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The seasonal flu vaccine is, essentially, the only known way to prevent influenza epidemics. However, this approach has

limited efficacy due to the high diversity of influenza viruses. Several techniques could potentially overcome this obstacle.

A recent first-in-human study of a chimeric hemagglutinin-based universal influenza virus vaccine demonstrated promising

results. The coronavirus pandemic triggered the development of fundamentally new vaccine platforms that have

demonstrated their effectiveness in humans. Currently, there are around a dozen messenger RNA and self-amplifying

RNA flu vaccines in clinical or preclinical trials.
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1. Development and Use of mRNA Vaccines

Thirty-five years ago, the possibility of protein expression in human cell lines from exogenous mRNA mixed with fat

droplets was demonstrated . A year later, the possibility of mRNA delivery into a living organism (frog embryo) was

revealed. However, for many years, mRNA was not considered as a viable method to prevent or treat disease due to the

perceived technical sophistication. Despite the lack of visible applications of the new technology, several scientific groups

continued to consider using mRNA as a delivery vehicle, e.g., for cancer vaccines .

An unexpected impetus to the development of mRNA vaccines was provided by the COVID-19 pandemic. There were no

ready-made solutions at the time of the emergence of a demand for a vaccine against a novel infection. In such a

situation, standard time-tested approaches require comparable, if not more, time in development as compared with new

ones. Currently, two major mRNA vaccines in use are manufactured by Moderna and Pfizer . Both vaccines are based

on a similar principle. The Moderna and Pfizer vaccines were administered to hundreds of millions of people, efficiently

protecting against moderate and symptomatic SARS-CoV-2 infection . It should be noted that over time the

effectiveness of vaccination inevitably decreases , which necessitates the use of revaccination.

2. mRNA Vaccine Method of Action and Delivery

2.1. Types of mRNA Vaccines

Based on their method of action, mRNA vaccines can be divided into two types: conventional mRNA and self-amplifying

mRNA (SAM) vaccines . Conventional mRNA vaccines take advantage of cellular machinery to translate the appropriate

protein, whereas SAM vaccines have coding accessory proteins for self-replication (RNA-dependent RNA polymerase,

capping enzymes, proteases) beside target RNA .

SAM vaccines may be used in the form of formulated in vitro transcribed mRNA or in a form of viral replicon particles

produced by packaging SAM with alphavirus structure proteins in cell culture . This was demonstrated through the

development of vaccines that prevent CMV infection . Notably, the presence of alphavirus proteins may be toxic for the

host cells . At the same time, a recent safety study of the SAM rabies vaccine in rats showed that SAM was well

tolerated by the animals .

Hekele and colleagues have proven the safety, tolerance, and efficacy of a SAM vaccine coding for influenza

hemagglutinin H1N1. This vaccine protected mice from inoculation by the H7N9 strain. Such preparations may be

generated within 8 days in a cell-free way after the discovery of a new viral strain . Another advantage of such a

platform is the ability to use low concentrations of nucleic acids. Moreover, the amplification of delivered mRNA occurs in

situ, generating stronger protective immunity to the antigen as compared with conventional mRNA vaccines.

In addition, the new cationic nanoemulsion (CNE)-formulated SAM vaccine against another RNA-virus, the Zika virus, has

recently been shown to protect a non-human primate model in a preclinical trial . Several studies demonstrated the
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great potential of SAM vaccine usage for preventing COVID-19. Strong stimulation of either humoral or cellular immune

response was revealed . Notably, one SAM vaccine is undergoing Stage I clinical trials after confirmation of

effectiveness against different SARS-CoV-2 strains . Thus, it can be said that SAM vaccines have shown their

immunogenic potency against multiple targets . In addition, based on preclinical data, it can be

concluded that SAM-mRNA vaccines could potentially induce a more durable immune response compared to non-

replicating mRNA vaccines .

Most ribonucleases involved in mRNA degradation have 5’- or 3’-end-dependent activity. As a result, the stability of linear

mRNA is low, impairing mRNA-based vaccine implementation. Notably, circular forms of RNA (circRNA) were

demonstrated to be an abundant and prominent type of RNA generated in the result of backsplicing . Due to the lack of

a 5’- and 3’-end, circRNA are more stable in comparison with linear mRNA. Recently, several approaches for circRNA

generation have been suggested .

RNA circularization leads to enhanced stability of the mRNA and greater efficiency in the production of the target protein

. Moreover, a circular mRNA vaccine could be stored at room temperature . As a result, manufacturing and

implementation costs would be significantly lower. There are currently no data about circular mRNA vaccines. However,

some commercial companies are raising funds to implement the concept of protein translation from circular RNA in

humans. The Laronde startup raised hundreds of millions of dollars in 2021 for the development of “endless RNA

therapeutics” .

2.2. Peculiarities of mRNA Vaccine Synthesis

In essence, mRNA vaccine production is an attempt to simulate the changes that mRNA undergoes in a human cell, using

a cascade of biochemical reactions in a cell-free environment. For example, mRNA-1273 (Moderna) is generated by an in

vitro T7 RNA polymerase-mediated transcription process from plasmid DNA . The DNA template contains a codon-

optimized immunogen coding sequence, 5′ untranslated region (UTR), 3′ UTR sequences, and a polyA tail. It should be

noted that the miRNA binding sites in the 5’ and 3’ UTRs decrease the half-life of mRNA as well as vaccine antigen

expression in target cells and tissues. Additionally, any non-canonical start codons or strong secondary structures

interfering with translation initiation at the 5’ UTRs may lower the translation efficiency of a specific antigen. To enhance

expression and avoid innate immune hyperactivation, ORF should also be optimized with codon usage and GC content.

In addition, uridine (U) 5′-triphosphate is 100% substituted by 1-methylpseudouridine (m1Ψ) 5′-triphosphate in the

transcription reaction mixture . As a result, all Us in the sequence of mRNA-1273 are changed to m1Ψs. It should be

noted that U-to-m1Ψ substitution has no effect on the translated protein sequence. Such modification was demonstrated

to significantly enhance the mRNA translation level . However, inclusion of m1Ψ guarantees less activation of the

innate immune system, compared to mRNA containing canonical uridine . Indeed, in vitro transcribed RNA induces

innate immune response through the interaction of cytosolic or endosomal RNA-sensing pattern-recognition receptors.

These proteins interact with single- or double-stranded RNA containing exogenous pathogen-associated molecular

patterns. Such interactions drive expression of pro-inflammatory cytokines, chemokines, type I IFN, and interferon-

stimulated genes . Nevertheless, inhibition of early I type IFN-derived immune response is critical for enhancing

immunization efficiency by an mRNA vaccine . At the same time, hyperstimulation of the innate response can lead to

the elimination of exogenous mRNA or the blockage of its translation mechanism . Therefore, mRNA vaccines must be

designed in such a way as to "moderately" stimulate the immune response. Chemical modifications of nucleosides

naturally occurring as post-translational modifications in cells may allow the prevention of Toll-like receptor-mediated

activation of the immune response . Thus, the use of a novel modification assists in the avoidance of excessive

activation of the innate immune response. An example of the potential importance of including a modification in mRNA is

the COVID-19 mRNA vaccine produced by CureVac. This vaccine demonstrated low effectiveness (around 48%) . The

low efficacy of the drug was likely due to the lack of m1Ψ modification as compared with the Moderna and Pfizer vaccines

.

The RNA resulting from in vitro transcription undergoes a biochemical 5’ capping procedure, imitating the natural process

that occurs in the nucleus of the cell . Artificial capping could be conducted by using commercially available kits, e.g.

CleanCap (Trilink Biotechnologies) . While such a modification stabilizes the synthesized RNA by shielding from 5’ RNA

exonucleases, it is necessary for cap-dependent translation initiation. Circular mRNA vaccines that have yet to come into

practice are, by definition, incapable of cap-dependent translation initiation. However, there are alternative cap-

independent mechanisms of translation initiation, mediated by internal ribosomal entry sites (IRES) or N6-

methyladenosine (m6A) modification incorporated into the 5’ UTR region of mRNA .
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T7 RNA polymerase, in addition to its primary function, is capable of synthesizing RNA based on an RNA template (i.e.

RNA template-directed RNA synthesis) in significant quantities . As a result, an RNA strand complementary to the

template is synthesized, generating dsRNA. The entry of double-stranded RNA into a cell inevitably leads to a strong

immune response, initiated by the binding of a foreign molecule to receptors, such as RIG-I-like receptors . As a result,

the efficacy of translation is seriously reduced . The additional step of removing the dsRNA fraction circumvents this

problem. Thus, U-to-m1Ψ substitution and dsRNA removal are two necessary and sufficient steps to regulate the

interaction between vaccine mRNA and immunity . At the same time, it should be noted that the difficulty of scaling up

mRNA vaccine production is of particular concern . This problem remains the subject of active research .

2.3. Delivery Vehicles

Various mRNA delivery platforms may be used, depending on the task. Viral vectors, gene guns, electroporation,

penetrating peptides, polymers, and liposomes are among the most widespread approaches . Naked unformulated

mRNA was shown to be expressed in cells , however cellular uptake is less than 0.01% . Notably, most of these

methods are only suitable for in vitro purposes.

Liposomes are the first delivery approach used in nanopharmaceuticals as a kind of universal carrier for both hydrophobic

and hydrophilic cargoes: proteins, nucleic acids, and small molecules . A liposome is a 20–1000 nm formation with one

or more lipid bilayer containing aqueous and hydrophobic compartments. In 1994, Harashima et al., demonstrated a

positive correlation between the size of such particles and the opsonization and macrophage phagocytosis uptake in vivo

. This means that liposome size should be carefully measured for delivering purposes .

To date, the most common way of delivering mRNA for therapeutic purposes was lipid nanoparticle (LNP) injection. LNP

consists of positively charged cationic and ionizable lipids that mediates complexing with negatively charged mRNA.

Moreover, such formulation is necessary for cellular uptake and endosomal escape . Cationic lipids in LNPs are

neutralized with anionic cell lipids and promote nucleic acid entering the cytoplasm through the disruption of LNP

complexes. Although LNPs are non-immunogenic and non-toxic in comparison to viral vectors, they still have some

cytotoxicity  that is dependent on the structure of hydrophilic heads or PEG (polyethylene glycol) modifications of lipids,

which are widely used to increase in vivo stability . This may cause membrane damage or vacuolization of the

cytoplasm and may affect important cellular pathways and cell cycle stages. There are many new lipids under

development for lowering cytotoxic effects without decreasing delivering efficiency.

Producing LNPs is difficult and hardly scalable. LNPs themselves are not sufficiently stable, sterilizable, or bioavailable

. Solid lipid nanoparticles (SLNs) containing solid lipids instead of liquid crystalline and nanostructured lipid carriers

(NLCs) containing a mix of solid and liquid crystalline lipids were developed for overcoming those limitations.

Another non-viral delivery platform, cationic nanoemulsion (CNE), consists of cationic lipid DOTAP (1,2-dioleoyl-sn-

glycero-3-phosphocholine), emulsified with components of Novartis’s proprietary adjuvant MF59 and is well tolerated in

every age group . CNE’s advantages in delivering and enhancing vaccine potency and safety have been proven in over

100 clinical trials. Additionally, it can be stored at +4 °C for up to 3 years .

It should be noted that there is a possibility for targeted LNP delivery with the use of incorporated ligands for cell receptors

(natural ligands, antibodies, aptamers) and stimuli-responsive (pH, temperature, magnetic fields, laser irradiation) LNPs,

as it has been tested for anti-cancer therapies .

There are different administration routes for mRNA-based therapeutics . Systemic intravenous administration often

leads to the accumulation of LNPs in the liver. This is acceptable for replacement therapies and for the production of

specific anti-pathogen or anti-cancer antibodies due to inherent liver capability for protein secretion. Otherwise,

intravenous delivery may cause a wide distribution of nanoparticles through the lymph nodes, enhancing immune

response to the antigen, compared with local administration; this could cause adverse effects, therefore using targeted

nanoparticles is preferable. Direct local administration (intramuscular, intradermal, subcutaneous) of mRNA-containing

nanoparticles into the target tissue is preferential for achieving a local therapeutic effect and a systemic effect through the

recruiting of local antigen presenting cells. Local injection is commonly used for vaccination purposes. Van Lint et al., have

shown that direct intranodal administration of tumor-associated antigen mRNA together with mRNA coding for

immunomodulatory proteins causes a robust T cell response mediated by dendritic cell mRNA uptake, translation, and

antigen presentation . At the same time, intranodal delivery of mRNA-encoded influenza nucleoprotein activates an

effective cross-strain T cell response in mice .
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Some LNP-based therapeutics are already clinically approved and there are also several nucleic acid-based approaches

in use. For example, Onpattro by Alnylam Pharmaceuticals, which is a transthyretin-directed siRNA formulated with LNP

for the treatment of polyneuropathy caused by hereditary transthyretin-mediated amyloidosis (hATTR amyloidosis), and,

of course, the commonly known anti-COVID-19 mRNA vaccines, BNT162b2 by Pfizer/BioNTech and mRNA-1273 by

Moderna, although they only received Emergency Use Authorization (EUA) in 2020 . There are also other Stage I and II

clinical trials of mRNA-based LNP therapeutics against tumors (melanoma, breast cancer, ovarian cancer, glioblastoma,

solid tumors, etc.), viral infections (rabies, Zika virus, CMV, Influenza virus, SARS-CoV-2), tuberculosis, and others .

2.4. Flu mRNA Vaccines under Development

There are four influenza mRNA candidate vaccines in clinical trials proposed by Sanofi/TranslateBio, Pfizer, Moderna, and

NIAID. The Sanofi/TranslateBio vaccine is a monovalent vaccine that codes for the hemagglutinin protein of A/H3N2.

Pfizer’s medical has two monovalent vaccines that code for the hemagglutinin of H1N1 and B/Yamagata lineage AIV

combined into a singular bivalent vaccine.

Moderna’s candidate, mRNA-1010, is a quadrivalent vaccine, encoding the hemagglutinin for two IAVs and two IBVs,

selected based on WHO recommendation: A/H1N1, A/H3N2, B/Yamagata-, and B/Victoria-lineages . NIAID’s

candidate, FluMos-v1, is a universal mRNA vaccine that stimulates antibodies against several different strains of the

influenza virus through the display of a hemagglutinin fragment on the surface of a self-assembling nanoparticle scaffold

.

In addition to the above examples, several other prototypes are being developed ; thus, there are at least 10 mRNA

vaccines for the influenza virus currently in pre-clinical trials, including a multivalent Moderna vaccine.

In other words, the possibility of using mRNA vaccines is already the subject of active study and several prototypes are

being tested in humans. It should be noted that mRNA vaccines for the influenza virus may be a larger challenge to

market to the public than for COVID-19 as there are non-mRNA options available in use. However, while current vaccines

are safe, their efficacy and coverage leaves space for improvement, which, in theory, can be improved upon by using

mRNA vaccines .
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