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ABSTRACT

The market for large molecule biologic drugs has grown rapidly,
including antisense oligonucleotide (ASO) drugs. ASO drugs work
as single-stranded synthetic oligonucleotides that reduce produc-
tion or alter functions of disease-causing proteins through various
mechanisms, such as mRNA degradation, exon skipping, and
ASO-protein interactions. Since the first ASO drug, fomivirsen,
was approved in 1998, the U.S. Food and Drug Administration
(FDA) has approved 10 ASO drugs to date. Although ASO drugs
are efficacious in treating some diseases that are untargetable by
small-molecule chemical drugs, concerns on adverse drug reac-
tions (ADRs) and toxicity cannot be ignored. Illustrative of this,
mipomersen was recently taken off the market due to its hepatotox-
icity risk. This paper reviews ADRs and toxicity from FDA drug
labeling, preclinical studies, clinical trials, and postmarketing real-
world studies on the 10 FDA-approved ASO drugs, including
fomivirsen and pegaptanib, mipomersen, nusinersen, inotersen,
defibrotide, eteplirsen, golodirsen, viltolarsen, and casimersen.
Unique and common ADRs and toxicity for each ASO drug are

summarized here. The risk of developing hepatotoxicity, kidney
toxicity, and hypersensitivity reactions co-exists for multiple ASO
drugs. Special precautions need to be in place when certain ASO
drugs are administrated. Further discussion is extended on
studying the mechanisms of ADRs and toxicity of these drugs,
evaluating the existing physiologic and pathologic states of
patients, optimizing the dose and route of administration, and for-
mulating personalized treatment plans to improve the clinical util-
ity of FDA-approved ASO drugs and discovery and development
of new ASO drugs with reduced ADRs.

SIGNIFICANCE STATEMENT

The current review provides a comprehensive analysis of unique
and common ADRs and the toxicity of FDA-approved ASO drugs.
The information can help better manage the risk of severe hepato-
toxicity, kidney toxicity, and hypersensitivity reactions in the usage
of currently approved ASO drugs and the discovery and develop-
ment of new and safer ASO drugs.

Introduction

If a drug at an administered dose results in a plasma drug concentra-
tion over the minimal toxic concentration, it may cause adverse drug
reactions (ADRs) and toxicity. This is also the case for next-generation
therapeutics, such as antisense oligonucleotide (ASO) drugs. ASOs are
a class of biologic entities with a fast-growing pace of development in
recent years, with an innovative and promising approach for treating
both rare and common human diseases. ASO drugs are therapeutic
agents capable of reducing the abundance of proteins that cause human

diseases (Roberts et al., 2020). ASO drugs employ single-stranded
chains of synthetic oligonucleotides that block the ability of mRNA
molecules to be translated into proteins through a variety of mechanisms
(Crooke, 2017). Compared with small molecule-based chemical drugs,
ASO drugs have shown distinct advantages in targeting diseases at the
genetic level and may become highly useful in routine clinical practice
to treat a diverse number of human diseases and conditions.
Although ASO drugs are highly promising pharmacotherapies, ADRs

and toxicity are equally concerning in the development of ASO drugs
as more conventional therapeutic agents. The safety assessment of
ASOs has already revealed that this class of drugs has some shared
ADRs with varying levels of severity. Some ASO drugs have shown
certain toxicity levels during clinical trials, such as in the case of mipo-
mersen and hepatotoxicity (Wong and Goldberg, 2014). The U.S. Food
and Drug Administration (FDA) withdrew mipomersen in 2019 from
the market after only 5 years after use approval due to its hepatotoxic
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liability. Therefore, it is critical to understand what types of ADRs and
toxicities can be caused by ASO or ASO drug candidates and under-
stand the underlying molecular mechanisms. The purpose of this review
is to provide critical analysis of both frequently encountered and idio-
syncratic ADRs and toxicities among the 10 FDA-approved ASO drugs.
The article will cover a brief historical perspective on ASO drugs,
recent fundamental discoveries, current challenges and knowledge gaps,
and future perspective directions in consideration of ADRs and toxicity
of the 10 FDA-approved ASO drugs.

Brief Historical Perspective. The development of ASOs as thera-
peutic agents spans more than 30 years since ASOs were first demon-
strated to influence RNA processing and modulate the translation of
proteins from mRNAs back in 1978 (Stephenson and Zamecnik, 1978).
It took a subsequent 20 years for the first ASO drug, fomivirsen (Table
1), to be approved by the FDA in 1998 (Marwick, 1998). After a slow
pace during the following 18 years, the FDA approved only two new
ASO drugs (pegaptanib in 2004 and mipomersen in 2013). Since then,
the pace has markedly quickened, and the FDA has approved a total of
seven new drugs (defibrotide, eteplirsen, nusinersen, inotersen, golodirsen,
viltolarsen, and casimersen) up to the present time. Currently, more than
100 ASOs are in the clinical drug development pipelines, and many more
are in various preclinical development stages (Dhuri et al., 2020). In the
coming years, ASO drugs may become frequently used for routine clini-
cal treatment of human diseases, and perhaps they can become as promi-
nent in their clinical utility as small-molecule chemical drugs.
ADRs and toxicity are always of concern during ASO drug discovery

and development. For example, when mipomersen was approved by the
FDA, a black-box warning existed regarding the risk of liver enzyme
(transaminase) elevation and hepatic steatosis. The drug was only pre-
scribed to patients who participated in a risk evaluation and mitigation
strategy (REMS) (Dixon et al., 2014). After further use for several years
under restrictive guidelines, the FDA withdrew mipomersen from the
market in 2019 due to an unacceptable risk of hepatotoxicity. Numerous

class-wide and idiosyncratic ADRs and toxicities are known for other
FDA-approved ASO drugs. Therefore, understanding why ADRs and
toxicity occur at mechanistic and physiologic levels is prudent for
developing future efficacious ASO drugs while avoiding such safety
liabilities.
Key Recent Advances. A comprehensive analysis of ADRs and

associated toxicity is provided for each of the following FDA-approved
ASO drugs: fomivirsen, pegaptanib, mipomersen, defibrotide, eteplirsen,
nusinersen, inotersen, golodirsen, viltolarsen, and casimersen.
Fomivirsen (Vitravene). Fomivirsen is the first FDA-approved

ASO drug. Known commercially as Vitravene, it was manufactured by
Isis Pharmaceuticals (now Ionis Pharma) and received FDA approval
on August 26, 1998, for the treatment of cytomegalovirus (CMV)
retinitis (Roehr, 1998). CMV retinitis is an infection that targets the
light-sensing cells in the retina (Port et al., 2017). Fomivirsen is a phos-
phorothioate ASO drug that inhibits human CMV replication through
an antisense mechanism (de Smet et al., 1999).
The commonly observed ADRs of Fomivirsen in clinical trials were

increased intraocular pressure and ocular inflammation. Approximately
25% of patients experienced these ADRs during loading dosing (Perry
and Balfour, 1999; Vitravene Study Group, 2002). Other ADRs of
fomivirsen reported during the clinical trials included ophthalmic dys-
functions, such as anterior chamber inflammation, abnormal vision, cat-
aract, decreased visual acuity, eye pain, and floaters. Fomivirsen was
observed to also accumulate in the plasma at detectable concentrations,
and also in the liver and kidneys. Some of the more frequent systemic
side effects included anemia, diarrhea, abnormal pain, asthenia, fever,
infection, nausea, headache, pneumonia, sepsis, rash, vomiting, sinusitis,
and systemic CMV infection. Additional ADRs that occurred less fre-
quently in patients included application site reactions, decreased periph-
eral vision, hypotony, corneal edema, eye irritation, retinal vascular
disease, optic neuritis, vitreous opacity, and visual field defects.
Limited open-label clinical studies have been done on fomivirsen to

evaluate its safety. However, systemic accumulation of fomivirsen was

TABLE 1

FDA-approved ASO drugs between 1998 and 2021

ASO Drug Brand Name
Company for
Manufacture Disease to Be Treated Therapeutic Target FDA Approval Date

ASO Drugs Targeting mRNAs and Pre-mRNAs

Fomivirsen Vitravene Isis Pharmaceuticals Cytomegalovirus
retinitis

Cytomegalovirus
IE2mRNA

NDA 20-96108/26/1998a

Mipomersen Kynamro Genzyme Homozygous familial
hypercholesterolemia

Apolipoprotein B
mRNA

NDA 20356801/29/2013b

Eteplirsen Exondys 51 Sarepta Therapeutics Duchenne muscular
dystrophy

Exon 51
dystrophinpre-mRNA

NDA 20648809/19/2016

Nusinersen Spinraza Biogen Spinal muscular
atrophy

Survival motor
neuron-2(SMN-

2)mRNA

NDA 20953112/23/2016

Inotersen Tegsedi Ionis
Pharmaceuticals

Polyneuropathy of
amyloidosis

Transthyretin
(TTR)mRNA

NDA 21117210/05/2018

Golodirsen Vyondys 53 Sarepta Therapeutics Duchenne muscular
dystrophy

Exon 53
dystrophinpre-mRNA

NDA 21197012/12/2019

Viltolarsen Viltepso Nippon Shinyaku Co Duchenne muscular
dystrophy

Exon 53
dystrophinpre-mRNA

NDA 21215408/12/2020

Casimersen Amondys 45 Sarepta Therapeutics Duchenne muscular
dystrophy

Exon 45
dystrophinpre-mRNA

NDA 21302602/25/2021

ASO Drugs Targeting Proteins

Pegaptanib Macugen Eyetech
Pharmaceuticals

Neovascular macular
degeneration

Vascular endothelial
growth factor

NDA 21-75612/17/2004

Defibrotide Defitelio Jazz Pharmaceuticals Veno-occlusive
disease

Multiple mechanisms
of action

NDA20811403/30/2016

NDA, new drug application number.
aWithdrew in the European Union market in 2002 and in the United States in 2006.
bWithdrew in the U.S. market in 2019.
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noted in animal studies following single or repeated intravitreal injec-
tions in monkeys at levels below 70 ng/ml in plasma and 350 ng/g in
tissues. Metabolites of fomivirsen were detected in the liver, kidney,
and plasma at a concentration of 14 ng/ml in plasma and 70 ng/g in tis-
sues in monkeys treated with fomivirsen every other week for up to
3 months.
Fomivirsen was withdrawn from the European market in 2002 and the

United States in 2006 due to the development of highly effective antire-
troviral therapies for the same indication. In addition, the number of
CMV cases dramatically decreased, and Ionis Pharmaceuticals stopped
marketing the drug.
Pegaptanib Sodium (Macugen). Pegaptanib sodium, sold under

the name of Macugen, is manufactured by Eyetech Pharmaceuticals and
was approved by the FDA on December 17, 2004, for the treatment of
neovascular (wet) age-related macular degeneration (AMD) (Tobin,
2006). AMD can present itself in two forms, as blurred or no vision in
the center of the visual field (Nowak, 2006). The number of AMD
patients was estimated to be 196 million in 2020 and the projections are
for 288 million cases by 2040 globally (Jonas et al., 2017). Macugen is
an aptamer oligonucleotide with a three-dimensional conformation,
enabling it to bind to extracellular vascular endothelial growth factor
(VEGF) as an antagonist (Katz and Goldbaum, 2006). VEGF induces
angiogenesis and increases vascular permeability and inflammation,
which contribute to AMD. Pegaptanib inhibits VEGF, suppressing path-
ologic neovascularization.
ADRs were observed in two clinical trials with controlled, double-

masked, randomized studies in approximately 1,200 patients with neovas-
cular AMD (Chakravarthy et al., 2006). The patients were randomized
and administered either 0.3 mg of Pegaptanib sodium or placebo once
every 6 weeks for 8-9 treatments, intravitreally. The group treated with
0.3 mg Pegaptanib sodium exhibited a statistically significant reduction in
the rate of vision decline as compared with the placebo group. The most
frequently reported ADRs in the clinical studies included anterior chamber
inflammation, blurred vision, cataract, conjunctival hemorrhage, corneal
edema, eye discharge, eye irritation, eye pain, hypertension, increased
intraocular pressure (IOP), ocular discomfort, punctate keratitis, reduced
visual acuity, visual disturbance, vitreous floaters, and vitreous opacities
(observed in 10–40% of patients). Approximately 6–10% of patients
treated with pegaptanib sodium demonstrated ADRs that included ocular
(blepharitis, conjunctivitis, photopsia, and vitreous disorder) and nonocular
(bronchitis, diarrhea, dizziness, headache, nausea, and urinary tract infec-
tion) reactions. Approximately 1–5% of patients treated exhibited ocular
side effects, such as allergic conjunctivitis, conjunctival edema, corneal
abrasion, corneal deposits, corneal epithelium disorder, endophthalmitis,
eye inflammation, eye swelling, eyelid irritation, meibomianitis, mydriasis,
periorbital hematoma, retinal edema, and vitreous hemorrhage. Approxi-
mately 1–5% of patients reported some nonocular events, including arthri-
tis, bone spurs, carotid artery occlusion, cerebrovascular accident, chest
pain, contact dermatitis, contusion, diabetes mellitus, dyspepsia, hearing
loss, pleural effusion, transient ischemic attack, urinary retention, vertigo,
and vomiting. Serious ADRs related to the treatment with Pegaptanib
sodium occurred in <1% of those treated, and these included endophthal-
mitis, retinal detachment, and iatrogenic traumatic cataract.
Warnings and precautions in the FDA-approved drug label for

Macugen include endophthalmitis, increases in intraocular pressure,
and anaphylaxis. Monitoring for infection, intraocular pressure, and
the perfusion of the optic nerve head is recommended by the FDA.
ADRs of Pegaptanib in postmarketing settings were further compared

with the premarketing clinical trials findings (Penedones et al., 2014).
Both in pre- and postmarketing settings, ocular ADRs were more fre-
quent than nonocular ADRs. In addition to the observed ADRs in the
premarketing settings, the postmarketing findings have been typified by

an increased number of events, such as retinal pigmented epithelium
tears, thromboembolic events, and mortality.
Mipomersen (Kynamro). Mipomersen was manufactured by Gen-

zyme Corporation and approved by the FDA on January 29, 2013 (Hair
et al., 2013), to reduce low-density lipoprotein-cholesterol (LDL-C),
apolipoprotein B (apo B), total cholesterol, and non–high-density lipo-
protein-cholesterol (non–HDL-C) in patients with homozygous familial
hypercholesterolemia (HoFH). Mipomersen is an ASO drug that inhibits
APO B-100 synthesis used in combination with diet modification and
lipid-lowering medications (Bell et al., 2011).
ADRs were described in four phase 3 clinical trials (ClinicalTrials.gov

NCT00607373, NCT00706849, NCT00770146, and NCT00794664).
These clinical trials were randomized, double-blinded, placebo-controlled
studies with a total of 390 patients at a ratio of 2:1 for weekly subcutane-
ous injections of 200 mg of mipomersen or placebo for a median treat-
ment of 25 weeks (Santos et al., 2015). The most common ADR,
injection site reactions, occurred in 84% of patients and typically con-
sisted of pain, local swelling, erythema, pruritus, and tenderness. Further-
more, flu-like symptoms, such as fatigue, influenza-like illness, chills,
pyrexia, arthralgia, myalgia, or malaise were reported in approximately
30% of the patients within 2 days of treatment initiation (Reeskamp
et al., 2019). Other less common ADRs (3–15%) included vascular dis-
order (hypertension), cardiac disorders (angina pectoris and palpitations),
musculoskeletal and connective tissue disorders (pain in extremity and
musculoskeletal pain), gastrointestinal disorders (nausea, vomiting, and
abdominal pain), and nervous system and psychiatric disorders (head-
ache and insomnia).
A black-box warning for the risk of hepatotoxicity, including eleva-

tion of transaminases and hepatic steatosis, was placed in the FDA-
approved drug labeling of mipomersen. In clinical trials, 12% of the
patients with HoFH treated with mipomersen compared with 0% of
subjects treated with placebo had elevations in alanine transaminase
(ALT) $3× the upper limits of normal (ULN), and 9% in the mipo-
mersen group compared with 0% of placebo patients had at least one
elevation in ALT $ 5 × ULN (Thomas et al., 2013). The FDA sug-
gested that before initiating treatment with mipomersen, a full panel of
liver function tests that include ALT, aspartate transaminase (AST),
total bilirubin, and alkaline phosphatase should be conducted. Patients
with moderate or severe hepatic impairment, or active liver diseases,
including unexplained persistent elevations in serum transaminases, are
contraindicated in the use of mipomersen.
Another FDA warning is hepatic steatosis. During clinical trials in

patients with HoFH and hyperlipidemia, the median absolute increase in
hepatic fat was 10% after 26 weeks of treatment compared with base-
line (0%). The increase in hepatic fat (hepatic steatosis) is a risk factor
for advanced liver diseases, including steatohepatitis and cirrhosis (Nas-
sir et al., 2015). Because of the risk of hepatotoxicity, mipomersen is
only available through a restricted program under a REMS, called the
Kynamro REMS (Gupta, 2015). Mipomersen is no longer available
after its distribution was terminated in 2019 due to the risk of hepato-
toxicity (Lui et al., 2021).
Defibrotide Sodium (Defitelio). Defibrotide sodium, manufactured

by Jazz Pharmaceuticals and sold under the name Defitelio, was
approved by the FDA on March 30, 2016, for the treatment of adult or
pediatric patients with hepatic veno-occlusive disease (VOD) and renal
or pulmonary dysfunction following hematopoietic stem-cell transplan-
tation (Choy, 2016). Defibrotide is a mixture of single- and double-
stranded phosphodiester oligonucleotides (9–80, average 50 nucleotides)
extracted through controlled depolymerization of porcine gut mucosa
(Kornblum et al., 2006). Although the mechanism of action has not
been fully elucidated, in vitro studies showed that defibrotide sodium
reduces hepatic sinusoidal endothelial cell activation and protects them
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from damage. Also in vitro, it promotes hydrolysis of fibrin clots by
enhancing the enzymatic activity of factors such as plasmin and tissue
plasminogen activator (Richardson et al., 2017). The clinically recom-
mended dosage of defibrotide is 6.25 mg/kg given every 6 hours as an
intravenous infusion over 2 hours, which should be dosed based on the
baseline body weight of the patient.
ADRs of defibrotide were defined based on interventional and

expanded clinical trial studies, including NCT00272948, NCT00358501,
and NCT00628498 (Kessler-Icekson et al., 1988; Corbacioglu et al.,
2012; Richardson et al., 2016). Patients with VOD received either defib-
rotide at 6.25 mg/kg intravenously every 6 hours or placebo (given as a
2-hour infusion) for at least 21 days up to 60 days. The most common
ADRs included hypotension, diarrhea, vomiting, nausea, and epistaxis
(incidence > 10%). The most common ADRs with an incidence of 5%
or greater included hypotension (11%) and pulmonary alveolar hemor-
rhage (7%).
The warnings and precautions in the FDA-approved drug label of

Defitelio include hemorrhage and hypersensitivity reactions. As previ-
ously stated, since Defibrotide increases the in vitro activity of fibrino-
lytic enzymes, it may increase the risk of bleeding in patients with
VOD after hematopoietic stem-cell transplantation. Hypersensitivity
reactions occurred in less than 2% of patients and included rashes, urti-
caria, and angioedema. Patients on defibrotide treatment should be mon-
itored for both bleeding and hypersensitivity reactions.
Eteplirsen (Exondys 51). Eteplirsen is manufactured by Sarepta

Therapeutics and received an accelerated FDA-approval on September
19, 2016 (Syed, 2016), to treat Duchenne muscular dystrophy (DMD).
DMD is the most common type of muscular dystrophy, affecting 7.1 per
100,000 males and 2.8 per 100,000 in the general global population (Cri-
safulli et al., 2020). Muscle weakness usually begins around the age of 4
and worsens quickly, and most are unable to walk by the age of 12
(Bushby et al., 2010). DMD is caused by mutations of the dystrophin
gene, encoding dystrophin protein responsible for connecting the actin
cytoskeleton of each muscle fiber to the underlying extracellular matrix
(Elangkovan and Dickson, 2021). Although there is no known cure,
some medications may help to improve symptoms, including steroids,
anticonvulsants, and immunosuppressants (Beyt�ıa et al., 2012). Recently,
ASO-mediated exon-skipping therapies have been developed as precision
medicine for the treatment of DMD (Matsuo, 2021). Eteplirsen is an
ASO drug indicated for the treatment of DMD in patients who have a
confirmed mutation of the dystrophin gene that is circumvented by ASO-
induced skipping of exon 51 during spicing of the dystrophin pre-
mRNA. Exondys 51, as eteplirsen is commercially known, binds to exon
51 of dystrophin pre-mRNA, resulting in exclusion of this exon during
mRNA processing (Lim et al., 2017). The clinical dose recommended
for Exondys 51 is 30 mg/kg once weekly given as 35- to 60-minute intra-
venous infusion.
Eteplirsen’s ADRs were reported in a phase 2 clinical study with

12 participants (NCT01396239). This was a double-blind placebo-
controlled randomized trial (Mendell et al., 2013). The participating
patients were randomized to weekly intravenous infusions of 30 and
50 mg/kg eteplirsen, or placebo for 24 weeks. The most common ADRs
of eteplirsen were balance disorder, vomiting, and contact dermatitis.
These ADRs had an incidence at least 25% higher than placebo in all 12
DMD patients treated with either dose of eteplirsen (Mendell et al.,
2013). Because of the small numbers of patients in this study, these
ADR frequencies may not reflect the frequencies observed in practice. In
a follow-up phase 3 clinical trial (NCT02255552) with 109 patients who
received at least 30 mg/kg/week of eteplirsen for up to 144 weeks, at
least 10% of patients reported vomiting, contusion, excoriation, arthral-
gia, rash, catheter site pain, and respiratory tract infection. Less than
1% of patients had bronchospasm, cough, dyspnea, fever, flushing,

hypersensitivity reaction, hypotension and urticaria from postmarketing
surveillance and case reports. Transient erythema, facial flushing, and
elevated temperature had been reported on days of eteplirsen infusion.
Because only three clinical studies had evaluated eteplirsen, the informa-
tion for monitoring parameters is lacking. There are no animal data
available to assess the use of eteplirsen during pregnancy and the effect
of the drug on milk production.
A warning and precaution for hypersensitivity reaction has been

placed in the FDA-approved drug label of eteplirsen. In the clinical tri-
als, some patients treated with eteplirsen presented with hypersensitivity
reactions, including rash, pyrexia, flushing, urticaria, bronchospasm,
dyspnea, and cough. The FDA recommends following the institute-
appropriate medical treatment of these ADRs. Another recommendation
is to consider slowing drug infusion or interrupting eteplirsen therapy
altogether if hypersensitivity reactions arise.
Nusinersen (Spinraza). Nusinersen is manufactured by Biogen and

was approved by the FDA on December 23, 2016, for the treatment of
spinal muscular atrophy (SMA) in pediatric and adult patients (Hoy,
2017). SMA is a rare neuromuscular disorder that results in the loss of
motor neurons and progressive muscle wasting. Reported prevalence of
SMA is approximately 1–3 per 100,000 among different populations
(Bertolin et al., 2019; Ito et al., 2022). Nusinersen is the first FDA-
approved drug to treat SMA (Son and Yokota, 2018). This is a survival
motor neuron-2 (SMN2)-directed ASO drug designed to treat SMA
caused by mutations in chromosome 5q that lead to SMN protein defi-
ciency (Claborn et al., 2019). Nusinersen is initiated as four loading
doses and a maintenance dose. The first three doses are administered at
14-day intervals, and the fourth one is administered 30 days after the
third dose. Maintenance doses are given every 4 months after the fourth
loading dose.
ADRs were determined in numerous clinical trials, including

NCT01494701, NCT01703988, NCT01839656, NCT02193074, NCT-
02292537, NCT01780246, and NCT02052791 (Darras et al., 2019).
The ADRs were analyzed from 323 infants and children who either
received nusinersen at 12 mg per administration at 14-day intervals or
underwent sham procedures (Darras et al., 2019). The most common
ADRs reported in approximately 20% of treated patients were vomit-
ing, constipation, back pain, headache, pyrexia, and lower respiratory
tract infections. ADRs of lower frequency included decreased weight,
seasonal allergy symptoms, falls, epistaxis, flatulence, upper respira-
tory tract congestion, urinary tract infection, and ear infection.
After administration of nusinersen therapy is associated with throm-

bocytopenia and coagulation abnormalities. In the clinical studies (Mer-
curi et al., 2018; Darras et al., 2019), 16% nusinersen-treated patients
with normal or elevated platelet levels at baseline developed a platelet
level below the lower limits of normal. Because of the risk of thrombo-
cytopenia and coagulation abnormalities, patients treated with nusi-
nersen may be at increased risk of bleeding complications. Nusinersen
is present in and excreted by the kidney. Renal toxicity, including
potentially fatal glomerulonephritis, was observed after administration
of nusinersen. In the same clinical studies, 58% of Nusinersen-treated
patients had elevated urine protein, compared with 34% sham-control
group. The mechanism of renal and liver injury is most likely due to
drug accumulation with repeated doses, because subcutaneously or
intravenously administered ASOs bind to plasma proteins that are fil-
tered at the glomerulus and then reabsorbed in the proximal tubule
(Frazier, 2015). Given these safety findings, warnings and precautions
for thrombocytopenia, coagulation abnormalities, and renal toxicity
have been placed in the FDA-approved drug label of nusinersen. Plate-
let count, coagulation tests, and quantitative spot urine protein testing at
baseline and prior to each dose of nusinersen are highly recommended
by the FDA.
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The ADRs identified in the clinical trials have been further confirmed
from postmarketing and case reports, including angioedema, aseptic
meningitis, hydrocephalus, hypersensitivity reaction, maculopapular
rash, meningitis, serious infection, and skin rash (Mendonça et al.,
2021). Long-term animal studies to evaluate carcinogenic potential of
nusinersen were not performed. There are not sufficient data to evaluate
nusinersen-associated developmental risks in pregnant women and no
adverse events were observed in animal studies of fetal development. In
intrathecal toxicity studies in juvenile primates, administration of nusi-
nersen resulted in brain histopathology at the moderate and high doses
and acute, transient deficits in lower spinal reflexes at the high dose in
each study.
An observational clinical trial (NCT04419233) is expected to recruit

50 participants to evaluate the safety of nusinersen in the postmarketing
setting in China and is estimated to be completed in January 2023.
Another observational clinical trial (NCT04317794) is also in recruit-
ment phases with an expected 145 participants to evaluate the safety of
nusinersen in the postmarketing setting in Korea. The estimated comple-
tion date of the study is July 2027. The data released from these studies
will provide information for ADRs and toxicity in diverse populations.
Inotersen (Tegsedi). Inotersen is manufactured by Ionis Pharma-

ceuticals and was approved by the FDA on October 5, 2018, to treat the
polyneuropathy of hereditary transthyretin (TTR)-mediated amyloidosis
(hATTR-PN) in adults (Keam, 2018). hATTR-PN is a rare disease with
an estimated 10,000 afflicted patients worldwide (Schmidt et al., 2018),
but without treatment. This is an inherited, progressive, and fatal dis-
ease. Current options for the treatment of the disease include liver trans-
plantation and TTR stabilizers of tafamidis and diflunisal (Luigetti
et al., 2020). Recently, more promising gene-silencing therapies have
been developed, including patisiran, the first FDA-approved siRNA
drug (Zhang et al., 2021), and the ASO drug inotersen. Inotersen works
by degrading mutant and wild-type TTR mRNAs by binding to the
TTR mRNAs, therefore reducing serum TTR and TTR protein deposits
in tissues (Gales, 2019). The clinically recommended dose for Inotersen
is 284 mg once weekly subcutaneously. The injection should be given
on the same day every week.
ADRs were observed in a phase 2/3 clinical trial (NCT01737398).

This clinical trial was an international, randomized, double-blinded, pla-
cebo-controlled study to assess the efficacy and safety of inotersen
(Benson et al., 2018). During the clinical trial, 173 adult patients with
polyneuropathy caused by hATTR-PN were randomly assigned in a 2:1
ratio to receive weekly subcutaneous injections of inotersen (300 mg)
or placebo for 64 weeks. The most common ADRs occurring in approx-
imately 20% of inotersen-treated patients and more frequently than with
placebo were nausea, fever, fatigue, thrombocytopenia, injection site
reactions, and headaches. The less common ADRs (<20%) included
peripheral edema, chills, anemia, vomiting, myalgia, decreased renal
function, arrhythmia, arthralgia, presyncope, decreased appetite, pares-
thesia, dyspnea, elevated liver function test, orthostasis, influenza-like
illness, contusion, bacterial infection, eosinophilia, and dry mouth.
The FDA mandated the inclusion of a black box warning in the

drug’s packing insert describing the safety concerns with the use of ino-
tersen. The most serious concerns are thrombocytopenia and glomerulo-
nephritis. In the clinical trial of NCT01737398, inotersen caused low
platelet count, which can lead to sudden and unpredictable life-threaten-
ing thrombocytopenia (Benson et al., 2018). Inotersen-associated throm-
bocytopenia was also reported in the clinical trials of the NEURO-TTR
(NCT04136184) and NEURO-TTR open-label extension (Narayanan
et al., 2020). The key strategies to prevent thrombocytopenia include
monitoring the platelet count and withholding therapy if the patient
develops signs or symptoms of thrombocytopenia (unusual or prolonged
bleeding, neck stiffness, or atypical headache). Caution should be used

when using antiplatelet drugs or anticoagulants concomitantly with ino-
tersen because of the risk of bleeding. Inotersen may also cause glomer-
ulonephritis that may result in dialysis-dependent renal failure. In the
same clinical trial, glomerulonephritis occurred in 3% of inotersen-
treated patients, compared with no patient on placebo (Benson et al.,
2018). The mechanism of action for glomerulonephritis can be
explained by accumulation of ASOs in proximal tubule cells, which
leads to increased tubular proteinuria. Urine protein-to-creatinine ratio
greater than 5 times the ULN occurred in 15% of inotersen-treated
patients, compared with 8% of patients on placebo. Therefore, inotersen
should generally not be initiated in patients with a urine protein-to-creat-
inine ratio of 1,000 mg/g or greater (Benson et al., 2018). Because of
the risks of thrombocytopenia and glomerulonephritis, inotersen is avail-
able only through a restricted distribution program called the Tegsedi
REMS.
Other warnings and precautions have been indicated in the FDA-

approved drug label of inotersen, including stroke and cervicocephalic
arterial dissection, inflammatory and immune effects, liver injury, hyper-
sensitive reactions, and reduced serum vitamin A levels. In the clinical
trial, stroke and cervicocephalic arterial dissection occurred within
2 days of the first inotersen dose. Patients also experienced symptoms of
cytokine release (e.g., nausea, vomiting, muscular pain, and weakness)
and a high sensitivity C-reactive protein level greater than 100 mg/L
(Benson et al., 2018). The liver is a site where ASOs accumulates. In the
clinical studies, 8% of Inotersen-treated patients had increased ALT lev-
els at least three times the ULN, compared with 3% of patients on pla-
cebo. Furthermore, 3% of inotersen-treated patients had ALT values at
least eight times the ULN, compared with no patients on placebo. Moni-
toring ALT, AST, and total bilirubin at baseline and every 4 months dur-
ing treatment with inotersen is recommended.
From postmarketing and case reports, <1% of patients reported auto-

immune hepatitis, cerebrovascular accident, coronary artery dissection,
hepatobiliary disease, hypersensitivity reaction, immune thrombocytope-
nia, lower back pain, paraplegia, speech disturbance, vasculitis, and
weight loss.
A worldwide clinical trial for pregnancy outcome in women treated

with inotersen is underway (NCT 04270058) and is expected to be com-
pleted in 2030. A data collection clinical trial (NCT04850105) with an
estimated 240 participants currently under recruitment is aimed at fur-
ther characterizing the long-term safety of inotersen in patients with
hATTR-PN under real-world conditions. Aforementioned studies will
provide more evidence on how to manage safety concerns of Inotersen.
Golodirsen (Vyondys 53). Golodirsen is manufactured by Sarepta

Therapeutics and was approved by the FDA on December 12, 2019
(Heo, 2020). Golodirsen is indicated for the treatment of DMD in
patients with a mutation in the dystrophin gene, which can be treated by
ASO-induced skipping of exon 53 in the dystrophin pre-mRNA. Golo-
dirsen is designed to bind to exon 53 of dystrophin pre-mRNA, thus
excluding the exon during processing. The clinically recommended dose
is 30 mg/kg once weekly in 35- to 60-minute infusion intravenously.
ADRs were reported in a phase 1/2 clinical trial (NCT02310906).

This was a randomized, placebo-controlled dose-titration study (part 1)
followed by open-label evaluation (part 2) with 39 participants to
assess safety and tolerability of golodirsen (Frank et al., 2020). The
common ADRs observed in at least 20% of patients included head-
aches, pyrexia, fall, abdominal pain, nasopharyngitis, cough, vomiting,
and nausea. Less common ADRs reported in approximately 5% of
treated patients were administration site pain, diarrhea, dizziness, liga-
ment sprain, contusion, influenza, oropharyngeal pain, rhinitis, skin
abrasions, ear infections, seasonal allergies, tachycardia, site-related
reaction, constipation, and bone fractures (Frank et al., 2020). An
extension study (NCT03532542) to evaluate golodirsen in patients with
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DMD is under enrolling stages by invitation in a phase 3 study with
an estimated 260 participants and is expected to be completed in
August 2026.
Warnings and precautions for hypersensitivity reactions and renal

toxicity have been placed in the FDA-approved drug label of golo-
dirsen. Hypersensitivity reactions occurred in golodirsen-treated patients
in the clinical trials with phenotypes including rash, pruritus, pyrexia,
dermatitis, urticaria, and skin exfoliation. If a hypersensitivity reaction
occurs, patient care should be managed following the institute appropri-
ate medical treatment and slower infusion rates or interruption of golo-
dirsen therapy should be considered. Renal toxicity was not observed in
the clinical studies; however, it was reported in preclinical studies with
different species of animals receiving Golodirsen. Mice administered
either intravenous or subcutaneous injections of Golodirsen developed
renal tubular degeneration, as well as degeneration of the transitional
epithelium of the urinary bladder at all tested doses. Tubular degenera-
tion by intravenous administration was accompanied by increases in
serum urea nitrogen. Primates after intravenous administration of golo-
dirsen also developed kidney dysfunction with tubular basophilia, dilata-
tion, and mononuclear cell infiltration. The FDA recommends monthly
proteinuria monitoring by dipstick urinalysis and monitoring of serum
cystatin C every 3 months.
Sarepta Therapeutics is currently conducting a placebo-controlled,

postmarketing confirmation trial named ESSENCE (NCT02500381) to
support the accelerated approval. The trial is expected to be concluded
in April 2024.
Viltolarsen (Viltepso). Viltolarsen, sold under the name of Viltepso

and manufactured by Nippon Shinyaku Co, was granted accelerated
approval by the FDA on July 12, 2020, based on its capacity to increase
dystrophin levels in skeletal muscle in patients with DMD (Dhillon,
2020). Continued approval is dependent upon verification of the clinical
benefits in confirmatory trials. Viltolarsen is an ASO drug also indicated
for the treatment of DMD in patients who have a confirmed mutation of
the dystrophin gene that is treatable by ASO-induced skipping of exon
53. Viltolarsen is designed to bind to exon 53 of dystrophin pre-mRNA,
resulting in exclusion of this exon during mRNA processing. This
exclusion leads to the increase in dystrophin production, which helps
keep muscle cells intact. The clinically recommended dose is 80 mg/kg
once weekly in a 60-minute infusion intravenously.
ADRs were reported in a phase 2 clinical trial (NCT02740972). This

is a multicenter, two-period, randomized, placebo-controlled study with
16 participants (Clemens et al., 2020). The initial period of the clinical
study (4 weeks) consisted of patients being randomized (double-blind),
with administration via an injection with viltolarsen or placebo. All
patients then received 20 weeks of open-label viltolarsen (40 mg/kg or
80 mg/kg) once a week. The most common observed ADRs included
injection site reaction, upper respiratory tract infection, cough, and
pyrexia (observed in >15% of patients treated). Other less common
ADRs included contusion, arthralgia, diarrhea, vomiting, and abdominal
pain. Several clinical studies to assess the safety and tolerability of vilto-
larsen are under recruiting status, including NCT 04956289 (phase 2,
20 participants, to be completed in May 2024), NCT04060199 (phase
3, 74 participants, to be completed in November 2024), NCT04768062
(phase 3, 74 participants, to be completed in June 2026), and
NCT04687020 (phase 4, 16 participants, to be completed in November
2031).
A warning and precaution for renal toxicity has been placed in the

FDA drug label of viltolarsen. Although kidney toxicity was not directly
observed in the clinical studies, preclinical studies reported potential risk
of renal toxicity. Viltolarsen was administered to juvenile male mice via
subcutaneous injection on postnatal day 7 and intravenous weekly injec-
tions from postnatal day 14 to 70. It was administered at doses of 0, 15,

60, 240, and 1,200 mg/kg. Renal toxicity was observed at the highest
dose. In mice at the 240 and 1,200 mg/kg doses, there was a dose-depen-
dent increase in deaths caused by renal toxicity, as well as a dose-depen-
dent incidence and severity of renal tubular effects, such as degeneration.
Reduced body weight and delayed sexual maturation were also observed
at the highest dose. At 60 mg/kg, no renal toxicity was observed, and
plasma exposure was similar to that in humans at 80 mg/kg. Long-term
animal studies to assess the carcinogenic potential of viltolarsen were not
conducted. There were also no adequate data on the developmental risk
associated with the use of Viltolarsen in pregnant women. In addition, no
adverse effect on embryofetal development was observed in animal stud-
ies. Although renal toxicity was not observed in clinical studies, renal
function should be monitored in patients taking viltolarsen, as renal toxic-
ity and fatal glomerulonephritis were reported in preclinical studies.
The postmarket data are not available for viltolarsen due to the short

length of time since its approval for use.
Casimersen (Amondys 45). Developed by Sarepta Therapeutic

Inc., casimersen is the newest FDA-approved ASO drug that belongs to
the phosphorodiamidate morpholino oligomer subclass. The FDA
approved the drug on February 25, 2021 (Shirley, 2021), and its pri-
mary function is helping people who are suffering from DMD with a
confirmed mutation on exon 45 of the DMD gene. Casimersen is
designed to bind pre-mRNA of exon 45 of the DMD pre-mRNA, lead-
ing to skipping of the exon during mRNA processing. Therefore,
patients can produce shorter functional dystrophin. Casimersen is
approved under the provisions of accelerated approval regulations based
on its capacity to increase dystrophin production in skeletal muscle of
patients with DMD. The clinically recommended dose of casimersen
45–30 mg/kg once weekly in 35- to 60-minute infusions intravenously
with 0.2-micron filter.
ADRs were reported in an initiated phase 1 clinical trial with 12 partic-

ipants at therapeutic escalating doses (NCT02530905). The clinical trial
was a multicenter, randomized, double-blind, placebo-controlled, dose-
titration study (Wagner et al., 2021). The recruited patients were all males,
ages 7–21 years, who were diagnosed with DMD and confirmed genetic
mutation amenable for treatment involving ASO-induced exon 45 skip-
ping. The patients were randomized 2:1 to receive ascending doses of
casimersen at 4, 10, 20, and 30 mg/kg or placebo once a week through
intravenous infusion for 12 weeks. After that, all patients received
casimersen at 30 mg/kg in an open-label extension period for up to
132 weeks. The common ADRs observed (>20% patients) included upper
respiratory tract infections, cough, pyrexia, headache, arthralgia, and oro-
pharyngeal pain. In addition to the observed common ADRs, other less
common ADRs (<10% patients) included ear pain, nausea, ear infection,
post-traumatic pain, dizziness, and light-headedness. An extension study
to evaluate casimersen in patients with DMD is underway with an esti-
mated enrollment of 260 participants (NCT03532542), which is expected
to be completed in 2026. Another double-blind, placebo-controlled, multi-
center study to evaluate the efficacy and safety of casimersen is also
ongoing (so called ESSENCE, NCT02500381), which has 222 estimated
participants and is expected to be completed in 2024.
A warning and precaution for kidney toxicity has been placed in the

FDA-approved drug label of casimersen. Although kidney toxicity was
not shown in the clinical trial, kidney toxicity was reported in preclini-
cal studies, including potentially fatal glomerulonephritis. In the preclin-
ical studies, intravenous administration to juvenile male rats led to renal
tubular degeneration and necrosis at the tested doses. Therefore, kidney
function should be monitored when patients are treated with casimersen.
Meanwhile, serum cystatin C, glomerular filtration rate, urine dipstick,
and urine protein-to-creatinine ratio are recommended to be measured
before starting Amondys 45 in the drug label. Further, patients with
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renal dysfunction are recommended to be closely monitored during
treatment with casimersen.
Because the drug received FDA approval very recently, the postmar-

ket safety data are not available. To evaluate ADRs and toxicity of casi-
mersen, more data and information must be collected and/or generated.
Drug-Specific and Class-Wide ADRs and Toxicities among All

FDA-Approved ASO Drugs. Due to different properties of absorp-
tion, distribution, metabolism, and excretion of each ASO drug involv-
ing different target organs and tissues, some specific ADRs are unique
to particular ASO drugs (Table 2). Just to name a few, ocular ADRs are
mainly found in fomivirsen and pegaptanib, which are directly adminis-
tered into the eyes by intravitreal injection. On the other hand, although
each FDA-approved ASO drug has a unique oligonucleotide sequence,
they are also administered by different routes of delivery to target differ-
ent organs and tissues. Some ADRs are found to occur across the spec-
trum of ASO drugs in general, which are also summarized in Table 2.
A common ADR is application site reaction, which is likely caused by
injection. Headache, pyrexia, and fever may reflect ADRs that are medi-
ated by immune responses to the ASO drugs. Cough may be caused by
respiratory infection, whereas vomiting and nausea are common gastro-
intestinal ADRs to the ASO drugs. Some common ADRs, such as head-
ache, fever, flu-like symptoms, abdominal pain, nausea, and fatigue, can
be treated easily with nonprescription drugs.
The major safety concerns for the FDA-approved ASO drugs are

severe hepatotoxicity, renal toxicity, and hypersensitivity reactions,
which are commonly manifested with several ASO drugs (Fig. 1
and Table 3). In particular, kidney toxicity has been indicated in
nusinersen, inotersen, golodirsen, viltolarsen, and casimersen,
which are the ASO drugs developed for treatment of muscular dys-
trophy. Monitoring kidney function is critical while under treatment
with these ASO drugs. Hypersensitivity reactions are listed as a
precaution in defibrotide, inotersen, eteplirsen, and golodirsen. If a
hypersensitivity reaction occurs, patients should carefully follow
the institute-appropriate medical treatment, and as a last resource
or in cases of severe manifestation of these adverse reactions, dis-
continuing treatment is recommended. Risk of hepatotoxicity with
elevation of ALT and AST and hepatic steatosis has been indicated
in mipomersen and inotersen, which are the ASO drugs targeting
hepatic gene expression. Because of severity of hepatotoxicity,
mipomersen has been discontinued from the market in 2019. Ino-
tersen has numerous warnings and precautions on its black-box
label. Because of the risks of thrombocytopenia and glomerulone-
phritis, inotersen is only available through a restricted distribution
program.

Potential Mechanisms of the Common ADRs and Toxicity of
the ASO Drugs. Although each ASO drug has a specific mechanism
and a unique panoply of ADRs and toxicity, they also share some com-
mon mechanisms of toxicity as a class of drugs. ASO can cause toxicity
via two possible mechanisms, via either hybridization dependent off-tar-
get effects or RNAse-H1 dependent reduction in unintended off-target
RNAs (Burel et al., 2016). The hybridization dependent off-target
effects can occur due to the binding of ASOs to complementary sites of
non-selective RNAs that have a homologous sequence to the intended
target RNA (Kamola et al., 2017). Due to their various chemical func-
tional groups, ASOs may produce nonspecific interactions with plasma
proteins, undesired organ targeting, and possible binding with other
small molecule–based drugs that can result in toxicity. Studies have
shown that hepatotoxicity of ASOs is mediated by the RNase-H1-
dependent reduction in unintended off-target RNAs in mice (Burel
et al., 2016).
The mechanism of liver toxicity of mipomersen has been linked

to the potential of the drug to induce endoplasmic reticulum stress
(Hashemi et al., 2014). The induced stress impairs very low-density
lipoprotein assembly via proteasomal and non-proteasomal path-
ways, which might induce a reduction of apo B mRNA levels,

TABLE 2

Common ADRs of the FDA-approved ASO drugs

ASO Drug Common ADRs Shared Common ADRs by Multiple ASO Drugs

Fomivirsen Increased intraocular pressure and ocular inflammation. Injection site reactions
Headache
Pyrexia
Fever

Respiratory infection
Cough

Vomiting
Nausea

Pegaptanib Anterior chamber inflammation, blurred vision, cataract, conjunctival hemorrhage, corneal
edema, eye discharge, eye irritation, eye pain, hypertension, increased intraocular pressure,

ocular discomfort, punctate keratitis, reduced visual acuity, visual disturbance, vitreous floaters,
and vitreous opacities.

Mipomersen Injection site reactions and flu-like symptoms.
Defibrotide Hypotension, diarrhea, vomiting, nausea, and epistaxis.
Eteplirsen Lower respiratory infection, pyrexia, constipation, headache, vomiting, and back pain.
Nusinersen Injection site reactions, nausea, headache, fatigue, thrombocytopenia, and fever.
Inotersen Balance disorder, vomiting, and contact dermatitis.
Golodirsen Headaches, pyrexia, fall, abdominal pain, nasopharyngitis, cough, vomiting, and nausea.
Viltolarsen Injection site reaction, upper respiratory tract infection, cough, and pyrexia.
Casimersen Upper respiratory tract infections, cough, pyrexia, headache, arthralgia, and oropharyngeal pain.

Fig. 1. Shared warnings of toxicity in multiple FDA-approved ASO drugs.
Hypersensitive reactions, such as rash and urticaria, are shown in defibrotide, ino-
tersen, eteplirsen, and golodirsen. Hepatotoxicity is indicated after treatment with
mipomersen and inotersen. Kidney toxicity is shown with the treatment of nusi-
nersen, inotersen, golodirsen, viltolarsen, and casimersen.
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therefore causing drug-induced reduction of very low-density lipo-
protein, which increases the risk of hepatic steatosis (Bell et al.,
2011; Rinaldi and Wood, 2018). Preclinical studies established that
hepatic Kupffer cells and renal proximal tubular epithelium receive
the highest distribution of mipomersen. The liver showed increased
incidence of minimal cytoplasmic vacuolation at high exposure lev-
els of mipomersen in addition to proinflammatory signals. In the
kidneys, minimal slight degeneration of the tubular epithelium was
observed in monkeys.
The possible mechanism of kidney toxicity of the ASO drugs is

the accumulation of the oligonucleotide within the lysosomes of
the proximal tubules, resulting in physiologic perturbation of tubu-
lar absorptive capacity and increased tubular proteinuria (Frazier,
2015). This was mainly associated to ASO ionic interactions with
extracellular, cell-surface, or intracellular proteins. Repeated dos-
ing results in ASOs accumulation in these tissues, which reaches
steady-state levels, and the degree of toxicity then depends on the
concentrations and inherent potency of the accumulated ASO. At
high doses, the prominence of granules in epithelial cells correlates
with an increased incidence or severity of degradation in the kid-
ney; this is mostly a result of lysosomal breakdown.
Current Challenges, Knowledge Gaps, and Perspective on

Future Directions. Several FDA-approved ASO drugs target rare dis-
eases. A limitation of the safety data is the very limited number of
patients included in clinical trials, which is understandable given the low
frequency of these diseases. However, common and less common ADRs
and severe toxicity have emerged for this class of drugs. The listed
ADRs, warnings, and precautions in the FDA-approved drug labels are
supported, in part, by preclinical studies. Although some of the ADRs
have been observed in clinical studies, they may not be entirely reflective
of real-world conditions when ASO drugs are used to target diseases on
a worldwide scale. Hence, it is critical to further extend the observations
from clinical trials to examine patient samples in the postmarketing real-

world settings to validate the findings on ADRs and toxicity from the
preclinical and clinical trials in premarketing settings.
Another current challenge and knowledge gap is to understand inclu-

sive mechanisms causing hepatotoxicity, renal toxicity, and hypersensi-
tivity reactions by the ASO drugs. Although some speculations on
mechanisms for hepatotoxicity and renal toxicity have been proposed,
the precise molecular and biochemical events at the genetic level
involving development of toxicity are unclear. Numerous questions
need to be urgently addressed considering the rapid pace of discovery
and development of ASO drugs. Going forward, the following questions
should be addressed: What are the distinct features of ASO drug–
induced toxicity when compared with other small molecule–based
drugs? What are the underlying molecular events occurring during ASO
drug–induced toxicity? What is the capacity for liver and kidney to
repair damage and/or develop toleranceto ASO drug–induced toxicity?
What pharmacological interventions can be applied to mitigate the
risk of ASO drug–induced toxicity? Does ASO drug–induced toxicity
impair function of the liver and kidneys as it relates to absorption, distri-
bution, metabolism, and excretion of other small molecule–based drugs,
altering their therapeutic efficacy and ADRs (drug–drug interactions)?
These questions can lead to numerous perspective future directions to
be addressed pertinent to the success of ASO-based drug discovery and
development for treating myriad devastating diseases.
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