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Messenger ribonucleic acid (mRNA) vaccines have shown significant development in the past few years, specifically with the
COVID-19 mRNA vaccine, which has paved for other mRNA vaccines. This review examines and compares the development
of the COVID-19 mRNA vaccine and the cancer mRNA vaccine. The analysis includes the foundation, key factors, and
limitations of the COVID-19 and cancer mRNA vaccines. Findings demonstrate the adaptability of mRNA technology and its
uses for different purposes. However, significant barriers remain such as mRNA stability, delivery system limitations, and the

individualization of vaccines.

Keywords: mRNA vaccine, COVID-19, Cancer.

Introduction

The COVID-19 pandemic marked a turning point for mRNA
vaccines. Although the concept of basing a vaccine on mRNA
was first conceived in the 1960s, developing such a vac-
cine has faced many challenges. For example, although re-
searchers sought to develop mRNA vaccines for diseases such
as Zika, influenza, and human immunodeficiency virus (HIV),
those attempts were ultimately unsuccessful. Concurrently,
researchers endeavored to utilize mRNA vaccines for non-
infectious diseases, but the use of this type of vaccine was not
widespread.

It was not until the COVID-19 pandemic that this type
of vaccine had its breakthrough, illustrating the potential of
mRNA vaccines for widespread application. Even though the
foundations of mRNA vaccines have been known for three
decades, demonstrating the maturity of this technology, their
use was not widespread until the COVID-19 mRNA vaccine
was developed rapidly and approved in less than a year. On
the other hand, mRNA vaccines for diseases like cancer are
still in clinical trials. Therefore, the rapid development of
the COVID-19 vaccine raises a question: how does the de-
velopment of an mRNA vaccine for an infectious disease such
as COVID-19 compare with that for an individualized, non-
infectious disease such as cancer?

The aim of this study is to analyze and compare the devel-
opment of mRNA vaccines, specifically for COVID-19 and
cancer, in terms of biological, technological, and strategic dif-
ferences, specifically the differences in mechanisms and de-
velopment pipelines of the mRNA vaccines. Therefore, the
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vaccines will be evaluated across four factors: antigen selec-
tion, vaccine design, delivery system, and their limitations.

Methodology

A comprehensive literature review was performed using
published articles and peer-reviewed research articles from
Google Scholar to identify relevant research to provide a com-
prehensive understanding of the similarities and differences in
mRNA vaccine development. Studies were included if they
focused on the development pipelines and the mechanisms of
COVID-19 mRNA vaccine and cancer mRNA vaccine. More-
over, to ensure sources are relevant to addressing the develop-
ment of the COVID-19 mRNA vaccine and cancer vaccine, the
following key words were used in the search: mRNA vaccine
development, COVID-19 mRNA vaccine mechanisms, cancer
mRNA vaccine mechanisms, mRNA design, and mRNA de-
livery systems.

mRNA Vaccine Design

Foundation of mRNA Vaccines

Unlike traditional vaccines, which uses a weakened or
inactivated antigen to produce an immune response, mRNA
vaccines use mRNA to produce a specific protein found in the
pathogen, which stimulates the immune system to recognize
and respond to the disease. Specifically, mRNA vaccines
deliver the genetic code for producing a protein unique to the
target pathogen. Once in contact with host cells, the mRNA
strand is detected as foreign, corresponding to the protein.

© The National High School Journal of Science 2026

NHSJS Reports | 1



In essence, the mRNA strand provides a molecular blueprint
for antigen production. The detection of the foreign protein
signals to the body to produce antibodies. Thereafter, the
strand of mRNA is destroyed following the development of
antibodies to develop one’s immunity against the pathogen,
ensuring a short, safe, and effective response-.

As stated before, the COVID-19 vaccine had unprecedented
success in its implementation during the pandemic. These vac-
cines prevent and weaken the reaction when coming in con-
tact with the pathogen by replicating the spike protein found
on the surface of the SARS-CoV-2 virus. The development
and function of the COVID-19 vaccine are illustrated in Fig-
ure 1. As depicted, the process begins with identifying the
spike protein, which is located on the surface of the SARS-
CoV-2 virus. Through genome sequencing, a complete strand
of DNA can be replicated and used as a basis for the vaccine.
A synthetic mRNA strand is then formulated and incorpo-
rated into the vaccine using lipid nanoparticles (LNPs)—small
fat-based carriers that help protect the mRNA during deliv-
ery. Once injected into the body, the LNPs deliver the mRNA
to host cells where it escapes the endosome, a critical step
that prevents degradation and allows translation into spike
protein. The presence of the foreign mRNA activates the
pattern-recognition receptors (PRRs) such as Toll-like recep-
tors (TLRs), which trigger the innate immune response and
cytokine release. These signals enhance dendritic cell (DC)
activation, leading to effective antigen processing and presen-
tation of major histocompatibility complexes (MHCs). DCs
then prime CD8" cytotoxic T cells to directly kill infected
cells and CD4™ T helper cells to support B-cell antibody pro-
duction. Therefore, this builds immunity by training the im-
mune system to recognize and neutralize SARS-CoV-2%. Cur-
rently, COVID-19 mRNA vaccines are widely approved and
have been administered globally.
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Fig. 1 Development and Function of COVID-19 mRNA vaccine
adapted from Park et al. (2021), Mayo Clinic (2025), Fang et al.
(2022).

Moreover, the development of the COVID-19 vaccine has
rapidly accelerated the development of mRNA vaccines as

a whole, not only for infectious diseases, but also for non-
infectious diseases. In contrast to the traditional vaccine,
which is prophylactic and administered to healthy individu-
als to prevent a specific illness, cancer mRNA vaccines are
therapeutic, meaning that they treat rather than prevent. They
are customized for an individual patient in order to target can-
cerous cells in a patient’s immune system. Similar to the
COVID-19 mRNA vaccine design, the cancer vaccine starts
with a sample of a pathogen, in this case, an individual’s tu-
mor and peripheral blood, as illustrated in Figure 2. This is
used to analyze and compare both the cancerous cells, found
in the tumor, and the healthy cells, found in the peripheral
blood. Thereafter, neoantigens—a protein found in cancerous
cells caused by mutations in the tumor’s DNA—are identi-
fied to be encoded into mRNA strands, which are delivered
through LNPs, creating the personalized vaccine’. After in-
jection, the process is largely similar to the COVID-19 mRNA
vaccine, where the mRNA is recognized by PRRs on antigen-
presenting cells, activating the innate immune system. Tumor
antigens are translated by DCs and processed and presented
on MHCs. This primes the CD8" T cytotoxic cells, which are
most important for cancer vaccines, as these cells are crucial
for killing tumor cells, and CD4™" T helper cells, thereby ac-
tivating an immune response from the body®”. Furthermore,
certain cancers have higher tumor mutational burden (TMB),
the total number of somatic mutations present within a tumor
genome, which correlates to a higher probability of producing
neoantigens that can trigger a strong T-cell immune response.
This affects how suitable different types of cancer can be for
developing an individualized cancer vaccine treatment. The
individualized nature of the cancer vaccine precludes its mass
production, since they are tailored not only for the type of
cancer, but also for the individual receiving treatment. How-
ever, there are cases where a shared vaccine can be developed
when individuals share common mutations such as the KRAS
or TP53, which make mass production possible'V.
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Fig. 2 Development and Function of Cancer mRNA vaccine
adapted from Hao et al. (2024), Stebbing (2024) 7L,

To sum up, while both mRNA vaccines rely on the same
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principles when developing an mRNA vaccine, their applica-
tions and scope differ due to being inherently different. The
COVID-19 mRNA vaccine prevents individuals from con-
tracting the SARS-CoV-2 virus, while the cancer mRNA vac-
cine targets existing cancerous cells.

Key factors

Vaccine Structure

The design of a vaccine is dependent on its purpose,
which shapes certain development factors such as immune
focus and target cells. Most commonly produced vaccines
are for prophylactic use; however, this is not always the case,
as some illnesses can be treated therapeutically. Regardless
of whether the vaccine is prophylactic or therapeutic, the
structural design itself remains consistent. As illustrated
in Figure 3, the standard mRNA vaccine consists of five
elements: the 5° cap, 5’ and 3’ untranslated regions (UTR),
open reading frame (ORF), and 3’ poly(A) tails. The 5’ cap,
located at one of the ends of the mRNA vaccine, assists in
translation efficiency and mRNA stability, playing a critical
role in protein production and immunogenicity'%. The 5> and
3> UTRs are regions vital for maximizing gene expression
and subcellular localization''3'%, Elements such as the length
of the structure and sequence all affect the functions of the
mRNA. The OREF, also known as the coding region for the
selected antigen, is the one aspect of the vaccine that is
modified and tailored to the specific illness and contributes
to the expression of the antigen'®. Lastly, the 3’ poly(A)
tails are crucial for the translation process and stability of the
mRNA moleculel®.
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Fig. 3 mRNA vaccine structure image adapted from Jackson et al.
(2020) 2.

Vaccines for infectious diseases such as COVID-19 mimic
a component of the selected pathogen, which primes the im-
mune system to recognize and react to the foreign pathogen.
By expressing an antigen for the spike protein, the vaccine in-
duces an antibody response through B cell activation, along
with CD4™ T helper cells and CD8™" T cytotoxic cells, which
help build long-term immunity. The mRNA vaccine design
contains the five standard elements, but the ORF is modified

to encode the spike protein'!®. While this varies between vac-
cines produced by different companies, Pfizer and BioNTech
both use a similar coding sequence, as seen in Figure 4. The
OREF contains the full length spike protein and two proline
substitutions, K986P and V987P, which improve expression
and prefusion stability'?. The ORF has two parts, S1 and S2,
which are protein subunits. S1 contains the N-terminal domain
(NTD) and the receptor binding domain (RBD) and functions
as a receptor binder. S2 facilitates cell entry and membrane
fusion, and contains the fusion peptide (FP), internal fusion
peptide (IFP), heptad-repeat domains 1 and 2 (HR), transmem-
brane domain (TM), and c-terminal domain (CT)2%. There is
also a nucleoside modification with the substitution of a N1-
methylpseudouridine to increase stability and low immuno-
genicity2!. A full explanation of these regions is addressed in
other studies, but is outside the scope of this review.
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Fig. 4 Open Reading Frame of mRNA-1273 COVID-19 Vaccine
image adapted from Deng et al. (2022), Xia (2021) 151201
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On the other hand, cancer vaccines are aimed to be thera-
peutic. These vaccines also induce a response through CD4 ™"
T helper cells and CD8' T cytotoxic cells. An example is
illustrated in Figure 5, where a general illustration of the se-
quence in the coding region of the cancer vaccine is shown, as
various modifications are made for specific cancers. Neoanti-
gens are encoded into the ORF and usually around 20 neoanti-
gens are used. However, this number may vary depending on
the vaccine and individual, meaning some vaccines may only
have seven neoantigens, while others may have up to forty
neoantigens encoded in the ORF. A larger number of neoanti-
gens allows for more to be targeted at once“'”.

~
Neoantigens

Fig. 5 Open Reading Frame of Cancer Vaccine image adapted from
Ni (2023)%4

Overall, it is clear that the structure of both mRNA vac-
cines, specifically their ORF, follows a similar foundational
structure. In the case of the COVID-19 vaccine, the ORF
encodes a spike protein to prime the immune system for future
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infections, whereas the cancer vaccine uses neoantigens to
trigger an immune response. Despite targeting different
diseases, they induce responses through the T cells, the
common cells that build a strong immune system.

Antigen Selection

Antigen selection is critical in developing a vaccine as
it is the basis of the vaccine itself. Antigens are markers that
trigger a response in the human body when a foreign species,
such as a pathogen, is detected by the immune system. In
mRNA vaccines, antigens are the key basis of the vaccine
as they are the component that is encoded into the strand of
mRNA. The host’s cells will then use this mRNA to produce
the antigen in native conformation, preparing the body to
recognize and eliminate the pathogen.

In the case of the COVID-19 vaccine, the selected antigen
is the spike protein, found on the virus’ surface. This protein
was specifically chosen as it plays a crucial role in enabling
the virus to bind to host cells and initiate membrane fusion,
processes which are essential to viral entry and infection. The
spike protein is the primary antigen that triggers immune re-
sponses, stimulates neutralizing antibodies, and provides pro-
tective immunity against infection. Due to these functions,
targeting the spike protein allows the vaccine to simulate a
similar reaction to a natural infection of the virus, stimulating
the body to produce antibodies to counteract the infection'182,

On the other hand, most cancers are highly individual-
ized, with tumors carrying unique genetic mutations that dif-
fer from patient to patient, even in patients diagnosed with
the same type of cancer. However, there are certain cancers
which produce a common genetic mutation, such as KRAS
and TP5340,  Thus, there are two types of cancer mRNA
vaccines: individualized and shared vaccines. However, the
main concept follows for both: instead of identifying a com-
mon antigen in the pathogen—as is done with infectious
disease vaccines—tumor-associated antigens (TAAs) are se-
lected. These are typically neoantigens, which are mutated
proteins found only in cancer cells and not in normal human
tissue, making them targets for a precise immune response, as
they are displayed on the surface of cancer cells via MHCs,
which are easily recognized by T cells. This therefore demon-
strates a promising approach to cancer mRNA vaccines 5.

Although both vaccines rely on an antigen, the approach
is fundamentally different. For the COVID-19 vaccine, it
is demonstrated that antigen selection is significantly easier
than for a cancer vaccine, as antigen selection is not always
possible for the case of certain cancers that are not accessible
for biopsy. This allows infectious-disease vaccines to be
compatible for mass production. Even though it is possible
to mass-produce vaccines for cancers that exhibit shared
genetic mutations across patients, the majority of individuals

diagnosed with cancer do not have the mutation. This is
especially limiting for individuals with cancerous cells, which
are more difficult to identify due to having fewer genetic
mutations in an individual’s cells. Therefore, instead of only
considering the coding region, researchers are investigating
cryptic antigens, as they are found in a significant number
of cancer-associated immunopeptidomes, which can be an
alternative to a neoantigen”. Although this development helps
individuals with less identifiable cancerous cells, the process
still involves a biopsy, which may not be possible for all
patients.

Delivery System

A delivery system is intended to support the mRNA strands
to ensure successful deployment. This system is essential, as
naked mRNA is inherently unstable and is easily degraded
by nucleases in the human body due to the molecule being
negatively charged". This leads to inefficient cellular uptake,
making the protection, delivery, and release of mRNA one
of the biggest challenges in developing an mRNA vaccine.
Additionally, this factor applies to almost all mRNA vaccines.
It is not individualized for any mRNA vaccine, as its purpose
is to protect the mRNA strands, which does not affect the
target application of the mRNA. However, they may have
modifications that are better suited to the type of illness for
enhanced expression. Therefore, these delivery systems are
often researched to improve drug delivery for both infectious
and non-infectious diseases.

Following the discovery of mRNA in the 1960s, it was not
until 1978 that the liposome-based delivery system was de-
veloped for packaging and transporting mRNA, which was
then tested in vaccines in 1993. However, liposomes showed
potential toxicity during clinical trials, so scientists created
ionizable lipid nanoparticles (LNPs), which were developed
around the time the COVID-19 pandemic broke out. There-
fore, with the readily available information on lipid-based
delivery systems, it was clear to use them in the develop-
ment of the COVID-19 vaccine, as they had shown success
in early studies?®. Additionally, when comparing this new
method to the naked mRNA, studies had shown that naked
mRNA strands were approximately 100 times less effective
at entering cells compared to mRNA strands protected by
liposomes, specifically lipofectin, a liposome containing a
cationic lipid27. Due to this success, both Pfizer-BioNTech
and Moderna took similar approaches and used LNPs to en-
capsulate the mRNA strand. These particles are made of
cationic lipids, auxiliary lipids, cholesterol, and polyethylene
glycol (PEG), creating a lipid bilayer that forms around an
aqueous core that carries the mRNA strands. In clinical trials,
LNPs have been shown to trigger stronger immune responses
compared to naked mRNA, as they protect the mRNA long
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enough to allow it to produce antigen-specific CD41 T helper
cell responses and generate an effective neutralizing antibody
response. Although this delivery system has shown success
in protecting the mRNA strands, pre-clinical trials demon-
strate that LNPs can have negative after-effects, including in-
flammation®®. Similarly, most cancer vaccines have followed
what is known as the standard in mRNA vaccine development
and commonly use LNPs as the delivery method due to their
success in the COVID-19 vaccine. However, there are vari-
ous types of lipid-based delivery systems that are also being
tested, one of them being the cationic lipid-assisted nanopar-
ticles (CLAN)2?. These are made from a cationic lipid com-
bined with a copolymer that is biocompatible and biodegrad-
able, creating a poly(ethylene glycol)-block-poly(lactic-co-
glycolic acid) (PEG-b-PLGA). In preclinical trials, studies
showed high efficiency with dendritic cell (DC) transfection
and were able to stimulate DC cell maturation, which induced
a strong CD8" T cytotoxic cell response. However, there are
still gaps in the research on how the components affect the
distribution of the nanoparticles in the host cell“®. Moreover,
lipoplex-type mRNA has also been developed. There are var-
ious modifications that can be made to this delivery system,
but it is mainly composed of two elements: a lipid and a
peptide. In this study, three lipid components were consid-
ered: an SS-Cleavable pH-activated lipid-like material com-
bined with vitamin E scaffolds (ssPalmE), myristic acid scaf-
folds (ssPalmM), and egg phosphatidylcholine (EPC), which
are used to increase transfection efficiency and decrease tox-
icity. The peptide component used was either a cationic pep-
tide “KALA” or an R8 peptide, which helps cellular uptake
of mRNA. From these elements, the combination ssPalmE-
KALA had significantly higher transfection activity, demon-
strating its efficiency in transporting mRNA strands into DCs.
Although studies demonstrate it as a possible delivery method,
the positively charged lipid, which is crucial for the protec-
tion of the mRNA, may interact and stick to other negatively
charged molecules, which means that fewer mRNA strands
are reaching their intended target cell*?3L. Another alterna-
tive is the lipid/calcium/phosphate nanoparticles (LCP-NPs),
which consist of a calcium phosphate core and an asymmet-
rical lipid bilayer. It uses mannose, which binds to the man-
nose receptors found on DC receptors, which promotes the
delivery of the antigen and triggers the immune response of
CD8™ T cytotoxic cells. In a preclinical study using a murine
4T1 breast cancer model, a mouse model, the vaccine ad-
ministered demonstrated a strong antigen-specific response.
Additionally, when combined with an immunotherapy, anti-
CTLA-4 monoclonal antibodies, the anti-tumor immune re-
sponse is significantly enhanced, compared to either technique
used independently. When completing safety examinations,
results showed no damage to major organs, and toxicity lev-
els measured in the liver and kidney were in the normal range.

However, in the combined method, there was a slight rise in
hemoglobin levels. These findings highlight the success with
the LCP-NPs, and their use in combined cancer therapy, in
protecting mRNA strands in clinical trials; however, more re-
search is needed to ensure that LCP-NPs are safe to use 52,

Alternatively, there have been developments for chemically
based delivery systems such as self-assembled polymeric mi-
celles. This was developed to address inflammation, which
was recorded during LNP preclinical trials due to the ionized
component of the lipid chain*?. The self-assembled polymeric
micelles are made up of polyethyleneimine (PEI), a water-
soluble cationic polymer, and vitamin E succinate (VE), a hy-
drophobic molecule. These two components are chemically
bonded, creating a copolymer known as PVES. Upon contact
with water, the copolymer forms micelles, where the VE clus-
ters form a hydrophobic core and the PEI forms a shell. Be-
tween each polymer, there are pockets where mRNA strands
are placed for protection when transporting them into host
cells. These self-assembled polymeric micelles are only 10
to 100 nanometers wide, which gives them an advantage com-
pared to other lipid nanoparticles, as it can easily access tu-
mors. Additionally, they can be easily modified to add ac-
tive targeting ligands to increase cell uptake, making the pro-
cess more efficient. They also showed no inflammation during
the pre-clinical trials, which was a concern from using LNPs,
demonstrating this to be an improvement from the standard de-
livery system currently used. However, some challenges still
need to be addressed, one of them being loading drugs in the
micellar core, as its stability is based upon the bond of the
polymer and hydrophobic molecule, so suitable amphiphilic
polymers are still being tested to ensure stability. Addition-
ally, due to it being self-assembled, it is less stable as it is
reactive to changing pH levels. This can affect the kinetic
stability of the micelle in vivo and also during drug release,
and research in this area is still insufficient. Further studies
are also needed to evaluate the toxicity and degradation of the
components used=+2>\

Finally, there are also DNA-based delivery strategies, such
as nanoswitches, a pH-responsive i-motif cross-linked scaf-
fold. There are variations of this method, but the main differ-
ence is their structure: triplex or quadruplex. The main con-
cept is that the nanoswitches use gold nanoparticles and two
types of DNA strands: one is an anti-MUCI1 aptamer, which
acts as a targeting device, binding to a tumor-associated mem-
brane protein MUC1, and the other is a switchable DNA strand
designed to change conformation upon contact with different
levels of pH. At a neutral pH, the nanoswitch takes a linear
conformation. In acidic pH, when the nanoswitch comes into
contact with the cell during endocytosis, it changes into either
the triplex or quadruplex conformation to release the mRNA
strands. Additionally, not only does it respond to pH environ-
ments to change conformation, but it is also reversible. This
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means that the nanoswitch is not one-use, and it can con-
trol when mRNA strands are released, as it is pH reactive.
This function would potentially allow for partial release of the
mRNA strand, which would control the dose of the vaccine.
However, the folding of the i-motif is very complex, as it may
fold into multiple i-motifs, so the mechanisms of its structure
are still being researched 237,

To reiterate, delivery systems have been crucial for devel-
oping mRNA vaccines to ensure stability and efficiency when
transferring mRNA strands to host cells. For the most part,
delivery systems can be used for various illnesses. However,
there are fewer studies focusing on the COVID-19 mRNA vac-
cine delivery strategy as it has already been developed and
shown to be successful. Although the LNPs, the standard
for mRNA delivery systems, demonstrate effective transfec-
tion and immune response, there are always limitations to the
method, which is why there are so many drug delivery strate-
gies in development to treat other illnesses, such as cancer.

Limitations and Discussion

mRNA vaccines are still relatively new in the medical field,
meaning that their development and production stages have
limitations. Although the field has had various successes with
its development, in particular the COVID-19 vaccines, there
are still challenges and concerns which need to be addressed,
not only for the COVID-19 mRNA vaccines, but also for the
therapeutic ones which treat cancers.

Regarding the COVID-19 vaccine, due to SARS-CoV-2
virus’ ability to rapidly mutate, it remains a challenge to
ensure sustained protection with the emergence of various
variants such as B.1.1.7 (alpha), B.1.351 (beta), B.1.617.2
(delta), and P.1 (gamma). Vaccines need to be updated fre-
quently to better target immune responses with the specific
variant=%, Additionally, vaccines lose neutralization potency
over time, demonstrating the short protection period, as stud-
ies have shown a reduction in neutralization titers, the con-
centration of neutralizing antibodies®”. Although there are
booster shots that individuals are provided with, these vac-
cines still demonstrate a significant decrease in neutralization
against the new variants of the SARS-CoV-2 virus. For in-
stance, the B.1.1.529 (omicron) had 32 different mutations
in the spike protein, which demonstrated a tenfold decrease
in neutralization titers*Y. Even with multiple booster shots,
neutralization ability was significantly lower with the variants.
Therefore, new strategies must be considered to overcome the
spread of variants.

Moreover, some studies have shown relatively high
cases of adverse side effects when being administered the
Pfizer/BioNTech and Moderna vaccines. It is usual for vac-
cines to cause fever, chills, and muscle aches, as this is es-
sential to activating the immune response*!. However, there

were reports associating the mRNA vaccine with anaphylaxis,
an allergic reaction that can be life-threatening. These reports
concluded that it may result from the component polyethylene
glycol (PEG), which helps stabilize and prolong its half-life.
This allergy is estimated to affect up to 72% of individuals,
demonstrating its possible role in triggering certain reactions,
but this has not been proved to be the direct cause443.

Another limitation of the COVID-19 mRNA vaccines is
their shelf life stability. For one, they are highly sensitive
to temperature, meaning that they need to be stored in cooler
temperatures to ensure stability during transportation and to
ensure their efﬁcacy44. This is referred to as the cold chain,
and specifically for mRNA vaccines, they must be kept in tem-
peratures of at least —20°C. For Moderna’s mRNA-1273,
however, it must be stored between —60°C and —80°C. It
is suggested that this is due to mRNA’s instability, and these
temperatures are vital for maintaining the stability of the LNP-
mRNA complexes. Therefore, this remains a challenge for
mRNA vaccines, as there have not been many studies on de-
veloping methods to overcome this limitation. Another point
to consider is that the COVID-19 mRNA vaccine shelf life
is only six months if kept at the standard temperatures men-
tioned above. This shelf life reduces to only 30 days after
being thawed at temperatures between 2°C and 8°C, which
would affect its distribution rate, specifically in resource-poor
countries®. Recent studies have considered freeze-drying the
mRNA vaccines for conservation to reduce storage limita-
tions, possibly extending the shelf life of the vaccine to 21
months when stored at 40°C%°. This limitation can also apply
to the cancer mRNA vaccine; however, due to its ongoing de-
velopment and individual-specific nature, it is not currently as
pressing of an issue compared with mRNA vaccines for infec-
tious diseases.

Moreover, cancer vaccines have a similar limitation with
their antigen selection. The new discovery of neoantigens to
be encoded into mRNA has been a breakthrough, but these
neoantigens can also further mutate and no longer be compat-
ible. A way to address this is to target cancerous cells that are
crucial for the survival of the cancer, but this topic is still a ma-
jor concern for the development of cancer mRNA vaccines“Z.
Furthermore, there is also tumor heterogeneity. There are two
types: temporal heterogeneity, which refers to the genomes
of the tumor changing over time, and spatial heterogeneity,
which refers to tumors that have multiple genetically distinct
cells. As mRNA strands for cancer vaccines are determined
through biopsy, which cannot comprehensively determine the
gene profile since only a small portion of the tumor is sampled,
this limitation increases the risk of overlooking all mutations
that could affect the efficacy of the vaccine. To combat the
challenge, researchers have looked into multipoint sampling,
which is when multiple samples are taken from an individ-
ual’s tumor to have a holistic view of the tumor. However, this
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Table 1 Summarized Comparison of Key Factors.

Key Factors COVID-19 Vaccine

Cancer Vaccine

Vaccine Design
to ensure stability and improve expression

ORF encoded with the spike protein with various mutations ORF encoded with tumor-specific neoantigens, often unique

to one patient

Antigen Selection Spike protein is the single, universal antigen that is common Neoantigens are identified through biopsy and sequencing

amongst COVID-19 cases

Delivery System

and vary across cancers and individuals

LNPs are the main delivery system in use right now, such as in the existing COVID-19 mRNA vaccine. Other delivery

systems are being explored for mRNA use in general, such as lipoplexes, CLAN, and nanoswitches.

is still a limitation for individuals who have tumors in places
that cannot be operated on. Therefore, heterogeneity and tu-
mor mutations can limit the success of developing an mRNA
vaccine*5=0,

In addition to the antigen selection limitation, another con-
cern is the sustained growth of a tumor, which is strongly
influenced by the tumor microenvironment (TME). The re-
gion around the tumor is immunosuppressive, meaning that
it suppresses the body’s immune system to respond to for-
eign species through inhibiting the activation and function
of T cells, which are critical for eliminating cancerous cells.
The TME not only facilitates the evasion of tumors from the
immune system, but it also reduces the effectiveness of im-
munotherapy'°2. For example, T regulatory cells (Tregs)
or myeloid-derived suppressor cells (MDSC) expressing Pro-
gramed Death-Ligand 1 (PD-L1) accumulate in the TME, and
suppress vaccine primed T-cell activation. These mechanisms
induce T-cell exhaustion which diminishes cancer vaccine effi-
cacy53. To address this, scientists have investigated combined
therapy, which refers to when the vaccines are used alongside
other cancer treatments. For example, one current line of in-
quiry is using adoptive T-cell therapy to enhance the immune
response induced by the mRNA vaccine by modifying the cell
itself to better respond=%.

Due to cancer mRNA’s individualized nature, it is also
costly to develop. For instance, an individualized cancer
mRNA vaccine to treat brain cancer is expected to cost ap-
proximately 350,000 USD per patient. The details of this
value are not fully disclosed, but such complex manufactur-
ing processes and individualization demonstrate a significant
economic barrier for most individuals>>.

Despite these barriers, there have been promising clinical
trials for cancer mRNA vaccines. An example is the mRNA-
4157. Developed by Moderna in collaboration with Merck,
mRNA-4157 is a personalized neoantigen vaccine which is
currently in Phases II/III of testing. In a phase 2b trial with
patients who had high risk melanoma, mRNA-4157/V940 was
combined with pembrolizumab, a drug that helps the immune
system recognize and attack cancerous cells. The combina-
tion treatment helped patients stay cancer free for longer, with

79% of patients staying disease free, compared to 62% in the
pembrolizumab only group~®. This vaccine suggests that per-
sonalized mRNA cancer vaccines like the mRNA-4157 could
significantly improve outcomes for high-risk cancer patients.

In parallel, the COVID-19 mRNA vaccine has shown real-
world effectiveness in the booster shots, for both Pfizer and
Moderna. Studies in the UK found that people who received a
booster were 70% lower risk of hospitalization and 89% lower
risk of death from COVID-19 compared to those who did not
get the booster. However, the effects waned over time, being
the strongest during the first three months and by the sixth-
month mark, only had 25% protection against testing posi-
tive®Z. These findings highlight the importance of boosters in
maintaining protection from COVID-19.

Taken together, the COVID-19 mRNA vaccine and cancer
vaccines are structurally very similar, with minor differences
that tailor the vaccine to the specific disease. These differences
are prevalent in the ORF of the vaccine design and the antigen
selection, as these components are designed and chosen to tar-
get their respective illnesses. However, regarding the delivery
systems, these are not as individualized to a specific mRNA
vaccine. Their primary role is to protect the mRNA strands,
but these systems are still developing to find a solution that
optimizes antigen expression and mRINA stability.

Additionally, it is clear that due to the individualized na-
ture of the cancer mRNA vaccine and the larger sense of ur-
gency during the COVID-19 pandemic to create the vaccine,
the trajectory of the development was considerably different.
These factors demonstrate why the developmental period for
the COVID-19 vaccine was significantly shorter than that of
cancer vaccines, which are still ongoing.

The significance of using mRNA vaccines for prophylac-
tic use and therapeutic use demonstrates the versatility of this
technology. While the antigen selection highlights the distinct
challenges between the two vaccines, it is clear that the tech-
nology is still highly applicable in both situations, with the
COVID-19 vaccine serving as a proof of concept for mass pro-
duction of mRNA vaccines for infectious diseases.

© The National High School Journal of Science 2026
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Table 2 COVID-19 vs. Cancer mRNA vaccines: Considerations

Factor COVID-19 Vaccine Cancer Vaccine
Purpose Prophylactic: aims to induce immunity before Therapeutic: aims to stimulate and target ex-
viral exposure isting cancerous cells to eliminate them
Patient Specificity Universal vaccine where the same design can  Primarily individualized to an individual, how-
be used for all individuals. ever, there are certain mutations (KRAS or
TP53) that are common amongst cancerous
cells which make a universal vaccine possible.
Antigen Mutations SARS-CoV-2 mutates rapidly, creating vari- Neoantigens can mutate becoming incompati-
ants, which requires vaccine updates and ble with the vaccine. Thorough initial biopsy
boosters. is crucial for antigen identification.
Safety Side effects include fever, chills, and muscle Safety concerns would relate to biopsy com-

aches

Storage requirements
to -80°C to ensure stability.

Cold chain is required roughly between -20°C

plexity. No safety concerns of distribution cur-
rently exist.

Not applicable as no cancer vaccine is avail-
able for distribution. Similar barriers may ap-
ply as the COVID-19 vaccine.

Conclusion

This study highlights that, while the COVID-19 and cancer
mRNA vaccines share a common framework, their develop-
ment has been different. The COVID-19 vaccine was enabled
by a clear, universal target, while the cancer vaccine encoun-
ters more challenges, as it is a therapeutic vaccine that fo-
cuses on the population affected by cancer. However, this
also demonstrates the potential of mRNA vaccines for broader
applications, meaning that they can be applied to other dis-
eases beyond the treatment of COVID-19 and cancer, signify-
ing their contributions to the future of medicine. Nevertheless,
many limitations remain in the development of both vaccines,
all of which scientists are finding ways to overcome. Further
studies need to be carried out on the stability and delivery of
mRNA, but mRNA vaccines remain a promising technology
in modern medicine.
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