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Abstract 

During the last decade, multiple clinical trials for Duchenne muscular dystrophy (DMD) have focused on the induction 
of dystrophin expression using different strategies. Many of these trials have reported a clear increase in dystrophin 
protein following treatment. However, the low levels of the induced dystrophin protein have raised questions on its 
functionality. In our present study, using an unbiased, high-throughput digital image analysis platform, we assessed 
markers of regeneration and levels of dystrophin associated protein via immunofluorescent analysis of whole muscle 
sections in 25 DMD boys who received 48-weeks treatment with exon 53 skipping morpholino antisense oligonucleo-
tide (PMO) golodirsen. We demonstrate that the de novo dystrophin induced by exon skipping with PMO golodirsen 
is capable of conferring a histological benefit in treated patients with an increase in dystrophin associated proteins 
at the dystrophin positive regions of the sarcolemma in post-treatment biopsies. Although 48 weeks treatment with 
golodirsen did not result in a significant change in the levels of fetal/developmental myosins for the entire cohort, 
there was a significant negative correlation between the amount of dystrophin and levels of regeneration observed in 
different biopsy samples. Our results provide, for the first time, evidence of functionality of induced dystrophin follow-
ing successful therapeutic intervention in the human.
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Background
Duchenne muscular dystrophy (DMD) is a genetic, 
X-linked, muscle-wasting disorder that affects 1:3500–
5000 boys and is caused by mutations in the DMD gene 
[24]. The mutations found in DMD patients disrupt the 
open reading frame of the gene resulting in the inability 

to produce the protein dystrophin [30]. The lack of dys-
trophin triggers progressive muscle degeneration, leading 
to loss of muscle tissue and progressive weakness, with 
loss of ambulation by early teens, and ultimately prema-
ture death [48]. The primary aim of many DMD clinical 
trials is the induction of dystrophin and several DMD 
therapies have now successfully induced the production 
of low levels of dystrophin protein with correct localisa-
tion at the sarcolemma [7, 11, 19, 46]. However, the ques-
tion surrounding the molecular functionality of de novo 
dystrophin protein in humans as a result of therapeutic 
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intervention, and, in particular, whether the low levels of 
protein expression can provide functional benefit to the 
DMD muscle has not been assessed before.

Dystrophin is an essential protein localised to the cyto-
plasmic face of the sarcolemma that connects intracellu-
lar cytoskeletal actin of muscle cells to the extracellular 
matrix (ECM) and these interactions are critical for sar-
colemmal membrane stability. This cross sarcolemmal 
linkage occurs via dystrophin’s interaction with a myriad 
of binding partners both at the sarcolemma and within 
the cytoplasm [23]. At the sarcolemma, dystrophin links 
a complex of proteins that together assist the connection 
of the ECM to the cytoskeleton, resulting in membrane 
stabilisation during muscle contractions [10, 15]. This 
dystrophin-associated protein complex (DAPC) includes 
the dystroglycans (α/β), sarcoglycans (α, β, γ, δ), syntro-
phins, dystrobrevins and others [16]. Pathological con-
sequences caused by the lack of functional dystrophin 
and the subsequent reduction in the DAPC are dramatic, 
with a progressive cascade of events, including repeated 
cycles of myofibre degeneration and regeneration, result-
ing in the re-expression of immature myosin heavy chain 
isoforms in regenerating myofibres [14, 21]. This muscle 
degeneration starts at birth and in the initial phases of 
the condition is compensated by an effective regeneration 
which eventually fails to compensate for the degenera-
tion, leading to replacement of myofibres with fibrofatty 
and connective tissue over time. Preventing or reducing 
these cycles of myofibre degeneration/regeneration can 
reduce pathological inflammation, fibrosis, and preserve 
muscle bulk and function [32, 41]

Mutations in DMD that maintain the reading frame 
result in a milder phenotypic form of the disease, Becker 
muscular dystrophy (BMD) [26]. BMD patients typically 
have more dystrophin and DAPC proteins with fewer 
regenerating myofibres and this results in less progres-
sive pathology and improved muscular and ambulatory 
capacity [18, 25, 40]. BMD therefore represents the proof 
of concept that reframing the dystrophin transcript using 
antisense oligonucleotides to produce internally deleted 
dystrophin protein should alleviate the disease severity 
observed in patients with DMD [2, 35, 39, 43].

Golodirsen (formerly SRP-4053 and now commercially 
Vyondys 53™) is a phosphorodiamidate morpholino oli-
gomer (PMO) that specifically targets exon 53 of dys-
trophin pre-mRNA, resulting in its exclusion from the 
final mRNA product [19]. Skipping of exon 53 in DMD 
patients with amenable mutations results in restoration 
of the mRNA reading frame and leads to the production 
of a partially internally deleted dystrophin protein with 
intact C and N-terminal regions [19]. Roughly 7.7% of 
DMD patients have mutations that can have their reading 

frame restored by skipping of exon 53 [1]. We previ-
ously showed that following 48-weeks treatment with 
golodirsen, there was a statistically significant increase 
in dystrophin protein compared to baseline measure-
ments in 25 DMD boys. Increased dystrophin expression 
was determined via validated, non-normalized west-
ern blot, which showed a mean percent to normal con-
trol pool dystrophin protein standard of 1.019% (range 
0.09–4.30%) and an increase in mean fluorescent inten-
sity. Correct sarcolemmal localisation was also shown 
via immunofluorescent quantification of the percent-
age of dystrophin positive myofibres [19]. However, it is 
also important to evaluate the molecular functionality of 
such dystrophin by demonstrating that this induced pro-
tein correctly interacts with the DAPC– a feature crucial 
to preserving the sarcolemmal stability during myofibre 
contraction.

In the present analysis, we quantified the colocalised 
expression of dystrophin and key DAPC proteins in clini-
cal trial samples following 48 weeks of therapeutic inter-
vention with golodirsen. Furthermore, using our recently 
published unbiased high-throughput digital script [40], 
we determined for the first time if the levels of dystrophin 
produced was sufficient to reduce the amount of degen-
eration in the muscle of the treated patients, an essential 
assessment of the molecular functionality of the induced 
dystrophin [9, 31, 34].

Methods
Patient demographics
All work in this study was performed as further analy-
sis of the 4053-101 study (NCT02310906). Boys with a 
confirmed DMD diagnosis aged 6–15  years with muta-
tions amenable to correction with exon 53 skipping were 
recruited. Full patient demographics and mutation status 
are listed in Table 1.

Muscle sectioning
Muscle biopsies were collected from one biceps bra-
chii muscle at baseline and then from the contralateral 
biceps following part 2 of the NCT02310906 study after 
48 weeks. Serial unfixed frozen Sects. (5 μm-thick) were 
cut from baseline and 48 weeks muscle biopsies from all 
25 boys involved in the SKIP-NMD 4053-101 trial using 
a Leica CM 1850 UV cryostat (Leica Biosystems, Ger-
many). 3 × serial sections were collected on each slide 
and slides were stored at − 80 °C until time of use. Only 
1 muscle sample from each biopsy was analysed for this 
study as previous work found no difference in dystrophin 
expression between two adjacent muscle biopsy (samples 
A and B) from the original reporting [19].
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Sample blinding
All biopsy samples were blinded for patient ID and 
biopsy time point at the time of cryosectioning. Tissue 
sections were assigned blinding codes generated and 
provided by PharPoint Research, Inc. (Durham, NC). 
Cryosectioning and blinding were performed by an 
independent operator who was not involved in further 
experiments or subsequent data analysis. Individuals 
performing the experiments were blinded until all data 
had been acquired. Unblinding was then performed to 

allow for statistical analysis and comparison of baseline 
and 48-week results.

Immunostaining
Slides were removed from − 80  °C storage and air-dried 
for 45  min before staining. A Super pap pen (Daido 
Sangyo LTD, Japan) was used to create hydrophobic bar-
riers around the tissue. Samples were incubated with 
200–300 μl of primary (1 h-RT) and 200–300 μl of sec-
ondary (30  min-RT) antibodies diluted in PBS (Fisher 

Table 1 Patient demographics and mutations

6MWT 6-minute walk test, BMI body mass index, DMD Duchenne muscular dystrophy

Values are shown as mean (SD)

∆ deletion of exons

Characteristics All patients (N = 25)

Age (years) 8.2 (2.2)

Height (cm) 120.1 (10.4)

Weight (kg) 28.2 (9.1)

BMI (kg/m2) 19.1 (3.7)

6MWT distance (m) 403.7 (56.7)

Time since DMD diagnosis (MO) 55.2 (24.9)

Duration of corticosteroid use (MO) 36.8 (25.9)

Patient Id Mutation

1 ∆49–52

2 ∆45–52

3 ∆45–52

4 ∆45–52

5 ∆49–52

6 ∆48–52

7 ∆48–52

8 ∆45–52

9 ∆48–52

10 ∆50–52

11 ∆50–52

12 ∆49–52

13 ∆45–52

14 ∆45–52

15 ∆49–52

16 ∆52

17 ∆50–52

18 ∆45–52

19 ∆45–52

20 ∆48–52

21 ∆49–52

22 ∆50–52

23 ∆48–52

24 ∆52

25 ∆52
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Scientific, UK). Volumes varied based on the size of the 
tissue sections to ensure they were completely covered. 
Details of the antibody combinations and specifications 
used are listed in Table  2. A cocktail of developmental 
and fetal/developmental myosin antibodies (designated 
f/d myosin cocktail) was employed to detect the major-
ity of fibres in different stages of regeneration or aberrant 
re-expression of these immature myosin heavy chain iso-
forms in dystrophic myofibres. Sections were washed for 
3 × 3 min with PBS, before and after the incubation with 
secondary antibodies. Stained sections were mounted 
with Hydromount (National Diagnostics, UK) and cover-
slipped with cover glasses (VWR, Belgium). Slides were 
protected from light and stored at 4 °C until acquisition. 
For each sample, 3 serial sections on the same slide were 
stained in triplicate for each experiment.

Acquisition
All slides were scanned within 24  h of immunostain-
ing on a ZEISS Axio Scan.Z1 Slide Scanner (Carl Zeiss 
Microscopy GmbH, Germany). Laminin α2 staining in 
the 568 channel was used as a reference marker protein 
for coarse and fine focus map generation using 10 × and 
20 × objectives, respectively. Following focus map crea-
tion, 3 fluorescent channel (488, 568 and 647) whole 

slide images were captured using the 20 × objective with 
offline image stitching for greater accuracy. The slide 
scanner is calibrated annually with its LEDs measured to 
an internal reference standard to ensure stable and con-
stant output power over the entire lifetime of each LED.

Digital image analysis
The analysis was implemented using Definiens Devel-
oper XD (Munich), version 2.7.0. A detailed review of the 
image analysis platform has previously been published 
[40].

In brief, the image processing is comprised of three 
distinct stages: identification of muscle tissue boundary; 
identification of transverse myofibres within the tissue 
(longitudinal myofibres are excluded); definition of sar-
colemmal and sarcoplasmic regions; and finally, charac-
terisation of morphological features and immunostaining 
profiles of individual muscle fibres for specific markers.

For sarcolemmal staining, a dynamic background sub-
traction method was used to identify positive staining 
above the Gaussian smoothed stain topography. Myofi-
bres were classed as sarcolemmal protein positive if they 
contained greater than 25% sarcolemmal circumference 
coverage of positive protein staining. For f/d myosin clas-
sification, myofibres were designated positive if they had 

Table 2 All antibodies used with information on species, isotype, class, catalogue number and working dilution. Figure 
shows antibody combinations used for (a) α-sarcoglycan (b) β-dystroglycan and (c) f/d myosin triple stains

Primary antibody Species Class Catalogue # Dilutions

β-dystroglycan Mouse IgG2a Monoclonal NCL-b-DG 1:20

Dystrophin (exon 77) Rabbit IgG Polyclonal ab15277 1:200

Laminin α2-1 (300 kDa) Rat IgG1 Monoclonal 804-190-C100 1:50

Myosin developmental Mouse IgG1 Monoclonal NCL-MHCd 1:30

Myosin neonatal Mouse IgG1 Monoclonal NCL-MHCn 1:30

α-sarcoglycan Mouse IgG1 Monoclonal NCL-a-SARC 1:40

Secondary antibody Species Class Catalogue # Dilutions

Alexa Fluor 488 Goat anti-Rabbit IgG Polyclonal A-11034 1:100

Alexa Fluor 568 Goat anti-Rat IgG Polyclonal A-11077 1:100

Alexa Fluor 647 Donkey anti-Mouse IgG Polyclonal A-31571 1:100
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average sarcoplasm fluorescence intensity greater than a 
negative threshold value that was determined from f/d 
myosin staining of CTRL samples (where positive myofi-
bres are not routinely expected).

Statistical analysis
Data for each section were generated from individual 
analysis of every successfully identified myofibre within 
that section. This ranged from a few hundred myofibres 
to many thousands, depending on the size of the section. 
Where possible, data from 3 sections for each sample was 
used for final analysis. If a section was compromised due 
to artefacts in the original immunostained image or dur-
ing the automated image analysis, it was excluded and 
data from 2 sections used. If 2 sections were compro-
mised, data from the final remaining section alone was 
used, as this was still generated from analysis of many 
individual myofibres within the section. If all 3 sections 
from a given sample were significantly impaired, that 
sample was excluded from the analysis.

Comparisons of baseline vs 48  week time points was 
computed using a paired T test. Correlations were per-
formed assuming a non-Gaussian distribution and com-
puting Spearman correlation coefficient. Statistical 
significance refers to p < 0.05

Graphs are presented as mean ± standard deviation 
unless otherwise stated.

Results
3 × serial sections of baseline and 48-week biopsy sam-
ples from all 25 patients previously acquired in the 
SKIP-NMD 4053-101 study (NCT02310906) were immu-
nostained for laminin α2, dystrophin and a tertiary 
protein marker (α-sarcoglycan/β-dystroglycan or f/d 
myosin).

The levels of dystrophin and these tertiary protein 
markers were then quantified at both time points via 
digital image analysis. A variety of parameters were 
then assessed for the tertiary protein markers includ-
ing changes in sarcolemmal fluorescence intensity, sar-
colemmal fluorescence intensity in dystrophin positive 
and dystrophin negative sarcolemmal regions,  % positive 
myofibres for each protein and finally their correlation 
with levels of dystrophin.

Assessment of dystrophin‑associated proteins (DAPs)
We analysed the absolute and dystrophin colocalised 
quantification of two key DAPC proteins following treat-
ment with golodirsen. Baseline and post-treatment biop-
sies were immunostained for laminin-α2, dystrophin 
and either α-sarcoglycan or β-dystroglycan. A repre-
sentative example of a control section along with sections 
from a baseline and 48  week sample immunostained 

for α-sarcoglycan and β-dystroglycan can been seen 
in Figs. 1 and 2, respectively. Both of these proteins are 
essential for the stabilisation of the sarcolemma and pre-
vention of contraction-induced muscle damage. We then 
looked at the changes in sarcolemmal fluorescence inten-
sity of the DAPs between the two treatment time points 
and investigated their relationship with levels of dystro-
phin. Baseline samples from patients 22 and 24 and the 
48-week sample from patient 21 were excluded as the 
sections were unsuitable for accurate automated analysis 
(images available for inspection on request).

Changes in sarcolemmal DAP fluorescent intensity
When analysing the whole section average of all 
patients, we found no significant change in levels of 
either β-dystroglycan or α-sarcoglycan following treat-
ment. Fluorescence intensity values for α-sarcoglycan 
were 18188AU (arbitrary units) and 17794AU (Fig. 3a) at 
baseline and 48-weeks respectively while the values for 
β-dystroglycan were 19646AU and 20143AU (Fig.  3b). 
We also saw no significant change in the  % of myofibres 
positive for either DAP between the two time points, due 
to the fact that most fibres were already positive in the 
baseline muscle biopsy. Indeed, baseline and 48-week 
values for α-sarcoglycan positive myofibres were 97% 
and 98% respectively whilst values for β-dystroglycan 
were 98% at both time points.   % positive myofibres 
for α-sarcoglycan and β-dystroglycan at baseline and 
48-weeks for all patients can be seen in Additional file 1: 
Fig. S1.

12 patients (55%) showed an increase in α-sarcoglycan 
intensity (Fig. 3c) following treatment whilst 10 (45%) saw 
a decrease. For β-dystroglycan (Fig. 3d), we demonstrated 
that 14/22 (64%) patients had an increase in global inten-
sity from baseline to 48 weeks. In 8/22 (36%) we detected 
a decrease in intensity between the 2 time-points. Results 
from all patients, including numerical change in intensity 
and  % change between the 2 time points for both pro-
teins, can be seen in Additional file 1: Fig. S2.

DAP fluorescence intensity in dystrophin +ve/−ve 
sarcolemmal regions
We then assessed the fluorescence intensity of 
α-sarcoglycan and β-dystroglycan in the post-treatment 
biopsies by comparing the intensity of these DAPs in 
discrete regions of the sarcolemma that were classified 
as either dystrophin positive or dystrophin negative. The 
classification was performed utilising the same method 
published in our previous manuscript [40]. In all samples, 
regions of the sarcolemma that were dystrophin positive 
had greater α-sarcoglycan (Fig.  3e) and β-dystroglycan 
(Fig.  3f ) intensity compared to sarcolemmal regions 
where dystrophin was not present.
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Fig. 1 Representative example of a control section along with sections at baseline and 48 weeks from 1 patient immunostained for dystrophin 
(green, 488), laminin-α2 (red, 568) and α-sarcoglycan (purple, 647). Scale bar of merged whole section image = 1000 µm. Scale bar for the regions of 
interest is 50 µm
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Fig. 2 Representative example of a control section along with sections at baseline and 48 weeks from 1 patient immunostained for dystrophin 
(green, 488), laminin-α2 (red, 568) and β-dystroglycan (purple, 647). Scale bar of merged whole section image = 1000 µm. Scale bar for the regions 
of interest is 50 µm
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We then compared the  % change in α-sarcoglycan and 
β-dystroglycan intensity from dystrophin negative to 
dystrophin positive sarcolemmal regions in both base-
line and 48-week biopsies. Following treatment, the   % 
change in α-sarcoglycan (Fig.  3g) and β-dystroglycan 
(Fig. 3h) intensity between dystrophin positive and dys-
trophin negative sarcolemma was significantly greater 
than the difference at baseline.

Correlation between levels of dystrophin and DAP
Finally, we assessed the correlation between the amount 
of α-sarcoglycan/β-dystroglycan and the amount of dys-
trophin in both baseline and 48-week biopsies. First, we 
compared simply the average sarcolemmal fluorescence 
intensity for α-sarcoglycan (Fig.  4a) and β-dystroglycan 
(Fig.  4b) against the average sarcolemmal intensity of 
dystrophin. For α-sarcoglycan, a non-significant correla-
tion existed (p = 0.12, r = − 0.23) where seemingly higher 
levels of dystrophin were not associated with an increase 
in α-sarcoglycan intensity. In comparison, the correlation 
of β-dystroglycan intensity against dystrophin revealed a 
stronger and significant positive correlation (p < 0.0001, 
r = 0.55). An increase in dystrophin mean sarcolem-
mal intensity was associated with an increase in mean 
β-dystroglycan intensity.

Following this, we looked more closely at the relation-
ship between dystrophin positive regions of the sar-
colemma and the fluorescence intensity of the DAPs in 
those specific sarcolemmal regions. When categorising 
intensity based on discrete regions of the sarcolemma 
that were dystrophin positive, we saw a positive correla-
tion for both α-sarcoglycan (Fig. 4c) and β-dystroglycan 
(Fig.  4d). Despite this stratification, the correlation for 
α-sarcoglycan was still not significant. In comparison, 
for β-dystroglycan, a strongly significant positive correla-
tion (p < 0.0001, r = 0.7) was again confirmed. While there 
is heterogeneity between the distribution of baseline 
and 48-week samples, there is a clear grouping of post-
treatment samples with high levels of both mean dystro-
phin intensity in dystrophin positive regions and mean 
β-dystroglycan intensity in dystrophin positive sarcolem-
mal areas. In comparison, the majority of samples with 
low mean dystrophin and β-dystroglycan intensity were 
from baseline biopsies.

Myofibre regeneration
% f/d myosin positive fibres
A cocktail of antibodies against fetal and developmen-
tal immature myosin isoforms (f/d myosin) was used to 
identify myofibres in various stages of regeneration and 
fibres with an induced expression as a marker of progres-
sive pathology. A representative example of a control 
section along with sections from a baseline and 48 week 
sample immunostained for dystrophin, laminin-α2 and 
F/D myosins can been seen in Fig.  5. Within each sec-
tion, the number of f/d myosin positive fibres was deter-
mined, and a percentage positivity value generated by the 
automated script based on the total number of myofibres 
identified in each section.  % positivity was used to allow 
for correlation of biopsies that varied considerably in size 
and the absolute number of myofibres identified. Results 
from one patient (patient 22) were excluded from analy-
ses due to having a baseline biopsy that was very small 
and unsuitable for automated digital assessment (images 
of the baseline biopsy available on request).

The mean percentage f/d myosin positive fibres of all 
patients were 17.3% (14.2, 20.4 CI) at baseline compared 
to 15.1% (12.8, 17.5 CI) at 48 weeks. While this difference 
was not statistically significant, it does represent a 2.2% 
decrease between the two time points. (− 5.9, 1.6 CI). 
(Figure 6a).

The changes in   % of f/d myosin positive fibres were 
highly variable across the entire 25 patient cohort. In 
12/24 patients (50%) there was a decrease (> 1%) in   % 
f/d myosin positive fibres between the two time points 
(Fig. 6b). The average decrease for these 12 patients was 
7.1% (Additional file  1: Fig. S3a). 8/24 patients (33%) 
saw an increase in regenerating myofibres from baseline 
to 48 weeks while in 4/24 (17%) there was minimal dif-
ference (less than 1% in either direction) between time 
points (Fig. 6b). The average increase for these 8 patients 
was 4.3% (Additional file 1: Fig. S3b).

Results from all patients can be seen in Fig.  6c. The 
greatest decrease was observed in patient 5 who had a 
17.7% reduction in the percentage of f/d myosin posi-
tive fibres in the biopsy. This equates to a 1.9-fold reduc-
tion from baseline. Patient 7 exhibited the greatest fold 
change reduction (2.9-fold) with baseline and 48-week 
values of 14.3% and 5% respectively (Fig. 6d). The great-
est increase was from patient 21 whose   % f/d myosin 

(See figure on next page.)
Fig. 3 Mean fluorescent intensity of total sarcolemmal α-sarcoglycan (a) and β-dystroglycan (b) at baseline and following 48 weeks therapeutic 
intervention with golodirsen. Each data point represents the average intensity for each patient at each time point. Changes in α-sarcoglycan 
(c) and β-dystroglycan (d) sarcolemmal fluorescent intensity for each patient from baseline to 48 weeks. α-Sarcoglycan (e) and β-dystroglycan 
(f) fluorescent intensity after 48 weeks treatment in regions of dystrophin positive and dystrophin negative sarcolemma. Percentage change in 
α-sarcoglycan (g) and β-dystroglycan (h) intensity from dystrophin negative to dystrophin positive sarcolemma at both baseline and 48 week time 
points
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fibres went from 14.1 to 21.9% following treatment, rep-
resenting a 1.5-fold increase. Patient 13 saw the greatest 
fold-change with baseline and 48-week values of 7.1% 
and 13.0%, representing a 1.8-fold increase in f/d myosin 
positive fibres between the two time points.

Correlation between dystrophin and levels of regeneration
We next assessed the correlation between levels of dys-
trophin (measured as both mean sarcolemmal fluores-
cence intensity and  % dystrophin positive fibres) and  % 

of f/d myosin positive fibres in baseline and 48-week 
biopsy samples.

There was a significant negative correlation between  % 
f/d myosin positive fibres and both sarcolemmal dystro-
phin intensity (r = −  0.4, p < 0.05) (Fig.  7a) and   % dys-
trophin positive fibres (r = −  0.4, p < 0.005) (Fig.  7b). 
Lower levels of  % f/d myosin positive fibres were asso-
ciated with higher levels of dystrophin when quantified 
by both methods. While there was heterogeneity in the 
distribution of baseline and 48-week samples, there is a 
clear grouping of post treatment samples (Fig. 7a, b) with 

Fig. 4 Correlation between mean sarcolemmal fluorescence intensity in the dystrophin channel and mean sarcolemmal α-sarcoglycan (a) and 
β-dystroglycan (b) intensity. Relationship between mean dystrophin intensity in regions of dystrophin positive sarcolemmal and α-sarcoglycan (c) 
or β-dystroglycan (d) fluorescence intensity in those corresponding regions of dystrophin positivity

(See figure on next page.)
Fig. 5 Representative example of a control section along with sections at baseline and 48 weeks from 1 patient immunostained for dystrophin 
(green, 488), laminin-α2 (red, 568) and f/d myosins (purple, 647). Scale bar of merged whole section image = 1000 µm. Scale bar for the regions of 
interest is 50 µm
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greater levels of dystrophin and lower levels of f/d myo-
sin positive fibres compared to the majority of baseline 
samples, which predominantly present with lower levels 
of dystrophin and elevated f/d myosin positive myofibres.

Additionally, there was a significant correlation 
between   % myosin +ve fibres at 48  weeks and the   % 
change in dystrophin intensity from baseline to 48 weeks 
(r = −  0.6, p < 0.005; Additional file 1: Fig. S3b). However, 
this correlation was not maintained when plotting   % 
change of dystrophin positive fibres against  % f/d myosin 
positive fibres (Additional file 1: Fig. S3c).

Discussion
Several recent clinical trials have demonstrated the pos-
sibility of inducing the production of low levels of dystro-
phin in boys with DMD following either small molecule 
therapy [17] or AONs targeted to induce skipping of exon 
51 (eteplirsen; drisapersen) or skipping of exon 53 (vito-
larsen; golodirsen). While in a few of these studies the 
restoration of DAPC proteins was demonstrated, these 
studies did not systematically assess the impact of this 
restoration on additional aspects of muscle pathology, 
including myofibre regeneration [7–9, 11, 19, 29, 46].

The ability of the low levels of induced dystrophin to 
reduce the susceptibility to myofibre necrosis and the 
subsequent cycles of degeneration and regeneration has 
been previously demonstrated in the mdx mouse pre-
clinical model following AON therapies [22], and follow-
ing AAV gene therapy [13, 45, 49]. However, whether the 
low levels of dystrophin observed in the human trial can 
also exert a positive effect on the progression of the mus-
cle pathology is currently unknown. As there is a clear 
relationship between the levels of dystrophin expression 
and the levels of regeneration in patients with BMD [25, 
40] and in view of the findings of decrease degeneration/
regeneration in DMD preclinical models [37, 47], we 
decided to investigate the surrogate molecular func-
tionality of induced dystrophin in humans following a 
48-week period of therapeutic intervention with exon 53 
skipping PMO golodirsen. Using whole section images of 
fluorescently stained muscle biopsy sections and auto-
mated, unbiased image analysis software, we sought to 
determine if induced dystrophin following 48  weeks 
treatment was sufficient to enhance levels of dystrophin-
associated proteins in regions of dystrophin positive sar-
colemma and alter the extent of myofibre regeneration.

Localised increase in dystrophin associated proteins
A novel aspect of our methodology is the ability to 
assess colocalisation data of 2 sarcolemmal proteins, 
thus enabling the correlation of relevant DAPC pro-
teins with discrete sarcolemmal regions that are either 
dystrophin positive or dystrophin negative. AON treat-
ment results in a ‘patchy’ distribution of dystrophin 
with varying expression patterns not only between 
myofibres but also at the sarcolemma of individual 
myofibres. As such, when assessing molecular efficacy 
of the protein, it is vital to distinguish between these 
divergent dystrophin positive and negative sarcolemmal 
regions. When specifically assessing dystrophin positive 
portions of the sarcolemma, we demonstrated a greater 
amount of both α-sarcoglycan and β-dystroglycan in all 
patients compared to dystrophin-negative sarcolemma, 
indicating that the induced dystrophin recruits the 
DAPC more efficiently.

Despite this increase in dystrophin positive sarcolem-
mal regions, when assessing the global sarcolemmal 
change for both α-sarcoglycan and β-dystroglycan in 
the entire cohort of patients, there was no significant 
alteration in fluorescence intensity between the two 
time points. We interpreted these findings as a result 
of the heterogeneous response to the drug, with some 
patient having a relatively high number of dystrophin 
positive fibres, while others only demonstrating a small 
increase after 48-weeks treatment, which failed to suf-
ficiently alter baseline DAPC levels [19]

When assessing the correlation between the amount 
of dystrophin and DAPs, the correlation of dystrophin 
with β-dystroglycan was seemingly stronger than it 
was for α-sarcoglycan. This result is reflective of pre-
vious work where a significant positive correlation 
between utrophin and β-dystroglycan was observed 
but this correlation was not maintained between utro-
phin and another protein of the complex, γ-sarcoglycan 
[25]. Dystrophin is known to directly interact with 
β-dystroglycan, while the sarcoglycans do not directly 
bind dystrophin [12, 20]. It is plausible that this inter-
action is causative of the differing correlations that we 
observed between dystrophin with α-sarcoglycan and 
β-dystroglycan, and indeed we previously observed 
in BMD patients with deletions in the same region 
as the patients treated in our trial, higher levels of 
β-dystroglycan compared to α-sarcoglycan [4]

Fig. 6 (a) Mean percentage of fetal and developmental (f/d) myosin positive fibres at baseline and 48-week time points for all patients. (b) 
Percentage of f/d myosin positive fibres at baseline and 48 weeks for each patient. (c) Percentage f/d positive myofibres at baseline and 48 weeks 
for all 25 patients. Baseline sample from patient 22 was excluded due to the biopsy being unsuitable for automated digital analysis. (d)  % change in 
f/d myosin positive fibres from baseline to 48 weeks for each patient

(See figure on next page.)
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Impact of treatment on levels of myofibre regeneration
We then demonstrated that 48-weeks treatment with 
golodirsen resulted in a 2.2% (− 5.9, 1.6 CI) average 
reduction in   % f/d myosin positive fibres. While the 
combined decreases in   % f/d myosin positive fibres 
between the 2 time points in the entire cohort were not 
statistically significant, natural history data suggests that 
without successful therapeutic intervention, over the 
same time period, an increase of +1.1% (− 1.1, 3.3 CI) f/d 
positive myofibres can be expected [44]. When consider-
ing these natural history findings, our data demonstrate 
a divergence of more than 3% between the 2 data points, 
a finding that suggests a biological effect of the AON on 
alleviating the cycles of degeneration and regeneration 
that occurs in DMD muscle.

In keeping with our hypothesis, we detected a signifi-
cant negative correlation between levels of dystrophin 
(measured as both mean fluorescence intensity and   % 
dystrophin positive myofibres) and  % positive f/d myofi-
bres. The majority of patients with high levels of dys-
trophin presented with the lowest level of regenerating 
fibres, further suggesting that there is a degree of molec-
ular functionality of this induced protein. We indeed 
demonstrated a clear clustering of post-treatment biop-
sies with the highest level of dystrophin (by both meas-
urements) and the lowest percentage of regenerating 
myofibres.

This is the first study in the human in which both 
increase in DAPC levels in dystrophin positive sarco-
lemma and reduction of  % f/d myosin positive fibres was 
demonstrated following a therapeutic intervention that 
induces production of dystrophin protein. It is important 

to emphasise that preclinical studies in both human and 
mouse have previously shown that very modest dystro-
phin levels, as little as 3%, can have a significant benefit 
to muscle function [27, 33, 36, 37, 42]. Additionally, it has 
been observed that the exon 44-amenable DMD popu-
lation, who have residual low levels of trace dystrophin 
expression, experience a slower rate of disease progres-
sion than patients with other DMD mutations who lack 
these low protein levels [3, 5, 6, 38]. Previous studies 
have also demonstrated that despite BMD patients hav-
ing marginally lower levels of f/d myosin positive fibres 
compared to DMD patients, they have significantly less 
severe phenotypes and improved clinical outcomes [14]. 
Therefore, our findings of a decrease in regeneration and 
changes in DAPC members following AON therapy is 
encouraging. Furthermore, our pathological study was 
after only 48-weeks therapeutic intervention. Previous 
work has shown that patients treated with a similar AON, 
eteplirsen, see a sustained accumulation of dystrophin 
over time with continual doses enabling eteplirsen to 
access more muscle fibres [7, 8, 29]. Preclinical studies in 
mice have also demonstrated a dose-related amelioration 
in pathology following an extended period of PMO thera-
peutic intervention [28]. It is therefore plausible for DMD 
patients treated chronically with golodirsen to experi-
ence a similar enhanced benefit from extended treat-
ment, both in terms of dystrophin production and overall 
reduction in muscle pathology.

Limitations
Whilst pre and post treatment sample pairs were blindly 
evaluated throughout the course of data acquisition and 

Fig. 7 Correlation between mean dystrophin intensity (a) and  % dystrophin positive myofibres (b) against percentage of f/d myosin positive fibres
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analysis, untreated sample pairs are not available for 
this study and thus and we are unable to compare with 
patients who did not receive therapeutic intervention.

Furthermore, whilst some evidence of the molecu-
lar functionality of induced dystrophin following a sus-
tained period of therapeutic intervention is provided, 
it is important to note that dystrophin has multiple 
molecular functions, and only some were assessed in 
this study. Furthermore, the DAPC contains a multitude 
of proteins and protein binding interactions. Analysis of 
more DAPC members including β, γ and δ-sarcoglycan, 
α-dystroglycan and nNOS would be necessary to reveal 
more information about the comprehensive picture of 
DAPC restoration following treatment. As we have not 
studied markers of satellite cells, a theoretical possibil-
ity is that the treatment could have negatively influenced 
the regenerative capacity of the muscle in our patients. 
However, we notice that preclinical studies are concord-
ant with our data and interpretation of findings, and that 
the significant correlation between dystrophin restora-
tion and reduction in regenerative fibres argues against a 
generic toxic effect of the treatment. Finally, by utilising 
a cocktail of fetal and developmental myosin antibod-
ies, we hoped to identify as many regenerating myofibres 
as possible. However, we cannot fully discriminate true 
regenerating fibres from those that have aberrantly reac-
tivated these myosin isoforms. There is also a technical 
limitation of the image analysis to correctly identify and 
classify very small myofibres that preferentially express 
fetal myosin but not always developmental myosin.

Conclusion
This is the first study to assess the effect on regeneration 
in human DMD muscle following a sustained period of 
successful therapeutic intervention with a dystrophin 
restoring therapy. We show that 48-weeks treatment 
with exon 53 skipping PMO golodirsen resulted in a sig-
nificant negative correlation between the amount of dys-
trophin and levels of regeneration observed in different 
biopsy samples. We also documented positive correla-
tions between the total and colocalised amounts of dys-
trophin and β-dystroglycan in post-treatment biopsies. 
Overall, these results support the indication of molecular 
functionality of the induced dystrophin following treat-
ment with golodirsen. Future studies will be needed to 
correlate these findings to the clinical implication for 
patients of these improved pathological aspects as this 
will shed further light on the complex factors that impact 
the molecular functionality of induced dystrophin.
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