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Abstract
Objective
To report safety, pharmacokinetics, exon 53 skipping, and dystrophin expression in golodirsen-
treated patients with Duchenne muscular dystrophy (DMD) amenable to exon 53 skipping.

Methods
Part 1 was a randomized, double-blind, placebo-controlled, 12-week dose titration of once-weekly
golodirsen; part 2 is an ongoing, open-label evaluation. Safety and pharmacokinetics were primary
and secondary objectives of part 1. Primary biological outcome measures of part 2 were blinded
exon skipping and dystrophin protein production onmuscle biopsies (baseline, week 48) evaluated,
respectively, using reverse transcription PCR and Western blot and immunohistochemistry.

Results
Twelve patients were randomized to receive golodirsen (n = 8) or placebo (n = 4) in part 1. All
from part 1 plus 13 additional patients received 30mg/kg golodirsen in part 2. Safety findings were
consistent with those previously observed in pediatric patients with DMD.Most of the study drug
was excreted within 4 hours following administration. A significant increase in exon 53 skipping
was associated with;16-fold increase over baseline in dystrophin protein expression at week 48,
with a mean percent normal dystrophin protein standard of 1.019% (range, 0.09%–4.30%).
Sarcolemmal localization of dystrophin was demonstrated by significantly increased dystrophin-
positive fibers (week 48, p < 0.001) and a positive correlation (Spearman r = 0.663; p < 0.001) with
dystrophin protein change from baseline, measured by Western blot and immunohistochemistry.

Conclusion
Golodirsen was well-tolerated; muscle biopsies from golodirsen-treated patients showed in-
creased exon 53 skipping, dystrophin production, and correct dystrophin sarcolemmal
localization.

Clinicaltrials.gov identifier
NCT02310906.

Classification of evidence
This study provides Class I evidence that golodirsen is safe and Class IV evidence that it induces
exon skipping and novel dystrophin as confirmed by 3 different assays.
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Duchenne muscular dystrophy (DMD) is a degenerative
neuromuscular disease caused by mutations in the DMD gene1

that affects ;1/3,500–5,000 male births worldwide.2–4 Muta-
tions causing DMD disrupt the dystrophin messenger RNA
(mRNA) reading frame and prevent production of functional
dystrophin.5–7 Dystrophin, a crucial component of a protein
complex, links muscle cytoskeleton to the extracellular matrix,
and ameliorates muscle membrane damage during eccentric
contraction.5,8–10 The effect of dystrophin loss is progressive
muscle wasting and ultimately premature death.1,10,11

Through selection of sequences complementary to the de-
sired target, phosphorodiamidate morpholino oligomers
(PMOs) are designed to bind to pre-mRNA, alter the splicing
process, and skip the targeted exon from the mature mRNA
sequence. Such exon skipping agents enable rational
sequence-guided targeting of exons to be excluded from
mature mRNA, restore the reading frame of dystrophin
transcripts, and allow production of internally shortened, yet
functional, proteins in patients with eligible out-of-frame
deletions.12–15 Eteplirsen is the first PMO approved in the
United States for DMD in patients with confirmed DMD
mutations amenable to exon 51 skipping.16–18

Golodirsen (formerly SRP-4053) is a new PMO that
hybridizes to exon 53 of dystrophin pre-mRNA, and restores
the mRNA reading frame in patients with confirmed DMD
mutations amenable to exon 53 skipping,15 which includes
7.7% of individuals with DMD.19 The aim of golodirsen
treatment is to facilitate production of an internally shortened
dystrophin protein and eventually slow disease progression.
This report presents safety, pharmacokinetics, and biological
activity data of golodirsen in patients with DMD and con-
firmed genetic mutations eligible for exon 53 skipping.

Methods
Study design
This multicenter phase 1/2 clinical trial was designed with
involvement of Sarepta Therapeutics, Inc. (Cambridge, MA),
advocacy groups from each participating country, and academic
members of the SKIP-NMD project, to include 2 parts (figure
1A). Part 1 was a randomized, double-blind, placebo-
controlled, dose titration study. Its primary objective was to
assess safety, tolerability, and pharmacokinetics of 4 escalating
dose levels of golodirsen or placebo over 12weeks of treatment.
Part 2 is a long-term, 168-week, open-label evaluation designed

to assess biological efficacy (primary biological outcome mea-
sure [at week 48] and clinical efficacy [at week 144] and safety
of once-weekly IV) infusions of golodirsen 30 mg/kg in
patients with a deletion mutation amenable to exon 53 skip-
ping. An untreated group of patients with a deletion mutation
not amenable to exon 53 skipping was recruited to part 2 of the
study to explore the value of exploratory clinical biomarkers.

Standard protocol approvals, registrations,
and patient consents
The study is registered at clinicaltrials.gov (NCT02310906)
and is being conducted in accordance with the principles of
the Declaration of Helsinki and the International Council for
Harmonisation Good Clinical Practice guidelines. Ethical
approval was obtained in each of the participating centers
(London and Newcastle, United Kingdom; Paris, France; and
Rome, Italy) and parents or legal guardians of all patients
provided written informed consent before study participation
and genetic testing; all patients provided written assent.

Study patients
Patients eligible for part 1 enrollment were boys aged 6–15 years
(inclusive) with a diagnosis of DMD and out-of-frame deletions
amenable to exon 53 skipping, as confirmed by genomic multi-
plex ligation-dependent probe amplification or DMD gene se-
quencing. Additional inclusion criteria included a mean 6-minute
walk test (6MWT) distance ≥250 meters at screening and
baseline visits and either a North Star Ambulatory Assessment
total score >17 or a Rise (Gowers) time of <7 seconds. Additional
requirements were stable cardiac function (left ventricular ejec-
tion fraction ≥50% based on screening echocardiogram andQTc
<450 ms based on screening electrocardiogram), percent pre-
dicted forced vital capacity of at least 50% and no requirement for
nocturnal ventilation, and taking a stable dose regimen of oral
corticosteroids for at least 24 weeks prior to week 1.

Exclusion criteria were the use of any treatment other than
corticosteroids that may affect muscle strength or function,
planned major surgery, change in contracture treatment
within 3 months, or other clinically significant illness that
would interfere with participation in the study.

All patients who completed part 1 transitioned to part 2.
Additional patients enrolled in part 2 included treatment-
naive boys aged 6–15 years who met the same criteria for part
I, as well as patients with deletion mutations not amenable to
exon 53 skipping who served as the untreated group for the
exploratory efficacy endpoints (part 2).

Glossary
6MWT = 6-minute walk test; AE = adverse event; CLp = plasma clearance; Cmax = maximum concentration; DMD =
Duchenne muscular dystrophy; HPF = high-power field; ICC = intraclass correlation coefficient; mRNA = messenger RNA;
PDPF = percentage dystrophin-positive fibers; PMO = phosphorodiamidate morpholino oligomer; ROA = region of analysis;
RT-PCR = reverse transcription PCR;TEAE = treatment-emergent adverse event;Vss = volume of distribution of study drug at
steady-state.
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Randomization and masking
In part 1, patients were randomized (2:1) to receive golo-
dirsen or placebo prior to dosing in week 1 using an in-
teractive voice response system. All patients, parents/
caregivers, investigators, and study staff not involved with
preparation of study medication were blinded to treatment
assignment. Qualified pharmacists who were authorized to
verify treatment and dose were unblinded to treatment

assignment and not allowed to interact with study partic-
ipants. In part 2, all eligible patients received open-label
treatment with golodirsen.

Tissue sections allocated for reverse transcription PCR (RT-
PCR), Western blot analysis, and immunofluorescence tissue
staining were assigned blinding codes generated and provided
by PharPoint Research, Inc. (Durham, NC). Investigators and

Figure 1 Golodirsen study details

(A) Study design. (B) Study flow diagram (part 1). 6MWT = 6-minute walk test; DSMB = data safety monitoring board; PDPF = percentage dystrophin-positive
fibers.
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laboratory personnel remained blinded to patient identifica-
tion, time point of biopsy, and treatment status throughout all
analyses.

Study treatment
In part 1, randomized patients received once-weekly IV
infusions of golodirsen or placebo. After at least 2 weeks of
treatment at the initial 4 mg/kg dose, patients randomized to
golodirsen received doses of 10, 20, or 30 mg/kg for 2 weeks
each prior to escalation to the next dose. Prior to initiation of
golodirsen dosing in part 2, an independent data safety
monitoring board was required to review safety data from the
dose titration phase. During this safety review, all patients who
completed part 1 continued to receive blinded weekly IV
infusions of golodirsen 30 mg/kg or placebo per their original
randomization. Following completion of the safety review, all
patients from part 1, and treatment-naive patients newly en-
rolled in part 2, initiated open-label treatment with weekly IV
infusions of golodirsen 30 mg/kg. Doses of golodirsen and
placebo were calculated based on the most recently recorded
patient weight, and patients were closely monitored for at
least 1 hour following completion of each infusion. Patients
enrolled in the untreated control group did not receive any
study medication but continued their current standard of care.

Study assessments
Primary and secondary safety and clinical efficacy endpoints
of parts 1 and 2 are summarized in figure 1A. The current
report describes safety, tolerability, and pharmacokinetic
endpoints evaluated in part 1 and key, predetermined bi-
ological endpoints evaluated through week 48 of part 2 fol-
lowing the collection of muscle biopsies. Part 1 safety
endpoints were evaluated in all randomized patients (level of
evidence I). Pharmacokinetic endpoints were evaluated in
active-treated patients at 4, 10, 20, or 30 mg/kg on visits 1, 3,
5, and 7, respectively. The primary biological endpoint was
the blinded change from baseline in dystrophin protein levels
at week 48 as measured byWestern blot. Secondary biological

endpoints were evaluation of exon 53 skipping, as measured
by RT-PCR, and dystrophin sarcolemmal localization
assessed using immunohistochemistry (level of evidence IV).
The clinical efficacy endpoint, which will be completed at
week 144, will be the focus of a separate publication when this
timepoint is reached.

Safety assessments
Patients were assessed for safety and tolerability throughout
the study. Adverse events (AEs) were considered treatment-
emergent if they occurred between initiation of the first dose
of golodirsen to 28 days after last dose. Clinical laboratory
measures, vital signs, physical examinations, 12-lead EKG, and
echocardiogram/echocardiography were routinely moni-
tored. Safety data from part 1 were blinded at the time of
writing of this manuscript.

Pharmacokinetic methodology
Validatedmethods for analysis of concentration of golodirsen in
patient plasma were employed featuring both a high- and low-
range assay (1–100 μg/mL and 10–1,000 ng/mL, respectively).
A detailed description of the pharmacokinetic methodology
used is available from Dryad (https://doi.org/10.5061/dryad.
g003051).

Muscle biopsy methodology
Muscle biopsy specimens were collected from one biceps
brachii muscle at baseline and from the contralateral muscle at
week 48 of part 2 using an optimized, standardized surgical
procedure developed to avoid technical issues previously ex-
perienced during other studies in the field.20 For each biopsy
surgery, 2 pieces of muscle (samples A and B) were excised,
allocated, and analyzed separately. Patients in the untreated
group did not have muscle biopsies and were not included in
dystrophin assessments. Muscle biopsy tissue was mounted
with minimal OCT, cryosectioned, and blind-labeled to pa-
tient ID and treatment status and allocated for analysis by
Western blot, RT-PCR, or immunohistochemistry.

Table 1 Baseline demographics and clinical characteristics of study patients

Characteristic
Placebo
(n = 4)

Golodirsen group 1
(n = 8)

Golodirsen group 2
(n = 13)

Total golodirsen
(n = 25)

Age, y 7.0 (0.8) 8.6 (2.1) 8.5 (2.5) 8.2 (2.2)

Height, cm 114.4 (5.1) 121.8 (9.2) 120.7 (12.1) 120.1 (10.4)

Weight, kg 21.0 (1.4) 31.9 (10.9) 28.1 (8.4) 28.2 (9.1)

BMI, kg/m2 16.1 (0.9) 21.0 (4.7) 18.9 (2.9) 19.1 (3.7)

6MWT distance, m 424.4 (56.3) 401.3 (58.2) 407.9 (55.2) 403.7 (56.7)

Time since DMD diagnosis, mo 47.8 (15.8) 59.7 (32.7) 54.6 (22.9) 55.2 (24.9)

Duration of corticosteroid use, mo 21.0 (11.3) 37.8 (27.6) 34.1 (23.5) 36.8 (25.9)

Abbreviations: 6MWT = 6-minute walk test; BMI = body mass index; DMD = Duchenne muscular dystrophy.
Values shown as mean (SD). Golodirsen group 1 (n = 8) represents patients who received golodirsen in part 1 and continued golodirsen in part 2. Golodirsen
group 2 (n = 13) represents patients who enrolled in part 2 and received golodirsen. The total golodirsen group (n = 25) includes patients who received placebo
in part 1 and golodirsen in part 2 (n = 4), golodirsen group 1 (n = 8), and golodirsen group 2 (n = 13).
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Western blot analysis
The Western blot assay was performed under Good Clinical
Laboratory Practice standards. Western blots were executed
according to validated methodology adapted from Charleston
et al.21 Dystrophin levels of treatment-blinded samples were
calculated from a 5-point standard curve ranging from 0.25% to
4%. Reported dystrophin levels were the average value of both
biological replicates and 2 technical gel replicates for each sample
result.

Exon skipping analysis
Cryosectioned tissue sections from muscle biopsy samples
were treatment-blinded and samples homogenized in TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA) to isolate
total RNA. RNA quality was evaluated using a DNA 5K/RNA/
Charge Variant Assay LabChip and LabChip GXII Touch HT
(PerkinElmer, Inc., Waltham, MA). A detailed description of
the methodology used for exon skipping analysis, including
patient genotypes, is shown in table e-1 and percentage of exon
53 skipping in figure e-1 (https://doi.org/10.5061/dryad.
g003051).

Immunofluorescence staining and
image capture
To evaluate dystrophin localization, muscle biopsy tissue cry-
osections of treatment-blinded samples were dual-stained (per-
formed at University of IowaHospitals andClinics byDr. Steven
A.Moore) with antidystrophin antibody at 1:25 (MANDYS106,
clone 2C6, mouse monoclonal antibody obtained from Glenn
Morris, Wolfson Centre for Inherited Neuromuscular Disease,
Oswestry, UK, and now commercially available from Millipore
[MABT827, clone 2C6]) and anti-laminin α2 antibody at 1:400
(ab11576, clone 4H8, lot GR95776-14, rat monoclonal anti-
body; Abcam, Cambridge, MA) followed by incubation with the
detection cocktail that included Alexa Fluor 594 goat anti-mouse
IgG2a (A21135, lot 1366503; Thermo Fisher Scientific) and
Alexa Fluor 488 rabbit anti-rat IgG (H + L) (A21210, lot
53122A; Thermo Fisher Scientific).20

Tissue sections were imaged using a validated whole-slide
scanner method at 20× magnification in fluorescein (Alexa
Fluor 488; laminin α2 signal) and tetramethylrhodamine
(Alexa Fluor 594;MANDYS106 signal) detection channels using

Figure 2 Treatment with golodirsen demonstrated an increase in de novo dystrophin protein

(A) Western blot examples per-
formed with baseline (labeled as BL)
and on treatment (Tx) paired sam-
ples from 4 patients. Numbers
above Tx gel lanes indicate the per-
cent normal control dystrophin,
calculated from the standard curve
on each blot (lanes denotedwith 4%,
2%, 1%, 0.5%, 0.25%). In both panels,
lane 0 represents baseline un-
treated DMD control tissue with no
normal control lysate. Arrows and
values above gel indicate the per-
cent normal dystrophin measured
for the indicated lane. (B) Western
blot data shown as averaged dys-
trophin percent of normal for each
individual patient at baseline (open
circles) and at part 2, week 48, (solid
squares), with dystrophin levels on
y-axis presented as linear values.
*Sample reading was above the
upper limit of quantification.
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a 3DHISTECH Panoramic MIDI fluorescent scanner (PAN-
MIDI; Perkin Elmer) at a fixed exposure time (imaging performed
at Flagship Biosciences, Inc., Westminster, CO). Contrast-
inverted, MANDYS106-stained images in the Alexa Fluor 594
channel were processed to correct for background staining be-
fore analysis was conducted. An outer region of analysis (ROA)
was drawn at least 1 mm outside the tissue while an inner ex-
clusion ROAwas drawn around the tissue. A grid of 0.5 mm2 was
overlaid on the tissue and 1 box in each quadrant was identified for
analysis of background signal (figure e-2, https://doi.org/10.
5061/dryad.g003051). A detailed description of the methodology
utilized for the correction of the background and the image cap-
ture, including figure e-3 showing selection of high-power fields
and figure e-4 showing an example of a background-corrected
inverted Alexa Fluor image, is available from Dryad (https://doi.
org/10.5061/dryad.g003051).

Percent dystrophin-positive fibers
Assessment of percentage dystrophin-positive fibers
(PDPFs) was executed according to methodology adapted
from Charleston et al.21 by 3 trained pathologists who each
scored all blinded high-power fields (HPFs). Training en-
sured that the pathologists approached the evaluation and

scoring of muscle fibers by the same criteria for identification
of dystrophin-positive muscle fibers and muscle fiber total
counts. The scoring of randomly duplicated images was used
to assess intrapathologist precision. Pathologists determined
positive muscle fibers based on visual examination of the
background-corrected inverted Alexa Fluor 594 digital
images. Total fiber counts were defined by the structural
appearance of the fiber cross-section. The total fiber
counting was done while the pathologists viewed the Alexa
Fluor 488–only HPFs. Scoring of the dystrophin-positive
fibers on the background-corrected Alexa Fluor 594 HPFs
was completed before scoring of total muscle fibers using the
Alexa Fluor 488 HPFs.

Statistical analyses
For each patient sample at the 2 biopsy time points (baseline vs
part 2 [week 48]), replicate runs were performed to determine
dystrophin level (% normal) by Western blot, % exon skipping
by RT-PCR, and manual scoring of PDPFs. The average of
replicate values from available samples was used in the analyses.

Change from baseline and fold change from baseline for each
patient was calculated as follows:

Figure 3 Exon 53 skipping and dystrophin

(A) Treatment with golodirsen demonstrates an increase in
skipping of exon 53 in dystrophin mRNA. Percent exon 53 skip-
ping for individual patients at baseline (open circles) and on
treatment (filled squares). Data represent mean ± SD values for
4–8 replicates. (B) Positive correlation between percent exon 53
skipping and production of dystrophin protein. Percent exon 53
skipping change frombaseline was plotted against the change in
dystrophin protein from baseline, as measured by Western blot
(Spearman r correlation coefficient: 0.500; p = 0.011).
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Change from Baseline = On-Treatment Value −Baseline Value

Fold change from Baseline =

�
On-Treatment Value=Baseline Value

�

Dystrophin level (% normal) determined by Western blot, %
exon skipping by RT-PCR, and manual scoring of PDPFs was
averaged across all patients for baseline and for part 2, week
48. In addition, change from baseline to part 2, week 48, and
fold change from baseline to part 2, week 48, was averaged
across all patients.

Changes from baseline in dystrophin level (% normal) were
assessed using a 1-sample permutation t test. A sign test was
employed to determine if exon skipping at part 2, week 48,
was greater than the mean ratio at baseline. Statistical signif-
icance was set at α < 0.05 for all analyses. Correlations be-
tween exon 53 skipping and dystrophin level (% normal) and
between PDPF and dystrophin level (% normal) were per-
formed using the Spearman method. All statistical analyses

were performed using SAS version 9.4 (Cary, NC) except the
permutation t test using R package.

Data availability
Study results and individual de-identified patient data will not
be available in a publicly accessible repository to protect the
interests of the patients and investigators, in accordance with
the policies of Sarepta Therapeutics, Inc., and in line with the
General Data Protection Regulation.

Results
Baseline characteristics and safety
Demographics and disease characteristics of all 25 study
patients who received golodirsen described in this report are
summarized in table 1. In part 1, 13 patients were screened
and 12 patients were randomized to receive once-weekly IV
infusions of golodirsen 4 mg/kg followed by dose escalation

Figure 4 Dystrophin expression, baseline and treated part 2, week 48, biopsy samples from the same patient

(A) Example 1: Lowmagnification image of whole tissue section stained for laminin α2 (green, all fibers stained) and dystrophin (red). A total of 2,843 muscle
fiberswere present in the baselinewhole-slide image (A.a) and 1,077 fibers in the part 2, week 48, image (A.b). Three highlighted regions from thewhole tissue
sections (green) aremagnified below each image to illustrate the corresponding dystrophin staining in these regions (red). Image intensity was not enhanced
and represents original captured images. Dystrophin protein at part 2, week 48, was 4.3%of normal, asmeasuredbyWestern blot for this patient. (B) Example
2: Low magnification image of whole tissue section stained for laminin α2 (green, all fibers stained) and dystrophin (red). A total of 4,945 muscle fibers were
present in the baseline whole-slide image (B.a) and 2,167 fibers in the part 2, week 48, image (B.b). Three highlighted regions from the whole tissue sections
(green) are magnified below each image to highlight the corresponding dystrophin staining in these regions (red). Image intensity was not enhanced and
represents original captured images. Dystrophin protein at part 2, week 48, was 1.91% of normal, as measured by Western blot for this patient.
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to golodirsen 10, 20, and 30 mg/kg (n = 8) or placebo (n = 4;
figure 1B). All patients reported at least 1 treatment-emergent
AE (TEAE), none of which was serious. No patients dis-
continued due to a TEAE. Moderate TEAEs were reported in
2 patients: Staphylococcus aureus infection of a Port-A-Cath
and pyrexia. TEAEs were assessed as related to study drug by
the investigator in 8 patients. In general, the TEAEs reported
in part 1 of this study were consistent with what would be
expected in a pediatric DMD population.

Pharmacokinetics
Pharmacokinetics were evaluated in 8 active-treated patients
at dose levels 4, 10, 20, and 30 mg/kg on visits 1, 3, 5,
and 7, respectively (table e-2, https://doi.org/10.5061/dryad.
g003051). Following each dose level, concentrations at 24
hours postdose were at or near the lower limit of quantitation
(10 ng/mL). A dose-proportional increase in maximum

concentration (Cmax) was observed with an average of 8,501
ng/mL at the lowest dose of 4 mg/kg and 56,550 ng/mL at the
highest dose of 30 mg/kg. When evaluated across all dose levels,
plasma clearance (CLp) and volume of distribution of study
drug at steady-state (Vss) averaged 365 ± 133mL/h/kg and 684
± 252 mL/kg, respectively, and half-life averaged 3.09 ± 1.30
hours. The short half-life also indicates that with weekly dosing
no accumulation in plasma is expected. Exposure increased in
a proportional manner with dose increment (table e-3, https://
doi.org/10.5061/dryad.g003051).

Most of the recovered study drug was excreted in the first 4
hours (table e-4, https://doi.org/10.5061/dryad.g003051).
The percent of dosed golodirsen recovered in urine over 24
hours was between 54.5% and 60.4%, and renal clearance
(CLR) accounted for 54.5%, 54.7%, 60.6%, and 59.0% of total
systemic clearance (CL) at visits 1, 3, 5, and 7 (4, 10, 20, and 30

Figure 5 Manual percentage dystrophin-positive fiber (PDPF) analysis

(A) Baseline values of PDPF for each patient are shown
as open circles and part 2, week 48, intensity is shown
as solid squares. This graphical representation pro-
vides a ready way to visualize relative changes in each
patient. Data represent the mean of 3–4 replicates
with SD bars. (B) Western blot protein change from
baseline is plotted on the x-axis and percent dystro-
phin-positive fiber change from baseline as assessed
by manual scoring is plotted on the y-axis. Spearman
analysis shows a significant correlation (p < 0.001; r =
0.663). Each point represents a single patient.
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mg/kg), respectively (table e-5, https://doi.org/10.5061/
dryad.g003051).

There was a trend of increasing CLp and Vss with body
weight when CLp and Vss were evaluated without body
weight normalization. There was a trend of decreasing CLp
and Vss (normalized to body weight) with age. Half-life
showed little dependence on body weight or age.

Dystrophin production
With once-weekly golodirsen treatment, mean percent of
normal dystrophin protein as measured by Western blot was
1.019% (SD 1.033%), with a range across patients of
0.09%–4.30% (figure 2, A and B), representing a significant
increase over baseline (p < 0.001; mean baseline dystrophin
level estimate of 0.095% [SD 0.068%], range 0.02–0.31).
Utilizing the methodology in the statistical analyses section,
we observed an approximately 16-fold increase in dystrophin.
Baseline biopsy dystrophin levels as measured by Western
blot were consistently very low (figure 2B), with only one
patient’s baseline sample above the lowest standard curve
point of 0.25% (figure 2A). Assessing drug effect as an in-
crease over baseline dystrophin levels22 is challenging due to
the lack of a quantitative protein assay to accurately measure
the low levels of dystrophin that are detectable by immuno-
histochemistry inmost patients with DMD. In certain samples
that fell below 0.25%, theWestern blot method utilized in this
analysis was able to detect a signal at the appropriate molec-
ular weight for dystrophin. This enabled estimation of ex-
trapolated mean value of 0.095% for baseline samples.

Alternative imputation methods were used in a sensitivity
analysis of the increase in dystrophin levels from baseline to
part 2, week 48. In addition to using extrapolated estimates, the
more conservative analysis method only used values within
the standard curve range (0.25%–4%). Data analysis using
more conservative imputations all resulted in a significant in-
crease (p < 0.001) from baseline in dystrophin protein at
part 2, week 48 (table e-6, https://doi.org/10.5061/dryad.
g003051).

We investigated whether differences in the duration of drug
exposure (table e-7, https://doi.org/10.5061/dryad.g003051)
could account for differences in dystrophin expression by com-
paring results for patients who participated in both parts 1 and 2
vs only part 2 of the clinical study. While the 2 patients who
received the highest number of golodirsen doses also had higher
levels of dystrophin as measured by Western blot, overall, no
correlation was observed between the number of doses or the
duration of exposure and dystrophin expression.

Alteration of dystrophin mRNA splicing in patients treated
with golodirsen can be measured using semiquantitative
endpoint RT-PCR as the amount of dystrophin mRNA that
omits exon 53 relative to the amount of mRNA that includes
exon 53. The mean percentage of exon skipping for all
patients increased from 2.590% (SD, 4.0864%; range,

0.00%–14.69%) at baseline to 18.953% (SD, 13.2245%;
range, 2.62%–48.03%) at part 2, week 48, representing a mean
per-patient 28.897-fold increase (SD, 39.6763; range,
2.59–150.36) in exon 53 skipping (figure 3A). Sanger DNA
sequence analysis of PCR-amplified products of the exon-
skipped bands across the new exon junction formed by
skipping exon 53 confirmed restoration of reading frame in
the dystrophin transcript in 100% of assessed patients (data
not shown).

Consistent with golodirsen’s mechanism of action, a signifi-
cant, positive correlation between exon skipping and de novo
dystrophin protein expression was observed with a Spearman
r correlation coefficient of 0.500 (p = 0.011; figure 3B). In
addition, dystrophin expression was localized to the sarco-
lemma in patients treated with golodirsen. Whole-slide scan
images at baseline and part 2, week 48, from 2 patients (with
average and high dystrophin levels as measured by Western
blot) are shown as examples in figure 4, A and B. An apparent
increase in staining intensity of dystrophin above baseline
levels is evident and is clearly localized to the sarcolemma.

PDPF scoring indicated that weekly treatment of patients
with golodirsen at week 48 resulted in a significant increase in
positive dystrophin fibers (p < 0.001). The mean baseline
level for scoring PDPF was 1.430% (SD, 2.042; range,
0.06%–9.75%), whereas mean scoring PDPF at week 48 was
10.471% (SD, 10.102; range, 0.87%–32.59%), a mean per-
patient 13.461-fold increase (SD, 11.9171; range,
1.88–49.67). The PDPF data for each individual patient at
baseline and part 2, week 48, are shown in figure 5A. The
intraclass correlation coefficient (ICC) for interpathologist
consistency estimates the correlation of scores on the same
section scored by different pathologists. The interpathologist
ICC for the positive dystrophin fibers was 0.8134 (95% CI,
0.8080–0.8192).

A positive correlation and linear relationship between dys-
trophin protein as measured by Western blot and dystrophin
localization to the membrane (PDPF) was observed with
a Spearman correlation coefficient of 0.663 (p < 0.001), as
shown in figure 5B.

Discussion
In this first-in-human, multicenter trial, we evaluated dys-
trophin production (primary biological outcome measure),
exon 53 skipping, and dystrophin localization at week 48 in
muscle biopsies from patients who received weekly IV
treatments with golodirsen. The week 48 time point was
prespecified as the primary biological assessment to allow
sufficient time for dystrophin to be produced based upon
previous experience with eteplirsen, an antisense PMO tar-
geting exon 51 of the DMD gene.17,23 Our findings demon-
strated the robust pharmacologic activity of golodirsen using 3
independent, complementary methods. All 25 patients had an
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increase in skipping of exon 53, demonstrating clear evidence of
target engagement by golodirsen. The primary biological end-
point of the study was achieved, as statistically significant
increases of approximately 16-fold over baseline were observed
in de novo dystrophin protein expression as measured by
Western blot at week 48, with a mean of 1.019% of normal and
a range across patients of 0.09%–4.30%. The de novo dystro-
phin protein correctly localized to the sarcolemma with a sig-
nificant increase in mean change in PDPF from baseline to
10.471%, for a mean increase of 13.461-fold. The consistency of
the dystrophin response measured by the complementary
assays and the positive correlation between exon skipping and
dystrophin protein asmeasured byWestern blot and dystrophin
localization to the sarcolemma as measured by manual PDPF
support the robustness of the pharmacologic activity of
golodirsen.

While the response of the golodirsen-treated patient pop-
ulation was unequivocal, the level of skipping and protein
restoration varied across individual patients. This finding could
be due to factors such as biological variation across muscle
tissue in the therapeutic response of particular biopsies and
sectioned muscle areas, as previously noted in preclinical
models.24,25 Nevertheless the levels of dystrophin detected
using Western blot exceed the levels previously obtained using
eteplirsen, where, at week 180, levels of dystrophin on blot
ranged from 0 to 2.47 (mean, 0.93; median [calculated],
0.96).21

While the level of dystrophin restoration necessary to alter the
course of disease for patients with DMD is not known, the
clinical and preclinical literature clearly indicates that the
presence of very low or trace levels of dystrophin is associated
with improved clinical outcome. In preclinical studies, very
low levels of dystrophin (between 1% and 4%) demonstrated
clear benefit in improving outcome, not only in the classical
mdx mouse model of DMD but also in the double
dystrophin/utrophin mdx mouse model, with clear survival
benefit.26 In humans, several groups have demonstrated that
spontaneous exon skipping in patients with DMDwith certain
mutation types leads to a milder course of disease, with di-
vergence in the age at loss of ambulation of several years
compared to the typical DMD population.27,28 In particular,
dystrophin expression in muscle fibers is detectable by the
highly sensitive immunohistochemical methods in patients
with DMD with genetic mutations amenable to exon 44
skipping, presumably due to spontaneous exon 44
skipping.27–30 Importantly, the low level of dystrophin
detected by immunohistochemistry in these patients is typi-
cally below the level of detection using Western blot meth-
odology used in our study.24

We also recently confirmed a significant difference in the
6MWT outcome when comparing patients with mutations
amenable to exon 53 skipping to those amenable to exon 44
skipping. This latter group of patients (in whom higher levels

of dystrophin protein are typically found27) had better results
both at baseline and at follow-up.31

The data from ongoing eteplirsen studies are in keeping with
these predictions, as eteplirsen treatment was associated with
delayed loss of ambulation18 and halving of the annual decline
in respiratory function.32 A pivotal aspect of the conditional
approval of eteplirsen was the demonstration of posttreat-
ment dystrophin restoration.

Nevertheless, higher levels of dystrophin are necessary to cor-
rect other aspects of dystrophin deficiency: preclinical studies
suggest that levels of;15% are necessary to protect the muscle
against eccentric contraction-induced injury, while higher levels,
in the range of ;40%, also normalize muscle force pro-
duction.33 These data therefore indicate the hierarchical impli-
cation of different levels of dystrophin in muscle, from
improving muscle pathology, to higher levels that also protect
muscle from further damage, to even higher levels associated
with normalization of force generation.

The validated methodology that we developed in concor-
dance with current regulatory guidance is the same that was
used in previous studies of eteplirsen, therefore allowing
a more direct comparison between our current results and the
previously published eteplirsen studies.17,34 Applying the
same methodology used in these studies, we recently dem-
onstrated that a patient with a nonsense mutation in exon 42
had low levels of spontaneous exon skipping that resulted in
an in-frame deletion removing the nonsense mutation from
the transcript (skipping levels 6%–9.8%). On Western blot,
this patient, who at his age appears to follow a milder disease
course, had dystrophin levels of 3.2%, well within the range of
levels found in several of the patients in this study.30 Future
studies using this validated methodology and applied to
a range of patients with DMD or Becker muscular dystrophy
will be helpful to refine the correlation between the amount of
dystrophin produced and clinical course of dystrophino-
pathies, including the roles of genetic modifiers such as
LTPB4 and CD40.34,35

Following our previous experience with eteplirsen and recent
guidance put forth by the US Food and Drug Administration
and the European Medicines Agency, 48 weeks is not a suffi-
cient duration of time to allow the trajectories of treated
patients to diverge from those of untreated patients.22,36 A
longer duration of treatment is needed to characterize the
clinical benefits of exon skipping leading to low levels of dys-
trophin expression.18,23 The number of patients enrolled in the
current study was relatively small but comparable tomost other
DMD phase I/II studies and was adequate to meet the primary
endpoint of biochemical efficacy.

This study is ongoing and efficacy, additional safety, and
functional outcomes will be described in a separate publica-
tion when the week 144 data cut has been performed.
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Golodirsen is the second PMO shown to increase dystro-
phin expression and sarcolemmal localization through the
initiation of exon skipping, further validating the potential
of the PMO antisense oligonucleotide platform in DMD.
The consistency of results across these endpoints supports
the conclusion that golodirsen will increase levels of
functional dystrophin for patients with DMD with genetic
mutations amenable to exon 53 skipping therapy. The
levels produced are expected to slow the rate of decline of
this devastating disease, but this will need to be confirmed
in longer and larger studies. Progress in advancing the rigor
of methods to measure dystrophin expression should fa-
cilitate evaluation of therapies based on dystrophin resto-
ration and will ultimately assist in clarifying the relationship
between dystrophin production and clinical outcome
measures.
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muscle biopsy
storage and
sectioning and
shipping

Study design and
protocol development
for muscle biopsy
storage and sectioning
and analysis

Thomas
Voit, MD,
PhD

University
College
London, UK

Site
investigator
(Paris),
responsible for
the conduct of
the trial at the
Paris site
before moving
to London

Principal investigator
of the original EU SKIP
NMD grant, clinical
study design, design
of trial and study
endpoints,
contribution to
manuscript

Pierre G.
Carlier, MD,
PhD

Institute of
Myology,
Paris, France

Physicist and
radiologist,
MRI, and MRS
data analysis

Principal investigator
of the original EU SKIP
NMD grant, study
design of muscle MRI
and MRS

Teresa
Gidaro, MD,
PhD

Institute of
Myology,
Paris, France

Site
investigator

Coinvestigator,
contributed to the
ActiMyo development

Andreea
Mihaela
Seferian,
MD

Institute of
Myology,
Paris, France

Site
subinvestigator

Coinvestigator,
contributed to
obtaining patient
consent, clinical
examination,
assessing and
evaluating adverse
events, and reviewing
vital signs and
laboratory reports for
clinical significance

Elena
Gargaun,
MD

Institute of
Myology,
Paris, France

Site
investigator

Coinvestigator

Linda
Popplewell,
PhD

Centre of
Gene and Cell
Therapy, Royal
Holloway
University
London, UK

Research
scientist

Design, optimization,
and screening

Adam
Jones, PhD

University
College
London, UK

Research
assistant

Cut blocks for SKIP
trial

Lucy Feng,
PhD

Great
Ormond
Street
Hospital,
London, UK

Coordinator
and supervisor
in muscle
biopsy study

Participated in review
of muscle biopsy
processing manual,
coordinated and
monitored quality of
muscle biopsies from
multiple sites, and
contributed to study
design of muscle
biopsy analysis
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Appendix 2 (continued)

Name Location Role Contribution

Caroline
Sewry, PhD

Great
Ormond
Street
Hospital,
London, UK

Pathologist
(muscle
pathology
storage and
sectioning and
shipping)

Assessment of
dystrophin
immunofluorescence
and quality control of
biopsy samples

Daniela
Leone, MD,
PhD

Universitá
Cattolica del
Sacro Cuore,
Rome, Italy

Subinvestigator Guaranteed clinical
assistance to the
patient and performed
and coordinated
clinical assessment
andprocedures during
the trial

Maria
Carmela
Pera, MD,
PhD

Universitá
Cattolica del
Sacro Cuore,
Rome, Italy

Subinvestigator Guaranteed clinical
assistance to the
patient and performed
and coordinated
clinical assessment
andprocedures during
the trial

Mauro
Monforte,
MD, PhD

Universitá
Cattolica del
Sacro Cuore,
Rome, Italy

Site
investigator

Major role in the
acquisition of muscle
pathology data

Marika
Pane, MD

Universitá
Cattolica del
Sacro Cuore,
Rome, Italy

Subinvestigator Guaranteed clinical
assistance to the
patient and
performed and
coordinated clinical
assessment and
procedures during
the trial

Shande
Tang, PhD

Sarepta
Therapeutics,
Cambridge,
MA

Project
biostatistician

Contributed to study
design, protocol
development, led
statistical analysis
plan, data collection
and analysis,
contributed to results
interpretation,
reviewed and edited
manuscript
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Reader Response: Association Between Dietary Habits in Midlife
With Dementia Incidence Over a 20-Year Period
Steven Brenner (St. Louis)

Neurology® 2023;100:934–935. doi:10.1212/WNL.0000000000207354

I read the study by Glans et al.1 with interest because of the importance and timeliness of the
topic. Although dietary constituents may not be associated with the incidence of dementia, food
preparation methods may play a role because of the production of advanced glycation end
products (AGEs) associated with food processing at high temperatures in roasting, grilling, and
frying.2 AGEs and their receptors appear to be associated with cognitive decline and dementia.3

Excluding patients with diabetes from the analysis1 may have limited the study because elevated
blood glucose in diabetes causes glycation of proteins, producingAGEs. In addition to diet, AGEs
accumulation may be age-dependent,4 an association with the age-related development of AD in

Editors’ Note: Association Between Dietary Habits in Midlife With
Dementia Incidence Over a 20-Year Period
In their analysis of the Malmö Diet and Cancer Study, Dr. Glans et al. evaluated the
association between incident dementia and adherence to a modified Mediterranean diet vs
conventional dietary recommendations. More than 28,000 individuals were followed over
an approximately 20-year period and were asked to report on their dietary habits using
a detailed questionnaire, food diary, and clinical interviews. There was no significant
association between incident dementia and dietary strategy. Furthermore, the lack of
association was observed in various sensitivity analyses—including those with best ad-
herence to a particular diet and when assessing Alzheimer dementia or vascular dementia as
secondary outcomes or when isolating a nested cohort (n = 738) with CSF samples for
amyloid-β42 accumulation. In response to this analysis, Dr. Brenner emphasizes the po-
tential risk of dementia based on the method of food preparation (rather than simply food
content). In particular, there is a relationship between advanced glycation end-products (as
seen in patients with diabetes and in patients who prepare foods by grilling or frying
methods). Drs. Smith and Refsum also acknowledge the bias of self-reported dietary
adherence and suggest that serologic biomarkers of diet be used to support the conclusions
of this report. This exchange highlights the value of heterogeneity in study methodology.
For conditions such as dementia, Alzheimer disease, and others, which may be causally
related to innumerable factors (including dietary content, food preparation, and adherence
to a particular regimen), large population-based cohorts may reveal specific, modifiable risk
factors. However, definitive associations require validation with objective biomarkers and
advanced neurodiagnostic testing, which may be cost-prohibitive for studies of this scale.
There is an equal need for both large-scale population-based studies and smaller cohorts,
which report highly detailed clinical, physiologic, and neurodiagnostic findings.

James E. Siegler, MD, and Steven Galetta, MD

Neurology® 2023;100:934. doi:10.1212/WNL.0000000000207353
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the elderly population. Beta-amyloid peptides are “heavily glycated” in patients and persist in the
oligomeric form longer, likely contributing to their greater toxicity.5
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Reader Response: Association Between Dietary Habits in Midlife
With Dementia Incidence Over a 20-Year Period
Anthony David Smith (Oxford, England) and Helga Refsum (Oslo)

Neurology® 2023;100:935. doi:10.1212/WNL.0000000000207355

Glans et al.1 concluded that dietary habits in midlife were unrelated to a subsequent diagnosis
of dementia. In this detailed study, dietary habits were assessed by dietary questionnaires,
most of which were self-administered. The study would benefit from the measurement
of biomarkers in blood samples because biomarkers are a more objective way of revealing
dietary habits.

If the authors have stored blood from this large cohort, then some stable biomarkers could still
be measured. For example, total blood omega-3 fatty acids could reflect a Mediterranean diet
and raised docosahexaenoic acid has been shown to be protective against cortical thinning,
cognitive decline, and dementia.2,3 Similarly, low plasma folate is a risk factor of Alzheimer
disease4; and a stable marker of low B vitamin status, plasma total homocysteine, is an estab-
lished risk factor of dementia.5

Measurement of relevant biomarkers can provide critical evidence whether dietary habits
change the risk of dementia.

1. Glans I, Sonestedt E, Nägga K, et al. Association between dietary habits in midlife with dementia incidence over a 20-year period.
Neurology. 2023;100(1):e28-e37.

2. Walhovd KB, Storsve AB, Westlye LT, Drevon CA, Fjell AM. Blood markers of fatty acids and vitamin D, cardiovascular measures,
body mass index, and physical activity relate to longitudinal cortical thinning in normal aging. Neurobiol Aging. 2014;35(5):
1055-1064.

3. Sala-Vila A, Satizabal CL, Tintle N, et al. Red blood cell DHA is inversely associated with risk of incident alzheimer’s disease and all-cause
dementia: framingham offspring study. Nutrients. 2022;14(12):2408.

4. Zhang X, Bao G, Liu D, et al. The association between folate and Alzheimer’s Disease: a systematic review and meta-analysis. Front
Neurosci. 2021;15:661198.

5. Smith AD, Refsum H, Bottiglieri T, et al. Homocysteine and dementia: an international consensus statement. J Alzheimer’s Dis. 2018;
62(2):561-570.
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CORRECTION & REPLACEMENT

Increased Dystrophin Production With Golodirsen in Patients
With Duchenne Muscular Dystrophy
Neurology® 2023;100:936. doi:10.1212/WNL.0000000000012406

In the article “Increased Dystrophin Production With Golodirsen in Patients With Duchenne
Muscular Dystrophy” by Frank et al.,1 there were errors in the Pharmacokinetics (PK) portion
of the Results and in the Acknowledgments.

The authors noted that they found slight numerical discrepancies between the final PK analysis
for this study and the data reported in the Neurology manuscript. The authors want to em-
phasize that these differences do not change the PK data interpretation and conclusions
presented in the manuscript. Therefore, this correction is to ensure accurate publication of the
PK numerical data.

The data in the Neurology article included a preliminary PK analysis, completed per the trial
protocol. This analysis included data through July 15, 2015, and was finalized in May 2016. The
authors began drafting the manuscript that was submitted to Neurology in 2018 and consulted
this preliminary PK analysis during the writing. The subsequent final PK analysis was com-
pleted on August 7, 2019, and the clinical study report was completed in February 2020. The
authors regrettably did not clearly state that they were referring to data from the preliminary PK
analysis throughout multiple submissions to Neurology in 2019.

There are three key differences in the two PK analyses that have contributed to the numerical
discrepancies. For the dose proportionality assessment reported in Table e-3, an exploratory
dose ratio method was used in the preliminary PK analysis, whereas a formal power method was
used in the final PK report. In the preliminary PK analysis, the urine concentration was
calculated using a dilution factor yielding treated urine concentrations. This has been corrected
in the final PK report, where untreated urine concentrations were calculated, reflecting the
actual concentrations in pure undiluted urine. Lastly, in the golodirsen label, CLp, Vss, and half-
life were updated with values at the approved dose of 30 mg/kg, instead of using an average
across all dose levels from the preliminary PK report.

The final analysis results affect the numerical data in the Pharmacokinetics section in the
manuscript body as well as the following Supplementary tables:

1. table e-2. Summary of Golodirsen Plasma Pharmacokinetic Parameters
2. table e-3. Dose Proportionality Evaluation Using Power Model Method
3. table e-4. Summary of Golodirsen Recovered in Urine by Collection Interval
4. table e-5. Summary of Golodirsen Urinary Kinetic Parameters Through 24-Hours

There was also an error in the Acknowledgment section of the original article: Dr. Nelsa Estrella
should have been included in this section. The authors regret the error.

The article has now been replaced by a corrected version. The original version with the changes
highlighted is available from a link in the corrected article.
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