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apeutic modalities for various diseases. The potential of mRNA as a template for synthesizing proteins
and protein fragments for cancer immunotherapy is now being explored. Despite the promise, the use
of mRNA in cancer immunotherapy is limited by challenges, such as low stability against extracellular
RNases, poor delivery efficiency to the target organs and cells, short circulatory half-life, variable expres-

ﬁzﬁzms" sion levels and duration. This review highlights recent advances in chemical modification and advanced
MRNA delivery delivery systems that are helping to address these challenges and unlock the biological and pharmacolog-
RNA drug ical potential of mRNA therapeutics in cancer immunotherapy. The review concludes by discussing future
Chemical modification perspectives for mRNA-based cancer immunotherapy, which holds great promise as a next-generation
Cancer immunotherapy therapeutic modality.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer immunotherapy is a promising strategy for cancer treat-
ment that aims to activate the host’s immune system against
tumors, leading to immunological memory, reduced tumor burden,
and increased the overall survival rates [1-3]. Cancer vaccines can
deliver high-quality tumor antigens to antigen-presenting cells
(APCs), process with the maturation of APCs, activate CD4" helper
T-cell and CD8" cytotoxic T-cell responses, induce immune cell
infiltration into the tumor microenvironment, and generate
immunologic memory for chronic therapeutic effects [4,5]. A sche-
matic of typical cancer vaccine effects to elicit anti-cancer immune
responses is illustrated in Fig. 1. Cancer vaccines can selectively
target tumor cells that expressing tumor-associated or tumor-
specific antigens, stimulating the adaptive immune system to
specifically eliminate them [6-8]. Among the various immunother-
apeutic approaches, such as monoclonal antibodies, immune
checkpoint inhibitors, cytokines, and chimeric antigen receptor
(CAR) T-cell therapy, etc., cancer vaccines have the advantage of
providing long-term chronic therapeutic effects accompanied with
immunologic memory effect, making them an attractive therapeu-
tic approach for cancer treatment [9]. Recent clinical trials of can-
cer vaccines have demonstrated their ability to activate anticancer
immune responses and improve survival rates in cancer patients
[10,11]. However, challenges related to highly heterogenous tumor
antigens, target-specific delivery, and low immune responses still
need to be addressed for the clinical translation of cancer vaccines
in cancer immunotherapy [12,13].

The recent COVID-19 pandemic has sparked an unprecedented
interest in the potential of messenger RNA (mRNA) therapeutics,
particularly in the context of the widespread application of mRNA
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vaccines such as BioNTech-Pfizer and Moderna [14]. mRNA, a
single-stranded RNA molecule, plays a key role in gene expression
by delivering genetic information from DNA in the nucleus to ribo-
somes in the cytoplasm, resulting in production of essential pro-
teins for cellular function [15]. In recent years, mRNA has
emerged as a promising therapeutic modality for treating various
diseases, including cancer, infection diseases, and allergies, as well
as for bioengineering purposes, such as cell reprogramming, gen-
ome editing, and protein replacement [16,17]. mRNA-based thera-
peutic templates offer several benefits, including selective
targeting of disease-related genes, rapid translation to clinical
manufacturing [17]. Compared to conventional protein-based bio-
logic agents, mRNA drug template offers better pharmacokinetic
and pharmacodynamic properties and improved safety profiles of
the target proteins [18-20]. Furthermore, exogenous mRNA inher-
ently stimulates the innate immune system and triggers defense
mechanisms in the living body [21,22]. Combined with this inher-
ent immunogenicity, mRNA encoding antigen-specific proteins,
antibodies, and cytokines can induce adjuvant-like effects (Fig. 2)
[23,24]. Recently, adjuvant-like effects of mRNA have emerged as
a fascinating approach for treating cancers and infectious diseases,
where the immune system plays a critical role in disease progres-
sion [25]. RNA-based drugs offer a distinct advantage over DNA-
based drugs as a cancer vaccine because they can rapidly translate
into therapeutic proteins in the cytoplasm without the need for
transportation into the nucleus [26,27]. Although the development
and applications of mRNA in cancer vaccines have some limita-
tions, such as biological instability and poor pharmacokinetics of
mRNA, and insufficient in vitro and in vivo delivery efficiency
due to its negatively-charged and large-sized property [28,29],
researchers have developed various designs and delivery strategies

Trafficking of
T- cells to tumors

Infiltration of T-cells
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T- cells
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Fig. 1. The general action of therapeutic cancer vaccines and their effects on the cancer immunity cycle. Adapted with permission from reference [8].
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Fig. 2. The schematic illustration of adjuvant-like effects of mRNA vaccines, which encoded antigen-specific proteins. When mRNA is transfected into APCs, mRNA escapes
from the endosome and is released into the cytosol. Subsequently, released mRNA is translated into encoded antigenic proteins. Antigenic protein is degraded in the
proteasome and generates antigenic peptide epitope, which can be incorporated onto major histocompatibility (MHC) class I molecules in the endoplasmic reticulum (ER).
Antigenic peptide epitope-loaded MHC class I complexes are presented on the cell surface, activating antigen-specific CD8* T-cell responses by T-cell receptor (TCR)
recognition and stimulation. On the other hand, secreted antigenic protein from the host cell can be taken up DCs. The exogenous antigenic protein is degraded in endosomes
and lysosomes, generating antigenic peptide epitope and being loaded onto MHC class II. Antigenic peptide epitope-loaded MHC class Il complexes are presented on the cell
surface, eliciting CD4" T-cell response. Exogenous antigenic protein also can be loaded onto MHC class I by cross-presentation mechanism after endosomal escape in the
cytosol.

to overcome these limitations and enhance the biological and export, and stability [38]. These modifications can occur at various
pharmacological potential of mRNA over the past few decades. stages in the life cycle of mRNA, including during transcription,
For example, several modifications of the mRNA backbone with processing, transport, and translation [39]. Eukaryotic mRNA con-
untranslated regions or coding regions have been developed to sists of a structure of 5-cap, 5-untranslated region (UTR), open
enhance the stability and translation efficiency, thereby reducing reading frame (ORF), 3’-UTR, and poly(A) tail (Fig. 3A). More than
susceptibility to enzymatic degradation [30,31]. Furthermore, var- 100 chemical modifications of mRNA have been identified
ious non-viral mRNA delivery systems, including protamine, catio- throughout this structure, representing a means of post-
nic lipids, polymers, exosomes, and gold nanoparticles, etc., have transcriptional regulations [40,41] (Table 1). Enzymes known as
been designed for efficient in vitro and in vivo delivery, showing ‘writers,’” 'readers,’ and ’erasers’ are associated with the chemical
successful delivery and enhanced therapeutic efficacy [32-37]. modifications of mRNA, which deposit, bind, and remove mRNA
Although viral vectors can deliver mRNA with high efficacy, non- modifications, respectively, at mRNA base, cap, and tail. These
viral vectors are often preferred in RNA vaccines due to their safety, modifications contribute to regulating body homeostasis, metabo-
predictability, ease of manufacture, and greater flexibility in lism, embryonic development, and ultimately determine cell fate
design. Non-viral vector avoids viral vector mediated immune [42,43].

responses and incorporation of additional foreign genomes. There-
fore, this review will focus solely on non-viral vector mediated
mRNA vaccine delivery. This review will present the recent pro-
gress in designs and delivery strategies of mRNA therapeutics for
ameliorating the biological and pharmacological potential in can-
cer treatment. To achieve this goal, this review is structured as fol-
lows: the first section provides a summary of chemical
modification of mRNA to improve stability and translation efficacy.
The second section describes approaches for designing non-viral
vector-based delivery systems to improve cytosolic delivery effi-
ciency in vitro and in vivo conditions. The third section explores
emerging approaches for using mRNA therapeutics in cancer
immunotherapy. Finally, the fourth section discusses the future
perspectives of mRNA therapeutics as novel therapeutic modalities
in cancer immunotherapy.

2.1. Base modifications

The nucleotide bases in mRNA are adenine (A), cytosine (C),
guanine (G), and uracil (U) (Fig. 3B and 3C). Unlike DNA, the base
adenine in mRNA forms a complementary base pair with uracil
via hydrogen bonding, instead of thymine. The pairing of cytosine
and guanine, on the other hand, involves the formation of three
hydrogen bonds [43]. The sequence of these bases in mRNA carries
the genetic code for the sequence of amino acids in a protein.
Recent advances in RNA high-throughput sequencing and chemical
analysis techniques have enabled deep research into the epitran-
scriptome and, therefore, there is a growing understanding of the
roles of chemical modifications in regulating mRNA function and
gene expression [44].

2. Chemical modification of mRNA 2.1.1. Pyrimidine bases
2.1.1.1. Adenosine. N6-methyladenosine (m°®A), the methylation at
Various chemical modifications of mRNA are evolutionary prod- the sixth position of an adenine base, is the most prevalent internal
ucts to control mRNA metabolic processes such as mRNA splicing, modification of mRNA in eukaryotes and plays an important role in
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Fig. 3. Structure and modification type of mRNA. (A) Basic structure of mRNA. (B) Types of pyrimidine modification of mRNA. (C) Types of purine modification of mRNA. (D)
Application of 5'-cap modification-containing mRNA. (E) Application of poly(A) tail modification-containing mRNA.

regulating gene expression. These modifications have been shown
to be involved in a wide range of biological processes including
DNA damage response, embryogenesis, pluripotency, heat shock
responses, and reprogramming [45]. Dysregulation of the m°A
variant is associated with various diseases including cancer and
neurodegenerative disorders. Knockdown of METTL3, an m®A wri-
ter, has been shown to increase mRNA m°®A enrichment and alter
mRNA gene expression, leading to the dramatic induction of
human glioblastoma [46]. In bladder cancer, METTL3 promotes
cancer growth through pri-miR221/222 process in an m°A-
dependent manner [47]. Downregulation of METTL14, another
mCA writer, has been shown to promote tumor metastasis associ-
ated with the development of hepatocellular carcinoma [48].
mCA methylation has been also found to play a crucial role in car-
diac health. For example, CHAPIR-PIWIL4 complexes inhibit m°A
methylation of PARP10 mRNA transcripts by directly binding to
METTL3 [49]. As a result, PARP10 mRNA promotes cardiac hyper-
trophy by blocking the antihypertrophic effect of GSK3p [49]. In
addition, it has been reported that reduced fat mass and obesity-
associated protein (FTO) expression in hypoxic cardiomyocytes

and mammalian heart promotes m®A methylation and reduces car-
diomyocyte contractility [50]. Thus, proper regulation of m°A in
cardiomyocytes is important for the treatment of heart failure
[51]. Although N1-methyladenosine modification (m'A), the
methylation at the first position of an adenine base, is typically
found in tRNA and rRNA, they are also present in mRNA at low
levels [52,53]. More specifically, it is known to account for less
than 0.2 % of all adenosine in mammalian tissues and less than
0.1 % in cell lines [52-54]. m'A RNA modifications play a role in
modulating mRNA stability, structure, and translation. For exam-
ple, demethylation of m!A by the overexpressed ALKBH3, a m'A
eraser, [55] enhances CSF-1 mRNA stability in breast and ovarian
cancer cells, leading to increased CSF-1 expression and cancer cell
invasion [56]. ALKBH3 also regulates the mRNA of Aurora A, a mas-
ter suppressor of ciliogenesis [57]. By removing m'A modification
of Aurora A mRNA, ALKBH3 inhibits mRNA degradation and pro-
motes mRNA translation, which in turn suppresses ciliogenesis.

2.1.1.2. Guanosine. N7-methylguanosine modifications (m’G), the
methylation at the seventh position of a guanosine base, are pre-
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Table 1
Types and characteristics of mRNA modifications.
mRNA modification Target Application Ref.
Pyrimidine  m°A Glioblastoma Knockdown of METTL3 or METTL14 promotes glioblastoma stem cell (GSC) self- [46]
bases renewal and tumorigenesis.
mCA Bladder cancer METTL3 promotes cancer growth through pri-miR221/222 process in m°®A- [47]
dependent manner.
m°A Hepatocellular Downregulation of METTL14 significantly promotes tumor metastasis. [48]
carcinoma
mCA Cardiac hypertrophy CHAPIR-METTL3-PARP10-NFATC4 signaling axis promotes cardiac hypertrophy. [49]
m'A Breast and ovarian Up-regulation of ALKBH3 enhances the degree of CSF-1 expression and cancer cell [56]
cancer cells invasion.
m'A Zebrafish embryos ALKBH3 regulates the mRNA of Aurora A, a master suppressor of ciliogenesis. [57]
m’G HUVEC Improved METTL1 expression increases HUVECs migration, proliferation, and tube [65]
formation.
m’G Mammary epithelial Cyclin D1 mRNA enhanced by RNMT regulates oncogene expression and cell [67]
cells transformation.
Purine m°C Human colon carcinoma  NSUN2 enhances p21 expression and cellular oxidative stress. [71]
bases cells and HelLa cells
m°>C T lymphocytes NSun2 regulates immune function by promoting the translation of IL-17A in T [73]
lymphocytes.
Pseudouridine Human embryonic mRNA with pseudouridine interacts less with PKR, resulting in reduced [82]
kidney cells phosphorylation elF-2o.
5'-cap m73-0-ProPargylGp G Hela cells Propargyl cap analog form a stable complex with the translation initiation factor [93]
than the standard 5’-cap, and the translation efficiency is 3.1-times higher.
Co-transcriptional capping Human monocytic cells Co-transcriptional capping increases Cas9 mRNA activity and reduces [94]
and human CD34" cells immunogenicity.
m’NIGpppA,LpG Immortalized mouse The combination of LNA and 5'-cap has 5-times more translation efficiency than [97]
immature dendritic cells  standard 5'cap
S-Adenosyl methionine Human embryonic AdoMet induces 3-times higher immune responses in human cells. [98]
(AdoMet) kidney cells
and Hela cells
Poly (A) tail  5,3'-phosphodiester bond HelLa cells 5’,3'-phosphodiester bond poly (A) tail improves translation efficiency of Gaussia [99]
poly (A) tail luciferase mRNA and suppresses mRNA degradation.
Azido-modified adenosine Hela cells The covalent modification at the poly(A) tail leads to increase in translational [100]

nucleotides in the poly(A) tail

efficiency without genetical editing.

sent in all species of rRNA and tRNA, and often found in eukaryotic
miRNA, 5'-caps, and mRNAs [58-62]. This modification is crucial
for regulating eukaryotic mRNA splicing, export and translation.
This internal RNA processing under the influence of the m’G vari-
ant has been suggested to be associated with biological responses
of mRNA [63,64]. For example, overexpression of METTL1, acceler-
ating mRNA m’G methylation, results in increased human umbili-
cal vein endothelial cells (HUVECs) angiogenesis in an m’G post-
transcription-dependent manner [65]. In particular, m’G modifica-
tions are known to be closely related to 5'-capping [59,62]. The
guanosine cap is methylated by RNA guanine-7 methyltransferase
(RNMT). RNMT-Activating Mini (RAM) protein, a mammalian cap
methyltransferase, contains an RNA-binding domain and an
RNMT-activating domain [66]. In addition, RNMT can increase
translation efficiency by forming an mRNA complex with the elF4E
co-factor [66]. V H Cowling et al. found that increasing RNMT
expression leads to 5-cap methylation of cyclin D1 mRNA, a dor-
mant oncogene in epithelial tumors, and promotes the expression
of tumor-associated protein [67]. This study revealed that 5'-cap
methylation of cyclin D1 mRNA by RNMT regulates oncogene
expression and cell transformation.

2.1.2. Purine bases

2.1.2.1. Cytosine. Research on N5-methylcytosine (m>C) modifica-
tion of RNA has mainly focused on tRNA and rRNA, but new infor-
mation on m>C modification of mRNA has recently emerged
[68,69]. According to cytosine methylomes analysis on mouse
and HelLa cells, approximately 1500 mRNAs in mouse tissue and
2000 mRNAs in HeLa cells were modified with m°C [70]. This mod-
ification often acts as a regulator of protein translation. For exam-
ple, NSUN2-mediated m°C modification promotes METTL3/
METTL14-mediated m®A modification and vice versa, ultimately
leading to increased expression of p21 protein and enhanced cellu-
lar oxidative stress [71]. In addition, NSUN2-mediated CKD1

methylation of mRNA enhances CDK1 translation and affects the
cell division cycle [72]. NSUN2-mediated m°C modification also
modulates T lymphocytes’ immune function. m°C methylation of
IL-17A mRNA by NSUN2 promotes the translation of IL-17A in T
lymphocytes [73].

2.1.2.2. Uridine. Pseudouridine, an isomer of uridine, is the most
abundant post-transcriptional RNA modification found in all
organisms with an estimated pseudouridine/uridine ratio of 7-
9 % [74-76]. It has been identified in various types of RNA, includ-
ing tRNA, rRNA, snRNA, and mRNA. mRNA pseudouridylation has
the potential to broadly affect gene expression processes related
with immunity, metabolism, growth, and development [77-80].
D. E. Eyler et al. found that specific mRNA pseudouridylation inter-
feres with amino acid synthesis and EF-Tu GTPase activation, sug-
gesting a possible role in regulating translation rate and mRNA
decoding [81]. Moreover, RNA-dependent protein kinase (PKR), a
protein that inhibits translation by interacting with mRNA,
becomes inactive when uridine in mRNA is replaced with pseu-
douridine [82]. That is, pseudouridine may play a role in regulating
mRNA translation by regulating PKR. Interestingly, higher pseu-
douridine ratios do not necessarily increase translational effi-
ciency. In fact, adding three pseudouridine points to ErmCL
mRNA in bacteria did not increase or even decreased the protein
synthesis efficiency [83]. Therefore, detailed treatment direction
setting and analysis at the biochemical level are essential when
using pseudouridine for disease treatment purposes. Besides pseu-
douridine, H. Moradian et al. demonstrated the efficient uridine
modification in vitro transcribed mRNA structure for the mRNA
vaccine targeting macrophages. In their study, 5-methoxy-uridine
exhibits 4-folds higher transgene expression and elicits moderate
inflammatory responses compared to other modification, such as
pseudouridine, N1-methyl-pseudouridine, 5-methylcytidine, as
well as a combination of pseudouridine/5-methylcytidine.[84].
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2.2. Cap and tail modification of mRNA

The 5’-cap and poly(A) tail of mRNA are evolutionary products
of eukaryotes [85,86]. The 5'-cap and poly(A) tail protects the tran-
scriptome and enhances translation in ribosomes in eukaryotic
cells [87,88]. The 5'-cap of mRNA modified with m’G is added on
the first nucleotide of the transcript to protect the mRNA from
degradation by exonucleases [85,88]. Also, eukaryotic 5-cap is
involved in splicing, translation, and initiation for efficient and cor-
rect mRNA processing [85,89]. Structurally, the 5'-cap consists of a
triphosphate group linking m’G to the mRNA, and compared to
other parts of mRNA, the 5’-cap is subject to various chemical mod-
ifications (Fig. 3D). The 5’-cap is transported from the nucleus with
the help of the cap binding complex (CBC), and mRNA translation is
initiated with eukaryotic translation initiation factor 4E (elF4E)
[89,90]. Therefore, for 5’-cap modification, not only synthesis effi-
ciency and high translation efficiency of modified mRNA, but also
binding ability with elF4E should be considered [91]. In some case,
the 5’-cap modification by replacing the base structure with a
modified base or analogue can lead to new properties. J. Mauer
et al. replaced the cap’s m’G with N6,2’-O-dimethyladenosine
(m®Am) to confirm the new function of the mRNA [92]. m®Am-
modified caps are selectively demethylated by fat mass and
obesity-associated proteins, resulting in reduced mRNA stability.
In addition, the dinucleotide cap analog containing propargyl
group exhibit excellent capping effect and in vitro transcription
efficiency, forming a more stable complex with elF4E [93]. The
5'-cap modification is also used in the CRISPR-Cas9 system.
Through a co-transcriptional capping method using an initiating
capped trimer instead of an anti-reverse cap analog (ARCA), Cas9
mRNA reduced the innate immune response and reduced mRNA
immunogenicity in human CD34" cells, Cas9 mRNA reduced innate
immune responses, resulting in less mRNA immunogenicity in
human CD34" cells [94]. Recently mRNA vaccines have gained a
significant interest as a therapeutic agent, particularly with the
onset of severe acute respiratory syndrome corona-virus (SARS-
CoV-2), and numerous analogues for 5'-capping have been devel-
oped [95,96]. The cap analog comprising of locked nucleic acid
(LNA) and m’G has a 5-fold increase in translation efficiency com-
pared to the naive form, making it a potential strategy for mRNA
vaccines development [97]. Furthermore, the analogs such as nat-
urally methylated S-adenosyl-I-methionine (AdoMet) elicited a
three-fold higher immune response [98]. The AdoMet analog-cap
showed efficacy consistent with the mRNA vaccine targeting the
epitope of SARS-CoV-2.

The poly(A) tail plays a crucial role in mRNA stability and trans-
portation from the nucleus to the cytoplasm (Fig. 3E). There are
two ways to add a poly(A) tail. The first is a method of naturally
adding 100 to 200 adenosines to the transcribed mRNA after the
polyadenylation signal sequence, and the second is a method of
adding artificially to the 3’-end of the mRNA using poly(A) poly-
merase [99]. It was found that a chemical modification of 5’,3'-phos
phodiester bond in the mRNA poly(A) tail prevented mRNA degra-
dation in eukaryotic cells [99]. The modification of poly(A) tail of
exogenous Gaussia luciferase (GLuc) mRNA increases mRNA trans-
lation efficiency by nearly three times. In addition, azido-modified
adenosine nucleotides in the poly(A) tail are a way to amplify the
amount of the reporter protein without modifying the genetic
information [100].

3. Non-viral vector-based mRNA delivery systems
Gene therapy using mRNA holds great potential to treat devas-

tating diseases because it controls transiently the expression or
repression of specific genes with high efficacy. Despite these
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attractions, there are several obstacles that must be overcome for
the clinical application of mRNA to be commercially available.
These hurdles include the inefficient translocation through the cell
membrane’s lipid layer, the risk of phagocytosis by intracellular
endosome barrier macrophages, and the degradation by ribonucle-
ases. To address these issues, it is essential to develop a biocompat-
ible and efficient mRNA delivery system. Viral vectors, such as
adenovirus and lentivirus, are capable to deliver transgenes into
host cells with a high efficacy, but are gradually falling out of favor
due to basic distrust of their origin, risk of genome integration, and
immune response [101,102]. Therefore, a number of non-viral vec-
tors have been developed for mRNA delivery (Table 2).

3.1. Lipid-based delivery systems

Since the first liposome was developed in 1965 [103], various
lipid-based delivery systems have been developed for the transfec-
tion of exogenous mRNA. Amphiphilic lipids with a hydrophilic
head and a hydrophobic tail can be engineered with specific resi-
dues to give them unique functions. Lipids are largely classified
into cationic lipids, anionic lipids, and ionic lipids according to
the nature of charge. Therefore, lipids used for mRNA delivery must
be selected in consideration of cytotoxicity and delivery efficiency.

3.1.1. Cationic lipids

Cationic lipids bind negatively charged mRNAs via electrostatic
interactions. Liposomes that isolate mRNA from the external envi-
ronment not only protect mRNA from loss by ribonucleases and
phagocytosis, but also enhance endocytosis. Cationic lipids most
commonly used in liposome formulations for mRNA delivery
include various amine derivatives such as 1, 2-di-O-octadecenyl-
3-trimethylammonium-propane (DOTMA), 2, 3-dioleyloxy-N-[2-s
perminecarboxamido ethyl]-N, N-dimethyl-1-propanaminium
trifluoro-acetate (DOSPA), 1, 2-dioleoyl-3-trimethylammonium-pr
opane (DOTAP), Ethylphosphatidylcholine (ePC), etc [104]. For
example, L.M. Kranz et al. found that mRNA and DOTMA/DOPE
liposome complexes target splenic dendritic cells and trigger
interferon-ot (IFNo) release [105]. As a result, these complexes
showed functionality for cancer vaccine by inducing immune
activity against cancer and maturation of dendritic cells. Subse-
quently, this research group achieved sustained tumor suppression
using DOTMA-antigen-encoding mRNA liposomes against cancers
induced by human papillomavirus infection [106]. Liposomes with
high ratios of DOTAP, DOPE, and mannose-cholesterol conjugates
were assembled by self-assembly method, providing the capability
of dendritic cell-specific delivery for mRNA vaccines by targeting
the overexpressed mannose receptor (CD206) [107]. In addition,
various mRNA transport systems using ePC variants-based lipo-
some suggest the possibility of being an excellent gene therapy
platform based on cationic lipids [108-110]. As introduced, opti-
mizing the combinations and ratios of various cationic lipids is a
fundamental and essential step in designing liposomes that are
effective for mRNA delivery.

3.1.2. Anionic lipids

Ultimately, anionic lipid-mRNA complexes are extremely chal-
lenging to cross the cytoplasmic anionic lipid bilayer, and special
mRNA transport pathways are required to overcome these obsta-
cles. For example, the mRNA-loaded anionic phospholipid-based
1,2-dioleoyl-sn-glycero-3-phosphate (18PA) transporter preferen-
tially targets the hepatic reticuloendothelial system (RES), signifi-
cantly enhancing mRNA expression in cells within the RES
[111,112]. These studies demonstrate that it can be used as an
alternative to cationic lipid carriers, using an independent delivery
mechanism. In addition, 18PA, 1,2-dimyristoyl-sn-glycero-3-
phosphate (14PA), and sn-(3-oleoyl-2-hydroxy)-glycerol-1-phos
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Examples of application of non-viral vector-based mRNA delivery system.
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Table 2 (continued)

Types Base Structure Application Advantage Disadvantage Ref.
Lipid 5 NVWOWN/\/OH Improved lipid delivery and Good balance of delivery efficiency [131]
o rapid elimination in non- and pharmacokinetics. The efficiency of LNP delivery to
o human primates. organs other than the liver is
m o unknown.
Polymer- PEI (0] Efficient generation of Strong binding capacity to nucleic Significant decrease in cell viability [133]
based \m/\TH “footprint-free” iPSCs using GO-  acids, effective uptake by cells, and and apparent increase in innate
delivery n PEI-RNA complexes for mRNA excellent proton sponge effect for the immune response gene expression.
system delivery. endosomal release of DNA or RNA.
PLGA 0 FDA-approved polyester type. Carriers for DNA delivery. [140]
%&O}HO} Absence of reports on
W0 intramuscular administration of
PLGA-encapsulated plasmid DNA.
Poly-(B- (o} 0] CAR or TCR mRNA delivery Less toxic than other nondegradable [142]
amino ester) %OMNwO% system for reprograming of cationic polymers. A scale-up manufacturing process
(PBAE) R n circulating T cells that can be applied clinically is
essential.
Chitosan Promising therapeutic approach  Biodegradable characteristic. [149]
for cystic fibrosis. Depending on the route of
administration, the efficiency of
hCFTR expression varies.
NH, |,
Others Gold Rapid delivery of mRNA using Promising approach for safe and Necessity to influence T cell [155]
nanoparticles VNB photoporation method. efficient intracellular mRNA delivery = homeostasis and therapeutic
in cells. functionality.
An indirect method of Enhancement of mRNA translation. [157]
enhancing mRNA translation. Insufficiency of high cellular
uptake and endosomal escape from
endocytic vesicles.
Silica Analysis of mRNA delivery SiNPs can be synthesized at room The efficiency of mRNA delivery [160]
nanoparticles efficiency according to particle  temperature. in vivo has not been confirmed.
size and pore size of
mesoporous SiNPs
By adding functional groups to Cytotoxicity was observed at [161]
SiNPs, new functions were As the tetrasulfide of SiNPs removed  concentrations higher than
added. glutathione, the translation efficiency 40 mg/ml of SiNPs.
of the delivered mRNA increased.
Self-assembling mesoporous Target organs are limited. [162]
silica-cationic polymer-mRNA Tissue-specific delivery of mRNA to
complex the pancreas and mesentery without
toxicity.
Macrophage-targeted mRNA Silica shells protected mRNA from [163]
delivery enzymatic degradation. The mechanism of macrophage-
specific mRNA transfection has not
been elucidated.
Exosomes Anti-inflammatory effects of IL- Potential to aid in disease diagnosis. Unknown as physiological purpose [172]
10 overexpression in of generating exosomes.
atherosclerosis.
mRNA loading in exosomes via Limitation of small size. [173]

secreted after the endocytosis
of LNP-mRNA system.

Promising in vivo delivery carriers for
siRNA-based therapies.
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Table 2 (continued)

Ref.

Disadvantage

Advantage

Application

Structure

Base

Types

[174]

Challenges in storage and

transportation.

Low toxicity and immunogenicity.

Potential therapeutic effects for

stroke.

[175]

Favourable pharmacokinetic and
immunological properties.

Low yield observed when

Method for producing large-
scale mRNA-encapsulating
exosomes through cellular

nanoporation.

incorporating particularly large

mRNA.

Advanced Drug Delivery Reviews 199 (2023) 114973

pho-sn-3'-(1’,2’-dioleoyl)-glycero (18BMP) can selectively deliver
mRNA to the spleen depending on the composition [113]. This tar-
get organ specific delivery platform can increase delivery efficiency
and minimize the toxicity to non-target organs.

3.1.3. Ionizable lipids

Ionizable lipids for mRNA delivery are neutral at physiological
pH but become positive charge at low pH environment. This prop-
erty enables the particle formation with negatively charged mRNAs
and increase mRNA delivery efficiency by interacting with nega-
tively charged endosome membranes, where pH is low, resulting
in endosomal escape. In addition, neutral lipids present in the
blood at neutral pH are relatively stable, preventing unexpected
protein binding that may cause mRNA release and degradation
[114]. Representatively, DLin-MC3-DMA (MC3) was the first ioniz-
able lipid approved by the FDA as a siRNA delivery system and has
great potential for mRNA delivery [115]. Studies by R. S. Riley et al.
demonstrated that lipid nanoparticles (LNPs) composed of MC3
could deliver mRNA into mouse embryos in utero [116]. In addi-
tion, MC3-based ionizable lipids produced by various synthetic
methods are widely applied as mRNA-mediated therapeutic agents
[117-120]. In response to concerns about potential infectious dis-
eases, lipid-based mRNA vaccines are emerging as a rapidly pro-
ducible and effective platform. DSPC-cholesterol-PEG lipid
complex was developed as an ionizable lipid delivery system that
can effectively respond to Zika virus infection and H10N8 and
H7N9 influenza viruses [121,122]. With the urgency of COVID-
19, giant global biopharmaceutical companies such as Moderna,
Pfizer-BioNTech, and AstraZeneca are taking the lead in developing
mRNA delivery lipids [123-126]. Anderson and colleagues have
excelled successfully excessive expression of the human erythro-
poietin in the blood through the mRNA delivery using alkenyl
amino alcohol lipid class [127]. Furthermore, this research group
has developed the library of ionizable lipid combination using
high-throughput synthesis method [128] (Fig. 4A). Among numer-
ous combinations of amine/isocyanide/ketone, they found two
hydroimidazole-linked lipids optimally inducing target mRNA
expression. These lipidoids showed anti-cancer effects by effi-
ciently delivering mRNA to various types of cancer (Fig. 4B). The
authors then compared the mRNA delivery efficiencies of hetero-
cyclic amines and linear amines constituting LNP (Fig. 4C). Ulti-
mately, combinations of heterocyclic lipidoid-mRNAs that
represent the highest performing vaccines were obtained
(Fig. 4D). The cytotoxicity of mRNA-containing LNPs is an impor-
tant safety concern that determines the dose and interval of
administration [129]. Recently, interest has increased in mRNA-
containing LNPs with reduced cytotoxicity. Moderna has devel-
oped a wide range of ionizable lipids, such as Lipid 5, that are less
immunostimulatory than MC3 in non-human primates [130,131].

3.2. Polymer-based delivery systems

Polymer-based mRNA delivery systems are widely used along
with lipid delivery systems due to their customizable chemical
modifications to the polymer end groups. In particular, cationic
polymers, such as polyethyleneimine (PEI), electrically neutralize
the negative charge of mRNA and aid cytosolic delivery through
endocytosis and endosomal escape. However, PEI exhibits in vivo
toxicity by interacting with various proteins, necessitating more
biocompatible carrier design [132]. Graphene oxide (GO)-PEI
coated mRNA complexes bind with negatively charge proteins,
making a protein corona around the nanoparticles [133,134]. This
negatively charged protein-coated GO-PEI-mRNA complex showed
less cytotoxicity due to reduced reactivity with surrounding posi-
tively charged proteins. They have been used to deliver mRNA to
human induced pluripotent stem cells [133]. In addition, a poly-



G. Han, D. Noh, H. Lee et al.

Advanced Drug Delivery Reviews 199 (2023) 114973

A High-throughput ionizable lipidoid screening
Cationic head Alkyl chain
[ 1 Traditional two-dimensional reaction
Two-dimensional Three-dimensional
combinatorial screening combinatorial screening o n
. Increased
- . MCR c dimensionality ~ Multi-dimensional reaction
ZELEEE — g —— »
(] 5 L » ]
G One-pot 2 +A._4+ % ) +
= . ne-po . =
Q 4 E ! X
.5 synthesis Z One-pot . P
T . (/,'7 o =Y n s
O s, onic head
Alkyl chain 7~ Cation
- H N=
Ro—N. Ko R,
) Cs Rs HC ~hs RNl Ry, Sl ) i
OAl v+ o=Cl i eedlh g g
e R Re R, Isocyanide HHN Rs HN R, R° Ry s
3-CR mediated A it y
B Hela C N D
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A1 A12 Ovi =
~XXX\T1772ZZ== Do = ®
:so; . B [ .(';:) lonizable Iipidoid\) LEp
SO! 3 _
Is03 " R Soconday ey = DOPE :}: A
Iso4 > o~ o =
Iso5 un 05 5 | o7 o p .:ﬂ C14-PEG2000 PO
lach 0 £ N Moo Moy, NG @ @ Cholesterol =
Iso7 ] -0.5 A12 A24 A25 A26 o~ W Do Ay
1s08 J p,- 1 R- § “a, MRNA £
Iso9 B & ,7 Vs r 50 oh 1\ 0%
Is010 - 3| 3 A0 K A ) f96 6®
2DC18 A2 A13 A7 A18 A21 )

Fig. 4. Optimal lipid formulations of mRNA vaccines via a high-throughput ionizable lipidoid screening system. (A) Schematic illustrating a three-dimensional combinatorial
synthesis library for lipidoids. (B) Optimal lipidoids selection using mRNA transduction efficiency screening (C) Structures and candidates of heterocyclic amine combined
lipidoids. (D) Schematic diagram of mRNA vaccine LNP-containing with heterocyclic lipid. Adapted with permission from reference [128].

plex of branched PEI with a succinylation (succPEI) containing
disulfide building blocks showed the superior property in balanc-
ing endosomal escape and structural stability [135]. When the
polyplex enters the cells, a disulfide block between the cationic
backbone and the hydrophobic domain enhances the endosomal
escape of mRNA in the presence of high concentrations of glu-
tathione. Peptide-based poly (amino acid) has been used for a long
time due to its high biocompatibility. For example, A. Dirisala et al.
confirmed that poly(L-ornithine) based mRNA polyplexes showed
higher stability than poly(lysine) [136]. In addition, protamine-
complexed mRNA can be applied to prostate and lung cancer vac-
cine through the high antigen expression and immune stimulation
by TLR 7/8 mechanism [137-139]. Poly(lactic-co-glycolic acid)
(PLGA), an FDA-approved polyester, has strengths in biodegrad-
ability and biocompatibility due to hydrolysis of ester bonds, as
well as high structural stability and economic feasibility [140].
PLGA-based mRNA complexes express nuclease-encoding mRNA
and successfully complete genome editing at target sites [141].
Highly biodegradable poly (B-amino esters) (PBAEs) are also often
used as mRNA delivery polyplexes. PBAEs are mRNA delivery plat-
forms for T cell receptors (TCR) or chimeric antigen receptors (CAR)
engineering to reprogram T cells [142]. Hyperbranched PBAEs
(hPBAEs) mRNA polyplexes deliver mRNA drugs to the lungs via
a non-invasive aerosol inhalation route. hPBAEs expressed homo-
geneous mMRNA selectively in the lung and showed no toxicity with
repeated administration [143]. Poly(amidoamine) (PAMAM) den-
drimers have been utilized as non-viral vectors for mRNA due to
high degree of functionality based on the primary amines and ter-
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tiary amines in the structure [144]. F. Joubert et al. explored
cytosolic delivery efficiency of mRNA using end group modified
PAMAM and poly(L-lysine) dendrimers [145]. They demonstrated
that surface modifications could affect to form dendriplex com-
plexes as small, stable, and well-encapsulating with mRNA. Addi-
tionally, the introduction of fusogenic groups to dendrimer could
drive endosomal escape, resulting to achieve successful intracellu-
lar delivery and translation of mRNA in the cells.

Natural polysaccharides, such as chitosan, beta-glucan, and
dextran, have excellent biodegradability, biocompatibility, and
immune regulation, as well as various structures, charges, and
sizes, making it easy to design carriers according to requirements
[146,147]. Since chitosan is a polysaccharide derived from chitin
that can interact with nucleic acids, research results on the mRNA
delivery potential of this natural material are abundant [148].
Chitosan-coated PLGA carrier via intratracheal (i.t.) or intravenous
(i.v.) injection can be an effective treatment for mouse model of
cystic fibrosis [149].

3.3. Inorganic nanoparticles

Gold nanoparticles (AuNPs) are attractive materials as versatile
DNA/RNA carriers due to their facile surface modification and wide
range of formulation options [150,151]. In addition, AuNPs are
inorganic nanoparticles that possess biological stability, a narrow
particle size distribution, and a wide range of electromagnetic
properties [152]. J. H. Yeom et al. hybridized the 5-end of BCL2-a
ssociated X protein (BAX) mRNA to DNA oligonucleotides conju-
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gated with 15 nm AuNP [153]. This AuNPs-RNA hybrid efficiently
produced pro-apoptotic factors into tumor cells and suppressed
xenograft tumor growth. When positively charged folic-acid (FA)-
modified poly-amidoamine (PAMAM)-grafted AuNPs were nano-
complexed with luciferase protein mRNA through electrostatic
attraction, cells were transfected by the nano-complex and the
expression of luciferase was promoted in vitro [154]. Unlike most
existing RNA delivery methods through a direct attachment to
AuNPs, a new gold nanoparticle-mediated vapor nanobubble
(VNB) photoporation method has been developed [155]. This
VNB photoporation method is a rapid delivery of mRNA by creating
a nanobubble space through laser irradiation of AuNPs attached to
the cell membrane surface. This method showed a transfection effi-
ciency of up to 45 % in Jurkat T cells and significantly lower toxicity
compared to electroporation. AuNPs have also been developed to
increase protein production by increasing the translation efficiency
for endogenous mRNAs in cells. For example, attachment of DNA
oligomers with complementary sequences to target mRNAs on
the surface of AuNPs increased the expression of insulin and green
fluorescent protein in HelLa cells [156]. In addition, poly(thymine)-
functionalized AuNPs (AuNP-p(T)DNA) were found to dramatically
increase the expression of target mRNAs when polyadenylated tar-
get mRNA vectors were transfected into HeLa cells [157].
Amorphous silica nanoparticles (SiNPs) composed of silicon
dioxide are well-established drug delivery carriers for small mole-
cule drugs, therapeutic proteins, and gene materials, including
mRNA, due to their convenient fabrication properties and excellent
biocompatibility [158]. Non-porous (solid) SiNPs were initially
developed in nanomedicine field with a simple fabrication process
[159] and mesoporous SiNPs are widely used owing to their ability
to accommodate large amounts of cargo, facile surface modifica-
tion, and efficient biodegradation. Y. Wang et al. synthesized den-
dritic mesoporous SiNPs with homogenous and large pores and
showed high mRNA transduction in vitro when the particle diam-
eter was less than 50 nm and the pore size was larger than 20 nm
[160]. This group also synthesized tetrasulfide incorporated large-
pore dendritic SiNPs as mRNA delivery carriers [161]. This SiNPs
can transport both mRNA and tetrasulfide moiety. This sulfide moi-
ety act by depleting intracellular GSH, which in turn reduces the
activity of GAPDH and activates mTORC1, consequently leading
to enhance the translation efficiency of intracellularly delivered
mRNA. S. Dong et al. showed the successful mRNA translation in
mice after intraperitoneal injection of self-assembled mRNA/PEI/
mesoporous SiNPs [162]. In contrast to the conventional approach
of utilizing positively charged SiNPs to bind mRNA, R. Kamegawa
et al. made mRNA-loaded SiNP by encapsulating mRNA/cationic
polymer complex within a silica shell. This formulation demon-
strated the potential for bioinspired macrophage-specific mRNA
delivery [163]. Leveraging the ability of scavenger receptors on
macrophages to recognize and bind negatively charged SiNPs, the
researchers successfully achieved macrophage-specific delivery of
SiNPs containing mRNA/polymer complexes. They compared the
uptake efficiency of these particles in two cell lines: RAW 264.7
(murine macrophage cells) and CT26 (murine colorectal carcinoma
cells). The silica shell surrounding the mRNA complex can protect
mRNA payloads from enzymatic degradation and be degraded to
silicate within the macrophage, thereby releasing the mRNA.

3.4. Exosomes

Exosomes are a type of approximately 30-150 nm extracellular
vesicles secreted from parental cells [164]. Exosomes play a role in
communication between cells and tissues by transporting macro-
molecules such as proteins, DNA, and RNA [165]. Due to the phys-
iological characteristics of cell-derived exosomes, lipid bilayer
exosomes have excellent biocompatibility and low immunogenic-
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ity compared to artificial carriers [166]. Exosomes are secreted
from all types of cells and can be extracted from blood, urine, sal-
iva, breast milk, etc., and the yield, stability, and biological proper-
ties are varied depending on the origin of exosomes [167].
However, generating clinically relevant amounts of exosomes
requires several days of cell culture and loading large RNA mole-
cules such as mRNA into exosomes is not easy [168,169]. Electro-
poration is known to be an efficient method for loading short
sequences of nucleic acids such as miRNAs and siRNAs, but is not
entirely successful for mRNA [170]. Several mRNA loading meth-
ods have been developed to overcome the inefficiency of electropo-
ration. One method is to load the complexes of negatively charged
mRNA/cationic lipids into the exosomes by simple mixing [171].
Another method is to transfect the donor cells with plasmids
encoding the target mRNA to increase the amount of mRNA loaded
into exosomes. Since there is no modification in the external struc-
ture of exosomes, it has the advantage of maintaining the biologi-
cal advantages of exosomes. For example, donor cells transfected
with a plasmid encoding the internal ribosome entry site (IRES)-
IL-10 mRNA secreted the exosomes passively loaded with IRES-
IL-10 mRNA. These exosomes showed anti-inflammatory effects
related to IL-10 overexpression in atherosclerosis [172]. In addi-
tion, M. Maugeri at al. used the endocytosis mechanism of LNP-
mRNA to replace LNP with exosomes as an mRNA carrier [173].
The mRNA of LNP-mRNA escapes endosomes from donor cells
and is eventually loaded into exosomes. Furthermore, inserting
rabies virus glycoprotein (RVG) into exosomes of donor cells trans-
formed with a plasmid encoding nerve growth factor (NGF) mRNA
can efficiently deliver mRNA to ischemic cortex by targeting neu-
rons [174]. Nanoporation method was developed in preparation
for the limited yield of mRNA-loaded exosomes. This method
resulted in the production of exosomes loaded with phosphatase
and tensin homologue (PTEN) mRNA over 50 times more than elec-
troporation [175]. Liposomes can easily encapsulate various drug
molecules, but need the fine tuning of composition to avoid toxic-
ity, and exosomes are biocompatible but have difficulties in RNA
loading. To address the shortcomings of these two nanocarriers, a
new carrier called liposome-exosome hybrid was developed, pro-
viding the possibility of improving mRNA loading efficiency and
delivery rate in the future [176-178].

4. mRNA therapeutics for cancer immunotherapy

mRNA therapeutics that encoded genetic information of tumor-
associated antigens (TAAs) can be utilized as a cancer vaccine. Rel-
atively easy translation mechanism in the cytoplasm and transient
expression of TAAs of mRNA cancer vaccines enables controlled
antigen generation and repeated dosage, stimulating long-term
immune responses effectively [179]. Early-stage mRNA cancer vac-
cine encodings melanoma-associated antigens, such as MAGE-A3,
MAGE-C2, tyrosinase, and gp100, has shown tumor regression
effects in melanoma patients by activating dendritic cells, CD4"
and CD8" T-cells [180,181]. Furthermore, mRNA therapeutics can
be potent T-cell stimulators as well as immunosuppressive tumor
microenvironment activators [182]. As described above, naked
mRNA is biologically unstable and limited intracellular delivery
efficiency due to negatively charged macromolecular structure.
Thus, an efficient mRNA delivery strategy is important to achieve
successful therapeutic effects for mRNA therapeutics [183]. M.A.
Oberli et al. reported a lipid nanoparticle formulation of mRNA vac-
cines for eliciting CD8" T-cell responses [36]. They prepared an LNP
library with OVA-encoded mRNA for model antigen generation and
optimized the vaccination effect using C57BL/6 mice by subcuta-
neous injection. The first optimization was conducted using differ-
ent types of lipids (ionizable lipid, phospholipid, cholesterol,
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PEGylated lipid). Then, the molar compositions and combinations
of the individual components, which were identified in the first
optimization, were optimized. Under optimized composition of
LNP, glycoprotein 100 (gp100) and a second tyrosinase-related
protein (TRP-2)-encoded mRNA containing LNP showed tumor
regression and increased survival rate of B16F10 melanoma model.
These results showed that LNP formulations are promising non-
viral vector for mRNA therapeutics-based eliciting T-cell response.
LNPs are representative of a clinically advanced mRNA delivery
vehicle but are among the limited options currently available.
However, their utilization requires four intractable components,
and often results in inflammatory side effects, limiting their thera-
peutic applications [184]. To address these issues, Huang et al.
developed a low-inflammatory mRNA cancer vaccine using a series
of alternating copolymers containing ortho-hydroxy tertiary amine
(HTA) repeating unit called “PHTA” [185]. PHTA-Cn polymer,
which was composed of a PEG backbone and hydrophobic alkyl
side chain, was formulated with ovalbumin (OVA) encoding mRNA
(mOVA) and cholesterols via microfluidic techniques (Fig. 5A).
PHTA-Cn/mOVA complexes showed nano-sized round shapes with
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effective encapsulation of mOVA. Furthermore, encapsulated
mOVA was stable for 8 days, showing that the PHTA-Cn could inhi-
bit mRNA degradation with the successful construction of PHTA-
Cn/mOVA nanovaccines (Fig. 5B). After delivering PHTA Cn into
mice through intradermal, intranasal, or intravenous injection,
PHTA-Cn showed significantly low local- and systemic inflamma-
tory reactions compared to typical LNP which was formulated with
1-octylnonyl 8-[(2hydroxyethyl) [6-0x0-6-(undecyloxy) hexyl]
aminoJ-octanoate (SM-102), distearoyl phosphatidylcholine
(DSPC), cholesterol, and 1,2-dimyristoyl-rac-glycero-3-methoxy
poly (ethylene glycol)-2000 (DMG-PEG) at a molar ratio of
50:10:38.5:1.5. Among a series of PHTA-Cn, long alkyl side chains
containing PHTA-C18 was selected as the most promising nanovac-
cine. The tumor growth inhibition effects of PHTA-C18/mOVA
nanovaccine via subcutaneous injection were evaluated in the
B16-OVA melanoma tumor-bearing mouse model, wherein PBS,
PHTA-C8/mOVA were injected as controls (Fig. 5C). As a result,
PHTA-C18/mOVA-treated mice showed a significant tumor growth
inhibition effect compared to that of PBS- or PHTA-C8/mOVA-
treated mice (Fig. 5D), showing 87 % (PHTA-C18/mOVA) and 36 %
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(PHTA-C8/mOVA) of tumor growth inhibition efficiency (Fig. 5E).
To analyze the immune mechanisms relating the antitumor effect
of nanovaccine, the tumor tissues were dissociated, and immune
cells were analyzed (Fig. 5F). Consequently, PHTA-C18/mOVA-
treated mice showed an increased population of maturated DCs,
CD4" T-cells, and CD8" T-cells compared with the PBS and PHTA-
C8/mOVA groups (Fig. 5G and 5H). Furthermore, high frequencies
of central memory T-cells and effector memory T-cells in lymph
nodes of PHTA-C18/mOVA-treated mice showed a successful gen-
eration of immune-memory effects, supporting that PHTA-C18/
mOVA nanovaccine could elicit T-cell dependent antitumor
immunity.

Recently, immune checkpoint pathway and immune-
suppressive tumor microenvironment-related immune tolerance
during tumor progression are major hurdles for cancer
immunotherapy [186,187]. To overcome this challenge, an alterna-
tive approach is to combine mRNA cancer vaccines with immune
checkpoint inhibitors and/or adjuvants. Shi et al. developed
adjuvant-pulsed mRNA vaccine nanoparticles which were com-
posed of OVA-encoded mRNA and a palmitic acid-modified
TLR7/8 agonist R848 (C16-R848), and lipid-polyethylene glycol
(lipid-PEG) [188]. mRNA vaccine nanoparticles enhanced mRNA
transfection efficiency (greater than95 %) and had adjuvant activity
by C16-R848, resulting in mRNA-derived OVA antigen presentation
on MHC class I of APCs. Furthermore, C16-R848 adjuvant-pulsed
mRNA vaccine nanoparticles successfully activated OVA-specific
CD8* T-cells and significantly improved T-cell infiltration into
tumor tissue, leading to anti-tumor immunity against OVA-
expressing lymphoma and prostate cancer. Huang et al. reported
MUC1 mRNA nanovaccine and CTLA-4 blockade combination
immunotherapy of triple negative breast cancer (TNBC) [189].
MUC1-encoded mRNA was formulated with mannose-decorated
Lipid/calcium/phosphate (LCP) nanoparticles to deliver TAA to
DCs in lymph nodes. LCP-mRNA vaccine nanoparticle successfully
delivered MUC1-mRNA to DCs through mannose receptor, express-
ing TAA in the DCs in lymph nodes and eliciting T-cell responses in
4 T1 tumor-bearing mice. In combination LCP-mRNA vaccine
nanoparticle with anti-CTLA-4  (cytotoxic  T-lymphocyte-
associated protein-4) monoclonal antibody, anti-tumor immune
responses were significantly improved in in 4 T1 tumor-bearing
mice model. P. Huang et al. also developed an mRNA vaccine that
could introduce an mRNA and immune checkpoint-specific siRNA
into the APCs [190]. Mannose-functionalized LCP nanoparticles
were formulated with TRP2-encoded mRNA and PD-L1-specific
siRNA for eliciting robust antigen-specific T-cell responses and
downregulating PD-L1 in the DCs, respectively. LCP mRNA vaccine
nanoparticle successfully generated TRP2 as a TAA, inhibiting mel-
anoma tumor growth in a BI6F10 melanoma mouse model. Inter-
estingly, co-delivery of PD-L1-specific siRNA with mRNA generated
TAA and downregulated PD-L1 on DCs, enhancing T-cell responses
with tumor growth inhibition effect. R. Verbeke et al. developed a
nanovaccine formulated with nucleoside-modified mRNA and the
glycolipid o-galactosylceramide (a-GC) for the antigen-specific T-
cell responses by CD8"* T-cell, invariant natural killer T cell (iNKT
cell), and natural killer cell (NK cell) activation (Fig. 6A) [191].
The pseudouridine (W) and 5-methylcytidine (5meC)-modified
OVA-encoded mRNA was selected to minimize the immune-
related toxicity of mRNA. Then, mRNA was formulated with 1,2-dio
leoyl-3-trimethylammonium-propane (DOTAP), cholesterol, and
1 mol % of a-GC, forming a 190 nm of nanovaccine, named mRNA
Galsomes (Fig. 6B). a-GC in Galsomes is an immunopotentiator for
antigen-presenting cells, enabling mRNA Galsomes to induce a
pluripotent tumor-specific immune response. B16-OVA-bearing
mice vaccinated twice using mRNA Galsomes showed 5 times
higher CD8" T-cells and significantly lower myeloid-derived sup-
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pressor cells and tumor-associated macrophages on day 14, com-
pared to the untreated group. Likewise, OVA-specific CD8" T-cell,
iNKT cell, and NK cell in the tumor tissues were observed 7 times,
4 times, and 2.6 times higher than the untreated group, respec-
tively (Fig. 6C). Based on the anti-tumor immune responses, mRNA
Galsomes significantly inhibited tumor growth in the E. G7-OVA
lymphoma mouse model, wherein 40 % of the tumor models
showed complete tumor rejection. In addition, mRNA Galsomes
showed effective therapeutic responsiveness and increased the
overall survival rate in the B16-OVA melanoma mouse model in
combination with an anti-PD-L1 antibody (Fig. 6D and 6E). These
studies showed the potential of mRNA as a therapeutic cancer vac-
cine that can elicit antigen-specific immune responses and boost
anti-tumor immune responses in combination with other
immunotherapeutics.

Bispecific antibodies (bsAbs), binding between tumor antigen
and T-cell surface molecule, offer a promising therapeutic strategy
by addressing the limited response observed in current T-cell-
based cancer immunotherapy, which is hampered by poor T-cell
infiltration into tumor tissue [192]. However, the manufacturing
of most bsAbs encounters challenges, including issues related to
poor long-term stability, aggregates formation, and various impu-
rities. Moreover, the short half-life of bsAbs in patients (less than
2 h) necessitates the use of continuous delivery system, such as
an infusion pump, for effective treatment [193]. C.R. Stadler et al.
proposed a method to generate bsAb (RiboMABs) directly in the
patient’s body by transfecting chemically modified in vitro tran-
scribed (IVT) mRNA. This mRNA modification aimed to prevent
immune activation and enhance molecular stability. The mRNA
was modified with 1-methylpseudouridine (m1%¥) and poly(A)
tail-containing mRNAs [194]. Singly dose intravenous injection of
mRNA-loaded polymer/lipid-based particles (TransIT-mRNA
Transfection kit) resulted the rapid production of bsAbs targeting
CD3 and three TAAs (claudin 6, claudin 18.2, and EpCAM). Further-
more, this approach led to tumor elimination without any
observed toxicities such as proinflammatory cytokine release,
non-specific T-cell activation, or liver toxicity.

Chimeric antigen receptor T (CAR T) cell therapy, a highly
effective form of personalized adoptive cell transfer (ATC) cancer
immunotherapy, has emerged as a successful method in the clin-
ical setting [195]. CARs are engineered to target specific TAAs in
the receptor domain, while simultaneously engaging the T-cell
receptor [196]. Recently, there has been a growing focus on mRNA
electroporation-based expression of CARs on T-cells due to its
cost- and time-efficiency, along with its ability to achieve success-
ful antitumor activity compared to viral vector-based gene trans-
duction. However, it is important to note that the mRNA
electroporation-based CAR T system has potential limitations,
including transient CAR expression and inefficient in vivo prolifer-
ation [197]. To achieve a potent antitumor effect, J.B. Foster et al.
used modified IVT mRNA CAR T with pseudouridine and 1-
methylpseudouridine (m1¥) [198]. These modifications were
implemented to prevent immune stimulation and increase the
stability of transfected mRNA. By utilizing RNase Ill-based puri-
fied double-strand RNA, the duration of mRNA transduction was
prolonged. T cells treated with 1-methylpseudouridine (m1¥)
and purified mRNA exhibited a significant increase in CD19 CAR
expression on the cell surface, resulting in enhanced cytotoxicity
against the leukemia cells up to 5 days. Furthermore, the leuke-
mic burden in the leukemia mouse model was effectively sup-
pressed by purified mRNA-electroporated T cells. However, it is
important to note that despite the significant improvement in
therapeutic outcomes with this approach, the risk of non-
specific cleavage of single-strand RNA by RNase III remains a
concern.
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Fig. 6. Nanovaccine co-loaded with mRNA and ao-galactosylceramide (o-GC) for eliciting antitumor immunity via activation of invariant natural killer T-cells (iNKT) and NK T-
cells. (A) Therapeutic mechanism illustration of mRNA Galsomes. (B) Schematic illustration of mRNA Galsomes. Immune cell infiltration in B16-OVA tumor tissues on day 14,
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growth and (E) Survival rate of B16-OVA tumor-bearing mice in respective treatment groups. Black arrows indicate treatment with mRNA Galsomes and antibody via
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5. Conclusions and perspectives

mRNA is a promising therapeutic drug entity for treating and
preventing various diseases, including cancer, due to its control-
lable and transient protein expression properties. Compared to
DNA-based therapeutics, mRNA offers a relatively higher safety
profile as it does not require localization to the nucleus and
thereby avoid the risk of genomic mutation. However, RNA’s bio-
logical instability, immunogenicity, and low delivery efficiency
due to negatively charged structure limits in cancer treatment.
Recent advances in chemical modification strategies and non-
viral delivery systems have addressed these challenges. The chem-
ical modification of mRNA, including base, 5'-cap, and poly(A) tail
modification, increase the biological stability and functionality of
mRNA. Additionally, recent studies discovered naturally occurring
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mRNA modifications in the coding sequence region, offering oppor-
tunities for site-specific modification of mRNA using synthetic
technology. However, considerable efforts to fully understand the
biology of mRNA modifications are necessary to optimize the func-
tionality and metabolism of mRNA-based therapeutics. Non-viral
such as protamine, cationic lipids, polymers, exosomes, and gold
nanoparticles, have improved the stability, pharmacokinetic prop-
erties, and delivery efficiency of mRNA, enabling further clinical
therapeutic approaches. Nevertheless, challenges such as encapsu-
lation efficiency, biocompatibility, transfection efficiency, target
tissue or cell delivery efficiency, and toxicity remain to be opti-
mized in mRNA/non-viral vector formulation. For example,
mRNA/LNP formulation is representative strategy in current mRNA
delivery but pharmacological properties including tissue-specific
delivery, cellular uptake, endosomal escape with releasing of
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mRNA are remained complex issues and unoptimized stage. On the
other hand, considerable efforts are needed to fully comprehend
the diverse genomic information-based heterogenous tumor anti-
gens, which are critical for anti-tumor immune responses and
the development of effective mRNA-based cancer vaccines. Fur-
thermore, combination therapy with mRNA-based cancer vaccines
and other treatment regimes, including immune checkpoint ther-
apy, chemotherapy, and radiotherapy, can improve therapeutic
response and efficacy. For synergistic therapeutic efficacy, optimal
dosage, treatment schedule, and administration route need to be
optimized with the consideration of the different antigen presenta-
tion efficiency in different recipient cells during the treatment
stage. Finally, toxicity and safety are major concerns for clinical
translation of new mRNA-based cancer vaccines. It is important
that synthetic mRNA and impurities avoid detection by the innate
immune system. This is because the stimulation of the innate
immune system can cause recognize mRNA therapeutics as foreign
nucleic acid and lead to unwanted immune responses, limiting
therapeutic efficacy with repeated treatment.

The mRNA has vast biological potential as a therapeutic tool for
various applications, including cancer vaccines. Recent studies have
demonstrated remarkable advancements in mRNA therapeutics for
diverse therapeutic approaches such as cancer immunotherapy,
vaccines, protein replacement, and gene editing. Despite certain
biological- and pharmacological obstacles that need to be overcome
for clinical applications, recent achievements such as COVID-19
mRNA vaccines and other mRNA therapeutics in the clinical stages
highlight the potential of mRNA as a groundbreaking treatment for
various diseases. We expect that continuous efforts towards inno-
vation and optimization of mRNA technologies will lead to novel
and effective outcomes in life science and medical research.
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