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Single-stranded oligonucleotides have been explored as a ther-
apeutic modality for more than 20 years. Only during the last 5
years have single-stranded oligonucleotides become a modality
of choice in the fields of precision medicine and targeted ther-
apeutics. Recently, there have been a number of development
efforts involving this modality that have led to treatments for
genetic diseases that were once untreatable. This review high-
lights key applications of single-stranded oligonucleotides
that function in a sequence-dependent manner when applied
to modulate precursor (pre-)mRNA splicing, gene expression,
and immune pathways. These applications have been used to
address diseases that range from neurological to muscular to
metabolic, as well as to develop vaccines. The wide range of ap-
plications denotes the versatility of single-stranded oligonucle-
otides as a robust therapeutic platform. The focus of this review
is centered on approved single-stranded oligonucleotide thera-
pies and the evolution of oligonucleotide therapeutics into
novel applications currently in clinical development.
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Single-stranded oligonucleotides are synthetic, short, modified RNA
or DNA molecules that function in either a sequence-dependent
(antisense oligonucleotides [ASOs] and immune stimulatory oligonu-
cleotides [ISOs]) or tertiary structure-dependent manner (e.g., ap-
tamers1). In this review, we focus our attention on oligonucleotide
therapeutics whose activities are dictated by their sequences; ASOs
bind to their target by Watson and Crick base-pairing,2 while ISOs
are recognized and bound by proteins that detect specific motifs.3

Single-stranded oligonucleotide therapeutics have evolved substan-
tially since the use of DNA ASOs were first described in the late
1970s.4,5 The year 1998 saw the first ever approved ASO therapy, for-
mivirsen, which consisted of a 21-mer DNA ASO with a phosphoro-
thioate (PS) backbone (Figure 1).6 Formivirsen, much like the first
ASO applications, was an antiviral molecule, designed to target cyto-
megalovirus. It was not until 2013 that the second ASO drug, mipo-
mersen, obtained US Food and Drug Administration (FDA) approval
to treat homozygous familial hypercholesterolemia (HoFH) via
RNase H-mediated degradation of apolipoprotein B (APOB).7 Mipo-
mersen represented a new generation of ASOs using new chemical
modifications and design that led to more stable (increased nuclease
resistance), safer (decreased pro-inflammatory response), and potent
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(increased RNA binding affinity) compounds with enhanced phar-
macokinetic (PK) and pharmacodynamic (PD) properties (Figure 1).
During the 15 years between the two approvals, the field of single-
stranded oligonucleotide therapeutics matured, leading to an acceler-
ation in the development of this therapeutic modality and an increase
in the number of approved drugs. In the last 4 years, six new ASO
therapies and one ISO therapy have obtained FDA or EuropeanMed-
icines Agency (EMA) approval. These therapies address a range of ge-
netic diseases across neurological, metabolic/cardiovascular, and
muscular conditions as well as potentiate the efficacy of a hepatitis
B vaccine. The approved therapies utilize three major types of sin-
gle-stranded oligonucleotide modalities, that is, gapmers, steric block-
ing, and CpGs, to modulate gene expression, precursor (pre-)mRNA
splicing, and immune pathways. Target organs expanded beyond the
eye and liver to the central nervous system (CNS) and muscle. Single-
stranded oligonucleotides represent a broad-spectrum therapeutic
platform that continues to evolve with innovations in applications,
chemistry, and tissue targeting.
Approved Single-Stranded Oligonucleotide Therapeutics

Gapmer ASOs

Mechanism of Action. Gapmers are synthetic, single-stranded, and
typically 16–20 nt long with a central stretch of 8–10 DNA nt flanked
on each side by a stretch or wing of 4–5 nt containingmodifications in
the sugar ring. These sugar modifications in the wings increase
nuclease resistance protecting the ends of the ASO, avoid or reduce
an immune response, and increase binding affinity. Commonly,
gapmers contain PS bonds throughout to increase stability and
plasma protein binding, which improves the PK properties of the
gapmer ASO (Figure 1).8 With their typical 4-8-4/5-10-5 (wing-
DNA-wing) structure, gapmers bind in a sequence-specific manner
by Watson and Crick base-pairing to their target RNA and form a
stretch of double-stranded RNA-DNA hybrid. These RNA-DNA hy-
brids mimic endogenous RNA-DNA hybrids that occur naturally
during DNA replication, which are recognized and disrupted via
RNase H-mediated cleavage of the RNA strand. The cleavage then
(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Single-Stranded Oligonucleotide Chemistries

Chemical structures of ribose and backbone modifications used in single-stranded oligonucleotides compared to DNA and RNA structures are shown. Modifications

highlighted in green are used in approved oligonucleotide drugs. DNA, deoxyribonucleic acid; RNA ribonucleic acid; Me, methyl; MOE, methoxyethyl; LNA, locked nucleic

acid; cEt, constrained ethyl; BNA, bridged nucleic acid; PMO, phosphorodiamidate morpholino oligomer; PO, phosphodiester; PS phosphorothioate.
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leads to the degradation of the RNA. Leveraging this endogenous
mechanism, gapmers cause RNase H-mediated cleavage of the target
pre-mRNA or mRNA at the location bound by the stretch of DNA.
The target transcript is subsequently degraded, resulting in reductions
of the target transcript and corresponding protein (Figure 2). As sin-
gle-stranded ASOs, gapmers are taken up by cells in the CNS, eye,
liver, kidney, adrenal glands, and lungs via a natural endocytic pro-
cess, and they are subsequently released from endosomes into the
cytoplasm, reaching the nucleus by a yet to be fully understood mech-
anism.3 Gapmers can be used to reduce the level of any protein or
specific protein isoforms, as well as toxic proteins that result from a
gain-of-function or dominant negative mutation.9

Mipomersen. Mipomersen (Kynamro; Ionis Pharmaceuticals/Gen-
zyme) was approved by the FDA in January 2013 to treat HoFH, a
rare and serious hereditary condition with high risk for premature
coronary heart disease associated with atherosclerosis.10,11 HoFH is
caused by homozygous or compound heterozygous mutations in
one of three genes (APOB, LDLR, or PCSK9), leading to severely
elevated low-density lipoprotein cholesterol (LDL-C) levels.10 Mipo-
mersen is a second-generation gapmer ASO with a 5-10-5 structure,
20-O-methoxyethyl (20MOE) modifications in the wings (20MOE-
DNA-20MOE), and PS backbone (Figure 1). Mipomersen was de-
signed to bind to the coding region of the APOB-100 mRNA (an
isoform encoded by the APOB gene), and elicit RNase H-mediated
degradation of the mRNA and reduce ApoB protein levels (see Fig-
ure 2B for the mechanism of action).12

PK studies in preclinical species as well as humans showed that mipo-
mersen has a 30-day half-life in plasma and target tissue (liver).7 In
patients with HoFH, mipomersen is administered systemically via
weekly subcutaneous injections at a dose of 200 mg and is indicated
as an adjunct therapy to lipid-loweringmedications and diet to reduce
LDL-C, ApoB, total cholesterol, and non-high-density lipoprotein
cholesterol. In humans, PD studies showed a mipomersen-mediated
reduction of ApoB protein of 46%, which resulted in a 47% decrease
of LDL-C.7

During clinical trials, safety concerns of hepatotoxicity as determined
by increased levels of transaminases were observed leading to a black
label warning for mipomersen.13 Because of the risk of hepatotoxicity,
mipomersen is available only through a restricted program under a
risk evaluation and mitigation strategy. Other adverse effects include
injection site reaction, fever, flu-like symptoms, and fatigue.14 Mipo-
mersen was not approved by the EMA based on safety concerns. In
2016, Ionis and Kastle Therapeutics acquired the rights to mipo-
mersen, and inMay 2018 the marketing of the drug was discontinued.

Inotersen. Inotersen (Tegsedi; Ionis Pharmaceuticals/Akcea) was
approved by the FDA and EMA in 2018 for the treatment of patients
with hereditary amyloid transthyretin (ATTR) amyloidosis, a rare
systemic disorder that is characterized by progressive peripheral pol-
yneuropathy, cardiomyopathy, nephropathy, and gastrointestinal
dysfunction. The disorder is caused by dominant-negative mutations
in the TTR gene that lead to destabilization of the tetrameric TTR pro-
tein complex, causing aggregation of monomers into extracellular
amyloid deposits.15 The design and mechanism of action of inotersen
are analogous to mipomersen, and it was designed to bind and elicit
RNase H-mediated degradation of mutant and wild-type TTR tran-
scripts, resulting in decreased mutant and wild-type TTR proteins
(see Figure 2B for the mechanism of action).16

Analyses of preclinical species and healthy human volunteers dosed
with inotersen demonstrated a more than 80% reduction of plasma
TTR protein levels, which correlated with a reduction in the TTR
transcript in the liver (target organ) of preclinical species.16 In pa-
tients with ATTR amyloidosis, inotersen is administered via weekly
subcutaneous injection of a recommended dose of 284 mg to treat
the polyneuropathy phenotype. Clinical data indicated that inotersen
improved the course of the neurological disease as well as the quality
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Figure 2. Mechanism of Action of Gapmer ASOs

(A) Expression of an example target gene from transcription through translation of a wild-type or toxic protein. (B) Gapmer ASOwith the typical structure of modified chemistry

in the wings to protect the ends from nucleases and an internal stretch of DNA that leads to the formation of the RNA-DNA hybrid when bound to the target transcript. In this

example, the gapmer ASO binds to an exon in the pre-mRNA and mRNA and recruits RNase H that recognizes the RNA/DNA hybrid and cleaves the RNA. The cleavage

triggers RNA degradation, leading to reduction of wild-type or toxic protein levels. Gapmer ASOs can be designed to target other transcript regions, e.g., introns. Even though

RNase H is more abundant in the nucleus, RNase H-mediated cleavage of RNA-DNA hybrids can also occur in the cytoplasm.
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of life of ATTR amyloidosis patients. During clinical trials, safety con-
cerns included thrombocytopenia (fatal in some patients) and
glomerulonephritis, which occurred independently in 3% of pa-
tients.17 Inotersen is the first approved example of a gapmer ASO
that directly targets the root cause of a disease.

Volanesorsen. Volanesorsen (Waylivra; Ionis Pharmaceuticals/Ak-
cea) received a conditional market authorization in Europe issued
by the EMA in 2019 for the treatment of familial chylomicronemia
syndrome (FCS), which is characterized by 10- to 100-fold increased
levels of triglycerides compared to the healthy population, which
leads to hypertriglyceridemia and recurrent episodes of pancreatitis.
The elevated triglycerides result from reduced or lack of lipoprotein
lipase activity caused predominantly by recessive mutations in the
LPL gene.18 To address the lack of LPL activity, volanesorsen was de-
signed to reduce the levels of APOC3 mRNA and apolipoprotein C
(ApoC)-III protein to decrease plasma triglycerides via an LPL-inde-
pendent mechanism (see Figure 2B for the mechanism of action).

Volanesorsen is another second-generation gapmer ASO that targets
a primarily liver-expressed mRNA. Preclinical studies in rodents and
542 Molecular Therapy Vol. 29 No 2 February 2021
non-human primates showed a significant reduction of ApoC-III and
triglyceride plasma levels. Similar results were obtained from the
administration of volanesorsen to healthy human subjects, demon-
strating a good translation between preclinical species and human
clinical studies.19 In patients suffering from FCS, volanesorsen treat-
ment consists of a once weekly subcutaneous dose of 300 mg in com-
bination with dietary restrictions. Clinical data indicated that 77% of
patients treated with volanesorsen have significantly reduced levels of
triglyceride in plasma, reaching values lower than 750 mg/dL, well
below the 880 mg/dL required to reduce the risk of pancreatitis. In
these patients, dietary restriction alone was not sufficient to reduce
cholesterol levels. Similar to the other two systemically administered,
approved second-generation gapmer ASOs, thrombocytopenia and
site of injection reactions were common adverse events.20

Steric-Blocking ASOs

Mechanism of Action. Steric-blocking ASOs are synthetic, fully
modified, single-stranded oligonucleotides that typically range from
15 to 30 nt in length and contain chemical modifications in the sugar
as well as the backbone (Figure 1). Many of the chemical modifica-
tions are similar to gapmer ASOs and are also intended to increase
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Figure 3. Mechanism of Action of Nusinersen for the Treatment of Spinal Muscular Atrophy

(A) Region of SMN2 pre-mRNA containing exons 6, 7, and 8. SMN2 exon 7 carries a silent single nucleotide change with respect to SMN1 that causes exon 7 skipping, which

leads to an unstable SMN protein. Only 10% of SMN2 pre-mRNA is properly spliced, resulting in an insufficient level of functional SMN protein to compensate for the loss of

the SMN1 gene. (B) Nusinersen binding to intron 7 of the SMN2 pre-mRNA and promoting exon 7 inclusion, which leads to increased levels of SMN protein and improved

motor neuron function.
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nuclease resistance, reduce the immune response, and increase bind-
ing affinity. Unlike gapmers, steric-blocking ASOs do not elicit RNase
H-mediated degradation of the target RNA, but rather bind to the
target RNA via sequence-specific Watson and Crick base-pairing
and either hinder the binding of trans-acting factors (e.g., small nu-
clear RNA [snRNA], microRNA [miRNA], long non-coding RNA
[lncRNA], or RNA-binding proteins) to their cognate sequence or
prevent the formation of RNA secondary structures.2,9 Their first
application dates to mid-1980s in which an ASO was designed to
target a 30 splice site in the herpes simplex virus 1 pre-mRNA prevent-
ing splicing and functioning as an antiviral agent.21 Since then, steric
blocking ASOs have been used to correct mutation-driven splicing
defects and modulate mRNA stability and protein translation.22 Ste-
ric-blocking ASOs are thought to be taken up by cells in the CNS, eye,
liver, kidney, adrenal glands, lungs, and, to a much lesser extent, to the
muscle (see below for a specific example) via the same mechanism as
gapmer ASOs.3

Nusinersen. Nusinersen (Spinraza; Ionis Pharmaceuticals/Biogen)
was approved by the FDA in December 2016 and the EMA in 2017
for the treatment of spinal muscular atrophy (SMA), a rare neuro-
muscular disorder that is the most common genetic cause of infant
mortality. SMA is caused by recessive mutations in the survival motor
neuron 1 (SMN1) gene, and the disease severity is mitigated by a copy
gene, SMN2, which produces low levels of normal SMN protein.23

SMN2 exon 7 carries a single nucleotide change with respect to
SMN1 that severely decreases its inclusion in the final mRNA, leading
to an unstable SMN protein (Figure 3A).24 Nusinersen is an 18-mer,
fully modified 20MOE-PS (Figure 1) that was designed to bind to
position +10 of intron 7 of the SMN1/2 pre-mRNA and block access
of the splicing repressor hnRNPA1 to its cognate intronic splicing
silencer (Figure 3B).25 This results in increased levels of SMN2
exon 7 inclusion, leading to correctly spliced mRNA and increased
levels of SMN protein, which compensates for the loss of SMN1
(Figure 3B).26,27

Preclinical studies inmice indicated that nusinersen has a long-lasting
effect on SMN2 splicing in the brain with continued maximal effect
through the 6-month observational period following a single intracer-
obroventricular injection. In addition, intrathecal (i.t.) injection in
non-human primates showed a widespread distribution throughout
the spinal cord where motor neurons (target cell) reside.28 PK studies
in patients injected i.t. with up to a 9-mg dose of nusinersen showed
consistent results with preclinical species and indicated a prolonged
half-life of 4–6months in cerebrospinal fluid (CSF).29 PK/PD analysis
in autopsy tissue demonstrated broad distribution of the drug in the
spinal cord and brain regions, as well as increases in SMN protein in
the spinal cord.30

Clinical trials have successfully demonstrated efficacy in infants
and older children treated with nusinersen shown by an increase
in motor function and survival.30 Nusinersen is approved to treat
infants through adult SMA patients and is administered to patients
directly into the CSF via i.t. injection by lumbar puncture at a dose
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Figure 4. Mechanism of Action of Eteplirsen for the

Treatment of Duchenne Muscular Dystrophy (DMD)

(A) Effect of a deletion of exons 49–50 region in the DMD

gene that causes a frameshift and leads to the introduc-

tion of a premature termination codon in exon 51. The

mutant mRNA is degraded in the cytoplasm by

nonsense-mediated mRNA decay (NMD), and no dys-

trophin protein is produced, causing DMD. (B) Eteplirsen

binding to exon 51, which prevents its inclusion and

restores the frame. The resulting mRNA lacking exons

49–51 is translated to generate an internally truncated

dystrophin protein that retains partial function.
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of 12 mg in 5 mL every 4 months after an initial loading dose of
12 mg administered monthly for the first 4 months.31 Adverse re-
actions include lower respiratory infection, upper respiratory
infection, and constipation. The label has warnings for thrombocy-
topenia and coagulation abnormalities as well as renal toxicity.
While these warnings relate to the class of ASOs, they have not
been observed for nusinersen.30 In addition to the approved pa-
tient population, nusinersen has been further tested in pre-symp-
tomatic infants with mutations in SMN1 and two to three copies of
SMN2 in the NURTURE trial, and the results underscore the
proven efficacy of the treatment and the importance of neonatal
diagnosis.32

Eteplirsen. Eteplirsen (Exondys 51; Sarepta Therapeutics) received
an accelerated approval by the FDA in 2016 for the treatment of
Duchenne muscular dystrophy (DMD), which is caused by complete
loss-of-function mutations in the X-linked DMD gene and predomi-
nantly affects males. DMD is a fatal disease due to loss of muscle func-
tion caused by the lack of dystrophin protein (Figure 4A). Loss of
functionmutations in theDMD gene that result in partially functional
544 Molecular Therapy Vol. 29 No 2 February 2021
albeit truncated dystrophin protein (e.g., in-
frame deletions) lead to a milder disease presen-
tation known as Becker muscular dystrophy.33

This genotype-phenotype correlation provided
the rationale to skip specific DMD exons to
avoid deleterious nonsense and frameshift mu-
tations that cause DMD to restore the frame at
the transcript level and produce a Becker-like
truncated, partially functional dystrophin.34,35

Following this rationale, eteplirsen was de-
signed as a 30-mer phosphorodiamidate mor-
pholino oligomer (PMO) (Figure 1) that binds
to exon 51 of the DMD gene, causing the skip-
ping of exon 51 to avoid deleterious mutations.
The skipping of exon 51 restores the mRNA
frame and leads to the production of an inter-
nally truncated, partially functional dystrophin
protein (Figure 4B).36 Unlike nusinersen that
can treat the vast majority of SMA patients (pa-
tients with no SMN2 are very rare), eteplirsen
can only address patients who are amenable to
exon 51 skipping, which account for 13% of the DMD patient
population.37,38

Proof-of-concept studies using DMD patient muscle cells and a hu-
manizedmouse model validated the exon skipping approach preclini-
cally.36 PK studies in the mdx mouse model indicated that eteplirsen
has a 6-h plasma half-life and is distributed to heart, skeletal, and dia-
phragm muscles (target tissue), as well as to kidney, where exposure
was highest.39 In patients, muscle biopsies and western blot and
immunofluorescence analyses detected a small but significant increase
of dystrophin.40,41While muscle is not a tissue that is normally target-
able by unconjugatedASOs, themembranes of themuscle ofDMDpa-
tients are leaky, allowing for eteplirsen to be taken up by myofibers.42

Clinical assessment of patients treated with eteplirsen concluded that
there was some preservation of the distance walked in 6 min
compared to patients in natural history studies. Despite the small in-
crease in dystrophin and the small number of patients in the clinical
trials, the FDA granted conditional approval for eteplirsen for the
treatment of males with mutations amenable to exon 51 skipping.
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A weekly 30 mg/kg dose is administered systemically by intravenous
(i.v.) infusion (35–60 min). Adverse reactions include balance disor-
der and vomiting. The label has no warnings; however, eteplirsen was
not approved by the EMA in 2019, citing lack of efficacy. Follow-on
studies are still underway.

Golodirsen and Viltolarsen. Golodirsen (Vyondys 53; Sarepta Thera-
peutics) and viltolarsen (Viltepso; NS Pharma) are treatments for
DMD that were granted accelerated approval by the FDA in 2019
and 2020, respectively. The rationale for the development of golo-
dirsen and viltolarsen and their mechanism of action is analogous to
eteplirsen. Golodirsen is a 25-mer PMO that was designed to bind
to exon 53 of theDMD gene and cause the skipping of exon 53 to avoid
deleterious loss-of-function frameshifting mutations. Likewise, vilto-
larsen is a 21-mer PMO that also binds to exon 53 to avoid mutations.
In both cases, the skipping of exon 53 restores the frame and leads to
the production of an internally truncated, partially functional dystro-
phin protein (see Figure 4 for an analogous example). Both golodirsen
and viltolarsen address 8% of DMD patients.

Golodirsen and viltolarsen are approved for males with mutations
amenable to exon 53 skipping and are administered by i.v. infusion
(35–60 min) of a weekly 30 mg/kg dose and 80 mg/kg, respectively.
The following adverse reactions have been described for golodirsen:
hypersensitivity reactions, including rash, pyrexia, pruritus, urticaria,
dermatitis, and skin exfoliation, with some requiring treatment. The
most common adverse reactions observed in patients treated with vil-
tolarsen include upper respiratory tract infection, injection site reac-
tion, cough, and pyrexia. In both cases, renal toxicity was observed in
animals who received golodirsen or viltolarsen in preclinical studies,
but not in the clinical studies.43,44

Milasen: N-of-1 ASO Therapy. The advancements and availability of
next-generation sequencings have enabled the identification of patho-
genic “private”mutations in a wide range of genetic diseases, especially
mutations located inflankinganddeep intronic sequences.The vastma-
jority of disease-causing intronicmutations lead to aberrant pre-mRNA
splicing. Depending on how disruptive these mutations are to the
splicing process, their effect could range from 100% faulty mRNA to
varied levels of residual properly spliced mRNA. The latter indicates
that splicing is not completely “broken” by the mutation and it could
be fixed. Given the targeted nature and success of nusinersen in treating
SMAby correcting a splicing defect, combinedwith local delivery, safety
profile, and manufacturing ease,45 steric blocking ASOs have become
the preferred modality for personalized treatment.

The first N-of-1 drug was developed to treat a single patient with
neuronal ceroid lipofuscinosis 7 (CLN7), a form of Batten’s disease.
This condition is a rare and fatal neurodegenerative disease that is
characterized by progressive symptoms resulting in blindness, ataxia,
seizures, and developmental delay and results from recessive muta-
tions in the MFSD8 gene. At the onset at 3 years of age, symptoms
in a patient were mild, but by her sixth birthday she could barely
speak. After a Batten’s disease diagnosis was made, genetic screening
revealed a known pathogenic mutation in one allele of the MFSD8
gene. Using whole-genome sequencing, a deep intronic insertion of
a SINE-VNTR-Alu (SVA) retrotransposon was uncovered. RT-PCR
analysis of the patient’s blood cells revealed that the insertion led to
the activation of a cryptic 30 splice site in intron 6, resulting in mis-
splicing and consequently the introduction of a premature termina-
tion codon. Seven ASOs were designed to target the cryptic 30 splice
site and predicted exonic splicing enhancers, of which three led to an
increase in proper MFSD8 splicing. As the chemical modifications
used in nusinersen proved safe for local delivery in the CNS, the
20MOE-PS ASO (Figure 1) targetingMFSD8, which was the most effi-
cacious hit, was selected for further evaluation. The ASO was named
“milasen” after the patient’s first name, Mila. Milasen (Boston Chil-
dren’s Hospital/Mila’s Miracle Foundation) is a 22-mer ASO that
was shown to alleviate lysosomal dysfunction phenotypes in the pa-
tient’s derived fibroblast cells.46

Preclinical toxicology studies in rats were conducted to show that i.t.
injection of a single ascending dose of milasen had no adverse effects
at the lowest dose (0.06 mg), which guided the subsequent dose selec-
tion in clinical studies. As the patient’s condition continued to deteri-
orate, an investigational new drug application was filed with the FDA,
and in 2018 clinical investigational treatment under an Expanded Ac-
cess-Investigational New Drug application was initiated. Similar to
nusinersen,milasenwas administered via i.t. bolus injection by lumbar
puncture. The initial dose of 3.5mgwas increased every 2weeks until it
reached 42 mg, which was then administered once every 3 months.
The patient wasmonitored through the first year after the initial injec-
tion and no observable serious adverse events were detected. Neuro-
logical and neuropsychological assessments at 3 and 6 months after
treatment initiation showed stabilization and improvement of Vine-
land Adaptive Behavior Scales subscores. Seizure frequency and dura-
tion decreased by 50% during the follow-up period after treatment
initiation compared to pre-treatment measurements.46 Based on sub-
sequent patient evaluations, the dose and dosing regimen was modi-
fied and the patient is currently receiving a dose of 70 mg every 2
months (T. Yu, personal communication).

Milasen is an example of the potential of steric-blocking ASOs as a
modality applied to the rapid development of personalized treatment
for individual patients with fatal genetic diseases caused by splicing
mutations. The feasibility of development of N-of-1 treatments as
demonstrated by milasen underscores the importance of molecular
diagnosis, even if no therapies are available at the time of diagnosis.

ISOs

Mechanism of Action. In addition to splicing modulation and target
knockdown, single-stranded oligonucleotides are also being used to
stimulate the innate immune system in a variety of applications,
including vaccine adjuvants and cancer. Unlike ASOs, ISOs do not
bind to RNA, but rather they bind to proteins. They mimic molecular
signatures in microorganisms known as pathogen-associated molecu-
lar patterns (PAMPs) that trigger the innate immune system via recog-
nition by the Toll-like family of receptors (TLRs) expressed in cells such
Molecular Therapy Vol. 29 No 2 February 2021 545
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Figure 5. CpG-Containing Oligonucleotides

Mediated Immune Cell Stimulation

Internalized CpG-containing ISOs are mainly recognized

by TLR9, which activates a complex signaling cascade

resulting in the nuclear translocation of transcription fac-

tors including AP1, IRF7, and nuclear factor kB (NF-kB).

Transcriptional activation of pro-inflammatory genes

regulates the maturation of pDCs, the activation and

proliferation of B cells, as well as the production of type I

interferons and Th1-type cytokines. CpG-mediated im-

mune cell activation, as well as the subsequent secretion

of cytokines, stimulates the immune response to the co-

administered antigen (not shown), and it produces a more

rapid and longer lasting antibody response when

compared to alternative vaccine adjuvants. In addition to

vaccine adjuvants, single-stranded CpG-containing ISOs

are currently also being tested in cancer patients and to

modulate the immune response in inflammatory diseases

(Table 1).
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as antigen-presenting cells (APCs), dendritic cells (DCs), and B cells.47

Examples of PAMPs include double-stranded RNA (dsRNA), which
can activate TLR3, single-stranded RNA (ssRNA), which can activate
TLR7/8, and unmethylated CpG-containing single-stranded DNA
(ssDNA) or dsDNA, which can trigger a protective immune response
by activating TLR9.48–51 Synthetic single-stranded oligonucleotides
containing unmethylated CpG motifs can mimic bacterial unmethy-
lated DNA and cause a similar response. There are at least three struc-
turally distinct classes of CpG oligonucleotides, that is, CpG-A, CpG-B,
and CpG-C.52,53 The three classes differ in the specific response they
trigger, which is influenced by their sequence, chemistry, and higher or-
der structure.54,55 CpG-B ASOs are ssDNA sequences with a PS back-
bone and contain multiple CpG motifs. They primarily promote the
production of T helper (Th)1-type cytokines and type I interferons,
the maturation of plasmacytoid DCs (pDCs), and the proliferation
and activation of B cells, which boost the immune response to co-
administered vaccines (Figure 5).51–53
546 Molecular Therapy Vol. 29 No 2 February 2021
The first approved vaccine containing a CpG
ISO as an adjuvant was Heplisav-B (Dynavax
Technologies) in 2017, a vaccine to prevent
hepatitis B virus (HBV) infection in adults.52,56

Heplisav-B contains 3 mg of CpG 1018, a 22-
mer DNA oligonucleotide with a uniform PS
backbone, which is delivered together with
20 mg of the hepatitis B surface antigen (HbsAg)
via intramuscular administration in two doses
4 weeks apart.52,56 When compared to Ener-
gix-B (GSK), a three-dose hepatitis B vaccine
using aluminum hydroxide (alum) as an adju-
vant, CpG 1018 induced a significantly
improved immune response that was induced
more rapidly and lasted longer. In the first
phase 2 study comparing Heplisav-B to Ener-
gix-B, 79% of Heplisav-B recipients showed a
protective antibody response 4 weeks after the first dose compared
to only 12% of Energix-B recipients.57 Adverse events, including
fatigue and headache, were low and similar in both groups, while
mild injection site tenderness was more common in the presence of
CpG 1018.57 A more rapid induction of protective antibody levels
was confirmed in additional studies.58–60 Heplisav-B also showed su-
perior long-term effects 50 weeks after the last active dose,60 and it
produced seroprotection in patients with chronic kidney disease
who were hyporesponsive to currently licensed alum-adjuvanted hep-
atitis B vaccines.61,62 CpG 1018 is currently being investigated in a
phase 1 clinical trial as an adjuvant in an HIV vaccine (ClinicalTrials.-
gov: NCT04177355) as well as vaccines against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) (ClinicalTrials.gov:
NCT04450004, NCT04405908, and NCT04487210).

The first nine approved ASO drugs and milasen represent a broad
platform with applications in five different organs (Figure 6) and a
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Figure 6. Single-Stranded Oligonucleotide Therapies

Summary of approved drugs to date and their target tissue. Milasen is a clinical investigational treatment under an Expanded Access-Investigational New Drug application.
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variety of mechanisms of action. These ASO therapies are adminis-
tered via local (CNS and eye) or systemic delivery to treat or prevent
a wide range of genetic diseases or viral infections. Locally adminis-
tered ASOs in the eye and CNS have an advantage over systemically
injected ASOs, given their lower doses that result in a lower concen-
tration of plasma circulating drug and accumulation of drug in the
kidneys. Generally, the higher the ASO dose is, the more likely it is
to cause adverse effects. In the second part, this review focuses on
some of the mitigation strategies that are underway to reduce ASO
doses and improve their therapeutic index by increasing the potency
and uptake efficiency of ASOs.

Innovations in the Clinic

Beginning with the first DNA oligonucleotides, and continuing
through the currently approved single-stranded oligonucleotides (un-
conjugated DNA, 20MOE, and PMO sequences), a great deal of un-
derstanding and innovations in the ASO field have led to improve-
ments in the PK, distribution, and potency, as well as novel
applications of this modality of nucleic acid therapeutics. However,
there remains potential for further improvements in ASO potency,
specificity, and safety, as well as targeted ASO delivery. Some of these
innovations, as well as new applications, are currently being tested in
the clinic and will be discussed in further detail.

ASO Chemistry

One of the most successful chemical modifications used in single
stranded ASOs is the 20MOE substitution in the sugar ring (Figure 1).
It offers increased nuclease resistance compared to DNA, and it forms
duplexes with RNA that are �2�C more stable per modification
compared to DNA-PS/RNA hybrids.63 Structural studies and molecu-
lar dynamics simulations of fully modified MOE-RNA duplexes show
that the 20 substitution locks the sugars in a C30-endo
Molecular Therapy Vol. 29 No 2 February 2021 547
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conformation.64,65 Enforcing a C30-endo sugar pucker improves
affinity for RNA, as well as nuclease resistance in bicyclic 20,40-con-
strained MOE (cMOE) and 20,40-constrained ethyl (cEt)
modifications (Figure 1), leading to more potent ASOs.66 The first
20,40-constrained gapmer ASOs had locked nucleic acids (LNAs) (Fig-
ure 1) in their wings. However, some LNA gapmers have been associ-
ated with hepatotoxicity in animals,67 whichmay be linked to increased
RNase H-mediated off-target effects68 or specific sequence motifs.69 A
clinical trial for an LNA gapmer targeting PCSK9 was terminated due
to renal tubular toxicity observed in test subjects.70 Gapmer ASOs with
cEt-modified wings have improved potency when compared to
20MOE, without increased liver toxicity.67,71 Several ASOs containing
the new generation 2.5 cEt chemistry are currently being tested in clin-
ical trials (Table 1). One of them is AZD9150 (danvatirsen; IONIS-
STAT3-2.5Rx), a 16-mer gapmer with 3-nt cEt wings targeting
STAT3 to treat multiple types of cancer (Table 1). Early results from
a phase 1b study in patients with diffuse large B cell lymphoma
(DLBCL) showed that AZD9150 is tolerated and demonstrated efficacy
at a dose of 3 mg/kg in a subset of heavily pretreated patients with
DLBCL.72

ASOs with a stereodefined backbone represent another chemistry
innovation currently being tested in clinical trials. Therapeutic
ASOs contain PS linkages, enhancing metabolic stability as well as
protein-binding properties, facilitating ASO distribution and cellular
uptake.73,74 The use of PS linkages in the ASO backbone introduces
a chiral center with two configurations, Sp and Rp.75 A k-mer ASO
therefore has 2k-1 different stereoisomers, each potentially with a
different stability and potency profile, making it challenging to
comprehensively study various Sp/Rp configurations. Early work us-
ing first-generation DNA-PS ASOs showed that the Sp and Rp
forms have different biophysical and biological properties affecting
melting temperature (Tm), RNase H activating ability, and nuclease
resistance.76,77 Wan et al.75 tested the effect of a uniform DNA gap
chirality on a limited number of second-generation MOE and gen-
eration 2.5 cEt-containing gapmers. They showed that in vitro, the
effect of Rp ASOs was comparable to their stereorandom counter-
part, while Sp ASOs had a lower Tm and improved endonuclease
resistance. In vivo, Rp and Sp compounds were both quickly metab-
olized, resulting in low activity, which led to the conclusion that a
mixture of Sp and Rp is required to balance RNase H activity and
nuclease resistance.75 A screen of stereopure gapmer compounds
with one or two Rp and Sp linkages at specific positions did not
yield any improvement in potency. However, combining fixed Rp/
Sp linkages with a 20MOE at gap position 2 resulted in a dramatic
improvement of the therapeutic index.78 Synthesis of stereopure
ASOs, pioneered by Stec et al.,79 was traditionally limited to
research use due to low coupling efficiency and difficulties in
removing the chiral auxiliary. Advances in the oxazaphospholidine
synthesis approach address these traditional hurdles and, while still
inefficient compared to phosphoramidite coupling reactions, open
the path for stereopure/stereodefined ASOs in clinical applica-
tions.80–83 The first stereopure compound tested in the clinic was
suvodirsen (WVE-210201), an ASO targeting DMD exon 51 in
548 Molecular Therapy Vol. 29 No 2 February 2021
DMD patients. However, the ASO was not efficacious in patients,
which resulted in the termination of the phase 2/3 trial (Clinical-
Trials.gov: NCT03907072). Other stereodefined compounds are
currently being tested in patients with Huntington’s disease (HD)
in phase 1/2 clinical trials (WVE-120101, ClinicalTrials.gov:
NCT03225833; WVE-120102, ClinicalTrials.gov: NCT03225846)
(Table 1). In contrast to other HTT-targeting strategies, this tech-
nology uses allele-specific knockdown by targeting SNPs linked to
the disease-causing CAG-repeat expansions.84 While such an
approach would require multiple treatment candidates depending
on the SNPs present in the HD patient population, it could provide
a safer profile than targeting mutant and wild-type HTT non-selec-
tively. Given the immense number of possible stereoisomers for
each sequence, it remains to be determined whether the compounds
in development to target HTT are the safest and most efficacious.
While some progress has been made to identify a stereochemical
code for specific sequences,80 this uncertainty will likely remain a
limitation for the development of stereodefined compounds in the
near future.

Ligand-Conjugated ASOs

Naked ASOs systemically delivered in vivo are rapidly taken up by
liver and kidney.8 While ASO accumulation and activity has been de-
tected in a variety of extrahepatic/extra kidney tissues, systemic deliv-
ery to specific target organs is relatively inefficient.8,85 The develop-
ment of ASO conjugates has enabled tissue-specific targeting of
ASOs and short interfering RNAs (siRNAs). Such conjugates include
various receptor ligands, cell-penetrating peptides (CPPs), and anti-
bodies, some of which are already in use in the clinic.86–89 In addition
to improving the delivery of ASOs, conjugation led to targeted deliv-
ery, allowing for dose reduction of ASOs.

One such ligand is triantennary N-acetylgalactosamine (GN3), a
sugar moiety binding to the asialoglycoprotein receptor (ASGP-R).
The ASGP-R is primarily expressed on hepatocytes, and the binding
of its ligand N-acetylgalactosamine (GalNAc) promotes receptor-
mediated endocytosis of the ligand. Leveraging this mechanism,
conjugation of ASOs and siRNAs with GN3 promotes the receptor-
mediated uptake of the conjugated therapeutic agent. Upon internal-
ization, the conjugate is metabolized by hydrolysis of phosphodiester
bonds between the nucleic acid and GN3, as well as hydrolysis of the
amide linkages in GN3.90 The use of GN3 as an siRNA conjugate tar-
getingALAS1 (givosiran) has been approved by the FDA to treat acute
hepatic porphyria.88 Several GN3-conjugated gapmers are currently
being evaluated in clinical trials to target AGT, ANGPTL3, CFB,
GHR,KLKB1, LPA, TMPRSS6, and TTR specifically in the liver (Table
1). In preclinical studies in mice, GN3-conjugated gapmers designed
against five different targets showed a 5- to 10-fold greater potency
compared to the unconjugated parental gapmer, while being well
tolerated. When GN3 was conjugated to a gapmer with higher affinity
cEt wings, an �60-fold potency increase was achieved.90 Recently
published early results from a clinical trial with a GN3-gapmer target-
ing APOA (APO(a)-LRx) in patients with hyperlipoproteinemia(a)
and cardiovascular disease showed a reduction in lipoprotein(a) levels
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Table 1. List of Recent Clinical Trials Using Gapmer and Steric Blocking ASOs and ISOs That Have Completed Trials after January 1, 2020 or Are Currently

“Active,” “Recruiting,” or “Enrolling by Invitation” as Described on ClinicalTrials.gov

CpG indicates unclassified CpG oligonucleotides (A. Krieg, personal communication).
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Figure 7. Mechanism of Action of QR-421a, a New

Application of Steric-Blocking ASOs

The figure depicts a portion of USH2A pre-mRNA con-

taining exons 12, 13, and 14 (middle) in which exon 13

carries missense (blue sign) or premature termination

codon (PTC)-introducing (nonsense or frameshift, red

sign) retinitis pigmentosa (RP) mutations. Exon 13 en-

codes half of laminin epidermal growth factor (EGF)-like

domain 4, domains 5, 6, 7, and half of laminin EGF-like

domain 8 (light blue rectangles highlighted in red). Nor-

mally, missense or PTC-introducing RP mutations lead to

non-functional full-length or non-functional truncated

usherin, respectively (top). QR-421a (+ASO) promotes

skipping of exon 13 (depicted by lines connecting exons

12 and 14), leading to the generation of an usherin protein

that lacks half of laminin EGF-like domain 4, as well as

domains 5, 6, 7, and half of laminin EGF-like domain 8

(bottom), but maintains proper function. Green rectangle,

signal peptide; purple rectangle, laminin G-like domain;

orange rectangle, laminin N-terminal domain; light blue

rectangles, laminin EGF-like domains; green rectangles,

fibronectin type III repeats; yellow circles, laminin G; red

rectangle, transmembrane domain; blue circle, PDZ

binding motif.
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by up to 80% using much lower doses (20, 40, or 60 mg every 4 weeks,
20 mg every 2 weeks, or 20 mg every week) than that of approved un-
conjugated gapmers, potentially reducing unwanted adverse events
such as thrombocytopenia and renal toxicity.91

While GN3 aims to limit delivery of ASOs directly to hepatocytes,
other types of conjugates are being used to broaden ASO distribution
in the body. For example, there are three splice-modulating ASOs
approved for DMD; however, their efficacy is limited by inefficient
uptake of ASOs in skeletal muscle.38 Furthermore, DMD also presents
in the heart and diaphragm, two regions where ASO uptake is also
limited.92 To achieve better tissue distribution, next-generation
DMD-targeting ASOs are covalently linked to CPPs. The use of small
cationic peptides to enhance cellular uptake of oligonucleotides was
first proposed in 1987.93 CPPs are typically 5–30 aa long and can
pass through the cell membrane via energy-dependent and -indepen-
dent mechanisms without interaction with specific receptors.94,95

While there are only few examples where CPPs increase biological ac-
tivity of negatively charged ASOs or siRNAs (reviewed in Juliano96),
CPPs show dramatic effects when linked to neutrally charged peptide
nucleic acids (PNAs) and PMOs.97 Muscle-specific CPPs typically
contain two tandem repeats of a series of arginine (R), 6-aminohex-
anoic acid (X), and/or beta-alanine (B) residues with or without a
short peptide linker.98,99 A 14-aa peptide, which is highly potent in
the heart, diaphragm, and quadriceps, key muscles in the treatment
of DMD, is the B-peptide (RXRRBR)2XB.

98 In a dog model of
DMD, CPP-conjugated PMOs (PPMOs) rescued dystrophin expres-
sion in the myocardium and cardiac Purkinje fibers. PPMOs also
improved electrocardiogram abnormalities without apparent toxicity,
leading the way toward better therapies for DMD.86 PPMOs targeting
DMD exons 45 and 51 are currently being tested in patients with
DMD (Table 1).
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New ASO Applications

Apart from the development of new chemistries and innovations in tis-
sue targeting, new applications of steric-blocking ASOs have also made
their way into the clinic. ASO-mediated exon skipping, for example,
has traditionally been used to restore the reading frame that was dis-
rupted by frameshifting mutations. A new approach uses an exon skip-
ping strategy to remove retinitis pigmentosamutations in a constitutive
exon ofUSH2Awhile maintaining usherin protein function. This strat-
egy was first proposed for diseases caused by mutations in lamin A/C
such as Emery-Dreifuss muscular dystrophy.100 Lamin A/C is an inter-
mediate filament and has an a-helical central rod domain. Proteins
lacking LMNA exon 5, which encodes part of the central rod domain,
localize correctly and perform better in cell-based assays than do
proteins harboring dominant-negative missense mutations in exon 5,
suggesting that exon skipping is a viable strategy to targetmissensemu-
tations in exons that encode repetitive domains. Similarly, usherin con-
tains multiple repetitive domains that can be shortened by deleting
USH2A exon 13 (exon 12 in the mouse), while maintaining protein
function (Figure 7).101 Retinitis pigmentosa patients with pathogenic
homozygous or compound heterozygous nonsense and/or missense
mutations in USH2A exon 13 might therefore benefit from an exon
skipping approach to restore protein function, a strategy currently be-
ing tested in the clinic (QR-421a, Table 1).

While skipping of constitutive exons might also be applicable to other
diseases, the exonmust be in-frame and code for a redundant domain,
which has to be assessed via in vitro and in vivo functional studies.
Such applications will therefore likely remain a small niche of thera-
peutic splice-modulating ASOs.

Another innovative approach, termed TANGO, leverages naturally
occurring non-productive alternative splicing events to increase
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Figure 8. Mechanism of Action of STK-001, a New Application of Steric-Blocking ASOs

(A) Region of SCN1A wild-type pre-mRNA containing non-productive (non-coding) exon X (yellow rectangle) and flanking coding exons (brown rectangles). SCN1A pre-

mRNA is alternatively spliced such that it generates a non-productive mRNA containing the non-productive exon X, which leads to the introduction of a PTC, and a productive

mRNA lacking exon X. Upon export to the cytoplasm, the non-productive mRNA is degraded by nonsense-mediated mRNA decay and the productive mRNA is translated

into wild-type Nav1.1 protein. The pre-mRNA carrying DSmutations undergoes the same alternative splicing processing, but themutant productive mRNA does not produce

a functional protein (not shown in the figure), leading to haploinsufficiency of Nav1.1. (B) STK-001 (ASO) binding to the non-productive exon X of the SCN1A wild-type and

mutant (not shown) pre-mRNA and promotes exon X skipping, which leads to a reduction in non-productive mRNA and increased levels of productive mRNA and wild-type

Nav1.1 protein to near normal levels. STK-001 leverages the wild-type gene copy to compensate for the loss-of-function mutant alleles in DS patients.
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gene expression.102 These events lead to the introduction of a prema-
ture termination codon (PTC) in the mRNA, inducing nonsense-
mediated mRNA decay (NMD) and no protein production. ASO-
mediated prevention of non-productive alternative splicing increased
productive mRNA and protein levels in vitro and in vivo.102 A pro-
posed therapeutic application focused on upregulating productive
mRNA and protein in autosomal dominant haploinsufficient dis-
eases, such that upregulation of the wild-type gene copy could
compensate for the loss of the mutant copy and restore protein levels.
An example of this application (STK-001, Table 1) is currently being
tested in clinical trials for the treatment of Dravet syndrome (DS), an
autosomal dominant haploinsufficiency (Figure 8). Preclinical studies
of STK-001 in a DS mouse model demonstrated that preventing the
inclusion of a non-productive exon in the Scn1a gene led to increased
productive mRNA and restoration of full-length fully functional
Nav1.1 protein levels. Nav1.1 protein restoration significantly
increased survival and reduced seizures in DS mice.103 Unlike other
splicing modulating ASOs in the clinic that address specific mutations
and only a subset of the patient population, the TANGO therapeutic
approach leverages the wild-type gene copy in the context of auto-
somal dominant haploinsufficiencies and therefore has the potential
to address all patients with heterozygous loss-of-function mutations.

Single-stranded oligonucleotide therapeutics represent a platform of
targeted and selective medicines that have been used to address severe
genetic diseases that were once untreatable. With the rise of whole-
exome and genome sequencing and the multigene panel mutation
screening, molecular diagnosis of genetic diseases is routinely per-
formed leading to the identification of disease-associated genes and
earlier diagnosis. Continued advances in chemistry and ligand conju-
gation has led to the development of new generations of ASO drugs
that are more potent and therefore safer. Targeted delivery of ASOs
together with new ASO applications are expanding the breadth of
the ASO therapeutic platform and have paved the way for a future
in which ASO therapeutics become a common modality to treat ge-
netic diseases and beyond.
Molecular Therapy Vol. 29 No 2 February 2021 551
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