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Abstract 
Duchenne	
  muscular	
  dystrophy	
  (DMD)	
  is	
  a	
  severe	
  neuromuscular	
  disease	
  with	
  an	
  incidence	
  of	
  
3500-­‐5000	
  male	
  live	
  births.	
  The	
  DMD	
  gene	
  is	
  the	
  biggest	
  human	
  gene	
  and	
  because	
  of	
  this,	
  it	
  is	
  
sensitive	
  to	
  mutations.	
  The	
  DMD	
  gene	
  encodes	
  for	
  the	
  dystrophin	
  protein	
  and,	
  thus,	
  this	
  protein	
  
is	
  absent	
  in	
  DMD	
  patients.	
  As	
  a	
  result,	
  muscle	
  fibers	
  are	
  easily	
  damaged	
  during	
  contraction,	
  
leading	
  to	
  inflammation,	
  chronic	
  muscle	
  damage	
  and	
  eventually	
  replacement	
  of	
  muscle	
  fibers	
  by	
  
fat	
  and	
  fibrotic	
  tissue	
  and,	
  therefore,	
  loss	
  of	
  muscle	
  function.	
  A	
  lot	
  of	
  research	
  on	
  DMD	
  has	
  been	
  
performed	
  and	
  is	
  still	
  being	
  performed.	
  In	
  this	
  review,	
  different	
  types	
  of	
  research	
  on	
  DMD	
  are	
  
addressed:	
  nutrition	
  considerations,	
  drug	
  treatment,	
  rehabilitation,	
  medical	
  devices,	
  cell-­‐based	
  
therapy,	
  gene	
  therapy	
  and	
  strategies	
  to	
  correct	
  the	
  mutated	
  gene.	
  Currently,	
  the	
  most	
  promising	
  
therapy	
  for	
  treating	
  DMD	
  is	
  exon	
  skipping.	
  Exon	
  skipping	
  is	
  accomplished	
  by	
  using	
  antisense	
  
oligonucleotides	
  (AONs).	
  For	
  skipping	
  exon	
  51,	
  two	
  types	
  of	
  AONs	
  are	
  being	
  studied:	
  2’-­‐O-­‐
methyl	
  phosphorotioates	
  (2’OMePs)	
  and	
  phosphorodiamidate	
  morpholino	
  oligomers	
  (PMOs).	
  
Drisapersen	
  is	
  a	
  2’OMeP	
  AON	
  and	
  has	
  completed	
  up	
  to	
  phase	
  III	
  clinical	
  trials.	
  Unfortunately,	
  
the	
  FDA	
  rejected	
  application	
  for	
  market	
  authorization	
  and	
  partly	
  because	
  of	
  this,	
  the	
  application	
  
for	
  the	
  European	
  market	
  was	
  withdrawn.	
  All	
  clinical	
  trials	
  and	
  development	
  were	
  discontinued.	
  
Another	
  exon	
  skipping	
  drug	
  is	
  currently	
  still	
  being	
  developed:	
  eteplirsen,	
  a	
  PMO	
  AON.	
  A	
  phase	
  II	
  
clinical	
  trial	
  shows	
  significant	
  improvements	
  in	
  the	
  6MWD	
  test	
  after	
  36	
  months.	
  A	
  phase	
  III	
  
clinical	
  trial	
  is	
  currently	
  ongoing,	
  so	
  no	
  results	
  have	
  been	
  published	
  yet.	
  Also,	
  the	
  FDA	
  is	
  
currently	
  reviewing	
  the	
  application	
  of	
  this	
  drug.	
  PMO	
  AONs	
  appear	
  to	
  be	
  more	
  favorable	
  and	
  
less	
  toxic	
  than	
  2’OMeP	
  AONs,	
  because	
  of	
  their	
  backbone	
  chemistry.	
  Therefore,	
  whether	
  
eteplirsen	
  is	
  getting	
  approved	
  or	
  not,	
  exon	
  skipping	
  studies	
  should	
  focus	
  more	
  on	
  PMO	
  AONs.	
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Introduction 
Duchenne	
  muscular	
  dystrophy	
  (DMD)	
  is	
  named	
  after	
  Duchenne	
  de	
  Boulogne,	
  who	
  described	
  the	
  
disease	
  in	
  a	
  series	
  of	
  papers	
  in	
  the	
  1860s.	
  It	
  is	
  an	
  X-­‐linked	
  recessive	
  disease	
  and,	
  therefore,	
  
mostly	
  affects	
  boys.	
  DMD	
  is	
  the	
  most	
  common	
  muscular	
  dystrophy,	
  with	
  an	
  incidence	
  of	
  one	
  in	
  
3500-­‐5000	
  male	
  live	
  births1–4.	
  	
  

The	
  DMD	
  gene	
  encodes	
  a	
  protein	
  called	
  dystrophin,	
  which	
  is	
  found	
  in	
  the	
  plasma	
  membrane	
  
of	
  skeletal	
  muscles	
  and	
  is	
  a	
  component	
  of	
  a	
  large	
  glycoprotein	
  complex.	
  The	
  dystrophin	
  protein	
  
acts	
  as	
  a	
  shock	
  absorber	
  during	
  contraction	
  of	
  muscle	
  fibers	
  by	
  linking	
  the	
  internal	
  actin	
  
cytoskeleton	
  of	
  the	
  muscle	
  fiber	
  to	
  the	
  membrane	
  of	
  the	
  muscle	
  fiber,	
  the	
  sarcolemma1,3.	
  The	
  
DMD	
  gene	
  is	
  the	
  biggest	
  human	
  gene;	
  it	
  contains	
  79	
  exons	
  and	
  is	
  around	
  2.2	
  Mbp.	
  Because	
  of	
  its	
  
large	
  size,	
  it	
  is	
  sensitive	
  to	
  mutations.	
  Mutations	
  in	
  the	
  DMD	
  gene	
  cause	
  a	
  premature	
  stop	
  codon	
  
or	
  disruption	
  of	
  the	
  reading	
  frame,	
  resulting	
  in	
  absence	
  of	
  dystrophin	
  protein	
  and,	
  thus,	
  the	
  loss	
  
of	
  connection	
  between	
  the	
  actin	
  cytoskeleton	
  and	
  the	
  membrane.	
  As	
  a	
  result,	
  muscle	
  fibers	
  are	
  
easily	
  damaged	
  during	
  contraction,	
  leading	
  to	
  inflammation,	
  chronic	
  muscle	
  damage	
  and	
  
eventually	
  replacement	
  of	
  muscle	
  fibers	
  by	
  fat	
  and	
  fibrotic	
  tissue	
  and,	
  therefore,	
  loss	
  of	
  muscle	
  
function1.	
  

A	
  milder	
  form	
  of	
  progressive	
  muscle	
  wasting	
  occurs	
  in	
  individuals	
  with	
  Becker	
  muscular	
  
dystrophy	
  (BMD).	
  These	
  individuals	
  have	
  mutations	
  in	
  the	
  DMD	
  gene	
  that	
  maintain	
  the	
  open	
  
reading	
  frame.	
  These	
  mutations	
  cause	
  abnormalities	
  in	
  the	
  dystrophin	
  protein,	
  but	
  the	
  protein	
  
is	
  still	
  partly	
  functional1,4.	
  The	
  translation	
  of	
  dystrophin	
  in	
  BMD	
  indivuals	
  is	
  seen	
  in	
  Figure	
  1C.	
  

In	
  DMD,	
  the	
  most	
  common	
  defect	
  is	
  deletion	
  of	
  one	
  or	
  more	
  exons,	
  accounting	
  for	
  65-­‐70%	
  of	
  
all	
  mutations.	
  Most	
  deletions	
  occur	
  in	
  a	
  ‘hotspot’	
  region,	
  consisting	
  of	
  exons	
  45-­‐53.	
  Duplication	
  
of	
  one	
  or	
  more	
  exons	
  is	
  found	
  in	
  6-­‐10%	
  of	
  patients	
  and	
  the	
  majority	
  of	
  the	
  remaining	
  mutations	
  
are	
  point	
  mutations,	
  small	
  deletions	
  or	
  small	
  insertions2,4.	
  Figure	
  1B.	
  illustrates	
  the	
  truncation	
  
in	
  translation	
  of	
  dystrophin	
  in	
  DMD	
  individuals,	
  as	
  a	
  consequence	
  of	
  a	
  frame-­‐shifting	
  mutation	
  
and	
  a	
  point	
  mutation.	
  	
  

	
  
Figure	
  1	
  Schematic	
  representation	
  of	
  dystrophin	
  transcripts.	
  A.	
  Normal	
  situation.	
  B.	
  In	
  individuals	
  with	
  DMD,	
  the	
  
protein	
  translation	
  is	
  stopped	
  prematurely.	
  In	
  the	
  upper	
  situation,	
  a	
  frame-­‐shifting	
  mutation	
  occurred	
  (in	
  this	
  
example,	
  a	
  deletion	
  of	
  exons	
  47-­‐50),	
  leading	
  to	
  premature	
  truncation	
  in	
  translation.	
  In	
  the	
  lower	
  situation,	
  an	
  amino	
  
acid	
  codon	
  is	
  changed	
  into	
  a	
  stop	
  codon,	
  as	
  result	
  of	
  a	
  point	
  mutation.	
  This	
  stop	
  codon	
  will	
  be	
  used,	
  instead	
  of	
  the	
  one	
  
at	
  the	
  end	
  of	
  the	
  transcript.	
  C.	
  In	
  individuals	
  with	
  BMD,	
  the	
  open	
  reading	
  frame	
  is	
  maintained	
  (in	
  this	
  example,	
  a	
  
deletion	
  of	
  exons	
  46-­‐54).	
  Protein	
  translation	
  continues	
  until	
  the	
  natural	
  stop	
  codon.	
  Nonetheless,	
  the	
  dystrophin	
  
protein	
  will	
  be	
  shorter	
  due	
  to	
  the	
  missing	
  exons.1	
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Most	
  DMD	
  patients	
  display	
  the	
  first	
  symptoms	
  between	
  3	
  and	
  5	
  years	
  old.	
  DMD	
  should	
  be	
  
suspected	
  when	
  young	
  boys	
  show	
  weakened	
  muscle	
  function,	
  frequent	
  falls	
  and	
  delayed	
  speech.	
  
Weakness	
  occurs	
  typically	
  in	
  the	
  trunk	
  and	
  proximal	
  lower	
  limbs,	
  followed	
  by	
  distal	
  and	
  upper	
  
limb	
  muscles4.	
  	
  Serum	
  analysis	
  will	
  reveal	
  whether	
  elevated	
  muscle	
  enzymes,	
  in	
  particular	
  
creatine	
  kinase	
  (CK),	
  are	
  present	
  due	
  to	
  leakage	
  into	
  the	
  bloodstream	
  or	
  not.	
  Upon	
  these	
  
findings,	
  patients	
  are	
  generally	
  referred	
  to	
  neuromuscular	
  specialists,	
  after	
  which	
  a	
  genetic	
  
analysis	
  of	
  the	
  DMD	
  gene	
  is	
  requested	
  to	
  confirm	
  whether	
  the	
  patient	
  has	
  DMD	
  or	
  not1.	
  
Currently,	
  multiplex	
  ligation-­‐dependent	
  probe	
  amplification	
  (MLPA)	
  is	
  the	
  most	
  widely	
  used	
  
method	
  for	
  genetic	
  analysis	
  of	
  the	
  DMD	
  gene.	
  This	
  method	
  involves	
  quantitative	
  analysis	
  of	
  all	
  
exons	
  of	
  the	
  gene	
  and	
  detects	
  duplications	
  as	
  well	
  as	
  deletions	
  in	
  patients	
  and	
  carriers.	
  The	
  use	
  
of	
  oligonucleotide-­‐based	
  array	
  comparative	
  genomic	
  hybridization	
  (array-­‐CGH)	
  is	
  a	
  more	
  recent	
  
development	
  in	
  quantitative	
  analysis2,3.	
  If	
  neither	
  deletion,	
  nor	
  duplication	
  is	
  detected,	
  full	
  
sequence	
  analysis	
  should	
  be	
  undertaken,	
  because	
  small	
  mutations	
  could	
  be	
  present	
  in	
  one	
  of	
  the	
  
exons1,3.	
  

Arrhythmias	
  and	
  dilated	
  cardiomyopathy	
  are	
  cardiac	
  symptoms	
  that	
  arise.	
  Cardiomyopathy	
  
is	
  clinically	
  evident	
  after	
  the	
  age	
  of	
  ten.	
  It	
  affects	
  approximately	
  one-­‐third	
  of	
  the	
  patients	
  at	
  
fourteen	
  years	
  of	
  age	
  and	
  all	
  patients	
  present	
  it	
  at	
  the	
  age	
  of	
  eighteen.	
  However,	
  most	
  boys	
  are	
  
relatively	
  asymptomatic,	
  because	
  of	
  their	
  physical	
  inactivity.	
  Also	
  common	
  is	
  chronic	
  
respiratory	
  deficiency,	
  secondary	
  to	
  restrictive	
  lung	
  disease.	
  From	
  twelve	
  years	
  old,	
  the	
  vital	
  
capacity	
  decreases	
  with	
  4-­‐8%	
  each	
  year.	
  Also,	
  sleep-­‐disordered	
  breathing	
  (SDB)	
  is	
  universal.	
  In	
  
the	
  first	
  ten	
  years,	
  it	
  is	
  caused	
  by	
  obstructive	
  sleep	
  apnea	
  and	
  later	
  on	
  by	
  hyperventilation.	
  
Furthermore,	
  orthopedic	
  complications	
  frequently	
  occur.	
  Almost	
  in	
  all	
  boys,	
  not	
  treated	
  with	
  
corticosteroids,	
  scoliosis	
  develops.	
  Malformation	
  of	
  the	
  spine	
  progresses	
  considerably	
  after	
  loss	
  
of	
  ambulation	
  and	
  has	
  impact	
  on	
  respiratory	
  vital	
  capacity4.	
  

Untreated	
  boys	
  become	
  wheelchair	
  dependent	
  around	
  the	
  age	
  of	
  ten	
  and	
  die	
  in	
  their	
  late	
  
teens.	
  But,	
  improvement	
  of,	
  among	
  other	
  things,	
  therapies	
  has	
  significantly	
  advanced	
  life	
  
expectancy	
  and	
  quality	
  of	
  life.	
  For	
  example,	
  the	
  arrival	
  of	
  steroid	
  therapy	
  has	
  made	
  a	
  great	
  
difference,	
  as	
  well	
  as	
  advanced	
  respiratory	
  support3,4.	
  

Dispersion	
  of	
  expression	
  and	
  the	
  size	
  of	
  the	
  dystrophin	
  gene	
  are	
  challenging	
  for	
  the	
  
development	
  of	
  therapies	
  for	
  DMD3.	
  A	
  lot	
  of	
  research	
  on	
  different	
  treatments	
  is	
  performed,	
  both	
  
on	
  possible	
  curing	
  treatments	
  and	
  therapies	
  that	
  provide	
  any	
  alleviation	
  in	
  DMD.	
  Areas	
  of	
  
research	
  include	
  nutrition	
  considerations,	
  drug	
  treatment,	
  rehabilitation,	
  medical	
  devices,	
  cell-­‐
based	
  therapy,	
  gene	
  therapy	
  and	
  strategies	
  to	
  correct	
  the	
  mutated	
  gene.	
  

This	
  thesis	
  will	
  discuss	
  different	
  areas	
  of	
  research	
  on	
  DMD	
  and	
  promising	
  therapies	
  will	
  be	
  
highlighted.	
  Also,	
  the	
  health-­‐related	
  quality	
  of	
  life	
  of	
  DMD	
  patients	
  will	
  be	
  reviewed	
  and	
  future	
  
recommendations	
  will	
  be	
  discussed.	
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Health-related quality of life 
Health-­‐related	
  quality	
  of	
  life	
  (HRQOL)	
  explains	
  the	
  impact	
  of	
  the	
  health	
  status	
  of	
  individuals	
  on	
  
mental,	
  physical	
  and	
  social	
  aspects	
  of	
  life.	
  The	
  evaluation	
  of	
  quality	
  of	
  life	
  is	
  important	
  in	
  both	
  
the	
  assessment	
  of	
  treatment	
  trials	
  and	
  clinical	
  practice5,6.	
  Different	
  studies	
  have	
  shown	
  that	
  
parents	
  estimate	
  their	
  child’s	
  HRQOL	
  lower	
  than	
  the	
  children	
  themselves	
  indicate	
  it	
  is5–7.	
  	
  

According	
  to	
  Bray	
  et	
  al.,	
  boys	
  with	
  DMD	
  rate	
  their	
  quality	
  of	
  life	
  as	
  being	
  poorer	
  than	
  
healthy	
  controls,	
  with	
  the	
  most	
  significant	
  difference	
  in	
  the	
  physical	
  category.	
  However,	
  
according	
  to	
  Zamani	
  et	
  al.,	
  the	
  quality	
  of	
  life	
  in	
  boys	
  and	
  adolescents	
  with	
  DMD	
  was	
  rated	
  
similar	
  to	
  that	
  in	
  healthy	
  controls.	
  But	
  with	
  increasing	
  age,	
  a	
  significant	
  decline	
  is	
  observed	
  in	
  
the	
  social	
  and	
  physical	
  categories.	
  

Pangalila	
  et	
  al.	
  found	
  that	
  pain	
  is	
  most	
  frequently	
  present	
  in	
  adults	
  with	
  DMD	
  (73.4%),	
  
followed	
  by	
  fatigue	
  (40.5%),	
  anxiety	
  (24.0%)	
  and	
  depression	
  (19.0%).	
  Fatigue,	
  anxiety	
  and	
  
depression	
  have	
  got	
  a	
  significant	
  influence	
  on	
  the	
  overall	
  quality	
  of	
  life,	
  in	
  contrast	
  to	
  pain.	
  In	
  
adults	
  who	
  ranked	
  their	
  overall	
  quality	
  of	
  life	
  poor,	
  the	
  incidence	
  of	
  the	
  fatigue,	
  anxiety	
  and	
  
depression	
  was	
  higher	
  compared	
  to	
  those	
  who	
  rated	
  their	
  overall	
  quality	
  of	
  life	
  good8.	
  Another	
  
study	
  performed	
  by	
  Pangalila	
  et	
  al.	
  showed	
  that	
  adults	
  with	
  DMD	
  scored	
  significantly	
  lower	
  in	
  
the	
  physical	
  and	
  social	
  categories,	
  but	
  higher	
  in	
  the	
  psychological	
  category,	
  compared	
  to	
  healthy	
  
controls.	
  Most	
  problems	
  are	
  experienced	
  in	
  the	
  subcategories	
  employment,	
  dependency,	
  
mobility	
  and	
  intimate	
  relationships9.	
  Nevertheless,	
  most	
  adults	
  with	
  DMD	
  ranked	
  their	
  overall	
  
HRQOL	
  as	
  good	
  or	
  very	
  good8.	
  
	
  
	
  

Research on Duchenne muscular dystrophy 

Nutrition  
The	
  nutritional	
  state	
  of	
  a	
  DMD	
  patient	
  is	
  receptive	
  to	
  the	
  development	
  of	
  the	
  disease	
  and	
  side	
  
effects	
  of	
  drug	
  therapy.	
  Between	
  the	
  age	
  of	
  nine	
  and	
  thirteen,	
  most	
  patients	
  are	
  obese,	
  while	
  
malnourishment	
  is	
  often	
  observed	
  in	
  patients	
  over	
  seventeen	
  years	
  old.	
  In	
  the	
  first	
  phase	
  of	
  the	
  
disease,	
  weight	
  gain	
  is	
  related	
  to	
  decreased	
  physical	
  activity	
  and	
  the	
  use	
  of	
  corticosteroids.	
  Main	
  
side	
  effects	
  associated	
  with	
  this	
  drug	
  are	
  osteoporosis	
  and	
  obesity10,11.	
  Lower	
  levels	
  of	
  vitamin	
  D	
  
are	
  observed	
  in	
  individuals	
  with	
  obesity	
  and	
  can	
  be	
  related	
  to	
  bone	
  fragility,	
  which	
  indicates	
  
that	
  corticosteroids	
  can	
  also	
  be	
  responsible	
  for	
  lower	
  vitamin	
  D	
  levels10.	
  

Later	
  on,	
  malnutrition	
  is	
  related	
  to	
  progressive	
  muscle	
  weakness;	
  chewing	
  difficulties	
  and	
  
dysphagia	
  impede	
  ingestion	
  of	
  food10,11.	
  Malnourishment	
  is	
  also	
  associated	
  with	
  an	
  increase	
  in	
  
osteoclast	
  reabsorption	
  and	
  decrease	
  in	
  osteoblast	
  formation,	
  reducing	
  bone	
  formation10.	
  Bone	
  
mineral	
  density	
  can	
  be	
  promoted	
  by	
  intake	
  of	
  vitamin	
  D	
  and	
  calcium.	
  Antioxidants,	
  such	
  as	
  
green	
  tea	
  and	
  coenzyme	
  Q10,	
  are	
  currently	
  being	
  studied	
  for	
  their	
  ability	
  to	
  reduce	
  oxidative	
  
damage	
  in	
  cells,	
  including	
  muscle	
  tissue11.	
  	
  

Chewing	
  difficulties	
  can	
  be	
  managed	
  by,	
  for	
  example,	
  modifying	
  the	
  textures	
  of	
  foods.	
  The	
  
dysphagia	
  diet	
  contains	
  four	
  main	
  categories	
  of	
  textures	
  of	
  foods;	
  level	
  one	
  of	
  this	
  diet	
  describes	
  
only	
  pureed	
  foods	
  and	
  level	
  four	
  contains	
  all	
  textures	
  of	
  foods.	
  Gastrostomy	
  placement	
  should	
  
be	
  considered	
  when	
  oral	
  consummation	
  of	
  nutrition	
  becomes	
  more	
  difficult,	
  in	
  order	
  to	
  
improve	
  the	
  weight	
  status	
  of	
  patients11.	
  
	
  

Drug treatment 

Current use 
Drug	
  discovery	
  targeting	
  DMD	
  has	
  two	
  main	
  goals:	
  alleviation	
  of	
  pathological	
  mechanisms	
  and	
  
restoration	
  of	
  dystrophin	
  expression	
  or	
  expression	
  of	
  a	
  comparable	
  protein12.	
  Glucocorticoids,	
  a	
  
class	
  of	
  corticosteroids,	
  are	
  currently	
  the	
  only	
  medications	
  that	
  have	
  proven	
  to	
  delay	
  the	
  decline	
  
in	
  respiratory	
  functions	
  and	
  loss	
  of	
  ambulation,	
  help	
  maintain	
  cardiac	
  function	
  and	
  reduce	
  the	
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need	
  for	
  scoliosis	
  surgery.	
  Prednisone	
  and	
  deflazacort	
  are	
  the	
  primarily	
  used	
  glucocorticoids	
  for	
  
DMD12,13.	
  In	
  the	
  first	
  six	
  months	
  of	
  treatment,	
  an	
  increase	
  in	
  muscle	
  strength	
  occurs,	
  followed	
  by	
  
a	
  stabilization	
  period	
  of	
  two	
  years.	
  When	
  patients	
  are	
  treated	
  with	
  prednisone	
  or	
  deflazacort,	
  
they	
  can	
  ambulate	
  two	
  to	
  five	
  years	
  longer	
  compared	
  to	
  those	
  not	
  treated	
  with	
  
corticosteroids13–15.	
  Daily	
  administration	
  appears	
  to	
  be	
  more	
  effective	
  than	
  on	
  alternating	
  days.	
  
Initiation	
  of	
  the	
  treatment	
  is	
  currently	
  recommended	
  when	
  the	
  patient	
  stops	
  making	
  motor	
  
progress,	
  which	
  is	
  between	
  the	
  ages	
  of	
  four	
  and	
  six13.	
  

Unfortunately,	
  the	
  use	
  of	
  corticosteroids	
  is	
  linked	
  to	
  serious	
  side	
  effects,	
  notably	
  in	
  children.	
  
Side	
  effects	
  include	
  mood	
  and	
  behavioral	
  changes,	
  glucose	
  intolerance,	
  attenuated	
  growth	
  and,	
  
as	
  mentioned	
  before,	
  osteoporosis	
  and	
  weight	
  gain12.	
  Weight	
  gain	
  is	
  often	
  the	
  main	
  reason	
  for	
  
termination	
  of	
  the	
  treatment.	
  Prednisone	
  causes	
  more	
  weight	
  gain	
  than	
  deflazacort,	
  but	
  
deflazacort	
  causes	
  more	
  cataracts13.	
  The	
  effects	
  of	
  corticosteroids	
  are	
  also	
  examined	
  using	
  MRI	
  
and	
  MRS.	
  Both	
  the	
  intramuscular	
  fat	
  fractions	
  and	
  transverse	
  relaxation	
  time	
  (T2)	
  of	
  muscles	
  
were	
  lower	
  in	
  patients	
  treated	
  with	
  corticosteroids,	
  compared	
  to	
  those	
  who	
  were	
  not.	
  Higher	
  T2	
  
in	
  dystrophic	
  muscles	
  have	
  been	
  linked	
  to	
  both	
  infiltration	
  of	
  fatty	
  tissue	
  and	
  muscle	
  damage16.	
  

For	
  cardiomyopathy,	
  angiotensin-­‐converting	
  enzyme	
  (ACE)	
  inhibitors	
  are	
  the	
  most	
  
frequently	
  prescribed	
  medicine.	
  ACE	
  inhibitors	
  inhibit	
  the	
  formation	
  of	
  angiotensin	
  II,	
  which	
  
stimulates	
  TGF-­‐β	
  generation	
  that	
  is	
  involved	
  in	
  the	
  pathophysiology.	
  Also	
  used	
  are	
  angiotensin	
  
receptor	
  blockers	
  (ARBs).	
  In	
  both	
  industry	
  and	
  academia,	
  a	
  reasonable	
  amount	
  of	
  therapeutic	
  
approaches	
  has	
  been	
  explored	
  in	
  the	
  past	
  few	
  decades12.	
  

Due	
  to	
  osteoporosis,	
  bone	
  fractures	
  are	
  2.6	
  times	
  more	
  frequent	
  in	
  patients	
  using	
  
corticosteroids,	
  compared	
  to	
  those	
  who	
  are	
  not14.	
  Bone	
  mineral	
  density	
  also	
  appears	
  to	
  
decrease	
  with	
  an	
  increasing	
  dose	
  of	
  corticosteroids.	
  In	
  the	
  last	
  two	
  decades,	
  an	
  increase	
  is	
  seen	
  
in	
  the	
  use	
  of	
  bisphosphonate	
  with	
  clinical	
  bone	
  fragility.	
  A	
  benefit	
  of	
  bisphosphonate	
  is	
  
improvement	
  in	
  bone	
  mineral	
  density.	
  Additional	
  studies	
  are	
  required	
  in	
  order	
  to	
  determine	
  the	
  
best	
  dose	
  and	
  ideal	
  length	
  of	
  therapy17.	
  

Calcium concentration 
The	
  activation	
  of	
  calcium-­‐dependent	
  proteases	
  is	
  believed	
  to	
  promote	
  the	
  degradation	
  of	
  
muscle	
  proteins	
  and,	
  therefore,	
  contribute	
  to	
  the	
  development	
  of	
  DMD	
  pathology.	
  Extracellular	
  
concentration	
  of	
  calcium	
  is	
  four	
  orders	
  of	
  magnitude	
  higher,	
  compared	
  to	
  the	
  intracellular	
  
concentration.	
  An	
  increase	
  in	
  intracellular	
  calcium	
  concentration	
  is	
  caused	
  by	
  the	
  loss	
  of	
  
sarcolemma	
  integrity.	
  An	
  important	
  contributor	
  to	
  calcium	
  toxicity	
  is	
  calcium-­‐induced	
  calcium	
  
release	
  (CICR)	
  via	
  the	
  ryanodine	
  receptor	
  (RyR),	
  from	
  the	
  sarcoplasmic	
  reticulum	
  (SR).	
  High	
  
calcium	
  concentration	
  in	
  the	
  cytosol	
  activates	
  several	
  pathological	
  pathways	
  and	
  leads	
  to	
  
dysfunction	
  of	
  mitochondria,	
  which	
  is	
  observed	
  in	
  muscular	
  dystrophy12.	
  Figure	
  2	
  shows	
  a	
  
proposed	
  model	
  for	
  the	
  elevated	
  calcium	
  concentration	
  in	
  muscle	
  fibers.	
  	
  

In	
  dystrophic	
  δ-­‐sarcoglycan	
  null	
  mice,	
  overexpression	
  of	
  sarcoplasmic	
  reticulum	
  calcium	
  
ATPase	
  1	
  (SERCA1)	
  in	
  skeletal	
  muscles	
  improved	
  muscle	
  histopathology	
  and	
  decreased	
  the	
  
calcium	
  concentration	
  in	
  myofibers.	
  It	
  also	
  appears	
  to	
  reduce	
  pseudo-­‐hypertrophy,	
  which	
  is	
  
common	
  in	
  dystrophic	
  muscles,	
  but	
  it	
  remains	
  unclear	
  which	
  exact	
  process	
  leads	
  to	
  the	
  
latter12,18.	
  

Nifedipine,	
  an	
  L-­‐type	
  calcium	
  channel	
  inhibitor,	
  has	
  shown	
  to	
  improve	
  muscle	
  function	
  and	
  
decrease	
  the	
  resting	
  calcium	
  concentration	
  in	
  mdx	
  mice.	
  The	
  mdx	
  mouse	
  model	
  is	
  a	
  
conventional	
  model	
  for	
  studying	
  Duchenne.	
  Mdx	
  mice	
  have	
  a	
  spontaneous	
  point	
  mutation	
  in	
  
exon	
  23,	
  which	
  causes	
  the	
  absence	
  of	
  dystrophin	
  protein	
  in	
  muscles2.	
  	
  

Treatment	
  with	
  S107,	
  a	
  RyR	
  stabilizer,	
  has	
  shown	
  to	
  normalize	
  calcium	
  homeostasis	
  in	
  
dystrophic	
  cardiomyocytes	
  and	
  skeletal	
  muscle	
  fibers.	
  Also,	
  improved	
  muscle	
  function	
  and	
  
muscle	
  histopathology	
  was	
  observed12.	
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Oxidative stress 
Oxidative	
  stress	
  is	
  expected	
  to	
  be	
  involved	
  in	
  the	
  pathophysiology	
  of	
  DMD.	
  Therefore,	
  
antioxidants	
  are	
  interesting	
  as	
  possible	
  drugs	
  for	
  their	
  ability	
  to	
  reduce	
  oxidative	
  damage	
  in	
  
cells.	
  As	
  mentioned	
  before,	
  coenzyme	
  Q10	
  is	
  currently	
  being	
  studied.	
  Idebenone	
  is	
  a	
  synthetic	
  
analog	
  of	
  coenzyme	
  Q10.	
  In	
  mdx	
  mice,	
  treatment	
  with	
  Idebenone	
  has	
  lead	
  to	
  increased	
  
voluntary	
  activity	
  and	
  improved	
  cardiac	
  diastolic	
  function.	
  A	
  phase	
  III	
  trial	
  with	
  Idebenone	
  has	
  
been	
  completed	
  and	
  it	
  appears	
  to	
  have	
  a	
  positive	
  effect	
  on	
  respiratory	
  functions12.	
  

Chronic inflammation 
DMD	
  disease	
  pathology	
  is	
  also	
  thought	
  to	
  be	
  affected	
  by	
  chronic	
  inflammation,	
  because	
  this	
  
impedes	
  regeneration	
  of	
  muscle	
  fibers11.	
  In	
  mdx	
  mouse	
  models,	
  muscle	
  function	
  has	
  shown	
  to	
  
improve	
  by	
  decrease	
  in	
  inflammation19.	
  Anti-­‐inflammatory	
  glucocorticoids	
  are	
  currently	
  the	
  
most	
  effective	
  therapy	
  for	
  targeting	
  DMD	
  pathology.	
  But	
  due	
  to	
  the	
  side	
  effects	
  of	
  
glucocorticoids,	
  there	
  is	
  a	
  search	
  for	
  alternatives12.	
  In	
  the	
  mdx	
  mouse	
  model,	
  resveratrol	
  is	
  used	
  
to	
  decrease	
  inflammation,	
  resulting	
  in	
  increased	
  utrophin	
  gene	
  expression	
  after	
  ten	
  days	
  and	
  a	
  
decline	
  in	
  macrophage	
  infiltration19.	
  	
  

Naproxcinod,	
  a	
  nitric	
  oxide-­‐releasing	
  derivative	
  of	
  the	
  anti-­‐inflammatory	
  drug	
  naproxen,	
  
has	
  been	
  tested	
  clinically	
  several	
  times	
  in	
  the	
  past,	
  but	
  has	
  not	
  been	
  approved	
  yet.	
  A	
  recent	
  
study	
  in	
  mdx	
  mice	
  demonstrated	
  improved	
  function	
  of	
  cardiac	
  and	
  skeletal	
  muscles12.	
  

Utrophin 
Utrophin	
  and	
  dystrophin	
  have	
  similar	
  structures	
  and	
  utrophin	
  preserves	
  many	
  of	
  the	
  
dystrophin	
  binding	
  interactions12,19,20.	
  Utrophin	
  is	
  upregulated	
  in	
  the	
  absence	
  of	
  dystrophin,	
  but	
  
not	
  enough	
  to	
  prevent	
  progression	
  of	
  muscular	
  dystrophy	
  by	
  functionally	
  compensating	
  for	
  the	
  
loss	
  of	
  dystrophin20.	
  Studies	
  in	
  mdx	
  mice	
  have	
  shown	
  that	
  utrophin	
  can	
  functionally	
  replace	
  
dystrophin	
  and	
  alleviate	
  disease	
  pathology12,19,20.	
  As	
  mentioned	
  before,	
  utrophin	
  gene	
  
expression	
  is	
  upregulated	
  after	
  ten	
  days	
  of	
  treatment	
  with	
  resveratrol.	
  	
  

Also	
  shown	
  to	
  be	
  effective	
  is	
  SMTC1100,	
  which	
  is	
  an	
  optimized	
  small-­‐molecule	
  activator	
  of	
  
utrophin	
  transcription.	
  Treatment	
  of	
  mdx	
  mice	
  with	
  it	
  results	
  in	
  an	
  increase	
  in	
  utrophin	
  protein.	
  
Also	
  normalization	
  of	
  muscle	
  histopathology	
  and	
  improvements	
  in	
  in	
  vivo	
  and	
  ex	
  vivo	
  muscle	
  
function	
  are	
  observed.	
  Clinical	
  studies	
  phase	
  I	
  with	
  SMTC1100	
  are	
  finalized12.	
  

Figure	
  2	
  A	
  proposed	
  model	
  for	
  elevated	
  calcium	
  concentrations	
  in	
  muscle	
  fibers	
  in	
  DMD	
  patients18.	
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Fibrotic tissue in muscles 
In	
  DMD,	
  muscle	
  fibers	
  are	
  replaced	
  by	
  fibrotic	
  tissue.	
  TGF-­‐β	
  inhibits	
  muscle	
  cell	
  regeneration,	
  
therefore,	
  strategies	
  to	
  inhibit	
  TGF-­‐β	
  signaling	
  are	
  interesting,	
  in	
  order	
  to	
  decrease	
  fibrosis	
  of	
  
muscle	
  cells.	
  As	
  mentioned	
  before,	
  ACE	
  inhibitors	
  and	
  ARBs	
  are	
  already	
  being	
  prescribed.	
  
Treatment	
  of	
  mdx	
  mice	
  with	
  imatinib,	
  a	
  broad-­‐specify	
  tyrosine	
  kinase	
  inhibitor,	
  improved	
  
skeletal	
  muscle	
  function	
  and	
  decreased	
  fibrosis	
  in	
  the	
  diaphragm.	
  	
  

Halofuginone,	
  an	
  alkaloid	
  synthetic	
  analog,	
  was	
  proven	
  to	
  block	
  collagen	
  synthesis	
  and	
  the	
  
activation	
  of	
  Smad3,	
  which	
  is	
  TGF-­‐β	
  mediated.	
  Studies	
  using	
  mdx	
  mice	
  have	
  shown	
  that	
  
treatment	
  with	
  halofuginone	
  improved	
  cardiac	
  functions	
  and	
  skeletal	
  muscle	
  and	
  decreased	
  
collagen	
  deposition	
  in	
  heart,	
  diaphragm	
  and	
  skeletal	
  muscles12.	
  
	
  

Rehabilitation 

Upper extremities 
The	
  main	
  goals	
  of	
  rehabilitation	
  programs	
  for	
  DMD	
  patients	
  are	
  to	
  prolong	
  survival,	
  delay	
  
development	
  of	
  respiratory	
  problems,	
  maintain	
  ambulation	
  and	
  prevent	
  scoliosis.	
  Exercises	
  
related	
  to	
  the	
  trunk,	
  respiratory	
  muscles	
  and	
  lower	
  extremities	
  have	
  typically	
  been	
  focused	
  on.	
  
Weakness	
  in	
  upper	
  extremity	
  muscles,	
  limitations	
  in	
  hand-­‐arm	
  functions	
  and	
  related	
  
dependence	
  in	
  daily	
  activities	
  are	
  often	
  ignored	
  until	
  the	
  early	
  non-­‐ambulatory	
  phase,	
  but	
  lately	
  
improving	
  upper	
  extremity	
  muscle	
  strength	
  has	
  gained	
  attention.	
  It	
  is	
  important	
  to	
  preserve	
  the	
  
upper	
  extremity	
  strength,	
  because	
  in	
  this	
  way	
  patients	
  can	
  prolong	
  their	
  independence	
  in	
  daily	
  
activities.	
  	
  

Alemdaroğlu	
  et	
  al.	
  investigated	
  two	
  types	
  of	
  upper	
  extremity	
  exercise	
  and	
  compared	
  the	
  
effects	
  on	
  strength,	
  functional	
  performance	
  and	
  endurance	
  of	
  upper	
  extremities	
  in	
  DMD	
  
patients.	
  The	
  types	
  of	
  exercise	
  that	
  were	
  tested	
  are	
  strengthening	
  range	
  of	
  motion	
  (ROM)	
  
exercises	
  and	
  training	
  with	
  an	
  arm	
  ergometer.	
  The	
  latter	
  was	
  found	
  to	
  have	
  positive	
  effects	
  on	
  
arm	
  function,	
  performance	
  of	
  daily	
  activities,	
  muscular	
  endurance	
  and	
  ambulation	
  status.	
  The	
  
change	
  in	
  muscular	
  strength	
  was	
  not	
  significant.	
  The	
  ROM	
  exercise	
  training	
  appeared	
  to	
  
improve	
  only	
  muscular	
  endurance	
  and	
  grip	
  strength.	
  Therefore,	
  it	
  is	
  recommended	
  to	
  include	
  
arm	
  ergometer	
  exercises	
  in	
  rehabilitation	
  programs,	
  mainly	
  in	
  order	
  to	
  increase	
  and	
  prolong	
  
independence	
  in	
  daily	
  activities21.	
  

Respiratory muscles 
Chronic	
  respiratory	
  insufficiency	
  is	
  a	
  fatal,	
  but	
  inevitable	
  complication	
  in	
  DMD	
  patients.	
  
Respiratory	
  muscle	
  training	
  is	
  a	
  possible	
  treatment	
  when	
  it	
  comes	
  to	
  improving	
  the	
  endurance	
  
and	
  strength	
  of	
  respiratory	
  muscles,	
  because	
  these	
  muscles	
  are	
  functionally	
  and	
  
morphologically	
  skeletal	
  muscles.	
  However,	
  respiratory	
  muscles	
  training	
  can	
  be	
  dangerous,	
  
because	
  it	
  might	
  accelerate	
  muscle	
  fatigue	
  by	
  overwork.	
  In	
  DMD,	
  positive	
  effects	
  of	
  respiratory	
  
muscle	
  training	
  have	
  been	
  shown.	
  These	
  effects	
  include	
  improved	
  muscle	
  endurance,	
  elevated	
  
strength	
  of	
  expiratory	
  muscles	
  and	
  enlarged	
  maximal	
  static	
  inspiratory	
  pressure	
  (MIP)22.	
  
Another	
  study	
  showed	
  that	
  diaphragmatic	
  strength	
  and	
  endurance	
  training	
  is	
  allowed	
  by	
  
inspiratory	
  muscle	
  training,	
  such	
  as	
  resistive	
  breathing.	
  In	
  67%	
  of	
  the	
  patients,	
  respiratory	
  
muscle	
  function	
  improved	
  after	
  one	
  month	
  of	
  training	
  and	
  the	
  effect	
  remained	
  six	
  months	
  after	
  
termination	
  of	
  training23.	
  Inspiratory	
  muscle	
  training	
  is	
  recommended	
  before	
  spinal	
  surgery,	
  to	
  
reduce	
  the	
  chance	
  on	
  pulmonary	
  complications	
  during	
  the	
  surgery22.	
  
	
  

Medical devices 

Respiratory support 
Respiratory	
  failure,	
  secondary	
  to	
  upper-­‐respiratory	
  infection,	
  and	
  episodes	
  of	
  pneumonia	
  are	
  
the	
  main	
  reasons	
  for	
  intubation.	
  Upper-­‐respiratory	
  infection	
  is	
  a	
  consequence	
  of	
  retained	
  
secretion,	
  which	
  is	
  caused	
  by	
  the	
  inability	
  to	
  cough	
  effectively.	
  Once	
  assisted-­‐coughing	
  is	
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recommended,	
  it	
  should	
  be	
  used	
  once	
  or	
  twice	
  a	
  day	
  as	
  maintenance	
  therapy,	
  instead	
  of	
  only	
  
when	
  the	
  patient	
  is	
  ill.	
  The	
  main	
  goal	
  of	
  cough	
  assisted	
  devices	
  is	
  to	
  maximally	
  inflate	
  the	
  lungs.	
  
This	
  can	
  be	
  accomplished	
  by	
  glossopharyngeal	
  breathing,	
  an	
  autonomous	
  maneuver	
  that	
  can	
  be	
  
taught	
  to	
  patients,	
  the	
  manual	
  use	
  of	
  an	
  inflating	
  Ambu	
  bag	
  or	
  mechanical	
  assistance.	
  
Inspiratory	
  volume	
  support	
  and	
  assisted	
  expiratory	
  cough	
  phase	
  appear	
  to	
  be	
  more	
  effective	
  in	
  
combination	
  than	
  when	
  only	
  one	
  intervention	
  is	
  used22.	
  

In	
  DMD	
  patients,	
  studies	
  have	
  shown	
  that	
  the	
  use	
  of	
  non-­‐invasive	
  ventilation	
  in	
  combination	
  
with	
  airway	
  clearance	
  prolongs	
  survival	
  up	
  to	
  the	
  third	
  decade	
  of	
  life.	
  Nightly	
  noninvasive	
  
ventilation	
  reduces	
  fatigue	
  of	
  respiratory	
  muscles.	
  Also,	
  the	
  vital	
  capacity	
  slightly	
  increases.	
  
During	
  nightly	
  noninvasive	
  ventilation,	
  a	
  noninvasive	
  mask	
  is	
  used22.	
  In	
  the	
  last	
  stage	
  of	
  the	
  
disease,	
  respiratory	
  failure	
  is	
  characterized	
  by,	
  among	
  others,	
  impairment	
  in	
  swallowing	
  and	
  
daytime	
  hypercapnia,	
  which	
  means	
  that	
  the	
  level	
  of	
  carbon	
  dioxide	
  in	
  the	
  bloodstream	
  is	
  
elevated22,24.	
  In	
  this	
  stage,	
  a	
  common	
  approach	
  is	
  introducing	
  invasive	
  tracheostomy	
  ventilation.	
  
24	
  hours	
  noninvasive	
  ventilation	
  has	
  shown	
  to	
  be	
  a	
  safe	
  alternative	
  to	
  tracheostomy24–26.	
  
Airway	
  complications	
  occur	
  more	
  often	
  when	
  tracheostomy	
  ventilation	
  is	
  used.	
  Also,	
  the	
  
requirement	
  for	
  institutional	
  care	
  is	
  more	
  frequent.	
  24	
  hours	
  noninvasive	
  ventilation	
  includes	
  
nightly	
  noninvasive	
  ventilation,	
  in	
  combination	
  with	
  daytime	
  volume	
  mouthpiece	
  ventilation24.	
  
The	
  advantages	
  of	
  the	
  aforementioned	
  include	
  the	
  possibilities	
  to	
  eat	
  and	
  engage	
  normal	
  verbal	
  
communication22,24.	
  

Upper extremities 
As	
  mentioned	
  before,	
  within	
  rehabilitation,	
  the	
  focus	
  is	
  shifting	
  to	
  the	
  upper	
  extremities.	
  This	
  
also	
  applies	
  to	
  medical	
  devices.	
  The	
  loss	
  of	
  walking	
  is	
  overcome	
  by	
  the	
  use	
  of	
  a	
  wheelchair,	
  but	
  
there	
  seem	
  to	
  be	
  few	
  well-­‐adopted	
  aids	
  for	
  the	
  loss	
  of	
  arm	
  function.	
  An	
  arm	
  orthosis	
  can	
  be	
  used	
  
to	
  perform	
  activities	
  of	
  daily	
  life,	
  in	
  order	
  to	
  increase	
  independency.	
  Orthotic	
  devices	
  should	
  
fulfill	
  requirements	
  such	
  as	
  functionality,	
  comfort,	
  easy	
  putting	
  on	
  and	
  taking	
  off	
  and	
  
adjustability	
  to	
  the	
  body27,28.	
  A	
  survey	
  has	
  been	
  performed	
  in	
  order	
  to	
  discover	
  which	
  activities	
  
of	
  daily	
  life	
  tasks	
  are	
  most	
  important	
  for	
  DMD	
  patients.	
  Drinking,	
  eating,	
  personal	
  hygiene,	
  use	
  
of	
  a	
  phone	
  and	
  computers,	
  dressing	
  and	
  physical	
  contact	
  with	
  others	
  appeared	
  to	
  be	
  the	
  most	
  
important	
  activities28.	
  Dunning	
  and	
  Herder	
  reviewed	
  existing	
  arm	
  supporting	
  devices	
  with	
  
respect	
  to	
  the	
  volume,	
  workspace	
  and	
  body	
  interface.	
  They	
  stated	
  that	
  the	
  device	
  has	
  to	
  fit	
  
within	
  20	
  mm	
  from	
  the	
  body,	
  in	
  order	
  to	
  fit	
  underneath	
  clothing	
  and	
  be	
  inconspicuous.	
  Twelve	
  
passive	
  and	
  eleven	
  active	
  relevant	
  arm	
  orthoses	
  were	
  
found	
  in	
  literature.	
  In	
  general,	
  the	
  devices	
  were	
  not	
  
wearable	
  underneath	
  clothing27.	
  Because	
  of	
  this,	
  they	
  
can	
  be	
  experienced	
  as	
  stigmatizing28.	
  Almost	
  all	
  the	
  
passive	
  devices	
  are	
  mounted	
  to	
  the	
  wheelchair;	
  only	
  
one	
  is	
  wearable.	
  Seven	
  passive	
  devices	
  are	
  just	
  
attached	
  to	
  the	
  forearm	
  and	
  five	
  are	
  attached	
  to	
  the	
  
forearm	
  with	
  the	
  use	
  of	
  an	
  elbow	
  cup.	
  From	
  the	
  active	
  
devices,	
  all	
  eleven	
  are	
  connected	
  to	
  the	
  forearm,	
  upper	
  
arm	
  and	
  the	
  trunk.	
  The	
  actuators	
  of	
  these	
  orthoses	
  are	
  
stored	
  in	
  a	
  backpack	
  or	
  placed	
  locally	
  at	
  the	
  joints.	
  
These	
  backpacks	
  are	
  not	
  suitable	
  for	
  wheelchair	
  users,	
  
conspicuous	
  and	
  add	
  weight	
  to	
  the	
  patient27.	
  

Kooren	
  et	
  al.	
  are	
  currently	
  developing	
  an	
  arm	
  
orthosis,	
  named	
  A-­‐gear,	
  and	
  they	
  have	
  already	
  
fabricated	
  a	
  prototype.	
  Figure	
  3	
  shows	
  a	
  picture	
  of	
  the	
  
prototype.	
  The	
  purpose	
  of	
  their	
  study	
  was	
  to	
  develop	
  a	
  
wearable	
  arm	
  support	
  and	
  pilot	
  test	
  it	
  in	
  individuals	
  
with	
  DMD.	
  In	
  the	
  prototype,	
  rubber	
  springs	
  are	
  used	
  
for	
  generating	
  the	
  supporting	
  force	
  and	
  storing	
  energy.	
  
Through	
  a	
  mechanism	
  of	
  rigid	
  links,	
  reaction	
  forces	
  are	
  
transferred.	
  The	
  pivot	
  joins	
  are	
  nearly	
  aligned	
  the	
   Figure	
  3	
  The	
  A-­‐gear	
  prototype28.	
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human	
  joints,	
  resulting	
  in	
  a	
  range	
  of	
  motion	
  resembling	
  that	
  of	
  healthy	
  humans	
  and	
  a	
  support	
  
that	
  stays	
  close	
  to	
  the	
  body.	
  In	
  this	
  way,	
  activities	
  of	
  daily	
  life	
  can	
  be	
  performed.	
  The	
  prototype	
  
interfaces	
  with	
  the	
  user	
  through	
  perforated	
  pads	
  underneath	
  the	
  upper	
  legs,	
  under	
  the	
  forearm	
  
and	
  under	
  the	
  upper	
  arm.	
  The	
  interface	
  placed	
  against	
  the	
  upper	
  arm	
  only	
  supports	
  the	
  arm	
  
when	
  the	
  forearm	
  is	
  pointing	
  forward.	
  The	
  dominant	
  contact	
  point	
  is	
  the	
  pad	
  against	
  the	
  
forearm.	
  The	
  gravity	
  compensation	
  force	
  that	
  is	
  generated	
  by	
  the	
  device	
  has	
  shown	
  to	
  be	
  nearly	
  
constant	
  during	
  execution	
  of	
  all	
  evaluated	
  poses.	
  All	
  participants	
  of	
  the	
  pilot	
  used	
  less	
  
compensatory	
  movements	
  and	
  were	
  able	
  to	
  perform	
  more	
  tasks,	
  when	
  wearing	
  the	
  prototype.	
  
Since	
  the	
  structures	
  run	
  parallel	
  to	
  the	
  users	
  trunk	
  and	
  arm,	
  the	
  A-­‐gear	
  can	
  be	
  worn	
  underneath	
  
clothing.	
  Questions	
  about	
  the	
  prototype	
  were	
  asked	
  to	
  participants	
  of	
  the	
  pilot	
  study.	
  Forward	
  
and	
  upward	
  movements	
  were	
  experienced	
  easier,	
  but	
  downward	
  movements	
  were	
  experienced	
  
more	
  difficult.	
  All	
  participants	
  stated	
  that	
  important	
  activities,	
  such	
  as	
  reaching	
  for	
  objects	
  and	
  
drinking,	
  were	
  still	
  practicable.	
  Furthermore,	
  they	
  affirmed	
  that	
  the	
  prototype	
  felt	
  comfortable	
  
and	
  fit	
  well.	
  However,	
  they	
  felt	
  a	
  little	
  limited	
  in	
  their	
  range	
  of	
  motion28.	
  	
  
	
  

Cell therapy 
The	
  potential	
  of	
  promoting	
  muscle	
  regeneration	
  using	
  cell-­‐based	
  therapy	
  has	
  been	
  explored	
  by	
  
several	
  studies	
  during	
  the	
  last	
  two	
  decades.	
  First,	
  the	
  focus	
  was	
  on	
  the	
  transplantation	
  of	
  
myoblasts,	
  which	
  can	
  lead	
  to	
  the	
  development	
  of	
  new	
  muscle	
  fibers	
  through	
  cell	
  fusion.	
  
However,	
  limited	
  migratory	
  ability	
  and	
  poor	
  survival	
  of	
  injected	
  myoblasts	
  was	
  observed	
  and	
  
the	
  results	
  in	
  clinical	
  trials	
  were	
  disappointing29.	
  Stem	
  cell	
  based	
  therapy	
  is	
  considered	
  a	
  
promising	
  possibility	
  for	
  treatment	
  of	
  DMD.	
  Stem	
  cells	
  can	
  differentiate	
  into	
  multiple	
  cell	
  
lineages	
  and	
  have	
  the	
  ability	
  for	
  long-­‐term	
  self-­‐renewal29,30.	
  There	
  are	
  two	
  strategies	
  for	
  stem	
  
cell	
  based	
  therapies	
  for	
  the	
  treatment	
  of	
  DMD,	
  namely	
  transferring	
  in	
  vitro	
  altered	
  autologous	
  
stem	
  cells	
  and	
  transferring	
  allogeneic	
  stem	
  cells.	
  Stem	
  cells	
  are	
  pluripotent,	
  multipotent	
  or	
  
unipotent.	
  Pluripotent	
  stem	
  cells	
  are	
  able	
  to	
  give	
  rise	
  to	
  mesodermal,	
  endodermal	
  and	
  
ectodermal	
  cell	
  lineages,	
  multipotent	
  stem	
  cells	
  are	
  able	
  to	
  give	
  rise	
  to	
  one	
  particular	
  cell	
  
lineage	
  and	
  unipotent	
  stem	
  cells	
  are	
  able	
  to	
  give	
  rise	
  to	
  only	
  one	
  cell	
  type30.	
  

Embryonic stem cells 
Embryonic	
  stem	
  cells	
  (ESCs)	
  are	
  pluripotent.	
  They	
  can	
  proliferate	
  indefinitely	
  in	
  culture	
  and	
  
differentiate	
  into	
  all	
  adult	
  cell	
  types,	
  because	
  they	
  are	
  derived	
  from	
  mammalian	
  embryos	
  in	
  the	
  
blastocyst	
  stage.	
  They	
  also	
  have	
  the	
  potential	
  to	
  replace	
  nonfunctioning	
  cells	
  and	
  repair	
  
damaged	
  organs.	
  For	
  this,	
  ESCs	
  have	
  great	
  potential	
  in	
  science	
  and	
  medicine29.	
  Bhagavati	
  and	
  Xu	
  
showed	
  that	
  transplanted	
  ESCs	
  can	
  proliferate	
  and	
  form	
  skeletal	
  muscle	
  cells	
  in	
  dystrophic	
  
mice.	
  They	
  activated	
  a	
  specific	
  pathway	
  to	
  introduce	
  selective	
  induction	
  of	
  the	
  skeletal	
  muscle	
  
lineage	
  in	
  cultures	
  of	
  ESCs,	
  in	
  order	
  to	
  attain	
  generation	
  of	
  skeletal	
  muscle	
  cells.	
  The	
  newly	
  
formed	
  skeletal	
  muscle	
  fibers	
  were	
  normally	
  vascularized31.	
  Human	
  embryonic	
  stem	
  cells	
  
(hESCs)	
  are	
  typically	
  derived	
  from	
  the	
  inner	
  cell	
  mass	
  of	
  an	
  embryo	
  in	
  the	
  blastocyst	
  stage	
  by	
  
surgical	
  removal.	
  Induced	
  pluripotent	
  stem	
  cells	
  (iPSCs)	
  are	
  cells	
  similar	
  to	
  ESCs.	
  In	
  order	
  to	
  
obtain	
  iPSCs,	
  adult	
  somatic	
  cells	
  are	
  reprogrammed	
  by	
  the	
  introduction	
  of	
  four	
  factors:	
  OCT3/4,	
  
MYC,	
  SOX2	
  and	
  KLF4.	
  More	
  detailed	
  studies	
  are	
  needed	
  to	
  conclude	
  how	
  closely	
  iPSCs	
  really	
  
resemble	
  ESCs.	
  Despite	
  the	
  enormous	
  potential	
  of	
  ESCs,	
  moral	
  and	
  ethical	
  matters	
  concerning	
  
the	
  destruction	
  of	
  the	
  embryo	
  have	
  made	
  the	
  use	
  of	
  hESCs	
  very	
  controversial29.	
  

Mesangioblasts 
Adult	
  stem	
  cells	
  are	
  multipotent.	
  These	
  cells	
  are	
  already	
  specialized	
  and	
  can	
  differentiate	
  into	
  
only	
  one	
  lineage	
  of	
  cells.	
  Also,	
  unlike	
  ESCs,	
  they	
  cannot	
  divide	
  and	
  grow	
  indefinitely.	
  
Mesoangioblasts	
  form	
  a	
  class	
  of	
  adult	
  stem	
  cells.	
  They	
  can	
  differentiate	
  into	
  different	
  
mesodermal	
  cells32.	
  A	
  study	
  using	
  immunodepressed	
  dystrophic	
  (SCID/mdx)	
  mice	
  suggests	
  that	
  
treatment	
  with	
  tumor	
  necrosis	
  factor-­‐α	
  (TNF-­‐α)	
  and	
  transfection	
  with	
  α4	
  integrin	
  are	
  required	
  
in	
  order	
  to	
  deliver	
  mesoangioblasts	
  efficiently	
  to	
  injured	
  muscles33.	
  Sampaolesi	
  et	
  al.	
  studied	
  the	
  
effect	
  of	
  mesoangioblasts	
  in	
  dystrophic	
  dogs.	
  They	
  showed	
  that	
  it	
  is	
  possible	
  to	
  transplant	
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mesoangioblasts	
  into	
  dystrophic	
  dogs.	
  There	
  was	
  an	
  extensive	
  increase	
  in	
  muscle	
  fibers	
  
expressing	
  dystrophin	
  in	
  67%	
  of	
  the	
  dogs.	
  Also,	
  their	
  contraction	
  force	
  improved	
  and	
  their	
  
mobility	
  improved.	
  However,	
  at	
  the	
  end	
  of	
  immune	
  suppression,	
  only	
  50%	
  of	
  the	
  dogs	
  that	
  
showed	
  clear	
  amelioration	
  preserved	
  their	
  ability	
  to	
  walk	
  until	
  the	
  end	
  of	
  the	
  study34.	
  Further	
  
research	
  is	
  necessary	
  for	
  optimizing	
  human	
  mesoangioblast	
  migration	
  to	
  skeletal	
  muscles29.	
  

CD133+ cells 
Circulating	
  human	
  CD133+	
  cells	
  show	
  certain	
  stem	
  cell	
  characteristics.	
  After	
  intra-­‐arterial	
  and	
  
intramuscular	
  delivery,	
  they	
  have	
  the	
  ability	
  to	
  restore	
  dystrophin	
  expression	
  and	
  regenerate	
  
the	
  satellite	
  cell	
  pool	
  in	
  SCID/mdx	
  mice.	
  Research	
  shows	
  that	
  muscle	
  derived	
  CD133+	
  cells	
  are	
  
present	
  in	
  both	
  dystrophic	
  and	
  normal	
  muscles.	
  Intramuscular	
  transplantation	
  of	
  these	
  cells	
  
appears	
  to	
  be	
  a	
  safe	
  procedure32.	
  Benchaouir	
  et	
  al.	
  examined	
  the	
  ability	
  of	
  isolated	
  DMD	
  CD133+	
  
cells	
  to	
  express	
  an	
  exon-­‐skipped	
  version	
  of	
  the	
  dystrophin	
  gene	
  after	
  transduction	
  with	
  a	
  
lentivirus	
  carrying	
  a	
  design	
  to	
  skip	
  exon	
  51.	
  They	
  used	
  the	
  SCID/mdx	
  mice	
  model.	
  In	
  this	
  study,	
  
muscle-­‐	
  and	
  blood-­‐derived	
  CD133+	
  cells	
  were	
  compared.	
  Both	
  types	
  were	
  able	
  to	
  express	
  a	
  
functional	
  dystrophin,	
  but	
  muscle-­‐derived	
  CD133+	
  cells	
  were	
  more	
  effective	
  when	
  it	
  came	
  to	
  
restoring	
  skeletal	
  muscle	
  function	
  in	
  dystrophic	
  muscles35.	
  

Satellite cells 
Satellite	
  cells	
  are	
  muscle-­‐derived	
  stem	
  cells	
  that	
  are	
  localized	
  between	
  the	
  sarcolemma	
  of	
  
muscle	
  fibers	
  and	
  the	
  basal	
  lamina30,32.	
  They	
  are	
  only	
  activated	
  and	
  dividing	
  after	
  oxidative	
  
stress	
  and	
  specific	
  stimuli.	
  Satellite	
  cells	
  have	
  the	
  ability	
  to	
  differentiate	
  into	
  skeletal	
  myoblasts	
  
and,	
  thus,	
  to	
  activate	
  myogenic	
  differentiation	
  to	
  form	
  new	
  myofibers.	
  Therefore,	
  they	
  are	
  good	
  
candidates	
  for	
  cell-­‐based	
  therapies32.	
  A	
  study	
  using	
  mdx	
  mice	
  showed	
  that	
  transplanted	
  satellite	
  
cells	
  are	
  responsible	
  for	
  restoring	
  dystrophin	
  expression,	
  reducing	
  inflammation	
  and,	
  thus,	
  
regenerating	
  muscle	
  fibers.	
  However,	
  these	
  cells	
  did	
  not	
  appear	
  to	
  grow	
  well	
  enough	
  in	
  vitro	
  in	
  
order	
  to	
  obtain	
  an	
  adequate	
  quantity36.	
  Another	
  study	
  showed	
  that	
  most	
  of	
  the	
  intramuscular	
  
injected	
  satellite	
  cells	
  die	
  within	
  the	
  first	
  72	
  hours	
  after	
  injection30.	
  Recent	
  studies	
  suggest	
  that	
  
granulocyte	
  colony-­‐stimulating	
  factor	
  (G-­‐CSF)	
  influences	
  proliferation,	
  differentiation	
  and	
  
survival	
  of	
  cells.	
  According	
  to	
  Simões	
  et	
  al.,	
  it	
  reduces	
  apoptosis,	
  impairs	
  inflammation	
  and	
  has	
  a	
  
positive	
  effect	
  on	
  the	
  regeneration	
  of	
  peripheral	
  nerves	
  during	
  the	
  course	
  of	
  muscular	
  
dystrophy.	
  An	
  effect	
  of	
  active	
  G-­‐CSF	
  is	
  the	
  proliferation	
  of	
  satellite	
  cells.	
  Thus,	
  it	
  is	
  suggested	
  
that	
  treatment	
  with	
  G-­‐CSF	
  protects	
  muscle	
  fibers	
  during	
  the	
  course	
  of	
  DMD37.	
  
	
  

Gene therapy 
Gene	
  therapy	
  aims	
  at	
  the	
  restoration	
  of	
  the	
  contractile	
  capacity	
  of	
  skeletal	
  muscles	
  by	
  
introducing	
  the	
  absent	
  dystrophin	
  gene30,38.	
  The	
  biggest	
  challenge	
  of	
  gene	
  therapy	
  is	
  the	
  size	
  of	
  
the	
  dystrophin	
  gene.	
  For	
  the	
  replacement	
  of	
  the	
  insufficient	
  dystrophin	
  gene,	
  an	
  artificial	
  cDNA	
  
construct	
  must	
  be	
  transferred	
  into	
  the	
  nuclei	
  of	
  muscle	
  cells	
  and	
  there	
  it	
  must	
  be	
  expressed	
  and	
  
regulated	
  accurately.	
  Therefore,	
  in	
  order	
  to	
  deliver	
  the	
  cDNA	
  (14	
  kb),	
  vectors	
  with	
  a	
  large	
  
capacity	
  are	
  needed30,38,39.	
  

Vectors for delivery 
The	
  first	
  generation	
  adenoviral	
  vectors	
  did	
  not	
  have	
  a	
  capacity	
  large	
  enough,	
  namely	
  up	
  to	
  8	
  kb.	
  
These	
  vectors	
  also	
  provoke	
  a	
  cellular	
  immune	
  response	
  against	
  the	
  viral	
  proteins.	
  	
  Hereafter,	
  
‘gutless’	
  vectors	
  with	
  a	
  capacity	
  of	
  28	
  kb	
  were	
  used.	
  These	
  are	
  adenoviral	
  vectors	
  from	
  which	
  all	
  
adenoviral	
  genes	
  are	
  removed.	
  Besides	
  the	
  large	
  capacity,	
  other	
  benefits	
  are	
  a	
  reduced	
  host	
  
immune	
  response	
  and	
  improved	
  persistency	
  of	
  the	
  transgene	
  expression.	
  However,	
  there	
  are	
  
little	
  adenoviral	
  receptors	
  on	
  the	
  surface	
  of	
  myofibers	
  and	
  adenoviral	
  vectors	
  are	
  too	
  large	
  to	
  
effortlessly	
  cross	
  the	
  extracellular	
  matrix	
  that	
  encircles	
  myofibers38,39.	
  	
  Herpes	
  simplex	
  virus	
  
type-­‐1	
  (HSV-­‐1)	
  vectors	
  can	
  carry	
  large	
  inserts,	
  but	
  they	
  are	
  immunogenic	
  and	
  cytotoxic,	
  which	
  
impedes	
  the	
  long-­‐term	
  transgene	
  expression.	
  Adenoviral	
  and	
  HSV-­‐1	
  vectors	
  show	
  relatively	
  
high	
  in	
  vivo	
  transduction	
  levels,	
  but	
  these	
  are	
  only	
  seen	
  in	
  regenerating	
  and	
  newborn	
  muscles39.	
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Non-­‐viral	
  plasmid	
  vectors	
  can	
  also	
  carry	
  large	
  inserts,	
  but	
  they	
  do	
  have	
  to	
  be	
  modified	
  before	
  
they	
  are	
  able	
  to.	
  They	
  are	
  non-­‐infectious	
  and	
  synthetic	
  and,	
  thus,	
  highly	
  applicable	
  for	
  clinical	
  
use.	
  However,	
  the	
  delivery	
  is	
  inefficient	
  in	
  muscles,	
  so	
  additional	
  strategies	
  are	
  needed	
  to	
  
improve	
  transfection	
  efficiency38,39.	
  

Size reduction of the transgene 
Another	
  strategy	
  is	
  to	
  reduce	
  the	
  size	
  of	
  the	
  dystrophin	
  transgene.	
  Many	
  deletions	
  in	
  dystrophin	
  
cause	
  mild	
  phenotypes	
  in	
  BMD	
  patients.	
  Therefore,	
  large	
  parts	
  of	
  the	
  gene	
  do	
  not	
  appear	
  to	
  be	
  
vital	
  for	
  dystrophin	
  function.	
  Several	
  mdx	
  mice	
  were	
  modified	
  to	
  carry	
  different	
  deletions	
  
throughout	
  the	
  four	
  domains	
  of	
  dystrophin,	
  in	
  order	
  to	
  examine	
  in	
  which	
  area	
  deletions	
  cause	
  
severe	
  phenotypes.	
  Figure	
  4	
  shows	
  the	
  four	
  domains	
  of	
  dystrophin.	
  Deletions	
  in	
  the	
  N-­‐terminal	
  
domain	
  appeared	
  to	
  cause	
  relatively	
  mild	
  phenotypes	
  and,	
  thus,	
  the	
  N-­‐terminal	
  domain	
  might	
  
not	
  be	
  essential	
  for	
  the	
  binding	
  of	
  actin39.	
  The	
  C-­‐terminal	
  domain	
  also	
  does	
  not	
  seem	
  to	
  be	
  
required38,39.	
  The	
  central	
  rod	
  domain	
  makes	
  up	
  for	
  nearly	
  80%	
  of	
  the	
  dystrophin	
  protein38.	
  
Deletions	
  in	
  the	
  central	
  rod	
  domain	
  indicated	
  that	
  the	
  number	
  of	
  repeats	
  could	
  considerably	
  be	
  
reduced38,39,	
  but	
  the	
  
configuration	
  of	
  hinge	
  regions	
  is	
  
crucial	
  and	
  the	
  repeats	
  should	
  
be	
  positioned	
  properly.	
  By	
  
contrast,	
  the	
  cysteine-­‐rich	
  
domain	
  seems	
  to	
  be	
  essential,	
  
because	
  deletions	
  in	
  this	
  
domain	
  cause	
  disruption	
  of	
  the	
  
entire	
  dystrophin-­‐glycoprotein	
  
complex39.	
  A	
  6.2	
  kb	
  mini-­‐
dystrophin	
  (ΔH2-­‐R19)	
  has	
  been	
  
tested	
  in	
  mdx	
  mice.	
  Its	
  central	
  
rod	
  domain	
  consisted	
  of	
  eight	
  
repeats	
  and	
  three	
  hinge	
  regions	
  
and	
  its	
  structure	
  is	
  also	
  shown	
  
in	
  Figure	
  4.	
  	
  

Exon	
  17-­‐48	
  deletions	
  were	
  
mimicked	
  and	
  this	
  construct	
  
appeared	
  to	
  be	
  completely	
  
functional:	
  the	
  transgenic	
  mice	
  showed	
  non-­‐dystrophic	
  muscle	
  morphology	
  and	
  the	
  same	
  force	
  
levels	
  in	
  diaphragm	
  muscles	
  as	
  controls40.	
  Other	
  studies	
  show	
  that	
  other	
  mini-­‐dystrophin	
  can	
  
also	
  alleviate	
  pathology	
  in	
  mdx	
  mice.	
  It	
  is	
  indicated	
  that	
  two	
  hinges	
  and	
  five	
  repeats	
  are	
  
necessary	
  to	
  provide	
  crucial	
  length	
  for	
  the	
  central	
  rod	
  domain39.	
  Harper	
  et	
  al	
  also	
  examined	
  
micro-­‐dystrophins	
  for	
  their	
  potential.	
  The	
  smallest	
  micro-­‐dystropin	
  that	
  still	
  appeared	
  to	
  be	
  
affected	
  was	
  3.6	
  kb	
  in	
  size	
  (ΔR4-­‐R23).	
  Its	
  central	
  rod	
  domain	
  consisted	
  of	
  four	
  repeats	
  and	
  hinge	
  
regions	
  1,	
  2	
  and	
  440.	
  	
  

Recombinant adeno-associated virus vectors 
Because	
  of	
  research	
  on	
  mini-­‐	
  and	
  micro-­‐dystrophins,	
  the	
  use	
  of	
  recombinant	
  adeno-­‐associated	
  
virus	
  (rAAV)	
  vectors	
  became	
  possible.	
  Studies	
  in	
  mdx	
  showed	
  that	
  rAAV	
  delivery	
  of	
  dystrophins	
  
carrying	
  two	
  or	
  three	
  hinge	
  regions	
  and	
  four,	
  five	
  or	
  eight	
  repeats	
  was	
  effective	
  in	
  ameliorating	
  
DMD	
  pathology.	
  In	
  general,	
  the	
  mini-­‐	
  and	
  micro-­‐dystrophins	
  were	
  localized	
  on	
  the	
  membranes	
  
of	
  myofibres.	
  However,	
  the	
  immune	
  response	
  against	
  rAAV-­‐delivered	
  products	
  was	
  greater	
  in	
  
dystrophic	
  muscles,	
  compared	
  to	
  normal	
  muscles.	
  This	
  is	
  probably	
  due	
  to	
  the	
  inflammatory	
  
muscle	
  environment	
  in	
  mdx	
  mice39.	
  Mendell	
  et	
  al.	
  performed	
  a	
  clinical	
  trial	
  in	
  six	
  DMD	
  patients.	
  
They	
  injected	
  rAAV	
  carrying	
  a	
  mini-­‐dystrophin	
  into	
  the	
  biceps	
  muscle.	
  In	
  four	
  patients	
  after	
  42	
  
days	
  and	
  in	
  two	
  patients	
  after	
  90	
  days,	
  muscle	
  biopsies	
  were	
  taken	
  and	
  compared	
  to	
  control	
  
samples	
  of	
  the	
  patients’	
  contralateral	
  muscles.	
  The	
  DNA	
  vector	
  was	
  found	
  in	
  all	
  patients.	
  
However,	
  the	
  dystrophin	
  protein	
  was	
  only	
  detected	
  in	
  myofibers	
  in	
  two	
  of	
  the	
  four	
  patients	
  

Figure	
  4	
  Domain	
  structure	
  of	
  full-­‐length,	
  micro-­‐	
  and	
  mini-­‐dystrophin.	
  
The	
  N-­‐terminal	
  domain	
  binds	
  to	
  actin	
  and	
  is	
  indicated	
  in	
  red.	
  The	
  central	
  
rod	
  domain	
  is	
  indicated	
  in	
  blue	
  and,	
  in	
  full-­‐length	
  dystrophin,	
  consists	
  of	
  24	
  
spectrin-­‐like	
  repeats	
  and	
  four	
  hinge	
  regions.	
  The	
  cysteine-­‐rich	
  domain	
  is	
  
indicated	
  in	
  green	
  and	
  the	
  C-­‐terminal	
  domain	
  in	
  yellow.39	
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from	
  whom	
  the	
  samples	
  were	
  assessed	
  after	
  42	
  days.	
  After	
  90	
  days,	
  the	
  dystrophin	
  protein	
  was	
  
absent	
  in	
  both	
  patients.	
  Lymphocyte	
  infiltration	
  was	
  observed,	
  which	
  suggested	
  a	
  T-­‐cell	
  
immune	
  response	
  against	
  the	
  viral	
  vector41.	
  Therefore,	
  Mendall	
  et	
  al.	
  argue	
  that	
  the	
  monitoring	
  
immune	
  responses	
  should	
  be	
  prioritized	
  in	
  research	
  on	
  any	
  experimental	
  therapy	
  aiming	
  at	
  
increasing	
  the	
  number	
  of	
  dystrophin-­‐containing	
  myofibers.	
  

Dual delivery 
Another	
  strategy	
  is	
  dual	
  AAV	
  mediated	
  delivery	
  using	
  overlapping	
  and	
  transsplicing,	
  because	
  
AAV	
  delivery	
  has	
  a	
  limited	
  transgene	
  size42.	
  Kawecka	
  et	
  al.	
  showed	
  that	
  three	
  separate	
  AAV	
  
vectors,	
  carrying	
  different	
  sequential	
  parts	
  of	
  the	
  human	
  dystrophin	
  sequence,	
  can	
  facilitate	
  
expression	
  of	
  the	
  full-­‐length	
  dystrophin	
  protein	
  by	
  introducing	
  Inverted	
  Terminal	
  Repeat	
  (ITR)	
  
interposed	
  co-­‐joining	
  and	
  splicing	
  donors	
  and	
  acceptors42.	
  Odom	
  et	
  al.	
  injected	
  muscles	
  with	
  
dual	
  recombination	
  vectors.	
  These	
  muscles	
  showed	
  clear	
  presence	
  of	
  the	
  full-­‐length	
  genome	
  
and	
  an	
  increased	
  muscle	
  mass	
  and	
  peak	
  force	
  generation43.	
  One	
  of	
  the	
  main	
  challenges	
  of	
  AAV	
  
mediated	
  delivery	
  remains	
  achieving	
  an	
  effective	
  and	
  safe	
  delivery,	
  without	
  evoking	
  a	
  damaging	
  
immune	
  response.	
  Partly	
  responsible	
  for	
  this	
  immune	
  response	
  are	
  the	
  antibodies	
  to	
  AAV	
  that	
  
are,	
  among	
  others,	
  found	
  in	
  humans.	
  These	
  are	
  the	
  result	
  of	
  natural	
  infections42.	
  
	
  

Correction of the mutated gene 

Premature stop codon read-through 
Mutations	
  as	
  a	
  result	
  of	
  a	
  premature	
  stop	
  codon	
  are	
  referred	
  to	
  as	
  nonsense	
  mutations.	
  These	
  
mutations	
  cause	
  approximately	
  15%	
  of	
  the	
  dystrophin	
  mutations	
  in	
  DMD	
  individuals.	
  
Therefore,	
  there	
  is	
  a	
  need	
  for	
  a	
  therapy	
  that	
  causes	
  suppressing	
  of	
  the	
  premature	
  
termination12,20.	
  Ataluren,	
  formerly	
  known	
  as	
  PTC124,	
  is	
  a	
  small	
  molecule	
  compound	
  that	
  
induces	
  selective	
  ribosomal	
  read-­‐through	
  of	
  premature	
  stop	
  codons.	
  It	
  is	
  important	
  to	
  note	
  that	
  
it	
  has	
  no	
  effect	
  on	
  the	
  read-­‐through	
  of	
  normal	
  stop	
  codons12,20,30.	
  Its	
  advantageous	
  properties,	
  
such	
  as	
  oral	
  bioavailability	
  and	
  a	
  well-­‐characterized	
  activity	
  profile,	
  suggest	
  that	
  it	
  has	
  great	
  
potential	
  for	
  the	
  treatment	
  of	
  a	
  significant	
  group	
  of	
  DMD	
  patients20.	
  Its	
  tolerability	
  and	
  safety	
  
were	
  validated	
  in	
  a	
  phase	
  IIa	
  study30.	
  A	
  phase	
  IIb	
  placebo-­‐controlled,	
  double	
  blind,	
  randomized	
  
clinical	
  trial	
  confirmed	
  these	
  findings	
  again	
  after	
  treatment	
  of	
  48	
  weeks.	
  In	
  this	
  trial,	
  patients	
  
received	
  ataluren	
  orraly	
  three	
  times	
  a	
  day.	
  Treatment	
  with	
  ataluren	
  slowed	
  the	
  rate	
  of	
  decline	
  
in	
  the	
  six	
  minute	
  walking	
  distance	
  (6MWD)	
  test.	
  After	
  48	
  weeks,	
  a	
  difference	
  of	
  30	
  meter	
  was	
  
observed	
  between	
  patients	
  treated	
  with	
  ataluren	
  and	
  placebo44.	
  Based	
  on	
  the	
  aforementioned	
  
study,	
  PTC	
  Therapeutics	
  applied	
  for	
  marketing	
  authorization	
  of	
  ataluren,	
  under	
  the	
  name	
  of	
  
Translarna.	
  On	
  August	
  5	
  2014,	
  the	
  European	
  Medicines	
  Agency	
  (EMA)	
  granted	
  a	
  conditional	
  
authorization,	
  subject	
  to	
  fulfillment	
  of	
  an	
  ongoing	
  study,	
  for	
  the	
  treatment	
  of	
  patients	
  aged	
  five	
  
years	
  and	
  older,	
  with	
  DMD	
  resulting	
  from	
  a	
  nonsense	
  mutation,	
  in	
  the	
  EU45,46.	
  Translarna	
  is	
  the	
  
first	
  drug	
  for	
  treating	
  DMD	
  patients	
  to	
  receive	
  a	
  conditional	
  market	
  authorization	
  in	
  the	
  EU47.	
  A	
  
phase	
  III	
  clinical	
  trial	
  has	
  been	
  completed.	
  Based	
  on	
  the	
  results	
  of	
  the	
  phase	
  IIb	
  and	
  III	
  trials,	
  the	
  
Food	
  and	
  Drug	
  Administration	
  (FDA,	
  US)	
  rejected	
  approval	
  of	
  Translarna.	
  Due	
  to	
  this	
  recent	
  
development,	
  the	
  EMA	
  is	
  reconsidering	
  the	
  approval.	
  But	
  for	
  now,	
  PTC	
  Therapeutics	
  is	
  still	
  
marketing	
  Translerna	
  in	
  different	
  European	
  countries48.	
  

Exon skipping 
One	
  of	
  the	
  most	
  promising	
  therapies	
  for	
  treating	
  DMD	
  is	
  exon	
  skipping.	
  The	
  large	
  size	
  of	
  the	
  
dystrophin	
  gene	
  suggests	
  that	
  there	
  is	
  a	
  possibility	
  of	
  excluding	
  disruptive	
  exons20,30.	
  Skipping	
  
specific	
  mutated	
  exons	
  would	
  restore	
  the	
  reading	
  frame	
  and	
  result	
  in	
  a	
  partly	
  functional	
  
dystrophin	
  protein,	
  as	
  observed	
  in	
  BMD.	
  Exon	
  skipping	
  occurs	
  during	
  pre-­‐mRNA	
  
splicing20,30,39,42.	
  Research	
  indicates	
  that	
  the	
  skipping	
  of	
  in	
  total	
  twelve	
  exons	
  would	
  treat	
  73.3%	
  
of	
  all	
  deletions	
  observed	
  in	
  patients20,39.	
  Skipping	
  exon	
  51	
  could	
  restore	
  the	
  reading	
  frame	
  in	
  
approximately	
  20%	
  of	
  all	
  deletions,	
  which	
  is	
  around	
  13%	
  of	
  all	
  DMD	
  patients12,20,30,42,49.	
  Also,	
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skipping	
  exon	
  51	
  is	
  associated	
  wild	
  a	
  mild	
  BMD	
  phenotype.	
  Furthermore,	
  skipping	
  exons	
  45-­‐55	
  
is	
  interesting,	
  because	
  this	
  is	
  also	
  associated	
  with	
  a	
  mild	
  BMD	
  phenotype30.	
  

Exon	
  skipping	
  is	
  accomplished	
  by	
  using	
  AAV	
  
vectors	
  expressing	
  small	
  nuclear	
  
ribonucleoproteins	
  (snRNPs)	
  or	
  antisense	
  
oligonucleotides	
  (AONs),	
  which	
  are	
  DNA	
  
molecules.	
  After	
  the	
  binding	
  of	
  one	
  of	
  these	
  to	
  an	
  
exon,	
  this	
  exon	
  and	
  its	
  neighboring	
  introns	
  will	
  be	
  
spliced	
  out20.	
  Two	
  types	
  of	
  AONs	
  are	
  currently	
  
being	
  studied:	
  2’-­‐O-­‐methyl	
  phosphorothioates	
  
(2’OMePs)	
  and	
  phosphorodiamidate	
  morpholino	
  
oligomers	
  (PMOs).	
  The	
  two	
  aforementioned	
  differ	
  
in	
  backbone	
  chemistry12,13,49.	
  Figure	
  5	
  shows	
  the	
  
chemical	
  structures	
  of	
  both.	
  It	
  has	
  been	
  reported	
  
that	
  the	
  efficiency	
  of	
  exon	
  skipping	
  with	
  PMOs	
  is	
  
higher	
  than	
  when	
  2’OeMPs	
  are	
  used.	
  However,	
  
the	
  differences	
  appear	
  to	
  be	
  sequence	
  specific	
  
and	
  not	
  chemistry	
  specific.	
  Thus,	
  PMOs	
  appear	
  to	
  
be	
  less	
  sequence	
  specific	
  compared	
  to	
  2’OMePs50.	
  
There	
  also	
  appears	
  to	
  be	
  a	
  difference	
  in	
  toxicity,	
  which	
  is	
  the	
  result	
  of	
  the	
  differences	
  in	
  
chemistry.	
  The	
  linkages	
  in	
  PMOs	
  are	
  uncharged	
  and	
  that	
  in	
  2’OMePs	
  are	
  negatively	
  charged,	
  as	
  
seen	
  in	
  Figure	
  5.	
  Negatively	
  charged	
  AONs	
  interact	
  with	
  different	
  proteins,	
  in	
  particular	
  with	
  
immune	
  cell	
  receptors.	
  Activation	
  of	
  these	
  receptors	
  leads	
  to	
  inflammatory	
  effects,	
  such	
  as	
  
elevated	
  expression	
  of	
  cytokines	
  and	
  chemokines.	
  Also,	
  progressive	
  kidney	
  inflammation	
  is	
  
caused	
  by	
  activation	
  of	
  these	
  receptors51.	
  	
  

The	
  Department	
  of	
  Human	
  Genetics	
  in	
  Leiden	
  collaborated	
  with	
  Prosensa	
  B.V.	
  and	
  they	
  set	
  
up	
  the	
  first	
  preclinical	
  proof-­‐of-­‐concept	
  for	
  the	
  skipping	
  of	
  exon	
  5120.	
  In	
  June	
  2014,	
  it	
  was	
  
announced	
  that	
  the	
  US	
  FDA	
  has	
  planned	
  a	
  path	
  for	
  the	
  approval	
  of	
  drisapersen42.	
  Drisapersen,	
  
also	
  known	
  as	
  PRO51,	
  is	
  a	
  2’OMeP	
  AON	
  and	
  has	
  completed	
  a	
  phase	
  II	
  clinical	
  trial.	
  25	
  weeks	
  of	
  
treatment	
  resulted	
  in	
  a	
  significant	
  improvement	
  on	
  the	
  6MWD	
  test.	
  In	
  the	
  patients	
  treated	
  with	
  
drisapersen	
  more	
  renal	
  events	
  and	
  injection-­‐site	
  reactions	
  were	
  observed,	
  compared	
  to	
  the	
  
patients	
  treated	
  with	
  placebo52.	
  In	
  November	
  2014,	
  Prosensa	
  was	
  taken	
  over	
  by	
  the	
  American	
  
company	
  BioMarin53.	
  A	
  phase	
  III	
  placebo-­‐controlled,	
  double	
  blind,	
  randomized	
  clinical	
  trial	
  has	
  
also	
  been	
  completed.	
  In	
  this	
  trial,	
  186	
  boys	
  with	
  DMD	
  received	
  subcutaneous	
  injections	
  of	
  
placebo	
  or	
  drisapersen	
  for	
  48	
  weeks.	
  Before,	
  results	
  of	
  trials	
  have	
  been	
  very	
  promising,	
  but	
  this	
  
trial	
  failed	
  to	
  show	
  a	
  significant	
  improvement	
  in	
  the	
  6MWD	
  test	
  and,	
  thus,	
  did	
  not	
  reach	
  the	
  
primary	
  endpoint.	
  Also,	
  there	
  appeared	
  not	
  to	
  be	
  a	
  significant	
  improvement	
  in	
  motor	
  
function42,49.	
  BioMarin	
  applied	
  for	
  market	
  authorization	
  of	
  drisapersen,	
  under	
  the	
  name	
  of	
  
Kyndrisa.	
  On	
  January	
  14	
  2016,	
  BioMarin	
  announced	
  that	
  they	
  received	
  a	
  response	
  letter	
  from	
  
the	
  FDA54.	
  According	
  to	
  the	
  FDA,	
  Kyndrisa	
  failed	
  to	
  meet	
  efficacy	
  requirements	
  and	
  therefore,	
  
approval	
  was	
  rejected55.	
  On	
  May	
  31	
  2016,	
  BioMarin	
  announced	
  the	
  withdrawal	
  of	
  market	
  
authorization	
  application	
  from	
  Kyndrisa	
  in	
  Europe.	
  This	
  decision	
  was,	
  among	
  others,	
  based	
  on	
  
the	
  statement	
  of	
  the	
  FDA.	
  All	
  clinical	
  trials	
  and	
  development	
  of	
  Kyndrisa	
  are	
  discontinued56.	
  

Sarepta	
  Therapeutics	
  engages	
  in	
  developing	
  eteplirsen,	
  also	
  known	
  as	
  AVI-­‐465842.	
  
Eteplirsen,	
  an	
  exon	
  51	
  skipping	
  PMO	
  AON,	
  has	
  been	
  tested	
  in	
  a	
  placebo-­‐controlled,	
  randomized	
  
phase	
  II	
  clinical	
  trial	
  in	
  twelve	
  DMD	
  individuals.	
  Eteplirsen	
  was	
  well	
  tolerated	
  in	
  all	
  patients,	
  
probably	
  due	
  to	
  the	
  fact	
  that	
  PMO	
  is	
  uncharged.	
  By	
  24	
  months,	
  a	
  75-­‐meter	
  difference	
  between	
  
the	
  control	
  group	
  and	
  the	
  group	
  treated	
  with	
  eteplirsen	
  was	
  observed,	
  but	
  this	
  difference	
  did	
  
not	
  appear	
  to	
  be	
  significant.	
  By	
  contrast,	
  de	
  difference	
  of	
  151	
  meter	
  observed	
  after	
  36	
  months	
  
was	
  significant57.	
  Serepta	
  Therapeutics	
  was	
  hoping	
  to	
  attain	
  accelerated	
  approval	
  of	
  the	
  FDA	
  
based	
  on	
  aforementioned	
  study,	
  but	
  the	
  FDA	
  decided	
  that	
  a	
  larger	
  trial	
  was	
  needed49.	
  A	
  phase	
  III	
  
clinical	
  trial	
  was	
  expected	
  to	
  be	
  completed	
  in	
  June	
  2016,	
  but	
  no	
  results	
  have	
  been	
  published	
  
yet58.	
  The	
  FDA	
  was	
  supposed	
  to	
  complete	
  the	
  review	
  of	
  the	
  new	
  eteplirsen	
  drug	
  application	
  by	
  
May	
  26	
  2016,	
  but	
  failed	
  to	
  complete	
  this	
  in	
  time59.	
  

Figure	
  5	
  Chemical	
  structures	
  of	
  a	
  eteplirsen	
  PMO	
  
subunit	
  and	
  a	
  drisapersen	
  2’OMeP	
  subunit.51	
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Discussion and conclusion 
This	
  thesis	
  provides	
  an	
  overview	
  of	
  research	
  on	
  Duchenne	
  muscular	
  dystrophy	
  (DMD).	
  A	
  lot	
  of	
  
research	
  on	
  DMD	
  has	
  been	
  performed	
  and	
  is	
  still	
  being	
  performed.	
  Not	
  only	
  therapeutic	
  
approaches	
  are	
  being	
  studied,	
  but	
  also	
  the	
  health-­‐related	
  quality	
  of	
  life	
  (HRQOL).	
  In	
  general,	
  
boys	
  with	
  DMD	
  do	
  not	
  rate	
  their	
  HQROL	
  significantly	
  lower	
  than	
  healthy	
  controls.	
  However,	
  
with	
  increasing	
  age,	
  a	
  decline	
  is	
  observed	
  especially	
  in	
  social	
  and	
  physical	
  categories.	
  In	
  order	
  to	
  
maintain	
  a	
  positive	
  attitude	
  towards	
  life,	
  health	
  care	
  providers	
  should	
  pay	
  more	
  attention	
  to	
  the	
  
psychosocial	
  health	
  of	
  DMD	
  patients,	
  perhaps	
  by	
  facilitating	
  educational	
  programs	
  on	
  schools	
  or	
  
promoting	
  the	
  organization	
  of	
  social	
  activities	
  for	
  DMD	
  patients	
  on	
  a	
  regular	
  basis.	
  

For	
  the	
  preservation	
  of	
  muscle	
  strength	
  in	
  DMD	
  patients,	
  rehabilitation	
  programs	
  are	
  
crucial.	
  Currently,	
  these	
  are	
  mainly	
  focused	
  on	
  delaying	
  the	
  loss	
  of	
  ambulation	
  and	
  development	
  
of	
  respiratory	
  problems.	
  Studies	
  on	
  respiratory	
  muscle	
  training	
  show	
  improvement	
  of	
  function	
  
and	
  endurance	
  of	
  the	
  muscles.	
  Therefore,	
  respiratory	
  muscle	
  training	
  is	
  recommended,	
  
especially	
  before	
  spinal	
  surgery,	
  in	
  order	
  to	
  reduce	
  the	
  chance	
  on	
  pulmonary	
  complications.	
  
However,	
  it	
  is	
  often	
  considered	
  to	
  be	
  boring,	
  especially	
  by	
  young	
  patients.	
  A	
  possible	
  solution	
  
for	
  this	
  would	
  be	
  to	
  implement	
  respiratory	
  muscle	
  function	
  in	
  videogames.	
  In	
  this	
  way,	
  the	
  
exercises	
  can	
  be	
  monitored	
  and	
  the	
  patient	
  does	
  not	
  have	
  to	
  go	
  to	
  the	
  hospital	
  for	
  training.	
  
Furthermore,	
  weakness	
  in	
  upper	
  extremities	
  should	
  get	
  more	
  attention.	
  Research	
  showed	
  that	
  
training	
  with	
  an	
  arm	
  ergometer	
  improved	
  the	
  function	
  and	
  endurance	
  of	
  upper	
  extremity	
  
muscles.	
  This	
  indicates	
  that	
  upper	
  extremity	
  muscle	
  training	
  should	
  be	
  implemented	
  in	
  more	
  
rehabilitation	
  programs,	
  in	
  order	
  to	
  prolong	
  independence	
  in	
  daily	
  activities.	
  

When	
  the	
  muscle	
  strength	
  of	
  the	
  patient	
  has	
  already	
  decreased	
  drastically,	
  supporting	
  
medical	
  devices	
  are	
  needed.	
  Therefore,	
  the	
  development	
  of	
  these	
  devices	
  is	
  very	
  important.	
  
Especially	
  respiratory	
  support	
  is	
  crucial,	
  since	
  chronic	
  respiratory	
  insufficiency	
  is	
  a	
  common	
  
fatal	
  complication	
  in	
  DMD	
  patients.	
  Besides	
  devices	
  for	
  supporting	
  ventilation,	
  arm	
  orthoses	
  are	
  
recently	
  also	
  being	
  focused	
  on.	
  Currently,	
  an	
  arm	
  orthosis	
  called	
  A-­‐gear	
  is	
  being	
  developed.	
  This	
  
orthosis	
  can	
  be	
  worn	
  underneath	
  the	
  clothes	
  of	
  the	
  patient	
  and	
  the	
  range	
  of	
  motion	
  resembles	
  
that	
  of	
  healthy	
  humans.	
  The	
  A-­‐gear	
  is	
  a	
  promising	
  device	
  for	
  alleviating	
  DMD	
  pathology	
  by	
  
improving	
  the	
  independence	
  of	
  patients,	
  but	
  the	
  prototype	
  needs	
  to	
  be	
  optimized.	
  

Glucocorticoids	
  are	
  currently	
  the	
  only	
  drugs	
  that	
  have	
  proven	
  to	
  delay	
  DMD	
  pathology.	
  They	
  
stabilize	
  muscle	
  strength	
  and	
  have	
  anti-­‐inflammatory	
  properties.	
  However,	
  the	
  use	
  of	
  these	
  is	
  
linked	
  to	
  serious	
  side	
  effects,	
  such	
  as	
  weight	
  gain.	
  Better	
  information	
  prior	
  to	
  starting	
  
corticosteroid	
  treatment	
  will	
  help	
  prevent	
  this	
  to	
  some	
  extent.	
  Also,	
  treatment	
  with	
  naproxid,	
  a	
  
derivative	
  of	
  naproxen,	
  instead	
  of	
  glucocorticoids	
  can	
  be	
  helpful,	
  but	
  this	
  is	
  still	
  being	
  tested.	
  For	
  
preventing	
  the	
  severe	
  pathology	
  of	
  DMD,	
  the	
  only	
  promising	
  drug	
  treatment	
  is	
  treatment	
  with	
  
SMTC1100,	
  since	
  it	
  possibly	
  upregulates	
  utrophin,	
  which	
  can	
  functionally	
  replace	
  dystrophin	
  
and	
  is	
  unlikely	
  to	
  cause	
  an	
  immune	
  reaction.	
  However,	
  drug	
  treatment	
  is	
  not	
  likely	
  to	
  provide	
  a	
  
cure	
  for	
  DMD,	
  but	
  only	
  attenuation	
  of	
  progression	
  and	
  alleviation	
  of	
  the	
  pathology.	
  

Stem	
  cell	
  based	
  therapy	
  is	
  also	
  considered	
  a	
  possibility	
  for	
  treating	
  DMD.	
  Embryonic	
  stem	
  
cells	
  (ESCs)	
  can	
  differentiate	
  into	
  all	
  cell	
  types	
  and	
  so,	
  they	
  have	
  a	
  great	
  potential.	
  However,	
  
ethical	
  matters	
  concerning	
  the	
  destruction	
  of	
  embryos,	
  necessary	
  for	
  obtaining	
  the	
  ESCs,	
  have	
  
made	
  the	
  use	
  of	
  ESCs	
  highly	
  controversial.	
  ESCs	
  appear	
  to	
  be	
  similar	
  to	
  induced	
  pluripotent	
  
stem	
  cells	
  (iPSCs),	
  which	
  can	
  be	
  fabricated	
  out	
  of	
  adult	
  somatic	
  cells.	
  Therefore,	
  iPSCs	
  are	
  
promising	
  for	
  the	
  use	
  in	
  treatment	
  and	
  worth	
  further	
  examining.	
  It	
  is	
  likely	
  that	
  research	
  on	
  
these	
  cells	
  will	
  lead	
  to	
  a	
  step	
  in	
  the	
  right	
  direction	
  when	
  it	
  comes	
  to	
  treating	
  DMD.	
  Treatment	
  
with	
  mesoangioblasts	
  did	
  not	
  appear	
  to	
  be	
  effective	
  and,	
  thus,	
  research	
  on	
  these	
  cells	
  for	
  
treating	
  DMD	
  will	
  probably	
  be	
  a	
  waste	
  of	
  effort.	
  Satellite	
  cells	
  can	
  differentiate	
  into	
  skeletal	
  
myoblasts,	
  but	
  results	
  of	
  treatment	
  with	
  these	
  cells	
  were	
  also	
  disappointing.	
  However,	
  
treatment	
  with	
  G-­‐CSF	
  is	
  suggested	
  to	
  have	
  a	
  positive	
  effect	
  of	
  proliferation	
  of	
  satellite	
  cells.	
  
Therefore,	
  treatment	
  with	
  satellite	
  cells	
  in	
  combination	
  with	
  G-­‐CSF	
  can	
  also	
  be	
  promising.	
  	
  

One	
  of	
  the	
  most	
  promising	
  possible	
  treatments	
  is	
  gene	
  therapy.	
  The	
  biggest	
  challenge	
  of	
  
gene	
  therapy	
  is	
  the	
  large	
  size	
  of	
  the	
  dystrophin	
  gene.	
  Adenoviral	
  vectors	
  have	
  a	
  large	
  capacity,	
  
no	
  significant	
  host	
  immune	
  response	
  and	
  an	
  improved	
  persistency	
  of	
  the	
  transgene	
  expression.	
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However,	
  they	
  cannot	
  cross	
  the	
  extracellular	
  matrix	
  around	
  myofibers.	
  Another	
  strategy	
  is	
  
reducing	
  the	
  size	
  of	
  the	
  dystrophin	
  transgene,	
  since	
  many	
  deletions	
  in	
  dystrophin	
  cause	
  mild	
  
BMD	
  phenotypes.	
  Micro-­‐	
  and	
  mini-­‐dystrophin	
  have	
  been	
  developed	
  and	
  in	
  initial	
  studies,	
  they	
  
appear	
  to	
  have	
  potential	
  for	
  therapies.	
  A	
  possibility	
  for	
  the	
  delivery	
  of	
  a	
  full-­‐length	
  dystrophin	
  is	
  
using	
  overlapping	
  and	
  transsplicing.	
  Delivery	
  of	
  both	
  aforementioned	
  strategies	
  can	
  be	
  
accomplished	
  using	
  rAAV	
  vectors,	
  but	
  studies	
  indicate	
  that	
  delivery	
  with	
  rAAV	
  vectors	
  causes	
  
an	
  immune	
  response.	
  In	
  order	
  to	
  prevent	
  an	
  immune	
  response	
  from	
  happening,	
  the	
  capsid	
  of	
  
these	
  vectors	
  could	
  possibly	
  be	
  adjusted	
  or	
  partly	
  covered	
  with	
  other	
  proteins.	
  The	
  easiest	
  
method	
  for	
  delivery	
  would	
  be	
  injecting	
  the	
  vectors	
  into	
  blood	
  vessels,	
  but	
  most	
  vectors	
  cannot	
  
easily	
  pass	
  vessel	
  walls.	
  Vasodilators	
  can	
  be	
  helpful	
  by	
  attenuating	
  the	
  blood	
  vessel	
  walls.	
  Also,	
  
injection	
  of	
  vectors	
  under	
  a	
  higher	
  pressure	
  could	
  be	
  helpful.	
  

Perhaps	
  currently	
  the	
  most	
  discussed	
  strategy	
  is	
  the	
  correction	
  of	
  the	
  mutated	
  gene.	
  
Nonsense	
  mutations	
  can	
  be	
  corrected	
  by	
  read-­‐through	
  of	
  premature	
  stop	
  codons.	
  There	
  is	
  a	
  
possible	
  drug	
  for	
  this,	
  but	
  its	
  future	
  is	
  uncertain.	
  The	
  most	
  promising	
  therapy	
  for	
  treating	
  DMD	
  
is	
  exon	
  skipping,	
  despite	
  the	
  fact	
  that	
  it	
  is	
  mutation	
  specific.	
  Exon	
  skipping	
  is	
  accomplished	
  by	
  
using	
  AONs.	
  For	
  skipping	
  exon	
  51,	
  two	
  types	
  of	
  AONs	
  are	
  being	
  studied:	
  PMOs	
  and	
  2’OMePs.	
  The	
  
past	
  few	
  years,	
  drisapersen,	
  an	
  exon	
  51	
  skipping	
  2’OMeP	
  AON,	
  was	
  thought	
  to	
  appear	
  on	
  the	
  
market,	
  but	
  development	
  and	
  all	
  trials	
  were	
  discontinued	
  after	
  rejection	
  of	
  the	
  FDA.	
  The	
  
disappointing	
  results	
  could	
  be	
  due	
  to	
  the	
  backbone	
  chemistry	
  of	
  2’OMePs	
  or	
  subcutaneous	
  
administration	
  instead	
  of	
  intravenous	
  administration.	
  Another	
  exon	
  51	
  skipping	
  drug	
  is	
  
currently	
  being	
  developed,	
  namely	
  eteplirsen,	
  a	
  PMO	
  AON.	
  Eteplirsen	
  is	
  well	
  tolerated	
  and	
  does	
  
not	
  appear	
  to	
  cause	
  immune	
  responses,	
  the	
  latter	
  in	
  contrast	
  to	
  drisapersen.	
  Currently,	
  a	
  phase	
  
III	
  clinical	
  trial	
  is	
  being	
  performed	
  and	
  the	
  FDA	
  is	
  reviewing	
  the	
  application	
  of	
  eteplirsen.	
  

In	
  conclusion,	
  the	
  most	
  promising	
  therapy	
  for	
  treating	
  DMD	
  is	
  exon	
  skipping,	
  despite	
  the	
  
recent	
  setback	
  with	
  the	
  rejection	
  of	
  drisapersen.	
  PMO	
  AONs	
  appear	
  to	
  be	
  more	
  favorable	
  and	
  
less	
  toxic	
  than	
  2’OMeP	
  AONs,	
  because	
  of	
  their	
  backbone	
  chemistry.	
  Therefore,	
  eteplirsen	
  has	
  a	
  
greater	
  chance	
  on	
  approval.	
  Whether	
  eteplirsen	
  is	
  getting	
  approved	
  or	
  not,	
  exon	
  skipping	
  
studies	
  should	
  focus	
  more	
  on	
  PMO	
  AONs.	
  Also	
  promising	
  is	
  gene	
  therapy.	
  Especially	
  the	
  use	
  of	
  
mini-­‐	
  and	
  micro-­‐dystrophins	
  and	
  transsplicing	
  and	
  overlapping	
  in	
  combination	
  with	
  rAAV	
  
mediated	
  delivery.	
  However,	
  further	
  research	
  on	
  toxicity	
  of	
  rAAV	
  vectors	
  is	
  needed	
  in	
  order	
  for	
  
these	
  strategies	
  to	
  be	
  effective.	
  In	
  addition,	
  research	
  on	
  iPSCs	
  is	
  preferable,	
  since	
  these	
  cells	
  are	
  
probably	
  quite	
  similar	
  to	
  ESCs,	
  which	
  have	
  very	
  favorable	
  properties.	
  Furthermore,	
  the	
  
development	
  of	
  the	
  arm	
  orthosis	
  A-­‐gear	
  is	
  really	
  preferable	
  and	
  appears	
  to	
  have	
  great	
  potential	
  
for	
  clinical	
  use.	
  Despite	
  all	
  these	
  promising	
  therapies,	
  there	
  is	
  still	
  no	
  therapy	
  that	
  provides	
  
great	
  alleviation	
  or	
  cure	
  for	
  DMD.	
  However,	
  it	
  certainly	
  is	
  possible	
  that	
  there	
  will	
  be	
  in	
  the	
  
future.	
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