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REVIEWS I

delivery

Tools for translation: non-viral
materials for therapeutic mRNA

Messenger RNA (mRNA) is the middleman in the
central dogma of molecular biology, which states that
DNA is transcribed into mRNA, which is translated into
protein. On the surface, the role of middleman is not a
glamorous one: mRNA is neither a permanent genetic
blueprint nor a functional end product. However, its
transient nature confers tremendous flexibility and
broader therapeutic utility than nearly all other classes
of known drugs.

Ultimate control over disease requires the manipu-
lation of protein expression. Unfortunately, the direct
delivery of protein drugs is typically not practical
because their large size and instability prevent them
from reaching sufficiently high concentrations in vivo
to induce a therapeutic effect’. Together with the cost
of protein production, this limitation gave rise to the
field of gene therapy, which focuses on the delivery of
exogenously produced nucleic acids into cells. Although
plasmid DNA was the first nucleic acid to be pursued as
a therapeutic?, in vitro-transcribed (IVT) mRNA offers
several advantages: it does not integrate into the genome,
which is associated with a risk of carcinogenesis’, and a
natural degradation pathway is in place to ensure that
its activity is temporary. From a delivery perspective,
mRNA, which lives in the cytoplasm, does not require
transport across the formidable nuclear membrane*.

Discovered in 1961, 8 years after the DNA double-
helix, mRNA was first delivered into cells by liposomes
in the 1970s (FIC. 1). By the 1990s, delivery technology
was sophisticated enough to support preclinical studies
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Abstract | In recent years, messenger RNA (mRNA) has come into the spotlight as a versatile
therapeutic with the potential to prevent and treat a staggering range of diseases. Billions of
dollars have been invested in the commercial development of mRNA drugs, with ongoing
clinical trials focused on vaccines (for example, influenza and Zika viruses) and cancer
immunotherapy (for example, myeloma, leukaemia and glioblastoma). Although significant
progress has been made in the design of in vitro-transcribed mRNA that retains potency while
minimizing unwanted immune responses, the widespread use of MRNA drugs requires the
development of safe and effective drug delivery vehicles. In this Review, we provide an
overview of the field of mRNA therapeutics and describe recent advances in the development
of synthetic materials that encapsulate and deliver mRNA payloads.

on mRNA-based vaccines and cancer immunotherapy>*.
Since then, mRNA therapeutics have shown considera-
ble promise for both prophylaxis (for example, antiviral
vaccines) and the treatment ofa broad range of diseases,
including haemophilia B (REFS 7-9), myocardial infarc-
tion'’, human immunodeficiency virus (HIV)''* and
more than ten types of cancer’***. These advances have
been based on an improved pharmacological understand-
ing of IVT mRNA as a drug, together with the develop-
ment of delivery materials that are sufficiently efficacious
to stimulate protein translation in the correct cell type.

Applications of mRNA drugs

In theory, mRNA drugs can prevent or treat any disease
that is caused or affected by genetic components of the cell.
Although, at first glance, it may seem as if nRNA therapy
is appropriate only when gene upregulation is warranted,
the advent of CRISPR technology has also enabled gene
knockout upon delivery of mRNA encoding gene-editing
nucleases. In the following section, we highlight the most
promising applications of mRNA therapeutics.

Protein replacement therapy. In its most straightfor-
ward application, IVT mRNA is incorporated into the
protein synthesis machinery of the target cell to induce
expression of a desired protein (FIC. 2). Although some
diseases (for example, haemophilia B (REF. 16)) are char-
acterized by insufficient protein expression and require
protein augmentation, other diseases (for example,
muscular dystrophy'”) are caused by aberrant protein
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lipid-mediated mRNA delivery®

First cancer immunotherapy
study using mRNA encoding
cancer antigens®

¢ Use of anti-HIV antibody mRNAs for protection
against HIV-1 challenge in animals*?

¢ First reports of MRNA-LNP formulation for in vivo
vaccines against the Zika virus!?'**

Figure 1| A timeline of key advances for mRNA therapeutics and delivery. Cas9, CRISPR-associated protein 9;
DCs, dendritic cells; HIV, human immunodeficiency virus; iPSC, induced pluripotent stem cell; LNP, lipid nanoparticle;
mRNA, messenger RNA; TALEN, transcription activator-like effector nuclease; ZFN, zinc finger nuclease.

production that necessitates replacement'. Compared
with the use of protein drugs for protein replacement,
mRNA can be more effective on a per molecule basis, as
a single mRNA molecule is translated into many copies
of a protein over the course of hours or days".

In 1990, the first study to use IVT mRNA for protein
production in vivo described the induction of luciferase
expression following local injection of mRNA in mouse
skeletal muscle®. Two years later, one of the first studies
to treat a disease with an mRNA drug was reported?'.
Specifically, rats afflicted with diabetes insipidus were
given intrahypothalamic injections of mRNA encoding
the hormone vasopressin, which resulted in the reversal
of disease symptoms within hours of treatment.

Importantly, protein replacement using IVT mRNA
is feasible only when the mRNA is delivered into cells
capable of folding the protein and inducing any required
post-translational modifications. To attain full func-
tionality, the majority of human proteins require post-
translational modification, which occurs in the endo-
plasmic reticulum and Golgi apparatus®. Although there
are hundreds of potential modifications, phosphoryl-
ation, acetylation and glycosylation are among the most
common?®. As such, protein replacement using IVT
mRNA is ideal when transfecting cells that endoge-
nously express the protein of interest and are therefore
capable of appropriate modifications.

Vaccines. The most clinically advanced application of
mRNA drugs — vaccines using antigen-encoding mRNA
— are attractive alternatives to traditional vaccination
strategies. Unlike live-attenuated viruses, which on rare
occasions can revert to their pathogenic form, mRNA
vaccines cannot replicate inside the body?*!. Furthermore,
mRNA vaccines induce both cellular and humoral
(antibody-based) immunity*? (FIC. 3).

The development of antigen-specific immunity from
an mRNA vaccine requires the transfection of antigen-
presenting cells, such as dendritic cells. Administration is
typically accomplished by intradermal, intramuscular or
subcutaneous injection, as dendritic cells densely popu-
late skin tissue”” and skeletal muscle?. Reports of mRNA-
based vaccination date back more than 20 years, with
one of the earliest studies describing the use of mRNA
encoding the influenza virus nucleoprotein to generate a
cytotoxic T cell response in mice’. Facilitated by potent
mRNA delivery to antigen-presenting cells, there are
ongoing clinical trials for mRNA vaccines for influenza,
Zika, HIV and rabies.

Cancer immunotherapy. As with vaccines, nRNA-based
cancer therapy requires the transfection of antigen-
presenting cells. Although intradermal and intramuscu-
lar routes deliver mRNA to enough antigen-presenting
cells to induce prophylactic immunity, their delivery
efficiency is not high enough for some cancer immu-
notherapy applications. Instead, ex vivo transfection is
used to activate high numbers of T cells capable of tack-
ling well-established populations of tumour cells. There
are two major types of mRNA cancer immunotherapy.
The first functions at the cellular level in the same way
as an mRNA vaccine except that the mRNA encodes
tumour-associated peptide antigens. Numerous studies
have shown that, following the transfection of dendritic
cells with an mRNA cancer vaccine, cytotoxic T cells can
target and destroy tumours in mice'*'>**%.

The second class of mRNA-directed cancer immuno-
therapy, which involves the modification of T cells with
chimeric antigen receptors (CARs), is called CAR T cell
therapy?®-*? (FIG. 4). Typically, a patients T cells are iso-
lated and transfected ex vivo with mRNA encoding
CARs, which are protein fragments that are displayed on
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Figure 2 | The mechanism of in vitro-transcribed mRNA
translation and protein replacement. Upon entering the
cell cytosol, in vitro-transcribed (IVT) mRNA is recognized by
the translation machinery of the host, resulting in the
binding of the ribosomal complex (step 1). The ribosomal
complex scans the mRNA sequence in the 5 to 3’ direction
until it recognizes the start codon (initiation) and begins
adding amino acids to the peptide chain with the aid of
transfer RNAs (tRNAs) (elongation) (step 2). Elongation
continues until the stop codon is encountered, prompting
ribosomal release of the newly synthesized peptide
(termination) (step 3). Finally, post-translational modifications
convey functionality to the new protein (step 4).

.

the T cell surface and bind to specific tumour epitopes®.
Following the re-introduction of the modified T cells
into patients, CARs home in on and kill tumour cells. For
example, CARs specific for CD19, a B cell surface recep-
tor, enable the cytotoxic T cell-mediated destruction
of leukaemia in a xenograft mouse model***.

Gene editing. A particularly exciting application of
mRNA therapeutics is gene editing, which involves the
precision ‘cutting’ and ‘pasting’ of genomic DNA and a
potentially permanent cure for gene-based diseases. The
discovery of the celebrated CRISPR-Cas9 (CRISPR-
associated protein 9) system — a bacterial defence
mechanism adapted to generate double-stranded DNA
breaks in eukaryotic cells*® — has led to the meteoric rise
of the gene-editing field. CRISPR-mediated gene editing
requires only two components: Cas9, a nuclease responsi-
ble for the DNA cleavage, and a short guide RNA (gRNA)
that directs Cas9 to cut the DNA at a precise location®’.
Typically, the two CRISPR components are deliv-
ered to cells using a DNA plasmid containing the genes
for both the Cas9 protein and the gRNA**. One of
the biggest limitations of plasmid-mediated gene edit-
ing is the potential to cut the genome at undesired,
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off-target locations as a result of prolonged expression
of Cas9 in the cell®’. As such, the co-delivery of gRNA
and mRNA encoding Cas9 is an attractive alternative,
as Cas9 expression is transient (FIG. 5). Although Cas9 is
the nuclease currently used for most gene-editing appli-
cations, alternative nucleases, such as Cpfl (REF. 41), can
also be delivered into the cell via mRNA*.

One of the most advanced applications of CRISPR-
Cas9-mediated gene editing is the generation of enhanced
CAR T cells for cancer immunotherapy (described
above). In fact, the first planned human clinical trial
using CRISPR involves the generation of modified CAR
T cells. Although CAR T cells are typically generated
from a patient’s own cells, some patients’ T cells are not
of sufficiently high quality*. Remarkably, CRISPR-Cas9
can be used to generate CAR T cells that are accepted by
most patients by knocking out genes associated with graft-
versus-host disease and the immune response to donor
material**, CRISPR-Cas9 technology has also been used
to improve the antitumour potency of CAR T cells**.

Cellular reprogramming. Of interest to the tissue engi-
neering and regenerative medicine communities, nRNA
can also be used to redirect cell fate and function. In a
2012 Nobel Prize winning discovery, Yamanaka and
Gurdon showed that human somatic cells can be repro-
grammed into induced pluripotent stem cells (iPSCs) via
the introduction of four transcription factors (octamer-
binding transcription factor 4 (OCT4), SOX2, MYC and
Krueppel-like factor 4 (KLF4))*. Cocktails of mRNA
encoding these proteins, known as the Yamanaka fac-
tors, have been used to create iPSCs that lack the virus-
mediated gene integration seen with plasmid delivery***.
Similar strategies have reprogrammed other types of
cell. For example, human vascular endothelial factor A
(VEGFA)-encoding mRNA has been used to treat myo-
cardial infarction'. Following intramyocardial injection
of mRNA in mice, heart progenitor cells increasingly
differentiated into endothelial cells, which resulted in
improved heart function and long-term survival.

Design of in vitro-transcribed mRNA
Structural components. Native mRNA is a long, single-
stranded polynucleotide with an average length of 2,000-
2,500 bases™. It consists of five unique domains, each of
which is important to include when designing IVT mRNA
to ensure stability and translation (FIC. 6). The 5 cap,
otherwise known as the 7-methylguanosine cap (m’G),
is a single methylated nucleoside affixed to the 5" end of
the mRNA’!. As it is attached via a 5" to 5 triphosphate
linkage, the 5’ end of the mRNA takes on the chemical
appearance of what is normally the 3’ end of a nucleotide.
The unique structure of the 5’ cap sterically protects the
mRNA from degradation by exonucleases through asso-
ciation with cap-binding proteins®. Furthermore, the cap
promotes translation initiation through its association
with the eukaryotic initiation factor 4F (eIF4F) complex,
which recruits ribosomes™.

At the opposite end of mRNA, the 3’ poly(A) tail
has a crucial role in regulating mRNA stability. As its
name implies, the 3" poly(A) tail is a chain of adenosine
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introduced mRNA from the immune system. Typically,

CD4* Tcell CD8' T cell human mRNA is produced in the nucleus and expor-

@ Antigen ted into the cytoplasm without interfacing with any

mRNA other parts of the cell. The delivery of therapeutic

NNV mRNA, however, involves transport across the target
/ \ cell membrane, often by an uptake process known as

Cytotoxic endocytosis®'.

Antibody
response T cell response Interestingly, both immune and non-immune cells
T, have specialized receptors that alert the immune system

when RNA is detected outside of normal ‘bounds; as for-
eign RNA is a hallmark of viral infection. In non-immune
cells, a receptor called retinoic acid-inducible gene I pro-
tein (RIG-I) patrols the cell cytoplasm and, on recogni-
tion of RNA, can induce innate immune responses®>®.
Furthermore, immune cells such as macrophages and
dendritic cells have Toll-like receptors (TLRs) that, on

Antigen
polypeptide

1 \/
® |

- Mg‘s& binding to RNA, invoke a signalling cascade that causes
\ © g o _— - inflammation, inhibited translation and/or RNA degrada-
Peptide | © e tion®**. Specifically, TLR3 detects RNA on the cell surface,

and TLR7 and TLRS ‘stake out’ the endosomal mem-
brane®. GU-rich sequences are particularly susceptible
to TLR recognition®.

Fortunately, it has been shown that the chemical mod-
ification of select IVT mRNA nucleotides reduces inter-
actions with innate immune receptors, slowing clearance
and substantially enhancing efficacy®. Various modifica-
tions have been assessed for reductions in TLR activation,
including pseudouridine (), N'-methylpseudouridine
(m'y), 5-methoxyuridine (5moU), 5-methyluridine
(m5U), 2-thiouridine (s2U), 5-methylcytidine (m5C),

epitopes

Figure 3 | The mechanism of mRNA-mediated vaccination. After the transfection of
antigen-encoding mRNA into the cytosol of an antigen-presenting cell (APC) (step 1),
the mRNAis translated into antigenic peptide (step 2). This antigenic peptide is
processed into smaller peptide epitopes (step 3) that bind to the major
histocompatibility complex (MHC) class | (step 4a) or class Il (step 4b). The MHCs are
trafficked to the cell surface, where they present their antigenic epitopes to either
CDB8* (cytotoxic) T cells (step 5a) or CD4* (helper) T cells (step 5b), leading to cellular
immunity or an antigen-specific antibody response, respectively?.

nucleotides on the 3’ end of the mRNA, with an estimated
median length of 50-100 nucleotides in HeLa and NIH
3T3 cells®. Furthermore, the same study suggests that
poly(A) tail length correlates with mRNA half-life but
not translation efficiency®. For IVT mRNA, tail lengths
of at least 30-40 adenosines have been deemed necessary
to inhibit both 5’ to 3" and 3’ to 5" mRNA degradation
pathways*>*¢, with 120 adenosines being optimal®”.

Flanking the coding sequence, the 5" and 3’ untrans-
lated regions (UTRs) of mRNAs further affect translation
and degradation. The nucleotides within these regions
are not translated into protein; rather, specific sequences
regulate translation of the coding sequence by binding to
the eIF4F complex (at the 5’ end)*® and microRNAs (at
the 3’ end). In addition, the 3’ UTR can contain AU-rich
regions that promote mRNA decay®’, which offers a
mechanism by which to tune the duration of an mRNA
drug’s translation. As all but two amino acids (methio-
nine and tryptophan) are encoded by multiple codons,
mRNA sequence choice is somewhat flexible. When
choosing UTR sequences for IVT mRNA, a common
strategy involves the integration of UTR domains from
human mRNAs, such as human p-globin, that naturally
show high levels of translation and stability*.

Chemical base modifications. Although the chemical
alteration of RNA bases may not seem like an obvious
design requirement for IVT mRNA, it is necessary
for most applications because it disguises artificially

N'-methyladenosine (m'A) and N°-methyladenosine
(mCA) (FIC. 7). Typically, modified mRNA sequences are
synthesized by replacing all nucleotides of a particular
native base with the corresponding modified base (for
example, all uridines are replaced by pseudouridines).
Importantly, base modification does not prohibit mRNA
translation by ribosomes, as base modification is a nat-
urally occurring post-transcriptional process in mam-
malian cells. It has been estimated that the m°A base,
which is the most prevalent modified base in eukaryotes,
occurs in the place of one in three adenosine residues in
mammalian mRNA®,

On delivery to dendritic cells, m°A and s2U modi-
fications have been shown to reduce TLR3 activation,
and m5C, m5U, s2U, m°A and y limit TLR7 and TLR8
activation®”®. Of these, m5C and y are the most com-
monly used, with their incorporation facilitating up to
a ninefold increase in translation in cell culture”. This
was confirmed in vivo, with lower immunogenicity and
higher stability observed following injection of modi-
fied mRNA in mice, particularly those incorporating
pseudouridine” 7. A more recent study identified m'y
as a potent base modification in vivo, with up to a 13-fold
increase in gene expression observed compared with y
or m5C/y (REF. 74). Other strategies for reducing immu-
nogenicity include high-performance liquid chroma-
tography (HPLC) purification of IVT mRNA to remove
any double-stranded RNA contaminants, which has
been shown to increase translation in primary cells up
to 1,000-fold compared with unpurified mRNA and to
prevent induction of inflammatory cytokines™.
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Figure 4 | The mechanism of mRNA-mediated CAR-modified T cell immunotherapy. Cytotoxic T cells are transfected
with mRNA encoding the chimeric antigen receptor (CAR) genes (step 1), which are translated into tumour
antigen-specific receptor peptides (step 2). The expression of CARs on the T cell surface (step 3) facilitates tumour-specific

targeting and subsequent cell lysis (step 4)'°".

The need for delivery vehicles

Physical and chemical properties of mRNA. At 10°-
10°Da in size, mRNA is three to four orders of mag-
nitude larger than molecules that readily diffuse into
the cell, and its dense negative charge electrostatically
repulses the anionic cell membrane. It has been shown
that the cellular uptake rate of naked mRNA (that is,
mRNA without a delivery vehicle) is less than 1in 10,000
molecules*. With a median intracellular half-life of only
7 hours™, mRNA is also an inherently unstable molecule
that is susceptible to degradation by 5" exonucleases, 3’
exonucleases and endonucleases”. Together, these phys-
ical properties necessitate the use of a delivery vehicle
both in vitro and in vivo.

In vitro transfection methods. Several utilitarian tech-
niques have been developed to deliver mRNA and
other nucleic acids into the cell cytoplasm for in vitro
and ex vivo applications. Electroporation, one of the
oldest means of transfection, increases cell mem-
brane permeability to nucleic acids using an electrical
field”. Electroporation can deliver naked mRNA for
applications including protein replacement’, cancer
immunotherapy® and gene editing®. Another transfec-
tion method is the ‘gene gun, which shoots metal (for
example, gold) particles that have been surface coated
with mRNA into the cell, propelled by pressurized car-
rier gas®. Gene guns were used for some of the earliest
mRNA therapeutic studies, including vaccine develop-
ment®*. Microinjection, another physical mRNA trans-
fection method, employs a micropipette to inject the
nucleic acid directly into the intracellular space®.

So far, in the majority of clinical trials, mRNA is
administered ex vivo using one of the above-mentioned
techniques. Specifically, blood cells are removed from
the patient, transfected in a cell culture dish and then
re-infused. This approach ensures that sufficiently high
numbers of target cells are transfected, which maximizes
efficacy, and that only target cells are transfected, which
minimizes side effects. Unfortunately, ex vivo therapy is
costly and invasive compared with systemic injection®

and is usually limited to targeting white blood cells.
Systemic delivery strategies are needed if the broad
clinical potential of mRNA therapeutics is to be realized.

Systemic delivery barriers. Although localized injections
have been used to deliver naked mRNA for prophylactic
vaccines and cancer immunotherapies®”*, most thera-
peutic applications require systemic delivery. This can
be accomplished by nanoparticulate vehicles that encap-
sulate mRNA and traverse a series of extracellular and
intracellular barriers en route to the cytoplasm of the
target cells. Following injection into the bloodstream,
nanoparticles must evade immune cells and renal clear-
ance by glomerular filtration while avoiding nonspecific
interactions with serum proteins®*®'. The vehicle must
then cross the endothelial barrier and diffuse to the
vicinity of the target tissue, which is challenging given
that molecules larger than 5nm typically do not cross the
capillary endothelium (with the exception of some tis-
sues such as the liver and spleen)®?. Once in the extracel-
lular matrix, the vehicle must diffuse through a network
of fibrous proteins and polysaccharides to the target cell
membrane®. After mediating cellular uptake, usually by
endocytosis, a delivery vehicle must escape the endo-
some before unloading its mRNA cargo into the cytosol
where translation can occur®. This process of endoso-
mal escape may, indeed, be the most daunting aspect
of delivery®, as it has been estimated that even world-
class RNA delivery materials escape the endosome
only ~2% of the time®.

Materials for mRNA delivery

The identification of effective, nontoxic delivery sys-
tems remains one of the biggest challenges preventing
the widespread clinical application of mRNA therapeu-
tics. Although viral systems such as lentiviruses, adeno-
associated viruses® and the Sendai virus” are capable
of systemic nucleic acid delivery, their use can be lim-
ited by unwanted immune responses®®. As such, this
Review focuses on non-viral materials that have recently
been efficacious in preclinical animal models (TABLE 1).
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Figure 5 | The mechanism of mRNA- and CRISPR-mediated gene editing. The target cell to be edited is transfected
with mRNA encoding the Cas9 (CRISPR-associated protein 9) nuclease, which is translated by the ribosomal complex
(step 1). Provided that the guide RNA (gRNA) is also transfected into the target cell (step 2), the Cas9 protein complexes
with the gRNA to form a ribonucleoprotein with affinity for a specific DNA sequence (step 3). The ribonucleoprotein
complex then translocates to the nucleus (step 4) where it binds to a DNA sequence complementary to the gRNA,
mediating a double-stranded DNA ‘cut’ (step 5). The double-stranded DNA break is then either repaired by an error-prone
mechanism called non-homologous end joining that can lead to a gene knockout or is replaced by a newly inserted piece
of DNA in the presence of a ‘repair template’, a process known as homology-directed repair (step 6)*’.

Of note, many of the delivery materials discussed below
have benefited from nearly two decades of research
into non-viral short-interfering RNA (siRNA) deliv-
ery materials®**. Although siRNA is double stranded,
more rigid and much smaller than mRNA (~42 bases
compared with more than 1,000 bases), it is made of the
same chemical building blocks and requires delivery to
the same part of the cell: the cytoplasm.

Lipids and lipid-like materials. A mainstay of non-viral
nucleic acid delivery, liposomes, are spherical vesicles
consisting of one (unilamellar) or more (multilamellar)
phospholipid bilayers surrounding an aqueous core that
houses the drug of interest (FIC. 8). They are typically pre-
pared using materials that contain polar head groups
and nonpolar tails, with the hydrophobic and hydro-
philic interactions between these groups spurring vesi-
cle formation'®. The earliest liposomal delivery systems
used cationic lipids such as DOTMA (1,2-di-O-octa-
decenyl-3-trimethylammonium-propane) that readily
form complexes with anionic nucleic acids, including
mRNA™1! Other lipids such as the cationic DOTAP
(1,2-dioleoyl-3-trimethylammonium-propane) and
zwitterionic DOPE (1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine) (FIG. 8b) have also been used alone or in
combination with other materials for mRNA deliv-
ery'®1% The high degree of efficacy across diverse cell
lines and the reproducibility of formulation that occurs
with cationic liposomes have led to a host of commer-
cial products (for example, lipofectamine) that have been
used for mRNA delivery in vitro”™'”® and in vivo'®7>7>1%,

Although attractive from an efficacy perspective,
cationic lipid-based delivery systems are associated
with toxicity and immunogenicity in vitro and in vivo.

For example, intravenously injected cationic liposomes
can cause liver damage' and can elicit a strong interfer-
on-y response in mice, resulting in inflammation'*>'%,
Furthermore, positively charged lipids such as DOTAP
and DOTMA can be neutralized by anionic serum
proteins, leading to toxicity and reduced efficacy'®.

As an alternative, ionizable lipidic systems have
been developed that reduce the toxicity induced by
cationic particles while retaining their advantageous
transfection characteristics. Specifically, effective ion-
izable lipids tend to be positively charged at low pH
(which aids in RNA complexation when it is carried
out in acidic buffer) but are neutral at physiological
pH (for reduced toxicity post injection). Furthermore,
cellular uptake via endocytosis deposits nanoparticles
into endosomal compartments, which slowly reduce
their pH from approximately 6.8 to 4.5 as they morph
into lysosomes''®. An ability for nanoparticles to ion-
ize as the pH drops seems to be crucial to the endoso-
mal escape process. Although mechanisms are not yet
well understood, it is thought that the lipid’s positive
charge facilitates its electrostatic interaction and sub-
sequent fusion with the negatively charged endosomal
membrane''!. This fusion destabilizes the lipid bilayer,
resulting in discharge of the nucleic acid cargo into the
cytoplasm''>'"*. The importance of the ability of nucleic
acid delivery systems to take on positive charge under
mildly acidic conditions is underscored by studies that
report efficacious siRNA delivery only for lipid nano-
particle chemistries with surface pKa values ranging
from 5.5to 7 (REFS 114,115).

In addition to a charged or ionizable lipid, lipid
nanoparticle (LNP) formulations typically include cho-
lesterol, a helper lipid and a polyethylene glycol (PEG)
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Figure 6 | Native mRNA structure. The key structural domains of mRNA are the 5’ cap (also known as the
7-methylguanosine cap), the 5 and 3’ untranslated regions (UTRs), the coding sequence and the poly(A) tail.

lipid (FIC. 8a). Cholesterol, which is hydrophobic and
rigid, fills in the gaps between lipids within liposomal
membranes, promoting vesicle stability''s. Helper lipids
such as 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) and DOPE enhance LNP efficacy by promot-
ing fusion with both cell and endosomal membranes,
facilitating cell uptake and endosomal release'"”. Finally,
PEG lipids consist of a PEG molecule conjugated to alkyl
chains that anchor themselves into the LNP bilayer.
Of particular importance for systemic delivery, PEG
lipids reduce opsonization by serum proteins as well as
reticuloendothelial clearance'.

The precise formulation of the LNP — that is, the
ratio of ionizable lipid to cholesterol to helper lipid
to PEG lipid — can substantially affect LNP efficacy.
Compared with LNP formulations designed for siRNA
delivery, optimal mRNA delivery has been shown to
require lower amounts of ionizable lipid and cholesterol
and higher amounts of helper lipid and PEG lipid'".
Replacing the helper lipid DSPC, a common compound
in siRNA LNP formulations, with DOPE also confers
high levels of mRNA delivery efficacy. This may be
because unsaturated lipids, such as DOPE, can form
unstable hexagonal rather than stable lamellar phases,
leading to reduced membrane stability and enhanced
endosomal escape'*!%.

Most LNP-mediated mRNA delivery studies have
focused on protein replacement applications that include
experimentally convenient end points. For example, the
ionizable lipid-like material OF-02 (FIG. 8b) was shown to
systemically deliver erythropoietin mRNA, which is one
of the few therapeutic IVT mRNAs that are commer-
cially available'”'. Erythropoietin, a protein produced by
the kidneys and readily detected in the blood, is relevant
to the treatment of anaemia.

LNPs similar in composition to those previously
reported by Alnylam Pharmaceuticals'* have been used
to examine the influence of route of administration on

mRNA delivery'*>. LNPs loaded with modified mRNA
encoding firefly luciferase were administered by intra-
venous, subcutaneous, intradermal, intramuscular and
intraperitoneal injection as well as by intratracheal instil-
lation. Intravenous administration resulted in the highest
luminescence signal (predominantly in the liver) but the
shortest duration of expression. Intramuscular and intra-
dermal injections offered the best duration of effect, with
protein production maintained locally 10 days post injec-
tion. Similar LNPs facilitated HIV protection by mRNA
delivery. A single intravenous injection of 1.4 mg kg!
of mRNA encoding the light and heavy chains of the
VRCO1 HIV-1-specific antibody protected two different
forms of humanized mice when challenged with HIV
only 1 or 2 weeks after mRNA delivery'2.

Protein replacement studies have attempted treat-
ment of haemophilia B with mRNA encoding factor
IX. Factor IX, which is a blood-clotting factor normally
produced in hepatocytes, is easily quantified from blood
serum samples. In one study, LNPs formulated with the
lipid-like material C12-200 were used to deliver mRNA
to factor IX-knockout mice. A single dose of LNPs con-
taining 0.5 mgkg™ factor IX mRNA, administered intra-
venously, yielded therapeutically relevant protein levels
12 hours after injection®. A similar effect was seen with
a lipid-like material based on N,N,N-tris(2-aminoethyl)
benzene-1,3,5-tricarboxamide (TT3), which contains
a central phenyl ring, three amide linkers and three
amino lipid chains’ (FIC. 8b). Systemic delivery of opti-
mized LNPs complexed with 1.1 mgkg™ human factor
IX mRNA restored normal protein levels. A proprietary
LNP formulation developed by Arcturus Therapeutics
has also been shown to potently deliver factor IX mRNA”’.
Tail vein injections of 2mgkg™' mRNA loaded into LNPs
induced therapeutic levels of factor IX for 4-6 days after
administration.

Although many preclinical studies involving LNPs
have focused on protein replacement, other applications
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Figure 7 | Key chemical base modifications. Replacement of native nucleosides in in vitro-transcribed mRNA with a
chemically modified version (or versions) reduces immunogenicity and increases translation efficiency.

have also been reported. In the area of cancer immuno-
therapy, the subcutaneous injection of LNPs carrying
mRNA encoding the BI6F10 melanoma tumour antigens
glycoprotein 100 (gp100) and tyrosine-related protein 2
(TRP2) resulted in transfection of antigen-presenting cells
in vivo. Reductions in tumour volume and extended sur-
vival were observed as a result of CD8" T cell activation®.

mRNA vaccines are being developed using proprie-
tary LNP technology, with two recent studies describing
the use of LNPs for Zika vaccination. In a collaboration
involving the University of Pennsylvania and Acuitas

Therapeutics, LNPs were formulated with mRNA encod-
ing the Zika pre-membrane and envelope (prM-E)'?.
A single intradermal immunization of LNPs encapsu-
lating 30 pg of prM-E mRNA protected mice from Zika
virus challenges at 2 weeks and 5 months post injection.
Non-human primates survived a challenge 5 weeks after
immunization with as little as 50 ug of prM-E mRNA.
A second study from the University of Washington and
Valera (a Moderna Therapeutics subsidiary) described
protection against Zika viral challenge as a result of high
neutralizing antibody titres following intramuscular
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Table 1| Selected synthetic materials for therapeutic in vivo mRNA delivery

Material Application mRNA delivered Delivery route Animal (disease model) Ref.
Lipids and lipid-like materials
TT3 LLN Protein replacement  hFIX Intravenous Mouse (haemophilia B) 7
cKK-E12 LNP Cancer Ovalbumin, TRP2 and gp100 Subcutaneous Mouse (B16F10 melanoma) 13
immunotherapy
C12-200 LNP Gene editing Cas9 and gRNA Intravenous Mouse (hereditary tyrosinaemia) 126
C12-200 LNP Protein replacement  hFIX and EPO Intravenous Mouse (haemophilia B) and 8
monkey
TT3-Gd LLN Theranostics GFP and luciferase Intramuscular Mouse 162
Zwitterionic amino lipid Gene editing Cas9 and gRNA Intravenous Mouse 127
nanoparticle
TT3 LLN Gene editing Cas9 and gRNA Intravenous Mouse (HBV and 128
hypercholesterolaemia)
lonizable LNP Protein replacement  hFIX Intravenous Mouse (haemophilia B) 9
lonizable LNP Zikavaccine prM-E Intradermal Mouse and rhesus macaques 123
lonizable LNP Zika vaccine prM-E Intramuscular Mouse 124
lonizable LNP Influenza vaccines H7 and H10 haemagglutinins  Intramuscular or Mouse, ferret and cynomolgus 125
intradermal monkey
lonizable LNP HIV therapy VRCO01 light and heavy chain  Intravenous Mouse 12
Polymers
PEG-PAsp(DET) Protein replacement ~ BDNF Intranasal Mouse 134
nanomicelle
PEG-PAsp(DET) Protein replacement ~ BCL2 Hydrodynamic Mouse (fulminant hepatitis) 135
nanomicelle injection (liver)
PLGA nanoparticle Gene editing ZFN Intratracheal Mouse (SPB deficiency) 163
PEG-PAsp(TET) Cellular RUNX1 Local Mouse (ostheoarthritis) 136
nanomicelle reprogramming (knee joints)
PEG-PAsp(TEP)-cholesterol  Cancer therapy FLT1 Intravenous Mouse (pancreatic cancer) 14
nanomicelle
PSA nanomicelle HIV vaccine HIV-1 gag Subcutaneous Mouse 11
PEG-PAsp(DET) Protein replacement ~ NEP Intracerebral Mouse 164
nanomicelle (Alzheimer disease)
CP 2k conjugate HIV vaccine HIV gp120 Intranasal Mouse 132
Modified dendrimer Influenza, Ebola or Haemagglutinin, Ebola Intramuscular Mouse 140
nanoparticle Toxiplasma gondii glycoprotein and six T. gondii-
vaccine specific antigens
Hybrid or other
TAMs Cellular BMP2 Local Rat (bone defect) 143

reprogramming

(femoral bone)

BCL2, B cell lymphoma 2; BDNF, brain-derived neurotrophic factor; BVIP2, bone morphogenetic protein 2; Cas9, CRISPR-associated protein 9; CP 2k, cyclodextrin-
polyethyleneimine 2k; EPO, erythropoietin; FLT1, FMS-like tyrosine 1; gag, group-specific antigen; Gd, gadolinium; GFP, green fluorescent protein; gp100, human
glycoprotein 100; gp120, envelope glycoprotein gp120; gRNA, guide RNA; HBV, hepatitis B; hFIX, human factor IX; HIV, human immunodeficiency virus; LLN,

lipid-like nanoparticle; LNP, lipid nanoparticle; LUNAR, lipid-enabled and unlocked nucleic acids modified RNA; NEP, neutral endopeptidase; PAsp(DET),
poly(N'~(N-(2-aminoethyl)-2-aminoethyl)aspartamide); PAsp(TEP), poly((N"’"(N"'(N'-(N-(2-aminoethyl)-2-aminoethyl)2-aminoethyl)-2-aminoethyl)aspartamide);
PAsp(TET), poly(N"(N'-(N-(2-aminoethyl)-2-aminoethyl)-2-aminoethyl)aspartamide); PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid); prME, pre-membrane
and envelope; PSA, polyethyleneimine-stearic acid; RUNX1, runt-related transcription factor 1; SPB, surfactant-associated protein B; TAMs, transcript-activated
matrices; TRP2, tyrosine-related protein 2; TT, N,N,N-tris(2-aminoethyl)benzene-1,3,5-tricarboxamide; ZFN, zinc finger nuclease.

injection of two doses of prM-E mRNA LNPs in mice.
In this study, mice were immunized with 10 ug of prM-E
mRNA loaded into LNPs, with a further booster dose
given at 3 weeks, followed by Zika virus challenge 6 weeks
after the initial dose'*. Moderna has also reported on an
mRNA avian influenza vaccine encoding haemagglutinin
proteins, which are glycoproteins found on the surface of

influenza viruses. Mice were protected from a lethal dose
of virus following intradermal immunization with as little
as 0.4 ug of mRNA and non-human primates developed a
robust immune response when immunized intradermally
or intramuscularly'®.

LNPs can also deliver CRISPR-Cas9 RNAs for in vivo
gene editing. For example, a hybrid viral-non-viral
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< Figure 8 | Synthetic mRNA delivery materials. a | Lipid nanoparticles (LNPs) typically
consist of an ionizable lipid, a helper lipid, cholesterol and polyethylene glycol (PEQG)
lipid. The mRNA is incorporated into the hydrophilic interior of the nanoparticle.
b | Lipid and lipid-like materials developed for in vivo mRNA delivery’?!1?”. Also included
is the structure of DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine), a helper lipid
that imparts efficacy to MRNA-LNP formulations'®. ¢ | Polymeric nanomicelles are
typically formulated from a block co-polymer in which the hydrophobic domain forms an
outer shell and the hydrophilic domain forms an inner core that electrostatically
complexes with anionic mRNA. d | Polymeric materials that have been developed for
in vivo mRNA delivery®***8, Also included are the structures of linear and branched
polyethylenimine (PEl), which have been modified for potent mRNA delivery!*132133,

system facilitated gene editing in mouse hepatocytes that
corrected a mutation responsible for human hereditary
tyrosinaemia. C12-200 LNPs carrying Cas9 mRNA were
systemically co-delivered with a viral vector carrying
a gRNA and a repair template, leading to repair of the
mutated gene and alleviation of disease symptoms'?.
One of the first studies to achieve gene editing in vivo
using only non-viral delivery materials used zwitteri-
onic amino lipids'”. LNPs formulated from these mod-
ified lipids, which contain a sulfobetaine head group,
amine-rich linkers and hydrophobic tails, co-delivered
Cas9 mRNA and gRNA in vitro and in vivo. The most
effective material, ZA3-EP10 (FIG. 8b), facilitated 95%
luciferase gene knockout in cell culture, as well as potent
gene editing in mouse liver, kidneys and lungs following
systemic delivery of 5mgkg total RNA. Notably, effi-
cacy was shown both when mRNA and gRNA delivery
was ‘staged’” (with gRNA delivery occurring hours after
Cas9 mRNA delivery) and when they were co-delivered.
Co-delivery is more challenging because the gRNA must
remain stable and available within the cytoplasm of the
cell until the Cas9 mRNA is translated into functional
protein hours later. The lipid-like material T'T3 (FIC. 8b)
is another non-viral material capable of delivering all
of the CRISPR components needed to edit genes'?*.
Staged, systemic delivery of Cas9 mRNA-loaded TT3
LNPs (0.56 mgkg™) followed 6 hours later by gRNA-
loaded LNPs (0.25mgkg™") mediated the deletion of the
hypercholesterolemia-related gene proprotein convertase
subtilisin—kexin-type 9 (Pcsk9) in mouse livers.

Polymers. Although not as clinically advanced as lipid
systems for mRNA delivery, polymers have shown
considerable potential in protein replacement, vaccine
and other applications related to mRNA therapeutics.
Cationic polymers shuttle nucleic acids across cellular
and subcellular membranes by condensing them into
nanoplexes. Both linear and branched cationic polymers
can facilitate cellular uptake by endocytosis and sub-
sequent endosomal escape'”. Polyethylenimine (PEI)
(FIC. 8d) is one of the best-established polymers for nucleic
acid delivery'***!. However, its broad therapeutic appli-
cation has been thwarted by toxicity associated with high
molecular weight (>25kDa) and highly branched for-
mulations'®. Similarly to cationic lipids, this toxicity has
been attributed to the interaction of cationic polymers
with negatively charged serum proteins, such as albumin,
which cause the nanoplexes to aggregate, increasing their
effective size.

REVIEWS

To mitigate some of these issues, some researchers
have used low molecular weight modified PEI for mRNA
delivery. For example, a polymer synthesized from stearic
acid and branched 2 kDa PEI was used to deliver mRNA
encoding HIV-1 gag. Following subcutaneous injection,
immunoglobulin G (IgG) antibody titres were higher in
mice that had received the treatment compared with a
delivery vehicle control'. In another study, 2kDa PEI
conjugated to cyclodextrin was used for the intranasal
administration of HIV antigen mRNA, which resulted
in a strong systemic and mucosal HIV-specific immune
response’*?. Recently, the primary amines of branched
1.8kDa PEI with aromatic domains were modified
for improved mRNA delivery in HeLa and U87 cells
compared with native 1.8 kDa PEI'*.

An alternative to PEI, self-assembled polymeric
nanomicelles (FIG. 8¢) are made of block copolymers in
which a polyamino acid block forms an inner core sur-
rounded by an outer PEG ‘shell’ with mRNA complexed
electrostatically in the core. For example, the polymer
poly(N'-(N-(2-aminoethyl)-2-aminoethyl)aspartamide),
known as PAsp(DET), is commonly combined with PEG
to form the block copolymer PEG-PAsp(DET) (FIC. &d).
PEG-PAsp(DET) can transfect nasal neurons with mRNA
following intranasal administration for protein replace-
ment therapy"*. Furthermore, hydrodynamic injec-
tion with PEG-PAsp(DET) nanomicelles complexed
with mRNA encoding the anti-apoptotic protein B cell
lymphoma-2 (BCL-2) mitigated apoptosis in a mouse
model of fulminant hepatitis'*.

Other variations on PEG-PAsp block copolymers,
including PEG-PAsp(TET) and PEG-PAsp(TEP), have
been used to deliver mRNA. Local injection of both
PEG-PAsp(DET) and PEG-PAsp(TET) nanomicelles
loaded with transcription factor mRNA into mouse knee
joints slowed disease progression in a mouse osteoarthritis
model*. In another study, PEG-PAsp(TEP)-cholesterol
particles were formulated with mRNA encoding the
anti-angiogenic protein FMS-like tyrosine kinase 1 (FLT1;
also known as VEGFR1). Their systemic injection (once
every 2 days for 14 days) significantly inhibited tumour
growth in a subcutaneous mouse model of pancreatic
cancer . PEG-poly(lysine) block copolymers have also
been used for tumour-targeted mRNA-mediated protein
replacement therapy. For example, PEG-poly(lysine) par-
ticles decorated with tumour-specific ligands resulted in
significant protein expression in tumours after systemic
delivery of mRNA in mice'”".

In 2016, Dong and co-workers reported on the syn-
thesis and testing of a polymer brush library consisting of
alkyl tails conjugated to poly(glycoamidoamines) back-
bones. When formulated with cholesterol, DSPC and PEG
lipid, the material TarN3C10 (FIC. 8d), which contained a
tartarate sugar backbone and 10-carbon long tails, most
potently delivered mRNA and siRNA in vivo'*. In a sep-
arate study, systemic delivery of PEGylated poly(p-amino
esters) induced luciferase expression in mouse lungs'®.
The data show disparities that can arise between nano-
particle biodistribution and the location of protein pro-
duction, underscoring the importance of cell uptake and
mRNA translation capacity across organs'”.
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Polymeric nanoparticles have also been used to gen-
erate antigen-specific immunity for vaccine applica-
tions. A dendrimer-based nanoparticle system has been
developed to deliver antigen-encoding replicon mRNA,
which is a type of self-amplifying mRNA. Mice immu-
nized intramuscularly with a single dose of mRNA-
loaded dendrimer nanoparticles mounted cellular and
antibody responses that protected them from lethal chal-
lenges with HIN1 influenza and Ebola viruses as well as
with the Toxoplasma gondii parasite'.

Charge-altering releasable transporters (CARTs), which
are polymers that contain a cationic oligo(a-amino ester)
domain and a lipophilic block, have been used for sys-
temic mRNA delivery. It is postulated that CARTSs,
which are cationic at low pH, undergo a physical rear-
rangement upon cellular entry that neutralizes the cat-
ionic charge, leading to decomplexation and release of
the mRNA into the cytoplasm. Systemic delivery of the
most effective CART carrying luciferase mRNA mediated
potent protein expression in the liver and spleen, peak-
ing 4 hours post injection'. In another recent report,
various oligoalkylamines grafted to poly(acrylic acid)
were used to generate a small library of polymeric nano-
particles for luciferase mRNA delivery. The lead polymer,
PAA20k-(2-3-2), induced significant protein expression

in pig lung tissue upon pulmonary delivery'*.

Hybrid systems. Transcript-activated matrices (TAMs)
are a unique mRNA delivery system made of a bio-
material matrix loaded with mRNA lipoplexes that
undergo controlled release. TAMs incorporating mRNA
encoding bone morphogenetic protein 2 (BMP2), a
protein involved in bone and cartilage formation, in
a collagen sponge improved femur bone regeneration
relative to unloaded sponges in rats'*’. In a more recent
study, TAMs were made by loading mRNA lipoplexes on
either fibrin gel or biphasic calcium phosphate granules
for cellular reprogramming. Stem cells transfected with
either type of TAM promoted osteogenic differentiation
and the calcium phosphate granule system induced more
mineral deposition'.

Hybrid graphene oxide-PEI complexes have been
used for mRNA-based cellular reprogramming. Graphene
oxide-PEI complexed with mRNA encoding the
Yamanaka transcription factors facilitated the generation
of iPSCs from tissue-derived fibroblasts'*. In addition,
an mRNA delivery system has been developed that uses
eIF4E, a protein that initiates translation. To enhance
translation and decrease mRNA degradation on cellu-
lar entry, mRNA was complexed with eIF4E along with
a cationic polyamine carrier to facilitate delivery. The
resulting nanoplexes transfected dendritic cells ex vivo
for immunotherapy and induced luciferase expression
in mouse lungs on systemic administration'*.

Other considerations

Kinetics of mRNA translation. The rate at which pro-
teins are synthesized from IVT mRNA is an important
consideration when assessing mRNA delivery systems.
Although most studies report peak protein translation
within 6 hours of administration'"'?>!*!*1, others analyse

24 hour time points'?”'*2. In a study of mRNA translation
kinetics, fluorescence microscopy tracked individual
A549 cells following their transfection with GFP-encoding
mRNA using the transfection reagent Lipofectamine
2000 (REF. 147). GFP production was observed as early as
5 hours, with peak expression occurring 20 hours post
transfection.

The mRNA coding sequence also affects the trans-
lation kinetics and efficiency. Alteration of a single
nucleotide in the coding sequence without changing the
resultant amino acid sequence was found to affect pro-
tein structure because of distorted folding during transla-
tion'*. Furthermore, it was found that integration of rare
codons into the coding sequence reduced the rate of trans-
lation because these rare codons require the recruitment
of unique tRNAs'”. More extensive studies are needed to
describe how the kinetics of translation vary with delivery
vehicle, target cell type and encoded protein.

Acquiring IVT mRNA. The procurement of reasonably
priced mRNA appropriate for use in delivery studies
has been a considerable obstacle. In vitro transcription
kits, which have become increasingly commercially
available, enable individual laboratories to synthesize
their own mRNA at increased yields and reduced cost.
When purchasing a kit, it is crucial that the promoter
sequence on the vector to be transcribed matches the
polymerase of choice. Most kits use enzymes compatible
with the T7 promoter®’>'?2!*! but others include the SP6
and T3 polymerases'. Kits have also been developed to
include capping and polyadenylating enzymes for the
one-pot synthesis of fully capped and polyadenylated
mRNA**. Alternatively, capping and polyadenylation
reactions can be carried out post-transcriptionally using
specialized kits. Modified mRNAs with reduced immu-
nogenicity can also be in vitro-transcribed by replacing
unmodified nucleotides with the modified version (for
example, replacing uridine-5'-triphosphate with pseu-
douridine-5'-triphosphate) in the IVT reaction at the
desired ratio. Finally, transcript purification must be
accomplished carefully to rid IVT mRNA products of
contaminants, such as double-stranded RNA species,
that promote immune recognition and decrease efficacy
in vivo™.

Currently, the primary commercial supplier of
presynthesized mRNA is TriLink Biotechnologies.
Although it offers modified and unmodified mRNAs
encoding several reporter, gene editing and therapeu-
tic proteins, selection is limited for most therapeutic
applications. Furthermore, the cost of purchasing com-
mercially synthesized mRNA is high, with modified
mRNAs costing on the order of US$1 per pg (as a point
of reference, some siRNAs are an order of magnitude
less expensive). As such, well-controlled in vivo exper-
iments can be prohibitively expensive using commer-
cially available options. An mRNA dose of 1 mgkg™!
to an average-sized mouse, for example, would cost
approximately $20. Although the cost of using IVT kits
is generally lower on a per microgram basis, consider-
able man-hours are required to produce high-quality
mRNAs in house.
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Clinical translation of mRNA therapeutics

Most mRNA clinical trials over the past 20 years have
relied on the ex vivo transfection and re-infusion of
immune cells, mainly for cancer immunotherapy appli-
cations. More than 20 clinical trials involving this strategy
are currently active (TABLE 2). Although most of these tri-
als involve the classic strategy of transfusing autologous
dendritic cells electroporated with tumour-associated
antigens, several phase I/II trials carried out in China
are using sequencing technology to identify patient-
specific tumour antigens for personalized brain cancer
immunotherapies. In other trials, T cells are transfected
ex vivo with tumour-targeting CARs for the treatment
of B cell leukaemia, B cell lymphoma and mesothelioma.
Another phase I trial being conducted at the University
of Pennsylvania involves the transfusion of T cells that

REVIEWS

have been genetically engineered ex vivo for HIV vac-
cines. In this trial, autologous CD4" T cells are trans-
fected with zinc finger nuclease mRNA, resulting in
editing of CC-chemokine receptor 5 (CCR5), a receptor
that HIV uses to enter host cells. Re-administration of
these cells back into patients has the potential to generate
a population of HIV-immune T cells.

Several clinical studies are attempting in vivo deliv-
ery of mRNA therapeutics. For example, Moderna
Therapeutics, has four ongoing or planned clinical trials
using proprietary LNP technology for vaccines. Each vac-
cine, delivered intramuscularly, contains mRNA encod-
ing either influenza, chikungunya or Zika virus antigen.
Initial data from their H10 influenza trial indicate robust
prophylactic immunity in humans after antigen mRNA
immunization'®. Other clinical studies for vaccine

Table 2 | Current clinical trials for mRNA therapeutics

Company or institution

Application Disease

Transfusion of ex vivo-transfected immune cells

Memorial Sloan Kettering
Cancer Center

Memorial Sloan Kettering
Cancer Center

Duke University Medical
Center

Duke University Medical
Center

Affiliated Hospital to

Cancer immunotherapy Malignant melanoma

Cancer immunotherapy Multiple myeloma
Cancer immunotherapy Brain cancer
Cancer immunotherapy Glioblastoma

Cancer immunotherapy Oesophagus cancer

Academy of Military Medical

Sciences

Affiliated Hospital to

Academy of Military Medical

Sciences

Radboud University

Radboud University

University Hospital, Antwerp

University Hospital, Antwerp

Oslo University Hospital

Universitair Ziekenhuis
Brussels

University of Florida

Guangdong 999 Brain
Hospital

Guangdong 999 Brain
Hospital

Guangdong 999 Brain
Hospital

National University,
Singapore

University of Pennsylvania

University of Pennsylvania

Cancer immunotherapy Non-small-cell lung cancer

with bone metastases

Cancer immunotherapy Haematological

malignancies

Cancer immunotherapy Prostatic neoplasms

Cancer immunotherapy Acute myeloid leukaemia

Cancer immunotherapy Malignant pleural

mesothelioma

Cancer immunotherapy Prostate cancer

Cancer immunotherapy Malignant melanoma

Cancer immunotherapy Glioblastoma

Personalized cancer Glioblastoma

immunotherapy

Personalized cancer Glioblastoma

immunotherapy

Personalized cancer Brain metastases

immunotherapy

CART cellimmunotherapy B cell chronic lymphocytic

leukaemia and NHL

CART cellimmunotherapy Malignant pleural

mesothelioma

Vaccine and gene editing ~ HIV

Mode of mRNA Study National Clinical
administration phase Trial identifier
Exvivo-transfected DCs  Phase | NCT01456104
Ex vivo-transfected DCs  Phase | NCT01995708
Ex vivo-transfected DCs  Phase | NCT00639639
Ex vivo-transfected DCs  Phase | NCT02529072
Ex vivo-transfected DCs  Phase I/l NCT02693236
or CIK cells

Ex vivo-transfected DCs  Phase I/l NCT02688686
or CIK cells

Exvivo-transfected DCs  Phase |/l NCT02528682
Exvivo-transfected DCs Phasella NCT02692976
Exvivo-transfected DCs  Phase Il NCT01686334
Exvivo-transfected DCs  Phase I/l NCT02649829
Exvivo-transfected DCs  Phase |/l NCT01197625
Exvivo-transfected DCs  Phase Il NCT01676779
Exvivo-transfected DCs  Phase Il NCT02465268
Ex vivo-transfected DCs  Phase I/l NCT02709616
Exvivo-transfected DCs  Phase I/l NCT02808364
Exvivo-transfected DCs  Phase I/l NCT02808416
Ex vivo-transfected Phase I/l NCT02315118
T-cells

Ex vivo-transfected T Phase | NCT01355965
cells

Exvivo-transfected T Phase | NCT02388594

cells (ZFN modified)
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Table 2 cont. | Current clinical trials for mRNA therapeutics

Company or institution

Application Disease

Direct in vivo mRNA administration

Moderna
Moderna
Moderna
Moderna
Merck
CurVac AG

Fundacio Clinic per la
Recerca Biomédica

Erasmus Medical Center
Moderna

Moderna and Merck

AstraZeneca

Vaccine Influenza H10
Vaccine Influenza H7
Vaccine Chikungunya virus
Vaccine Zika virus

Vaccine Undisclosed
Vaccine Rabies

Vaccine HIV

Vaccine HIV

Cancer immunotherapy Various cancers

Personalized cancer Various cancers

immunotherapy

Protein replacement Cardiovascular disease

Mode of mRNA Study National Clinical
administration phase Trial identifier
Intramuscular Phase | NCT03076385
Intramuscular Phasel/ll -

Intramuscular Phasel/ll -

Intramuscular Phase I/l NCT03014089
Intramuscular Phasel/ll -

Not specified Phase | NCT02241135
Not specified Phase | NCT02413645
Intranodal Phasella NCT02888756
Intratumoral Phasel/l -

Intramuscular Phasel/ll -

Intracardiac Phase | -

CAR, chimeric antigen receptor; CIK, cytokine-induced killer; DCs, dendritic cells; HIV, human immunodeficiency virus; NHL, non-Hodgkin lymphoma;

ZFN, zinc finger nuclease.

development include a phase I trial by CurVac AG for
the rabies virus, as well as trials at the Fundaci6 Clinic per
la Recerca Biomeédica, Barcelona, Spain, and the Erasmus
Medical Center, Rotterdam, Netherlands, for HIV vac-
cines. Moderna also has plans to carry out two trials for
cancer immunotherapy, one in collaboration with Merck.
Finally, AstraZeneca, in collaboration with Moderna, has
filed a clinical trial application to initiate a phase I trial
using VEGFA-encoding mRNA formulations to promote
angiogenesis in cardiac patients''.

Conclusions and future directions

mRNA holds significant promise as a genetic medicine,
avoiding several key issues associated with traditional
DNA-based gene therapy. Perhaps most importantly,
mRNA induces only transient protein expression, which
can facilitate a wide range of biological processes with-
out the risk of genomic integration. Applications such as
immunotherapy, gene editing and cell reprogramming
require protein expression for only limited periods of

time. The two overarching factors that have hindered the
clinical progression of mRNA therapeutics are the insta-
bility and immunogenicity of IVT mRNA and the lack of
sufficiently efficacious delivery systems. The challenge of
instability and immunogenicity of IVT mRNA is expected
to be addressed as we learn more about how the design of
the untranslated regions and poly(A) tail and the inclu-
sion of modified bases affect the stability and translation
efficiency of IVT mRNA. On the delivery front, the most
clinically advanced materials take the form of lipid nan-
oparticles. Unfortunately, because the majority of these
delivery formulations are proprietary, more academic
studies are needed to help the broader scientific com-
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