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Abstract

Messenger RNA (mRNA) technology has revolutionized modern medicine, particularly
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in developing vaccines and gene therapies. While its prominence soared during the

CQOVID-19 pandemic, its foundation was built on decades of meticulous research. This
review explores the historical evolution of MRNA technology, its stabilization and delivery
breakthroughs, and its applications in combating infectious diseases, cancer, and genetic
disorders. The study utilized a systematic search of peer-reviewed articles from leading
databases such as PubMed and Scopus, focusing on advancements and clinical
applications. Future potential in treating chronic diseases, enhancing immunotherapy,
and addressing public health emergencies is also discussed, emphasizing the need for
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sustained research and innovation to harness its transformative capabilities fully.
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1 INTRODUCTION

Messenger RNA (mRNA) technology has emerged as an
innovative tool for developing vaccines and gene therapies.
Although its practical application has gained visibility recently,
the principles of this technology have been established after
decades of intensive research. Initially, technical difficulties
related to the instability of mRNA and its rapid degradation
in the body hampered its progress. However, over time,
significant advances have been made, allowing mRNA to
become a viable and effective platform for creating vaccines
and other therapies.

The effectiveness of mRNA vaccines during the COVID-19
pandemic has demonstrated their potential not only in
terms of speed of development but also efficacy and safety.
The vaccines developed by Pfizer-BioNTech and Moderna,
both based on mRNA technology, were the first to be
authorized and widely distributed, showing efficacy of over
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90% in preventing symptomatic SARS-CoV-2 infections .
This unprecedented success has accelerated the global
recognition of mMRNA as a versatile and powerful platform
for immunization.

mRNA technology offers unparalleled flexibility, allowing
rapid adaptations in response to new viral variants and
different pathogens. This feature was crucial during the
recent pandemic when new variants of the virus emerged'/,
and vaccines had to be quickly adjusted to maintain their
effectiveness'” . The speed with which these modifications
can be made is a significant advantage over traditional
vaccines, which often require years of development and
production.

Initial resistance to the use of mMRNA vaccines, often
based on myths and misinformation™!, especially through
the internet and social networks”'”, has gradually been
overtaken by the accumulated scientific evidence. Studies
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have shown that mRNA vaccines do not alter human DNA
and are safe, with generally mild and temporary side
effects™" "’ The widespread adoption of these vaccines has
saved millions of lives and continues to be a crucial tool in
controlling the COVID-19 pandemic in many countries'* ",

In addition to its application against COVID-19, mRNA
technology is being explored in several other medical areas.
Research is underway into the development of vaccines
against other infectious diseases, such as influenza, Zika
and cytomegalovirus, as well as personalized therapies
against cancer and rare genetic diseases”™'”'°!. The potential
of mRNA to revolutionize the treatment of a wide range of
diseases is vast, and continued investment in research and
development is essential to exploit its capabilities fully. This
review aims to briefly present the history and development
of this technology, as well as its current and future potential
uses in the fight against the main forms of disease.

2 HISTORY AND EVOLUTION OF
MRNA TECHNOLOGY

2.1 History and Evolution

Using mRNA to induce an immune response is not new
A crucial breakthrough occurred in 1989 when it was demon-
strated that direct injection of RNA and DNA in vitro could
express proteins in mouse tissues, laying the foundations for
future applications of MRNA” >,

[20,21]

However, significant challenges, such as mRNA instability and
adverse immune response, have slowed progress””. mRNA is
naturally unstable due to rapid degradation by ribonucleases
present in the body, as well as potentially inducing unwanted
immune responses”®’,

The modification of mMRNA was one of these advances. The
introduction of modified nucleosides, such as pseudouridine,
improved the stability of the mRNA and reduced its
immunogenicity, making it more suitable for therapeutic
use”’”, In parallel with the chemical modifications, developing
efficient delivery systems was essential”**”. Liposomes and
Lipid nanoparticles (LNPs) were developed to protect the
mRNA from degradation and facilitate its entry into the target
cells™ 7,

The revolution in the use of MRNA as a vaccine was accele-
rated by the COVID-19 pandemic. The Pfizer-BioNTech and
Modema vaccines were the first to use mRNA to induce immunity
against SARS-CoV-2"""**!, These successes were a testimony
to the decades of research that resolved the initial technical
limitations'**'.

The successful application of mRNA in vaccines against
COVID-19 has not only demonstrated its efficacy but has
also paved the way for new research and development in
various areas of medicine”””””!, Currently, mRNA is being
explored to treat various infectious diseases, cancers and
rare genetic diseases. mMRNA technology offers hope for
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treating rare genetic diseases”*’!. Research indicates
that mRNA could be a powerful tool for therapeutic cancer
vaccines, making it possible to produce personalized
vaccines that train the immune system to attack specific
cancer cells'",

The pioneering work of Katalin Kariké and Drew
Weissman on the modification of mRNA not only
transformed modern biotechnology but also received
worldwide recognition with the award of the Nobel Prize
for Medicine'”. His research has addressed and overcome
critical challenges of mRNA stability and immunogenicity,
using modified nucleosides such as pseudouridine to
increase MRNA stability and reduce adverse immune
responses*?, This breakthrough has been essential in
enabling mRNA-based vaccines and gene therapies, which
have demonstrated unprecedented efficacy, particularly
during the COVID-19 pandemic with the vaccines from
Pfizer-BioNTech and Moderna ™.

2.2 Using mRNA Technology

2.2.1 Vaccines Against COVID-19

In the first year of the COVID-19 pandemic, the scientific
community and the general population faced a scenario
of great difficulty and uncertainty*®’, The rapid spread
of the virus, combined with the initial lack of knowledge
about its characteristics and modes of transmission, has
generated an atmosphere of fear and misinformation™*”.
Scientists were under intense pressure to develop effective
treatments and vaccines in a short space of time, while
health systems around the world were overwhelmed by the
number of critically ill patients in need of intensive care'**"/,
International collaboration was crucial, but it also revealed
the disparities between countries in terms of resources and
response capacities™" .

The lack of effective treatment at the start of the
pandemic has made the situation even worse™”". The social
isolation measures implemented to contain the spread of the
virus have proved extremely challenging to maintain. Many
countries faced resistance from the population, economic
difficulties and logistical problems™”'. Social distancing, while
necessary, has had a significant impact on people’s mental
health and well-being, as well as exacerbating pre-existing
social and economic inequalities””*’. Mitigation strategies,
such as wearing masks and hand hygiene, were insufficient
to completely contain transmission, highlighting the urgent
need for a vaccine™.

The first tests of the mRNA vaccine against COVID-19
were conducted with remarkable speed and scientific
precision. The first vaccine to be tested was from Pfizer-
BioNTech (BNT162b2), whose development began shortly
after the SARS-CoV-2 genetic sequence became available in
January 2020. Clinical trials began in March 2020, covering
several phases that evaluated the safety, immunogenicity
and efficacy of the vaccine. Phase I of these trials was
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conducted in the United States and Germany, involving a
small number of healthy volunteers to verify the safety and
initial immune response of the vaccine'*”’.

As the preliminary results proved promising, phases
IT and IIT were quickly implemented in several countries,
including the United States, Germany, Turkey, South Africa,
Brazil and Argentina. These phases involved significantly
more participants and aimed to determine the vaccine’s
effectiveness in preventing COVID-19 infection. In November
2020, data from the phase III studies indicated that the
vaccine was approximately 95% effective in preventing
COVID-19, leading to emergency use authorization by the
FDA in the United States in December 2020,

The first countries to apply the vaccine were the United
States and the United Kingdom, followed by several other
European countries and worldwide”**°!, The speed of
distribution and administration of the vaccine was facilitated
by international cooperation and the existing health
infrastructure, allowing for broad vaccination coverage in a
short time'®”’.

The speed with which these vaccines have been developed,
tested and distributed is a testament to the flexibility
and potential of mRNA technology. Traditionally, vaccine
development can take years or even decades®"*”. However,
with the mRNA platform, the genetic code of the SARS-
CoV-2 virus was sequenced and incorporated into a functional
vaccine in a matter of weeks'®’. This agility is due to the
nature of mRNA technology, which allows rapid adaptation to
new pathogens simply by changing the mRNA sequence™®**”.
Unfortunately, this virtue of mRNA vaccines is commonly used
to falsely defame them on the intemet and networks, where
many argue that their speed is a sign of their unreliability
compared to other immunizers **®”,

2.2.2 Mechanism of Action

mRNA vaccines work by introducing into the body a mRNA
sequence that codes for a specific protein of the pathogen. In
the case of COVID-19 vaccines, the mRNA sequence encodes
the spike (S) protein of SARS-CoV-2, the virus that causes the
disease. When the mRNA is administered, it is encapsulated in
LNPs to protect the fragile molecule and facilitate its entry into
the host’s cells' ™7,

Once inside the cells, the mRNA is translated into the
cytoplasm by the host cell’s ribosomal machinery, producing
the spike protein'’*’. This protein is then processed and
presented on the cell surface, where it is recognized by the
immune system as a foreign molecule''”’. The presentation
of the spike protein stimulates the adaptive immune
response, inducing the production of specific neutralizing
antibodies against SARS-CoV-2 and activating helper and
cytotoxic T cells’”. These defense mechanisms are essential
to confer immunity to the individual, preparing the body to
fight the real virus in future exposures™'?,
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The effectiveness of mMRNA vaccines lies in their ability
to induce a robust and memory immune response'’”. The
production of neutralizing antibodies prevents the virus
from entering cells, while T cells help to destroy infected
cells. This dual mechanism of action is crucial for protection
against viral infections, providing a comprehensive and long-
lasting defense against the pathogen™ .

Although the efficacy of mRNA vaccines is widely acknow-
ledged, there remain aspects that require further understanding,
such as the duration of the immune response and the detailed
mechanisms of T-cell activation. Future research is essential to
elucidate how mRNA technology can be optimized to provide
even more robust and long-lasting protection, particularly against
emerging viral variants. Additionally, it is crucial to investigate
the potential long-term effects of these vaccines and to develop
strategies to mitigate any possible adverse reactions.

This diagram illustrates the step-by-step process of mRNA
vaccine development, starting from the discovery phase in
the laboratory to its applications in real-world epidemiology.
Key phases include RNA sequencing, computational modeling
of mRNA, large-scale manufacturing, and the deployment of
vaccines in public health interventions. It highlights the role of
mRNA vaccines in combating infectious diseases and shaping
modern epidemiological practices.

This diagram was generated using advanced Al tools
designed to create professional and academic-quality visuals.
The AI, powered by OpenAl's DALL-E model, synthesizes
text-based inputs into detailed and accurate graphical
representations.

2.2.3 Simplified Steps in the Mechanism
of Operation of mMRNA Vaccines (Figure 1)

(1) Vaccine administration: The mRNA vaccine is injected
into the muscle. The mRNA is encapsulated in LNPs for
protection and transportation.

(2) Cell entry: The LNPs facilitate the entry of the mRNA
into the muscle cells. The mMRNA is released into the cell’s
cytoplasm.

(3) mRNA translation: In the ribosomes, the mRNA is
translated into SARS-CoV-2 spike proteins. Spike proteins
are produced by the normal cellular machinery.

(4) Spike Protein Presentation: The spike proteins are
processed and displayed on the surface of the cells. The
cells present the spike protein to T and B lymphocytes.

(5) Adaptive Immune Response: B lymphocytes produce
specific neutralizing antibodies against the spike protein. T
lymphocytes are activated and help destroy infected cells.

(6) Immune Memory: The production of T and B memory
cells is induced. The body is prepared to respond quickly to
future SARS-CoV-2 infections.

2.2.4 Safety of mRNA Technology for
Vaccines

Despite unfounded criticism of the safety of mRNA
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Figure 1. Schematic Diagram of mRNA Vaccine Development Process and Epidemiological Applications.

vaccines, extensive studies have shown them to be safe and
effective. Modification of mMRNA nucleosides reduces innate
immunogenicity and increases stability, minimizing adverse
reactions'””*”*., It should be borne in mind that the absence
of live or attenuated viral components in mRNA vaccines
eliminates the risk of infection from the vaccine itself.

The safety of mRNA vaccines has been rigorously
evaluated in several clinical trials (Figure 1). Studies have
shown that mRNA vaccines against COVID-19 are well
tolerated, with generally mild to moderate side effects such
as pain at the injection site, fatigue and headache'" %,
These adverse effects are transient and resolved within
a few days. In addition, continuous surveillance after the
vaccines have been distributed to the public reinforces the
safety of these vaccines, with serious adverse events being
extremely rare and closely monitored"’”’?,

Another important aspect of the safety of mRNA vaccines
is the absence of any risk of mRNA integration into the
human genome. The mRNA used in vaccines does not
enter the cell nucleus and, therefore, does not interact with
human DNA", Instead, it is naturally degraded after the
translation of the spike protein, eliminating concerns of
genetic alterations'”.

Finally, mRNA technology enables a rapid response to
new viral variants. The ability to quickly modify the mRNA
sequence to match new virus strains demonstrates the
flexibility and safety of this technology, enabling quick and
effective adjustments without compromising the safety
of the final product (Figure 1), This advance not only
reinforces the continued effectiveness of vaccines, but also
ensures that established safety processes are maintained in
new iterations of the vaccine.

https://doi.org/10.53964/cme.2025001

2.2.5 Continuous Monitoring and Adaptation

The ability to continuously monitor the efficacy of
vaccines and quickly adapt them to new variants is an
essential feature of mRNA vaccines. This continuous
monitoring, together with the agility to adapt, allows mRNA
vaccines to maintain their effectiveness in an evolving
pandemic scenario. When a new variant emerges, scientists
can sequence its genome and quickly insert the new mRNA
sequence that codes for the virus’s altered spike protein
into the existing vaccine platform. This allows new versions
of the vaccine to be developed and produced in a matter
of weeks, as opposed to the months or years needed to
update traditional vaccines based on proteins or inactivated
viruses'®*,

A practical example of this capacity is the rapid response to
the Delta and Omicron variants of SARS-CoV-2. Studies have
shown that mRNA vaccines after being modified to include
the mutations present in these variants, have maintained
robust efficacy. The administration of booster doses has
proved particularly effective, significantly increasing the levels
of neutralizing antibodies and providing additional protection
against these more transmissible variants'® .

Furthermore, the flexibility of mRNA vaccines allows
them to be adjusted not only to new variants of the same
virus but also to different pathogens. This technology is
already being exploited to rapidly create vaccines against
other emerging viruses and even for non-viral diseases,
demonstrating its potential to transform the global response
to future outbreaks™ ™.

Continuous monitoring also involves collecting and analyzing

data post-distribution of the vaccines, allowing for the rapid
identification of any rare adverse effects and the ongoing
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Figure 2. Schematic Diagram of mRNA Applications in Gene Therapy.

assessment of vaccine efficacy. This feedback loop is crucial
to ensuring that mRNA vaccines remain safe and effective,
adjusting as necessary to meet the ever-changing challenges
presented by new variants and different populations”*"”".

2.3 Today’s and Tomorrow’s Challenges

Although mRNA technology has shown immense potential,
there are challenges to be faced. The distribution and storage
of mRNA vaccines, which require extremely low temperatures,
is a significant logistical obstacle™®’'. However, research is
underway to develop mRNA formulations that are more stable
at higher temperatures, which could broaden access to these
vaccines globally™*“*.

Large-scale production of mRNA vaccines faces challenges
related to the availability and cost of the inputs required
for mRNA synthesis, including nucleotides, enzymes and
LNPs. Global production capacity is limited, and growing
demand can lead to shortages of essential supplies® ",
Immunogenicity is also a significant challenge. Although
the mRNA can be modified to reduce the innate immune
response and increase stability, there is still a risk of adverse
immune reactions, especially in repeated administrations,
which can limit the effectiveness of long-term treatments' ™",

Another critical challenge is the effective delivery of
the mRNA to the target cells. The development of safe
and efficient delivery systems that can protect the mRNA
from degradation before it reaches the cellular target is
essential. LNPs are currently the main technology used, but
improvements are still needed to increase specificity and
reduce side effects (Figure 2)**%,

The regulation and approval of new vaccines and mRNA
therapies can also be a lengthy and complex process.

Regulatory agencies require extensive safety and efficacy
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data, which can delay the availability of new vaccines to the
public®**, Finally, public acceptance and hesitancy towards
new MRNA technologies pose additional challenges. Effective
education and communication about the benefits and risks
associated with mRNA vaccines are essential to ensure public

confidence'™ %%,

3 POTENTIAL USES AND FUTURE
PROSPECTS

This diagram showcases the applications of mRNA
technology in gene therapy, highlighting key processes such
as RNA synthesis, delivery mechanisms using LNPs, cellular
translation into therapeutic proteins, and clinical outcomes.
It demonstrates how mRNA-based treatments target
genetic disorders like cystic fibrosis and muscular dystrophy,
offering promising advancements in precision medicine.

The diagram was generated using OpenAl’s DALL-E
model, an advanced artificial intelligence tool that transforms
descriptive text into detailed and visually accurate diagrams.

3.1 Chronic Diseases

Initial research indicates that mRNA technology can
be used to treat chronic diseases. For example, studies
are exploring the use of mRNA to induce the expression
of therapeutic proteins in cardiovascular and metabolic
diseases (Table 1)1 A promising example is the use of
mRNA for cardiac regeneration after myocardial infarctions,
where mRNA encoding growth factors is used to promote
tissue repair %,

Additionally, mRNA therapy is being investigated for the
treatment of neurodegenerative diseases, such as Alzheimer’s,
by inducing the expression of proteins that combat the
formation of beta-amyloid plaques''”'*”. Another application is
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Table 1. This Table Summarizes the Main Chronic Diseases Being Researched Using mRNA Technology, the
Laboratories and Research Groups Involved, and the Therapeutic Avenues Being Explored to Treat these

Diseases

Chronic Illness

Laboratories/Research Groups

Treatment Path

Myocardial Infarction Moderna, BioNTech

Neurodegenerative diseases (Alzhei-
mer)

Cystic Fibrosis
Asthma
Chronic Obstructive Pulmonary

Disease (COPD)

Rheumatoid arthritis Pfizer, BioNTech

Systemic Lupus Erythematosus Pfizer, BioNTech

Hemophilia

Moderna, Pfizer, BioNTech

Moderna, Vertex Pharmaceuticals

AstraZeneca, Moderna, Ethris

AstraZeneca, Moderna, Ethris

BioMarin Pharmaceutical, Moderna

Use of mRNA encoding growth factors to promote
cardiac tissue regeneration.

Induction of the expression of proteins that combat the
formation of beta-amyloid plaques.

Correction of specific genetic mutations using mRNA to
encode functional proteins.

Development of inhalable drugs that deliver therapeutic
molecules directly to the lungs.

Development of inhalable drugs that deliver therapeutic
molecules directly to the lungs.

Coding of immunomodulatory proteins by mRNA to
regulate the immune system and reduce inflammation.

Coding of immunomodulatory proteins by mRNA to
regulate the immune system and reduce inflammation.

Induction of the production of deficient coagulation
factors using mRNA.

in cystic fibrosis, where mRNA can be used to correct specific
genetic mutations, offering new hope for the treatment of
this debilitating condition"” """, These approaches offer new
perspectives for the treatment of conditions that currently have
limited options for effective therapy.

mRNA technology offers promising new possibilities in the
treatment of chronic diseases of the respiratory system, such
as asthma''"! and COPD"'”. Using mRNA, it is possible to
develop inhaled drugs that deliver therapeutic molecules directly
to the lungs, ensuring a localized and targeted approach that
minimizes systemic side effects and increases treatment efficacy
(Figure 2). Furthermore, these drugs allow for continuous
production of therapeutic proteins within the lungs, providing
sustained therapeutic effects and potentially improving the
management of both acute and chronic conditions.

The partnership between companies such as AstraZeneca,
Moderna and Ethris has been key to advancing the application
of mRNA therapies for respiratory diseases (Table 1)/,
These collaborations focus on the development of stabilized,
non-immunogenic mMRNAs, which are chemically modified to
evade the immune system and deliver the mRNA directly to
the alveolar cells. Once inside the cells, the mRNA instructs
the production of specific proteins that can replace, inhibit or
increase proteins involved in respiratory diseases, addressing
disease mechanisms that other drugs cannot treat (Figure 2).

mRNA technology is also being explored for the treatment
of autoimmune diseases such as rheumatoid arthritis and
systemic lupus erythematosus. Recent studies indicate that
mRNA can be used to encode immunomodulatory proteins
that regulate the immune system and reduce the chronic
inflammation characteristic of these diseases'''”"'°!. For
example, the administration of mMRNA that codes for anti-
inflammatory interleukins could help decrease autoimmune
activity, offering a new therapeutic approach for patients

https://doi.org/10.53964/cme.2025001

who do not respond to conventional treatments'”,

Another promising area is the use of mRNA to treat
hematological disorders such as hemophilia'**’. mRNA therapy
can be used to induce the production of coagulation factors
that are deficient in patients with hemophilia A or B"****, This
approach has the potential to provide sustained correction
of coagulation factor levels, significantly reducing the risk of
bleeding and improving patients’ quality of life.

3.2 Rare Diseases

mRNA technology, widely known for its application
in COVID-19 vaccines, is showing great potential in the
treatment of rare diseases (Table 2). This innovative approach
is being explored to treat various genetic and metabolic
diseases, offering new hope for conditions that often lack
effective therapies™*”’,

A relevant example is the use of mMRNA to treat
argininosuccinic aciduria, a rare genetic disease that affects
protein metabolism and leads to the accumulation of
ammonia in the blood"*"'**!, Researchers from UCL and
King’s College London, in collaboration with the Moderna
laboratory, have shown that mRNA therapy can correct
glutathione levels and significantly reduce the symptoms of
the disease in murine models''*”". This treatment showed
that treated mice survived significantly longer compared
to untreated mice, highlighting the future potential of this
technology in humans'**.

The mRNA technology is being tested to treat other rare
metabolic diseases, such as propionic and methylmalonic
acidoses''”'*°!, These conditions affect the metabolism of
organic acids and can lead to serious complications from
birth. New clinical trials are underway to evaluate the
effectiveness of these therapies in humans, with promising
preliminary results™*"**%,
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Table 2. This Table Summarizes the Main Rare Diseases that are Being Researched Using mRNA Technology,
the Laboratories and Research Groups Involved, and the Therapeutic Avenues that are Being Explored for the

Treatment of these Diseases

Rare Disease

Laboratories/Research Groups

Treatment Path

Argininosuccinic aciduria

Propionic and methylmalonic acidoses

Fragile X Syndrome

Lipoprotein lipase deficiency (LPLD)

Glycogen storage disease type 1B

Crigler-Najjar Syndrome

Cystic fibrosis

Acute hepatic porphyria (AHP)

Niemann-Pick disease type C

Duchenne muscular dystrophy (DMD)

UCL, King’s College London, Moderna
Moderna
Catholic University of the Sacred Heart
Moderna
Telethon Institute of Genetics and
Moderna
Moderna
Moderna, Vertex Pharmaceuticals
Alnylam Pharmaceuticals

UCL, Innovation News Network

Moderna.

Use of mRNA to correct glutathione levels and
reduce symptoms.

mRNA therapies to correct organic acid
metabolism.

Replacement of the deficient protein caused by
the mutation in the FMR1 gene.

mRNA to increase lipoprotein lipase (LPL) activity,
reducing triglycerides.

mRNA to produce the enzyme glucose-6-
phosphate translocase.

mRNA to correct the deficiency of the UGT1A1
enzyme, reducing bilirubin.

Provision of genetic instructions to correct the
mutation in the CFTR gene.

Supplying the enzyme needed for heme
synthesis.

mRNA to provide the functional enzyme needed
for lipid metabolism.

Genetic instructions for dystrophin production.

Another important application of mRNA technology is
in the treatment of fragile X syndrome, the most common
hereditary cause of intellectual disability”*”. Researchers of
the Institute of Genomic Medicine of the Catholic University
of the Sacred Heart, in Rome, are exploring the use of mMRNA
to replace the deficient protein caused by the mutation
in the FMR1 gene """, In vitro studies have shown that
mRNA therapy can induce the production of the necessary
protein, offering a potential route to reversing the neurological
damage associated with the disease' >,

LPL deficiency, a genetic disease that causes extremely
high levels of triglycerides in the blood, leading to recurrent
pancreatitis and other health problems, is also being
tackled with mRNA technology'*”’, The Moderna laboratory
is developing an mRNA therapy to correct this enzyme
deficiency'*'. Pre-clinical studies in animal models have
shown that the administration of mMRNA can increase the
activity of LPL, reducing triglyceride levels and preventing
episodes of pancreatitis.

Glycogen storage disease type 1B is one such condition for
which a mRNA treatment is being sought'”**!, Essa doenca
genética impede a producdo da enzima glicose-6-fosfato
translocase, levando ao acumulo de glicogénio e gordura
no figado e nos rins'"**!. Researchers from the Telethon
Institute of Genetics and Medicine™”, in collaboration with the
Moderna laboratory, are developing an mRNA-based therapy
for this condition, with initial studies in animal models showing
promising results.

Another promising application is in the treatment of Crigler-
Najjar syndrome, a rare liver disease characterized by a

deficiency of the enzyme UGT1A1, which results in high levels
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of bilirubin in the blood"****”), Moderna lab is exploring the use
of mMRNA to correct this enzyme deficiency, with pre-clinical
studies suggesting that this therapy can effectively reduce
bilirubin levels and improve liver function in animal models" "',

Cystic fibrosis, a genetic disease that causes the production
of thick, sticky mucus in the lungs, is also a target for mRNA
therapies””!. The approach aims to provide the genetic
instructions needed to correct the mutation in the CFTR gene
responsible for the disease'*". Researchers are evaluating the
effectiveness of this therapy in initial clinical studies, and the
results so far indicate a significant improvement in the lung

function of treated patients****.

Another rare disease that can be treated with mRNA is
AHP, a group of genetic disorders that affect the production of
heme, a vital component of hemoglobin'“**. AHP can cause
severe episodes of abdominal pain, neurological problems
and other debilitating symptoms' . Alnylam Pharmaceuticals
is investigating an mMRNA approach to provide the deficient
enzyme needed for heme synthesis'******!, Initial studies
suggest that this therapy can reduce the frequency and
severity of attacks in patients with AHP.

Niemann-Pick type C disease, a genetic disorder that
impedes the body’s ability to metabolize cholesterol and
other lipids within cells, is also being targeted by mRNA
research"*’". This disease can lead to a series of neurological
and liver problems''“®'. Researchers are developing mRNA
therapies that could provide the functional enzyme needed for
proper lipid metabolism, potentially slowing or reversing the
progression of the disease'*”’.

DMD, a genetic disease that causes progressive muscle
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degeneration, is another rare condition that could benefit
from mRNA technology'*”". DMD is caused by mutations in
the gene that codes for dystrophin, a protein essential for
muscle integrity'*". mRNA therapies are being developed to
provide genetic instructions for the production of dystrophin,
offering hope of treatment for DMD patients"**". Pre-clinical
studies in animal models showed an improvement in muscle
function after treatment with mRNA™",

These examples demonstrate how mRNA technology
is expanding its frontiers beyond vaccines, promising to
revolutionize the treatment of several rare diseases. With
continued research and technological advances, we are likely
to see a significant increase in the application of mRNA in
personalized therapies for conditions that currently lack effective
treatment options. Notably, the viability of these treatments will
revolutionize a field marked by the dilemma of resources and
ethics involving very high costs and a small number of patients
who are reached by the procedures that exist today.

3.3 Cancer

mRNA technology is being widely exploited for the
treatment of various types of cancer, offering new therapeutic
prospects (Table 3)"°*"°!, One notable example is the
development of personalized cancer vaccines, which use
mMRNA to encode neoantigens specific to each patient’s tumor,
stimulating a targeted and effective immune response!*®,
These personalized vaccines have shown promising results in
clinical trials for melanoma'*""** and lung cancer'"*"**"’,

The mRNA technology is also being used to produce
CAR-T cells, which are T cells modified to express chimeric
antigen receptors targeting cancer cells™". This approach has
the potential to treat leukemia™®” and lymphomas'®* with
improved specificity and effectiveness.

Another significant advance is the application of mRNA to
deliver gene therapies that suppress oncogenes or restore
the function of tumor suppressor genes''* ', Studies are
investigating the delivery of mRNA encoding corrected mutant
p53 proteins, with the aim of improving the response to
treatment in cancers such as breast and ovarian cancer''** %%,

A significant example is glioblastoma, an aggressive type
of brain tumor''®”. Researchers have developed an mRNA
vaccine that triggered a strong immune response against
glioblastomas in initial clinical studies'’”’. This vaccine uses
mMRNA extracted from patient’s own tumor cells to create a
personalized vaccine, which has been able to reprogram the
immune system to attack tumor cells, showing promising
results in both animal models and humans'"’""",

Another important advance is in the treatment of pancreatic
cancer''””!, Researchers at Memorial Sloan Kettering Cancer
Center have developed an mRNA vaccine that has shown
potential for treating this particularly deadly cancer'’’*"”. The
BNT122 vaccine, also known as RO7198457, is being tested
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in clinical trials and has demonstrated the ability to induce a
significant immune response against pancreatic tumor cells,
offering new hope for patients with this condition'**’.

mRNA technology is also being applied in the development
of vaccines against head and neck cancer’®, Initial studies
of personalized mRNA vaccines have shown positive
responses in patients with advanced head and neck cancer,
with some patients experiencing a complete reduction
in tumors'"’’!, Essas vacinas sdo projetadas para induzir
uma resposta imunoldgica direcionada contra proteinas
anormais produzidas pelas células cancerosas, promovendo
a destruicdo especifica dessas células’ .

New perspectives include the treatment of prostate
cancers'’? and gastrointestinal""*>**", In recent clinical
studies, mRNA vaccines have been developed to treat
metastatic prostate cancers by targeting specific antigens
present in cancer cells"®, These advances are underpinned
by the growing understanding of how mRNA can be optimized
for greater stability and efficient translation within target
cells, as well as the development of new delivery systems
that ensure mRNA precisely targets tumors'®”. Collaboration
between research institutions and biotechnology companies
has been crucial in moving these innovative therapies into
clinical development, with the potential to significantly
transform cancer treatment (Table 3)™7,

3.4 Viral Diseases

mRNA technology has demonstrated enormous potential
for developing vaccines against several viral diseases in
addition to COVID-19 (Table 4). For example, research is
underway to develop mRNA vaccines against the flu virus"*",
Seasonal flu vaccines have variable effectiveness and need
to be reformulated annually; however, mRNA vaccines can
be quickly adapted to match each season’s predominant flu

strains, offering a faster, more accurate response'*>*%,

Another promising example is the development of mMRNA
vaccines against the rabies virus, probably the most lethal
of viral diseases''?”". Preliminary studies have shown that
these vaccines can induce a robust immune response and
protect against infections in animal models"****, mRNA
technology is also being explored for the Zika virus, with
research indicating that mRNA vaccines may provide long-
lasting protection against this virus that causes serious birth
defects in newborns' """,

mRNA vaccines against the human immunodeficiency virus
(HIV) are similarly being investigated. HIV is a particularly
difficult challenge due to its high mutation rate, but the flexibility
of mRNA technology allows for the creation of vaccines that
can be quickly tweaked to combat different variants of the
Virus[l92,193].

mRNA technology is also being applied to other viral
diseases, such as RSV and CMV. Recent research demonstrates
that mRNA vaccines can induce robust immune responses
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Table 3. This Table Summarizes the Main Types of Cancer Being Researched Using mRNA Technology, the
Laboratories and Research Groups Involved, and the Therapeutic Avenues Being Explored for the Treatment

of these Cancers

Cancer Type

Laboratories/Research Groups

Treatment Path

Melanoma Moderna, BioNTech

Lung Cancer Moderna, BioNTech
Leukemia Novartis, Kite Pharma
Lymphomas Novartis, Kite Pharma
Breast Cancer Moderna, Pfizer, BioNTech
Ovarian Cancer Moderna, Pfizer, BioNTech
Glioblastoma Florida University
Pancreatic Cancer

Head and Neck Cancer Moderna, BioNTech
Prostate Cancer Moderna, BioNTech

Gastrointestinal Cancer Moderna, BioNTech

Memorial Sloan Kettering Cancer Center

Personalized mRNA vaccines that encode neoantigens
specific to the patient’s tumor.
Personalized mRNA vaccines that encode neoantigens
specific to the patient’s tumor.

Production of CAR-T cells modified to express chimeric
antigen receptors.

Production of CAR-T cells modified to express chimeric
antigen receptors.

Gene therapy with mRNA to suppress oncogenes or
restore the function of suppressor genes.

Gene therapy with mRNA to suppress oncogenes or
restore the function of suppressor genes.
mRNA vaccine extracted from patient’s own tumor cells to
create a personalized vaccine.

BNT122 mRNA vaccine (RO7198457) to induce immune
response against tumor cells.
Personalized mRNA vaccines that induce an immune
response against abnormal proteins.
mRNA vaccines to treat metastatic prostate cancer by
targeting specific antigens.
mRNA vaccines to treat gastrointestinal cancers by
targeting specific antigens.

against RSV, a virus that causes serious respiratory infections in
children and old people**"**". Similarly, mRNA vaccines against
CMV, which can cause serious complications in newborns and
immunocompromised people, are in development and show
promising results in preclinical studies™ ™",

There are also other relevant examples of viral diseases
that have promising treatments being researched, particularly
for diseases that currently receive relatively little investment
because they are common in poorly developed countries and
are typical of countries with fewer resources:

Researchers are exploring mRNA vaccines for yellow fever™®,
a mosquito-borne virus that can cause high fever, jaundice and
bleeding™*”. mRNA technology can rapidly adapt to produce
specific viral proteins that stimulate a robust immune response,
offering a new approach to control yellow fever outbreaks*””’,

Dengue, another mosquito-borne disease, is a viral
infection that can cause fever, intense muscle pain and,
in severe cases, bleeding”’’’. mMRNA vaccines are being
developed to create an efficient immune response against
the four serotypes of the dengue virus, which could
significantly improve the prevention of the disease in endemic
areas{ZOZ,ZOBJ.

The Ebola virus, known for causing severe hemorrhagic
fevers with high mortality rates, is another target for mRNA

vaccines™”, Initial studies have shown that mRNA vaccines
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can induce a strong immune response and protect against
Ebola infections in animal models, offering hope for the
control of future outbreaks'””.

Chikungunya, transmitted by mosquitoes, causes high fever
and severe joint pain that can last for months™“”. Researchers
are developing mRNA vaccines that encode viral proteins
to stimulate the immune system to effectively fight the
chikungunya virus, potentially reducing the disease burden in
affected areas”™™.

With the resurgence of concerns about smallpox and
related viruses such as monkeypox, mRNA technology is
being investigated to develop vaccines that can offer effective
protection against these pathogens”’”’. The flexibility of mRNA
vaccines allows for a rapid response to possible bioterrorism
threats or new natural outbreaks ",

Although vaccines for hepatitis B already exist, mRNA
technology offers a new and potentially more effective
approach”®, Researchers are working on mRNA vaccines
that could provide long-lasting protection against the
hepatitis B virus, with the aim of reducing the incidence of
chronic infections and associated liver cancer””.

The versatility and speed of the development of mMRNA
vaccines make this technology a powerful tool in combating
various viral diseases, providing new hope for preventing
future pandemics and controlling endemic diseases (Table 4).
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Table 4. Summary of the Main Types of Viral Diseases Being Researched Using mRNA Technology, the Laboratories
and Research Groups Involved, and the Therapeutic Avenues Being Explored to Treat these Diseases

Laboratories/

Viral Disease Research Groups

Treatment Path

Flu Moderna, Pfizer
Rabies Moderna
Zika Moderna
HIV Moderna, BioNTech
Respiratory Syncytial Virus (RSV) Moderna, Pfizer
Cytomegalovirus (CMV) Moderna, Pfizer
Yellow Fever Pfizer
Dengue fever Pfizer
Ebola Moderna
Chikungunya Pfizer
Smallpox Moderna
Hepatitis B Moderna, Pfizer

Rapidly adapted mRNA vaccines to match the predominant seasonal strains.

mRNA vaccines that induce a robust immune response.

mRNA vaccines that offer long-lasting protection against the virus.

mRNA vaccines that can be adjusted to combat different variants of the virus.

mRNA vaccines that induce robust immune responses.
mRNA vaccines that induce robust immune responses.

mRNA vaccines adapted to produce specific viral proteins.

mRNA vaccines to create an efficient immune response against the four serotypes.

mRNA vaccines that induce a strong immune response.

mRNA vaccines that encode viral proteins to stimulate the immune system.

mRNA vaccines to offer protection against related pathogens.

mRNA vaccines to provide long-term protection against the virus.

3.5 Bacterial Diseases

mMRNA technology also holds significant potential for
combating bacterial diseases, especially in light of growing
bacterial resistance to antibiotics (Table 5). The flexibility of
the mRNA platform allows rapid adaptation to target specific
bacteria and their mutant strains, offering a new strategy in
the fight against resistant bacterial infections'”""*'*,

A promising example is the development of mRNA vaccines
against the bacterium Mycobacterium tuberculosis, which
causes tuberculosis'”'?. Preliminary studies indicate that
mRNA vaccines can induce a robust immune response against
tuberculosis, one of the world’s deadliest infectious diseases'***..
Another area of research is the creation of mRNA vaccines
against Clostridium difficile (C. difficile), a bacteria that causes
serious and often recurring infections in the gastrointestinal
tract”"’. Early research has shown that mRNA vaccines can
protect against C. difficile infection, offering new hope for
treating a disease often resistant to conventional treatments''®’,

Pseudomonas aeruginosa (P. aeruginosa)is a gram-
negative bacterium that causes serious infections, especially
in hospitalized and immunocompromised patients””*”. Due to
their intrinsic resistance to many antibiotics, the treatment of
these infections is challenging™'®. Researchers are developing
mMRNA vaccines that encode antigens specific to P. aeruginosa,
inducing an immune response that can prevent infections and
reduce the need for antibiotics'”'***”",

Klebsiella pneumoniae (K. pneumoniae) is a gram-negative
bacterium that causes respiratory and urinary infections,
often resistant to multiple antibiotics'”*"’. mRNA technology
is being exploited to create vaccines that target specific K.
pneumoniae proteins, stimulating the immune system to fight
these infections effectively”*”. Early studies show that mRNA
vaccines could be a promising solution against this resistant
bacterium'*”.

https://doi.org/10.53964/cme.2025001

Certain strains of Escherichia coli (E. coli) cause serious
infections, indluding urinary tract infections and gastroenteritis™**!,
Research is underway to develop mRNA vaccines that can
protect against pathogenic strains of E. coli, offering a new
preventative approach that can complement hygiene practices
and reduce the incidence of these infections'”*”’

Streptococcus pneumoniae is responsible for infections such
as pneumonia, meningitis and otitis media”*’. mRNA vaccines
are being developed to induce immunity against multiple
serotypes of this bacterium, potentially providing broader
and more effective protection than current vaccines™”.
This technology could revolutionize the prevention of these
infections, especially in vulnerable populations such as children
and the elderly**”.

Neisseria gonorrhoeae, the cause of gonorrhea, has
shown increasing resistance to available antibiotics,
making the disease a global public health concern**'.
The application of mRNA vaccines against N. gonorrhoeae
is being investigated, with the aim of inducing a robust
immune response that can prevent infection and reduce the
spread of antimicrobial resistance”*”.

Likewise, mRNA technology is being explored to develop
vaccines against bacteria such as Staphylococcus aureus,
including strains resistant to several antibiotics'**"\. S. aureus
is known to cause a variety of infections, from skin infections
to severe pneumonia and sepsis, and antibiotic resistance
makes treating these infections a significant challenge'™*.
mRNA vaccines can induce an immune response that
prevents these infections, offering a preventative strategy
against a bacteria that is notoriously difficult to treat'*""
It is always important to realize that bacterial resistance is
increasing'””', reducing the effectiveness of known antibiotics,
something exacerbated by the misuse of these medicines
during the Covid-19 pandemic”*¥, then we experience the
urgency of new perspectives to combat bacterial diseases
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Table 5. Summary of the Main Types of Bacterial Diseases Being Researched Using mRNA Technology, the
Laboratories and Research Groups Involved, and the Therapeutic Avenues Being Explored to Treat these

Diseases

Bacterial Disease/
Bacteria

Laboratories/
Research Groups

Treatment Path

Tuberculosis
C. difficile

P. aeruginosa

K. pneumoniae
E. Coli

Streptococcus pneumoniae
Neisseria gonorrhoeae

Staphylococcus aureus

Salmonella
Shigella

Moderna, Pfizer

Moderna

Penn Medicine

MIT, ScienceDaily
Pfizer

Penn Medicine, AAMC
Pfizer

Moderna, Pfizer

Pfizer, AAMC
Pfizer, AAMC

mRNA vaccines that induce a robust immune response against the bacteria.

mRNA vaccines that protect against recurrent infections in the
gastrointestinal tract.

mRNA vaccines that encode specific antigens to induce an immune
response.

mRNA vaccines that target specific bacterial proteins to fight infection.

mRNA vaccines that protect against pathogenic strains, complementing
hygiene practices.

mRNA vaccines that induce immunity against multiple serotypes.
mRNA vaccines that induce a robust immune response to prevent infections.

mRNA vaccines that induce an immune response to prevent infections that
are difficult to treat.

mRNA vaccines to induce a specific immune response against the bacteria.

mRNA vaccines to induce a specific immune response against the bacteria.

due to the growing number of resistant strains.

Other bacterial diseases that could benefit from mRNA
technology include those caused by another gram-negative
bacteria, which have an outer membrane that often impedes
the effectiveness of traditional antibiotics'”**'. The application
of mMRNA vaccines may offer a new approach to overcoming
these barriers by inducing specific immune responses
that help penetrate and eliminate these bacteria'”*®**’’,
In parallel, mRNA technology is being explored to treat
infections caused by bacteria such as Salmonella'**” and
Shigella”™, which are responsible for serious intestinal
infections.

3.6 Protozoal Diseases

mRNA technology also demonstrates significant potential
in combating diseases caused by protozoa, such as malaria,
leishmaniasis and Chagas disease (Table 6). These diseases
represent a considerable challenge to public health,

especially in tropical and subtropical regions”*" ",

Malaria, caused by the protozoan Plasmodium spp, is
responsible for millions of cases and hundreds of thousands
of deaths annually. Recent research indicates that mRNA
vaccines can be developed to induce a robust immune
response against specific Plasmodium antigens”*****!,
Promising studies have shown that an mRNA vaccine
targeting the CSP (circumsporozoite protein) antigen of
Plasmodium falciparum was able to induce a strong immune
response in preclinical models'******/,

Leishmaniasis, caused by protozoa of the genus Leishmania,
affects millions of people around the world, causing skin,
mucous and visceral infections'”*®’. Recent developments in
mMRNA technology suggest that it is possible to create vaccines
that encode specific Leishmania antigens to stimulate an
effective immune response™***!, Studies have demonstrated
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that mRNA vaccines encoding Leishmania major chimeric
proteins induced significant protection against infections in
murine models and hold promise for humans™***",

Chagas disease, caused by the protozoan Trypanosoma
cruzi, continues to be a public health problem in Latin
America”*"!. mRNA vaccines are being explored as a new
strategy to prevent T. cruzi infection”***’), Preliminary
studies indicate that mRNA vaccines encoding immunogenic
T. cruzi proteins can induce a protective immune response
in experimental models, suggesting a potential new
approach to preventing this debilitating disease'*****",

Sleeping sickness, caused by the protozoan Trypanosoma
brucei, is transmitted by the tsetse fly and can be fatal
if left untreated”*>'. Researchers are investigating mRNA
vaccines that encode specific T. brucei antigens, aiming
to stimulate a robust immune response that can prevent
infection and reduce transmission'”**, Preclinical studies
indicate that these vaccines can induce a protective immune
response’””’.,

Amoebiasis, caused by the protozoan Entamoeba
histolytica, is an intestinal infection that can lead to severe
diarrhea and liver abscesses””. mRNA technology is being
exploited to create vaccines that encode immunogenic E.
histolytica proteins, offering a new approach to preventing this
infection'””. Initial research shows that these vaccines can
induce an effective immune response, reducing the disease
burden®”’,

Babesiosis, caused by protozoa of the genus Babesia, is
transmitted by ticks and can result in severe anemia and
serious complications in humans and animals™“*"'. Researchers
are developing mRNA vaccines that target specific Babesia
antigens, stimulating the immune system to fight the
infection'”*”". Pre-clinical studies indicate that these vaccines
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Table 6. This Table Summarizes the Main Types of Diseases Caused by Protozoa that are Being Researched
Using mRNA Technology, the Laboratories and Research Groups Involved, and the Therapeutic Avenues that

are Being Explored for the Treatment of these Diseases

Laboratories/

Protozoan Disease Research Groups

Treatment Path

Malaria Moderna, Pfizer

Leishmaniasis Moderna, Pfizer
Moderna, Pfizer

Pfizer, AAMC

Chagas disease

Sleeping Sickness

Amebiasis Pfizer, ScienceDaily
Babesiosis
Cryptosporidiosis MIT, ScienceDaily

Animal trypanosomiasis Penn Medicine, AAMC

Toxoplasmosis Moderna, Pfizer

Giardiasis Moderna, Pfizer

mRNA vaccines that induce a robust immune response against specific Plasmodium antigens.
mRNA vaccines encoding specific Leishmania antigens to stimulate immune response.
mRNA vaccines encoding immunogenic proteins from Trypanosoma cruzi.
mRNA vaccines encoding specific T. brucei antigens to prevent infection.
mRNA vaccines encoding immunogenic E. histolytica proteins.

Penn Medicine, AAMC mRNA vaccines that target specific Babesia antigens to fight infection mRNA vaccines
that target specific Babesia antigens to fight infection.

mRNA vaccines that encode Cryptosporidium proteins to prevent infections.
mRNA vaccines that protect cattle against T. brucei infection.
mRNA vaccines that induce an immune response against Toxoplasma gondii.

mRNA vaccines that induce an immune response against Giardia lamblia.

can be effective in inducing a protective immune response'*®”,

Cryptosporidiosis, caused by the protozoan Cryptosporidium,
is an intestinal infection that can be especially dangerous
for people with compromised immune systems“®*. mRNA
technology is being applied to develop vaccines that encode
Cryptosporidium proteins, with the aim of preventing infection
and reducing transmission'”*”!, Initial research suggests that
these vaccines can induce a strong immune response ™",

In addition to these diseases, mMRNA technology is also
being researched for the treatment of toxoplasmosis,
caused by Toxoplasma gondii**”’, and giardiasis, caused by
Giardia lamblia”*®. Research indicates that mRNA vaccines
can induce an effective immune response against these
pathogens, offering a new avenue for developing vaccines

that are currently not available on the market **”*""",

4 CONCLUSION

mRNA technology represents a transformative breakthrough
in modern medicine, offering unprecedented opportunities in
disease prevention, treatment, and management. This review
has demonstrated the vast potential of mRNA applications
across a wide range of medical fields, including infectious
diseases, chronic ilinesses, cancer, and rare genetic disorders.
The remarkable efficacy of mRNA vaccines during the
COVID-19 pandemic underscored their adaptability, safety,
and rapid scalability, which have catalyzed global research into
broader therapeutic applications.

Key advancements, such as nucleoside modifications
and lipid nanoparticle delivery systems, have addressed the
initial challenges of mMRNA instability and immunogenicity,
enabling its application in precision medicine (Figure 2).
Promising developments in using mRNA for gene therapy,
cancer immunotherapy, and combating antimicrobial
resistance illustrate its versatile utility in addressing complex
medical challenges. Furthermore, mRNA's ability to rapidly
adapt to emerging pathogens highlights its critical role in
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enhancing global preparedness for future pandemics.

However, challenges remain, including cost, storage logistics,
public acceptance, and production availability for diverse
applications. Continuous research, interdisciplinary collaboration,
and global partnerships are essential to overcoming these
barriers and maximizing the societal impact of mRNA technology.
By fostering innovation and expanding access, mRNA technology
has the potential to revolutionize medical science, providing
equitable solutions to pressing health challenges worldwide.
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AHP, Acute hepatic porphyria

COPD, Chronic obstructive pulmonary disease
C. difficile, Clostridium difficile

CMV, Cytomegalovirus
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HIV, Human immunodeficiency virus

K. pneumoniae, Klebsiella pneumoniae

LNPs, Lipid nanoparticles
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RSV, respiratory syncytial virus
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