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Abstract—Vaccination is the most efficient way to prevent infectious diseases. mRNA-based vaccines is a new
approach to vaccine development, which have several very useful advantages over other types of vaccines.
Since mRNA encodes only the target antigen there is no potential risk of infection as in the case with atten-
uated or inactivated pathogens. The mode of action of mRNA-vaccines implies that their genetic information
is expressed only in the cytosol, leaving very little possibility of mRNA integration into the host’s genome.
mRNA-vaccines can induce specific cellular and humoral immune responses, but do not induce the antivec-
tor immune response. The mRNA-vaccine platform allows for easy target gene replacement without the need
to change the production technology, which is important to address the time lag between the epidemic onset
and vaccine release. The present review discusses the history of mRNA vaccines, mRNA vaccine production
technology, ways to increase mRNA stability, modifications of the cap, poly(A)-tail, coding and noncoding
parts of mRNA, target mRNA vaccine purification from byproducts, and delivery methods.
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INTRODUCTION

Vaccination is the most efficient way to prevent
infectious diseases. One new approach to vaccine
development is mRNA-based vaccines. mRNA vac-
cines have several very useful advantages over other
types of vaccines. First, mRNA vaccines are safe.
mRNA encodes only the target antigen, therefore
there is no potential risk of infection, as it is the case
with attenuated and inactivated vaccines, and the
immune system load is lower as well. Second, the
mode of action of mRNA-vaccines implies that their
genetic information is expressed only in the cytosol
with no need to enter the nucleus. Hence, the proba-
bility of mRNA integration into the host organism
genome is extremely low. In addition, mRNA vac-
cines, like DNA vaccines, are capable of inducing cel-
lular and humoral immune responses. Finally, mRNA
is a minimal genetic vector, therefore immunisation
does not induce an antivector immune response, and
mRNA vaccines can be used repeatedly. Moreover,
mRNA is easily eliminated from the body, while
mRNA half-life in vivo can be regulated by modifying
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its structural elements and using different cell delivery
methods [1].

Given well-developed production infrastructure,
mRNA-based vaccine manufacturing is fast, inexpen-
sive, scalable, and rather routine. The mRNA-vaccine
platform allows for easy target gene replacement with-
out changing the production technology. The above-
mentioned advantages make it possible to address a
very important issue in the prevention of a number of
viral diseases, namely the issue of the time lag between
the epidemic onset and vaccine release.

The review focuses on the technology of mRNA
vaccine production, including the history of mRNA
vaccines, ways to improve mRNA stability, modifica-
tions of the cap, poly(A)-tail, coding and noncoding
parts of mRNA, target mRNA vaccine purification
from by-products, and delivery methods.

HISTORY OF mRNA VACCINES

The first papers reporting biologically active
mRNA production were published in 1984 by Krieg,
Melton, Maniatis, and Green. They used T7 RNA
polymerase to obtain the biologically active mRNA,
the method which is still used today. Among these
papers, there is a report by Krieg et al. (1984), who
injected the obtained mRNA into the frog egg cells
and showed that it worked in exactly the same way as
the naturally obtained mRNA [2]. In 1987, Melton
demonstrated that mRINA can be used to both activate
and inhibit protein synthesis. Both Melton and Krieg
considered synthetic mRNAs as first of all a research
tool, which could be used to study gene function and
activity, i.e., they did not see mRNA as a platform to
construct vaccines.

In 1990, Wolff et al. showed that it is possible to
express synthetic mRNA in animals [3]. In their work,
the authors injected mRNAs encoding chloramphen-
icol acetyltransferase, luciferase and B-galactosidase
reporter genes into mice and demonstrated the pres-
ence of the corresponding protein products in the ani-
mals. A subsequent study conducted in 1992 demon-
strated that the introduction of the vasopressin-coding
mRNA into the hypothalamus induced physiological
effects in rats [4]. Once it had been demonstrated that
synthetic mRNAs are able to provide for protein syn-
thesis in the body, the reports on studying them as pre-
ventive and therapeutic agents started to appear. How-
ever, the researchers encountered a number of prob-
lems including mRNA physical instability, its
immunostimulatory properties and difficulties in pen-
etrating cell membranes [5]. For this reason, many sci-
entists focused on DNA because of its high natural sta-
bility and the simplicity of in vitro production. At the
same time, DNA vaccines have a number of drawbacks
such as low immunogenicity and the risk of integration
into the host cell genome. mRNA vaccines do not
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have these drawbacks, that is why mRNA studies also
continued [6, 7].

In 2000, Hoerr et al. reported that a direct mRNA
injection could induce an immune response in mice
[8]. The same year, Hoerr founded the CureVac com-
pany, where the first human mRNA trials took place.
The company’s lead scientist Steve Pascolo was the
first research subject: he administered the mRNA to
himself [9].

The invaluable contribution to the development of
mRNA vaccines as a platform was made by Katalin
Kariko. In 1999, she coauthored a paper with Drew
Weissman, which described the work on the mRNA-
based HIV-1 vaccine development. Unfortunately, the
synthesised mRNAs caused massive inflammatory
reactions when injected into mice [10]. The authors
soon found out the underlying cause of this phenome-
non. It turned out that the synthetic mRNA activated
a number of cell receptors known as Toll-like recep-
tors, which are the first to respond to the entry of a
pathogen’s RNA [11]. In 2005, Kariko et al. reported
that the inclusion of the uridine analog pseudouridine
in the mRNA prevented the experimental mRNA
from being identified as a foreign RNA by the immune
system [12].

Few scientists understood the therapeutic value of
these modified nucleotides at that time, however, it
was not long before the scientific world recognized
their potential [ 13]. In 2008, the major pharmaceutical
companies Novartis and Shire established mRNA
research divisions with the former company focusing
on vaccines, and the latter, on therapeutics. At this
time, the BioNTech and Moderna companies also
joined the work on the development of mRNA-based
technologies. By 2019, Moderna developed nine can-
didate mRNA vaccines against the infectious diseases
caused by the coronavirus, respiratory syncytial virus,
human metapneumovirus, cytomegalovirus, influ-
enza virus, Epstein—Barr, virus human immunodefi-
ciency virus, Zika virus and Nipah virus. Approxi-
mately the same range of vaccines has been developed
by the German company BioNTech. None of the vac-
cines under development have been licensed [14].

The practical use of mRNA-based vaccines was
given a strong impetus in the early 2020 after the out-
break of the COVID-19 pandemics. For example, the
mRNA-1273 prototype vaccine against Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
was created by the American mRNA vaccine develop-
ers-Moderna Inc. in collaboration with the National
Institute of Allergy and Infectious Diseases (NIAID)-
in an unprecedentedly short time. It took only 63 days
from the selection of a viral nucleotide sequence for
vaccine production to the first phase of clinical trials.
BioNTech in collaboration with the Pfizer pharma-
ceutical company, also created an mRNA vaccine
against COVID-19 within approximately the same
time frame [15].
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As a result of research performed over the past
decades, the stability of mRNA and the efficiency of its
delivery have been greatly improved. By combining dif-
ferent modifications of mRINA structural elements and
its cell delivery methods, the immunogenicity of
mRNA molecules can be significantly improved, mak-
ing this approach promising for vaccine development.

TYPES OF RNA-BASED VACCINES

Currently, there are two types of RNA vaccines: the
ones based on nonreplicating mRNA and the ones
based on self-amplifying RNA.

Nonreplicating mRNA vaccine is an mRNA mole-
cule which is produced by in vitro transcription using
the plasmid DNA encoding the target immunogene as
a template. In addition to the coding sequence, the
obtained mRNA contains the cap at the 5'-end, the
untranslated regions (UTRs) and the poly-A sequence
(poly(A)-tail) at the 3'-end, which are necessary for
effective translation, mRNA protection against exo-
nucleases and proper splicing of the transcript. Note
that the first vaccines against SARS-CoV-2 approved
for human use were created on the basis of nonrepli-
cating mRNAs [16, 17]. However, the issues of mRNA
instability and inefficient delivery have not yet been
completely resolved.

Self-amplifying RNAs (saRNAs) are replicons
which include the gene encoding the target immuno-
gene as well as the viral genome elements which enable
target RNA replication. As a rule, DNA or RNA
viruses can replicate their DNA in the cytosol and
penetrate into the nucleus after entering the cell. It has
been also demonstrated that some viruses are charac-
terised by cytosolic replication and expression [18].
The resulting replicons are not capable of forming
infectious viral particles after infecting the host cell,
however, the RNA encoding the target immunogene is
capable of self-amplification [19]. Thus, the produc-
tion of the encoded immunogene is increased as com-
pared to nonreplicating mRNAs. Due to the sustained
production of the encoded immunogene, saRNAs in
lower doses demonstrate the same level of immunoge-
nicity as nonreplicating mRNAs. Most saRNAs are
derived from the single-stranded positive-sense alpha-
viruses such as Venezuelan equine encephalitis virus,
Sindbis virus and Semliki forest virus [20, 21]. A num-
ber of problems associated with the use of viral vectors
to produce vaccines should be mentioned. These
include the immunogenicity of the vector itself, which
can induce an unwanted immune response and inter-
fere with subsequent vaccine booster injections using
the same viral replicon. As is the case with live attenu-
ated vaccines, replication-capable alphaviral vectors
can bear a risk of viral reactivation [22—24].

In this review, we will focus on the production and
delivery of nonreplicating mRNA vaccines.
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WAYS TO INCREASE mRNA STABILITY

It is known that the mature eukaryotic mRNA con-
sists of five important parts, which include the cap at
the 5'-end (m7GpppN (N is any nucleotide)), the 5'-
untranslated region (5'-UTR), the open reading frame
(ORF), the 3'-untranslated region (3'-UTR) and the
3'-tail consisting of 100—250 adenyl residues (poly(A)-
tail), the length of which varies in different cell types
[25]. The main cause of mRNA instability as com-
pared to DNA is the presence of the hydroxyl group at
the 2'-carbon atom of ribose, which facilitates hydro-
Iytic degradation of RNA molecules. The innate
immune system is able to recognise foreign RNA,
thereby triggering its degradation. The main pathway
of mRNA degradation in eukaryotic cells is shown in
Fig. 1.

Thus, in its canonical version exogenous mRNA is
unstable and low-immunogenic. For this reason, dif-
ferent modifications of each of the mRNA elements
are used when creating mRNA vaccines. Figure 2
shows schematically the key structural elements of the
in vitro transcribed (IVT) mRNA which can be subject
to modifications. It is known that certain chemical
modifications can increase the efficiency of mRNA
translation in the cell. For example, in vitro mRNA
production often uses modified 5'-cap analogs, such
as Anti-Reverse Cap Analog (ARCA) and CleanCap®,
which ensure proper cap attachment. Modifications of
each of these elements are discussed in more detail
below [5].

Cap Structure

Native eukaryotic mRINA has a 5'-cap structure
(Fig. 3). Cap is the m’GpppN structure which con-
tains a modified nucleoside N7-methylguanosine
(m’G) and is linked to the first transcribed nucleotide
via a 5'-5'-triphosphate bridge. Cap plays an import-
ant role in normal mRNA functioning, including in
mRNA stabilisation during translation, splicing,
polyadenylation and nuclear export and in mRNA
protection from exonucleases. Capping takes place in
the nucleus, when the first 20—30 nucleotides of
mRNA are transcribed, as a result of three sequential
enzymatic reactions: phosphate group cleavage from
the 5'-terminal nucleotide of the transcript by the
RNA triphosphatase, then guanosine monophosphate
(GMP) residue transfer onto the phosphate group of
the 5'-terminal nucleotide by the guanyltransferase
and methylation of the guanine residue in the guanosine
triphosphate (GTP) with the formation of N7-methyl-
guanosine by the guanyl-N7-methyltransferase.

The cap structure participates in mRNA transla-
tion by recruiting translation initiation factors (e.g.,
4E (elF4E), which is critical for the initiation of trans-
lation) and by forming the mRNA closed loop model
(Fig. 4). In addition, cap interacts with the cap-bind-
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Fig. 1. Schematic representation of mRNA degradation. mRNA degradation occurs in the cytoplasm within the ribonucleic com-
plexes called P-bodies, which contain 5'-3'-exonucleases, decapping and deadenylating enzymes. Once the poly(A)-tail is short-
ened to 12 residues or less, mRNA degradation occurs through cap cleavage and 5'—3' or 3'—5' cleavage [21]. Endonucleases (not

shown in the figure) may also be involved in mRNA degradation.

ing proteins (CBPs) required for the nuclear export of
mRNA [26].

In addition to cap0, two new 5'-cap structures,
namely, capl and cap2, and the enzymes involved in
their synthesis have been identified in recent years. In
these cases, m7G-specific 2'-O-methyltransferase (2'-
O-MTase) methylates the second or third ribonucleo-
tide at the 2'-O-ribose position, generating capl or
cap2 structures, respectively. It has been demonstrated
that capl masks mRNA from the cytosolic sensors
RIG-I and MDAS, which trigger the activation of the
interferon type I signalling pathway resulting in
mRNA degradation. Hence, capl mRNA is less
affected by the innate immune response. Conse-
quently, capl mRNA translation and target protein
production in the body are more efficient than in the
case of cap0 mRNA [27].

It is important to note that the body’s immune sys-
tem recognises uncapped RNA as a foreign RNA,
since the presence of the cap distinguishes cellular
mRNA from viral mRNA [5]. Incorrectly capped or
uncapped (5'-ppp or 5'-pp) mRNAs are recognised by
the Pattern Recognition Receptors (PRRs) such as
RIG-I and IFIT which trigger the synthesis of type I
interferons ultimately leading to RNA degradation.
Therefore, in order to match the chemical structure of
eukaryotic mRNAs, synthetic RNA transcripts should
be capped. In the case of a vaccine, it is important to
achieve the maximum efficiency of mRNA capping
(including by purifying the final product) to avoid
hyperactivation of innate immunity by remaining
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uncapped or incorrectly capped products [28]. Cap-
ping can be performed either after transcription is
completed, i.e., posttranscriptionally (for instance,
using a recombinant enzyme from the smallpox virus),
or during transcription, i.e., cotranscriptionally (by
introducing cap analogs such as ARCA and Clean-
Cap® into the reaction mixture).

In practical terms, cotranscriptional capping
reduces the number of steps involved in mRNA pro-
duction and decreases the number of enzymes used in
the work. These factors are crucial for reducing the
cost of mRNA production [29]. At the same time,
cotranscriptional capping also has a number of limita-
tions. On the one hand, not all synthesized mRNA
molecules are capped due to competition between the
cap analog and guanosine triphosphate (GTP), which
acts as the initiator nucleotide. As a consequence,
uncapped RNAs can induce the unwanted immune
response. The strategy to reduce the immune response
in this case is to remove triphosphates from the 5'-end
of uncapped IVT-RNA using phosphatase. On the
other hand, there is a risk of cap analog incorporation
in the reverse orientation, which prevents mRNA
binding with the cap-binding proteins (CBPs) and
subsequent translation [30].

To address these issues and to increase the effi-
ciency of the in vitro transcribed mRNA translation,
chemical modifications (e.g., attachment of methyl
groups) can be introduced into the 3'- or 2'-position of
the cap analogs. These modifications prevent reverse
cap orientation and improve the quality of the synthe-
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Fig. 2. Schematic outline of in vitro transcribed (IVT) modified mRNA production: 5'-UTR, 5'-untranslated region, 3'-UTR,

3'-untranslated region, ORF, open reading frame, ARCA, Anti-Reverse Cap Analog, IRES, Internal Ribosome Entry Site,
AUG, start-codon and STOP, stop codon [5].
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Fig. 3. Cap structure (cap0). Cap is a N7-methylguanosine ribonucleotide linked by a 5'-5'-triphosphate bridge to the first nucle-
otide residue in the transcript.

sized mRNA. For example, there is an Anti-Reverse to the 3'-OH of the m’G nucleotide, which ensures
Cap Analog (ARCA), which contains a modified cap  proper cap attachment during RNA synthesis [5].

structure representing the m’=-°GpppG dinucleotide In addition, the introduction of additional cap
(Fig. 5) [31]. ARCA contains a methyl group attached  modifications and elongated 5'-5'-phosphate bridges
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bind to the 5'-cap and 5'-untranslated region (5'-UTR), promoting mRNA entry into the ribosome and mRNA translation and
also recruit the poly(A)-binding protein (PABP) to the poly(A)-tail; (b) in the closed loop model, strong interaction between the
translation factors on both sides of the mRNA induces the formation of a stable loop, which protects the transcripts from RNA

degrading enzymes and facilitates mRNA reentry into the ribosome thereby enhancing translation [22].
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Fig. 5. The Structure of Anti-Reverse Cap Analog (ARCA).

in ARCA have also been reported to increase the trans-
lation efficiency and mRNA stability. The principle
behind ARCA is presented in Fig. 6 [32].

The ARCA structure has currently been improved,
and CleanCap®, a second-generation antireverse cap
analog, which can be used to incorporate the capl
structure into the mRNA, has been developed. Its use
allows us to achieve higher yields of capped mRNA
(up to 95%) compared to the use of the first-genera-
tion ARCA. The structure of the second-generation
CleanCap cap analog® is shown in Fig. 7 [29]. Clean-
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Cap® is used by BioNTech/Pfizer in the production of
the BNT162b1 and BNT162b2 mRNA vaccines [33, 34].

Poly(A) Sequence at the 3'-end of mRNA-
the Poly(A)-tail

The poly(A)-tail is one of the key elements of effi-
cient translation and increased mRNA stability [35].
In mammalian cells, the most actively translated
mRNAs contain 100—250 adenosine residues [36].
The minimal poly(A)-tail length at which exogenous
mRNA can be translated is 20 adenosine residues [37].
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The role of the poly(A)-tail in translation consists in
that it binds with numerous polyadenosyl-binding
proteins (PABP), which in their turn bind with the
eukaryotic translation initiation factor 4G (elF4G).
As mentioned above, the ring structure with the cap-
elF4E-elF4G-PABP-poly(A) closed loop is formed,
which facilitates ribosome binding and protects
mRNA from nuclease degradation [38].

In the in vitro transcribed mRNA, the poly(A)-tail
can be obtained in two ways. The first way is to add
adenosine residues to the 3'-end by the enzymatic syn-
thesis using poly(A)-polymerase, which allows up to
200 adenosine residues to be added to the mRNA
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molecule. However, in this case, the resulting product
is heterogeneous. The second way is to attach the
poly(A)-tail by means of matrix synthesis. In this case,
a fragment with a certain number of thymidine resi-
dues is incorporated into the DNA matrix. Usually,
due to the instability of the poly(A)-sequence in the
matrix, no more than 120 adenosine residues can be
added using matrix synthesis [39].

Noncoding Regions in mRNA

The coding region is flanked by the noncoding
regions (UTRs) at both the 5'- and 3'-ends. These
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regions do not encode any protein, although their
sequence, length and secondary structures are import-
ant for the regulation of mRNA translation. It is well-
known that 5'-UTR is involved in the translation initi-
ation, whereas 3'-UTR affects mRNA stability and
elongation efficiency [5].

Most eukaryotic mRNAs contain decay signals in
the 3'-untranslated region (3'-UTR), which affect
their stability. AU-rich sequences in the 3'-UTR have
been reported to be involved in poly(A)-tail removal.
mRNA half-life increases when AU-rich sequences
are replaced by the 3'-UTR sequences from stable
mRNAs [39]. For example, the presence of the spe-
cific human o-globin or B-globin mRNA sequences
(or two copies of the 3'-UTR from the human -glo-
bin gene [40]) in this region increases IVT-mRNA sta-
bility and consequently the duration of protein pro-
duction period.

The consensus Kozak sequence located in the 5'-
UTR also plays an important role in the translation
initiation. The Kozak sequence, defined as
RCCAUGG, where R is a purine (A or G), is consid-
ered to be the preferred sequence for translation initi-
ation. In this sequence, some nucleotides are more
important that the other, in particular, the nucleotides
in positions —3 and +4 relative to the adenosine of the
AUG start codon. To increase the efficiency of the
AUG start codon recognition, the nucleotide in the
+4 position should be G, and the nucleotide in the —3
position should be A or G [5].

mRNA Coding Sequence Optimization

The codon composition of the region encoding the
protein sequence may also have an impact on the
translation efficiency and mRNA stability. The open
reading frame (ORF) can be modified at the codon
level by regulating the translation elongation rate or by
finding the optimal mRNA secondary structure [28].
There are different strategies for codon optimisation,
for example, replacing several rare codons with the
more frequently occurring ones for the same amino
acid. Another strategy is the optimised use of dico-
dons, or, in other words, the use of pairs of codons
which together ensure optimal translation. It has been
demonstrated that reducing the number of UU and
UA dinucleotides in the ORF protects the IVT-mRNA
from the decapping enzymes [41, 42]. The third strat-
egy is to use ORF sequence with the same codon ratios
as found in the naturally occurring highly expressed
genes [5].

Optimal codons located next to the starting codon
increase the elongation rate, which leads to higher lev-
els of mRNA translation. In contrast, rare codons are
the cause of a low elongation rate, which leads to ribo-
somes stacking on the mRNA molecule. This distur-
bance of elongation allows the DEAD-Box RNA heli-
case to bind to the transcript and thus accelerates
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mRNA decay after 5'-decapping. At the same time, a
high elongation rate is not always desirable. Some-
times it can interfere with the proper folding of the
protein encoded by the mRNA, as it was shown for the
codon-optimised firefly luciferase mRNA, which lost
50% of its activity [43]. In such cases, rare codons can
provide for the lower translation rate and, therefore,
proper protein folding, which is critical in getting the
right antigen conformation. Therefore, depending on
the target antigen, different strategies should be used
to optimise the codon composition of the target
mRNA. Optimisation of all codons is an appropriate
approach in the case of the linear epitope-based
mRNA vaccines. In contrast, complex antigens may
require slow translation rates ensuring normal folding
of the domains within the protein and proper epitope
conformation. In any case, it is recommended to avoid
using rare codons in both strategies in order to opti-
mise protein biosynthesis [28].

Optimisation is also often performed by recoding
the terminal codons from U to C. All U nucleotides in
the mRNA vaccines are usually replaced with N1-
methylpseudouridine or pseudouridine, which is
described in more detail in the next section. These
modified nucleotides may be complementary to all
other nucleotides, which in some cases may lead to
noncanonical base pairing and disruption of the pri-
mary structure of the encoded protein. For example,
GAVY encoding Asp can be recognized by the tRNAS
anticodon, which leads to a nonsynonymous substitu-
tion. There is no such problem for the codons with the
terminal cytosine [44].

Modified Nucleosides in mRNA

It should be taken into account that when mRNA
is introduced into the body it may be recognized as
foreign and induce the unwanted innate immune
response, leading to mRNA degradation and inflam-
matory reactions. Both DNA and RNA stimulate the
innate immune response in mammals by interacting
with the Pattern Recognition Receptors (PRRs),
including Toll-like receptors (TLRs) and cytoplasmic
RNA sensors such as the Retinoic Acid Induced Pro-
tein I (RIG-I). Uridine residues are known to activate
TLR7, while GU- and AU-rich RNA chains activate
TLR7 and TLRS [5]. Thirteen TLRs have been iden-
tified, four of which (TLR3 for the double-stranded
RNA (dsRNA), TLR7 and TLRS for the U-rich sin-
gle-stranded RNA and TLR9 for the DNA CpG
motif) are involved in nucleic acid recognition. It has
been reported that IVT-mRNA preparations induce a
strong TNF-o response in dendritic cells (DCs) [45].

The use of modified nucleosides (Fig. 8) in the
in vitro transcription is thought to significantly sup-
press the TLR-mediated dendritic cell (DC) activa-
tion, however, the effects of the modified nucleosides
on the TLR-independent immune response have not
yet been studied. Modified nucleosides can enhance
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Fig. 8. The structures of modified nucleosides.

mRNA vaccine efficiency in two different ways. First,
they prevent dsRNA formation during in vitro tran-
scription, and second, they prevent Pattern Recogni-
tion Receptor (PRR) activation when the mRNA is
introduced into the body [28]. Since many modified
nucleosides including pseudouridine, NI1-meth-
ylpseudouridine, 2-thiouridine, 5-methylcytidine, 6-
methyladenosine, inosine, and 2'-O-methylated
nucleosides as the 5'-end cap are present in the mam-
malian RNA these nucleosides may be used to reduce
the unwanted immune response to the injected
mRNA [46]. The approved vaccines mRNA-1273
(Moderna) and BNT162b2 (BioNTech/Pfizer) take
advantage of N1-methylpseudouridine [16, 17].

At the same time, there is another approach to cre-
ating mRNA vaccines, which does not use modified
nucleosides. CureVac has applied their mRNA syn-
thesis technology to the development of a SARS-CoV-
2 vaccine specially designed to achieve maximum pro-
tein production and balanced immune activation. The
CureVac technology includes the optimisation of the
coding part for codon composition and the untrans-
lated regions in the mRNA, and poly(A)-tail modifi-
cation. In particular, the GC content in the coding
part was increased, untranslated regions from the
highly expressed and stable mRNAs of the known
genes were included into the mRNA, and the “histone
stem—loop” sequence was used instead of the classical
poly(A)-tail. In such a way, the CVnCoV and CV2CoV
mRNA vaccines against SARS-CoV-2 were devel-
oped. They consist of the mRNA encapsulated in the
lipid nanoparticles encoding the full-length S-protein
with two proline (S-2P) mutations [47, 48]. However,
the trials have revealed that the efficiency of these vac-
cines was much lower than that of the mRNA vaccines
containing modified nucleosides [49].
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IVI-mRNA PURIFICATION FROM THE dsRNA

Contamination with the dsRNAs formed during
transcription may be one of the causes of innate
immunity activation in response to the injection of
in vitro synthesized mRNAs. T7 polymerase has been
shown to frequently produce byproducts, dsRNAs,
which can activate the RIG-1 and MDAS5 cytosolic
sensors. dsRNAs are formed as a result of the hybridi-
sation of the sense transcript and its fully complemen-
tary antisense transcript. Antisense RNA is produced
by the promoter-independent initiation of transcrip-
tion from the 3'-end (—) of the DNA matrix [42].

It has been demonstrated that mRNA purification
from dsRNAs can lead to more than a 100-fold
increase in protein production in human dendritic
cells [50].

Purification using reversed-phase high perfor-
mance liquid chromatography (RP HPLC) can
remove the dSRNAs produced during the in vitro tran-
scription from the final product. This prevents innate
immunity activation and mRNA degradation in the
body, which, in the long run, increases target protein
production. However, RP HPLC purification is very
expensive, needs the use of sophisticated equipment
and consumables, is difficult to scale, and requires the
disposal of hazardous wastes [51].

A purification method is known which allows to
avoid the problems associated with RP HPLC and is
able to eliminate up to 90% of dsRNA. It is assumed
that dsRNA selectively binds with cellulose in the etha-
nol-containing buffer. This method is cheap, fast and
scalable. It is suitable for purifying large quantities of
mRNA using fast protein liquid chromatography
(FPLC) without producing toxic or hazardous wastes.
Importantly, comparable translation levels of the
mRNAs purified using RP HPLC and cellulose were
observed after their intravenous injection into mice [50].
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IN VIVO mRNA DELIVERY

To be fully functional, mRNA must avoid extracel-
lular degradation by nucleases, remain intact, and
enter the cell. Since cellular uptake of individual
nucleic acids is inefficient, various options for their
delivery using both viral and nonviral delivery systems
have been proposed.

Nonviral delivery of mRNA include the
approaches that can be divided into two groups: (1)
mRNA delivery encapsulated in liposomes or in vari-
ous polycationic polymers; (2) mechanical mRNA
delivery across the cell membrane using electropora-
tion, gene guns, ultrasound, or high-pressure injection
[52]. These methods can be used both in vivo and
in vitro.

Lipid Nanoparticles

Lipid nanoparticles (LNPs) are one of the most
commonly used mRNA delivery systems. LNPs often
consist of four components (Fig. 9): (1) the ionizable
cationic lipid that provides for the self-assembly of
particles and facilitates endosomal release of the
mRNA into the cytoplasm; (2) lipid-conjugated poly-
ethylene glycol (PEG); (3) cholesterol, the stabilizing
agent, and (4) phospholipids, which maintain the
two-layer lipid structure [53, 54]. The level and dura-
tion of mMRNA-LNP vaccine translation in vivo can be
partially controlled by changing the route of its admin-
istration. It has been shown that intradermal, intra-
muscular, and subcutaneous injection of mRNA-LNP
complexes leads to prolonged protein production at
the injection site [55].

Cholesterol

Phospholipid — +

229

Asitisshown in Fig. 10, the mRNA delivery system
should interact with the target cell and penetrate into
the cytoplasm through the cytoplasmic membrane,
and then provide for the mRNA release into the cyto-
plasm so that it could reach the ribosomes.

The delivery system components may bind to the
cell surface via the electrostatic interactions between
the components and the membrane surface. Binding
can be made more efficient by incorporating ligands
capable of interacting with the specific receptors on
the cell surface into the delivery systems [56].

The key mechanism by which mRNA delivery sys-
tems enter the cell is endocytosis. It involves many
complex processes which determine the intracellular
localisation of mRNA. mRNAs get inside the endo-
somes as a result of cell membrane invagination.
Endosomes mature and fuse with lysosomes, where
the acidic environment and the presence of hydrolytic
enzymes may destroy the delivery system and the
nucleic acid. Therefore, the delivery system compo-
nents should provide for the optimal time interval
between the mRNA exit from the endosomes and the
nucleic acid degradation, as it is crucial for the suc-
cessful mRNA work [5].

The mechanisms underlying mRNA release from
the artificial lipid nanoparticles into the cytoplasm are
not yet completely understood. It has been shown that
LNPs are internalised via a process involving both
clathrin-dependent endocytosis and macropinocyto-
sis [57].

Currently, there are approved mRNA vaccines
against COVID-19 that deliver the mRNA encoding
the SARS-CoV-2 S-protein using LNP. These include
the mRNA-1273 (Moderna) and BNT162b2 (BioN-

Ionizable lipid

PEGylated lipid

Fig. 9. Lipid nanoparticle structure.
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Fig. 10. Intracellular barriers for in vitro transcribed (IVT) mRNA delivery: (1) interaction between the delivery system and the
cell membrane, (2) endocytosis, (3) exit from the endosome and mRNA release to initiate translation. Endocytosis is a mecha-
nism by which extracellular components and fragments of the plasma membrane internalize with the formation of the endocytic
vesicle. This process involves vesicles with the internal pH of ~5 known as endosomes which develop from the early endosomes
to the late endosomes before fusing with the intracellular organelles called lysosomes. In such a way, particles entering the cell via
endocytosis are captured by the endosomes and eventually appear in the lysosomes, where active enzymatic degradation takes

place [5, 46].

Tech/Pfizer) vaccines [58]. The LNP composition of
these vaccines is shown in Table 1. The structural for-
mulas of the components included in the LNP are
shown in Fig. 11.

The candidate mRNA vaccines CVnCoV
(CureVac) and ARCoV (Walvax), which are in the
clinical trials, use LNPs of different composition for
the delivery (Table 2) [59, 60].

The main issue in the mRNA delivery using lipid
nanoparticles lies in the nature of the lipids [61]. In

particular, positively charged lipid particles can bind
to the negatively charged proteins and nucleic acids
and adhere to the cell surface, which destabilises the
plasma membrane and causes side effects in the vacci-
nated patients [62, 63]. Lipid components can induce
immune responses after systemic or local administra-
tion. For example, PEGylated lipids can stimulate the
complement system. In addition, antibodies against
PEG can lead to the rapid elimination of PEGylated
nanoparticles from the body. This can alter the bio-

Table 1. Lipid nanoparticle composition in the mRNA-1273 (Moderna) and BNT162b2 (BioNTech/Pfizer) vaccines [58]

Vaccine mRNA-1273 BNT162b2

Manufacturer Moderna BioNTech/Pfizer

mRNA dose, ug 100 30

Components SM-102 ALC-0315
Distearoylphosphatidylcholine Distearoylphosphatidylcholine
Cholesterol Cholesterol
DMG-PEG2000 ALC-0159

Ionizable cationic lipids : neutral lipids : cho- [50:10:38.5: 1.5 46.3:9.4:42.7:1.6

lesterol : PEGylated lipids (molar ratio, %)
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Table 2. Lipid nanoparticle composition in the CVnCoV (CureVac) and ARCoV (Walvax) vaccines [59, 60]

Vaccine CVnCoV ARCoV
Manufacturer CureVac Walvax
mRNA dose, ug 12 5, 10, 15, 20 and 25
Components Cationic Lipid (Acuitas Therapeutics) | Cationic lipid (no data)
Phospholipid Dystearoylphosphatidylcholine
Cholesterol Cholesterol
PEG-lipid conjugate PEG-lipid conjugate
lonizable cationic lipids : neutral lipids : cho- [50:10:38.5: 1.5 50:10:38.5: 1.5
lesterol : PEGylated lipids (molar ratio, %)
(a) (b)
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Fig. 11. The structures of the LNP components: (a) SM-102—(heptadecane-9-yl-8-((2-hydroxyethyl)(6-oxo-6-(undecyl-

oxy)hexyl)amino)octanoate)); (b)

ALC-0315—((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyl

decanoate);

(c) DMG-PEG2000—1-monomethoxypolyethylene glycol-2,3-dimyristylglycerol with polyethylene glycol with the average
molecular weight of 2000; (d) ALC-0159—2-[(polyethylene glycol)-2000]- N, N-ditetradecylacetamide.

availability and biodistribution of the preparation
encapsulated into the PEGylated nanoparticles and
thus cause side effects. Additionally, cationic and ion-
izable lipids have been reported to stimulate the secre-
tion of proinflammatory cytokines and reactive oxy-
gen species. Although the immunogenicity of these
lipids is not yet fully understood, the complement sys-
tem and Toll-like receptors may be involved in the
activation of the innate immunity. The cytotoxicity of
lipid materials also poses a problem. The in vivo use of
lipid nanoparticles has been reported to cause liver and
lung damage in rodents, which may be related to their
cytotoxicity and the induction of proinflammatory
factors [64].

These issues are addressed by using various modi-
fications of the lipid nanoparticle components [65],
but this increases the cost of LNPs production and
makes their composition more complex. Another
drawback of lipid nanoparticles is that they are sensi-
tive to freezing and thawing, therefore, they must be
stored and shipped at —80°C, which makes their use
for mass vaccination challenging [66, 67].
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Polycationic Polymers

Polymeric materials are not as widely used for
nucleic acid delivery as lipids are. Compared to lipids,
polymeric materials pose a number of additional prob-
lems, such as difficult biodegradation of polymers
with large molecular weight. Nevertheless, the
research is carried out aimed at resolving these prob-
lems. For example, low-molecular-weight poly(eth-
ylenimine) (PEI) modified with fatty acid chains is
used for mRNA delivery to reduce the toxicity of high-
molecular-weight PEI. Poly(glycoamidoamine) poly-
mers modified with fatty acid chains, such as
TarN3C10, which contains the tartrate backbone
(consisting of esters and tartaric acid salts), have
demonstrated their effectiveness in erythropoietin
mRNA delivery in mice [68].

Polymethacrylates with amine-bearing side chains,
polyaspartamides with oligoaminoethylene side
chains, and polyacrylic acids amidized with tetramine
with alternating ethylpropylethyl spacers can also
deliver mRNAs into the cells. Self-degradable esters
have been reported, which the authors have named
Charge-Altering Releasable Transporters (CARTS).
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These polymers are capable of releasing mRNA after
rearrangement followed by degradation at pH 7.4.
Biodegradable aminopolyesters (APEs) are known to
be able to selectively deliver mRNA to tissues [69].

Chitosan, a biodegradable biocompatible polymer
which represents a chitin derivative obtained by
removing the acetate part of chitin, is also an interest-
ing subject of research. Chitosan contains chemical
functional groups which can be modified to achieve
specific goals, making it a polymer with a huge range
of potential applications. Nanoparticles based on chi-
tosan and its derivatives usually possess a positive sur-
face charge and mucoadhesive properties which makes
them able to attach to mucous membranes and release
a drug [70].

Dendrimers such as poly(amidoamine) (PAMAM)
or polypropyleneimine derivatives have been studied
for nucleic acid delivery. PAMAM dendrimers modi-
fied with fatty acid chains have been synthesised to
deliver small interfering RNAs, which were subse-
quently used to develop the intramuscularly adminis-
tered self-replicating mRNA vaccine platform for the
expression of the Ebola virus, HIN1 influenza, 7oxo-
plasma gondii and Zika virus antigens [71]. PAMAM
dendrimers can improve water solubility, stability, tar-
geting and pharmacokinetics of the drugs. Owing to
their versatility dendrimers can be used as an alterna-
tive platform for next-generation drug delivery [72].
However, a number of problems arise when using this
delivery platform. As long as repetitive dendrimer
units form tree-like branching, their enzymatic bio-
degradation can be hindered due to steric factors lead-
ing to the toxicity associated with the tissue accumula-
tion of these materials [73].

Along with the known agents, other materials for
mRNA delivery are being developed that can ensure
the safety and efficacy of the vaccine as well as facili-
tate its storage and transportation. In particular, a
polyglucin-spermidine (PGS) conjugate has been
obtained at the State Research Center of Virology and
Biotechnology “Vector” to serve as the carrier for the
mRNA-RBD vaccine encoding the receptor-binding
domain (RBD) of the SARS-CoV-2 S-protein [74].

PGS contains only two components, polyglucin
and spermidine, and allows the nucleic acid to be
lyophilised and stored for long periods at positive tem-
peratures. It has been demonstrated that PGS-encap-
sulated DNA vaccine can be stored for at least two
years at 4°C not losing its specific activity. PGS con-
jugate is the component of a HIV-1 DNA vaccine, and
its safety has been confirmed by preclinical studies and
phase I clinical trials [75, 76].

The important advantage of PGS components is
their biodegradability and safety for humans. Polyglu-
cin (a glucose polymer with the molecular weight of
40000) is not toxic for humans and acts as a certified
plasma substitute with the hemodynamic activity,
which is used to restore the circulating blood volume.
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The polyglucin envelope has been demonstrated to
protect the yeast dSRNA from degradation by serum
nucleases [77]. Spermidine is a naturally occurring
polyamine found in all living organisms; it plays an
important role in maintaining cellular homeostasis
and is involved in many biological processes, includ-
ing cell growth and proliferation, DNA and RNA sta-
bilisation and translation regulation [78, 79]. In addi-
tion, the low cost of the components and possibility to
lyophilise and store at 4°C give the PGS conjugate
additional technological advantages in vaccine pro-
duction and transportation.

It is thought that the mRNA-PGS complex enters
the antigen-presenting cells by endocytosis owing to
its size, which is comparable with the average size of
viral particles (100—200 nm). In addition, packaging
in PGS protects the mRNA from degradation by
nucleases, which ultimately results in increased
immune response. The studies have demonstrated that
the proposed polyglucin-spermidine polycationic
conjugate may be regarded as a promising and safe
means of mRNA vaccine delivery, in particular, for
mRNA vaccines against SARS-CoV-2 [80].

Physical Delivery Methods

Various physical manipulations are used to
increase the efficiency of direct transfection [52, 81].
For the direct delivery of nucleic acids into the cells,
both in vivo and in vitro, electroporation, gene guns,
ultrasound, or high-pressure injection can be used.
Electroporation is one of the most effective mRNA
delivery methods. Since mRNA does not require
nuclear localisation, gentle electrical pulses can be
used to reduce cellular toxicity. Another advantage of
electroporation is the direct delivery of mRNA into
the cytosol, which can prevent the unwanted immune
response [82].

Other delivery methods different from those dis-
cussed above are currently being investigated.
Although much success has been achieved in this area,
there is an idea that the combination of different
mRNA delivery systems will be the most effective.

CONCLUSIONS

mRNA vaccines have become a promising plat-
form for creating the means of infectious disease pre-
vention since they offer significant advantages over
other types of vaccines. First of all, it is safety:
mRNAs, unlike classical viral vaccines, are noninfec-
tious and have low reactogenicity. mRINA vaccines can
efficiently activate the specific cellular and humoral
immune responses, but do not induce the antivector
immune response. A significant advantage of mRNA-
vaccines is their rapid, inexpensive, scalable and rou-
tine production, ensuring high yields of the desired
product under in vitro conditions. The mRNA vaccine
platform allows for easy target gene replacement with-

No.2 2023



mRNA VACCINE PLATFORM: mRNA PRODUCTION AND DELIVERY

out changing the production technology, which is
important for addressing the time lag between the epi-
demic outbreak and vaccine release.

The present review discussed the main mRNA vac-
cines modifications aimed at enhancing their effi-
ciency and delivery ways. Modifications of the cap,
poly(A)-tail, and coding and noncoding parts of the
mRNA are used to increase stability. In addition, an
important step is the purification of the target mRNA
vaccine from the by-products (dsRNA). Both viral
and nonviral delivery systems are used to deliver the
mRNA into the cells. Nonviral delivery systems
include mRNA encapsulation in liposomes (LNP)
and various polycationic polymers, as well as mRNA
delivery across the cell membrane using physical
methods, including electroporation, gene guns, ultra-
sound, and high-pressure injection.

Owing to the advances in enhancing the stability
and efficiency of mRNA vaccine translation and in
increasing the efficiency of mRNA delivery into the
cells, mRNA vaccines have become a promising tool
which could be widely used to prevent viral diseases
caused by such agents as coronavirus, influenza
viruses, human immunodeficiency virus, etc.
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