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Abstract Hospital-based programs democratize mRNA therapeutics by facilitating
the processes to translate a novel RNA idea from the bench to the clinic. Because
mRNA is essentially biological software, therapeutic RNA constructs can be rapidly
developed. The generation of small batches of clinical-grade mRNA to support IND
applications and first-in-man clinical trials, as well as personalized mRNA thera-
peutics delivered at the point-of-care, is feasible at a modest scale of cGMP manu-
facturing. Advances in mRNA manufacturing science and innovations in mRNA
biology are increasing the scope of mRNA clinical applications.

Keywords Messenger RNA - Hospital-based mRNA therapeutics + Circular
mRNA - Self-amplifying mRNA - RNA-based CAR T cell - RNA-based
gene-editing tools

1 Introduction

A therapeutic revolution is underway. It is now quite clear that message RNA
(mRNA) therapies will become a major therapeutic armamentarium against infec-
tious diseases, as they provide a platform for a flexible and rapid response to
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pandemics. However, the scope of mRNA therapeutics is much broader. Because
mRNA is essentially biological software, one can rapidly write the code for any
protein and thereby create vaccines against infectious diseases, cancer, or any
pathogenic protein where an immunogenic response is desired. One can also generate
mRNA constructs encoding proteins that are deficient, such as in the congenital
absence of a metabolic enzyme. In addition, it is possible to use mRNA to enhance
cell therapies, or to biologically modify scaffolds used in regenerative medicine. The
excitement about mRNA therapies is reflected in the high valuations of the compa-
nies that are early movers in this field, such as Moderna, BioNTech, and Curevac,
each of which also has partnerships with large pharmaceutical companies. However,
the future of mRNA therapies will not be the exclusive province of big pharma.
Because mRNA therapies can be rapidly generated with manufacturing processes
that are less complicated than recombinant proteins and have a simpler regulatory
roadmap than new chemical entities, it becomes possible for small companies and
academic groups to participate in therapeutic development and clinical application.
Furthermore, hospital-based programs can fill gaps in personalized therapies and rare
diseases that are not addressed by large pharmaceutical programs.

2 A Role for Hospital-Based Drug Development

Development of therapeutics within academic hospitals can expedite the development
of novel and personalized therapies, particularly for rare diseases, and speed their
entry into clinical trials. Such programs combine unique scientific expertise in certain
field or technology with the translational and clinical infrastructure available on
site. Notably, hospital-based programs can bring therapeutics from bench to bedside
(Damase et al. 2021) and can facilitate the development of personalized treatments
for rare diseases. With respect to nucleic acid therapeutics, Nationwide Children’s
Hospital, St. Jude Children’s Research Hospital, and Boston Children’s Hospital are
examples of successful hospital-based gene therapy programs.

Nationwide Children’s Hospital is known for Zolgensma and Golodirsen—gene
therapies that have transformed care of patients with spinal muscular atrophy (SMA)
and Duchenne muscular dystrophy (DMD), respectively. SMA patients have a defec-
tive survival motor neuron 1 (SMN1) gene. A deficiency of survival motor neuron
(SMN) protein leads to the death of motor neuron cells that control muscle function,
thus affecting the patient’s ability to move, swallow, and breathe. Zolgensma delivers
a fully functional copy of the human SMN1 gene into the target motor neuron cells
through a viral vector AAV9. A single infusion of Zolgensma generates sufficient
SMN protein in motor neurons to improve muscle movement and function (Caccomo
2019; Waldrop et al. 2020; Damase et al. 2021).

Patients with DMD have a mutation in the gene that encodes dystrophin. The latter
protects muscle cell membranes, and its loss causes myofibril damage and muscle
atrophy in early childhood, dramatically shortening life expectancy. Golodirsen is
an antisense oligonucleotide that binds to DMD pre-mRNA and affects its splicing
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to skip the defective exon and generate a functional dystrophin protein (Kahn 2019;
Damase et al. 2021; Scaglioni et al. 2021).

In St. Jude Children’s Research Hospital, a gene therapy to treat severe combined
immunodeficiency (SCID-X1) was developed. SCID-X1 is caused by mutations in
the gene encoding IL2RG protein on the X chromosome, which is essential for
immune system functioning. Patients without this protein have very few natural
killer and T cells, as well as nonfunctional B cells. To correct IL2RG deficiency, the
bone marrow stem cells are obtained from the patient and IL2RG gene is delivered
ex vivo with lentiviral vectors. Genetically modified cells are infused back into the
patient after bone marrow ablation (Mamcarz et al. 2019; Damase et al. 2021). Eight
patients were treated so far and all tolerated and responded well to this therapy.

Boston Children’s Hospital has pioneered the development of personalized gene
therapy for a 7 year-old girl diagnosed with a novel mutation in CLN7/MFSDS, a
subtype of Batten’s disease. The mutations in CLN7 gene disrupt MFSDS8 protein
synthesis. Although its exact function is unknown, MFSD8 is believed to be involved
in transport across the lysosomal membrane. The patient presented with an insidious
onset of impaired vision, ataxia, seizures, and developmental regression. The pres-
ence of characteristic lysosomal inclusions on skin biopsy suggested the diagnosis
which was confirmed by genetic testing. Standard genetic testing revealed heterozy-
gosity for a single pathogenic mutation in CLN7. Because the disease is autosomal
recessive, the suspicion that there was a second mutation was confirmed by whole-
genome sequencing. Specifically, an SVA retrotransposon insertion was found that
resulted in a cryptic splice acceptor site (i6.SA) that caused a mis-splicing of exons
6 and 7. To prevent mis-splicing, the antisense oligonucleotide milasen targeting
the 16.SA site was designed and tested initially on the patient’s fibroblasts in vitro.
Milasen has the same backbone and sugar chemistry modifications as nusinersen,
an FDA-approved drug for SMA, which changes the splicing pattern of SMN2 to
resemble SMN1. In culture, milasen boosted the normal:mutant splicing ratios by
a factor of 2.5-3. Its safety was confirmed in toxicity studies, and clinical trial was
initiated within 1 year after the first contact with the patient, during which a clinical
improvement was noted (Kim et al. 2019; Damase et al. 2021).

At Houston Methodist Hospital in the Texas Medical Center, we have established
a hospital-based program for mRNA therapeutics. mRNA-based therapeutic tech-
nology is a disruptive technology as it facilitates rapid development and clinical
translation of novel solutions for previously “undruggable” diseases. It can be more
rapidly deployed by academic groups and small biotech start-ups. However, most
of these small entities lack the crucial infrastructure required to bring their transfor-
mative therapy from the lab bench to the clinic. They need partners with expertise
in RNA manufacturing, formulation, preclinical and clinical testing. Our program
at Houston Methodist Hospital provides a translational pipeline for small entities
such as biotechnology start-ups or academic groups with great ideas about RNA
therapeutics. Houston Methodist Hospital (HMH) made a strategic investment in
its research institute to build the infrastructure necessary to support preclinical and
clinical translation of novel therapeutics. The RNAcore facility, a central pillar of
our program, is housed within the research institute and is managed by a team of
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scientists with expertise in engineering and manufacturing mRNA constructs for the
scientific community. Within past 5 years, we have generated more than 100 unique
constructs for more than 40 collaborators. Funded in part by the NIH and the Cancer
Prevention and Research Institute of Texas (CPRIT), the RNA Core facilitates the
development of RNA therapeutics globally, with a particular interest in supporting
cancer research in Texas.

Our program encompasses all essential competencies that are required for devel-
opment and translation of mRNA-based drugs (Fig. 1). Our RNA biology and bioin-
formatics groups innovate RNA design to enhance the stability and translational
efficiency of our RNA constructs. Our nanomedicine group helps in the generation
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Fig. 1 Schematic of Houston Methodist Hospital center for RNA therapeutics. As typical of a
hospital-based therapeutic program, we have a deep fund of knowledge in our therapeutic arena,
and facilities for synthesizing clinical grade materials. We have expertise in RNA bioinformatics
and innovation; with proprietary manufacturing methods for the synthesis, purification, validation,
and encapsulation of mRNA; facilities and personnel for GLP preclinical studies in preparation for
an IND; clean rooms and cGMP processes and personnel for generating clinical-grade mRNA and
LNPS; a phase 1 unit for first-in-man clinical trials; and a large hospital system for doing later stage
clinical trials
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of lipid formulations and fabrication of lipid nanoparticles to deliver RNA. The
Office of Translational Production and Quality (OTPQ) guarantees quality products
for patients and provides in-house cGMP facilities, with clean rooms and calibrated
equipment for manufacturing cGMP-grade RNA and lipid nanoparticles. The in-
house quality resources lead to fast and cost-effective GLP-grade test and release of
mRNA-based products for clinical use. An Office of Regulatory Affairs aids with
the development of the regulatory roadmap and interactions with regulatory bodies.
Our in-house Comparative Medicine Program assists with preclinical animal studies,
including GLP studies for IND applications. Our Clinical Trial Center has skilled
nurses and physicians that perform the first-in-man clinical trials.

Our hospital-based program can produce small batches of cGMP RNA therapeu-
tics to support early phase clinical trials. For later stage clinical trials and commercial-
ization, the project is carried forward by our partner VGXI Inc., based just outside
of Houston. Together with VGXI we have scaled our manufacturing processes in
their facility so that there is a seamless transition for mRNA drugs from small batch
manufacturing for GLP preclinical studies and early phase clinical trials, to the large
batch manufacturing that is required for products that are entering later stage clinical
trials (Fig. 2). VGXI has prior expertise in large batch manufacturing of DNA thera-
pies which facilitated the partnership. Currently, there is no other academic program
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Fig. 2 Roadmap to the clinic. Our intent is to assist academic groups and small companies with a
great RNA idea translate their technology to the clinic. Many small groups do not have some of the
core competencies to traverse the gap from bench to bedside. We have processes and personnel to
synthesize, purify, encapsulate, and validate the integrity, purity and strength of the product, as well
as the facilities and experience for preclinical studies and early clinical trials. A corporate partner
(VGXI Inc, Woodlands TX) uses our scaled-up processes for large batch manufacturing to support
later stage clinical trials and commercialization
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in the USA with comparable capabilities. However, we anticipate that the thera-
peutic revolution in mRNA, together with advances in manufacturing technology,
and the need for personalized RNA drugs, will create the demand for such centers.
These regional centers will provide a pathway for academic investigators and start-
ups to translate their novel RNA therapeutics ideas from the bench to the bedside
(Damase et al. 2021). Thus, the generation of small batches of clinical-grade mRNA
to support IND applications and first-in-man clinical trials, as well as personalized
mRNA therapeutics delivered at the point-of-care, is feasible at a modest scale of
c¢GMP manufacturing within a hospital-based program.

3 Manufacturing of mRNA

In theory, it is possible to generate an RNA construct for any protein of interest.
The production of mRNA is relatively straightforward, fast, and robust process.
Moreover, a generic production workflow can be used to make broad variety of RNA
constructs, as simple changes in RNA sequence will not affect the methods used in
manufacturing.

mRNA for therapeutic applications is usually transcribed in vitro (IVT) from
the DNA template using a bacteriophage DNA-dependent RNA polymerase (T7,
T3, or SP6) and ribonucleotide triphosphates (NTPs) (Pardi et al. 2013). In a
DNA template, a protein-encoding sequence should be placed downstream from
the promoter sequence and flanked by 5" and 3’ untranslated regions (UTRs). Kozak
sequence significantly affects expression and should be added in front of protein-
coding sequence (Kozak 1987). The poly A tail-related sequences can be included
after 3’'UTR (Pardi et al. 2013) to either transcribe the tail from the template directly
or perform enzymatic polyadenylation after transcription (Pardi et al. 2013). If a
plasmid is used as a template, then a unique restriction site should be incorporated
downstream of the poly A tail-related sequence followed by T7 terminator sequence.
This restriction site aids in cutting (or linearizing) the template at a specific site to
ensure the polymerase terminates transcription to generate mRNA of defined length
(Fig. 3). DNA templates can also be prepared by polymerase chain reaction (PCR).

To ensure RNA translation, 7-methylguanylate cap must be incorporated into
mRNA either post-transcriptionally with vaccinia capping enzyme (Martin and Moss
1975) or co-transcriptionally through the addition of an anti-reverse cap analog
(ARCA) or CleanCap reagent (Henderson et al. 2021). Different modified NTPs, such
as pseudouridine or 5-methyluridine, may be incorporated into mRNA construct by
adding them to IVT reaction mixture. After RNA is transcribed, enzyme DNase can
be used to remove template DNA from the reaction mixture (Green and Sambrook
2019).

Replacing some standard RNA bases with the modified nucleosides mentioned
above eliminated much of the innate immune stimulatory response that was triggered
by IVT RNA. However, a low-level induction of interferons (IFNs) and inflam-
matory cytokines still remained (Kariké et al. 2011). These immune responses
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Fig. 3 Typical plasmid map. The typical DNA plasmid used in manufacturing will incorporate
many restriction sites so as to easily incorporate different open reading frames encoding the protein
of interest. The DNA plasmid is amplified using bacterial fermentation, purified, and linearized for
the in vitro RNA transcription. 5UTR = 5’ untranslated region. 3'UTR = 3’ untranslated region.
ORF = open reading frame

were triggered by trace contaminants including double-stranded RNA (dsRNA),
uncapped RNA, and short abortive RNAs which occur as byproducts of high-
yield IVT reactions (Kariké et al. 2011). When combined with nucleoside modi-
fications mentioned above, the efficient removal of these trace contaminants yields
low-to-non-immunogenic IVT mmRNAs.

Purification methods have reduced the immunogenicity of IVT mmRNAs and
have enabled the development of mRNA therapeutics that will be applicable to many
diseases. Precipitation (Henderson et al. 2021) and liquid chromatography-based
methods (Kariké et al. 2011) can be employed to purify RNA from enzymes, free
NTPs, residual DNA, truncated RNA fragments, and double-stranded RNA. At small
scales, preparative polyacrylamide gel electrophoresis is a powerful and commonly
used tool to separate the desired RNA products from abortive products or other
impurities (Green and Sambrook 2021). However, this method is only suitable for
short RNA oligonucleotides or small coding or non-coding RNAs (up to a limit
of ~ 500 nucleotides) (Summer et al. 2009). Further, as gel purification methods
are both inefficient and are not scalable to large production lots, other purification
alternatives were needed for mmRNA therapies. Fast-performance liquid chromatog-
raphy (FPLC) is reported to efficiently remove small abortive RNAs but is limited
in its ability to distinguish RNA molecules with similar size (McKenna et al. 2007).
High-performance liquid chromatography (HPLC) has also been identified as an
easily performed and scalable method that removes multiple contaminants from IVT
mRNAs (Kariké et al. 2011). For larger scale manufacturing, methods that avoid
the use of flammable organic solvents are preferred. These methods may include
sorbent-based or nanochanneled monolith affinity chromatography, ion exchange and
size exclusion, reversed phase chromatography, or reversed phase ion-paired chro-
matography. Purified RNA products must be stored frozen (preferably at — 80 °C),
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unless lyophilized (Crommelin et al. 2021). It is critical to maintain an RNase-free
environment while manufacturing RNA.

Quality control (QC) is an essential component of RNA manufacturing processes.
The following quality attributes are commonly assessed in finished RNA products:
identity (sequencing), concentration (UV absorbance), integrity (electrophoresis;
RT-PCR), capping efficiency (LC-MS and others), residual protein (colorimetric
methods), residual DNA (qPCR), double-stranded RNA (blotting, ELISA), residual
solvents/buffer components (if used for purification; methods vary).

4 Innovations in mRNA Therapeutics

A greater understanding of RNA biology contributed to the emergence of RNA ther-
apeutics. One of the major obstacles to the field was that synthetic RNA molecules
triggered robust immune responses when introduced into mammalian systems (Alex-
opoulou et al. 2001; Damase et al. 2021). These immune responses thwarted the
development of mRNA-based therapies, especially protein replacement strategies for
many years (Kariko et al. 2005; Damase et al. 2021). A seminal insight that advanced
the field was the finding that in vitro transcribed (IVT) mRNA activated innate
immune signaling through toll-like receptor signaling (TLR3/7/8), retinoic acid-
inducible gene I protein (RIG-1), or melanoma differentiation-associated protein 5
(MDAJS) (Alexopoulou et al. 2001; Heil et al. 2004; Yoneyama et al. 2004, 2005).
Subsequently, the development of more efficient capping methods, the incorporation
of modified nucleosides, as well as specialized purification protocols, were found to
substantively reduce the high immunogenicity of IVT mRNAs (Kariké et al. 2005;
Damase et al. 2021).

4.1 Reducing Immunogenicity

Different modified RNA bases have been assessed for their potential to reduce
the immunostimulatory side effects inherent within IVT mRNA. Previous studies
reported that modified nucleosides including pseudouridine (¥), 5-methylcytidine
(m5C), 5S-methyluridine (m5U), N6-methyladenosine (m6A), 2-thiouridine (s2U), or
N1-methylpseudouridine (m1W) eliminate the majority of TLR stimulation (Kariké
et al. 2005). Hartmann et al. also demonstrated that mRNAs incorporating both W
and s2U also suppressed or evaded RIG-1 signaling (Hornung et al. 2006).

Of these modifications, ¥ and m5C are the most commonly used to generate modi-
fied messenger RNA (mmRNA). The breakthrough experiments were performed by
Kariko and Weissman and showed that incorporation of W not only reduces recogni-
tion by innate immune sensors but it also increases the translational capacity of the
mmRNA (Kariké et al. 2008, 2011). Recently, the m1 W substitution has been shown
to outperform other modified nucleosides via a more efficient immune response



Hospital-Based RNA Therapeutics 81

escape combined with a further increase in translational output (Parr et al. 2020).
Consequently, Pfizer and Moderna replaced 100% of the uridine residues in their
COVID-19 mRNA vaccines (Pfizer/BioNTech (BNT162b2) and Moderna’s mRNA-
1273) with m1W to improve the performance of their vaccines (Jackson et al. 2020;
Polack et al. 2020; Corbett et al. 2021). A combination of s2U and m5C was also
found to reduce the immune signaling through abrogating mRNA interaction with
TLRs and RIG-1 (Hornung et al. 2006). mmRNA therapeutic candidates containing
this combination of modified bases have been employed to restore the expression of
a deficient gene in a mouse model (Kormann et al. 2011).

4.2 Cell-Specific/Tissue-Specific Delivery and Translation

A current challenge in RNA therapeutics is to attain cell-specific or tissue-specific
delivery and translation. Almost certainly, just as a combination of approaches
was needed to effectively reduce the inflammatory properties of IVT mRNAs, a
combination of approaches may address the need for tissue-specific expression.
Currently, lipid nanoparticles (LNPs) are most widely used as a delivery vehicle
for mRNA. Indeed, the two mRNA vaccines for SARS-CoV-2 that are currently
approved for use are each encapsulated in LNPs. The LNPs stabilize the mRNA by
reducing its interaction with water, or with RNAases that are ubiquitous in the envi-
ronment. As a vaccine, the mRNA LNP is simply injected into the deltoid muscle
(as with the SARS-CoV-2 vaccine) or subcutaneous tissue, where it can be taken
up by resident antigen-presenting cells to initiate an immune response. However, for
delivery to other organs, the situation is complicated by the fact that LNPs circulating
in the blood are avidly taken up by the reticuloendothelial system, i.e., the liver and
the spleen. For this reason, hepatic diseases are an excellent target for current mRNA
therapies. Other organs are more difficult to target. Approaching is to modify the
LNPs with tissue-specific “addresses” such as antibodies directed against a tissue-
specific antigen (Cheng et al. 2020; Molinaro et al. 2020). In a related approach,
biomimetic particles that incorporate membrane proteins from leukocytes have been
shown to target inflamed tissues (Cheng et al. 2020; Molinaro et al. 2020). These
so-called leukosomes accumulate at sites of inflammation, where the endothelium
is activated to express ligands that bind leukocyte counter-ligands that have been
incorporated into the LNPs. Leukosomes have been shown to deliver the immuno-
suppressant rapamycin to the atheromatous aorta of hypercholesterolemic mice, to
reduce the proliferation of macrophages in the vessel wall (Christian et al. 2020).
Another strategy to achieve cell-specific translation is by designing an mRNA
construct so that it is preferentially expressed in a tissue. For example, one can include
tissue-specific microRNA (miRNA) recognition elements in the mRNA drug. It has
been showed that, by incorporating into the 3' UTR a cardiomyocyte-specific recogni-
tion element, miRNA-induced degradation of their RNA construct in cardiomyocytes
provided for preferential expression in non-cardiomyocytes (Magadum et al. 2020).
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Hewitt et al. also included a miR-122 binding site into the 3’UTR of their thera-
peutic IL-12 mRNA to prevent the IL-12 protein production in hepatocytes without
impairing expression in cancer cells (Hewitt et al. 2020). Importantly, the inclusion
of miRNA binding sites is a negative expression strategy. Simply, this means that the
IVT mRNAs are actively degraded in off-target tissues (those with high levels of the
miRNA whose sites have been added to the 3’'UTR of the IVT RNA). While early
studies show that this strategy can be effective in achieving tissue-specific expression,
it is limited by the miRNA profiles of targeted tissues.

Trigger RNAs (trRNA) represent another early stage innovation that could be
developed further to introduce more selectivity and aid with the targeting of mRNA
therapies (Green et al. 2014; Zhao et al. 2021). Simply, trRNAs are trans-acting RNA
sequences that recognize and de-repress the translation blockade caused by adding a
toehold regulatory RNA sequence prior to the coding sequence of an mRNA (Green
et al. 2014; Zhao et al. 2021). Currently designed trRNA sequences work in concert
with IRES sequences, so it remains to be seen if trRNAs can effectively regulate open
reading frames driven by cap-dependent translation (Zhao et al. 2021). Furthermore,
current designs call for this system to work in trans where the presence of two
exogenous RNAs in the same cell would allow the expression of the protein of
interest (Green et al. 2014; Hanewich-Hollatz et al. 2019). As independent delivery
of the trRNA and its target are required for the regulation to be fully effective, two
different RNAs would be required to target the same cells to confer the desired
regulation of translation.

4.3 Increasing mRNA Stability and Expression

The comparatively short lifespan of mRNA and mmRNA in cells remains a limiting
factor for the utility of mRNA therapeutics. Limited mRNA lifespans may require
high doses of mRNA (which increases the risk of adverse effects, as well as the
cost of goods) or a repeated dosing schedule (increasing the expense of the therapy)
required for clinical effectiveness. Such regimens are often incompatible with long-
term treatment strategies required for many clinical indications.

One approach to increase mRNA longevity derives from the mechanisms by
which Zika virus exoribonuclease-resistant RNAs (xrRNAs) function in infected
cells (Pijlman et al. 2008; MacFadden et al. 2018; Zhao and Woodside 2021). Simply,
xrRNA sequences fold into a stable pseudoknot structure that confers consider-
able exoribonuclease-resistance to the RNAs bearing them (Pijlman et al. 2008;
MacFadden et al. 2018; Zhao and Woodside 2021). One may surmise how the addi-
tion of xrRNA sequences to the 5’UTR could improve the lifespan of a therapeutic
mRNA in vivo. However, the ability of cells to robustly translate mRNAs containing
xrRNA sequences in their 5 UTRSs remains unknown, although their presence exclu-
sively in viral 3’ UTRs hints that they could inhibit traditional cap-dependent trans-
lation mechanisms (Pijlman et al. 2008; MacFadden et al. 2018; Zhao and Woodside
2021). Further, since xrRNA sequences confer their functions by forming either tight
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secondary structures and modified RNA bases often disrupt RNA base-pairing, the
compatibility of xrRNA sequences with mmRNA therapeutics remains to be seen
(Wesselhoeft et al. 2018; Mauger et al. 2019).

A very promising approach is to circularize the mRNA (circRNA) so that it
is resistant to degradation. The promise of using circRNAs with an incorporated
internal ribosome entry site (IRES) as a durable protein expression system has been
known for decades (Collett and Faras 1976; Puttaraju and Been 1992; Ford and
Ares 1994; Beaudry and Perreault 1995). The increased stability of circRNAs, also
known as endless RNA, is mostly conferred by their circular structure. Simply, most
cellular RNases attack and degrade RNAs by recognizing an unprotected 5’ or 3’ end
(Yang 2011). Since circRNAs are continuous, they lack traditional RNA ends and
evade most mechanisms that would degrade them resulting in an increased lifespan
(compared to linear mRNAs) in vivo. Furthermore, with this increased RNA lifespan,
a protein encoded by an IRES-initiated coding region within a circRNA will have
a sustained expression pattern compared to a traditional mRNA. The biggest recent
advance was made by the Anderson lab when they devised an efficient method to
generate circRNAs of sufficient size to hold the open reading frame of a desired
protein (Wesselhoeft et al. 2018, 2019). Their convincing findings show prolonged
expression of different proteins from circRNAs in vivo (Wesselhoeft et al. 2018,
2019). Importantly, their method also succeeded in generating large circRNAs,
including one encoding Cas9, which was over 4.9 kilobases (Wesselhoeft et al.
2018). Further, their subsequent work showed that their circRNAs were translated
in vivo (Wesselhoeft et al. 2019). Indeed, several companies have capitalized on these
properties and are developing different circRNA therapies.

Another approach lies in self- and trans-amplifying RNAs. In vivo replicating
RNA technologies have been under development for many years (Geall et al. 2012;
Bogers et al. 2015). These technologies consist of two components that can be
contained either on a single or two RNAs. The first component is an open reading
frame for the RNA-dependent RNA polymerase (RdRp) machinery of a virus, usually
either Semliki Forest virus (SFV), Venezuelan equine encephalitis virus (VEEV), or
a chimera of VEEV and Sindbis virus replicons (VEE-SINV) (Blakney et al. 2021).
Once those proteins are circulating in a cell, they can recognize the second compo-
nent, which incorporates an RNA sequence encoding the open reading frame of the
desired protein (Geall et al. 2012; Bogers et al. 2015).

Currently, two main types of replicating RNAs are being tested (Blakney et al.
2021; Bloom et al. 2021). First, self-amplifying RNAs (saRNA) are most similar to
their parental viral sequences and have been under development for about a decade
(Geall et al. 2012). As their name implies, saRNAs are single RNA transcripts that
encode the viral RARp machinery, RNA regulatory sequences that recruit the RdRp,
and the open reading frame for the desired protein in a single RNA (Blakney et al.
2021; Bloom et al. 2021). Since saRNAs can contain five open reading frames, they
are much longer than a traditional therapeutic mRNAs. As they are often exceed 10
kilobases, the large size of saRNAs does pose further challenges with manufacturing
and packaging, but they have proven effective in limited studies (Geall et al. 2012;
Bogers et al. 2015).
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Trans-amplifying RNAs (taRNAs) are the second class of replicating RNA ther-
apies in development (Blakney et al. 2021; Bloom et al. 2021). taRNAs work almost
identically to saRNAs, but they are comprised of two distinct RNA strands that can
be co-packaged into one delivery vehicle. Conceptually, and in practice, this change
makes taRNAs a much more versatile platform technology with certain inherent
advantages. First, with current technologies, manufacturing two ~ 5-6 kilobases
RNAs is much simpler than efficiently manufacturing a single 10—12 kilobases RNA.
Second, the modular design of taRNAs also offers manufacturers the ability to manu-
facture large lots of a single replicase RNA while allowing them to pair with different
amplified cargoes. This modularity could allow manufacturers to bypass cost- and
time-intensive optimization experiments required to optimize the conditions with
individual saRNAs.

5 Applications of RNA Therapeutics

In 1990, it was demonstrated that naked exogenous mRNA injected into murine
skeletal muscle can translate into a protein at the injection site (Wolff et al. 1990). In
1992, proof-of-principal for using mRNA as a therapeutic has provided. In this case,
intracranial injection of mRNA encoding vasopressin in a rodent model of diabetes
insipidus temporally reversed the disease (Jirikowski et al. 1992). In 1995, the possi-
bility therapeutic utility of vaccination with mRNA encoding a carcinoembryonic
antigen was demonstrated (Conry et al. 1995).

The vaccines against SARS-CoV-2 became the first RNA-based drugs approved by
FDA with emergency use authorization in 2020 (Biointech/Pfizer’s BNT162b2; and
Moderna’s mRNA-1273) followed by full approval in 2021. Both vaccines encode
membrane-anchored full-length spike protein of the viral capsid. Two proline muta-
tions were introduced into the sequence to increase protein stability. The spike RNA
is encapsulated into lipid nanoparticles and delivered intramuscularly in two doses
several weeks apart. Data obtained in phase III trials suggest that these vaccines
are safe and effective: 95% efficacy for BNT162b2 and 94.1% efficacy for mRNA-
1273 for the current SARS-CoV-2 strains (Polack et al. 2020; Baden et al. 2021)
(at the time of this writing, the efficacy of the vaccines against the Omicron variant
is unknown). It is worth noting that these vaccines were developed with unprece-
dented speed—for instance, mRNA-1273 was generated and administered to the
first study participant just 63 days after the SARS-CoV-2 genome sequence was
published (Moderna 2020). Currently, there are many preventive mRNA vaccines
under development, including those aimed at protecting from rabies (Aldrich et al.
2021), cytomegalovirus infection (ModernaTX Inc. 2021a), HIV (International AIDS
Vaccine Initiative 2020), Zika virus (ModernaTX, Inc. 2021b), influenza virus (Bahl
et al. 2017), and others. In addition to a rapid development time, RNA vaccines have
some other advantageous characteristics, such as being able to deliver an encoded
antigen in an HLA-independent manner and to act as natural adjuvants due to their
TLR7/8 ligand activity (Grunwitz et al. 2019).
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RNA technology can also be used to make therapeutic cancer vaccines. In this
case, RNA encodes tumor neoantigens, shared antigens or combination of both. For
instance, CV9202 is a vaccine encoding six shared antigens commonly found in
non-small cell lung cancer (Papachristofilou et al. 2019). mRNA-5671 is a vaccine
against KRAS-positive cancers, such as pancreatic or colon cancer (Merck Sharp &
Dohme Corp. 2020). The vaccine against HPV 16 is another promising example of
therapeutic RNA vaccines—it encodes E6 and E7 oncoproteins of HPV and is admin-
istered systemically to induce potent and durable CD8* T cell response (Grunwitz
etal. 2019). Of note, the encoded antigens in this vaccine are fused to the MHC class
I signal sequence and transmembrane and cytoplasmic domains for routing to the
endoplasmic reticulum, resulting in increased presentation efficacy of MHC class I
and II epitopes (Kreiter et al. 2008). Such optimization of vaccine design reflects the
flexibility of RNA technology and is often implemented to increase antitumor effi-
cacy. A vaccine encoding four shared melanoma-associated antigens, for instance,
was enhanced by incorporating a RIG-I immunostimulatory sequence (Heidegger
et al. 2019). Examples of personalized vaccines include mRNA-4157 and BNT122,
which constructs neoantigens identified through genetic sequencing and bioinfor-
matic analysis of a patient’s tumor (van Diilmen and Rentmeister 2020; Jou et al.
2021).

Recently, the proof-of-concept for using RNA as tolerogenic vaccine was
provided. In contrast to a vaccine augmenting immune responses against a pathogen,
atolerogenic vaccine is aimed at inducing tolerogenic responses to suppress or impair
immunity against antigens, which in most cases are auto-antigens or allergens (Geng
et al. 2015). Such vaccines may help in managing autoimmune diseases. Indeed, an
RNA encoding a multiple sclerosis-related antigen suppressed the progression of this
autoimmune disease in several mouse models. The treatment effect was associated
with a reduction of effector T cells and the development of regulatory T cell popu-
lations, which executed strong bystander immunosuppression and thus improved
disease induced by cognate and noncognate auto-antigens (Krienke et al. 2021).

RNA can also be used to enhance dendritic cell (DC)-mediated immunotherapy
for cancer. In this approach, mRNA is delivered into patient’s DCs ex vivo or in vivo to
induce their maturation and enhance their ability to stimulate T cells. For example,
TriMix is a cocktail of RNA encoding CD40L, CD70, and constitutively active
toll-like-receptor 4 (caTLR4) that is transfected into DCs ex vivo. CD40L and
caTLR4 promote maturation of cytokine-secreting DCs, whereas CD70 enhances
T cell proliferation. When TriMix cocktail was co-transfected with melanoma anti-
gens and co-cultured with autologous naive CD8 4 T cells, a 500-fold increase in
antigen-specific CD8 + T cells was observed when compared with immature DCs,
and a 200-fold increase when compared with cytokine cocktail-matured DCs (Bone-
hill et al. 2008). TriMix-based therapeutic vaccine, TriMixDC-MEL, in combination
with ipilimumab, a cytotoxic T-lymphocyte-associated protein 4 blocker, induced
an encouraging rate of highly durable tumor responses in patients with advanced
melanoma (Wilgenhof et al. 2016).
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RNA encoding chimeric antigen receptors (CAR) for T cells is another promising
avenue for RNA technology. CAR can be designed to recognize any desired antigen
on the cell surface so that cytotoxic T cell expressing the CAR will detect and destroy
other cells bearing that antigen. Usually, T cells are expanded and transfected with
CAR-encoding RNA ex vivo, then infused back into the patient (Krug et al. 2014;
Foster et al. 2019). Descartes-08 is an RNA-based CAR T cell therapy to treat myas-
thenia gravis. In this autoimmune disease, pathogenic autoantibodies produced by
plasma cells bind to and destroy neuromuscular synapses resulting in muscle weak-
ness and rapid fatigue. Plasma cell clones producing autoantibodies also express B
cell maturation antigen (BCMA). Descartes-08 can recognize and eliminate BCMA-
expressing cells and is now in Phase 1/2 clinical trials (Cartesian Therapeutics 2021a;
Cartesian). Similarly, Descartes-11 eliminates BCMA-expressing myeloma cells and
is in development to treat newly diagnosed patients with high-risk multiple myeloma
(Cartesian Therapeutics 2021b; Cartesian 2021). Recently, it has been demonstrated
that CAR RNA can be delivered into T cells in vivo with lipid nanoparticles carrying
anti-CD3 antibodies. Such particles accumulated in the organs enriched in T cells,
such as spleen, thymus, and lymph nodes, and, when loaded with CAR RNA, could
reprogram host T cells to recognize and eliminate leukemia cells and prostate cancer
cells in animal models, prolonging survival significantly (Parayath et al. 2020).

RNA is also an attractive technology for genome editing as it can ensure transient
expression of genome editing tools. Several preclinical and clinical studies using
RNA encoding zinc finger nucleases (ZFNs), transcription activator-like effector
nucleases (TALENs), and CRISPR-associated protein 9 (Cas9) are ongoing (Zhang
et al. 2019). For example, SB-728mR-T encodes ZFN targeting chemokine receptor
(CCRS5) gene. The latter is a surface protein present on the white blood cells which
serves as a co-receptor for HIV virus and certain mutations of this receptor grant
natural resistance to the virus. SB-728mR-T is designed to delete 32 bp in CCRS5
gene making the recipient resistant to HIV. In currently ongoing clinical study, the
drug is electroporated ex vivo into autologous hematopoietic stem/progenitor cells
of HIV-1 infected patients preconditioned with busulfan (DiGiusto et al. 2016; City
of Hope Medical Center 2020). Another RNA-based gene-editing drug, NTLA-
2001, is targeted against transthyretin amyloidosis. This RNA construct encodes
a CRISPR-Cas9 system, encapsulated into nanoparticles formulated to achieve pref-
erential delivery to the liver. NTLA-2001 knocks out the hepatic TTR gene respon-
sible for the production of misfolded transthyretin protein. A single dose of NTLA-
2001 edits more than 70% of the genome in the liver of non-human primates and
reduces serum transthyretin concentration more than 80% in patients with amyloi-
dosis (Intellia Therapeutics 2020; Gillmore et al. 2021). Another application is the
use of an mRNA CRISPR-Cas9 system, delivered in lipid nanoparticles, to knock
out hepatic PCSK9 gene and thereby reduce LDL cholesterol levels in non-human
primates. PCSKO9 is a negative regulator of LDL receptors (LDLR) which bind to
and clear LDL cholesterol from circulation (Musunuru et al. 2021). Both LDLR and
PCSKO are highly expressed in the liver, thereby making this organ the main target
for RNA-based gene therapy of hypercholesterolemia.
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Since RNA can encode any protein, the number of therapeutic applications for
RNA technology is indeed countless and examples above represent only a small
portion of RNA-based therapeutics under development (Damase et al. 2021). Gene
replacement therapy with RNA can reverse a deficiency of key metabolic enzymes
causing a disease process. For instance, ARCT-810, now in early clinical trials,
is designed to supply a functional transcript of ornithine transcarbamylase (OTC)
(Arcturus Therapeutics, Inc. 2020, 2021). This enzyme helps to eliminate ammonia
through urea cycle in the liver. Genetic defects causing a deficiency of OTC result in
hyperammonemia and subsequent neurological derangements. Promising preclinical
data have also been reported for RNA-based replacement therapy in the models of
a-1-antitrypsin deficiency (Connolly et al. 2018), citrin deficiency (Cao et al. 2019),
lysosomal storage diseases (Zhu et al. 2019), and glycogen storage diseases (Cao
et al. 2021).

In addition, RNA-enhanced cell therapies and bioengineering are on the horizon.
As one example, we have shown that mRNA encoding human telomerase can
extend telomeres in senescent human cells, increase replicative capacity, reverse
the senescence-associated secretory phenotype, reduce DNA damage, and restore
normal cellular functions (Ramunas et al. 2015; Li et al. 2017, 2019; Mojiri et al.
2021). This promising work has stimulated preclinical studies to assess the benefit
of this mRNA therapy to enhance an FDA-approved cell therapy product for burn
patients.

6 Conclusion and Future Perspective

The future is bright for the field of mRNA therapeutics. Current mRNA tech-
nology provides a platform to rapidly develop and deploy vaccines against infectious
diseases; to personalize therapies for cancer and genetic diseases; to generate ther-
apeutic proteins to address previously “undruggable” targets; to address the major
illnesses that afflict modern society including cardiovascular and neurological disor-
ders. Our hospital-based program is designed to help small companies and academic
groups with a great RNA idea get to the clinic. Such programs will increase the
number and the diversity of RNA solutions for disease. In addition, hospital-based
programs will address current gaps in medical care for orphan diseases and will
provide personalized RNA therapies for their patients. Advances in tissue targeting
and in the stability and translational efficiency of mRNA will increase its application
for a broad range of diseases. The opportunities for RNA therapeutics are almost
limitless, as we stand on the threshold of a brave new world.
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