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Abstract. An in-depth analysis of messenger RNA (mRNA) therapeutics and their potential to 

treat a wide range of diseases is provided in this thorough review paper. mRNA therapy has a 

great deal of potential for treating various terminal illnesses. By introducing mRNA as a vaccine 

or therapeutic agent, recent developments in biotechnology and molecular medicine have made 

it possible to produce almost any functional protein or peptide in the human body. This offers a 

unique chance to prevent and treat various challenging illnesses, many of which have genetic 

roots. Moreover, the utilization of in vitro transcribed mRNA has brought about a revolution in 

the production process, rendering it more efficient, adaptable, customizable, and cost-effective 

when compared to traditional methods. For a long time, researchers have aspired to enhance 

various aspects of mRNA, including its stability, immunogenicity, translation efficiency, and 

delivery systems, with the aim of achieving an efficient and secure means of delivering mRNA. 

In this comprehensive review, we will delve into the essence of mRNA and mRNA-based 

therapies, encompassing their fundamental principles, methods of production, diverse 

applications, outcomes, and constraints. We will underscore the importance of optimizing mRNA 

and its delivery systems to ensure the success of mRNA therapy, all while addressing the pivotal 

challenges and prospects in the battle against cancer and COVID-19. 
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1.  Introduction 

1.1.  The Essence of mRNA Function 

At the nucleus of cellular function, mRNA emerges as a pivotal messenger, facilitating the transfer of 

genetic information from the DNA stored within a cell’s nucleus to the machinery responsible for protein 

synthesis in the cytoplasm [1,2]. This process, known as transcription, hinges on creating single-stranded 

mRNA molecules that utilize DNA as a template. The mRNA sequence, deciphered as a sequence of 

three-base codons, acts as the blueprint guiding the assembly of amino acids into functional proteins [2]. 

This foundational process underpins the very essence of life as we comprehend it. However, the journey 

of mRNA into the host cytoplasm is fraught with formidable challenges. Its substantial size and negative 

charge present formidable barriers, impeding its passage through the cell membrane primarily composed 

of anionic lipids. Additionally, the innate immune system’s capacity to engulf or degrade mRNA poses 

substantial obstacles, rendering the therapeutic use of mRNA a formidable challenge [2,3]. 
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1.2.  Pioneering Solutions: Innovative Delivery Mechanisms 

To unlock the therapeutic potential of mRNA, visionary scientists have devised ingenious delivery 

systems. These encompass Lipid Nanoparticles (LNPs), Peptide-based delivery constructs, Polymer-

based delivery platforms, Virus-like Replicon Particles (VRP), and Cationic Nanoemulsions (CNEs) [4]. 

Among these pioneering mechanisms, LNPs and polymer-based deliveries have emerged as particularly 

promising approaches, making significant strides in the treatment of a multitude of human diseases 

collectively referred to as mRNA therapeutics [4]. 

2.  mRNA Therapeutics: A Brave New Frontier in Medicine 

2.1.  Transforming the Landscape of Disease Treatment 

mRNA therapeutics represent a cutting-edge paradigm poised to redefine the treatment landscape for a 

diverse spectrum of diseases. When harnessed in conjunction with genetic engineering, synthetic mRNA 

empowers the expression of precise proteins within the patient’s own body. The structural resemblance 

shared by synthetic mRNA with its natural counterpart allows patients to internally generate therapeutic 

proteins, circumventing the intricate challenges associated with the complex production of recombinant 

proteins [4]. This inherent versatility positions mRNA-based therapies as potent tools for treating 

diseases, enabling groundbreaking advancements in immunotherapies for cancer, pioneering stem cell 

therapies, and mastering infectious diseases [5]. In the context of the ongoing global COVID-19 

pandemic, mRNA technology has unequivocally demonstrated its profound advantages, exemplified by 

the rapid development of vaccines that have heralded a new era in vaccine innovation. 

2.2.  Pioneering Beyond Protein Therapy: Gene Editing Horizons 

Beyond protein therapies, the potential of mRNA extends into the realm of gene editing. Contemporary 

gene-editing techniques, such as CRISPR-Cas9, have grappled with formidable challenges, including 

the specter of off-target effects [6-8]. Here, mRNA emerges as a promising platform for gene-editing 

technologies. Its inherently short expression cycle reduces the presence of nucleases, substantially 

minimizing the risk of off-target effects. To sum up, RNA and mRNA play essential roles as the key 

conductors in the complex orchestration of life, facilitating the smooth transmission of genetic 

information from DNA to proteins. While the delivery of mRNA into cells presents formidable obstacles, 

innovative solutions have arisen, opening the gateway to mRNA therapeutics. These groundbreaking 

therapies possess the potential to reshape the contours of medicine, offering novel pathways for the 

treatment of diseases, the augmentation of immunity, and the advancement of gene editing techniques. 

The remarkable strides achieved in mRNA-based technology, exemplified by the rapid development of 

COVID-19 vaccines, underscore the transformative power of these molecules within the realm of 

biomedicine. 

3.  mRNA Therapeutics: A introduction to the vaccines 

3.1.  Understanding mRNA Vaccines 

3.1.1.  Classification of Vaccines. Vaccines are broadly categorized into two types: genotype-based and 

protein-based. Messenger RNA (mRNA) vaccines fall under the genotype-based category [4,5]. The 

fundamental principle of vaccine application involves delivering the vaccine to host cells using DNA or 

RNA as vectors. Once delivered, these vectors are expressed, stimulating an immune response from the 

host [7-9]. 

3.1.2.  Advantages of mRNA Vaccines. mRNA vaccines, as a subtype of genotype-based vaccines, offer 

several advantages. Firstly, they are inherently safer. mRNA triggers a potent and enduring adaptive 

immune response by releasing cytokines such as tumor necrosis factor-alpha (TNF-α) and interferon-
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alpha (IFN-α) from immune cells [9,10]. In contrast, traditional vaccines often require additional 

adjuvants to achieve this effect.  

Secondly, mRNA, upon entry into cells, imposes minimal burdens. It remains confined to the 

cytoplasm without entering the cell nucleus.  Additionally, mRNA exhibits a brief lifespan, easily 

degrading through natural physiological processes without lingering within the host’s body. Moreover, 

the risk of rejection with mRNA vaccines is minimal due to their structural differences from DNA, lack 

of CpG islands, and distinct genomic integration.  

Thirdly, mRNA vaccines are more cost-effective and straightforward to produce. They streamline the 

vaccine development process by satisfying all genetic information requirements for protein production 

through mRNA sequence modifications. This efficiency not only expedites vaccine development but 

also standardizes production processes across various mRNA vaccines, reducing time and costs.  

3.2.  Structure of mRNA Vaccines 

The cap structure is an indispensable feature of mRNA vaccines. It consists of an N7-methylated 

guanosine at the 5’ end of all mRNA molecules. This cap structure plays multiple roles, protecting 

mRNA from rapid degradation and facilitating the activation of eukaryotic initiation factors (eIFs) 

[11,12]. Three types of cap structures exist, Cap 0, Cap 1, and Cap 2, each serving distinct functions. 

Cap 0 recruits eIFs and shields mRNA from degradation while also stimulating interferon (IFN)-

mediated responses. Additionally, the untranslated regions (UTRs) situated at the 5’ and 3’ termini of 

mRNA molecules assume crucial roles in cellular proteomics and the efficiency of translation. They 

impact the recruitment of ribosomes to mRNA and the choice of initiation codons [13,14]. 

3.3.  Types of mRNA Vaccines 

mRNA vaccines can be classified into three categories based on their genetic characteristics: non-

replicating mRNA, self-amplifying RNA (saRNA), and circular RNA (CircRNA). Non-replicating 

mRNA serves to translate genetic information encoding the target antigen. It consists of an open reading 

frame (ORF), a 5’ UTR containing the 7-methylguanosine cap structure (5’-cap, m7G), and a 3’ UTR 

with a poly(A) tail structure, enhancing mRNA stability and translation accuracy [8,13]. 

In contrast, saRNA vaccines include an additional ORF compared to non-replicating mRNA. SaRNA 

inserts the gene encoding the target antigen into the RNA virus genome, allowing the antigen gene to 

self-amplify through viral replication mechanisms [15,16]. 

CircRNA, distinct from the other two vaccine types, possesses a covalent closed-loop structure. 

While non-replicating mRNA and saRNA are linear, CircRNA lacks cap-related translation elements but 

can be translated by incorporating IRES elements or m6A modifications into its 5’ UTR. The closed-

loop structure enhances CircRNA’s stability, protecting it from exonuclease degradation [17]. 

It’s noteworthy that non-replicating mRNA vaccines are the dominant players among COVID-19 

vaccines in clinical trials or already available, whereas saRNA vaccines are undergoing preclinical and 

clinical development at various stages.  

3.4.  mRNA Delivery Systems 

Due to their large size and negative charge, mRNA molecules cannot directly traverse the cell membrane. 

Additionally, they are susceptible to extracellular ribonuclease degradation. [18,19]. Therefore, mRNA 

delivery into cells for therapeutic purposes necessitates using transportation mediums [19,20]. Various 

mRNA delivery methods and vehicles have been developed and applied, leading to the classification of 

mRNA vaccines based on their delivery systems [21,22]. In conclusion, mRNA vaccines, a subset of 

genotype-based vaccines, offer unique advantages in terms of safety, minimal cellular impact, and cost-

effective production. Their structure, comprising cap structures and UTRs, is critical in their 

functionality. mRNA vaccines come in different types, each with specific attributes, and their delivery 

systems are key to their therapeutic efficacy. Understanding these intricate details is paramount in 

harnessing the potential of mRNA vaccines in modern medicine [23,24]. 
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4.  Lipid Nanoparticles (LNPs): Advancements in mRNA Delivery 

Due to the difficulties in natural delivery, some advanced pathways have been created. One of them is 

the Lipid Nanoparticles (LNPs), which are widely used in vaccine production [25,26]. In the domain of 

genetic engineering, the effective delivery of therapeutic mRNA molecules into cells has posed a 

formidable challenge. A groundbreaking solution has emerged in the form of LNPs. reshaping the 

landscape of RNA delivery [27-29]. LNPs, which consist of nanoscale particles composed of lipid 

materials or their derivatives, offer a multitude of advantages for mRNA-based therapies. This essay 

delves into the exceptional attributes of LNPs, underscoring their pivotal role in enabling efficient and 

secure mRNA delivery [25,30]. 

4.1.  LNPs: The Adaptable mRNA Delivery Platform 

LNPs possess a unique capability to encapsulate mRNA molecules within their lipid-based structure. 

This encapsulation serves as a protective shield, safeguarding the mRNA from enzymatic degradation 

and bolstering its stability during the delivery process [31,32]. The composition of LNPs can be 

meticulously customized to optimize their biophysical properties, ensuring efficient uptake by target 

cells. By employing a combination of synthetic or physiological lipid materials, LNPs are precisely 

engineered to form stable complexes with mRNA, creating a protective envelope that facilitates the 

successful transport of genetic material to its designated cellular destinations. [25,31] 

4.2.  Augmented Cellular Uptake and Intracellular Delivery 

LNPs exhibit a remarkable advantage in their ability to facilitate the efficient uptake by cells and 

subsequent intracellular delivery of mRNA [33,34]. Following administration, cells recognize and 

internalize LNPs through endocytosis. These cellular mechanisms actively engulf LNPs, enabling the 

transfer of mRNA cargo into the cytoplasm. Within this cellular domain, mRNA can undergo efficient 

translation into therapeutic proteins. This targeted delivery strategy ensures that the intended genetic 

material reaches its precise site of action, optimizing its therapeutic efficacy [35,36]. 

4.3.  Protection against Enzymatic Degradation 

Within the harsh biological milieu, mRNA is highly susceptible to enzymatic degradation by nucleases. 

LNPs function as guardians, forming a protective shield around the encapsulated mRNA to shield it 

from enzymatic assaults [25,37]. The lipid-based shell establishes a safeguarding barrier that allows the 

mRNA payload to remain intact, significantly extending its half-life. This protection not only facilitates 

efficient delivery but also preserves the integrity of the therapeutic cargo, elevating the likelihood of 

successful protein expression within the target cells [33,38]. 

4.4.  High Encapsulation Efficiency and Scalable Manufacturing 

LNPs exhibit an impressive encapsulation efficiency, enabling the efficient packaging of a substantial 

quantity of mRNA within their nanoscale structure. This characteristic is particularly advantageous from 

a manufacturing perspective, as it enables the cost-effective production of large quantities of mRNA-

loaded LNPs. The scalability of LNP production opens the door to broader access to mRNA-based 

therapies, ensuring that their potential benefits can be extended on a broader scale [18,39]. 

4.5.  Safety Considerations 

LNPs have demonstrated a favorable safety profile in both preclinical and clinical studies. The careful 

selection of lipid materials, combined with meticulous design and formulation, allows for the 

development LNPs with reduced toxicity and immunogenicity [37,40,41]. While some immune 

responses may occur due to the presence of the LNP carrier, these responses are generally mild and 

transient. Ongoing research and refinement of LNP formulations continue to strive for the optimization 

of safety profiles while minimizing potential adverse effects. In essence, Lipid Nanoparticles (LNPs) 

have emerged as a game-changing solution in the realm of mRNA delivery, offering an array of 

advantages that enhance the efficiency and safety of mRNA-based therapies. LNPs’ adaptability, cellular 
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uptake, and protective capabilities make them indispensable in the advancement of genetic medicine 

and the realization of their therapeutic potential [42,43]. 

5.  Utilizing mRNA Vaccines in the Cancer field 

In the context of combating cancer, mRNA vaccines represent a promising avenue of research and 

application. These vaccines employ synthetic mRNA enclosed within protective structures that shield 

the mRNA from ribonucleases (RNases) and aid in effectively delivering target cells, tissues, and organs 

[44,45]. Upon entry, the mRNA activates Pattern Recognition Receptors (PRRs), initiating signal 

transduction cascades that lead to cytokine secretion and the development of adaptive immunity. This 

stands in contrast to other protein-based therapeutic approaches like enzyme replacement therapies 

(ERTs), which aim to restore enzyme activity [46-48]. 

Once within the cell’s cytoplasm, mRNA vaccines initiate the transcription of therapeutic proteins in 

a host-cell-specific manner, offering a versatile approach to therapy [2]. mRNA vaccines also 

circumvent the challenges associated with delivering intracellular and transmembrane proteins 

encountered in ERTs, 

Distinguishing themselves from DNA-based therapies, mRNA vaccines possess two key advantages: 

they pose no risk of genomic integration, as mRNA is translated in the cytoplasm without the need to 

enter the nucleus, and they do not require nuclear targeting. Additionally, the transient nature of mRNA 

means there is no risk of long-term contamination or residue [23,49]. 

Moreover, mRNA therapeutics are distinguished by their rapid, straightforward, and economical 

manufacturing process, primarily involving modifications to the RNA sequence to change the encoded 

protein. At the same time, the physical and chemical properties remain relatively constant [50-52]. This 

flexibility allows different products to be produced using the same production platform with minimal 

adjustments, saving both time and costs [53]. 

However, despite these advantages, effectively delivering mRNA to the ribosomes in the cytoplasm 

of target cells remains a significant challenge for clinical translation [8]. After endocytosis, mRNA often 

accumulates in lysosomes, leading to degradation, with only a small fraction reaching the cytoplasm. 

[54-56]. Additionally, mRNA, like other nucleic acids, is inherently unstable and susceptible to 

extracellular ribonuclease (RNase) degradation prior to internalization. Overcoming these hurdles is 

essential for developing highly efficient mRNA vaccines [49,57]. Due to progress in nanoscience, 

numerous nano-carriers have been developed to improve the delivery of mRNA into the cytoplasm. 

Among these non-viral vectors, lipid nanoparticles (LNPs) have gained substantial recognition and are 

extensively employed as vehicles for mRNA delivery [27,33,58]. 

LNPs represent intelligent, nano-sized lipid-based carriers that transport mRNA into the cell cytosol. 

Beyond safeguarding mRNA from RNases during systemic circulation, these granular nano-carriers 

efficiently deliver mRNA by fusing with lipid bilayers in early endosomes, facilitating the transport of 

mRNA to the cytoplasm [59-62]. Furthermore, research has shown that LNP formulations possess 

intrinsic adjuvant properties, promoting the generation of robust T follicular helper cells, germinal center 

B cells, long-lived plasma cells, and memory B cell responses, all of which contribute to the production 

of durable and protective antibodies in experimental models [63-65]. 

The composition of LNPs typically includes cationic ionizable lipids and helper lipids such as 

polyethylene glycol (PEG), phospholipids, and cholesterol. PEG lipids contribute to colloidal stability, 

preventing protein binding to nanoparticles, thereby reducing clearance by the reticuloendothelial 

system (RES) and extending systemic circulation. Phospholipids, usually neutral in nature (e.g., DSPC 

and DPPC), offer structural stability to LNPs in a bilayer configuration. Cholesterol, another neutral 

lipid component, enhances bilayer stability by increasing rigidity and preventing the leakage of 

therapeutic ingredients [30,39,66]. 

The mechanism underlying LNP-mediated mRNA delivery involves the formation of a complex 

between cationic ionizable lipids and mRNA, with this complex subsequently fusing with the endosomal 

membrane upon internalization, allowing mRNA release into the cytoplasm [26,59]. 
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Despite the considerable progress made in LNP formulation technology that has enabled the 

development of mRNA vaccines, challenges persist, including the requirement for sub-zero storage and 

shipment temperatures and the potential for immune activation suppression induced by LNP-mRNA 

formulations. 

It is important to note that mRNA vaccines, including their lipid nanoparticle (LNP) carriers and in 

vitro transcription (IVT) mRNA components, can elicit immune reactions that could affect the efficacy 

of the vaccine. Thus, in addition to various immunostimulatory byproducts or contaminants, such as 

double-stranded RNA (dsRNA), the desired mRNA is also produced [67,68]. 

Decreased translation, RNA degradation, and even apoptosis in target cells may result from an 

excessive immune response when the IVT reaction is not optimized and purity is compromised [69,70]. 

Furthermore, LNPs themselves can induce immune activation, as research has shown various in vivo 

immune effects associated with them, including immune cell activation, inflammation, and adaptive 

immune responses [71-73]. While LNP-based mRNA vaccines have become a reality in developed 

countries, there is a need for further research to better understand the structure and characteristics of 

LNPs. Additionally, improving methods such as enhancing their storage stability is crucial to expand 

their applications, especially in the field of cancer research [74,75]. 

The potential of mRNA vaccines in the context of cancer can be exemplified through an experiment 

conducted by Cafri G and colleagues based on the widely accepted theory that neoantigen-specific T 

cells are present in most cancers [76,77]. In this experiment, metastatic tumors are harvested, and tumor-

infiltrating lymphocytes (TILs) are cultured for future testing. Each resected tumor and its corresponding 

peripheral blood mononuclear cell (PBMC) samples are sequenced to identify tumor-specific mutations. 

Subsequently, high-throughput immunological screening is employed using long peptides and tandem 

minigenes (TMGs) covering all mutated epitopes to isolate purified antigen sequences [78,79]. With 

these identified antigens as a foundation, mRNA vaccines can be developed to elicit specific T-cell 

immune responses, enhancing the efficient clearance of malignant cells. This approach holds great 

promise for advancing cancer immunotherapy [80,81]. 

6.  mRNA vaccines and the Covid-19 

In the process of in vitro transcription (IVT) for mRNA synthesis, several components come into play, 

including a cap, ribonucleotides, a DNA template featuring a promoter, and a phage RNA polymerase 

that recognizes this promoter [82]. As a consequence of this process, the desired mRNA is generated 

alongside various immunostimulatory byproducts or contaminants like double-stranded RNA (dsRNA) 

[83]. Consequently, when the IVT reaction is not optimized, and purity is compromised, it can trigger 

an exaggerated immune response, potentially leading to diminished translation, RNA degradation, and 

even apoptosis in target cells [84]. 

Among the various COVID-19 vaccine candidates in development, two have shown exceptional 

promise in preventing COVID-19 infection and represent a novel class of vaccines [85]. These vaccines 

utilize messenger ribonucleic acid (mRNA) strands encapsulated in lipid nanoparticles (LNPs).[74]. 

Upon intramuscular injection, LNPs facilitate the uptake of the mRNA into host cells, where the mRNA 

sequence is translated into the spike protein (S protein) [22,25]. Following post-translational 

modifications within the host cell, the S protein is displayed on the cell surface as a membrane-bound 

antigen in a pre-fusion conformation, providing an antigenic target for B cells [86,87]. Additionally, a 

portion of the newly synthesized spike protein enters the antigen presentation pathway, presenting T cell 

epitopes via major histocompatibility complexes (MHC) to activate T cells [88,89]. 

This mRNA-based approach offers several advantages for combating COVID-19. The production of 

mRNA vaccines is a rapid and straightforward process. Once the mRNA sequence encoding the desired 

immunogen is established, RNA synthesis can commence immediately on the same platform, allowing 

for swift and adaptable production of various mRNA vaccines [23,24]. mRNA vaccines offer a greater 

degree of biological safety when compared to DNA-based vaccines. This enhanced safety is a result of 

mRNA translation taking place in the cytoplasm, reducing the risk of genomic integration that can occur 
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with DNA-based vaccines, which necessitate entry into the nucleus. Additionally, the shorter sequence 

of mRNA further diminishes the chances of interactions with the host genome [4,59,90]. 

In clinical trials, some temporary side effects have been observed, including pain, soreness, fatigue, 

headache, muscle pain, and fever, although these reactions are typically short-lived. Other adverse 

events, such as chills, joint pain, nausea, itching, rash, itchy throat, and mild respiratory symptoms, have 

been reported less frequently [91,92]. Interestingly, phase III trial results from Moderna have 

demonstrated that the vaccine maintains over 90% efficacy against the virus even six months after the 

second dose. Similarly, an experimental trial involving 307 participants revealed that the Pfizer vaccine 

maintained 91.3% efficacy six months after the second dose. However, it’s crucial to approach vaccine 

efficacy based on phase III clinical trial results with caution [93,94]. 

To optimize the pharmacological aspects of mRNA, several technologies are currently being 

employed. Synthetic cap analogues and capping enzymes have been shown to stabilize mRNA and 

enhance protein translation. The 5’ cap construct, in particular, prevents mRNA degradation by 

exonucleases, ensuring mRNA stability and facilitating translation initiation. Regulatory elements 

within the 5’-untranslated region (UTR) and the 3’-UTR of mRNA have been found effective in 

stabilizing mRNA and enhancing protein translation. The poly(A) tail also plays a crucial role in 

maintaining mRNA stability and translation efficiency [14,95]. 

Additionally, nucleoside modifications have been explored to enhance mRNA stability and 

translational capacity while reducing its immunogenicity in vivo. Techniques like high-performance 

liquid chromatography (HPLC) and fast protein liquid chromatography (FPLC) purification have been 

used to decrease immune activation and increase mRNA translation efficiency [96,97]. Collectively, 

these strategies aim to enhance the efficacy and safety of mRNA-based vaccines, making them a 

promising tool in the fight against COVID-19 and potentially other diseases. 

7.  Conclusion 

The advent of mRNA vaccines, coupled with the groundbreaking LNP transmission technology, marks 

the dawn of a new era in mRNA therapeutics. The transformative impact of these advancements has 

been vividly demonstrated in the realms of both cancer treatment and the recent battle against COVID-

19. As we delve deeper into the implications of this innovative approach, it becomes apparent that the 

potential of mRNA therapeutics extends far beyond the boundaries we have explored so far. 

The multifaceted applications of mRNA technology offer a promising avenue for developing novel 

treatments across various diseases. Beyond the immediate successes witnessed in cancer and infectious 

disease management, the ongoing exploration of mRNA’s potential in diverse therapeutic areas unveils 

a vast landscape of possibilities. The versatility of mRNA as a therapeutic tool opens doors to previously 

uncharted territories, inviting further investigation and discussion. 

In essence, the journey into the realm of mRNA therapeutics is only just beginning. The profound 

impact witnessed in cancer and COVID-19 represents just the tip of the iceberg, and the full spectrum 

of possibilities is yet to be unveiled. As we stand on the cusp of this new horizon, the continuous 

exploration and refinement of mRNA technologies promise a future where the boundaries of disease 

treatment are pushed beyond conventional limits. The unfolding chapters in the mRNA story present an 

exciting narrative that invites researchers, clinicians, and the scientific community at large to delve into 

the vast potential that mRNA therapeutics holds for shaping the future of medicine. 
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