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Abstract

The liver is a vital organ that functions to detoxify the body. Liver cancer and infectious diseases
such as influenza and malaria can fatally compromise liver function. mRNA delivery is a relatively
new means of therapeutic treatment which enables expression of tumor or pathogenic antigens,
and elicits immune responses for therapeutic or prophylactic effect. Novel nanoparticles with
unique biological properties serving as mMRNA carriers have allowed mRNA-based therapeutics

to become more clinically viable and relevant. In this review, we highlight recent progress in
development of nanoparticle-based mMRNA delivery systems for treatment of various liver diseases.
First, we present developments in nanoparticle systems used to deliver mRNAs, with specific
focus on enhanced cellular uptake and endosomal escape achieved through the use of these
nanoparticles. To provide context for diseases that target the liver, we provide an overview

of the function and structure of the liver, as well as the role of the immune system in the

liver. Then, mMRNA-based therapeutic approaches for addressing HCC are highlighted. We also
discuss nanoparticle-based mRNA vaccines for treating hepatotropic infectious diseases. Finally,
we present current challenges in the clinical translation of nanoparticle-based mRNA delivery
systems and provide outlooks for their utilization in treating liver-related diseases.

Nanoparticle-mediated mMRNA delivery can increase the effectiveness of mRNA-based
therapeutics and vaccines. These nanoparticles can deliver mRNA to treat liver diseases such
as hepatocarcinoma and hepatotropic infections.
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1. Introduction

The liver, a vital organ in the body, performs key functions including removal of toxins,
regulation of blood sugar levels, and synthesis of proteins. Hence, impaired liver function
from various diseases can lead to fatal outcomes. Liver cancer has had the greatest increase
in incidence in recent years, and exhibited the second-lowest 5-year relative survival rate
compared to all other cancer types from 2008 to 2014.1:2 The most common case of

liver cancer is hepatocellular carcinoma (HCC). Current treatments for HCC are surgical
removal for early-stage patients and chemotherapy for more advanced stages of HCC.
Surgical ablation is a viable treatment option for early-stage tumors but not for advanced
stages of HCC due to impaired regenerative capability of the liver at later stages; however,
patients are often diagnosed with advanced stages of HCC, making them ineligible for this
method.2 Administrative routes of chemotherapy include trans-arterial chemoembolization
and oral dosage with sorafenib, a kinase inhibitor, for late-stage patients.3 Improvement

in clinical outcome has been limited, however, as the tumor develops resistance to the
chemotherapeutic agent within six months into the treatment regimen. These data indicate a
need for a different approach to improve the outcome for liver cancer patients. In addition
to HCC, several infectious diseases are known to be hepatotropic. As the primary organ
responsible for removal of foreign material from the blood, the liver is prone to infection
from viruses and parasites.*® The immune cells in the liver offer protection and memory
against the antigens over time, but these infections can be fatal with insufficient levels of
immune response. While vaccines exist for some of these infectious diseases, challenges
remain in development of delivery vehicles that are that do not elicit immune response
themselves. For development of vaccines against novel pathogens, rapid turnaround is
required between identification of target antigen and large-scale production, especially for
pathogens capable of antigenic drift and shift.” Conventional vaccines consisting of antigens
or engineered viruses require months to reach viable mass production. These issues highlight
a need for a novel platform for vaccine development.

Gene therapy utilizes nucleic acids to alter the errant genetic expression of target cells
and correct a disease. In case of cancer, which is directly caused by genetic mutation,

genetic material is delivered to upregulate the expression specific genes such as tumor
suppressor genes, or silence the expression of oncogenes.® As it utilizes the molecular
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machinery to alter gene expression, gene therapy exhibits sustained therapeutic effects upon
successful stable transfection; in contrast, traditional chemotherapy regimen consists of
repeated administration of the therapeutic agent for long-term effects.? However, several
risks and barriers are present for gene therapy. In addition to altering the genes in the target
cells, altering the genes of off-target cells may cause genotoxicity in otherwise healthy
cells.10 Furthermore, in order to access the host genome, materials used for gene therapy
need to be transported across the cell membrane, and into the nucleus, without degradation
of the cargo by nucleases and other proteins present in the cytoplasm.1! Current methods for
gene therapy utilize retrovirus and other engineered viruses as a transfection vector which
could elicit unwanted immune responses.

Messenger RNA (mRNA) coding for specific tumor antigens or parts of foreign pathogens
can prime the immune system to recognize tumor or infected cells, which are then subject to
apoptosis induced by the innate cytotoxic immune cells in the body. Compared to delivering
DNA, mRNA delivery does not require crossing the nuclear membrane. The delivery of
mRNA implies that mMRNA only needs to be translated into target protein, eliminating the
chance of erroneous transcription.12 There is no risk of insertional mutagenesis associated
with DNA delivery as mRNA is not integrated into the host genome.13 Compared to
peptide vaccines, mMRNA vaccines can encode full length tumor antigens, and allows
delivery of multiple antigens.141> Furthermore, mRNA can be synthesized in large scale
without the use of cells.18 Despite these advantages, mRNA-based therapeutics had limited
development due to their poor stability and excessive immunogenicity. A single naked
strand of mRNA is relatively unstable and subject to degradation in vivo, and this was

the case when the first mMRNA-based therapeutics were explored in 1990.17 The relatively
large size (300-5000 kDa) and highly negative charge of mMRNA also present obstacles

for efficient transfection in vivo. In order to overcome these barriers, novel nanoparticles,
largely based on cationic polymers and lipids, have been developed to protect the mRNA
from degradation and stabilize the charge through electrostatic interactions. In addition to
protection of the cargo, nanoparticles allow targeted delivery of mRNA to the intended cells
and tissues through targeting ligands and moieties.18-19 Advances in nanotechnology has
also shown that properties of nanoparticles can be tailored so that nanoparticle-mediated
mRNA delivery would enhance cellular uptake and endosomal escape, improving the
transfection efficiency.29-22 Through the use of nanoparticles, stable and safe mMRNA-based
delivery could lead the way in developing innovative and effective cancer treatments, as
well as vaccines for infectious diseases. MRNA-based cancer vaccines in clinical trials are
highlighted in Table 1.

In this review, we present an overview of advances in mRNA delivery and application

in treating liver cancer and liver-associated infectious diseases. We first provide a brief
summary of recent developments on methods for mRNA delivery, including viral vectors
and non-viral vectors including various classes of nanoparticles. Then, a brief overview of
the function of the liver, as well as its response to diseases and potential targets for MRNA
therapy are presented. Next, we highlight mRNA delivery for treatment of liver cancer by
discussing the role of liver resident T-cells and targets for mRNA-mediated gene regulation,
cancer vaccines, and concurrent therapy. We also feature mRNA delivery for treatment

and vaccine for other infectious diseases targeting the liver. Finally, we present the current
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challenges in developing nanoparticle-based mMRNA delivery systems and provide outlooks
for their utilization in treating liver-related diseases.

2. Methods for mRNA delivery

One of the most important challenges for effective mRNA delivery is its stability in the
physiological environment. The molecular design of therapeutic mRNA plays a key role in
overcoming this hurdle. Factors such as the length of the poly(A) tail and structure of the 5
cap can improve the stability of the mRNA by controlling the type and amount of protein
binding.3°38 In addition, codon optimization and nucleoside modification of the mMRNA
sequence has shown to improve the translation efficiency and reduce immunogenicity.3”
Recent efforts at designing modified therapeutic mRNA have been covered extensively in
otherworks,12:38.39

While modification of mMRNA is important in addressing the in vivo stability and translation
efficiency, the mRNA still requires a delivery [?]vesicle that can carry the mRNA from

the site of administration to inside the cytoplasm of the target cells. Several physiological
barriers must be taken into consideration in designing delivery systems for mRNA. First,
the delivery system needs to protect the mRNA from degradation by nucleases that are
present throughout the skin and blood which are the most common routes of therapeutic
administration.2%41 Then, the mMRNA needs to be transported through the permeable, yet
selective cell membrane in order to reach the cytoplasm. Because the cell membrane is
composed of negatively charged phospholipids and contains ion pumps and channels that
maintain a highly negative potential in the membrane, it is not an ideal environment for
transfer of a large and negatively charged molecule such as mMRNA.8 Finally, the mRNA
must be released from the delivery vesicle in order to interact with the intracellular
machinery for protein translation. Various systems, including viral vectors and nanoparticle-
based delivery systems, have been developed to overcome these barriers and achieve
effective mRNA delivery. Figure 1 schematically represents these vectors.

2.1 Viral vectors

Viruses used for gene delivery include retrovirus, adenovirus, adeno-associated viruses, and
herpes simplex viruses. These viruses are genetically modified so that they are partially or
fully substituted with the therapeutic genes. Viral vectors allow high specific delivery of
genes to target cells, and have highly efficient and long-term gene expression compared

to other transfection vectors. However, they can also elicit severe immune response and
cytotoxic effects. Furthermore, integration of viral genetic material into the host genome
could be fatal. Hence, viral vectors utilize viruses that have minimal pathogenicity, and with
defective replication mechanism through modification of the viral genome.#2 Retrovirus
have been of interest for RNA delivery as their machinery are specifically designed to

inject the viral RNA, rather than DNA, and utilize reverse transcription to alter the host
genome. Non-integrating retroviruses contain mutations that specifically prevent the reverse
transcription of the viral MRNA. Non-integrating gamma-retroviral vectors were used to
deliver mRNA for expression of zinc-finger nuclease, a restriction enzyme that is prominent
in the field of genome editing.43
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Instead of utilizing the entire viruses, recent works have resorted to use of “virus-like”
particles or viral proteins to overcome limitations associated with viral vectors. Virus-

like particles (VLPs) consisting of Vesicular stomatitis virus (VSV-G) and RNA-binding
ribosomal protein L7Ae were developed for transfection of EGFP (enhanced green
fluorescent protein) mMRNA. While the exact mechanism of mMRNA incorporation remains to
be elucidated, the VLPs were able to efficiently deliver EGFP mRNA in multiple cell lines.
The L7Ae RNA-binding domain was crucial as the presence of the L7Ae led to significant
increase in fluorescence observed in the cells. 44

Adenoviral vectors have been shown to induce acute hepatotoxicity by activating

immune cells in the liver, which would release excessive levels of cytokine and lead to
inflammation.#° This effect is not limited to the liver, and once the viral vector enters

blood circulation, it can trigger release of pro-inflammatory cytokines.*6 While blockage

of specific cytokines could complement the immunogenic nature of viral vectors, more
effective methods of reducing the immune response are required. Furthermore, adenovirus is
so common to humans that most humans have developed preexisting immunity to adenoviral
vectors, reducing their efficacy in gene expression.#’48 Furthermore, the scalability of

viral vectors at a commercial scale remains as another challenge. The most common

method of producing viral vectors is transfection of human embryonic kidney (HEK)293
cells with plasmids for viral components. Efforts made to improve the yield of vectors
include adaptation of HEK293 cells to suspension cells,*9 altering host protein expression to
enhance vector replication,° or use of insect cell-based expression system.5! These barriers
have stagnated the clinical translation of viral vectors.

2.2 Nanoparticle vectors

Due to the aforementioned challenges associated with viral vector-mediated gene delivery,
much research has been focused on development of non-viral vectors for mRNA delivery.
Most commonly utilized types of non-viral vectors include lipid nanoparticles, polymeric
nanoparticles, and protein-based nanoformulations. These materials are often positively
charged for electrostatic interaction with both the mRNA and the cell membrane, and have
to be biocompatible with minimal induction of cytotoxicity.

2.2.1 Lipid-based nanoparticles—Lipids have been well-studied and are widely
used as transfection agents for various therapeutics and genetic materials. Lipid-based
delivery systems utilize the self-assembly of amphiphilic lipid molecules, consisting of

a hydrophilic head group and hydrophobic chains, into structures that can encapsulate
therapeutic molecules. For applications of cellular delivery of therapeutic nucleic acids,
these systems consist of cationic or ionizable lipids, as their positive charge can effectively
encapsulate nucleic acids by binding to the negatively charged phosphate backbone of

the nucleic acids. Cationic lipids contain quaternary ammonium groups and maintain their
positive charge regardless of the pH of the environment. However, their permanent positive
charge has shown to cause toxicity as well as reduction in encapsulation efficiency in several
studies. In contrast, ionizable lipids obtain their positive charge based on protonation of the
amines in a pH-dependent manner.52 lonizable lipids also facilitate the delivery of nucleic
acid into the cytoplasm as the acidic conditions in the endosomes assist the formation of
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lipid hexagonal phase, which destabilizes the endosome and allows subsequent release of the
endosomal cargo into the cytoplasm.53-55

In addition to amphiphilic lipid molecules, phospholipids, cholesterol, and polyethylene
glycol (PEG) are often used as components in lipid nanoparticles. Phospholipids help
improve the stability of the nanoparticle, as well as neutralizing some of the positive
charged in cationic and ionizable lipids.56:57 Furthermore, phospholipids have shown to

aid endosomal escape by disrupting the endosomal membrane.>8 Cholesterol also plays a
role in stabilizing the lipid structure by filling in the gaps between hydrophobic chains

of the lipid molecules.>® PEG, which is often incorporated into the nanoparticle in the

form of lipid-anchored-PEG, provides steric stability to the lipid nanoparticle by preventing
aggregation and non-specific protein binding.0:61 A library consisting of various factors

of each component, i.e., different ionizable lipid molecules, phospholipids, PEG-lipids,
was screened to optimize the formulation for delivery of ovalbumin (OVA)-coding mRNA.
In vivo CD8-T cell levels in mice as a response to expressed OVA were measured to

find the optimal formulation. It was found that formulations without phospholipids did

not induce T cell response at all. Longer PEG chains led to smaller hydrodynamic size

of the liposomes, which also yielded the greatest T cell levels.52 In another study, a

library of ionizable lipids synthesized from alkyl chains and polyamine cores was screened
by delivering luciferase mMRNA to Jurkat cells. The formulation consisting of the best
performing ionizable lipid, lipid-anchored PEG, cholesterol, phospholipid, and mRNA, was
synthesized via a microfluidics device. The resultant nanoparticle demonstrated efficient
delivery of mMRNA to T cells compared to electroporation and induced lower toxicity.53

Development of optimal conditions for efficient delivery of mRNA often starts with
screening of a library of different molecules and various compositions, as demonstrated

by these studies.54 While these studies can find the best performing combination, the

link between the optimized condition and the subsequent efficient transfection results is

still obscured. While efforts have been made to elucidate the mechanism behind efficient
mRNA delivery by lipid nanoparticles, such as modulation of the mTOR pathway,®® further
investigation of the interaction between cellular components and various aspects of lipid
nanoparticles would streamline the development of optimized lipid nanoparticles for mMRNA
delivery. In addition, it has been reported that components in lipid-based mRNA vaccines
cause significant inflammatory responses in humans. Certain formulations of lipid-based
MRNA vaccines can increase the release of IL-1 cytokines, which induces the release of
pro-inflammatory cytokines. Even some empty lipid nanoparticles were sufficient for release
of IL-1, highlighting the need to further investigate the interaction of lipid components with
immune receptors.56.67

2.2.2 Polymeric nanoparticles—Polymeric nanoparticles for mRNA delivery utilize
the electrostatic interaction between cationic polymers and negatively charged backbone
of nuclei acids to form complexes and encapsulate the mMRNA. Polymer-based systems
enable systematic scalability, low production cost, and versatility in construction of the
polymeric structures. However, in contrast to lipid-based formulations for nucleic acid
delivery, polymeric nanoparticles have not found as great success in obtaining clinical
approval. This is due to the additional barriers such as the large molecular weight of the
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polymers and the biodegradation or clearance pathway required for the molecules. Polymers
such as low molecular weight polyethyleneimine (PEI) and poly(B-amino)esters (PBAES)
have been used to address these challenges. Recent approaches have aimed to enhance the
biocompatibility of the polymers used for mRNA delivery, as well as develop methods to
efficiently bind and release MRNA.

Dimethylaminoethyl methacrylate (DMAEMA) and Diethylaminoethyl methacrylate
(DEAEMA) have been explored as vectors for mRNA delivery, as these cationic polymers
have shown to change into structures that destabilize the endosomal membrane at endosomal
pH. Copolymers synthesized from DMAEMA or DEAEMA, PEG, and hydrophobic alkyl
methacrylate monomers were used to encapsulate mRNA. In this study, increasing the
cationic density of the polymer and shortening the alkyl chains on the methacrylate
monomers led to the most efficient mMRNA encapsulation. The formulation with smallest
molecular weight led to reduced cytotoxic effects and exhibited increased transfection
efficiency, outperforming PEI.58

Polymers containing hydrolysable ester bonds have also been investigated for mMRNA
delivery due to their good biodegradability. Poly(amino-co-ester) (PACE), synthesized from
diesters, polyamines, and lactones, has been used for delivery of various nucleic acid
therapeutics. The effect of the polymer molecular weight was explored by formation of
lower molecular weight PACE by exposing high molecular weight PACE in air to allow
hydrolysis. The use of the shortened PACE resulted in greater transfection efficiency of
mRNA and a lower cytotoxicity profile.69

Endosomal escape is an important mechanism in any intracellular therapeutic delivery, as
high encapsulation by a transfection agent and high cellular uptake is rendered irrelevant if
the cargo is unable to be released from the endosome. PACE was modified with various
end groups to investigate the relationship between mRNA cellular uptake, endosomal
escape, and transfection efficiency. A novel luciferase-based probe that is fluorescently
active only in the cytosol was used to assess endosomal escape. In total, a library of

31 end groups on PACE was tested, and a linear regression analysis showed no strong
correlation between uptake and transfection efficiency, while a strong correlation was found
between endosomal escape and transfection efficiency.”® This study shows that ensuring
endosomal escape is more important than improving cellular uptake of transfection agents.
Tuning the hydrophobicity of the polymer has shown to improve endosomal escape due

to the interaction between the endosomal membrane and the hydrophobic moieties. In
addition, hydrophobic interaction between the polymer molecules improves the stability

of the polymeric complex. Nanoparticles encapsulating mRNA were synthesized from
hydrophobic cationic polymers with pH-dependent aqueous solubility. These nanoparticles
showed enhanced transfection efficiency compared to commercially available transfection
agents.’!

Altering the molecular interaction between the polymer and the mRNA has shown to
affect the stability of the complexes, which is important when considering the routes of
administration of the mRNA therapeutics. The effect of replacing primary amines on a
cationic polymer with a guanidine group on the stability and transfection efficiency was
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explored. While both polymers formed micelles with mRNA, the polymer with guanidine
group displayed greater stability against polyanion exchange, urea addition, and nuclease
attack. The protection against these degradative elements increased the bioavailability of the
mRNA, and led to greater transfection efficiency.”2 While each of these studies shows each
type of nanoparticles can be optimized for most effective mRNA delivery, the manner in
which they can be optimized is not universal across the types of polymer and nanoparticle.
For example, changing the molecular weight of PEI will likely not have the same effect

as changing the molecular weight of PACE on transfection efficiency. Due to the diverse
and customizable nature of polymers, advantages from various systems can be harnessed
into a multifunctional nanocarrier, but the unique formulation will have to be individually
assessed. Polymeric systems present a great opportunity in improving mRNA delivery
through optimization of their structure and composition.

2.2.3 Other nanoparticles—In addition to lipid- and polymer-based systems, other
novel designs have been developed to enhance mMRNA delivery. These designs often employ
a nanostructure consisting of a hybrid of materials in order to harness the advantages of
each material and achieve improved stability, greater transfection efficiency, and reduced
toxicity. A study utilized PBAE synthesized from a library of monomers, as well as PEG-
lipid to synthesize complexes with mRNA through microfluidic mixing. The PEG-lipid
incorporation enhanced the serum stability of the complex.”3 In another study, poly(lactic-
co-glycolic acid) (PLGA) and cationic lipid 1,2-di- O-octadecenyl-3-trimethylammonium
propane (DOTMA) were combined to form a core-shell structure. The PLGA formed the
core, which was then coated with DOTMA to form a positively charged nanoparticle. The
effect of DOTMA coating was compared to coating with chitosan, a biocompatible polymer
with slight positive charge. While the DOTMA-coated nanoparticle exhibited a larger size, it
was superior in mRNA transgene expression.’4

Proteins and peptides have also been used in combination with polymeric systems as

they can perform specific tasks via their affinity with intracellular components. Fusogenic
peptides can disrupt the endosomal membrane, and addition of fusogenic peptide on the
surface of transfection vectors can enhance their endosomal escape. Polymeric micelles
assembled from copolymer of polylactic acid and poly(N-acroloxy succinimide-co-N-vinyl
pyrrolidone) (P(NAS-co-NVP) were modified with cationic fusogenic peptide RALA

and mRNA. These structures provided protection for the mRNA in serum, and showed
high transfection efficiency.”® In another approach, proteins involved in translation of
mRNA were complexed with polyamines to form ribonucleoprotein complexes. The
affinity between mRNA and initiation factor elF4E protein was used to form the initial
ribonucleoprotein structure, which was then complexed with polyamine carriers. In addition
to using the natural affinity between translational protein and mRNA, this approach mimics
the translational steps necessary to express the gene encoded by the mMRNA (Figure 2a,b).
Luciferase mMRNA was used to assess the role of the elF4E protein. Mice injected with
preassembled mRNA-elFAE showed much greater levels of luciferase expression than mice
injected with mMRNA only (Figure 2c).”8 The authors devised a similar structure consisting
of poly(A) tail binding protein and mRNA containing a poly(A) tail, which showed high
levels of MRNA transfection efficiency.”’
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In addition to lipid, polymers, and proteins, other molecular platforms have been

explored to construct novel mMRNA delivery systems. Aminoglycosides, primarily used as
antibiotics in clinical and research settings, penetrate the cell membrane of pathogens.

This interaction with pathogenic membranes was used to form lipid-based nanoparticles
with aminoglycoside coatings to enhance endosomal escape. The aminoglycosides were
incorporated in the form of cationic lipid-modified aminoglycosides, which enhanced the
stability of the structure.”® Graphene quantum dots (GQDs) have recently garnered interest
as imaging probes and therapeutic delivery systems.”9:80 GQDs synthesized from citric acid
were modified with PEI to impart positive charge onto the GQDs, which were then used to
deliver mRNA. This design exhibited greater toxicity and lower transfection efficiency than
lipid-based mRNA systems; as this was reported as the first application of GQD for mMRNA
delivery, fine-tuning of the synthesis parameters still remains to be solved. However, the
GQD-based system displayed greater shear tolerance than lipid nanoparticles, and present a
new avenue of developing multifunctional delivery platform for mMRNA therapeutics.8! The
field of nanoparticles for mMRNA delivery presents an exciting opportunity to develop novel
nanocarriers that could combine advantageous properties of different classes of materials.
With each combination, however, careful evaluation of properties such as surface chemistry,
shape, charge, size, and protein adsorption is required to create a potent and safe mMRNA
delivery vector.

3. Liver function and immunology

Prior to the discussion and presentation of recent works on mMRNA-based therapeutics for
liver-related diseases, it is important to understand the function of the liver and the immune
response to pathogens in the liver. The structure and function of the liver, as well as the
response of resident immune cells to HCC and infectious diseases will be briefly discussed
in this section in order to shed light on potential targets for liver-bound mRNA therapy.

3.1 Function and structure of the liver

The liver is the largest internal solid organ of the human body, and performs an array

of functions including metabolism, blood volume regulation, and protein synthesis. Also,

it plays a role in supporting the immune system and removing pathogens and exogenous
antigens from the body.82-84 The versatility of the liver can be attributed to the presence of
various cell types present in the organ. The main cell type that occupies around 80% of the
total liver tissue is the parenchymal cells, or hepatocytes. Non-parenchymal cells, such as
liver sinusoidal endothelial cells (LSECs), Kupffer cells, hepatic stellate cells, and resident
lymphocytes, are responsible for 5-6% of the total liver tissue, and the rest is composed

of extracellular space.8® The hepatocytes form a hexagonal pattern around the central vein
into a structure called the hepatic lobule. At the vertices of these hexagonal arrangements
are the portal triads, consisting of portal vein, hepatic artery, and bile duct. LSECs can be
found in the lining of liver sinusoids which are capillaries through which antigen-containing
blood from the portal vein is passed. Kupffer cells are macrophages that exist in the liver
sinusoids and eliminate antigens and endotoxins through phagocytosis; in fact, Kupffer cells
account for around 80% of the total macrophage population in the body.86 The combination
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of the resident cell types, vascular structure, and location of the liver enables it to perform
the important detoxification of the systemic blood circulation.

Understanding the structure and function of the liver can provide strategies for developing
methods for mRNA delivery into the liver. Nanoparticles for mMRNA delivery will face
clearance by the Kupffer cells and the LSECs. As negatively charge nanoparticles and
particles larger than 200 nm are removed from the system, this puts a constraint on the
physicochemical characteristics of the nanocarrier for mMRNA.87 Various methods have been
developed to enhance the delivery of mMRNA into hepatocytes. By utilizing the mannose
receptors on LSECs, mannose-modified lipid nanoparticles have shown to accumulate in

the liver in an in vivo study.88 The method of administration of MRNA can also affect

the uptake of mMRNA in the liver. Hydrodynamic delivery is a rapid injection of genetic
material to alter the hydrodynamic pressure in capillaries to increase cell permeability
temporarily. Reports of hydrodynamic delivery of pDNA have shown increased gene
expression in the liver, presenting an avenue for improved mRNA delivery into the liver.89.90
The use of ultrasound targeted microbubbles techniques was employed in a study to

further enhance the cellular permeability for gene delivery.%1 In contrast to intravenous

or intraportal administration, intrabiliary injection allows the delivery of therapeutics and
evade phagocytosis by direct access to hepatocytes. Several studies have shown interbiliary
infusion and biliary hydrodynamic delivery lead to greater transfection efficiency when
compared to methods that utilize other vasculature.92:93 However, in order for biliary mRNA
delivery to be more feasible, the nanocarriers must be able to protect the mRNA from
degradation, as well as aggregation prior to reaching the hepatocytes.

3.2 Immune response to infections in the liver

The immune system in the liver consists of various cell types that have distinct functions

in response to infections. Lymphocytes in the liver include T-cells, B cells, natural killer
(NK) cells, and NK T-cells, which can identify specific antigens and play a role in directly
or indirectly breaking down the recognized molecules.?*9° T-cells are identified by the
presence of T-cell receptors (TCR) on the cell surface, and depending on the expression

of TCR can function as cytotoxic cells or regulate the immune response through cytokine
expression. Intrahepatic T cells are mostly comprised of CD8" T-cells compared to CD4* T
cells, and are observed to have an activated phenotype. T-cells require priming by antigen
presenting cells (APCs), during which APCs uptake antigens and present them on the

cell surface via major histocompatibility complex | and 1. T-cells are then activated by
recognition of these antigens through TCR as well as interactions between co-stimulatory
ligands and receptors.%6:97 Different types of APCs have been found in the liver, including
hepatocytes, LSECs, and dendritic cells trafficked through the liver.9%8-101 NK cells and NKT
cells (T cells that express the NK marker CD56), are cytotoxic lymphocytes that are found
more frequently in the liver compared to any other organ with resident lymphocytes. Liver-
resident T-cells, NK cells, and NKT cells express the liver homing chemokine receptors
CXCR3 and CXCR®, responsible for the accumulation of the lymphocytes, as well as
regulation of NKT cell activity,102-104
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Tissue-resident memory T-cells (Trp) are also found in the liver, where they can provide
rapid and potent responses to reinfection through cytolytic activity and regulation of
proinflammatory cytokines. CD8* Tgry in the liver have been shown to patrol the
intrahepatic vasculature and act as a first line of defense in pathogen infection. In response
to a viral infection, hepatic CD8* Trp cells exhibit a stronger immune response compared
to non-resident memory T cells. Memory T cells specific to hepatitis C virus were shown to
last for up to a few years after primary viral infection, and a secondary infection was able
to be subdued quickly by the cytolytic activity of liver resident Trpy cells.105 Expression

of perforin is also elevated in Trpy cells, which may aid the cytolytic activity against
infected hepatocytes. In cases of hepatitis B virus-related HCC, CD8* Ty cells were
enriched in comparison to non-viral-related HCC, and corresponded to good prognosis.106
However, there have been cases where an over-stimulated antiviral response resulted in
over-production of cytokines, leading to further liver injury in addition to direct toxicity on
the liver by the virus.107:108 While NK cells display elevated levels of receptor expression
such as NKG2D and NKp44 which can recognize viral-associated antigens, other evidence
has shown that elevation in immunosuppressive molecules such as NKG2A in response to
viral infection can prevent recruitment of peripheral NK cells into the liver, suppressing

the immune response.109.110 NKT cells exhibit increased interferon-y secretion which
stimulates adaptive immune response and also inhibits viral replication in the early stages of
viral infection.111

Research on hepatic immune response to parasitic infection has largely been focused on
understanding the role of resident memory T-cells in combatting Malaria. CD8" Ty cells
survey the liver sinusoids, acting as the first line of defense of Malaria liver infection.
Anti-parasitic activity can be enhanced by priming CD8*Try cells with malaria antigens
delivered by adeno-associated virus or presented by dendritic cells. Intravenous injection of
malaria vaccine has also resulted in expansion of malaria-specific CD8* cells to provide
prophylactic effects.112:113 The roles of other lymphocytes in response to parasitic liver
infection has not been elucidated.

3.3 Immune response to cancer in the liver

Understanding anti-tumor immune response in the liver is important for development

of therapeutic approaches to HCC, as well as metastatic tumors common to the liver.

Liver resident NK cells play an important role in controlling the tumor. Much of the

NK cells found in HCC tumors display liver-resident phenotype. However, the tumor
microenvironment is not conducive to strong anti-tumor activity, as evidenced by down-
regulation of NKG2D and cytokine secretion and diminished cytotoxic activity of the

NK cells. The anti-tumor activity was observed to be recovered with administration of
IL-15.114 NKT cells have been associated with anti-tumor immunity. Stimulation of NKT
cells with HCC-derived antigens showed suppression of tumor growth and elimination of
hepatoma cells in murine liver. Other studies showed a relationship between the bile acid
metabolism controlled by the gut microbiome and immunosurveillance activity of the NKT
cells. Depletion of gut commensal bacteria led to accumulation of CXCR6* NKT cells into
the liver. The accumulated NKT cells produced more IFN-v, which in turn, led to tumor
growth inhibition.115
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The liver is a complex organ capable of many tasks vital to the body. The immune system of
the liver in particular is important in combating infections and diseases as the liver is able to
break down and eliminate antigens and foreign substances. Further understanding of the role
of the structure and components of the liver in the scope of immune response to infections
would accelerate advances in development of novel and sophisticated therapeutic approaches
to circumvent current clinical obstacles.

4. Nanoparticle-mediated mRNA delivery for treatment of

hepatocarcinoma

Prior to the development and release of SARS-Cov-2 vaccine, much of the effort in

mMRNA vaccine technology aimed at development of cancer vaccines. In fact, there are
several mMRNA-based cancer vaccines undergoing clinical trials. mRNA can encode specific
antigens, and provide a safer and cost-effective alternative to other methods of vaccination
for cancer vaccines. In many cases, lipid nanoparticles or protein-based polyplexes were
used to enhance the therapeutic effects of these MRNA vaccines. In addition to vaccines,
mMRNA can be delivered using nanoparticles to upregulate cancer-associated genes that
would lead to tumor cell death and inhibition of tumor growth. These approaches include
delivery of mRNA coding for tumor suppressor genes or apoptotic proteins to cancer cells,
immunostimulatory cytokines to macrophages, and tumor antigens to dendritic cells (Figure
3).

4.1 Tumor suppressor genes and apoptotic proteins

Tumor suppressor genes encode for proteins that regulate the cell cycle and prevent

the replication of problematic cells (Figure 3a). Loss of function of these genes leads

to deregulation in intracellular signaling pathways and contributes to initiation and
development of tumors. The TP 53 gene encodes the transcription factor p53 that is involved
in cell cycle regulation, apoptosis, DNA repair, angiogenesis and its inactivation has been
reported in 30-60% of HCC tumors. Restoration of p53 expression was observed to elicit
significant tumor regression116 and recently, many groups investigated the antitumor effects
of nanoparticle-meditated delivery of mRNA targeting p53.117:118 The synergistic effects of
MRNA delivery was demonstrated in combination with everolimus, a mammalian target

of rapamycin (mTOR) inhibitor. mTOR inhibitors have poor drug efficacies - notably

in advanced HCC - due to autophagy activation that acts as a resistance mechanism.119
Delivery of p53mRNA using redox-responsive lipid-polymer nanoparticles sensitized p53
deficient HCC tumors to everolimus because restoration of gene expression inhibited
autophagy and activated the apoptosis pathway; subsequent therapeutic efficacies were
observable in vivo.117

Another target for liver cancers are apoptotic proteins such as PUMA or Caspase. PUMA
(p53 upregulated modulator of apoptosis), a member of the Bcl-2 protein family, is a
downstream protein of the p53 pathway that plays a critical role in caspase activation during
p53-dependent and -independent apoptosis. Co-delivery of apoptotic mMRNA with miRNA
(miR-122) allowed selective expression of target proteins, leading to apoptosis only in
diseased cells.220 The noncoding miRNA targeted complementary sequences at the 3’ UTR
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of the mRNA, leading to mRNA destabilization, cleavage and repression of translation.121
In HCC cells, this innate silencing mechanism was hampered, and display markedly lower
levels of miRNA than healthy hepatic counterparts. Hence co-delivery of mMRNA-miRNA
by evaded PUMA expression in miR122-high healthy hepatocytes and triggered apoptosis
only in miR-122 low HCC cells, significantly reducing liver toxicity. The miRNA strategy
enabled the therapy at fatally high doses of mRNA, compatible with intratumoral and
systemic administration.

The studies mentioned here demonstrated the efficacies of MRNA therapeutics in
reactivating mutant TP53 genes and downstream proteins. It is important to note that the
cargo did not consist solely of mMRNA,; strongest anti-tumor effects occurred when delivered
in conjunction with other inhibitory/regulatory agents. Despite such promising reports,
studies of p53 restoration via mRNA delivery for liver cancers are limited and p53 gene
therapy is more popular in the community.

4.2 Immunostimulatory cytokines

MRNA therapeutics are also effective for delivery of immunostimulatory cytokines (Figure
3b). HCCs are highly resistant to chemotherapy due to their unique immunotolerant
microenvironment and have limited treatment modalities. Macrophages in the tumor
environment can be polarized to a cancer-promoting or cancer-inhibitory state. Polarization
of the macrophages can be achieved by expression of stimulatory cytokines through delivery
of cytokine-coding mRNA. An mRNA/LNP system was used to transfect HCC cells with
mRNA encoding a bispecific single-antibody (BisCCL2/5i). Dlin-MC-DMA, a two-tailed
lipid with a single dimethylamine headgroup was used as it is able to encapsulate mMRNA
through its ionizable headgroup (Figure 4a). Subsequent blockade of CCL2 and CCL5
pathways polarized macrophage from cancer-promoting M2 phenotype to cancer-inhibitory
M1 phenotype (Figure 4b,c). Reversal of immunosuppression, confirmed via increased
levels of CD8" T and NK cells, facilitated synergistic antitumor effects when combined with
PD-1 inhibition therapy (Figure 4d, e).122 Combination of macrophage polarization through
mRNA delivery with checkpoint blockade therapy activates T cells, elicits significant tumor
destruction and increases long-term survival rates in syngeneic mouse models of primary
and metastatic HCC.

In another study, lipid nanoparticle delivery of mRNA encoding Interleukin-12 (1L-12-LNP),
a strategic signaling mediator in T cell activation and M1 macrophage polarization, reduced
tumor burden and increased survival in transgenic mice model of MY C-driven HCC.
IL-12-LNP induced HCC regression by eliciting anti-tumor immunological response rather
than suppressing MY C oncogene levels; recruitment of CD44+ CD+3 CD+4 T helper

cells to tumor sites and neighboring tissues was confirmed along with upregulated IFNy
levels.123 Additionally, overexpression of IL-12 polarized macrophage to M1 phenotype

via downregulation of Stat-3 and its downstream transcription factor c-myc, a key activator
of M2 polarization.124 Such relation with c-myc may explain why MY C-driven HCC is
sensitive to immune therapies like 1L-12-LNP. Although direct molecular targeting of MYC
is an ideal solution to treating aggressive HCCs, the toxic effects of MYC inhibitors on
healthy tissues are unknown. Thus the study provided an alternative, non-toxic approach that
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targeted the immuno-vulnerability of HCC tumors rather than direct suppression of MYC
proto-oncogene.

The studies discussed here involved direct transfection of HCC with mRNA coding
appropriate cytokines and relied on the host immuno-repertoire to induce anti-tumor effects
in vivo. They utilized the immunosuppressed nature of HCCs to minimize effects to
neighboring, immunologically active healthy cells. The use of nanoparticles as medium

for mRNA delivery showed that mMRNA was stabilized and efficiently delivered to the target
cells. For further development of the therapy, drug biodistribution within the liver, efficacy
on metastatic tumors and accuracy of murine models to simulate immune responses in
humans (including immunotherapy-related adverse events) must be addressed.

4.3 Tumor antigens

MRNA-based cancer vaccines are another promising modality in cancer immunotherapy
(Figure 3c). Delivery of tumor antigen-encoding mRNA teaches the immune system to
activate cytotoxic responses upon recognition of antigen presenting tumor cells. Thus
mMRNA cancer vaccines involve the transfection of immune cells rather than tumor cells.

In contrast to delivery of cytokine mMRNA, tumor antigen mRNA is to be delivered to APCs
in order to activate T cells to the specific tumor antigens to utilize the anti-tumor activity
of T cells. Various types of antigens, including epitopes from immunogenic neoantigens,
predicted neoantigens, and mutations in tumor suppressor genes or oncogenes in HCC
have been explored.125-127 Studies showed that compared to other cancer types, HCC

cells seldom express neoantigens and targeting tumor-associated antigens may be more
feasible for the purpose.128:129 Several studies used NP-assisted mMRNA delivery to express
tumor antigens for activation of cytotoxic immunity in various cancer models.62.130.131
The transfection of dendritic cells with modified mMRNA encoding for Hepatitis C virus
(HCV) and the successful expression of target neoantigen on effector cells were presented.
This study presented possibilities of MRNA vaccines as a preventive modality of liver
cirrhosis and HCC.132 Nevertheless, identification of HCC neoantigens remains a challenge,
but with the advent of next generation sequencing and algorithms, neoantigen selection

for personalized mRNA-vaccines is achievable. Phase I/11 clinical trial (NCT03480152)

to evaluate safety and immunogenicity of a multi-epitope mRNA vaccine for HCC and
metastatic liver tumors is currently underway.133

Therapeutic effects of cancer vaccines have been investigated in murine models of
aggressive melanoma, lymphoma, and prostate cancers. Pre-vaccination of mice with
antigen encoding mMRNA elicited endogenous T cell response once injected with cancer cells
and stalled disease progression and suppression than their control counterparts.62:134-136
Recently, studies have geared towards co-delivery of mRNA antigen and adjuvant127.135-137
following the discovery that type 1 IFNs induced from unmodified mMRNA may hamper with
T cell response and vaccine efficacy.136:138 Subsequently, co-delivery of TLR agonist with
nucleoside-modified MRNA was explored to recover for the immunogenic loss, and with
considerable success. Nucleoside modified mMRNA retained translational capacity, enhanced
activity of antigen presenting cells and prevented type 1 IFN over secretion. Adjuvant
co-delivery using lipid nanoparticles and lipid-PEG nanoparticles enabled dendritic cell
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maturation and subsequent cytotoxic T cell activation, effectively harboring both innate and
adaptive immune response.135136 However, mRNA - adjuvant combinations as preventive
therapies have not yet been explored for liver cancers. The challenges lie in identifying

an appropriate antigen for liver targets, optimizing the dynamics and kinetics of mRNA
expression to achieve dendritic cell activation at minimal type 1 IFN release, and discovering
an adjuvant that pairs with the mRNA to produce synergistic anti-tumor response.

5. Nanoparticle-mediated mRNA delivery for treatment of hepatotropic

infectious diseases

Following the success of MRNA vaccines against SARS-Cov-2 virus, clinical application of
MRNA vaccines for other infectious diseases have gathered great interest from academic
research to clinical development. Compared to other types of vaccines such as live-
attenuated vaccines or subunit vaccines, mMRNA vaccines are much easier to manufacture,
and induce a strong and potent T cell and humoral immune responses. Progress and
development of vaccines for SARS-Cov-2 have been thoroughly reviewed elsewhere.38:13%-
142 |1n addition to identification of effective target antigens in the infectious pathogen,
advances in nanoparticle technology have enhanced the effectiveness of the vaccines by
improving the stability and transfection efficiency of mRNA in vivo. Developments in
nanoparticle-mediated mMRNA vaccines against other viral and parasitic diseases targeting
the liver are presented in this section.

5.1 Nanoparticle-mRNA vaccines for viral infections

The liver is exposed to various infectious pathogens, ranging from viruses to parasites.
These pathogens can directly and indirectly affect the liver, and priming the immune system
of the liver against such infections is important in eliminating the pathogens and progression
of diseases.

Influenza infection has been reported to induce liver involvement, especially in patients
with underlying liver conditions.8:143-145 |nfluenza A virus genomes change their sequences
coding for the hemagglutinin (HA) and neuraminidase (NA) antigens over time. This
complicates the development of effective influenza vaccine as the antigenic variability
could render a vaccine ineffective if a new strain of the virus not covered by the vaccine
arises. Long production times and variable yields of antigens encumber a timely response
to a new strain of influenza A. mMRNA vaccines present a method for developing more
effective influenza vaccine owing to the ease of mMRNA synthesis. HA-expressing mMRNA
complexed with protamine was tested in animal models as a prophylactic vaccine against
influenza. By eliciting B and T-cell responses, the vaccine led to increased survival in

mice, ferret, and pigs. Protection against heterologous viral infections was also observed.146
Self-replicating mRNA encoding HA was able to induce the same level of protection as
non-replicating mRNA at 64-fold less concentration. The study also showed that trivalent
mRNA vaccination offered protection against multiple strains.14

Nucleoprotein (NP) in influenza viruses is a relatively conserved antigen between various
strains, and presents a target for a more universal influenza vaccine. Administration of
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NP mRNA induced stronger T-cell response in mice compared to DNA vaccination, and
also offered modest protection against heterologous strains.148 In a study, segments of
antigens that are known to be conserved were identified, and mRNA encoding these antigens
were loaded in a lipid nanoparticle. Along with HA and NP, NA and M2 protein, a viral
transmembrane protein, encoding mRNA were administered in mice models (Figure 5a,b).
The mRNA strands were encapsulated in a lipid nanoparticle that mimicked the size of an
influenza virion (~80nm). Compared to administration of mMRNA encoding each of these
antigens, the combination approach led to significantly increased antibody response. The
combined vaccine also induced potent protection from virus challenge (Figure 5¢—f).149
Clinical trials of lipid nanoparticle-mRNA vaccine for potentially pandemic avian HION8
and H7N9 influenza viruses showed robust immune response, with minimal side effects.150
Efforts are being made to further elucidate the mechanism of mRNA vaccines against
influenza, such as modification of nucleosides in the mRNA and the modification of the
antigen structure and function.151.152

In addition to influenza, several other viral infections can target the liver. Dengue is caused
by dengue virus (DENV) and presents a varying range of feverish symptoms. While not
limited to the liver, liver dysfunction and clinical manifestations such as jaundice and acute
liver failure is associated with dengue infection.193:154 DENV1-NS, composed of regions of
non-structural proteins, has been reported as a candidate for dengue vaccine that can induce
astrong T cell response. Strong CD8 T cell responses were observed in mice administered
with DENV1-NS encoding mRNA encapsulated by lipid nanoparticles, and significantly
reduced viremia was detected after viral challenge.1®> mRNA vaccines encoding prME and
E80 as DENV antigens have also induced antibody and T cell responses, and protective
effects against DENV1 and DENV?2, distinct serotypes of DENV.156.157

Human cytomegalovirus (HCMV) can infect various cells within the host and cause
significant hepatitis, especially in immunocompromised hosts.1%® Glycoprotein B (gB) on
HCMV is a viral fusogen that is responsible for entry into cells and has been identified as a
target for efficacious vaccine against HCMV. Nucleoside modified gB mRNA encapsulated
with lipid nanoparticles were administered to rabbits. The mMRNA vaccine induced improved
durability and peptide binding compared to administration of full length gB.1%9 In another
study, MRNA expressing pentameric complex (PC), another vaccine candidate, and gB were
administered in mice and nonhuman primates. The vaccine induced a potent and durable
antibody response which lasted even after several months post-vaccination.160

Hepatitis is often caused by hepatitis B virus (HBV) and hepatitis C virus (HCV), and

can lead to carcinoma, including HCC, liver failure, and chronic inflammation. Adequate
immune response induced by vaccination is crucial in prevention of viral hepatitis.

While HBV vaccines are clinically available, no vaccines exist for HCV. A strategy for
immunization against HCV was adoptive transfer of dendritic cells transfected with mRNA.
NS3 protein in HCV is considered as a vaccine candidate due to its limited genetic
variability, and CD4* T helper epitope and several cytotoxic T lymphocyte epitopes. NS4A
is a cofactor of the NS3 protease and is able to target the NS3/4A complex [prefix?]to
intracellular membranes, as well as increase the half-life of NS3 inside the cell. Hence,
dendritic cells were transfected with mRNA expressing NS3/4A. Mice were vaccinated
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with dendritic cells transfected with NS3/4A mRNA or green fluorescent protein mRNA,
non-transfected dendritic cells, and PBS. Mice injected with dendritic cells transfected
with mRNA showed significantly higher NS3-specific lymphocyte proliferation, increased
number of IFN-y secreting cells, and greater cytotoxic T lymphocyte response. Vaccinated
mice were challenged with recombinant virus 10 days after vaccination, and the virus level
was determined five days after the challenge. The virus level was decreased by at least five
orders of magnitude in mice vaccinated with NS3/4A-transfected dendritic cells.161

Nanoparticle-based mRNA vaccines for viral infections can address the shortcomings

of current viral vaccine regimen. Efforts are aimed at identifying candidate antigens or
subunits of antigens and utilizing mMRNA encoding multiple targets to enhance the immune
response. Some formulations have already entered clinical trials, and present opportunities
for development of vaccines for unaddressed viral diseases.

5.2 Nanoparticle-mRNA vaccines for parasitic infections

While much effort in development of mRNA vaccines is geared towards cancer and

viral infections, vaccines for parasitic infections are also being developed. Plasmodium
falciparum malaria is an infectious and life-threatening disease, and presents a major

global health problem. Often transmitted through mosquito bites, the parasite rapidly infects
hepatocytes in sporozoite form and develop into schizonts. These schizonts can rupture,
killing the hepatocyte, releasing merozoites into the bloodstream, and further progressing the
infection. Hence, controlling and preventing the infection while it is contained in the liver

is critical in treating malaria.#>162.163 plasmodium macrophage inhibitory factor (PMIF)
was identified as a potential target for malaria vaccines. PMIF interferes with development
of T cells into long-lived memory T cells, and PMIF-deficient Plasmodium yoelii was
associated with delayed parasitic growth in the liver. Self-amplifying mRNA expressing
PMIF complexed, as a nano-emulsion consisting of cationic lipids and surfactants, was
administered in mice as a vaccine against plasmodium. Potent cellular and humoral immune
responses were induced and the vaccine was able to confer protection to re-infection.164

In another study, plasmodium falciparum circumsporozoite protein (PfCSP) was identified
as the target antigen for malaria vaccine. PfCSP is the dominant coat antigen on sporozoite-
stage Plasmodium falciparum. PFCSP mRNA was encapsulated with lipid nanoparticles, and
the immune response in vaccinated mice was observed. A secondary boost administration
was necessary to induce potent immune response, as a single-dose regimen resulted in
significantly lower antibody titer (Figure 6a). Against a parasitic challenge in mice, a
prime:boost regimen of MRNA-LNP vaccine was shown to confer protection, with greater
dosage leading to improved survival (Figure 6b). The vaccine administration schedule was
also shown to significantly affect the survival, as 3 week immunization schedule was less
effective than a 6 week immunization schedule in mice. The effect of mMRNA modification
was more pronounced in the groups with 6 week immunization schedule, as mRNA

with nucleoside modification, labelled UPenn in Figure 7c,d, resulted in greater survival
compared to commercially available, non-modified mRNA (TriLink in Figure 7c,d). 165

In contrast, few studies have shown successful development of MRNA vaccines for other
parasitic liver infections, such as schistosomiasis. However, recent studies have revealed
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potential candidate antigens for these infections.166:167 Plans for clinical trials for mMRNA
vaccines against malaria have been announced by BioNTech, building on its success in
developing the SARS-Cov-2 vaccine. These efforts could advance the understanding of
vaccine design for other parasitic infections.

6. Conclusions and outlook

mRNA technology has become a subject generating significant amount of coverage and
discussion not only in academic and clinical research, but also the political sphere. The

ease of manufacturing, elimination of insertional mutagenesis risk, and the demonstrated
effectiveness in the success of the COVID19 vaccines has highlighted mRNA-based
vaccines to be a viable alternative to traditional vaccine types. Furthermore, barriers to
effective mRNA delivery in vivo can be potentially overcome with novel nanoparticle
systems that are able to stabilize mRNA and improve their cellular uptake and expression.

In this review, we present recent efforts in development of nanoparticle-mediated delivery of
MRNA-based vaccines and therapeutics against liver diseases. Modifications to the mMRNA
can modulate the immunogenicity and stability of the mRNA molecules in biological
settings. Transfection agents, including viral vectors and nanoparticles, consisting of lipids
and polymers, protect the mRNA from degradative environment in vivo, and improve the
transfection efficiency of the mMRNA. The unique function, structure, and composition of the
liver allows it to perform vital tasks, and the resident immune system plays an important role
in combatting infections and tumorigenesis. MRNA-based therapeutics and vaccines have
been developed for HCC, and identification of other genetic targets for gene therapy present
further opportunities for mRNA technology to be applied in addressing liver cancer. Further,
immune response to hepatotropic pathogens such as viruses and parasites can be boosted
with mRNA vaccines, and many studies have shown improved immune response as well as
conferred protection.

Despite the advances made in mRNA-based therapeutics and vaccines, challenges still
remain. The mRNA vaccine formulations had to be kept at ultra-cold temperatures during
transport and storage.168 Due to the poor thermal stability of mRNA, a cold chain is
required in order to ensure that the mRNA formulation is at optimal stability prior to
clinical use, which can be costly when considering transport of millions of doses. It

should also be considered that infectious diseases are prevalent in developing nations in

the tropics, amplifying the need for mMRNA vaccine formulations that do not need an
ultra-low temperature storage.38 Currently, the effect of interaction between mRNA and lipid
molecules is not well understood, and data from empirical studies on long term storage

of free and encapsulated mRNA rarely show stability after more than a month. Various
approaches such as addition of excipients and lyophilization have shown increased stability
at temperatures above 0°C.16%-172 Further exploration of the effect of these processes,

as well as a more fundamental understanding of how lipid-mRNA interaction retards the
hydrolysis of mMRNA would ameliorate the prospects of cold chain-free distribution of
mRNA vaccines.

The apparent success of the COVID19 vaccines has spurred the industry to pursue
development of mMRNA vaccines for other diseases. Prior to that, clinical trials for mRNA
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therapeutic cancer vaccines had already been underway. These results have propelled a
multitude of efforts aimed at improving mRNA delivery ranging from modification of the
MRNA sequence to fine-tune immunogenicity and stability to design of novel transfection
vectors to enhance antigen expression in the target cells. The use of nanoparticles,

mostly based on lipids, were important in implementing mRNA delivery in vivo to

prevent degradation in physiological environment and to improve the uptake of the
mRNA-nanoparticle structure and subsequent antigen expression. While translation of these
therapeutic effects to human clinical trials remains to be addressed, mMRNA vaccines present
a new avenue for treatment of cancer and prevention of infectious diseases.
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figure 1.

types of mrna carriers. viral vectors utilize modified forms of viruses such as retrovirus to
encapsulate and deliver mrna. lipid-based vectors use amphiphilic lipids with positive charge
which can bind and stabilize mrna. block-copolymer consisting of peg and cationic polymer
is used to form structures that can stabilize the mrna in the core of the vector. hybrid vector
systems consist of different classes of materials to take the advantageous aspects of each

material.
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figure 2.
ribonucleoprotein consisting of mrna and eif4e as a delivery vector. a) schematic

representation of pathway for mrna delivered into cells without preformation of
ribonucleoprotein complex. b) schematic representation of suggested pathway for mrna-
eifde delivered into cells. c) fluorescence image of balb/c mice injected with luciferase mrna
and mrna-eifde over 48 h. adapted with permission from ref. 74. copyright 2017, american
chemical society.

Nanoscale Horiz. Author manuscript; available in PMC 2024 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chung et al. Page 29

a. Tumor suppressor o N -
gene/
apoptotic proteins
VAVAVAYAN
-p53
-PUMA Healthy liver
. Tumor
b. Immunostimulatory microenvironment
cytokines M2 M1
VAVAVAY AN _— — >
-CCL2,5 o — *
-IL-12 At
Macrophage polarization
c. Tumor antigens o
I’_\M,\ e T cell activation
HCV
-TLR agonist
figure 3.

approaches using mrna-based therapeutics and vaccines for treatment of hcc. a) tumor
suppressor gene and apoptotic protein encoding mrna leads to apoptosis of tumor cells
and inhibition of tumor growth. b) immunostimulatory cytokines coded by mrna polarize
macrophages to tumor-suppressive ml state. ¢) cancer vaccines use mrna encoding tumor
antigens to elicit immune response and prime t cells against these antigens.
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delivery of mrna for macrophage polarization and synergistic immunotherapy. a) schematic
representation of mrna/lnp. b,c) mrna expression of classic m1 (b) and m2 (c) markers in hcc
tumor tissues 48 h after systemic administration of mrna/Inp. d) percentage of cd8+ t cells in
cd3+ t cells. e) percentage of nk cells in cd45+cd3- cells. immune cells derived from mice
48 h after injection with mrna/Inp.
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a,b) schematic of lipid nanoparticle and nucleoside modified mrna encoding influenza

antigens. c) sera were collected from mice 28 days after mrna-Inp vaccination. antibodies
against corresponding antigens were measured via elisa. d-f) body weight loss over time of
mice challenged with d) 5 1d50, e) 50 1d50 or f) 500 1d50 of h1nlpdm influenza. (n 5 per
group). adapted with permission from ref. 138. copyright 2020, asgct.
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figure6.
pfcsp mrna for immunization against malaria. a) pfcsp-specific antibody assessed by r-pfcsp

titration elisa for mice immunized twice at 4 week interval (10 pg Inpl (0,4)), 3 week
interval (10 pg Inpl (0,3)) and once (30 pg Inpl (0)). b) kaplan-meier survival curves for
infected mice after administration of different doses of mrna-Inp, Inp only, and naive control.
¢,d) kaplan-meier curves of parasitic challenged mice with 3 week (c) and 6 week (d)
immunization schedule. mrna from university of pennsylvania with nucleoside modification
(upenn) and commercially available mrna (trilink) were administered with prime:boost (2x)
or prime:boost:boost (3x) regimen. adapted with permission from ref. 154. copyright 2021,
springer nature.
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