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Abstract

The concepts of developing RNAs as new molecular entities for therapies have arisen again

and again since the discoveries of antisense RNAs, direct RNA-protein interactions, functional
noncoding RNAs, and RNA-directed gene editing. The feasibility was demonstrated with the
development and utilization of synthetic RNA agents to selectively control target gene expression,
modulate protein functions or alter the genome to manage diseases. Rather, RNAs are labile to
degradation and cannot cross cell membrane barriers, making it hard to develop RNA medications.
With the development of viable RNA technologies, such as chemistry and pharmaceutics, eight
antisense oligonucleotides (ASOs) (fomivirsen, mipomersen, eteplirsen, nusinersen, inotersen,
golodirsen, viltolarsen and casimersen), one aptamer (pegaptanib), and three small interfering
RNAs (siRNASs) (patisiran, givosiran and lumasiran) have been approved by the United States
Food and Drug Administration (FDA) for therapies, and two mRNA vaccines (BNT162b2 and
MRNA-1273) under Emergency Use Authorization for the prevention of COVID-19. Therefore,
RNAs have become a great addition to small molecules, proteins/antibodies, and cell-based
modalities to improve the public health. In this article, we first summarize the general
characteristics of therapeutic RNA agents, including chemistry, common delivery strategies,
mechanisms of actions, and safety. By overviewing individual RNA medications and vaccines
approved by the FDA and some agents under development, we illustrate the unique compositions
and pharmacological actions of RNA products. A new era of RNA research and development will
likely lead to commercialization of more RNA agents for medical use, expanding the range of
therapeutic targets and increasing the diversity of molecular modalities.
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Introduction

The concept of developing RNAs as new molecular entities for therapies had arisen

since the development and utilization of single-stranded oligonucleotides to act on target
transcripts for the control of gene expression (Stephenson and Zamecnik, 1978; Zamecnik
and Stephenson, 1978) and use of RNA molecules to directly modulate the functions of
proteins or RNA-protein complexes (Stark et al., 1978; Kitajewski et al., 1986; Dingwall et
al., 1989). The expectation became even higher following the discovery of genome-derived
functional noncoding microRNAs (miRNAs or miRs) that govern posttranscriptional gene
regulation (Lee et al., 1993; Wightman et al., 1993) and the development of double-stranded
RNAs (dsRNAs) to achieve RNA interference (RNAI) (Elbashir et al., 2001; Fire et

al., 1998; Zamore et al., 2000). Meanwhile, although RNA molecules derived from the
human genome, including messenger RNAs (mRNAs) and functional noncoding RNAs
(ncRNAS), outnumber the proteins enormously (Djebali et al., 2012), RNA macromolecules
basically remain as undrugged targets. Indeed, the single-stranded antisense oligonucleotides
(ASOs), double-stranded small interfering RNAs (siRNAs), and endogenous miRNAs

can be unified in that the antisense strand directs particular cellular machineries to

modulate posttranscriptional gene expression through the interference with target transcripts.
Furthermore, exogenous mMRNAs may be directly introduced into cells and translated by
ribosomes into target proteins for replacement therapy or vaccination (Jirikowski et al.,
1992; Mandl et al., 1998; Wolff et al., 1990). In addition, the discovery of clustered regularly
interspaced short palindromic repeats-associated proteins (CRISPR-Cas) system for gene
editing (Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013; Mashiko et al., 2013) opens
a new avenue to use guide RNAs (JRNAs) along with the Cas nuclease for the treatment of
diseases. Therefore, RNA therapeutics and vaccines not only hold great promise to expand
the range of druggable targets (e.g., from proteins to transcripts and the genome) but also
increase the molecular diversity of medications (e.g., from small molecules and proteins to
RNAS).

The development of RNA medications and vaccines has encountered many unprecedented
challenges. Naked and unmodified RNAs are intrinsically susceptible to the cleavage and
degradation by a variety of circulating ribonucleases (RNases) and hydrolases, and thus
rapidly eliminated through renal clearance. As negatively-charged large molecules, RNAs
are subjected to poor intracellular uptake and thus have insufficient access to the molecular
targets within cells. With the development of viable technologies to improve the druggability
of RNA molecules, including the improvement of metabolic stability through chemical
modifications and utilization of efficient delivery systems (Crooke et al., 2018; Khvorova
and Watts, 2017; Roberts et al., 2020; Yu et al., 2019; Yu et al., 2020b), a number of

RNA medications and vaccines with specific pharmacological actions have been approved
by the United States Food and Drug Administration (FDA) for the treatment and prevention
of various human diseases (Fig. 1). Among them, eight are therapeutic ASOs (fomivirsen,
mipomersen, eteplirsen, nusinersen, inotersen, golodirsen, viltolarsen and casimersen), one
is RNA aptamer (pegaptanib), three are siRNAs (patisiran, givosiran and lumasiran), and
two are mRNA vaccines (BNT162b2 and mRNA-1273).
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Regulatory approval of fomivirsen on August 26, 1998 for the treatment of cytomegalovirus
(CMV) retinitis in AIDS patients, who are intolerant of or have a contraindication to other
treatments for CMV retinitis or who were insufficiently responsive to previous treatments
for CMV retinitis (Roehr, 1998), is a key milestone in drug development in that fomivirsen
becomes the first nucleic acid entity acting on mRNA target for medical use among humans
(Fig. 1). Pegaptanib was approved by FDA on December 17, 2004 for the treatment of
neovascular age-related macular degeneration (AMD) (Ng and Adamis, 2005; Ng et al.,
2006), which represents another important milestone as pegaptanib is the first true RNA
analog and the first RNA aptamer drug that directly acts on a protein target. After nearly

a decade of silence, seven ASO drugs including four phosphorodiamidate morpholine
oligonucleotides (PMOs) were successfully marketed between 2013 and 2021 (Aartsma-
Rus, 2017; Heo, 2020; Iftikhar et al., 2021; Keam, 2018; Kesselheim and Avorn, 2016;
Morrow, 2013; Shirley, 2021).

Another exciting milestone in RNA drug development is the approval of the first SIRNA
medication, patisiran, by the FDA on August 10, 2018 for the treatment of peripheral nerve
disease (polyneuropathy) caused by hereditary transthyretin-mediated (hATTR) amyloidosis
in adult patients (Fig. 1) (Wood, 2018). Subsequently, two other siRNA drugs, givosiran

and lumasiran, were approved by the FDA in November 2019 and November 2020 for

the treatment of acute hepatic porphyria (AHP) and primary hyperoxaluria type 1 (PH1),
respectively (Scott, 2020; Scott and Keam, 2021). Moreover, two mRNA vaccines have been
approved most recently by the US FDA under Emergency Use Authorization (EUA) for the
prevention of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection or
coronavirus disease 2019 (COVID-19) (Fig. 1) (Oliver et al., 2020; Oliver et al., 2021).
While recent approval of RNA medications and vaccines benefits from the improved
understanding of RNA biology and advances in RNA technologies, it provides incentives
for the discovery and development of new RNA agents for medical use.

In this review, we summarize the general characteristics of therapeutic RNAs, including
chemistry, common delivery strategies, mechanisms of actions, and safety. By focusing on
the discussion of FDA-approved RNA medications and vaccines, we provide an overview of
individual RNA products and respective pharmacological actions, and outline some agents
and strategies under development and evaluation.

2. Characteristics of RNA medications and vaccines

Therapeutic RNAs have their intrinsic characteristics, different from conventional small-
molecule and protein drugs in many regards (Table 1). The molecular weights of polymeric
RNA medications (7-20 kDa) are much greater than small-molecule medications (< 1 kDa)
but generally less than protein therapeutics (>100 kDa), except that full-length mRNA drugs/
vaccines are much larger in size (e.g., >100 kDa). Both RNA and protein medications are
not orally bioavailable, whereas many small-molecules are. Therefore, RNA therapeutics

are generally administered via intravenous or local injections. Overall pharmacokinetic
properties of RNA agents including tissue distribution and intracellular uptake are highly
dependent on chemical modifications and formulations or delivery vehicles. Mainly acting
on target transcripts within cells towards the control of disease, the efficacy of an RNA drug
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is generally more relevant to tissue or intracellular exposure (Chong et al., 2021; Nair et al.,
2017), but it could be linked to systemic exposure (Yu et al., 2009). Furthermore, the risk of
induction of allergic reactions, such as cytokine release syndrome or cytokine storm (Table
1), is a major concern during the development and clinical use of RNA drugs, while other
types of adverse events, including systemic and injection site reactions, may occur among
individuals (Balwani et al., 2020; van Meer et al., 2016).

2.1. Chemistry of RNA molecules

RNA molecules in variable length consist of four nucleobase building blocks, adenine (A),
uracil (U), cytosine (C), and guanine (G), which are connected in particular orders through
glycosidic and phosphodiester bonds (Fig. 2A). Pseudouridine (), an isomer of uridine

or madified uridine in which the uracil is linked to ribose via carbon-carbon bond rather
than nitrogen-carbon glycosidic bond, is found frequently in genome-derived RNAs and

is also called the fifth nucleotide (Li et al., 2016). The RNA ribonucleosides differ from
DNA nucleoside subunits in that each ribose is comprised of a hydroxy group whereas
deoxyribose is not (Fig. 2A). In addition, thymine (T) or 5-methyluracil (m5U) is the fourth
nucleobase in DNA, in contrast to uracil in RNA.

The nucleobases form base pairs through hydrogen bonds (H-bands), among which A

and U (or T) base pairs consist of two H-bonds, and G and C pairs involve three H-

bands (Fig. 2A). Intramolecular complementary base pairings, along with other types of
physicochemical interactions, make RNA fold into higher orders of structures, including
secondary (e.g., helices or stems, loops, and bulges), tertiary (e.g., motifs, pseudo-knot,

and junctions), and quaternary (e.g., complexes) elements (Jones and Ferre-DAmare, 2015;
Schlick, 2018), which are critical for RNA stability and function. By contrast, intermolecular
complementary base pairing is the foundation for RNA therapeutics (e.g., ASOs, miRNAs,
siRNAs, and gRNAS) to selectively act on target transcripts to achieve the control of gene
expression and disease progression (Doudna, 2020; Roberts et al., 2020; Yu et al., 2020b).

Chemical modification is a proven means to improve RNA metabolic stability and
pharmacokinetic property while maintaining or enhancing efficacy (Crooke et al., 2018;
Khvorova and Watts, 2017; Roberts et al., 2020; Yu et al., 2019; Yu et al., 2020b). The
phosphodiester bond is revealed as a major “soft spot” in RNA molecules, in which

one non-bridging oxygen can be replaced by a sulfur atom to offer phosphorothioate
oligonucleotides (Fig. 2A) towards a reduced nucleolytic degradation (Eckstein, 1985).

The 2’-hydroxyl group on ribose ring is the other major “soft spot”, which is commonly
changed to 2”-methoxy, 2’-methoxyethoxy, or 2”-fluoro (Fig. 2A) for greater serum stability
(Bramsen and Kjems, 2012; Crooke et al., 2020; Ho and Yu, 2016; Khvorova and Watts,
2017). There are also some advanced modifications that aim at retaining nucleobases

for complementary pairings while changing the ribose phosphodiester linkages. PMO or
morpholino oligomer, in which a six-membered morpholine ring is used to substitute the
five-membered ribose, and phosphoramidate linkage to replace the phosphodiester (Fig.
2B), has been proved as a successful strategy for the development of RNA therapeutics
(Summerton, 2017; Summerton and Weller, 1997). In addition, peptide nucleic acids (PNAS)
are under active development (Nielsen, 2000; Saarbach et al., 2019; Zhilina et al., 2005),
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among which the nucleobases are connected by using the A-(2-aminoethyl)-glycine units
linked through peptide bonds (Fig. 2C). While chemical modifications are expected to retain
pharmacological actions, structural and functional studies have revealed that modified RNAs
may interact differently with binding proteins and targets, and exhibit greater or lower
potency (Schirle et al., 2016).

Chemical synthesis and in vitro transcription are two common methods for the production of
RNA agents. Phosphoramidite method is a well-established approach for chemical synthesis
of oligonucleotides (Marshall and Kaiser, 2004), and specifically-modified building blocks
can be incorporated precisely into the final products at desired locations during organic
synthesis. By contrast, in vitro transcription is an enzymatic method for the synthesis of
RNAs using the RNA polymerases (e.g., T7 and SP6) and proper templates (e.g., plasmid
DNA, cDNA, or synthetic oligonucleotides) (Beckert and Masquida, 2011; Milligan et al.,
1987). Some modified nucleosides, such as pseudouridine (Anderson et al., 2010; Kariko et
al., 2008) or NZI-methyl-pseudouridine (N1my) (Svitkin et al., 2017), can be incorporated
systematically into the final RNA products during in vitro transcription, whereas it is

not feasible to specifically assemble particularly-modified nucleosides into the products

at defined locations. As chemical synthesis is a practical approach to the production of
relatively shorter oligonucleotides (e.g., < 50 nt), in vitro transcription is a reliable and
efficient method for the manufacture of longer RNA agents (e.g., mRNAs; > 100 nt). Rather,
single-stranded ASOs and double-stranded siRNAs in shorter lengths can be made by in
vitro transcription (Guiley et al., 2012; Kim et al., 2004; Wianny and Zernicka-Goetz,

2000; Yang et al., 2002). Interestingly, the 5" initiating triphosphate was found to induce
interferons, which need be removed to alleviate immune response (Kim et al., 2004).

Novel technologies are also emerging for in vivo production of functional RNA agents
(Ho and Yu, 2016; Yu et al., 2019; Yu et al., 2020a). Bioengineered or recombinant RNA
molecules are expected to better recapitulate the structures, functions, and safety of natural
RNAs because both are produced, folded, and tolerated in living cells, and carrying only
natural and necessary posttranscriptionally-modified nucleosides (Li et al., 2015; Wang

et al., 2015). The use of stable scaffolds or carriers is the most reliable and versatile
approach for heterogenous overexpression, among which the transfer RNA (tRNA) fused
precursor miRNA (pre-miRNA) (tRNA/pre-miRNA) carriers are able to accommodate a
wide variety of payload small RNAs (SRNAs), including miRNAs, siRNAs, and aptamers,
to achieve a consistent, high-yield, and large-scale production of target ncRNAs for basic
and translational research (Chen et al., 2015; Ho et al., 2018; Li et al., 2018; Li et al.,
2019; Li et al., 2021; Petrek et al., 2019; Tu et al., 2019; Yi et al., 2020). In addition, direct
heterogenous expression of specific RNAs in host bacteria lacking RNase 111 have been
demonstrated recently (Hashiro et al., 2019a; Hashiro et al., 2019b). Such in vivo production
approaches shall open new avenues for RNA manufacture, research, and development (Ho
and Yu, 2016; Yu et al., 2019; Yu et al., 2020a).

Delivery of RNA agents

RNA drugs administered through systemic injections (e.g., intravenous), slightly different
from local or other routes (e.g., subcutaneous, intravitreal, intrathecal, and intramuscular)
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(Table 1), are subjected to both systemic and cellular barriers that hinder their access to
intracellular targets. As mentioned above, RNASs are highly susceptible to the degradation
by RNases or hydrolases that are commonly found in blood and body fluids, and they

are easily filtered through glomerulus and rapidly eliminated from the kidney. Therefore,
unprotected RNAs have an extremely short metabolic or systemic half-life (e.g., less than
7 min) (de Smidt et al., 1991; Soutschek et al., 2004). In addition, negatively-charged
RNA molecules over 7 kDa cannot freely passthrough the cell membrane to interact with
target transcripts inside the cells. Therefore, it is essential to employ appropriate strategies
to overcome these hurdles so that sufficient levels of RNAs can get into the cells and
interact with intracellular targets to exert pharmacological effects. Among them, chemical
modifications aforementioned have proven as viable means to enhance metabolic stability
while the potency of RNA could be influenced to different degrees.

Conjugation with proper polymers or specific ligands (Fig. 3A) has found its success for the
delivery of therapeutic RNAs (Juliano, 2016; Kowalski et al., 2019; Roberts et al., 2020; Yu
et al., 2020b). The polyethylene glycol (PEG) is an FDA-approved polymer commonly used
for drug delivery, including small molecules, polypeptides, proteins, and RNAs, which could
lead to optimal pharmacokinetic property, efficacy, and safety profiles (Knop et al., 2010;
Suk et al., 2016). Indeed, pegaptanib (Macugen), the first RNA aptamer drug approved by
the FDA (Fig. 1), is an anti-vascular endothelial growth factor (VEGF) aptamer conjugated
to 40-kDa PEG (Ng et al., 2006). Efforts have been made to introduce cleavable PEG

to form siRNA conjugate (Jung et al., 2010) that could be released under lower pH or
reductive environment. Nevertheless, the sense or guide strand is preferably subjected to
conjugation because the 5'- and 3”-end of the antisense or passenger strand are critical for
target recognition and anchoring the siRNA or miRNA in the Argonaute 2 (AGO?2) protein
(Elkayam et al., 2012; Ma et al., 2004; Schirle and MacRae, 2012). In addition, there are
concerns about the formation of or pre-existing anti-PEG antibodies in subjects that may
enhance drug clearance and lead to the reduction or loss of efficacy, as well as induction of
hypersensitivity reactions (Kozma et al., 2020).

Besides PEG, RNA agents may be covalently conjugated to an array of entities, such as
cholesterols (Soutschek et al., 2004), fatty acids and bile acids (Wolfrum et al., 2007),
antibodies (Cuellar et al., 2015; Song et al., 2005), polypeptides (Klein et al., 2019; Ren

et al., 2012), aptamers (Neff et al., 2011), and sugars (Nair et al., 2014; Nair et al., 2017).
Polyconjugates are also developed in which an amphipathic polymer consisting of PEG and
targeting ligands is attached to target siRNA (Rozema et al., 2007). The resulting conjugates
are anticipated to have greater serum stability and facilitate intracellular uptake of payload
RNAs, including tissue- or cell-specific delivery. Interestingly, the cell penetrating peptides
(CPPs) (Abedi-Gaballu et al., 2018; Guidotti et al., 2017; Taylor and Zahid, 2020) are
commonly linked to PNA by using disulfide or other covalent linkages to achieve antisense
effects (Dragulescu-Andrasi et al., 2006; Pooga et al., 1998), while CPPs can directly
conjugated to therapeutic RNAs (Srimanee et al., 2018; Ye et al., 2017) to improve
intracellular delivery. The amino sugar, A-acetylgalactosamine (GalNACc), is a hepatocyte
asialoglycoprotein receptor-binding ligand (Matsuda et al., 2015; Nair et al., 2014; Springer
and Dowdy, 2018) that has been successfully applied to RNA drug delivery and found in two
siRNA medications, givosiran and lumasiran. Specifically, the 3’-terminus of sense strand
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is attached to a trivalent GaINAc moiety to improve the delivery to hepatocytes (Nair et al.,
2014; Nair et al., 2017).

RNA therapeutics may be encompassed in polymer-based carriers to form polymeric
nanoparticles, micelles, dendrimers or polyplexes to achieve efficient delivery (Fig.

3A). RNA-polymer complexes are assembled through physicochemical or electrostatic
interactions. Both natural and synthetic polymers, such as PEG (Jhaveri and Torchilin,
2014), polysaccharides including chitosan, hyaluronic acids, and cyclodextrins (Mousazadeh
et al., 2021; Ragelle et al., 2013; Serrano-Sevilla et al., 2019), polyethylenimine (PEI)
(Neuberg and Kichler, 2014), and polypeptides or their derivatives (Abedi-Gaballu et al.,
2018; Guidotti et al., 2017; Koren and Torchilin, 2012; Taylor and Zahid, 2020), have

been widely and continuously investigated. CALAA-01, a siRNA designed to reduce the
expression of the M2 subunit of ribonucleotide reductase (RRM2) and complexed with a
PEGylated and human transferrin protein (hTF)-modified linear cationic cyclodextrin-based
polymer, represents a polymer-based siRNA nanotherapeutics evaluated among cancer
patients in the clinic, and the human pharmacokinetics and safety data generally correlate to
those from animals (Zuckerman et al., 2014). PEI has been shown as an effective material
for the delivery of a siRNA targeting hypusinated eukaryotic translation initiation factor

5A (elF5A) to inhibit tumor growth in multiple animal models of B-cell cancers without
damaging normal tissues (Francis et al., 2014). As another example, CPPs are able to form
complexes with RNA agents non-covalently and facilitate intracellular delivery, either alone
or connected to other polymers (Malhotra et al., 2013; Schiroli et al., 2019; Srimanee et al.,
2018).

RNA agents are formulated into lipid nanoparticles (LNP) (Fig. 3A) the most

frequently through self-assembly, driven by a combination of electrostatic and

hydrophobic interactions, for in vitro and in vivo delivery (Cullis and Hope, 2017;
Kowalski et al., 2019; Samaridou et al., 2020). Indeed, a number of liposomal,
small-molecule products have been approved by the FDA for medical use, such

as hydrogenated soybean phosphatidylcholine (HSPC) and PEGylated 1,2-distearoyl-
snglycero-3-phosphoethanolamine (PEG-DSPE)-packaged doxorubicin (Doxil®) (Baker,
1995; James, 1995), DSPC-formulated daunorubicin (DaunoXome®) (FDA, 1996),

HSPC and PEG-DSPE-complexed amphotericin B (Ambisome®) (Baker, 1995), and egg
sphingomyelin (ESM)-carried vincristine (Margibo®) (Raj et al., 2013). Rather, cationic or
ionizable lipids are preferably used for the delivery of anionic RNAs (Cullis and Hope,
2017; Kowalski et al., 2019; Samaridou et al., 2020). Cationic lipid-formed lipoplexes may
retain their electronic charge during circulation, and ionizable lipids can become protonated
in a low pH environment to facilitate endosomal escape. Other hydrophobic moieties, such
as cholesterol and PEGylated lipids, are usually included at optimal ratios to enhance

the stability of LNPs as well as the delivery efficacy and therapeutic efficacy of RNA
agents (Chen et al., 2012; Mui et al., 2013). Lipids are also used to coat polyplexes to

offer lipopolyplexes to improve the stability RNAs and reduce the use and toxicity of
polymers (Rezaee et al., 2016). Patisiran, the first FDA-approved siRNA drug (Zhang,
Goel, & Robbie, 2019; Zhang et al., 2020) (Fig. 1), is complexed with a novel ionizable
lipid, dilinoleylmethyl-4-dimethylaminobutyrate (DLin-MC3-DMA or MC3), as well as
a-(3’-((1C-di(myristyloxy)proponoxy)-carbonylamino)propyl)-w-methoxy-polyoxyethylene
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(PEG2000-C-DMG) as a lipid PEG anchor, and DSPC and cholesterol as helper lipids at a
molar ratio of 50/1.5/10/38.5 to enable delivery into hepatocytes (Jayaraman et al., 2012).

In addition, ionizable cationic lipids, PEGylated lipids, phosphatidylcholine, and cholesterol
carriers (Hassett et al., 2019; Jayaraman et al., 2012; Maier et al., 2013; Pardi et al., 2015;
Richner et al., 2017) have found their success for the delivery of mMRNA vaccines that have
been approved under EUA for the prevention of unprecedented COVID-19.

As delivery remains a big challenge for the development of RNA therapeutics and vaccines,
enormous efforts are still underway to explore and evaluate new effective and safe delivery
materials and platforms. Natural biological nanoparticles, namely extracellular vesicles or
exosomes, are also of particular interest (Barile and Vassalli, 2017; O’Brien et al., 2020).
Cell-derived exosomes, especially those produced autologously, are expected to be more
biocompatible than synthetic materials, and exosomes are able to pass through biological
membranes to achieve intracellular delivery of RNA agents. Nevertheless, the heterogeneity
of exosomes and batch-to-batch variations, such as size and composition, indicate the need
for stringent quality control. It is also essential to obtain sufficient quantity of exosomes

to ensure efficient loading of target RNAs for the administration of projected doses and
examine the safety of the final products.

Utilization of therapeutic RNAs for the treatment of the central nervous system (CNS)
disorders encounters additional challenge due to the presence of blood-brain barrier (BBB),
the highly selective and permeable membrane that prevents xenobiotics and biologic
molecules from entering the brain (Bennett et al., 2019; Hammond et al., 2021). While
particular RNA agents such as PMOs exhibited a unidirectional influx across the BBB,
fewer than 1% of the PMOs administered intravenously were actually found in the brain

of mouse models and appropriate doses were warranted to effectively lessen CNS deficits
(Banks et al., 2001). Based on ligand-receptor interactions, specific ligands or CPPs may
be used to achieve more effective delivery to the CNS (Dastpeyman et al., 2021; Du

et al., 2011; Kanazawa et al., 2013; Min et al., 2020). Further, given the important

roles of miRNA-containing exosomes in cell-cell and organ-organ communications,
neurophysiology and neuropathology, exosomes were shown to facilitate the delivery of
siRNAs across BBB for effective knockdown of target gene expression in the brain
(Alvarez-Erviti et al., 2011; Yang et al., 2017). While these approaches are promising, more
extensive evaluation and validation studies are necessary before the application to medical
use.

Mechanisms of actions

RNA medications and vaccines are remarkably different from small-molecule and protein
drugs in mechanisms of actions (Fig. 3B), in addition to chemistry and pharmacokinetics
(Table 1). Therapeutic small molecules predominantly interact with intra- or extra-cellular
or cell-surface proteins, e.g., acting as inhibitors to enzymes, kinases, transporters, and ion
channels, or antagonists or agonists of receptors, to exert pharmacological effects, while
some small-molecule drugs have direct interactions with DNA and RNA targets (Yu et al.,
2020b). On the other hand, protein and antibody drugs mainly target cell-surface proteins
or extracellular factors to reach therapeutic outcomes (Kintzing et al., 2016; Leader et al.,

Pharmacol Ther. Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Tu

Page 9

2008). By contrast, while particular forms of RNAs are capable of binding to proteins to
alter their functions (e.g., aptamers), targeting the genome to achieve gene editing (QRNAS),
or using ribosomes to produce target proteins or antigens (mRNAS), therapeutic RNAs (e.g.,
ASOs, siRNAs, and miRNAS) primarily interfere with intracellular transcripts to alter target
gene expression for the control of diseases (Fig. 3B).

One group of therapeutic RNAs, namely aptamers (Bouchard et al., 2010; Kaur et al., 2018;
Nimjee et al., 2017), mimic the actions of some cellular RNA molecules that have been
revealed to bind to proteins to modulate their functions (Dingwall et al., 1989; Kitajewski
et al., 1986). Through intermolecular base pairings and other physicochemical interactions,
single-stranded RNA aptamers (e.g., pegaptanib) can fold into higher order structures which
allow them directly and specifically to interact with protein targets (e.g., VEGF) to exert
pharmacological effects (Fig. 3B). RNA aptamers are usually screened through a process
called systematic evolution of ligands by exponential enrichment (SELEX) to achieve
greater or optimal affinity and specificity (Ellington and Szostak, 1990; Robertson and
Joyce, 1990; Tuerk and Gold, 1990). Besides therapy by inhibiting or activating a variety
of potential protein targets, such as cytokines, proteases, kinases, cell-surface receptors, and
cell-adhesion molecules (Nimjee et al., 2017), RNA aptamers have been identified for other
applications such as the detection of specific small-molecule metabolites (Jaffrey, 2018;
Rothlisberger et al., 2017).

Most therapeutic RNAs mechanistically act on mRNAs to modulate target gene expression
for the management of diseases. Among them, single-stranded ASOs are a major group

of RNAs under development and some have been approved for clinical practice (e.g.,
mipomersen and inotersen) (Bennett, 2019; Crooke et al., 2020; Kole et al., 2012), besides
being used as research tools. This is following the discovery of functional antisense RNAs
in the control of posttranscriptional gene regulation in cells across species (Ecker and Davis,
1986; Izant and Weintraub, 1984; Light and Molin, 1983; Simons and Kleckner, 1983;
Spiegelman et al., 1972) and the development of synthetic ASOs to selectively control target
gene expression via complementary base pairings with targeted transcripts (Stephenson and
Zamecnik, 1978; Zamecnik and Stephenson, 1978). ASO-directed target gene suppression
may not only include RNase H-mediated cleavage or degradation of mRNAs and/or
precursor mMRNAs (pre-mRNAS) (e.g., fomivirsen and “Gapmer” ASOs (mipomersen and
inotersen)) within nucleus and cytoplasm (Fig. 3B) but also involve RNase-independent
translation inhibition (Crooke et al., 2020) or spliceosome-controlled pre-mRNA splicing as
discussed below.

Some therapeutic ASOs (e.g., nusinersen, eteplirsen, golodirsen, viltolarsen and casimersen)
alter mRNA maturation by targeting pre-mRNAs and the nuclear spliceosome (Fig. 3B)
(Crooke et al., 2020; Havens and Hastings, 2016). As such, these ASOs are also called
splice-switching oligonucleotides (SSOs). The pre-mRNAs transcribed within the nucleus
must undergo further processing to become mature mRNAs, in which the pre-mRNA
splicing involves selective removal of interspersed noncoding sequences or introns, and
precise ligation or assembly of individual exons or coding sequences through sequential
trans-esterification reactions (Fica et al., 2013; Galej et al., 2018; Kramer, 1996). Distinct
MRNAs may be generated from the same pre-mRNA through alternative splicing (Berget
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etal., 1977; Early et al., 1980), and some diseases are attributed to dysregulated splicing
(Faustino and Cooper, 2003; Lee and Rio, 2015). Through base pairing with target pre-
mMRNA sequence and blocking RNA-spliceosome interactions (Fig. 3B), a SSO can be
designed and used to effectively disrupt the normal splicing repertoire of the pre-mRNA,
leading to exon inclusion or skipping and thus the production of functional proteins or
preferred genetic products towards the control of diseases.

Therapeutic sSiRNAs or miRNA mimics (e.g., patisiran, givosiran and lumasiran) are double-
stranded RNAs that rely on the RNA-induced silencing complex (RISC or miRISC) to
modulate target gene expression (Fig. 3B). In particular, the antisense or guide strands

of siRNAs or miRNAs are preferably loaded into cytoplasmic RISC to recognize target
transcripts through complementary base pairings with targeted sequences, leading to
translation inhibition, mMRNA cleavage, or deadenylation. The concept of developing
therapeutic siRNAs and miRNA mimics risen after the discovery of RNAi phenomena using
double-stranded exogenous RNA agents (Elbashir et al., 2001; Fire et al., 1998; Zamore et
al., 2000), as well as the genome-derived functional miRNAs that govern posttranscriptional
gene regulation across species including humans (Lee et al., 1993; Pasquinelli et al., 2000;
Reinhart et al., 2000; Wightman et al., 1993). While siRNAs are usually designed to interact
with the coding sequences of target transcripts through perfect base pairings, endogenous
miRNAs generally act on the 3" -untranslated regions (3’'UTR) via imperfect base pairings.
Interestingly, two of the three marketed siRNA drugs, patisiran and lumasiran, interfere with
the 3’UTRs of target transcripts to achieve knockdown of gene expression. Furthermore,
while both single-stranded ASOs and double-stranded siRNAs can be converged or unified
into the posttranscriptional gene regulation mechanisms (Fig. 3B), siRNAs are more
effective to knock down cytoplasmic targets and ASOs generally show greater efficacy in
suppressing nuclear targets (Lennox and Behlke, 2016). Indeed, the actions of ASOs depend
on RNases H and P-mediated cleavage or degradation of target transcripts which are highly
abundant in the nucleus, and SSOs are to manipulate nuclear spliceosome and pre-mRNA
processing. By contrast, the RISCs on which siRNAs and miRNAs depend for translation
inhibition or transcript degradation are generally enriched within the cytoplasm while
functional RNA.i factors are present within human cell nuclei for selective and effective
knockdown of nuclear targets by siRNAs (Berezhna et al., 2006; Gagnon et al., 2014). It is
also noteworthy that, similar as some miRNAs inducing the expression of particular genes
with complementary promoter sequences (Place et al., 2008), some double-stranded RNAs
are designed to activate target gene expression and thus named as small activating RNAs
(saRNAs), which generally target the promoter regions or transcriptional machinery to turn
on transcription or improve transcription efficiency (Kwok et al., 2019; Voutila et al., 2017).

Exogenous mRNAs, generally made by in vitro transcription, may be introduced into

cells and read by cellular ribosomes (Fig. 3B) towards the synthesis of targeted proteins/
antibodies for replacement therapy or antibody therapy, or antigens for vaccination (Pardi

et al., 2018; Van Hoecke and Roose, 2019; Weissman and Kariko, 2015). Because the
single-stranded mMRNA must have all essential components to achieve efficient translation,
including the intact coding sequence (e.g., > 1000 nt), 5" cap, and 3" poly(A) tail, mMRNA
is unsurprisingly the largest therapeutic RNA molecule in size or length under development.
Following the proof of concepts in animals that direct injection of mMRNAs could lead to
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the expression of encoded proteins or vaccination (Jirikowski et al., 1992; Martinon et al.,
1993; Wolff et al., 1990), many therapeutic mMRNAs and vaccines have entered into clinical
investigations to combat against various diseases (clinicaltrials.gov). Two mRNA vaccines
(BNT162b2 and mRNA-1273) have been granted EUA for the prevention of COVID-19, and
both encode the membrane Spike protein critical for the SARS-CoV-2 viral infection (Li et
al., 2020; Ou et al., 2020; Shang et al., 2020). Following the production by ribosomes, the
Spike proteins are expected to serve as antigens to stimulate the immune system to generate
specific antibodies for the prevention of SARS-CoV-2 viral infection or COVID-19 and the
emerging variants (Collier et al., 2021; Corbett et al., 2020; Kalnin et al., 2021; Walsh et al.,
2020b; Wang et al., 2021).

Treating diseases through direct alteration of target gene within the genome is under
resurgence, especially for genetic disorders (Long et al., 2016; Nelson et al., 2016;
Tabebordbar et al., 2016; Xu et al., 2019; Xue et al., 2014; Zhang et al., 2017), with the
discovery and development of CRISPR-Cas-based gene-editing mechanism and technologies
(Cong et al., 2013; Jinek et al., 2012; Mali et al., 2013; Mashiko et al., 2013). Besides the
use of 160-kDa Cas nuclease, a single-stranded gRNA is essential for selective and targeted
gene editing. The small hairpin-structured gRNA binds to Cas protein to form Cas-gRNA
ribonucleoprotein (RNVP) complex to recognize a 20-nt sequence of target gene through
complementary base pairings (Fig. 3B). The Cas nuclease is thus directed to create double-
stranded DNA break (DSB) or single-stranded break (nick) towards genome engineering. Of
particular note, while ASOs, siRNAs, miRNAs, and mRNAs all modulate the expression of
targeted genes transiently, therapeutic gRNA is anticipated to irreversibly change target gene
expression to achieve complete cure of a monogenic disorder. Rather, efficient delivery of
both gRNA and Cas protein into the nucleus for targeted gene editing is undoubtedly more
challenging than other forms of therapeutic RNAs discussed above.

2.4, Safety of RNA medications

Safety is another critical element of a medication, besides efficacy. Being designed to
selectively modulate target gene expression, alter protein function, or edit the genome (Fig.
3B), single- or double-stranded, exogenous RNAs could be recognized by toll-like receptors
(TLRs), such as TLR3, TLR7, and TLR8 (Diebold et al., 2004; Heil et al., 2004; Kleinman
et al., 2008; Tanji et al., 2015), to provoke innate immune responses or mild to severe and
even fatal cytokine release syndrome (Table 1). Such adverse effects caused by “unspecific”
interactions with the organism’s self-protective machineries against pathogen infections such
as viruses and bacteria are undoubtedly related to the dose, sequence, size, and folding of
RNA agent. Some cytosolic sensors, such as pattern recognition receptor (PRR) and RNA-
dependent protein kinase (PKR) (Garcia et al., 2006; Hornung et al., 2006), are also able

to detect viral or exogenous RNA molecules to activate immune responses. In addition, high-
mobility group box (HMGB) proteins 1, 2 and 3 have been revealed as universal sentinels
for nucleic acids, and disruption of HMGBs severely impairs TLR activation by their
cognate nucleic acids (Yanai et al., 2009). Therefore, risk of allergic reactions especially

the induction of severe immune responses or cytokine storm often hinders the development
of RNA medications. As some chemical modifications evoke immune responses (Bramsen
and Kjems, 2012; Robbins et al., 2007), posttranscriptional modifications generally reduce

Pharmacol Ther. Author manuscript; available in PMC 2022 September 15.


http://clinicaltrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yu and Tu

Page 12

or compromise on immunogenicity (Gehrig et al., 2012; Kariko et al., 2008; Kariko and
Weissman, 2007; Nallagatla et al., 2008; Richner et al., 2017; Robbins et al., 2007). As
such, natural modifications such as 2’-MeO and pseudouridine are preferably used for the
development of therapeutic RNAs and commonly found in marketed RNA medications
(Crooke et al., 2020; Yu et al., 2019). There is also growing interest in developing
recombinant RNAs made and folded in living cells in vivo (Ho and Yu, 2016; Yu et al.,
2019; Yu et al., 2020a).

The excipients or materials used for RNA formulation should be tolerable to ensure the
safety of therapeutic RNA products. While lipids and liposomes within the RNA-LNPs

(Fig. 3B) are usually biocompatible and safe, some TLRs such as TLR2 and TLR4 are
known to recognize multiple glycolipids, lipopeptides, and lipopolysaccharides, and thus
become activated to induce immune responses (Jin et al., 2007; Opitz et al., 2001; Park et
al., 2009; Schroder et al., 2000). Further, although PEG is generally safe to humans and
PEGylation enhances RNA delivery efficiency, cases of mild to life-threatening adverse
effects associated with PEG conjugates or formulations, such as hypersensitivity, have been
documented (Bruusgaard-Mouritsen et al., 2021; Stone Jr. et al., 2019; Wenande and Garvey,
2016). Indeed, concerns have been raised that the PEG ingredients used for delivery of
mMRNA vaccines might be the cause of some cases of allergic reactions following vaccination
(Cabanillas, Akdis, & Novak, 2021; Klimek et al., 2021a; Ortega Rodriguez et al., 2021;
Pitlick, Sitek, Kinate, Joshi, & Park, 2021). In addition, myocarditis (inflammation of the
heart muscle) and pericarditis (inflammation of the tissue surrounding the heart) have been
identified among some subjects following the receipt of an mMRNA COVID-19 vaccine (Kim
etal., 2021; Montgomery et al., 2021), and the FDA also issued warning label for the two
mRNA vaccines on June 25, 2021. Caution is advised that all medications involve risks of
adverse effects and should be used rationally and wisely.

3. RNA medications and vaccines in human use and under development

A total of ten therapeutic RNAs have been successfully marketed for the treatment of
various diseases, and two mRNA vaccines have been approved very recently by the FDA
under EUA to combat against the ongoing COVID-19 pandemic (Fig. 1). There are also
many other therapeutic RNA agents and vaccines under clinical and preclinical development
(Pardi et al., 2018; Quemener et al., 2020; Roberts et al., 2020; Van Hoecke and Roose,
2019; Yu et al., 2020b; Zhang et al., 2021). Based on their mechanisms of actions (Fig. 3B),
therapeutic RNAs are classified as aptamers, ASOs, siRNAs or miRNA mimics, mRNAsS,
gRNAs, and miscellanea that are discussed individually below.

3.1. Aptamers

Pegaptanib is the first and currently the only RNA aptamer approved for medical use in
humans, acting as a VEGF antagonist for the treatment of neovascular AMD (Ng et al.,
2006) (Fig. 1). Pegaptanib is also the first angiogenic inhibitor approved for the treatment of
human disease, followed by regulatory approval of many others antiangiogenic agents (e.g.,
ranibizumab, bevacizumab, sorafenib, regorafenib, and aflibercept) for different indications
(e.g., AMD and cancer) (Al-Abd et al., 2017). Anti-VEGF became a potential therapeutic
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strategy (Bergers and Hanahan, 2008; Ng et al., 2006) since the discovery of VEGF and

its critical roles in angiogenesis and vascular permeability during pathogenesis of related
diseases (Ferrara and Henzel, 1989; Folkman et al., 1971; Keck et al., 1989; Leung et

al., 1989; Senger et al., 1983; Tischer et al., 1991). Alternative splicing of human VEGF
pre-mRNA leads to the production of several isoforms, among them an abundant 165-amino
acid form, namely VEGF165, was targeted by anti-VEGF aptamers for anti-angiogenesis
therapy (Green et al., 1995; Jellinek et al., 1994; Ruckman et al., 1998). High-affinity
anti-VEGF aptamers were identified through SELEX, and the incorporation of particularly
modified nucleosides, including 2" -fluoro and 2’-methoxy, not only improved the resistance
to nucleases (e.g., by several orders of magnitude) but also enhanced binding affinity for
VEGF165 (e.g., several fold) (Green et al., 1995; Jellinek et al., 1994; Ruckman et al.,
1998). The PEGylated, 28-nt, single-stranded RNA aptamer (Fig. 4A) was subsequently
moved into clinical investigations after extensive preclinical evaluations (Bell et al., 1999;
Drolet et al., 2000; Eyetech Study G, 2002).

The first clinical study on pegaptanib therapy involved intravitreal, single ascending dose
treatment in 15 patients with subfoveal choroidal neovascularization secondary to exudative
AMD, and the results showed that 80% of patients exhibited stable or improved vision 3
months after treatment, while no significant safety issues related to the drug were noted
(Eyetech Study G, 2002). The benefits of pegaptanib treatment for AMD patients were
further demonstrated by a double-blind, multicenter, clinical study among approximately
1200 patients using broad entry criteria, including being less likely to lose visual acuity
and more patients gaining vision (Gragoudas et al., 2004; Group VISIONCT et al.,

2006). Some adverse events were observed in the clinic, among them endophthalmitis,
traumatic injury to the lens, and retinal detachment were the most serious and required
vigilance, ranging from 0.6% to 1.3% among the patients (Gragoudas et al., 2004).
Furthermore, with the reports of possible hypersensitivity reactions to pegaptanib, studies
identified a low incidence of individuals (e.g., 4 out of 131) who were negative at baseline
showed positive IgG response to nonpegylated pegaptanib (https://www.ema.europa.eu/en/
documents/withdrawal-report/withdrawal-assessment-report-macugen_en.pdf).

Regulatory approval of intravitreal pegaptanib therapy supports the development of RNA
medications that interact directly with protein targets (Fig. 3B), complimentary to existing
approaches by using small molecules and proteins/antibodies. Rather, there are just a limited
number of completed and active clinical trials that investigate the interventions with RNA
or DNA aptamers (Maier and Levy, 2016). Several synthetic L-aptamers, also known as
Spiegelmers that are resistant to nucleases as compared to corresponding natural D-formed
aptamers, have been under development and showed some promising results (Menne et al.,
2017; Steurer et al., 2019). An ongoing Phase lla trial (NCT 04677803) is to investigate

the safety, tolerability, and pharmacologic activity of BT200 among patients with hereditary
bleeding disorders, which is a PEGylated RNA aptamer designed to bind to the A1 domain
of human von Willebrand factor, inhibit its interactions with platelet glycoprotein Ib, and
subsequently prevent arterial thrombosis (Kovacevic et al., 2021; Zhu et al., 2020). In
addition to therapy, aptamers may serve as “targeting ligands” for the delivery of other
therapeutic agents, such as siRNAs and miRNAs (Neff et al., 2011; Zhou and Rossi, 2017).
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3.2. Antisense oligonucleotides

Six ASO medications have been approved by the FDA for medical use (Fig. 1) (Quemener
et al., 2020; Roberts et al., 2020; Yu et al., 2020b). Fomivirsen is the first marketed

ASO medication for the treatment of CMV retinitis among individuals with weakened
immune systems (Roehr, 1998). Fomivirsen is an oligodeoxynucleotide in which the 21
deoxynucleotides are connected through phosphorothioate linkages (Fig. 4B). Fomivirsen
was designed to complementarily bind to a specific segment of the immediate early region 2
(IE2) mRNA of CMV, leading to the suppression of viral protein synthesis and subsequently
inhibition of viral replication (Anderson et al., 1996; Azad et al., 1993). Through intravitreal
administration, fomivirsen was shown to be effective for the treatment of CMV retinitis in
patients with AIDS (Vitravene Study G, 2002a; Vitravene Study G, 2002b).

Mipomersen and inotersen (Fig. 4B) are the second-generation of ASO drugs, namely
“Gapmers” or chimeric ASOs (Bennett, 2019; Quemener et al., 2020; Roberts et al.,

2020). Comprised of two oligoribonucleotides at the 5" and 3" ends with a “gap” of

10-mer oligodeoxynucleotide in the middle, a Gapmer binds to the target transcript through
complementary base pairing to form a hybrid DNA/RNA duplex, resulting in the cleavage
of target transcript by RNase H and thus knockdown of gene expression. Besides the use

of phosphorothioate linkages to increase nuclease resistance, the 2”-hydroxyl group of each
ribose ring is modified as 2’ - O-methoxyethyl or 2”-methoxyethoxyl (2”-MOE), along with
other modifications on particular nucleobases (Fig. 4B), towards an enhanced metabolic
stability, lower cytotoxicity, and greater efficacy (Freier and Altmann, 1997). Mipomersen
was shown to effectively inhibit the synthesis of apolipoprotein B-100 (ApoB-100) through
the degradation of ApoB mRNA (Haddley, 2011; Yu et al., 2009), the principal Apo of low-
density lipoprotein (LDL) and necessary for the assembly and secretion of very low-density
lipoprotein (VLDL). Clinical studies further demonstrated the benefits of mipomersen
treatment for patients with homozygous familial hypercholesterolemia (HoFH) (Crooke and
Geary, 2013; Stein et al., 2012; Thomas et al., 2013). Likewise, inotersen was developed to
reduce hepatic transthyretin (TTR) protein synthesis and serum TTR levels through RNase
H-mediated degradation of mutant and wild-type TTR mRNAs following complementary
base pairings (Ackermann et al., 2012; Ackermann et al., 2016). As autosomal dominant
mutations in 77R gene cause aggregation of monomers into insoluble, extracellular amyloid
deposits which accumulate in multiple organs and thus lead to hATTR amyloidosis (Lobato
et al., 2003; Sekijima, 2015), inotersen showed therapeutic benefits for patients with hATTR
amyloidosis (Benson et al., 2018; Coelho et al., 2020).

Nusinersen is another therapeutic ASO approved for the treatment of a rare autosomal
recessive neuromuscular disorder called spinal muscular atrophy (SMA) (Aartsma-Rus,
2017). In particular, the genetic mutations in chromosome 5q alter survival motor

neuron (SMN) pre-mRNA processing and result in SMN protein deficiency (Brzustowicz
et al., 1990; Lefebvre et al., 1995). Nusinersen (or ASO-10-27), comprised of only
phosphorothioate linkage, 2’-MOE on each ribose, and some methylated nucleobases (Fig.
4B), was designed to act as a SSO (Fig. 3B) to modulate SMN mRNA maturation (Hua

et al., 2011). By increasing exon 7 inclusion and promoting the production of full-length
functional SMN protein, intrathecal nusinersen treatment showed acceptable safety and
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tolerability, with significant and clinically meaningful improvement in motor function for
children with SMA (Finkel et al., 2016; Finkel et al., 2017; Mercuri et al., 2018).

Eteplirsen (Stein, 2016; Syed, 2016), golodirsen (Heo, 2020), viltolarsen (Iftikhar et al.,
2021) and casimersen (Shirley, 2021) represent the third-generation of ASO medications
with advanced chemical modifications (Bennett, 2019; Quemener et al., 2020; Roberts et
al., 2020). In particular, the four drugs all belong to PMOs whose nucleobases (Fig. 4B)

are connected by using phosphoramidate morpholino linkages (Fig. 2). Interestingly, all of
the PMO drugs were approved for the treatment of a lethal genetic neuromuscular disorder,
Duchenne muscular dystrophy (DMD), which is caused by particular mutations altering
normal processing of X-linked dystrophin pre-mRNA (Cirak et al., 2011). Eteplirsen,
golodirsen, viltolarsen and casimersen were all designed to act as SSOs to modulate MRNA
maturation (Fig. 3B), leading to exon 51, 53 or 45 skipping, for the production of internally-
truncated, yet functional dystrophin proteins (Iftikhar et al., 2021; Popplewell et al., 2010;
van Deutekom et al., 2007). As a result, DMD patients with particular splicing defects
receiving eteplirsen (Cirak et al., 2011; Khan et al., 2019; Mendell et al., 2013; Mendell

et al., 2016), golodirsen (Frank et al., 2020; Heo, 2020), viltolarsen (Clemens et al., 2020)
or casimersen (Shirley, 2021) treatments showed an increased dystrophin production from
baseline, slower rate of decline in ambulation or timed function tests.

Many other therapeutic ASOs are under development for the treatment of various diseases
(Quemener et al., 2020; Roberts et al., 2020; Yu et al., 2020b). Intrathecal therapy

with IONIS-HTTRX/RG6042, an ASO designed to direct RNase H1-mediated degradation
of wild-type and mutant huntingtin pre-mRNA, was found to be well-tolerated and

produce dose-dependent reduction in cerebrospinal fluid mutant huntingtin among early
Huntington’s disease (HD) patients in the Phase I/1l clinical trials (Tabrizi et al., 2019).

An ongoing Phase Il clinical study (NCT03761849) involves a randomized, double-blind,
placebo-controlled design to evaluate the efficacy, safety, and biomarker effects of RG6042
among patients with manifest HD (Rodrigues et al., 2019). After the efficacy of ASO-
directed knockdown of dynamin2 (DNM2) for the prevention and reversal of muscle
pathology in mouse models (Tasfaout et al., 2017), a Phase I/11 clinical trial (NCT04033159)
has been initiated to evaluate the safety, tolerability, pharmacokinetics, and preliminary
efficacy of intravenous Gapmer ASO, namely DYN101, in patients =16 years of age with
centronuclear myopathy caused by mutations in DNM2 or myotubularin 1. As another
example, an ASO-based therapeutic strategy for the treatment of Angelman syndrome by
targeting an underlying long noncoding RNA was demonstrated in preclinical models (Meng
et al., 2015), and a Phase I clinical trial (NCT04428281) is underway to investigate the
safety, pharmacokinetics, and pharmacodynamics of a locked nucleic acid ASO, namely
RO7248824, among patients with Angelman syndrome. Therefore, one can speculate more
ASO medications would be commercialized in the next decades.

3.3. Small interfering RNAs and microRNAs

Patisiran (ALN-TTRO2) (Fig. 5) is the first double-stranded siRNA drug approved by
the FDA for the treatment of the polyneuropathy of hATTR amyloidosis in adults
(Wood, 2018). As forementioned, the TTR mRNA is a verified therapeutic target for
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the treatment of genetic disorder hATTR amyloidosis (e.g., by the ASO drug inotersen)
(Ackermann et al., 2012; Ackermann et al., 2016), on which patisiran acts through RNA
interference mechanism (Fig. 3B), leading to the reduction of serum TTR protein and

TTR protein deposits in tissues (Butler et al., 2016). It is also noteworthy that patisiran

was designed to follow miRNA mechanistic actions by targeting the 3’UTR of mutant

and wild-type TTR mRNA, instead of the coding region. Consisting of some specific
chemical modifications, such as 2’-methoxy or 2”-O-methyl on some ribose rings, and two
overhang deoxynucleotides at the 3" termini of both strands (Fig. 5), patisiran represents
the only siRNA medication on the market that is formulated into LNP to achieve favorable
pharmacokinetics and pharmacodynamics (Zhang, Goel, & Robbie, 2019; Zhang et al.,
2020). The effectiveness and safety of intravenous patisiran nanomedicine for the treatment
of patients with hATTR amyloidosis was further demonstrated by clinical studies (Adams et
al., 2018; Zhang et al., 2020).

Givosiran (ALN-AS1) (Fig. 5) is the second therapeutic siRNA agent approved by the FDA
for the treatment of adult patients with acute hepatic porphyria (AHP) (Scott, 2020). Acute
attacks and chronic symptoms among AHP patients are attributable to the up-regulation

of hepatic 8-aminolevulinic acid synthase 1 (ALAS1), a rate-limiting enzyme in heme
biosynthesis that converts succinyl-CoA and glycine into neurotoxic heme intermediates
&-aminolevulinic acid (ALA). The 3 end of givosiran sense strand is covalently conjugated
to a triantennary GalNAc ligand for an enhanced delivery of siRNAs into hepatocytes, while
every other end is comprised of two phosphoramidate linkages, along with 2”-methoxy

and 2’-fluoro on particular ribose rings (Fig. 5), to reduce nuclease-mediated cleavage

and degradation. The antisense strand of givosiran, with two overhang ribonucleotides,

was designed to target the coding sequence of hepatic ALAS1 mRNA, leading to the
knockdown of ALAS1 gene expression, and thus lower circulating levels of ALA as well

as porphobilinogen (de Paula Brandao, Titze-de-Almeida, & Titze-de-Almeida, 2020; Sardh
et al., 2019). Clinical studies demonstrated the effectiveness of givosiran for the reduction
of circulating ALA levels (Sardh et al., 2019) and porphyria attacks (Balwani et al., 2020),
as compared with placebo treatment. Nevertheless, the efficacy was accompanied by a
higher frequency of some hepatic and renal adverse events, such as increases in serum
aminotransferase and creatinine levels as well as decrease of glomerular filtration rate
(Balwani et al., 2020).

Regulatory approval of the third sSiRNA medication, lumasiran (ALN-GQO1), for the
treatment of PH1, a rare genetic disease caused by hepatic overproduction of oxalate
(Garrelfs et al., 2021; Zhang et al., 2021), further illustrates the utility of GaINAc conjugate-
based delivery (Fig. 3A) and unique chemical modifications (Fig. 2) in the development of
RNA therapeutics. Similar as givosiran, the 3" end of lumasiran sense strand is covalently
attached to a triantennary GalNAc ligand, while every other terminal consists of two
phosphoramidate linkages, as well as 2”-methoxy and 2”-fluoro modifications on particular
ribose rings (Fig. 5). Similar as patisiran, lumasiran was designed to follow miRNA
mechanism of action to target the 3’UTR of hydroxyacid oxidase or glycolate oxidase 1
(HAOL) transcript, and lumasiran was showed to effectively inhibit oxalate production in
preclinical models of PH1 (Liebow et al., 2017). Clinical study further demonstrated that
subcutaneous lumasiran treatment significantly reduced urinary oxalate excretion among
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patients with PH1, with mild and transient injection-site reactions noted in 38% of drug-
treated patients (Garrelfs et al., 2021).

With the commercialization of three siRNA drugs, many therapeutic sSiRNAs and miRNAs
are under development and their indications are also extended from genetic disorders to

a broader range of infectious, metabolic, and cancerous diseases (Yu et al., 2020b). The
records can be found on the Clinical Trials.gov web site. A number of siRNAs, including
vutrisiran (ALN-TTRsc02), nedosiran (DCR PHXC), inclisiran (KJX839), fitusiran (ALN-
AT3SC-004), teprasiran (QPI1-1002), cosdosiran (QPI-1007), and tivanisiran (SYL1001),
have successfully entered into Phase 111 clinical trials, which is summarized most recently
(Zhang et al., 2021). Many others are under early clinical development. One siRNA
designed to target the ephrin type-A receptor 2 (EphA2) and formulated with neutral
liposome into LNP for the treatment of solid tumors was verified in preclinical animal
models (Wagner et al., 2017), whose safety and tolerability is presently under investigation
in a Phase | clinical trial (NCT01591356) in patients with advanced solid tumors. As
another example, mesenchymal cell-derived exosomes were used to carry a sSiRNA against
the Kirsten rat sarcoma viral oncogene homolog (KRAS) G12D mutant, and the resultant
iExosomes were effective to lessen tumor burden in pancreatic cancer xenograft mouse
models and improve overall survival (Kamerkar et al., 2017). This iExosome is now under
Phase I trial (NCT03608631) in pancreatic cancer patients with KRAS G12D mutation.

Restoration of endogenous miRNA expression and function lost or downregulated in
diseased cells represents another promising therapeutic strategy. Many oncolytic miRNAs
have been identified, and corresponding chemo-engineered miRNA mimics or biologic
reagents were effective for the control of tumor progression and metastasis in animal models
(see reviews (Bader et al., 2010; Petrek and Yu, 2019; Rupaimoole and Slack, 2017)).
Among them, miR-34a mimics encapsulated with liposome, namely MRX34, was evaluated
among patients with advanced solid tumors including unresectable liver cancer (Beg et al.,
2017; Hong et al., 2020). While intravenous MRX34 showed antitumor activity in some
patients, immune response-related adverse events including fever, chills, fatigue, back pain,
nausea, and dyspnea, as well as a few cases of fatality were documented (Beg et al.,

2017; Hong et al., 2020), leading to the termination of MRX34. Another miRNA entered
into clinical trial is the miR-16-based mimics loaded into minicells (EnGenelC Dream
Vectors), called TargomiRs, to counteract the loss of miR-15/16 family miRNASs in patients
with malignant pleural mesothelioma (van Zandwijk et al., 2017). TargomiRs infusion
treatment showed some signs of antitumor activity and was tolerated, with cases of dose-
limiting toxicities such as anaphylaxis and cardiomyopathy that required dexamethasone
prophylaxis (van Zandwijk et al., 2017). These studies provide insights into the development
of therapeutic miRNAs concerning about both efficacy and safety. As the knowledge of
miRNA mechanism of action has benefited the design of SiRNA drugs, the development of
miRNA therapeutics shall benefit from the chemistry and pharmaceutics approaches found
success in the development of sSiRNA medications (Fig. 5).
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3.4. Messenger RNAs

The BNT162b2, developed by Pfizer, BioNTech, and Fosun Pharma, is the first

mMRNA vaccine granted for EUA by the FDA for the prevention of unprecedented
COVID-19 among individuals 16 years of age and older (Fig. 1) (Oliver et al.,

2020). BNT162b2 is an LNP-encapsulated mRNA encoding the full-length SARS-

CoV-2 membrane Spike glycoprotein that is modified by 2 proline residues to lock

it in the prefusion conformation to increase the potential to provoke virus-neutralizing
antibodies (Walsh et al., 2020a). The mRNA sequence consists of pseudouridines
incorporated systematically during in vitro transcription towards an enhanced stability

and translational capacity as well as lower immunogenicity (Kariko et al., 2008), and

LNP components include cationic ((4-hydroxybutyl)azanediyl)di(hexane-6,1-diyl)-bis(2-
hexyldecanoate), 2-[(polyethylene glycol)-2000]-N, N-ditetradecylacetamide, 1,2-distearoyl-
sn-glycero-3-phosphocholine, and cholesterol (Pardi et al., 2015). Phase I clinical study
among healthy adults showed that BNT162b2 immunization provoked dose-dependent
SARS-CoV-2-neutralizing antibody titers, while associated with a lower incidence and
severity of systemic reactions than the other candidate mRNA vaccine named BNT162b1
(Walsh et al., 2020b). A collection of data from the Phase 11/111 trials revealed that there
were 8 confirmed cases of COVID-19 onset at least 7 days after the second injection among
18,198 participants vaccinated with BNT162b2, as compared to 162 confirmed COVID-19
illnesses among 18,325 participants administered with placebo, indicating BNT162b2
vaccine was 95% more effective than placebo treatment in preventing from COVID-19,

or 95% vaccine efficacy by definition (Polack et al., 2020). A 2-month follow-up after

the second dose of BNT162b2 vaccine identified some mild-to-moderate adverse events in
participants, including pain at the injection site, fatigue, headache, chills, and joint pain, as
well as a low incidence of serious adverse events that were showed to be similar between the
vaccine and placebo groups (Polack et al., 2020). Although the long-term benefits and risks
are unknown (Polack et al., 2020) and concerns remain about possible causes of severe and
even life-threatening allergic reactions (Klimek et al., 2021b; Turner et al., 2021), the mRNA
vaccines are hoped to mitigate against the ongoing COVID-19 pandemic.

The Moderna mRNA-1273 is the second mRNA vaccine, approved under EUA by the FDA
one week after BNT162b2, for the prevention of SARS-CoV-2 infection in individuals 18
years of age and older (Fig. 1) (Oliver et al., 2021). Likewise, mMRNA-1273 vaccine is

an LNP-encapsulated and 1-methylpseudouridine-substituted (Richner et al., 2017) mRNA
that encodes the pre-fusion stabilized Spike protein of SARS-CoV-2 virus (Corbett et

al., 2020; Jackson et al., 2020). The open-label, dose-escalation (25-100 ug, twice, 28
days apart), Phase | clinical trial carried out among 45 healthy adults showed that
MRNA-1273 vaccine induced anti-SARS-CoV-2 antibody titers and immune responses,
without trial-limiting safety concerns amid mild-to-moderate adverse events identified in
more than half the participants (Jackson et al., 2020). The randomized, observer-blinded,
placebo-controlled Phase 111 clinical trial (Baden et al., 2021) showed that, starting 14
days after the second dose, a total of 185 symptomatic COVID-19 cases were confirmed
out of 14,073 participants received placebo treatment, while 11 COVID-19 cases were
identified from 14,134 participants administered mRNA-1273 vaccine, indicating a 94.1%
reduction in COVID-19 among the vaccinated group or 94.1% vaccine efficacy (Baden et
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al., 2021). Similar to previous report (Jackson et al., 2020), moderate and transient local

and systemic adverse events, including fever, headache, fatigue, myalgia, arthralgia, chills,
and pain at the injection site, were more frequently observed in the mRNA-1273 vaccination
group. While serious adverse events were rare and the incidence was similar between the
MRNA-1273 vaccine and placebo groups (Baden et al., 2021), the long-term safety and
efficacy in protecting against COVID-19 including the emerging new variants remains to be
determined.

Many clinical trials are still underway to evaluate BNT162b2 and mRNA-1273 vaccines,
their variants or different formulations among healthy subjects or specific populations, as
well as new COVID-19 mRNA vaccines, such as CVnCoV by CureVac AG (NCT04838847)
and VAWO00001 by Sanofi Pasteur (NCT04798027) (clinicaltrials.gov). Actually, before

the COVID-19 pandemic, many mRNA vaccines against other infectious and malignant
diseases had been investigated in the clinic (Bahl et al., 2017; Cafri et al., 2020; Leal et

al., 2018; Papachristofilou et al., 2019; Rittig et al., 2011; Van Gulck et al., 2012; Weide

et al., 2009), amid many challenges including mMRNA production, quality (e.g., purity),
delivery and translation efficiency. Therefore, studies on those experimental vaccines were
limited to Phase I/11 trials and their benefits (efficacy) versus risks (adverse effects) warrant
further investigations among much larger populations. Nevertheless, related concepts and
platform technologies ultimately facilitated the quick development and EUA approval of
COVID-19 mRNA vaccines. Furthermore, mRNAs encoding specific proteins or antibodies
have been under development for protein replacement therapy or antibody therapy (Fig. 3B)
for rare genetic disorders as well as more common infection and cancer diseases (Martini
and Guey, 2019; Schlake et al., 2019), complementary to conventional protein/antibody
therapies with recombinant or bio-engineered proteins/antibodies and gene therapies using
DNA materials or gene editing technologies. As one example, defect of propionyl-CoA
carboxylase (PCC), an enzyme catalyzing the bio-transformation of propionyl-CoA to
methylmalonyl-CoA, leads to the rare genetic and metabolic disorder, namely propionic
acidemia (Wongkittichote et al., 2017); an open-label, dose-escalation, Phase 1/11 study is
underway to evaluate the safety, pharmacodynamics, and pharmacokinetics of intravenous
MRNA-3927 in participants 1 year of age and older with propionic acidemia amenable to
PCC mutations, which encodes functional mitochondrial PCC proteins and is encapsulated
within LNP (NCT04159103). Another active Phase Ib clinical trial is to assess the safety,
tolerability and pharmacokinetics of intravenous ARCT-810, an LNP product comprising
the ornithine transcarbamylase (OTC) mRNA, among adults with documented diagnosis

of late onset OTC deficiency (NCT04442347), an X-linked genetic disorder impaired in
metabolizing and disposing ammonia (Redant et al., 2021). With limited treatment options,
such diseases could ultimately benefit from the treatments with new mRNA therapeutics

or vaccines. Moreover, the approval and use of COVID-19 mRNA vaccines has brought
great enthusiasm about developing mRNA therapeutics for the treatment cancer and genetic
diseases, as well as more vaccines for the prevention of cancer and other infectious diseases.

3.5. Guide RNAs

CRISPR-Cas-based gene editing holds great promise for the treatment of disorders caused
by genetic mutations or defects; however, co-delivery of gRNA with the large-size Cas
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protein or simply their complex (ribonucleoprotein) into the nucleus to achieve efficacious
and safe therapy is challenging. Chemo-engineered gRNAs bearing specific chemical
modifications towards greater stabilities were showed to improve the efficiency and
specificity in genome editing (Hendel et al., 2015; Rahdar et al., 2015). Rather, therapeutic
Cas-gRNAs are commonly introduced by using conventional gene delivery systems (e.g.,
plasmid DNAs and virus vector-based expression) or integrated into cell-based therapies
(Doudna, 2020; Manriquez-Roman et al., 2021; Sahel et al., 2019; Zeballos & Gaj, 2021).
One completed Phase | trial evaluated the safety and efficacy of CRISPR-edited T cells
among 22 participants with refractory non-small-cell lung cancer, in which the programmed
cell death protein 1 (PD-1) was altered by using CRISPR-Cas gene editing technology

(Lu et al., 2020). In particular, the Cas9 and small gRNA expressing plasmids were
co-transfected into ex vivo T cells by electroporation. After infusion, the edited T cells
were found to be detectable among 11 of the 12 treated patients, as manifested by the
presence of the edited PD-1 gene in peripheral blood mononuclear cells determined by

the next-generation sequencing. While the next generation sequencing analyses identified
the presence of a fraction of off-target mutants and effects, this study demonstrated the
feasibility of therapy with CRISPR-Cas9-gRNA-edited T cells (Lu et al., 2020). Although it
is not as advanced as other RNA-based therapies, the CRISPR-Cas-gRNA system has gained
momentum in recent years and is progressing from bench to bedside direction.

Miscellaneous RNAs

Other types of therapeutic RNAs under development include short hairpin RNAs (ShRNAS)
(Acharya, 2019), saRNAs (Kwok et al., 2019), catalytic RNAs or ribozymes (Burnett and
Rossi, 2012; Lewin and Hauswirth, 2001), and miscellaneous ncRNAs (Baptista et al.,
2021). Among them, ribozymes are RNA enzymes catalyzing a variety of reactions; both
natural and artificial ribozymes may be used to modulate target gene expression towards
disease management (James and Gibson, 1998; Lewin and Hauswirth, 2001). Angiozyme
is the first synthetic ribozyme entered into clinical trials, which was designed to target the
mRNA of VEGF receptor 1 (VEGFR1) to inhibit the angiogenesis towards the control of
tumor growth (Kobayashi et al., 2005; Sandberg et al., 2000). However, a Phase |1 study
among patients with metastatic breast cancer revealed that Angiozyme, while showing a
tolerable safety profile, did not exhibit any significant efficacy which, might be related to
multiple factors such as prior chemotherapies among the enrolled patients, importance of
VEGFR1 in overall survival of breast cancer patients, and potency of Angiozyme, precluded
it from further development (Morrow et al., 2012).

In contrast to siRNAs that suppress target gene expression, double-stranded saRNAs elevate
target gene expression by acting on specific sequences within the promoter regions or factors
in transcriptional regulation (Kwok et al., 2019). One saRNA was designed to induce the
expression of the transcription factor CCAAT/enhancer-binding protein alpha (CEBPa), a
tumor suppressor and critical regulator of hepatocyte function (Reebye et al., 2018). This
saRNA is formulated into LNP and named as MTL-CEBPA, and it has entered into clinical
investigations for the treatment of hepatocellular carcinoma (HCC) (Sarker et al., 2020;
Voutila et al., 2017), as well as advanced solid tumors when combined with PD-1 inhibitor
(NCT04105335). Although such forms of RNAs are still at early stages of development,
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these studies support the concept that RNAs with diverse functions can be employed to
control target gene expression for the treatment of human diseases.

4. Conclusions and perspectives

RNAs were once considered as “undruggable” molecules due to their vulnerability to
abundant nucleases in body fluids, making them less attractive than other molecular entities.
Limited cellular uptake and potential of off-target effects are two other major barriers for
the development of RNA therapeutics and vaccines. The approval of the first RNA aptamer
drug, pegaptanib, proved the feasibility of developing RNAs as a new molecular entity

for therapy. Having experienced ups and downs in the past two decades, RNA therapy is
delivering the promise of increasing the diversity of molecular entities of medications and
expanding the range of therapeutic targets. Since 2013, seven ASO drugs (mipomersen,
eteplirsen nusinersen, inotersen, golodirsen, viltolarsen and casimersen) and three sSiRNA
medications (patisiran, givosiran, and lumasiran) have been successfully marketed, with the
development of new RNA technologies, including chemistry, biomaterials, pharmaceutics,
and biotechnology, as well as an improved understanding of RNA biology and pathogenesis.
In addition, two mRNA vaccines (BNT162b2 and mRNA-1273) have been approved most
recently under EUA to combat against the unprecedented COVID-19 pandemic. With the
booming of RNA-based therapies, many candidates have been being under clinical and
preclinical development, and thus more RNA therapeutics and vaccines are expected to be
approved in the future for the treatment or prevention of diverse diseases ranging from

rare genetic disorders to more common ones, such as infection and cancer. Meanwhile, one
should be mindful of the fact that long-term safety and efficacy of RNA therapeutics and
vaccines warrants critical examination and verification, including post-market studies.

New strategies and concepts are also emerging in the development of RNA-based therapies.
The success of GalNAc-based siRNA conjugates offers an incentive to pursue ligand-
directed delivery of therapeutic RNAs. Efforts are also underway to employ in vivo
fermentation approach for the production of true biologic RNA agents and subsequent
evaluation of their functions and therapeutic potentials (Yu et al., 2019; Yu et al., 2020a).
While mRNA encodes a target protein as antigen for immunization, we speculate that
functional ncRNAs may directly serve as antigens to stimulate the immune system for the
production of effective antibodies against RNA viruses or pathogens. On the other hand,
there is growing interest in exploring and developing small molecules to directly target
RNAs (Costales, Childs-Disney, Haniff, & Disney, 2020), which are not only supported

by the presence of many RNA-targeted small-molecule antibiotics (Yu et al., 2020b) but
also the most recent regulatory approval of risdiplam for the treatment of SMA through

its interaction with SMNZ2 pre-mRNA to alter RNA splicing and increase functional SMN
protein levels (Dhillon, 2020). Moreover, new molecular entities may be developed to
modulate RNA-binding proteins or RNA-protein complexes critical for disease progression
(; Gebauer et al., 2021; Mohibi et al., 2019). The world of RNAs has been opened up; a
new era of RNA research and development shall be witnessed, and therapeutic RNAs and
vaccines will become a great addition to small molecules, proteins/antibodies, and cell-based
modalities to improve the public health.
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AGO2
AHP
ALA
ALAS1
AMD
ApoB-100
ASO
asRNA
BBB
CEBPa
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Cas

CmVv
CovID-19
CNS

CPP

CRISPR

DLin-MC3-DMA or MC3

DMD
DNM2
DSB
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elF5A

EphA2
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adenine
Argonaute 2
acute hepatic porphyria

&-aminolevulinic acid

&-aminolevulinic acid synthase 1

age-related macular degeneration

apolipoprotein B-100
antisense oligonucleotide
antisense RNA

blood-brain barrier

CCAAT/enhancer-binding protein alpha

cytosine
CRISPR-associated protein
cytomegalovirus
coronavirus disease 2019
central nervous system

cell penetrating peptide

clustered regularly interspaced short palindromic repeats

dilinoleylmethyl-4-dimethylaminobutyrate

Duchenne muscular dystrophy

dynamin2

double-stranded DNA break

1,2-distearoyl-sn-glycero-3-phosphoethanolamine

eukaryotic translation initiation factor 5A

ephrin type-A receptor 2
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ESM
EUA
FDA

G
GalNAc
gRNA
HAO1
hATTR amyloidosis
HCC
HD
HMGB
HoFH
HSPC
hTF
IE2
KRAS
LDL
LNP
m5U
miRNA
mMRNA
NcRNA
N1ImV¥
OoTC
PCC
PD-1
PEG

PEG2000-C-DMG

egg sphingomyelin

Emergency Use Authorization

Food and Drug Administration

guanine

N-acetylgalactosamine

guide RNA

hydroxyacid oxidase or glycolate oxidase 1
hereditary transthyretin-mediated amyloidosis
hepatocellular carcinoma

Huntington’s disease

high-mobility group box

homozygous familial hypercholesterolemia
hydrogenated soybean phosphatidylcholine
human transferrin protein

immediate early region 2

Kirsten rat sarcoma viral oncogene homolog
low-density lipoprotein

lipid nanoparticles

5-methyluridine

microRNA

messenger RNA

noncoding RNA

N1-methyl-pseudouridine

ornithine transcarbamylase

propionyl-CoA carboxylase

programmed cell death protein 1
polyethylene glycol

a-(3’-((1C-di(myristyloxy)proponoxy)-

carbonylamino)propyl)-w-methoxy-polyoxyethylene
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PEG-DSPE
PEI

PH1

PKR

v

PMO

PNA
pre-miRNA
PRR

PS

RISC
RNAI
RNase
RNP
RRM2
saRNA
SARS-CoV-2
SELEX
ShRNA
SiRNA
SMA

SMN
SRNA

SSO

T

TLRs
tRNA

TTR
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PEGylated DSPE

polyethylenimine

primary hyperoxaluria type 1

RNA-dependent protein kinase

pseudouridine

phosphorodiamidate morpholine oligonucleotide
peptide nucleic acid

precursor miRNA

pattern recognition receptor

phosphorothioate

RNA-induced silencing complex

RNA interference

ribonuclease

ribonucleoprotein

M2 subunit of ribonucleotide reductase

small activating RNA

severe acute respiratory syndrome coronavirus 2
systematic evolution of ligands by exponential enrichment
short-hairpin RNA

small interfering RNA

spinal muscular atrophy

survival motor neuron

small RNA

splice-switching oligonucleotides.

thymine

toll-like receptors

transfer RNA

transthyretin

uracil
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VEGF vascular endothelial growth factor
VEGFR1 VEGEF receptor 1
VLDL very low -density lipoprotein
2’-MOE 2’-methoxyethoxyl
3’UTR 3’-untranslated regions
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Fig. 1.

Timeline of the approval of RNA medications and vaccines by the US FDA and their
indications, dosage regimens, and pharmacological actions. Note that (1) fomivirsen is an
oligodeoxynucleotide acting as an ASO and it was withdrawn from the US market in 2006,
(2) mipomersen was withdrawn from the US market in 2019, (3) the four PMO drugs
consist of nucleobase thymine or 5-methyluracil, and (4) the two mRNA vaccines with

FDA approval under emergency use authorization (EUA) are not for therapy but prevention
from disease. AHP, acute hepatic porphyria; ALAS1, aminolevulinic acid synthase 1; AMD,
age-related macular degeneration; ApoB, apolipoprotein B; ASO, antisense oligonucleotide;
BW, body weight; COVID-19, coronavirus disease 2019; DMD, Duchenne muscular
dystrophy; EUA, emergency use authorization; HAO1L, hydroxyacid oxidase 1; hATTR
amyloidosis, hereditary transthyretin-mediated amyloidosis; HoFH, homozygous familial
hypercholesterolemia; IM, intramuscular; 1V, intravenous; IVT, intravitreal injection;

IT, intrathecally; LNP, lipid nanoparticle; PH1, primary hyperoxaluria type 1; PMO,
phosphorodiamidate morpholino oligomer; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SC, subcutaneous; siRNA, small interfering RNA; SMA, spinal muscular
atrophy; SMN, survival motor neuron; TTR, transthyretin; VEGF, vascular endothelial

growth

factor.
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Fig. 2.

Ci?emical structures of natural and synthetic oligonucleotides. (A) The nucleobases are
paired through hydrogen bonds (H-bonds). Adenine (A) and uracil (U) (or thymine (T)

or 5-methyluracil (m5U)) pairs involve two H-bonds, and guanine (G) and cytosine (C)
pairs consist of three H-bonds. The phosphodiester bond linkage and 2”-hydroxyl group
on ribose ring within natural RNA molecules are two “soft spots” that are commonly
modified as other forms towards a greater metabolic stability, such as phosphorothioate, 2”-
methoxy, 2" -methoxyethoxy, and 2”-fluoro. (B) Synthetic phosphorodiamidate morpholine
oligonucleotide (PMO) or morpholino oligomer is comprised of advanced modifications,
in which a six-membered morpholine replaces the five-membered ribose ring and
phosphoramidate substitutes the phosphodiester linkage while nucleobases are retained for
pairings. (C) Peptide nucleic acid (PNA) is another type of artificial oligonucleotide in
which nucleobases are connected with N-(2-aminoethyl)-glycine units linked by peptide
bonds.
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A) Viable delivery systems

1. Conjugates 2. Micelles or polyplex nanoparticles 3. Lipid nanoparticles (LNP)

B) Common mechanisms of actions

1. Modulation of protein 2. ASO-directed cleavage or degradation 3. Change of pre-mRNA splicing
activity with aptamer of (pre-)mRNA by ASO
Spliceosome
™
v ~— T
E
“RNase inctusion”  \Shoming
oML apanaA - -+
4. miRNA/siRNA-controlled translation 5. mRNA is translated by 6. gRNA-directed gene editing
inhibition or transcript degradation ribosome into target protein
I —————— —~ & crisprcas
RISC - coipls
complex ™ /2’ )
.—hﬂﬂbjnum_AAAAAA Ribosome
Fig. 3.

Common delivery systems and mechanisms of actions of therapeutic RNAs. (A) RNA
modalities may be conjugated with specific polymers (e.g., PEG) or ligands (e.g., GalNAc),
packaged with polymers (e.g., PEI), or formulation into lipid nanoparticles (e.g., using
ionizable lipids) to improve the pharmacokinetics properties and enhance cellular uptake.
See Figs. 4-5 for specific modifications used in RNA medications approved by the FDA.
(B) Common mechanisms of actions of RNA therapeutics and vaccines marketed or under
development. First, RNA aptamer drugs (e.g., pegaptanib) directly bind to extracellular,
cell-surface or intracellular protein targets to block or activate their activities. Second, ASOs
(e.g., DNA oligomer fomivirsen and “Gapmer” mipomersen and inotersen) direct RNases
such as RNase H to cleave and degrade target transcripts within nucleus or cytoplasm. Third,
ASOs (e.g., nusinersen and the PMOs (eteplirsen, golodirsen, viltolarsen and casimersen))
target the splice sites of pre-mRNAs and interact with splicing factors to alter RNA
maturation in nucleus, causing exon inclusion or skipping. Fourth, the antisense or guide
strands of siRNAs or miRNA mimics (e.g., patisiran, givosiran and lumasiran) are loaded
into the cytoplasmic RISC complex to recognize target transcripts, leading to translation
inhibition, mRNA cleavage or deadenylation. Indeed, both patisiran and lumasiran were
designed to act on the 3”-untranslated regions of target transcripts, same as endogenous
miRNAs. Fifth, exogenous mRNAS use cellular ribosomes to synthesize target proteins for
replacement therapy or vaccination. Sixth, gRNAs interact with target gene sequences within
nuclear CRISPR/Cas complex to achieve genome editing.
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A) Aptamer

Pegaptanib (Macugen®) (28-nt RNA aptamer; all PO linkages; sodium salt; MW =50 kDa)

5’-R-NH(CH_)s-OPO;-fC-G*-G*-A-A-fU-fC-A*.G*-fU-G*-A*-A* fU-G*-fC-fU-fU-A*-fU-A*-fC-A* fU-fC-fC-G*-3’-3"-dT-5’

o

WhereR is /W Y (CH2CH,0)n-Me

\(cnzcnzom Me
0 and n is approximately 450

B) ASO
1. Fomivirsen (Vitravene®) (21mer; ASO; all PS linkages; sodium salt; MW =7,122 Da)
5.dG-dC-dG-dT-dT-dT-dG-dC-dT-dC-dT-dT-dC-dT-dT-dC-dT-dT-dG-dC-dG-3’

2. Mipomersen (Kynamro®) (20mer; ASO “Gapmer”; all PS linkages; sodium salt; MW =7,594.9 Da)

5'-G*-m

SC*-m3C*.m3U*-m5C**.dA-dG-d T-m3dC-d T-dG-m3d C-d T-dT-m3d C-G**-m3C**-.A**.m3C*.m°C** .3’

3. Inotersen (Tegsedi®) (20mer; ASO “Gapmer”; all PS linkages; sodium salt; MW =7,183.08 Da)

5-mSU

**.m5C*.m5U**.m5U**.G**-dG-dT-dT-dA-m3d C-d A-dT-d G-d A-dA-A**-m3U**-m5C**-m5C**-mSC**.3’

4. Nusinersen (Spinraza®) (18mer; ASO; sodium salt; MW all PS linkages; = 7,501.0 Da)
5,-mSU‘.-m5C"-A"-m5C..-m5U"-mSU..-mSU"-mSC‘.-A”-mSU.--A.'-A‘.-msu..-G"-mSC..-mSU..-G”-G‘.-3’

5. Eteplirsen (Exondys 51®) (30mer; PMO; MW = 10,305.7 Da) whose sequence of bases is
5’-C-m5U-C-C-A-A-C-A-m3U-C-A-A-G-G-A-A-G-A-m°U-G-G-C-A-m°U-m5U-m3U-C-m5U-A-G-3’

6. Golodirsen (Vyondys 537¥) (25mer; PMO ; MW = 8,647.28 Da) whose sequence of bases is
5'.G-m3U-m%U-G-C-C-m°U-C-C-G-G-m3U-m5U-C-m3U-G-A-A-G-G-m°U-G-m3U-m3U-C-3’

7. Viltolarsen (Viltepso™) (21mer; PMO; MW = 6,924.82 Da) whose sequence of bases is
5".C-C-m5U-C-C-G-G-m3U-m5U-C-m3U-G-A-A-G-G-m°U-G-m°U-m3U-C-3’

8. Casimersen (Amondys 45™¥) (22mer; PMO ; MW =7,584.5 Da) whose sequence of bases is
5"-C-A-A-m5U-G-C-C-A-m3U-C-C-m3U-G-G-A-G-m5U-m°U-C-C-m°U-G-3’

Fig. 4.

Ci?emical structural formulas of aptamer and ASO drugs approved by the FDA. (A)
Pegaptanib is a single-stranded RNA aptamer drug consisting of two 20-kDa monomethoxy
PEG units that are covalently connected to the two amino groups on a lysine residue
attached to the 5”-end via a pentylamino linker. (B) Eight ASO medications, among

which fomivirsen is a DNA oligomer, mipomersen and inotersen are “Gapmers” containing
a segment of oligodeoxynucleotide in the middle of RNA oligomers, and eteplirsen,
golodirsen, viltolarsen and casimersen are PMOs. A = adenine; U = uracil; G = guanine; C
= cytosine; T = thymine that is also named as 5-methyluracil or m5U; f = 2’-fluoro; * = 2’-
methoxy; ** = 2’-methoxyethoxy; m5 = 5-methyl; d = deoxyribose; PO = phosphodiester;
PS = phosphorothioate; MW, molecular weight.
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A) Patisiran (Onpattro®) (all PO linkages; sodium salt; MW = 14,304 Da; LNP formulation)

WROHAAR RN IN AT

B) Givosiran (Givlaari®) (all PO linkages except those specified; sodium salt; MW =17,245.56 Da)
5’-U*(PS)- fA -(PS)- fIT -fG-A*-fU-G*-fA--G*-fA--C*-fA--C*-fU--C*-fU-U"-fU-- --fU----—---G*-(PS)-G*-(PS)-U*-3’

L96-3"-A*-reee - U CUAfLUféUf(JlJf(JAfGA[AAG(PS)A(PS) .5

C) Lumasiran (Oxlumo®) (all PO linkages except those noted; sodium salt; MW = 17,286 Da)

5'.U*(PS)-fA-(PS)- U| A| -U*-fuU-U*- fC| fCI A" Gl’ G| A fU -G* fA A AT Gl’ --U*-———C*(PS)-C*-(PS)-A*-3’
1L.96-3’-A*— U - A*U*-A*-A*-A*.G*"-G*-U*-fC-fC-fU- A f U -uU L}-C'-(PS)-A'-(PS)-G‘-S'
HO CH,0H H H
o o N~ NP
HO Nt sty o \</\O
0 HO/[X,
. CH,0H (o] O
Where L96 is o) \/\/N o} )'\/\/\/\/\/\{N
Homo—/\/\rr Y SY {
NHAc o
HO CH,0H
ﬁg/ \/\/Y \/\/N
NHAc
Fig. 5.

Chemical structural formulas of siRNA therapeutics approved by the FDA. (A) Patisiran is
a double-stranded siRNA medication formulated into LNP for the delivery to hepatocytes.
(B) Givosiran and (C) lumasiran are both double stranded siRNAs, in which the sense

(or passenger) strand is covalently linked to a ligand consisting of three GaINAc moieties
facilitating the delivery to hepatocytes, and the antisense (or guide) strand contains two
3’-overhang ribonucleotides connected through phosphoramidate linkages. T = thymine that
is also known as 5-methyluracil or m°U; d = deoxy; f = 2-fluoro; * = 2’-methoxy; PO

= phosphodiester; PS = phosphorothioate. Note that both patisiran and lumasiran follow
miRNA mechanism of actions to interfere with the 3’'UTR of targeted transcripts (TTR and
ALAS1, respectively).

Pharmacol Ther. Author manuscript; available in PMC 2022 September 15.



Page 48

Yu and Tu

sasuodsal sunwiwi 1o Aydiuabounuiwi Jo ysiy

Md Po0|q 03 paxul]
UBD INQ “Md 8Nssil 0] JUBAS|84 8IOIAl ‘SYNQ Jesjonu pue ‘sutsjoid
Jejn|jo-eaul/—elixa se |jam se ‘Ajrewnid syNY Jejnjaoenul 196.e)

auun Ajurepy ‘sasejolpAy

10 saseajonu Aq sap1ioajonuouow 1o sobijo Ja1ioys 01 AjaAISuslxe
pazijogere) ‘sa1fiayens snotien Buisn Alaalap Jeinjjadenul Bunj
pue A3upIy ‘JaAl| 01 AJaAISUSIXa paIngLIsIQ ‘ajqe|ieAeolq Aj[elo 10N

syuow 9—¢ AIana aouo
03 APeaMn ‘suonoalul [ea0] 914193ds 10 ‘SNOaURINIGNS ‘SNOUaARIIU|

abreyo annebapN ‘@ 0z—2 ybramie|nasjonN

suo19Ral suNWW Jo Audjusfounwiwi Jo sty

3d PO0|q 01 Payul| S|apowW 19841pul 10 10811 ‘sutsjold
Je[n||a0eAxa 0 32epns-|1890 ayy Apueuiwopald 196e)

auun Ajurey
‘sasepnidad Aq sp1oe ouiwe Jo sapndad 03 A|AISUIXD
pazijogere ‘ajqeawadwi |90 ‘SpIN}} Jejn|jadelixs Jo
ewsed ur Ajurew painquisiq ‘a|qe|reAeolq Ajfe4o 10N

Ayuow
01 A9\ {SN0BUEBINIQNS puB SnouaAesul AJuteln

[esinau/aAIRBaU/EAINSOd *edX 00T< 1YBIoMm Jejnas|o

$109)49 196.8)-440 SNOLIEA JO XSIY

Md pooiq 0}
Ul] 1981pUI J0 108110 ‘SYNQ 2 SYNY pue ‘Ajutew
SUIB104d 3284INS-[190 JO JBIN|[32-B1Ul/—enXa 19hIe]

auLn pue
3]1q Ul Ajurew pajalox3 ‘sawAzus Buizijogeiaw-Bnip ||
pue | aseyd Aq pazijogeis|A ‘ajqesw.ad [|8D ‘sanssiy
pue suefio |[e 0] paingLisiq ‘a|qe|reAeolq AJ[ei0

Ajrep usyQ 018 ‘snouanenul ‘Ajewnd [0

a1qoydolpAH ‘e@y T > ybiam JendajoN

Aiajes

ad

Md 10 JNAV

Buisog
Ansiwayd

sonnadeayl YNy

sonnadeJay) u1gl0id

sBnap ajndsjow-|jews

sanadoad

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

'solwrUApooeWwIeyd ‘ad ‘sonauryodeweyd UoNBIIxXd
pue ‘uonnguIsIp ‘wsijogelsw ‘uondiosge ‘JINAY ‘sBnip utsloid pue ajnoajowW-|ewWS YIIM patedwod se sonnadesay) YN 10 SonsLislorIeyd [eIauss)

Author Manuscript

Pharmacol Ther. Author manuscript; available in PMC 2022 September 15.



	Abstract
	Introduction
	Characteristics of RNA medications and vaccines
	Chemistry of RNA molecules
	Delivery of RNA agents
	Mechanisms of actions
	Safety of RNA medications

	RNA medications and vaccines in human use and under development
	Aptamers
	Antisense oligonucleotides
	Small interfering RNAs and microRNAs
	Messenger RNAs
	Guide RNAs
	Miscellaneous RNAs

	Conclusions and perspectives
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1

