
The AVU produces, purifies, 
titers and characterizes 
research-grade recombinant 
AAV vectors 

Characteristics of final vector 
preparation 

Yield: 1x103 vg / cell 

Physical Titer: 1x1012 to 1x1012 vg / ml 

Final Volume of a standard vector batch: 3 
ml in PBS

Both rAAV2 or hybrid vectors pseudotyped 
with capsid of serotypes from 1 to 9 are 
reproducibility obtained at a sterility and purity 
grade suitable for in vitro and animal 
experimentation

AAV Vector Unit (AVU) facility at ICGEB Trieste: 
production of AAV vectors with different serotypes 

Activities performed at the AVU 
  
Plasmid amplification and purification 
Vector packaging and purification from cellular 
lysates 
Vector titration by real-time PCR 

Helper Plasmids

Rep Cap1 Ad (E2A, VA, E4)
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www.icgeb.org/
RESEARCH/TS/
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AAV gene therapy clinical trials
● Melanoma 
● Prostate cancer 
● Cystic fibrosis 
● Hemophilia B 
● Muscular distrophies 
● Amiotrophic lateral sclerosis 
● Canavan disease 
● Alpha 1-antitrypsin deficiency 
● Healthy subjects (aerosol) 
● Rheumatoid arthritis 
● Parkinson disease 
● Retinal degeneration

Gene therapy of muscle

For inherited disorders of muscle
For the release of therapeutic proteins in 
the blood
(To improve muscle function in adults) 
(Gene doping?)

Malattia Gene mutato

Distrofia muscolare di Duchenne 
(DMD)

Distrofina; incidenza di circa 1/3500 bambini maschi

Distrofia muscolare di Becker 
(BMD)

Distrofina; incidenza di circa 1/20.000 bambini maschi

Distrofia muscolare di Emery-
Dreifuss

Emerina, lamina A o lamina C

Distrofia dei cingoli (LGMD) Piu' di 15 geni diversi 

autosomiche dominanti 
LGMD 1A: miotilina 
LGMD 1B: lamina A/C 
LGMD 1C: caveolina 3 
ed altre 

autosomiche recessive 
LGMD 2A: calpaina-3 
LGMD 2B: disferlina 
LGMD 2C:  γ-sarcoglicano 
LGMD 2D: α-sarcoglicano 
LGMD 2E: β-sarcoglicano 
LGMD 2F: δ-sarcoglicano 
ed altre

Distrofia facio-scapolo-omerale o di 
Lnadouzy-Dejerine (FSHD)

Non noto

Distrofia miotonica o malattia di 
Steinert (MMD)

DMPK (DM1) e ZNF9 (DM2)

Distrofia oculo-faringea (OPMD) Poly(A)-binding protein nuclear 1 (PABPN1)

Distrofia muscolare distale (DD) Almeno 8 geni diversi (disferlina, titina, desmina ed altri)

Distrofia muscolare congenita 
(CMD)

Geni diversi (Laminina α2 – merosina, fukutina, collagene di tipo 
VI, integrina a7, ed altri)

Distrofie 
muscolari

Dystrophin and the 
Dystrophin-Glycoprotein 

Complex (DCG)



Molecular defects in muscular dystrophies Molecular defects in dystrophin lead to Duchenne 
and Becker muscular dystrophy

427 kDa, gene 2.4 Mbp with 70 exons, mRNA 14 kb (coding region 11 kb) - transcription lasts 16 hrs 
4 structural domains (N-terminal, rod, cystein-rich and C-terminal) 

N-terminal: binds actin, Cystein rich: binds b-dystroglycan 

DMD: il problema clinico

La DMD ha un decorso ingravescente e 
devastante (esaurimento delle cellule satelliti). 

Alla nascita, i bambini maschi affetti sembrano 
normali, ed i primi sintomi insorgono tra i 3 ed 
i 5 anni di vita sotto forma di blanda debolezza 
muscolare, che si manifesta con la difficolta' 
nel salire le scale, alzarsi nella posizione 
seduta o con l'incespicare di frequente. Con il 
passare del tempo, la muscolatura si 
indebolisce progressivamente. 
Solitamente entro i 10 anni di vita gli individui 
affetti sono costretti sulla sedia a rotelle, e 
molti decedono entro il 20° anno di eta'. 

Non esistono attualmente terapie per la 
malattia, se non quelle di supporto. 

Oltre al muscolo scheletrico, i pazienti con 
DMD mostrano un interessamento piu' o meno 
marcato del cuore che spesso evolve in una 
forma franca di cardiomiopatia dilatativa. 

DMD: current treatment options
Only glucocorticoids have consistently demonstrated efficacy in DMD
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At 6 months: improvement in muscle strength, pulmonary function, 
time to rise from supine to standing, to walk 9m, to climb 4 stairs.
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ABSTRACT

Objective: To perform a double-blind, randomized study comparing efficacy and safety of daily
and weekend prednisone in boys with Duchenne muscular dystrophy (DMD).

Methods: A total of 64 boys with DMD who were between 4 and 10 years of age were randomized
at 1 of 12 centers of the Cooperative International Neuromuscular Research Group. Efficacy and
safety of 2 prednisone schedules (daily 0.75 mg/kg/day and weekend 10 mg/kg/wk) were evalu-
ated over 12 months.

Results: Equivalence was met for weekend and daily dosing of prednisone for the primary out-
comes of quantitative muscle testing (QMT) arm score and QMT leg score. Secondary strength
scores for QMT elbow flexors also showed equivalence between the 2 treatment groups. Overall
side effect profiles of height and weight, bone density, cataract formation, blood pressure, and
behavior, analyzed at 12 months, did not differ between weekend and daily dosing of prednisone.

Conclusions: Weekend dosing of prednisone is equally beneficial to the standard daily dosing of pred-
nisone. Analysis of side effect profiles demonstrated overall tolerability of both dosing regimens.

Classification of evidence: This study provides Class I evidence that weekend prednisone dosing is
as safe and effective as daily prednisone in preserving muscle strength and preventing body mass
index increases in boys with DMD over a 12-month period. Neurology® 2011;77:444–452

GLOSSARY
ANOVA ! analysis of variance; BMI ! body mass index; CBCL ! Child Behavior Check List; CINRG ! Cooperative Interna-
tional Neuromuscular Research Group; DEXA ! dual-energy x-ray absorptiometry; DMD ! Duchenne muscular dystrophy;
FEV1 ! forced expiratory volume in 1 second; FVC ! forced vital capacity; MIP ! maximum inspiratory pressure; MMT !
manual muscle testing; MVV ! maximal voluntary ventilation; NCI ! National Cancer Institute; PFT ! pulmonary function
test; QMT ! quantitative muscle testing.

Duchenne muscular dystrophy (DMD) is a progressive muscle disorder due to mutations in
the dystrophin gene.1,2 Current treatments can slow disease progression, prolonging ambula-
tion, and improving quality of life and survival.3-5 Corticosteroid treatment for DMD6-12 is
recommended by an American Academy of Neurology practice parameter.13 Furthermore, a
recently published standard of care review emphasized the benefit of corticosteroids for
DMD.14,15 In a large DMD natural history study currently run by the Cooperative Interna-
tional Neuromuscular Research Group (CINRG), 85% of participants are steroid-treated.16,17

We hypothesized that weekend prednisone dosing would provide equally effective treatment
for DMD as standard daily dosing. Furthermore, corticosteroids might be more widely used in
DMD if a dosing regimen had fewer side effects, including less weight gain, less effect on linear
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Side effects: 
- weight gain with cushingoid appearance, high risk for hypertension, 
cataract, loss of bone density, vertebral compression fractures and long bone 
fractures 
- long term administration limited by steroid-induced behavioral problems



DMD: emerging drugs or small molecule therapies

● Exon skipping 

● Mutation suppression 

● Gene therapy 

● Muscle building strategy

Exon skipping
Exon skipping is targeted at the pre-mRNA level, allowing one or more 
exons to be omitted to restore the dystrophin reading frame. This is 
accomplished with splice-switching oligomers (20-30 nt), complementary 
to sequences of the pre-mRNA transcript.

2 proof-of-principle clinical trials targeting exon51
PRO051/GSK2402968, Prosensa - oligo antisenso

AVI-4658/Eteplirsen - Avi Biopharma 
- morpholino oligomer
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BACKGROUND
Local intramuscular administration of the antisense oligonucleotide PRO051 in pa-
tients with Duchenne’s muscular dystrophy with relevant mutations was previously 
reported to induce the skipping of exon 51 during pre–messenger RNA splicing of the 
dystrophin gene and to facilitate new dystrophin expression in muscle-fiber mem-
branes. The present phase 1–2a study aimed to assess the safety, pharmacokinetics, 
and molecular and clinical effects of systemically administered PRO051.

METHODS
We administered weekly abdominal subcutaneous injections of PRO051 for 5 weeks 
in 12 patients, with each of four possible doses (0.5, 2.0, 4.0, and 6.0 mg per kilogram 
of body weight) given to 3 patients. Changes in RNA splicing and protein levels in the 
tibialis anterior muscle were assessed at two time points. All patients subsequently 
entered a 12-week open-label extension phase, during which they all received PRO051 
at a dose of 6.0 mg per kilogram per week. Safety, pharmacokinetics, serum creatine 
kinase levels, and muscle strength and function were assessed.

RESULTS
The most common adverse events were irritation at the administration site and, 
during the extension phase, mild and variable proteinuria and increased urinary 
α1-microglobulin levels; there were no serious adverse events. The mean terminal 
half-life of PRO051 in the circulation was 29 days. PRO051 induced detectable, 
specific exon-51 skipping at doses of 2.0 mg or more per kilogram. New dystrophin 
expression was observed between approximately 60% and 100% of muscle fibers in 
10 of the 12 patients, as measured on post-treatment biopsy, which increased in a 
dose-dependent manner to up to 15.6% of the expression in healthy muscle. After the 
12-week extension phase, there was a mean (±SD) improvement of 35.2±28.7 m (from 
the baseline of 384±121 m) on the 6-minute walk test.

CONCLUSIONS
Systemically administered PRO051 showed dose-dependent molecular efficacy in 
patients with Duchenne’s muscular dystrophy, with a modest improvement in the 
6-minute walk test after 12 weeks of extended treatment. (Funded by Prosensa 
Therapeutics; Netherlands National Trial Register number, NTR1241.)
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α1-microglobulin levels; there were no serious adverse events. The mean terminal 
half-life of PRO051 in the circulation was 29 days. PRO051 induced detectable, 
specific exon-51 skipping at doses of 2.0 mg or more per kilogram. New dystrophin 
expression was observed between approximately 60% and 100% of muscle fibers in 
10 of the 12 patients, as measured on post-treatment biopsy, which increased in a 
dose-dependent manner to up to 15.6% of the expression in healthy muscle. After the 
12-week extension phase, there was a mean (±SD) improvement of 35.2±28.7 m (from 
the baseline of 384±121 m) on the 6-minute walk test.

CONCLUSIONS
Systemically administered PRO051 showed dose-dependent molecular efficacy in 
patients with Duchenne’s muscular dystrophy, with a modest improvement in the 
6-minute walk test after 12 weeks of extended treatment. (Funded by Prosensa 
Therapeutics; Netherlands National Trial Register number, NTR1241.)
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Exon skipping and dystrophin restoration in patients 
with Duchenne muscular dystrophy after systemic 
phosphorodiamidate morpholino oligomer treatment: 
an open-label, phase 2, dose-escalation study
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Summary
Background We report clinical safety and biochemical effi  cacy from a dose-ranging study of intravenously administered 
AVI-4658 phosphorodiamidate morpholino oligomer (PMO) in patients with Duchenne muscular dystrophy.

Method We undertook an open-label, phase 2, dose-escalation study (0·5, 1·0, 2·0, 4·0, 10·0, and 20·0 mg/kg 
bodyweight) in ambulant patients with Duchenne muscular dystrophy aged 5–15 years with amenable deletions in 
DMD. Participants had a muscle biopsy before starting treatment and after 12 weekly intravenous infusions of 
AVI-4658. The primary study objective was to assess safety and tolerability of AVI-4658. The secondary objectives 
were pharmacokinetic properties and the ability of AVI-4658 to induce exon 51 skipping and dystrophin restoration by 
RT-PCR, immunohistochemistry, and immunoblotting. The study is registered, number NCT00844597.

Findings 19 patients took part in the study. AVI-4658 was well tolerated with no drug-related serious adverse events. 
AVI-4658 induced exon 51 skipping in all cohorts and new dystrophin protein expression in a signifi cant dose-
dependent (p=0·0203), but variable, manner in boys from cohort 3 (dose 2 mg/kg) onwards. Seven patients responded 
to treatment, in whom mean dystrophin fl uorescence intensity increased from 8·9% (95% CI 7·1–10·6) to 16·4% 
(10·8–22·0) of normal control after treatment (p=0·0287). The three patients with the greatest responses to treatment 
had 21%, 15%, and 55% dystrophin-positive fi bres after treatment and these fi ndings were confi rmed with western 
blot, which showed an increase after treatment of protein levels from 2% to 18%, from 0·9% to 17%, and from 0% to 
7·7% of normal muscle, respectively. The dystrophin-associated proteins α-sarcoglycan and neuronal nitric oxide 
synthase were also restored at the sarcolemma. Analysis of the infl ammatory infi ltrate indicated a reduction of 
cytotoxic T cells in the post-treatment muscle biopsies in the two high-dose cohorts.

Interpretation The safety and biochemical effi  cacy that we present show the potential of AVI-4658 to become a disease-
modifying drug for Duchenne muscular dystrophy.

Funding UK Medical Research Council; AVI BioPharma. 

Introduction
Duchenne muscular dystrophy is a progressive, severely 
disabling neuromuscular disease that aff ects one in 
3500 newborn boys and causes premature death.1 In 
Duchenne muscular dystrophy, the open reading frame 
of the X-linked dystrophin gene (DMD) is disrupted by 
deletions (roughly 65%), duplications (10%), point 
mutations (10%), or other smaller rearrangements. 
Dystrophin is located underneath the sarcolemma and 
assembles with sarcolemmal proteins such as dystro-
glycan, α-sarcoglycan, and neuronal nitric oxide synthase 
(NOS) to form the dystrophin-associated glyco protein 
complex. The essential function of dystrophin in muscle 
is to connect the subsarcolemmal cytoskeleton to the 
sarcolemma by binding N-terminally to F-actin and 
C-terminally to β-dystroglycan. Loss of dystrophin results 
in infl ammation, muscle degeneration, and replacement 
of muscle with fi broadipose tissue.2

In the milder allelic Becker muscular dystrophy, 
dystrophin mutations do not disrupt the open reading 
frame, a shortened but functional dystrophin protein is 
produced, and most patients are able to walk into late 
adulthood and have a normal lifespan.3 Therefore, 
induction of exon skipping to restore the open reading 
frame is an attractive therapeutic strategy in Duchenne 
muscular dystrophy that can be achieved with splice-
switching oligomers. These oligomers are typically 
20–30 nucleotides in length and are complementary in 
sequence to regions of the pre-mRNA transcript 
relevant for targeted DMD exon skipping.4 Splice-
switching oligomers targeting dystrophin exons have 
been successfully used to restore dystrophin expres-
sion in vitro and in various animal models of 
Duchenne muscular dystrophy.5,6 In the mdx mouse, 
adminis tra tion of 2 Ó-methyl-ribooligonucleoside-
phosphorothioate (2 ÓMe) and phosphorodiamidate 
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Introduction
Duchenne muscular dystrophy is a progressive, severely 
disabling neuromuscular disease that aff ects one in 
3500 newborn boys and causes premature death.1 In 
Duchenne muscular dystrophy, the open reading frame 
of the X-linked dystrophin gene (DMD) is disrupted by 
deletions (roughly 65%), duplications (10%), point 
mutations (10%), or other smaller rearrangements. 
Dystrophin is located underneath the sarcolemma and 
assembles with sarcolemmal proteins such as dystro-
glycan, α-sarcoglycan, and neuronal nitric oxide synthase 
(NOS) to form the dystrophin-associated glyco protein 
complex. The essential function of dystrophin in muscle 
is to connect the subsarcolemmal cytoskeleton to the 
sarcolemma by binding N-terminally to F-actin and 
C-terminally to β-dystroglycan. Loss of dystrophin results 
in infl ammation, muscle degeneration, and replacement 
of muscle with fi broadipose tissue.2

In the milder allelic Becker muscular dystrophy, 
dystrophin mutations do not disrupt the open reading 
frame, a shortened but functional dystrophin protein is 
produced, and most patients are able to walk into late 
adulthood and have a normal lifespan.3 Therefore, 
induction of exon skipping to restore the open reading 
frame is an attractive therapeutic strategy in Duchenne 
muscular dystrophy that can be achieved with splice-
switching oligomers. These oligomers are typically 
20–30 nucleotides in length and are complementary in 
sequence to regions of the pre-mRNA transcript 
relevant for targeted DMD exon skipping.4 Splice-
switching oligomers targeting dystrophin exons have 
been successfully used to restore dystrophin expres-
sion in vitro and in various animal models of 
Duchenne muscular dystrophy.5,6 In the mdx mouse, 
adminis tra tion of 2 Ó-methyl-ribooligonucleoside-
phosphorothioate (2 ÓMe) and phosphorodiamidate 

Molecular and functional efficacy Eteplirsen

No side effects 
observed at 1.5 years 
follow-up

Accelerated FDA approval of the exon-
skipping drug eteplirsen 

Approval to market eteplirsen was given in September 2016 to pharmaceutical company Sarepta Therapeutics. Eteplirsen will be the first disease-
modifying drug on the market in the United States to treat DMD, and approximately 13 percent of DMD patients potentially may be eligible for 
treatment. Under the terms of the FDA's accelerated approval, Sarepta must conduct a clinical trial of eteplirsen to confirm clinical benefit.

The approval is provisional, pending results of the ongoing phase III clinical trial,

“Our distinctive PMO-based platform 
chemistries allow us to address specific 
genetic diseases by altering the RNA 
transcription process and thereby 
modifying protein structure.” 

  Gunnar J. Hanson, Ph.D., Senior 
Director of Research Chemistry



EMA has not 
approved Eteplirsen 
as Duchenne MD 
Therapy in Europe

Under the brand name Exondys 51,  eteplirsen was approval by the U.S. Food and Drug and Administration (FDA) in 
September 2016, making it the first FDA-approved therapy specifically indicated to treat Duchenne MD. But Exondys 51’s 
development and approval process was a prolonged one. The FDA decision also followed a campaign by muscular dystrophy 
advocacy groups urging access to a therapy offering some level of clinical improvement for a disease with no therapeutic 
options.

December 2016

Sarepta Therapeutics, Inc. (NASDAQ:SRPT), a commercial-stage developer of innovative RNA-targeted therapeutics, today announced that 
the European Medicines Agency(EMA) validated the previously submitted Marketing Authorization application (MAA) for eteplirsen to treat 
Duchenne muscular dystrophy amenable to exon 51 skipping. Sarepta is seeking conditional approval of eteplirsen in the EU through the 
centralized procedure. Validation of the MAA confirms that the submission is accepted and starts the formal review process by the EMA’s 
Committee for Human Medicinal Products (CHMP). The standard review period is 210 days (plus additional time for applicant to respond to 
questions from the agency).

Duchenne secondo "no" europeo per eteplirsen
September 2018

DMD: emerging drugs or small molecule therapies

● Exon skipping 

● Mutation suppression 

● Gene therapy 

● Muscle building strategy

Gene therapy requires delivery of a new gene to the vast majority of muscles 
in the body and to the heart - a daunting challenge, since muscle tissues 
makes up >40% of body mass  

The dystrophyn mRNA is 14 kb in size. A delivery vector must be identify 
that can carry this expression cassette; alternatively, truncated version of the 
gene can be used  

Muscle transduction must not trigger toxic or immunological reactions that are 
harmful to the patient or that lead to further muscle damage  

Challenges to gene therapy for DMD Duchenne muscular dystrophy - 
natural animal models

mdx mice (point mutation 
leading to a premature 
truncation)

xdm golden  retriever dog 
(exon 7 skipping)



Vectors for muscle gene therapy

The first clinical trial, closed in 2006, 
entailed the injection of a plasmid 
containing the whole dystrophin cDNA 
under the control of the CMV promoter 
into the radialis muscle of 9 DMD/BMD 
patients. However, dystrophin expression 
resulted too low and not homogenous. 

Different strategies can be used to 
increased transduction efficiency, 
including polymeres, ultrasounds (with 
microbubbles), and electroporation

• Plasmid DNA: displays a 
remarkable ability to transfer 
genes to muscle, specially if 
coupled with high pressure 
injection and/or electroporation

Vectors for muscle gene therapy

Distrofina e DGC

minidistrofine (~6-7 kb) e microdistrofine (~4 kb)

Queste versioni ridotte della distrofina presentano delezioni comuni della regione centrale a bastoncello e nel dominio C-terminale della 
proteina parentale, lasciando intatti i domini funzionali essenziali della proteina, in particolare quello ricco in cisteine (CR)

Safety Study of Mini-Dystrophin Gene to Treat Duchenne 
Muscular Dystrophy

Study Type: Interventional
Study Design: Treatment, Randomized, Double-Blind, Placebo Control, Single Group Assignment, Safety Study
Official Title: Phase 1 Clinical Trial of rAAV2.5-CMV-Mini-Dystrophin Gene Vector in Duchenne Muscular Dystrophy

Primary Outcome Measures:
• Safety

Secondary Outcome Measures:
• mini-dystrophin gene expression at the site of gene transfer
• muscle strength evaluated by Maximal Volume Isometric Contraction Testing

This phase I randomized double blind dose escalation study investigates the safety and efficacy of the mini-
dystrophin gene transferred to the biceps muscle for Duchenne muscular dystrophy patients, ages 5 to 12 years 
of age, using a recombinant adeno-associated virus. Eligible participants must have a known dystrophin gene 
mutation and may be concurrently treated with corticoid steroids. The mini-dystrophin gene or a placebo agent 
(normal saline or empty viral capsids) are injected directly into both biceps muscles while under conscious sedation. 
Following the gene transfer, patients are admitted to the hospital for 48 hours of observation followed by weekly 
outpatient visits at the Columbus Children's Hospital Neuromuscular Clinic. A bilateral muscle biopsy is preformed 
following 6 weeks with long term follow up will consisting of bi-annual visits for the next 2 years.

NCT00428935

Principal Investigator:
Jerry R. Mendell, MD
Nationwide Children's Hospital



6 boys
Good safety
Unsuccessful transgene expression

shedding of the vector after release of the 
tourniquet



DMD: emerging drugs or small molecule therapies

● Exon skipping 

● Mutation suppression 

● Gene therapy 

● Muscle building strategy 

● Genome editing

CRISPR/Cas9 and Targeted Genome Editing: A New Era in 
Molecular Biology

The functions of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and CRISPR-associated (Cas) genes are essential in adaptive immunity in select 
bacteria and archaea, enabling the organisms to respond to and eliminate invading genetic material. 

LETTERS
https://doi.org/10.1038/s41591-019-0344-3
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Duchenne muscular dystrophy (DMD) is a monogenic disor-
der and a candidate for therapeutic genome editing. There 
have been several recent reports of genome editing in pre-
clinical models of Duchenne muscular dystrophy1–6, how-
ever, the long-term persistence and safety of these genome 
editing approaches have not been addressed. Here we show 
that genome editing and dystrophin protein restoration is 
sustained in the mdx mouse model of Duchenne muscular 
dystrophy for 1!year after a single intravenous administra-
tion of an adeno-associated virus that encodes CRISPR (AAV-
CRISPR). We also show that AAV-CRISPR is immunogenic 
when administered to adult mice7; however, humoral and cel-
lular immune responses can be avoided by treating neonatal 
mice. Additionally, we describe unintended genome and tran-
script alterations induced by AAV-CRISPR that should be con-
sidered for the development of AAV-CRISPR as a therapeutic 
approach. This study shows the potential of AAV-CRISPR 
for permanent genome corrections and highlights aspects of 
host response and alternative genome editing outcomes that 
require further study.

Duchenne muscular dystrophy (DMD) is a debilitating and 
prematurely fatal genetic disease caused by mutations in the DMD 
gene leading to the absence of dystrophin8,9. Despite recent clini-
cal advancements10,11, a curative approach remains to be found. 
Adeno-associated viruses (AAVs) are being used as a gene deliv-
ery vector for recently initiated DMD clinical trials and for two 
approved gene therapy products and have been tested in more 
than 100 clinical trials12. Multiple groups are using AAVs to deliver 
genome-editing technologies to make permanent genetic modifi-
cations to treat disease, including the first human genome edit-
ing clinical trial using AAV that is currently underway using zinc 
finger nuclease technology13,14. Genome editing has been used to 
repair the DMD gene by exon deletion1–6, splice-site targeting15 or 
homology directed repair6 in mouse models of DMD and most 
recently in a canine model of DMD16. These studies show that 
genome editing restores dystrophin expression in mouse models of 
DMD, leading to an improvement in skeletal muscle function. The 
enthusiasm for a genome-editing strategy is based on the potential 
that a single administration can have life-long therapeutic benefits. 
However, published studies have focused on short-term restora-
tion of dystrophin, typically assessed at 4–8 weeks after treatment. 
In this study, we treated mice with a dual-AAV system, consisting 
of one AAV encoding Cas9 and the other AAV encoding two guide 

RNAs (gRNAs) that were designed to excise exon 23 from the Dmd 
gene in mdx mice. For viral packaging, we used the smaller 3.2-kb 
Cas9 derived from Staphylococcus aureus (SaCas9)17. We examined 
both AAV serotype 8 (AAV8) and 9 (AAV9) (Fig. 1a,b), which 
have differential tissue tropism for the heart, skeletal muscle, and 
liver in animal models that are not perfectly predictive of human 
tropism18. We examined adult and postnatal day 2 (P2) neonatal 
mice treated locally by intramuscular (i.m.) injection and systemi-
cally by intravenous facial-vein injection (FVI), respectively, for 
restoration of dystrophin expression (Fig. 1a,b). We adapted an 
unbiased deep-sequencing method for precise quantification of 
gene-editing efficiencies. Mice injected by i.m. injection as adults 
had a significant decrease in genome-editing levels over time  
(Fig. 1c and Extended Data Fig. 1). By contrast, systemically treated 
mice had a modest statistically significant increase in genome-
editing levels over 1 year (Fig. 1d and Extended Data Fig. 1). The 
SaCas9 expression cassette was driven by a constitutive CMV 
promoter that is expressed in multiple muscle cell types, includ-
ing striated muscle and muscle progenitors5. However, genome-
editing events were also detected in other tissues, including liver, 
spleen, kidney and brain, as well as the testis at levels barely above 
the limit of detection (approximately 0.1%; Extended Data Fig. 2). 
Use of a myocyte-specific promoter could restrict editing to stri-
ated muscle nuclei6, but potentially at the cost of editing muscle 
progenitor cells. Analysis of Dmd mRNA transcripts by droplet 
digital PCR (ddPCR) showed the same trend as the genomic dele-
tions with significant increases over time noted in cardiac muscles 
obtained from systemically treated mice (Fig. 1e,f). Sustained 
restoration of dystrophin was detected by immunofluorescence 
staining and western blot of cardiac and skeletal muscle from sys-
temically treated mice for at least 1 year after a single administra-
tion (Fig. 1g,h and Extended Data Fig. 3). The restored dystrophin 
was slightly smaller in younger mice than in older mice, poten-
tially owing to a smaller protein isoform produced at the early time 
point while nearly full-length dystrophin was detected at 1 year. 
Serum creatine kinase levels were reduced at 8 weeks after treat-
ment in mice treated systemically as neonates, demonstrating pro-
tection from muscle damage by the restored dystrophin protein 
(Fig. 1i). Deep sequencing of the top ten predicted off-target sites 
showed no significant increase in off-target cutting after 1 year 
with slight activity above background noted for gRNA1 at off-
target site 8 (gRNA1-OT8), as was previously identified following 
local administration4 (Supplementary Tables 1 and 2).

Long-term evaluation of AAV-CRISPR genome 
editing for Duchenne muscular dystrophy
Christopher E. Nelson1,2, Yaoying Wu1, Matthew P. Gemberling1,2, Matthew L. Oliver1, 
Matthew A. Waller1,2, Joel D. Bohning1,2, Jacqueline N. Robinson-Hamm1,2, Karen Bulaklak1,2, 
Ruth M. Castellanos Rivera3, Joel H. Collier1, Aravind Asokan4,5 and Charles A. Gersbach" "1,2,6*
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An important consideration to long-term therapeutic benefit 
of in vivo genome editing is the host response to bacteria-derived 
Cas9 proteins. In our study, a humoral immune response was 
detected against the SaCas9 protein in nearly all mice injected as 
adults (n = 31 out of 32 mice; Fig. 2a and Extended Data Fig. 4). By 
contrast, no humoral response against SaCas9 was detected in mice 
treated as neonates by FVI or intraperitoneal injections (n = 0 out 
of 19 mice; Fig. 2a). A cellular response was detected by restimula-
tion with SaCas9 to produce interferon (IFN)γ-secreting T cells in 
mice treated as adults but not neonates, regardless of administration 
route (Fig. 2b and Extended Data Fig. 4). The mdx mouse model 
has an increased baseline number of infiltrating macrophages and 
neutrophils owing to muscle degeneration and inflammation19, 
which treatment with AAV-CRISPR has been shown to decrease4. 
Expression of FOXP3, granulocyte–macrophage colony-stimulating 
factor (GM-CSF), interleukin (IL)-1β, and IL-12β decreased rela-
tive to untreated mdx mice after i.m. injection. However, IFNγ sig-
nificantly increased approximately seven-fold after local injection 
relative to untreated mdx mice (Extended Data Fig. 4). By contrast, 
systemically treated adults and neonates showed no significant 
changes in these markers of inflammatory cell infiltration. Most 
AAV vector genomes remain episomal after cell entry and are stably 
maintained in non-dividing cells20. In this study, AAV vectors per-
sisted between 8 weeks and 1 year in cardiac muscle but were signifi-
cantly lost in skeletal muscle after i.m. or FVI injection (Fig. 2c,d).  

Regardless, expression of SaCas9 mRNA and both gRNAs is almost 
absent after 6 months or 1 year by either route of administration 
(Fig. 2e,f), which may be the result of promoter silencing21. The 
host response to AAV-CRISPR will need to be carefully considered 
for future clinical development, including pre-existing immunity in 
humans22. We have previously shown CRISPR-based gene silenc-
ing elicits a Cas9-dependent host response that resolves without 
intervention in vivo23. Our data here indicates that a significant host 
response is avoided if AAV-CRISPR is administered at the neona-
tal stage. Although the P2 mice have an undeveloped immune sys-
tem that can be exploited for antigen-specific tolerance including 
Cas924–26, it is not yet clear to what extent this approach applies in 
newborn humans. Other methods that could be explored to avoid 
anti-Cas9 immune response include transient immunosuppression 
for the length of vector expression, induction of immune tolerance27, 
removal of T cell epitopes28, the use of self-limiting/cleaving vectors, 
or other transient delivery vehicles including non-viral vectors29.

The methods used to assess in vivo genome-editing efficiencies 
have typically been designed to quantify the frequency of expected 
genome-editing outcomes. Additionally, different methods often 
must be used to quantify the various possible editing outcomes. For 
example, PCR-based methods for deep sequencing can detect the for-
mation of insertions and deletions (indel) after genome editing but 
cannot quantify gene deletions and do not capture larger structural 
changes that remove one or both primer sites. Previously, we used 

h

– + + + + + +
8 weeks1 year

WT
5% – + + + + + +

8 weeks1 year
+

g

T
ib

ia
lis

 a
nt

er
io

r
H

ea
rt

WT C57/BL6 mdx 1 year

AAV8-CRISPR

1 year

Heart-AAV8

Tibialis anterior-AAV8

8 weeks

WT
5%

i

c AAV8 systemic

8 weeks 6 monthsAdult 0

AAV8 i.m. AAV8 systemica

8 weeks 1 yearP2 0

b

d

8 weeks
1 year

P = 0.036

UT Tibialis
anterior

DiaphragmHeart
8 w

k
6 m

o

UT Tibialis
anterior

DiaphragmHeart
8 w

k
6 m

o

8 weeks
1 year

P = 0.120

0

50

100

E
di

te
d 

tr
an

sc
rip

ts
 (

%
)

0

50

100

E
di

te
d 

tr
an

sc
rip

ts
 (

%
)

e AAV8 i.m. AAV8 systemicf

0

5

10

T
ot

al
 e

di
tin

g 
(%

) 15

20

0

5

10

T
ot

al
 e

di
tin

g 
(%

) 15

20

5.6 × 1011 vg per
vector per mouse

P = 0.029

P  = 0.030

P = 0.0367

P = 0.0178

AAV8 i.m.

AAV8
mdxW

T
AAV9

R
el

at
iv

e 
C

K
 a

ct
iv

ity

20

15

10

5

0

25

30

5.4 × 1011 vg per
vector per mouse

Dys

Dys

Fig. 1 | Genome editing is sustained for 1!year in neonatal mice treated by intravenous administration. a,b, Mice were treated as adults by AAV injection 
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decrease over 6 months following local administration (c; n!=!6, 8 weeks; n!=!5, 6 months; one-sided t-test) and a significant increase in neonates treated 
systemically (d; n!=!4; two-way ANOVA). UT, untreated. 8!wk, 8!weeks; 6!mo, 6!months. e,f, ddPCR shows the same trend for deletion of exon 23 from 
the transcript for local injections (e; n!=!4; one-sided t-test) and systemic injections (f; n!=!4; two-way ANOVA). g, Dystrophin expression is sustained in 
cardiac muscle and skeletal muscle 1!year after systemic administration into neonates. Scale bars, 200!µm. WT, wild-type mice. Histological images are 
available as Source data. h, Western blot confirms the presence of dystrophin (Dys) in skeletal and cardiac muscle. Full uncropped blots and are available 
as Source data. i, After 8 weeks, systemically treated neonatal mice show a significant decrease in creatine kinase (CK) (n!=!3, wild-type mice; n!=!8, 
untreated mice; n!=!4, treated mice; one-way ANOVA with multiple comparisons correction). Data are mean!±!s.e.m.
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An important consideration to long-term therapeutic benefit 
of in vivo genome editing is the host response to bacteria-derived 
Cas9 proteins. In our study, a humoral immune response was 
detected against the SaCas9 protein in nearly all mice injected as 
adults (n = 31 out of 32 mice; Fig. 2a and Extended Data Fig. 4). By 
contrast, no humoral response against SaCas9 was detected in mice 
treated as neonates by FVI or intraperitoneal injections (n = 0 out 
of 19 mice; Fig. 2a). A cellular response was detected by restimula-
tion with SaCas9 to produce interferon (IFN)γ-secreting T cells in 
mice treated as adults but not neonates, regardless of administration 
route (Fig. 2b and Extended Data Fig. 4). The mdx mouse model 
has an increased baseline number of infiltrating macrophages and 
neutrophils owing to muscle degeneration and inflammation19, 
which treatment with AAV-CRISPR has been shown to decrease4. 
Expression of FOXP3, granulocyte–macrophage colony-stimulating 
factor (GM-CSF), interleukin (IL)-1β, and IL-12β decreased rela-
tive to untreated mdx mice after i.m. injection. However, IFNγ sig-
nificantly increased approximately seven-fold after local injection 
relative to untreated mdx mice (Extended Data Fig. 4). By contrast, 
systemically treated adults and neonates showed no significant 
changes in these markers of inflammatory cell infiltration. Most 
AAV vector genomes remain episomal after cell entry and are stably 
maintained in non-dividing cells20. In this study, AAV vectors per-
sisted between 8 weeks and 1 year in cardiac muscle but were signifi-
cantly lost in skeletal muscle after i.m. or FVI injection (Fig. 2c,d).  

Regardless, expression of SaCas9 mRNA and both gRNAs is almost 
absent after 6 months or 1 year by either route of administration 
(Fig. 2e,f), which may be the result of promoter silencing21. The 
host response to AAV-CRISPR will need to be carefully considered 
for future clinical development, including pre-existing immunity in 
humans22. We have previously shown CRISPR-based gene silenc-
ing elicits a Cas9-dependent host response that resolves without 
intervention in vivo23. Our data here indicates that a significant host 
response is avoided if AAV-CRISPR is administered at the neona-
tal stage. Although the P2 mice have an undeveloped immune sys-
tem that can be exploited for antigen-specific tolerance including 
Cas924–26, it is not yet clear to what extent this approach applies in 
newborn humans. Other methods that could be explored to avoid 
anti-Cas9 immune response include transient immunosuppression 
for the length of vector expression, induction of immune tolerance27, 
removal of T cell epitopes28, the use of self-limiting/cleaving vectors, 
or other transient delivery vehicles including non-viral vectors29.

The methods used to assess in vivo genome-editing efficiencies 
have typically been designed to quantify the frequency of expected 
genome-editing outcomes. Additionally, different methods often 
must be used to quantify the various possible editing outcomes. For 
example, PCR-based methods for deep sequencing can detect the for-
mation of insertions and deletions (indel) after genome editing but 
cannot quantify gene deletions and do not capture larger structural 
changes that remove one or both primer sites. Previously, we used 

h

– + + + + + +
8 weeks1 year

WT
5% – + + + + + +

8 weeks1 year
+

g

T
ib

ia
lis

 a
nt

er
io

r
H

ea
rt

WT C57/BL6 mdx 1 year

AAV8-CRISPR

1 year

Heart-AAV8

Tibialis anterior-AAV8

8 weeks

WT
5%

i

c AAV8 systemic

8 weeks 6 monthsAdult 0

AAV8 i.m. AAV8 systemica

8 weeks 1 yearP2 0

b

d

8 weeks
1 year

P = 0.036

UT Tibialis
anterior

DiaphragmHeart
8 w

k
6 m

o

UT Tibialis
anterior

DiaphragmHeart
8 w

k
6 m

o

8 weeks
1 year

P = 0.120

0

50

100

E
di

te
d 

tr
an

sc
rip

ts
 (

%
)

0

50

100

E
di

te
d 

tr
an

sc
rip

ts
 (

%
)

e AAV8 i.m. AAV8 systemicf

0

5

10

T
ot

al
 e

di
tin

g 
(%

) 15

20

0

5

10

T
ot

al
 e

di
tin

g 
(%

) 15

20

5.6 × 1011 vg per
vector per mouse

P = 0.029

P  = 0.030

P = 0.0367

P = 0.0178

AAV8 i.m.

AAV8
mdxW

T
AAV9

R
el

at
iv

e 
C

K
 a

ct
iv

ity

20

15

10

5

0

25

30

5.4 × 1011 vg per
vector per mouse

Dys

Dys

Fig. 1 | Genome editing is sustained for 1!year in neonatal mice treated by intravenous administration. a,b, Mice were treated as adults by AAV injection 
into the tibialis anterior (a) or systemically by FVI as neonates (b). vg, vector genomes. c,d, Quantification of total gene modification shows a significant 
decrease over 6 months following local administration (c; n!=!6, 8 weeks; n!=!5, 6 months; one-sided t-test) and a significant increase in neonates treated 
systemically (d; n!=!4; two-way ANOVA). UT, untreated. 8!wk, 8!weeks; 6!mo, 6!months. e,f, ddPCR shows the same trend for deletion of exon 23 from 
the transcript for local injections (e; n!=!4; one-sided t-test) and systemic injections (f; n!=!4; two-way ANOVA). g, Dystrophin expression is sustained in 
cardiac muscle and skeletal muscle 1!year after systemic administration into neonates. Scale bars, 200!µm. WT, wild-type mice. Histological images are 
available as Source data. h, Western blot confirms the presence of dystrophin (Dys) in skeletal and cardiac muscle. Full uncropped blots and are available 
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detected against the SaCas9 protein in nearly all mice injected as 
adults (n = 31 out of 32 mice; Fig. 2a and Extended Data Fig. 4). By 
contrast, no humoral response against SaCas9 was detected in mice 
treated as neonates by FVI or intraperitoneal injections (n = 0 out 
of 19 mice; Fig. 2a). A cellular response was detected by restimula-
tion with SaCas9 to produce interferon (IFN)γ-secreting T cells in 
mice treated as adults but not neonates, regardless of administration 
route (Fig. 2b and Extended Data Fig. 4). The mdx mouse model 
has an increased baseline number of infiltrating macrophages and 
neutrophils owing to muscle degeneration and inflammation19, 
which treatment with AAV-CRISPR has been shown to decrease4. 
Expression of FOXP3, granulocyte–macrophage colony-stimulating 
factor (GM-CSF), interleukin (IL)-1β, and IL-12β decreased rela-
tive to untreated mdx mice after i.m. injection. However, IFNγ sig-
nificantly increased approximately seven-fold after local injection 
relative to untreated mdx mice (Extended Data Fig. 4). By contrast, 
systemically treated adults and neonates showed no significant 
changes in these markers of inflammatory cell infiltration. Most 
AAV vector genomes remain episomal after cell entry and are stably 
maintained in non-dividing cells20. In this study, AAV vectors per-
sisted between 8 weeks and 1 year in cardiac muscle but were signifi-
cantly lost in skeletal muscle after i.m. or FVI injection (Fig. 2c,d).  

Regardless, expression of SaCas9 mRNA and both gRNAs is almost 
absent after 6 months or 1 year by either route of administration 
(Fig. 2e,f), which may be the result of promoter silencing21. The 
host response to AAV-CRISPR will need to be carefully considered 
for future clinical development, including pre-existing immunity in 
humans22. We have previously shown CRISPR-based gene silenc-
ing elicits a Cas9-dependent host response that resolves without 
intervention in vivo23. Our data here indicates that a significant host 
response is avoided if AAV-CRISPR is administered at the neona-
tal stage. Although the P2 mice have an undeveloped immune sys-
tem that can be exploited for antigen-specific tolerance including 
Cas924–26, it is not yet clear to what extent this approach applies in 
newborn humans. Other methods that could be explored to avoid 
anti-Cas9 immune response include transient immunosuppression 
for the length of vector expression, induction of immune tolerance27, 
removal of T cell epitopes28, the use of self-limiting/cleaving vectors, 
or other transient delivery vehicles including non-viral vectors29.

The methods used to assess in vivo genome-editing efficiencies 
have typically been designed to quantify the frequency of expected 
genome-editing outcomes. Additionally, different methods often 
must be used to quantify the various possible editing outcomes. For 
example, PCR-based methods for deep sequencing can detect the for-
mation of insertions and deletions (indel) after genome editing but 
cannot quantify gene deletions and do not capture larger structural 
changes that remove one or both primer sites. Previously, we used 
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Duchenne muscular dystrophy (DMD) is a monogenic disor-
der and a candidate for therapeutic genome editing. There 
have been several recent reports of genome editing in pre-
clinical models of Duchenne muscular dystrophy1–6, how-
ever, the long-term persistence and safety of these genome 
editing approaches have not been addressed. Here we show 
that genome editing and dystrophin protein restoration is 
sustained in the mdx mouse model of Duchenne muscular 
dystrophy for 1!year after a single intravenous administra-
tion of an adeno-associated virus that encodes CRISPR (AAV-
CRISPR). We also show that AAV-CRISPR is immunogenic 
when administered to adult mice7; however, humoral and cel-
lular immune responses can be avoided by treating neonatal 
mice. Additionally, we describe unintended genome and tran-
script alterations induced by AAV-CRISPR that should be con-
sidered for the development of AAV-CRISPR as a therapeutic 
approach. This study shows the potential of AAV-CRISPR 
for permanent genome corrections and highlights aspects of 
host response and alternative genome editing outcomes that 
require further study.

Duchenne muscular dystrophy (DMD) is a debilitating and 
prematurely fatal genetic disease caused by mutations in the DMD 
gene leading to the absence of dystrophin8,9. Despite recent clini-
cal advancements10,11, a curative approach remains to be found. 
Adeno-associated viruses (AAVs) are being used as a gene deliv-
ery vector for recently initiated DMD clinical trials and for two 
approved gene therapy products and have been tested in more 
than 100 clinical trials12. Multiple groups are using AAVs to deliver 
genome-editing technologies to make permanent genetic modifi-
cations to treat disease, including the first human genome edit-
ing clinical trial using AAV that is currently underway using zinc 
finger nuclease technology13,14. Genome editing has been used to 
repair the DMD gene by exon deletion1–6, splice-site targeting15 or 
homology directed repair6 in mouse models of DMD and most 
recently in a canine model of DMD16. These studies show that 
genome editing restores dystrophin expression in mouse models of 
DMD, leading to an improvement in skeletal muscle function. The 
enthusiasm for a genome-editing strategy is based on the potential 
that a single administration can have life-long therapeutic benefits. 
However, published studies have focused on short-term restora-
tion of dystrophin, typically assessed at 4–8 weeks after treatment. 
In this study, we treated mice with a dual-AAV system, consisting 
of one AAV encoding Cas9 and the other AAV encoding two guide 

RNAs (gRNAs) that were designed to excise exon 23 from the Dmd 
gene in mdx mice. For viral packaging, we used the smaller 3.2-kb 
Cas9 derived from Staphylococcus aureus (SaCas9)17. We examined 
both AAV serotype 8 (AAV8) and 9 (AAV9) (Fig. 1a,b), which 
have differential tissue tropism for the heart, skeletal muscle, and 
liver in animal models that are not perfectly predictive of human 
tropism18. We examined adult and postnatal day 2 (P2) neonatal 
mice treated locally by intramuscular (i.m.) injection and systemi-
cally by intravenous facial-vein injection (FVI), respectively, for 
restoration of dystrophin expression (Fig. 1a,b). We adapted an 
unbiased deep-sequencing method for precise quantification of 
gene-editing efficiencies. Mice injected by i.m. injection as adults 
had a significant decrease in genome-editing levels over time  
(Fig. 1c and Extended Data Fig. 1). By contrast, systemically treated 
mice had a modest statistically significant increase in genome-
editing levels over 1 year (Fig. 1d and Extended Data Fig. 1). The 
SaCas9 expression cassette was driven by a constitutive CMV 
promoter that is expressed in multiple muscle cell types, includ-
ing striated muscle and muscle progenitors5. However, genome-
editing events were also detected in other tissues, including liver, 
spleen, kidney and brain, as well as the testis at levels barely above 
the limit of detection (approximately 0.1%; Extended Data Fig. 2). 
Use of a myocyte-specific promoter could restrict editing to stri-
ated muscle nuclei6, but potentially at the cost of editing muscle 
progenitor cells. Analysis of Dmd mRNA transcripts by droplet 
digital PCR (ddPCR) showed the same trend as the genomic dele-
tions with significant increases over time noted in cardiac muscles 
obtained from systemically treated mice (Fig. 1e,f). Sustained 
restoration of dystrophin was detected by immunofluorescence 
staining and western blot of cardiac and skeletal muscle from sys-
temically treated mice for at least 1 year after a single administra-
tion (Fig. 1g,h and Extended Data Fig. 3). The restored dystrophin 
was slightly smaller in younger mice than in older mice, poten-
tially owing to a smaller protein isoform produced at the early time 
point while nearly full-length dystrophin was detected at 1 year. 
Serum creatine kinase levels were reduced at 8 weeks after treat-
ment in mice treated systemically as neonates, demonstrating pro-
tection from muscle damage by the restored dystrophin protein 
(Fig. 1i). Deep sequencing of the top ten predicted off-target sites 
showed no significant increase in off-target cutting after 1 year 
with slight activity above background noted for gRNA1 at off-
target site 8 (gRNA1-OT8), as was previously identified following 
local administration4 (Supplementary Tables 1 and 2).
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clinical models of Duchenne muscular dystrophy1–6, how-
ever, the long-term persistence and safety of these genome 
editing approaches have not been addressed. Here we show 
that genome editing and dystrophin protein restoration is 
sustained in the mdx mouse model of Duchenne muscular 
dystrophy for 1!year after a single intravenous administra-
tion of an adeno-associated virus that encodes CRISPR (AAV-
CRISPR). We also show that AAV-CRISPR is immunogenic 
when administered to adult mice7; however, humoral and cel-
lular immune responses can be avoided by treating neonatal 
mice. Additionally, we describe unintended genome and tran-
script alterations induced by AAV-CRISPR that should be con-
sidered for the development of AAV-CRISPR as a therapeutic 
approach. This study shows the potential of AAV-CRISPR 
for permanent genome corrections and highlights aspects of 
host response and alternative genome editing outcomes that 
require further study.
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gene leading to the absence of dystrophin8,9. Despite recent clini-
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Structural domains of the human full-length dystrophyn, Becker mini- and micro-
dystrophyns, and utrophyn.

N-terminal domain (red) binds to F-actin; the cysteine-rich domain (green) binds to -Dystroglycan (-DG) and the C-terminal domain 
(yellow) binds to Dystrobrevins and syntrophins. The central coiled-coil rod domain (blue) contains 24 spectrin -like repeats (R1–
R24) and 4 'hinge' regions (turquoise; H1–H4).

L’utrofina e’ una proteina, codificata 
da un gene posto sul cromosoma 6, 
omologa alla distrofina sia dal punto di 
vista funzionale sia strutturalmente. 
L'utrofina e' normalmente presente alla 
giunzione neuromuscolare delle fibre 
muscolari mature, ed e' anche 
espressa sul sarcolemma delle fibre 
muscolari fetali e del muscolo 
rigenerante. L'utrofina e' anche 
espressa sul sarcolemma dei muscoli 
dei pazienti con DMD; tuttavia, i suoi 
livelli sono troppo bassi per vicariare la 
funzione della distrofina.

First generation Ad vectors: 
- good expression levels 
- transient expression (10-15 days) 
- impossible re-administration 

Gutless Ad vectors: 
- tricky production 
- not moved to the clinics yet

SMT C1100 (Ezutromid) 

A Small Molecule Utrophin Modulator for Duchenne

SMT C1100 has successfully completed a Phase 1 clinical trial in healthy male volunteers in 2012.  

The Phase 1b dose-escalating trial was conducted in 12 patients with DMD aged between 5 and 11 years old. 
These preliminary results show that SMT C1100 was safe and well tolerated at all doses tested in the study, and 
that there were no issues with patient compliance. All the boys had variable blood plasma concentrations of SMT 
C1100 with only two of the boys achieving concentrations similar to those of the adult volunteers in the 2012 
Phase 1 study. Initial evidence suggests that the variability in drug uptake may be due to differences in diet 
and to other disease-related factors. 
The non-placebo controlled trial also measured creatine kinase (‘CK’) levels, an enzyme that is associated with 
muscle fibre damage and elevated in boys with DMD. In the majority of patients there was a reduction in CK 
levels during dosing with SMT C1100. These data are consistent with non-clinical in vivo efficacy studies in the 
mdx model of DMD that showed SMT C1100 reduced CK levels after only 15 days. 

Phase 2 trial initiated in 2016

Summit Therapeutics Ends Development 
of Ezutromid Therapy for DMD After Trial 
Failure

June 2018

48-week PhaseOut DMD trial which included 40 boys with DMD

Primary endpoint was the change from 
baseline in magnetic resonance 
parameters related to the leg muscles

Secondary endpoint consisted of biopsy 
measures evaluating utrophin and muscle 
damage, with patients having 2 biopsies, 
1 at baseline and a second at either 24- or 
48-weeks

Statistical decreases in developmental myosin and magnetic resonance T2 measures were seen after 24 
weeks of treatment, but were not seen after 48 weeks



DMD: emerging drugs or small molecule therapies

● Exon skipping 

● Mutation suppression 

● Gene therapy 

● Muscle building strategy

Follistatin Gene Transfer to Patients With Becker Muscular 
Dystrophy and Sporadic Inclusion Body Myositis
Phase I Clinical Intramuscular Gene Transfer of rAAV1.CMV.huFollistatin 
(an antagonist to myostatin) Trial to Patients With Becker Muscular 
Dystrophy and Sporadic Inclusion Body Myositis.

NCT01519349

Small amounts of the protein can be detected in the 
circulation of adult humans, and it has been reported that the 
amount is raised in AIDS patients who show muscle wasting. 
Thus, myostatin may act as a negative regulator of muscle 
growth in adult life as well as during development. The 
growth of some other organs is similarly controlled by a 
negative-feedback action of a factor that they themselves 
produce. 

Myostatin belongs to the TGF-β 
superfamily of signal proteins, 
and it is normally made and 
secreted by skeletal muscle 
cells, providing negative 
feedback to limit muscle 
growth.

Myostatin



GH as a performance-enhancing drug

The use of GH and IGF-I is banned by the World Anti Doping Agency not only because of the 
principle of fair play in competitive sports, but also because of the adverse effects of 
supraphysiological doses on health. In addition, although rhGH has been available since 1985, 
GH extracted from the pituitary glands of human cadavers is still available in some countries. 
Administration from this source carries a significant risk of infection of transmissible brain 
diseases.

The use of GH in amateur and professional sports seems to be widespread, although the 
evidence is quite strong that supraphysiological GH administration does not potentiate the effects 
of exercise on muscle mass and strength in healthy individuals. IGF-I use is probably more limited 
as it is less readily available than GH.

Attraction of GH abuse:

GH is lipolytic
GH has known effects on collagen and bone turnover
GH has anectodal side effects such as improving skin 
tone, eyesight and recovery time from injury
combination of testosterone and GH leads to 
improved body composition and VO2 max in elderly 
men
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Gene transfer by

Genetically engineered metabolic factory to treat genetic 
diseases

Ectopic production of genetically engineered protein products (Factor IX, 
Lysosomal enzymes, AAT-1, Epo, ecc)

Lung Liver Muscle

viral vectors

Delivery into the circulation

Hemophilia

• Affects 1:5,000 males  
– 80% hemophilia A due to Factor VIII deficiency 
– 20% hemophilia B due to Factor IX deficiency 

• Results in spontaneous bleeding, which can be fatal 

• Treated with prophylactic or therapeutic infusion of the deficient factor  

• Correction to 1% of normal activity would reduce spontaneous bleeding 

• Correction to 10% of normal activity would eliminate most spontaneous bleeding 



Blood coagulation

Gene Therapy Approaches for Hemophilia:

• Existence of small (KO mice) and large (dog) animal models 
• Easy assessment of efficacy (coagulation tests) 
• Small correction should be sufficient (1%) 
• Liver-directed, Muscle-directed 
• Expensive therapy available 

Historic Overview on Hemophilia Therapy

Replacement therapy: blood transfusion since ‘70s 

Recombinant FVIII/FIX infusion since ‘90s

Haemophilia gene transfer trials

working only after 
hepatectomy 

(in animals so far)

Gutless vectors?
One patient so far. 
At 7 days: persistent elevation of transaminases = low therapeutic index 
No additional patients enrolled

1, 2, 5 - FVIII (>8 kb) 
3, 4 - FIX (1.4 kb)

Phase I Trial: 8 adult men with severe hemophilia B (<1% baseline 
F.IX)
F.IX expression close to the site of injection up to 10 months after 
treatment; no evidence for inflammation
Circulating levels of F.IX were less than what is required for 
therapeutic effect

Transient expression 
of FIX 
Partial correction of 
bleeding time 
Detection of anti-
AAV2 antibodies

M. Kay, K. High



F.IX activity assay and transaminase levels 
(AST, ALT) plotted as a function of time in 
weeks after vector administration in 
subjects E, F and G
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BACKGROUND

Hemophilia B, an X-linked disorder, is ideally suited for gene therapy.

We investigated the use of a new gene therapy in patients with the

disorder.

METHODS

We infused a single dose of a serotype-8–pseudotyped, self-

complementary adenovirus-associated virus (AAV) vector expressing

a codon-optimized human factor IX (FIX) transgene (scAAV2/8-LP1-

hFIXco) in a peripheral vein in six patients with severe hemophilia B

(FIX activity, <1% of normal values). Study participants were enrolled

sequentially in one of three cohorts (given a high, intermediate, or low

dose of vector), with two participants in each group. Vector was

administered without immunosuppressive therapy, and participants

were followed for 6 to 16 months.

RESULTS

AAV-mediated expression of FIX at 2 to 11% of normal levels was

observed in all participants. Four of the six discontinued FIX

prophylaxis and remained free of spontaneous hemorrhage; in the

other two, the interval between prophylactic injections was increased.

Of the two participants who received the high dose of vector, one had

a transient, asymptomatic elevation of serum aminotransferase levels,

which was associated with the detection of AAV8-capsid–specific T

cells in the peripheral blood; the other had a slight increase in liver-

enzyme levels, the cause of which was less clear. Each of these two

participants received a short course of glucocorticoid therapy, which

rapidly normalized aminotransferase levels and maintained FIX levels
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FIGURE 1

Factor IX (FIX) Activity after
Peripheral-Vein Infusion of
the Adenovirus-Associated
Virus (AAV) Vector in the Six
Study Participants.

FIGURE 2

Humoral Immune Response
in Participant 1.
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Merry christmas for patients with hemophilia B.

AAV8 can efficiently transduce hepatocytes, does not interact as efficiently with antigen-presenting cells as AAV2, and has 
limited cross-reactivity with preexisting anti-AAV2 antibodies 

This scAAV design is more efficient possibly because it obviates the need for second-strand synthesis or reannealing of 
positive and negative AAV strands to generate transcription-competent double-stranded DNA templates 

Subjects received low (2 · 10^11 vg/kg), intermediate (6 · 10^11 vg/kg), or high (2 · 10^12 vg/kg) scAAV8-FIX vector doses, 
with two participants in each cohort. 
All subjects expressed FIX above the 1% threshold for several months (FIX levels varied between 2% and 11%) 
Four discontinued FIX prophylaxis and remained free of spontaneous bleeding episodes, although most of these 
subjects required prophylaxis to prevent bleeding upon trauma 

One subject who received the highest vector dose developed grade III liver toxicity related to the vector 
itself, resulting in a significant increase in serum transaminase levels and a concomitant decrease of FIX levels from 7% to 
3%. This was associated with the detection of AAV8 capsid-specific T-cells. 
The other subject had a slight increase in liver enzyme levels concomitant with an increase in AAV8 capsid-specific T-cells 
and a slight decrease in FIX level.

Patients suffering from severe 
hemophilia B ( < 1% FIX) were injected 
by peripheral vein administration with 
an AAV serotype 8 vector (AAV8) 
encoding a codon-optimized FIX

Seven different pharma companies are currently developing gene 
therapy treatments for hemophilia:

1)   

2)   

3) Dimension Therapeutics

4) Spark

5) BioMarin Pharmaceutical 

6)   

7)  

January 7th, 2016
UniQure presented results from an early study of AMT-060 (AAV5-hFIX). The first 2 hemophilia patients treated with 
AMT-060, about 12 and 20 weeks after treatment, are now producing 4.5 percent and 5.5 percent, respectively, of 
normal Factor IX. To put that in context, these patients have severe or moderately severe hemophilia, meaning they 
typically produce less than 1 to 2 percent of these levels, and rely on frequent infusions to get those numbers up.

June 24, 2015 Baxalta reported continued progress on the Phase 1/2 open-label clinical trial assessing the safety and optimal dosing level of 
BAX 335, an advanced rAAV8-based gene therapy technology for FIX expression.
Some FIX expression was observed in the lowest dosing cohort (2x1011 vg/kg). In the second dosing cohort (1x1012 vg/kg), two 
patients have experienced no bleeds without regular infusions of FIX and one of these patients has had sustained FIX 
expression levels of 20-25 % for 12 months. In the highest dose cohort (3x1012 vg/kg), expression levels have peaked above 50 
%, though the two patients in this cohort experienced an immune response which has led to decreased FIX expression, with 
one patient resuming regular FIX infusions.

AAV8 and AAVrh10 are two forms of AAV that selectively target liver 
cells and have been optimized to deliver missing intact genes in 
diseases associated with the liver

With Pfizer we are developing novel bio-engineered AAV vectors utilizing a high-activity factor IX transgene and a treatment protocol 
designed to mitigate immune responses seen in other hemophilia B gene therapy trials, including our own, that have limited the duration of 
efficacy. We initiated a Phase 1/2 trial in June of 2015.

September 28, 2015. BioMarin Enrolls First Patient in Phase 1/2 Trial of Gene Therapy Drug Candidate BMN 270 for 
the Treatment of Hemophilia A 

The Phase 1/2 study will evaluate the safety and efficacy of BMN 270 gene therapy in up to 12 patients with severe Hemophilia A. The 
primary endpoints are to assess the safety of a single intravenous administration of a recombinant AAV, human-coagulation Factor VIII 
vector and to determine the change from baseline of Factor VIII expression level at 16 weeks after infusion. 

Sangam Biosciences is developing a ZFN-mediated 
genome editing approach to hemophilia A and B using 
our proprietary In Vivo Protein Replacement Platform 
(IVPRP).

Biogen Idec, Fondazione Telethon and Ospedale San Raffaele Announce Global Collaboration to Develop Gene Therapies for Hemophilia
Programs to apply lentiviral vector technology to hemophilia A and B



Padua variant

Factor IX Padua variant

• single point mutation, 
R338L

•initially discovered in a 
thrombophilic patient

•possesses increased 
procoagulant activity due to 
an enhanced incorporation 
into the intrinsic tenase 
complex in the clotting 
cascade

•pre-clinical studies of FIX 
Padua in gene therapy 
confirmed its benefit

• use of a gain-of-function FIX transgene, the 
Padua variant that results in a 7-fold 
increase in specific coagulant activity of the 
protein 

• FIX levels not only sufficient to eliminate the 
risk of spontaneous bleeding but also to 
minimize the risk of bleeding from 
interventions and trauma

• persistence of FIX expression out to beyond 
one year - could a single administration of 
AAV-mediated gene therapy be curative for 
hemophilia?

• novel AAV vector that has bioengineered 
changes to the vector capsid to avoid pre-
existing immunity

Infusion of a single intravenous dose of a 
codon-optimized adeno-associated virus 
serotype 5 (AAV5) vector encoding a B-
domain–deleted human factor VIII (AAV5-
hFVIII-SQ) in nine men with severe hemophilia 
A (the most common type)

December 28, 2017
N Engl J Med 2017; 377:2519-2530

CASE STUDY - Jake Omer, 29 

James lives in Billericay and is married with two children, aged 3 years and a 
baby of 5 weeks. Diagnosed at two years old, he has had frequent injections of 
factor VIII to prevent bleeds ever since. Before he was treated with the gene 
therapy, Jake would wake up early before work to inject three times a week as 
well as injecting whenever he had an injury to stop the bleeding. As a result of of 
repeated bleeding Jake has arthritis in his ankles. His father is a Turk-Cypriot and 
as a child he and his family could never travel to visit relatives in case he needed 
medical care as the facilities wouldn't have been available.

"The gene therapy has changed my life. I now have hope for my future. It is 
incredible to now hope that I can play with my kids, kick a ball around and climb 
trees well into my kids' teenage years and beyond. The arthritis in my ankles 
meant I used to worry how far I would be able to walk once I turned 40. At 23 I 
struggled to run 100m to catch a bus; now at 29 I'm walking two miles every day 
which I just couldn't have done before having the gene therapy treatment.
"It's really strange to not have to worry about bleeding or swellings. The first time I 
noticed a difference was about four months after the treatment when I dropped a 
weight in the gym, bashing my elbow really badly. I started to panic thinking this is 
going to be really bad, but after icing it that night I woke up and it looked normal. 
That was the moment I saw proof and knew that the gene therapy had worked."

The five UK trial sites included: The Royal London, Guys and St Thomas', 
Birmingham, Cambridge and Hampshire hospitals.
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Table 1. Active hemophilia A & B AAV gene therapy clinical studies (43)

Sponsor
Factor IX

NCT Study AAV Vector Dose (vg/kg) Phase Patients
(target)

ED AAV Ab Status

SJCRH/UCL NCT00979238 n/a scAAV2/8-LP1-
FIXco-wt

2e11, 6e11, 2e12 1 14 ≥50 Negative Not recruiting

Shire
(Baxalta)

NCT01687608 AskBio009 AAV8.sc-TTR-
FIXco-Padua

2e11, 1e12, 3e12 1, 2 30 n/a Negative Not recruiting

Uniqure NCT02396342 AMT-060-01 AAV5-FIXco-wt 5e12, 2e13 1, 2 10 >150 Negative Not recruiting
NCT03489291 AMT-061-01 AAV5-FIXco-Padua 2e13 2 3 >20 Included Not recruiting
NCT03569891 AMT-061-02

(HOPE-B)
AAV5-FIXco-Padua 2e13 3 56 >150 Included Recruiting

Pfizer (Spark) NCT02484092 SPK-9001-101 AAV-SPARK100-
FIXco-Padua

5e11 2 15 ≥50 Negative Not recruiting
NCT03307980 SPK-9001-LTFU-

101
SPK-9001 extension study 2 20 n/a n/a Recruiting

NCT03861273 BENEGENE-2 n/a 3 55 ≥50 < 1:1 Not yet
recruiting

UCL Freeline NCT03369444 FLT-180a AAVS3-FIXco-
Padua

6e11, 2e12 1 18 >150 Negative Recruiting
NCT03641703 FLT180a extension study 2, 3 50 n/a n/a Recruiting

Factor VIII
Biomarin NCT02576795 BMN-270-201 AAV5-FVIII-BDD 6e12, 2e13, 6e13 1, 2 15 >150 Negative Not recruiting

NCT03392974 BMN-270-302 4e13 3 40 >150 Negative Recruiting
NCT03370913 BMN-270-301 6e13 3 130 >150 Negative Recruiting
NCT03520712 BMN-270-203 6e13 1, 2 10 >150 Included By invitation

Spark NCT03003533 SPK-8011-101 AAV-SPARK200-
FVIII-BDD

5e11, 1e12, 2e12 1, 2 30 >150 Negative Recruiting

NCT03432520 SPK-8011-LTFU n/a SPK-8011 extension study 1,2 100 n/a n/a By invitation
NCT03734588 SPK-8016-101 Dose finding pre FVIII inhibitor study 1, 2 30 > 150 Negative Recruiting

UCL NCT03001830 GO-8 AAV2/8-HLP-FVIII-
V3

6e11, 2e12, 6e12 1 18 >50 Negative Recruiting

Sangamo NCT03061201 SB-525-1603 AAV2/6-FVIII-BDD 9e11, 2e12, 1e13, 3e13 1, 2 20 >150 Negative Recruiting
Shire
(Baxalta)

NCT03370172 BAX-888 AAV8-FVIII-BDD n/a 1, 2 10 >150 <1:5 Recruiting

Bayer NCT03588299 BAY2599023
(DTX201)

n/a n/a 1, 2 18 >150 Negative Recruiting

Ab, antibody; co, codon optimized; ED, exposure days to factor concentrate; sc, self-complementary; SJCRH, St. Jude Children’s Research Hospital; UCL, University College London; vg, vector genomes; wt, wild-type; FVIII-BDD,
B-domain deleted FVIII.
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Although current understanding is that AAV forms a largely
non-integrating vector, whether there is potential for late
toxicity is uncertain. To date, the longest follow-up in human
studies is 6.7 ± 1.0 years; with durable FIX expression and no
liver injury on laboratory testing or ultrasound (18). Long-term
data within the hemophilia B dog model reported normal liver
biochemistry (5.5–6 years), and radiological appearances (com-
puterized tomography & magnetic resonance imaging) appear-
ances. Liver biopsies demonstrated normal architecture with
centrilobular/midzonal hepatocellular hypertrophy, no evi-
dence of malignancy and no detectable integration by linear
amplification-mediated polymerase chain reaction (41). Similar
findings have been reported after 10 years, from AAV-treated
hemophilia A dogs from the University of North Carolina colony
with normal liver function and no evidence of malignancy at
necropsy (38,42). With limited long-term human data, there is a
need for long-term safety monitoring within extension studies
and international registries.

Non-AAV-based gene therapy and gene editing. With pre-existing
AAV humoral immunity and the potential loss of vector trans-
duction with time, there is a requirement for other viral and
non-viral-based vectors for transgene delivery. The predominant
methods studied in hemophilia have used lentiviral vectors,
which have lower incidence of pre-existing humoral immunity
and greater packaging capacity than AAV vectors. Pre-clinical
studies using in-vivo or ex-vivo stem cell (haematopoietic or
induced pluripotent) transduction or blood outgrowth endothe-
lial cells have been recently reviewed (43). Two phase 1 studies
are registered with plans to evaluate ex-vivo lentiviral stem cell
transduction for FVIII (NCT03818763) or FVIII/FIX (NCT03217032,
YUVA-GT-F801 or YUVA-GT-F901) (44). Data from studies using
gene editing to provide more targeted correction are ongoing.
Studies have successfully utilized CRISPR/Cas9 using adenoviral
(45), AAV (46–48) and non-viral (49) delivery, for correction/ame-
lioration of phenotype in murine hemophilia B models. In-vitro
data have also been presented using a transcription activator-
like effector nuclease strategy, demonstrating correction of the
intron-22 inversion in hemophilia A induced pluripotent stem
cells (50). The most advanced approach, however, to genome
editing in hemophilia is usage of zinc finger nuclease (ZFN),
with data presented in the hemophilia B mouse model (51–53).
A phase 1 study (SB-FIX, NCT02695160) is currently recruiting
using AAV-directed correction using ZFN targeted insertion of
the F9 gene into the first intron of the albumin locus. The aim
of this study is to recruit 12 patients, with severe hemophilia B
(FIX < 1%), to three dosing cohorts, with the first patient being
treated in December 2018 (54).

Clinical challenges to delivery of gene therapy. There is equipoise
within the hemophilia community, as to how outcomes should
be measured within gene therapy studies, whether using clin-
ical, patient reported or laboratory outcomes. Within this, if
factor levels are used as this measure, it is also unclear what
level should be defined as success, be this normal (>50%) or
within the mild hemophilia (5–40%) range. Given the variability
seen in factor level obtained between individuals and studies,
if normalization is used as the criterion for success, this may
affect licensing decisions around these products. The complex-
ity and number of novel therapeutics, which will become avail-
able for treatment of hemophilia, will require alterations in
current pathways for the delivery of patient care. Clinicians may
require additional training to allow patients to make informed

decisions, regarding these novel treatments and balance risk
with current uncertainties. A survey conducted in 2018 (1129
physicians) demonstrated significant deficits in understanding
of clinical hemophilia gene therapy studies and vector biology
(55), which could be improved using an online continuing medi-
cal education program (56). Additional support for patients from
hemophilia advocacy groups and the pharmaceutical industry
will be required to provide accurate information on treatment
choices.

Conclusions
The landscape of available treatments for persons with
hemophilia is rapidly evolving. Novel replacement therapies
are undergoing clinical trials in parallel with gene replace-
ment/modification strategies. Although, the choice of therapy
available in the future may in part be directed by financial
implications, this may, with time, allow for more personalized
care with improvement in quality of life for the next generation
of patients with hemophilia.
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