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Abstract

Antisense oligonucleotide (AON) therapies involve short strands of modi-

fied nucleotides that target RNA in a sequence-specific manner, inducing

targeted protein knockdown or restoration. Currently, 10 AON therapies

have been approved in the United States and Europe. Nucleotides are chem-

ically modified to protect AONs from degradation, enhance bioavailability

and increase RNA affinity. Whereas single stranded AONs can efficiently

be delivered systemically, delivery of double stranded AONs requires

capsulation in lipid nanoparticles or binding to a conjugate as the uptake

enhancing backbone is hidden in this conformation. With improved chem-

istry, delivery vehicles and conjugates, doses can be lowered, thereby reduc-

ing the risk and occurrence of side effects. AONs can be used to knockdown

or restore levels of protein. Knockdown can be achieved by single stranded

or double stranded AONs binding the RNA transcript and activating

RNaseH-mediated and RISC-mediated degradation respectively. Transcript

binding by AONs can also prevent translation, hence reducing protein

levels. For protein restoration, single stranded AONs are used to modulate

pre-mRNA splicing and either include or skip an exon to restore protein

production. Intervening at a genetic level, AONs provide therapeutic

options for inherited metabolic diseases as well. This review provides an

overview of the different AON approaches, with a focus on AONs developed

for inborn errors of metabolism.
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1 | INTRODUCTION

Antisense oligonucleotide (AON) therapies are coming of
age; currently 10 AONs have been approved by the Food

and Drug Administration (FDA, USA), and/or the
European Medicines Agency (EMA) and/or the Japanese
Ministry of Health, Labour and Welfare, the majority of
which obtained marketing authorization in the past
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TABLE 1 Overview of approved antisense oligonucleotide drugs

Compound Disease (OMIM number) Mechanism of action Delivery route
Approved
by (when) Reference

Fomivirsen CMV-induced retinitis (NA) Formivirsen binds to UL123 transcripts
and prevents translation into IE2
protein

Intraocular FDA (1998),
EMA (1999)

1

Mipomirsen Familial hypercholesterolemia
(607748)

Mipomirsen binds to ApoB-100
transcripts and induces RNase H
mediated cleavage of targeted
transcripts

Subcutaneous FDA (2013) 2

Eteplirsen Duchenne muscular dystrophy
(310200)

Eteplirsen binds to exon 51 in
pre-mRNA DMD transcripts, thus
preventing inclusion in mature
mRNA; this restores the reading
frame allowing the production of
partially functional dystrophin
protein

Intravenous FDA (2016) 3

Nusinersen Spinal muscular atrophy types I,
II and III (25330, 253550,
253400)

Nusinersen binds to an intronic splicing
silencer in SMN2 pre-mRNA, thus
enhancing SMN2 exon 7 inclusion
and increasing production of SMN
protein

Intrathecal FDA (2016)
EMA (2017)

4

Inotersen Hereditary
transthyretin-mediated
amyloidosis (105210)

Inotersen binds to hATTR transcripts
and induces RNase H mediated
cleavage, thus reducing
thransthyretin protein production

Subcutaneous FDA (2018)
EMA (2018)

5

Patisiran Hereditary
transthyretin-mediated
amyloidosis (105210)

Patisiran is incoorporated into the RISC
complex and induces si-RNA
mediated reduction of hATTR
transcripts and thransthyretin protein
production

Intravenous FDA (2018)
EMA (2018)

67

Volanesorsen Hypertriglycidemia (145750),
familial chylomicronemia
syndrome (118830) and
familial partial lipodystrophy
(151660)

Volanesorsen binds to apolipoprotein
C-III transcripts and induces RNase
H induced cleavage and reduced
protein formation; used in
combination with low fat diet

Subcutaneous EMA (2019) 8

Givosiran Acute hepatic porphyrias
(612740 and 176000)

Givosiran is incorporated into the RISC
complex and induces si-RNA
mediated reduction of ALAS1
transcripts and reduced formation of
toxic heme intermediates

Subcutaneous FDA (2019) 9

Golodirsen Duchenne muscular dystrophy Golodirsen binds to exon 53 in
pre-mRNA DMD transcripts, thus
preventing inclusion in mature
mRNA; this restores the reading
frame allowing the production of
partially functional dystrophin
protein

Intravenous FDA (2019)

Viltolarsen Duchenne muscular dystrophy Viltolarsen binds to exon 53 in
pre-mRNA DMD transcripts, thus
preventing inclusion in the mature
mRNA; this restores the reading
frame allowing the production of
partially functional dystrophin

Intravenous Japanese
Ministry for
Health,
Labour and
Welfare (2020)

10
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4 years (Table 1). This therapeutic approach uses small
pieces of modified DNA or RNA that are synthesized
from chemically modified nucleotides.11,12 They target
RNA in a sequence specific manner through Watson-
Crick base pairing, and can induce targeted protein
knockdown or protein restoration. Compared to chemical
compounds, antisense oligonucleotide therapies have
unprecedented specificity, for example, they provide the
possibility to target specific transcript isoforms or a spe-
cific member in a family of closely related proteins.
Because they intervene at a genetic level, they provide
therapeutic options particularly for inherited diseases. In
this review we will give a high level overview on thera-
peutic AONs, including modifications needed to endow
them with drug-like properties, delivery and safety con-
siderations, and provide examples of currently approved
antisense oligonucleotides. Finally, we will outline how
these modalities have been explored to treat inherited
metabolic diseases.

2 | ANTISENSE
OLIGONUCLEOTIDE DRUG
CONSIDERATIONS

2.1 | Chemical modifications

Therapeutic AONs are generally 15-30 nucleotides long
and can be single or double-stranded moieties. Short DNA
and RNA molecules are very sensitive to degradation by
endo- and exonucleases. As such, AONs require chemical
modifications to increase nuclease resistance.11,13 These
modifications can also provide additional benefits to the
AONs, such as increased affinity to the target transcripts
or improved bioavailability. Many different chemical mod-
ifications are currently available. The first and most widely
used modification is the phosphorothioate (PS) modifica-
tion, where an oxygen in the AON backbone is replaced
by a sulfur atom.14 Although this modification reduces the
affinity of the AON to its target, it improves stability,
uptake and bioavailability. AONs are compounds of inter-
mediate molecular weight (5-12 kDa), meaning they are
small enough to be filtered out by the kidney. AONs with
a PS backbone will, however, bind serum proteins with
low affinity, thus preventing renal clearance and improv-
ing uptake by other organs after systemic delivery, in par-
ticular the liver.

Additional modifications to the sugar ribose (20O-
methyl and 20O-methoxyethyl, 2OMe and MOE, respec-
tively) increase affinity to the target RNA and reduce
some of the PS induced toxicity (see below). Finally, some
modifications change the whole nucleotide, such as the
phosphorodiamidate morpholino oligomers (PMO) or

peptide nucleic acids (PNA). These modifications show
little resemblance to the original nucleotides and as such
are not recognized by, for example, nucleases. However,
they maintain the ability to target transcripts in a
Watson-Crick manner. Which modifications to use varies
depending on the AON modality used and the target
tissue,11-13,15 as we describe later.

2.2 | Delivery

For single stranded AONs with a PS backbone systemic
delivery is feasible. The majority of AON will be taken up
by liver and kidney, but some uptake by most other tissues
is occurring, with the exclusion of the nervous system, as
most AON chemistries are unable to cross the blood-brain
barrier. An exception is the tricyclo-PS modification, where
a minute amount of compound appears to reach the
central nervous system (CNS) when large amounts are
injected systemically.16 Notably, after local delivery of sin-
gle stranded MOE-PS AONs to the CNS, intra-
cerebroventricular in mice and intrathecal in non-human
primates and humans, these AONs are rapidly taken up by
the neurons and distribute throughout the CNS.17,18 For
systemic delivery of single stranded AONs often a frequent
dosing regimen is used with multiple injections per month.
By contrast, the half-life of AONs in the CNS is much lon-
ger; in the order of months in non-human primates and
humans, which enables less frequent treatment.

For double stranded AONs delivery is more challeng-
ing. The PS backbone is sheltered in the double stranded
composition, thus limiting its potency as an uptake
enhancer. However, it has been possible to have efficient
uptake by hepatocytes through capsulation of double
stranded AONs in lipid nanoparticles.19 Even more effi-
cient liver uptake can be achieved with the GalNac con-
jugate.20 This binds specifically to the asialoglycoprotein
receptor that is highly abundant on liver cells, and able
to generate receptor-mediated uptake of its ligand quickly
and efficiently, with a recycle time of ~15 minutes.

2.3 | Safety

There are two types of safety considerations for AON
therapies. First, there are sequence specific safety aspects.
For AON strategies aiming at protein knockdown, exag-
gerated pharmacology can be an issue, where too much
knockdown of the target transcripts and encoded proteins
in the target tissue, or the nontarget tissue can lead to
undesired effects. In addition, it is possible that the AON
binds to nontarget transcripts. The latter can often be
avoided using in silico screening to confirm uniqueness
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of the AON target in the human genome or trans-
criptome. However, some AON chemistries have a very
high affinity for RNA, and may also bind promiscuously
to other transcripts, despite one or more mismatches.
Searching for a target sequence that is as unique as possi-
ble can reduce this risk.

The second safety aspect is related to the chemical
modifications of the AONs.11,12 Different modifications
have their own safety profile, where AONs of the same
chemistry often behave as a class, with the exceptions of
some motifs that are known to induce an immune
response through activation of Toll-like receptors.21 Often
CpG motifs are involved in this, and methylating the “C”
nucleotides of the AONs generally negates this effect to a
great extent.22,23 Furthermore, one can screen for the
occurrence of these effects in vitro, thus deselecting
AONs that induce an immune response.

Overall, the PS backbone is the main driver of toxic-
ity. For a more elaborate outline of these effects we refer
the reader to review papers on this topic.24,25 In sum-
mary, through specific binding of serum proteins AONs
with a PS backbone can inhibit coagulation
(by inhibition of the tenase pathway) and activate com-
plement (through Factor H binding).25-27 In addition,
there are safety findings related to sites where AONs
accumulate, that is, liver, kidney, and lymph nodes.24

Proteinuria is frequently observed in patients who are
treated systemically and chronically with AONs, probably
due to accumulation of AONs in the proximal tubuli,
sometimes inducing apoptosis and hence interfering with
protein reabsorption. In the liver AONs are mainly taken
up by the Kupffer cells and hepatocytes. In lymph nodes
AON accumulation can result in an inflammatory
response. Subcutaneous delivery of PS-modified AONs
result in injection site reactions due to an as yet
unknown mechanism. Finally, in a subset of patients
thrombocytopenia has been reported to occur,24,28

resulting in hospitalization of patients and possibly death
for one patient.5 This risk of thrombocytopenia appears
to be sequence and dose dependent.29 With improved
chemistry, delivery vehicles and conjugates, patients can
now be dosed a lower levels, thus reducing the risk and
occurrence of side effects.

3 | HOW TO EXPLOIT ANTISENSE
OLIGONUCLEOTIDE DRUGS FOR
GENETIC DISEASES

AONs can be used to modulate gene expression by
targeting transcripts. First, AONs can be used to achieve
targeted knockdown of a toxic protein or a key protein in
a pathological pathway (Figure 1). It is also possible to

restore production of a missing protein by AON-induced
splicing modulation (Figure 2). Notably, as a genetic ther-
apy approach AONs differ in several ways from gene
addition approaches. First, AONs target gene transcripts,
while with gene therapy, generally cDNA of a missing or
mutated gene is provided. Due to turnover of AONs,
effects are transient, while for gene addition therapies
generally effects have a more permanent nature. AONs
are short, synthetic pieces of modified RNA or DNA,
which are mostly delivered without an excipient. Gene
addition therapies mostly rely on viral vectors to deliver
transgenes that can be thousands of bp long.

Here we will outline the different AON modalities
focusing on those that have been marketed so far.

3.1 | Protein knockdown

Single stranded AONs can induce targeted knockdown of
transcripts by activating RNase H, an enzyme that cleaves
DNA:RNA hybrids30(Figure 1B). Since RNase H-mediated
cleavage is initiated at the 20 position of the ribose, modifi-
cations at this position (eg, 2OMe, MOE) or modifications
that significantly alter the nucleotide structure (eg, PMO,
PNA) render AONs RNase H resistant. To still benefit from
the increased affinity of the modified nucleotides, generally
a gapmer AON is used, with a PS stretch in the middle that
initiates RNase H cleavage, flanked by more modified
nucleotides at both ends (Figure 1B). Examples of RNase H
AONs are mipomersen and volanesorsen (Table 1).8,31

These bind to Apo-B 100 and apolipoprotein C-III tran-
scripts, respectively, which are both highly expressed in
liver, one of the main target organs after systemic AON
delivery. Subcutaneous treatment with mipomersen and
volanesorsen has resulted in a significant reduction in cho-
lesterol or triglyceride levels in blood of patients with famil-
ial high cholesterolemia or triglyceridemia, respectively.
Mipomersen was approved in 2013 by the FDA, but was
discontinued in 2018 due to limited clinical effects and
safety concerns related to its hepatotoxicity.32

Double stranded siRNAs are another tool to achieve
transcript knockdown33 (Figure 1C). siRNAs “hijack” the
RNA-induced silencing complex (RISC), where the guide
strand of the siRNA is incorporated into the RISC and
binds specifically to the target, which is then degraded.
RISC induced silencing is a catalytic process and some
siRNAs have been shown to result in functional effects
that persists for months after treatment.34 The guide
strand generally cannot be chemically modified, because
this interferes with incorporation into the RISC complex.
However, the opposite strand (passenger strand) does tol-
erate chemical modifications, to ensure stability of the
siRNA.
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Currently, two siRNA AON has been approved,
patisiran and givosiran.7 Patisiran is an siRNA that tar-
gets transthyretin transcripts as a therapy for hereditary
transthyretin (hATTR)-mediated amyloidosis. These
patients have variants in the TTR gene that lead to aggre-
gation of transthyretin protein, resulting in a mul-
tisystemic disorder that includes polyneuropathy and
cardiac problems. The primary expression site for trans-
thyretin is liver hepatocytes. As mentioned, delivery of
double stranded siRNAs to any tissue is challenging.
Therefore, a lipid nanoparticle formulation is used to

ensure sufficient patisiran delivery to and uptake by
hepatocytes. In a clinical trial intravenous treatment
with patisiran resulted in a significant and clinically
relevant reduction of polyneuropathy.6 Notably,
inotersen is a single stranded RNase H cleavage induc-
ing AON that targets the same transcript as patisiran.
Subcutaneous delivery of inotersen has also been
approved by FDA and EMA for treatment of hATTR-
mediated amyloidosis based on a slower disease pro-
gression and improved quality of life for treated
patients compared to placebo.5

FIGURE 1 AON-mediated protein knockdown. A, The pre-mRNA transcribed from the DNA is spliced and capped to obtain the final

mRNA, which is exported to the cytoplasm and translated into protein at the ribosomes. B, As the single stranded AON binds to the mRNA,

this complex is recognized and degraded by RNaseH, an endonuclease present in nucleus and cytoplasm, blocking protein production. C,

From the double stranded siRNA, the guide strand is incorporated into the RNA-induced silencing complex (RISC). This complex

specifically binds the targeted mRNA, inducing its degradation and inhibiting protein production. D, The AON binds the mRNA, thereby

changing its conformation, preventing the formation of the ribosome and blocking the process of protein translation
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FIGURE 2 Schematic depiction of AON-mediated protein restoration strategies using on disease examples. A, Exon inclusion.

Normally, the majority of SMN2 transcripts does not include exon 7 which prevents the production of functional protein. By blocking an

intronic splice silencer that prevents recognition of exon 7, AON treatment stimulates the inclusion of exon 7 and thereby production of

functional protein. B, Exon skipping. The deletion of exons 49 and 50 disrupts the DMD open reading frame leading to a premature stop

codon. AON-mediated skipping of exon 51 restores the reading frame and allows production of partially functional protein. C, Restoring

pseudoexon inclusion. When a variant creates a novel intronic cryptic splice site, a pseudoexon can be included in the CLN7 transcript.

Blocking of this cryptic splice site by AONs restores normal splicing. D, Restoring partial intron retention. A variant-induced intronic cryptic

splice site leads to partial intron retention of FECH as this splice site is now used as splice acceptor site. Blocking of the cryptic splice

acceptor site restores normal splicing. E, Restoring cryptic splicing. In case of a variant-induced exonic cryptic splice site as in IDS, part of

the exon is excluded as the cryptic splice site is used. AON treatment prevents the used of the cryptic splice site and stimulates use of the

canonical splice site. F, Modulating alternative splicing. A variant in GAA silences the normal splice acceptor site of exon 2, thereby

enabling the inclusion of a natural pseudoexon. Blocking of the pseudoexon splice sites with AONs restores normal splicing. G, Another way

to prevent the inclusion of a pseudoexon in GAA is by strengthening the canonical splice sites of exon 2 by blocking of exonic splice

silencers in exon 2 with AONs. Note this figure shows several but limited examples of protein restoring strategies. Star, variant; triangle,

cryptic splice site
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Acute hepatic porphyria (OMIM#612740) is an
inherited metabolic disorder caused by variants in the
ALAD gene, that encodes the protein porphobilinogen
synthase, a protein involved in hepatic heme synthesis.
Defects in this gene results in accumulation of heme
intermediates. Givosiran is an siRNA that targets delta
aminolevulinic acid synthase 1 (ALAS1) transcripts,
which reduces the production of toxic intermediates. In a
clinical trial, subcutaneous givisoran treatment resulted
in a significant reduction of porphyria attacks in treated
patients, thus far without any sign of heme deficiency.9

Givisoran is the first approved oligonucleotide carrying a
GalNac conjugate.

3.2 | Protein restoration

Single stranded AONs that are fully RNase H resistant
can be used to modulate pre-mRNA splicing, the process
where introns are removed from gene transcripts, and
exons are joined to form the mRNAs35 (Figure 2).

The most notable example of a splice modulating is
the exon inclusion achieved by nusinersen (Figure 2A),
an intrathecally delivered MOEPS modified AON that is
approved for all types of spinal muscular atrophy (SMA),
a set of diseases characterized by the progressive loss of
motorneurons and motorfunction, ranging from very
severe (type I) to severe (type III) to the milder SMA type
IV.36 SMA type I patients never are able to sit indepen-
dently and generally die before the age of 2 years. SMA
types II and III have a later onset and patients are origi-
nally able to sit (type II) or stand (type III), but also here
patients suffer from progressive loss of motorneurons and
motor function. Type IV is a rare, adult-onset form of the
disease with a milder progression. SMA is caused by vari-
ants in the SMN1 gene that abolish production of survival
motorneuron (SMN) protein.37 Complete lack of SMN is
embryonically lethal. Primates carry a homologous
SMN2 gene, which allows the production of low levels of
SMN protein. While the SMN1 and SMN2 genes are
almost identical, small variations cause SMN2 exon 7 to
be very poorly recognized by the splicing machinery.
Thus, only 10% of the transcripts include exon 7 and
allow production of stable SMN protein. There is copy
number variation for SMN2, and the number of SMN2
gene inversely correlates with the severity of SMA.36

Nusinersen is an AON that binds to intron 7 of SMN2
transcripts and thereby facilitates recognition and mRNA
inclusion of exon 7 by the splicing machinery. Because
SMA primarily affects the motorneurons, delivery to the
nervous system is required. Intrathecal delivery of
nusinersen has been tested in double-blind, randomized
placebo-controlled clinical trials with SMA types 1 and II

patients and in each case the primary endpoint was
met already during interim analysis.38,39 For SMA type I
this involved event free survival, which was significantly
increased compared to sham treated patients, while for
SMA type II, the motor score was significantly improved
compared to baseline, while for sham treated patients it
declined. Since all types of SMA are characterized by pro-
gressive and irreversible loss of motorneurons, earlier treat-
ment would be preferred. A currently ongoing trial where
SMA patients are treated presymptomatically indeed sug-
gests that earlier treatment results in more significant thera-
peutic effects.40 Recently, also an adeno-associated viral
vector-mediated gene therapy (onasemnogene abeparvovec,
tradename Zolgensma) has been approved for treatment of
SMA patients by FDA and EMA. Now that multiple thera-
pies are available for this disease and in light of the prefer-
ence for early treatment, efforts to implement neonatal
screening for SMA are ongoing in various countries.41

Splice modulating AONs can also be used to induce
exon skipping, that is, remove an exon from the mRNA
transcript42 (Figure 2B). Duchenne muscular dystrophy
(DMD) is an early onset, severely progressive muscle
wasting disease, caused by variants in the DMD gene that
cause premature truncation of dystrophin protein transla-
tion. Dystrophin provides muscle fibers with stability by
connecting the actin cytoskeleton to the extracellular
matrix. Individuals with variants that do not disrupt the
open reading frame, allowing the production of internally
deleted dystrophins that maintain their connecting
domains are affected by the less severe Becker muscular
dystrophy. AON-mediated exon skipping can be used to
restore the reading frame of the DMD transcripts, all-
owing them to produce Becker-type, partially functional
dystrophins. This approach is variant specific. However,
most DMD patients carry a large deletion of one or more
exons, which cluster in a hotspot. As such, skipping cer-
tain exons applies to larger groups of patients. AONs
inducing exon 51 skipping, which applies to 14% of
patients, have been developed furthest.42 Because most of
the over 700 skeletal muscles in the human body are
affected by DMD, systemic treatment is required.
Drisapersen, a 2OMePS AON, was evaluated in 300 DMD
patients, and initially showed promising results in young
DMD patients, but a phase 3 trials failed to meet its pri-
mary endpoint (6 minute walking distance) and develop-
ment was abandoned.3 Eteplirsen, a PMO AON has
received accelerated approval by the FDA, based on
minute increases in dystrophin expression. Functional
efficacy has not yet been confirmed and evidence for this
needs to be provided to the FDA by 2021.3 Similarly,
golodirsen and viltolarsen, both PMOs for exon 53 skip-
ping received accelerated approval from FDA and condi-
tional approval from the Japanese Ministry of Health,
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Labour and Welfare recently, based only on increases in
dystrophin expression, while functional efficacy will need
to be confirmed in the future.

AON-mediated splicing modulation is also a very
appealing approach for cryptic splicing variants (Figure 2C).
These involve intronic variants that result in the inclusion
of an intronic part of the transcript in the mRNA transcript
(pseudo-exon). When these pseudoexons are blocked by
AONs, this may restore normal splicing and protein produc-
tion (Figure 2C). The challenge, however, is that generally
cryptic splicing variants are private, that is, occurring in
only a single patient or family. Nevertheless, proof-of-
concept of the feasibility of developing an AON treatment
for an individual cryptic splicing variant was recently
reported. This involved a patient with neuronal ceroid
lipofuscinosis 7 (a type of Batten's disease, a severe pro-
gressive neurodegenerative disorder, OMIM#610951).43

In this case, the disease was caused by compound het-
erozygous CLN7 variants, including one allele carrying
a variant that resulted in inclusion of a pseudoexon. A
team of researchers and clinicians managed to design
an AON, test it in patient-derived fibroblasts, have
interaction with and advice from FDA and perform the
required toxicity tests in rat, resulting in the initiation
of an N = 1 trial in the patient within a year of diagno-
sis. Currently the patient receives four intrathecal
injections of 42 mg “milasen,” a MOEPS AON, per
year. So far the treatment is tolerated well. Since the
initiation of the treatment functional scores, which
were mainly declining prior to treatment, have mostly
stabilized. Furthermore, a year after treatment onset,
the patients suffers from between 0 and 20 seizures per
day, which last less than a minute, where before treat-
ment, she experienced 15-30 seizures daily, which
lasted 1-2 minutes.

Additional efforts to develop AON therapies for
individual or small groups of patients have been initi-
ated at various locations. It is obviously impossible to
conduct clinical trials for these AONs. Nevertheless, it
will be important to measure efficacy in these patients
in some way, for example, by assessing functional
decline or evaluating whether the missing protein is
restored if this can be measured in an easily accessible
fluid or tissue.

4 | ANTISENSE
OLIGONUCLEOTIDES AS A
POTENTIAL TREATMENT FOR
INHERITED METABOLIC DISEASES

Approved therapies for the metabolic disorders familial
hypercholesterolemia and acute hepatic porphyria have

been discussed above. Clinical trials and preclinical stud-
ies are currently ongoing for the development of AON
therapies for several additional metabolic disorders
(Table 2) (previously reviewed by Perez et al89). These are
discussed in more detail later.

4.1 | Ongoing clinical trials with AONs
for metabolic diseases

AON therapies under development for familial hypercho-
lesterolemia (OMIM#607748) and primary hyperoxaluria
type 1 and type 2 (OMIM#259900 and 260000, respec-
tively) are currently tested in clinical trials.

While Mipomersen is an AON for the treatment of
familial hypercholesterolemia that has been approved by
the FDA, the EMA has not approved the use of this drug
due to cardiovascular complications and heightened enzy-
matic liver values (https://www.ema.europa.eu/documents/
assessment-report/kynamro-epar-public-assessment-report_
en.pdf). These findings warranted the investigation of alter-
native treatments. Currently, an AON aimed at knockdown
PCSK9, which encodes a protein that targets the LDL recep-
tor for lysosomal degradation, is in phase III clinical trials
and shows the ability to reduce cholesterol levels and has
an acceptable safety profile.34,58,59,61,63,64

Primary hyperoxaluria is caused by defects in the
enzyme alanine-glyoxylate aminotransferase (type
1, OMIM#259900) or glyoxylate reductase (type
2, OMIM#260000) leading to overproduction of oxa-
late. This results in severe kidney problems including
calcium oxalate kidney stones, progressive oxalate
nephropathy, and kidney failure. Advanced cases of the
disease show systemic symptoms that can lead to severe
morbidity and may eventually cause death. Knockdown of
HAO1 (type 1) or LDHA (type 2) transcripts, which func-
tion upstream in the oxalate synthesis pathway using
siRNA AONs reduces urinal oxalate content in preclinical
studies, and early phase clinical trials. Phase 3 studies are
currently underway for treatment of patients with primary
hyperoxaluria type 1.82-87

4.2 | Preclinical AON studies for
metabolic diseases

4.2.1 | AON-mediated skipping of
intronic variant-induced pseudoexons

Splice modulating AONs have also been investigated in pre-
clinical studies for inherited metabolic diseases. Interest-
ingly, this mostly concerned studies where intronic disease-
associated variants generated a cryptic splice site that
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induced inclusion of a pseudoexon into the mRNA tran-
script. This disease mechanism has been exploited to
develop a new treatment for several disorders based on
blockage of the induced cryptic splice site (Table 2). As an
example, erythropoietic protoporphyria (OMIM#177000)
will be discussed here.49 This disease is caused by reduced
levels of ferrochelatase protein, an enzyme involved in
heme synthesis. When the ferrochelatase levels are below
35% of normal values, photosensitive protoporphyrin IX
accumulates in red erythrocytes, plasma, skin, bile and
feces. The most prominent clinical feature is photosensitiv-
ity. In over 90% of patients, this disease results from the
inheritance of a mutated FECH allele in trans with a hypo-
morphic allele harboring a single nucleotide polymorphism
(SNP) in intron 3. This SNP activates a pseudoexon that is
included in a subset of transcripts. As such only reduced
amounts of functional ferrochelatase protein are produced
from this allele. Interestingly, since the vast majority of
affected patients carry this SNP, a reduction of cryptic splic-
ing should apply to most patients (Figure 2D). An AON
targeting the pseudoexon has been developed and tested in
patient derived cultured cells. It has also been tested in
patient erythrocyte precursor cells, where treated cells
showed a reduction in protoporphyrin IX accumulation.49

Several other metabolic disorders for which AON treat-
ments are under development appear to involve exclusion
of variant-induced pseudoexons to restore normal splicing.
These include 6-pyruvoyl-tetrahydropterin synthase defi-
ciency (OMIM#261600), congenital disorder of glycosyla-
tion type 1a (CDG-1a) (OMIM#212065), Fabry disease
(OMIM#301500), hereditary myopathy with lactic acidosis
(OMIM#255125), methylmalonic aciduria and propionic
acidaemia (OMIM#251000 and 606054, respectively),
Niemann-Pick type C1 (OMIM#257220), and ocular albi-
nism Type I (OMIM#300500) (Table 2).44,48-50,66-68,73,74

This highlights the relatively high prevalence of variant-
induced pseudoexon inclusion as a disease mechanism of
metabolic disorders caused by missplicing. These types of
variants appear to be promising candidates for restoring
canonical splicing using an AON.

4.2.2 | Substrate-reduction therapy using
AONs as a potential treatment for
metabolic disorders

Metabolic diseases including lysosomal storage diseases
are characterized by the accumulation of substrates due
to deficiency of specific metabolic enzymes.90 AON treat-
ments that aim at reducing substrates using knockdown
of genes that are important for production of the sub-
strate, termed substrate reduction therapy (SRT), have
been investigated for several diseases (Figure 1).

Mucopolysaccharidosis type I and III (OMIM#607015
and 252900, respectively) are characterized by the accu-
mulation of the polysaccharide heparan sulphate. Several
studies have investigated the use of AONs to knock down
genes involved in the production of heparan sul-
phate.69,72 For Gaucher disease (OMIM#231000) knock-
down of UDP-glucose ceramide glucosyltransferase
(UGCG) using an siRNA has been tested in an effort to
reduce glycosphingolipid levels.65 SRT has also been
applied for Pompe disease (OMIM#232300), aimed at
reduction of cytoplasmic glycogen by knock down of gly-
cogen synthase to reduce glycogen levels in lysosomes.76

Lastly, SRT for Canavan disease (OMIM#271900), a vacu-
olar leukodystrophy caused by accumulation of N-acetyl-
L-aspartate (NAA), has been developed that utilizes a
gapmer design AON to knockdown a protein involved in
NAA synthesis.47

4.2.3 | Other splice switching
mechanisms utilized for metabolic
disorders

Additional splicing variants for which AONs could be a
treatment strategy have been studied, such as a variant in
the IDS gene that resulted in the generation of a new
splice acceptor site within exon 8 (Figure 2E). Conse-
quently, the first part of exon 8 was not included in the
mRNA, thus abolishing the production of idunorate-
2-sulphatase (IDS) protein and resulting in muco-
polysaccharidosis II, a lysosomal storage disease
(OMIM#309900). Here AON treatment of cells expressing
a minigene system that recapitulated the variant resulted
in two types of transcripts, one where normal splicing
was restored, and one where exon 8 was skipped
completely.70,71 A splice switching AON that utilizes a
similar mechanism has been designed for the treatment
of pyridoxine-dependent epilepsy (OMIM#266100).88

Splice-switching AONs have also been applied as a
therapeutic strategy for Pompe disease. Pompe disease is
a lysosomal storage disorder caused by variants in the
GAA gene, thereby disrupting the production of the
enzyme acid α-glucosidase (GAA), which results in glyco-
gen accumulation throughout the body, leading to pro-
gressive myopathy. Recombinant enzyme replacement
therapy is an approved therapy for Pompe disease, but
this treatments has several drawbacks, including a vary-
ing response to treatment and formation of neutralizing
antibodies. Multiple AONs have been generated to cor-
rect aberrant splicing caused by several different rare var-
iants present in the Pompe population.77 These variants
resulted in utilization of natural or variant-induced cryp-
tic splice sites. The AONs in this study were designed to
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sterically block these cryptic splice sites, and showed an
increase of canonical splicing in all cases. Although these
AONs look promising, they can only be utilized in a
small part of the Pompe disease population. Most effort
has focused on restoring canonical splicing in patients
with Pompe disease that carry the c.-32-13T>G splicing
variant.78-81 Approximately 80% of Caucasian childhood
and adult onset patients carry this variant in intron
1, which decreases the recognition of the splice acceptor
site of exon 2 by the splicing machinery (Figure 2F,G).
This results in inclusion of an intronic natural
pseudoexon. Since the splice donor site of the natural
pseudoexon is relatively close to the canonical exon
2 acceptor, exon 2 is excluded in the majority (~85%) of
transcripts. Since exon 2 contains the AUG start codon,
these transcripts cannot produce functional protein.
However, these patients can produce low levels of GAA
from the low levels of canonically spliced transcripts,
thus explaining the late onset of the disease. In fibro-
blasts and iPSC-derived myotubes generated from these
patients, it has been possible to almost fully restore exon
2 inclusion using AONs that target the splice sites of the
physiological pseudoexon (Figure 2F). This resulted in
restoration of GAA enzyme activity. In another strategy,
AONs promoted exon 2 inclusion by targeting exon
2 itself, which most likely involve the suppression of
exonic splice silencer elements80,81 (Figure 2G). This
approach may offer an alternative to enzyme replacement
therapy for patients with the c.-32-13T>G splicing variant
in the future.

5 | CONCLUDING REMARKS

AON therapies are coming of age, with multiple
approved drugs and tens of late phase clinical trials ongo-
ing. AON therapies also offer promise for inherited
metabolism diseases. When evaluating whether AON
therapy could be an option for any disease, the target tis-
sue is probably the most important consideration. Effi-
cient delivery is possible for liver, the nervous system and
also for the eye. For other tissues, this is more challeng-
ing. Furthermore, due to turnover and clearance of
AONs, target transcripts and proteins, AONs have only
transient effects and treatment has to be repeated. The
frequency depends on the target tissue, but also the
dynamics of the target transcript and proteins. With other
therapeutic areas are also maturing, such as gene ther-
apy, one now has a choice between therapeutic modali-
ties. Which one is more optimal will have to be
determined on a case by case basis and depends on sev-
eral factors such as target tissue, severity of the disease
and speed of disease progression. For AAV gene therapy

preexisting immunity to the viral vector used would pre-
clude patients from being treated. The older patients are
the higher the chance that they have undergone a natural
AAV infection and thus have already developed anti-
AAV antibodies. For AONs preexisting immunity is not
an issue, although immune resonses to RNA-based treat-
ments should be considered. Gene therapy will generally
restore a missing protein, while with AONs it is possible
to restore a protein, but also to achieve knockdown.
While gene therapy is generally perceived as a one-time
treatment, in some forms like AAV, delivered transgenes
remain cytoplasmic, so they will be lost with turnover of
tissue. Retreatment with AAV is not an option as yet, so
in those cases, AON treatment could be an option once
the therapeutic effects of gene therapy have been lost.

Currently approved AONs mainly target rare diseases
and are expensive. These high costs are not something
specific for AONs, but relate to the fact that development
costs for rare disease drugs are often comparable to those
for common diseases. Since the number of treated
patients is lower, development costs per patients are
higher. Due to the high costs, reimbursement and there-
fore access can be challenging. In addition, in the
European Union, where EMA approved drugs have to be
marketed in each member state individually, the time
between approval and access can be long depending on
the marketing requirements which vary for different
countries. The international rare disease research consor-
tium (IRDiRC) aims to address these and other chal-
lenges facing the rare disease therapy field.91

Many AONs require treatment in a hospital (eg, intra-
thecal and intravenous infusions), which leads to addi-
tional costs and burden to the health care system.
Nevertheless, there are also AONs in development for
common diseases, for example, in a phase 2 study, subcu-
taneous treatment with 300 mg inclisiran, a GalNac-
conjugated siRNA targeting PSK9 can reduce cholesterol
of over 50% for 6 months with only minor side effects.34

If the efficacy and safety can be confirmed in the cur-
rently ongoing phase III study involving 15 000 individ-
uals, inclisiran treatment may offer an alternative to
statins. With 10 approved AONs, 3 of which in the last
6 months, and more AONs being tested in phases II and
III clinical trials with favorable results so far, it seems
that AON therapy is now coming of age as a therapeutic
modality.
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