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Delandistrogene moxeparvovec is an rAAVrh74 vector-based gene transfer therapy that delivers a 
transgene encoding delandistrogene moxeparvovec micro-dystrophin, an engineered, functional form 
of dystrophin shown to stabilize or slow disease progression in DMD. It is approved in the US and in 
other select countries. Two serious adverse event cases of immune-mediated myositis (IMM) were 
reported in the phase Ib ENDEAVOR trial (NCT04626674). We hypothesized that immune responses to 
the micro-dystrophin transgene product may have mediated these IMM events. An interferon-gamma 
ELISpot assay was used to detect T cell responses to delandistrogene moxeparvovec micro-dystrophin 
peptide pools. ELISpot analysis suggested that IMM resulted from T cell-mediated responses directed 
against specific micro-dystrophin peptides corresponding to exons 8 and 9 (Case 1) and exon 8 (Case 
2) of the DMD gene. In silico epitope mapping based on the patients’ HLA-I alleles indicated greater 
probability for peptides derived from exons 8 and/or 9 to bind HLA-I, providing further evidence 
that peptides derived from corresponding micro-dystrophin regions may have higher immunogenic 
potential. Collectively, these data suggest that patients with DMD gene deletions involving exons 8 
and/or 9 may be at increased risk of IMM following delandistrogene moxeparvovec micro-dystrophin 
gene therapy infusion.
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Duchenne muscular dystrophy (DMD) is a rare, X-linked, progressive neuromuscular disease caused by 
mutations in the DMD gene that result in the absence of functional dystrophin and continuous muscle 
damage beginning from birth1–4. Impaired motor function can be observed as early as 18–36 months of age 
when individuals with DMD do not achieve the developmental milestone of walking, have a waddling gait, or 
experience frequent falls and difficulty climbing stairs; these symptoms typically progress to loss of ambulation 
during early adolescence5,6. Delandistrogene moxeparvovec is a single-administration recombinant adeno-
associated virus rhesus isolate serotype 74 vector-based gene transfer therapy that delivers a transgene encoding 
delandistrogene moxeparvovec micro-dystrophin, an engineered, functional form of dystrophin shown to 
stabilize or slow disease progression in DMD7–9. It is approved in the US and in other select countries10.

The adverse drug reactions identified in clinical trials of delandistrogene moxeparvovec to date include 
infusion-related reaction, vomiting, nausea, thrombocytopenia, pyrexia, liver injury, and immune-mediated 
myositis (IMM)9,11–15. With the exception of liver injury and IMM, these events are believed to be caused by an 
innate immune response to the adeno-associated virus vector capsid component of the construct16,17; liver injury 
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is hypothesized to be caused by a T cell response to the adeno-associated virus capsid16. Two cases of IMM were 
observed in patients with DMD gene deletion mutations involving exons 3–43 and exons 8–9 approximately 
1 month after infusion with delandistrogene moxeparvovec in ENDEAVOR (SRP-9001-103; NCT04626674), an 
ongoing, open-label, phase Ib, multi-cohort study to evaluate delandistrogene moxeparvovec micro-dystrophin 
expression and safety in patients with DMD. It was hypothesized that these IMM events may have resulted 
from a T cell-based response due to lack of self-tolerance to specific region(s) encoded by the transgene10. 
Similarly, rare instances of IMM have also been observed post-treatment in clinical trials of other investigational 
DMD gene therapies, which are believed to be caused by immune system reactions to shortened dystrophin 
in conjunction with the patient’s specific genetic mutation18,19. Understanding the intricacies of the immune 
response underlying these cases of IMM is paramount in elucidating potential complications associated with 
gene therapy interventions for DMD. Therefore, to better understand these IMM events, we conducted a 
clinical and immunologic investigation of the two patients who experienced IMM following delandistrogene 
moxeparvovec administration in ENDEAVOR.

Results
Overview of the IMM cases: clinical investigation
IMM Case 1 (ENDEAVOR Cohort 2)
The clinical course of IMM experienced by this patient after treatment with delandistrogene moxeparvovec 
has been described20. Briefly, the patient, a 9-year-old ambulatory male with a deletion of exons 3–43 of the 
DMD gene, developed IMM 4–5 weeks post-infusion with delandistrogene moxeparvovec. He presented with 
dysphonia (day 31 post-infusion), upper and lower limb weakness, and dysphagia (day 32). Investigations 
revealed a creatine kinase level of 16,000 U/L (day 30) with a peak of ~ 28,000 U/L on the day of admission. 
Other serologic tests (renal function, liver function, complete blood counts, erythrocyte sedimentation rate, 
B-type natriuretic peptide, troponins, viral studies, and coagulation studies) showed no abnormalities. Cardiac 
evaluation with electrocardiogram, echocardiogram, and troponin testing was normal. Liver ultrasound showed 
no abnormalities. The patient had a positive enzyme-linked immunosorbent spot (ELISpot) result against the 
transgene protein product on day 30. The patient was admitted to the hospital on day 35. A magnetic resonance 
imaging (MRI) analysis was performed on day 38, for which the patient was intubated and extubated post-
procedure to bilevel positive airway pressure. Bilevel positive airway pressure was continued on days 39–52 
following insertion of a nasogastric tube for an incident of aspiration. Management included prednisone/
methylprednisolone 1.0 mg/kg as part of the gene therapy treatment (days −1 to 112; tapered to 0.5 mg/kg starting 
on day 112) and six rounds of plasmapheresis (~ days 39–51) were initiated. Immunosuppressive treatment 
with tacrolimus was started after plasmapheresis on day 52 when muscle biopsy results suggested IMM. The 
muscle biopsy showed an abundance of CD8- and CD4-positive T cells and CD68-positive macrophages in the 
endomysium that surrounded and invaded individual myofibers. These inflammatory cells appeared to selectively 
attack myofibers expressing the rod domain (dystrophin 1) and transgene-derived N-terminus (dystrophin 3) 
but not those expressing the native C-terminus (dystrophin 2) of the DMD gene20. At discharge (day 55), the 
patient did not require respiratory support and could walk with slight assistance by day 64 (Fig. 1A). The patient 
was weaned off tacrolimus by day ~ 980 without re-emergence of any symptoms of IMM.

IMM Case 2 (ENDEAVOR Cohort 5a)
The patient, a 7-year-old ambulatory male with a deletion of exons 8–9 of the DMD gene, was enrolled and 
dosed in Cohort 5a, a cohort specifically designed to better understand the risk of IMM in patients with deletion 
mutations in exons 1–17, a region overlapping with sequences present in the delandistrogene moxeparvovec 
micro-dystrophin transgene. Prior to screening, he had a series of multiple common childhood infections 
requiring antibiotic therapy. At baseline, he had mildly elevated troponin-I levels. Post-infusion, his family 
indicated that he was well for 2 weeks, apart from nausea and vomiting. Three weeks post-infusion, the family 
reported instances of falling, increased use of an adaptive chair, and less activity. The patient subsequently 
developed a fever and sore throat, was diagnosed with a Streptococcus pyogenes infection, and started on cefalexin. 
At week 4, his family reported unusual fatigue and weakness despite antibiotic treatment. He was admitted to 
the hospital on day 29 post-infusion due to concerns regarding strength testing on neurologic examination. 
Investigations performed revealed a positive viral panel, normal chest radiography, normal echocardiogram, 
and troponin-I levels ~ 3 × the baseline levels. A swallow study performed was normal, overnight oximetry 
was not concerning, and echocardiogram/electrocardiogram remained reassuring. He was started on high-
dose intravenous corticosteroids for 5  days. In addition, he was started on tacrolimus and intravenous 
immunoglobulin. Muscle biopsy with immunohistochemistry was not performed for this patient. The IMM 
was assessed as resolved with sequelae (asthenia); at discharge (day 35), strength had improved significantly, 
with North Star Ambulatory Assessment total score returning to baseline levels at week 24 post-gene therapy 
infusion (Fig. 1B). Approximately one year (day 362) post-infusion, tacrolimus had been weaned from 1.5 mg 
to 1 mg twice daily in response to hyperkalemia as well as elevation of cystatin C and blood urea nitrogen. 
On day 397, the patient exhibited a recurrence of IMM symptoms (pain, weakness, frequent falls) and was 
hospitalized. The dosage of tacrolimus was increased to 1.5 mg (day 398) and then to 2 mg (day 401) twice daily. 
On day 400, the patient experienced chest pain, and troponin-I was elevated to 7.77 ng/mL; an echocardiogram 
revealed mild decline of left ventricular ejection fraction to 41%. The patient was administered with intravenous 
methylprednisolone for  5 days and was started on rituximab on day 402. Symptoms stabilized and the patient 
remained hemodynamically stable and was discharged 10 days post-admission, on day 407. Cardiac MRI post-
discharge on day 437 showed slightly decreased subepicardial late gadolinium enhancement along the lateral 
wall of the left ventricle, with normal left ventricular size and ejection fraction of 56%; spironolactone was 
added to the treatment regimen (Fig. 1B). To date, the patient remains on corticosteroids, monthly intravenous 
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Fig. 1. Outcome of the IMM cases. (A) Outcome of IMM Case 1, (B) Outcome of IMM Case 2. *Steroids 
were administered as part of gene therapy treatment. BID twice daily, BiPAP bilevel positive airway pressure, 
BNP brain natriuretic peptide, BUN blood urea nitrogen, CK creatine kinase, cMRI cardiac magnetic 
resonance imaging, CXR chest X-ray, ECG electrocardiogram, ECHO echocardiogram, EDVi end-diastolic 
volume, ELISpot enzyme-linked immunosorbent spot, ESR erythrocyte sedimentation rate, Hct hematocrit, 
Hg hemoglobin, IMM immune-mediated myositis, INR international normalized ratio, IVIG intravenous 
immunoglobulin, LFT liver function test, MRI magnetic resonance imaging, NG nasogastric tube, NSAA North 
Star Ambulatory Assessment, PTT partial thromboplastin time, Strep Streptococcus pyogenes, WBC white blood 
cell.
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immunoglobulin, and rituximab, and has transitioned from tacrolimus to sirolimus to prevent recurrent 
hyperkalemia and cystatin C elevations.

Ex vivo identification of micro-dystrophin T cell epitopes
Cellular immune response to micro-dystrophin and use of micro-dystrophin (MDys) peptide 
pools to determine targets of T cell response
The interferon-gamma (IFN-γ) ELISpot assay was used to detect T cells directed at specific delandistrogene 
moxeparvovec micro-dystrophin peptides (Fig. 2). ELISpot analysis of leukocytes taken from the two patients 
with IMM suggested the presence of T cells directed against specific delandistrogene moxeparvovec micro-
dystrophin peptides with elevated responses to peptides from MDys pool 1 in Case 1 (at weeks 4, 10, 12, 24, 
52, and 104 post-gene therapy infusion; Fig. 3A) and Case 2 (at weeks 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 15, 20, and 
24 post-gene therapy infusion; Fig. 3B), which contains peptides corresponding to DMD gene exons 1–10. No 
clinically relevant elevated responses to peptides from MDys pools 2 and 3 were observed at time of assessments 
performed in association with the IMM event (Fig.  3). To identify the specific regions of micro-dystrophin 
potentially responsible for the T cell immune response, T cell epitope mapping was performed using 15 matrix 
pools designed from the peptides from pool 1. ELISpot analysis revealed that the patient samples contained T 
cells directed against three peptide pools in Case 1 (of which the common peptides were 38 and 39; Fig. 4A) and 
two peptide pools in Case 2 (of which the common peptide was 32; Fig. 4B). These peptides (32, 38, and 39) map 
to exons 8 and 9 of the DMD gene (Fig. 4).

Genotypes of patients in ENDEAVOR with mutations in exons 1–17 or 59–71
Patients enrolled in ENDEAVOR were required to have a definitive diagnosis of DMD based on documentation 
of clinical findings and prior confirmatory clinical diagnostic genetic testing. Twenty-one patients who were 
enrolled in ENDEAVOR had genetic mutations that overlapped the transgene region, including 17 patients with 
mutations in exons 1–17 and four patients with mutations in exons 59–71 (Table 1). Only two of the 17 patients 
with mutations involving exons 1–17 described in the present study experienced IMM. Notably, four patients 
with deletions involving exons 8 and/or 9 (including a patient with a nonsense single nucleotide deletion) had no 
clinical evidence of IMM and no clinically relevant elevations in ELISpot analysis. The human leukocyte antigen 
class I (HLA-I) genotypes of the six patients (two with IMM and four without IMM) are shown in Table 2.

Fig. 3. Cellular immune response to micro-dystrophin. (A) IMM Case 1, (B) IMM Case 2. BL baseline, D day, 
IFN-γ interferon-gamma, IMM immune-mediated myositis, MDys micro-dystrophin, PBMC peripheral blood 
mononuclear cell, SFC spot-forming cell, W week.

 

Fig. 2. ELISpot assay pools. (A) Overview of the full-length dystrophin domains and exons alongside 
delandistrogene moxeparvovec micro-dystrophin. Combinations of peptides from regions of delandistrogene 
moxeparvovec micro-dystrophin were selected to form the MDys peptide pools—MDys pools 1, 2, and 3—
used for the IFN-γ ELISpot assay, (B) Genomic deletions of the two patients who had an IMM event. Adapted 
from Iannaccone ST, et al. J Neurol. 2024;271(8):5659–5664. Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/). ABD actin binding domain, CR cysteine-rich domain, 
cont. continued, CT C-terminal domain, ELISpot enzyme-linked immunosorbent spot, H hinge domain, IFN-γ 
interferon-gamma, MDys micro-dystrophin, R spectrin-like repeat domain.
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In silico epitope mapping to determine potential immunogenicity of micro-
dystrophin peptides
One prerequisite for immune detection is the presentation of peptide fragments derived from the transgene 
product, facilitated by HLA-I or HLA-II21. An in silico tool (NetMHCpan-4.1) was used to determine the 
propensity of each 9-mer peptide encoded by dystrophin exons 1–17 to bind each HLA-I molecule allele 
expressed by the patients22,23. We focused on HLA-I-mediated peptide presentation because the T cell responses 

Patient genotypes with mutations in exons 1–17 (n = 17)

Mutation type Exon location IMM event

Deletions

3–7 N

3–43 Y

8–9 Y

8–9 N

8–12 N

10–11 N

12–16 N

12–30 N

Intron 7–exon 8 (40 bp) N

Duplications

2 N

2–9 N

8–11 N

12–16 N

14–19 N

Nonsense
(premature stop)

Single nucleotide deletion (c.907del) 9 N

Single nucleotide substitution 11 N

Single nucleotide substitution 14 N

Patient genotypes with mutations in exons 59–71 (n = 4)

Mutation type Exon location IMM event

Splice site
N/A: intron 62 N

N/A: intron 69 N

Nonsense
(premature stop)

Single nucleotide deletion 66 N

Single nucleotide deletion 67 N

Table 1. Genotypes of patients in ENDEAVOR with genetic mutations in exons 1–17 or 59–71. Bold rows 
indicate patients bearing deletions involving exons 8 and/or 9 of the DMD gene. IMM immune-mediated 
myositis, N/A not applicable.

 

Fig. 4. ELISpot analysis of micro-dystrophin peptide pool MDys1 to identify potential T cell targets. (A): IMM 
Case 1, (B): IMM Case 2. *MDys pool, peptide numbers, and IFN-γ response omitted for brevity. ABD actin 
binding domain, ELISpot enzyme-linked immunosorbent spot, H hinge domain, IFN-γ interferon-gamma, 
IMM immune-mediated myositis, MDys micro-dystrophin, N N-terminal domain, PHA phytohemagglutinin, 
SD standard deviation.

 

Scientific Reports |            (2025) 15:4 5| https://doi.org/10.1038/s41598-024-84077-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of the two IMM cases appeared to be of cytotoxic nature and therefore dependent on CD8positive T  cell 
responses. The highest epitope scores were attributed to sequences encoded by exon 8 (Case 1, 66.72; Case 2, 
60.44) and exon 9 (Case 1, 20.02; Case 2, 41.56) of the DMD gene. These results indicated a greater probability 
for peptides derived from exons 8 and 9 to bind HLA-I, and consequently, a higher potential for these peptides 
to be presented at the cell surface and activate a response from specific T cells compared with peptides derived 
from other exons among 1–17 (Fig. 5). This suggests that these epitopes have a higher potential to be presented 
at the cell surface to CD8positive T cells and in turn activate a cytotoxic response, as long as the patients are not 
immunologically tolerant to this region of the micro-dystrophin sequence due to their DMD gene mutations.

Patients who do not naturally produce a portion of the dystrophin protein may be at risk of developing an 
immune response to that portion of the micro-dystrophin transgene product following gene transfer therapy. 
This was the case in the two patients who developed IMM, whose DMD gene deletions comprised exons 8 and 
9. We aimed to investigate whether the risk of IMM might be reflected by the epitope scores in the six patients 
with deletions involving exons 8 and/or 9. To calculate the epitope scores, it was important to account for the 
impact of the mutation on natural dystrophin expression in order to consider the epitope scores only for the 
non-expressed regions of the DMD gene (where no tolerance is expected). Table 3 displays the epitope scores 
calculated for exons 8 and 9, considering each patient’s mutation. For the patient with a 40 bp deletion between 
intron 7 and exon 8, one question was whether the alternative translation start site in exon 8 is used24,25. Both 
possibilities were considered. Results showed that, while the epitope scores calculated for exon 8 were relatively 
high in the two patients who developed IMM, one out of the four patients without IMM who carried a deletion 
of exons 8 and 9 had a score in the same range. For exon 9, the epitope scores were higher in the two patients 
who developed IMM compared with the patients who did not, reflecting the occurrence of the clinical event.

Fig. 5. In silico HLA-I epitope mapping and scoring. (A) IMM Case 1, (B) IMM Case 2. The sums of 
transformed scores (epitope scores) are shown for the protein sequences derived from each exon 1 to 17. HLA 
human leukocyte antigen, IMM immune-mediated myositis.

 

IMM event Dystrophin mutation

HLA-I genotype

Locus Allele 1 Allele 2

Yes Deletion exons 3–43

A A*24:02:01 A*68:01:02

B B*39:01:01 B*40:08

C C*02:02:02 C*07:02:01

Yes Deletion exons 8–9

A A*11:01:01 A*32:01:01

B B*35:01:01 B*35:01:01

C C*04:01:01 C*04:01:01

No Intron 7-exon 8 (40 bp)

A A*02:01:01 A*24:20:01

B B*40:01:02 B*40:01:02

C C*04:01:01 C*07:02:01

No Single nucleotide deletion, exon 9

A A*02:01:01 A*02:05:01

B B*50:01:01 B*51:01:01

C C*06:02:01 C*16:01:01

No Deletion exons 8–9

A A*02:01:01 A*02:03:01

B B*39:09:01 B*52:01:01

C C*07:02:01 C*12:02:02

No Deletion exons 8–12

A A*03:01:01 A*34:02:01

B B*14:01:01 B*15:01:01

C C*03:04:01 C*08:02:01

Table 2. HLA-I genotypes of six patients with mutations in exons 8 and/or 9 of the DMD gene.
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This epitope scoring approach was also applied to peptides 38–39 (overlapping between exons 8 and 9 and 
driving the T cell response in the first IMM case) and peptide 32 (exon 8, identified in the second IMM case) 
(Supplementary Table 1). For peptides 38–39, the patient with a deletion of exons 8–9 who did not have IMM 
showed the highest score, while the first IMM case displayed the next highest score. The second IMM case 
showed a low score for peptides 38–39. For peptide 32, the two IMM cases showed the highest scores among the 
six patients with mutations in exons 8 and/or 9.

Discussion
This study aimed to investigate the intricacies of the IMM events observed in two patients during the ENDEAVOR 
clinical trial of delandistrogene moxeparvovec in patients with DMD. Delandistrogene moxeparvovec delivers 
a transgene encoding a micro-dystrophin that retains the key functional domains of dystrophin, including 
domains corresponding to exons 1–17 and exons 59–71 of the DMD gene. Through a comprehensive clinical 
and immunologic investigation, we identified key insights into the underlying mechanisms and potential risk 
factors associated with IMM in the context of gene therapy for DMD.

Given the temporal relationship of T cell activation concurrent with the onset of IMM, results of this 
study suggest that T cell-mediated muscle inflammation is a likely immunologic driver of IMM. Three lines of 
evidence converge to strongly suggest that T cell immune responses directed against micro-dystrophin peptides 
corresponding to exons 8 and/or 9 of the DMD gene were associated with the IMM events in these two patients. 
Firstly, ELISpot analysis of leukocytes taken from the two patients with IMM identified T cells directed against 
three peptides that mapped to exons 8 and 9 of the DMD gene (Figs. 3, 4; summarized in Fig. 6). These peptides are 
also included in delandistrogene moxeparvovec micro-dystrophin (Fig. 2). Secondly, in silico epitope mapping 
suggests greater probability for peptides derived from exons 8 and 9 to bind HLA-I molecules of the two patients 
with IMM, increasing the potential for these specific peptide sequences to drive a cytotoxic immune response 
(Fig. 5; summarized in Fig. 6). Despite deletions in both MDys pools 1 and 2 in Case 1, the patient did not have 
T cell-mediated responses against epitopes from pool 2. One explanation for this finding is that the peptides 
included in MDys pool 2 cover the sequence encoded by a part of exons 10–17. Our in silico epitope scoring 
approach suggests that the risk of T cell response is lower for any of these exons compared with exons 8 and 9 
in both IMM cases (Fig. 5). This higher risk results from both the numbers and the HLA-I binding properties of 
the peptides encoded by each exon. Lastly, both patients who developed IMM had mutations that deleted exons 
8 and/or 9, raising the potential for their immune systems to recognize the corresponding protein sequences as 
foreign. In people with normal dystrophin, or those with dystrophin mutations, such as duplications, that could 
potentially allow for some level of expression of these sequences, T cells recognizing these self-peptides would be 
expected to be negatively selected, preventing them from entering circulation26. However, when these sequences 

Fig. 6. Summary of ELISpot and in silico HLA-epitope mapping findings. ELISpot enzyme-linked 
immunosorbent spot, HLA human leukocyte antigen, IMM immune-mediated myositis, MHC major 
histocompatibility complex, TCR T cell receptor.

 

Mutation Deletion exons 3–43 Deletion exons 8–9 Intron 7–exon 8 (40 bp) Single nucleotide deletion, exon 9 (c.907del) Deletion exons 8–9 Deletion exons 8–12

IMM Yes Yes No No No No

Exon 8 66.7 60.4 25.4 (31.9)* 0 77.6 50.2

Exon 9 20.0 41.6 0 (10.6)* 18.3 19.3 16.9

Table 3. Epitope scores for exons 8 and 9 in patients with mutations in these exons who did or did not 
develop IMM. *For each patient, only the epitopes in the dystrophin protein sequence that cannot be naturally 
expressed due to his particular mutation were considered. In the patient with a splice site deletion between 
intron 7 and exon 8, the alternative translation start site present in exon 8 may or may not be used; the 
numbers in parentheses correspond to the latter situation.
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are fully or partially deleted, as in the six cases described in this article, T cells recognizing the corresponding 
peptides may escape negative selection and create potential to attack muscles expressing these sequences. The 
two patients who developed IMM showed high scores for exon 8 and, remarkably, higher epitope scores for exon 
9 than the four other patients who did not have IMM (Table 3). More data are needed to determine whether the 
in silico epitope scoring approach described in this article may help assess the risk of IMM in patients with DMD 
treated with delandistrogene moxeparvovec. In addition to HLA alleles and T cell epitopes, other factors such as 
the underlying inflammatory state of patients with DMD or immunosuppressive treatments may influence the 
risk of IMM, while HLA-II alleles may also contribute to modulating immune responses.

The occurrences of IMM in ENDEAVOR are consistent with similar cases reported in other clinical 
trials evaluating gene therapies for DMD (ClinicalTrials.gov number, NCT04281485 and Eudra-CT number, 
2020-002093-27)19,27,28. The overlapping presentations, potentially including severe muscle weakness, loss of 
ambulation, respiratory muscle involvement, muscle edema on MRI, and T cell infiltration on muscle biopsy, 
highlight a shared pattern of myositis associated with these investigational treatments19. In response to these 
observations, a collaborative effort among sponsors of ongoing DMD gene therapy trials was initiated to 
minimize risks for future participants19,29. This study is part of these ongoing efforts. Clinical trial protocols 
were adjusted to exclude patients with genetic mutations overlapping transgene sequences, thereby mitigating 
potential risks. It is important to note that at the time of publication of the findings of this collaborative effort, 
the patients who experienced IMM all had relatively large deletions in their DMD gene, and the present study 
identifying the specific sequences driving these responses had yet to be performed. Accordingly, the first recorded 
case of IMM in ENDEAVOR led to a protocol update for the pivotal, phase III EMBARK study (SRP-9001-301; 
NCT05096221) excluding individuals with genetic mutations between or including exons 1–17 for participant 
safety, as research into these risks was ongoing30.

The later emergence of the second case of IMM in ENDEAVOR in a patient with a deletion involving only 
exons 8 and 9 of the DMD gene, combined with the work described here that also implicated only exons 8 and 
9 even in the first case of IMM in ENDEAVOR reported in a patient with a larger DMD gene deletion of exons 
3–43, enabled the narrowing of the delandistrogene moxeparvovec contraindication specifically to deletions in 
exons 8 and/or 910. The risk of IMM in patients with other mutations who potentially receive delandistrogene 
moxeparvovec is presently undetermined. Findings from this study suggest that the size of the DMD gene 
mutation may not be of particular significance, but rather it is the deletion of specific sequences with elevated 
immunogenic potential that poses a higher risk of IMM.

In an earlier DMD gene therapy trial investigating a different vector, promoter, and transgene construct, 
immunogenic T cell responses were detected in a patient with a deletion in exons 3–17 that were directed against 
non-self epitopes encoded by the transgene; however, no clinical manifestations of IMM were reported31. It 
should be noted that, aside from the two patients described in ENDEAVOR, IMM has not been observed in 
any other patients with genetic mutations contained in exons 1–17 or 59–71 overlapping the transgene. In 
ENDEAVOR, four of six patients who had a genetic deletion (including nonsense single nucleotide deletions) 
involving exons 8 and/or 9 of the DMD gene have not shown any signs of IMM to date (Table 1). Therefore, risk 
factors other than the specific DMD gene deletion, like the patient’s HLA genotype (as suggested by our in silico 
epitope scoring approach), may contribute to the development and severity of IMM.

Limited data are available from patients with mutations in exons 1–17 and exons 59–71 who received 
delandistrogene moxeparvovec treatment in clinical trials. Study 101 (SRP-9001-101; NCT03375164) and 
Study 102 (SRP-9001-102; NCT03769116) excluded patients with mutations in exons 1–17 and exons 59–79. In 
ENDEAVOR, patients with any mutation in exons 1–79 were initially included to allow for evaluation of more 
patients. However, the development of the first case of IMM in Cohort 2 resulted in a change to the genetic 
criteria for all cohorts of ENDEAVOR that excluded patients with mutations in exons 1–17 (except for Cohort 5, 
which was designed to better understand the risk associated with these mutations). This informed the inclusion 
criteria for subsequent studies, including those for EMBARK, which also excluded patients with mutations in 
exons 1–17; patients with mutations in exons 59–71 were not excluded. The US FDA Prescribing Information 
(June 2023) includes a warning that patients with deletions in the DMD gene in exons 1–17 and/or exons 59–71 
may be at risk of a severe IMM reaction10. As of May 31, 2024, 21 patients with a DMD gene mutation in the exon 
1–17 region, five of which were deletions in the exon 1–17 region  (no patients with a deletion in exons 8 and/
or 9 were dosed), and 15 patients with a DMD gene mutation in the exon 59–71 region have received the FDA-
approved delandistrogene moxeparvovec-rokl gene therapy product; there have been no IMM events reported 
in these 36 patients.

The broader implications of our results indicate that peptides in the micro-dystrophin sequence derived from 
exons 8 and/or 9 of the DMD gene have an elevated potential for T cell activation. As the field of precision genetic 
medicine advances to address the underlying cause of other diseases, similar events of immune responses to 
transgenes may occur. Insights derived from the interplay between transgenes and the immune system in DMD 
may contribute to the safety and success of these future gene therapies.

Conclusion
Our immunologic investigation sheds light on IMM in patients with DMD treated with delandistrogene 
moxeparvovec, highlighting the potentially heightened immunogenicity of exons 8 and/or 9 of the DMD 
gene for patients bearing deletions in this region. Notably, not all patients with genetic mutations involving 
these exons developed IMM, suggesting a complex interplay of factors. These findings underscore the need for 
ongoing research to better understand the risk factors associated with IMM and to develop strategies for the 
safe administration of DMD gene therapies, particularly in patients with potentially higher-risk mutations in 
the DMD gene.
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Methods
ENDEAVOR study design and participants
ENDEAVOR was approved by a central institutional review board through Advarra and was conducted in 
accordance with the provisions of the Declaration of Helsinki and Good Clinical Practice guidelines. Informed 
consent was obtained from all legal guardians of minor participants prior to performing any procedures required 
for this study in compliance with all applicable guidelines. ENDEAVOR is an ongoing, open-label, phase Ib, 
multi-cohort study to assess delandistrogene moxeparvovec micro-dystrophin expression as well as safety and 
functional outcomes following a single administration of commercial process delandistrogene moxeparvovec 
material in patients with DMD. Part 1 of ENDEAVOR (baseline through week 12) assesses delandistrogene 
moxeparvovec micro-dystrophin expression and safety, while Part 2 (baseline up to week 156 [3 years]) will 
assess long-term safety outcomes before participants enter EXPEDITION (SRP-9001-305; NCT05967351) to 
complete 5 years of follow-up. ENDEAVOR methodology has been previously published13. Eligibility required a 
definitive DMD diagnosis based on documentation of clinical findings and prior confirmatory clinical diagnostic 
genetic testing. Of relevance to this study, ENDEAVOR Cohort 2 (ambulatory patients aged ≥ 8 to < 18 years) 
included patients with definitive DMD gene mutations, and Cohort 5 included patients with genetic mutations 
partially or fully contained in exons 1–17 of the DMD gene but not those with a full deletion mutation of exons 
9–13, as similar mutations have previously been associated with IMM13. Cohort 5 consists of two subgroups: 5a 
(ambulatory patients aged ≥ 4 to < 9 years) and 5b (non-ambulatory patients of all ages).

Clinical and immunologic investigations
Ex vivo identification of micro-dystrophin T cell epitopes
To determine the region(s) of the micro-dystrophin most effective at stimulating T cell responses, we synthesized 
18-mer long peptides with 11 amino acid overlaps that covered the entirety of the protein expressed by the 
micro-dystrophin transgene. The individual peptides were divided into three pools (i.e., MDys pools 1, 2, and 
3) based on the region of the protein from which they were derived. We exposed T cells to each pool of peptides 
and assessed their activation by measuring the amount of IFN-γ produced using an IFN-γ ELISpot assay. The 
assay was designed to detect the specific peptide pool(s) that elicited a T cell response in the patients (Fig. 2). 
An analysis was performed at the following timepoints: Case 1–baseline, day 2, and weeks 1, 2, 4, 10, 12, 24, 52, 
and 104; Case 2–baseline, day 2, and weeks 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 15, 20, and 24. To identify a specific T 
cell epitope in pool 1, 51 individual peptides of pool 1 (exons 1–10) were distributed into 15 peptide pools. The 
matrix pooling strategy was adapted to ensure that each peptide was present in two separate pools (Fig. 4).

In silico epitope mapping
Based on the patients’ HLA-I genotypes, individual ELrank values displayed by NetMHCpan-4.1 were used to 
calculate epitope scores for each dystrophin exon from 1–17. As low ELrank numbers correspond to higher 
affinities, ELranks of each 9-mer peptide/HLA allele combination were transformed according to the below 
formula and summed for each exon.

 
[
transformed_score = − log 2

(
EL_rank/zygosity2)]

The zygosity of the allele, whether homozygous or heterozygous, was accounted for in this transformation. Any 
negative transformed scores were set to 0, establishing an upper ELrank threshold of 1.0 for heterozygous alleles 
and 4.0 for homozygous alleles. To calculate epitope scores adjusted to each patient’s mutation, only the ELrank 
values of the peptides not naturally expressed by the patient due to his mutation were considered.

Statistical analysis
Data analyses were primarily descriptive in nature. For continuous variables, means, medians, standard 
deviations, and ranges were calculated. For categorical variables, frequency counts and percentages were 
calculated.

Data availability
The datasets presented in this article are not readily available. Qualified researchers may request access to the 
data that support the findings of this study from Sarepta Therapeutics, Inc., Cambridge, MA, USA, by contacting 
the Sarepta Medical Information Team at medinfo@sarepta.com.
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