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mRNA has broad potential as a therapeutic. Current clinical ef- compared to other types of RNAs (small interfering RNAs [siRNAs]
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forts are focused on vaccination, protein replacement thera-
pies, and treatment of genetic diseases. The clinical translation
of mRNA therapeutics has been made possible through ad-
vances in the design of mRNAmanufacturing and intracellular
delivery methods. However, broad application of mRNA is still
limited by the need for improved delivery systems. In this
review, we discuss the challenges for clinical translation of
mRNA-based therapeutics, with an emphasis on recent ad-
vances in biomaterials and delivery strategies, and we present
an overview of the applications of mRNA-based delivery for
protein therapy, gene editing, and vaccination.

mRNA holds the potential to revolutionize vaccination, protein
replacement therapies, and the treatment of genetic diseases. Since
the first pre-clinical studies in the 1990s,1 significant progress in the
clinical translation of mRNA therapeutics has been made through
advances in the design of mRNA manufacturing and intracellular
delivery methods.2 The translatability and stability of mRNA as
well as its immunostimulatory activity are the key factors to be opti-
mized for specific therapeutic application.3 Increased translation and
stability can be affected by many regions of the RNA. mRNA 50 and 30

UTRs are responsible for recruiting RNA-binding proteins and
microRNAs, and they can profoundly affect translational activity.2,4

The modification of rare codons in protein-coding sequences with
synonymous frequently occurring codons, so-called codon optimiza-
tion, can result in order-of-magnitude changes in expression levels.5,6

Modification of the 50 mRNA cap can also enhance mRNA transla-
tion by inhibiting RNA decapping and improving resistance to
enzymatic degradation.7 Chemical modification of RNA bases can
be used to modify mRNA immunostimulatory activity.8,9 The impor-
tance of immunostimulation can depend on the application,10 and, in
some cases, it may actually improve performance, as in the case of
vaccines.11

Finally, methods and vehicles for intracellular delivery remain the
major barrier to the broad application of mRNA therapeutics.12

With some exceptions, the intracellular delivery of mRNA is generally
more challenging than that of small oligonucleotides, and it requires
encapsulation into a delivery nanoparticle, in part due to the signifi-
cantly larger size of mRNA molecules (300–5,000 kDa, �1–15 kb) as
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�14 kDa; antisense oligonucleotides [ASOs], 4–10 kDa).10,13 In thi
review, we discuss the challenges for clinical translation of mRNA
based therapeutics, with an emphasis on recent advances in biomate
rials and delivery strategies, and we present an overview of th
applications of mRNA-based delivery for protein therapy, gene edit
ing, and vaccination.

Materials for mRNA Delivery

Structural Aspects of Material Design

Among the many barriers to function, mRNA must cross the cel
membrane in order to reach the cytoplasm (Figure 1). The cell mem
brane is a dynamic and formidable barrier to intracellular delivery. I
is made up primarily of a lipid bilayer of zwitterionic and negativel
charged phospholipids, where the polar heads of the phospholipid
point toward the aqueous environment and the hydrophobic tail
form a hydrophobic core.14 Various ion pumps and ion channel
help maintain a negative potential (–40 to –80 mV) across the cel
membrane, and they keep the cytoplasmic space negatively charged
by controlling the balance of most of the essential metal ions (e.g
K+, Na+, Ca2+, and Mg2+).15 The negative potential across the cel
membrane creates a formidable barrier for highly negatively charged
mRNA molecules. Unsaturated lipids, especially the cis-double
bonded ones, increase cell membrane fluidity by introducing defect
in the membrane structure. The other major components of th
bilayer include sterols (�30% of total lipids). Cholesterol, the majo
sterol of the lipid bilayer, helps maintain a balance between fluidiza
tion and condensation of the lipid bilayer by either creating or fillin
up bilayer defects.16

Apart from the barrier of cell membrane, mRNA faces degradation b
extracellular ribonucleases abundantly present in skin and blood.17,1

To protect mRNA against degradation by nucleases and shield it
negative charge, amine-containing materials are commonly used a
FDA-CBER-2022-1614-1035778



Figure 1. Schematic Representation of Extra- and

Intracellular Barriers for mRNA Delivery
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non-viral vectors. One of the most developed methods for mRNA de-
livery is co-formulation into lipid nanoparticles (LNPs).10 LNP for-
mulations are typically composed of (1) an ionizable or cationic lipid
or polymeric material (see Materials Used for Non-viral mRNA
Delivery), bearing tertiary or quaternary amines to encapsulate the
polyanionic mRNA; (2) a zwitterionic lipid (e.g., 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine [DOPE]) that resembles the lipids
in the cell membrane; (3) cholesterol to stabilize the lipid bilayer of
the LNP; and (4) a polyethylene glycol (PEG)
lipid to lend the nanoparticle a hydrating layer
improve colloidal stability, and reduce protein
absorption.19,20

Although the mechanism of mRNA delivery b
the LNPs is not fully understood, it is generall
accepted that these multicomponent LNPs ar
taken up by endocytosis and can electrostaticall
attach and fuse with the cell membrane usin
inverted non-bilayer lipid phases.21 Interest
ingly, LNPs can also be exocytosed, posing
challenge to cellular delivery.22 Initial clathrin
dependent endocytosis, followed by macropino
cytosis, has been identified as a common
mechanism for LNP delivery inside cells.22,2

Once inside the cell, LNPs are routed into earl
endosomes, followed by late endosomes, and
finally the lysosomes where the mRNA content
are enzymatically degraded.24 A hypothesi
termed the proton sponge effect proposes tha
a few percentage (1%–2%) of LNPs evade degra
dation as the ATP-driven gradual acidification
of the compartments from pH 6.5 to 5–6 pro
motes protonation of the residual amines o
the LNPs and disrupts the endosomal mem
brane that leads to the endosomal escape o
the mRNA content.25 Other studies indicat
that the actual mechanism could be much
more complex than the classical proton spong
effect and may depend on fusion with the endo
somal membrane and additional factors, such
as the endosome size, membrane leakiness, lat
endosome formation, Rab7A localization on
the surface of endosomes, and activation o
mTORC1 for downstream signaling for protein
synthesis.26,27

Materials Used for Non-viral mRNA Delivery

Ionizable Lipids. One well-studied class o
non-viral mRNA delivery agents includes th
cationic or ionizable lipids and lipid-like materials. Cationic lipid
bear alkylated quarternary ammonium groups and retain thei
cationic nature in a pH-independent fashion, while ionizable lipid
acquire positive charges by protonation of free amines as pH i
lowered. Lipid-like materials bear more hydrophobic side chains than
natural lipids. Early studies with cationic lipids, such as N-[1-(2,3-dio
leoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA)
have been reviewed elsewhere28 and are not discussed here.
Molecular Therapy Vol. 27 No 4 April 2019 711FDA-CBER-2022-1614-1035779
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Early work focused on the use of cationic lipids, but more recent
work has focused on pH-dependent ionizable materials.29,30

Recently, the FDA approved the first siRNA drug (patisiran [Onpat-
tro]), which contains an ionizable lipid named Dlin-MC3-DMA
(MC3).31 Inspired by the success of LNPs, various groups showed
that MC3 can also be used to safely transfect mRNA in order to ex-
press therapeutic proteins.32,33 Researchers at Intellia Therapeutics
have reported an ionizable lipid named LP-01 (Figure 2) as part of
712 Molecular Therapy Vol. 27 No 4 April 2019
the LNP formulation for the co-delivery of Cas9 mRNA and singl
guide RNA (sgRNA) for transthyretin gene, enabling successfu
editing of the mouse transthyretin gene in the liver.34 In anothe
example, Ramaswamy et al.35 reported successful protein replace
ment with human recombinant factor IX mRNA in a mouse mode
of hemophilia B, using an LNP formulation that utilized
proprietary ionizable lipid (representative example shown a
ATX-100 in Figure 2) developed by Arcturus Therapeutics for thei
FDA-CBER-2022-1614-1035780
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lipid-enabled and unlocked nucleic acid-modified RNA (LUNAR)
delivery platform.35–37

Researchers from Moderna Therapeutics have reported a biodegrad-
able ionizable lipid (lipid 5, Figure 2), which can deliver mRNA to
non-human primates (NHPs).38–40 The presence of a primary ester
on one of the hydrophobic tails of lipid 5 enhanced the liver clearance,
while having the terminal alcohol on the head group showed a supe-
rior mRNA expression profile. Another diketopiperazine-based
ionizable lipid, cKK-E12 (also known as MD1), has been developed
for siRNA and mRNA delivery.10,41 This compound, which has also
shown activity in primates, has been used for cancer immunotherapy
and genome editing.42–44 The introduction of unsaturated fatty
chains to cKK-E12 structure yielded the lipid namedOF-02 (Figure 2),
which further increased mRNA expression compared to cKK-E12.13

It has been hypothesized that unsaturated lipid tails similar to linoleic
acid introduce fluidity and structural defects that facilitate fusion of
the LNP with the cell membrane as well as later endosomal escape.45

The degree of unsaturation is an important aspect, as either more or
less than two cis-alkenyl groups led to inferior expression of the target
protein.13 Further, a biodegradable ester version of OF-02, named
OF-Deg-Lin, was shown to promote protein expression selectively
in the spleen, whereas the non-biodegradable OF-02 promoted
expression in mouse liver.46

Polymers. Polymeric materials are not as clinically advanced for
nucleic acid delivery as ionizable lipids, with few formulations used
for the delivery of therapeutic siRNA.47,48 Relative to lipids, polymeric
materials face additional challenges related to polydispersity and
clearance or biodegradation for large molecular weight polymers.
Low-molecular-weight polyethyleneimine (PEI) modified with fatty
chains has been used for siRNA andmRNA delivery to reduce toxicity
of high-molecular weight PEI.49–52 Poly(glycoamidoamine) polymers
modified with fatty chains, such as TarN3C10 that contains a tartrate
backbone, were shown to be potent in delivering erythropoietin
(EPO) mRNA in mice.53 Poly(b-amino)esters (PBAEs) are biode-
gradable polymers that have been investigated for nucleic acid deliv-
ery and were originally developed for DNA transfection.54–56 Early
studies from Zugates et al.57 showed that PBAE-mediated in vitro
mRNA transfection was �6-fold higher in the absence of serum
proteins than in their presence. This led to the development of new
PBAEs formulated with PEG-lipid to increase their serum stability,
and it allowed for the use of these polymers for in vivo mRNA deliv-
ery.58–60 Recently, hyperbranched PBAEs were utilized to stabilize the
nanoformulations designed to enable mRNA delivery to lung epithe-
lium via inhalation.61

Polymethacrylates with amine-bearing side chains,62,63 polyasparta-
mides with oligoaminoethylene side chains,64 and polyacrylic acids
amidated with tetramine with alternating ethyl-propyl-ethyl spacers65

have also been reported to transfect mRNA, potentially by combining
efficient endosomal escape at pH < 5.5 as well as optimal polyplex sta-
bility. Recent work by McKinlay and colleagues66–68 reported self-im-
molative polycarbonate-block-poly(a-amino)esters (Figure 2), which
the authors named charge-altering releasable transporters (CARTs)
These polymers were able to release mRNA upon rearrangement fol
lowed by degradation at pH 7.4. This was hypothesized to facilitat
endosomal escape, producing a diketopiperazine derivative as a by
product. Kowalski et al.69 reported biodegradable amino polyester
(APEs), which could be synthesized with low dispersity from tertiar
amino alcohols as initiators in ring-opening polymerization of variou
lactones, capable of tissue-selective mRNA delivery (Figure 2)
Following a similar trend as seen with siRNA carriers, new biodegrad
able polymers with biocompatible degradation products and enhanced
endosomal escape capabilities are expected to emerge formRNAdeliv
ery, which may facilitate clinical translation of these materials.70

Dendrimers. Polyamidoamine (PAMAM) or polypropylenimine
based dendrimers have been extensively studied for gene delivery.7

Khan et al.72 synthesized fatty chain-modified PAMAM dendrimer
for siRNA delivery, which were subsequently used by Chaha
et al.73,74 to develop a single-dose, adjuvant-free, intramuscularl
delivered, self-replicating mRNA vaccine platform to express antigen
for Ebola, H1N1 influenza, Toxoplasma gondii, and Zika. In anothe
report, Islam et al.75 utilized a modified PAMAM (generation 0
dendrimer co-formulated with poly(lactic-co-glycolic acid) (PLGA
and ceramide-PEG in a polymer-lipid hybrid nanoparticle to
transfect phosphatase and tensin homolog (PTEN) mRNA in vivo
As dendrimer-repeating units branch out in a tree-like shape, thei
enzymatic biodegradation may be hindered due to steric factors
leading to toxicity stemming from the accumulation of these mate
rials in tissue. We expect advances in biodegradable dendrimer
may allow for increased usage of these materials.76

Cell-Penetrating Peptides. Cell-penetrating peptides (CPPs) hav
been studied for their potential as vectors for intracellular delivery o
nucleic acid delivery.77 Although their internalization mechanism
are not fully understood, it is hypothesized that CPPs may promot
clustering of the negatively charged glycosaminoglycans on the cel
surface, which in turn triggers macropinocytosis and lateral diffusion
or directly disrupts the lipid bilayer.78,79 A CPP with arginine-rich
amphipathic RALA sequence repeats (Figure 2) was reported to func
tion as an mRNA vector to dendritic cells and evoke T cell immunit
in vivo.80 Bell et al.81 recently reported aD-amino acid-based truncated
protamine fused to the CPP Xentry, named Xentry-protamine (Fig
ure 2), which enabled transfection of cystic fibrosis transmembran
regulator (CFTR) mRNA into epithelial cells in the presence of
transfection enhancer, Toll-like receptor (TLR) antagonist E6446
However, CFTR protein expression attained via the use of this CPP
was less than that obtained by transfection reagent (MessengerMax).8

Other Materials. Recently, Miller et al.82 reported a combination o
cationic and zwitterionic lipids, reminiscent of cationic and helpe
lipids in usual LNP formulations, which the authors termed zwitter
ionic amino lipids (ZALs). Among the ZALs, ZA3-EP10 (Figure 2
was the most potent in co-delivering Cas9 mRNA and sgRNA.8

Moreover, virus-like particles (VLPs) coated with CPPs83 and
Zr-based metal-organic framework (Zr-MOF) functionalized with
Molecular Therapy Vol. 27 No 4 April 2019 713FDA-CBER-2022-1614-1035781



94 95

e
c
s
-

6

e
s
-
e
-
-
t

-
r
-
f

-
y
8

e

r

-

f

-
s
r
-
y
t
,
e
e
l
.
f

s

www.moleculartherapy.org

Review
polycationic ethanolamine-conjugated poly(glycidyl methacrylate)
were also reported to be able to transfect mRNA.84 Kim et al.85

demonstrated that self-assembled mRNA nanoparticles (mRNA-
NPs) produced via rolling circle transcription can be coated with
ionizable lipid or polymer that better protects mRNA from degrada-
tion and prolongs protein expression.

Biodegradability and Targeting Issues with Non-viral Vectors

Systemically delivered LNPs carrying mRNA face multiple barriers to
delivery (Figure 1). Themononuclear phagocytic system (MPS), espe-
cially in the liver and spleen, is a frequent destination for injected
nanoparticles, owing to its native role in policing the body for
nano-sized infectious agents.86 The kidney filters off naked mRNA
or any nanoparticle with hydrodynamic diameter less than
5.5 nm.87 Most of the LNPs are about 100 nm in diameter and large
enough to prevent them from escaping the MPS and reaching other
organs of interest.88 The liver, which forms a major part of the
MPS, has a fenestrated vasculature and contains phagocytic cells
such as Kupffer cells, which retain cationic LNPs. Furthermore, large
cationic LNPs fail to extravasate from the capillaries found in the
lungs and cannot be filtered from the bloodstream by the kidney.86

This can lead to the accumulation of delivery materials in the liver,
lungs, or other organs.89 Therefore, the clearance and biodegrad-
ability of the delivery system components is one consideration
when developing mRNA delivery materials.

Ester groups are the most commonly used functional group for
enhancing the biodegradability of biomaterials, but the in vivo degra-
dation of different ester bonds can depend on the overall chemistry of
the molecules and formulations.90 For example, both LP-01 and lipid
5 (discussed earlier) are reported to clear from the liver rapidly (half-
life [t1/2] �6 h), compared to DLin-MC3-DMA (t1/2 > 50 h), with
comparable if not more protein expression. In certain tissues, the
presence of ester functionality may accelerate the degradation of
LNPs, potentially even limiting protein expression. For example,
OF-Deg-Lin induced protein expression selectively in the spleen,
even though it was able to reach the liver cells.46 It was hypothesized
that this may be due to the rapid degradation of the LNPs by liver
enzymes. Rational design of degradable lipids or polymers based on
polyesters or polycarbonates91 could offer better control over the
degradation of the delivery systems.

Targeting specific organs or tissues beyond the liver with LNPs has
proven more challenging. Some LNPs accumulate or are taken up
by the liver via an apolipoprotein E-dependent fashion.92 For APEs,
it was found that the core structure of the tertiary amino alcohol of
the polymers could play an important role in targeting specific or-
gans.69 Recently, end-capping the acrylate groups on PBAEs with
CKKK oligopeptide via Michael addition afforded oligopeptide-
modified PBAEs (OM-PBAEs) (Figure 2), which targeted antigen-
presenting cells (APCs).93 Such targeting strategies have their
limitations and generally rely on high-throughput screening to find
successful targeting solutions for specific tissues. Rationally designed
targeting approaches, such as including ligands to tissue-specific
714 Molecular Therapy Vol. 27 No 4 April 2019
receptors, are an alternative strategy. Recently, Lou et al. reported
an in vitro active targeting of sialic acid-ended glycoproteins on th
surface of dendritic cells, mediated by a 30-amino-acid syntheti
peptide with glutamic acid-alanine-leucine-alanine (GALA) repeat
conjugated to polyplex carrying EGFP-mRNA. However, any opsoni
zation on the LNPs forming a protein corona can be detrimental to
active-targeting strategies, due to masking of the targeting ligands.9

Therefore, new strategies toward targeting specific tissues need to
be explored to address clinical challenges.

Therapeutic mRNA Delivery for Protein Therapy and Gene

Editing

Protein Therapy

The use of mRNA for the expression of therapeutic proteins holds th
potential to treat a wide range of diseases. Therapeutic application
include (1) protein replacement to restore the function of a single pro
tein for rare monogenic diseases; (2) cell reprogramming wher
mRNA can be used to modulate cell behavior by expressing transcrip
tion or growth factors; and (3) immunotherapies where mRNA
encoded transcripts evoke specific immune responses against targe
cells, e.g., therapeutic antibodies.12 In general, mRNAs designed to
express therapeutic proteins are engineered to display low immuno
genicity, prolonged stability, and potent translation. Intracellula
delivery of mRNA enables the expression of virtually any desired pro
tein inside the host cells and tissues, and it allows the preservation o
post-translational modifications of the encoded proteins innate to
the host cells.1,97 This approach can also address formulation and de
livery challenges encountered with protein-based drugs, especiall
those aimed at restoring intracellular and transmembrane proteins.9

Other important features of mRNA-based therapeutics includ
low risk of insertional mutagenesis, transient production of encoded
protein, and cytoplasmic activity of mRNA lowering the cellula
barriers for functional delivery.2

Repeated administrations of mRNA therapeutics are required to sus
tain therapeutic levels of protein. The dosing frequency may depend
on the half-life of the protein, its activity, as well as the turnover rate o
the target cell. Average protein production half-life from transfected
modified mRNA ranges from 50 h in vitro to 7–30 h in vivo, depend
ing on the administration route.99 The Anderson group100 ha
recently shown that synthetically designed exogenous circula
RNAs provide up to a 3-fold increase in the half-life of protein pro
duction and potent expression in vitro, as compared to linearl
modified mRNA. The majority of mRNA-based protein replacemen
therapies are currently directed toward the liver, lungs, and heart
owing to relatively efficient methods for mRNA delivery into thes
tissues. Accessing other organs and cell types may require th
continued development of new delivery strategies, including nove
biomaterials, active targeting, or different administration methods
In this section, we discuss different delivery strategies and types o
carriers used for mRNA-based protein therapy.

Local Transfection. Direct injection of mRNA or mRNA complexe
has been investigated for delivery into cardiac tissue, where modified
FDA-CBER-2022-1614-1035782
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mRNA has been utilized for the expression of growth factors (e.g.,
vascular endothelial growth factor-A [VEGF-A], insulin-like growth
factor 1 [IGF1], epidermal growth factor [EGF], hepatocyte growth
factor [HGF], transforming growth factor [TGF]b1, TGFb2, stromal
cell-derived factor 1 [SDF-1], fibroblast growth factor 1 [FGF-1],
growth hormone [GH], and stem cell factor [SCF]).95,96 Intramyocar-
dial injection of modified RNA encoding human VEGF-A, com-
plexed with RNAiMAX, has been reported to improve heart function
and long-term survival of mice with myocardial infarction.101

Turnbull et al.102 compared intracoronary administration and direct
myocardial injection of mRNA formulated into the LNPs (C14-113)
in rodents and pigs, showing that the latter led to higher cardiac and
lower off-target mRNA expression. In contrast, recent studies have
reported that the delivery of naked modified mRNA in a sucrose-
citrate buffer or saline could yield higher local protein expression in
the heart as compared to mRNA complexed with transfection
reagents, including Lipofectamine 2000, jetPEI, RNAiMAX, and
Invivofectamine.103,104 This study suggests that complexation of the
mRNA may potentially hinder translation in cardiac tissue and in-
crease the apoptosis of cardiac cells in vivo.

Therapeutic effects of direct transfection of mRNA have also been
demonstrated in other tissues. De novo synthesis of elastin in porcine
skin after intradermal microinjection of modified mRNA encoding
tropoelastin and complexed with Lipofectamine 2000 was recently re-
ported.105 The remarkably long elastin half-life (74 years) presents the
potential of this approach to restore the loss of tissue elasticity in
congenital or acquired elastin deficiencies.105 Intratumoral delivery
of naked mRNA via electroporation, encoding mixed-lineage kinase
domain-like protein, was used to boost T cell responses, and it showed
marked tumor growth inhibition in several subcutaneous tumor
models in mice.106 mRNA-mediated lung delivery of surfactant pro-
tein B (SP-B) via intratracheal high-pressure spraying protected mice
from respiratory failure.107 Moreover, the delivery of LNP-
formulated mRNA directly into the colon was significantly
augmented by ultrasound resulting in localized translation of firefly
luciferase protein, demonstrating the potential utility of ultrasound-
mediated mRNA delivery for gastrointestinal diseases.108

LNPs. As discussed above, LNPs have been widely investigated for
their potential as mRNA delivery reagents. Most mRNA protein ther-
apies use liver as a biological factory for the production and secretion
of therapeutic proteins. The capacity of producing human EPO
(hEPO) in NHPs has been demonstrated using mRNA LNPs formu-
lated with cationic lipid C12-200, ionizable lipidMC3, andModerna’s
degradable amino lipids (lipid 5) at doses as low as 0.25, 0.03, and
0.01 mg/kg, respectively.33,40,44 Expression of hEPO could be sus-
tained for over a month when dosed weekly, with a peak expression
between 6 and 12 h after LNP administration.40 In all of the above
cases, mRNA-containing LNPs were tolerated, and they did not cause
liver injury or show signs of inflammation or complement activation
in NHPs at the doses tested. In vivo efficacy of mRNA-based protein
replacement therapy utilizing systemic delivery of liver-targeting
LNPs was demonstrated in pre-clinical models of hemophilia B, liver
fibrosis, and metabolic diseases such as ornithine transcarbamylas
deficiency (OTCD) and methylmalonic acidemia/aciduri
(MMA).39,44,109,110 LNPs containing porphobilinogen deaminas
(PBGD) mRNA were used to restore liver metabolic function in larg
animals.111 Sustained therapeutic efficacy was reported after repea
dosing in mice and rabbits with acute intermittent porphyria, and
the safety of this approach was demonstrated in NHPs.111

mRNA formulations that induce liver expression have also been re
ported to produce therapeutic antibodies. Systemic delivery o
mRNA complexed with TransIT reagent was reported to produce bis
pecific antibodies in the liver tissue, facilitating the recruitment o
cytotoxic T cells to tumors and, ultimately, tumor cell lysis.112 Inter
estingly, the mRNA-based approach achieved sustained serum pro
tein expression leading to greater cytotoxic activity, as compared to
injections of recombinant bispecific antibodies, which have a half
life of less than 2 h. In another study, broadly neutralizing antibodie
against HIV-1 were produced in the mouse liver transfected with
systemically administered mRNA LNPs. High antibody serum con
centrations, up to 170 mg/mL, could bemeasured for 9 days andmain
tained by repeated weekly injection.113 Recently, nasal application o
MC3 LNPs with mRNA encoding cystic fibrosis transmembran
conductance regulator (CFTR) protein was reported to restore chlo
ride response in airway epithelium for 2 weeks post-administration in
CFTR-knockout mice.114 Other studies have also reported LNP
mediated delivery of mRNA to various cell types in the spleen, which
may have potential therapeutic applications for vaccination.46,115

Polymeric Nanoparticles. To date, several polymeric delivery sys
tems have been developed or adopted for mRNA-based delivery o
therapeutic proteins, predominantly into the lungs. Chitosan-coated
PLGA nanoparticles were reported to provide expression of human
CFTR (hCFTR) mRNA in the lungs after intravenous and intratra
cheal administrations in CFTR-knockout mice.116 Cationic polyas
partamides, composed from repeat aspartamide units with both
primary and secondary amides, were used for the delivery of neutro
philic factor (brain-derived neurotrophic factor [BDNF])-expressin
mRNA into the brain.117 Intranasal administration of PEG-b-polyas
partamide nanomicelles loaded with BDNF mRNA enhanced th
neurological recovery of olfactory function and the repair of the olfac
tory epithelium in a mouse model of olfactory dysfunction. In addi
tion, a number of polymers, including PEI, poly(2-dimethylamino
ethylmethacrylate) (PDMAEMA), chitosan, and PBAEs, previousl
developed for the delivery of DNA and siRNA have been adopted
for use with mRNA (reviewed by Kauffman et al.118). Recently, hybrid
LNPs based on amino polyesters and PBAEs were shown to transfec
mRNA into lung endothelium and APCs in the spleen.59,69

Gene Editing

Gene editing is a promising therapeutic area for the application o
mRNA technology expressing programmable nucleases, includin
zinc-finger nucleases (ZFNs), transcription activator-like effector nu
cleases (TALENs), or CRISPR-Cas.119 These genome-engineerin
tools enable the replacement or alteration of gene expression b
Molecular Therapy Vol. 27 No 4 April 2019 715FDA-CBER-2022-1614-1035783
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introducing site-specific modifications into the genome of cells,
including correction of deleterious or introduction of protective mu-
tations.120 With ZFNs, TALENs, and CRISPR-Cas, editing occurs
after cellular DNA repair pathways resolve the DNA double-stranded
break (DSB) by non-homologous end joining (NHEJ), which can
introduce insertions or deletions, or by homology-directed repair
(HDR), with a donor sequence present at the site of the break.121

ZFNs and TALENs facilitate sequence recognition by protein-DNA
interactions; however, complicated protein engineering required to
create specific DNA-targeting protein domains restricts their broad
application.112,113 The discovery of RNA-guided DNA endonucle-
ases, such as CRISPR-Cas9, Cpf1 (Cas12a), and Cas12b, equipped
scientists with a relatively easy-to-use platform to alter genomic infor-
mation.122 In addition, catalytically impaired Cas9 variants such as
dead Cas9 (dCas9) have been fused to diverse functional domains
to achieve targeted genetic and epigenetic modifications of DNA se-
quences, including base editing.123–125 Recently, novel nuclease
Cas13a has been shown to preferentially bind and cleave RNA rather
than DNA substrates, further expanding the CRISPR toolbox.126,127

The barriers to broad clinical translation of CRISPR-Cas systems
include (1) imperfect DNA-targeting specificity leading to off-target
effects,128 (2) low efficiency of genome editing using HDR,129 and
(3) challenging delivery of CRISPR-Cas components.130 More
recently, concerns were raised about the immune response toward
Cas9 and the presence of neutralizing antibodies;131 the potential
for large deletions and complex rearrangement induced by Cas9
cleavage;132 and activation of the p53 pathway, which can antagonize
the efficiency of Cas9-mediated gene editing.133 The therapeutic pro-
tein itself can also be a source of immune response, in particular when
treating genetic diseases.134

Despite these challenges, mRNA formulations offer significant poten-
tial as vehicles for in vivo gene editing. To date, the most widely used
and well-characterized gene-editing technology is the CRISPR-Cas9
system, with an effector domain originating from Streptococcus pyo-
genes (SpCas9). Non-viral delivery of the CRISPR-Cas9 components
can be achieved using plasmid DNA, mRNA, or the Cas9/sgRNA
ribonucleoprotein (Cas9-RNP) complex.135 In contrast to plasmid
DNA, mRNA-based delivery carries no risks associated with the inte-
gration of the nuclease into the host genome. In addition, the tran-
sient nature of the mRNA expression limits the presence of the
nuclease inside the cells, reducing the risks of off-target cutting and
immune response toward Cas9 protein; however, the intracellular
presence of Cas9 protein has been more persistent after mRNA
expression as compared to the delivery of Cas9-RNPs.131 Thus far
several studies have demonstrated the therapeutic potential of local
in vivo Cas9-RNP delivery,136,137 while systemic RNP delivery still
needs to be evaluated in contrast to more established mRNA-based
approaches.130 The use of mRNA could also mitigate obstacles asso-
ciated with Cas9-RNPs, such as manufacturing and preserving the
activity of Cas9 protein as well as challenging in vivo protein deliv-
ery.130,138 Moreover, the ability to modify mRNA sequence to encode
regulatory elements (e.g., K-turn motifs and microRNA [miRNA]-
716 Molecular Therapy Vol. 27 No 4 April 2019
binding sites) could provide the means to control expression o
gene-editing tools in a cell-specific manner.139 However, mRNA
based approaches require effective co-delivery of Cas9 mRNA and
sgRNA, in addition to a donor DNA template for gene replacement
that poses a significant challenge.140 Base modifications of the sgRNA
such as altering the RNA 2ʹOH group to 2ʹOMe and 2ʹF or partia
replacement of RNA with DNA nucleotides, have been shown to
extend intracellular stability of sgRNA and maximize the efficacy o
co-delivery by compensating for the delayed translation of Cas
mRNA.141,142

mRNA-Based Approaches for Gene Editing. Yin et al.142 demon
strated C12-200 LNP-mediated co-delivery of Cas9 mRNA and
modified sgRNA to knock out proprotein convertase subtilisin/kexin
type 9 (PCSK9) in mouse hepatocytes, showing high efficacy (>80%
insertions or deletions [indels]) and low off-target effects associated
with this approach. Similarly, co-delivery of CRISPR-Cas9 compo
nents targeting mouse transthyretin (Ttr) gene in the liver with
LNP composed of degradable lipid LP-01 (Figure 1) led to >97%
reduction in serum transthyretin levels that persisted for at leas
12 months after a single administration of the nanoparticles.3

Lipid-like nanoparticles (N1,N3,N5-tris(2-aminoethyl)benzene
1,3,5-tricarboxamide [TT]-derived lipid-like nanoparticles [TT
LLNs]) were also able to achieve effective co-delivery and in viv
targeting of hepatitis B virus (HBV) DNA and PCSK9 in the liver.14

Moreover, ZAL nanoparticles were capable of inducing the expres
sion of floxed tdTomato in the liver, kidneys, and lungs of TdTomato
Lox-Stop-Lox TdTomato (LSL-TdTomato) mice after co-delivery o
Cas9 mRNA and sgRNA targeting LoxP site (sgLoxP).82 The effectiv
correction of the fumarylacetoacetate hydrolase (Fah) gene in
more than 6% of liver hepatocytes was demonstrated after nanopar
ticle-mediated delivery of Cas9 mRNA in combination with
adeno-associated viruses (AAVs) encoding an sgRNA and a repai
template.43 This treatment rescued the symptoms of hereditary tyro
sinemia in a mouse model, highlighting both potential and challenge
for gene correction via systemic non-viral delivery. Mahiny et al.14

used PLGA-coated chitosan nanoparticle mRNA encoding ZFNs in
combination with an AAV6-expressing donor template to realiz
site-specific genome editing in lungs. This approach resulted in
correction of the gene encoding SP-B in mice with SP-B deficiency
and it extended their survival.144

Ex Vivo versus In Vivo Delivery. Co-delivery of Cas9 mRNA and
sgRNA or ZFN mRNA for ex vivo gene editing can be achieved vi
physical methods that bypass the extracellular and cytoplasmic bar
riers to deposit the molecular cargoes, such as electroporation145,14

or microinjection into embryos.147–149 These approaches reduce th
risk of off-target genetic perturbations, as only the pre-selected and
correctly edited cells can be implanted into patients.119 Utilizin
mRNA for in vivo delivery of gene-editing tools holds the promis
for lasting correction of monogenic disease or knockout of disease
related genes. Thus far, mRNA-based gene editing has been achieved
primarily in the liver and lungs via co-delivery with nanoparticle
based systems or in combination with viral delivery.12,119 Th
FDA-CBER-2022-1614-1035784
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potential risk of off-target editing in unsolicited cells and tissue
highlights the importance of tissue-specific delivery and transien
expression of gene-editing tools in vivo.

Clinical Development of mRNA for Protein Therapy and Gene

Editing

Most mRNA-based protein therapies have demonstrated transla
tional potential for both secreted and intracellular protein target
(Table 1). Currently, Moderna and its partner AstraZeneca are inves
tigating local delivery of VEGF mRNA for heart regeneration afte
myocardial infarction in a phase II clinical trial. Moderna also
launched a phase I trial for intratumoral delivery of mRNA targetin
OX40-binding partner (OX40L), a member of the tumor necrosi
factor receptor (TNFR) and TNF superfamily expressed on activated
CD4 and CD8 T cells as well as a number of other lymphoid and non
lymphoid cells. Translate Bio is investigating the inhalation of LNP
for lung delivery of mRNA encoding CFTR protein in phase I/II clin
ical trials for the treatment of cystic fibrosis, and their mRNA-based
treatment for Ornithine transcarbamylase (OTC) deficiency is ex
pected to enter clinical testing in the first half of 2019.150 Germany
based companies Ethris151 and BioNTech152 are also developing thei
own mRNA-based drugs for cystic fibrosis and tumor immuno
therapy that are nearing clinical evaluation.

Gene-editing technology has entered the early stages of clinical devel
opment. Current clinical efforts by academia and industry ar
primarily focused on ex vivo applications of gene-editing tool
(Table 1). The University of Pennsylvania is evaluating ex viv
CRISPR-Cas9 delivery to disrupt the expression of endogenou
T cell receptors (TCRs) and programmed cell death protein
(PD-1) in T cells isolated from cancer patients for autologous T cel
therapy.153 Similar approaches utilizing CRISPR-Cas9 are being pur
sued by Chinese institutions (Table 1). CRISPR Therapeutics
together with its partner Vertex, has obtained approvals of clinica
trial applications to conduct phase I/II testing of ex vivo-edited cell
harvested from patients for the treatment of b-thalassemia and sickl
cell disease. Other leading CRISPR biotech companies Editas Medi
cine154 and Intellia Therapeutics155 have programs in advanced
pre-clinical stages of development focusing on disorders affectin
liver, lungs, and hematopoiesis, and they will likely soon follow th
clinical route. Sangamo Therapeutics is leading clinical efforts fo
mRNA-based delivery of ZFNs for gene editing in T cells and hemato
poietic stem cells (HSCs) to treat b-thalassemia and HIV.

mRNA Vaccines

Vaccines have been utilized to provide specific immune response
against infectious diseases or cancer. Conventional live attenuated
vaccines that contain the majority of antigens from virus or bacteri
have demonstrated durable protection against a variety of infectiou
pathogens.11,156,157 Despite their broad use, the clinical application
of conventional vaccines is largely limited to infectious disease, and
it faces challenges associated with rapid deployment.11 Vira
proteins or peptides are being developed as alternatives, bu
generally they require combination with adjuvant therapy to boos
Molecular Therapy Vol. 27 No 4 April 2019 717FDA-CBER-2022-1614-1035785



-
-

s
,
e
3

Figure 3. Non-amplifying and Self-Amplifying mRNA Vaccine and Adaptive Immune Response

(A) Schematic structure of conventional non-amplifying mRNA vaccine. (B) Schematic structure of self-amplifying mRNA vaccine (replicon), which contains the sequence-

encoding antigens and the non-structural proteins that facilitate RNA capping and replication. (C) An illustration of mRNA vaccine or replicon encapsulated into nanoparticles

for improved in vivo performance. (D) The process of antigen presentation and adaptive immune activation after subcutaneous injection of mRNA vaccine LNPs. Briefly, the

mRNA vaccine can be captured by antigen-presenting cells (APCs; macrophages or dendritic cells) at the injection site and transported to a draining lymph node, where

mRNA is translated into protein and processed by proteasome in the APCs. Then it is presented by major histocompatibility complex (MHC) class I or MHC class II molecules

to CD8+ T cells or CD4+ T cells, thus activating both cellular and humoral responses.
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immunogenicity.158 DNAs have also been applied to encode antigens,
but with genome integration potential.11 DNAs have also been inves-
tigated as vaccines and adjuvants (CpG) but have been limited in their
usage.159 More recently, mRNA-based vaccines are being investigated
due to their ability to encode a wide range of antigens, self-adjuvanting
effects, and the ease of scalable manufacturing.11,160,161 The explora-
tion of mRNA to induce adaptive immune responses in cancer started
718 Molecular Therapy Vol. 27 No 4 April 2019
in 1995, when Conry et al.162 found that protective antitumor immu
nity could be obtained by intramuscular injection of carcinoem
bryonic antigen (CEA) mRNA. Since then, RNA vaccines have been
classified into two subtypes: non-amplifying mRNA-based vaccine
and self-amplifying mRNA (SAM) vaccines (Figures 3A and 3B)
both of which utilize the host cell translational machinery to produc
the targeted antigens and elicit specific adaptive immune responses.16
FDA-CBER-2022-1614-1035786
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Non-amplifying mRNA Vaccines

Non-amplifying mRNA vaccines contain the basic structure of
mRNA, with an open reading frame (ORF) encoding the desired an-
tigens (Figure 3A). Major attributes of non-replicating mRNA vac-
cines include (1) the relatively small size of mRNA as compared to
a self-amplifying vaccine (�2–3 versus �10 kb);11 (2) the absence
of additional proteins (relative to viral systems), minimizing the pos-
sibility of eliciting undesired immunogenic interactions with the host;
(3) relatively easy to scale up andmanufacture, enabling rapid deploy-
ment in case of an outbreak; and (4) facile sequence engineering to
improve vaccine performance and minimize off-target effects.164

The biggest barrier to mRNA vaccine utility is the need for intracel-
lular delivery. Chemical modifications and sequence engineering
have improved both translation and shelf life of synthetic mRNA vac-
cines.11 To achieve an enhanced adaptive immune response, mRNA
has been electroporated ex vivo into dendritic cells used for adoptive
transfer.165 This strategy has been applied in several clinical trials
against melanoma, myeloma, and leukemia (Table 1). However, the
adoptive transfer is laborious, difficult to scale up, and can induce
unfavorable immunogenicity. Therefore, the field has moved on to
developing more efficient and potentially less toxic mRNA carriers
using lipids or polymer-based materials.

Protamine Complexes. CureVac developed the RNActive vaccine
platform based on protamine-formulated RNA complexes, which
serve as a TLR 7/8 agonist to induce Th1 T cell response, whereas
the nucleotide-modified mRNA functions as an antigen pro-
ducer.166–168 Antigen expression strongly depends on the ratio be-
tween protamine and mRNA.169 This vaccine platform has raised
favorable immune activations against cancer and infectious diseases
in both pre-clinical animal models and in patients.169–171

Lipids and Polymers. Both cationic lipids and polymers have been
investigated as vehicles for mRNA vaccines in the past decades.
Two recent studies demonstrated that the cationic polymer PEI could
be condensed with the mRNA encoding HIV-1 gag or gp120 to raise
specific antibodies against HIV infections through subcutaneous and
intranasal injection, respectively.42,172 Despite this success, clinical
translation of PEI-based mRNA complexes is restricted by safety con-
cerns. Lipid materials with good biocompatibility have become the
most appealing mRNA vaccine delivery system.11,161,173 Cationic
liposomes composed of the cationic lipid 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP) or DOTMA, together with the helper
lipid DOPE in combination with mRNA, have been developed as
mRNA vaccines.173–175

BioNTech has reported preferential expression of mRNA in dendritic
cells via systemic delivery using DOTMA- and DOPE-containing lip-
oplexes.174 The first melanoma patients treated with this formulation
showed a positive immune response. Several other clinical trials using
this formulation are under investigation.174,176–178 LNPs containing
ionizable lipidMC3 together with other helper lipids, originally devel-
oped for siRNA delivery, have also shown promise as mRNA vac-
cines.179 This early success of MC3 LNPs in mRNA delivery propelled
the development of proprietary ionizable lipids for mRNA vaccin
delivery by a number of pharmaceutical companies (e.g., Acuitas
Moderna, and Precision). Recently, both Acuitas and Modern
have reported LNPs for the delivery of Zika virus mRNA vaccines
These LNPs produced virus-neutralizing antibody after single o
two low-dose vaccinations in mice, rabbit, or NHPs.164,180 It is note
worthy that antigen expression is not the ultimate criteria for assess
ing the effectiveness of a vaccine, and T cell activation may bette
reflect whether an immune response will be protective.42 Based on
this rationale, Oberli et al.42 have investigated multiple LNP formula
tions based on their capability to induce antigen-specific T cell activa
tion using ovalbumin (OVA) mRNA as a model antigen, and the
identified formulations with potential as cancer vaccines.

SAM Vaccines

SAM encodes an engineered RNA virus genome from a positive sin
gle-stranded RNA virus, such as alphaviruses and flaviviruses.173,18

The resultant RNA, termed replicon, usually contains two differen
ORFs, with one encoding nonstructural proteins that help RNA
capping and replication and the other expressing the antigen that re
places the viral structural protein (Figure 3B).163 SAM vaccines hav
several attractive features, such as extending the duration (approxi
mately 2 months) and magnitude of expression compared to thei
non-replicating counterparts. However, in order to maintain self
amplifying activity, these RNA replicons are not able to tolerat
many of the synthetic nucleotide modifications and sequence alter
ations. Other limitations of SAM include (1) the inclusion of unre
lated proteins, which may induce a potential host response; and (2
large replicon size (�10 kb), which could limit cell internalization
efficiency.181,182

Non-viral Delivery of Self-Replicating mRNA Vaccines. Despite th
large replicon size, early work with SAM focused on non-viral deliv
ery using cationic lipids. Two generations of five component particle
have been developed. The first lipid particles comprised 1,2-dilinoley
loxy-3-dimethylaminopropane (DLin-DMA) and helper lipid
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholestero
and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-200
(DMG)-PEG2000, yielding uniform small particles encapsulatin
mRNA encoding F-specific immunoglobulin G (IgG) for the treat
ment of respiratory syncytial virus (RSV).181 The same team recentl
developed another lipid formulation, utilizing the first FDA-approved
nanoemulsion system MF59,183 composed of squalene, DOTAP, and
sorbitan trioleate, to condense the replicon.184,185 Protective RSV
vaccination was obtained after two doses of mRNA vaccine. Beside
LNPs, lipid-complexed PRINT (particle replication in nonwettin
template) protein particle systems (LPP particle) have also been
applied to deliver SAMs.186 Although these methods have been
used for SAM delivery in vivo and in vitro, they have not yet shown
protection against lethal pathogens.73 Chahal et al.73 developed den
drimer formulations with SAMs to deliver antigenic RNA payloads
They found that the dendrimer system could provide protective im
munity and survival against multiple lethal pathogens, includin
Ebola, H1N1 influenza, and Toxoplasma gondii. They furthe
Molecular Therapy Vol. 27 No 4 April 2019 719FDA-CBER-2022-1614-1035787
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hypothesized that this polyamine dendrimer could provide optimal
protection from nucleases while allowing for functional release in
the cytoplasm as compared to lipid delivery, due to the high charge
density.73

Immunogenicity and mRNA Vaccines

One characteristic of mRNA is its potential to act as self-adjuvant.11

Exogenously delivered mRNA can resemble an RNA virus and stim-
ulate TLRs 3, 7, and 8, a class of pattern recognition receptors (PRRs)
expressed on the cell surface or in the endosomal compartment
of major APCs. mRNA can also bind to cytosolic RNA sensors reti-
noic acid-inducible protein 1 (RIG-1) and MDA5.187 Activation of
these molecules further facilitates APC maturation and boosts the
secretion of inflammatory cytokines, and it can improve the function
of adaptive lymphocytes (Figure 3C). Stimulation of innate immunity
may improve a vaccine’s efficacy, however, indiscriminate immune
activation can induce mRNA degradation and reduce antigen
expression.11

The effects of type I interferons (IFNs) on mRNA vaccines are a topic
of debate.187 De Beuckelaer et al. have demonstrated that intrinsic
activation of type 1 IFNs by mRNA inhibited subsequent protein
translation,175 also confirming that the inhibition can subsequently
lead to diminished CD8+ T cell activation.187 Nucleotide modification
or purification has been utilized to decrease type I IFN activation.11

Conversely, Kranz et al.174 reported that intravenous (i.v.) injection
of unmodified mRNA-lipid complexes raised T cell stimulation
through TLR 7-mediated activation of type I IFN. Similarly, Cure-
Vac’s protamine-containing RNActive vaccine platform also utilized
TLR 7 and 8 to stimulate type I IFNs and improve anti-cancer immu-
nity.168 One possible explanation of this paradoxical effect proposed
by De Koker et al.187 is the kinetics of type I IFN signaling relative to
TCR activation. If TCR activation coincides or shortly precedes type I
IFN signaling, mRNA-mediated activation of type I IFN would facil-
itate an immune response; otherwise, it would be a concern limiting
T cells’ activity.187,188

Optimizing Injection Routes. The kinetics between TCR activation
and IFN signaling are related in part to the distance between the
APCs and T cells. Since APCs are one of the major sources of type
I IFN molecules, a greater distance between the APCs and CD8+

T cells (e.g., in the case of local vaccination) increases IFN expression
within APCs, potentially leading to type I IFN signaling preceding
TCR activation. Furthermore, activation of type I IFN in local
APCs facilitated mRNA degradation. These may explain the
inhibitory T cell activation efficacy caused by subcutaneous or
intramuscular injection of mRNA LNPs.187 However, when the
lipid complexes were dosed intravenously, mRNA-lipid complexes
were directly delivered to APCs within the lymphatic organs,
where type I IFN activation and TCR activation occurred
simultaneously.174

Aside from affecting the kinetics of IFN signaling, vaccination routes
also have drastic impacts on several other aspects, such as but not
720 Molecular Therapy Vol. 27 No 4 April 2019
limited to type of cells that encounter the mRNA vaccine and th
rate of antigen presentation.187 Until now, subcutaneous and intra
muscular injections have been the two most frequently used injection
routes for mRNA vaccination, due to their less invasive nature
however, companies such as BioNTech are investigating intravenou
injection of mRNA-lipid complexes in several phase I clinical trials
and they have reported several promising first-in-patient results.17

Other researchers have also started to develop alternative approache
to tune the immune activation kinetics. For example, Jarze

Î
bi�nsk

et al.65 have designed an intranasal mRNA vaccination system
(HIV gp120) for the efficient generation of mucosal HIV antibodies
Intratumoral mRNA vaccination is also being investigated, since i
may offer the advantage of rapid and specific activation of tumor-resi
dent T cells.1,189

Another approach to tune the kinetics is to utilize different deliver
components to activate type I IFN response. For example, the prot
amine complex in the RNActive platform was utilized to activat
type I IFN, while free stabilized mRNA was used for antigen expres
sion. Recent work suggests that lipid or polymeric carriers could acti
vate type I IFN while chemically modified mRNA does not induc
type I IFN activation.190 Rapid release of mRNA into the cytoplasm
together with activation of a type I IFN using delivery material
may result in a kinetic that improves the overall vaccine response.

Co-encapsulation of Other Stimulatory Molecules. Besides type
IFNs, other cytokines, chemokines, and co-factors also participat
in the activation of immune systems. mRNA technology has, there
fore, been extended to encode immunomodulatory molecules such
as CD40L, CD70, OX40L, or granulocyte-macrophage colony-stimu
lating factor (GM-CSF) (e.g., TriMix).191,192 In addition to the above
mentioned immunomodulatory mRNAs, small-molecule or lipid-lik
adjuvants can also be incorporated into RNA delivery vehicles to
adjust immunogenicity through non-IFN-related pathways.42,186

Clinical Development of Non-viral mRNA Vaccine Delivery

System

Transfection of mRNA into dendritic cells (DCs) for adoptive transfe
against cancer was the first mRNA-based vaccine to enter clinica
testing.193 Although DC-based therapies still account for the majorit
of mRNA vaccines in clinical trials, in vivo mRNA vaccination usin
non-viral vectors is being explored. Three companies, CureVac, Bio
NTech, and Moderna, have reported on the development of multipl
mRNA formulations with several ongoing pre-clinical and clinical in
vestigations.152,194,195 Recently, other large pharmaceutical com
panies, such as Genentech, Amgen, and Merck, have entered thi
field, and the number of mRNA vaccine clinical trials is growing.19

For example, Moderna’s cytomegalovirus (CMV) vaccine, mRNA
1647, combines six mRNAs encoding different viral proteins
including five proteins that comprise the CMV gH Pentamer comple
as well as another CMV antigen, the herpesvirus glycoprotein
(Table 2). Recently, both BioNTech and Moderna have been investi
gating the delivery of mRNA against Zika virus. Single low-dose vac
cinations have shown to be protective against virus infection.180,197
FDA-CBER-2022-1614-1035788



Table 2. Clinical Trial of mRNA Vaccine

Sponsor Institution Brand API Delivery Vehicle
Injection
Route Antigen Disease

ClinicalTrials.gov
Identifier/Trial Number

CureVac

CV7201 mRNA RNActive, protamine i.d. or i.m. rabies virus glycoprotein (RABV-G) rabies NCT02241135

CV9201 mRNA RNActive, protamine i.d. TAAs: MAGEC1, MAGEC2, NY-ESO-1, survivin, 5 T4 NSCLC NCT00923312

CV9202 mRNA RNActive, protamine i.d.
TAAs: NY-ESO-1, MAGEC1, MAGEC2, 5 T4, survivin,
and MUC1

NSCLC NCT03164772

CV9103 mRNA RNActive, protamine i.d. TAAs: PSA, PSCA, PSMA, and STEAP1. prostate carcinoma
NCT00831467/EudraCT
2008-003967-37

CV9104 mRNA RNActive, protamine i.d. TAAs: PSA, PSCA, PSMA, STEAP1, PAP and MUC1 prostate carcinoma NCT02140138

BioNTech

NA mRNA naked RNA
ultrasound-
guided i.n.

HPV antigen CD40
HPV-driven squamous cell
carcinoma

NCT03418480

Lipo-MERIT mRNA
Lipo-MERIT,
DOTMA(DOTAP)/
DOPE lipoplex

i.v. TAAs: NYESO-1, MAGE-A3, tyrosinase, and TPTE advanced melanoma NCT02410733

IVAC mRNA
Lipo-MERIT,
DOTMA(DOTAP)/
DOPE lipoplex

i.v.
(1) 3 TAAs selected from a warehouse and p53 RNA;
(2) Neo-Ag based on NGS screening

TNBC NCT02316457

NA mRNA naked mRNA
ultrasound-
guided i.n.

TAAs (RBL001/RBL002) melanoma NCT01684241

IVAC MUTANOME mRNA naked mRNA
ultrasound-
guided i.n.

Neo-Ag melanoma NCT02035956

RO7198457 mRNA naked mRNA i.v. Neo-Ag

melanoma

NCT03289962NSCLC

bladder cancer

Moderna

mRNA-1325 mRNA
lipid nanoparticle-
encapsulated mRNA

i.d. Zika virus antigen Zika virus NCT03014089

mRNA-1653 mRNA
lipid nanoparticle-
encapsulated mRNA

i.d.
human metapneumovirus and human parainfluenza
virus type 3 vaccine

human metapneumovirus and
parainfluenza infection

NCT03392389

VAL-506440 mRNA
lipid nanoparticle-
encapsulated mRNA

i.d. H10N8 antigen influenza NCT03076385

VAL-339851 mRNA
lipid nanoparticle-
encapsulated mRNA

i.d. H7 influenza antigen influenza NCT03345043

mRNA-1647/1443 mRNA
lipid nanoparticle
Encapsulated mRNA

i.d. CMV glycoprotein H (gH) pentamer complex cytomegalovirus infection NCT03382405

mRNA-2416 mRNA
lipid nanoparticle-
encapsulated mRNA

intratumoral human OX40L
solid tumor maliganancies or
lymphoma

NCT03323398

mRNA-4157 mRNA
lipid nanoparticle-
encapsulated mRNA

i.d. Neo-Ag solid tumor NCT03313778

mRNA 4650 mRNA naked mRNA i.m. Neo-Ag

melanoma

NCT03480152

colon cancer

gastrointestinal cancer

genitourinary cancer

hepatocellular cancer

(Continued on next page)
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Table 2. Continued

Sponsor Institution Brand API Delivery Vehicle
Injection
Route Antigen Disease

ClinicalTrials.gov
Identifier/Trial Number

Hospital Clínic de
Bacelona

NA mRNA
naked Trimix (CD40.
CD70 and IL2)

i.d. HIV mRNA + 300 mg TriMix mRNA HIV infections NCT02413645

Memorial Sloan
Kettering Cancer
Center

NA mRNA
dendritic cell
(DC)-loaded mRNA

i.d.
CT7, MAGE-A3, and WT1 mRNA-electroporated
Langerhans cells (LCs)

malignant melanoma NCT01995708

Massachusetts
General Hospital

NA mRNA
dendritic cell
(DC)-loaded mRNA

i.d. HIV-1 Gag- and Nef-transfected DCs HIV infections NCT00833781

Changhai Hospital
Stemirna
Therapeutics

NA mRNA naked mRNA s.c. Neo-Ag
solid tumor maliganancies or
lymphoma

NCT03468244

University Hospital
Tuebingen

NA mRNA naked mRNA i.d
TAA for melanoma (Melan-A, Mage-A1, Mage-A3,
survivin, GP100, and tyrosinase)

melanoma NCT00204516

The Norwegian
Radium Hospital

NA mRNA
dendritic cell
(DC)-loaded mRNA

i.d. or i.n. TAA-transfected DC malignant melanoma NCT01278940

Oslo University
Hospital

NA mRNA
dendritic cells
(DC)-loaded mRNA

i.d. TAA-transfected DCs prostate cancer NCT01278914

AlphaVax

AVX601 replicon – i.m. or s.c.
alphavirus replicon vaccine expressing cytomegalovirus
genes

cytomegalovirus NCT00439803

AVX502 replicon – i.m. or s.c.
alphavirus replicon vaccine expressing an influenza
HA protein

influenza
NCT00440362;
NCT00706732

AVX101 replicon i.m. or s.c. alphavirus replicon, HIV-1 subtype C gag vaccine HIV infections
NCT00097838;
NCT00063778

AVX701 replicon – i.m. or s.c.
an alphavirus replicon (VRP) encoding the protein
(CEA)

colon cancer
NCT01890213;
NCT00529984

NA, not applicable; i.m., intramuscular; s.c., subcutaneous; i.d., intradermal; i.n., intranodal; TAA, tumor-associated antigens; HA, hemagglutinin; Neo-Ag, neo-antigen; TPTE, putative tyrosine-protein phosphatase.
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mRNAAnti-cancer Vaccine Using Tumor-Associated Antigens. Most
cancer vaccines seek to stimulate cell-mediated responses, such as
those from activated CD8+T cells.198 Anti-cancer vaccines can be
designed to target tumor-associated antigens that are preferentially
expressed in cancerous cells, for example, growth-associated factors
or antigens that are unique to malignant cells, owing to somatic mu-
tation.199–201 The success of pre-clinical studies has led to the
initiation of clinical trials using intranodally injected naked mRNA
encoding tumor-associated antigens into patients with advanced
melanoma and with hepatocellular carcinoma (Table 2). In patients
with castration-resistant prostate cancer, an RNActive vaccine ex-
pressing multiple prostate cancer-associated proteins elicited anti-
gen-specific T cell responses in the majority of recipients (Table 2).

Neoantigen andPersonalized Vaccines. Neoepitopes formed by can-
cer mutations can be presented by human leukocyte antigen (HLA)
molecules and recognized by T cells.202 As many cancer mutations
are unique to individual patients, the concept of developing individ-
ualized mutanome vaccines has been proposed by Sahin and col-
leagues.202 Mutanome is a comprehensive map of somatic mutations
in individual tumors. Once the mutanome has been identified using
next-generation sequencing (NGS), somatic mutations with immu-
nogenicity can be further evaluated and create neoantigens that
are not subject to central immune tolerance, conferring antitumor
vaccine activity. RNA-based vaccinations have the flexibility to incor-
porate multiple neoantigen epitopes within the same backbone (poly-
neoepitope), and the ease of manufacturing has led to their use for
personalized vaccines. Proof-of-concept work has been reported by
Kreiter et al.,203 who demonstrated that a substantial portion of
non-synonymous cancer mutations was immunogenic when deliv-
ered via mRNA and that these peptides were mainly recognized by
CD4+ T cells. First-in-human application of this concept has been
tested in 13 patients with metastatic melanoma by Sahin et al.204 Pa-
tients were immunized against ten neoepitopes per individual by in-
jecting naked mRNA intranodally. Since then, non-viral vector-based
delivery of mRNA encoding a personalized vaccine has drawn signif-
icant attention, with several ongoing clinical trials. Moderna and its
partner Merck tested LNP-delivered personalized vaccine against
KRAS (mRNA-5671) in combination with Merck’s PD-1-specific
antibody (Keytruda) to augment immune response.205 The vaccine
is designed to target most of the KRAS mutations that occur in
non-small cell lung cancer (NSCLC), colorectal cancer, and pancre-
atic cancer. Germany-based BioNTech has launched phase 1/2 trials,
for its lipid-delivered individualized cancer vaccine in patients with
multiple tumors, with its partner Genentech (summarized in Table 2).

Conclusions

Since the first report detailing proof-of-concept delivery of exogenous
mRNA encapsulated in liposomes to mouse lymphocytes for func-
tional protein expression was published in 1978,206 mRNA therapeu-
tics have gained significant momentum. Various therapeutic
applications of mRNA, including protein replacement, gene editing,
and vaccination, are currently being investigated, both by academia
and commercial entities. Thus far, clinical efforts are focused largely
on vaccination, where mRNA therapeutics have a number of advan
tages over conventional strategies. However, mRNA also has stron
potential as a vehicle for local and systemic protein replacemen
therapy. Finally, mRNA is being investigated for its potential fo
ex vivo and in vivo delivery of genome-editing tools, such as ZFN
and CRISPR-Cas nucleases, paving the way for non-viral genome
editing therapies. Broad application of mRNA is still limited by th
need for improved delivery systems. However, we believe continued
advances in mRNA nanoformulation, using a range of different ma
terials, will ultimately lead to the use of mRNA for the treatment of
wide range of diseases.
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