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ARTICLE INFO ABSTRACT
Keywords: Background: Eteplirsen (Exondys 51) is an orphan drug approved for the treatment of Duchenne
Eteplirsen muscular dystrophy (DMD), having received accelerated approval from the U.S. Food and Drug

Duchenne muscular dystrophy
FAERS

Adverse event
Disproportionality analyses

Administration (FDA) in 2016. The primary aim of this study is to closely monitor adverse events
(AEs) associated with eteplirsen and to identify emerging signals to better characterize their
safety profile.

Methods: AEs due to eteplirsen usage reported from the third quarter (Q3) of 2016 to the fourth
quarter (Q4) of 2023 were collected from the FDA Adverse Event Reporting System (FAERS). The
role_code of AEs mainly includes primary suspect (PS), secondary suspect (SS), concomitant (C),
and interaction (I). This study targeted reports with a role_cod of ‘PS.” According to the FDA
deduplication rule, the latest FDA DT is selected when the CASEID is the same, and the higher
PRIMARYID is selected when the CASEID and FDA DT are the same. Disproportionality analyses,
encompassing four algorithms for reporting odds ratio (ROR), proportional reporting ratio (PRR),
Bayesian configuration promotion neural network (BCPNN), and multi-item gamma Poisson
shrinker (MGPS), were utilized to quantify the signals of AEs associated with eteplirsen.
Results: From the FAERS database, a total of 13,205,369 reports were amassed throughout the
study duration. Following the eradication of duplicates, the number of reports with eteplirsen
designated as the PS amounted to 1480 encompassed 25 organ systems. Among these, “general
disorders and administration site conditions,” “i

injury, poisoning, and procedural complications,”
“respiratory, thoracic, and mediastinal disorders,” “infections and infestations,” “vascular disor-
ders,” and “product issues” met at least one of the four computational criteria. Additionally, 55
Preferred Terms (PTs) aligned with the prescribed algorithms. The median time to AEs in these
patients was 903 days with an interquartile range (IQR) of 269-1575 days. Moreover, 70.04 % of
AFEs manifested one year or more after the initiation of treatment.
Conclusion: As an orphan drug granted accelerated approval, our study has confirmed well-known
adverse drug reactions and identified potential safety issues associated with eteplirsen treatment.
This has contributed to a deeper understanding of the complex interrelations between adverse
reactions and the use of eteplirsen. The findings underscore the critical importance of ongoing
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monitoring and sustained observation to promptly detect and effectively manage AEs, thereby
enhancing the overall safety and well-being of patients treated with eteplirsen for DMD.

1. Introduction

Eteplirsen or Exondys 51 is the first antisense oligonucleotide (AON) to enter clinical trials and was granted accelerated approval by
the U.S. FDA in 2016 for the treatment of Duchenne muscular dystrophy (DMD) [1]. DMD is a monogenic genetic disorder, with
approximately 60-65 % of patients exhibiting mutations within exon regions, including a high mutation rate of 14 % at exon 5 [2]. The
disease incidence is estimated at 15.9 to 19.5 cases per 100,000 live births [3-5]. The average annual direct cost of the disease per
patient is estimated to be between $23,920 and $54,270, which is 7-16 times higher than the average per capita medical expenditure
[61.

Eteplirsen is a synthetic antisense oligonucleotide belonging to the 30-nucleotide phosphorodiamidate morpholino oligomer
category. It is engineered to facilitate the exclusion of aberrant exons during the synthesis of the myotonic dystrophy gene, aiming at
treating DMD [7,8]. This medication functions to stimulate the production of dystrophin by rectifying the translational reading frame
of DMD. It achieves this by specifically omitting exon 51 in faulty gene variants [9]. As the only drug granted accelerated FDA approval
for the treatment of DMD, monitoring adverse events in real-world data is crucial. Concurrently, clinical trial results indicate that while
eteplirsen is effective, it also leads to various adverse reactions including balance disorders, vomiting, and contact dermatitis [10].
Given the rarity of DMD and the limited number of clinical trial cases for eteplirsen treatment, there is a significant gap between the
increasing use of eteplirsen and our understanding of its safety. Therefore, it is imperative to study and analyze the safety of eteplirsen
in real-world settings.

The FAERS is a typical public spontaneous reporting system, which collects spontaneous safety reports and post-marketing clinical
studies related to drug use within and outside the United States for all FDA-approved drugs and therapeutic biological products [6]. It
has been extensively used for drug safety information screening. Numerous studies have demonstrated the feasibility and practicality
of using FAERS to monitor adverse events (AEs) associated with medication use in real-world settings. For example, in Michele’s study,
safety concerns associated with each type of chimeric antigen receptor T-cell therapy were identified through the application of data
mining techniques to the FAERS database [11]. Similarly, Battini’s academic research updated the safety profiles of ubrogepant and
rimegepant, filling a significant knowledge gap [12]. Therefore, employing the FAERS database as a key tool for assessing the
real-world safety of eteplirsen shows remarkable feasibility and holds profound clinical significance.

Our study utilized real-world data extracted from the FAERS database to conduct a comprehensive disproportionality analysis of
AEs associated with eteplirsen, employing a robust selection of four different algorithms: Reporting Odds Ratio (ROR), Proportional
Reporting Ratio (PRR), Bayesian Confidence Propagation Neural Network (BCPN), and Empirical Bayesian Geometric Mean (EBGM).
This approach, by meticulously examining the strength of signals in real-world data, serves as a reliable mechanism for investigating
the efficacy and safety of Eteplirsen treatment, thereby facilitating effective detection and management of AEs. In summary, our
research aims to enhance patient safety during eteplirsen treatment by promoting a more comprehensive and effective framework for
AEs monitoring and management.

2. Methods
2.1. Data source and collection

FAERS is a spontaneous reporting system that collects reports of suspected adverse drug reactions (ADRs) from around the world.
These reports are submitted by a variety of reporters, including healthcare professionals, patients and their families, lawyers, and
manufacturers. The FAERS data is made available to the public in different formats: (a) a user-friendly public dashboard that contains
numerous duplicates and limited information, and (b) downloadable files in ASCII or XML format, which require preprocessing but
allow for more reliable analyses. Suspected ADRs are encoded using Preferred Terms (PT) from the Medical Dictionary for Regulatory
Activities (MedDRA). By utilizing “Eteplirsen” or “Exondys 51" as our query parameters, we meticulously amassed adverse drug re-
actions associated with eteplirsen from the third quarter (Q3) of 2016 to the fourth quarter (Q4) of 2023. Every preferred term (PT)
linked to the system organ class (SOC), representing the highest echelon of the Medical Dictionary for Regulatory Activities (MedDRA),
has been meticulously extracted [13]. The data have been preprocessed to retain only the latest update for each report and to remove
duplicates, specifically those reports that have identical information in all of the following fields: gender, age, weight, country, date of
the adverse drug reaction (ADR), list of medications, and list of ADRs.

2.2. Data cleaning

In this investigation, eteplirsen was delineated as the principal suspect pharmaceutical entity within the FAERS database for the
exploration of ADRs. Due to the prevalence of duplicative entries within FAERS, a deduplication protocol was implemented in
accordance with FDA directives. According to the FDA’s recommended method for removing duplicate reports, the PRIMARYID,
CASEID, and FDADT fields of the DEMO table are selected and sorted according to the order of CASEID, FDADT, and PRIMARYID, and
the report with the same CASEID is retained with the largest FDA_DT value; followed by the report with the same CASEID and FDADT,
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and the report with the largest PRIMARYID value. For reports with the same CASEID, the one with the highest FDA DT value is
retained; secondly, for reports with the same CASEID and FDADT, the one with the highest PRIMARYID is retained [14,15]. The
methodology employed for data screening in this study is depicted in Fig. 1.

2.3. Signals analysis algorithms

In our study, we utilized measures of disproportionality, a method commonly employed in pharmacovigilance to detect signals
between eteplirsen and adverse events (AEs). This involves comparing the ratio of observed frequencies in exposed and non-exposed
populations using a two-by-two contingency Table 1 [16]. We employed four algorithms: the Reporting Odds Ratio (ROR) [17],
Proportional Reporting Ratio (PRR) [18], Bayesian Confidence Propagation Neural Network (BCPNN) [19]and Multi-item Gamma
Poisson Shrinker (MGPS) [20]. The BCPNN is based on the lower limit of the 95 % confidence interval (CI) of the information
component (IC), specifically IC025, and the one-sided 95 % CI lower bound of the Empirical Bayesian Geometric Mean (EBGM),
specifically EBGMO5, to assess the strength of associations between drugs and adverse reactions. The specific formulas for these al-
gorithms are provided in Table 2.

2.4. Statistical analysis

Descriptive statistics were used to elucidate the AE reports related to eteplirsen. The criteria for positive safety signal detection are
as follows: for ROR and PRR, the lower limit of 95 % CI must exceed 1, and the signal strength must be at least 3 [18,21,22]; for BCPNN,
IC025 must be greater than 0 [21]; and for positive signal detection in general, EBGMO05 must exceed 2 [22,23]. All data manipulations
and statistical calculations were performed using R software, version 4.2.2.

DEMO (n=13,205,369)

Duplication records
(n=3,250,202)

>

4
DRUG DEMO removed duplication REAC
(n=43,837,291) (n=11,408,431) (n=33,557,602)

I | | |

l l

Adverse events reports of Adverse events induced by
Eteplirsen as the PS Eteplirsen as the PS
(n=1,480) (n=3,107)

l
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Eteplirsen as the PS
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(PRR) network (BCPNN) (MGPS)

Fig. 1. Flow diagram of this study. A total of 13,205,369 demographic and administrative information was obtained from the FAERS database. After
removing 3,250,202 duplicate reports, there are still 11,408,431 reports left. 1480 suspicious drug adverse event reports were screened out from
43,837,291 drug adverse event reports, with eteplirsen as the primary suspect drug. From 33,557,602 preferred terminology for adverse events,
3107 adverse events were screened using eteplirsen as the primary prospect drug. Finally, 1480 adverse event reports were included in the analysis.
Abbreviation: DEMO, demographic and administrative information; DRUG, drug information; REAC, preferred terminology for adverse event; PS,
primary suspect drug.
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Table 1
Two-by-two contingency table for disproportionality analyses.
Target AEs Non-Target AEs Total
Eteplirsen a b a+b
Non-Eteplirsen c d c+d
Total a+c b+d N=a+b+c+d

Abbreviations: AEs; adverse events.

Table 2
Four different types of disproportionality analysis.
Algorithms Equation Criteria
ROR ROR = (a/c)/(b/d) 95 % CI (lower limit) > 1, a >3
95%CI = eln(ROR)il.96(1/3+1/b—l/C+l/d)’0.5
PRR PRR = [a/(a+b)]/[c/(c + )] 95 % CI (lower limit) > 1, a >3
95%CI = eln(PRR)ilAQG[l/a 1/(a+b)+1/c-1/(c + d)1°0.5
BCPNN IC = logza (a+b + ¢ + d)/((a+c) (a+b)) 1C025 > 0,a >3
1C025 — e!IC)-1.96(1/a+1/b+1/c+1/d)'0.5
MGPS EBGM = a (a+b + ¢ + d)/((a+c) (a+b)) EBGMO5 > 2,a>0

EBGMO5 = eln(EBGM)fl .64(1/a+1/b+1/c+1/d)°0.5

Notes: Equation: a, number of reports containing both the target drug and the target adverse drug reaction; b, number of reports containing
other adverse drug reactions of the target drug; ¢, number of reports containing the target adverse drug reaction of other drugs; d, number of
reports containing other drugs and other adverse drug reactions. The MGPS employs an empirical Bayesian approach, whereby maximum
likelihood estimates obtain a prior distribution, and the prior and likelihood are combined to obtain a posterior distribution. The fifth
percentile of the posterior distribution is denoted by “EBGMO05” and is interpreted as the one-sided 95 % confidence lower bound for the EBGM.
Abbreviations: 95 % CI, 95 % confidence interval; N, the number of reports; BCPNN, Bayesian confidence propagation neural network; IC,
information component; IC025, the lower limit of the 95 % CI of the IC; EBGM, empirical Bayesian geometric mean; EBGMO5, empirical
Bayesian geometric mean lower 95 % CI for the posterior distribution.

3. Result
3.1. Descriptive results

A total of 13,205,369 entries comprised the comprehensive FAERS dataset from Q3 2016 to Q4 2023. After eliminating duplicates,
1480 reports associated with eteplirsen, encompassing 3107 adverse events, were analyzed. The clinical attributes of events related to
eteplirsen are delineated in Table 3. The demographics show that 95.1 % of the adverse events occurred in males, mostly under 18
years. The vast majority (99.3 %) of events originated from the United States. Hospitalization was the most frequently cited severe
outcome (13.2 % of cases), followed by mortality (2.7 %) and life-threatening incidents (0.6 %). Health professionals were the primary
reporters, contributing to 52.6 % of the reports. The year 2023 had the highest number of reports (403), with subsequent years showing
varying frequencies.

3.2. Disproportionality analysis

Signal values of reports linked to eteplirsen at the SOC level are delineated in Table 4. Statistically, eteplirsen-associated AEs
manifested across 25 organ systems. Among these, six noteworthy SOCs emerged, satisfying at least one of the four computation
criteria, including general disorders (ROR = 1.18, CI: 1.08-1.29), administration site conditions (ROR = 1.18, CL: 1.08-1.29), injury
poisoning, and procedural complications (ROR = 3.50, CI: 3.24-3.77), Respiratory, thoracic, and mediastinal disorders (ROR = 1.32,
CI: 1.13-1.53), infections and infestations (ROR = 1.96, CI: 1.73-2.19), vascular disorders (ROR = 2.66, CI: 2.26-3.13), and product
issues (ROR = 2.71, CI: 2.29-3.2).

By computing the signal values of reports linked to eteplirsen at the PT level, 55 PTs with significant disproportionality were
identified, concurrently meeting the four calculation criteria. These AEs were then arranged in descending order of ROR, presenting
the foremost ten PTs in Table 5. It was observed that the majority of the top ten PTs were reactions associated with the catheter site.

3.3. Onset time of events

Excluding medication dates or AE occurrence dates that were unknown or unreported, the onset time of AEs was calculated based
on data extracted from the database. Of the 1480 patients, only 564 (38.11 %) were available for time analysis. The median time to AEs
in these patients was 903 days with an interquartile range (IQR) of 269-1575 days. As can be seen in Fig. 2, the majority of AEs in these
patients (70.04 %) occurred within one year or more of eteplirsen use.



Z. Dai et al. Heliyon 10 (2024) e33417

Table 3
Characteristics of reports associated with eteplirsen.
Factors Eteplirsen
Number of reports (N = 1480)
Gender
Female 29 (2.0 %)
Male 1408 (95.1 %)
Missing 43 (2.9 %)
Age (years)
<18 774 (52.3 %)
18-64.9 406 (27.4 %)
Missing 300 (20.3 %)
Serious Outcome
Hospitalization 209 (13.2 %)
Death 43 (2.7 %)
Life-threatening 10 (0.6 %)
Disability 2 (0.1 %)
Reporters
Health Professional 778 (52.6 %)
Consumer 328 (22.2 %)
Pharmacists 125 (8.4 %)
Medical doctor 88 (5.9 %)
Other 161 (10.9 %)
Reported Countries
United States 1469 (99.3 %)
Israel 8 (0.5 %)
Canada 1(0.1 %)
United Kingdom 1 (0.1 %)
India 1 (0.1 %)
Report year
2016 1
2017 22
2018 229
2019 138
2020 187
2021 261
2022 239
2023 403

4. Discussion

This study represents the first extensive and systematic pharmacovigilance investigation of adverse reactions associated with
eteplirsen using the FAERS database following its market release. The primary aim of this research is to provide a detailed and
comprehensive characterization and analysis of the AEs related to eteplirsen reported to date. The results presented in this paper offer
valuable and precise insights into the safety profile of Eteplirsen in a real-world clinical setting.

Based on the descriptive results, it was observed that the frequency of adverse reactions to eteplirsen was markedly higher among
males (95.1 %) than females (2.0 %), attributed to the heightened susceptibility of males to DMD [24], consequently amplifying their
likelihood of eteplirsen treatment. Moreover, individuals under the age of 18 receiving eteplirsen were more susceptible to adverse
effects, in alignment with DMD epidemiological studies [25]. The number of AEs in the U.S. significantly exceeds that in other
countries, likely due to a larger medication-using population. This trend may be attributed to factors such as a larger population size, a
stronger willingness to report, earlier market entry, and an earlier expansion of indications, all of which collectively promote the
widespread use of the medication.

Of the PTs associated with general disorders and administration site conditions, the top four reported were catheter site bruise,
catheter site related reaction, catheter site pain, and catheter site erythema, respectively. In a clinical study, infusion-related reactions
occurred in 45 of 79 patients (57.0 %). Most of the infusion-related reactions were mild and resolved [26]. In terms of vascular
disorders at the PT level, poor venous access has the highest number of reports, but this adverse effect has not been identified in other
studies. Adverse effects of protein urine present were also identified in our study, which is consistent with safety data from multiple
clinical trials. The most common Treatment Emergent Adverse Events (TEAEs) reported over 168 weeks in the 4658-US-202 trial (n =
8) included procedural pain (75 %), proteinuria (62 %), vomiting (50 %), hypokalemia (50 %), back pain (50 %), headache (50 %) and
balance disorder (50 %) [10]. Another study showed renal TEAEs in eight eteplirsen -treated patients, each with proteinuria, which
resolved in all but one patient by the end of the study [26].

In our analysis, noteworthy AE signals included Ewing’s sarcoma, fat embolism syndrome, cardiac death, and acute respiratory
failure. A prospective study reported an adolescent developing cardiomyopathy while on eteplirsen, consistent with DMD’s typical
progression [27]. It has also been shown that DMD is associated with an increased likelihood of cardiac events [28]and can precipitate
respiratory failure [29]. Whether the causative factors behind these complications are inherent to the disease itself or are triggered or
exacerbated by the medication deserves further investigation We call for vigilance in these adverse effects of concern so that



Z. Dai et al.

Heliyon 10 (2024) e33417

Table 4
Signal values of reports associated with Eteplirsen at the SOC level.

System organ class AE numbers ROR (95%Cl) PRR (95%Cl) 1C025 EBGMO5
Gastrointestinal disorders 122 0.46 (0.38-0.55) 0.48 (0.40-0.57) —-2.74 0.41
General disorders and administration site conditions 634 1.18 (1.08-1.29)" 1.15 (1.07-1.23)" -1.47 1.07
Investigations 88 0.47 (0.38-0.58) 0.49 (0.40-0.60) -2.70 0.41
Musculoskeletal and connective tissue disorders 48 0.29 (0.22-0.39) 0.30 (0.23-0.40) -3.40 0.24
Injury, poisoning, and procedural complications 985 3.50 (3.24-3.77)" 2.71 (2.57-2.85)" -0.23 2.54"
Renal and urinary disorders 27 0.43 (0.30-0.63) 0.44 (0.30-0.64) —2.85 0.32
Nervous system disorders 79 0.31 (0.25-0.39) 0.33 (0.26-0.41) -3.27 0.27
Respiratory, thoracic, and mediastinal disorders 184 1.32 (1.13-1.53)" 1.30 (1.13-1.49)" —1.29 1.15
Metabolism and nutrition disorders 50 0.79 (0.60-1.05) 0.80 (0.61-1.05) -1.99 0.63
Psychiatric disorders 71 0.41 (0.33-0.52) 0.43 (0.34-0.53) —2.90 0.35
Infections and infestations 313 1.96 (1.73-2.19)" 1.85 (1.67-2.06)" —0.78 1.68
Vascular disorders 154 2.66 (2.26-3.13)" 2.58 (2.21-3.01)" -0.30 2.25"
Skin and subcutaneous tissue disorders 63 0.34 (0.27-0.44) 0.35 (0.28-0.45) -3.16 0.29
Neoplasms benign, malignant, and unspecified (Incl Cysts and Polyps) 3 0.03 (0.01-0.09) 0.22 (0.21-0.23) —3.86 0.21
Cardiac disorders 66 1.04 (0.81-1.32) 1.03 (0.81-1.31) -1.62 0.84
Endocrine disorders 5 0.61 (0.26-1.48) 0.61 (0.26-1.48) -2.37 0.29
Ear and labyrinth disorders 3 0.22 (0.07-0.69) 0.22 (0.07-0.69) -3.83 0.09
Eye disorders 12 0.20 (0.11-0.35) 0.20 (0.11-0.35) —4.00 0.12
Hepatobiliary disorders 6 0.24 (0.11-0.53) 0.24 (0.11-0.53) —3.74 0.12
Reproductive system and breast disorders 2 0.08 (0.02-0.34) 0.09 (0.02-0.34) -5.21 0.03
Blood and lymphatic system disorders 6 0.12 (0.05-0.26) 0.12 (0.05-0.26) —4.75 0.06
Immune system disorders 7 0.18 (0.09-0.38) 0.19 (0.09-0.39) -4.10 0.10
Social circumstances 11 0.78 (0.43-1.31) 0.78 (0.43-1.31) —2.02 0.48
Surgical and medical procedures 25 0.58 (0.39-0.85) 0.58 (0.39-0.86) —-2.45 0.42
Product issues 143 2.71 (2.29-3.20)" 2.63 (2.24-3.09)" -0.27 2.297

@ Indicates statistically significant signals in algorithm. IC025 and EBGMO5 measure the two types of disproportionality analyses, BCPNN and
MGPS, respectively. Abbreviations: SOC, system organ class; ROR, reporting odds ratio; CI, confidence interval; PRR, proportional reporting ratio;
1C025, the lower limit of 95 % CI of the IC; EBGMOS5, the lower limit of 95 % CI of EBGM.

Table 5
The top 10 AEs of eteplirsen ranked by the ROR algorithm at the PTs level.

SOC Name PTs AEs numbers ROR (95%Cl)

general disorders and administration site conditions catheter site bruise 3 222.12 (70.78, 697.12)
general disorders and administration site conditions catheter site related reaction 5 193.16 (79.71, 468.04)
vascular disorders pOOr venous access 103 190.45 (156.23, 232.15)
general disorders and administration site conditions catheter site pain 12 94.41 (53.42, 166.83)
general disorders and administration site conditions catheter site erythema 5 46.30 (19.22, 111.54)
investigations protein urine present 7 28.46 (18.54, 59.81)
investigations pulmonary function test decreased 3 11.37 (3.66, 35.28)
respiratory, thoracic and mediastinal disorders acute respiratory failure 11 11.34 (6.27, 20.50)
cardiac disorders cardiac failure acute 3 8.91 (2.87, 27.64)
vascular disorders cyanosis 5 8.36 (3.48, 20.11)

Abbreviations: SOC, system organ class; PTs, Preferred terms; AEs, adverse events; ROR, reporting odds ratio; CI, confidence interval.

appropriate preventive measures can be taken.

Currently, due to the rarity of DMD, comprehensive real-world large-sample safety studies on eteplirsen are scarce, with most
research found on PubMed focusing on small-scale, single-population studies. Our study, based on the FAERS database, covers the most
extensive collection of eteplirsen-related cases to date, including 1480 cases and 3107 adverse reactions. Our research not only in-
tegrates previously cataloged adverse reactions based on drug labeling and clinical trials conducted but also identifies some new
adverse reactions. These findings provide a comprehensive and valuable insight into the safety of eteplirsen.

However, our observational study using the FAERS database faces inherent limitations typical of spontaneous reporting systems
analyses. These include incomplete data capture (e.g., unreported cases), insufficient details on the exposed population (e.g., lacking
comprehensive demographic and health background like family history or lifestyle factors), reporting biases (e.g., unverified cases by
healthcare professionals), and potential confounding factors (e.g., concurrent drug usage). Additionally, the self-reporting nature of
the database means we cannot ascertain the drug’s total user base, limiting our ability to generalize these findings. Consequently, our
disproportionality analysis, while informative, cannot definitively establish causality or accurately measure incidence rates [30,31].

5. Conclusion

Our study presents spontaneously reported suspected adverse reactions in patients treated with eteplirsen, reinforcing evidence
from clinical trials and prior observational studies. Additionally, we identified unexpected signals warranting further evaluation; these
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Fig. 2. Time to onset of eteplirsen-related AEs. On the horizontal axis, the left side of “0” represents the percentage of AE numbers, and the right
side represents the number of AE. The vertical axis represents the time to event onset of AEs. The time to event onset of AEs equals the onset date of
AE minus the start date of Teriparatide administration.

Abbreviation: AEs, adverse events.

include AEs not listed in FDA guidelines but are noteworthy in real-world contexts. Our results deepen the understanding of eteplirsen-
related toxicity and provide valuable insights for healthcare professionals to mitigate these risks through post-marketing safety
evaluations.
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