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Abstract

Messenger RNA (mRNA) vaccines are promising platforms for cancer immunotherapy because of
their potential to encode for a variety of tumor antigens, high tolerability, and capacity to induce
strong anti-tumor immune responses. However, the clinical translation of mRNA cancer vaccines
can be hindered by the inefficient delivery of mRNA /n vivo. In this review, we provide an
overview of mRNA cancer vaccines by discussing their utility in treating melanoma. Specifically,
we begin our review by describing the barriers that can impede mRNA delivery to target cells.

We then review native mRNA structure and discuss various modification methods shown to
enhance mRNA stability and transfection. Next, we outline the advantages and challenges of
three non-viral carrier platforms (lipid nanoparticles, polymeric nanoparticles, and lipopolyplexes)
frequently used for mRNA delivery. Last, we summarize preclinical and clinical studies that have
investigated non-viral MRNA vaccines for the treatment of melanoma. In writing this review, we
aim to highlight innovative non-viral strategies designed to address mRNA delivery challenges
while emphasizing the exciting potential of mMRNA vaccines as next-generation therapies for the
treatment of cancers.
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Introduction

Over the past several decades, immunotherapy has gained tremendous attention as a
treatment strategy for cancer. Commonly implemented immunotherapies aim to modulate
or train the immune system so it can recognize and destroy tumor cells. Various
immunotherapy approaches have been developed to dramatically improve outcomes for
cancer patients.12 In particular, cancer vaccines have emerged as promising tools to induce
strong anti-tumor immune responses. Typically, these vaccines target tumor-associated
(TAAS) or tumor-specific antigens (TSASs) to kill malignant cells that overexpress these
antigens.3 Due to immunological memory, the body can recognize and destroy these cells
in the future, leading to sustained tumor inhibition.# Therefore, cancer vaccines have both
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therapeutic and prophylactic potential, making them a versatile and effective strategy for
achieving long-lasting anti-tumor immunity.>

While there are many types of cancer vaccines, mRNA-based vaccines have recently
attracted widespread interest because of their rapid development during the COVID-19
pandemic.8 Like the COVID-19 vaccines, the main purpose of an mMRNA cancer vaccine is
to train the body to recognize and destroy cancer via the translation of mMRNA into protein
antigens. In a cancer vaccine, mMRNA encoding a specific tumor antigen is delivered to
specialized immune cells called antigen presenting cells (APCs). These cells produce the
tumor antigen and present it on its surface by major histocompatibility complexes (MHCs).
T cells can then recognize these antigens and activate the adaptive immune system to destroy
the cancer cells.” Since mRNA vaccines can encode and express a variety of tumor antigens,
they are able to induce both humoral and cellular immune responses which is beneficial

for efficient tumor eradication (Figure 1).8 From a safety perspective, mMRNA vaccines are
advantageous because MRNA does not integrate into the host genome so there is no risk of
insertional mutagenesis.® Additionally, mMRNA is rapidly degraded in the cytoplasm which
results in transient antigen presentation and avoids prolonged activation of the immune
system.8 In regards to delivery, mMRNA only needs to be delivered into the cytoplasm

while DNA vaccines need to be delivered into the nucleus.1? Furthermore, the worldwide
deployment of COVID-19 vaccines led to the development of good manufacturing practice
(GMP) protocols to rapidly produce mRNA vaccines.? Finally, mMRNA vaccines are a simple
yet incredibly versatile platform, so their potential to treat a variety of diseases including
melanoma is essentially limitless.

Major technological innovations have been made over the past several decades to improve
mRNA vaccine stability, delivery, transfection, and large-scale manufacturability. Due to
these advancements, more than twenty mRNA-based immunotherapies have entered clinical
trials for the treatment of cancer.1! Recently, mRNA vaccines have emerged as a particularly
promising treatment option for melanoma. Melanoma is an aggressive form of skin cancer
that originates in melanocytes but can rapidly metastasize to other parts of the body.

In the United States, it is estimated that 97,619 people will be newly diagnosed with
melanoma and 7,990 people will die from the disease in 2023.12 The current standard of
care for melanoma is typically surgical resection followed by chemotherapy and radiation.13
However, these methods can be ineffective and are associated with adverse side effects that
can greatly reduce the patient’s quality of life.10 Therefore, targeted immunotherapies for
melanoma have been developed to overcome these limitations.141®> Melanoma is an ideal
candidate for immunotherapy because it is highly immunogenic, meaning it provides many
different antigens that can be chosen for vaccine formulation.1% Over the past several years,
extensive research has been conducted to investigate the efficacy of mMRNA vaccines for
melanoma treatment, and several on-going clinical trials indicate the exciting potential of
this technology to eradicate the disease. Although these results are promising, there are

still many challenges that need to be addressed when optimizing the delivery, uptake, and
efficacy of mMRNA vaccines to treat metastatic melanoma.

In this review, we provide an overview of non-viral mMRNA melanoma vaccines and
discuss different approaches used to address these challenges. First, we describe numerous
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barriers associated with mRNA delivery. We then review mRNA structure and discuss
several modification strategies shown to improve mRNA stability and translation. Next, we
detail non-viral carriers used for mRNA vaccines including lipid nanoparticles, polymeric
nanoparticles, and lipopolyplexes. After describing the general composition, advantages, and
challenges of each carrier, we summarize recent preclinical and clinical data from studies
that have evaluated these non-viral mMRNA vaccines for the treatment of melanoma. Lastly,
we present some remaining challenges and future directions of mMRNA cancer vaccines. In
writing this review, our goal is to discuss recent developments in non-viral mMRNA vaccines
for melanoma and highlight the innovative strategies designed to enhance the potential of
these vaccines to efficiently treat this deadly disease.

Delivery Barriers

Although mRNA is a powerful therapeutic, it must overcome several delivery barriers in
order to reach the cytosol of target cells. For cancer applications, the route of administration
is an important consideration and typically includes intramuscular or subcutaneous
injections for cancer vaccines and intravenous administration for solid tumors. While every
route of administration for MRNA therapeutics presents unique challenges and advantages,
they are all unified by some central ideas.

First, the therapeutic agent needs to be delivered to the right cells at the proper dosage.

For therapeutics administered through the blood, movement across the vascular endothelial
barrier is a significant challenge that can greatly hinder delivery to the correct tissue.
Generally, a molecule with a diameter larger than 5 nm cannot readily cross the capillary
endothelium and will remain in circulation until it is eventually cleared. However, there are
certain tissues like the liver, spleen, and some tumors that allow entry of larger molecules
with diameters up to 200 nm.1® Since these organs accommodate the entry of many drug
delivery nanocarriers, they may remove the mRNA therapeutic from circulation so there

is less available for its intended target. Furthermore, naked mRNA is rapidly degraded

by extracellular ribonucleases which further reduces its circulation time.1” Decreased
bioavailability is an issue because it leads to minimal protein production and poor
therapeutic efficacy.

The second central idea is that the immune response to exogenous mMRNA is incredibly
complex. Exogenous mRNA is intrinsically immunogenic which presents another major
delivery barrier. Although mRNA’s ability to activate the immune system can be

beneficial for vaccination purposes, it can paradoxically facilitate mMRNA degradation

and reduce antigen expression.> Exogenous mRNA can be recognized by the innate
immune system, leading to activation of Type-1 interferon pathways and secretion of
inflammatory cytokines.18 This adverse immune response can inhibit the translation of
MRNA and significantly decrease treatment efficacy. In addition to mMRNA immunogenicity,
phagocytosis is another immunological barrier both in the bloodstream and in the
extracellular matrix of tissues. Phagocytosis is a process in which phagocytic cells such

as macrophages and monocytes ingest and eliminate foreign material to protect the body
from infection. Exogenous mRNA can be engulfed by phagocytic cells which significantly
reduces its circulation time and hampers therapeutic efficacy. Additionally, phagocytes can
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efficiently eliminate certain nanoparticle formulations from the body. Proteins absorbed on
the nanoparticle surface promote opsonization, leading to aggregation and rapid clearance
due to phagocytosis by the mononuclear phagocyte system (MPS).19 Various strategies can
be used when designing drug delivery vehicles to avoid opsonization, and these methods will
be discussed later in this review.

Lastly, the mRNA therapeutic needs to be able to efficiently enter the cytoplasm of target
cells to undergo translation. However, even if the mMRNA drug reaches the correct tissue

and evades the immune system, it still faces numerous barriers at the cell surface. First, the
mRNA complex must diffuse through the extracellular matrix and then pass through the cell
membrane. This is difficult because the negative potential across the cell membrane creates a
repulsive force to mRNA due to its negatively charged phosphate backbone.2? Additionally,
mRNA is large and does not readily diffuse through cellular membranes in a passive manner,
so its high molecular weight also hinders cellular uptake.2! Slow entry into the cell provides
additional opportunities for mRNA therapeutics to be engulfed by resident macrophages;
therefore, efficient uptake is crucial for optimal treatment. Once in the cell, MRNA faces

an additional challenge as it needs to exit the endosome to reach the cytoplasm for protein
synthesis. If the mRNA complex is unable to escape the endosome, it will be subjected to
degradative conditions in the lysosome.22 Ineffective endosomal escape also imposes higher
dosage which can cause toxicity.22 Finally, mRNA formulated with carriers must be released
from their delivery vehicle in order to initiate translation. From initial circulation in the
bloodstream to eventual release into the cytoplasm of target cells, MRNA must overcome
several hurdles to produce the protein of interest.

Overcoming these delivery barriers is a central goal of the mRNA therapeutic research field.
In the following sections, we discuss several clinically relevant strategies that aim to mitigate
these delivery challenges and enhance mRNA transfection. Developing new methods to
address these limitations will greatly improve the translation of mRNA therapeutics and
broaden its clinical utility.

Native mRNA Structure and Function

mMRNA is a single-stranded polymeric molecule composed of nucleotides attached by
phosphodiester bonds. Cells synthesize mRNA during a process called transcription which
occurs when an enzyme known as RNA polymerase reads the template (antisense) strand of
DNA and creates a complementary strand of RNA. The resulting RNA transcript contains
the same genetic information as the non-template (coding) strand of DNA, except RNA
contains the base uracil instead of thymine. This transcript is called precursor-mRNA
(pre-mRNA) because it is not yet functional and must be modified before it can be used

to synthesize protein during translation. Essential pre-mRNA modifications include the
addition of cap structures at the 5’ end, polyadenylation at the 3’ end, and removal of
noncoding sections (introns) through splicing. Once the pre-mRNA has undergone this
additional processing, it becomes mature mMRNA which is composed of four distinct regions:
5’ cap, 3’ polyadenylated tail, and a protein-coding sequence flanked by two untranslated
regions (UTRs). In the following sections, we provide an overview of these natural pre-
mRNA modifications and highlight additional strategies to synthetically modify each region
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of /n vitrotranscribed (IVT) mRNA to improve its stability and transfection (Figure 2),
thereby enhancing its clinical utility as a cancer vaccine.

2a. 5 Cap

The addition of the 5” cap is the initial modification step and occurs during transcription.
As soon as the first 20-30 nucleotides of the RNA have been synthesized, an N7-
methylated guanosine (m’G) cap is added to the first transcribed 5° nucleotide (N)

through a reverse 5 to 5° triphosphate linkage (ppp).24 This reaction is mediated by three
enzymes: RNA triphosphatase (TPase), RNA guanylyltransferase (GTase), and guanine-N7
methyltransferase (guanine-N7 MTase). RNA TPase first removes the terminal phosphate
group from the nucleotide to generate diphosphate. Then, GTase transfers a GMP group
from GTP to the diphosphate group to create G cap (GpppNp). Finally, guanine-N7 MTase
adds a methyl group to the N7 amine of the G cap to create the “cap 0” structure
(m’GpppNp). An additional methyl group can also be added to the first and second
transcribed nucleotides on the 2’-OH group of the ribose molecules to respectively form
the cap 1 (m’GpppNmp) and cap 2 (m’GpppNmpNmp) structures which exist in higher
eukaryotes.2>

The cap 0 structure has several important biological roles, such as preventing mRNA
degradation by exoribonucleases, directing pre-mRNA splicing, facilitating mRNA export
from the nucleus to the cytoplasm, and providing molecule stability.26:27 Notably, the

cap O structure is necessary for efficient translation because it binds to the eukaryotic
translation initiation factor elF4e which facilitates the recruitment of mMRNA to ribosomes
for protein synthesis.28:29 In addition to translation initiation, the binding of elF4e helps
stabilize the mRNA since the “decapping” enzyme DCP2 is no longer able to access the 5’
end.39 Decapping enzymes remove the 5” cap which allows exoribonucleases to degrade the
mMRNA,; thus, the 5’ cap also plays a pivotal role in mMRNA decay. While the cap 0 structure
protects the 5’ end of the mRNA transcript, the poly(A) tail prevents degradation at the 3’
end and is discussed in the next section.

2b. Poly(A) Tail

The poly(A) tail is a long chain of adenine nucleotides that are added to the 3’ end of the
mMRNA transcript. Similar to the 5° cap, the poly(A) tail is very important for RNA stability
and translational efficiency.3! Here we provide a brief overview of the poly(A) tail addition
but refer to several reviews that offer detailed explanations of 3’ end processing.32-35 The
incorporation of the poly(A) tail consists of two steps: (1) cleavage of the pre-mRNA at the
poly(A) site and (2) addition of approximately 100-200 adenine nucleotides. The first step

in 3’ end maturation involves a sequence known as the polyadenylation signal (PAS). In
higher eukaryotes, the PAS is AAUAAA or a close variant and is located 10-30 nucleotides
upstream of the cleavage and polyadenylation site. When the PAS is recognized, a protein
complex known as the cleavage and polyadenylation specificity factor (CPSF) binds to the
PAS and catalyzes the cleavage of the pre-mRNA. Then, the enzyme poly(A) polymerase
(PAP) adds multiple adenosine molecules to the cleaved 3’ end. After 11-14 adenosines have
been added, nuclear poly(A) binding protein (PABPN) continues to rapidly grow the poly(A)
tail to be approximately 200-250 nucleotides in length.
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The poly(A) tail is vital to mRNA function as it improves stability by protecting against
degradation, assists with export of MRNA from the nucleus into the cytoplasm, determines
mRNA degradation, and provokes transcription termination.36-40 Additionally, the poly(A)
tail has been shown to mediate translation initiation since the poly(A) sequence is
recognized by polyadenosyl binding proteins (PABPS) which then interact with the elF4
complex recruited by the 5” cap.2? Furthermore, the importance of the poly(A) tail is
elucidated by studies that show disruption of poly(A) tail function leads to an increased

risk of health conditions such as cancer, immunodeficiency, and hematological diseases.*142
Thus, the poly(A) tail is a crucial pre-mRNA modification that plays a pivotal role in
maintaining overall health.

Untranslated Regions

In addition to the 5° cap and poly(A) tail, the untranslated regions (UTRs) of mMRNA largely
influence the post-transcriptional regulation of gene expression. The UTRs are located both
upstream (5’ end) and downstream (3’ end) of the coding sequence. Although both regions
enhance mRNA stability and transfection, there are several differences between the 5° UTR
and 3” UTR. For example, the 5> UTR is approximately 5 times shorter than the 3* UTR
(~200 nucleotides vs. ~1000 nucleotides) and has a higher G+C content (60% vs. 45%).43:44
Structural features of the 5 UTR (ribosome entry sites, upstream open reading frames,
upstream start codons, hairpin loops, binding sites for regulatory proteins, and alternative
start codons) are integral for translation initiation.*> Moreover, it has recently been shown
that the 5° UTR also impacts the stability, translation efficiency, and turnover of mRNA.46
On the other hand, evidence suggests the 3” UTR has a diverse set of roles as it mediates
subcellular mRNA localization, mRNA export from the nucleus, poly(A) tail status, mRNA
stability, and translation efficiency.4”-50 Additionally, the 3° UTR contains target sites for
microRNAs (miRNAs), a non-coding RNA that binds to mRNA to regulate its expression.>!
Therefore, the 3’ UTR can also affect protein synthesis which in turn can influence many
other biological processes. Overall, the UTRs are essential components of mRNA as they
have the ability to impact a broad range of cellular functions.

2d. Coding Sequence

The coding sequence is the section of MRNA that is translated into protein. Following
transcription, the mRNA transcript contains both coding and noncoding sequences, which
are called exons and introns, respectively. To generate mature mRNA transcripts with an
uninterrupted coding sequence, a process called splicing must occur to remove the introns
and fuse the exons together. Spliceosomes are large RNA-protein complexes that execute
this process, and once the mature mRNA has been created, it can be exported to ribosomes
for translation. This mature mRNA transcript will contain the continuous coding sequence
and the 5’ cap, poly(A) tail, and UTRs discussed above. All of these post-transcriptional
modifications are vital for proper mRNA function and protein production. Each region of the
MRNA transcript can also be further modified to improve mRNA stability and transfection
for therapeutic purposes which will be discussed in the following section.
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3. Modifications to Improve the Stability and Transfection of Synthetic

MRNA

Many mRNA-based therapeutics utilize IVT mRNA due to its advantages over other
gene-expressing systems like plasmid DNA and viral vectors. IVT mRNA does not pose
the risk of inducing oncogenic mutations, and its synthesis can be robust and scalable.>2
Since IVT mRNA resembles the structure of native mRNA, it can translate proteins in
the cytoplasm and can be modified to exhibit various expression patterns. However, even
though IVT mRNA is functionally the same as natural mRNA, it can be perceived by the
host immune system as a harmful foreign material, thus eliciting a strong inflammatory
response.>3 Additionally, IVT mRNA often lacks stability which leads to a short half-life
and insufficient protein production. In the following subsections, we will discuss several
strategies that have been used to address IVT mRNA instability and immunogenicity.

3a. 5’ Cap Modification

Exogenous mRNA is inherently immunostimulatory because it is recognized by various
pattern recognition receptors (PRRs).18 As a component of the innate immune system,
PRRs identify pathogen-associated molecular patterns (PAMPS) that distinguish “self” from
“non-self.” One component of IVT mRNA that can prevent recognition by PRRs is the 5’
cap. In viruses, RNA transcripts are uncapped, and the body recognizes the unprotected

5’ end as foreign, triggering an antiviral immune response.>* Uncapped RNAs are also
hydrolyzed by exoribonucleases leading to fast degradation.” Thus, adding a 5’ cap to IVT
mMRNA is useful for manufacturing transcripts with optimal translation efficiency.

There are several enzymatic and chemical methods that have been used for synthetic mRNA
5’ capping. One commonly used in vitro post-translational strategy is the Vaccinia capping
system.>® This is an enzymatic strategy based on the Vaccinia virus Capping Enzyme (VCE)
composed of two subunits, D1 and D12. The D1 subunit possesses RNA triphosphatase,
guanylyltransferase, and guanine methyltransferase activity, all of which are necessary for
the addition of a complete Cap O structure. The D12 subunit stimulates the methyltransferase
activity to further facilitate the 5’ cap addition. The Vaccinia capping system offers nearly
100% capping efficiency and the cap structures are added in the proper orientation unlike
some co-transcriptional methods.56 However, this system is expensive and can suffer from
batch-to-batch variation.

In addition to post-translational enzymatic strategies, chemical capping methods have also
been employed to add cap analogs during transcription. However, the conventional Cap

0 analog is susceptible to incorrect attachment to the mRNA sequence as approximately
one third of IVT molecules are capped in the reverse direction (Gpppm’G).%7 This
inversion results in improper elF4E binding and low translation efficiency. To prevent
reverse cap integration, anti-reverse cap analogs (ARCAs) have been developed. ARCAs
are additionally methylated at the 3" hydroxyl group (closer to m7G) so RNA polymerase
can only initiate transcription with the remaining hydroxyl group, forcing cap incorporation
in the correct direction. Several studies have shown ARCA-capped mRNAs have higher
translational efficiency and prolonged protein production in vitro.58-61 ARCAs can also be
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modified to enhance the translational outcome. For example, phosphorothioate substitutions
at the B position in the triphosphate bridge confers resistance to decapping enzymes,
improves elF4E binding affinity, and provides additional molecule stabilization.52.:63
Additionally, ARCAs can be modified with boranophosphate (BH3) at the a., B, or y
position of the triphosphate chain. BH3 cap analogs were previously shown to increase
protein expression in immune cells which may be favorable for anticancer immunization.54

Although ARCA:s are beneficial for providing stability and improving translation efficiency,
they are still limited in several ways. The capping efficiency is relatively low (~70%), and
the cap contains an unnatural methyl group at the C3 position that the immune system

can recognize as foreign.> The mRNA transcript must also start with guanine which limits
its utility. To address the issues associated with ARCAS, a new co-transcriptional cap
analog called CleanCap was developed in 2018.55 CleanCap uses an initiating capped
trimer instead of ARCA to yield a naturally occurring Cap 1 structure with an efficiency

of 90-99%.18 Since the Cap 1 structure reduces activation of PRRs, it is beneficial

for decreasing the immunogenicity of exogenous mRNA. In addition to the CleanCap
technology, a Cap 1 structure can be enzymatically added with guanylyl transferase and
2’-O-methyltransferase.®® To further reduce the risk of triggering the innate immune system,
capped IVT mRNA can be treated with phosphatases to remove any uncapped phosphate,
thus preventing PRR recognition and improving mRNA translation.56

3b. Poly(A) Tail Modification

The poly(A) tail is a vital component of IVT mRNA as it provides stability and

increases translation efficiency. The poly(A) tail is either encoded by the vector from

which the mRNA is transcribed or it is enzymatically added through recombinant poly(A)
polymerase. Poly(A) sequence length is an important parameter because it has been shown
to influence mRNA function. A poly(A) tail of 250 nucleotides is commonly used, but

the ideal length may be dependent on cell type. For example, a poly(A) tail longer than

300 nucleotides leads to more efficient translation in human primary T cells while a

tail composed of 150-200 nucleotides is optimal for human monocyte-derived dendritic
cells.87:68 Furthermore, it has been shown that poly(A) tail length influences MRNA
function through its interactions with poly(A) binding proteins (PABPS). These proteins

coat the tail and can interact with the 5’ cap to form a closed-loop structure which

enhances MRNA stability and translation initiation.18 A study conducted by Lima and
colleagues showed that shorter poly(A) tails promote this closed-loop state for more efficient
translation. Their analyses concluded that shorter poly(A) tails are a characteristic of highly
expressed genes across eukaryotes.59 Despite these findings, it is still unclear whether

short poly(A) tails are better than long poly(A) tails for improving IVT mRNA translation
efficiency. Thus, more studies should be conducted to fully understand the impact of poly(A)
size on gene expression.

Similar to the 5’ cap, the poly(A) sequence can also be modified to enhance stability

and translational yield. Recently, Strzelecka and coworkers modified poly(A) tails with
phosphorothioate groups and found these tails were less susceptible to degradation by
3’-deadenylase compared to unmodified tails.”® Additionally, they studied the translational
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properties of MRNAs with boranophosphate-modified poly(A) tails. They showed the
presence of the boranophosphate moiety in the poly(A) tail correlated with a decrease

in protein expression, indicating boranophosphate modification is not as effective as
phosphorothioate functionalization. Bioorthogonal chemistry has also been used to modify
poly(A) tails. Anhduser and colleagues incorporated multiple 2’-azido-modified adenosine
nucleotides at the 3* end of mMRNA and used click chemistry to label these adenosines

with the fluorescent dye sulforhodamine B.” Their findings suggest modifying mRNA with
fluorophores at the poly(A) tail substantially increases translational efficiency. Although
these studies present interesting conclusions, poly(A) tail modifications have yet to be fully
explored, and future research may be conducted to continue elucidating the effect of poly(A)
tail modifications to further improve mRNA therapeutics.

Optimization of UTRs

The 5’ and 3° UTRs play important roles in regulating mRNA degradation rate and
translation efficiency by interacting with RNA binding proteins. Each UTR can be optimized
to further enhance IVT mRNA stability and translation accuracy. In the 5° UTR, start
codons (AUG) and non-canonical start codons (CUG) may be avoided because they disrupt
the normal translation of the open reading frame.4> Highly stable secondary structures

may also be avoided in the 5° UTR because they can prevent ribosome recruitment and
codon recognition.*® Furthermore, modifications can be made specifically to the 3° UTR

to optimize its functionality. The 3’-UTRs of a- and p-globin mRNAs are often found in
IVT mRNA because they contain translation and stability regulatory elements.”2:73 RNA
stability can be further improved by placing two human p-globin 3’-UTRs in a head-to-tail
orientation.8” For some applications, destabilizing mRNA can be beneficial for reducing the
time needed for protein synthesis. In these situations, AU-rich regions can be inserted into
the 3° UTR to ensure quick mRNA degradation and brief protein expression.’#

In addition to these modifications, UTRs can also be systemically engineered to enhance
protein production. Recently, Zeng and colleagues engineered endogenous UTRs by
changing the sequence length and nucleotide composition, removing the inhibitory
microRNA binding sites, and incorporating additional protein binding motifs that promote
translation.”> Compared to commonly used or control UTRs, their optimized UTRs were 5
to 10 times more efficient. Additionally, bioinformatics and machine learning can be used to
design optimal UTRs /n silico by utilizing genetic algorithms that generate unique synthetic
motifs.”8 However, UTR performance is dependent on species, cell type, and cell state, so

it is important to thoroughly understand the target cells when designing mMRNA UTRs for
therapeutic purposes. Overall, UTR modifications are incredibly versatile and can be applied
to fine tune the behavior of IVT mRNA.

3d. Base Editing

Another strategy for optimizing IVT mRNA involves replacing natural nucleosides
with modified derivatives. Although native mRNA can activate the innate immune
system, modified nucleosides do not provoke TLR recognition and have significantly
lower immunostimulatory activity.””:’® Modified nucleosides commonly used in IVT
mRNA applications include pseudouridine (¥), 1-methylpseudouridine (m1¥), and 5-
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methylcytidine (m>C). These nucleotides are often used to replace natural uridine and
cytidine, therefore reducing mRNA immunogenicity and prolonging protein production.
Additionally, Leppek and colleagues recently found substitution of uridine with either "

or mM¥ leads to increased IVT mRNA stability in solution.”® Currently, mRNA vaccines
suffer from solution hydrolysis which reduces its efficacy. However, modifying IVT mRNA
with ¥ or m'¥ could prolong the shelf life of mMRNA drugs and improve access to these
therapies. In all, these nucleoside modifications are incredibly useful for reducing activation
of the innate immune system, increasing the translational capacity of mRNA, and improving
overall structural stability.

Purification of IVT mRNA

IVT mRNA purification is necessary to remove all potentially immunogenic contaminants
capable of activating the immune system and interfering with adequate protein production.
During IVT mRNA synthesis, phage polymerase can produce short RNAs and double
stranded RNAs (dsRNAs). These contaminants can activate intracellular PRRs and

greatly hinder translation efficiency.>3 Previously, Kariké and colleagues demonstrated

that removing these RNA contaminants led to a 10 to 1000 fold increase in protein
production in human primary dendritic cells and no induction of Type-1 interferons or
inflammatory cytokines.80 In this study, the contaminants were removed with high-pressure
liquid chromatography (HPLC) which is a popular purification method due to its versatility.
However, HPLC purification of mMRNA can be expensive and relatively low yield (< 50%)
so other purification strategies have been explored.8! Decreasing Mg?* concentration or
producing RNA at elevated temperatures have both reduced dsRNA species during IVT
mRNA production.82:83 More recently, Baiersdorfer and coworkers developed a simple, fast,
and cost-effective purification method based on the selective binding of dsRNA to cellulose
in an ethanol-containing buffer.81 Their method is capable of removing up to 90% of dsSRNA
contaminants regardless of the length, coding sequence, or nucleoside composition of the
IVT mRNA. Taken together, purification is an important step in IVT mRNA synthesis as it
can significantly reduce adverse immune activation and increase protein yields.

4. Non-Viral Delivery Carriers for mRNA

To harness its full therapeutic potential, IVT mRNA needs to be delivered to the cytoplasm
of target cells while overcoming several delivery barriers. While modifying synthetic
MRNA can greatly enhance its stability and reduce immunogenicity, naked mRNA is

still susceptible to enzymatic degradation and elimination by the innate immune system.
Furthermore, the large size, hydrophilicity, and negative charge of mMRNA hinders its ability
to enter cells. Therefore, several platform-based approaches have been developed to protect
the MRNA from degradation, allow extravasation, promote uptake in target cells, reduce
immunogenicity, prevent renal clearance, and facilitate endosomal escape. These platforms
can be grouped into several categories including viral, cell-based, and non-viral. Viral and
cell-based carriers have been thoroughly discussed elsewhere, and this review will focus

on non-viral vectors for mRNA vaccines.#10.20.84.85 | the following section, we highlight
several non-viral delivery methods that utilize lipids, polymers, or a combination thereof to
elicit strong anti-tumor immune responses.
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Lipid Nanoparticles

Currently, lipid nanoparticles (LNPs) are among the most broadly used vectors for RNA
delivery. Due to their ability to effectively encapsulate and deliver RNA, they were chosen as
the carrier material for the mRNA in the SARS-CoV-2 vaccine by Moderna (MRNA-1273)
and Pfizer/BioNTech (BNT162b2).86 LNPs are composed of an outer lipid shell and a
hydrophilic core. Four components form many LNP structures, including an ionizable lipid
(IL), helper phospholipid, cholesterol, and lipid-anchored polyethylene glycol (PEG) (Figure
3). Each component has unique qualities and serves a different role in maintaining LNP
function.

lonizable lipids contain an ionizable head group and a long lipid chain.8” Typically,

the ionizable head group is a tertiary amine which modulates the net charge of the IL

at different pHs.88 In acidic environments, the tertiary amine is protonated, and the IL
becomes positively charged. During LNP formulation, this positive charge allows the LNP
to condense around the negatively charged mRNA and stabilize the molecule. This positive
charge also facilitates endosomal escape /n vitroand in vivo. At physiological pH, the

IL is at a neutral charge and thus is nontoxic while circulating around the body. When

the LNPs are at the cell surface, they are taken up by endocytosis. Since endosomes

have an acidic environment, the tertiary amine is once again protonated.8? The positively
charged IL can then interact with phospholipids of the endosome to form an ion pair. As
previously described in literature, this ion pair may drive the formation of the nonbilayer
inverted hexagonal phase (Hy;), thereby disrupting the endosomal membrane and facilitating
endosomal escape.?

Phospholipids are another LNP component that aid in endosomal escape. These
zwitterionic lipids are “helper lipids” that also improve overall membrane structure

and stability due to their high phase transition temperature.®1-92 Commonly used

helper phospholipids include 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), or sterol lipids.91:93 LNP stability is also
improved by cholesterol, a naturally occurring lipid that helps fluidize the lipid membrane.%*
It has also been shown that cholesterol increases the circulation time of lipid-based

carriers and enhances transfection efficiency by potentially promoting membrane fusion and
endosomal escape.?>97 Finally, polyethylene glycol-modified (PEGylated) lipids improve
LNP circulation time and stability by forming a hydrophilic layer on the LNP surface to
prevent particle aggregation and serum protein opsonization.?8:99 |t should also be noted
that the ratio of each LNP component is very important for creating effective mRNA LNPs,
and extensive research has been undertaken to optimize these formulations for ideal MRNA
transfection and stability.

Currently, LNPs are widely used as delivery vectors for mRNA therapeutics due to their
numerous advantages. To name a few, LNPs are often well tolerated, stabilize mRNA
cargo, and can be used without the need for specialized equipment.190 Additionally,

LNPs are quickly and easily prepared by mixing lipids and mRNA in a microfluidic
device.191 Each component of LNPs can also be modified to improve targeted delivery

to a tissue of interest.102.103 Fyrthermore, COVID-19 clinical trials have shown LNP-based
MRNA vaccines have favorable safety profiles and are highly effective in preventing the
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development of COVID-19.194 Despite these advantages and clinical successes, there are
some challenges that have limited the utility of LNPs. One major challenge is the low
temperature requirement for the storage of LNP-based mRNA vaccines.19% Rural and
suburban areas may not have the necessary infrastructure to store these vaccines at low
temperatures which negatively affects vaccine distribution in these areas. Lipid components
of LNPs are also capable of activating host immune responses which can lead to adverse
side effects. For example, PEG in the Pfizer/BioNTech mRNA COVID-19 vaccine may
cause anaphylaxis in patients with IgE-triggered allergies.19¢ Another study by Ju and
coworkers found LNP mRNA vaccination is associated with an increase in PEG-specific
antibodies.197 It has also been reported that ionizable lipids can stimulate the secretion of
proinflammatory cytokines and reactive oxygen species.198.109 To address these limitations,
substantial research has been conducted to modify the physical properties of LNPs to reduce
immunogenicity, enhance delivery efficiency, promote endosomal escape, and improve
delivery to target cells.110

4b. Polymeric Nanoparticles

Aside from lipid nanoparticles, mRNA can also be successfully delivered to target cells
using polymers.111-114 Generally speaking, a polymer is a large molecule composed of
small repeating units. An optimal polymeric nanoparticle (PNP) must be able to protect
the mMRNA from degradation, facilitate cellular uptake, and eventually release the mRNA
into the cytoplasm. Polymeric materials commonly employed for mRNA delivery are
often highly nitrogenated. Representative examples of these that will be discussed include
polyethyleneimines, poly(amidoamines), and poly(B-amino) esters (Figure 4).

Polyethyleneimine (PEI) can be branched or linear and contains many amine groups.115 Its
positive charge allows it to complex with the negatively charged phosphate backbone of
mRNA.116 The amine groups can also form electrostatic interactions with the negatively
charged endosome membrane to facilitate endosomal escape and mRNA release into the
cytoplasm.17 While PEI can protect mRNA from degradation and enhance transfection
efficiency, molecular weight is an important consideration as it can significantly influence
treatment efficacy. Studies have shown PEI with a high molecular weight binds mRNA
tightly, leading to decreased protein expression. In contrast, PEI with low molecular
weight (~2 kDa) can efficiently deliver mRNA and induce higher levels of protein
production.118 However, PEI often suffers from cytotoxicity, low biodegradability, and
poor target specificity, all of which can hinder clinical translation.119.120 Therefore, various
modifications can be made to PEI to improve its safety profile and therapeutic potential.
Zhao and coworkers developed a PEI and stearic acid copolymer capable of efficiently
delivering mRNA and inducing antigen-specific immune responses.12! In another study,

Li and colleagues discovered linking cyclodextrin to PEI reduced the charge density
which decreased the cytotoxicity and increased delivery efficiency.122 Coupling PEI

with polylactide and PEG has also been shown to improve efficacy.123-125 Furthermore,
fluorination of PEI can enhance nucleic acid delivery by lowering systemic toxicity.126 In
summary, PEI can be modified and designed to function as a successful mMRNA carrier for
therapeutic applications.
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Poly(amidoamine) (PAMAM) dendrimers are another cationic polymer frequently utilized
for mMRNA delivery.12” Dendrimers are nanomolecules composed of a core and many
branched monomers. They typically contain a high number of functional groups that

can be modified to influence physical and chemical properties.128 The ability to fine

tune properties like solubility, pharmacokinetics, and tissue targetability makes dendritic
polymers a very valuable tool for drug delivery. As an example, PAMAM dendrimers

have been modified to improve therapeutic delivery across the blood brain barrier for

the treatment of glioblastoma.12® Despite their versatility, some drawbacks of PAMAM
dendrimers include rapid systemic clearance, insufficient accumulation in target tissues, and
cytotoxicity.130-132 Fyrthermore, ensuring PAMAM dendrimer sterility can be complicated,
so it is necessary to optimize sterilization methods for clinical translation.133

Poly(B-amino) esters (PBAES) are biodegradable polymers that have also successfully been
used as nucleic acid carriers. These polymers can be easily synthesized with properties
tailored for different therapeutic delivery applications.134 Moreover, they often reduce
toxicity because they are typically degraded into oligomers and monomers that are
metabolized and eliminated from the body through normal pathways.13> PBAEs can also
be chemically modified with ligands, peptides, and PEG to further reduce toxicity and
improve selective delivery to specific organs.136-139 To achieve controlled gene delivery, Lee
and coworkers designed PBAEs that can be used for on-demand release of nucleic acids

in response to UV light and pH triggers.140 However, PBAESs show some weaknesses as
they can be unstable in physiological fluids and in long-term storage.136:141 PBAEs also
have relatively low binding efficiency to nucleic acids and can release nucleic acid cargo
off-target. 134142 New strategies continue to be developed to overcome these challenges and
enhance PBAE-based therapeutic delivery.143

To summarize, polymers are frequently used as mMRNA delivery vehicles because they are
structurally diverse and relatively easy to synthesize. Additionally, they can undergo various
modifications, so their chemical and physical properties can be optimized for specific
therapeutic applications. While every polymer is unique, the challenges associated with
polymer-based delivery generally include potential toxicity, colloidal instability, low purity,
and poor transfection efficiency.>144 As innovative strategies to improve polymer-based
delivery systems continue to be evaluated, efforts have also been made to developing hybrid
delivery vehicles that combine the benefits of polymers and lipids. In the following section,
we discuss several preclinical and clinical studies that have used lipid-based, polymer-based,
or hybrid carriers to deliver mMRNA vaccines for the treatment of melanoma.

5. Non-Viral mRNA Therapeutic Melanoma Vaccines

Melanoma is a malignant tumor that develops in melanocytes and is the leading cause

of skin cancer death. In the United States, the incidence of melanoma has grown 320%
since 1975, and around 100,000 people are estimated to be diagnosed with melanoma in
2023.12.145 Although melanoma treatments have significantly improved over the past several
decades, melanoma can still be challenging to manage because it has a high number of
mutations and can metastasize rapidly.146-148 Surgical resection is typically the primary
treatment, and while it can be effective for patients with localized disease, it is not curative
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for patients with advanced or metastatic melanoma.149:150 Chemotherapy and radiation
therapy are also standard melanoma treatment options, but these methods do not specifically
target tumor cells and can lead to adverse side effects.10 In recent years, immunotherapy

has emerged as a promising strategy to improve the efficacy, tolerability, and targetability

of melanoma treatment by harnessing the patient’s own immune system to kill tumor cells.
In particular, mRNA vaccines have become a viable melanoma treatment option because

of their numerous advantages and successful clinical translation during the COVID-19
pandemic. Below, we summarize preclinical and clinical studies that have evaluated lipid-,
polymer-, or lipid/polymer hybrid-based mRNA vaccines for the treatment of melanoma.

Within the literature, LNPs have been employed for the delivery of mRNA melanoma
vaccines. Oberli and colleagues demonstrated their optimized LNP formulation transfected
dendritic cells, macrophages, neutrophils, and B cells, all of which are important for
activating anti-tumor immune responses.®1 This optimized LNP was used to encapsulate
MRNA encoding for the tumor-associated antigens gp100 and TRP2, and its ability to
treat aggressive B16F10 melanoma tumors was evaluated. Results showed this mRNA
LNP significantly reduced tumor size and prolonged the overall survival of treated mice.
Additionally, incorporating the adjuvant lipopolysaccharide (LPS) into this MRNA LNP
further enhanced the immune response, leading to slower tumor growth and longer mouse
survival compared to mRNA LNPs without LPS.

Through a similar approach, Miao et al. developed a library of ionizable lipid-like materials
and tested the top candidate formulations as mRNA delivery vehicles for melanoma
vaccines (Figure 5a).152 These LNP formulations delivered ovalbumin (OVA) mRNA to

the OVA-expressing B16F10 mouse melanoma model. OVA is an egg white protein that

is commonly used as a model antigen as it has been shown to enhance neoantigen
recognition by cytotoxic lymphocytes.133 The LNP-based mRNA vaccines induced a strong
antigen-specific cytotoxic T cell response and significant tumor suppression with only two
doses. Furthermore, these LNP formulations stimulated adaptive immune cells through the
stimulator of interferon genes (STING) pathway instead of TLRs, leading to potent antigen
expression and local pro-inflammatory cytokine release.

In another study, Li and coworkers identified a new CpG-B class oligodeoxynucleotide
(CpG2018B) capable of promoting cytokine production and turning “cold tumors” into “hot
tumors” by stimulating CD4 and CD8+ T cells.1®* CpG2018B and neoantigen-encoding
mRNA were encapsulated in LNPs and intratumorally injected into a melanoma mouse
model. While vaccination with CpG2018B or the mRNA vaccine alone inhibited tumor
growth, combining the two significantly enhanced the antitumor effect (Figure 5b).

In addition to developing strategies to activate anti-tumor immune responses, efforts have
been made to improve the targeting of LNP-based mRNA vaccines. Many LNP formulations
show high mRNA expression in the liver which can cause side effects such as reversible
hepatic damage and T cell-dominant immune-mediated hepatitis.15156 To address this
limitation, Chen and colleagues developed a lymph-node (LN) targeting LNP to provide
targeted delivery of TRP2 mRNA in a melanoma mouse model.1>” When combined with
anti-programmed death-1 (PD-1) antibody, the LN-targeted LNP mRNA vaccine led to
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complete response in 40% of treated mice. Furthermore, all surviving mice resisted the
rechallenging of a lung metastatic model, indicating the mRNA vaccine generates long-term
anti-tumor immunity (Figure 5c).

Aside from delivering mRNAs that produce tumor antigens, LNPs have also been used to
encapsulate mMRNAS encoding stimulatory cytokines. Liu et al. recently developed novel
LNPs to deliver mMRNAs encoding interleukin 12 (IL-12), interleukin 27 (IL-27), and
granulocyte-macrophage colony-stimulating factor (GM-CSF) to tumors /n vitroand in
vivo.158 Intratumoral administration of this mMRNA vaccine resulted in sustained inhibition
of B16F10 melanoma growth while avoiding systematic toxicity. This effect was observed
due to the infiltration of immune effector cells including natural killer and CD8+ T cells
into tumor tissues. While IL-12 mRNA was most potent in reducing tumor growth alone,
co-encapsulating IL-12 and IL-27 mRNA significantly reduced tumor size and increased
mouse survival compared to controls (Figure 5d). As seen by its broad use within the
literature, LNP-based mMRNA vaccines show great promise as an effective treatment for
melanoma.

Clinical trials have also proven LNP-based mRNA vaccines can improve outcomes for
melanoma patients. Currently, an actively recruiting Phase 2 trial is evaluating the efficacy of
an LNP-based mRNA vaccine in 157 patients with stage 111/IV melanoma (NCT03897881).
This vaccine encodes patient-specific neoantigens and is designed to stimulate T cell
responses based on the unique mutational signature of a patient’s tumor. In addition to
studying the efficacy of the vaccine, this trial is investigating whether an anti-programmed
death receptor-1 (PD-1) therapy called KEYTRUDA can enhance the antitumor response.
After surgical resection, patients were randomized to receive either KEYTRUDA alone or

a combination of the mRNA vaccine and KEYTRUDA. It was recently reported that the
combination of both the vaccine and KEYTRUDA reduced the risk of reoccurrence or death
by 44% compared to KEYTRUDA alone.1®® These promising results are a testament to the
development and progress of LNP-based cancer vaccines, and it will be exciting for the field
to see how this technology advances in the future.

Besides LNPs, preclinical studies have shown polymer-based carriers can be used to deliver
mRNA melanoma vaccines. Recently, Li and colleagues synthesized fluoroalkane modified
PEI (F-PEI) to facilitate the intracellular delivery of tumor antigen-encoding mRNA.160
Their vaccine was capable of inducing antigen-specific CD8 T cell immune responses
without the use of additional adjuvants. To evaluate antitumor efficacy, mice were inoculated
with OVA-expressing B16 melanoma cells and were treated twice with OVA mRNA
encapsulated in F-PEI. Compared to controls, some F-PEI mRNA vaccine formulations
were able to prolong mouse survival and inhibit tumor growth (Figure 6a).

PAMAM dendrimers have been utilized in a unique way to enhance delivery of mRNA
melanoma vaccines. Interestingly, Zhang and coworkers synthesized cationic lipid-like
materials from PAMAM dendrimers and used these lipid-like materials to form LNPs that
efficiently delivered antigen-encoding mRNA into dendritic cells.261 In their animal study,
melanoma mouse models were subcutaneously injected with these mMRNA LNPs which
significantly reduced tumor growth (Figure 6b). It was also noted that the LNP itself induced
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the expression of inflammatory cytokines by activating TLR4 signaling. This was beneficial
as the LNP served as a self-adjuvant to enhance T cell activation and promote antigen
presentation.

Biodegradable polymers like PBAEs have also been employed as carriers for mRNA
melanoma vaccines. Zhang and colleagues developed a polymeric nanoparticle composed
of PBAE, poly-glutamic acid (PGA), and Di-mannose moieties to deliver mMRNAs encoding
transcriptional regulatory factor 5 (IRF5) and inhibitor of nuclear factor kappa-B kinase
subunit beta (IKKp).162 Initially, it was shown that co-expression of IRF5 and IKKP

can reprogram tumor-associated macrophages to have anti-tumoral properties and a pro-
inflammatory phenotype. To evaluate efficacy in an animal model, mice injected with
B16F10 melanoma cells were treated with these IRF5/IKKB mRNA PNPs over three weeks.
Compared to controls, this treatment dramatically reduced tumor burden and improved
overall survival by 1.3-fold on average.

While lipids and polymers alone are capable of delivering mRNA, combining these
materials into hybrid nanoparticles can further promote cellular uptake, facilitate endosomal
escape of therapeutic cargo, and improve antigen-specific T cell responses.163.164
Lipopolyplexes are a commonly used non-viral hybrid carrier for nucleic acid delivery.
Since they are composed of a polymeric core and a lipid shell, they are designed to synergize
the strengths of both lipids and polymers to generate nanoparticles with better stability,
decreased cytotoxicity, and enhanced transfection efficiency.165 In the literature, there are
several reports of lipopolyplex-based mRNA based vaccines for the treatment of melanoma.
Mockey and coworkers used PEGylated histidine-rich polylysine and histidylated cationic
lipids to formulate histidylated lipopolyplexes.166 These vectors were used to deliver mMRNA
encoding the melanoma antigen recognized by T-cells 1 (MART1). On days 0 and 7,

mice were intravenously injected with these MART1 mRNA histidylated lipopolyplexes,
and at day 14 they were subcutaneously challenged with B16F10 melanoma cells. Their
results showed the MART1 mRNA histidylated lipopolyplexes induced specific protection
against tumor growth compared to controls. Additionally, they investigated whether MART1
MRNA carrying the lysosomal sorting signal from the LAMP1 protein could enhance
melanoma antigen presentation. They found the anti-tumor response was significantly higher
when lipopolyplexes containing both MART1 mRNA and MART1-LAMP1 mRNA were
used compared to lipopolyplexes containing only MART1 mRNA. Perche and colleagues
also formulated mannosylated and histidylated lipopolyplexes to deliver MART1-LAMP1
mRNA.167 Mice were immunized with these formulations on days 0 and 7 and were
challenged with B16F10 cells at day 14. On day 21, the tumor volumes for mice injected
with the MART1-LAMP1 mRNA vaccine (~200 mm3) were lower than those for mice
injected with saline solution (~1600 mm3). Interestingly, this mannosylated formulation
prolonged mouse survival and delayed tumor growth more than a nonmannosylated version.

In a similar study, Le Moignic et al. developed a lipopolyplex functionalized with glycolipid
containing a tri-antenna of a.-D-mannopyranoside to deliver MART1 mRNA.168 Mice were
first subcutaneously inoculated with B16F10 tumors, and 7 days later they received an
intradermal injection of the MART1 mRNA lipopolyplex. Compared to controls, this mMRNA
vaccine significantly reduced tumor volumes and induced efficient stimulatory immune
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responses. Furthermore, Persano and coworkers designed a lipopolyplex containing a PBAE
polymeric core and phospholipid bilayer shell to facilitate delivery of mRNA into dendritic
cells.169 In their animal study, mice were inoculated with OVA-expressing B16 melanoma
cells by tail vein injection to establish lung metastatic tumors. Three days after inoculation,
mice were subcutaneously injected three times with the lipopolyplex carrying OVA mRNA.
On day 18, mice were euthanized, the lungs were harvested, and the number of metastatic
tumor nodules were counted. Mice in the PBS control group developed extensive pulmonary
metastases while the mice that received the vaccine showed a 96% decrease in the number of
tumor nodules in the lungs (Figure 6c¢). This vaccine was also shown to stimulate expression
of the cytokines IFN-B and IL-12 which influence anti-tumor immunity by promoting
dendritic cell maturation.

Lipopolyplexes have also been used to codeliver multiple types of mRNA to elicit
anti-tumor responses. Van der Jeught and coworkers utilized a PEGylated derivative

of histidylated polylysine and a tri-mannose-bearing diether lipid to form their
lipopolyplexes.170 This carrier was used to encapsulate OVA-encoding mRNA and TriMix
MRNA which is a mixture of mMRNAs encoding the immune-stimulatory proteins CD40L,
CD70, and caTLR4. Mice were inoculated with OVA-expressing B16 tumor cells and
received injections of this vaccine on days 5, 10, and 15. The OVA-TriMix mRNA vaccine
appeared to evoke T cell responses as tumor growth was efficiently inhibited (Figure

6d). TriMix mRNA has also been used in dendritic cell-based vaccines and appear to be
very promising for melanoma treatment.171-178 This therapy has been evaluated in several
clinical trials and has improved outcomes for a meaningful portion of melanoma patients
(NCT01066390, NCT01530698, NCT01302496, NCT01676779, NCT03394937). It will be
exciting to see how this technology and other non-viral mMRNA-based therapies continue to
advance melanoma treatment.

6. Conclusion and Future Directions

Cancer immunotherapy holds tremendous potential to improve clinical outcomes without
reducing the patient’s quality of life. In particular, MRNA cancer vaccines have emerged as a
promising tool to evoke strong anti-tumor immune responses. Historically, melanoma served
as a promising target for cancer vaccine development given its immunogenic nature and
high incidence rate, amongst other factors. Although these studies paved the way for future
successes, many of these pioneering approaches were met with challenges due to a number
of factors including a limitation in the number of known melanoma antigens against which
patients could be vaccinated, a limited number of patients who could be treated given the
human leukocyte antigen restricted mode of recognition, and potential safety considerations,
amongst other areas. Further, additional studies revealed some of the benefits that arise in
treating melanoma with vaccines in tandem with checkpoint inhibitors or other cytokines,
findings that have opened up additional research avenues and therapeutic strategies. Lessons
learned from these studies have led to the development of improved melanoma vaccines
throughout time, ultimately paving the way toward numerous clinical trials which have also
confirmed the potential or mRNA vaccines for melanoma treatment (Table 1). The exciting
results published by preclinical and clinical studies have provided a solid foundation for
future innovative research.
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Although this review primarily includes studies utilizing mRNA as a source of tumor
antigen, there are many other ways to employ mRNA for cancer treatment. Looking
forward, mRNA could be used for additional purposes including but not limited to: (1)
encoding monoclonal antibodies that target tumor antigens, immune cells, or immune
pathways; (2) encoding antibody fragments to create bispecific antibodies and chimeric
antigen receptors; (3) encoding toxic proteins that kill cancer cells; (4) reprograming
tumor-associated dendritic cells to activate tumor antigen-specific T cell responses;

(5) modulating immunosuppressive cells like tumor-associated macrophages and cancer-
associated fibroblasts in the tumor microenvironment; (6) modulating cytokine milieu to
enhance cancer cell death; (7) generating chimeric antigen receptor T cells. These mMRNA
applications are thoroughly discussed in a review by Hoecke et al.179

Future work could also focus on using other types of RNA to treat melanoma. Several
studies have already investigated the anti-tumor efficacy of short interfering RNA (siRNA)
in melanoma models.189-185 Many of these SiRNA therapies utilize the non-viral carriers
discussed in this review. From a manufacturing and development standpoint, this is a major
advantage because the same delivery materials can be used to efficiently deliver multiple
types of nucleic acid cargo. In fact, non-viral carriers could potentially be used to codeliver
mRNA and siRNA to simultaneously upregulate and downregulate protein expression

to treat melanoma.186 One possible formulation could include a lipid nanoparticle
encapsulating MART1 mRNA and signal transducer and activator of transcription 3 (STAT3)
SiRNA. STAT3 has been shown to play an important role in melanoma development and

is considered a potential target for melanoma therapy.187 Hypothetically, the mRNA would
produce MART1 to induce an antigen-specific T cell response while the siRNA would
downregulate STAT3 to inhibit melanoma growth. As both siRNA and mRNA therapies
continue to advance, it will be interesting to see how the fields will converge to develop
state-of-the-art cancer treatments.

In order to harness the full potential of these therapies, they will need to be designed

to overcome delivery barriers. Key considerations include efforts to optimize stability,
cellular uptake, endosomal escape, tissue specificity, amongst other areas. Here, we have
discussed various mRNA modification and purification strategies used to address these
concerns. Additionally, we have reviewed prominent non-viral carriers including lipid
nanoparticles, polymeric nanoparticles, and lipopolyplexes. While these strategies have
lowered the barriers to mMRNA delivery, ongoing clinical trials will continue to advance

the field. Future work may focus on identifying highly immunogenic tumor-specific antigens
capable of inducing specific and effective immune responses that will not affect normal
cells. Developing methods to balance the immunogenicity of mRNA cancer vaccines will
also be important for its safety and efficacy. Ideally, mMRNA vaccines will activate the
immune system enough to kill malignant cells but will not overstimulate the system as

this could lead to adverse side effects. Research may also focus on maximizing long-term
stability and storage of mMRNA vaccines to improve access to these therapies in areas that do
not have infrastructure like ultra-low temperature refrigeration.

Nonetheless, non-viral mMRNA vaccines have incredible potential to become one of the main
strategies for cancer treatment. It will be interesting to see how this technology will continue
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to evolve and combine with other therapies to provide hope to patients diagnosed with
melanoma and other cancers. The exciting results presented in this review are a testament to
the progress of mRNA therapeutics, and the future is bright for developing mRNA cancer
vaccines capable of dramatically improving patient outcomes.
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mRNA Structure, Function, and Modifications
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Examples of FDA-Approved LNP Components for mMRNA Vaccines
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Examples of FDA-approved lipid nanoparticle components used in mRNA vaccines
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Examples of Polymeric Materials Commonly Used for mRNA Delivery
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Representative examples of polymeric materials commonly used for mRNA delivery
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a) Schematic and cryogenic electron microscopy image of optimized mOVA LNP
formulation. Reproduced with permission from reference (152), Copyright 2019 Springer
Nature. b) Anti-tumor effect of CpG2018B and MRNA LNP combination therapy. Images
(left) and weights (right) of tumors resected from mice treated with negative control (NC),
CpG, LNP-based mRNA vaccine, or CpG2018B combined with LNP-based mRNA vaccine.
Reproduced with permission from reference (154), Copyright 2021 Dove Medical Press
Limited. ¢) Tumor rechallenging with 1V injection of B16F10-OVA cells in untreated (UT)
and surviving mice. The surviving mice were previously treated with the mRNA vaccine
alone or in combination with anti-PD-1 therapy. Reproduced with permission from reference
(157), Copyright 2022 PNAS. d) Tumor size and survival curve of mice treated with LNPs
encapsulating multiple cytokine mRNAs. Reproduced with permission from reference (158),

Copyright 2022 Elsevier.
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Figure 6.

a) Graphical overview of F-PEI mRNA vaccine preparation (top) and tumor volumes and
survival curves of mice bearing B16-OVA tumors in different treatment groups (bottom).
Reproduced with permission from reference (160), Copyright 2022 Elsevier. b) Synthesis
of lipid-like materials from PAMAM dendrimers (top) and B16-OVA tumor volumes

from mice treated with OVA mRNA LNPs for therapeutic (bottom left) and prophylactic
(bottom right) purposes. Reproduced with permission from reference (161), Copyright
2021 PNAS. ¢) Schematic of lipopolyplex mRNA vaccine (top) and number of tumor
nodules in the lungs following treatment with lipopolyplex mRNA vaccine (LPP/OVA) in
B16-OVA melanoma lung metastasis model (bottom). Reproduced with permission from
reference (169), Copyright 2017 Elsevier. d) Vaccination schedule and tumor growth curve
of B16-OVA inoculated mice following treatment with a lipopolyplex vaccine carrying
either unmodified or N1-methylpseudouridine (N1m'¥) modified mRNA. Reproduced with
permission from reference (170), Copyright 2018 American Chemical Society.
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