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Abstract.
Background: Duchenne muscular dystrophy (DMD) is a rare, degenerative, recessive X-linked neuromuscular disease.
Mutations in the gene encoding dystrophin lead to the absence of functional dystrophin protein. Individuals living with
DMD exhibit progressive muscle weakness resulting in loss of ambulation and limb function, respiratory insufficiency, and
cardiomyopathy, with multiorgan involvement. Adeno-associated virus vector-mediated gene therapy designed to enable pro-
duction of functional dystrophin protein is a new therapeutic strategy. Delandistrogene moxeparvovec (Sarepta Therapeutics,
Cambridge, MA) is indicated for treatment of ambulatory pediatric patients aged 4 through 5 years with DMD who have an
indicated mutation in the DMD gene.
Objective: Evidence-based considerations for management of potential adverse events following gene therapy treatment
for DMD are lacking in clinical literature. Our goal was to provide interdisciplinary consensus considerations for selected
treatment-related adverse events (TRAEs) (vomiting, acute liver injury, myocarditis, and immune-mediated myositis) that
may arise following gene therapy dosing with delandistrogene moxeparvovec.
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Methods: An interdisciplinary panel of 12 specialists utilized a modified Delphi process to develop consensus considerations
for the evaluation and management of TRAEs reported in delandistrogene moxeparvovec clinical studies. Panelists completed
2 Questionnaires prior to gathering for an in-person discussion. Consensus was defined as a majority (≥58%; 7/12) of panelists
either agreeing or disagreeing.
Results: Panelists agreed that the choice of baseline assessments should be informed by individual clinical indications,
the treating provider’s judgment, and prescribing information. Corticosteroid dosing for treatment of TRAEs should be
optimized by considering individual risk versus benefit for each indication. In all cases involving patients with a confirmed
TRAE, consultations with appropriate specialists were suggested.
Conclusions: The Delphi Panel established consensus considerations for the evaluation and management of potential TRAEs
for patients receiving delandistrogene moxeparvovec, including vomiting, acute liver injury, myocarditis, and immune-
mediated myositis.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is a rare,
degenerative, recessive X-linked neuromuscular dis-
ease [1]. Mutations in the gene encoding dystrophin
lead to the absence of functional dystrophin protein,
which is expressed in skeletal and cardiac muscle,
gastrointestinal vascular/smooth muscle, the retina,
and the brain [1–5]. A lack of dystrophin leads to pro-
gressive muscle weakness, resulting in loss of motor
function, respiratory insufficiency, and cardiomyopa-
thy [6]. As DMD affects multiple organ systems and
increases the risk of a variety of health complications,
patients with DMD require an interdisciplinary care
team [6].

In recent years, there have been significant
advances in the use of gene therapies to treat
a range of conditions [7]. Several recombinant
adeno-associated virus (rAAV) vector-based gene
therapies have been approved by the Food and Drug
Administration (FDA) to treat various genetic dis-
orders, including rare and life-threatening diseases,
with many more in late-stage development [7–11].
Vector-mediated gene therapy is a new therapeu-
tic strategy to treat patients living with DMD [12].
Delandistrogene moxeparvovec (Sarepta Therapeu-
tics, Cambridge, MA) is an rAAVrh74 vector-based
gene therapy designed for targeted expression of
a therapeutic transgene that enables the produc-
tion of functional micro-dystrophin protein, thereby
addressing the direct cause of DMD [12]. In the
delandistrogene moxeparvovec clinical development
program (studies NCT03375164, NCT03769116,
and NCT04626674), a safety dataset derived from
the trial experiences of 85 patients identified
13 treatment-related adverse events (TRAEs) that
required medical intervention, including vomiting,
myocarditis, acute liver injury (ALI), and immune-

mediated myositis (IMM) [13, 14]. The TRAEs
described in this paper have also been reported in clin-
ical trials of other systemic gene therapies [10, 11].

Due to the rapid development of rAAV vector-
based gene therapies and the limited number of
individuals treated, there is a dearth of published
peer-reviewed evidence to inform clinical decision-
making and management of patient safety events that
may arise following gene therapy. As a result, there
is a critical need to understand how to identify and
manage adverse events (AEs) associated with rAAV
vector-based gene therapies [7, 8, 15, 16]. The Delphi
panel process is one method that may address clinical
questions when sufficient guidance in the scientific
literature is limited [17, 18]. This technique uses a
structured, iterative, and scientific research method-
ology to build consensus among a group of experts on
efficacy and safety of a particular product or health-
related topic [17]. The Delphi technique is rigorous,
relies on the high level of expertise and credibility
of the panel, and allows for the exploration of com-
plex clinical questions [17, 18]. A Delphi panel was
convened prior to the accelerated approval granted
to delandistrogene moxeparvovec by the FDA to dis-
cuss the evaluation and management of specific AEs
occurring post-gene therapy in patients with DMD
and was based on the clinical experience of the treat-
ing provider and clinical trial data collected as of
October 17, 2022. The objective of this Delphi panel
was to provide interdisciplinary consensus manage-
ment considerations for TRAEs following clinical
administration of delandistrogene moxeparvovec.

METHODS

A modified Delphi process was utilized that
included a literature search, two rounds of Question-
naires, and the development of consensus statements
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at a live meeting (Fig. 2). To ensure a diversity
of expertise, the panel included neurologists, a
cardiologist, a hepatologist, a pulmonologist, a gas-
troenterologist, and a pediatric advanced practice
registered nurse. Those on the panel either adminis-
tered delandistrogene moxeparvovec to patients in the
context of clinical trials or had experience managing
patients with DMD and/or the gene therapy-related
AEs discussed here. Consistent with previously
reported Delphi panel processes [19–21], a qualita-
tive approach was adopted to establish consensus on
the evaluation and management of TRAEs following
treatment with delandistrogene moxeparvovec.

A search of published literature led to the iden-
tification of articles presenting clinical studies, case
series, and retrospective analyses that reported strate-
gies for monitoring and managing AEs commonly
observed following gene therapy. The search results
yielded few articles relevant to the evaluation and
management of selected AEs following gene therapy
in the DMD patient population, so the search was
subsequently expanded to include all gene therapy
treatments, which revealed a limited number of pub-
lished manuscripts on management of TRAEs. The
literature search identified 26 articles and abstracts
of interest related to ALI, 25 related to myocarditis,
and 6 related to IMM. A summary is presented in
Supplement 1.

All panelists completed two Questionnaires and
subsequently gathered for an in-person meeting to
establish consensus on specific statements regarding
evaluation and management of TRAEs (Supple-
ment 2). Notably, the panel considerations for both
Questionnaires and the in-person conversation were
guided by the clinical trial protocols and are aligned
with the current prescribing label, which stipulated
that an increased dose of corticosteroids should be
initiated prior to gene therapy infusion and contin-
ued for a minimum of two months to reduce the risk
associated with an immune response to the vector
and/or transgene. Daily corticosteroid dosing sug-
gestions included adding 1 mg/kg/day in addition to
the pre-gene delivery baseline dose, starting one day
prior to the infusion, and increasing up to a max-
imum of 60 mg/day for a minimum of 60 days as
clinically indicated, followed by a taper. The clini-
cal trial protocol required cardiac assessment prior to
study enrollment. To assess cardiac function, patients
underwent baseline cardiac evaluation and imaging
with echocardiogram and/or MRI. Exclusion criteria
included signs of cardiomyopathy and echocardio-
gram with an ejection fraction below 40%.

Development of Questionnaire 1 was based on
relevant information from the literature search as
well as anonymized patient data from delandis-
trogene moxeparvovec clinical trials. Panelists
provided open-ended responses to a series of ques-
tions related to managing select TRAEs observed
in clinical trials of delandistrogene moxepar-
vovec (studies NCT03375164, NCT03769116, and
NCT04626674), including vomiting, ALI, myocardi-
tis, and IMM.

Questionnaire 2 was built upon responses from
Questionnaire 1 wherein panelists were asked to
rate these statements using a 5-point Likert scale
(1 = strongly disagree; 5 = strongly agree). Consen-
sus was defined as the majority (≥58% [7/12]) of
panelists in concordance, either agreeing (rating a
statement 4 or 5) or disagreeing (rating a statement 1
or 2).

During the in-person meeting, statements that
failed to achieve majority consensus in Question-
naire 2 were discussed in the context of clinical trial
experience (clinical case examples are presented in
Supplement 3). While discussing management con-
siderations, panelists were able to reword statements
or debate additional suggestions to attempt to achieve
consensus. After discussion, panelists were anony-
mously polled using an online digital platform (Slido)
to determine consensus. If a statement still failed to
achieve majority agreement, panelists were asked to
agree that consensus was not obtained, and discussion
was closed on that statement.

RESULTS

During two rounds of individual interviews and
one in-person meeting, the panelists’ opinions regard-
ing clinical assessment, laboratory studies, diagnostic
studies, and treatment when specified AEs occur post-
gene therapy administration were collected; these
opinions were based on their clinical experience and
information collected during clinical trials prior to the
FDA accelerated approval of delandistrogene mox-
eparvovec. In total, the panelists were presented with
146 statements for consideration; of these, 17 did not
achieve consensus during the in-person meeting. Full
results from Questionnaire 1, Questionnaire 2, and
the in-person meeting are presented in Supplement
2. Agreed-upon consensus considerations for evalu-
ation and management of such patients are presented
in Table 1.
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Table 1
Consensus considerationsa for general assessment and management

Timing of the physical exam to
determine candidacy

A physical exam should be conducted one month prior to and again within 48
hours of the infusion

Timing of baseline lab collection Baseline labs should be collected twice prior to gene therapy infusion: at the
evaluation appointment (∼1 month prior) and again within one to three days of
the procedure

Laboratory studies The following tests are suggested: complement C3, complement C4,
complement total CH50, CBC with differential, CMP (including ALT, AST,
total bilirubin), serum IgG, aPTT, GGT, PT/INR, troponin I, and cystatin C
Proposed frequency of testing:
• Monitoring of liver enzymes prior to the infusion and weekly for the first
three months following the infusion
• Weekly troponin I monitoring during the first month following treatment
• Weekly platelet monitoring during the first 2 weeks
• Continued monitoring until results are unremarkable or if clinically indicated

Treatment of gastritis An H2 blocker is suggested to be taken as indicated by symptoms

Treatment of emesis An antiemetic should be provided to be used as needed; greatest concerns are
inability to tolerate oral corticosteroids and potential dehydration

Monitoring of patients
post-infusion

Patients should be monitored for two to four hours following infusion

Communication strategies Communication depends on the physician and institution, but
patients/caregivers should be provided with contact options

aThese considerations are offered based on clinical trial experience and the clinical experience of the individual
panelists. aPTT, activated partial thromboplastin time; CBC, complete blood count; CMP, comprehensive metabolic
panel; GGT, gamma-glutamyl transferase; H2, histamine; IgG, immunoglobulin G; PT/INR, prothrombin time and
international normalized ratio.

Pretreatment considerations

Timing of exams and laboratory testing prior to
infusion

Regarding the timeline for the physical exam prior
to infusion, most panelists (83%) agreed that to pro-
vide the greatest level of safety for the general patient
population, a physical exam should be conducted
approximately one month prior to treatment and again
within 48 hours of the procedure to ensure that the
patient does not have any acute infections or illnesses.
Panelists (75%) also agreed that baseline laboratory
collection should occur twice before the infusion:
one month prior to treatment and again one to three
days before infusion. They emphasized that obtain-
ing baseline labs was critical and that checking labs
at two time points before the infusion could improve
the utility of comparison in the future if abnormalities
arise, but did not agree on timing.

Suggested laboratory tests and clinical
investigations

Panelists suggested commercially available labo-
ratory tests and clinical investigations to establish the
patient’s baseline health status and to evaluate liver
and heart function; these are described in Table 1.

Post-infusion monitoring

Most panelists (75%) agreed that the patient
should be monitored closely for two to four
hours post-infusion. Panelists acknowledged that no
infusion-related reactions occurred in the clinical tri-
als. They agreed that the care team should be readily
accessible to patients and caregivers in order to dis-
cuss any concerning signs or symptoms. The method
of contacting the care team and the individuals partic-
ipating in an accessible care team will vary from site
to site. A suggestion was made to build an interdis-
ciplinary gene therapy team at the hospital to triage
concerns and optimize patient care post-infusion, but
the composition of the team was not specified because
selection of representatives should be guided by the
AEs associated with a specific gene therapy infusion
and by the healthcare provider’s expertise and clinical
experience with AEs in the context of gene therapy.

Considerations for GI events

All panelists agreed that prescribing histamine H2-
receptor antagonists (H2 blockers) for the treatment
of gastritis that may occur with corticosteroid treat-
ment is appropriate; however, they did not reach
consensus on whether to prophylactically administer
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an H2 blocker for gene therapy-associated gastritis
(33%).

Vomiting

Panelists suggested that the patient/caregiver
should contact the treatment provider immediately
if post-infusion vomiting occurs. An antiemetic may
be provided as needed. All panelists agreed that the
greatest concern regarding patient emesis following
gene therapy infusion is the patient’s inability to tol-
erate oral corticosteroids used to suppress immune
responses to the capsid; if not tolerated, TRAEs such
as ALI are more likely to occur. If vomiting prevents
oral corticosteroid administration, parenteral admin-
istration will be necessary. Potential dehydration is
another concern in patients with vomiting.

Acute liver injury

Panelists were asked to consider treatment for
three different scenarios of sequentially increas-
ing severity: 1) a patient who has mildly elevated
liver function tests (aspartate aminotransferase
[AST]/alanine transaminase [ALT]/V◦ -glutamyl trans-
ferase [GGT]) 1–2 times the baseline value or
previous measurement); 2) a patient who has been
diagnosed with ALI; and 3) a patient diagnosed with
ALI who is refractory to initial interventions. The
consensus opinions from the Delphi panel for ALI
are summarized in Table 2.

Scenario 1: The panelists discussed a hypothet-
ical case of a patient with mildly elevated liver
function tests. Based on laboratory abnormalities
in AST/ALT/GGT (1–2 times the baseline value
or previous measurement) in a hypothetical patient
with suspected ALI, panelists suggested requesting
a telehealth visit with the patient/caregiver (67%),
repeating lab collection sooner than the protocol
specifies (within one week) (75%), and maintaining
the patient’s current post-infusion corticosteroid dose
(92%).

Scenario 2: Upon confirmed diagnosis of ALI,
most panelists (83%) agreed that a telehealth visit
alone is limited or lacks physical interaction and sug-
gested that the patient be seen in person for a physical
exam. All panelists agreed to an increased frequency
of laboratory monitoring, with lab collection repeated
within one week and monitoring adjusted, as needed,
if liver enzymes (AST, ALT, and GGT) continued to
increase. Most panelists (92%) also agreed to addi-
tional testing for direct bilirubin but did not feel

that viral testing for hepatitis, human immunode-
ficiency virus (HIV), Epstein-Barr virus (EBV), or
cytomegalovirus (CMV) was necessary, unless there
was a clinical indication to do so (such as failure to
respond to increased corticosteroids).

In patients with ALI, most panelists (83%) would
consider increasing the oral prednisone dose by
adding an additional 1 mg/kg/day on top of the
patient’s baseline and peri-delandistrogene moxepar-
vovec infusion corticosteroid dose to a total of
2 mg/kg/day with a maximum of 120 mg/day but did
not think a liver ultrasound (67%) or specialist consult
(58%) was indicated.

Scenario 3: For ALI that is not responding to initial
interventions such as increased oral corticosteroids
(the most severe hypothetical liver injury), most pan-
elists (92%) suggested initiating a short-term pulse
of intravenous (IV) methylprednisolone, expanding
laboratory testing to include causes of viral hepatitis
(67%), testing for direct bilirubin (92%), request-
ing a liver ultrasound (83%), and obtaining a consult
with a hepatologist (83%). Panelists differed on the
dose and duration of IV methylprednisolone treat-
ment, and discussed a range of options including a
single IV in the emergency department up to a brief
hospitalization (3–5 days) for sequential IV therapy.

In summary, panelists suggested a staged approach
to managing increased liver enzymes, with all patients
with elevated liver enzymes requiring more frequent
lab monitoring and, in moderate or severe cases,
increased corticosteroids and additional laboratory
and diagnostic evaluations.

Myocarditis

Panelists discussed treatment and management
options in three different scenarios of increasing
severity: 1) a patient with elevated troponin I; 2) a
symptomatic patient with elevated troponin I; and 3) a
patient with elevated troponin I who is not responding
to initial interventions. Consensus opinions from the
expert panel regarding management of myocarditis
are shown in Table 3.

Scenario 1: For the asymptomatic patient with
mildly elevated troponin I (defined by the group as
<2.5 times the ULN or, if the baseline value of the
patient is abnormal, as <2.5 times the baseline), most
panelists (83%) agreed that a telehealth visit with
the patient/caregiver would be appropriate and that a
physical exam may be clinically indicated. Panelists
would repeat baseline labs sooner than the protocol
stipulated (in less than a week) (75%). All panelists
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Table 2
Consensus considerations for management of acute liver injury

Patient presentation Asymptomatic patient presenting with initial mild elevations of liver
laboratory tests

Patient monitoring Request a telehealth visit with the parent/caregiver; assess the need for a
physical examination based on the clinical history
Patient likely does not need to be admitted to the hospital at this time unless
otherwise indicated

Laboratory studies Monitor closely and repeat laboratory studies sooner than one week

Patient presentation Acute liver injury is diagnosed/confirmed

Patient monitoring Patient should be seen in person; assess need for hospitalization, based on
laboratory and exam findings

Laboratory studies If not hospitalized, monitor closely, and repeat laboratory studies sooner than
one week

Additional diagnostic and
laboratory studies

GGT, PT/INR

Medication & treatment Increase oral corticosteroid dose over baseline corticosteroid dose to
2 mg/kg/day (max 120 mg/day)

Patient presentation Acute liver injury that does not respond to initial treatment

Patient monitoring If not previously hospitalized, patient should be admitted at this time
Laboratory studies Continue to monitor laboratory studies conducted at baseline in addition to

GGT, PT/INR, and direct bilirubin
Additional diagnostic studies Perform viral testing (hepatitis panel, EBV, CMV)

Perform a liver ultrasound
Medication & treatment Begin a short-term pulse of IV methylprednisolone
Consultation Consult with appropriate specialist (hepatologist), preferably one experienced

with DMD and/or gene therapy

Initial mild elevations of liver laboratory tests should be assessed with repeat laboratory studies sooner than the protocol
stipulates and warrant close monitoring, with consideration of other causes of liver injury. Repeat baseline labora-
tory studies based on prescribing information and individual patient presentation; corticosteroid dose optimization
should be based on the appropriate peri-infusion steroid dose. CMV, cytomegalovirus; DMD, Duchenne muscu-
lar dystrophy; EBV, Epstein-Barr virus; GGT, gamma-glutamyl transferase; HIV, human immunodeficiency virus;
PT/INR, prothrombin time and international normalized ratio.

agreed they would not test for complement activation
(C3, C4, CH50) at this stage. Panelists would not sug-
gest changing the dose of oral corticosteroids (67%)
or obtaining a consultation with a specialist (58%).

Scenario 2: When a patient is symptomatic and
has elevated troponin I, the panel suggested that
the patient should be admitted to the hospital
for examination (75%), a short-term pulse of IV
methylprednisolone (75%) should be initiated, and
a cardiology consultation should be sought (92%).
They (92%) suggested repeating baseline labs within
two to five days and would also request addi-
tional tests (described in Table 3). Most panelists
(92%) agreed that an echocardiogram and ECG
should be obtained and cardiac magnetic resonance
imaging (cMRI) with gadolinium contrast should
be conducted if available. Panelists recognized that
experience with obtaining and interpreting cMRI for
patients with DMD could vary by facility and that
this should be considered when developing treat-
ment protocols for patients undergoing gene therapy
in DMD.

Scenario 3: For the symptomatic patient whose
troponin I remains elevated following initial treat-
ment with increased corticosteroids, in addition to
the previous considerations, the panelists suggested
a short-term pulse of IV methylprednisolone (58%)
and they all agreed that IVIg should be considered
(Table 3).

In summary, for an asymptomatic patient with
mildly elevated troponin I, panelists suggested a
clinical evaluation and increased frequency of lab
monitoring. For symptomatic patients with elevated
troponin I, patients should be admitted to the hospital
for intravenous corticosteroids, additional diagnostic
testing, a cardiology consultation, and consideration
for IVIg.

Immune-mediated myositis

The panelists discussed a hypothetical case of
IMM. Consensus statements developed by the pan-
elists for management of IMM are described in
Table 4. Criteria for diagnosing IMM in the con-
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Table 3
Consensus considerations for myocarditis

Patient presentation Asymptomatic patient presenting with initial mild troponin I elevation

Patient monitoring Request a telehealth visit with the parent/caregiver; assess the need for a
physical exam based on the clinical history

Laboratory studies Monitor closely and repeat baseline laboratory studies sooner than one week

Patient presentation Patient presents with suspected or confirmed myocarditis

Patient monitoring Patient should be seen for a physical exam; assess need for hospitalization
based on laboratory and exam findings

Laboratory studies Monitor closely and repeat laboratory studies sooner than one week
Additional diagnostic and
laboratory studies

Complement C3, complement C4, complement total CH50, CK-MB, CK,
urinalysis, cystatin C, CRP
Perform an echocardiogram and ECG; consider cardiac MRI based on clinical
scenario

Medication & treatment Increase corticosteroid dose over baseline corticosteroid dosing to 2 mg/kg/day
(max 120 mg/day); based on clinical scenario, consider short-term pulse of IV
methylprednisolone; also consider adding IVIg

Consultation Consult with cardiologist, preferably one experienced with DMD and/or gene
therapy

Patient presentation Myocarditis not responding to initial treatment

Patient monitoring If not previously hospitalized, patient should be admitted at this time
Laboratory studies & diagnostics Continue to monitor baseline laboratory studies
Additional diagnostic and
laboratory studies

Continue to monitor complement C3, complement C4, complement total
CH50, CK-MB, CK, cystatin C, CRP, urinalysis
Continue to monitor echocardiogram, ECG, and cardiac MRI

Medication & treatment Continue to optimize corticosteroid treatment, including IV
methylprednisolone; consider adding IVIg and/or other immunosuppressant
pharmacotherapy

Consultation Consult with cardiologist, preferably one experienced with DMD and/or gene
therapy

Repeat baseline laboratory studies based on prescribing information and individual patient presentation; corticos-
teroid dose optimization should be based on the appropriate peri-infusion steroid dose. Depending on the clinical
scenario, hospitalization, cardiology consultation, cardiac MRI should be considered; IVIg and/or other immuno-
suppressive therapy could also be considered. CK, creatine kinase; CK-MB, creatine kinase-myocardial band; CRP,
C-reactive protein; DMD, Duchenne muscular dystrophy; ECG, electrocardiogram; IVIg, intravenous immunoglobulin;
MRI, magnetic resonance imaging.

text of gene therapy are lacking in the literature. In
the delandistrogene moxeparvovec clinical trial pro-
gram, criteria for IMM event reporting were based
on patient symptoms and signs, clinical manifesta-
tions, laboratory abnormalities, and muscle biopsy
results, and represented a diagnosis of exclusion
with a focus on physical presentation. The group
considered which clinical symptoms would be use-
ful in determining a diagnosis of IMM following
micro-dystrophin gene therapy as IMM presenta-
tion observed to date has been variable, including
rapidly progressive axial, appendicular, and respira-
tory weakness; bulbar weakness; and swelling related
to angioedema. Panelists suggested that a patient
who is exhibiting physical signs indicative of pos-
sible IMM should be admitted to the hospital (67%)
and baseline lab collection should be repeated within
two to five days (92%). Panelists agreed that in
the context of suspected IMM, patients experiencing
swallowing or chewing difficulty, especially bul-

bar weakness, should be evaluated with a swallow
study (67%) and neuromuscular strength assessment
(92%). They further felt that an echocardiogram
(100%) and ECG (83%) should be conducted to
evaluate cardiac involvement. The group agreed that
increased corticosteroids should be trialed, but that if
the patient did not rapidly improve, treatment should
be escalated with the consideration of adding plasma-
pheresis, IVIg, or other targeted immunosuppressive
therapy.

DISCUSSION

The Delphi Panel used a modified process to estab-
lish consensus considerations for the evaluation and
treatment of vomiting, ALI, myocarditis, and IMM
following delandistrogene moxeparvovec gene ther-
apy infusion, as well as for the general assessment
and management of the patient, which can be used by
providers in the clinical setting given the paucity of
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Table 4
Consensus considerations for immune-mediated myositis

Patient presentation Patient presents with physical signs of IMM (weakness, muscle
pain/tenderness, difficulty swallowing) that are progressive over days

Patient monitoring Patient should be seen urgently by the prescribing physician for physical
assessment (including neuromuscular strength assessment) and likely will
require admission to the hospital for ongoing close observation

Laboratory studies Monitor closely and repeat baseline laboratory studies sooner than one week
Additional diagnostic and
laboratory studies

ANA, CK, CRP, aldolase, ESR, myoglobin, cystatin C, urinalysis, and urine
output
Echocardiogram, ECG, swallow study may be performed based on clinical
scenario

Medication & treatment Increase steroid therapy to either 2 mg/kg/day (max 120 mg/day) or 3-day
course of high-dose IV methylprednisolone

Consultation Consult with appropriate specialists (consider rheumatology, immunology, and
cardiology), preferably experienced with DMD and/or gene therapy

Patient presentation IMM with inadequate response to steroid optimization

Patient monitoring If not already hospitalized, patient should be admitted at this time
Laboratory studies Continue to monitor baseline laboratory studies
Additional diagnostic and
laboratory studies

Continue to monitor ANA, CK, CRP, aldolase, ESR, myoglobin, cystatin C,
urinalysis, and urine output
Continue to assess neuromuscular strength, echocardiogram, ECG, swallow
study based on clinical scenario

Medication & treatment Consider escalating treatment with plasmapheresis, IVIg, and/or other
immunosuppressant pharmacotherapy until response is achieved

Consultation Consult with appropriate specialists (consider rheumatology, immunology, and
cardiology), preferably experienced with DMD and/or gene therapy

Experts agreed that for suspected symptomatic IMM, emergent evaluation by physical exam, laboratory studies, and
additional laboratory assessments and diagnostics is required. Repeat baseline laboratory studies based on prescribing
information and individual patient presentation; corticosteroid dose optimization should be based on the appropriate
peri-infusion steroid dose. ANA, antinuclear antibodies; CK, creatine kinase; CRP, C-reactive protein; DMD, Duchenne
muscular dystrophy; ECG, electrocardiogram; ESR, erythrocyte sedimentation rate; IMM, immune-mediated myositis;
IVIg, intravenous immunoglobulin.

available published data. The Delphi panel convened
six months prior to the accelerated FDA approval
of delandistrogene moxeparvovec, therefore, the
considerations offered by this panel are based on
experience with select TRAEs during the clinical trial
program. Panelists agreed that the choice of baseline
laboratory studies should be based on the prescribing
information, individual clinical indications, and the
provider’s clinical judgment. Consideration of corti-
costeroid dosing optimization assumes that a baseline
corticosteroid dose was initiated pre-infusion to com-
bat both innate and adaptive vector-induced immune
responses, in addition to the patient’s pre-treatment
daily dose for DMD. Post-infusion corticosteroid
doses were dictated by the patient’s responses to
treatment (ie, emergent AEs) and monitored dur-
ing the post-infusion period according to the product
label; patients may require additional monitoring for
complications of higher dose steroids such as hyper-
tension and hyperglycemia. In all cases involving a
complex patient presentation, appropriate specialist
consultations were suggested; it is preferable that

specialists have experience with DMD and, whenever
possible, rAAV vector-based gene therapy.

The panel was informed by and aware of results
collected from the clinical trial safety database [14].
As of the clinical cutoff date of October 17, 2022, the
delandistrogene moxeparvovec clinical trial safety
database included data from 85 patients, with a mean
(range) follow-up time of 2.2 years (0.5–4.8) [13].
Thus far, no long-term safety issues have been iden-
tified during ≥2 years of follow-up, and no evidence
of late-onset or latent events has been observed [22].
In the early-phase clinical studies, 96% of patients
(82/85) experienced treatment-emergent AEs, and
86% of patients (73/85) reported AEs that were subse-
quently deemed treatment-related [22]. The majority
of AEs (98.5%) were mild to moderate in severity,
generally occurred within the first 60 days following
treatment, and resolved in weeks [22]. Vomiting was
the most frequently occurring TRAE (61%; 52/85)
and was generally observed in the first 2 weeks fol-
lowing infusion [13]. Myocarditis occurred in 1/85
patients (1%) within three to four days after infu-



C.M. Zaidman et al. / Adverse Event Management in Duchenne Gene Therapy 695

sion [13]. ALI was reported in 31/85 (36%) patients
and occurred 4–8 weeks after infusion, resolving
spontaneously or with additional corticosteroid treat-
ment [22]. IMM occurred in 1/85 patients (1%)
approximately one month post-infusion and resolved
with sequelae [22]. These SAEs in the clinical trials
required admission to the hospital for increased moni-
toring and additional immunosuppression with either
higher-dose steroids, plasmapheresis, or IVIg (see
Supplement 3 for description of these cases). Throm-
bocytopenia was observed in 10/85 (12%) patients
and all events were assessed as mild to moderate in
severity. For this reason, thrombocytopenia was not
selected for panel discussion. Other potential early
acute/subacute AEs (such as thrombotic microan-
giopathy) have been reported following AAV-based
gene therapy; however, these events have not been
reported after delandistrogene moxeparvovec infu-
sion [13, 22, 23].

A general timeline to AE onset is shown in Fig. 1.
The timing and response to treatment of TRAEs
observed during the clinical trials inform under-
standing of the underlying mechanisms, but more
data is needed. For example, ALI occurred suba-
cutely within 4 weeks post-infusion, responded well
to increased corticosteroids, and was presumably
related to an immune response to the viral vector. The
episode of myocarditis that occurred four to seven
days following infusion also suggests an immune
response was the underlying cause (Fig. 1). In one
reported case, an older, non-ambulatory patient with
DMD experienced sudden cardiac decompensation
and death that occurred within days of post-gene
therapy [24]. The more acute TRAEs suggest a
complement-mediated process favoring an innate
immune response; discussion of this event led the
panel to suggest monitoring complement levels. In
contrast, cases of IMM have occurred following
micro-dystrophin transgene expression in delandis-
trogene moxeparvovec studies and other DMD gene
therapy products. Cases of IMM emerge four to eight
weeks after infusion and likely result from adap-
tive immunogenicity against the newly expressed
transgenic protein, possibly due to T cell immunity
[13, 16, 25]. Although studies conducted to evalu-
ate other gene therapies (including onasemnogene
abeparvovec and resamirigene bilparvovec) [10, 11]
have identified similar AEs, this Delphi panel was
focused specifically on discussing those TRAEs aris-
ing from delandistrogene moxeparvovec infusion.
The panel’s suggestions therefore may not be applica-
ble to every gene therapy program currently approved

due to the use of different viruses and transgenes.
The pathophysiology of TRAEs observed following
administration of delandistrogene moxeparvovec and
other gene therapy products will be further elucidated
following additional study and clinical experience.

Panelists were asked to consider hypothetical sce-
narios of these TRAEs with increasing severity and
they generally responded by suggesting increasing
levels of intervention, including more frequent lab
monitoring and diagnostic testing, higher doses of
corticosteroids, hospital admission for monitoring,
and consideration of additional immunomodulation
using IVIg or plasmapheresis. These recommenda-
tions pre-date the FDA-approved product label and
augment the guidance now available in the prescrib-
ing information.

For the evaluation of patient candidacy and for
monitoring patients who experience TRAEs, pan-
elists suggested a battery of laboratory testing,
including complement, IgG levels, and AST/ALT,
among others (see Table 1). These suggestions
closely parallel the study protocols used in delandis-
trogene moxeparvovec clinical trials and expand on
the labs recommended in the FDA-approved prod-
uct label, which specifies serial assessment of liver
function with GGT, total bilirubin, platelets, and tro-
ponin I.

Panelists recognized certain challenges in evalu-
ating lab abnormalities in patients with DMD; for
instance, AST and ALT can derive from skeletal
muscle as well as hepatocytes and these transami-
nases are chronically elevated in patients with DMD
due to disease-related sarcolemmal fragility poten-
tially causing muscle breakdown [2, 26]. Tracking
CK levels is helpful for interpreting the source of
a rise in AST/ALT, as is evaluating GGT, which
derives from hepatocytes specifically [26]. Panelists
also agreed that elevated GGT/AST/ALT does not
inform evaluation of liver function and therefore sug-
gested including testing for PT/INR to evaluate liver
production of clotting factors. In cases of ALI not
responding to treatment, viral hepatitis testing was
recommended by panelists; the rationale given for
this was that a patient with a prior history of viral hep-
atitis taking a high dose of corticosteroids could have
a latent viral reactivation that should be considered.
Panelists did not recommend routine screening for
viral hepatitis prior to administering delandistrogene
moxeparvovec; however, this should be considered if
clinically indicated as a concomitant hepatitis infec-
tion has been reported as a contributing factor in a
child with ALI following gene therapy [27].
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Elevated TroponinI / 
MyocarditisVomiting Acute Liver Injury

Immune-Mediated 
Myositis

• ~50%-60% of patients
experienced vomiting, which
has been observed as early as
the evening of the infusion but
more commonly initiates a day
or more after infusion

• A small number of patients
have experienced persistent
vomiting over several weeks  

• Troponin I increases occurred
mostly within day 4 to 7 post
infusion with resolution of extreme
cases over 4 weeks 

• For the purposes of the 
delandistrogene moxeparvovec  
clinical trials, diagnosis of
myocarditis was based on patient 
presentation and clinical judgement 
of the principal investigator

• For the purposes of the 
delandistrogene moxeparvovec  
clinical trials, the following criteria 
were used to establish acute liver 
injury: GGT >3x ULN, or ALT >3x  
baseline when the source of the 
increased ALT is the liver, or ALP 
>2x ULN when the source of the
increased ALP is the liver 

• For the purposes of 
the delandistrogene 
moxeparvovec 
clinical trials, 
diagnosis of IMM was 
based on patient 
presentation and 
clinical judgement of 
principal investigator 

Fig. 1. Observed Timeline of Adverse Events Following Treatment With Delandistrogene Moxeparvovec. ALP, alkaline phosphatase;
ALT, alanine transaminase; GGT, gamma-glutamyl transferase; IMM, immune-mediated myositis; ULN, upper limit of normal.

Fig. 2. Delphi Panel Modified Methodology. ALI, acute liver injury; IMM, immune-mediated myositis; TRAE, treatment-related adverse
event.
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Similar challenges in interpretation of abnor-
mal lab values may arise when attempting to
differentiate the cause of troponin I elevation result-
ing from DMD-associated cardiomyopathy versus
myocarditis. Given that individuals with DMD
may have baseline elevations in troponin I due
to chronic myocardial injury, the delandistrogene
moxeparvovec clinical program used the Brighton
Collaboration myocarditis criteria which specify that
myocarditis is characterized by an increase in cardiac
troponin I≥1 ng/mL in combination with other symp-
toms or abnormal test results [28]. Panelists took
these criteria into consideration when developing
consensus opinion and agreed that it was important to
determine a threshold above which troponin I levels
become clinically significant, which is challenging.
One advisor suggested that the threshold should be
set to the individual’s baseline and should not be tied
to the reference lab range. Others suggested that a
level between 2–3 times the ULN could be used as
a general guide. Panelists stated that multiple tests
indicating a trend of elevated troponin I levels was
more significant than a single test alone. Informa-
tion for determining the ideal threshold for troponin I
elevation that identifies post-gene therapy myocardi-
tis in the DMD population is lacking, largely due
to the rarity of reported cases. Assay-specific vari-
ability in troponin I measurement also prevented the
panel from making specific recommendations regard-
ing ideal cutoff values to ensure high sensitivity and
specificity of troponin I elevations for myocarditis.

Advantages and limitations of the Delphi process

Advantages of the Delphi process include
anonymity during the polling process, which offers
the opportunity to provide uncensored opinions and to
vote free of peer pressure, and the capability of reach-
ing agreement among participants in a specific area
that lacks sufficient evidence-based knowledge [29].
It is also a relatively efficient, flexible, and adaptable
method that can stimulate fresh ideas and provide
motivation and further education for the panelists
[29]. The Delphi process also has several limitations,
most notably that it does not constitute empirical evi-
dence. Results may be biased by the selection of panel
members and the content of the Questionnaire, which
was based on a literature search and experience in
clinical trials and with gene therapy-associated AEs.
In addition, consensus can be interpreted differently
depending on the criteria used to define it. The panel
was composed of 12 US-based participants but lacked

an immunologist and other organ-specific special-
ists, limiting the diversity of opinion; this limitation
was acknowledged by the panelists. Global perspec-
tives were not obtained, and the patient/caregiver
voice was not included. Finally, the live meet-
ing was conducted prior to the FDA accelerated
approval in the US and before the product label was
finalized.

CONCLUSION

Delandistrogene moxeparvovec is a promising
treatment for persons with DMD, but TRAEs aris-
ing post-infusion must be recognized and managed
promptly in this patient population. A Delphi panel
used a modified process to establish consensus
considerations for the evaluation and treatment of
vomiting, ALI, myocarditis, and IMM following gene
therapy infusion, as well as for general assessment
and management of the patient. These findings, based
on clinical trial experience and individual health care
provider experience, address the limited data avail-
able regarding management of safety issues arising
post-delandistrogene moxeparvovec administration.
These considerations provide additional insight and
can be used by clinicians as a starting point for con-
tinued work and discussion on the management of
potential TRAEs.
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