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This is a new kind of research report, whicksiinter Scheuerbranda biochemist in Germany, have written for yoe, Bu-
chenne boys and young men and their families, wisb @ know how the work of scientists and cliniigan many research
laboratories of the world is progressing towardsaive therapies for Duchenne muscular dystrophy.

My earlier reports, and especially the last¢hon the Parent-Project meetings in Cincinnaluiy 2006, in London 2006,
and Philadelphia 200 v{vw.duchenne-information.g¢ucontained rather detailed summaries of the reseasthits presented
at these meetings. But as also other importanhsfiteresearch is performed without having yetegentioned at the meet-
ings, | have now shortened practically all sumnsaagthe three last reports for this report, updaitem with new informa-
tion, mainly from ActionDuchenne’s meeting in Lomdim November 2007, and have added new summarieseit impor-
tant publications. References to some of the rmybitant publications are given at the end of seamemaries.

This is now a basic text, which is up-to-daseof March and April 2008. | will update it repedly with new information,
the first time after the next Parent-Project megimPhiladelphia in July 2008; it will be availaih English, Spanish, and
German a few months later. As before, all my repartd this one, too, are not scientific publicatiaith many difficult
words, because | have tried to write it in a waat thill let you understand what is happening fou yo the laboratories.

This report, as the earlier ones, containsnsaries of only scientific research results. HoweVeuill try to include also
summaries on new medical and social managemengéguoes in new editions of this report, based omréupresentations and
publications.

In the summaries, | am giving only the namiethe heads of laboratories, although they havieaglies and postdocs and
students working as a team on the projects reptwteg, but it is impossible to mention all theimes. All the laboratory di-
rectors, whose work is summarized here report, hadethe opportunity to see the drafts of my texits to correct them, if
necessary, and almost all have done so. Thus, sherdd be no, or very few, mistakes left in tt@part.

If you have questions concerning researctagglevrite me an e-mail in English, French, Gerrganish, or Italian. | will
try to answer all of them, but only in English ocef@an.

This report is written on behalf BREAT-NM D, a network of excellence of the European Unioadogartered at the
University of Newcastle upon Tyne, UK, and the tachenne-Parent OrganizatidPBM D in Middletown, Ohio, USA, and
ActionDuchennein London, UK.

I ntroduction

How genes make proteins. Genes are functional units
of the genetic materialeoxyribonucleic acid, DNA.
Its structure looks like an intertwined ladder, tloaible
helix. Each rung of this ladder contains two of four dif
ferent small molecules, thmses. adening guanine
thymine andcytosing(A, G, T, C). For spatial reasons,
the rungs can only contain two base combinatidres, t
base pairs A-T and G-C. If,e.g., GGCTTAATCGT is
the sequence of thebaseson one strand the sequence
on the opposite strand must be CCGAATTAGCA so
that both sequences aremplementaryo each other:

- GGCTTAATCGT-

AR

- CCGAATTAGCCA-
This sequence of the bases, of glemetic lettersis the
genetic infor mation for the development and mainte-
nance of a living organism, and it is passed omfome
generation to the next.

Most of the genes carry the instructions far bbio-

synthesis oproteins. In the cell nucleus, the genetic in-
struction of active genes @pressed, it is copied,
transcribed, to another genetic substance, phe-mes-
senger ribonucleic acid or preemRNA, also called the
transcript Most genes consist of active or coding re-
gions, theexons, which contain the information for the
proteins, and the often much longetr ons, which do
not contain only “genetic junk”, as one once thaugh
but also important information for the control a&frge
activities. After transcription, the introns arenaved
from the pre-messenger RNA, and the exapigced
together to form thenessenger RNA, mRNA, which
then moves to theibosomes, the protein synthesizing
structures in the cytoplasm outside the nucleus.rih
bonucleic aciddRNAS, use the base Wracil, instead
of the similar base T of the DN&plice sites are spe-
cific sequences inside the exons and at the boaders
exons to introns which are essential for the comec
moval of the non-coding intron sequences from ttee p
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mMRNA. The splicing itself is accomplished §yliceo-
somes, a complex of many proteins and small RNAs.

In the messenger RNA, three consecutive bases,
codon, triplet, or genetic word specify, with three ex-
ceptions, one of 20 differeatnino acids according to
thegenetic code. There are no spaces between the co-
dons. In the ribosomes, the genetic code wordlkeof t
messenger RNA are read ananslatedinto the lan-
guage of the proteins, which are built of manyeoft
thousands, of amino acids, their building blockse T
three exceptions mentioned are the triplets UAAGJA
and UGA, which arstop codons, where the assembly
of the protein in the ribosomes comes to a halt.

The dystrophin gene and protein. Duchenne and
Becker muscular dystrophies are caused mtation

or damage of thdystrophin gene which carries the in-
formation for the different forms of the protaigstro-
phin. With a sequence of 2,220,223 bases, it is by far
the largest known human gene. Only 11,058 bases,
0.5%, in the 79 exons of the dystrophin gene spéd
sequence of the 3,685 amino acids of the normatalys
phin protein in the muscle cells.

The size of the dystrophin gene and protein. The
double-helix structure of the dystrophin gene ¥&0.
mm long. Together with the other, at last count4286
human genes, it fits into a cell nucleus of aboQ1.0
mm diameter only because the genetic material-is ex
tremely tightly packed. One molecule of the fulhdgh
dystrophin protein is much shorter than its gehis, i
125 nanometers (= 0.000125 mm) long, 8,000 of them
laid end to end in a straight line would cover joisé
centimeter. And in one gram of muscle, there arke 11
billion dystrophin molecules. This may help to agp¥
ate the task of the scientists: To stop or to slown

the disease, to let the muscles function again miore
less normally, at least about 30% of the normal lmem
of the dystrophins has to appear again after theagad

gene cannot make them any more. The new ones don't

have to have exactly the same form, they can beesho
but they must be able to work properly. And thaaine
billions and billions of new dystrophins have tare
back in every gram of muscle, and a child has many
kilograms of them!

Therole of dystrophin. Dystrophin is needed for the
mechanical stability of the muscle cells. It isdted on
the inside of the muscle cell membranes. One of its
ends, theC-terminal, is bound to a group of other pro-
teins in the membrane, thlgstr ophin-glycoprotein
complex, and the other end, tié¢-ter minal, connects
to the contractile structures inside the musclisc&éhe
central portion of dystrophin, thh@d domain, consists
of twisted amino acid chains that fold back on them
selves several times. If the contraction moveméttie
muscle cell forces the dystrophin protein to chaitgye
length, its folded structure allows it to act likespring,
like ashock absorbefThus dystrophin transmits the
mechanical energy produced by the actin-myosim
traction machineryto the muscle cell membranes and
the structures outside them, the connective tiagde

the tendons, in a well-balanced way that does wet-o
stresses them.

Dystrophin has more roles: It organizes thegie
cated structure of the dystrophin-glycoprotein ctamp
and the location of many other proteins. It alggutates
complex processes like the maintenance of the ciorre
amount of calcium in the cells and those contrglline
growth of the muscles. Many details of these iatec
interactions between numerous components in aglivin
cell are still unknown.

Duchenne boys have no or very little dystraghi
their muscle fibers. When its protective and orgig
effects are missing, the muscle contraction catises
rupture of the muscle membranes, and this allovgela
amounts of calcium to flow into the fibers. The esc
sive calcium activates enzymes lik@painand other
proteases that break down muscle proteins andteiti
cell death programs, apoptosis. The consequenees ar
chain of events like inflammation and activatiorfief
broblasts which lead tbrosis, scar tissue that slows
down muscle regeneration and causes the typicgbsym
toms of older Duchenne patients.

Boys with the slower progressiBgcker muscular
dystrophyhave lower than normal amounts of dystro-
phin that is also often shorter than normal. It séin
fulfill its role, but cannot work as effectively #se
normal version.

But not only the skeletal muscles suffer whgstro-
phin is missing, but also the smooth and heart taasc
Damage to the heart muscles prodwzasliomyopathy
and the weakness of the smooth muscles has many con
sequences, among them the reduced ability of blood
vessels to relax when blood flow increases leatting
respiratory and other problems, and also the gastro
intestinal tract is affected when the motility bétintes-
tines is reduced. So the damage of just one ganafea
fect large parts of the body.

The mutations of the dystrophin gene. There are three
common types of mutation that affect the functién o
the dystrophin gendeletions, if one or more entire
exons of the gene are missimlgiplications, if parts of
the gene are repeated, graint mutations, if single
base pairs are exchanged, eliminated or addedr Othe
mutations are inversions and changes in intrortsatha
ter normal splicing patterns.

As the three-letter codons of the messengek RN
read in the ribosomes one after the other withotetr
ruption, this normateading frameis not disturbed if
the mutation caused the deletion or addition ofent
codons of three bases each. In this case, thengeadi
frame remaingn-frame and the dystrophin can still be
made but it is longer or shorter than normal. i$ th
change affects only non-essential structures oflyise
trophin, it can be partly functional and thus giige to
the less severBecker muscular dystrophy.

If, however, the mutation shifted the readiragne
by one or two base pairs, the reading frame becomes
out-of-frame. Then, a series of incorrect amino acids is
incorporated into the protein starting at the matasite
until finally a new angremature stop codon is reach-
ed. The incomplete dystrophin cannot fulfill itsrnal



function, it disappears arduchenne muscular dys-
trophy develops.

Dystrophin in brain. Dystrophin is not only present in
muscle fibers but also in other organs like therbaad the
retina of the eyes. The dystrophin in the muscll aimo-
lecular weight of 420 kd, kilodaltons (420,000 tsrieav-
ier than one atom of hydrogen) is the largestwa iBo-
forms(proteins of different size). In the brain, thizrmal
dystrophin, but also the four smaller ones, aradopre-
dominantly at the synapses, where the nerve catinect
to each other, and in the walls of the blood vesisethe
brain, in the so-called blood-brain barrier. Thatams
these dystrophins are important for the commurocabie-
tween the nerves and also for the correct actofitye
blood-brain barrier which lets only those substarnuass
that are necessary for the normal function of ttaénb
The dystrophin gene has seypeomoters, base se-
quences on which the protein biosynthesis is teitiaThe
first three promoters at the beginning of the gemtrol

the synthesis of the normal protein, the other fverfar-
ther inside the gene. The closer a promoter ibg¢cend of
the gene the shorter is the dystrophin produce. Th
means, that mutations which have occurred befate th
particular promoter do not affect the productiod &éme
structure of the protein initiated by that promoteor in-
stance, Duchenne boys with mutations in the fiat df
their gene still can produce their short dystropbaforms
for the brain in contrast to those with mutatiomstie lat-
ter regions of the gene, whose brain dystrophitistiién
also be absent. This explains why some Duchenng boy
have learning and behavior difficulties and otheyonly
a few or none at all.

As the different dystrophin isoforms have diseen
found in the retina of the eye, the location of tingtation
seems to be responsible for the color vision diffies of
some Duchenne boys.

Communicated by Prdfrancesco Muntoniof the Im-
perial College in London.

Exon Skipping

Exon skipping is not a cure. Theexon skippindgechnique
tries to slow down the fast Duchenne dystrophy thto
much milder Becker dystrophy.dbes not alter the gene
itself with its mutationbut affects how the defective gene
is read and processed. Exon skipping mdtbea com-
plete cure for Duchenne muscular dystropihghould
only reduce the severity of its symptoms, it witllypbea
therapy.

If a mutation, a deletion, duplication or painutation,
disturbs the reading frame of the messenger RNANAR
and thus causes Duchenne dystrophy, the frameecan b
storedby preventing the inclusion in the mRNA of one or
more exons witlantisense oligoribonucleotideAONs.
They are short pieces of chemically synthesized RNA
whose sequences are designed in such a way tlyatthe
tach themselves precisely to the complementaryesexgu
of the pre-mRNA inside the exon to be removed dtsat
border regionsand nowhere els&hese AONSs thus inter-
fere with the splicing machinery so that the taedetxon
or exons are no longer included in the mRNA, they a
skipped

As this skipped mRNA is shorter than normiag, dys-
trophin protein is also shorter, it contains fewsiino ac-
ids. If the missing amino acids are part of noreatal
regions, like the rod domain, the shorter protein often
still perform its stabilizing role for the musclelcmem-
brane. The result would be the change of the sdYere
chenne symptoms into the much milder symptoms of
Becker muscular dystrophy.

For the first exon skipping trials, two kindschemi-
cally protected AONs are used. They have to besptet
because then they are not or only slowly destrayede
muscle cells by nucleic acid destroying enzymeg fivo
types of AONs are th2'O-methyl-phosphorothioatealso
called2’0O-methylsand themorpholinos.

Exon skipping trial in the Netherlands. Thefirst in-
human trial with the exon skipping techniquas per-
formed in the Netherlands between January 2006 and

March 2007. It was designed to providpraof of princi-
ple only and not a therapeutic benefit to the tredimgs. It
was alocal studyon a small area of a single muscle, the
tibialis anterior muscle of the shin, which was treated with
a 2'0O-methyl antisense oligoribonucleotide aga@m&in

51 calledPRO051 With this type of a chemically pro-
tected AON, the Dutch researchers had worked in pre
clinical experiments for many years and were ablguc-
cessfully skip dystrophin exons in muscle fibers oy

in cell cultures but also in living mice and dodtealocal
and systemic (into the blood circulation) injecgon

Before the start of this first clinical exokigping trial,
clinical and molecular genetic tests were performed
each boy to make sure that the exon skipping proesid
the living boys would produce the shortened Bedipe
dystrophin with the expected structure. Four baysy
already were using wheelchairs, participated is tiien
study. They were between 10 and 13 years old atid ha
proven deletions of the dystrophin exons 50, 525@8
and 49-50. They were treated sequentially, meathiaty
only after the results for one boy were positivd dit not
show any serious side effects, the next boy waddde
Each boy received four injections of 0.2 mg PROG51
solved in 0.2 ml saline (0.9% NaCl) under localsathesia
into a small region of 1.5 cm length of the shinsala
tibialis anterior.

After four weeks, muscle tissue was obtairfesl @
biopsy from the injection site and tested for tkpexted
skipped mRNA and shortened dystrophin. These tests
showed that 64%, 85%, 97%, and 73% of the muscle fi
bers still present in the dystrophic fibers corgdimew
dystrophin at their membranes after this 4-weekttnent.
Relative to laminiru2, a protein not affected by the dys-
trophic process, the dystrophin content was 33%#%,35
17%, and 25%. This comparison takes into accounéex
tent of the muscle degeneration. Without this adjest,
the 13-year old boy with much connective tissue fanhéh
his muscles had only 3% of the normal amount ofrdys
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phin, whereas the boy with the least affected nassbhd
12%. Molecular sequencing methods then provedtiieat
new dystrophin had exactly the expected structutte av
restored reading frame. It was impossible to detegm
whether the amount of the new dystrophin would have
been able to slow down the progression of the desé@a
the entire muscle because the treated muscle tisdume
was too small.

These results signify that an exon skippiegtment,
when it becomes available, should be started whest of
the muscles are still intact, that is, immediatgher the
precise dystrophin mutation is known which causskit
of the reading frame.

The Dutch researchers have now started a glihse
clinical study to explore the effect, safety, talaiity and
possible side effects gfystemidnjections of the PRO051
AON into the blood circulation so that it can reath
muscles including those of the lung and the hé&#nit
trial is performed in collaboration with the Unigéy of
Leuven in Belgium, the Leiden University Medicalrer
and the Queen Silvia Children’s Hospital in Swedear-
tients are now being enrolled.

The injections will be done subcutaneouslydgmthe
skin) because it had been shown with mice and manke
that this type of application caused exon skippiftfpout
serious side effects in all tested muscles, alsharheart
and the diaphragm, and because it would not rednare
quent visits to doctor’s offices and hospitalssipeated
treatments will become necessary.

This exon skipping technique with the 2'O-nyth
AONSs was developed at the University of Leiden bgfP
Gertjan van OmmenProf.Judith van Deutekomand
their team, but for the organization and perforneaoicthe
clinical trials, the company Prosensa B.V. in Leidgth
its president DrGerard Platenburgs now responsible.
Prof. van Deutekom is now head of research of Piszse

The systemic study will be done on twelve Sygar
old Duchenne boys and will last five weeks with eub-
cutaneous injection every week. Because it hab@en
proven that the AON doses used in the animal ssudik
be safe to use in children, too, one will beginghstemic
trial with a very low dose which will be increassldwly
to approach an optimal level from initially 0.5 rkgfin-
jection to a maximum of 10 mg/kg.

Prosensa has already produced gram quartftibe
AON against exon 51 in clinical grade quality foe tcom-
ing trial. Also, AONs with optimized structures aust
exons 43, 44, 45, 46, 50, 52 and 53 have been mgepa
These AONSs together, including the anti-51 AON, igdou
allow the treatment of over 65% of all patientshndele-
tions. But, for financial reasons, Prosensa is libgieg at
present only the AONs against exons 44, 51, an-52
wards full clinical application and marketing.

The company needs more investment capitahfode-
velopment of other AONs and appreciates the sutiatan
funding received from parents’ organizations like t
Dutch and German Parent Projects, the French nmarscul
dystrophy association AFM and others.

Van Deutekom JC, Janson AA, Ginjaar IB, et.atal
dystrophin restoration with antisense oligonuclketi
PROO051. N Engl J Med 2007; 357; 2677-86. Hoffmdp, E
Skipping toward personalized molecular medicindznygl

J Med 2007; 357; 2719-22.

Exon-skipping clinical trial in the United Kingdom.
Another clinical exon-skipping trial is being pemfieed in
the UK by theMDEX Consortiununder the direction of
Prof. Francesco Muntoniof the Imperial College London.
The MDEX consortium, funded by the department of
Health, groups together nine researchers as wétleasha-
rities Muscular Dystrophy Campaign, ActionDuchenne,
and Duchenne Parents Support Group.

Eight different antisense oligos were testedultures
of normal and Duchenne human muscles and in non-
dystrophic mice which contained human dystrophinege
The best results were obtained with therpholinoAON
H51Adeveloped by Profsteve Wiltonin Perth (Austra-
lia) and shown by ProHbominic Wellsin London to be
sufficiently stable for a long-term clinical treagnt. This
morpholino AON is being manufactured in clinicahde
by the company AVI BioPharma Inc. in Portland, Qneg
and is called AVI-4658.

Three groups of three Duchenne boys each,andd 2
to 18 years old and who cannot walk anymore, areive
ing three different dosages: 0.09, 0.297, and @9mar-
pholino AON in 0.9 ml saline, delivered with nirgec-
tions directly into theextensor digitorum breviswuscles at
the outside of one foot. This muscle was selecesdibse
it is easily accessible and can be removed witkeribus
consequences if some unacceptable side effectédsbou
cur. The muscle of the other foot receives injatdiof salt
solution for control tests. Extensive clinical ckeinclud-
ing biopsies are being done before and 30 daystafte
injections.

After the approval by all three UK regulatiaathori-
ties were given after a lengthy application proc#ss first
boy received his AON injections on 18 December 2007
The results of the entire study are expected teperted
during 2008.

As soon as this first trial shows promisingulés, a sys-
temic study, which is already in an advanced plagni
state, will start with subcutaneous injectionstaf AVI-
4658 AON into the blood circulation. One of the nds-
cisive pre-clinical animal experiments for the @egiion
of this trial were seven weekly AON injections irike tail
vein of mdx mice which resulted in more than 50%haf
normal amount of dystrophin in most of their muscle
which was then present for at least 14 weeks.

In this systemic trial, it is planned to tréatir groups
of ambulant Duchenne boys by weekly subcutaneasss sy
temic injections starting with a low dose of ab600 mg
AON to be increased to about 3 grams, calculated fo
boy of about 10 years. In previous clinical tritds other
diseases, AON doses of up to 300 mg/kg/day werk wel
tolerated, so the starting dose in this Duchenakisrvery
low. The aims of the trial are to test for safetyg doler-
ability and also to changes of muscle function and
strength. And it is hoped that a lowest dose caddter-
mined that will induce sufficient exon skipping \éhbe-
ing well tolerated by the children without seriaide ef-
fects.

Detailed description of the local clinicakircan be
seen ahttp:/clinicaltrials.gov/ct/show/NCT00159250

Arechavala-Gomeza V, Graham IR, Popplewelldt],

4




al. and Muntoni F. Comparative analysis of antiseuis
gonucleotide sequences for targeted skipping ofi &o
during dystrophin pre-mRNA splicing in human muscle
Human Gene Therapy, 2007; 18; 798-810.

Exon Skipping with U7 genetransfer: The researchers at
the Généthon Institute in Evry near PaRsyf. Luis Gar-
ciaand Dr.Aurélie Goyenvallginow at the University Ox-
ford) and their co-workers are trying@ombine exon skip-
ping with gene theraplyy instructing the muscle cells to
produce themselves tlamtisense oligoribonucleotideso
that they do not have to be injected repeatedlis G&n be
achieved by transporting into the muscles moditigd
snRNAs containing the genetic information for tloac
struction of the AONsU7-snRNAsre small nuclear
RNAs which have a structure similar to splicingtéas.
With a second research program, the French sdigntis
have developed a new more general exon-skippirg tec
nigue that also uses the viral transfer of U7 genes

To test the first approach, a modified genelie U7-
snRNA was constructed by adding the complementary
DNA sequences for two AONs which are necessary for
skipping exon 23 of mdx mice. These short snRNiks, |
all other RNAs too, are also "made" by genes. Tiosli-
fied U7-gene, U7 SD23/BP22, together with contesl s
guences, was inserted into AAV-type-2 vectors and i
jected first locally into single muscles of mdx miand
then systemically into their blood circulation. $ted to
the appearance of dystrophin without the aminosadad
termined by exon 23 in up to 80% of the fibershaf t
treated muscles, this new and shortened dystraphin
grated to its normal position underneath the muselle
membranes, and was stable for more than one y#aowi
causing any immune reaction. The dystrophic preaess
the mdx muscles, that is, their accelerated degénar
and regeneration, were completely halted. The syste
cally treated mdx-mice, which were physically stestby
running in a treadmill, did not develop the usuaisaie
damage found in non-treated mdx-mice.

This U7-gene transfer technique was then agbt
treat the clinicallydystrophicgolden retrieve GRMD dog.
These dogs have a mutation in the splice site of x
which can be “repaired” by skipping exons 6 an&.
using a modified U-7 vector containing antisensecst
tures against exons 6, 7, and 8, shortened dystraplal-
most the normal level was obtained two months after
single local injection into one muscle. A regioagstemic
injection into one leg with blocked circulation uied in
large quantities of new dystrophin which was stitsent
six months later.

In the second approach based on U7 gene ¢ratisé
exon skipping will be mediated by a new and almost
“universal” U7snRNA vector that carries a completaeyn
DNA sequence to the exon and a free tail whichtiiad-
ing sites for the heterogeneous nuclear ribonucteems
A1/A2 (hnRNP), proteins that inhibit the splicingppess
for all exons. The complementary sequence of destr
ferred gene, once transcribed into a small RNA, atthch
to the exon to be skipped, and because it bringsitthe
structures attracting the hnRNPs, it will induce #kipp-
ing of the exon because these proteins interfetie thvée
splicing complex, the spliceosomes, sitting atehds of

this particular exon in the pre-mRNA. Thus, thisdkidf
exon skipping is not brought about by the usual A®Nt
by these “universal” proteins that are the saménioibit-
ing the splicing of all exons. This method hasadiebeen
tried successfully in the laboratory for skippinge 51 in
isolated myoblasts from Duchenne patients.

The reason for this approach is to shortersid@nably
the lengthy approval process possibly requiredrfany or
even all AONs used by the normal exon skippingtech
nigues, because the new approach uses only theione
versal” tail structure in addition to the complegt®NA
sequence to the sequence of the exon to be skipped.

Goyenvalle A, Vulin A, Fougerousse F, et ald &ar-
cia L, and Danos O. Rescue of dystrophic musclzuthin
U7 snRNA-mediated exon skipping. Science 2004; 306;
1796-99.

M ulti-exon skipping in dystr ophic dogs. Many of the
Duchenne dystrophies caused by deletions, dupicsti
and point mutations will need the skipping of twonmore
exons to restore the reading frame. Because dystrop
dogs need a double-exon skipping, experiments tivém
would open the way to the development of multi-exon
skipping for Duchenne boys with these more diffical-
tations. By theoretical considerations it was epedicted
that a simultaneous skipping of the 11 exons 4&bto
would produce a Becker dystrophy with very mild gym
toms in up to 63% of Duchenne boys with deletions.

Prof.Terence Partridgeof the Children's National Me-
dical Center in Washington and his colleagues Istaxted
to develop multi-exon skipping in dystrophic goldetrie-
ver dogs, GRMD. In contrast to the mdx mice witkith
mild dystrophic symptoms, these dogs are physidelly-
dicapped, thus experiments with them would giveltes
that would likely be similar to results of clinicstiudies
with Duchenne patients. And experiments lastingssv
years can be performed with dogs, because theyrliveh
longer than mice.

These dogs have a mutation at the spliceosiggon 7
in their dystrophin gene which causes the deledfogxon
7 in the mRNA and a reading-frame shift with a patume
stop codon soon afterwards. Skipping of the twokiag
exons 6 and 8 would restore the reading frame.

In a firstlocal study, the researchers injected different
doses of a cocktail of three morpholino AONS, tvife d
ferent ones against exon 6 and a third against 8xomo
thetibialis anterior muscle of young adult GRMD dogs.
Two weeks later, tissue from around the injectibesswvas
obtained by biopsies, which then contained newsdualt-
ened dystrophin in all muscle fibers which had lamost
normal-looking structure. But in addition to theottar-
geted exons 6 and 8, exon 9 was also skipped; rewev
this does not affect the reading frame. In prelamyrex-
periments on tissue cultures, exons 6, 8, and 2 sldp-
ped in the presence of morpholinos directed agaimigt
exon 6, but this did not occur when the morpholiwese
injected directly into the muscles; the cocktaihudr-
pholinos against exons 6 and 8 were needed taishge
three exons in the muscle of the living animal. §rexon
skipping results in tissue culture do not religitgdict
what will happen in the muscles of a living aniroain a
human being.



For asystemidreatment, performed in collaboration
with Dr. Shin'ichi Takedat the General Animal Research
Facility in Tokyo, three two-month old dogs weredied
by injecting the three AONs into their leg veinsigéhalso
led to the skipping of the three exons 6, 8, anéifter
two-month, a large percentage of the skeletal nesstad
produced the predicted shortened dystrophin inse-do
dependent manner. No new dystrophin appeared in the
heart muscles, because, as was known from eaxlier e
periments, the morpholino AONs do not enter thethea

Based on several muscle function tests, tlysipal
state of the dogs was stabilized at the same &svitlwas
before the treatment started while untreated degsker-
ated considerably during this time. Thus, the sygte
treatment seemed to have halted their muscle deafee
Nuclear magnetic resonance (NMR) tests were done to
analyze the structure of the muscles. This nonsivea
technique proved to be as informative as tests wscha
tissue from biopsies. This will be important foinadal tri-
als with Duchenne boys because repeated biopsigd co
be minimized.

Thus, morpholino AONs work well in a large maaim
with a similar body structure as in humans. Theyraot
toxic, and do not cause immune rejection. Howetey
will have to be applied repeatedly, because tHésceis
not permanent, but this would allow to interrup theat-
ment if problems occur. And they are only effeciiveis-
sues, such as muscle where the dystrophin gersnis-t
cribed into pre-mRNA. The details of these verymising
results will be published in the near future.

Béroud C, Tuffery-Giraud S, Matsuo M, et aulM
tiexon skipping leading to an artificial DMD protelack-
ing amino acids from exons 45 through 55 coulduesg
to 63% of patients with Duchenne muscular dystrophy
Human Mutation 2007; 28(2); 196-202.

Exon skipping with peptide nucleic acids. As decribed
before, two types of antisense oligoribonucleotibes
exon skipping are already used in clinical trialthviDu-

chenne boys, the 2'0-methyl-phosphorothiona?&®
methyl$ in the Netherlands, and therpholinosin the
UK. Another group of AONspeptide nucleic acids
(PNAs), are now also being investigated for thgore
skipping properties. Ribonucleic acids (RNAs) aegtxe
nucleic acids have different backbones: Chaindtefret-
ing phosphate and ribose units are the backboRN#éfs
whereas chains of amino acids form the backbone of
PNAs. Because of their non-ionic peptide bridges,
—CO-NH-, between the amino acid units, PNAs resembl
electrically neutral proteins in their propertigbey are
water-soluble, very stable, can easily be modified de-
signed to carry the usual bases of DNA and RNAé t
correct spatial arrangement with any desired setpien
Thus, short antisense PNA chains with 20 to 30base
now being used for exon skipping experiments IHettvo
other kinds of AONs.

Dr.Matthew Woodand his colleagues at the University
of Oxford started to work with the antisense PN Aesdm
of units of the most simple amino acid glycine $&ipping
exon 23 of mdx mice. Experiments in cell culturel &y
injecting them into single tibialis anterior muslaf
young and old living mdx mice showed that three kgee
after a single injection many muscle fibers corgdinew
dystrophin that was stable for more than eight week

To improve the delivery into the muscle tisshe
PNAs were “conjugated”, attached to other peptates
proteins, like arginine-rich synthetic peptidesthe trans-
duction domain of the TAT protein of the HIV viruand
to the functional domain of the AAV shell proteirhe
positive exon skipping results with these PNA cgajes
could even be more improved, at least in cell caltwith
a novel antisense PNA whose backbone consistsesf al
nating units of the amino acid proline and anotwd
which also has, like proline, a five-member ringisture.

The details of these experiments cannot berteg
here because they have not been published yet. areey
very encouraging and may lead to antisense druadgsnii
be able to induce exon skipping with high efficignc

Transfer of the dystrophin gene

Transfer of the dystrophin gene, with a virusvector.
The transfer of a modified dystrophin gene vétteno-
associated viruse@\AV) as vectors (as gene transpor-
ters) into the muscle cells is one of the stratefpe a
therapy of Duchenne muscular dystrophy. Successful
experiments with dystrophic mice and dogs havedaide
in the development by the company Asklepius in Cha-
pel Hill, North Carolina, of th8iostrophir™ biological
nano particle, an AAV vector of serotype 2.5 fae th
first clinical trial of this gene therapy method.

These rather small viruses cannot be multighg
the cells they infect because most of their genesea
moved. This makes room for the coding sequencas of
therapeutic gene to be transported that is notdotigan
about 5,000 base pairs. Therefore, the vectorsinsed
this trial are carrying a dystrophin-gene constarct
without the introns (a cDNA) and with parts of exoh
and all exons 18 to 59 and 70 to 79 deleted. Tdrester
of such amicro-genewould thus not cure Duchenne

muscular dystrophy but only transform it into a mmuc
slower progressing Becker form. The expected new
Becker dystrophin will be about one third as losgle
normal protein. In 1990, a 61-year old Becker putie
was diagnosed who was still able to walk and whib ha
this kind of shortened dystrophin in his musclek. A
though the clinical result will be similar to a tue
exon-skipping therapy, it withot bemutation-specific
All Duchenne patients would be able to benefit from
this gene-transfer method when it his fully develbp
After safety and toxicology testing of the ivitystro-
phin vector in laboratory animals, a phase-la dexdtind
clinical trial with six Duchenne boys older thandiyears
was performed in 2006 and 2007 under the direatfon
Prof. Jerry Mendell at the Nationwide Children’s Hospi-
tal and The Ohio State University in Columbus, Offiloe
boys received the injections of Biostrophin at ¢hsées,
0.5 cm apart, into their biceps muscle of one atexthe
biceps of the other arm received only saline. Tyffeknt
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doses were used for each group of three patieaisples
of muscle tissue from the injection site were aiediby
biopsies from four boys at four weeks and from begs
at twelve weeks after the injections. During thaltmo
gene therapy-related adverse events were obsewvegd,
gesting that the procedure is well tolerated. Thierésults
will be published as soon as all data are evaluated

No therapeutic benefit is expected for thesbafger this
first trial whose main objective was to provide greof of
principle that this type of gene therapy does not only pro-
duce new dystrophin in a skeletal muscle of miak dogs
but in a human muscle as well without unacceptsiole
effects like an immunological response againsts
mini-dystrophin or the vector material.

For the preparation of the next step, furdm@mal ex-
periments were performed with the aim to find tbadi-
tions for a firstvascular delivenclinical trial with Du-
chenne boys: The vectors will be delivered regigriato
the blood circulation of the legs, because theorsatan
only be produced in limited quantities and this lgdou
avoid the distribution of the viruses throughowd #éntire
body, but would suffice to prolong ambulation.

One single injection of either AAV type-6 gpe-8
micro-dystrophin vectors into the temporarily bledkcir-
culation of one hind leg of mdx mice produced micro
dystrophin in more than 80% of the fibers in thg feus-
cles and a significant improvement of their funatfor up
to oneyear.

These experiments were repeated with macagme m
keys whose body structure and weight are similantall
children. But these animals were not dystrophigstthey
had their own dystrophin. The vectors carried grfaen
rescent protein, an artificial signal protein, whis easy to
detect by its fluorescent light. The results wegaia very
positive: 60 to 80% of the fibers in the leg musaen-
tained the transferred green fluorescent protein.

This promising outcome of the mice and monkiys
encouraged the researchers to prepare the nesallso-
bridging or phase-Ib trial with Duchenne boys whiah
begin in 2008 or 2009. After this trial of the regal de-
livery technique, the participating boys may beeabl
walk longer than without the treatment and thusivba
significant improvement of their quality of life.

Rodino-Klapac LR, Janssen ML, et al. and Mdnkle
A translational approach for limb vascular delivefythe
micro-dystrophin gene without high volume or higeg
sure for treatment of Duchenne muscular dystrofbyr-
nal of Translational Medicine, 2007;5;45.

Genetransfer with plasmids. Genetransfer with plas-
mids. In cooperation with the French muscular dystrophy
association (AFM), the company Transgéne in Stnagho
started in 1995 to test dystrophin gene transfén plas-
mid vectors. This work was directed at that timeDoy
Serge Braun who is now Scientific Director of AFM. For
this technique, the combined 79 DNA exons of thetrdy
phin gene, its cDNA, and its controlling structuresre
inserted into the genetic material of plasmidssiids are
small circular DNA structures without proteimaked
DNA, inside bacteria to which they mostly confer resis-
tance against antibiotics.

After successful experiments in muscle cdliuras,

with dystrophic mice and dogs, a first clinicabtrstarted
at the end of 2000 with 9 Duchenne and Becker ipistie
who were older than 15 years because they had/¢o gi
their informed consent. The plasmid solution wgsated
into one single muscle of the forearm. Some neWw ful
length dystrophin appeared in up to 25% of the meufsc
bers around the injection sites. There were nossidran
immune reaction, neither against the plasmid canstm,
nor against the newly produced dystrophin. ThisspHa
trial thus showed that gene transfer with naked D&lA
safe procedure.

The French scientists then started workindp wie
team of Dr.Jon Wolff of the company Mirus in Madison/
Wisconsin who injected similar plasmid construcsiomto
the blood stream of single limbs of mice, rats,sj@nd
monkeysunder pressureThe pressure was produced by
short-term blocking of the blood circulation ofialb with
a blood pressure cuff.

As soon as sufficient plasmid vectors with dyshin
genetic material are available, a clinical triathwbu-
chenne patients using this new delivery systembwill
started, because this plasmid full-length dystroig-
proach needs to be further developed for patiehts ave
not eligible for exon skipping.

Myogenic cell transfer. Prof.Jacques Tremblayand his
colleagues at Laval University in Québec City, Gimare
continuing to work with the myoblast transfer teicjue,
which is now being callettansplantation of myogenic
cells

In a clinical trial with 9 Duchenne patientsey could
show that in 8 patients up to 26% muscle fiber$ wiw
normal dystrophin were created after the injectioihsor-
mal myogenic cells from a relative. The injectiovere
done at a distance of only 1 to 2 mm from eachrdtite a
small area of the shin muscle, titdalis anterior.

This type of cell transplantation would haeseral ad-
vantages, among them, (1) the new dystrophin wbale
the normal length and be under the control of asmal
control sequences; (2) the positive effect wouldoing-
term; (3) the technique could be combined with ptego-
logical treatments; and (4), most importantly,atitdl also
help older Duchenne patients.

As about 100 injections per square centimaft@nus-
cle surface are needed, the technique has first jpee
formed on several monkeys without problems before i
was used in two more than 18-year old Duchennepiati
Both patients received injections under local amesia
into one or several entire muscles. One of theteria
was 26 years old at the time of cell transplantati€ight-
een months later, 34% of the muscle fibers in acheusi-
opsy were expressing dystrophin of donor origirthis
patient, the transplantation of myogenic cells ptet to
double the strength of the muscle controlling tianb
(the only muscle still able to move in this patjehtow-
ever, since the patient knew that he had beentagesith
cells in this muscle, it is possible that partle# strength
increase was due to a placebo effect. The secdiehpa
was 18 year old, he received myogenic cells onlyria
muscle involved in moving the wrist. He had a srirall
crease of strength after 3 months but no increfse o
strength was observed after 6 months. No dystropbgi-
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tive fibers were observed in the muscle biopsyhif pa-
tient after 6 months and signs of a cellular régectvere
detected. Both patients said that they would atyree-
ceive additional injections into other muscles withhesi-
tation.

Dr.Tremblayand his colleagues are now trying to
block myostatin in combination with the transpldiata of
myogenic cells, and they are also developing aitmaic
technique to avoid long-term use of immunosuppvessi
drugs.

Stem cells

Muscle regeneration with differentiating embryonic
stem cells. During the development of an embryo, the pre-
cursors of skeletal muscles appear very eargoastes
mesodermal structures on both sides of the embrywai-
ral tube. Under the influence of transcription €ast(pro-
teins that control gene activity — in particulaxBg the
cells of the somites differentiate (give rise torenspecial-
ized cells) to form, among other structures, thetome
which develops further to myoblasts, myotubes amallf/
muscle fibers. If it were possible to prepare froom-dys-
trophic somites those cells which are destinecetmne
the myotome, they could be multiplied and then used
regenerate dystrophic muscle cells, because thejdwo
bring with them the intact dystrophin gene.

Prof.Rita Perlingeiroand her team at the University of
Texas Southwestern Medical Center in Dallas wejiadr
to isolate such early cells somite cells from mozisdry-
onic stem cells in cell cultures. They found thabrder to
obtain among them the myogenic (muscle forminggcel
the differentiating embryonic stem cells neededithe-
scription factor Pax3, whose gene they could intoed
into the X-chromosome of the stem cells by gernetit)-
nigues. Using flow cytometry (a cell sorting methatie
researchers could isolate myogenic cells from tiRese-
induced embryonic stem cells that had differentidice
five days. Cells that had the PDGF-alpha recepidrret
the Flk-1 receptor generated a cell population phatiuc-
ed only muscle fibers without the risk of cancendation.

Cells with these properties were multiplied dmen
injected locally into the tibialis anterior muselad into
the blood circulation of mdx mice. New dystrophpt a
peared in 11% to 16% of all muscle fibers and waz®m-
panied by a significant increase in muscle forcecdise,
as has been shown in other gene therapy experiméhts
mdx mice, not all fibers in a muscle need to canthis-
trophin for a significant therapeutic effect, tlesults of
this stem cell approach may lead to an effectiegay of
Duchenne dystrophy.

Darabi R, Gehlbach K, Bachoo RM, et al. andifre
geiro RCR. Functional skeletal muscle regenerdtiom
differentiating embryonic stem cells. Nature Medei
2008;14;134-143.

Muscle regeneration with muscle stem cells. Stem cells
to be used for a Duchenne therapy should haveottoa
ing properties: (1) They must be easy to isolaienfhu-
man biological material like muscle tissue; (2)ytlsdould
be easy to multiply in the laboratory to amountsassary
for a systemic treatment of children; (3) it shobklpossi-
ble to transfer into them “healthy” dystrophin-gesge
quences with viral vectors; (4) systemic delivertpithe
blood circulation should be possible; (5) they htavbe
able to migrate from the blood circulation into thes-

cles; (6) they must give rise to large amountsuatfional
muscle cells with dystrophin and with functionatedite
cells inside the dystrophic muscle tissue, andh@&Yy
should not produce any serious side effects, ealheao
cancer. Two types of cells have been identifiedchi
seem to have these properties and which are autliibhat
embryonic stem cellsvesoangioblastandpericytes
which are located on the outside of small bloodsgbs
within muscle tissue from where they can be isolate

After preliminary positive experiments with see
angioblasts on mice which were lacking the protaipha-
sarcoglycanpProf. Giulio Cossuand his colleagues at the
Stem Cell Institute of the Hospital San Raffaeld/itan
isolated similar cells callegericytesfrom the walls of
capillaries (small blood vessels) inside human radand
dystrophic muscle tissue and injected them systiyic
into mdx mice whose immune system was inactivabed.
fore the dystrophic pericytes were injected, theyev
treated with viral vectors containing mini-dystraph
genes. In both cases, a large number of musclesfife
the mdx mice had new dystrophin and their musabe-fu
tion was significantly improved.

As the next step towards a human application, Dr.
Cossu’s team treated four dystrophic dogs systdinica
with cells from their own muscle tissue (autologtragsit-
ment) into which the gene for human micro-dystrophi
was transferred, and six dogs with cells from Hgattogs
(heterologous treatment) which contained normatrdys
phin, but which required immunesuppression withiayc
sporine. The results were much better after theralket-
gous treatment than after the autologous treatnane.
dog which received the cells through a catheter tin¢
aorta was walking well five months after the finéfive
weekly treatments. The other five dogs recoveretemo
slowly.

The autologous experiments on dogs are nomglrer
peated with stem cells that contain longer dystimglkene
sequences. Some control experiments are also peror
to determine the effect of cyclosporin alone andee
whether the satellite cells on the new muscle §lzee also
functional. After further long-term trials, againtivdogs,
and the preparation of the cells under clinicatigraondi-
tions, a clinical phase-I trial with Duchenne patgewill
be started to check for safety and appearanceleésit
some new dystrophin.

M uscle regeneration with genetically exon-skipped

stem cells. The research teams of Prbfiis Garciaat the
Généthon Institute in Evry near Paris and Profan Tor-
rente at the Stem Cell Laboratory of the University of M
lan worked together for a new therapy of Duchery® d
trophy: they isolated stem cells from muscles otianne
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patients, repaired their dystrophin gene with aegjerexon
skipping method, transferred them into mdx mice nehe
they regenerated their muscle fibers and amelidridte
dystrophic symptoms significantly.

The following is a very simplified short summaf a
highly complex research strategy which needed naaRy
ditional biochemical control and activity experinsgrand
also biological tests for muscle function.

The stem cells, mainly satellite cells, wel¢amed
from muscle bioptic material of Duchenne boys whose
dystrophin gene had a deletion of exons 49 andré0.
their experiments, the Franco-Italian researchses wnly
those about 1% of the cells which contained thekarar
protein CD133 in their membranes: These cells leshb
shown earlier to be able to repair muscle cellsfanu
new ones in damaged muscle tissue. The CD133+ cells
were multiplied in cell culture in the laboratonycathen
treated with a transforming vector of lentivirusesich
carried in their genetic material genes of twosenise oli-
goribonucleotides for the skipping of exon 51 isimilar
way as it has been done (and described on page &)ef
genetic skipping of exon 23 in mdx mice.

Twenty-four hours before the experiments viith-
month-old scid/mdx mice, which had neither dystiaph
nor a functioning immune system, the animals wé&gss-
ed by a swimming exercise to intensify their muside
generation-regeneration process. Twenty-four ofe¢he

mice received 20,000 to 40,000 of the geneticailyi-e
neered human stem cells from a Duchenne boy lozdtly
one tibialis anterior muscle with three injectioB$x other
mice were treated systemically by injection of B0, of
these stem cells into the femoral artery of one A¢@1
and 45 days after these local and systemic injestimany
tests were performed to assess the outcome afdhis
plex genetic therapy.

The results showed a better muscle regenaratitarge
amount of the expected dystrophin in the regenériate
bers without the amino acids determined by exon$a@9
and 51, an amelioration of muscle morphology (te#inc-
ture), and a significantly restored muscle function

This technique which is related to the diggetic
exon-skipping approach as mentioned on page 5 bedau
uses the same U-7 system, opens the way to a netest
for a Duchenne therapy. However, before clinidaldrcan
be contemplated, the exact mechanism of exon sigppi
with lentiviral vectors will have to be understoooim-
pletely, because these viruses with their chargger ¢ine
genetic material of the muscle cells in a random,\aad
possibly could disturb other genes or even induoeots.

Benchaouir R, Merigalli M, Farini A, et al. a@hrcia
L, Torrente Y. Restoration of human dystrophindaling
transplantation of exon-skipping-engineered DMDeqydt
stem cells into dystrophic mice. Stem Cell 2007646-
657.

Phar macological Approaches

Steroid Treatment. At the annual meeting of Action-
Duchenne in London in November 2007, Prgdnan
Manzur of the Hammersmith Hospital in London gave an
overview of the actual state of steroid treatmpresently
the only drug treatment proven to be able to pueser
maintain the muscles of Duchenne boys for a limiie.
This type of treatment is now considered the “ggifth-
dard” to which other treatments in developmentcanma-
pared.

Up to now, 47 clinical studies have been penfd in
many countries, but only six of them were sciecuiiiy
important double-blind studies with fully publishesbults.
In most studies, daily application of the drugs eviervesti-
gated, but some other regimes, like 10 days wittlicae
tion followed by10 days without (“10 days on, 1/sla
off"), or medication for only 10 consecutive daysh
month were also tried. Some of the more importastilits
are:

The first of the double-blind studies was parfed in
1991 byFenichelet al. in the US with 99 boys who receiv-
ed 0.75 mg/kg/day prednisone for two years. Theltes
showed for the first time in a scientifically rddia way
that this treatment improved and stabilized theateus
strength of Duchenne boys for about three years7B%
of the boys had side effects, mostly excessive tajgin.

In a double-blind study in Germany Regitteret al. in
2000, the two steroid drugs prednisone and deftarac
were tested in 100 boys. Weight gain was signitigan
higher in the prednisone-treated boys than in #ftaza-
cort-treated ones. But deflazacort led to many matteer
benign cataracts (turbidity in the eye lenses) thraalni-

sone. This study has not been fully published.

In 2006Biggar et al. in Canada published the results of
a long-term but open study with 74 boys who werdal0
18 years old, 40 of whom were treated daily witfiada-
cort at 0.9 mg/kg/day for an average time of 5.&rgeThe
34 non-treated boys lost their ambulation at 9 & yeOf
the treated boys, 81% could still walk at 12 ye@686 at
15 years, and 30% at 18 years. Breathing and heart
tion remained significantly better and scoliosisf(@ma-
tion of the spine) developed less often in theté@doys.

King et al. in the US reviewed 2007 the clinical higtor
of 143 boys, 75 of whom were treated daily with mhai
deflazacort for an average of 8 years, and 68 wetre
treated. The treated boys could walk 3.3 yearsdoagd
had a significantly decreased risk of scoliosisittie un-
treated ones. But they had an increased risk ¢élveal
and lower limb fractures due to osteoporosis coegbar
with the untreated boys.

Dr. Manzur concluded his review with the feliog
take-home message: The long-term use of the steroid
prednisone (and the very similar prednisolone) dad
flazacort improve muscle strength and function prad
long walking for several years, improve breathind a
heart function, lower the risk of scoliosis and amte the
quality of life. The positive effects appear torhere pro-
nounced if the treatment is started early, at afmurt
years, and if the drugs are given daily. The sftects,
especially of prednisone, are increased appetitehwhay
lead to excessive weight gain and cushingoid fec@(-
faced) unless a diet rich in proteins and low irefad car-
bohydrates is strictly followed from the beginniofgthe



treatment. Both drugs lead to reduced growth and in
creased risk of bone fractures, and to some betsvio
changes. Deflazacort gives rise to some rathegbherata-
racts which need not to be treated.

As further research is needed, Mweth Star Clinical
Network a collaboration of 15 centers in the UK with the
British parents’ organizations Muscular Dystropran@
paign and ActionDuchenne, is planning to optimiad a
standardize the steroid therapy of ambulant Duchienn
boys by creating a national clinical database,taraffer
daily and intermittent steroid treatment to all beane
boys from age four years onwards, or even eaiih,
scientific and clinical checks and investigatioe$doe,
during and after the treatment.

TREAT-NMD, the European neuromuscular network,
has published 8 pages of preliminary recommendsafion
standards of care in Duchenne muscular dystrophgng
them about the use of corticosteroids. This tertlxaseen
and downloaded from the internetvavw.treat-nmd.eu/
soc/eng/dmd/

Fenichel GM, Florence JM, Pestronk A, Mend&| et
al. Long-term benefit from prednisone therapy in Du
chenne muscular dystrophy. Neurology 1991;12; 1874-
1877.

Biggar WD, Harris VA, Eliasoph L, Alman B. Lgn
term benefits of deflazacort treatment for boyswit
Duchenne muscular dystrophy in their second decade.
Neuromuscular Disorders 2006; 16; 249-255.

King WM, Ruttencutter R, Nagaraja HN, et aith®-
pedic outcome of long-term daily corticoid treatrign
Duchenne muscular dystrophy. Neurology 2007; 68716
1613.

Clinical trial with prednisone and cyclosporin: A clini-
cal trial with prednisone and cyclosporin is bejreg-
formed in Germany under the direction of Pifidolf
Korinthenbergof the Children’s Hospital of the Univer-
sity of Freiburg with the aim to possibly reduce Hide
effects caused by prednisone alone. Cyclospoardisig
which reduces immune reactions.

This trial has started in 15 German clinicahters in
2004 in which one half of the patients receives-3%6
mg/kg/day cyclosporin combined with 0.75 mg/kg/day
prednisone and the other half the same prednisose d
alone with a placebo instead of cyclosporin. Eaatiept is
treated for 15 months. In order to evaluate thdystor-
rectly, at least 150 patients are needed. They alhbeen
enrolled and most of them have now completed thedtt-
ment.

Because of the double-blind design, no resldtaut the
combined effects of cyclosporin and prednisone loell
available before the data are fully analyzed. Havethe
study was functioning very well and no severe siffects
have appeared. The publication of the resultspeeted at
the end of 2008.

Upregulation of utrophin to replace dystrophin. Utro-
phin is a protein with a structure and functionyeimilar
to dystrophin. In humans, its gene is located aniTio-
some 6, has 75 exons, and is about one million paise
long. Utrophin is present in many body tissues) als
muscle, but there it is concentrated atriearomuscular

junctions,where the motor nerves contact the muscle
membranes. At 12 weeks during the fetal developrokat
child, the muscle membranes contain both, utrophih
dystrophin, and then utrophin disappears untilidh lonly
dystrophin alone remains there. Thus utrophinfeta
form of dystrophin.

Mdx mice whose utrophin gene wasocked ouéexperi-
mentally, which have neither dystrophin nor utrapini
their muscles, have Duchenne-like symptoms in eshto
“normal” mdx mice whose muscles show less severe da
mage in spite of the absence of dystrophin. Bydasing
the amount of utrophin in mdx mice three to foudfaith
genetic techniques, which cannot be used in huntlas,
development of the rather light dystrophic symptarhs
the mdx mice could be prevented. In Duchenne patien
utrophin starts to spread from the nerve-muscletjans
to the muscle membranes, and the more utrophitienpa
has, the later he must use a wheelchair. This mézets
theupregulationof the utrophin gene would lead to a treat-
ment for Duchenne dystrophy.

Utrophin exists in two similar forms, but orihe A-
utrophinis exclusively located in rather small amounts at
the neuromuscular junctions of all muscle cellse Tér
searchers started to look for substances that eqrieju-
late the gene for A-utrophin and then direct thist@in to
the muscle cell membranes where it would occupy the
sites vacated by dystrophin in Duchenne boys.

This research and development work was stéed
Prof. DameKay Daviesof the University of Oxford, and is
now being continued by the compa®ymmit plmear Ox-
ford under the direction of Ddon Tinsley.At the end of
2007, over 30,000 chemical compounds have been
screened for their ability to upregulate the atyiaif the
utrophin gene in tissue cultures from mdx mice.uinber
of active compounds were identified and the mostrps-
ing ones are now being optimized and tested indivhdx
mice with the aim to increase the amount of A-utiiap
sufficiently in all muscles of the animals.

Additional screening tests with dystrophicrzdish are
ongoing which will possibly identify other pharméaogi-
cal drugs for treating Duchenne dystrophy. Zebhadis-
bryos are very small (2-3 mm), transparent andudie
developed by 24 hours. The muscle structure carabiy
seen and analyzed under the microscope when viawed
der polarized light. Muscle pathology (diseasedateus
structure) of the embryos without dystrophin isyvgimi-
lar to Duchenne muscle.

After further optimization, one of the mostiae com-
pounds, SMT C1100, led to recovered muscle fundtion
mdx mice, because their degeneration, fibrosisjdéabsi-
tion, and chronic inflammation were reduced sigaifitly.
After daily injections for 28 days, no side effeafspeared.
If ongoing preclinical toxicology and manufactuetin-
ues to be successful, safety trials with healtHuveers
could begin in 2008, followed by clinical trialstWiDu-
chenne patients in 2009.

Utrophin upregulation with biglycan. During develop-
ment, the proteibiglycanis present at the outside of the
skeletal and heart muscles and connects with dseivds
the proteins alpha- and gamma-sarcoglycan, whieltves
components of the dystrophin-protein complex inrthes-
cle cell membranes. Biglycan is important for thgula-
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tion of many signaling and structural proteinsted thus-
cle membrane. Experiments done by Pioftin Fallon
and his co-workers at Brown University in Providenc
Rhode Island, with non-dystrophic mice, whose dgene
biglycan had been deactivated, showed that inltkerace
of biglycan many proteins of the dystrophin comphex
disappeared. Treating these mice with local antegyis
injections of recombinant (artificially made) humiaigly-
can led to the re-appearance of the proteins lyeiiaes
phin and alpha-dystrobrevin, which was an indicatimat
the dystrophin complex had been restored. The most
prising finding was that two to three weeks aftestemic
single injections of human biglycan into mdx mittegir
normally low level of utrophin was upregulated abdib
fold. After three months of repeated systemic itifets,
the muscles of these mice without dystrophin wenehm
more resistant to damage caused by forced lengtheni

As the two proteins to which biglycan binds anly
present in skeletal and cardiac muscles, biglycadcbe
active primarily in these two types of muscles, tng
may have minimal side effects. Immune reactiorisax-
pected to be a problem because biglycan is preseintg
development in humans. Since it acts outside thectau
cells, biglycan does not have to cross the musele-m
branes when used as a therapeutic agent.

Experiments with animals will continue to opike
treatment conditions. And after sufficient humaglygan
in clinical grade purity is available, a phasethicial trial
could be started in about two years.

Transfer of the utrophin gene. Prof. George Karpatand
his co-workers at McGill University in Montreal, Gada,
transferred the entire gene of utrophin with a lgingjec-
tion of an adenovirus vector system into the tibiahte-
rior muscle of newborn and adult mdx mice. Afterder
58% of the fibers of the injected muscle in the bem

and 35% in the adult mice contained utrophin inglaees
underneath the membranes normally occupied byatystr
phin in healthy mice. The proteins of the dystropasso-
ciated complex were restored for up to one year.

The new utrophin at the cell membranes precetite
necrosis (the dystrophic damage) of the injectedateun
the newborn and stopped it in the adult mdx mitgsh-
logical tests showed that the function of the eritieated
muscle was improved. As utrophin is normally présgn
the nerve-muscle junctions, no immune responsesaapp
ed against the new utrophin.

However, the increased amount of utrophirh@aadult
mice, but not in the newborn mice, decreased witk.t
This is an indication that such a genetic treatméit
could be successfully repeated in children, shbeldp-
plied as early as possible in Duchenne patients.

Deal JR, Danialou G, Larochelle N, et al., &adpati
G. Successful compensation for dystrophin defigidnca
helper-dependent adenovirus expressing full-le ot
phin. Molecular Therapy 2007; 15; 1767-74.

Reading through premature stop codonswith PTC124.
In about 13 to 15% of all Duchenne patients, tiseakse is
caused by a nonsense mutation in the dystrophia.gen
This type of mutation is a single-point change tlesults

in the introduction of a premature stop codon thdys-
trophin mRNA. Such a premature stop codon cauges th

protein synthesis to shut down prematurely befoeenew
dystrophin is fully assembled. The incomplete dyiin

is too short to fulfil its normal function, it isedtroyed, and
Duchenne muscular dystrophy develops.

PTC Therapeutics, Inc, a company in SoutmRé&d,
New Jersey, has — under the direction ofl@mgdon
Miller — developed a dru@TC124 which allows the pro-
tein-making system in the cell tead throughsuch a pre-
mature stop codon in the mRNA, so that the fullgkan
protein can be made. Such a treatment is diffédrem
gene therapy or exon skipping. To decide whethsrya
with Duchenne muscular dystrophy boy can benedinfr
PTC124, the presence of a premature stop mutaticst m
be proven by genetic analysis.

Details about this new drug, including its ewllar
structure, have been published in Nature in May72@idh
a commentary. PTC124 is a white crystalline powder
which can be taken by mouth after mixing it withteraor
milk. PTC124 was discovered using an automatecegere
ing program in which about 800,000 compounds of low
molecular weight were tested for their read-throabhity.
One of the most effective among the active compsund
PTC124, was optimized chemically and then extehgive
tested in the laboratory. In pre-clinical experinsein
muscle cultures, dystrophin was produced. In mdemi
which have a premature stop codon in exon 23 af the
dystrophin gene, it was shown that PTC124 inducks f
length dystrophin production, resulting in reduagdry
during muscle contraction, and decreases the neeati
kinase (CK) activity in the blood. Thus, PTC124 nhejp
the muscle cells to overcome one of the genetisesmof
Duchenne muscular dystrophy.

PTC124 does not read through normal stop cedon
which have a different structural environment coregao
premature stop codons. Toxicity studies in micts, rand
dogs with high doses of the drug have shown anptabke
profile for continuing clinical development of theug.

A phase-I clinical trial of PTC124 was perfaunin 61
healthy 18- to 30-year old adult volunteers whaehesd
the drug 3 times per day for 2 weeks. With thiatimeent,

a serum concentration of 2 to 10 micrograms/ml el
maintained that was known to be active in mdx mice.
Doses of up to 100 mg/kg/day were well toleratedhage
healthy adults without serious side effects. Tluisalis
larger than that planned to be given to Duchennys.bo

These results allowed the start of a phasetihcal
trial with Duchenne boys, which was performed betwe
December 2005 and May 2007, and in which 38 boys, 5
17 years old, participated. They were a represgatat
group of patients, 33 could still walk, 29 receistdroids,
26 had the stop codon UGA, 6 UAG, and 6 UAA between
the exons 6 to 70. The trial was not designed oolyece
any therapeutic benefit. Six boys received 16 nigiyg
PTC, 20 boys 40 mg/kg/day, and 12 boys 80 mg/kg/day
divided into 3 portions per day. The patients weina-
cally evaluated for up to 21 days before the treatthen
received the drug for 28 days, and finally hadoiHup
examinations again for 28 days. Muscle biopsiesper-
formed before and after the treatment ongkiensor digi-
torum brevis(EDB) foot muscle to check for the restora-
tion of full-length dystrophin production. Beforeet treat-
ment, muscle tissue from the first biopsies waatée with
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PTC124 in the laboratory. The expected dose-depegnde
increase of full-length dystrophin was detectethmtis-
sues from all boys.

The expected dose-dependent increase ofefindjth
dystrophin was detected in the muscle tissues &lbm
boys when tested in the laboratory. The analyséiseof
muscle tissue from the biopsies after the treatrdetgcted
in 19 of the 38 boys, with qualitative increasesew dys-
trophin expressed at low levels. The main reasdns w
new dystrophin was not found in all boys and ndanger
amounts could be that the treatment period washoot
and that the EDB muscle was probably not the basto
be analyzed because it has such a low rate of degféom
and regeneration. However, all boys showed a restuof
the blood CK level during treatment. Blood CK iresed
again after the treatment as expected for a draights to
be taken continuously. Some parents and teacheeswh
ed that 2 to 4 weeks after the rather short treatntiee
boys showed greater activity, increased enduraamz,
less fatigue than before the treatment. While tlesedo-
tal results must be considered cautiously, the timese
of symptomatic changes suggested a drug effecteSom
mild to moderate adverse effects were observethlese
were not clearly caused by PTC124 and were naceliy
relevant.

To understand the long-term risk and benefits
PTC124, a randomized controlled long-term phase-lib
clinical trial is now being started. This trial Winrol 165
patients who are at least 5 years old and stillidatbry
(able to walk=75 meters). Boys who are on corticosteroids
will be allowed to continue that treatment. Papigsits will
be randomised to one of 3 study groups: higher-&dse
124, lower-dose PTC124, or placebo. Treatmentowiti-
tinue for 48 weeks. The primary outcome measurement
will be the distance the boys can walk in 6 minutesn-
paring the results before the treatment with theesmea-
surement during the treatment. There will be 1(tamdhl
secondary outcome measurements. After completidimeof
trial, all patients, including those who were oagabo,
will receive long-term therapy with the higher dade
PTC124.

For this trial, an international steering coitt@e has
been established which will organize and overseeti-
laboration of many clinical centers in Europe, Aal4,
Israel, Canada and in the United States. Rase Bushby
andThomas Voitire the European experts in Duchenne
muscular dystrophy who are participating in thestey
committee. The trial is ongoing in the US and wilbn be
opened in other countries. If this large phasetidd
shows good therapeutic effects, marketing appraithbe
sought from the regulatory agencies FDA in the énhit
States and EMEA in Europe.

Welch EM, Barton ER, Zhuo J. PTC124 targetsege
disorders caused by nonsense mutations. Nature 2007
447;87-91.

Schmitz A, Famulok M. Ignore the nonsense uat
2007;447;42-3.

Project Catalyst is a program of PTC Therapeutics for
finding and developing small chemical compounds as
drugs for a therapy of Duchenne muscular dystrophy.

Project Catalyst, directed by Blen Welch was

started in May 2004 to identify with automatic smang
methods among several hundred thousand compounds
those that could up- or downregulate the productios
expressionof four biological targets in muscle cells and
thus maintain and improve muscle structure andtfonc
in Duchenne patients. The downregulatiomybstatin
and the upregulation of the muscle spegifgulin-like
growth factorlGF-1 would promote muscle growth and
regeneration. The upregulationwfophinandalpha?-
integrinwould stabilize the muscle membrane and thus
improve muscle function.

The automatic screening methods for findireséhpo-
tential Duchenne drugs use a newly developed tesep
dure which measures the light intensity of a regrert
protein, the enzyme luciferase from fireflies. Aadim
number of compounds with at least some of the éésir
properties have now been optimized in the laboyatar
addition, work was initiated on another proteirgtr the
sarcoplasmic reticulum &aATPase (SERCA2a) to help
maintain proper contractile function of the he@tiese
very promising potential drugs will be further aptzed so
that phase-I clinical studies with Duchenne boyddo
start in the near future.

Inhibition of myostatin: Myostatinis produced in muscle
cells as an inactive protein consisting of 375 ananids.
It circulates in the bloodstream as an inactiveauole.
When it's so-calleghropeptideis degraded, myostatin is
activated and binds to a receptor protein, calletilin
type Il, in the muscle cell membrane. The receptor-bound
myostatin initiates a chain (a cascade) of chennazat-
tions that reaches the muscle cell nucleus and$lowis-
cle-forming genes. Thus, myostalimits the growth of
muscles.

There are cattle, the Belgian Blue Breed, dogs,
bully whippets, which are very muscular becausé the
myostatin gene is inactivated by a mutation. An&énlin,
a physically very strong boy without myostatin viden-
tified in 1999, whose skeletal muscles are aboigetas
large as those of a normal child.

Stopping myostatin with an antibody. Adult mdx mice
with an inactivated myostatin gene, which, in aiddiof
not having dystrophin also could not make any nafirst
had more normal muscles fibers, less fibrosis (8sswe),
and regenerated their muscles faster than "normax’
mice, as shown by Prafathryn Wagnerof the Wellstone
Muscular Dystrophy Center at the Johns Hopkins eniv
sity in Baltimore and her research team. This &ed t
above-mentioned cases indicate that the downregulat
inhibition of myostatin would stimulate the regeatiton of
the muscle fibers of Duchenne boys so that theyldvoot
degenerate as fast or might even increase in size.
The companyVyeth Pharmaceuticala Collegeville
near Philadelphia in cooperation with Dr. Wagneergly
published a phase-I/Il clinical trial wittdlyo 029 a speci-
fic human antibodygainst myostatin which is injected
systemically. The trial was conducted in 116 adwith
muscular dystrophy including Becker patients who re
ceived intravenous MYO-029 in four doses betweand
30 mg/kg every two weeks for 24 weeks, followedlBy
weeks of clinical supervision. The aim of this pdddl
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clinical trial was to assess safety and to proweeseffi-
cacy. The results showed that MYO-029 was safeeat t
doses studied and likely reached its intended tavik
increases in muscle mass in the Becker population:-
ever, improvement in muscle function was not shawn
this six-month study. Further clinical trials wibther my-
ostatin inhibitors are planned by several pharmieau
companies in the U.S.

Wagner KR, Fleckenstein JL, Amato AA, et al. and
Mendell JR. A phase l/lltrial of MYO-029 in adultls-
jects with muscular dystrophy. Ann. Neurology 2008;
March 11

Stopping myostatin with its propeptide. Prof. Keith
Fosterat the School of Biological Sciences of the Univer

sity of Londonand his colleagues used a stabilized propep

tide to bind myostatin and thus to inactivate hey trans-
ferred the propeptide with plasmids (naked DNA}gIbc
into a single muscle of non-dystrophic mice, oteys-
cally with an AAV8 vector into their blood circulah. In
both cases, after ten weeks, the size of the miibelies
and the muscle function increased by about 20 — 8%
dominantly in slow muscles. However, the same tneat
of mdx mice did not lead to increased muscles attbb
function. A simultaneous viral transfer of propeptand
micro-dystrophin did not show any benefit eithemidx
mice. But this combination might be a future thexatjc
strategy for producing new fibers and increasiregrttat
the same time. Mdx mice probably need higher dds®s,
cause they produce more myostatin than non-dystoph
mice. This is presently being investigated.

I ncreasing muscle mass and strength by stopping my-
ostatin with follistatin. Follistatin-344is a hormone-like
protein consisting of a chain of 344 amino acidscivlis
activated to follistatin-315 by splitting off 29 &mo acids
from its carboxyl end. Follistatin-315 together lwitvo
other similar proteins, follistatin-related protéFLRG)
and the growth and differentiation factor-associaerum
protein-1 (GASP-1) are involved in regulating thoghaty
of myostatin directly by blocking activin, its remter, and
indirectly also by other, still unknown reactiortipaays.
Asst. ProfBrian Kasparof the Nationwide Children’s
Hospital and The Ohio State University in Columbus,
Ohio and his colleagues transferred the three giendm-
man follistatin-344, FLRG and GASP-1 with AAV-tyde-
vectors locally into single muscles, quadriceps tibidlis
anterior, of normal and mdx mice. For comparisoaeg
fluorescent protein was transferred under the saondi-
tions. Injection of 100 billion (18) AAV1 vectors into 4-
week old normal mice resulted, after 725 days (atr@o
years), in an increase of body mass with an obb&va
gross enhancement of muscles not only in thosetatge
but in others like the triceps alsmganing that this rather
local treatment was able to affect other musclesedk
The general muscle force of the entire animal was i
creased, as measured by the functional grip stneegt.
To test an approach more meaningful to a tatert-
ment of Duchenne boys, similar experiments wereedon
with mdx mice using single doses of either 10 dd b
lion virus particles. These dystrophic mice wetbeasi
three weeks old when injected and then evaluated fafe

months, or — and this is very important for a laeplica-
tion of this technique to older Duchenne patientisey
were injected once when they were 210 days olde(sev
months), when they already had significant symptofms
their disease, and then followed until they wer@ 86ys
old (about 1% years). 60 days after the injectibey
showed increased muscle strength which persistticthum
end of the study.

In all these experiments, no obvious safetp@ms
appeared with the virus material or with the therdj
proteins, follistatin and the other two. The resudtre ro-
bust muscles with increased muscle fiber size,aedin-
flammation, and less fibrosis compared to the adntr
treated mdx mice.

Prof. Kaspar's team finished their publicatieith the
words: “The striking ability of follistatin to pragte gross
and functional long-term improvement to dystropimigs-
cles in aged animals warrants its consideratiorifarcal
development to treat musculoskeletal diseasesjdimg
older Duchenne patients”.

Haidet AM, Rizo L, Handy C, et al. and Mend#H,
Kaspar BK. Long-term enhancement of skeletal muscle
mass and strength by single gene administrationyef
ostatin inhibitors. Proc. Natl. Acad. Sciences 2005;
4318-4322.

Inhibition of TGF-beta. Thetransforming growth factor
beta(TGH3) is a protein which inhibits the satellite cells
(muscle stem cells) from regenerating muscle tisilekx
mice and also Duchenne boys have increased amofunts
TGH3, and this leads to fibrosis (scar tissue), whech i
caused by the excessive production of connectbseidi
and its deposition between the muscle fibers in taplac-
ing degraded and lost fibers. Under normal circamss,
connective tissue holds the muscle fibers togethetrin-
creased levels lead to muscle stiffness and cdotex
Connective tissue consists mainly of the proteitagen,
a rather inelastic molecule that is generated fpfilasts.
Thus inhibiting the activity of TGFwith drugs may be a
possible way to reduce fibrosis.

Prof.Andrew Hoeyof the University of Southern
Queensland in Toowoomba, Australia, and his co-exsrk
testedpirfenidonewhich is an approved medication for
treatment of fibrosis in the lungs. Eight-month pidx
mice were administered this drug and after seventinso
of treatment showed reduced levels of P&Rd restored
heart function almost to normal, but fibrosis was ire-
duced in these olthdxmice. The possibility of the drug
being more effective in younger mice will be exaednn
future experiments.

Van Erp C, Irwin NG, Hoey AJ. Long-term adnsima-
tion of pirfenidone improves cardiac function inxndice.
Muscle Nerve 2006, 34; 727-734.

Losartan and TGFp. Dr. Ronald Cohnand his co-wor-
kers at the Johns Hopkins University School of Meti
in Baltimore are trying to modify the disease bgdiing
TGH3 and its signaling pathway that leads to fibrogtsey
started their work with older mdx mice which haveare
progressive muscular dystrophy than younger omgescA
tion of the snake venom cardiotoxin into non-dyghic
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single muscles damages them; they then regeneithia w
two to three weeks. In mdx muscles, this regermnas
significantly impaired. Treatment of mdx mice wih an-
tibody against TGFimproves the regeneration time.

As this antibody is not commercially availghilee re-
searchers started to test whethesartan an approved
drug against high blood pressure, could have the -
fect because it blocks the angiotensin-II recepthich
plays a role in a step further down in the sigrgappathway
that is initiated by TGE. Indeed, it could be shown that
treatment of three-month old mdx mice with Losarftan
more than one year attenuated many of their dylsicop
symptoms like the fibrosis in the muscle and theettep-
ment of fatigue in muscle function tests. The migge
not cured by this treatment, they were only lesk. Sihus,
treatment with Losartan, if results with Duchenogs
could be shown to be similar to those with miceyina a
therapeutic strategy similar to other pharmacolalgic
treatments that reduce the symptoms without infliren
the genetic cause of the disease.

Dr.Cohnand his team are now preparing a double-
blind clinical trial of Losartan. About 100 Duchenhoys
will participate who are between 5 and 15 yearsaoid
can still walk. One half of the boys will be trectier one
year with Losartan. The other half will receivelagebo
for six months and then for the next six month &ifio be
treated with Losartan. All boys in both groups mest-
tinue to take steroids if they had taken them radybe-
fore the trial. The primary outcome measure, thahé
main test for an effect of the treatment, will be time
they need to walk for 30 feet (about 10 metershrigjes
of their quality of life and their respiratory fuiian will be
among many other secondary outcome measures.

The researchers hope to start the trial soneeitn
2008. The results will then be available about ywars
later. If the results show a significant therapeeffect, a
recommendation for taking the drug will be issuathout
delay. However, it is important to emphasize il
then, parents should not give Losartan to theik &ioys
but should continue their current management inotud
steroid treatment and all additional aspects tkteem in
the best possible physical state.

Cohn RD, van Erp C, Habashi JP, et al. Angisite|l
type 1 receptor blockade attenuates TGF-beta-irtluce
failure of muscle regeneration in multiple myopathi
states. Nature Medicine 2007; 13; 204-210.

Blocking inflammatory agents. The degradation and
death of muscle cells in muscular dystrophy cairses
flammatory cells to enter the muscle tissue torcigathe
cell debris. Steroids are able to suppress inflanomaand
this is probably one of the reasons wirgdnisoneits ac-
tive formprednisoloneand the relatedeflazacortcan in-
crease muscle mass and strength and reduce thenenmu
response, however often with some uncomfortabke sid
effects. ProfMelissa Spenceof the University of Cali-
fornia in Los Angeles and her team are performixg e
periments to find ways to replace the steroids witter
drugs to counteract inflammation and immune respons
without their severe side effects.

Studies have shown that some cells of the inemays-
tem accelerate the progression of the disease. fiitey

ducecytokines molecules that promote inflammation and
the development of fibrosis in mdx and Duchenne-mus
cles. In healthy people, this is a normal procéssound
healing which stabilizes weak tissue and promogeagitng.
In Duchenne boys, this healing process does nptasid
the muscle undergoes a state of continuous woualthige
Therefore, it is hypothesized that the inhibitidriromune
cells and active cytokines might slow down the dédgr
tion and fibrosis of dystrophic muscles. A numbeFDA
approved anti-inflammatory drugs already exist Wwhic
could possibly also act against these immune gelxu-
chenne dystrophy. By testing drugs that are alré&adix
approved, the time to bring these drugs to Duchetine
cal trials will be shortened compared to new conmaisu

Three of these drugs used against other diseasee-
ing tested in Dr. Spencer’s laboratory on mdx mice:
Galectin-1, Remicad®, and Enbrel®, all against rheuma-
toid arthritis andAnti-asialo GM1 an antibody used in
Parkinson's disease.

Osteopontins a protein which has many functions in
bone biology, immune regulation, cell survival lamma-
tion, and cancer metastasis. Its concentratiomcieased
in the blood and also in the muscles of mdx miae. D
Spencer has been examining osteopontin as a ptenti
therapeutic target for Duchenne dystrophy. Mdx mice
without osteopontin have better muscle strengtligtaCK
values, and reduced fibrosis. Work is now ongomfjrtd
a drug which would inhibit osteopontin in Ducheroy's
and thus become a candidate for a Duchenne therapy.

Idebenone. The absence of dystrophin does not only wea-
ken the cell membranes but also negatively affdetsni-
tochondria in the muscle cells of Duchenne patidnts
these “power stations” of the cells, the univetsalogical
energy carrier, adenosine triphosphate (ATP), iegted
by oxidative phosphorylation. The synthetic compbun
Idebenonedeveloped by the compa®anthera Pharma-
ceuticalsin Liestal near Basel, under the direction of Dr.
Thomas Meierits Chief Scientific Officer, is chemically
derived from the natural coenzyme Q10. Idebenoie no
only is a powerful antioxidant but, even more intpatly,
it facilitates the generation of cellular energyordover,
Idebenone has been optimized chemically so thearit
easily enter cells, including muscle cells.

The efficacy of Idebenone has previously bé&@mon-
strated for patients with Friedreich’s ataxia.Histneuro-
muscular disease Idebenone was shown to improweneu
logical function. In addition, Idebenone also coatdelio-
rate hypertrophic cardiomyopathy (enlargement ef th
heart), which in this neuromuscular disease ifeathireat-
ening complication.

More recently, scientists at the UniversityLefiven in
Belgium, lead by ProfGunnar Buysein collaboration
with Santhera started to determine whether Ideb&non
would also be beneficial in Duchenne dystrophysti-ir
they treated dystrophin-deficient mdx mice for 10mths
— from shortly after birth until adult age — witthelbenone
or placebo in a double-blind study. In this stuldy tar-
diac dysfunction of these dystrophic mice was $iggznt-
ly improved. Particularly, the mortality due to expnen-
tally induced cardiac stress decreased from 58%9%. In
addition, long-term voluntary wheel running perfamce
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(an overall muscle function test) improved sigraifidy in two enzymes superoxide dismutase and catalaseinAnd

mdx mice upon Idebenone treatment. The detaileshsci fact, laboratory experiments have shown that tiuitia
tific report of this exciting and innovative studsil be of these enzymes to isolated hearts of mdx micekisithe
published soon. oxidative stress by destroying the excess of the fadi-

These results encouraged the researchersfaymea cals.
phase-Il double-blind, placebo-controlled clinitdl with For this reason, Profoe McCordof the University of
21 Duchenne boys at 8 to 16 years of age condad tine Colorado developed, together with the comphifig Van-
University of Leuven, also under the direction Psfin- tage Corp.in Denver, the natural formulatidtrotandin®
nar Buyse. Thirteen boys were treated for 12 mowitis to reduce oxidative stress by upregulation of tine anti-
a daily dose of 450 mg Idebenone, applied as 156aing oxidant enzymes. Protandim contains extracts fiom f
lets, while eight patients received placebo. Theary plant speciesBacopa monnieriSilibum marianunor milk
objective of this study was to determine the eftédde- thistle, Withania somniferalso known as ashwagandha,
benone on the heart muscle function measured as the Curcuma longdrom which the spice turmeric is derived,
change irpeak systolic radial strain of the left ventricular andCamellia sinensisr green tea.
inferolateral heart wall, the region of the heahiah in In a clinical trial in 2006, 29 healthy, 20-I8-year old
DMD is affected early and most severely. Patientéde- persons were treated daily for 120 days. Afterethe of
benone improved markedly on this functional cardéest the trial the two most important test results wibw the
compared to placebo. Secondary outcome measuthis of activity of superoxide dismutase had increasedd® and
study included respiratory function tests. Pati¢r#ated of catalase by 54% on the average, and the petmidaf
with Idebenone improved in peak flow during theve@ek lipids was significantly inhibited
study period, while this respiratory function comted to Protandim has recently been found to acthaainduc-
deteriorate in patients on placebo. These strodigations tion of the antioxidant response element (ARE)easgic
for improvement in heart and respiratory functiavith mechanism that controls not just the body’s praidnobf
Idebenone are particularly encouraging, since tposk- superoxide dismutase and catalase, but also avout t
lems cause very severe complications in patiertts wi dozen other important antioxidant enzymes. Furtioeem
Duchenne dystrophy. Results of this study will be-p the five active phytochemicals in Protandim acetber
sented for the first time to the medical Commuai[yhe with Strong synergy, such that their combined éffec
2008 annual congress of the American Academy of Neu many times greater than the sofrtheir individual effects.
rology. Nelson SK, Bose SK, et al. and McCord JM. Tfhe

In summary, this is the first indication ofnital effi- duction of human superoxide dismutase and catafase:
cacy with Idebenone on cardiac and respiratorytfans fundamentally new approach to antioxidant ther&pge
in Duchenne patients. The results provide the Hasithe Radical Biol. & Med. 2006; 40; 341-347. Velmurugén
planning of further clinical development studieshnide- Alam J, McCord JM, and Pugazhenthi S. Synergistic
benone. After these positive results, Santheralbesied duction of heme oxygenase-1 by the componentseof th
to continue the development of Idebenone, whickealy dietary supplement Protandim. Free Radical BioMé&d.
received orphan drug designation, to an effectieeapy 2007; 43, Suppl. 1; S97.

for Duchenne dystrophy.
Inhibition of NFkB. At Still University in Kirksville,

Protandim to avoid oxidative stress: The energy carrier Missouri, Prof George Carlsorand his colleagues devel-
of the biological energy every cell needs is ademeosi- oped a method to test the calcium influx into isedese-
phosphate, ATP, which is synthesized in the largabver verely dystrophic fibers from the expiratdriangularis
of mitochondria inside the cell. They are abousiasill as sterni(TS) muscle of mdx mice, to determine whether, as
a bacterium, and they are using oxygen to syntbehis had been assumed, an increased amount of calcism wa
energy-rich ATP, which also powers muscle conteansti responsible for the dystrophic symptoms. Howe\resirt
But about 1-2% of the oxygen consumed is conveded results showed that this influx was not increasethése
the very reactiveuperoxide free radicallhe normal cell stressed fibers compared to the influx into normascle
defends itself against this toxic product with terzymes: fibers under the same conditions. Because othestiv
superoxide dismutas&0D, which converts the radical to gators had shown that passive stretch activateM Er&
hydrogen peroxide, arzhtalase which converts the hy- (pronounced NFkappaB) signaling pathway in musate,
drogen peroxide into water and oxygen. Carlson’s team tried to find out whether this aation was
Muscles cells without dystrophin produce mitien the responsible for the damage to their dystrophic TSate.
normal amount of superoxide radicals, they expegen The protein N&B is present in the cytoplasm of all
oxidative stresswhich then contributes to the degeneratior]  cells, but is mostly inactivated there by anothetein, the
of the muscle fibers because the two enzymes aileito inhibitory kB (IxB). Inflammation processes, which com-
destroy the excess of the radicals fast enoughdéfiey bat infections and also cell degeneration, actitise
cause chronic inflammation, fibrosis, peroxidatigtip- NFkB pathway, and this leads, through a signalingadec
ids, a slowing of muscle regeneration, which agesym- (a chain of reactions) to the upregulation of mgegies
ptoms of Duchenne boys at about three years of age. whose proteins are anti-inflammatory factors. THase
For a Duchenne therapy, it would be importantter- tors stop the inflammation when it is not needeghaore.
rupt these processes at this age or earlier. Tesdtwith However, if the downregulation of these factorblizcked
the antioxidant vitamins E and C has, unfortunatety by genetic mutation or stress situations, the infteation

effect. Another possibility is to increase the llevkthe
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continues and chronic diseases can develop likei@rt
sclerosis, lung fibrosis, asthma, rheumatic aithrénd
probably also Duchenne muscular dystrophy.

A number of drugs are available which can prgthe
activation of NkB at the beginning of this signaling cas-
cade. One of these druggigrolidine dithiocarbamate.
Dr. Carlson and his coworkers have tested this drug
their isolated TS muscle fibers from mdx mice amainid
that their diameter and their function had sigaifitty in-
creased. There are other drugs which inhibit theBNF
pathway that have been already approved for tlaéntient
of diseases other than Duchenne dystrophy. Orfeesétis
sulfasalazineThis drug and others are being tested in pre-
clinical trials in order to provide information émnduct
clinical trials with them.

Blocking TNFa. The muscle cell membranes of Duchenneg
boys, which are not stabilized by the dystrophiatgin
complex, are easily damaged by the mechanicalsstres
muscle contraction. Tumor necrosis factor-alphaKd@)Ns
a protein which increases the damage to dystraphgcle
by promoting inflammation which leads to necrosie(
destruction) of muscle fibers even in still unaféet musc-
le tissue. So, blocking TNFwould reduce the degenera-
tion process due to the absence of dystrophin.
Prof.Miranda Groundsand her co-workers at the Uni-
versity of Western Australia in Perth used an atih
cV1q, to block TNl in a long-term study with mdx mice.
Older mdx mice have only about 5% of necrotic maiscl
fibers, and this percentage could not be reducedelay-
ment with the antibody against TMFThus, the research-
ers let the mice voluntarily run in exercise wheats this
doubled the amount of necrotic muscle fibers. Ltarga
antibody treatment for up to three months, durirgciv
time the mice could run as they liked, preventesl dddi-
tional exercise-induced damage. Therefore, thekblie
of TNFa reduces muscle damage as well as the high CK
levels normally associated with exercised mdx n#dso,
the cV1qg-treated and voluntarily exercised micesign
nificantly more than non-treated mdx mice, indicgtthat
they felt well and that their muscles had improfigat-
tion. Clinical trials with this antibody or with le¢r known
drugs that block TNé should be considered.

Upregulation of | GF-I. The insulin-like growth factor
(IGF-I) is a protein with about 70 amino acids meachain
with three stabilizing bridges, thus with a simitfrape as
insulin. It exists in multiple forms with slightlgifferent
structures. One of these so-called isoforms, IGFi&A
very beneficial for muscle, because it helps tanpte
growth and strength and is of interest for a pdesitera-
peutic use in Duchenne children.

The research team of PrBfisabeth Bartonof the
University of Pennsylvania in Philadelphia workghwi
mdx mice which were genetically engineered, so ttney
produce high levels of IGF-I in their muscles thybaut
their lifetime. Thesendx-IGF-plus micahow an increased
muscle growth with quite healthy-looking musclesl an
much less fibrosis than the “normal” mdx mice.

But because this growth factor interferes wiidny
processes in other than muscle cells, potentialipas

side effects cannot be excluded if higher dosagessed

to optimize the effect on muscles. Therefore, |GFabk
complexed with one of its binding proteins (IGFBR3)
produce IPLEX™, an already approved drug that ktaisi
IGF-1 in the blood, and releases it only where ahdn it
is needed. A first clinical trial with IPLEX was germed
at University of Rochester with 15 adult myotonicstto-
phy patients. This strategy could be very effectivget-
ting IGF-I to the muscle without causing side effda
other tissues.

Another way to create higher levels of IGF-hiuscle
tissue would be to transfer its gene into muscliés WAV
vectors, which would instruct them to make more dIGF
Work with this technique in DBartoris laboratory suc-
ceeded in increasing the level of the most acteéorm
IGF-1A 30 to 40 fold after intramuscular injectiofithe
vectors. The newly synthesized IGF-I stayed innthescle
tissue, promoted hypertrophy (enlargement of muscle
bers), but avoided side effects caused by theaiv of
non-muscular tissues. Such a viral gene therapyatié
several years until it could be tried in Duchenogsh

Beta-agonists. Beta-agonists are hormone-like substances
that bind to specific receptor proteins on the idetsf cell
membranes and then start a chain of chemical ceesta
beta-adrenergic signaling pathway cascadeto deliver a
signal to biological targets inside the cell whasle impor-
tant for controlling protein synthesis and protéagrada-
tion. Some beta-agonists are approved drugliéa-
chodilatorsto relax the airway muscles of asthma patients,
or used aanabolic agentso improve the size and strength
of skeletal muscles, sometimes used illegally ests
(“doping”).

In the laboratory of Profsordon Lynchof the Univer-
sity of Melbourne, the beta-agonfstmoterolwas tested
with excellent results for its ability to reverseiscle wast-
ing in old rats, a finding with clinical potentitd treat
older people. These positive results suggestedstizit
“anti-aging drugs” could also be used for a potdritier-
apy for Duchenne muscular dystrophy.

In fact, a small clinical trial with Duchenaed Becker
dystrophy patients has already been performed pahe
cipants were treated for 28 weeks wathuterol (8 mg/
day) another beta-agonist which is approved fdrraat
This low dose was chosen after another one-yedntiih
adult FSH dystrophy patients (another muscle dejetaad
shown that at doses of 16 and 32 mg/day, albuteddio
some unacceptable heart problems such as palp#atio
The reduced dose in the trial with DMD patients riod
cause any side effects but produced only a modestase
of muscle strength which was insufficient for afeefive
therapy against muscle wasting and weakness.

To prepare another clinical trial with a mo@verful
beta-agonist, Prof. Lynch and his colleagues tceaidx
mice with very low (clinically-relevant) doses fofrmo-
terol (25 micrograms/kg). This low dose increased the siz
and strength of fast-twitch and slow-twitch musaéhe
mdx mouse and importantly did not make the muscles
more easily fatigued. The effects on the size efttbart
were also reduced with low-dose treatment.

As Duchenne patients do not need an enlargeofien
their hearts, the effect of these drugs on thetlmeascles
must be avoided while maintaining the positive &feon
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the skeletal muscles. Separating these two efifestsll an
important scientific challenge and this is a mégmus of
Prof. Lynch’s research with these compounds. Anrothe
side effect, the downregulation of the receptordlie beta
agonists in the muscle cell membranes, which resluce
their effect on skeletal muscles, must also bedeaabe-
fore clinical trials for a long-term treatment ofi€henne
boys can be started.

Lynch GS, Ryall JG. Role @fadrenergic signaling in
skeletal muscle structure and function: implicagidor
muscle wasting and disease. Physiological Revi€82
88: 729-767.

Harcourt LJ, Schertzer JD, Ryall JG, Lynch GS~
dose formoterol administration improves muscle fiamc
in dystrophicmdxmice without increasing fatigue. Neuro-
muscular Disorders 2007; 17; 47-55.

BBIC inhibits proteases. The degradation of muscle pro-
teins in Duchenne dystrophy is caused by sevetffalreit
proteases (protein-destroying enzymes) among them t
enzymecalpainand a large protein complex, called the
proteasomeln Duchenne dystrophy, muscle cell mem-
branes become leaky, so that calcium ions (chaatpeds)
can enter the cells and activate calpain and hlsprtotea-
some. Researchers are trying to inhibit the activadf
calpain and other proteases and thus delay musitldey-
radation.

Prof.Lee Sweenegnd his co-workers at the University
of Pennsylvania in Philadelphia are experimentiritgy w
one of the protease inhibitors, tBewman-Birk inhibitor
concentrate (BBIC), a natural protein composed of 71
amino acids, which can be isolated from soybedris.a
water-soluble substance that can be orally takesrit’&
molecule is too big to enter the muscle cells|atks sev-
eral proteases like the digestive enzymes trypsihcay-
motrypsin outside the cells and interrupts sigrippath-
ways that can produce inflammation processes in
Duchenne dystrophy. Long-term treatment with BBIC i
creases the muscle mass and strength in mdx micacc
tivities are reduced considerably and fibrosis .adigom
other applications in cancer patients, it is kndhat BBIC
is a very safe drug.

A clinical phase-I trial is now being prepatedether
with Dr. Kenneth Fishbeclat the National Institutes of
Health (NIH) in Bethesda near Washington. If thal tr
shows that similar results as those found with mmibe
can be obtained in Duchenne boys, this rather bedhigg
can possibly slow down their muscle degradatioly- So
beans contain other proteases also, so BBIC musbbe
lated and purified from them. Eating the beansatliyehas
no effect.

GAMT and AGAT. Although the mdx mouse has no dys-
trophin in its muscles, it does not show the secénécal
symptoms of human Duchenne muscular dystrophy. Prof
Brian Tseng formerly at the University of Colorado in
Denver and now at the Harvard Massachusetts General
Hospital in Boston and his team continue to ingedg
ways to slow down muscular dystrophy.

The scientists used screening techniquesitb“fnodi-
fier” genes that are upregulated in mdx mice butro

regulated in Duchenne boys. They identified twadhsuc
genedor the enzymearginine:glycine amidotransferase,
AGAT, andguanidinoacetate methyltransferas®AMT.
Both are important for the synthesis of creatinkiciv is
required for biological energy in skeletal mustialike
Duchenne boys, the mdx mouse can upregulate beth en
zymes so iot can make its own creatine in its nausells.
It is known that Duchenne boys have only 20% of the
normal amount of creatine found in healthy musicle.
contrast, the mdx mouse has 80-90% of creatinkesin t
muscles compared to healthy control mice. An mdxseo
was created whose GAMT gene was genetically inacti-
vated. This mouse cannot walk well, dies early, itsd
muscles look more severely affected, similar tséhof
Duchenne boys.

Now, the researchers in Dr. Tseng's laboratwey
working to create an mdx mouse without the other en
zyme, AGAT, which may be severely handicapped, too.
And they are investigating how the absence of dpstin
protein seems to interfere with the transport ehatine
from the bloodstream into the muscle cells, anctffénich
may speed up muscular dystrophy. This creatinesrant-
ter problem cannot be as effectively treated byadye
creatine alone. Dr. Tseng’s team is also studyliegivo
genes GAMT and AGAT in boys and men with an atylpica
muscular dystrophy, who have no dystrophin but Beck
like symptoms and near normal muscle strength.

With high throughput screening methods, it rhay
possible to identify compounds, approved drug$nof
triceuticals” (effective dietary substances), whictuld
upregulate the two “modifier” genes GAMT and AGAT i
Duchenne boys. This could make their severe symptom
more like those of the hardly handicapped mdx maunsk
buy time while efforts for a “real cure” continue.

McClure WC, Rabon R, Ogawa H, Tseng BS. Upregu
lation of the creatine synthetic pathway in skéletascles
of mature mdx mice. Neuromuscular Disorders 2007; 1
639-650.

L-arginineand nNOS. Another consequence of the mis-
sing dystrophin is the reduced amount of one paetic
component of the dystrophin-glycoprotein complée t
enzymeneuronal nitric oxide synthageNOS). This en-
zyme produces nitric oxide (NO) from the amino dcid
arginine. Although NO is a gas, it acts like a hon@ and
regulates, among other effects, the dilation obtlees-
sels which is important for the normal supply afdd and
therefore of energy to the muscles. When nNOS gs-mi
ing, cardiac fibrosis develops and this may contekto
increased fibrosis in hearts of mdx mice and afdow
chenne patients.

Prof.Andrew Hoeyand his colleagues at the University
of Southern Queensland in Australia administereddi-
nine daily for 6 months commencing in 6-month oldxm
mice. This reduced the fibrosis in their heartsréased
the coronary blood flow and improved their heartdtion.
In ongoing experiments, the mechanism of this ¢bét -
arginine is being investigated before much furtierk
can be done to see whether L-arginine can becainega
for Duchenne boys.

17



Somefinal thoughts about where we are and what should be done.

As | said at the beginning, | wrote this reseamgbort and
my earlier ones especially for you, the boys anghgp
men with Duchenne muscular dystrophy and your fesil
so that you better understand what is being doséom
this disease, tend itonce and for all. | have selected 33
research projects for my summaries, because tleeyrar
my opinion, the most important ones with which stigts
in many countries are trying to find effective asale
ways to stop or to at least slow down the steadgpjear-
ance of your muscles.

Good and bad mutations. Duchenne muscular dystro-
phy is not new, like AIDS, because it has been seen
mice, rats, cats, and dogs, and thus probablyseixistl|
animals with muscles. So it started long befordoaeame
different from our animal ancestors. It is an aeatdof
evolution. Without mutations, the random changethef
genetic information, we would not be here and #w of
life not either. Some of the mutations are “godu¥cause
they improve life, but most are “bad” and dangerdogs
cause they cause death and disease before bafteor
wards.

The mutations that cause Duchenne musculdragysy
do not punish you or anybody else for somethingy flast
happen. This is not the place to discuss religgquestions
which easily come to mind. Just allow me to add one
thought: Nature seems to act blindly without regard
whom she hurts, on the other hand, her good muatio
gave us the brains to find a way for repairing tarsible
side effect of evolution.

Scientific resear ch. If you have read the entire report,
you will realize that the many scientists and teams
mentioned are doing everything they can as fapbasi-
ble for finding a therapy. In 1986/87, when thetdyshin
gene and its protein were found, we all thought tie
way was finally open for a cure that could veryrsgor-
rect the molecular-genetic cause of the diseasen®w,
more than 20 years later, we are still waitingtfat cure
or at least for a therapy that would slow downdbstruc-
tion of the muscles. But not only the fight agaiinés dis-
ease proved to be much more difficult than firsagimed,
progress for other genetic diseases like cystiogis or
the many forms of cancer, is also very slow. In,famur
disease”, Duchenne muscular dystrophy, could be¢hee
first rare hereditary disease which will have aejenther-
apy in the not so distant future.

One step after the other. The research approaches ex-
plained in this report are all based on reliablertdic re-
sults, so most will sometime lead to techniquestlith
materialize in drugs that can be bought. But it take
time, because their development will have to prdcstep
by step, and every one of them must be carefullpmed,
tried in animals and then finished with clinicaats.
Shortcuts, even if they look possible in theory aot al-
lowed. After all, our children will have to take stmf
their Duchenne drugs for the rest of their hopgfldhg
life. So they cannot have side effects that accatawnd
get dangerous with tim&hey have to be absolutely safe.
The scientists know this, and they also know thatregu-
latory agencies like FDA and EMEA, although theteaof

seem to make their work more difficult and to sliow
down, are there to protect you. The step-after-stepess
is slow, but mistakes with accidents that hurt gowthers
with other diseases would only slow down the dgwelo
ment of our and their drugs.

Exon skipping. One of the genetic techniques dis-
cussed in this report is especially promisiegon skip-
ping. In a clinical trial in the Netherlands, one kinfctloe
potential antisense drugs, AONs, has been showmwtio
in one muscle of four Duchenne boys. A similarl twih
another kind of these drugs is now being perforindtie
UK. There is justified hope that its results wid bqually
positive. Systemic trials are now planned or alyaau
derway with the injection of the AONs into the bibair-
culation so that they can reach all muscles. Thoaked in
animals, and we are all hopeful the results wilthm same
in children.

The participating boys in these systemicdrialho
need skipping of exon 51, will have that exon reawin a
large part of the damaged genetic messengers, mBNA,
their dystrophin. Their muscles might already wbelter
at the end of the trial. Thus, we hope this approgit
becomean effective therapyeven if it is not a complete
cure It will not take another 20 years until it his aeit
will be much earlier.

An exon skipping treatment will have to be ratee af-
ter some time, some weeks or months. But thistaad-
vantage that it can be stopped and replaced by stime
more effective or more permanent method. Exon $kgpp
will be a great help for many Duchenne boys, buiilit
only slow down the progression of the disease, tillbe
an effective therapy but not a complete cure.

Phar macological approaches. So, for many of you
who are still young and thus have much of your rieusc
tissue left, exon skipping will not come too laBeit lost
muscles cannot be repaired by exon skipping. Thezef
the older ones among you will possibly benefit miooen
the pharmacological research approaches than fiem t
genetic ones. Some of these drugs can be misuseddfe
ing of athletes, but the possible benefits for witlh mus-
cular dystrophy means they should be allowed fisradp-
plication.

The list of these potential drugs is long, &tR0 are
discussed in this report and more will appear tierlap-
dates. Some of them are in clinical trials with deoesults
like Idebenone. They might be fully developed fagitan
the genetic methods. And either alone or togetlitr w
others, incocktails they may maintain and strengthen the
muscles, like the steroids but with fewer side @feand
thusbuy timewhile you are waiting for a more fundamen-
tal genetic therapy.

Clinical trials are indispensable steps to the full devel-
opment of a therapy. But they are just human erpemts
that also can go wrong. And some already had negati
results, like Myodur that did not stop proteaseas lsliyo
029 that was supposed to inhibit myostatin butrditilead
to clinical benefit. And the first of a series dihecal trials,
those of phase-l, are not expected to providergcali
benefit. Most try to treat only one unimportant elasand
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this cannot improve the disease of all muscles.thego-
tential new drugs safe? That is the main questiesd tri-
als are designed to answer. Participation is ingmbrtbut
it is not worth to come with great expense fromdamy to
the trial centers.

M utation diagnostics. Some potential therapies are
mutation specific that means the exact mutationtineis
known for the patient to benefit from these treattaeEx-
amples are exon skipping and PTC124. Others, liged-
placement of the dystrophin gene with virus vectorthe
upregulation of utrophin are independent of theation.
The MLPA method is now a widely used techniquedier
tecting deletions and duplications in boys and aide-
male carriers. However, it is expected that that nécro-
array techniques will soon replace all other gerstirig
methods.

Carrier diagnosis for women related to the mother of a
Duchenne patient is important for their geneticresmling
which can avoid the birth of additional Duchenngm
the extended family of a patient. But if a womanmisk
can be assured that shen@t a carrier, this can encourage
her to have healthy children without fear of a reence.

Newborn screening for high CK activity in dry blood-
spots, as it is offered in Germany (Freiburg), \¥d[@ar-
diff), and Belgium (Antwerp), finds Duchenne boyslg
and may, through genetic counseling, avoid thd lmift
secondary cases in the same family. Two pilot Ci¢esg-
ing programs are now underway in the US in Columbus
Ohio and Atlanta/Georgia.

Registration. All boys and young men with Duchenne
should have their personal medical data registeréue
Duchenne data banks of their own country which khou
be part of the international registry networks tisred by
TREAT-NMD (www.treat-nmd.eu/registjyand Du-
chenneConnectww.duchenneconnect.drgdrhis would
allow finding participants for clinical trials ohérapies for
more unusual mutations, and it would also assuretkie
patients and their families have access to the omp$b-
date information about research results and metiea-
agement.

Get together. You, the families with Duchenne boys
and the young Duchenne men themselves should becomé
part of the worldwide Duchenne community and wark a
tively there. You should get together with othenilées
and patients in the muscular dystrophy associatibysur
own country and also on the international levele Th
EAMDA, European Alliance of Muscular Dystrophy As-
sociations, is one example. Together you can dogyman
things to speed up the development of therapiese bie
some suggestions:

Faster approval. The FDA and other regulatory agen-
cies need many months to approve clinical trialsenf/
techniques. They have finally approved the localneX1-
skipping trials, but it took them about a year pprve the
British trial. That was the reason why the Dutchlddin-
ish their trial before the British were even all@irte start.
Now it looks as if these agencies would insist pprav-
ing every one of the AONs for the many differentetiens
and duplications. The scientists will try to cornérthem
that only the sequences of the AONs will be differéut

everything else including the chemistries will tsctlae
first ones for skipping exon 51. You, the familisepuld
work together with PPMD and other organizations and
start open discussions with the regulatory agen&esh
discussions have already begun with the FDA angbare
gressing quite well. If successful, the many nemsgsskip-
ping drugs for the exons other than 51 would bélahie
within months and not years after the first oneskipping
exon-51 is ready for you.

Educate your doctors. Educational materials are avai-
lable on DuchenneConnect, TREAT-NMD, PPMD, Ac-
tionDuchenne, UPPMD, and other organizations. iinis
portant to utilize these materials, which are ofigailable
on-line and are updated frequently, when speakitiy w
your physicians. Many of your local or primary ca-
tors will have little, if any, familiarity with Dugenne. It is
important to educate them to help them to caregdor
child in an informed and understanding way.

Bewar e of miracle drugs and treatments. It should
have become clear after you read this report arfthps
listened to the presentations and discussionsuof ‘&xi-
entists at the many Duchenne meetings, therapeutgs
and treatments that are safe and effective fong time
can only be produced after careful development stitiat-
ly scientific methods. If you see “miracle” drugs the
internet or get offers of miracle treatments, aod gon-
sider getting or applying them for your child, geask
the miracle providers how many Duchenne boys tlaxeh
already cured, how these boys were diagnosed witt w
results, how much new dystrophin have they founithén
muscles, and how much the muscle function has ingato
If that what is offered really had any value, askingelf
why not thousands of families are going there whtir
sick children. Be careful, otherwise you will |[dsgs of
money and possibly hurt your boy severely.

Promote awar eness. You should work actively with
your muscular dystrophy associations in your caestr
and they should get together with internationaboiga-
tions like TREAT-NMD in Europe and PPMD in the
United States and in several other countries. Allsto-
gether will be able to bring your day-to-day prohséeand
your hopes for a treatment to the attention of ygnu-
ernments and the general public, to the other peopb
have no idea what Duchenne means. This could be don
by political lobbying and with help of the medisawspa-
pers, radio and television. This would open theseyfehe
granting agencies and charities to where theirarebe
money is needed, and it would also bring tax-deblsct
donations from private sources.

Donationsfor research, even small ones, are impor-
tant. They might only contribute a fraction of ttleal costs
of drug development which go into the millions @lldrs,
pounds or euros. These pennies and cents are ademaif
the not-so-rich people to the real-rich ones thaytcare
for you too and make it happen that you, like ekedy
else, can have a long and happy life.

(This chapter was written with Ms. Patricialbag of
PPMD and Prof. Kate Bushby of TREAT-NMD.)
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Linksto other important articlesin earlier reports.

In my earlier reports on the three Parent-Projestings
of 2006 and 2008, many more subjects were described
which are not mentioned in this report on the redfeap-
proaches. They are listed here with an indicatibene
they can be found. You can see these earlier epartny
internet pagesvww.duchenne-information.ein English
after clicking on “Reports on the research foreraipy of
Duchenne muscular dystrophy”. The short nameseof th
reports “2006 Cincinnati English” (C06), “2006 Lad
English” (L0O6), and “2007 Philadelphia English” (BGare
further abbreviated in the following list as in tharenthe-
ses followed by the page number (e.g. PO7-20h@atti-
cle referred to.

Nick Catlin: Standing on the shoulders of giants (LO6-
1). Louis Kunkel: Twenty-year anniversary of finding the
dystrophin gene and its protein (L06-2).

Robert WeiswWhy do we need to know the exact muta-
tion (P07-19)Stephen AbbsWhy should one test for the
in the dystrophin gene (L06-17)K2vin Flanigan: If there
is still no cure, why do we need to know the exaata-
tion (C06-13)7?

Jennifer Morgan: Viral vectors and muscle stem cells
(LO6-7). Terence PartridgeThe promise of stem cells
(C06-7).

Kate BushbyWhy do we need clinical trials (P07-3,
L06-3)?Diana Escolar:International clinical trials (PO7-
16). Kate Bushby:North Star Project, international clinical
trial with steroids (L06-12).

Tan Nguyen:How does the FDA approve a Duchenne
drug (P07-17)Robin Sharp:Duchenne registry (L06-18).
Serge Braun, Kate BushbyfREAT-NMD, a network

of excellence of the European Union (PO7-283dhuri
Hedge:CETT, collaboration, education and test transtatio
program (P07-20Kyle Brown: DuchenneConnect will
encourage collaboration and genetic testing forienoe
muscular dystrophy (P07-2Batricia Furlong: What

does “Connect...” mean (P07-2ZjPancesco Muntoni:

Do not miss the wood for the trees (L06-19).

Steve WiltonHow exon skipping works (L06-4). Steve
Wilton: An interview on exon skipping (C06-143ertjan
van Ommen, Francesco MuntonWhen will there be an
exon-skipping drug for Duchenne boys (P07-8)?

| am thanking TREAT-NMD, PPMD, and ActionDuchenioe financial support.

Here are their complete addresses and contactiatarn:

TREAT-NMD

Prof. Kate Bushby

Institute of Human Genetics

University of Newcastle upon Tyne, NE1 3BZ, UK
Tel.: *44-191-241-8621, Internettww.treat-nmd.eu

Parent Project Muscular Dystrophy

Patricia Furlong

1012 North University Blvd. Middletown, Ohio 45042SA
Tel.: *1-513-424-0696, Internetvww.parentprojectmd.org

ActionDuchenne

Nick Catlin

Epicentre, 41 West Street

London E11 4LJ, UK

Tel.: *44-208-556-9955, Internettww.actionduchenne.org

This report will be updated repeatedly, the naxrktiafter the annual meeting of PPMD in Philadelphfato 20 July 2008.
You can see this report (as of June 2008) andaitsiations into German and Spanish on the intetvetvw.duchenne-
information.euas well as the English, German, and Spanish vesgibmy reports about the two PPMD meetings ircidin
nati 2006 and Philadelphia 2007 and the ActionDnoleameeting in London 2006. If you wish to recedllany future reports
as soon as they are ready, please send me yoult aduigess for inclusion in my English, GermanSpanish mailing lists

which already contain more than 1,000 addresses.

Guenter Scheuerbrandt, PhD.

Im Talgrund 2

79874 Breitnau, Germany

Tel.: *49-7652-1777, Fax: *49-7652-982730.
E-Mail: gscheuerbrandt@t-online.de
Internet:www.duchenne-information.eu
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Molecular details of skipping exon 51.

In the clinical trial in the Netherlands, skippiafiexon 51 has been achieved. Here, the molecaetailsl of this skipping are
explained whose aim was to restore the readingdnahich was shifted in the mRNA by the deletiorerbn 50 in the dys-
trophin gene.

Part of the base sequences of exons 50 and 5& of@NA of thenormal dystrophin genare shown as well as the end of
exon 49 and the beginning of exon 52. In exon SQyiplets are not shown and 52 in exon 51. Belaehetriplet, the abbre-
viation of the name of the amino acid in the dystia protein is shown that is coded by the trip{f€he translation to the
amino acids occurs in the ribosomes. The amincsaaie not attached to the RNA codons.) The trigtdtsw each other
without spaces, the hyphens indicate only the repfitame and the vertical lines the borders ofetkens. The three bases of
thehiddenstop signal UGA are shown in red. Exon 50 ends #ffirst base of the last triplet, which themrdsnpleted to
UCU with the first and second bases of exon 51wshia blue.

End Exon 49 | Start Exon 50 End Exon 50 | Start Exon 51
--- CAG CCA- QUG AAG | AGG AAG UUA- GAA- - - AUU- GGA- GCC-U | CU- CCU- ACU- CAG ACU-
gln pro val lys | arg lys leu glu ile gly ala ser| pro thr gln thr

hidden stolon
- - - QUU- ACU- CUG- GUG- ACA- CAA- - - AAA- CUA- GAA- AUG- CCA- UCU- UCC- UUG- AUG- UUG- GAG- - -
val thr leu val thr gln lys leu glu net pro ser ser leu net leu glu

End Exon 51 | Start Exon 52
- - - AUG AUC- AUC- AAG CAG AAG | GCA- ACA- AUG CAG GAU- UG - -
met ileilelys glnlys | ala thr met gln asp | eu

When exon 50 is deleted in the gene and also imRBA, exon 49 is followed directly by exon 51. $ltiauses the shift of
the reading frame in exon 51 by one nucleotiddé¢oright, with the consequence that 8 incorrecharacids are incorporated
into the dystrophin until finally a premature s&ignal UGA is reached. The shifted base sequenwktha wrong amino ac-
ids are shown in red. The synthesis of dystrophinterrupted prematurely, it remains incompletejéstroyed, anBuchenne
muscular dystrophglevelops.

End Exon 49 | Start Exon 51
--- CAG CCA- UG AAG | CUC- CUA- CUC- AGA- CUG- UUA-
gln proval lys | leuleu leu arg leu leu

active stop codon antisense oligoribonutig®
UC- UUU- ACG- GUA- GAA- GGA- ACU
- CUC- UGG UGA- CAC AAG - - AAC- UAG AAA- UGC- CAU- CUU- CCU- UGA- UGU- UGG -
leu trp STOP!

End Exon 51 | Start Exon 52
- - - AU- GAU- CAU- CAA- GCA- GAA- G | GC- AAC- AAU- GCA- GGA- UUU- - -

The exon-skipping antisense oligoribonucleotide NANPROO051, as used by the Dutch researchers, isrsimblue attached
by Watson-Crick base pairing to 20 bases in exoritSaduces skipping of exon 51 in the mRNA of thatatedgene which,
in this example, does not contain the sequenceaf BO.

If, in addition to the deleted exon 50, exon 5feimoved by skipping, then exon 52 is directly cateé to exon 49. The read-
ing frame is not disturbed any more because excendi8 and exon 52 begins with a complete codonreétbases.

End Exon 49 | Start Exon 52
-- - CAG CCA- UG AAG | GCA- ACA- AUG- CAG GAU- UUG - -
gln pro val Ilys | ala thr met gln asp leu

No premature stop signal appears in exon 52 or, latg 77 amino acids are missing in the protdinsé whose genetic infor-
mation was carried by the base sequence of eoaad81. They are missing in the central part ofstih@tened dystrophin,
which, however, will probably still be partly fumahal and thus give rise to the mild Becker dydispmstead of the severe
Duchenne dystrophy.
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