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Abstract: This review highlights the potential and limitations of mRNA vaccines with a particular 
focus on mucosal delivery as an alternative to parenteral administration. The strengths of mRNA 
vaccines are: a) Versatility: they can be adapted to target a wide range of pathogens; b) Faster 
development: designed and produced more quickly than traditional vaccines; c) High efficacy: 
effective in preventing severe disease, as demonstrated during the COVID-19 pandemic. Current 
challenges: a) Delivery: current methods (mainly intramuscular injection) may not be optimal for 
inducing mucosal immunity; b) Stability: mRNA is fragile and needs to be protected from 
degradation; c) Safety: potential side effects, including myocarditis, blood clotting, allergic reactions 
need further investigation. Mucosal delivery could be more effective in preventing the transmission 
of pathogens and is generally better accepted by the population. Pros: offers the potential to induce 
local immunity at the site of pathogen entry, potentially providing broader protection; Cons: 
developing effective delivery systems and adjuvants for mucosal delivery is difficult. Extracellular 
vesicles as a mucosal delivery system are promising and offer a potentially safe, scalable, and 
needle-free approach. Future directions: a) Optimizing mRNA constructs: strategies like codon 
optimization and self-amplifying RNA can improve stability and translation efficiency; b) Rigorous 
pre-clinical studies are essential before human trials. 
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1. Introduction 

Messenger RNA (mRNA) vaccines have emerged as a transformative force in immunization, 
offering a versatile platform to provide protection against a variety of pathogens. By harnessing the 
cell’s natural machinery to produce proteins directly from mRNA molecules, the approach 
circumvents the need for replicating vectors (bacteria, fungi, viruses), thus reducing biological risks 
during production and delivery of vaccines as well as enabling faster development times. Their 
remarkable efficacy in addressing global health challenges emerged during the COVID-19 pandemic 
and is becoming a cornerstone of pharma technology. The 2023 Nobel prize awarded to Katalin 
Karikó and Drew Weissman was not for their invention of mRNA vaccines, but for their finding that 
while delivery of mRNA to mice incited substantial inflammatory responses through activation of 
Toll-like receptors, inoculation of mRNA that had been modified by changing uridine with 
pseudouridine strongly abated inflammation [1,2]. Contributes of the two scientists are well 
summarized in two recent articles [3,4]. 

The mRNA platform represents the foundation of preventive vaccines as well as a basis for 
therapeutics, especially in monoclonal antibodies (mAbs) [5]. Refinements are in progress with 
regard to the structure and production of mRNA constructs, the selection of packaging components 
for mRNA to resist degradation and enter the cells, improved criteria for selecting administration 
routes. 
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To date, mRNA vaccines have been administered predominantly via parenteral routes 
(intramuscular, intradermal, subcutaneous, intravenous, into superficial lymph nodes) [6]. While 
these routes have proven effective in enhancing resistance to systemic infection and in mitigating the 
risk of severe disease, they may fall short in addressing mucosal infections. 

In fact, despite systemic immunity, microbes may continue to replicate in mucosal surfaces, 
evading local defenses and perpetuating community transmission. For a wide range of infectious 
agents, mucosae serve as a critical interface both for establishing the initial contact with the host and 
for exiting the body. Given the immune system’s inherent design to elicit a systemic response 
following superficial infections, leveraging mucosae for vaccination appears a natural strategy 
capable of triggering local immunity at the right point of pathogen entry. This not only provides 
mucosal resistance that is critical to thwarting infections but is also followed by a strong systemic 
response. 

In general, vaccination programs need special consideration to another crucial aspect: the 
capacity to be run also in regions with limited medical infrastructure, particularly in developing 
countries. Utilizing parenteral vaccination in such contexts may not be optimal due to the invasive 
nature of the practice, the need of trained personnel and sterile tools. In addition, the practice carries 
infection risks, needle-stick injuries, and the occasional transmission of diseases other than that being 
prevented. The proper disposal of used materials is mandatory. In contrast, mucosal vaccines may 
offer easy administration that favors acceptance by the population, no needle-related risks and, 
usually, lower costs of production and vaccine delivery. 

Developing and successfully testing mucosal vaccine formulations has been limited, primarily 
because of the scarcity of effective antigen delivery systems as well as mucosal adjuvants [7]. This 
review focuses on mRNA vaccines regarding the establishment of mucosal immunity in either 
industrialized or developing countries. 

2. Vaccine Administration through Parenteral Routes 

Successful vaccination depends on the correct route of administration of the immunogen. In 
general, most vaccines are administered by either the subcutaneous (SC) or intramuscular (IM) route. 
These routes take advantage of the immune surveillance systems for inducing both innate and 
adaptive responses. They also facilitate the gradual processing of the inoculum by bringing antigens 
and adjuvants across the epidermal barrier. Importantly, controlled delivery avoids their direct 
introduction into the bloodstream thus preventing the systemic distribution of these substances and 
their rapid clearance [8]. 

Subcutaneous (SC) injections target the adipose-connective tissue beneath the dermis and above 
the muscle layer, while Intramuscular (IM) injection stands out as the predominant delivery method 
by reaching skeletal muscles. Selecting the administration route is tailored to the specific vaccine, the 
target population, considerations to manufacturing and quality control methods, the possible need 
of a cold chain, the training required for personnel administering the vaccine. Opting for 
intramuscular administration enhances the immunogenicity of most vaccines and reduces adverse 
reactions at the injection site. Muscles, being highly vascularized, facilitate adequate mobilization 
and distribution of the vaccine to lymphoid cells and lymph nodes. Conversely, injecting a vaccine 
into the subcutaneous layer, with its lower vascularity, may lead to a slower mobilization of the 
immunogen and antigen presentation and also poses the risk of local adverse effects or delayed 
response [9]. 

Upon vaccine administration, the innate immune response initiates at the injection site. The 
adaptive response commences at the local lymph nodes that the vaccine drains into. Studies 
comparing vaccine routes of administration have yielded mixed results, indicating different speeds 
of B- or T-cell responses depending on the vaccine and its formulation. Generally, injected vaccines 
of the same formulation exhibit similar long-term outcomes when injected through different routes 
[10]. 

Vaccinologists have long been concerned with problems posed by parenteral injections, 
especially in developing countries for reasons of biological safety and costs. The history of the polio 
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vaccine exemplifies the crucial impact of integrated considerations in vaccine development, 
especially the choice of attenuated versus inactivated platforms, the choice of adjuvants (e.g., 
aluminum or oil-in-water), the selection of administration routes (oral or intramuscular). Sabin’s 
attenuated polio vaccine administered orally (OPV), has been widely used due to its convenience, the 
ability to elicit intestinal immunity, its spread to contacts, cost-effectiveness. The inactivated polio 
vaccine (IPV) is considered safer, but more expensive and “less effective” since it induces only 
systemic immunity. Efforts to reduce IPV costs include exploring a variety of adjuvants with the aim 
of cutting costs. The last three decades have seen advancements in vaccine design and testing that 
lead to a more engineered approach and the emergence of the distinct field of ‘vaccinology.’ The 
recent development of COVID-19 vaccines underscores the importance of integrated considerations 
in vaccinology. Independently and collectively, the choice of vaccine platforms, adjuvants, and 
delivery routes interact in determining vaccine efficacy and safety. Liquid formulations for injection 
face challenges due to the need of a ‘cold chain.’ In the realm of nucleic acid vaccines, currently 
licensed products are administered intramuscularly. Researchers have pursued alternative delivery 
routes, resulting in innovative tools (e.g., mucosal adjuvants, mRNA encapsulation components, 
micropatch needles) that may improve vaccine immunogenicity, and stability [11,12]. 

3. Alternative Routes for Vaccine Administration 

Mucosal delivery of vaccines is considered highly effective in providing robust protection at 
mucosal surfaces. leveraging mucosa-associated lymph tissues (MALTs) it leads to antibody 
secretion into mucus. Despite the advantages of needleless delivery of the immunizing agent, the 
penetration and retention of immunogens at the mucosal surface is challenged by host’s natural 
defense mechanisms, including stomach acid, digestive enzymes and the mucus layer. Currently, 
only five vaccines utilize mucosal delivery through the oral and intranasal routes [13]. Among those, 
the Sabin polio vaccine, a cholera vaccine and a rotavirus vaccine represent effective preventive 
measures against important pathogens. Compared to injectable vaccines, oral vaccination has several 
advantages that include easy manufacturing, facilitated distribution and affordability. Oral vaccines 
are also remarkably stable and have long shelf-lives that facilitate distribution. Additionally, the 
simplicity of administration and the minimal training for sanitary personnel contribute to their 
success as well as to wider acceptance among the population. 

3.1. Expressing Protein Antigens in Plants 

It has been about 30 years since the first plant engineering technology was established [14]. The 
idea is to express select protein antigens of microbial pathogens in edible plants whose fruits need 
not to be cooked before eating. Hence, eating the genetically engineered fruits (e.g., bananas, 
tomatoes) would result in the exposure of humans to antigens of a specific target germ within the 
digestive system. Since mucosal structures enfold the digestive system, the microbial immunizing 
protein would encounter mucosal-associated lymphoid tissues. A local immune response would 
follow and would spread widely in the digestive system leading – among other reactions - to the 
production of secretory IgA antibodies. Whereas this is desirable, safety consequences might emerge. 
An example is gluten sensitivity in celiac disease and related disorders [15]. 

Edible plant vaccines against influenza viruses [16], polioviruses [17] and animal virus 
pathogens [18] have been proposed, but no vaccines of this type are currently in use either for animals 
or humans [19]. At present, a single plant-made vaccine has been approved by the USDA: the 
Newcastle disease vaccine for poultry that is produced in suspension-cultured tobacco cells. 
Adoption of plant-based vaccines takes great methodological efforts, but the regulatory, patenting 
and safety issues are even more difficult to resolve [20,21]. 

3.2. Administration of mRNA Vaccines within Extracellular Vesicles 

Extracellular vesicles (EVs) are small membrane-bound particles released by cells into the 
extracellular space and include exosomes and microvesicles. EVs are proper of most living systems 
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including animals and plants. They play a role in intercellular communication by transporting 
bioactive molecules such as proteins, lipids, and nucleic acids. 

EVs have the potential to be employed for mRNA vaccines thanks to their intrinsic properties 
[22] that make them a valid alternative to parenteral administration: 

a) Natural Cell-to-Cell Communication: EVs are involved in normal physiological processes as 
mediators of cell-to-cell communication. Exploiting this natural communication system for 
vaccine delivery may have advantages in terms of the body response to the introduced mRNA. 
EVs have been shown to modulate immune responses [23]. 

b) Protection of mRNA: EVs can protect the encapsulated mRNA from degradation and immune 
system recognition, thus improving the stability and effectiveness of mRNA vaccines [24–29]. 

c) Targeted Delivery: EVs can be engineered to express specific surface proteins that allow them to 
target specific cell types or tissues, thus enhancing the precision of vaccine delivery. Several 
methods have been developed to engineer EVs by modifying their surface with the purpose of 
targeting drug delivery [for review see [30]]. 

d) Reduced Reactogenicity: EVs may help reduce inflammatory reactions associated with mRNA 
vaccines, making them safer and more acceptable for therapeutic applications. 

e) Potential for Personalized Medicine: the ability to modify EVs for specific target cells opens up 
the possibility for personalized medicine, better adapting vaccines to the individual’s unique 
needs [31]. 

The general procedure for immunization using mRNA constructs loaded into plant derived EVs 
is summarized in Figure 1. 

 
Figure 1. Schematic representation of EV mechanism of action for mRNA vaccine delivery. EVs 
protect mRNA from enzyme degradation and environmental stress conditions, allowing the delivery 
to antigen-presenting cells, where the mRNA construct is translated into its protein product and 
conveyed to lymphocytes (Ly) by antigen presenting cells (APC). 

While the concept is promising, the implementation of EVs as mRNA carriers requires intensive 
research. Challenges include optimizing production methods, ensuring optimal loading of mRNA 
into EVs, addressing regulatory and safety considerations. 

Preclinical studies addressed the use of EVs for mRNA-based vaccines. Wang et al. [32] 
investigated the intranasal administration of lung cell-derived EVs containing mRNA specific for the 
SARS-CoV-2 spike protein. Animals produced IgG and IgA antibodies as well as a T cell-mediated 
immune response. The EV carrier was shown to be superior to liposomes in terms of immunizing 
potency. Vaccination of hamsters with the same procedure significantly reduced the severity of 
pneumonia triggered by SARS-CoV-2. Notably, the lyophilized form of this mRNA vaccine was 
stable up to three months [32]. Lung derived EVs containing mRNA encoding the S protein of SARS-
CoV-2 was also administered to rodents as inhalable dry powder as well as to non-human primates. 
The EV vaccine was superior to synthetic liposomes due to better biodistribution in lungs [33,34]. A 
vaccine composed of EVs released by the HEK293 cell line fused with lipid coated mRNA encoding 
for the S and N proteins of SARS-CoV-2 was developed by Tsai et al. [35]. Whereas mRNA loaded 
into synthetic nanoparticles was toxic to the cells, EV-loaded mRNA apparently lacked toxicity and 
stimulated long lasting immunity [35]. 
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Since the upscale production of EVs in cultured human cells is laborious, expensive and requires 
complex quality controls, alternative sources have been explored. EVs from edible plants may 
represent an appealing alternative. EVs of plant cells closely resemble those of mammalians [36]. 
Plant EVs are constituted by a bilayer membrane, and it has been shown that they can be loaded with 
exogenous nucleic acids, including mRNA, regulatory small RNA, DNA plasmids [37–39]. Edible 
plant-derived EVs are abundant in fruit juice and their production is scalable. In addition, select 
plants that have been long-term part of human diets are expected to be non-toxic and, in general, 
little or no immunogenic. Recently, Pomatto et al. [37,40] explored the use of plant-derived EVs 
extracted from orange (Citrus sinensis) as carriers for SARS-CoV-2 mRNA vaccines. The potential of 
EVs as a platform for administering mRNA vaccines through the parenteral, oral, and intranasal 
routes has been evaluated. An efficient loading of mRNA and mRNA protection from degrading 
enzymes including gastric juice was observed. The loaded mRNA was successfully delivered to 
antigen-presenting cells and stimulated T lymphocyte activation in vitro. Mice immunization - via 
different administration routes - with orange-derived EVs in soluble form stimulated humoral and T 
cell-mediated immune response [37]. Rat immunization with lyophilized orange-derived EVs loaded 
with S1 mRNA encapsulated in gastro-resistant capsules administered by gavage also stimulated 
mucosal immune response with production of specific IgA and T lymphocyte activation [40]. 

The versatility of administration routes and the induction of both humoral and cell-mediated 
responses by vegetal EV-based vaccines make this approach promising. The formulation of 
lyophilized mRNA containing EVs may represent an important delivery strategy not only for oral 
vaccines but also for a dry powder inhalator vaccine. The formulation stability at room temperature 
adds merits to the proposed vaccination approach. 

4. Optimization of mRNA Constructs to Improve Stability and Translation Efficiency 

While mRNA vaccines offer numerous advantages, there are notable challenges associated with 
their delivery. Research is focused on developing improved delivery systems to safeguard mRNA 
and ensure their entry into cells [41]. Potential side effects, including heart, renal and microvascular 
damage, blood clotting as well as allergic reactions have been identified with mRNA vaccines [42]. 
These have been traced, in part, to hypersensitivity reactions elicited by LNP-mRNA components, 
likely the PEGlyated lipid nanoparticles [43]. Thus, safer technology for mRNA encapsulation is 
strongly needed. Moreover, the rapid degradation of mRNA in the body after administration [44] or 
the risk of triggering great cytokine responses [45] present considerable obstacles to practical 
applications. 

The successful translation of mRNA into functional proteins is contingent upon optimizing key 
elements within the mRNA construct. Here we explore strategies for enhancing the stability and 
translation efficiency of mRNA sequences through targeted optimizations of the 5’ cap, 3′ poly-A tail, 
and codons for increasing mRNA stability and translation efficiency. 

4.1. Cap Structure 

Almost all endogenous eukaryotic mRNA contains a 5′ cap structure added during RNA post-
transcription modifications. processing. The 5′ cap consists of an N7-methylated guanosine (m7G) 
linked to the first nucleotide of the RNA via a reverse 5′ to 5′ triphosphate linkage (the 5′ m7G cap)) 
[46] and is essential for initiating protein synthesis. Furthermore, the cap structure serves as a 
protective barrier against exonuclease cleavage, thereby enhancing mRNA stability. Notably, the cap 
structure aids the host’s discrimination between self and non-self mRNA molecules, underscoring its 
importance in immunogenicity and host-pathogen interactions [47]. 

Numerous strategies for mRNA structure optimization have been applied to optimize m7G to 
achieve cap analogs with high transcription efficiency and low susceptibility for decapping enzymes 
[48]. Modification of m7G represents another approach to improving mRNA translation. It has been 
shown that replacing m7G with 7-benzylated guanosine significantly enhances translation efficiency 
[49], further boosted by attaching m7G with another m7G via tetraphosphate (m7Gppppm7G), 
resulting in analogs with higher translation efficiency compared to natural eukaryotic 5′ caps. 
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Additionally, synthetic modifications such as anti-reverse cap analogs (ARCA) have been developed 
to further enhance mRNA stability and translation efficiency. ARCA-capped mRNA exhibits 
improved translation efficiency and prolonged half-life compared to conventional cap analogs, 
leading to enhanced protein expression in cultured cells [50]. This approach offers promising 
prospects for optimizing mRNA constructs in different biomedical applications, including gene 
therapy and vaccines. 

In contrast to the modified 5′ cap structure present in most endogenous eukaryotic mRNA, 
prokaryotic mRNA transcripts typically retain their 5′ triphosphate without further modification. 
While the notion of developing an mRNA vaccine with only an Internal Ribosome Entry Site (IRES) 
at the 5′ end (thus omitting the need for a cap) appears appealing due to its simplicity, it comes with 
a significant drawback. Unprotected mRNA lacking both 5′ and 3′ modifications is highly susceptible 
to degradation by exonucleases, rendering it unstable and prone to rapid degradation. Solodushko 
et al. borrowed a strategy from E. coli to protect its 5′ end from exonucleases by forming a 5′-terminal 
stem-loop structure [51]. Apparently, this stabilizes the molecule and protects mRNA from 
exonuclease degradation when delivered to target cells, thus saving time and reducing costs. 

4.2. Poly (A) Tail 

The poly(A) tail is an essential element in most protein-encoding RNA molecules, providing 
stability and improving translation efficiency [52]. The poly(A) tail is added to mRNA in the cell 
nucleus in a post-transcriptional process downstream of the gene-encoded polyadenylation signal 
(AATAAA) [53]. Eukaryotic transcripts usually receive a poly-A tail of approximately 200 
nucleotides (nt) in mammals and 70 nt yeast [54]. For mRNA constructs, an optimal poly(A) tail 
length of approximately 100 nt has been identified, helping to reduce the degradation of RNA 
molecules [55]. Other approaches have been evaluated to improve the transcription efficiency and 
stability, including the adoption of segmented poly(A) sequences. This method involves the insertion 
of interspersed smaller spaces length between poly(A) stretches and has been demonstrated to 
improve the stability of plasmid DNA and the in vivo expression of mRNA [56,57]. This technique 
has been successfully applied to the development of a candidate rabies vaccine (RV021) encoding the 
rabies virus glycoprotein [58]. 

4.3. Codon Usage 

When designing a protein that will be expressed from an mRNA counterpart, the protein 
sequence needs to be converted into nucleotides. This is not a univocal process, as each amino acid 
can be encoded by multiple nucleotide triplets – called codons. In total there are 64 possible codons 
expressing the 20 naturally occurring amino acids. The codons composition of a construct does affect 
the translation efficiency, the mRNA abundance and protein folding. In addition, the result is 
dependent on the organism and the specific cell type(s) in which the mRNA is expressed [12]. The 
composition of codons does not only influence translation efficiency but also affects the mRNA 
secondary structure, with constructs having higher GC content that translate more efficiently than 
sequences characterized by lower GC content [59]. Strategies for codon optimization involve 
modifying codon usage to match more common tRNA species, substituting rare codons with frequent 
ones to expedite translation, and considering neighboring nucleotides and codons to enhance 
translational elongation rate [60]. 

Different methodologies have been used in the past to explore the vast range of possible codon 
combinations. Zhang et al. [61] adapted the classical concepts of lattice parsing in computational 
linguistics to develop LinearDesign, an in-silico optimization algorithm that allows to select the 
optimal mRNA among a vast space of candidates. By defining the mRNA design space using a 
deterministic finite-state automaton (DFA), the approach successfully selects a vast number of mRNA 
candidates and allows to explore a number of solutions to identify the one providing the most stable 
molecules. The method has been applied to optimize the production of SARS-CoV-2 Spike protein, 
improving both mRNA half-life and protein expression. Rishab et al. introduced a codon 
optimization tool that leverages deep learning and recurrent neural networks (RNNs) to enhance 
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heterologous expression in synthetic genes [62]. Specifically, the approach employs Bidirectional 
Long-Short-Term Memory (BiLSTM) to learn codon usage biases alongside the contextual 
information surrounding codons. Its algorithm was trained with a non-redundant dataset of genes 
derived from E. coli genomes, ensuring robustness and relevance among diverse bacterial strains. By 
understanding the patterns and subsequences in which synonymous codons are employed within 
genes, ICOR achieves a predictive accuracy that outperforms traditional methods. While this 
approach is based on E. coli genomes, research aims to extend the concept to other organisms through 
transfer learning approaches. 

To advance research and development in mRNA-based drugs, leveraging AI and advanced 
high-throughput/high-speed technologies will be essential. These tools can play a crucial role in 
designing, selecting, and validating a variety of aspects such as the DNA template, sequence 
composition, structural antigen features, chemical modification, formulation, delivery system, and 
manufacturing process. Optimization of all these factors does impact mRNA translation efficiency, 
cellular stability, non-immunogenicity, low toxicity, thermostability, cellular uptake efficiency, 
targeting to specific organs, immune stimulating effect, biodistribution and expression, as well as 
cost-effectiveness. Through ongoing advancements, the potential of mRNA vaccines and 
therapeutics will surely bring significant benefits to global health and the quality of life. 

4.4. Self-Amplifying RNA Vaccines (saRNA) 

Supposedly, self-amplifying RNA vaccines may offer important advantages over conventional 
mRNA vaccines [63,64]. First, since saRNA vaccines contain a built-in RNA polymerase, their dose 
can be significantly reduced. When comparing an mRNA vaccine and an saRNA vaccine in mice, it 
was found that the saRNA preparation could achieve equivalent levels of protection against influenza 
virus with just 1/64th the dose. Second, saRNA vaccines are expected to induce a more durable 
immune response since the RNA keeps copying itself and remains for prolonged times in the body. 
For instance, while mRNA might last for a few days, saRNA vaccines could persist for over a month. 
The biodistribution of saRNA vaccines has been reviewed recently [65]. Of course, self-replicating 
nucleic acids could also entail safety problems linked to mutational changes during repeated 
replication [66] and – theoretically – to the possible conversion of the RNA construct into cDNA 
followed by its integration into the host genome [67]. 

5. Needs for Pre-Clinical Research 

In all these investigations, the results of extensive pre-clinical data are needed before phase-1 
studies [68]. Important factors to consider when designing and conducting pre-clinical 
toxicology/immunology studies for vaccines include: a) the need of following good laboratory 
practice (GLP) guidelines, b) during tests, avoiding any changes to the study protocol that could affect 
the results by preparing and following quality assurance elements, such as SOPs, instrument 
validation, and lab certification. Examples of pre-clinical studies for vaccines have been published on 
Marburg virus [69] and SARS-CoV-2 [70], among others. 

With regard to vaccine delivery through plant-derived EVs, at least four factors must also be 
explored: 1) toxicity in experimental animals of vegetal EV preparations (devoid of mRNA cargoes); 
2) immunogenicity of proteins in EV preparations; 3) distribution in different organs of select mRNA 
constructs delivered through vegetal EVs by the oral, nasal or other routes; 4) detectability of mRNA 
constructs and the encoded proteins in tissues at different times post administration (e.g., 3, 7, 15, 30 
days) 

6. Possible Vaccine Targets for Future Pandemics 

According to official reports and media, animal-derived Ebola, Marburg, SARS, Nipah, 
Machupo viruses represent threats listed on the World Health Organization’s priority pathogens 
noted for their potential to cause the next pandemics [71]. Insect-transmitted epidemic diseases are 
also of particular concern. Currently approved vaccines against pathogens with pandemic potential 
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include: Covid-19, Japanese encephalitis, Yellow fever, Dengue fever and – most recently – 
Chikungunya disease (Frelick, https://www.medscape.com/viewarticle/998362). 

7. Additional Goals and Perspectives 

In addition to Covid-19 vaccines, pharmaceutic companies are envisaging a wide range of 
applications for mRNA technologies (see: https://endpts.com/moderna-aims-to-launch-15-new-
products-and-50-clinical-candidates-in-the-next-5-years/). For instance, Moderna is aiming at pan-
influenza vaccines, a way to divert from yearly injections to classical immunizations that could offer 
life-long protection. Cancer therapy is an important field growing in parallel with therapeutic 
approaches to genetic diseases due to proteins that are altered or missing in the liver. In the latter 
case, mRNAs could be delivered with infusions in the blood (e.g., methylmalonic acidemia, 
phenylketonuria). 

Thus, the art of mRNA therapeutics is indeed promising but still at its dawn. Collaboration 
between the academy, pharmaceutical companies, and regulatory bodies will be crucial to accelerate 
the deployment of safe and effective mRNA medications. 
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