
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

The New England Journal of Medicine 

Downloaded from nejm.org by ALESSANDRO SALVI on February 4, 2013. For personal use only. No other uses without permission. 

 From the NEJM Archive. Copyright © 2010 Massachusetts Medical Society. All rights reserved. 

The New England Journal of Medicine 

Downloaded from nejm.org by ALESSANDRO SALVI on February 4, 2013. For personal use only. No other uses without permission. 

 From the NEJM Archive. Copyright © 2010 Massachusetts Medical Society. All rights reserved. 

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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A B S T R A C T

Objective: T o p e r f orm a d ou b l e-b lin d , r a n d om i z e d s t u d y c om p a rin g e f f ic a c y a n d s a f e t y o f d a ily
a n d w e e k e n d pr e d nison e in b o y s w it h D u c h e nn e mus c ul a r d y s t ro p h y (D M D ).

Methods: A t o t a l o f 6 4 b o y s w it h D M D w ho w e r e b e t w e e n 4 a n d 1 0 y e a rs o f a g e w e r e r a n d om i z e d
a t 1 o f 1 2 c e n t e rs o f t h e C oo p e r a t iv e In t e rn a t ion a l N e uromus c ul a r R e s e a r c h G rou p . E f f ic a c y a n d
s a f e t y o f 2 pr e d nison e s c h e d ul e s (d a ily 0 . 7 5 m g/k g/d a y a n d w e e k e n d 1 0 m g/k g/ w k) w e r e e v a lu-
a t e d o v e r 1 2 mon t hs .

Results: E q uiv a l e n c e w a s m e t f or w e e k e n d a n d d a ily d os in g o f pr e d nison e f or t h e prim a ry ou t-
c om e s o f q u a n t it a t iv e mus c l e t e s t in g ( Q M T) a rm s c or e a n d Q M T l e g s c or e . S e c on d a ry s t r e n g t h
s c or e s f or Q M T e lb o w f l e xors a lso sho w e d e q uiv a l e n c e b e t w e e n t h e 2 t r e a t m e n t grou p s . O v e r a ll
s id e e f f e c t pro f il e s o f h e ig h t a n d w e ig h t , b on e d e ns it y , c a t a r a c t f orm a t ion, b loo d pr e s sur e , a n d
b e h a v ior, a n a ly z e d a t 1 2 mon t hs , d id no t d if f e r b e t w e e n w e e k e n d a n d d a ily d os in g o f pr e d nison e .

Conclusions: W e e k end dosing of pre dnisone is e qua lly b ene ficia l to the st and ard d a ily dosing of pre d-
nisone . A na lysis of sid e e f f e c t profile s d e monstra t e d ov era ll tolera bilit y of both dosing re gim ens.

Classification of evidence: T his s t u d y pro v id e s C l a s s I e v id e n c e t h a t w e e k e n d pr e d nison e d os in g is
a s s a f e a n d e f f e c t iv e a s d a ily pr e d nison e in pr e s e rv in g mus c l e s t r e n g t h a n d pr e v e n t in g b o d y m a s s
in d e x in c r e a s e s in b o y s w it h D M D o v e r a 1 2 -mon t h p e rio d . Neurology ® 2 0 1 1;7 7:4 4 4–4 5 2

G L O S S A R Y
AN O V A � a n a ly s is o f v a ri a n c e; BMI � b o d y m a s s in d e x; C B CL � C hild B e h a v ior C h e c k L is t; CINRG � C oo p e r a t iv e In t e rn a-
t ion a l N e uromus c ul a r R e s e a r c h G rou p; D E X A � d u a l-e n e rg y x-r a y a b sorp t iom e t ry; DMD � D u c h e nn e mus c ul a r d y s t ro p h y;
F E V 1 � f or c e d e x p ir a t ory v olum e in 1 s e c on d; F V C � f or c e d v it a l c a p a c it y; MIP � m a x imum ins p ir a t ory pr e s sur e; MMT �
m a nu a l mus c l e t e s t in g; MV V � m a x im a l v olun t a ry v e n t il a t ion; NCI � N a t ion a l C a n c e r Ins t it u t e; PFT � p ulmon a ry f un c t ion
t e s t; Q MT � q u a n t it a t iv e mus c l e t e s t in g .

D uchenne muscular dystrophy ( D M D ) 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 D M D 6-12 is
recommended by an American Academy of N eurology practice parameter.13 Furthermore, a
recently published standard of care review emphasized the benefit of corticosteroids for
D M D .14,15 In a large D M D natural history study currently run by the Cooperative Interna-
tional N euromuscular Research Group (C I N R G), 85% of participants are steroid-treated.16,17

We hypothesized that weekend prednisone dosing would provide equally effective treatment
for D M D as standard daily dosing. Furthermore, corticosteroids might be more widely used in
D M D 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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A B S T R A C T

BACKGROUND
Local intramuscular administrat ion of the ant isense oligonucleot ide PRO051 in pa-
t ients with Duchenne’s muscular dystrophy with relevant mutat ions was previously 
reported to induce the sk ipping of exon 51 during pre–messenger RNA splicing of the 
dystrophin gene and to faci litate new dystrophin expression in muscle-f iber mem-
branes. The present phase 1–2a study a imed to assess the safety, pharmacok inet ics, 
and molecular and clinica l effects of systemica lly administered PRO051.

METHODS
We administered week ly abdomina l subcutaneous inject ions of PRO051 for 5 weeks 
in 12 pat ients, with each of four possible doses (0.5, 2.0, 4.0, and 6.0 mg per k ilogram 
of body weight) given to 3 pat ients. Changes in RNA splicing and protein levels in the 
t ibia lis anterior muscle were assessed at two t ime points. A ll pat ients subsequent ly 
entered a 12-week open-label extension phase, during which they all received PRO051 
at a dose of 6.0 mg per k ilogram per week. Safety, pharmacok inet ics, serum creat ine 
k inase levels, and muscle strength and funct ion were assessed.

RESULTS
The most common adverse events were irritat ion at the administrat ion site and, 
during the extension phase, mi ld and variable proteinuria and increased urinary 
� 1-microglobulin levels; there were no serious adverse events. The mean termina l 
ha lf-life of PRO051 in the circulat ion was 29 days. PRO051 induced detectable, 
specif ic exon-51 sk ipping at doses of 2.0 mg or more per k i logram. New dystrophin 
expression was observed between approximately 60% and 100% of muscle f ibers in 
10 of the 12 pat ients, 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 wa lk test.

CONCLUSIONS
Systemica lly administered PRO051 showed dose-dependent molecular eff icacy in 
pat ients with Duchenne’s muscular dystrophy, with a modest improvement in the 
6-minute wa lk test after 12 weeks of extended treatment. (Funded by Prosensa 
Therapeut ics; Netherlands Nat iona l Tria l Register number, NTR1241.)

The New England Journal of Medicine 
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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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John Bourke, Dominic J Wells, George Dickson, Matthew J A Wood, Steve D Wilton, Volker Straub, Ryszard Kole, Stephen B Shrewsbury, 
Caroline Sewry, Jennifer E Morgan, Kate Bushby, Francesco Muntoni

Summary
Background We report clinical safety and biochemical e �  cacy from a dose-ranging study of intravenously administered 
AVI-4658 phosphorodiamidate morpholino oligomer (PM O) 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 
D M D. 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 � -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 e �  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 a � 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 (D M D) 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, � -sarcoglycan, and neuronal nitric oxide synthase 
(N OS) 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 � -dystroglycan. Loss of dystrophin results 
in infl ammation, muscle degeneration, and replacement 
of muscle with fi broadipose tissue.2

In the mi lder allelic Becker muscu lar dystrophy, 
dystrophin mutations do not disrupt the open reading 
frame, a shortened but functional dystrophin prote in is 
produced, and most patients are able to walk into late 
adu lthood and have a normal lifespan .3 Therefore, 
induction of exon skipping to restore the open reading 
frame is an attractive therapeutic strategy in Duchenne 
muscu lar 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-mRN A transcript 
relevant for targeted D M D exon skipping.4 Splice-
switching oligomers targeting dystrophin exons have 
been successfu lly used to restore dystrophin expres-
sion in vitro and in various animal models of 
Duchenne muscu lar dystrophy.5,6 In the mdx mouse, 
adminis tra tion of 2 Ó-methyl-ribooligonucleoside-
phosphorothioate (2 Ó Me) and phosphorodiamidate 
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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

PF-06939926 (Pfizer)
 An adeno-associated virus serotype 9 (AAV9) capsid to deliver a mini-dystrophin gene

 Ongoing Phase 1b trial in boys ages 5-12 with DMD who can still walk supports safety, sustained 
production of the the mini-dystrophin protein and improvement of motor function

 A randomized, placebo-controlled Phase 3 trial, called CIFFREO, is now enrolling up to 99 DMD boys, 
ages 4 to 7, at sites in Italy, Israel, and Spain, and is expected to expand to 55 sites in 15 countries.

GNT 0004 (Genethon)
 First patient dosed in April 2021

The trial aims to enroll boys aged 6 to 10 suffering from DMD who are still able to walk. The trial was 
approved in France, in the UK, and submissions are ongoing in the USA and Israel.

Now developed jointly in the clinical phase with Sarepta Therapeutics. 

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
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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 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



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

This article is available to subscribers.

Sign in now if you're a subscriber.
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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



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

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

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

Gene Therapy for patients with 
haemophilia A

January 1, 2020

2-year and 3-year safety and efficacy data from 15 patients with severe hemophilia 
A in a manufacturer-sponsored phase 1/2 dose-escalation study involving a single 
infusion of the non-FDA-approved therapy AAV5-hFVIII-SQ (valoctocogene 
roxaparvovec). 4 cohorts, dose-escalating.

• Key findings: 
• An increase in ALT was the most common adverse 

event, but was mild (grade 1). 
• At 3 years, patients in lower dose cohorts 1 and 2 (1 

patient each) had factor VIII levels below 1 IU/dL. 
• At 3 years, the seven patients in cohort 3 had a 

median factor VIII activity level of 20 IU/dL, along with 
a 96% decrease in the bleeding rate and a 96% 
decrease in use of factor VIII infusions. All 7 
experienced resolution of target joint bleeding. 

• At 2 years, the 6 patients in cohort 4 had a median 
factor VIII activity level of 13 IU/dL, along with a 92% 
decrease in annualized bleeding rate and a 95% 
decrease in use of factor VIII infusions. Five had 
resolution of target joint bleeding. 

• No patients developed a factor VIII inhibitor.

18/05/2020, 10)20Multiyear Follow-up of AAV5-hFVIII-SQ Gene Therapy for Hemophilia A | NEJM
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BACKGROUND

METHODS

RESULTS

Adeno-associated virus (AAV)–mediated gene therapy is under investigation as a
therapeutic option for persons with hemophilia A. E"cacy and safety data include 3 years of follow-
up a$er a single administration of AAV5-hFVIII-SQ.

We report durable e"cacy, long-term safety, and clinical and biologic results in 15 adults
with severe hemophilia A (factor VIII level, ≤1 IU per deciliter) who had received a single infusion of
AAV5-hFVIII-SQ at various dose levels. We evaluated the factor VIII level, annualized rate of bleeding
events, use of factor VIII, safety, expression kinetics, and biologic markers of AAV transduction for up
to 3 years.

Three years a$er infusion, two participants (one who had received 6×10  vector genomes
[vg] per kilogram of body weight and one who had received 2×10  vg per kilogram) had factor VIII

January 2, 2020
N Engl J Med 2020; 382:29-40
DOI: 10.1056/NEJMoa1908490
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