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DMD is caused by mutations in dystrophin 
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Improving muscle mechanics in DMD 

• Cell therapy

• Myostatin inhibition

• Membrane stabilisation

• Anti-fibrotic agents 



Of mice and men

• Species like yeast, flies, fish and mice have many genes in common with humans and are 
therefore considered 'model organisms’ used in research to study human genes and human 
diseases.

• Mouse research has lead to major advances in our ability to treat a number of serious diseases. 

• 99% of human genes are conserved in the mouse

• There is a battery of sophisticated molecular and genetic tools for evaluation of mouse models

• Mice are small- this facilitates cost-efficient large scale/ high throughput studies.

• Since 1998 the EU has invested EUR 550 million in >180 projects involving mouse models.

• Mice are not always reliable as preclinical models for human disease: only 14% of agents felt to 
be effective in mice are effective in human clinical trials 

• These failures cost the pharmaceutical industry millions of dollars. 



Cell therapies in DMD

• In people with DMD, loss of a functional dystroglycan complex leads 
to damage of the sarcolemma upon muscle contraction, which results 
in loss of sarcoplasmic proteins from the muscle fibre, and extensive 
damage of the muscle.

• As a consequence, DMD muscles are subject to chronic cycles of 
necrosis and regeneration, in an attempt to replenish the damaged 
fibers with new, functional fibres.



• Muscle regeneration starts with the activation of the muscle stem 
cells, the satellite cells. These cells are embedded between the 
sarcolemma and the basal lamina, in a quiescent state. 

• Upon activation, satellite cells enter the cell cycle, start to migrate 
toward the regenerating areas of the muscle, and give rise to more 
functionally committed cells- the myoblasts- which differentiate to 
generate new myofibres. 

• Satellite cells usually generate their progeny by asymmetric cell 
division, in a polarized manner between the two daughter cells, to 
generate a new satellite cell and a myoblast.



Stem cells (myoblasts)

Muscle consists of muscle fibres- which do not divide- and muscle stem cells, 
which lie on top of muscle fibres. When muscle fibres are damaged, muscle stem 
cells (also called myoblasts) start dividing, migrate to the location of the damage 
and fuse with the damaged muscle to repair it. 



• In DMD, muscle regeneration is compromised because the continuous 
rounds of muscle degeneration and regeneration deplete the pool of 
satellite cells.

• Moreover, because dystrophin is also expressed in satellite cells, its 
loss results in distorted polarity of the satellite cells, deficits in their 
asymmetric division, and precocious differentiation.

• Consequently, DMD muscle becomes progressively unable to build 
new muscle fibres, which further contributes to its wasting. 
Furthermore, DMD muscle fibres are gradually replaced by fat and 
fibrotic tissue, which further hampers the mechanical and 
physiological activity of the skeletal muscle



• In healthy muscle, degeneration and regeneration is orchestrated by a 
strong, localized, inflammatory response, in which T cells, 
macrophages, and neutrophils infiltrate the muscle after injury, and 
release elevated levels of pro-inflammatory cytokines and regulatory 
cues.

• However, in the DMD muscle, chronic inflammation leads to excessive 
levels of intramuscular reactive oxygen species, which further 
contribute to the muscle wasting, and hampers the regenerative 
power of the satellite cells



Cell therapy for DMD 

• Cell therapy is based on the heterologous, or autologous, 
transplantation of cells, with the goal of regenerating the damaged 
tissue or organ of the patient, and replenishing specific stem cell 
populations. 

• In DMD, the main goal is to reconstitute the satellite cell pool with 
dystrophin competent cells, and thereby restore muscle function due 
to the presence of dystrophin expressing muscle fibers. 

• The source of the therapeutic cells can be healthy, histocompatible
donors, or genetically corrected autologous cells.



Forms of cell therapy 

• Myoblasts and satellite cells 

• Bone marrow cells and mesangioblasts

• CD133+ scale

• Pluripotent stem cells 



Myoblasts and satellite cells

• 1989: experiments in humans and mice showed that IM-injected normal human or mouse myoblasts 
formed new dystrophin+ fibers, with partial reconstitution of normal muscle morphology 

• However, following transplantation of muscle stem cells from healthy donors, only small percentages of 
normal dystrophin are detected in patient's biopsies; not enough to improve function 

• Issues: immune rejection, limited number and migration of injected cells, cell death after transplant.

• Satellite cells have an advantage over myoblasts, because of their self-renewal capability. 

• Practical limitations and safety concerns still affect the use of human satellite cells in the clinic. 

(i) Very few satellite cells can be isolated from a biopsy, especially from dystrophic muscle

(ii) Cultured satellite cells show reduced transplantation efficiency

(iii) Most satellite cells die after transplantation: their dissemination rate is negligible

(iv) Delivery of the satellite cells to muscles such as the diaphragm requires systemic delivery, but 
satellite cells tend to aggregate into micro-thrombi inside small vessels and do not colonize muscle. 





• To be therapeutically viable, satellite cells must be given the ability to 
survive inside the blood, to extravasate from circulation to enter the 
muscles, and to migrate inside the muscle.

• New protocols are designed to overcome these hurdles, for example 
by using hydrogels or hypoxia conditioning, by expressing proteins 
regulating cell migration, and by elongating the telomeres to increase 
cell proliferation. 

• Despite the promising potential of muscle cell transplantation and 
numerous efforts to optimize cell culture conditions in a lab setting, 
the use of myoblasts or satellite cells to treat DMD in the clinic has 
not been realized yet.



Bone marrow cells and mesoangioblasts

• To bypass satellite cells: use of other cell populations with myogenic capability i.e
bone marrow

• BM-derived myogenic cells can migrate into regenerating muscle via the 
circulation

• However, BM transplantation (BMT) in mdx mice, in canine models of DMD, and 
in a DMD patient did not improve dystrophin production or muscle function.

• Mesoangioblasts are precursors of pericytes (perivascular cells in adult muscle)
• Contribute to post-natal muscle development.
• Mesoangioblasts express myogenic markers and some plasticity. 
• In a phase I/IIa clinical trial, five people with DMD were injected intra-arterially with donor 

HLA-matched normal mesoangioblasts. One individual showed evidence of full-length 
dystrophin production, but none showed functional improvement. 



Pluripotent stem cells

• Vertebrate pluripotent stem cells (PSCs) retain their ability to differentiate 
into the three germ layers of the embryo: ectoderm, mesoderm, and 
endoderm. 

• Embryonic stem cells (ESCs): human ESCs can only be isolated from the 
inner cell mass of early embryos: technical and ethical problems

• Induced PSCs (iPSCs): 
• Can be generated from somatic cells, allowing for the possibility of designing 

autologous, patient-specific, cell therapeutic strategies. 
• Can differentiate into any cell type
• Will not generate immune rejection 
• Can be expanded indefinitely in vitro: makes it possible to model the cause and 

pathophysiological progression of different muscular dystrophies, to perform 
automated pre-clinical drug screening, and to set up in vitro protocols of gene editing 
before in vivo testing 



Genetic engineering of hiPSCs to restore functional 
dystrophin expression

• In order to generate dystrophin expressing muscle fibers, hiPSCs derived from 
DMD patients can be genetically corrected to express functional dystrophin.

• CRISPR-Cas9 mediated gene editing is currently being investigated as a tool to 
perform this correction. 

• This technique could, theoretically, correct most DMD mutations including point 
mutations, deletions and insertion, re-establishing the correct sequence of the 
dystrophin gene, or at least its translational frame after RNA transcription. 

• The clear advantage of CRISPR-Cas9 over other strategies is that it affords 
permanent repair of the dystrophin gene. 

• To date, there have been no clinical trials of cell transplantation using genetically 
corrected DMD-hiPSCs for therapy. However, this concept has been proven 
feasible in mice. 



Potential limitations of hiPSCs in DMD treatment

Before proceeding to clinical trials, four key limitations must be overcome 
and potential safety issues addressed.

(i) We need to identify best somatic cell type from which to generate hiPSCs, 
and to improve hiPSCs muscle commitment protocols

(ii) Need to optimize the delivery route of the therapeutic cells, to get the 
highest rate of muscle engraftment in vivo. Delivery needs to avoid 
accumulation in vascular organs such as liver and lungs.  

(iii) For long-term benefits, need to ensure that the therapeutic cells will 
stably colonize the satellite cell niche. 

(iv) Gene editing tools used to correct the causative genetic defect must be 
without off-target effects.



Myostatin inhibition 



Pfizer - Domagrozumab Roche- RO7239361
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Membrane stabilisers in DMD

Houang et al Skel Musc 2018 



Membrane stabilisers in DMD 

Carmeseal: 

• First in class therapeutic agent

• Addresses membrane tears and membrane failure

• Broadly applicable – Not mutation- or organ-specific



25

Phrixus – Carmaseal-HD (P-188 NF) (NCT03558958)

• Shown in GRMD dogs and mdx mice to prevent cardiac remodelling
• Shown to prevent deterioration of respiratory function in two mouse 

models of DMD 
• Shown to prevent muscle fibrosis in mdx mice: effect similar to steroids
• Effects on skeletal muscle need to be clarified (conflicting pre-clinical 

evidence)
• Possibly additive to other therapies due to novel mechanism of action

• Small phase 2 study now underway in US 

https://clinicaltrials.gov/ct2/show/NCT03558958?term=phrixus&cond=Duchenne+Muscular+Dystrophy&rank=1


Idebenone- Santhera

• DELOS study: Slowed loss of respiratory 
function in non-ambulant DMD patients not 
on steroids 
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Idebenone- Santhera

• Need evidence of effect in patients on 
steroids: SIDEROS study  

• Currently the largest ongoing clinical trial in DMD 

(266 participants)

• Ambulant and non-ambulant patients 

• 65 sites n US, Europe and Israel
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Utrophin upregulation 

• Utrophin: autosomal-encoded dystrophin-related protein homolog
• Shares extensive sequence similarity and functional motifs with dystrophin, 

including ability to bind the dystrophin-associated glycoprotein complex.

• Utrophin is expressed at high levels in fetal tissue and 
developmentally downregulated in adults. 

• In the mdx mouse model the developmentally-regulated decline in 
utrophin levels corresponds with the onset of muscle necrosis.

• Expression of truncated or full-length utrophin significantly 
ameliorates the phenotype of mdx mice.



• Utrophin has a broad tissue distribution and a number of isoforms driven 
by distinct promoters.

• The utrophin A isoform is the predominant isoform expressed in muscle. 
There have been a number of studies aiming at the major regulatory 
motifs, trans-activating and repressing factors but all have achieved only 
limited utrophin upregulation. 

• Detailed analyses of utrophin mRNA and protein expression have 
demonstrated that utrophin is subject to significant post-transcriptional 
regulation. 

• A variety of mechanisms targeting the 5′ and 3′UTRs of the utrophin mRNA 
significantly contribute to repressing utrophin protein expression in adult 
muscle.



Ezutromid- Summit



High throughput screening 

• HTS to identify post-transcriptional 
up-regulators of utrophin
expression

• The use of small molecules offers 
advantages in terms of delivery, 
stability and bioavailability,

• Use of drugs that already exist in 
the pharmacopeia which already 
have been optimized for 
absorption, distribution, 
metabolism and excretion and 
toxicity properties in humans.



• Pro-myogenic effects in muscle cells 

• Increases force generation in dystrophic 
myotubes

• Improved dystrophic phenotype 
in mdx mice

• Directly activated the utrophin promoter

• Increases follistatin-mediated muscle 
regeneration

• Increases utrophin levels post-
transcriptionally by interacting with the 
5′ and/or 3′UTR in the utrophin mRNA

• MOA of TSA increasing utrophin expression 
likely multiple and dose-dependent, acting 
on utrophin promoter and UTRs. 

Trichostatin A (TSA)



Givinostat (S2170) – Italfarmaco

• HDAC inhibitor: HDACs are enzymes that 
prevent gene activity by changing three-
dimensional folding of DNA in the cell.

• Increased HDAC activity 
• may prevent muscle regeneration
• may prevent muscle fibres  from 

contracting properly. 
• can trigger inflammation.

• Givinostat: reduces inflammatory changes 
and fibrosis, promotes muscle 
regeneration in mdx mice and in boys 
with DMD

• Now in Phase III trials in US and Europe.
• Recruiting ambulant steroid-treated boys  

aged >6y 



Drugs to Treat Fibrosis



• HOPE (Halt cardiomyOPathy progrEssion in Duchenne) trials

Capricor – CAP1002 (NCT03406780)

• Tiny shuttles called 
‘exosomes’ secreted by 
cells in response to changes 
in the physiological 
environment.

• These are thought be a 
potential therapeutic entity

https://clinicaltrials.gov/ct2/show/NCT03406780


Capricor – CAP1002 (NCT03406780)

• HOPE-1 showed a statistically significant effect in slowing the 
progression of cardiomyopathy, improved mid-distal PUL.

• HOPE-2: a randomized, double-blind, placebo-controlled, multi-site 
clinical trial evaluating safety and efficacy of four intravenous doses of 
CAP-1002 delivered every 3m over a 12m period to boys and young 
men with advanced stages of Duchenne muscular dystrophy.

• Results expected mid-2020

https://clinicaltrials.gov/ct2/show/NCT03406780


Other antifibrotics 

• Halofuginone

• Fibrogen- FG-3019- Pamrevulab

• Epicatechin   



Tamoxifen (NCT03354039)

• Selective estrogen receptor regulator
• Used for breast cancer, post-menopausal osteoporosis, gynaecomastia 

• Side-effects include hormonal changes, cataracts, thrombosis  

• Shows antioxidant actions and regulatory roles in calcium homeostasis

• In mice: 
• Decreases cardiac and diaphragmatic fibrosis 

• Improves muscle strength and reduces muscle fatigue. 

• Small open-label clinical trial recruiting in Israel 

• Multicentre DB phase 3 RCT recruiting in Switzerland 

https://clinicaltrials.gov/ct2/show/NCT03354039?cond=%22Muscular+Dystrophy,+Duchenne%22&lupd_s=12/10/2015&lupd_d=1000
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