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ABSTRACT

In the last decade, there has been a shift in research, clinical development, and commercial activity to
exploit the many roles of RNA in physiology for use in medicine. With the rapid success in the
development of lipid-RNA nanoparticles for mRNA vaccines against COVID-19 and with several approved
RNA-based drugs, RNA has catapulted to the forefront of drug research. With diverse functions beyond
the role of mMRNA in producing antigens or therapeutic proteins, many classes of RNA serve a regulatory
role in cells and tissues. These RNAs have potential as new therapeutics, with the RNA itself serving as
either a drug or a target. These new types of RNA drugs require a plethora of modification chemistries to
improve their therapeutic benefit. We describe the current state of the art for RNA medicine. Using the
CAS Content Collection data, we examine the publication trends covering the roles of RNA in the cell,
the application of RNA in medicine, and the use of chemical modifications and nanotechnology to
deliver effective RNA pharmaceuticals to their cellular targets. This review reveals the sustained global
effort that propelled this field to the cusp of realization for novel medical applications of RNA in many
diseases. It serves as an easy-to-understand overview so that scientists from many different disciplines
can appreciate the current state of the field of RNA medicine and join in solving the remaining
challenges for fulfilling its potential.



Introduction

Recent advances in RNA design and delivery have enabled the development of RNA-based
medicine for a broad range of applications, including therapeutics, vaccines, and diagnostics. While
human RNA medicine has faced many challenges in terms of efficacy and immunogenicity, the recent
success of mMRNA vaccines against COVID-19 and the approval of new RNA-based drugs provide
new momentum to the field. Many classes of RNA play important regulatory roles in cells and
tissues, beyond the obvious role of mRNA in protein synthesis. Scientific research, clinical
development, and commercial production now focus on exploiting the many roles of RNA for
use in biotechnology and medicine. Advances in understanding RNA structure and function are
combined with a robust production pipeline to develop clinically effective RNA-related applications. 112

Many key discoveries have contributed to the advancing of RNA medicines we have today. Early
research in the 1950s on nucleic acids led to the discovery of mMRNA. *2 In the next decade, the 5’-cap on
mMRNA was discovered * *°, the first liposome-entrapped RNA was delivered into cells ** %, and
antisense oligomers (ASOs) were used to inhibit respiratory syncytial virus (RSV) *2. In the 1980s, in vitro
transcription from engineered DNA templates using a bacteriophage SP6 promoter and RNA polymerase
19 allowed the manufacture of mMRNA and expression of other types of RNA in cell-free systems. Later in
the 1980s, the first cationic-lipid mediated mRNA delivery was achieved ?* %, The discovery of RNA
interference (RNAI) ? and the approval of the first antisense RNA drug in the late 1990s ?* were key to
the development of RNA therapeutics. For their pioneering work on RNAi and the RNA-induced silencing
complex (RISC) ?4, Fire and Mello were awarded the Nobel Prize in Physiology and Medicine in 2006.
During the 2000s, the discovery of the importance of pseudouridine modification * and further research
on MRNA led to the first human trial of an mRNA vaccine against melanoma in 2008 2°. In 2010, a pivotal
human clinical trial showed that siRNA could target specific human genes'®, and subsequent pre-clinical
research and development led to the approval of the first sSiRNA drug in 2018 ?’. Most recently, Doudna
and Charpentier were awarded the Nobel Prize in 2020 for CRISPR/Cas9 gene editing. Two human mRNA
vaccines against COVID-19 received Emergency Use Authorization in 2020 and one of them was finally
approved in 2021 %3 These key milestones and achievements are captured in Figure 1.
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Figure 1: Timeline of major RNA research and development milestones. A more detailed timeline table
complete with references is provided as Supplemental Table S1.

RNA technology provides an innovative approach for developing new drugs for rare or difficult-
to-treat diseases. Since 2014, several drugs been approved to treat macular degeneration, Duchenne
muscular dystrophy (DMD), polyneuropathy, and amyotrophic lateral sclerosis. 3! Drugs to treat many
other diseases, including cancer, hepatic and renal diseases, cardiac diseases, metabolic diseases, blood
disorders, respiratory diseases, and autoimmune diseases are currently in various stages of clinical
studies, some showing promising results.

Compared to other biomolecules, RNA molecules are unstable and transient. Foreign RNA
molecules, when introduced to human body, have limited protein expression level in cell and often
trigger immunogenicity in the body. However, these practical problems can often be mitigated by
various optimizations on RNA molecules, including chemical modifications, mRNA Cap/codon/tail
optimization, etc. Leveraging the unique aspect with both chemical and biological information of the
CAS Content Collection, this paper focuses on chemical modifications to the base, backbone, sugar, and
5’ or 3’ ligations to other molecules. While chemical modifications increase RNA stability, complexes of
RNA within nanoparticles provide further protection. Except for aptamers that bind to a cell surface
target, RNA must be delivered into the cell by a carrier. After the RNA is internalized, it must be released
from the membrane-bound vesicle or endosome to the cytosol. Without a doubt, the delivery system
has been an important research topic for RNA medicine.

In this paper, we reviewed naturally occurring RNAs with their cellular functions and the
associated research trends based on the analysis of CAS Content Collection. We then appraised
different types of RNA in medical applications: their advantages, challenges, and research trends.
Subsequently, we assessed the development pipelines of RNA therapeutics and vaccines with company
research focuses, disease categories, development stages and publication trends. Finally, we discussed



RNA chemical modifications and delivery systems in detail, as they are critical to the success of RNA
medicine. We hope this review can serve as an easy-to-understand overview so that scientists from
many different disciplines can appreciate the current state of the field of RNA medicine and join in
solving the remaining challenges for fulfilling its potential.

Types of naturally occurring RNA and their functions in biological systems

RNA, a versatile macromolecule that is specialized for many functions, can be broadly defined as coding
or messenger RNA (mRNA) and non-coding RNA (ncRNA). There are several different types of ncRNA
including ribosomal RNA (rRNA) 3% 33, transfer RNA (tRNA) 3233, small nuclear RNA (snRNA) 343¢,, small
nucleolar RNA (snoRNA) 33744 long non-coding RNA (IncRNA) 71, short hairpin RNA (shRNA), micro-
RNA (miRNA) *2°8 transfer messenger RNA (tmRNA), small interfering RNA (siRNA), small activating RNA
(saRNA), piwi-interacting RNA (piRNA) * #3977 circular RNA (circRNA), ribozymes, and exosomal RNA 7#
82 The cellular localizations of different types of RNA are illustrated in Figure 2 and an overview of their
functions is provided in the later section.
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Figure 2. Types of naturally occurring RNA and their cellular functions and localizations



Research trends on different types of RNA as reflected by number of publications

The CAS Content Collection # is the largest human-curated collection of published scientific
knowledge, used for quantitative analysis of global scientific publications against variables such as time,
research area, formulation, application, disease association, and chemical composition. We searched
the title, abstract, or CAS-indexed terms using RNA-related keywords and their synonyms to identify
relevant published documents. Figure 3 shows trends in the number of publications for specific types of
RNA. In the past 25 years, the research areas became more diverse as new types of RNA were
discovered, and this is reflected in both journal and patent publications, particularly in the areas of
siRNA, miRNA, IncRNA, and CRISPR-related research. CRISPR technology has recently increased rapidly in
volume of patent publications, and it accounted for 20% of the RNA-related patent applications in 2020.
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Figure 3. Document publication trends for different types of RNA from 1995-2020. Top two panels:
journal publications in absolute numbers and given year percentages. Bottom two panels: patent
publications (counted once per patent family) in absolute numbers and given year percentages.

To better reveal the rising trends of those recently emerged types of RNA, the percentage of
document publications of a specific year was calculated within the given type of RNA over the time
(Figure 4). Although the cumulative publication numbers for circRNA, exosome RNA, IncRNA, and
CRISPR, are relatively small compared with others (Figure 3), their rates of increase are much faster.
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Figure 4. Trends in publication volume for different RNA types in the years 1995-2020. Percentages are
calculated with yearly publication numbers normalized by total publications in the years 1995-2020 for
each RNA type.

Functions of the naturally occurring RNA types

mRNA, which was the first RNA to be characterized, is the initial transcription product of a
protein-coding gene and includes both protein-coding exons and non-coding introns. The mature,
translatable mRNA must be spliced to remove the introns and, in transcripts that can go through
alternative splicing, one or more potential exons. The mature RNA has a 5’-7-methylguanosine cap, a 5’-
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untranslated region, a start codon (unique sequence of 3 bases) for the translated region of the gene, a
stop codon that ends the translated region of the gene and starts the 3’-untranslated region, and a 3’-
polyadenosine tail. Gene expression, which is often regulated by the amount of mRNA for the gene, is
controlled by the balance between synthesis and degradation of mRNA. Although mRNA is a critically
important RNA, it makes up only 1-5% of the RNA in a cell. 333

ncRNAs, in contrast to mRNA, are the final functional gene products. Although it was thought
initially that ncRNAs were nonfunctional junk RNA, in the 1950s, in the same paper that introduced the
phrase “Central Dogma”, Francis Crick correctly hypothesized that the ncRNA might function in the
translation of mMRNA into protein. 8 In 1955, George Palade identified ribosomes as a small particulate
component of the cytoplasm that contains RNA, and in 1965, Robert Holley purified a tRNA from yeast
and determined the structure. % In the last half-century, many types of ncRNA with various functions

have been identified; many are involved in regulating transcription and protein expression in the cell. &
94

rRNA, which constitutes up to 80% of the RNA in an active cell, comprises three rRNAs (the 5S,
5.8S, and 28S) complexed with many proteins to form the large subunit of the ribosome and one rRNA
(the 18S) complexed with proteins to form the small subunit of the ribosome. There are also two
mitochondrial rRNA genes (the 12S and 16S) which, along with many proteins, form the mitochondrial
ribosome. rRNA in the ribosome, acting as a ribozyme, catalyzes peptide bond formation between two
amino acids. Synthesis of the large amount of rRNA occurs in the nucleolus, a heterochromatic region
found in most nuclei. 3% 3

tRNA, which makes up 10-15% of the RNA in the cell, translates the mRNA codon sequence for
each amino acid. The many different tRNAs, which are usually 75-95 nucleotides, all fold into very
similar three-dimensional structures. The 3D structure exposes three unpaired nucleotides that serve as
the anti-codon to base pair with the mRNA. Specific amino acids are covalently bound to a tRNA by
aminoacyl tRNA synthetases. The specificity between the anti-codon and the bound amino acid is the
basis of translation. Each tRNA anticodon can bind to several different mRNA codons. This pairing is
based on the wobble rules for the third nucleotide position of the anti-codon, which is often post-
transcriptionally modified to allow for wobble-pairing. Common modifications at the third position
include 5-methyl-2-thiouridine, 5-methyl-2'-O-methyluridine, 2'-O-methyluridine, 5-methyluridine, 5-
hydroxyuridine, hypoxanthine, and lysidine.?% 33

snRNAs (~150 nucleotides) are components of the small nuclear ribonucleoproteins (snRNPs) of
the spliceosome. They act as catalysts that splice mRNA into its mature form and they are important in
the selection of alternative splicing sequences. 3¢

snoRNAs (60-300 nucleotides) are bound to four core proteins and act as guides to correctly
target modifications for the maturation of rRNA. They comprise two classes of RNA. C/D snoRNAs
participate in the 2-methylation of targeted nucleotides, while H/ACA snoRNAs participate in the
modification of uridine to pseudouridine. They help guide the protein to the specific target, rather than

catalyzing the reaction directly. As participants in rRNA maturation, snoRNAs are found in the nucleolus.
35,37-44



siRNAs are products of double-stranded IncRNAs (e.g., hairpin IncRNA) and are central to RNA
interference, which negatively regulates gene expression. Double-stranded RNA (dsRNA), either from
genomic IncRNA or dsRNA viruses, is recognized and cleaved by the endonuclease Dicer into 20-24
base-pair sections with short overhangs on both ends. These siRNAs bind the Argonaute protein to form
the pre-RISC (RNA-induced silencing complex). Argonaute selects the less thermodynamically stable
strand of the siRNA and releases the other strand to form the mature RISC. RISC recognizes mRNA
complementary to the single-stranded siRNA, and the Argonaute endonuclease cuts this targeted
mRNA, thereby downregulating the gene product. The binding of a RISC to a target mRNA also prevents
efficient ribosome binding and translation, further downregulating the gene product. Active RISCs may
also affect the transcription of target genes by inducing chromatin reorganization through epigenetic
modifications. This can be a defense mechanism against dsRNA viruses or an endogenous gene-
regulatory mechanism. >°7°

miRNAs are closely related to siRNAs but are formed from pri-miRNAs, which are long, imperfectly
paired hairpin RNA transcripts. The pri-miRNA is processed first by Drosha nuclease into a~70-nucleotide
imperfectly-paired hairpin pre-miRNA that is then, like siRNA, processed by Dicer to produce the 21-23
bp, mature, double-stranded miRNA that binds to Argonaute to form the RISC. Alternatively, some
miRNAs are made from introns in mRNAs. After splicing, that intron is a pre-miRNA that is processed by
Dicer to form a RISC. miRNAs form negative gene regulatory networks and intronic miRNAs may regulate
and balance potentially competing pathways. °°%

PiRNAs, like siRNA and miRNA, negatively regulate gene expression, but they interact with the

Piwi class of Argonaute proteins. Unlike siRNA and miRNA, piRNAs (24-31 nucleotides) are produced
from long, single-stranded RNA transcripts through an uncharacterized Dicer-independent mechanism.
Mature piRNAs bind to Piwi proteins to form RISCs that act primarily as epigenetic regulators of
transposons (genetic elements that move around the genome) but may also regulate transposons post-
transcriptionally through the ping-pong pathway. > %777

saRNA, like siRNA, is a ~21-bp dsRNA long that interacts with Argonaute proteins to form a RISC.
Unlike siRNA, saRNA upregulates target gene expression by an unknown mechanism, perhaps activating
transcription by targeting the promoter region of the gene. saRNA may be produced endogenously or
artificially to strongly activate the target gene. > %1%

IncRNA comprises a mixed group of RNAs >200 bp, which differentiates them from short ncRNAs
such as snoRNA, siRNA, miRNA, piRNA, etc. IncRNAs have a wide variety of functions including
regulation of chromosome architecture and interactions, chromatin remodeling, and positive or

negative regulation of transcription, nuclear body architecture, and mRNA stability and turnover. 7451

circRNAs are IncRNAs with 5’ and 3’ ends linked covalently to form a continuous circle. circRNAs are
broadly expressed in mammalian cells and have shown cell-type and tissue-specific expression patterns.
102 Neither the mechanisms leading to circularization of the RNA nor the function of circRNA is known,
but the leading hypothesis is that they may serve as miRNA sponges. Many circRNAs contain large
numbers of miRNA target sites that may competitively antagonize the ability of miRNA to silence its
target genes.



Exosomal RNAs are mRNAs, miRNAs, siRNAs, and IncRNAs that are packaged and exported from the
cell through the exosomal pathway. Although they are poorly understood, exosomal RNAs may serve as
signaling molecules to regulate gene expression in target cells. These circulating RNAs, especially
miRNAs, may serve as diagnostic and/or prognostic targets for various diseases such as cancers. 7%

Types of RNA used in medical applications, their advantages, and
challenges

Publication trends for RNAs used in medical applications

The CAS Content Collection ® shows a steady increase in the number of journal articles and
patents related to RNA applications in medicine (Figure 5). The peak in patents in 2001-2002 may
correlate with the first clinical trials using dendritic cells transfected with mRNA encoding tumor
antigens (a therapeutic mRNA cancer vaccine) in 2001. %1% The spike in journal article numbers in
2020 likely resulted from interest in the COVID-19 mRNA vaccines. The increase in journal articles and
patents on therapeutic RNA from 2011-2016 can be attributed to initial interest in siRNA and miRNA,
which decreased temporarily with the discovery of their off-target effects. Interest in mRNA also
increased from 2011-2016, then decreased and only recovered once mRNA vaccines took center stage
in the fight against COVID-19.
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Figure 5. Numbers of journal documents and patents related to RNAs for medical use by year.
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Types of RNAs and their applications in medicine

mRNA transcripts can act as therapeutic RNAs, diagnostic biomarkers, or therapeutic targets.
Translation of an mRNA in the cell can produce a therapeutic protein to replace a defective or missing
protein. In the case of vaccines, mRNA translation can generate antigenic targets for the immune
system, such as the spike glycoprotein of SARS-CoV-2 in the COVID-19 mRNA vaccines. mRNA may also
serve as a therapeutic target for ASOs, siRNA, miRNA, aptamers, and suppressor tRNAs.

In the cell, miRNAs bind to the 3’-untranslated region of mRNAs and target them for
degradation by the RISCs. 1% Because a single miRNA binds to multiple mRNAs, miRNAs serve as
regulatory check points. The cellular processes regulated by miRNAs include those involved in many
diseases, such as cardiovascular disease, cancer, and disease-related metabolic pathways. 1° %7 Thus,
they can serve as biomarkers for disease diagnosis, as potential drugs, or as attractive targets for other
regulatory RNAs.

Although siRNAs, like miRNAs, use the RISC to degrade their target mRNAs, siRNAs bind to
specific areas in the mRNA coding region. This target specificity makes them attractive as potential
drugs, but off-target effects can negate this advantage. In order to minimize off-target effects, siRNAs
are modified to decrease their thermal stability, increase their target specificity, and decrease the
stability of their binding of the siRNA to mRNAs that are not an exact match to the intended target
mRNA. These usually include 2’-O-methyl and 2’-MOE ribose modifications that introduce steric
hindrance to decrease binding affinity (more discussion in chemical modification section below). 1%

One of the earliest therapeutic RNAs, ASOs, recognize and bind to complementary DNA or RNA
sequences, including mutated sequences that may lead to disease. Upon binding to the mutated
sequences, ASOs may facilitate proper mRNA splicing, prevent translation of a defective protein, or
target RNAs for degradation. **°

In therapeutic antibody-oligonucleotide conjugates (AOCs), the antibody targets the site of
interest while carrying an ASO or a siRNA that acts on the targeted region. 1° Conjugation of an ASO to
an antibody to create an AOC improves the pharmacokinetics of the ASO in vivo by increasing tissue
distribution and prolonging gene silencing in multiple tissues. 1%

The CRISPR-Cas system uses a guide RNA that is either a combination of a trans-activating
CRISPR RNA (tracrRNA) and a CRISPR RNA (crRNA) or a joined single guide RNA (sgRNA). The guide RNA
directs the CRISPR complex containing a Cas endonuclease to a specific site in the genome for cleavage.
® The ability of the CRISPR-Cas system to create directed double-stranded breaks in DNA allows the
repair of genetic mutations. Changing the endonuclease activity of Cas can convert CRISPR-Cas to a
system that nicks a single strand of the DNA or that deaminates a specific nucleotide. ° If the Cas
endonuclease is inactivated, the system can simply bind to DNA to regulate transcription. 1%

Aptamers are structure-based rather than sequence-based ligands that neither hybridize with
other nucleic acids nor produce proteins. They can be RNA, DNA, RNA/DNA combinations, or even
proteins. In vitro systematic evolution of ligands by exponential enrichment (SELEX) is used to identify
single-stranded RNA or DNA oligonucleotides with a high affinity for a target. Because their binding
depends on their 3D structure, aptamers can bind a wide range of targets, including proteins, cells,
microorganisms, chemical compounds, and other nucleic acids. ! Aptamers may also serve as delivery
agents for siRNA in nanoparticles for cancer therapy. **?
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To measure the distribution of research effort using different types of RNA as therapeutics,
vaccines, or diagnostics, the percentages of journal publications and patents for each type of RNA was
determined from data in the CAS Content Collection (Figure 6). 8 miRNA and mRNA, the two most
popular therapeutic RNAs in the journal and patent literature, can serve as drugs, disease biomarkers,
and drug targets. Together with siRNA, they represent most of the therapeutic RNA patent activity.
Approved RNA drugs include mRNAs, siRNAs, ASOs, and aptamers; these RNAs along with CRISPR RNAs
and AOCs comprise most of the clinical candidates.

8%
I
~ % journals
patents

Figure 6. Percentage of journal documents and patents for various types of RNA used in medical studies
including therapeutics, vaccines, and diagnostics.

However, other types of RNA are potential therapeutics or targets. These RNAs include (a) shRNA;
(b) IncRNA, an RNA whose role in gene regulation is generating increasing interest; (c) circRNA, once
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thought to be a by-product of RNA splicing that may have a role in regulation as a miRNA sponge; (d)
saRNA, which regulates gene transcription; and (e) exosomal RNA, which is contained in naturally
occurring lipid vesicles called exosomes, which can cross the blood-brain barrier and appear to be vital
for cell-to-cell communication, and which transport mainly miRNA. %3

Based on the CAS Content Collection data for CRISPR RNA, miRNA, and mRNA used in vaccines,
diagnostics, and therapeutics ®, only mRNA has substantial applications in vaccines (Figure 7). However,
both miRNA and mRNA have demonstrated their potential as therapeutics and diagnostics.

vaccines
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miRNA

mRNA
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Number of documents

Figure 7. The number of journal publications and patents for mRNA, miRNA, and CRISPR with
applications in therapeutics, vaccines, and diagnostics.

The large body of work on miRNA and mRNA in diagnostics may be surprising since these
molecules are much more susceptible to nuclease degradation than DNA. However, the essential roles
of mRNA and miRNA in cellular metabolism make them excellent biomarkers for the study of normal
cellular processes and the diagnosis of disease. Metabolic diseases such as cancer as well as infectious
diseases can be diagnosed via miRNA biomarkers by reverse transcriptase-quantitative polymerase
chain reaction (RT-qPCR) and lateral flow immunoassays. 1% 11> High-throughput sequencing of total
cellular mRNA pinpoints changes in gene expression that can be used in diagnosis. 11 The specificity of
the CRISPR system for its target DNA makes it a potential tool with both diagnostic and therapeutic
purposes. ¥ The number of journal publications and patents using RNA for diagnosis demonstrates its
power (Figure 7); however, a comprehensive review of RNA as a diagnhostic biomarker or, in the case of
CRISPR RNA, as a diagnostic agent, is beyond the scope of this review. Here we focus on RNAs as
therapeutic agents.
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The advantages and challenges of RNAs as therapeutics

There are several important advantages to RNA therapeutics: (a) target specific, (b) modular
with easy-to-switch sequences, (c) predictable in terms of pharmacokinetics and pharmacodynamics, (d)
economical in comparison to antibodies or protein drugs since they are synthesized from widely
available synthons on an automated synthesizer, and (e) relatively safe, as most of them do not alter the
genome.

Proteins must be designed for synthesis from genes in plasmids, then optimized for expression
and purification, and these processes may be different for each protein and challenging to be optimized.
In contrast, RNA can be easily synthesized and purified by established methods using commercially
available reagents and equipment. Small RNAs, such as aptamers, siRNAs, miRNAs, and ASOs can be
synthesized using solid-support chemistry in commercial oligonucleotide synthesizers. % % |n vitro
transcription using commercial kits *?° produces longer RNAs, i.e., mRNAs and IncRNAs. The sequence of
the RNA can be changed easily, providing custom molecules targeting different proteins or genes. Thus,
the development of RNA therapeutics and vaccines that target disease-specific genes or proteins is
relatively fast and straightforward. This was demonstrated by the development, testing, and
administration of the COVID-19 mRNA vaccines within a year of the isolation and sequencing of the
SARS-CoV-2 viral genome. 1%

Most RNAs regulate transcription, post-transcriptional processing, and translation, but they do
not alter the genome. The exception is the CRISPR-Cas system in which the guide RNA and Cas
endonuclease can edit the genome. RNA aptamers, which mimic ligands, regulate post-translational
protein activity. The rapid degradation and predictable pharmacokinetics of RNAs provide them with a
safety advantage over gene therapies. %

Despite the attractiveness of the plug-and-play concept of RNA therapeutic drug design, they
require testing to determine their efficacy and safety, and cell delivery is difficult because RNA is easily
degraded. The therapeutic RNA must penetrate the cell membrane and escape endosomal entrapment.
105 Although designed for specific targets, therapeutic RNAs can have off-target effects, limiting their
usefulness as drugs. Several of these limitations can be mitigated by chemically modifying the RNA to
increase target specificity, lower nuclease susceptibility, and improve cellular uptake. 10> 1%

The types of RNA in medicine in the development pipeline and their
targeted diseases

The distribution of diseases associated with RNA medicine in publications and patents

Since the first approved ASO RNA therapeutic in 1998, the research and development of RNA in
medical applications have increased. We analyzed data from the CAS Content Collection & for journal
publications and patents on RNAs as therapeutics, vaccines, or diagnostic agents for diseases and found
that 50% of the publications are associated with cancer diagnosis or treatment, although lung, liver, and
metabolic diseases are also highly represented (Figure 8). There was little correlation between the type
of RNA and a targeted disease, indicating that different types of RNA have been explored for many kinds
of diseases in the research phase (Supplement Figure S1). Infectious diseases and cancer have shown
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the greatest growth and are the most frequent diseases treated by RNA, followed by eye and
cardiovascular diseases, which grew in the first decade of this century and remained relatively stable in
the second decade (Figure 9). Specifically, the association of RNA medicine with pancreatic neoplasm,
melanoma, non-small cell lung cancer, hepatitis B, and influenza has increased quickly in the past 20
years. Patent publications for RNA therapeutics for hepatitis C have decreased in recent years, most
likely due to the approval of several effective small molecule drugs for hepatitis C. RNA therapeutics for
atherosclerosis, hypertension, glaucoma, and age-related macular degeneration research have remained
relatively stable. The top 20 patent assignees for patent publications on RNA therapeutics, vaccines, or
diagnostics are mostly in the US or China, although a few are in Germany, Korea, Japan, Switzerland, or
Israel (Figure 11).
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Figure 8. Percentage of publications associated with RNAs in medical applications
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Figure 9. The yearly number of patent publications on specific diseases targeted by RNA therapeutics, vaccines,
and diagnostics.

The pipeline dynamics of RNAs for therapeutics and vaccines

After decades of extensive research, the therapeutic potential of RNAs has led to the
development of over 250 therapeutics that are approved or in development (Supplement Table S2).
Among the top 15 RNA therapeutics companies (Figure 10), which are located worldwide (Supplement
Figure S2), each mostly focuses on one type of RNA to develop novel RNA therapeutics for treating
diseases that range from very rare to common. mRNA and siRNA are the most common RNAs used by
the top 15 companies, followed by ASO, CRISPR, and aptamers. Many of these companies are among the
top patent assignees for RNA therapeutics, vaccines, and diagnostics in the commercial sector (Figure
11).
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Sarepta Therapeutics (ASO)
Stemirna Therapeutics (mRNA)
AstraZeneca (mRNA, siRNA, ASO, miRNA)
Beam (CRISPR)

Cartesian Therapeutics (MRNA)

Silence Therapeutics (siRNA)

11
11
10
10
9
9

Figure 10. Top pharmaceutical companies ranked by the number of RNA therapeutic and vaccine agents
in the development pipeline. Counts include RNA agents in company-announced preclinical
development, in clinical trials, or approved. A single RNA agent can be counted multiple times when

applied to multiple diseases.

Patent Count

Assignee (commercial)

Bayer Healthcare AG, Germany

Beijing Yangshen Bioinformation Technology, China
Moderna TX, USA

Isis Pharmaceuticals, USA

Novartis AG, Switzerland

Alnylam Pharmaceuticals, USA

CureVac GmbH, Germany

SNU R&DB Foundation, S. Korea

OncoTherapy Science, Inc., Japan

Millennium Pharmaceuticals, USA

F. Hoffmann-La Roche AG, Switzerland

Bode Gene Development Co., Shanghai, China
Genentech, Inc., USA

aTyr Pharma, USA

Ruiqu Biotechnology, Shanghai, China

Pangu Biopharma, China

42 Rosetta Genomics Ltd., Israel

40 Wyeth, John, and Brother Ltd., USA
38 Incyte Pharmaceuticals, Inc., USA
30 Merck Sharp & Dohme Corp., USA

Patent Count  Assignee (university/hospital/government)

n
62
61
58
57
55

52
52
52
51
47

University of California, USA

United States Dept. of Health and Human Services, USA
University of Texas, USA

Central South University, China

Johns Hopkins University, USA

Military Medical Universities, China

Nanjing University, China

Sun Yat-Sen University, China

University of Pennsylvania, USA

General Hospital Corporation, USA

Brigham and Women's Hospital, USA

Harvard College, USA

Dana-Farber Cancer Institute, USA

Ohio State University, USA

University of Massachusetts, USA

Leland Stanford Junior University, USA

Massachusetts Institute of Technology, USA

Shandong University, China

Zhejiang University, China

Korea Research Institute of Bioscience and Biotechnology, S. Korea

Figure 11. Top patent assignees for RNA therapeutics, vaccines, and diagnostics.
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Moderna, BioNTech, CureVac, Stemirna Therapeutics, and Cartesian Therapeutics specialize in
mMRNA related therapeutics or vaccines. Moderna, headquartered in Massachusetts, USA *?!, leads this
group with over 45 therapeutics in its pipeline (Figure 10) and 131 RNA therapeutic/diagnostic patents
(Figure 11). BioNTech and CureVac are both headquartered in Germany. 22 122 BioNTech has in its
pipeline 20 therapeutics that leverage the immune system to treat cancer and infectious diseases
(Figure 10). *?* CureVac has 13 therapeutics (Figure 10) along with 76 RNA therapeutic/diagnostic
patents (Figure 11) for mRNA medicines. 1?* Stemirna Therapeutics headquartered in China, *** has a
pipeline of 11 mRNA-based therapeutics (Figure 10). Cartesian Therapeutics, headquartered in
Maryland, USA *?°, has 9 therapeutics and is a pioneer in using mRNA for cell therapies within and
beyond oncology, with products in development for autoimmune and respiratory disorders (Figure 10).

Alnylam, Sirnaomics, Arrowhead Pharmaceuticals, Silence Therapeutics, and Dicerna develop
siRNAs for their RNA therapeutics. (Effective December 28, 2021, Dicerna is a wholly owned subsidiary
of Novo Nordisk. In this paper Dicerna is considered separately.) Alnylam Pharmaceuticals and Dicerna
are headquartered in Massachusetts, USA. *2° 127 Alnylam is the leader in siRNA therapy with over 19
therapeutics in their pipeline and 77 therapeutic/diagnostic patents (Figure 10). Dicerna treats both rare
and common diseases with its 14 therapeutics (Figure 10). Sirnaomics, headquartered in Maryland, USA,
has developed over 19 therapies for human diseases that have no treatments. ' Arrowhead
Pharmaceuticals, headquartered in California, USA '?°, treats previously intractable diseases with their
13 therapeutics (Figure 10). Silence Therapeutics, headquartered in London, UK *3°, has 9 therapeutics
(Figure 10).

lonis Pharmaceuticals and Sarepta Therapeutics use ASOs for their RNA therapeutics. lonis
Pharmaceuticals is headquartered in California, USA 3!, and Sarepta Therapeutics in Massachusetts,
USA. 32 |onis has developed over 40 therapeutics (Figure 10) and 115 therapeutic/diagnostic patents
(Figure 11). Sarepta uses antisense technology to target neurological diseases including neuromuscular
and neurodegenerative disease with their 11 therapeutics (Figure 10).

NOXXON Pharma, headquartered in Germany, uses RNA aptamers for their 14 therapeutics
(Figure 10). 33 Their current pipeline is focused only on oncology, but previously they researched
treatments for metabolic, blood, autoimmune, and kidney diseases (Supplemental Table S2). Beam
Therapeutics, headquartered in Massachusetts, USA 34, is pioneering the use of base editing with
CRISPR/Cas. Beam has 10 therapeutics in development (Figure 10). AstraZeneca supports multiple RNA
platforms through partnerships with many of the top RNA companies. ¥

All but two of the top 15 RNA medicine companies specialize in one type of RNA (Figure 12).
AstraZeneca supports multiple RNA platforms and CureVac is partnering with CRISPR Therapeutics for
their current preclinical CRISPR RNA therapy 3¢ along with their mRNA therapy. Companies typically
specialize in one type of RNA but treat multiple diseases. All but two of the top 15 RNA medicine
companies cover multiple diseases. Sarepta specializes in neurological and neuromuscular diseases and
NOXXON has supported multiple diseases in the past but is now dedicated exclusively to the treatment
of cancer.
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Figure 12. Types of RNA by company and targeted diseases. *Other: Acromegaly, Hereditary
Angioedema, and Alcohol Use Disorder.

To investigate the research trends among different types of RNA therapeutics, the collected RNA
therapeutics were further grouped by their types and development stages (Figure 13 and 14). The newer
types of RNA therapeutics, such as AOCs and CRISPR, often have higher numbers of preclinical trials,
indicating a great potential for future drug approval. Whereas, those more established types of RNA
therapeutics, such as ASO and siRNA, often have a higher percentage of therapeutics on the market and
a higher percentage of active and completed clinical trials, suggesting a shifting of research focus on the

early development pipeline.
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RNA type

B mRNA

I siRNA

W AsO

0 Aptamer (RNA)

W CRISPR
| miRNA

W Antibody Oligonucleotide Conjugate
M saRNA
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Clinical trial stage

Preclinical
Active
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Withdrawn
8 Approved

Figure 13. Counts of potential therapeutics and vaccines in different stages of development (preclinical,

clinical, completed, withdrawn, and approved) for the various types of RNA. A full list of clinical trials is
provided in Supplemental Table S2.
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Preclinical Active Completed

CRISPR 100% 0% 0%
AOC 86% 14% 0%
saRNA 50% 50% 0%
mRNA 38% 37% 21%
siRNA 38% 32% 24%
ASO 16% 48% 21%
Aptamer (RNA) 5% 26% 63%
miRNA 0% 22% 67%

Figure 14. Percentage of preclinical, active, and completed clinical trials by RNA type. Figure rows may
not sum to 100% because approved and withdrawn clinical trials are not included in this figure.

Disease-specific RNA therapeutics and vaccines

To further assess the pipeline dynamics, the above collected RNA therapeutics (Supplement
Table S2) were then categorized based on their targeting diseases and development status (Figure 15).
Cancer has attracted the highest number of therapeutics and vaccines in the research phase, with
infectious diseases at the second. Neurological and neuromuscular diseases have the most approved
treatments on the market, followed by cardiovascular and infectious diseases. The COVID-19 pandemic
quickly catapulted RNA therapeutics for infectious diseases in both the research phase and approved
vaccines to the forefront. While diseases such as familial hypercholesterolemia and DMD have multiple
approved RNA therapeutics, blood diseases, cancers, and respiratory diseases currently do not have any
approved RNA treatments. Respiratory disease, autoimmune disease, and blood diseases have the
highest percentage of therapeutics in preclinical trials but so far have no approved treatments. Figure 16
shows the percentages of RNA therapeutics in various development stages based on disease type,
revealing places with high activities, as well as places needing more attention.
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W Cardiovascular Disease
W Liver Disease
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Figure 15. Counts of potential therapeutics and vaccines in different development stages (preclinical,
clinical, completed, withdrawn, and approved) for various disease types. A full list of clinical trials is
provided in Supplemental Table S2.
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Preclinical Active Completed

Respiratory Disease 58% 33% 8%
Autoimmune Disease 50% 33% 17%
Blood Disease 50% 31% 13%

Liver Disease 46% 38% 8%
Infectious Disease 43% 25% 29%
Neurological and Neuromuscular 38% 38% 5%
Metabolic Disease 33% 24% 24%
Other* 33% 0% 67%

Wound healing 33% 0% 67%
Cardiovascular Disease 28% 34% 31%
Cancer 26% 48% 23%

Eye Disease 20% 35% 35%

Kidney Disease 14% 36% 36%

Transplantation 0% 0% -

Figure 16. Percentage of preclinical, active, and completed clinical trials by disease type. Figure rows
may not sum to 100% because approved and withdrawn clinical trials are not included in this figure.
*Other: Acromegaly, Alcohol Use Disorder, and Hereditary Angioedema

Cardiovascular diseases, which account for 32% of all deaths, are the leading cause of death
worldwide, taking an estimated 17.9 million lives each year. ¥’ Cardiovascular diseases include disorders
of the heart and blood vessels. Over 80% of cardiovascular disease deaths are due to heart attacks and
strokes, and one-third of these deaths occur prematurely in people under 70 years of age. ¥’

There are two current drugs, Kynamro and Leqvio, approved for the treatment of the
cardiovascular disease, familial hypercholesterolemia. In 2013, lonis Pharmaceuticals received US FDA
approval for their ASO drug Kynamro that targets apolipoprotein B. ® However, Kynamro has serious
hepatotoxicity risk and patients prescribed the drug are monitored closely. * The Novartis siRNA
therapy drug Leqvio (developed by Alnylam) requires only two doses per year, and it received US FDA
approval very recently in December 2021. ¥ Leqvio targets proprotein convertase subtilisin kexin type 9
(PCSK9) to lower LDL cholesterol. Leqvio is a trivalent N-acetylgalactosamine (GalNAc)-conjugated siRNA
with three GalNAc molecules clustered and conjugated to one siRNA molecule (Figure 23). 14°

In addition to those approved ones, there are several more RNA therapeutics for cardiovascular
diseases currently in the clinical trial stages. Silence Therapeutics is evaluating the siRNA product SLN360
in a phase | clinical trial for its safety, tolerance, and pharmacodynamic and pharmacokinetic response in
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individuals with high lipoprotein A (LpA) cardiovascular disease. ! By targeting the LPA gene, SLN360
lowers the levels of LpA, decreasing the risk of heart disease, heart attacks, and strokes. 3 Alnylam is
also evaluating the siRNA product Zilebesiran that targets angiotensinogen for sustained reduction of
hypertension. ¥*2 Interim phase | results show >90% reduction in serum angiotensinogen (AGT) for 12
weeks at a dosage of 100 mg or greater given quarterly or biannually. ** This dosing regimen and the
continued efficacy and safety of the drug are being evaluated in a phase Il study initiated in June 2021
(NCT04936035). 143 Zilebesiran also uses Alnylam’s trivalent GalNAc-conjugated siRNA delivery platform
(Figure 23). 1% AstraZeneca and Moderna are collaborating on the mRNA drug AZD8601 to treat
ischemic heart disease. 144 AZD8601 targets vascular endothelial growth factor-A (VEGF-A). 14 When
AZD8601 is injected into the epicardium, VEGF-A is produced close to the damaged heart muscle,
allowing cardiac regeneration.

146

Table 1. RNA therapies for cardiovascular diseases

Cardiovascular | Drug Type Target Company Development | Clinical trial
Disease name/lab | of stage number
code RNA
Familial Kynamro ASO Apolipoprot | lonis FDA approval
hypercholester ein B (ApoB) | Pharmaceutic | in 2013 %7
olemia mRNA als
Familial Legvio siRNA | Proprotein Alnylam/ FDA approval
hypercholester convertase | Novartis in 2021 1%
olemia subtilisin/
kexin type 9
Cardiovascular | SLN360 siRNA | Lipoprotein( | Silence Phase | NCT04606602
disease with a) (LpA) Therapeutics Sl
high LpA
Ischemic heart | AZD8601 mRNA | Vascular Moderna/ Phase Il NCT03370887
Disease endothelial | AstraZeneca i
growth
factor-A
(VEGF-A)
Hypertension Zilebesiran | siRNA | Angiotensin | Alnylam Phase | NCT03934307
ogen (AGT) R

Metabolic diseases affect over a billion people worldwide by causing too much or too little of
essential substances in the body. **° Diabetes alone affects 422 million people worldwide, causing 1.5
million deaths annually. *** Waylivra, an ASO product targeting apolipoprotein C-lll (apoC-Ill) by lonis

Pharmaceuticals, received European Union (EU) approval in 2019 as a treatment for familial

chylomicronemia syndrome (FCS). **? FCS is a disease that prevents the body from breaking down
consumed triglycerides. ApoC-Ill protein, which is produced in the liver, regulates plasma triglyceride
levels in FCS patients, and Waylivra (volanesorsen) reduces its mean plasma levels. > IONIS-GCGRgy is
another ASO product developed by lonis Pharmaceuticals and treats diabetes by reducing the
production of the glucagon receptor (GCGR). *** Glucagon is a hormone that opposes the action of
insulin and stimulates the liver to produce glucose, particularly in patients with type-2 diabetes. **°
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Alpha-1 antitrypsin deficiency (AATD) is a hereditary metabolic disease. Alpha-1 antitrypsin
(AAT) is a glycoprotein produced in the liver that travels through the bloodstream to protect the lungs
from inflammation. *°® Mutations in the SERPINA1 gene cause a deficiency of AAT in the blood, leading
to toxic effects in the lungs and the accumulation of high levels of AAT in the liver that cause liver
damage. 1°® ARO-ATT, a siRNA product developed by Arrowhead Pharmaceutical, targets the SERPINA1
mutation, and in preclinical studies has shown promise in reducing AAT liver disease. *” Beam
Therapeutics is developing a CRISPR base editing drug to treat AATD by correcting the E342K mutation in
the SERPINA1 gene. '*® Beam’s base editor has two main components, a CRISPR protein bound to a
guide RNA and a base editing enzyme, which are fused to form a single protein. *° This fusion allows the
precise targeting and editing of a single base pair of DNA, which has not been previously achieved. **°
Repairing the mutation would restore normal gene function and eliminate abnormal AAT production.
This editing system uses a non-viral lipid nanoparticle delivery system. 8

Methylmalonic acidemia (MMA) is a hereditary metabolic disease in which the body is unable to
metabolize certain proteins and lipids correctly. ** MMA is caused by mutations in the MMUT, MMAA,
MMAB, MMADHC, and MCEE genes. The mutation in the MMUT gene accounts for about 60% of MMA
cases. Moderna has developed an mRNA therapeutic mRNA-3705 that targets the MMUT mutation. 4
MRNA-3705 instructs the cell to restore the missing or dysfunctional proteins that cause MMA. mRNA-
3705 entered clinical trials with the first patient treated in August 2021. 6!

Table 2. RNA therapies for metabolic diseases

Metabolic Drug Type Target Company Development | Clinical trial
Disease name/lab | of stage number
code RNA
Familial Waylivra | ASO Apolipoprotein | lonis EU approval in
chylomicronemia C-1ll (APOCIII) | Pharmaceuticals | 2019 **
syndrome
Diabetes IONIS- ASO Glucagon lonis Phase Il NCT01885260
GCGRRx receptor GCGR | Pharmaceuticals =
Methylmalonic mMRNA- MmRNA | Mitochondrial Moderna Phase I/1l NCT04899310
acidemia (MMA) | 3705 enzyme E
methylmalonic-
CoA mutase
(MUT)
Alpha-1 ARO-AAT | siRNA | Mutant of al- | Arrowhead Phase Il NCT03946449
antitrypsin antitrypsin (Z- | Pharmaceuticals i
deficiency AAT)
Alpha-1 Unnamed | CRISPR | Precise Beam Preclinical **8
antitrypsin correction of Therapeutics
deficiency E342K
mutation
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Liver diseases affect more than 1.5 billion people worldwide **> and account for over 2 million
deaths per year. '°° The siRNA therapeutic GIVLAARI, developed by Alnylam, received FDA approval in
2019 for the treatment of acute hepatic porphyria. %2 Acute hepatic porphyria is a genetic disease
characterized by life-threatening acute attacks and chronic pain. *” GIVLAARI is the first approved
GalNAc-conjugated RNA therapeutic. 8

Non-alcoholic steatohepatitis (NASH) is an accumulation of fat in the liver that causes liver
damage. The antisense therapeutic ION839/AZD2693 from lonis/AstraZeneca entered phase | trials in
2020 in patients with NASH and fibrosis. '*° AZD2693/I0N839 targets patatin-like phospholipase domain-
containing 3 (PNPLA3), reducing its expression. ** Mutation of PNPLA3, which produces a protein that
accumulates on the surface of intracellular lipid droplets, is strongly associated with an increased risk for

NASH. '7°

Table 3. RNA therapies for liver diseases

Liver Drug name/lab Type of | Target Company | Development Clinical trial
Disease code RNA stage number
Acute GIVLAARI SiRNA 5- Alnylam FDA approval in
hepatic aminolev 2019 171
porphyria ulinic

acid

synthase

1

(ALAS1)

mRNA
Nonalcoholi | ION839/AZD2693 | ASO Patatin- lonis/Astr | Phase | NCT04483947
c fatty liver like aZeneca 1es
disease phosphol

ipase

domain-

containin

g protein

3(PNPLA

3)

Cancer includes a large group of diseases that are characterized by abnormal cell growth in
various parts of the body. It is the second leading cause of death globally, accounting for an estimated
10 million deaths per year with over 19 million new cases diagnosed in 2020. '’ Currently there are no
approved RNA therapeutics for cancer treatment. NOXXON Pharma’s lead aptamer candidate NOX-A12

is in development as a combination therapy for multiple types of cancers.

173

It is intended to enhance

other anti-cancer treatments without side effects. A phase /1l trial of NOX-A12 in combination with
radiotherapy in newly diagnosed brain cancer patients who would not benefit from standard
chemotherapy is ongoing. *”® Interim data from the study in June 2021 showed tumor reduction in five
of six patients consistent with an anti-cancer immune response, and there were no unexpected adverse
events. > NOXXON is collaborating with Merck in their pancreatic cancer program. > NOXXON, in a
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phase I/1l combination trial with Merck’s Keytruda, reported success in treating metastatic pancreatic
and colorectal cancer and entered a second collaboration with Merck to conduct a phase Il study in
pancreatic cancer patients. ’* NOX-A12 targets C-X-C motif chemokine ligand 12 (CXCL12)"3, which,
with its receptors, acts as a link between tumor cells and their environment, promotes tumor
proliferation, new blood vessel formation, and metastases, and inhibits cell death. *”°

The anti-cancer siRNA product, STP707 by Sirnaomics*’®, targets TGF-B1 and COX-2 mRNAs. A
preclinical study demonstrated that knocking down TGF-B1 and COX-2 gene expression simultaneously
in the tumor microenvironment increases active T cell infiltration and combining the two siRNAs
produces a synergistic effect that diminishes pro-inflammatory factors. *’’Descartes-11 developed by
Cartesian is a CAR T-cell therapy for treating multiple myeloma, a white blood cell cancer that affects
plasma cells.'”® It is currently in phase Il studies with newly diagnosed patients. *’° Descartes-11 contains

autologous CD8* T cells engineered with RNA chimeric antigen receptors (CARs) that bind to B-cell

maturation antigen (BCMA). 1’8 BCMA is highly expressed in all myeloma cells, and Descartes-11 binds
and kills BCMA-positive myeloma cells. 78

Table 4. RNA therapies for cancers

Cancer Drug Type of | Target Company Development | Clinical trial
name/lab | RNA stage number
code
Brain NOX-A12 Aptamer | C-X-C motif NOXXON Phase I/l NCT04121455
cancer/glioblastoma (RNA) chemokine Pharma =
ligand 12
(CXCL12)
Pancreatic cancer NOX-A12 | Aptamer | C-X-C motif NOXXON Phase Il NCT04901741
(RNA) chemokine Pharma 181
ligand 12
(CXCL12)
Solid tumor STP707 SiRNA Transforming Sirnaomics Phase | NCT05037149
growth factor c82
beta (TGF-B),
cyclooxygenase-
2 (Cox-2)
Multiple myeloma Descartes- | mRNA B-cell Cartesian Phase I/11 NCT03994705
11 maturation Therapeutics B
antigen

Infectious diseases are caused by bacteria, viruses, fungi, or parasites. The first antisense

antiviral, Vitravene, approved for use in 1998, treats cytomegalovirus (CMV) retinitis. *** It was
developed to treat the large number of cases of CMV retinitis in patients with acquired

immunodeficiency syndrome (AIDS). ¥ After the introduction of highly active antiretroviral therapy
(HAART), the incidence of CMV retinitis decreased and Vitravene was withdrawn in the US in 2001. &
However, it paved the way for other drugs in its class, proving the clinical efficacy of ASO therapeutics.
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SARS-CoV-2 has infected over 280 million people, causing over 5.4 million deaths worldwide.
The COVID-19 pandemic brought the first approved mRNA vaccine to market. BioNTech/Pfizer’s COVID-
19 BNT162/Comirnaty vaccine was given US FDA emergency use authorization in 2020 and approved by
the FDA in 2021. *¥” Moderna’s COVID-19 mRNA-1273/Spikevax vaccine was also given US FDA
emergency use authorization in 2020. % Globally over 9 billion COVID-19 vaccine doses have been
administered. **

Arbutus Biopharma Corporation developed AB-729, an RNA interference (RNAI) therapeutic
specifically designed to reduce all hepatitis B virus (HBV) antigens, including hepatitis B surface antigen
(HBsAg). **° HBsAg interferes with host immune response °?, and preliminary data indicate that long-
term suppression of HBsAg with AB-729 results in an increased HBV-specific immune response. 1°

Moderna’s first quadrivalent seasonal influenza mRNA vaccine candidate mRNA-1010 is in phase /Il
trials. 1 mRNA-1010 targets influenza lineages recommended by the World Health Organization (WHO)
for the prevention of influenza, including seasonal influenza A HIN1 and H3N2 and influenza B
Yamagata and Victoria. > Moderna has also developed a vaccine for RSV *4, a common respiratory
virus that can cause serious illness in infants and older adults. Moderna’s mRNA-1345 is currently in a
phase | trial to evaluate its tolerance and reactogenicity in children, younger adults, and older adults. 1°*
194 CureVac also has an mRNA prophylactic vaccine for RSV in their pipeline 3¢ that is in pre-clinical
development. 1%

Table 5. RNA therapies and vaccines for infectious diseases

Infectious Drug Type | Target Company Development | Year Clinical trial
Disease name/lab | of stage (first number
code RNA posted)
COVID-19 BNT162/ mRNA | SARS-CoV-2 | BioNTech/Pfizer FDA approval
Comirnaty spike in 2021 87
protein
COVID-19 mMRNA- mRNA | SARS-CoV-2 | Moderna FDA
1273/ spike authorization
Spikevax protein for
emergency
use in 2020
188
Ccmv Vitravene | ASO Immediate Isis FDA approval
retinitis early 2 (IE2) | Pharmaceuticals/ | in 1998 &
mRNA Novartis
HepatitisB | AB-729 siRNA | Hepatitis B Arbutus Phase | 2021 NCT04775797
viral (HBV) viral surface | Biopharma Los
antigen Corporation
(HBsAg)
Influenza MRNA- mMRNA Moderna Phase I/11 2021 NCT04956575
1010 B
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Respiratory | Unnamed | mRNA CureVac Preclinical 1%

syncytial

virus (RSV)

Respiratory | mRNA- MmRNA Moderna Phase | 2021 NCT04528719
syncytial 1345 L

virus (RSV)

Neuromuscular diseases affect the function of muscles and nerves that communicate sensory
information to the brain. 1°® They affect the brain as well as the nerves found throughout the body and
the spinal cord. **° These types of diseases have the greatest number of approved RNA therapeutics.
There are two approved treatments for DMD: Sarepta’s ASO therapeutics Exondys 51, which targets
exon 51 of the dystrophin gene, was FDA approved in 2016 *°° and Vyondys 53, which targets exon 53 of
the dystrophin gene, was FDA approved in 2019. ?°! lonis Pharmaceuticals received FDA approval in
2016 for ASO therapeutic Spinraza targeting survival of motor neuron 2 (SMN2) for the treatment of
spinal muscular atrophy. 22 Their second therapeutic approved by the FDA in 2018 was the ASO
neurological therapeutic Tegsedi, which targets hepatic production of transthyretin (TTR) and is used for
the treatment of hATTR amyloidosis-polyneuropathy a disease due to mutations in the gene encoding
TTR that leads to abnormal amyloid deposits on nerves. 2°> Onpattro by Alnylam is another approved
RNA drug for the treatment of hATTR amyloidosis-polyneuropathy by targeting hepatic production of
transthyretin. 2> Onpattro, which was FDA approved in 2018, was the first siRNA drug. 2’ Sarepta
Therapeutics has two other ASO therapeutics for the treatment of DMD, SRP-5044 and SRP-5050
(targeting exon 44 and exon 50 of the dystrophin gene, respectively) that are in preclinical studies. 2

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease that affects nerve
cells in the brain and spinal cord. ?° lonis Pharmaceuticals in partnership with Biogen has an ASO
investigational drug Tofersen in phase Il clinical trials. *** Tofersen targets superoxide dismutase 1
(S0OD1), the second most common and best understood genetic cause of ALS.

Avidity Biosciences has a pipeline of AOC therapeutics focused on neuromuscular diseases. Their
leading candidate, AOC 1001, is a siRNA conjugated with a monoclonal antibody (mAb). ?° AOC 1001 has
an ongoing phase I/Il trial in adults with myotonic dystrophy type 1 (DM1). DM1 is a progressive
neuromuscular disease that impacts skeletal and cardiac muscle. DM1 is caused by an abnormal number
of CUG triplet repeats in the myotonic dystrophy protein kinase gene (DMPK), reducing muscle blind-like
protein (MBNL) activity and disrupting muscle development. 2°® AOC 1001 is designed to reduce DMPK
levels and CUG triplet repeats so that MBNL can perform normally. 2 Avidity Biosciences has also
developed an AOC to treat DMD. **’ The oligonucleotides are designed to promote skipping of specific
exons to produce dystrophin in patients with DMD. Their leading DMD drug candidate, AOC 1044, can

induce exon skipping specifically for exon 44, and clinical trials are planned for 2022. 2%

Table 6. RNA therapies for neuromuscular and neurological diseases

Neurological Drug Type of Target Company Develop | Clinical trial
and name/la | RNA ment number
b code stage
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Neuromuscular
Disease

Duchenne Exondys | ASO Exon 51 Sarepta FDA
muscular 51 dystrophin Therapeutics approval
dystrophy in 2016
200
Duchenne Vyondys | ASO Exon 53 Sarepta FDA
muscular 53 dystrophin Therapeutics approval
dystrophy in 2019
201
hATTR Tegsedi ASO Transthyreti | lonis FDA
amyloidosis- n mRNA Pharmaceuticals | approval
polyneuropathy in 2018
203
hATTR Onpattro | siRNA Transthyreti | Alnylam FDA
amyloidosis- n mRNA approval
polyneuropathy in 2018
209
Spinal muscular | Spinraza | ASO Survival of lonis FDA
atrophy motor Pharmaceuticals | approval
neuron 2 in 2016
(SMN2) B
mRNA
Amyotrophic Tofersen | ASO Superoxide lonis Phase I NCT04856982
lateral sclerosis dismutase 1 | Pharmaceuticals -
(SsoD1) / Biogen
Duchenne SRP-5044 | ASO Exon 44 Sarepta Preclinica
muscular dystrophin Therapeutics | 205
dystrophy
(DMD)
Duchenne SRP-5050 | ASO Exon 50 Sarepta Preclinica
muscular dystrophin Therapeutics | &2
dystrophy
(DMD)
Myotonic AOC Antibody Myotonic Avidity Phase I/Il | NCT05027269
dystrophy type | 1001 oligo- dystrophy Biosciences -
1(DM1) nucleotide | protein
conjugates | kinase
(AOC) (DMPK)
Duchenne AOC Antibody Exon 44 Avidity Preclinica
muscular 1044 oligo- dystrophin Biosciences | 207
nucleotide
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dystrophy conjugates
(DMD) (AOC)

Eye diseases including visual impairment affect 2.2 billion people globally. 2> Macular
degeneration, which causes loss in the center of the field of vision and is irreversible, affects 196 million
people. 2** Macugen, developed by Gilead Sciences, was the first FDA-approved (2014) RNA aptamer
treatment for neovascular age-related macular degeneration. ' Macugen targets the VEGF protein in
the eye, reducing the growth of blood vessels to control the leakage and swelling that cause vision loss.
215 As age-related macular degeneration progresses, geographic atrophy (GA), a chronic progressive
degeneration of the macula, can develop. ?'® Zimura by Iver Bio is another RNA aptamer therapeutic and
is currently in a phase Il clinical trial. Zimura inhibits complement C5 7, which is involved in the
development and progression of AMD. In clinical trials, Zimura slowed the progression of GA over 12
months in individuals with age-related macular degeneration. ?® QR-504a from ProQR Therapeutics is
an investigational RNA ASO therapeutic that is in ongoing phase I/l clinical trials. 2! QR-504a is designed
to slow vision loss in individuals with Fuchs endothelial corneal dystrophy (FECD) which results from
trinucleotide repeat expansion mutations in the TCF4 gene. 2

Table 7. RNA therapies for eye diseases

Eye Disease Drug Type of | Target Company Development | Clinical trial
name/lab | RNA stage number
code
Macular Macugen | Aptamer | Vascular Gilead FDA approval
degeneration (RNA) endothelial Sciences in 2014 214
growth
factor
(VEGF)
protein
Geographic Zimura Aptamer | Complement | IVERIC Bio Phase NCT04435366
atrophy (RNA) component &y
related to 5(C5)
age-related
macular
degeneration
Fuchs QR-504a ASO Transcription | ProQR Phase I/11 NCT05052554
endothelial factor 4 Therapeutics 218
corneal (TCF4)
dystrophy

Kidney disease affects over 850 million people worldwide. ??° Primary hyperoxaluria type 1
(PH1) is a genetic kidney disease characterized by the overproduction of oxalate, which leads to kidney
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stones, kidney failure, and systemic oxalosis. 2> 22° The siRNA therapeutic Oxlumo was developed by
Alynlam and approved by the FDA in 2020. ?*! Oxlumo targets the hydroxy acid oxidase 1 gene (HAO1),
which encodes glycolate oxidase. ?** Oxlumo reduced urinary oxalate excretion in patients with
progressive kidney failure in PH1. 2?1 222 The majority of patients had normal or near-normal levels of
oxalate after 6 months of treatment. Autosomal dominant polycystic kidney disease (ADPKD) is caused
by mutations in the PKD1 or PKD2 gene. ?* It is characterized by cysts within the kidneys, often leading
to kidney failure. To treat ADPKD, Regulus designed RGLS4326, a second-generation oligonucleotide that
inhibits miR-17, which produces kidney cysts. RGLS4326 binds to miR-17 microRNAs, inhibits miR-17
activity, and reduces disease progression. 2** IgA nephropathy is a chronic kidney disease that is caused
by deposits of protein immunoglobulin A (IgA) inside the glomeruli of the kidneys. 2> 22> Overproduction
of complement factor B (FB) is associated with increased IgA nephropathy. lonis has partnered with
Roche to develop a ligand-conjugated ASO therapeutic, IONIS-FB-LRx, which targets FB to reduce the
production of IgA and alleviate the symptoms of IgA nephropathy. ***

Table 8. RNA therapies for kidney diseases

Kidney Disease | Drug Type of RNA Target Company Develop | Clinical trial
name/lab ment number
code stage
Primary Oxlumo SiRNA Hydroxy acid | Alnylam FDA NCT04152200
hyperoxaluria oxidase 1 approval | 2¢
type 1 (HAO1) 2020
Autosomal RGLS4326 | Oligonucleotide | miR-17 Regulus Phase | NCT04536688
dominant &7
polycystic
kidney
disease (ADPKD)
IGA IONIS-FB- | ASO Complement | lonis/Roche | Phase Il | NCT04014335
nephropathy LRx factor B 2z

Respiratory diseases affect more than 1 billion people worldwide. ?*° COVID-19 brought acute
respiratory distress syndrome (ARDS) to the forefront of medical news during the pandemic. ARDS is a
severe inflammatory lung disease with a mortality rate of over 40%. 2*° Inflammation leads to lung tissue
injury and leakage of blood and plasma into air spaces, resulting in low oxygen levels and often requiring
mechanical ventilation. %*° Descartes-30 is an engineered mRNA cell therapy product by Cartesian
Therapeutics. It comprises human mesenchymal stem cells that secret two human DNases for
degrading ARDS-causing neutrophil extracellular traps (NETS). *78. Descartes-30 is currently in phase I/Il

clinical trials. 23!

Cystic fibrosis is caused by a dysfunctional cystic fibrosis transmembrane conductance regulator
(CFTR) protein, resulting from mutations in the CFTR gene. ? Without CFTR, mucus in various organs
including the lungs is extremely thick and sticky. MRT5005, developed by Translate Bio, is an mRNA
therapeutic that bypasses this mutation by delivering mRNA encoding a fully functional CFTR protein to
the cells in the lungs through nebulization. %** Although initial interim results from clinical studies
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showed promise, 2** results from the second interim phase I/l clinical trial showed no increase in the
lung function of individuals receiving MRT5005. 2** The siRNA therapeutic ARO-ENaC is designed by
Arrowhead Pharmaceuticals to reduce epithelial sodium channel alpha subunit (aENaC) in the lungs and
airways. Increased ENaC contributes to airway dehydration and increased mucus. 2> However,
Arrowhead paused a phase I/l study of ARO-ENaC in July 2021 after safety studies showed local lung

inflammation in rats.

237

Table 9. RNA therapies for respiratory diseases

Respiratory | Drug Type | Target Company Development | Clinical trial
Disease name/lab | of stage number
code RNA
Acute Descartes- | mRNA | Neutrophil Cartesian Phase /Il NCT04524962
respiratory | 30 extracellular Therapeutics CEE
distress traps (NETSs)
syndrome
Cystic MRT5005 | mRNA | Cystic fibrosis Translate Bio Phase /Il NCT03375047
fibrosis transmembrane 238
conductance
regulator
(CFTR)
Cystic ARO-ENaC | siRNA | Epithelial Arrowhead Phase I/lla NCT04375514
fibrosis sodium channel | Pharmaceuticals -]
a subunit

Blood diseases affect one or more components of blood. Sickle cell disease is a type of blood
disease that causes red blood cells to become misshapen and break down. 2° Beta-thalassemia
syndromes are a group of blood diseases that result in reduced levels of hemoglobin in red blood cells.
241 BEAM-101, Beam Therapeutics leading ex vivo base editor, is a patient-specific, autologous
hematopoietic investigational cell therapy. BEAM-101 introduces base edits that mimic the single
nucleotide polymorphisms found in individuals with hereditary persistence of fetal hemoglobin (HPFH),
which could alleviate the effects of mutations causing sickle cell disease or beta-thalassemia since the
fetal hemoglobin doesn’t become misshapen. 2*2 Beam plans to initiate a phase /1l clinical trial to assess
the safety and efficacy of BEAM-101 for the treatment of sickle cell disease. 2*> BEAM-101 uses an
electroporation delivery system. 1*8 Silence Therapeutics has RNA therapeutics for blood diseases such
as thalassemia, myelodysplastic syndrome, and rare iron-loading anemias. 2*3 Their siRNA therapeutic
SLN124 targets TMPRSS6, a gene that prevents the liver from producing hepcidin. 2** Phase | clinical trial
data showed that SLN124 improved red blood cell production and reduced anemia by increasing the

levels of hepcidin.

243, 244
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Table 10. RNA therapies for blood disease

Blood Disease Drug Type Target Company Development | Clinical trial
name/lab | of stage number
code RNA
Sickle cell BEAM- CRISPR | Fetal Beam Preclinical 1°8
disease/beta 101 hemoglobin Therapeutics
thalassemia activation
Thalassemia/low- | SLN124 siRNA | Transmembrane | Silence Phase | NCT04718844
risk serine protease | Therapeutics s
myelodysplastic 6 (TMPRSS6)
syndrome

Keloid scarring is a type of pathological condition that forms abnormally thick scarring after a
skin injury. STP705, from Sirnaomics, is a siRNA therapeutic in phase Il clinical trial for the treatment of
keloid scars. 2*® STP705 targets both TGF-B1 and COX-2 gene expression with polypeptide nanoparticle-
enhanced delivery. ?*’ The synergistic effect of simultaneous silencing TGF-B1 and COX-2 may reverse
skin fibrotic scarring by decreasing inflammation and activating fibroblast apoptosis. This mechanism of
action of STP705 can be widely applied for the treatment of other fibrotic conditions. 2%’

Autoimmune diseases are characterized by immune activation in response to normal antigens.
248 mMRNA-6231 from Moderna is an mRNA encoding IL-2 mutein that activates and expands the
regulatory T cell population and dampens self-reactive lymphocytes. 2#°

Alcohol use disorder (AUD) is the inability to control alcohol use despite adverse social,
occupational, or health consequences. According to the World Health Organization, AUD affects over
283 million people globally. >*° Alcohol is metabolized in the liver to acetaldehyde via alcohol
dehydrogenase and then to acetic acid by aldehyde dehydrogenase 2 (ALDH2). %! Inhibiting ALDH2

results in unpleasant symptoms due to the increased acetaldehyde when alcohol is not fully

metabolized. *** The siRNA therapeutic DCR-AUD by Dicerna knocks down ALDH2 protein expression in
the liver, which results in increased acetaldehyde levels that discourage continued alcohol use in AUD

patients. %2

Table 11. RNA therapies for other diseases

Other Drug Type | Target Company Development | Clinical trial
Disease name/lab | of stage number
code RNA
Keloid STP705 siRNA | Transforming Sirnaomics Phase Il NCT04844840
scarless growth factor -
healing beta 1(TGF-B1)/
cyclooxygenase-
2 (COX-2)
Autoimmune | mRNA- MRNA | Interleukin-2 Moderna Phase | NCT04916431
diseases 6231 (IL-2) pEE
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Alcohol use DCR-AUD | siRNA | Aldehyde Dicerna Phase | NCT05021640
disorder dehydrogenase | Pharmaceuticals P
2 (ALDH2)

Chemical modifications for improving RNA stability and target specificity

RNA is composed of nucleosides that consist of a nucleic acid base attached to a D-ribose
through a 3-N-glycosyl bond between the ribose and the pyrimidine bases (uracil and cytosine) or the
purine bases (adenosine and guanosine). The nucleosides are connected by a phosphodiester bond
using the phosphate between the 3’ and 5’ carbons on adjacent ribose molecules (Figure 17). %°> RNAs
can be modified on the nucleic acid base and on the phosphate and the ribose of the sugar-phosphate
backbone, as shown illustrated Figure 17 with color circles.

Figure 17. An example of RNA structure and modification sites. Green circles, modification sites on the
phosphate; red circles, attachment sites for modifications on the ribose; blue circles, attachment sites
for modifications on the nucleic acid base: 1-methylpseudouridine (1meW), cytosine (C), uridine (U),
guanosine (G), and adenosine (A).
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The nucleic acid side chains extending from the sugar-phosphate backbone form hydrogen
bonds between the nucleic acid bases of complementary RNA chains; U bonds with A, and G bonds with
C. Double-stranded RNA structures form as a result of intramolecular and intermolecular base pairing.
Base pairing between loops of double-stranded stem-loops can yield 3D structures and triple helixes can
form within single strands or between multiple strands.

Chemical modifications on RNA can improve the stability and reduce the immunogenicity of
therapeutic RNAs. RNA is very susceptible to nucleases and hydrolysis by basic compounds. Chemical
modification of RNA protects the vulnerable sugar-phosphate backbone from nuclease degradation and
lowers the risk of off-target effects. For RNAs that form a duplex with a target sequence, mutations that
lower the melting temperature of the duplex destabilize the complex and improve target specificity by
decreasing base pairing with non-target RNA. RNA modifications can also improve the delivery of the
RNA into the cell through the plasma membrane and enhance the activity of the RNA. %

Nucleic acid base modifications

Figure 18 shows chemical structures of commonly seen base modifications and rare bases.
Cytidines or uridines can be methylated at the N-5 position to be 5-methylcytidines or 5-methyluridines.
Cytidines can have the oxygen replaced with a sulfur at the N-2 position to be 2-thiocytidines. When
uridines have the oxygen replaced with a sulfur at either the N-2 or the N-4 position, they become either
2-thiouridines or 4-thiouridines. Uridines can also be reduced on the base ring and become 5,6-
dihydrouridines. Another commonly seen base modification is methylation at the N-7 position of the
guanosine, which often occurs for the mRNA cap modifications. The guanosines can also be modified at
the N-7 position by converting the nitrogen to a carbon and become 7-deazaguanosine. Similar
modifications can happen to adenosines resulting in 7-methyladenosines and 7-deazaadenosines.
Pseudouridines and inosines are also regularly seen as rare bases in modified RNA sequences. Additional
modified or rare bases are shown in Supplement Figure S7. According to the data in the CAS Content
Collection 8, the use of RNA modifications has been increasing since the beginning of 1995
(Supplemental Figure S6).
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Figure 18. Examples of modified and rare bases. R = D-ribose; locations of modifications are shown in
blue.

Base modifications that interfere with the formation of hydrogen bonds can thermally
destabilize duplex formation with the target and thus improve target specificity by limiting off-target
binding. > In addition, modifications improve the performance of therapeutic RNA. Replacing uridine
with the modified base 1-methylpseudouridine (Figure 17) in therapeutic mRNAs, such as the COVID-19
vaccines (Pfizer’s Comirnaty and Moderna’s Spikevac ), improves translation and lowers cytotoxic side
effects and immune responses to the mRNA. ?* Both Pfizer’s Comirnaty and Moderna’s Spikevac mRNA
vaccines also use a 7-methylguanosine cap linked by a 5’ triphosphate to the 5’ end of the mRNA,
replicating the normal mRNA caps that prevent degradation of the 5’ end of the mRNA. %8

Modifications on ribose

The hydroxyl group on the C-2’ position of the ribose destabilizes RNA compared to DNA.
Modification of this hydroxyl protects against nuclease digestion and can lower the thermal stability of
duplexes formed with a target RNA. Figure 19 shows the chemical structures of these modifications on
ribose. The most common modifications at the C-2’ position include 2’-O-methyl, 2’-fluoro, 2’-MOE, and
2’-amine. Another modification at the C-2’ position is the LNA in which a 2’-0, 4’-C-methylene bridge
connects the 2’ position to the 4’ position on the ribose. >*°
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Figure 19. Common modifications on the 2’-hydroxyl group of D-ribose. B = nucleic acid base.

In addition, the 5’ and 3’ ends of RNA can be modified using cleavable linkers attached to
GalNAc groups or lipophilic moieties to target the therapeutic RNA to the desired tissue. The linkers are
cleaved by acid pH, redox potential, or degradative enzymes in cells but not in serum or blood. Cleavable
linkers include acid-cleavable groups, ester-based cleavable groups, and peptide-based cleavable
groups. 2°

Backbone modifications

Modifications to the phosphate group in the sugar-phosphate backbone can improve the
resistance of therapeutic RNAs to extracellular and intracellular nucleases. In addition, the negative
charge on the phosphate group also interferes with the delivery of the RNA into the cell through the
lipid bilayer membrane, which is impermeable to polar molecules. Thus, replacing the oxygens on the
phosphates with neutral groups or complexing the phosphate groups to cations like sodium can improve
RNA delivery. 2°

A widely used backbone modification, phosphorothioate as shown in Figure 20, which replaces
an oxygen in the phosphate group with sulfur, reduces the activity of extracellular and intracellular
nucleases. ° RNA molecules with phosphorothioate linkages at the ends resist exonucleases, whereas
RNA molecules with phosphorothioate linkages within the RNA resist endonucleases. However, the
sulfur on the phosphate group creates stereogenic a-phosphorus atoms resulting in diastereomers with
different functional properties that can affect duplex formation. Careful spacing of the
phosphorothioate linkages within the RNA can ameliorate this problem. 25 260

Other backbone modifications replace the D-ribose with either an L-ribose or a non-ribose
moiety (Figure 20). Phosphorodiamidate morpholino oligonucleotides (PMQO) contain morpholino groups
linked by phosphorodiamidate groups rather than ribose linked by phosphates. Glycol nucleic acids
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(GNA) have a backbone of repeating glycerol units linked by phosphodiester bonds. 62 In PNAs the
sugar-phosphate backbone is replaced with a flexible N-(2-aminoethyl)glycine polymer with the
nucleobases attached via a methylene carbonyl linkage. 2 PMO, GNA, and PNA all resist nuclease
degradation. PNA forms duplexes with complementary DNA or RNA with higher affinity and specificity
than unmodified DNA-DNA or DNA-RNA duplexes. However, duplexes containing PNA, PMO, and LNA
resist RNase H degradation, inhibiting gene knockdown through targeted mRNA degradation. 2*°

1

phosphodiester linkage 4
beta-D-ribose 2 3
AospOTGNGE WKSG0 o ocroqamidats gyl muic ackd (GNA)  PEPIe nclic acd (PN
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Figure 20. Examples of modified RNA backbones. Backbone 1 shows phosphate-ribose backbone
linkages, which include the classic phosphodiester (black), phosphorothioate (blue), and
phosphorodithioate (red). The purple ribose, a-L-ribose, has an alternative stereochemistry compared to
the normal 3-D-ribose moieties shown in black. Backbone 2 is a phosphorodiamidate morpholino (PMO)
backbone, backbone 3 is (R)-glycol nucleic acid ((R)-GNA), and backbone 4 is peptide nucleic acid (PNA).
B = nucleic acid base.

Trends of RNA chemical modifications

Sequence data for RNAs and RNA modifications are annotated and collected with CAS Registry
Sequence Guidelines 2% from published documents and stored in the CAS Content Collection . To
better understand the chemical modification trends on RNA molecules, we extracted ~170,000 modified
RNA sequences from the CAS Content Collection. Figure 21 shows the number of the modified RNA
sequences distribution of these modified sequences along the sequence length. The predominance of
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modified nucleotide RNAs for lengths of 18-27 bases reflects the fact that this sequence length is

commonly used in siRNAs and ASOs; processed, naturally occurring double-stranded siRNAs are typically
21 or 23 bp long. The double-stranded nature of siRNAs accounts for the large number of modifications

for nucleotides with a length of 42 and 44; two 21-nucleotide RNAs produce 42 nucleotides of RNA,
while a 21-nucleotide and a 23-nucleotide RNA produce 44 nucleotides. The percentage of modified

RNA sequences in the total RNA sequences was also shown along the sequence length, suggesting that

sequences less than 100 base pairs are more frequently being modified than the longer sequences.
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Figure 21. RNA sequences containing modifications and their distribution with respect to sequence
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lengths (from the CAS Content Collection). Blue bars: the absolute number of modified RNA sequences;
orange line: the percentage of modified RNA sequences in the total RNA sequences with same sequence

length.

Chemical modifications were further analyzed using this data set with specific types of modifications and
sequence lengths. A heatmap (Figure 22) was constructed based on the relative frequencies of specific

types of modification in the total modification event in that sequence length. The heat map of

modification type versus sequence length shows a sharp change in the types of modifications in
sequences <100 nucleotides vs. >100 nucleotides. Sequences >100 nucleotides are modified much less
than shorter sequences, which reflects the use of chemical synthesis methods like solid-support

synthesis to produce small RNAs and the use of in vitro transcription to produce larger RNAs. Longer
sequences are distinct with more triphosphates and 7-methylguanosines, suggesting that they are
mRNAs with 5’ end caps consisting of 7-methylguanosine linked to the 5’ end of the mRNA with a
triphosphate group. Since therapeutic mRNAs are translated by the ribosomes to produce an active

protein, excessive modification might provide steric hindrance that inhibits translation.
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Modifications Sequence length
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Figure 22. Frequencies of modifications of RNA and their distributions based on sequence lengths (CAS
Content Collection).

The dominant nucleobase modifications for RNAs <100 nucleotides long are 5-methyluridine
(m>U) and 5-methylcytosine (m>C). The rare base pseudouridine appeared frequently in the database,
followed by the rare bases dihydrouracil and inosine. Bases in which the N-7 position is converted to a
carbon (7-deazaguanine and 7-deazaadenine) appeared with some frequency as did the replacement by
sulfur of the oxygen double-bonded to the N-4 or N-2 position of uracil or the N-2 position of cytosine.
Less common modifications included benzoyl groups attached to N-3 in cytosine and the nitrogens in
adenosine.

Modifications at the C-2’ ribose position are also common, with 2’-O-methyl and 2’-deoxy
modifications as the most highly represented and 2’-fluoro and 2’-MOE somewhat less. The prevalence
of thymidine (deoxythymidine) at sequence lengths of 21 and 42 is because thymidine at the 3’ end of
artificial siRNAs protects them from exonucleases. Artificial siRNAs are predominantly 21-mers, and
since they are double-stranded, they are highly represented at both 21 and 42 nucleotides.
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Phosphorothioate is the most common phosphate modification for the sugar-phosphate
backbone, although phosphorodithioate also occurs. Altered ribose stereochemistry, such as L-ribose in
place of D-ribose, is a relatively rare modification, as are replacement backbones, such as PMO, GNA,
and PNA.

Heat maps for modifications versus disease targets show little correlation between the disease
and the modifications on the therapeutic RNA (Supplemental Figure S3 and S4). The strongest
associations between modifications and disease targets are for age-related macular degeneration and
pancreatic cancer, and these associations appear to be related to the types of RNA that target these
diseases. Age-related macular degeneration (Table 7) and pancreatic cancer (Table 4) are targeted by
aptamers, which are extensively modified. However, overall, there is little correlation between the type
of RNA and the targeted diseases (Supplemental Figure S1), suggesting any RNA can be explored to
target any disease.

Approved RNA medicines show a correlation between the type of RNA and specific
modifications (Table 12). The mRNA vaccines BNT162/Comirnaty and mRNA-1273/Spikevax have 7-
methylguanosine caps connected to the 5’ end of the mRNA by a triphosphate group and have all their
uridines replaced with 1-methylpseudouridine, which improves mRNA stability and translation.

Table 12. The number of RNA modifications in approved RNA therapeutics. The color intensity reflects
the number of RNA modifications.
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Kynamro 629167-92-6 ASO 20 10 9 1 19 10
Waylivra 1573402-50-2 ASO 20 10 5 19 10
Vitravene 160369-77-7 ASO 21 20
Exondys 51 |1173755-55-9 ASO 30 1 7 30 | 29
Vyondys 53 |1422959-91-8 ASO 25 25 | 24
Tegsedi 1432726-13-0 ASO 20 10 5 4 19 10
Spinraza 1258984-36-9 ASO 18 18 4 7 17
Leqvio 1639324-58-5 siRNA 44,23,21 1 (12| 30 1 1 6
Givlaari 1639325-43-1 siRNA 44,23,21 16 | 28 1 1 6
Onpattro 1386913-72-9 siRNA 42,21,21 | 4 11
Oxlumo 1834612-06-4 siRNA | 44, 23,21 10 | 34 1 1 6
Macugen 222716-86-1 Aptamer 28 113 | 12 1 1
BNT162 2417899-77-3 mRNA 4284 1 1 1 1
mRNA-1273 (2430046-03-8 mRNA 4101 1 1 1

Of the approved RNA therapeutics, only ASOs have m°C and m°U. The ASOs have either a PMO
backbone, a phosphorothioate backbone where all the nucleotides contain 2’-MOE groups, or a
phosphorothioate backbone with blocks of nucleotides at the 5’ and 3’ ends containing 2’-MOE groups
and internal 2’-deoxyribonucleotide residues. While the 2’-MOE groups protect the ASO from
degradation, they also prevent RNase H digestion of the target mRNA. Thus, an ASO with an internal gap
between the protected ends permits RNase H recognition of the target, which is the case for three of
the four ASOs with 2’-MOE groups (Table 12). 2°° ASOs with PMO backbones (see Figure 21) regulate
their targets through steric hindrance, not nuclease digestion. 2% For the seven ASOs in Table 12, five
have phosphorothioate backbones and two, Exondys 51 and Vyondys 53, have PMO backbones together
with a triethylene glycol extension at their 5’ end (Figure 23).

Aptamers have ester linkages to protective groups and can have extensive sugar-phosphate
backbone modifications, such as PEGylation (the covalent attachment of polyethylene glycol) on their 5’
ends. Because aptamers bind to their targets as a result of their tertiary structure and do not rely on
nucleic acid hybridization for function, they have fewer constraints on modifications compared to other
therapeutic RNAs. 1% The single FDA-approved aptamer, Macugen, has extensive 2’-O-methyl and 2’-
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fluoro modifications, a 3’-to-3’ link to thymidine at its 3’ end, as well as double PEGylation at its 5" end
(Figure 23).

siRNAs have a moderate number of phosphorothioate linkages, with 2’-fluoro and 2’-O-methyl
modification of the ribose and are often modified on their 3’ ends. The three approved therapeutic
siRNAs, Leqvio, Givlaari/Girosiran, and Oxlumo, are 3’-glycosylated with the trivalent GalNAc conjugate
266 shown in Figure 23. This trivalent branched linker containing GalNAc residues targets the siRNAs to
hepatocytes to treat liver diseases. %’ The other approved siRNA, Onpattro, has two 3’-terminal
thymidine (dT) residues on both RNA strands to protect the siRNA from exonucleases.
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Figure 23. Examples of terminal modifications for therapeutic RNAs. siRNA with 3’ tripartite GalNAc
ligand L96 (O in the blue circle can be replaced with S); ASO with a PMO backbone (black) and
triethylene glycol; RNA aptamer with double 5’-PEGylation. 268270

In summary, chemical modifications protect therapeutic RNAs from exonucleases,
endonucleases, and the cellular environment, and they enhance pharmaceutical activity. The choice of
the backbone determines whether an ASO blocks cellular processes such as translation, transcription, or
splicing or targets an RNA for nuclease digestion. The 2’-ribose modifications on siRNAs mitigate off-
target effects by lowering the thermal stability, thereby enhancing target-specific binding. 1-
methylpseudouridine improves stability and translation of therapeutic mRNAs. Since therapeutic RNAs
are extensively modified, they frequently are not designated as RNA vs. DNA but have names such as
ASO (antisense oligonucleotide) and siNA (short interfering nucleic acid) for siRNAs. 2’
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RNA delivery systems

RNA therapeutics, which are hydrophilic and negatively charged, cannot diffuse across cell
membranes; thus, they require delivery vectors and/or chemical modification to reach their targets.
When administered systemically, RNA delivery systems need to protect the RNA against serum
nucleases, bypass the immune system, avoid non-specific interactions with serum proteins, and block
renal clearance. 1! While biological barriers such as immunogenicity and nucleases are usually addressed
by modifying the RNA chemically, encapsulation of RNA into nanocarriers can both protect and deliver
RNA to cells. 2 Nanomaterials of low toxicity, biodegradability, and biocompatibility are used as RNA
carriers. These include lipids, chitosan, cyclodextrin, polyethyleneimine (PEI), poly(lactic-co-glycolic
acid), dendrimers, magnetic nanoparticles, carbon nanotubes, gold nanoparticles, silica nanoparticles,
and others (Figure 24).
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Figure 24. Examples of RNA nanocarriers.

Research publications on RNA delivery systems

Nearly 7,000 scientific publications on RNA delivery systems, including patents and non-patents
(journal articles, books, dissertations, meeting abstracts, etc.) are in the CAS Content Collection %73
Publications of studies involving RNA carriers are dominated by lipid nanoparticles, followed closely by
polymeric nanocarriers (Figure 25).
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Figure 25. Percentage distribution of RNA nanocarrier-related documents in the CAS Content Collection
83

Lipid nanoparticles

Lipid nanoparticles, comprising stable complexes between synthetic cationic lipids and anionic
nucleic acids, are currently the most widely used non-viral delivery system for nucleic acid drugs and
vaccines. 2274276 The advantages of lipid systems include ease of production, biodegradability,
protection of entrapped nucleic acids from nuclease degradation and renal clearance, promotion of
cellular uptake, and endosomal escape. *”
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Since the first cationic lipids successfully delivered plasmids into cells in 1987, many more have
been synthesized and tested as nucleic acid carriers. ?° Cationic lipids differ from natural lipids by having
an ionizable (cationic) head group in place of the zwitterionic or anionic head group of the natural lipids.
They include two hydrophobic alkyl chains or a cholesterol moiety, a positively charged polar head
group, and a linker joining them. lonizable lipids are positively charged inside the cell but are neutral in
the bloodstream due to pH differences, and they are less toxic than nonionizable cationic lipids. 278
Examples of cationic lipid structures used as vectors for gene delivery are provided in Figure 26, and a
comprehensive list, including the chemical structures of the~50 most frequently used cationic lipids in
drug delivery &, is available. 27

The head groups of cationic lipids are typically amine derivatives such as primary, secondary, and
tertiary amines (e.g., DOGS, DC-Chol), quaternary ammonium (e.g., DOTMA, DOTAP, DORIE, DMRIE),
combinations of amines (e.g., DOSPA, GAP-DLRIE), and amidinium salts (e.g., diC14-amidine) (Figure 26).
Guanidine and imidazole groups ?’° as well as pyridinium, piperazine, and amino acid headgroups such
as lysine, arginine, ornithine, and tryptophan %% 28! have also been used. Headgroups with multiple
cationic charges such as DOSPA, DOGS ?#? may be more efficient than single-charged lipids %*° since the
multiple charges of the headgroups condense nucleic acids. However multivalent cationic lipids bind
strongly to the nucleic acid preventing intracellular release, and they tend to form toxic micelles. 28
Combinations of quaternary amines and polyamines enhance transfection efficiency. The first cationic
lipid to combine these two functionalities, Lipofectamine, is the long-standing gold standard in nucleic
acid delivery efficiency. It comprises DOSPA formulated with the helper lipid dioleoyl
phosphatidylethanolamine (DOPE).?%

Complexation with cationic lipids stabilizes nucleic acids, protects them from nuclease
degradation, and facilitates delivery to the target cells. Lipid nanoparticles carrying nucleic acids adsorb
to the cell membrane, are endocytosed, and release the nucleic acids into the cell. Cell membranes have
negative charges that attract the cationic lipid nanoparticles and drive the adsorption and fusion of the
lipid nanoparticle with the cell membrane. The anionic lipids of the cells are thought to neutralize the
charge of the cationic lipid carriers, thereby eliminating the electrostatic interactions between the lipid
carriers and the nucleic acids and facilitating the release of the nucleic acids. Neutralization of the
cationic lipids also destroys the nanoparticles by promoting the formation of nonlamellar structures ¢,
which are associated with the efficacy of cationic lipid carriers in delivering nucleic acids into cells.?®’
Despite their benefits, lipid nanoparticles show cell toxicity, stimulate the release of systemic
inflammatory cytokines, and lipid aggregates may accumulate in the liver and spleen causing
hepatotoxicity. 276 288
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Figure 26. Examples of cationic lipids used as nucleic acid carriers. (An extensive list with the structures
of the most frequently used cationic lipids in lipid nanoparticle pharmaceutical formulations according
to the CAS Content Collection is available)?”®

Nearly 20 years after scientists first prepared liposomes (the first-generation lipid
nanoparticles), they found similar~100 nm extracellular lipid vesicles in most eukaryotic cells.
They are exosomes that form naturally in the endosomes and are released from cells normally
or as result of some pathologies. They are formed by invaginations of the endosomal
membrane and are subsequently released in the extracellular space via fusion with the plasma
membrane. 8% 2% Although their functions are largely unknown, they are believed to be associated
with important physiological processes such as the regulation of the intercellular communications
and signaling, and of transmission of macromolecules between cells. %! Exosomes, which are secreted
by most cells, may be important in intercellular communication and signaling, and in the transport of
proteins, lipids, and nucleic acids between cells. Since they are rich in mRNAs and small RNAs and can
transport their contents to recipient cells, they are considered good candidates for RNA delivery.
Exosome-mediated delivery of B-secretase-1 siRNA (targeting the enzyme B-secretase, which is
important in Alzheimer's disease) to the brain resulted in highly efficient B-secretase-1 gene knockdown
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in the mouse brain cortex. ?°? Electroporation has been applied to load exosomes with exogenous siRNA.
293,294

Exosomes exhibit certain advantages over conventional delivery systems. They are natural
transporters 2°°> and hence less likely to be toxic or to cause immune responses. Moreover, exosomes
can cross biological barriers such as the blood-brain barrier. The unique membrane composition of
exosomes is key to their ability to enter target cells. The membranes of exosomes are enriched in
cholesterol and phosphatidylserine. °® However, vesicles comprising only the lipids from the exosomal
membrane are unable to fuse with cells, indicating that exosomal membrane proteins are also
important for their activity. 2°® A notable advantage of the exosomes as compared to other nanoparticle

delivery vehicles is that they do not lead to a harmful accumulation of therapeutic RNAs in the liver. 27
298

Polymeric nanoparticles

Polymers comprise the second largest group of nucleic acid delivery vehicles after lipids.
Cationic polymers form stable complexes (polyplexes) with anionic nucleic acids and offer a versatile,
scalable, and easily adjustable platform for efficient nucleic acid delivery while minimizing immune
responses and cellular toxicity. 2*°

Linear cationic polymers are the most widely studied polymeric nucleic acid carriers. 3% PEl,
poly(L-lysine) (PLL), poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), poly 2-aminoethyl
methacrylamide (PAEMA), poly(amidoamines) (PAAs), and poly(B-amino esters) (PBAEs) have been
studied for drug delivery (Figure 27). These linear polymers differ in their cation types (primary amines
such as PLL, secondary amines such as PElI, or tertiary amines such as PDMAEMA), and their cationic
charge density.

Block linear copolymers comprising polycationic homopolymers and nonionic hydrophilic blocks
compact nucleic acids into polyplex micelles. PEG, hydrophilic acrylamide, acrylate, and methacrylate
polymers can arrange the nucleic acid in a micelle core and create a hydrophilic protective shell. For
example, the PEG-b-PLL diblock copolymer assembles into monodisperse micelles with ASOs.

Branched polycations include a type that has randomly distributed secondary chains branching
from the primary polymer backbone. There are also dendrimers—polymers with fractal branching from
a core. Nucleic acid carriers include branched PEI, branched PBAEs, as well as PLL, PAMAM, and
poly(propyleneimine) (PPI) dendrimers (Figure 27). Branched PEl, one of the most widely studied
polycationic nucleic acid carriers, comprises primary, secondary, and tertiary amines, with different pKa
values. Branched PEI provides efficient nucleic acid binding and extensive buffering capacity, which likely
contribute to its outstanding performance. 3%
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Figure 27. Examples of structures of polymeric nucleic acid carriers.

PAMAM dendrimers, the most widely used dendrimer for nucleic acid delivery, comprise a

hydrogen-bonding amide and tertiary amine groups in their cores and primary amine end groups in their
coronas. Structural modifications have been attempted to lessen potential toxicity, enhance circulation

time, and/or enhance targeting. 3330
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Natural polymers including proteins and polysaccharides, particularly cationic collagen
derivatives and chitosan, have been studied as nucleic acid delivery vehicles. 3/ Chitosan, a linear
cationic polysaccharide, has been formulated into polyplexes to deliver miRNA to osteopathic tumors,
for multiple myeloma, and for bone regeneration. 3%3° An advantage of chitosan is that nucleic acids
easily dissociate from the polymer upon cellular internalization. 3!* Cationic collagen derivatives have
been used for nucleic acid delivery to articular cartilage, for bone regeneration, and for treating tumor
metastases. 3231

Cyclodextrins (CDs) are natural carbohydrate polymers for the delivery of therapeutic nucleic
acids *° that have shown clinical success. **°CDs are biocompatible cyclic oligosaccharides with a
hydrophilic exterior surface and a hydrophobic interior cavity. Cationic CD derivatives assemble with
siRNA via electrostatic interactions into stable gene delivery nanostructures of 50-200 nm. 3/

Similar to cationic lipid nanoparticles, polymeric nucleic acid carriers bind non-specifically to the
negatively charged cell membrane via electrostatic interactions 3! and are internalized by endocytosis.
319 Following endocytosis into early endosomes, polyplexes move through the progressively more acidic
endosomes (pH 6.0-4.8). Escaping endosomal confinement is critical for nucleic acid delivery; therefore,
scientists are developing and modifying polymer-based systems to promote endosomal escape. 38 320322

Peptides

Peptides are structurally and functionally versatile, biocompatible, and can target cells; thus,
they are attractive RNA carriers. Peptides that penetrate the cellular membrane and transfer to the
cytoplasm, CPPs, are used most frequently for RNA delivery (Table 13). CPPs have variable sequences,
lengths, and polarities, and they can enter cells via multiple pathways, such as by forming a hole in the
membrane or by endocytosis. CPPs deliver nucleic acids into cells via chemical conjugation or
noncovalent complex formation with nucleic acids. Electrostatic and hydrophobic interactions between
CPPs and nucleic acids result in self-assembly into peptide-based nanoparticles. 3> 32 Amphipathic CPPs
have been developed using hydrophilic and hydrophobic domains to provide both nucleic acid
complexation and membrane interactions. 32> CPPs are promising, non-viral alternatives to lipid- or
polymer-based carriers of therapeutic nucleic acids.

Table 13. Examples of CPPs used in RNA delivery 3%°

CPP Amino acid sequence

Natural CPPs

HIV Tat YGRKKRRQRRR

HIV Rev TRQARRNRRRRWRERQR

FHV coat RRRRNRTRRNRRRVR

Penetratin RQIKIWFQNRRMKWKK

MPG GALFLGFLGAAGSTMGAWSQPKKKRKV
Polyarginines

PR9 FFLIPKGRRRRRRRRR

SR9 RRRRRRRRR
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IR9 GLFEAIEGFIENGWEGMIDGWYGRRRRRRRRR
HR9 CHHHHHRRRRRRRRRHHHHHC

Artificial/Engineered CPPs

Transportan CLIKKALAALAKLNIKLLYGASNLTWG
CADY GLWRALWRLLRSLWRLLWRA

Cé RLLRLLLRLWRRLLRLLR

PF20 LLKLLKKLLKLLKKLLKLL

NAP KALKLKLALALLAKLKLA

POD GGG[ARKKAAKA]4

The Tat peptide originated from the Tat protein of the human immunodeficiency virus (HIV). 32"
329 The positively charged oligoarginine peptides promote internalization by forming hydrogen bonds
with the membrane sulfates and the nucleic acid phosphate groups. 3% 33! The histidine-rich peptide is
efficient in siRNA delivery. 332 The skin permeating and cell entering (SPACE) peptides facilitate the
penetration of conjugated cargoes into the epidermis and dermis. 3% 331333 Recently, fusion peptides
were developed comprising SPACE and cationic oligoarginine linked by a GCG sequence. ¥4
Nanocomplexes of fusion peptides and siRNA exhibited enhanced cellular uptake, gene silencing, and
retention, possibly due to the synergistic effect of the oligoarginine and SPACE peptides. Oligoarginine
electrostatically attracts siRNAs to form nanocomplexes, and the SPACE peptide interacts with the
cellular membrane via hydrogen bonding.

Noncovalent complexation of cationic peptides that comprise hydrophilic and hydrophobic
domains with RNA provide efficient gene silencing. *>33¢ The hydrophilic domain of positively charged
amino acids, such as arginine, lysine, and histidine, provides a net positive charge of at least +8 that
condenses the RNA and promotes hydrogen bonding with the anionic cellular membrane to stimulate
cellular uptake. **’ The hydrophobic peptide domain of tryptophan and phenylalanine enhances
interactions with the lipid bilayer. Terminal modification of the cationic peptides with hydrophobic
molecules such as cholesterol, stearic acid, or cholic acid increases the hydrophobicity. 3% 3% The other
terminus of the peptide can be modified with hydrophilic molecules such as PEG. These peptides form a
micelle-like structure with siRNA and deliver them efficiently to target cells. 33 33°

Protamines are naturally occurring cationic peptides involved in the condensation of chromatin
during spermatogenesis. Comprising >65% positively charged arginines, protamines form noncovalent
electrostatic complexes with nucleic acids and protect them from enzymatic degradation. Although
protamines are intrinsically disordered peptides, in the presence of nucleic acids they switch from a
random coil to a structure with one or more a-helices. **° Protamine-RNA complexes show limited
efficacy, possibly due to the tight interaction between the protamine and RNA. 3*

Other carriers

Gold nanoparticles (AuNP) carriers are biocompatible, protect RNA from degradation, and have
tunable shape, size, and optical properties. 3?34 Two approaches for the design of AuNP nucleic acid
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carriers are covalent attachment and supramolecular assembly. To covalently conjugate RNA with the
AuNP core, a thiol group is introduced onto the RNA ** to create RNA monolayers by linking RNAs
directly to the AuNP surface via Au—thiol bonds. The dense shell of oligonucleotides on the surface of
the AuNPs inhibits nuclease degradation. Since AUNP-RNA conjugates can be delivered transdermally,
they may be useful for gene therapy to treat cutaneous tumors, skin inflammation, and other skin
disorders. To electrostatically attract the negatively charged nucleic acids, AuNPs have been
functionalized by structurally modifying them adding positively charged molecules such as polymers and
amino acids. **

Spherical nucleic acids are three-dimensional nucleic acid nanostructures that are
functionalized, packed densely, and oriented spherically around a nanoparticle core. 3° Since they are
resistant to nuclease degradation and are taken up efficiently by cells they show promise as therapeutic
agents. 3¥’ Despite their high negative charge (zeta potential less than =30 mV), they rapidly and
efficiently enter cells by caveolin-mediated endocytosis and regulate gene expression.
Immunomodulatory spherical nucleic acids that stimulate or regulate immunity by engaging toll-like
receptors are a promising immunotherapy for cancers including triple-negative breast cancer, prostate
cancer, and melanoma. 3

Magnetic nanoparticles deliver nucleic acid by magnetofection, which is the application of a
magnetic field. 3#3°° The nanoparticles need functionalization (i.e., surface modifications) to enhance
their performance as a magnetic gene delivery vector. The earliest magnetic core-shell nanoparticles for
gene delivery were iron oxide nanoparticles stabilized with high molecular weight PEI, with a
hydrodynamic diameter of ~200 nm and positive zeta potential. *** Nucleic acids with magnetic
nanoparticles increased transfection efficiency by about 1000-fold compared to non-magnetic vectors. A
variety of formulations of PEl-coated superparamagnetic iron oxide nanoparticles complexed with
nucleic acids have been reported. 3>2 Other polymers and lipids have also been used to functionalize iron
oxide nanoparticles for nucleic acid delivery. 333> These include biodegradable polylactide magnetic
nanoparticles containing oleate-coated magnetite and surface modified with PEl-oleate for nucleic acid
binding **® and mesoporous silica nanoparticles decorated with magnetite nanocrystals to yield highly
efficient transfection agents. **°

Mesoporous silica nanoparticles (MSN) are hollow particles that can encapsulate a wide range of
drugs after surface modification. Silica nanoparticles allow slow release of the cargo as they degrade
slowly in the body to nontoxic byproducts. The advantages of MSNs as drug delivery vehicles include a
large surface area, tunable pore sizes, simple surface modifications, and efficient encapsulation of cargo
molecules. 3° Mesoporous and solid silica nanoparticles are synthesized using the sol-gel method in
which a silica precursor is hydrolyzed and then condensed to generate spherical particles. Tetraethyl
orthosilicate, the usual silica precursor, provides good control by modification of the synthesis
conditions. Silica nanoparticles with a spiky nanotopography can enlarge the surface area for binding
RNA molecules. To bind the negatively charged nucleic acids and enhance cellular uptake, silica particles
are modified with positively charged compounds such as PLL or PEl, or with branched PEI to enhance the
binding of the nucleic acids. & ¢!, After cell entry by endocytosis, the acidic pH in the endosomes
changes the charge of PEl resulting in the dissociation and release of the RNA.

Calcium phosphate nanoparticles are promising non-viral vectors for gene therapy, an emerging
strategy for effective bone repair and regeneration. The calcium phosphate naturally present in bones
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makes calcium phosphate nanoparticles a good choice for RNA delivery for bone repair. *°* There is
particular interest in the use of calcium phosphate nanoparticles with RNAi to regulate gene expression
in bone tissue engineering because of their osteoinductivity, osteoconductivity, and affinity for nucleic
acids. % Calcium phosphate nanoparticles are endocytosed by cells and dissolve in the acidic
endosomes and lysosomes resulting in the release of the nucleic acid cargo.>®* Calcium phosphate
nanocarriers are biocompatible, biodegradable, non-toxic and non-immunogenic, inexpensive, and
easily synthesized. However, they become unstable over time because of the growth of crystals 32, and
they provide only limited nuclease protection. Surface functionalization of calcium phosphate particles

can facilitate their endocytosis and subsequent endosomal escape. 36% 3¢

Although many vehicles or ligands have been used for the delivery of nucleic acids, they may
exhibit low immunocompatibility, toxicity, poor stability, inefficient drug release, or restricted tissue
accessibility. 3®® However, RNA itself can self-assemble into complex programmable structures. 37368
Ligand-conjugated RNA nanoparticles based on bacteriophage phi29 packaging RNA provide a targeted
ribozyme delivery system. 3*° RNA nanoparticles can also carry CpG DNA to macrophages. *°® Origami-
like RNA nanostructures are stable and efficient as drug carriers for controlled drug release. 37% 37!

Virus-like particles (VLPs) are organized protein complexes resembling a native virus capsid. VLPs
are either naturally occurring empty virus shells or are synthesized by the expression of viral structural
proteins that self-assemble into a virus-like structure. VLPs are attractive drug delivery platforms due to
their biocompatibility, biodegradability, and targeting ability. 3’2 VLPs produced in vivo are used for
various medical applications such as drug and vaccine delivery 33, including the COVID-19 vaccine
Novavax (NVX-CoV2373) currently in phase llI trials 3’4, In vivo and in vitro cargo loading has been
demonstrated for VLPs. *7°

Quantum dots (QDs) are semiconductor crystalline nanoparticles with unique tunable optical
properties including nearly 100-fold greater brightness and 1000-fold better stability against
photobleaching versus organic dyes and luminescent proteins. Their fluorescence emission can be
adjusted by the particle size, known as the quantum size effect. *’® QDs emit narrow wavelength bands
under a wide excitation range, can be appropriately functionalized, and are desirable vectors for
imaging-guided therapy. Since they can efficiently deliver RNAs into target cells and can be used to track
the RNA distribution in cells®”’, they may serve as an effective theranostic RNA delivery agent.>’® 3’ The
application of theranostic agents with appropriate targeted, controlled delivery and imaging capabilities
has the potential to significantly advance gene therapy.

Carbon nanotubes (CNTs) — tubes made of carbon with nanosized diameters — have attracted
increasing attention in biomedicine because of their unique structures and properties, being the
strongest and stiffest materials yet found in terms of tensile strength and elastic modulus. With
functionalization, CNTs have been used as nanocarriers for nucleic acids including siRNA,
oligonucleotides, and RNA/DNA aptamers. *¥ Amino-functionalized multiwalled CNTs deliver proprietary
toxic siRNA to human lung carcinoma cells.®! Appropriately desighed amino-functional segments on the
CNTs promote internalization in the cell and gene silencing. ¥ Cationic single-walled CNTs deliver siRNA
to Lewis lung carcinoma cells. 3%

Despite the widespread use of carriers for RNA delivery, naked RNA has also been delivered in
vivo ***, including delivery of mRNA by intramuscular, subcutaneous, or intradermal injections; the latter
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can promote wound healing by in situ expression of specific proteins in the skin. 2#2%° Local injections
circumvent complications associated with systemic administration such as clearance from the
bloodstream.**? Naked mRNA administered subcutaneously produces a more efficient translation of the
protein than mRNA-loaded nanoparticles. 39% 3%

PEGylation allows protein drugs to avoid the immune response **?, but it also improves the
surface properties of biomolecules and drug delivery systems. It blocks surface access by steric
hindrance increasing the circulation time in blood. ** Thus, it may improve pharmacokinetic properties
and enhance the efficacy of drugs, including RNA therapeutics.*** PEGylation of the RNA nanocarriers
reduces nonspecific interactions with serum proteins and prevents recognition by the immune system,
increasing the blood circulation time. PEGylation stabilizes RNAs with longer PEGs stabilizing
oligonucleotide better than shorter ones. 3> The aptamer drug Macugen comprises an oligonucleotide
modified with branched 40 kDa PEG at the 5' terminus, thus enhancing the nuclease resistance of the
PEG-aptamer conjugate. PEGylation markedly improves the pharmacokinetics and boosts the
neutralizing activity of anti-IL-17A aptamers, an important advance in the development of therapeutic
aptamers. 3%

Conclusions

Our understanding of the types and functions of RNA has increased dramatically over the last 50
years. Originally identified simply as coding or non-coding, RNA was recognized early as central to the
process of transcribing and translating a gene into a protein. Over the last few decades, many new types
of RNA have been discovered with specific functions, including snRNA, snoRNA, shRNA, miRNA, tmRNA,
siRNA, saRNA, piRNA, and circRNA. These RNA molecules participate in a complex network that
regulates how RNA is used in the cell and modifies gene expression. The multiple functions of RNA
provide multiple pathways for exploiting RNA as a therapeutic molecule.

RNA can be engineered for its intended therapeutic functions by in vitro transcription or solid-
support synthesis. Therapeutic mRNAs, which are translated in vivo to deliver a therapeutic or vaccine
protein, require extensive replacement of uridine with 1-methylpseudouridine to decrease the immune
response to the mRNA and improve the translation. ASOs and therapeutic siRNAs have
phosphorothioate and 2’-ribose modifications to protect the RNA from degradation and to improve
target specificity. Aptamers, whose 3-D structure rather than primary sequence determines their
function, are heavily modified. For all RNAs, the degree of modification can be adjusted to enhance the
effectiveness of the therapeutic RNA.

There are now approved RNA medicines for cardiovascular, metabolic, liver, infectious,
neurological, and neuromuscular, kidney, and eye diseases with many more in the research phase.
Although there are many types of therapeutic RNAs, ASOs dominate the approved drugs followed by
siRNAs. CRISPR and AOC therapeutics currently have high research interests still in preclinical stage. The
top RNA medicine companies such as Moderna, lonis, BioNTech, Alnylam, and Sirnaomics all specialize
in one type of RNA but research and treat as many as nine different diseases. RNA therapeutics have the
potential to treat a wide range of diseases from the most common to the extremely rare.
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RNA carriers are important in overcoming the physiological barriers of systemic administration of
RNA-based drugs. However, they provide a challenge in the translation of RNA medicines to the clinical
setting. After the recent success of the lipid nanoparticle-based mRNA vaccines against COVID-19, lipid
carriers have become the primary RNA delivery vehicle. However, since lipid nanoparticles can be toxic
to cells and stimulate the release of systemic inflammatory cytokines, interest in natural transporters
such as exosomes is gaining momentum. Other nontoxic and nonimmunogenic carriers such as
structurally and functionally versatile peptides are also attracting attention. Novel technologies
including carbon nanotubes and other inorganic biocompatible polymers, carbon nanodots, and
functionalized or hybrid systems are also exciting avenues of exploration and evaluation.

Our growing understanding of the many types and functions of RNA has been combined with the
ability to synthesize modified RNAs with improved stability and pharmaceutical activity.
Nanotechnology-based systems to deliver those RNAs to the cell have resulted in an explosion of new
therapeutic options for diseases ranging from viral infections to cancer. This arsenal of multiple
specifically targeted RNA therapies has the potential to revolutionize the treatment of human disease.
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