virus, and influenza
virus have entered clinical trials [107, 110].

Both non-replicating and self-amplifying mRNAs
have been used as vaccines against infectious disease.
LNPs, polyplex, and micelleplex nanoparticles have
been shown to efficiently deliver non-replicating
mRNA-encoding viral antigens in vivo, where they
elicited potent immune responses. DC mRNA vaccines
have been exploited primarily to treat HIV-infected
individuals [107]. In one study; a series of 4 vaccinations
with autologous DCs previously electroporated
with mRNAs encoding HIV antigens elicited specific
responses in HIV-1 infected patients who were stable
on combination antiretroviral therapy, and it did not
cause severe adverse events [125].

The best-studied self-amplifying mRNAs are derived
from alphavirus genomic sequences [126] in which
structural genes have been replaced with antigen(s)-
encoding sequences while genes encoding replication
machinery remain intact [107] (Fig. 2). The advantages
of self-amplifying mRNA include a relatively small
dose needed to induce immune responses [56] and
intrinsic adjuvant property produced by replication
intermediates [107]. Self-amplifying mRNAs can be
delivered by viral vectors, but the use of packaging
cell lines or large-scale electroporation remains a
concern [127]. However, the non-viral delivery is a
challenge, for self-amplifying mRNA is usually ca.
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9 kb long, which is much bigger than that of non-
replicating mRNA. Multiple self-amplifying mRNAs
have been delivered in dendrimer-RNA nanoparticles
and cationic nanoemulsions as well as PEl-based
polyplexes [103, 122, 128].

8 Conclusion and future perspective

The promising safety and efficacy of mRNA vaccines
against cancer and infectious diseases in preclinical
studies make them quite attractive and has led to
several clinical trials. Appropriate delivery systems can
overcome the limited stability, translation efficiency,
and cell targeting of naked mRNA. However, most
mRNA vaccines in clinical trials are administered
without such delivery systems, suggesting that their
further development is needed in order to exploit
mRNA vaccines to their full potential.

Safety is the primary issue that hinders the
development of delivery systems, which is mainly
determined by the cationic nature of the vectors.
Positively charged particles are likely to bind with
negatively charged proteins in vivo, precipitate in huge
clusters, and adhere to cell surfaces, which could
destabilize the plasma-membrane and induce the
immediate toxicity [129]. Although near-neutral or
slightly negatively charged particles can be obtained
by adjusting the ratio of cationic lipids or polymers
to anionic mRNAs, free cationic vectors are positively
charged and are toxic [130]. As alternatives, ionizable
lipids are introduced to formulate LNPs. Modifications
to lipid or polymer structures are also made to reduce
toxicity.

In addition to safety issues, ideal delivery systems
should be as simple as possible and synthesized
with relative ease in a scalable manner. Currently,
lipoplexes and LNPs are the most promising delivery
systems. The lipoplex formulation for melanoma
immunotherapy and LNP formulation against Zika
virus have entered clinical trials, although further
research is needed to determine their effectiveness in
humans. Researchers should be more dedicated to the
development of polymer-based vectors in the future,
moving beyond the current focus on lipid-based
carriers. Polymers possess high transfection activity,
and they are more stable and much cheaper than

| Nano Res. 2018, 11(10): 5338-5354

lipids. More polymers should be investigated for their
potential to deliver mRNA vaccines.
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