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METHODS AND PHARMACEUTICAL COMPOSITION FOR THE TREATMENT
AND THE PREVENTION OF NEUROLOGICAL PHENOTYPE ASSOCIATED
WITH FRIEDREICH ATAXIA

FIELD OF THE INVENTION:

The present invention relates to a vector which comprises a nucleic acid sequence
encoding for the frataxin (FXN) gene for use in the prevention and treatment of neurological

phenotype associated with Friedreich ataxia in a subject in need thereof.

BACKGROUND OF THE INVENTION:

Friedreich’s ataxia (FRDA) (Harding et al 1981 and Koeppen et al 2013), the most
common form of inherited ataxia with an incidence in 1/50,000 in the Caucasian population, is
characterized by progressive limb and gait ataxia, absent of lower limb reflexes, extensor
plantar responses, dysarthria, cardiomyopathy and an increased incidence of diabetes mellitus.
Onset of the symptoms is typically in adolescence and usually before 25 years of age. Cardiac
dysfunction leading to congestive heart failure and arrhythmias is the cause of death in 59% of
FRDA patients.

The main sites of pathology include the central and peripheral nervous system and
cardiac muscle. The first pathological changes occur in the dorsal root ganglia (DRG) with two
major features: the loss of large sensory neurons and appearance of residual nodules deriving
of satellite or Schwann cells. Dorsal spinal roots are thinner and characterized by a lack of large
axons as well as thick myelinated fibers. This is followed by neuronal degeneration in Clarke's
columns due to transneuronal ascending degeneration of dorsal spinocerebellar tract. More
severe degeneration is observed in gracile and cuneate fasciculi most probably due to
anterograde connection and thus degeneration. In accordance with large neurons of the DRG,
FRDA patients develop a sensory peripheral neuropathy, which is more severe in lower limbs.
Biopsies reveal a persistence of thin axons and a lack of large myelinated fibers and decrease
number of S100-positive Schwann cells. A main hypothesis is that in young patients begins a
lack of myelination and myelin repair, which is worsening overtime because of axonal disease.
In the CNS, main affections are located in the Dentate Nucleus (DN) and characterized by an

atrophy of the DN and its efferent myelinated fibers with specific loss of neurons. DN crosstalk
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with contralateral inferior olivary nucleus, that remains intact in patients. Two third of
afferences of the DN come from Purkinje cells but no retrograde atrophy is observed in patients.
Even if still controversial, a hypothesis is that DN is still intact in childhood and adolescence.
FRDA patients display similarities in their cortico-spinal tracts with upper motor neuron lesions
of ALS patients which suggests a possible “dying back” neuropathy (Koeppen, 2013).
Cardiomyopathy and diabetes reflect independent site of primary degeneration.

FRDA is caused by mutations in the FXN gene on 9q21, which encodes a small
mitochondrial protein called frataxin. Most FRDA patients (96%) are homozygous for a GAA
trinucleotide expansion within the first intron, which causes transcriptional silencing through a
mechanism involving epigenetic changes, leading ultimately to a drastic reduction in the levels
of the frataxin mRNA as compared to normal individuals. Patients thus show a strong reduction
of the frataxin protein in all tissues. Indeed, FRDA patients show significant lower amounts of
frataxin protein compared to control, with 21.1% in buccal cells and 32.2% in whole blood
(Deutsch, Santani et al. 2010). A subset of patients (4%) is compound heterozygous for a GAA
expansion and a more classical mutation (point mutation, small deletion or insertion) on the
other allele leading to loss of function of the frataxin protein. While the total absence of frataxin
in model organism is associated with embryonic lethality, both the age of onset and the severity
of the disease inversely correlate to the expansion size of the GAA repeat.

The FXN gene is composed of seven exons spread over 85 kb of genomic DNA. The
major transcript (1.3 kb) synthesized from the FXN gene is composed of the first five exons,
localized within a 40 kb interval. Alternative transcripts have been reported, but their
physiological relevance is uncertain. The major transcript encodes a 210-amino acid protein
which undergoes a maturation process, as most nuclear-encoded mitochondrial proteins
(Koutnikova, Campuzano et al. 1998 and Cavadini, Adamec et al. 2000). The targeting
sequence of frataxin is contained between amino acids 1-80, consisting of positively charge
residues (Arginines) in an alpha-helix. However, its maturation process is unusual as it occurs
in two steps by the mitochondrial processing peptidase (Koutnikova, Campuzano et al. 1998
and Cavadini, Adamec et al. 2000). The two steps are a cleavage between positions 41 and 42
leading to the intermediate form of frataxin, followed by cleavage that results in the mature
form starting at amino acid 81 (Condo, Ventura et al. 2007 and Schmucker, Argentini et al.
2008).

The FXN gene is ubiquitously expressed although at variable levels in different tissues
and during development. Differences in mitochondrial mass cannot fully account for

differences in FXN expression. Overall, FXN expression is high in the primary sites of
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degeneration in FRDA, both within and outside the CNS. It has been proposed that somatic
instability of the GAA expansion might account in part for the selective vulnerability of specific
neurons and discase progression. Reduced levels of frataxin result in mitochondrial
dysfunction, in particular with the loss of Fe-S cluster enzyme activities (aconitase and
respiratory chain complexes I-11I), mitochondrial iron accumulation and increase sensitivity to
oxidative stress. Frataxin is a highly evolutionary conserved protein which exact physiological
function is still a matter of debate. Although frataxin has been proposed to be a multifunctional
protein involved in different iron-dependent mitochondrial pathways, phylogenetic, genetic and
biochemical studies point to the essential role of frataxin in Fe-S cluster metabolism (Huynen,
Snel et al. 2001; Muhlenhoff, Richhardt et al. 2002; Adinolfi, lannuzzi et al. 2009; Tsai and
Barondeau 2010 and Schmucker, Martelli et al. 2011). Recent experiments demonstrate that
frataxin stabilizes the complex composed of ISD11, ISCU, NFS1 that is responsible for de novo
Fe-S cluster biogenesis, and controls iron entry through activation of the cysteine desulfurase
activity thereby acting as a regulator of Fe-S cluster biogenesis (Colin et al 2013). Fe-S clusters
are integral parts of proteins involved in numerous essential physiological processes ranging
from nuclear genome synthesis and stability, protein translation to mitochondrial metabolism
and respiration. The absence or decrease of frataxin is associated with severe loss of activity in

Fe-S containing proteins, such as aconitase, and loss of energy production.

SUMMARY OF THE INVENTION:

By working on different model of Friedreich ataxia, the inventors show that use of AAV
which comprise the frataxin (FXN) encoding nucleic acid correct the early-symptomatic
necurological phenotype of mice, completely preventing the onset of the sensori-motor defect
and degeneration of the dorsal root ganglia. Furthermore, the inventors show that combined
intravenous and intracerebral administration of AAV9 and AAVrh.10, respectively, which both
comprise the frataxin (FXN) encoding nucleic acid, correct the post-symptomatic neurological
phenotype of mice, in particular the sensori-motor defect and degeneration of the dorsal root
ganglia and the cerebellar dysfunction/degeneration. Thus, use of AAV which comprise the
frataxin (FXN) encoding nucleic acid will be benefit for treatment and prevention of

neurological phenotype in patient with Friedreich ataxia.
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Thus, the invention relates to a vector which comprises a nucleic acid sequence
encoding for the frataxin (FXN) gene for use in the prevention and treatment of neurological

phenotype associated with Friedreich ataxia in a subject in need thercof.

DETAILED DESCRIPTION OF THE INVENTION:

Methods of the invention

A first object of the invention relates to a vector which comprises a nucleic acid
sequence encoding for the frataxin (FXN) gene for use in the prevention and treatment of

neurological phenotype associated with Friedreich ataxia in a subject in need thereof.

As used herein in its broadest meaning, the term “prevention” or “preventing” refers to
preventing the disease or condition from occurring in a subject which has not yet been
diagnosed as having it or which does not have any clinical symptoms.

As used herein, the term "treatment” or "treating" as used herein, means reversing,
alleviating, stabilisation or inhibiting the progress of the disorder or condition to which such
term applies, or one or more symptoms of such disorder or condition. A “therapeutically
effective amount” is intended for a minimal amount of active agent which is necessary to impart
therapeutic benefit to a subject. For example, a "therapeutically effective amount” to a patient
is such an amount which induces, ameliorates, stabilises, slows down the progression or
otherwise causes an improvement in the pathological symptoms, discase progression or
physiological conditions associated with or resistance to succumbing to a disorder.

As used herein, the term “subject” denotes a mammal, such as a rodent, a feline, a
canine, and a primate. Preferably a subject according to the invention is a human. In the context
of the present invention, a “subject in need thereof” denotes a subject, preferably a human, with
neurological phenotype associated with Friedreich ataxia. Subject with neurological phenotype
associated with Friedreich ataxia presents some symptoms which may be, but are not limited
to, mixed spinocerebellar and sensory ataxia, dysarthria, vision and hearing loss, dysphagia,
areflexia. Thus, the method of the invention will be very useful to treat subject with such disease
(Friedreich ataxia) presenting such symptoms.

As used herein, the term “gene” refers to a polynucleotide containing at least one open
reading frame that is capable of encoding a particular polypeptide or protein after being

transcribed and translated.
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As used herein, the terms “coding sequence”, “a sequence which encodes a particular
protein” or “nucleic acid sequence encoding”, denotes a nucleic acid sequence which is
transcribed (in the case of DNA) and translated (in the case of mRNA) into a polypeptide in
vitro or in vivo when placed under the control of appropriate regulatory sequences. The
boundaries of the coding sequence are determined by a start codon at the 5' (amino) terminus
and a translation stop codon at the 3' (carboxy) terminus. A coding sequence can include, but
is not limited to, cDNA from prokaryotic or eukaryotic mRNA, genomic DNA sequences from
prokaryotic or eukaryotic DNA, and even synthetic DNA sequences.

As used herein, the term “neurological phenotype associated with Friedreich ataxia”
denotes neurological features or disorders like loss of joint position and vibration sense in the
limbs typical features of ataxia (which mostly results from degeneration of the dorsal root
ganglia neurons, spinocerebellar tract, the cerebellar dentate nucleus), dysarthria (dentate
nucleus involvement), vision with saccadic pursuit (optic nerve atrophy and dentate nucleus
involvement) and hearing loss (central nerve involvement suggested by abnormal brainstem
evoked auditory potentials), dysphagia (dentate nucleus involvement), areflexia (degeneration
of peripheral nerves resulting of neuronal loss within DRG) and pyramidal syndrome and
weakness identified with Babinski sign (dying back in cortico-spinal tracts).

According to the invention, the term “neurological phenotype associated with Friedreich
ataxia” can be replace by “neurological disorders associated with Friedreich ataxia” or
“neurological features associated with Friedreich ataxia” with the same meaning.

Thus, in a particular embodiment, the invention relates to a vector which comprises a
nucleic acid sequence encoding for the frataxin (FXN) gene for use in the prevention and
treatment of ataxia and/or dysarthria associated with Friedreich ataxia in a subject in need

thereof.

In a particular embodiment, the invention also relates to a vector which comprises a
nucleic acid sequence encoding for the frataxin (FXN) gene for use in the reversion of
neurological phenotype associated with Friedreich ataxia in a subject in need thereof.

In a particular embodiment, the invention also relates to a vector which comprises a
nucleic acid sequence encoding for the frataxin (FXN) gene for use in the stabilisation of
neurological phenotype associated with Friedreich ataxia in a subject in need thereof.

In a particular embodiment, the invention also relates to a vector which comprises a

nucleic acid sequence encoding for the frataxin (FXN) gene for use in the restoration of
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neurological functions in a subject with neurological phenotype associated with Friedreich
ataxia in a subject in need thereof.

As used herein, the term “reversion of ncurological phenotype associated with
Friedreich ataxia” or “restoration of neurological functions in a subject with neurological
phenotype associated with Friedreich ataxia” denotes the restoration or correction of
ncurological function by, for example, reversing the sensory or spinocereberebellar ataxia, the
dysarthria, the hearing or vision loss or restoring reflexes.

As used herein, the term “stabilisation of neurological phenotype associated with
Friedreich ataxia” denotes the slowing or halting development of neurological problems as

described above.

In another particular embodiment, the invention also relates to a vector which comprises
a nucleic acid sequence encoding for the frataxin (FXN) gene for use in the prevention or
treatment of neurological phenotype associated with Friedreich ataxia in an asymptomatic, pre-
symptomatic or early-symptomatic subject in need thereof.

In another particular embodiment, the invention also relates to a vector which comprises
a nucleic acid sequence encoding for the frataxin (FXN) gene for use in the prevention or
treatment of neurological phenotype associated with Friedreich ataxia in an symptomatic, post-
symptomatic or late-symptomatic subject in need thereof.

As used herein, the terms “asymptomatic”, “pre-symptomatic” or “early-symptomatic”
denotes a subject with the discase (Friedreich ataxia) as defined by a genetic diagnosis (see for
review Lynch DR et al., 2002) but with no overt clinical neurological symptom.

As used herein, the terms “symptomatic”, “post-symptomatic” or “late-symptomatic”
denotes a subject with the discase (Friedreich ataxia) as defined by a genetic diagnosis and with
the presence of neurological symptoms (sensory and spinocerebellar ataxia, dysarthria, vision
and hearing loss, dysphagia, areflexia, loss of joint position and vibration sense in the lower

limbs).

The FXN gene encodes the protein frataxin. This frataxin is a protein localized to the
mitochondrion. The frataxin is involved in assembly of iron-sulfur clusters by regulating iron
entry and the activity of the cysteine desulfurase. A cDNA sequence for human FXN (transcript
variant 1) is disclosed in Genbank Access Number NM 000144 or NG 008845 (SEQ ID
NO:1). The amino acid sequence of human frataxin is shown in SEQ ID NO:2.
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The sequence of the nucleic acid of the frataxin (cDNA) is (SEQ ID NO: 1):

agtctccett gggtcaggee tecctggttge actcegtgct ttgcacaaag caggetctee atttttgtta aatgcacgaa
tagtgctaag ctgggaagtt cttcctgagg tctaacctct agetgetcce ccacagaaga gtgectgegg ccagtggceca
ccagggeteg ccgeageace cagegetgga ggeeggageg ggeggeagac ceggageage atgtggacte tegggegeeg
cgcagtagce ggecteetgg cgtcacccag cccageccag geccagaccee tcacccgggt cecegeggecg geagagitgg
ccceactetg cggeegeegt ggectgegea ccgacatcga tgegacctge acgeeccgee gegeaagtic gaaccaacgt
ggectcaace agatttggaa tgtcaaaaag cagagtgtct atttgatgaa tttgaggaaa tctggaactt tgggccacce
aggctctcta gatgagacca cctatgaaag actagcagag gaaacgetgg actctttage agagtttttt gaagaccttg
cagacaagcc atacacgttt gagpactatg atgtctcctt tgggagtget gtcttaactg tcaaactggg tggagatcta
ggaacctatg tgatcaacaa gcagacgeca aacaagcaaa tetggctatc ttctccatce agtggaccta agegttatga
ctggactgge aaaaactggg tgtactccca cgacggegtg tccctccatg agetgetgge cgeagagete actaaagect
taaaaaccaa actggacttg tcttccttgg cctattccgg aaaagatgcet tgatgcccag ccccgtttta aggacattaa
aagctatcag gccaagaccc cagcttcatt atgcagcetga ggtetgtttt ttgttgttot tgttgtttat tttttttatt cotgettttg
aggacagttg goctatgtet cacagcetctg tagaaagaat gtgttgccte ctaccttgec cccaagttet gatttttaat ttctatggaa
gattttttgg attgtcggat ttcctcccte acatgatacce ccttatcttt tataatgtct tatgcctata cctgaatata acaaccttta
aaaaagcaaa ataataagaa ggaaaaattc caggagggaa aatgaattgt cttcactctt cattctttga aggatttact
gcaagaagta catgaagagc agctggtcaa cctgcetcact gttctatctc caaatgagac acattaaagg gtagcctaca
aatgttttca ggcttctttc aaagtgtaag cacttctgag ctctttagea ttgaagtgtc gaaagcaact cacacgggaa gatcatttet
tatttgtgct ctgtgactge caaggtgtgg cotgeactgg gttgtccagg gagacctagt getgtttete ccacatatte
acatacgtgt ctgtgtgtat atatattttt tcaatttaaa ggttagtatg gaatcagetg ctacaagaat gcaaaaaat ttccaaagac
aagaaaagag gaaaaaaagC cgttttcatg agctgagtga tgtagcgtaa caaacaaaat catggagcetg aggaggtgcc
ttgtaaacat gaaggggcag ataaaggaag gagatactca tgttgataaa gagagccectg gtcctagaca tagttcagece
acaaagtagt tgtccctttg tggacaagtt tcccaaattc cctggacctc tgettcccca tctgttaaat gagagaatag
agtatggottg attcccageca ttcagtggtc ctgtcaagca acctaacag ctagttctaa ttccctattg ggtagatgag
gggatgacaa agaacagttt ttaagctata taggaaacat tgttattggt gttgecctat cgtgatttca gttgaattca tgtgaaaata
atagccatce ttggectgge geggtggetc acacctgtaa tcccageact tttggaggec aaggtgggte gatcacctga
ggtcaggagt tcaagaccag cctggccaac atgatgaaa cccegtctcta ctaaaaatac aaaaaattag ccgggcatga
tggcaggtge ctgtaatcee agcetacttgg gaggctgaag cggaagaatc gettgaacce agaggteggag gttgcagtea
geegagatcg tgecattgea ctgtaacctg ggtgactgag caaaactctg tctcaaaata ataataacaa tataataata
ataatagcca tcctttattg tacccttact gggttaatcg tattatacca cattacctca ttttaatttt tactgacctg cactttatac
aaagcaacaa gectccagga cattaaaatt catgcaaagt tatgetcatg ttatattatt ttcttactta aagaaggatt tattagtggce

tgggcatggt ggcgtgcace tgtaatccca ggtactcagg aggcetgagac gggagaattg cttgacccca ggeggaggag
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gttacagtga gtcgagatcg tacctgagcg acagagegag actccgtctc aaaaaaaaaa aaaaggageo tttattaatg
agaagtttot attaatatgt agcaaagget tttccaatgg gtgaataaaa acacattcca ttaagtcaag ctgggageag
tggcatatac ctatagtccc agetgcacag gaggcetgaga caggaggatt gettgaagee aggaattgga gatcagectg
ggcaacacag caagatccta tctcttaaaa aaagaaaaaa aaacctatta ataataaaac agtataaaca aaagctaaat
aggtaaaata ttttttctga aataaaatta ttttttgagt ctgatggaaa tgtttaagty cagtaggcca gtgecagtga gaaaataaat
aacatcatac atgtttgtat gtgtttgcat cttgettcta ctgaaagttt cagtgeacce cacttactta gaactcggtg acatgatgta
ctcetttatc tgggacacag cacaaaagag gtatgcagtg gggctgetct gacatgaaag tggaagttaa ggaatctggg
ctcttatggg gtecttgtgg gecagecectt caggectatt ttactttcat tttacatata gcetctaattg gtttgattat ctcgttccca
aggeagtgog agatccccat ttaaggaaag aaaaggggce tggeacagtg getcatgect gtaatcccag cactttggga
ggctgagoca agtgtatcac ctgaggtcag gagticaaga ccagectgge caacatggeca aaatccegtc tctactaaaa
atattaaaaa attggctggo cgtggtoott cgtgcctata atttcagcta ctcaggagge tgaggcagga gaatcgetgt
aacctgggee gtggagetty cagtgagacg agatcatgee acttcactce agectggeca acagageca actcegtete
aaataaataa ataaataaat aaagggactt caaacacatg aacagcagcc aggggaagaa tcaaaatcat attctgtcaa
gcaaactgga aaagtaccac tgtgtgtacc aatagcctcc ccaccacaga ccctgggage atcgectcat ttatggtoto
gtccagtcat ccatgtgaag gatgagtttc caggaaaagg ttattaaata ttcactgtaa catactggag gaggtgagga
attgcataat acaatcttag aaaacttttt tttccecttt ctattttttg agacaggatc tcactttgge actcaggetg gaggacagtg
gtacaatcaa agctcatggc agcectcgace tcectggget tgggcaatce tcccacaggt gtgeacctce atagetgget
aatttgtgta ttttttgtag agatggeett tcaccatgtt gecccaggetg gtetctaaca cttaggcetca agtgatceac ctgectegte
ctcccaagat getggeatta caggtgtetg ccacaggtgt tcatcagaaa getttttcta ttatttttac cttcttgagt gggtagaacce
tcagccacat agaaaataaa atgttctggc atgacttatt tagctctctg gaattacaaa gaaggaatga ggtgtgtaaa
agagaacctg ggtttttgaa tcacaaattt agaatttaat cgaaactctg cctcttactt gtttgtagac actgacagtg gectcatgtt
tttttttttt ttaatctata aaatggagat atctaacatg ttgagectgg gecccacagge aaagcacaat cetgatgtga gaagtactca
gttcatgaca actgttgttc tcacatgcat agcataattt catattcaca ttggaggact tctcccaaaa tatggatgac gttcectact
caaccttgaa cttaatcaaa atactcagtt tacttaactt cgtattagat tctgattcce tggaaccatt tatcgtgtge cttaccatge
ttatatttta cttgatcttt tgcatacctt ctaaaactat tttagccaat ttaaaatttg acagtttgca ttaaattata ggtttacaat
atgctttatc cagctatace tgccccaaat tctgacagat gettttgeca cctctaaagg aagacccatg ttcatagtga tggagtttgt
gtegactaac catgcaaggt tgccaaggaa aaatcgettt acgcettccaa ggtacacact aagatgaaag taattttagt
ccgtgteccag ttggattctt gecacatagt tatcttctge tagaacaaac taaaacagct acatgccage aagggagaaa
ggggaageag gogocaaagtt ttgaaatttc atgtaaattt atgctgttca aaacgacgag ttcatgactt tgtgtataga
gtaagaaatg ccttttcttt tttgagacag agtcttgete tgtcacccag getggagtge agtggeacga tetgggctea
ctacaacctc cgcctcetgg gttcaagcaa ttetctgect cagectcccg agtagetggge attacaggtg ccetgecacca
cacccggcta atttttgtat ttttagtaga gacggggttt caccatcatg gcecaggcetgg tcttgaactc ctgacctagt
aatccacctg ccteecgecte ccaaagtget gggattacag gegtgageca ctgecacccag ccagaaatge cttctaatet

ttggtttatc ttaattagcc aggacacttg gagtgcatcc cgaagtacct gatcagtgge ccctttggaa tgtgtaaaac
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tcagctcact tatatccctg catccgetac agagacagaa tccaagetca tatgttccat cttctctgge tgtatagttt
aaggaatgea aggcaccaga acagatttat tgaaatgttt attagctgaa gatttattta gacagttgag gaaaacatca
geacccagea gtaaaattgg ctctcaaaga ttttettctc ctgtggaaag tcagacctct gaggcecccat ccaggtagaa
gtactagtgc aagaaggecc tetgetgtee acttgtgttt ctgtgatctg tgggaacatt gttaacgeca catcttgacc tcaaattgtt
tagetcctgg ccagacacgg tggctcacac ctgtaatcce agcactttga gaggctgage caggtggate acctgaggtt
aggagttcga ggccagectg gtcaacatgg taaaaccccg cctctactaa aaatacaaaa attagetgge cgtagtggeg
cacgcctgtt atcccagceta ctcgggagee tgaggcagga gaattgettg aacctgggte gtggagetty cagtgageceg
agattacacc actgcactcc agcectgggtg acaagaggga aactccatta aaaaaatgta attcccgtgt ctgccatctt
aagtgtaaag gtggctaaat tatatagaaa aataagacaa tatcatttcc caattacatt cctttcctac cgeactctat gatgetaget
gagatttttc caaaagaaaa tggcttaaat aaaacccta gagaaagaaa aactttaaat ccctccaaag ctcaaaagta
atagaaacag atgagtttgg agtcaggatt tctctgtaag attgectagg ctgtgtactg cacatctcca ggtgecactg
ttgacagaga ttataactac aatgtgaagt gaatggtgcc actgacagtt atgcaaaccg tccagagceat agcecacctga
tcctgetggge  attcctettg  ccagtccatc agceagttcee  cttgaaagtt tcaccaaaca tcccttaaat ctgecctete
ctgeeegtee ccagtggagg tectcatcat ttttcacctg catttttgca ggagetttct tatatccace ttectcettt tetctcagee
catcatctag ctacacagtc tccagggtaa gctttcagaa aggcaatctc ttgtctgtaa aacctaagca ggaccaagge
caagtttctt agcctgaaaa atgtgctttt ctgactgaac tgttcaggcea ctgactctac atataattat gettttctac ccectcacac
tcaacacttt gactccagca atcccaaatc cccagatcce taagtgtget gtgoctatttt cacgtggete tcagacttgg
ccagtgetgt ttecattttg gtetttattc cccacatete tgectggeeg gtagattcta cectgaaaaa tgttettgge acagecttge
aaactcctcc tccactcage ctetgectgg atgeccttga ttgttccatg tectcageat accatgtttg tetttcccag cactgaccta
ccatgtgtca ccectgettg getgtacctt ccatgagget aggactatgt gtetectttg ttgactgetg ttgecctage atcttgeaca
gttccttgea cacaattaga gcetctataaa tgtcaaataa atgtgttata attatatgtt taagatagtt gttcaaataa actctaaata

accccaac.

The  sequence of the frataxin protein is (SEQ 1D  NO:2):
MWTLGRRAVAGLLASPSPAQAQTLTRVPRPAELAPLCGRRGLRTDIDATCTPRRASS
NQRGLNQIWNVKKQSVYLMNLRKSGTLGHPGSLDETTYERLAEETLDSLAEFFEDLA
DKPYTFEDYDVSFGSGVLTVKLGGDLGTY VINKQTPNKQIWLSSPSSGPKRYDWTGK
NWVYSHDGVSLHELLAAELTKALKTKLDLSSLAYSGKDA.

In a particular embodiment, the invention provides a nucleic acid construct comprising
sequence SEQ ID NO:1 or a variant thercof for treating or preventing neurological phenotype
associated with Friedreich ataxia.

The variants include, for instance, naturally-occurring variants due to allelic variations

between individuals (e.g., polymorphisms), alternative splicing forms, in particular transcript
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variants 2 and 3 (accession numbers NM_ 001161706 and NM_181425), etc. The term variant
also includes FXN gene sequences from other sources or organisms. Variants are preferably
substantially homologous to SEQ ID NO:1, i.c., exhibit a nucleotide sequence identity of
typically at least about 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, or 99% with SEQ ID NO: 1. Variants of a FXN gene also include nucleic acid sequences,
which hybridize to a sequence as defined above (or a complementary strand thereof) under
stringent hybridization conditions. Typical stringent hybridisation conditions include
temperatures above 30° C, preferably above 35°C, more preferably in excess of 42°C, and/or
salinity of less than about 500 mM, preferably less than 200 mM. Hybridization conditions may
be adjusted by the skilled person by modifying the temperature, salinity and/or the
concentration of other reagents such as SDS, SSC, etc.

In a particular embodiment, the FXN-encoding nucleic acid is a fragment of the SEQ
ID NO:1 which encodes for the amino acid sequence 81-210 of the SEQ ID NO:2 (named
variant “81-210”) or a variant thercof, "variant" having the meaning provided above with
respect to nucleotide sequence identity and hybridization.

In a another particular embodiment, a sequence known as mitochondrion-targeting
signal or mitochondrial targeting signal may be added to the FXN-encoding sequence or variant
thereof, including, for example the FXN-encoding sequence “81-210”. Sequences known as
mitochondrion-targeting signal or mitochondrial targeting signal are referred to as MTS by the
skilled person.

A MTS sequence can be identified within a protein or nucleic acid sequence by a person
of ordinary skill in the art.

Most mitochondrion-targeting peptides consist of a N-terminal pre-sequence of about
15 to 100 residues, preferably of about 20 to 80 residues. They are enriched in arginine, leucine,
serine and alanine. Mitochondrial pre-sequences show a statistical bias of positively charged
amino acid residues, provided mostly through arginine residues; very few sequences contain
negatively charged amino acids. Mitochondrion-targeting peptides also share an ability to form

an amphiphilic alpha-helix.

A complete description of a method to identify a MTS is available in: M.G. Claros, P.
Vincens, 1996 (Eur. J. Biochem. 241, 779-786 (1996), “Computational method to predict
mitochondrially imported proteins and their targeting sequences”), the content of which is

herein incorporated by reference.



10

15

20

25

30

WO 2016/150964 PCT/EP2016/056263
-11 -

In a particular embodiment, the invention also relates to a method for preventing and
treating the neurological phenotype associated with Friedreich ataxia in a subject in need
thereof, comprising administering to said subject a therapeutically effective amount of a vector
which comprises a frataxin (FXN) encoding nucleic acid.

In a particular embodiment, the invention relates to a method for reversing or stabilising
the neurological phenotype associated with Friedreich ataxia in a subject in need thereof,
comprising administering to said subject a therapeutically effective amount of a vector which
comprises a frataxin (FXN) encoding nucleic acid.

In another particular embodiment, the invention relates to a method for restoring
neurological functions in a subject suffering of neurological phenotype associated with
Friedreich ataxia comprising administering to said subject of a therapeutically effective amount

of a vector which comprises a frataxin (FXN) encoding nucleic acid.

Non viral vectors

In a particular embodiment, the vector use according to the invention is a non viral
vector. Typically, the non viral vector may be a plasmid which includes nucleic acid sequences

encoding FXN gene, or variants thereof, as described above.

The viral vectors

Gene delivery viral vectors useful in the practice of the present invention can be
constructed utilizing methodologies well known in the art of molecular biology. Typically, viral
vectors carrying transgenes are assembled from polynucleotides encoding the transgene,
suitable regulatory elements and elements necessary for production of viral proteins which
mediate cell transduction.

The terms “Gene transfer” or “gene delivery” refer to methods or systems for reliably
inserting foreign DNA into host cells. Such methods can result in transient expression of non
integrated transferred DNA, extrachromosomal replication and expression of transferred
replicons (e.g. episomes), or integration of transferred genetic material into the genomic DNA

of host cells.
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Examples of viral vector include but are not limited to adenoviral, retroviral, lentiviral,
herpesvirus and adeno-associated virus (AAV) vectors.

Such recombinant viruses may be produced by techniques known in the art, such as by
transfecting packaging cells or by transient transfection with helper plasmids or viruses. Typical
examples of virus packaging cells include PA317 cells, PsiCRIP cells, GPenv+ cells, 293 cells,
ctc. Detailed protocols for producing such replication-defective recombinant viruses may be
found for instance in W095/14785, W096/22378, US5,882,877, US6,013,516, US4,861,719,
USS5,278,056 and W0O94/19478.

In one embodiment, adeno-associated viral (AAV) vectors are employed.

In other embodiments, the AAV vector is AAV1, AAV2, AAV3, AAV4, AAS, AAV6,
AAV7, AAVS, AAV9, AAVrh.10 or any other serotypes of AAV that can infect humans,
monkeys or other specics.

In one particular embodiment, the AAV vector is an AAV9 or AAVrh.10.

By an "AAYV vector” is meant a vector derived from an adeno-associated virus serotype,
including without limitation, AAV-1, AAV-2, AAV-3, AAV-4, AAV-5, AAV6, ctc. AAV
vectors can have one or more of the AAV wild-type genes deleted in whole or part, preferably
the rep and/or cap genes, but retain functional flanking ITR sequences. Functional ITR
sequences are necessary for the rescue, replication and packaging of the AAV virion. Thus, an
AAYV vector is defined herein to include at least those sequences required in cis for replication
and packaging (e.g., functional ITRs) of the virus. The ITRs need not be the wild-type
nucleotide sequences, and may be altered, e.g. by the insertion, deletion or substitution of
nucleotides, so long as the sequences provide for functional rescue, replication and packaging.
AAV expression vectors are constructed using known techniques to at least provide as
operatively linked components in the direction of transcription, control elements including a
transcriptional initiation region, the DNA of interest (i.e. the FXN gene) and a transcriptional
termination region.

The control elements are selected to be functional in a mammalian cell. The resulting
construct which contains the operatively linked components is bounded (5' and 3°) with
functional AAV ITR sequences. By "adeno-associated virus inverted terminal repeats” or
"AAV I'TRs" is meant the art-recognized regions found at each end of the AAV genome which
function together in cis as origins of DNA replication and as packaging signals for the virus.
AAV ITRs, together with the AAV rep coding region, provide for the efficient excision and
rescue from, and integration of a nucleotide sequence interposed between two flanking ITRs

into a mammalian cell genome. The nucleotide sequences of AAV ITR regions are known. See,
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e.g., Kotin, 1994; Berns, KI "Parvoviridae and their Replication" in Fundamental Virology, 2nd
Edition, (B. N. Fields and D. M. Knipe, eds.) for the AAV-2 sequence. As used herein, an
"AAV ITR" does not necessarily comprise the wild-type nucleotide sequence, but may be
altered, e.g., by the insertion, deletion or substitution of nucleotides. Additionally, the AAV
ITR may be derived from any of several AAV serotypes, including without limitation, AAV-1,
AAV-2, AAV-3, AAV-4, AAV-5, AAV-6, ectc. Furthermore, 5' and 3' ITRs which flank a
selected nucleotide sequence in an AAV vector need not necessarily be identical or derived
from the same AAV serotype or isolate, so long as they function as intended, i.e., to allow for
excision and rescue of the sequence of interest from a host cell genome or vector, and to allow
integration of the heterologous sequence into the recipient cell genome when AAV Rep gene
products are present in the cell. Additionally, AAV ITRs may be derived from any of several
AAYV serotypes, including without limitation, AAV-1, AAV-2, AAV-3, AAV-4, AAV 5, AAV-
6, etc. Furthermore, 5 'and 3' ITRs which flank a selected nucleotide sequence in an AAV
expression vector need not necessarily be identical or derived from the same AAV serotype or
isolate, so long as they function as intended, i. ¢., to allow for excision and rescue of the
sequence of interest from a host cell genome or vector, and to allow integration of the DNA
molecule into the recipient cell genome when AAV Rep gene products are present in the cell.

Particularly vectors are vectors derived from AAV serotypes having tropism for and
high transduction efficiencies in cells of the mammalian central and peripheral nervous system,
particularly neurones, neuronal progenitors, astrocytes, oligodendrocytes and glial cells. A
review and comparison of transduction efficiencies of different serotypes is provided in Cearley
CN et al., 2008 and Piguet et al, 2013. In other non-limiting examples, preferred vectors include
vectors derived from any serotypes like AAV1, AAV2, AAV3, AAV4, AAS5, AAV6, AAVT,
AAVE, AAV9, or AAVrh.10, which have also been shown to transduce cells of central and
peripheral nervous system.

The selected nucleotide sequence is operably linked to control elements that direct the
transcription or expression thereof in the subject in vivo. Such control elements can comprise
control sequences normally associated with the selected gene.

Alternatively, heterologous control sequences can be employed. Useful heterologous
control sequences generally include those derived from sequences encoding mammalian or viral
genes. Examples include, but are not limited to, the phophoglycerate kinase (PKG) promoter,
CAG, NSE, (neuronal specific enolase) or NeuN, the SV40 early promoter, mouse mammary
tumor virus LTR promoter; adenovirus major late promoter (Ad MLP); a herpes simplex virus

(HSV) promoter, a cytomegalovirus (CMV) promoter such as the CMV immediate carly
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promoter region (CMVIE), rous sarcoma virus (RSV) promoter, synthetic promoters, hybrid
promoters, and the like. The promoters can be of human origin or from other species, including
from mice. In addition, sequences derived from nonviral genes, such as the murine
metallothionein gene, will also find use herein. Such promoter sequences are commercially

available from, ¢. g. Stratagene (San Diego, CA).

Examples of heterologous promoters include the CMV promoter.

Examples of inducible promoters include DNA responsive elements for ecdysone,
tetracycline, hypoxia andaufin.

The AAV expression vector which harbors the DNA molecule of interest bounded by
AAV ITRs, can be constructed by directly inserting the selected sequence (s) into an AAV
genome which has had the major AAV open reading frames ("ORFs") excised therefrom. Other
portions of the AAV genome can also be deleted, so long as a sufficient portion of the ITRs
remain to allow for replication and packaging functions. Such constructs can be designed using
techniques well known in the art. See, e. g. U. S. Patents Nos. 5,173, 414 and 5,139, 941;
International Publications Nos. WO 92/01070 (published 23 January 1992) and WO 93/03769
(published 4 March 1993); Lebkowski et al., 1988 ; Vincent et al., 1990; Carter, 1992 ;
Muzyczka, 1992 ; Kotin,1994; Shelling and Smith, 1994 ; and Zhou ¢t al., 1994. Alternatively,
AAV ITRs can be excised from the viral genome or from an AAV vector containing the same
and fused 5' and 3' of a selected nucleic acid construct that is present in another vector using
standard ligation techniques. AAV vectors which contain ITRs have been described in, ¢. g. U.
S. Patent no. 5,139, 941. In particular, several AAV vectors are described therein which are
available from the American Type Culture Collection ("ATCC") under Accession Numbers
53222, 53223, 53224, 53225 and 53226. Additionally, chimeric genes can be produced
synthetically to include AAV ITR sequences arranged 5' and 3' of one or more selected nucleic
acid sequences. Preferred codons for expression of the chimeric gene sequence in mammalian
CNS and PNS cells can be used. The complete chimeric sequence is assembled from
overlapping oligonucleotides prepared by standard methods. See, ¢. g., Edge, 1981; Nambair et
al., 1984; Jay et al., 1984. In order to produce AAV virions, an AAV expression vector is
introduced into a suitable host cell using known techniques, such as by transfection. A number
of transfection techniques are generally known in the art. See, e¢. g. , Graham et al., 1973;,
Sambrook et al. (1989) Molecular Cloning, a laboratory manual, Cold Spring Harbor
Laboratories, New York, Davis etal. (1986) Basic Methods in Molecular Biology, Elsevier, and

Chu et al., 1981. Particularly suitable transfection methods include calcium phosphate co-
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precipitation (Graham et al., 1973), direct microinjection into cultured cells (Capecchi, 1980),
electroporation (Shigekawa et al., 1988), liposome mediated gene transfer (Mannino et al.,
1988), lipid-mediated transduction (Felgner ct al., 1987), and nucleic acid delivery using high-
velocity microprojectiles (Klein et al., 1987).

For instance, a preferred viral vector, such as the AAV9 or the AAVrh.10, comprises,
in addition to a FXN encoding nucleic acid sequence, the backbone of AAV vector with ITR
derived from AAV-2, the promoter, such as the mouse PGK (phosphoglycerate kinase) gene or
the cytomegalovirus/B-actin hybrid promoter (CAG) consisting of the enhancer from the
cytomegalovirus immediate gene, the promoter, splice donor and intron from the chicken f-

actin gene, the splice acceptor from rabbit B-globin, or any promoter such as PGK, CAG, NSE.

Delivery of the vectors

It is herein provided a method for preventing and treating the neurological phenotype
associated with Friedreich ataxia in a subject in need thercof, said method comprising:

(a) providing a vector as defined above, which comprises a frataxin (FXN) encoding
nucleic acid; and

(b) delivering the vector to the subject in need thereof and whereby the gene of the

frataxin (FXN) is expressed by the transduced cells at a therapeutically effective level.

In a particular method, based on stereotaxic delivery, the vector can be delivered directly
and specifically into selected brain regions by intracerebral injections into the cerebellum, the
dentate nucleus, the striatum or the hippocampus. In another particular method, the vector can
be delivered by intrathecal delivery.

In a still another embodiment, the vector can be delivered directly into the brain by
intracerebrally injection and in the same time in blood by intravenously injection or in the spinal
fluid by intrathecal delivery.

Particularly, any routes of administration that allow an important expression of the
vector in the spinal cord, brain, cortex, hippocampus, dentate nucleus and, purkinje and granular

cerebellar cells can be used in the invention.

The target cells of the vectors of the present invention are cells of the CNS, in particular

the cerebellum and spinal cord and PNS, in particular the dorsal root ganglia of a subject
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afflicted with neurological phenotype associated with Friedreich ataxia. Preferably the subject
is a human being, adult or child.

However the invention encompasses delivering the vector to biological models of the
disease. In that case, the biological model may be any mammal at any stage of development at
the time of delivery, e.g., embryonic, fetal, infantile, juvenile or adult. Furthermore, the target
ncuronal cells may be essentially from any source, especially any cells derived from hiPS from
FRDA patients, nonhuman primates and mammals of the orders Rodenta (mice, rats, rabbit,
hamsters), Carnivora (cats, dogs), and Arteriodactyla (cows, pigs, sheep, goats, horses) as well
as any other non-human system (¢. g. zebrafish model system).

In one embodiment, the biological model can be a model as used in the examples like
the mildly or the late symptomatic parvalbumin model (see examples).

The vectors used herein may be formulated in any suitable vehicle for delivery. For
instance they may be placed into a pharmaceutically acceptable suspension, solution or
emulsion. Suitable mediums include saline and liposomal preparations. More specifically,
pharmaceutically acceptable carriers may include sterile aqueous of non-aqueous solutions,
suspensions, and emulsions. Examples of non-aqueous solvents are propylene glycol,
polyethylene glycol, vegetable oils such as olive oil, and injectable organic esters such as ethyl
oleate. Aqueous carriers include water, alcoholic/aqueous solutions, emulsions or suspensions,
including saline and buffered media. Intravenous vehicles include fluid and nutrient
replenishers, electrolyte replenishers (such as those based on Ringer's dextrose), and the like.

Preservatives and other additives may also be present such as, for example,
antimicrobials, antioxidants, chelating agents, and inert gases and the like.

A colloidal dispersion system may also be used for targeted gene delivery. Colloidal
dispersion systems include macromolecule complexes, nanocapsules, microspheres, beads, and
lipid-based systems including oil-in-water emulsions, micelles, mixed micelles, and liposomes.

The preferred doses and regimen may be determined by a physician, and depend on the
age, sex, weight, of the subject, and the stage of the disease. As an example, for delivery of a
nucleic acid sequence encoding an FXN polypeptide using a viral expression vector, each unit
dosage of FXN polypeptide expressing vector may comprise 2.5ul to 10ml of a composition
including a viral expression vector in a pharmaceutically acceptable fluid at a concentration
ranging from 10! to10'° viral genome per ml for example.

In particular embodiments, when the vector containing a nucleic acid sequence encoding

an FXN polypeptide is intracerebrally delivered, the dose is about the microliter and when the
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vector containing a nucleic acid sequence encoding an FXN polypeptide is intrathecally

delivered, the dose is about the milliliter.

In a particular embodiment, the invention relates to a vector which comprises a FXN
encoding nucleic acid for use in prevention or treatment of neurological phenotype associated
with Friedreich ataxia in a subject in need thercof wherein the vector is delivering to the subject
in need thereof and wherein FXN is expressed by the transduced cells at a therapeutically

effective level.

Pharmaceutical composition

A second object of the invention concerns a pharmaceutical composition for preventing
or treating neurological phenotype associated with Friedreich ataxia in a subject in need thereof,
which comprises a therapeutically effective amount of a vector which comprises a frataxin

(FXN) encoding nucleic acid.

By a "therapeutically effective amount” is meant a sufficient amount of the vector of the
invention to treat, prevent or stabilise the neurological phenotype associated with Friedreich

ataxia at a reasonable benefit/risk ratio applicable to any medical treatment.

It will be understood that the single dosage or the total daily dosage of the compounds
and compositions of the present invention will be decided by the attending physician within the
scope of sound medical judgment. The specific therapeutically effective dose level for any
particular patient will depend upon a variety of factors including the disorder being treated and
the severity of the disorder; activity of the specific compound employed; the specific
composition employed, the age, body weight, general health, sex and diet of the patient; the
time of administration, route of administration, and rate of excretion of the specific compound
employed, the duration of the treatment; drugs used in combination or coincidental with the
specific polypeptide employed; and like factors well known in the medical arts. For example,
it is well within the skill of the art to start doses of the compound at levels lower than those
required to achieve the desired therapeutic effect and to gradually increase the dosage until the
desired effect is achieved. However, the daily dosage of the products may be varied over a wide

range per adult per day. The therapeutically effective amount of the vector according to the
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invention that should be administered, as well as the dosage for the treatment of a pathological
condition with the number of viral or non-viral particles and/or pharmaceutical compositions
of the invention, will depend on numerous factors, including the age and condition of the
patient, the severity of the disturbance or disorder, the method and frequency of administration
and the particular peptide to be used.

In one embodiment, the pharmaceutical compositions that contain the vector according
to the invention can be administrated to the subject in need thereof one time, two times, three
times or more on at least one day or more.

In one embodiment, the pharmaceutical compositions that contain the vector according
to the invention can be administrated to the subject in need thereof one time and readministered
several months or years later to said subject.

In one embodiment, the pharmaceutical compositions that contain the vector according
to the invention can be administrated to the subject in need thereof by intravenous injection one
time or more.

The presentation of the pharmaceutical compositions that contain the vector according
to the invention may be in any form that is suitable for the selected mode of administration, for
example, for intracerebrally, intracortically, intrathecal or intravenous administration.

In the pharmaceutical compositions of the present invention for intravenous,
intracerebral, intracortical or intrathecal administration, the active principle, alone or in
combination with another active principle, can be administered in a unit administration form,
as a mixture with conventional pharmaceutical supports, to animals and human beings.

Preferably, the pharmaceutical compositions contain vehicles which are
pharmaceutically acceptable for a formulation capable of being injected. These may be in
particular isotonic, sterile, saline solutions (monosodium or disodium phosphate, sodium,
potassium, calcium or magnesium chloride and the like or mixtures of such salts), or dry,
especially freeze-dried compositions which upon addition, depending on the case, of sterilized
water or physiological saline, permit the constitution of injectable solutions.

The pharmaceutical forms suitable for injectable use include sterile aqueous solutions
or dispersions; formulations including sesame oil, peanut oil or aqueous propylene glycol; and
sterile powders for the extemporaneous preparation of sterile injectable solutions or dispersions.
In all cases, the form must be sterile and must be fluid. It must be stable under the conditions
of manufacture and storage and must be preserved against the contaminating action of

microorganisms, such as bacteria and fungi.
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Solutions comprising compounds of the invention as free base or pharmacologically
acceptable salts can be prepared in water suitably mixed with a surfactant, such as
hydroxypropylcellulose. Dispersions can also be prepared in glycerol, liquid polyethylene
glycols, and mixtures thereof and in oils. Under ordinary conditions of storage and use, these
preparations contain a preservative to prevent the growth of microorganisms.

The vector according to the invention can be formulated into a composition in a neutral
or salt form. Pharmaceutically acceptable salts include the acid addition salts (formed with the
free amino groups of the protein) and which are formed with inorganic acids such as, for
example, hydrochloric or phosphoric acids, or such organic acids as acctic, oxalic, tartaric,
mandelic, and the like. Salts formed with the free carboxyl groups can also be derived from
inorganic bases such as, for example, sodium, potassium, ammonium, calcium, or ferric
hydroxides, and such organic bases as isopropylamine, trimethylamine, histidine, procaine and
the like.

The carrier can also be a solvent or dispersion medium containing, for example, water,
ethanol, polyol (for example, glycerol, propylene glycol, and liquid polyethylene glycol, and
the like), suitable mixtures thereof, and vegetables oils. The proper fluidity can be maintained,
for example, by the use of a coating, such as lecithin, by the maintenance of the required particle
size in the case of dispersion and by the use of surfactants. The pharmaceutical composition
will be rendered sterile using techniques well known by the man of the art. In many cases, it
will be preferable to include isotonic agents, for example, sugars or sodium chloride. Prolonged
absorption of the injectable compositions can be brought about by the use in the compositions
of agents delaying absorption, for example, aluminium monostearate and gelatin.

Sterile injectable solutions are prepared by incorporating the active polypeptides in the
required amount in the appropriate solvent with several of the other ingredients enumerated
above, as required, followed by filtered sterilization. Generally, dispersions are prepared by
incorporating the various sterilized active ingredients into a sterile vehicle which contains the
basic dispersion medium and the required other ingredients from those enumerated above. In
the case of sterile powders for the preparation of sterile injectable solutions, the preferred
methods of preparation are vacuum-drying and freeze-drying techniques which yield a powder
of the active ingredient plus any additional desired ingredient from a previously sterile-filtered
solution thereof.

Upon formulation, solutions will be administered in a manner compatible with the

dosage formulation and in such amount as is therapeutically effective. The formulations are
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easily administered in a variety of dosage forms, such as the type of injectable solutions
described above, but drug release capsules and the like can also be employed.

Multiple doses can also be administered.

In another embodiment, the pharmaceutical composition according to the invention may
contain an AAV9 which comprises a nucleic acid encoding frataxin and an AAVrh.10 which
also comprises a nucleic acid encoding frataxin.

In another embodiment, the pharmaceutical composition according to the invention may
contain an AAV9 which comprises a nucleic acid encoding frataxin and which is administrated
to a subject in need thereof intravenously or intrathecal delivery and an AAVrh.10 which also
comprises a nucleic acid encoding frataxin and which is administrated to the same subject in
need thereof intracerebellar or intracerebral delivery.

In other words, the invention also relates to 1) an AAV9 which comprises a nucleic acid
sequence encoding for the frataxin (FXN) and ii) an AAVrh.10 which comprises a nucleic acid
sequence encoding for the frataxin (FXN) gene as a combined preparation for simultancous,
separate or sequential use in the prevention or treatment of neurological phenotype associated
with Friedreich ataxia in a subject in need thercof wherein the AAV9 is administrated to a
subject in need thereof intravenously or intrathecaly and wherein the AAVrh.10 is
administrated to the same subject in need thereof intracerebellar or intracerebral delivery.

In another embodiment, the pharmaceutical composition according to the invention may
contain an AAVrh.10 which comprises a nucleic acid encoding frataxin and which is
administrated to a subject in need thereof intravenously or intrathecal delivery and an AAV9
which also comprises a nucleic acid encoding frataxin and which is administrated to the same
subject in need thereof intracerebellar or intracerebral delivery.

In other words, the invention also relates to 1) an AAVrh.10 which comprises a nucleic
acid sequence encoding for the frataxin (FXN) and ii) an AAV9 which comprises a nucleic acid
sequence encoding for the frataxin (FXN) gene as a combined preparation for simultancous,
separate or sequential use in the prevention or treatment of neurological phenotype associated
with Friedreich ataxia in a subject in need thereof wherein the AAVrh.10 is administrated to a
subject in need thereof intravenously or intrathecaly and wherein the AAV9 is administrated to
the same subject in need thercof intracerebellar or intracerebral delivery.

The invention also relates to i) an AAV9 which comprises a nucleic acid sequence
encoding for the frataxin (FXN) and ii) an AAVrh.10 which comprises a nucleic acid sequence

encoding for the frataxin (FXN) gene as a combined preparation for simultancous, separate or
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sequential use in the prevention or treatment of neurological phenotype associated with

Friedreich ataxia in a subject in need thercof.

The invention will be further illustrated by the following figures and examples.
However, these examples and figures should not be interpreted in any way as limiting the scope

of the present invention.

FIGURES:

Figure 1: Prevention of sensory wave loss in Pvalb-KO mice treated with AAV9-
hFXN-HA at 3.5 weeks.

(A) String test analysis, time needed to attach hindlimbs to the string is represented. (B)
Amplitude of sensory wave (H-Wave) was recorded after plantar sciatic nerve stimulation. n=9
WT and n=9 untreated Pvalb-KO and n=9 treated Pvalb-KO with AAV9-CAG-hFXN-HA for
cach test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Figure 2: Rescue of sensory wave loss in Pvalb-KO mice treated at 7.5 weeks.

(A) Notched bar test analysis, number of foot fall is represented. n=28 WT and n=31
untreated Pvalb-KO and n=31 treated Pvalb-KO with simultaneously intravenous AAV9-FXN-
HA and cerebral AAVrh10-FXN-HA. Measurement of paw angle variability (B), ataxia
coefficient (C) midline distance (D) after 2.5s of walk on the DigitGait apparatus. n= 8 for WT,
n=6 for untreated Pvalb-KO and n=8 for post-symptomatic treated Pvalb-KO animals for the
digit gait analysis. Stars correspond to p-value of untreated Pvalb-KO vs WT and treated Pvalb-
KO vs untreated Pvalb-KO. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Animals were
treated at 7.5 weeks of age.

Figure 3: Prevention of neurodegeneration and loss of dorsal root ganglion
neurons after treatment.

Mean number of neuron per DRG of WT and Pvalb-KO (untreated and treated) was
evaluated at the lumbar level of the spinal cord at 18.5 weeks. Around 43 DRG were analyzed
per group. **p<0.01; ***p<0.001. Stars correspond to p-value of untreated Pvalb-KO vs WT
and treated Pvalb-KO vs untreated Pvalb-KO
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Figure 4: Complete rescue of sensory wave loss in Pvalb-KO mice treated with
AAV-hFXN-HA at 7.5 weeks.

Amplitude of sensory wave (H-Wave) was recorded after plantar sciatic nerve
stimulation. N=31 WT and n=28 Pvalb-KO untreated and n=31 Pvalb-KO treated with
intravenous AAV9-CAG-FXN-HA and intracerebral AAVrh.10-CAG-FXN-HA for each test.
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Figure 5: Complete rescue of ultrastructure of sciatic nerves in Pvalb-KO mice
treated with AAV-hFXN-HA at 7.5 weeks.

Electron microscopy analysis of transversal and longitudinal sections of sciatic nerve of
Pvalb-KO animals at 20.5 weeks and Pvalb-KO animals treated with AAV-hFXN at 22.5

weeks. No abnormalities were observed in all sections observed for treated animals.

Figure 6: Partial prevention of Purkinje cell loss after intracerebellar AAV
delivery.

Mean number of calbindin positive neuron in each lobule of the cerebellum of WT and
Pvalb-KO (untreated and treated) was evaluated at 18.5 weeks. Six or seven animals were
analyzed per group. *p<0.05;**p<0.01. Stars correspond to p-value of untreated Pvalb-KO vs
WT and treated Pvalb-KO vs untreated Pvalb-KO

EXAMPLES:

Material & Methods

Adeno-associated virus production

A plasmid encoding a human frataxin (hFXN) fused to a hemagglutinin (HA) tag under
the control of the cytomegalovirus/B-actin hybrid promoter was produced as previously
described (Perdomini et al, 2014). Both AAV9-CAG-hFXN-HA and AAVrh.10-CAG-hFXN-
HA vectors were produced as previously described (Rabinowitz et al, 2002) in the Vector Core
at the University Hospital of Nantes (http://www.vectors.nantes.inserm.fr). The final titers of

the batches used were 6.4x10'? vg/ml for the AAVrh.10 and 2.5x10" vg/ml for the AAVO.
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Animal procedure

Mice with a deletion of the frataxin gene in neuronal cells (Fxn™¥L~; Pvalb®™" (Pvalb-
KO) were generated and genotyped as described previously; Fxn ™™ mice were used as controls.
Animals were maintained in a temperature and humidity controlled animal facility with a 12h
light-dark cycle and free access to water and a standard rodent chow D03 (SAFE, Villemoisson-
sur-Orge, France). All animal procedures were approved by the local ethical committee (Comité
d’Ethique 17, authorization number 2015050509284141 v2 (APAFIS #604)) for Animal Care
and Use and were performed in accordance with the Guide for the Care and the Use of
Laboratory Animals (US National Institute of Health). Both males and females were used in all
experiments. For early symptomatic studies, 3.5-weeks-old mice were anesthetized using
intraperitoneal injection with ketamine/xylazine (130/13mg/kg) to allow retro orbital
intravenous administration of AAV9-CAG-FXN-HA at a dosc of 5 x 10"vg/kg diluted in NaCl
0.9% (n=9 animal treated). Untreated Pvalb-KO (n=9 animals) and WT mice (n=9 animals)
were injected with equivalent volumes of saline solution. An additional group of Pvalb-KO
mice was treated with a retro orbital injection of AAVrh.10-CAG-FXN-HA at a dose of
5.103vg/kg (n=8 animals per group). For late symptomatic studies, 7.5-weeks-old mice were
anesthetized using intraperitoneal injection with ketamine/xylazine (130/13mg/kg) to allow
positioning on the stereotactic frame (David Kopt Instruments, Tujunga, USA). Animals were
injected bilaterally in the striatum and a third deposit was done in the white matter of the
cerebellum, each deposit was 2ul of virus corresponding to 1 x 10'° vg / deposit of AAVrh.10-
CAG-FXN-HA. Injections were done using a 30-gauge blunt micropipette attached to a 10ul
Hamilton syringe (Hamilton, USA) at a rate of 0.2ul/min. The stercotactic coordinates were:
AP: +0.5mm; ML: +/-2.2mm; DV: -3.3mm from the bregma for injections in the striatum and
AP: -6.48mm; ML:0mm, DV:-2.5mm from the bregma for the injection in the white matter of
the cerebellum followed by an intravenous administration of AAV9-CAG-FXN-HA at a dose
of 5 x 10"vg/kg. Before the wake up, animals received an injection of vetergesic (3mg/kg), a
morphinic, to avoid any suffering (Sogeval, France) (n=31 Pvalb-KO treated). Untreated Pvalb-
KO (n=28 animals) and WT mice (n=31 animals) were injected with equivalent volumes of
saline solution both intracerebrally and intravenously. Animals were monitored daily after the
surgery.

Early symptomatic treated animals were followed until 17.5 wecks of age and late
symptomatic treated animals will be followed until 20.5 weeks of age for Pvalb-KO as they

display difficulties to feed properly in the home cage. The treated Pvalb-KO and WT controls
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were maintained until 21.5/22.5 weeks of age for the first cohort, the second and third cohorts

were monitored until 18.5 weeks for all groups.

Bar-Test analysis

Coordination and equilibrium skills were evaluated using a set of two tests: the notched
bar-test for coordination and the string test which is the most sensitive to cvaluate
proprioception without any cerebral involvement (Deacon, 2013). Animals were scored weekly
for cach test from 3.5 weeks of age until euthanasia. Tests were performed in the following
order: string and the notched bar-test. For cach test, animals had one trial without habituation.
For the notched bar test, the number of falls of the upper or lower limbs to cross the 90cm bar
was scored as well as the time to cross, and finally for the string test, the time needed by animal
to attach their hindlimbs was scored. Results are presented for cach test as mean = SEM for

each group and t-test analyses were performed.

Digit gait analysis

Gait analysis was performed using a DigitGait Apparatus (Mouse specific Inc, Boston,
USA) as described previously (Wooley et al, 2005). The paws of the mice were captured by
video during treadmill locomotion at a speed of 8cm/s for at least 2.5s of proper gait and
analysis was performed using the DigitGait Analyzer software (Mouse specific Inc, Boston,
USA) to calculate over 40 parameters. Analysis was performed on a cohort of 8 controls and 6
Pvalb-KO and 8 treated Pvalb-KO at 17.5 weeks of age. Results are presented as mean £+ SEM

for each group.

Rotarod analysis

Motor capacities were tested using an accelerating rotarod LE8200 (Bioseb, France).
Briefly, mice were placed each 2 or 3 weeks starting at 3.5 weeks of age on the rod for three
trials/day. The rod accelerated from 4 to 40 rpm in 5 minutes. Animals were scored for their
latency to fall (in seconds) for cach trial and rested for 15min between trials to avoid fatigue.

Results are presented as a mean of the three trials £ SEM and t-test analyses were performed.

Electromvogram measurement

Electromyogram analyses were performed using the Keypoint apparatus (Medtronic,
MN, USA). Mice were anesthetized using intraperitoneal injection with a mix of

Ketamine/xylazine (130/13mg/kg). Animals were maintained at 37°C during the whole
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experiment until wake up. Latency and amplitude of M and H waves were recorded in the
plantar hind paw muscle after sciatic nerve stimulation (0.Ims and 8mA intensity). An
additional recording of the M wave was performed in the gastrocnemius muscle. Measurements
were performed each two weeks starting at 3.5 weeks of age. Results are presented as mean +

SEM for each group of animals and t-test were performed.

Histology
Animals used for histology were intracardially perfused with 10ml of Phosphate Buffer

Saline (PBS) and the various tissucs were dissected, fixed in PFA and embedded in paraffin.
For the spinal cord analysis, the column was decalcified in ethylene-diamine-tetra acetic 0.34M,
pH 7.4 (EDTA) for 14 days and the spinal cord was divided in cervical, thoracic and lumbar
levels. Sequential slides (Sum) of the paraffin blocks were stained with hematoxylin and eosin

(HE).

Quantification of neurons in DRG

Quantification of neurons in DRG was performed only at the lumbar level in KO
animals. For pre-symptomatic treatment, DRG neurons were scored in 13-14 DRG per lumbar
spinal cord level per animals, corresponding to at least 7600 neurons per condition and
maximum 9300. For post symptomatic treatment, DRG neurons were scored in at least 43 DRG
per lumbar spinal cord level per animals and two sections were scored per DRG, corresponding
to at least 9500 neurons per condition and maximum 14000. Number of neurons was normalized
by the arca of the DRG section. Three to six mice were scored per condition and results were

expressed as mean = SEM.

Electron microscopy

Animals were intracardially perfused with 10ml of Phosphate Buffer Saline (PBS) and
the various tissues were dissected, fixed in 2.5% PFA / 2.5% glutaraldehyde in cacodylate
buffer. After overnight fixation, the column was decalcified in ethylene-diamine-tetra acetic
0.34M, pH 7.4 (EDTA) for 14 days and fixed for an additional overnight. Tissues were rinsed
in PBS, postfixed in 1% osmium tetroxide for 2h at room temperature, dehydrated and
embedded in Epon. Regions of interest were localized on 2um sections stained with toluidine
blue. Ultrathin sections (70nm) were stained with uranyl acetate and lead citrate and observed

with a Morgagni 268D electron microscopy.
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Purkinje cell quantification

Purkinje cells were stained with calbindin staining. For all histological studies,
phosphate buffer saline (PBS) used was supplemented with CaCl2 and MgCl2. Paraffin was
removed from the slides and permeabilization was performed for 30min in PBS-Triton 0.3%
and then blocking for 1h at room temperature in PBS-Triton 0.1%-NGS 5%. Rabbit anti
calbindin antibody (1:500, Swan laboratories) was incubated overnight at 4°C. After 3 washes,
anti-rabbit antibody coupled to alexafluor 488 (Invitrogen) was incubated for 1h at room
temperature. After washes, slides were mounted using Vectashield medium with Dapi (Vector).
Quantification was achieved on 5 slides of cerebellum per animal and mean calbindin number

was scored 1n each lobules of the cerebellum.

Gene expression analysis

All tissues except DRG, sciatic nerve and hippocampus were crushed in liquid nitrogen
and powder was maintained at -80°C. Total RNA was extracted from DRG frozen tissues
pulverized with a Precellys24 homogenizer (Bertin Technologies) using Trizol reagent (MRC)
according to the manufacturer’s protocol and was extracted with DNAse I (Roche Biosciences).
cDNA was generated by reverse transcription using the Transcriptor first-strand cDNA
synthesis kit (Roche Biosciences). Quantitative RT-PCR was performed using the SYBR Green
I Master mix (Roche Biosciences) and Light Cycler 480 (Roche Biosciences) as previously
described (Perdomini et al., 2014). Gapdh was used as an internal control for all samples except
for sciatic nerve extracts for which we used 18S due to variation in Gapdh expression in controls
and KO animals. Each samples was analyzed in duplicate and at least 3 mice were analyzed per

condition.

VGC determination

DNA was extracted using a classical Phenol/chloroform protocol.
AAV9-CAG-FXN-HA or AAVrh.10-CAG-FXN-HA vector genome copy numbers were
measured by quantitative PCR in the DRG, spinal cord (cervical, thoracic and lumbar levels),
brain, cerebellum, heart and liver using the Light Cycler 480 II (Roche, France) and the Light
cycler 480 SYBR Green I Master (Roche, France) as previously described (Perdomini et al
2014). Vector sequences and mouse genomic Adck3 (internal control) sequences were
simultaneously amplified. The results (vector genome copy number per cell, VGC) were

expressed as n-fold differences in the transgene sequence copy number relative to the Adck3
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gene copy (number of viral genome copy for 2N genome). Samples were considered vector

negative if transgene sequence Ct value was > 35. Each sample was analyzed in duplicate.

Human frataxin quantification

Human frataxin was quantified in DRG samples using the human frataxin ELISA kit
(Abcam). 525ng lysates, resulting of lysate of SDRG were loaded per well and each sample was
analyzed in duplicate. A scale ranging from 0 to 800 pg/ml of recombinant hFXN was used to
established standard. Final quantity was expressed as pg of human frataxin per mg of total

protein.

Statistical analyses

All data arc presented as mean + SEM. Statistical analysis was carried out using
GraphPad Prism software (La Jolla, USA). t-test were used to compare group and a value of p<

0.05 was considered as significant.

Results

Intravenous injection of AAVrh.10-CAG-hFXN-HA slightly delays the phenotype

develop by Pvalb-KO mice

As intravenous injection of AAVrh10-CAG-FXN-HA was previously shown to prevent
and rescue the cardiomyopathy in the cardiac model of FRDA (Perdomini et al, 2014), we
wanted to investigate whether it could have a therapeutical benefit on the neurological
phenotype in the Pvalb-KO mice. AAVrh.10-CAG-FXN-HA was previously reported to
transduce DRG after intravenous injection (Perdomini et al., 2014). While intravenous delivery
of 5 x 10" vg/kg of AAVrh.10-CAG-FXN-HA slightly delayed the onset of the neurological
phenotype in treated animals, by 7.5 weeks of age, the treated animal clearly started to develop
a coordination phenotype on both bar test and string (data not shown). Behavioral scores were
indistinguishable to untreated animals at the time of sacrifice (17.5 weeks), except for the
rotarod test which showed some prevention (data not shown). In accordance with the behavioral
results, animals treated with the AAVrh.10-CAG-FXN-HA displayed a slight delayed loss in
H-wave but a complete loss of H-wave was observed at the end of the protocol (data not shown).
In agreement with the phenotype we observed, AAVrh.10-CAG-FXN-HA treatment did not
prevent the neuronal loss within lumbar DRG (data not shown). Ultrathin sections of sciatic

nerves of AAVrh.10-CAG-FXN-HA treated Pvalb-KO mice still displayed signs of
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degeneration, axonal shrinkage, autophagic vacuoles, although not as pronounced as in
untreated Pvalb-KO animals (data not shown). Together, these results demonstrate that
intravenous injection of AAVrh.10-CAG-FXN-HA at 5x10'* vg/kg can only slightly delay the

onset of the loss of coordination and sensory neuropathy in Pvalb-KO mice.

Prevention of progressive loss of sensory defects after treatment of early-symptomatic

Pvalb-KO mice with intravenous AAV9-CAG-FXN-HA injection

Pvalb-KO mice treated at 3.5 weeks of age already showed a moderate but significant
impairment at the notched bar test prior to treatment as described previously (data not shown).
Intravenous delivery of AAV9-CAG-FXN-HA allowed a significant coordination improvement
in treated Pvalb-KO mice compare to Pvalb-KO untreated mice (data not shown). When mice
where submitted to the string test, Pvalb-KO treated mice remained undistinguishable from WT
controls until euthanasia (Figure 1A) showing a clear benefit of the treatment on the pathology.
Notched bar test revealed an intermediate situation of the Pvalb-KO treated mice, with a
recovery or prevention until 8.5 weeks of age (data not shown). As trembling was observed in
all mice, this impairment could be related to a cerebral affection developed by Pvalb-KO mice,
which is poorly corrected by intravenous delivery of AAV9. AAV9 is known to have a limited
diffusion across the blood-brain barrier and poor neuronal transduction in brain after P21 in
mice. Similarly, rotarod analysis showed a significant prevention of the loss of coordination in
treated mice compare to untreated Pvalb-KO (data not shown).

To validate the behavioral prevention of the phenotype and evaluate function of sensory
fibers, clectromyographic analyses were performed. Prevention of sensory wave (H-Wave) loss
was observed in Pvalb-KO treated animals from 4.5 weeks of age up to euthanasia (Figure 1B).
As previously described Pvalb-KO mice did not show any abnormalities in motor wave, both
after plantar or gastrocnemian stimulation (data not shown).

Due to significant trembling, animals were sacrificed at 17.5 weeks of age for
histological and molecular analysis. Scoring of DRG neurons revealed a complete prevention
of neurons loss in Pvalb-KO treated animals both at cervical and lumbar level (data not shown).
Preliminary results of electron microscopy analysis, revealed a prevention of structural
abnormalities and mitochondrial degeneration in DRG observed in Pvalb-KO at 17.5 weeks
after AAV9-CAG-FXN-HA treatment (data not shown). Moreover, ultrastructural analysis of
sciatic nerve, composed of mixed motor and sensitive fibers, as well as the saphenous nerve,
composed purely of sensory fibers, revealed a complete prevention of abnormalities observed

in untreated Pvalb-KO mice (data not shown). No sign of degencration, axonal loss, nor
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autophagy are observed in Pvalb-KO treated mice, neither in sciatic nor saphenous nerves (data
not shown).

As expected, a decreased level of mFXN mRNA was observed in the DRG, cervical,
thoracic and lumbar levels of the spinal cord, brain, cerebellum, heart and liver at 17.5 weeks
(data not shown). Biodistribution study of the AAV9-FXN-HA vector reveals a large
transduction of the liver, heart and brain, a moderate transduction of the DRG and quite poor
of the spinal cord and cerebellum (data not shown). Evaluation of hFXN mRNA levels revealed
high expression of transgene in DRG, brain, heart and liver and to a lesser extent in cerebellum

and spinal cord (data not shown).

Simultaneous intracerebellar and intravenous treatment in late symptomatic Pvalb-KO

mice corrects the sensory ataxia and improve the cerebral/cerebellar component develop by

Pvalb-KO mice

At diagnosis, FA patients already displayed coordination impairment and a severe loss
of sensory nerve conduction. Considering the very promising results obtained in early
symptomatic Pvalb-KO mice, we wanted to evaluate whether our therapeutic strategy could
also lead to any benefit in a post-symptomatic treatment. For this purpose, another set of mice
(divided in 3 cohorts) was treated post-symptomatically at 7.5 weeks of age, an age with a clear
loss of coordination and sensory conduction defect. To try to correct the cerebellar and cerebral
components developed in Pvalb-KO mice, treated mice also received three intracerebral
deliveries of AAVrh.10-CAG-FXN-HA, bilaterally in the striatum, known to lead to a
widespread diffusion of the vector to several structures including the hippocampus and
interneurons of the cortex and the corpus callosum (Piguet et al, 2013), and into the cerebellar
white matter to allow a large transduction of cerebellum (data not shown). AAVrh.10-CAG-
GFP injection clearly show a broader transduction of neurons after stereotactic delivery in mice
compared to AAVI-CAG-GFP (data not shown).

As previously described, at 7.5 weeks of age, Pvalb-KO mice already displayed
impairments when challenged for behavioral analyses in all tests (Figure 2A). The simultancous
intracerebral and intravenous AAV-CAG-FXN-HA treatment led to a significant improvement
of behavior in only one week. A complete correction of the phenotype was observed at the
string test (more specific for proprioception) only one week after injection and a prevention of
any deterioration was shown up to euthanasia (Figure 2A). For notched bar test, Pvalb-KO
treated mice show a clear improvement of the phenotype over time compare to untreated

animals, a milder improvement is observed at the rotarod test (data not shown). Evaluation of
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gait at 17.5 weeks of age showed a complete correction of several parameters affected in the
untreated Pvalb-KO ataxic animals, including paw angle variability, paw placement and mid
line distance (Figure 2B-D). For the first cohort, untreated Pvalb-KO mice were cuthanized at
20.5 weeks of age because of their incapacity to move in the cage and therefore to feed themself
properly. WT and treated Pvalb-KO mice were cuthanized at 22.5 and 21.5 weeks of age due
to spontancous loss of several treated animals probably as a consequence of an epileptic attack,
due to deletion of frataxin in cerebral interneurons and hippocampus (a phenotype not relevant
to FRDA patient, but as a flaw of the model). For the second and third cohort, we sacrificed all
animals at 18.5 weeks of age to avoid any epileptic seizures and loss of animals. Concomitantly
with the improvement of behavior, Pvalb-KO mice displayed a complete reversion of sensory
wave loss (Figure 3), H-wave amplitude, which was already strongly decreased before
treatment (Figure 3). The treated animals were indistinguishable to controls, coherent with a
complete reversion of sensory defect in Pvalb-KO treated mice. No change were observed in
the motor wave, nor plantar nor gastrocnemian (data not shown). We scored the mean number
of DRG neurons in the second and third cohorts of treatment at 18.5 weeks of age, only at the
lumbar level as we did not previously observed any neuronal loss in the thoracic and cervical
portions. Scoring of DRG neurons revealed a complete prevention of neurons loss in Pvalb-KO
treated animals at lumbar level compared to untreated Pvalb-KO mice, which display a 14%
neuronal loss (Figure 3).

Analysis of peripheral nerves revealed a complete correction of ultrastructure of both
sciatic and saphenous nerve structure in treated animals at 22.5 and 21.5 weeks respectively,
nerves which already displayed abnormalities at 7.5 wecks of age when animals were treated
(Figure 4 and data not shown).

As behavioral analyses of our treated animals already showed a clear improvement one-
week post injection, we wondered whether structure of the sciatic and saphenous nerves would
already be affected and could be corrected. Ultrathin sections of both sciatic and saphenous
nerve (data not shown) demonstrate that untreated animals already displayed signs of axonal
regeneration (data no shown). Interestingly, and in agreement with the behavioral studies, our
results demonstrate a clear improvement one week after treatment compare to non-treated
animals.

These data correlates with the kinetic study of human frataxin expression that we
performed upon intravenous AAV9-FXN delivery in WT animals. As soon as 3 days following
the injection, significant expression of human frataxin is already detected (data not shown).

Biodistribution study of both AAV9-FXN-HA and AAVrh.10-FXN-HA vector was
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performed both for the final study at 22.5 weeks of age as well as 7 days post injection (data
not shown). Liver and brain are largely transduced; heart, DRG and spinal cord to a lesser
extend correlating with previous data we obtained (data not shown). Evaluation of AFXN
mRNA levels (data not shown) revealed high expression of transgene in heart and liver. Even
if brain contains more VGC than DRG, we have similar expression in both tissues and spinal

cord express human frataxin to a lesser extent (data not shown).

Aged Pvalb KO mouse display strong Purkinje cell loss (Piguet, de Montigny et al, in
preparation). To prevent this massive loss, we delivered AAVrh.10-AAV-FXN in the white
matter of the cerebellum to maximize the diffusion within the cerebellum. At 18.5 weeks of
age, we scored the mean number of Purkinje cells in each lobule of the cerebellum for each
group of mice. AAV delivery clearly prevent Purkinje cell loss, compare to untreated animals
(figure 6). We observed variability from one lobule to the other, with better prevention of
neuronal loss in lobules 3, 4, 5 and 7 than lobule 1 or 2 or 6, this mainly due to the diffusion of

the AAV following the intracerebellar delivery.
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CLAIMS:

A vector which comprises a nucleic acid sequence encoding for the frataxin (FXN) gene
for use in the prevention and treatment of neurological phenotype associated with

Friedreich ataxia in a subject in need thereof.

A vector for use according to claim 1, wherein said FXN encoding nucleic acid encodes

for the amino acid sequence SEQ ID NO:2.

A vector for use according to claim 1 wherein the vector comprises the nucleic acid

sequence SEQ 1D NO:1.

A vector for use according to claims 1 to 3 wherein the vector is an AAV 9 or AAVrh10

vector.

An 1) AAV9 which comprises a nucleic acid sequence encoding for the frataxin (FXN)
and i1) an AAVrh.10 which comprises a nucleic acid sequence encoding for the frataxin
(FXN) gene as a combined preparation for simultaneous, separate or sequential use in
the prevention or treatment of neurological phenotype associated with Friedreich ataxia

in a subject in need thereof.

A pharmaceutical composition for preventing or treating ncurological phenotype
associated with Friedreich ataxia in a subject in need thereof, which comprises a
therapeutically effective amount of a vector which comprises a frataxin (FXN) encoding

nucleic acid.

A method for preventing and treating neurological phenotype associated with Friedreich
ataxia in a subject in need thereof, comprising administering to said subject a
therapeutically effective amount of a vector which comprises a nucleic acid sequence

encoding for the frataxin (FXN).
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