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MODIFIED FRIEDREICH ATAXIA GENES AND VECTORS FOR GENE THERAPY

FIELD OF THE INVENTION
[11 The invention relates to modified frataxin (FXN) genes, vectors comprising the modified
FXN genes, methods of using the modified FXN genes, and vectors containing them in the
treatment of Friedreich ataxia, including cardiomyopathy and/or neurodegenerative disease
associated therewith, by providing increased expression levels of non-mutated (wild type)

mitochondrial protein frataxin.

BACKGROUND OF THE INVENTION
Friedreich ataxia (FRDA) is associated with reduction of expression of and/or mutation in the
FXN gene that encodes for the mitochondria protein frataxin. FRDA is an autosomal recessive
disease, meaning individuals only develop this disease if they inherit a defective gene from both
parents. FRDA is caused by mutations in the FXN gene that results in reduction of mMRNA and
protein levels of frataxin. Defective frataxin expression causes critical metabolic changes,
including redox imbalance and ATP deficiency.
[2] FRDA is a neurodegenerative disease that affects children and young adults and leads to
progressive disability and premature death. Neurological signs are associated with
degeneration of sensory neurons and the flow of sensory information through the peripheral
nerves and the spinal cord is severely affected. There is also some impairment of muscle-
controlling signals from the cerebellum and spinal cord. These problems lead to the
progressive loss of balance, coordination and muscle strength that characterize FRDA. Further,
patients often develop a hypertrophic cardiomyopathy that is likely the cause of premature
death. Enlargement of the heart, irregular heartbeat and other symptoms of heart trouble are
evident.
[3] Itis believed that the frataxin protein regulates the levels of iron inside the mitochondria
which is necessary for using oxygen to produce energy. Frataxin appears to act as a storage
depot for iron, releasing it only when it's needed for synthesis of enzymes in the mitochondirial.
Therefore, a deficiency of frataxin results in a deficiency of these enzymes and further reduces
mitochondrial function which likely explains why Friedreich ataxia affects cells of the nervous
system and heart.
[4] To date, no treatment exists for stopping or slowing down the negative effects of FRDA.
Current therapeutic approaches in clinical use or under evaluation are directed at alleviating
symptoms and maximizing quality of life. Physical therapy and speech therapy have been used
to improve movement. Further, some medications have been used to treat heart disease.
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Thus, there is an important need for a novel therapeutic approach to treat the symptoms
associated with FRDA.

SUMMARY OF THE INVENTION
[5] Disclosed and exemplified herein are modified nucleic acids encoding frataxin (FXN) and
vectors comprising the modified nucleic acid and methods of treating a disease mediated by
decreased level of FXN by administering the modified nucleic acid or the vector comprising the
nucleic acid to a patient in need thereof.
[6] Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention described
herein. Such equivalents are intended to be encompassed by the following embodiments (E).
E1. A modified FXN gene for treating FRDA in a human subject wherein the modified FXN
gene has been modified to alter the content of GC nucleotides and/or to have a reduced
number of CpG dinucleotides.
E2. The modified FXN gene of embodiment 1 wherein the reduced number of CpG
dinucleotides is in an amount sufficient to suppress the silencing of gene expression due to the
methylation of CpG motifs.
E3. The modified FXN gene of embodiment 1 wherein the content of GC nucleotides is
greater than 10%, 20%, 30%, 40%, 50%, 60% or 70% relative to the wild-type gene.
E4. The modified FXN gene of embodiment 3, having a codon adaptation index that is
>0.75, >0.80, >0.85, >0.90, or >0.95.
E5. The modified FXN gene of embodiment 3, comprising a sequence selected from any
one of SEQ ID NOs: 310 9.
E6. The modified FXN gene of embodiment 1 wherein the content of GC nucleotides is less
than 10%, 20%, 30%, 40%, 50%, 60% or 70% relative to the wild-type gene.
E7. The modified FXN gene of embodiment 1 included in a viral vector or plasmid.
ES. The modified FXN gene of embodiment 7, wherein the viral vector is a self-
complementary AAV sequence.
E9. The modified FXN gene of embodiment 8, wherein the viral vector is selected from the
group consisting of AAV1, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7 AAVS, AAV9, AAV10,
AAV11, AAV12, AAV1.1, AAV2.5, AAVE.1, AAV6.3.1, AAV9.45, AAV Hu.26, AAV2i8, AAV2G9,
rhAAV10, rhAAV74, RHM4-1, RHM15-1, RHM15-2, RHM15-3/RHM15-5, RHM15-4, RHM15-8,
AAV2-TT, AAV2-TT-S312N, AAV3B-S312N, AAV-LKO03, and combinations and variants thereof.
E10. The modified FXN gene of embodiment 8, wherein the viral vector is an ancestral AAV

vector.
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E11. The modified FXN gene of embodiment 8, wherein the viral vector is a chimeric AAV
including a combination of AAV backbones from AAV2, AAV3B, AAV6 or AAVS and further
comprising a galactose (Gal) binding footprint from AAV9.

E12. The modified FXN gene of embodiment 1, wherein frataxin protein has an amino acid
sequence of SEQ ID NO. 1 or a functional fragment thereof.

E13. A method for treating a disease associated with frataxin deficiency in a subject in need
thereof, comprising administering to said subject a therapeutically effective amount of a
modified FXN gene wherein the modified FXN gene has been modified to increase or decrease
content of GC nucleotides and/or to reduce the number of CpG dinucleotides.

E14. The method of embodiment 13, wherein the modified FXN gene encodes the frataxin
protein having the amino acid sequence of SEQ ID NO. 1.

E15. The method of embodiment 13, wherein the modified FXN gene is expressed in target
cells, wherein the target cells are cardiac or neuron cells

E16. The method of embodiment 13, wherein the modified FXN gene is delivered in a viral or
non-viral vector to the target cells.

E17. The method of embodiment 16, wherein the vector is delivered by systemic injection or
by direct cardiac or intracranial injection.

E18. A method of treating Friedreich ataxia (FRDA) in a subject in need thereof, the method
comprising: providing at least one recombinant virus vector comprising a modified FXN gene,
wherein the modified FXN gene has been modified to increase or decrease the content of GC
nucleotides and/or to reduce the amount of CpG dinucleotides; and

administering the recombinant virus vector to the subject under conditions such that the
modified FXN gene is expressed at a level which produces a therapeutically effective amount of
frataxin in cardiac and/or neuron tissue of the subject.

E19. The method of embodiment 18, wherein the recombinant virus vector is administered to
neurons or heart muscles cells of the subject.

E20. A host cell transfected with a modified FXN gene that encodes a frataxin peptide or a
functional fragment thereof wherein the modified FXN gene has been modified to increase or
decrease content of GC nucleotides and/or to reduce number of CpG dinucleotides.

E21. A process of preparing a frataxin peptide or fragment thereof comprising:

transfecting a host cell with a modified FXN gene that encodes the frataxin peptide or functional
fragment thereof; and maintaining the host cell under biological conditions sufficient for
expression of the frataxin peptide.

E22. The process of embodiment 21, wherein the modified FXN gene has increased levels of
GC nucleotides and/or reduced levels of CpG dinucleotides compared with the nucleic acid

sequence of wild type frataxin as set forth in SEQ ID NO:2.
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E23. A pharmaceutical composition comprising a modified FXN gene, wherein the modified
FXN gene has an increased or decreased content of GC nucleotides and/or a reduced number
of CpG dinucleotides, and a pharmaceutically acceptable carrier.

E24. A method for treating FRDA comprising delivering to a subject in need of treatment, a
vector comprising a modified polynucleotide sequence encoding a FXN gene, wherein the FXN
gene is expressed in the target cells, thereby treating FRDA in the subject. The target cells are
preferably cardiac or neuron cells and the vector is preferably delivered to the target cells via
direct cardiac or intracranial injection.

E25. The modified nucleic acid of embodiment 1, wherein the modified nucleic acid has a
reduced GC content, relative to the wild type gene, that being 20%, 30%, 40%, 50%, or 60%
less than the wild type gene while still having the same expression level as the wild type. Silent
mutations can be introduced into the coding sequence in order to reduce the GC content of the
gene.

E26. A modified nucleic acid encoding FXN with a reduced level of CpG dinucleotides.

E27. A maodified nucleic acid encoding FXN (also referred to as a “modified FXN gene”) for
treating FRDA in a human subject in need thereof, wherein the modified FXN gene had been
modified to increase GC content and reduce certain cis motifs relative to the wild type nucleic
acid sequence encoding FXN set forth as SEQ ID NO:2.

E28. A modified FXN gene having a reduced number of CpG dinucleotides in an amount to
suppress the silencing of gene expression due to the methylation of CpG motifs compared with
the number of CpG dinucleotides present in the wild type nucleic acid sequence encoding FXN
set forth as SEQ ID NO:2.

E29. A method of treating FRDA in a subject, the method comprising:

providing at least one recombinant virus vector comprising a modified FXN gene of any one of
embodiments 1-12, 23, and 25-28, and administering the recombinant virus vector to the
subject under conditions such that the modified FXN gene is expressed at a level which
produces a therapeutically effective amount of frataxin in cardiac and or neuron tissue of the
subject.

E30. A method for reducing the effects of or treating Friedreich ataxia in neurons and heart
muscles cells of a subject in need thereof, comprising administering to said subject a
therapeutically effective amount of a recombinant virus vector which comprises a modified FXN
nucleic acid encoding the protein frataxin.

E31. A method for treating Friedreich ataxia in a subject in need thereof, including gene
therapy based on administration of a nucleic acid comprising a nucleotide sequence selected
from the group consisting of a sequence of SEQ ID NOs:3-9.
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E32. A composition comprising an adeno-associated virus (AAV) vector comprising a
modified FXN gene, or functional fragment thereof, wherein the AAV vector comprises a single
stranded AAV vector genome, a double-stranded AAV vector genome or a self-complementary
(sc) AAV vector genome.

E33. An expression vector comprising a polynucleotide that includes a modified FXN gene or
fragment thereof.

E34. The vector of embodiment 33, wherein the AAV comprises a capsid of a serotype
selected from the group consisting of AAV1, AAV2, AAV3, AAV4, AAV5, AAVE, AAV7, AAVS,
AAV9, AAV10, AAV11, AAV12, rhAAV10, rhAAV74, RHM4-1, RHM15-1, RHM15-2, RHM15-
3/RHM15-5, RHM15-4, RHM15-6, AAV Hu.26, AAV1.1 (SEQ ID NO:15), AAV2.5 (SEQ ID NO.
13), AAV6.1 (SEQ ID NO:17), AAV6.3.1 (SEQ ID NO:18), AAV9.45, AAV2i8 (SEQ ID NO:29),
AAV2G9, AAV2-TT (SEQ ID NO:31), AAV2-TT-S312N (SEQ ID NO:33), AAV3B-S312N, and
AAV-LKO3.

E35. The vector of embodiment 34, further comprising a AAV1.1 capsid wherein amino acid
residue 265 is deleted (SEQ ID NO: 15), an AAV 6.1 capsid wherein amino acid residue 265 is
deleted (SEQ ID NO: 17), an AAV 6.3.1 capsid wherein amino acid residue 265 is deleted and
amino acid residue 531 is changed from a Lys to a Glu (SEQ ID NO: 18). The nucleotide
sequence of wildtype AAV 1 capsid is shown in (SEQ ID NO: 14) and the nucleotide sequence
of wildtype AAV 6 capsid is set forth in (SEQ ID NO: 16).

E36. A chimeric AAV virus vector comprising the modified FXN gene of any one of
embodiments 1-12, 23, and 25-28, further comprising a capsid that includes the combination of
AAV backbones from AAV2, AAV3, AAV6E, AAVS, with a galactose (Gal) binding footprint from
AAV9. Specifically, the galactose (Gal) binding footprint from AAV9 is grafted onto the heparin
sulfate-binding AAV serotype 2 to improve transduction efficiency.

E37. A chimeric AAV virus vector comprising the modified FXN gene of any one of
embodiments 1-12, 23, and 25-28, further comprising wherein the vector capsid includes
tyrosine mutants in combination with 265 deletion mutations of AAV1 and or AAV6 as well as
addition of a galactose binding footprint to the capsid protein.

E38. A chimeric AAV virus vector comprising the modified FXN gene of any one of
embodiments 1-12, 23, and 25-28, further comprising a targeting peptides inserted in the HI
structure loop of AAV or in position of 585 aa in AAV 2 backbone. Additionally, ancestral AAV
vectors may be used for therapeutic in vivo gene therapy. Notably, the use of the virus particles
assembled from ancestral viral sequences exhibit reduced susceptibility to pre-existing
immunity in current day human population than do contemporary viruses or portions thereof.
E39. A host cell comprising the modified FXN gene of any one of embodiments 1-12, 23, and
25-28.
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E40. A process of preparing a frataxin peptide or fragment thereof comprising: transfecting a
host cell with the modified FXN gene of any one of embodiments 1-12, 23, and 25-28, and
maintaining the host cell under biological conditions sufficient for expression of the frataxin
peptide.

E41. Use of a modified FXN gene of any one of embodiments 1-12, 23, and 25-28, in the
treatment of Friedreich ataxia.

E42. A pharmaceutical composition comprising a modified FXN gene for treating Friedreich
ataxia that causes degeneration of neurons and cells in the cardiac tissues of a human subject
wherein the modified FXN gene has an increased amount of GC nucleotides, decreased
amount of GC nucleotides and/or has a reduced number of CpG dinucleotides; and a
pharmaceutically acceptable carrier.

E43. An expression optimized nucleic acid encoding frataxin comprising a nucleic acid
sequence selected from any one of SEQ ID NOs:3-9.

E44. A modified nucleic acid encoding frataxin comprising the amino acid set forth in SEQ ID
NO:1, wherein the nucleic acid has a GC content of at least 55%,a decreased number of CpG
dinucleotides compared with the nucleic acid sequence of SEQ ID NO:2, a codon adaptation
index (CAl) of at least 0.8, and wherein it is expressed at a greater level compared with the
level of expression of wild type frataxin comprising the nucleic acid sequence of SEQ ID NO:2.
E45. The modified nucleic acid of embodiment 44, wherein the CAl is at least 0.86.

E46. The modified nucleic acid of embodiment 44, wherein the CAl is at least 0.95.

E47. The modified nucleic acid of embodiment 44, wherein the CAl is at least 0.98.

E48. The modified nucleic acid of any one of embodiments 44-47, wherein the GC content is
at least 61%.

E49. The modified nucleic acid of any one of embodiments 44-47, wherein the GC content is
at least 69%.

E50. The modified nucleic acid of any one of embodiments 44-49, wherein the number of
CpG dinucleotides is from about 114 to 124.

E51. A modified nucleic acid encoding frataxin (FXN) comprising the amino acid sequence
set forth in SEQ ID NO:1, wherein said nucleic acid is expressed at a greater level compared
with the expression level of the wild type FXN nucleic acid sequence of SEQ ID NO:2, and
wherein said modified nucleic acid comprises at least one characteristic selected from the group
consisting of: a GC content of at least 55%, a number of CpG dinucleotides not greater than
124, and a codon adaptation index (CAl) of at least 0.76.

E52. The modified nucleic acid of embodiment 51, said nucleic acid comprising at least one
characteristic selected from the group consisting of: a CAl of at least 0.86, at least 0.95, or at
least 0.98; a GC content is at least 57%, at least 61%, or at least 69%; a number of CpG



WO 2017/077451 PCT/IB2016/056572

dinucleotides is less than 124; and a nucleic acid sequence selected from the group consisting
of a sequence as set forth in SEQ ID NOs:3-9.

E53. A modified nucleic acid encoding FXN, wherein said nucleic acid is expressed at a
greater level compared with the level of expression of the wild type FXN nucleic acid sequence
of SEQ ID NO:2, and wherein the nucleic acid comprises at least one of: a nucleic acid
sequence selected from the group consisting of SEQ ID NOs:3-9; a GC content of at least 55%;
a number of CpG dinucleotides not greater than 117; and a CAl of at least 0.86.

E54. The modified nucleic acid of embodiment 53, wherein the nucleic acid sequence is
selected from the group consisting of SEQ ID NO:5 and SEQ ID NO:7.

E55. The modified nucleic acid of claim any one of embodiments 43-54, comprising the
nucleic acid sequence of SEQ ID NO:7.

E56. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28 and 43-55, further
comprising a nucleic acid sequence encoding at least one AAV terminal repeat (TR).

E57. The modified nucleic acid of embodiment 55 wherein the nucleic acid single stranded,
double stranded, and/or self complementary.

E58. The modified nucleic acid of embodiment 57, wherein the nucleic acid is self
complementary.

E59. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-58,
further comprising an enhancer.

E60. The modified nucleic acid of embodiment 59, wherein the enhancer is a cytomegalovirus
(CMV) immediate-early enhancer.

E61. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-60,
further comprising a promoter.

E62. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-61,
wherein the promoter is constitutive or regulated.

E63. The modified nucleic acid of embodiment 62, wherein the promoter is regulated.

E64. The modified nucleic acid of embodiment 63, wherein the promoter inducible or
repressible.

E65. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-64,
further comprising a nucleic acid sequence encoding a collagen stabilization sequence (CSS).
E66. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-65,
further comprising a stop codon.

E67. The modified nucleic acid of any one of embodiments 1-12, 23, 25-28, and 43-66,

further comprising a poly-adenylation (polyA) signal sequence.
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E68. The modified nucleic acid of embodiment 67, wherein the promoter is selected from the
group consisting of a chicken beta-actin (CBA) promoter, a cytomegalovirus (CMV) promoter, a
CMYV enhancer/CBA promoter (CBh), and a synthetic CAG promoter.
E69. The modified nucleic acid of embodiment 68, wherein the promoter is a CBh promoter.
E70. The modified nucleic acid of any one of embodiments 1-6, 12, 25-28, and 44-69, further
comprising a nucleic acid sequence encoding a collagen stabilization sequence (CSS).
E71. A recombinant AAV vector (rAAV) comprising the modified nucleic acid encoding FXN of
any one of embodiments 1-12, 23, 25-28, and 43-70.
E72. The rAAV of embodiment 71, wherein the rAAV comprises a capsid selected from the
group consisting of a capsid from AAV1, AAV2, AAV3, AAV4, AAV5, AAVE, AAV7, AAVS,
AAV9, AAV10, AAV11, AAV12, AAVrh10, AAVrh74, AAV2.5 (SEQ ID NO. 13), AAV hu.26,
AAV1.1, AAV2.5, AAV6.1, AAV6.3.1, AAV2i8, AAV2G9, AAV9.45, AAV2i8G9, RHM4-1,
RHM15-1, RHM15-2, RHM15-3/RHM15-5, RHM15-4, RHM15-6, AAV2-TT, AAV2-TT-S312N,
AAV3B-S312N, and AAV-LKO03.
E73. The rAAV of embodiment 72, wherein the capsid is selected from the group consisting of
AAV2-TT, AAV2-TT-S312N, and AAV2i8 capsid.
E74. The rAAV of embodiment 73, wherein the modified nucleic acid comprises the sequence
of SEQ ID NO:7 and wherein the capsid is selected from an AAV2i8 capsid and an AAV2-TT-
S312N capsid.
E75. The rAAV of embodiment 74, wherein the nucleic acid further comprises two AAV
terminal repeat sequences flanking the sequence encoding FXN, and further comprises a CBh
promoter upstream of the sequence encoding FXN.
E76. The rAAV of embodiment 75, said nucleic acid further comprising a collagen stabilization
sequence (CSS; SEQ ID NO:25) 3’ from the sequence encoding FXN.
E77. The rAAV of any one of embodiments 71-76, wherein the nucleic acid comprises a
bovine growth hormone polyA (bGHpolyA) signal sequence.
E78. ATAAV vector comprising an AAV2i8 capsid wherein VP1 comprises the amino acid of
SEQ ID NO:29, and further comprising a nucleic acid comprising, from 5’ to 3’

(a) an AAV2 terminal repeat (TR);

(b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26;

(c) a modified nucleic acid encoding FXN comprising a nucleic acid sequence selected
from the group consisting of SEQ ID NOs:3-9;

(d) a CSS having the sequence of SEQ ID NO:25;

(e) a bGHpolyA signal sequence having the sequence of SEQ ID NO:27; and

() an AAV2 TR.
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E79. A TAAV vector comprising an AAV2-TT capsid wherein VP1 comprises the amino acid of
SEQ ID NO:31, and further comprising a nucleic acid comprising, from 5’ to 3’

(a) an AAV2 TR;

(b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26;

(c) a modified nucleic acid encoding FXN comprising a nucleic acid sequence selected
from the group consisting of SEQ ID NOs:3-9;

(d) a CSS having the sequence of SEQ ID NO:25;

(e) a bGHpolyA signal sequence having the sequence of SEQ ID NO:27; and

() an AAV2 TR.
E80. A TrAAV vector comprising an AAV2-TT-S312N capsid wherein VP1 comprises the
amino acid of SEQ ID NO:33, and further comprising a nucleic acid comprising, from 5’ to 3’

(a) an AAV2 TR;

(b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26;

(c) a modified nucleic acid encoding FXN comprising a nucleic acid sequence selected
from the group consisting of SEQ ID NOs:3-9;

(d) a CSS having the sequence of SEQ ID NO:25;

(e) a bGHpolyA signal sequence having the sequence of SEQ ID NO:27; and

() an AAV2 TR.
E81. The rAAV vector of any one of embodiments 71-80, wherein the modified nucleic acid
encoding FXN comprises the nucleic acid sequence of SEQ ID NO:7.
E82. A rAAV vector for treating Friedreich ataxia in a subject in need thereof, wherein said
vector comprises the modified nucleic acid encoding frataxin of any one of embodiments 1-6,
12, 25-28 and 71-81.
E83. A pharmaceutical composition comprising the rAAV vector of any one of embodiments
7-11, 33-39, and 71-82, and a pharmaceutically acceptable carrier.
E84. A method of treating FRDA in a subject, the method comprising administering at least
one of: a modified nucleic acid encoding frataxin of any one of embodiments 1-12, 23, 25-28
and 43-70; a rAAV vector of any one of embodiments 7-11, 33-39 and 71-82; and the
pharmaceutical composition of embodiment 83.
E85. The method of embodiment 84, wherein the rAAV vector of any one of embodiments 7-
11, 33-39, and 71-82, is administered systemically, or by direct cardiac or intracranial
administration.
E86. The method of embodiment 85, wherein the rAAV vector of any one of embodiments 71-
82 is administered intracranially.
E87. The method of embodiment 85, wherein the rAAV vector of any one of embodiments 71-

82 is directly administered into the heart.
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E88. The method of embodiment 84, wherein the modified nucleic acid encoding FXN
comprises the nucleic acid sequence of SEQ ID NO:6.

E89. The method of embodiment 84, wherein the modified nucleic acid encoding FXN
comprises the nucleic acid sequence of SEQ ID NO:7.

E90. A method of treating a disease, disorder or condition mediated by a decreased level of
FTX, the method comprising administering at least one of: the modified nucleic acid encoding
frataxin of any one of embodiments 1-6, 12, 25-28 and 43-70; the rAAV vector of any one of
embodiments 7-11, 33-39 and 71-82; and the pharmaceutical composition of embodiment 83.
E91. A host cell comprising a modified nucleic acid encoding FXN of any one of embodiments
1-6, 12, 25-28 and 43-70.

E92. The host cell of embodiment 91, wherein the cell is selected from the group consisting of
VERO, WI38, MRC5, A549, HEK293 cells, B-50 or any other HelLa cells, HepG2, Saos-2,
HuH7, and HT1080.

E93. The host cell of embodiment 92, wherein the host cell is a HEK293 adapted to growth in
suspension culture.

E94. The host cell of any one of embodiments 91-93, wherein the cell is a HEK293 cell
having ATCC No. PTA 13274.

E95. A packaging cell comprising a rAAV vector of any one of embodiments 7-11, 33-39, and
70-82, wherein said cell further comprises at least one nucleic acid encoding an AAV Rep
protein, at least one nucleic acid encoding an AAV Cap protein, and at least one nucleic acid
encoding a helper function.

E96. A method for producing a rAAV vector, the method comprising culturing the cell of any
one of embodiments 91-95 under conditions where rAAV is produced.

E97. The method of embodiment 96, further comprising isolating the rAAV produced.

E98. Use of at least one of: the modified nucleic acid encoding frataxin of any one of
embodiments 1-6, 12, 25-28 and 43-70; the rAAV vector of any one of embodiments 7-11, 33-
39 and 71-82; and the pharmaceutical composition of embodiment 83 to increase the level of
frataxin in a cell.

E99. The modified nucleic acid encoding frataxin of any one of embodiments 1-6, 12, 25-28
and 43-70; the rAAV vector of any one of embodiments 7-11, 33-39 and 71-82; and the
pharmaceutical composition of embodiment 83 for use in increasing the level of frataxin in a
subject.

E100. The modified nucleic acid encoding frataxin of any one of embodiments 1-6, 12, 25-28
and 43-70; the rAAV vector of any one of embodiments 7-11, 33-39 and 71-82; and the
pharmaceutical composition of embodiment 83 for use in treating Friedreich ataxia in a subject.
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[7] Other features and advantages of the invention will be apparent from the following

detailed description, drawings, exemplary embodiments and claims

BRIEF DESCRIPTION OF THE DRAWINGS
[8] Figures 1A and 1B. Figures 1A and 1B both show the results of expression in HelLa cells
of frataxin from selected modified nucleic acids encoding FXN compared to a wild type nucleic
acid (lane 1). Extracts from HelLa cells comprising the following modified nucleic acids were
examined to detect FXN produced in the cells. Frataxin was detected by Western blotting using
an anti-frataxin antibody detected using a secondary antibody conjugated with HRP (horse
radish peroxidase) for chemiluminescence detection by exposure of the Western blot to light
sensitive film. The lanes were loaded with extracts from HeLa cells transfected with the
following modified nucleic acids encoding frataxin: lane 1: wild type control nucleic acid; lane 2:
IDT2; lane 3: IDTS5; lane 4: JCAT,; lane 5: GeneArt; lane 6: Genscript (control); and lane 7:
Genscript (low CpG).
[9] Figures 2A-2F show the sequence of various modified FXN gene constructs for cloning
into the self-complementary rAAV vector pTRs-KS-CBh-EGFP-bGHpolyA — where the EGFP
marker gene was replaced with either wild type FXN gene (SEQ ID NO:2) or a modified version
thereof (e.g., SEQ ID NOs:3-9). Each figure shows WT FXN (Fig. 2A) or a modified FXN gene
(Figs. 2B-2F). Each construct comprises (from 5’ to 3°) an Agel cut site, the FXN/modified FXN
gene, Avrll cut site, a collagen stability sequence (CSS), a Spel cut site, a bGHpolyA signal
sequence, and a Mlul cut site. Figure 2A shows the pTRs-KS-CBh-WT FXN-bGHpolyA
construct (SEQ ID NO:19); Figure 2B shows the Integrated DNA Technologies IDT 1 (IDT1)
modified FXN gene construct pTRs-KS-CBh-IDT1 FXN-bGHpolyA (SEQ ID NO:20); Figure 2C
shows IDT3 modified FXN gene construct pTRs-KS-CBh-IDT3 FXN-bGHpolyA (SEQ ID
NO:21); Figure 2D shows the IDT4 modified FXN gene construct pTRs-KS-CBh-IDT4 FXN-
bGHpolyA (SEQ ID NO:22); Figure 2E shows the GenScript modified FXN gene construct
pTRs-KS-CBh-GenScript FXN-bGHpolyA (SEQ ID NO:23); and Figure 2F shows the GenScript
(low CpG) modified FXN gene construct pTRs-KS-CBh-Genscript (low CpG) FXN-bGHpolyA
(SEQ ID NO:24), each sequence includes the elements (e.g., Agel, Avrll, CSS, Spel,
bGHpolyA, and Miul) which are indicated as follows, from 5’ to 3’, in Figs. 2A-2F: an Agel cut
site (ACCGGT) indicated in bold; the FXN gene in lower case letters, an Avrll cut site
(CCTAGQG) indicated by underlining; a sequence encoding a collagen stabilization sequence
(CSS) indicated by double underlining; an Spel cut site (ACTAGT) indicated in bold
underlined; a bovine growth hormone poly-adenylation signal sequence (bGHpolyA) indicated
in italics; and a Mlul cut site (ACGCGT) indicated in bold italics. The FXN gene in the

construct is under the control of the CBh promoter upstream from the Agel cut site. The
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sequence of the CBh promoter is not shown in Figures 2A-2F, but is set forth in SEQ ID NO:25.
[10] Figure 3 shows a vector (plasmid) map for the pTRs-KS-CBh-eGFP cloning construct
depicting the various restriction (cut) sites and elements of the vector including the CBh
promoter upstream from the Agel cut site.

[11] Figures 4A and 4B show graphs illustrating the baseline cardiac phenotype in control,
treated mutant and untreated mutant male (Fig. 4A) and female (Fig. 4B) mice. Figure 4A
shows the cardiac phenotype for, from left to right within each grouping: control males, treated
mutants and untreated mutants, where the groupings are: EF (ejection fraction), FS (fractional
shortening); LV Vol_d (left ventricle volume diastolic); and LV Vol_s (left ventricle volume
systolic). Figure 4B shows the baseline cardiac phenotype for female mice groups: control
(circles); treated mutants (squares); and untreated mutants (triangles).

[12] Figures 5A and 5B show graphs illustrating the reversal of FRDA cardiac phenotype in
treated Mck mutant mice compared with the cardiac phenotype in untreated Mck mutant mice at
5 weeks of age (and 14 days post-treatment in treated mutants). Figure 5A shows the cardiac
phenotype of control (circles), treated mutant (squares) and untreated mutant (triangles) male
mice 14 days after rAAV-FXN injection. The abbreviations are as follows: AoV SV (aortic valve
stroke volume); AoV CO (aortic valve cardiac output); FS (fractional shortening); and LV Mass
AW (left ventricle mass anterior wall). Figure 5B shows the cardiac phenotype of control
(circles), treated mutant (squares) and untreated mutant (triangles) female mice 14 days after
rAAV-FXN injection. The abbreviations are as follows: ES (ejection fraction): FS (fractional
shortening); AoV SV (aortic valve stroke volume); AoV CO (aortic valve cardiac output).

[13] Figures 6A-6C show graphs illustrating cardiac function in male and female control mice
(circles), treated mutants male and female mice (squares), and untreated mutant male and
female mice (triangles) twenty-eight (28) days post-rAAV-FXN treatment in the treated Mck
mutant group. Figure 6A shows the left ventricle mass (LVM) echocardiography assessment for
all three mouse groups over successive weeks, i.e., at 3 weeks of age (time of rAAV
administration), 5 weeks of age (14 days post-rAAV administration) and 7 weeks of age (28
days post-rAAV administration) where treatment was administered at the age of 5 weeks.
Figure 6B shows the shortening factor (SF) echocardiography assessment for all three mouse
groups over successive weeks. Figure 6C shows the cardiac output echocardiography
assessment for all three mouse groups over successive weeks. The data are mean + S.E.M of
8 mice per group. The data of Mck mutant mice were compared to the Mck positive control

group using multiple t-tests comparisons (Sidak-Bonferroni method). * p<0.05.
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DETAILED DESCRIPTION OF THE INVENTION
Definitions
[14] Unless otherwise defined, all technical and scientific terms used herein have the meaning
commonly understood by one of ordinary skill in the art to which this invention belongs. The
terminology used herein is for the purpose of describing particular embodiments only and is not
intended to be limiting of the invention. As used in the description of the invention and the
appended claims, the singular forms “a”, “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. The following terms have the meanings
given:
[15] The term “about,” as used herein, when referring to a measurable value such as an
amount of the biological activity, length of a polynucleotide or polypeptide sequence, content of
G and C nucleotides, codon adaptation index, number of CpG dinucleotides, dose, time,
temperature, and the like, is meant to encompass variations of 20%, 10%, 5%, 1%, 0.5% or
even 0.1% of the specified amount.
[16] As used herein, the term “and/or” refers to and encompasses any and all possible
combinations of one or more of the associated listed items, as well as the lack of combinations
when interpreted in the alternative (“or”).
[17] AAV "rep" and "cap" genes refer to polynucleotide sequences encoding replication and
encapsidation proteins of adeno-associated virus. AAV rep and cap are referred to herein as
AAYV "packaging genes."
[18] The present disclosure provides a recombinant adeno-associated virus (rAAV) vector.
"AAV" is an abbreviation for adeno-associated virus, and may be used to refer to the virus itself
or derivatives thereof. The term covers all subtypes and both naturally occurring and
recombinant forms, except where required otherwise. The abbreviation "rAAV" refers to
recombinant adeno-associated virus, also referred to as a recombinant AAV vector (or "rAAV
vector") or simply, an “AAV vector.” The term "AAV" includes, for example, AAVs of various
serotypes, e.g., AAV type 1 (AAV-1), AAV type 2 (AAV-2), AAV type 3 (AAV-3), AAV type 4
(AAV-4), AAV type 5 (AAV-5), AAV type 6 (AAV-6), AAV type 7 (AAV-7), AAV type 8 (AAV-8),
AAV type 9 (AAV-9), AAV type 10 (AAV-10, including AAVrh10), AAVrh74, AAV type 12 (AAV-
12), avian AAV, bovine AAV, canine AAV, equine AAV, primate AAV, non-primate AAV, and
ovine AAV. "Primate AAV" refers to AAV that infect primates, "non-primate AAV" refers to AAV
that infect non- primate mammals, "bovine AAV" refers to AAV that infect bovine mammals, and
SO on.
[19] The various serotypes of AAV are attractive for several reasons, most prominently that
AAYV is believed to be non-pathogenic and that the wildtype virus can integrate its genome site-
specifically into human chromosome 19 (Linden et al., 1996, Proc Natl Acad Sci USA 93:11288-
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11294). The insertion site of AAV into the human genome is called AAVS1. Site-specific
integration, as opposed to random integration, is believed to likely result in a predictable long-
term expression profile.

[20] The genomic sequences of various serotypes of AAV, as well as the sequences of the
native terminal repeats (TRs), Rep proteins, and capsid subunits are known in the art. Such
sequences may be found in the literature or in public databases such as GenBank. See, e.g.,
GenBank Accession Numbers NC-002077 (AAV-1), AF063497 (AAV-1), NC-001401 (AAV-2),
AF043303 (AAV-2), NC-001729 (AAV-3), NC-001829 (AAV- 4), U89790 (AAV-4), NC-006152
(AAV-5), AF513851 (AAV-7), AF513852 (AAV-8), and NC-006261 (AAV-8); the disclosures of
which are incorporated by reference herein. See also, e.g., Srivistava et al., 1983, J. Virology
45:555; Chiorini et al., 1998, J. Virology 71:6823; Chiorini et al., 1999, J. Virology 73: 1309;
Bantel-Schaal et al., 1999, J. Virology 73:939; Xiao et al., 1999, J. Virology 73:3994;
Muramatsu et al., 1996, Virology 221:208; Shade et al., 1986, J. Virol. 58:921; Gao et al., 2002,
Proc. Nat. Acad. Sci. USA 99: 11854; Moris et al., 2004, Virology 33:375-383; international
patent publications WO 00/28061, WO 99/61601, WO 98/11244; WO 2013/063379; WO
2014/194132; WO 2015/121501, and U. S. Pat. Nos. 6,156,303 and 7,906,111.

[21] An "rAAV vector" as used herein refers to an AAV vector comprising a polynucleotide
sequence not of AAV origin (i.e., a polynucleotide heterologous to AAV), typically a sequence of
interest for the genetic transformation of a cell. In some embodiments, the heterologous
polynucleotide may be flanked by at least one, and sometimes by two, AAV inverted terminal
repeat sequences (ITRs). The term rAAV vector encompasses both rAAV vector particles and
rAAV vector plasmids. A rAAV vector may either be single-stranded (ssAAV) or self-
complementary (sCAAV). An "AAV virus" or "AAV viral particle" or "rAAV vector particle" refers
to a viral particle composed of at least one AAV capsid protein (typically by all of the capsid
proteins of a wild-type AAV) and an encapsidated polynucleotide rAAV vector. If the particle
comprises a heterologous polynucleotide (i.e., a polynucleotide other than a wild-type AAV
genome such as a transgene to be delivered to a mammalian cell), it is typically referred to as a
"rAAV vector particle" or simply an "rAAV vector". Thus, production of rAAV particle necessarily
includes production of rAAV vector, as such a vector is contained within an rAAV particle.

[22] "Recombinant," as used herein means that the vector, polynucleotide, polypeptide or cell
is the product of various combinations of cloning, restriction or ligation steps (e.g. relating to a
polynucleotide or polypeptide comprised therein), and/or other procedures that result in a
construct that is distinct from a product found in nature. A recombinant virus or vector is a viral
particle comprising a recombinant polynucleotide. The terms respectively include replicates of
the original polynucleotide construct and progeny of the original virus construct.

[23] “AAV Rep” means AAV replication proteins and analogs thereof.
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[24] “AAV Cap” means AAV capsid proteins, VP1, VP2 and VP3 and analogs thereof. In wild
type AAYV virus, three capsid genes vp1, vp2 and vp3 overlap each other. See, Grieger and
Samulski, 2005, J. Virol. 79(15):9933-9944. A single P40 promoter allows all three capsid
proteins to be expressed at a ratio of about 1:1:10, vp1, vp2, vp3, respectively, which
complement with rAAV production. For the production of recombinant AAV vectors, desired
ratio of VP1:VP2:VP3 is in the range of about 1:1:1 to about 1:1:100, preferably in the range of
about 1:1:2 to about 1:1:50, more preferably in the range of about 1:1:5 to about 1:1:20.
Although the desired ratio of VP1:VP2 is 1:1, the ratio range of VP1:VP2 could vary from 1:50 to
50:1.

[25] A comprehensive list and alignment of amino acid sequences of capsids of known AAV
serotypes is provided by Marsic et al., 2014, Molecular Therapy 22(11):1900-1909, especially at
supplementary Figure 1.

[26] Forillustrative purposes only, wild type AAV2 comprises a small (20-25 nm) icosahedral
virus capsid of AAV composed of three proteins (VP1, VP2, and VP3; a total of 60 capsid
proteins compose the AAV capsid) with overlapping sequences. The proteins VP1 (735 aa;
Genbank Accession No. AAC03780), VP2 (598 aa; Genbank Accession No. AAC03778) and
VP3 (533 aa; Genbank Accession No. AAC03779) exist in a 1:1:10 ratio in the capsid. That is,
for AAVs, VP1 is the full length protein and VP2 and VP3 are progressively shorter versions of
VP1, with increasing truncation of the N-terminus relative to VP1.

[27] “AAV TR” means a palindromic terminal repeat sequence at or near the ends of the AAV
genome, comprising mostly complementary, symmetrically arranged sequences, and includes
analogs of native AAV TRs and analogs thereof.

[28] “Cis-motifs” includes conserved sequences such as found at or close to the termini of the
genomic sequence and recognized for initiation of replication; cryptic promoters or sequences
at internal positions likely used for transcription initiation, splicing or termination.

[29] "Treating" or "treatment" means reversing, alleviating, or inhibiting the progress of the
disorder or condition to which such term applies, or one or more symptoms of such disorder or
condition.

[30] "Therapeutically effective amount" means 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, stabilizes, slows down the
progression or otherwise causes an improvement in the pathological symptoms, disease
progression or physiological conditions associated with or resistance to succumbing to a
disorder.

[31] "Gene" means 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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[32] "Coding sequence" means a sequence which encodes a particular protein” or "encoding
nucleic acid", denotes a nucleic acid sequence which is transcribed (in the case of DNA) and
translated (in the case of mMRNA) into a polypeptide in vitro or in vivo when placed under the
control of (operably linked to) 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.

[33] “Chimeric” means, with respect to a viral capsid or particle, that the capsid or particle
includes sequences from different parvoviruses, preferably different AAV serotypes, as
described in Rabinowitz et al., U.S. Patent 6,491,907, the disclosure of which is incorporated in
its entirety herein by reference. See also Rabinowitz et al., 2004, J. Virol. 78(9):4421-4432. A
particularly preferred chimeric viral capsid is the AAV2.5 capsid, which has the sequence of the
AAV2 capsid with the following mutations: 263 Q to A; 265 insertion T; 705 Nto A; 708 V to A;
and 716 T to N. wherein the nucleotide sequence encoding such capsid is defined as SEQ ID
NO: 15 as described in WO 2006/066066. Other preferred chimeric AAVs include, but are not
limited to, AAV2i8 described in WO 2010/093784, AAV2G9 and AAV8GY described in WO
2014/144229, and AAV9.45 (Pulicherla et al., 2011, Molecular Therapy 19(6):1070-1078).

[34] “Flanked,” with respect to a sequence that is flanked by other elements, indicates the
presence of one or more the flanking elements upstream and/or downstream, i.e., 5' and/or 3',
relative to the sequence. The term “flanked” is not intended to indicate that the sequences are
necessarily contiguous. For example, there may be intervening sequences between the nucleic
acid encoding the transgene and a flanking element. A sequence (e.g., a transgene) that is
“flanked” by two other elements (e.g., TRs), indicates that one element is located 5' to the
sequence and the other is located 3' to the sequence; however, there may be intervening
sequences there between.

[35] “Polynuclectide” means a sequence of nucleotides connected by phosphodiester
linkages. Polynucleotides are presented herein in the direction from the 5’ to the 3’ direction. A
polynucleotide of the present invention can be a deoxyribonucleic acid (DNA) molecule or
ribonucleic acid (RNA) molecule. Where a polynucleotide is a DNA molecule, that molecule can
be a gene or a cDNA molecule. Nucleotide bases are indicated herein by a single letter code:
adenine (A), guanine (G), thymine (T), cytosine (C), inosine (l) and uracil (U). A polynucleotide
of the present invention can be prepared using standard techniques well known to one of skill in
the art.

[36] “Transduction” of a cell by a virus means that there is transfer of a nucleic acid from the

virus particle to the cell.
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[37] “Modified FXN gene” means a modified nucleic acid encoding FXN (e.g., the amino acid
sequence of SEQ ID NO:1) with at least one modification compared with a wild type nucleic
acid encoding FXN (e.g., SEQ ID NO:2), wherein the modification includes, but is not limited to,
increased GC content, decreased GC content or a FXN gene with a reduced CpG content.
Preferably, the modified FXN gene exhibits improved protein expression, e.g., the protein
encoded thereby is expressed at a detectably greater level in a cell compared with the level of
expression of the protein provided by the wild type gene in an otherwise identical cell.

[38] “Transfection” of a cell means that genetic material is introduced into a cell for the
purpose of genetically modifying the cell. Transfection can be accomplished by a variety of
means known in the art, such as calcium phosphate, polyethyleneimine, electroporation, and
the like.

[39] “Polypeptide” encompasses both peptides and proteins, unless indicated otherwise.

[40] "Gene transfer" or "gene delivery" refers 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.
[41] The terms "host cell," "host cell line," and "host cell culture" are used interchangeably and
refer to cells into which exogenous nucleic acid has been introduced, including the progeny of
such cells. Host cells include "transformants, "transformed cells," and “transduced cells,” which
include the primary transformed cell and progeny derived therefrom without regard to the
number of passages.

[42] “Transgene” is used to mean any heterologous nucleotide sequence incorporated in a
vector, including a viral vector, for delivery to and including expression in a target cell (also
referred to herein as a “host cell”), and associated expression control sequences, such as
promoters. It is appreciated by those of skill in the art that expression control sequences will be
selected based on ability to promote expression of the transgene in the target cell. An example
of a transgene is a nucleic acid encoding a therapeutic polypeptide.

[43] “Vector," means a recombinant plasmid or virus that comprises a polynucleotide to be
delivered into a host cell, either in vitro or in vivo.

[44] "Substantial homology" or "substantial similarity," means, when referring to a nucleic acid
or fragment thereof, indicates that, when optimally aligned with appropriate nucleotide insertions
or deletions with another nucleic acid (or its complementary strand), there is nucleotide
sequence identity in at least about 95 to 99% of the sequence.

[45] "Recombinant viral vector" means a recombinant polynucleotide vector comprising one or
more heterologous sequences (i.e., polynucleotide sequence not of viral origin). In the case of
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recombinant parvovirus vectors, the recombinant polynucleotide is flanked by at least one,
preferably two, inverted terminal repeat sequences (ITRs).

[46] “Homologous” used in reference to peptides, refers to amino acid sequence similarity
between two peptides. When an amino acid position in both of the peptides is occupied by
identical amino acids, they are homologous at that position. Thus by “substantially
homologous” means an amino acid sequence that is largely, but not entirely, homologous, and
which retains most or all of the activity as the sequence to which it is homologous. As used
herein, “substantially homologous” as used herein means that a sequence is at least 50%
identical, and preferably at least 75% and more preferably 95% homology to the reference
peptide. Additional peptide sequence modification are included, such as minor variations,
deletions, substitutions or derivatizations of the amino acid sequence of the sequences
disclosed herein, so long as the peptide has substantially the same activity or function as the
unmodified peptides. Derivatives of an amino acid may include but not limited to
trifluoroleucine, hexafluoroleucine, 5,5,5-trifluoroisoleucine, 4,4 4-trifluorovaline, p-
fluorophenylaline, o-fluorotyrosine, m-fluorotyrosine, 2,3-difluorotyrosine, 4-fluorohistidine, 2-
fluorohistidine, 2,4-difluorohistidine, fluoroproline, difluoroproline, 4-hydroxyproline,
selenomethionine, telluromethionine, selenocysteine, selenatryptophans, 4-aminotryptophan, 5-
aminotryptophan, 5-hydroxytryptophan, 7-azatryptophan, 4-fluorotryptophan, 5-
fluorotryptophan, 6-fluorotryptophan, homoallylglycine, homopropargylglycine, 2-butynylglycine,
cis-crotylglycine, allylglycine, dehydroleucine, dehydroproline, 2-amino-3-methyl-4-pentenoic
acid, azidohomoalanine, asidoalanine, azidonorleucine, p-ethynylphenylalanine, p-
azidophenylalanine, p-bromophenylalanine, p-acetylphenylalanine and benzofuranylalanine.
Notably, a modified peptide will retain activity or function associated with the unmodified
peptide, the modified peptide will generally have an amino acid sequence “substantially
homologous” with the amino acid sequence of the unmodified sequence.

[0042] A polynucleotide or polypeptide has a certain percent "sequence identity" to another
polynucleotide or polypeptide, meaning that, when aligned, that percentage of bases or amino
acids are the same when comparing the two sequences. Sequence similarity can be
determined in a number of different manners. To determine sequence identity, sequences can
be aligned using the methods and computer programs, including BLAST, available over the
world wide web at ncbi.nim.nih.gov/BLAST/. Another alignment algorithm is FASTA, available in
the Genetics Computing Group (GCG) package, from Madison, Wis., USA. Other techniques for
alignment are described in Methods in Enzymology, vol. 266: Computer Methods for
Macromolecular Sequence Analysis (1996), ed. Doolittle, Academic Press, Inc. Of particular
interest are alignment programs that permit gaps in the sequence. The Smith-Waterman is one

type of algorithm that permits gaps in sequence alignments. See Meth. Mol. Biol. 70: 173-187
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(1997). Also, the GAP program using the Needleman and Wunsch alignment method can be
utilized to align sequences. See J. Mol. Biol. 48: 443-453 (1970).

[0043] Of interest is the BestFit program using the local homology algorithm of Smith and
Waterman (1981, Advances in Applied Mathematics 2: 482-489) to determine sequence
identity. The gap generation penalty will generally range from 1 to 5, usually 2 to 4 and in many
embodiments will be 3. The gap extension penalty will generally range from about 0.01 to 0.20
and in many instances will be 0.10. The program has default parameters determined by the
sequences inputted to be compared. Preferably, the sequence identity is determined using the
default parameters determined by the program. This program is available also from Genetics
Computing Group (GCG) package, from Madison, WI, USA.

[0044] Another program of interest is the FastDB algorithm. FastDB is described in Current
Methods in Sequence Comparison and Analysis, Macromolecule Sequencing and Synthesis,
Selected Methods and Applications, pp. 127-149, 1988, Alan R. Liss, Inc.

[0045] Percent sequence identity is calculated by FastDB based upon the following
parameters: Mismatch Penalty: 1.00; Gap Penalty: 1.00; Gap Size Penalty: 0.33; and Joining
Penalty: 30.0.

[47] The present invention provides for modified FXN genes. The invention also provides
nucleic acid constructs, such as vectors, which include as part of their sequence a modified
FXN gene, e.g., GC content optimized FXN gene sequence comprising a greater or lesser
amount of GC nucleotides compared with the wild type FXN gene sequence and/or a FXN gene
sequence having reduced levels of CpG dinucleotides compared with the level of CpG
dinucleotides present in the wild type FXN gene. For example, the invention includes plasmids
and/or other vectors that include the modified FXN sequence along with other elements, such
as regulatory elements. Further, the invention provides packaged gene delivery vehicle, such
as a viral capsid, including the modified FXN sequence. The invention also includes methods of
delivery and, preferably, expressing the modified FXN gene by delivering the modified
sequence into a cell along with elements required to promote expression in the cell. The
invention also provides gene therapy methods in which the modified FXN gene sequence is
administered to a subject, e.g., as a component of a vector and/or packaged as a component of
a viral gene delivery vehicle. Treatment may, for example, be effected to increase levels of
frataxin in a subject and treat a frataxin deficiency in the subject. Each of these aspects of the

invention is discussed further in the ensuing sections.

Modified Nucleic Acid for Expression of Frataxin
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[48] The invention provides a modified nucleotide sequence encoding frataxin. The modified
nucleotide sequence includes the wild type or native FXN gene sequence including one or more
modifications.

[49] In one aspect, the modified nucleic acid sequence provides a detectably greater level of
expression of frataxin in a cell compared with the expression of frataxin from the wild type
nucleic acid sequence of SEQ ID NO:2 in an otherwise identical cell. This can be referred to as
an “expression optimized” or “enhanced expression” nucleic acid, or simply, as a “modified
nucleic acid.”

[50] “Optimized” or “codon-optimized” as referred to interchangeably herein, refers to a coding
sequence that has been optimized relative to a wild type coding sequence (e.g., a coding
sequence for frataxin) to increase expression of the coding sequence, e.g., by minimizing usage
of rare codons, decreasing the number of CpG dinucleotides, removing cryptic splice donor or
acceptor sites, removing Kozak sequences, removing ribosomal entry sites, and the like.

[51] Examples of modifications include elimination of one or more cis-acting motifs and
introduction of one or more Kozak sequences. In one embodiment, one or more cis-acting
motifs are eliminated and one or more Kozak sequences are introduced.

[52] Examples of cis acting motifs that may be eliminated include internal TATA-boxes; chi-
sites; ribosomal entry sites; ARE, INS, and/or CRS sequence elements; repeat sequences
and/or RNA secondary structures; (cryptic) splice donor and/or acceptor sites, branch points;
and Sall.

[53] In one embodiment, the GC content (e.g., the number of G and C nucleotides present in a
nucleic acid sequence) is enhanced relative to wild-type FXN gene sequence of SEQ ID NO:2.
The GC content is preferably at least 5%, more preferably, at least 6%, yet more preferably, at
least 7%, even more preferably, at least 8%, more preferably, at least 9%, even more
preferably, at least 10%, yet more preferably, at least 12%, even more preferably, at least 14%,
yet more preferably, at least 15%, more preferably, at least 17%, even more preferably, at least
20%, even further preferably, at least 30%, yet more preferably, at least 40%, more preferably,
at least 50%, even more preferably, at least 60%, and most preferably, at least 70% greater
than the wild type gene (SEQ ID NO:2).

[54] In another embodiment, the GC content is expressed as a percentage of G (guanine) and
C (cytosine) nucleotides in the sequence. That is, the GC content of the wild type nucleic acid
encoding frataxin (SEQ ID NO:1) is about 55% whereas the GC content of representative
modified FXN genes of the invention ranges from about 57% for IDT-3 (SEQ ID NO:8), 57% for
Genescript (SEQ ID NO:6); 61% for GeneArt (SEQ ID NO:5), and 69% for JCAT (SEQ ID
NO:4). Thus, the modified nucleic acid of the invention comprises a of at least 57%, more

preferably, a GC content of at least 61%, even more preferably, a GC content of least 69%,
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compared with the GC content of about 55% of the wild type nucleic acid sequence encoding
frataxin as set forth in SEQ ID NO:2.

[55] In one embodiment, the GC content of a modified nucleic acid of the invention is greater
than the GC content of the wild type nucleic acid encoding frataxin comprising the nucleic acid
sequence of SEQ ID NO:2. One skilled in the art would appreciate, knowing the degeneracy of
the nucleic acid code, that irrespective of the sequence of the nucleic acid encoding the protein,
the amino acid sequence of frataxin expressed therefrom is, preferably, the amino acid
sequence of SEQ ID NO:1.

[56] In one embodiment, the GC content of a modified nucleic acid encoding FXN of the
invention is about the same, i.e., 55%, as the GC content of wild type FNX gene (SEQ ID
NO:2).

[57] Additionally, the codon adaptation index of the modified nucleic acid encoding frataxin
(i.e., the modified FXN gene) is preferably at least 0.74, preferably, at least 0.76, even more
preferably, at least 0.77, yet more preferably, at least 0.80, preferably, at least0.85, more
preferably, at least 0.86, yet more preferably, at least 0.87, even more preferably, at least 0.90,
yet more preferably, at least 0.95, and most preferably, at least 0.98.

[58] In another embodiment the modified FXN sequence has a reduced level of CpG
dinucleotides that being a reduction of about 10%, 20%, 30%, 50% or more, compared with the
wild type nucleic acid sequence encoding FXN (e.g., SEQ ID NO:2).

[59] Itis known that methylation of CpG dinucleotides plays an important role in the regulation
of gene expression in eukaryotes. Specifically, methylation of CpG dinucleotides in eukaryotes
essentially serves to silence gene expression through interfering with the transcriptional
machinery. As such, because of the gene silencing evoked by methylation of CpG motifs, the
nucleic acids and vectors of the invention having a reduced number of CpG dinucleotides will
provide for high and long lasting transgene expression level.

[60] In one embodiment, the modified FXN gene comprises fewer potential CpG island regions
than wild type FXN gene, i.e., 128. Preferably, the modified FXN gene comprises about 124
potential CpG island regions, more preferably, about 123, even more preferably, about 117, and
more preferably, about 114 potential CpG island regions.

[61] The modified FXN gene sequence may also include flanking restriction sites to facilitate
subcloning into expression vector. Many such restriction sites are well known in the art, and
include, but are not limited to, those shown in Figures 2A-2F, and Figure 3 (plasmid map of
SCAAV plasmid vector pTRs-KS-CBh-EGFP-BGH) and Table 8 (SEQ ID NOs:19-23), such as,
Agel, Avrll, Spel and Mlul.

[62] The invention also includes fragments of any one of sequences SEQ ID NOs:3 through 9

which encode a functionally active fragment frataxin. “Functionally active” or “functional frataxin”
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indicates that the fragment provides the same or similar biological activity as a full-length
frataxin. That is, the fragment provides the same activity including, but not limited to, correcting
primary Fe-S cluster deficit, decreasing mitochondrial iron accumulation (Puccio et al., 2001,
Nature Genetics 27:181-186; Seznec et al., 2004, Human Mol. Genet. 13:1017-1024) and other
deficiencies as discussed in Perdomini et al., 2014, Nature Med. 20(5):542-547. The biological
activity of FXN, or a functional fragment thereof, also encompasses reversing or preventing the
cardiac phenotype associated with FRDA as demonstrated elsewhere herein in Mck mice.

[63] The invention includes a nucleic acid vector including the modified FXN gene sequence
and various regulatory or control elements. The precise nature of regulatory elements useful for
gene expression will vary from organism to organism and from cell type to cell type. In general,
they include a promoter which directs the initiation of RNA transcription in the cell of interest.
The promoter may be constitutive or regulated. Constitutive promoters are those which cause
an operably linked gene to be expressed essentially at all times. Regulated promoters are
those which can be activated or deactivated. Regulated promoters include inducible promoters,
which are usually “off’” but which may be induced to turn “on,” and “repressible” promoters,
which are usually “on” but may be turned “off.” Many different regulators are known, including
temperature, hormones, cytokines, heavy metals and regulatory proteins. The distinctions are
not absolute; a constitutive promoter may often be regulated to some degree. In some cases
an endogenous pathway may be utilized to provide regulation of the transgene expression, e.g.,
using a promoter that is naturally downregulated when the pathological condition improves.

[64] Examples of suitable promoters include adenoviral promoters, such as the adenoviral
major late promoter; heterologous promoters, such as the cytomegalovirus (CMV) promoter; the
respiratory syncytial virus promoter; the Rous Sarcoma Virus (RSV) promoter; the albumin
promoter; inducible promoters, such as the Mouse Mammary Tumor Virus (MMTV) promoter;
the metallothionein promoter; heat shock promoters; the a-1-antitrypsin promoter; the hepatitis
B surface antigen promoter; the transferrin promoter; the apolipoprotein A-1 promoter; chicken
beta-actin CBA) promoter, the CBh promoter (SEQ ID NO:25), and the CAG promoter
(cytomegalovirus early enhancer element and the promoter, the first exon, and the first intron of
chicken beta-actin gene and the splice acceptor of the rabbit beta-globin gene) (Alexopoulou et
al., 2008, BioMed. Central Cell Biol. 9:2), and human FXN promoters. The promoter may be a
tissue-specific promoter, such as the mouse albumin promoter, which is active in liver cells as
well as the transthyretin promoter (TTR).

[65] In another aspect, the modified nucleic acid encoding FXN further comprises an enhancer
to increase expression of the FXN protein. Many enhancers are known in the art, including, but
not limited to, the cytomegalovirus major immediate-early enhancer. More specifically, the CMV

MIE promoter comprises three regions: the modulator, the unique region and the enhancer
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(Isomura and Stinski, 2003, J. Virol. 77(6):3602-3614). The CMV enhancer region can be
combined with other promoters, or a portion thereof, to form hybrid promoters to further
increase expression of a nucleic acid operably linked thereto. For example, a chicken beta-
actin (CBA) promoter, or a portion thereof, can be combined with the CMV promoter/enhancer,
or a portion thereof, to make a version of CBA termed the “CBh” promoter, which stands for
chicken beta-actin hybrid promoter, as described in Gray et al. (2011, Human Gene Therapy
22:1143-1153).

[66] Further, the control elements can include a collagen stabilization sequence (CSS), a stop
codon, a termination sequence, and a poly-adenylation signal sequence, such as, but not
limited to a bovine growth hormone poly A signal sequence (bGHpolyA), to drive efficient
addition of a poly-adenosine “tail” at the 3’ end of a eukaryotic mRNA (see, e.g., Goodwin and
Rottman, 1992, J. Biol. Chem. 267(23):16330-16334).

Non-Viral Vectors
[67] In a particular embodiment, the vector used according to the invention is a non-viral
vector. Typically, the non-viral vector may be a plasmid which includes nucleic acid sequences

reciting the modified FXN gene, or variants thereof.

Packaged Modified FXN Sequence

[68] The modified FXN gene sequence may also be provided as a component of a packaged
viral vector. In general, packaged viral vectors include a viral vector packaged in a capsid.
Viral vectors and viral capsids are discussed in the ensuing sections. The nucleic acid
packaged in the rAAV vector can be single-stranded (ss), self-complementary (sc), or double-
stranded (ds).

Viral Vector

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

[70] The viral vector component of the packaged viral vectors produced according to the
methods of the invention includes at least one transgene, e.g., a modified FXN gene sequence
and associated expression control sequences for controlling expression of the modified FXN
gene sequence.

[71] In a preferred embodiment, the viral vector includes a portion of a parvovirus genome,

such as an AAV genome with rep and cap deleted and/or replaced by the modified FXN gene
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sequence and its associated expression control sequences. The modified FXN gene sequence
is typically inserted adjacent to one or two (i.e., is flanked by) AAV TRs or TR elements
adequate for viral replication (Xiao et al., 1997, J. Virol. 71(2): 941-948), in place of the nucleic
acid encoding viral rep and cap proteins. Other regulatory sequences suitable for use in
facilitating tissue-specific expression of the modified FXN gene sequence in the target cell may
also be included.

[72] One skilled in the art would appreciate that an AAV vector comprising a transgene and
lacking virus proteins needed for viral replication (e.g., cap and rep), cannot replicate since such
proteins are necessary for virus replication and packaging. Further, AAV is a Dependovirus in
that it cannot replicate in a cell without co-infection of the cell by a helper virus. Helper viruses
include, typically, adenovirus or herpes simplex virus. Alternatively, as discussed below, the
helper functions (E1a, E1b, E2a, E4, and VA RNA) can be provided to a packaging cell
including by transfecting the cell with one or more nucleic acids encoding the various helper
elements and/or the cell can comprise the nucleic acid encoding the helper protein. For
instance, HEK 293 were generated by transforming human cells with adenovirus 5 DNA and
now express a number of adenoviral genes, including, but not limited to E1 and E3 (see, e.g.,
Graham et al., 1977, J. Gen. Virol. 36:59-72). Thus, those helper functions can be provided by
the HEK 293 packaging cell without the need of supplying them to the cell by, e.g., a plasmid
encoding them.

[73] The viral vector may be any suitable nucleic acid construct, such as a DNA or RNA
construct and may be single stranded, double stranded, or duplexed (i.e., self complementary
as described in WO 2001/92551).

[74] One skilled in the art would appreciate that a rAAV vector can further include a “stuffer” or
“filler” sequence (filler/stuffer) where the nucleic acid comprising the transgene is less than the
approximately 4.1 to 4.9 kb size for optimal packaging of the nucleic acid into the AAV capsid.
See, Grieger and Samulski, 2005, J. Virol. 79(15):9933-9944. That is, AAV vectors typically
accept inserts of DNA having a defined size range which is generally about 4 kb to about 5.2
kb, or slightly more. Thus, for shorter sequences, inclusion of a filler/stuffer in the insert
fragment in order to adjust the length to near or at the normal size of the virus genomic
sequence acceptable for AAV vector packaging into virus particle. In various embodiments, a
filler/stuffer nucleic acid sequence is an untranslated (non-protein encoding) segment of nucleic
acid. In particular embodiments of a rAAV vector, a heterologous polynucleotide sequence has
a length less than 4.7 Kb and the filler/stuffer polynucleotide sequence has a length that when
combined (e.g., inserted into a vector) with the heterologous polynucleotide sequence has a
total length between about 3.0-5.5Kb, or between about 4.0-5.0Kb, or between about 4.3-

4 8Kb.
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[75] Anintron can also function as a filler/stuffer polynucleotide sequence in order to achieve a
length for AAV vector packaging into a virus particle. Introns and intron fragments that function
as a filler/stuffer polynucleotide sequence also can enhance expression. For example, inclusion
of an intron element may enhance expression compared with expression in the absence of the
intron element (Kurachi et al., 1995, J. Biol. Chem. 270(10):5276-5281). Furthermore,
filler/stuffer polynucleotide sequences are well known in the art and include, but are not limited
to, those described in WO 2014/144486.

Viral Capsid

[76] The viral capsid component of the packaged viral vectors may be a parvovirus capsid.
AAV Cap and chimeric capsids are preferred. Examples of suitable parvovirus viral capsid
components are capsid components from the family Parvoviridae, such as an autonomous
parvovirus or a Dependovirus. For example, the viral capsid may be an AAV capsid (e.g.,
AAV1, AAV2, AAV3, AAV4, AAVS5, AAVB, AAVT AAVS, AAVY, AAV10, AAV11, AAV12, AAV1 1,
AAV2.5, AAV6.1, AAV6.3.1, AAV9.45, AAVrh10, AAVrh74, RHM4-1 (SEQ ID NO:5 of WO
2015/013313), AAV2-TT, AAV2-TT-S312N, AAV3B-S312N, AAV-LKO03, snake AAV, avian AAV,
bovine AAV, canine AAV, equine AAV, ovine AAV, goat AAV, shrimp AAV, and any other AAV
now known or later discovered. see, e.g., Fields et al., VIROLOGY, volume 2, chapter 69 (4th
ed., Lippincott-Raven Publishers). Capsids may be derived from a number of AAV serotypes
disclosed in U.S. Patent No. 7,906,111; Gao et al., 2004, J. Virol. 78:6381; Moris et al., 2004,
Virol. 33:375; WO 2013/063379; WO 2014/194132; and include true type AAV (AAV-TT)
variants disclosed in WO 2015/121501, and RHM4-1, RHM15-1 through RHM15-68, and variants
thereof, disclosed in WO 2015/013313, and one skilled in the art would know there are likely
other variants not yet identified that perform the same or similar function, or may include
components from two or more AAV capsids. A full complement of AAV Cap proteins includes
VP1, VP2, and VP3. The ORF comprising nucleotide sequences encoding AAV VP capsid
proteins may comprise less than a full complement AAV Cap proteins or the full complement of
AAV Cap proteins may be provided.

[77] One or more of the AAV Cap proteins may be a chimeric protein, including amino acid
sequences of AAV Caps from two or more viruses, preferably two or more AAVs, as described
in Rabinowitz et al., U.S. Patent 6,491,907, the entire disclosure of which is incorporated herein
by reference. For example, the chimeric virus capsid can include an AAV1 Cap protein or
subunit and at least one AAV2 Cap or subunit. The chimeric capsid can, for example, include
an AAV capsid with one or more B19 Cap subunits, e.g., an AAV Cap protein or subunit can be
replaced by a B19 Cap protein or subunit. For example, in a preferred embodiment, the Vp3

subunit of the AAV capsid can be replaced by the Vp2 subunit of B19.
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[78] Another embodiment includes chimeric viral strains synthesized include the combination
of AAV backbones from AAV2, AAV3, AAV6, AAVS, etc., with a galactose (Gal) binding
footprint from AAV9. Adeno-associated viruses (AAVs) are helper-dependent parvoviruses that
exploit heparan sulfate (HS), galactose (Gal), or sialic acids (Sia) as primary receptors for cell
surface binding. For instance, AAV serotypes 2 and 3b utilize HS. AAV1, 4, and 5 bind Sia with
different linkage specificities, AAV serotype 6, which recognizes both Sia and HS, whereas
AAV9 exploits Gal for host cell attachment. Specifically, the galactose (Gal) binding footprint
from AAV9 was grafted onto the heparin sulfate-binding AAV serotype 2 and just grafting of
orthogonal glycan binding footprints improves transduction efficiency. A new dual glycan-
binding strain (AAV2G9) and a chimeric, muscle-tropic strain (AAV2i8G9) were generated by
incorporating the Gal binding footprint from AAV9 into the AAV2 VP3 backbone or the chimeric
AAV2i8 capsid template using structural alignment and site-directed mutagenesis. In vitro
binding and transduction assays confirmed the exploitation of both HS and Gal receptors by
AAV2G9 for cell entry. Subsequent in vivo characterization of the kinetics of transgene
expression and vector genome biodistribution profiles indicate fast, sustained, and enhanced
transgene expression by this rationally engineered chimeric AAV strain. A similar, improved
transduction profile was observed with the liver-detargeted, muscle-specific AAV2i8G9 chimera
(Shen, et al., 2013, J. Biol. Chem. 288(4):28814-28823). Such new grafting combination is fully
described in WO2014/144229 the contents of which are incorporated by reference herein.
Additional liver de-targeted AAVs, such as AAV9.45, are described in Pulicherla et al., 2011,
Molecular Therapy 19(6):1070-1078, the contents of which are incorporated by reference as if
set forth in their entirety herein.

[79] In yet another embodiment the present invention provides for the use of ancestral AAV
vectors for use in therapeutic in vivo gene therapy. Specifically, in silico-derived sequences
were synthesized de novo and characterized for biological activities. This effort led to the
generation of nine functional putative ancestral AAVs and the identification of Anc80, the
predicted ancestor of AAV serotypes 1, 2, 8 and 9 (Zinn et al., 2015, Cell Reports 12:1056-
1068). Predicting and synthesis of such ancestral sequences in addition to assembling into a
virus particle may be accomplished by using the methods described in WO 2015/054653, the
contents of which are incorporated by reference herein. Notably, the use of the virus particles
assembled from ancestral viral sequences exhibit reduced susceptibility to pre-existing

immunity in current day human population than do contemporary viruses or portions thereof.

Production of Packaged Viral Vector
[80] The invention includes packaging cells, which are encompassed by “host cells,” which

may be cultured to produce packaged viral vectors of the invention. The packaging cells of the
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invention generally include cells with heterologous (1) viral vector function(s), (2) packaging
function(s), and (3) helper function(s). Each of these component functions is discussed in the
ensuing sections.

[81] Initially, the vectors can be made by several methods known to skilled artisans (see, e.g.,
WO 2013/063379). A preferred method is described in Grieger, et al. 2015, Molecular Therapy
24(2):287-297, the contents of which are incorporated by reference herein for all purposes.
Briefly, efficient transfection of HEK293 cells is used as a starting point, wherein an adherent
HEK293 cell line from a qualified clinical master cell bank is used to grow in animal component-
free suspension conditions in shaker flasks and WAVE bioreactors that allow for rapid and
scalable rAAV production. Using the triple transfection method (e.g., WO 96/40240), the
suspension HEK293 cell line generates greater than 1x10° vector genome containing particles
(vg)/cell or greater than 1x10" vg/L of cell culture when harvested 48 hours post-transfection.
More specifically, triple transfection refers to the fact that the packaging cell is transfected with
three plasmids: one plasmid encodes the AAV rep and cap genes, another plasmid encodes
various helper functions (e.g., adenovirus or HSV proteins such as E1a, E1b, E2a, E4, and VA
RNA, and another plasmid encodes the transgene and its various control elements (e.g.,
modified FXN gene and CBh promoter).

[82] To achieve the desired yields, a number of variables are optimized such as selection of a
compatible serum-free suspension media that supports both growth and transfection, selection
of a transfection reagent, transfection conditions and cell density. A universal purification
strategy, based on ion exchange chromatography methods, was also developed that resulted in
high purity vector preps of AAV serotypes 1-6, 8, 9 and various chimeric capsids. This user-
friendly process can be completed within one week, results in high full to empty particle ratios
(>90% full particles), provides post-purification yields (>1x10'® vg/L) and purity suitable for
clinical applications and is universal with respect to all serotypes and chimeric particles. This
scalable manufacturing technology has been utilized to manufacture GMP Phase | clinical AAV
vectors for retinal neovascularization (AAV2), Hemophilia B (scAAV8), Giant Axonal
Neuropathy (scAAV9) and Retinitis Pigmentosa (AAV2), which have been administered into
patients. In addition, a minimum of a 5-fold increase in overall vector production by
implementing a perfusion method that entails harvesting rAAV from the culture media at

numerous time-points post-transfection.

Viral Vector Functions
[83] The packaging cells of the invention include viral vector functions, along with packaging
and vector functions. The viral vector functions typically include a portion of a parvovirus

genome, such as an AAV genome, with rep and cap deleted and replaced by the modified FXN
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sequence and its associated expression control sequences. The viral vector functions include
sufficient expression control sequences to result in replication of the viral vector for packaging.
Typically, the viral vector includes a portion of a parvovirus genome, such as an AAV genome
with rep and cap deleted and replaced by the transgene and its associated expression control
sequences. The transgene is typically flanked by two AAV TRs, in place of the deleted viral rep
and cap ORFs. Appropriate expression control sequences are included, such as a tissue-
specific promoter and other regulatory sequences suitable for use in facilitating tissue-specific
expression of the transgene in the target cell. The transgene is typically a nucleic acid
sequence that can be expressed to produce a therapeutic polypeptide or a marker polypeptide.
[84] “Duplexed vectors” may interchangeably be referred to herein as “dimeric” or “self-
complementary” vectors. The duplexed parvovirus particles may, for example, comprise a
parvovirus capsid containing a virion DNA (vVDNA). The vDNA is self-complementary so that it
may form a hairpin structure upon release from the viral capsid. The duplexed vDNA appears
to provide to the host cell a double-stranded DNA that may be expressed (i.e., transcribed and,
optionally, translated) by the host cell without the need for second-strand synthesis, as required
with conventional parvovirus vectors. Duplexed/self-complementary rAAV vectors are well-
known in the art and described, e.g., in WO 2001/92551, WO 2015/006743, and many others.
[85] The viral vector functions may suitably be provided as duplexed vector templates, as
described in U.S. Patent No. 7,465,583 to Samulski et al. (the entire disclosure of which is
incorporated herein by reference for its teaching regarding duplexed vectors). Duplexed
vectors are dimeric self-complementary (sc) polynucleotides (typically, DNA). The duplexed
vector genome preferably contains sufficient packaging sequences for encapsidation within the
selected parvovirus capsid (e.g., AAV capsid). Those skilled in the art will appreciate that the
duplexed vDNA may not exist in a double-stranded form under all conditions, but has the ability
to do so under conditions that favor annealing of complementary nucleotide bases. “Duplexed
parvovirus particle” encompasses hybrid, chimeric and targeted virus particles. Preferably, the
duplexed parvovirus particle has an AAV capsid, which may further be a chimeric or targeted
capsid, as described above.

[86] The viral vector functions may suitably be provided as duplexed vector templates, as
described in U.S. Patent No. 7,465,583 to Samulski et al. (the entire disclosure of which is
incorporated herein by reference for its teaching regarding duplexed vectors). Duplexed
vectors are dimeric self-complementary (sc) polynucleotides (typically, DNA). For example, the
DNA of the duplexed vectors can be selected so as to form a double-stranded hairpin structure
due to intrastrand base pairing. Both strands of the duplexed DNA vectors may be packaged
within a viral capsid. The duplexed vector provides a function comparable to double-stranded
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DNA virus vectors and can alleviate the need of the target cell to synthesize complementary
DNA to the single-stranded genome normally encapsulated by the virus.

[87] The TR(s) (resolvable and non-resolvable) selected for use in the viral vectors are
preferably AAV sequences, with serotypes 1, 2, 3, 4, 5 and 6 being preferred. Resolvable AAV
TRs need not have a wild-type TR sequence (e.g., a wild-type sequence may be altered by
insertion, deletion, truncation or missense mutations), as long as the TR mediates the desired
functions, e.g., virus packaging, integration, and/or provirus rescue, and the like. The TRs may
be synthetic sequences that function as AAV inverted terminal repeats, such as the “double-D
sequence” as described in U.S. Pat. No. 5,478,745 to Samulski et al., the entire disclosure of
which is incorporated in its entirety herein by reference. Typically, but not necessarily, the TRs
are from the same parvovirus, e.g., both TR sequences are from AAV2

[88] The packaging functions include capsid components. The capsid components are
preferably from a parvoviral capsid, such as an AAV capsid or a chimeric AAV capsid function.
Examples of suitable parvovirus viral capsid components are capsid components from the
family Parvoviridae, such as an autonomous parvovirus or a Dependovirus. For example, the
capsid components may be selected from AAV capsids, e.g., AAV1, AAVZ, AAV3, AAV4,
AAV5, AAVB, AAV7, AAVS, AAV9, AAV10, AAV11, AAV12, AAVrh10, AAVrh74, RHM4-1,
RHM15-1, RHM15-2, RHM15-3/RHM15-5, RHM15-4, RHM15-6, AAV Hu.26, AAV1.1 (SEQ ID
NO:15), AAV2.5 (SEQ ID NO. 13), AAV6.1 (SEQ ID NO:17), AAV6.3.1 (SEQ ID NO:18),
AAV9.45, AAV2i8 (SEQ ID NO:29), AAV2G9, AAV2i8G9, AAV2-TT (SEQ ID NO:31), AAV2-TT-
S312N (SEQ ID NO:33), AAV3B-S312N, and AAV-LKO03, and other novel capsids as yet
unidentified or from non-human primate sources. Capsid components may include components
from two or more AAV capsids.

[89] In a more preferred embodiment, one or more of the VP capsid proteins is a chimeric
protein, comprising amino acid sequences from two or more viruses, preferably two or more
AAVs, as described in Rabinowitz et al., U.S. Patent 6,491,907. A chimeric capsid is described
herein as having at least one amino acid residue from one serotype combined with another
serotype that is sufficient to modify a) viral yield, b) immune response, c) targeting, d) de-
targeting, etc.

[90] Further chimeric proteins can be made by instruction set forth in Li, et al., 2008, Mol.
Ther. 16(7):1252-1260, the contents of which are incorporated by reference herein.
Specifically, a DNA shuffling-based approach was used for developing cell type-specific vectors
through directed evolution. Capsid genomes of adeno-associated virus (AAV) serotypes 1-9
were randomly fragmented and reassembled using PCR to generate a chimeric capsid library.
A single infectious clone (chimeric-1829) containing genome fragments from AAV1, 2, 8, and 9

was isolated from an integrin minus hamster melanoma cell line previously shown to have low



WO 2017/077451 PCT/IB2016/056572

.30 -

permissiveness to AAV. Molecular modeling studies suggest that AAV2 contributes to surface
loops at the icosahedral threefold axis of symmetry, while AAV1 and 9 contribute to two- and
five-fold symmetry interactions, respectively. The C-terminal domain (AAV9) was identified as a
critical structural determinant of melanoma tropism through rational mutagenesis. Chimeric-
1829 utilizes heparan sulfate as a primary receptor and transduces melanoma cells more
efficiently than all serotypes. Application of this technology to alternative celltissue types using
AAYV or other viral capsid sequences is likely to yield a new class of biological nanopatrticles as
vectors for human gene transfer.

[91] The packaged viral vector generally includes the modified FXN gene sequence and
expression control sequences flanked by TR elements, referred to herein as the “transgene” or
“transgene expression cassette,” sufficient to result in packaging of the vector DNA and
subsequent expression of the modified FXN gene sequence in the transduced cell. The viral
vector functions may, for example, be supplied to the cell as a component of a plasmid or an
amplicon. The viral vector functions may exist extrachromosomally within the cell line and/or
may be integrated into the cell's chromosomal DNA.

[92] Any method of introducing the nucleotide sequence carrying the viral vector functions into
a cellular host for replication and packaging may be employed, including but not limited to,
electroporation, calcium phosphate precipitation, microinjection, cationic or anionic liposomes,
and liposomes in combination with a nuclear localization signal. In embodiments wherein the
viral vector functions are provided by transfection using a virus vector; standard methods for

producing viral infection may be used.

Packaging Functions
[93] The packaging functions include genes for viral vector replication and packaging. Thus,

for example, the packaging functions may include, as needed, functions necessary for viral
gene expression, viral vector replication, rescue of the viral vector from the integrated state,
viral gene expression, and packaging of the viral vector into a viral particle. The packaging
functions may be supplied together or separately to the packaging cell using a genetic construct
such as a plasmid or an amplicon, a Baculovirus, or HSV helper construct. The packaging
functions may exist extrachromosomally within the packaging cell, but are preferably integrated
into the cell's chromosomal DNA. Examples include genes encoding AAV Rep and Cap

proteins.

Helper Functions
[94] The helper functions include helper virus elements needed for establishing active infection

of the packaging cell, which is required to initiate packaging of the viral vector. Examples
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include functions derived from adenovirus, baculovirus and/or herpes virus sufficient to result in
packaging of the viral vector. For example, adenovirus helper functions will typically include
adenovirus components E1a, E1b, E2a, E4, and VA RNA. The packaging functions may be
supplied by infection of the packaging cell with the required virus. The packaging functions may
be supplied together or separately to the packaging cell using a genetic construct such as a
plasmid or an amplicon. See, e.g., pXR helper plasmids as described in Rabinowitz et al., 2002,
J. Virol. 76:791, and pDG plasmids described in Grimm et al., 1998, Human Gene Therapy
9:2745-2760. The packaging functions may exist extrachromosomally within the packaging cell,
but are preferably integrated into the cell's chromosomal DNA (e.g., E1 or E3 in HEK 293 cells).
[95] Any suitable helper virus functions may be employed. For example, where the packaging
cells are insect cells, baculovirus may serve as a helper virus. Herpes virus may also be used
as a helper virus in AAV packaging methods. Hybrid herpes viruses encoding the AAV Rep
protein(s) may advantageously facilitate for more scalable AAV vector production schemes.

[96] Any method of introducing the nucleotide sequence carrying the helper functions into a
cellular host for replication and packaging may be employed, including but not limited to,
electroporation, calcium phosphate precipitation, microinjection, cationic or anionic liposomes,
and liposomes in combination with a nuclear localization signal. In embodiments wherein the
helper functions are provided by transfection using a virus vector or infection using a helper

virus; standard methods for producing viral infection may be used.

Packaging Cell
[97] Any suitable permissive or packaging cell known in the art may be employed in the

production of the packaged viral vector. Mammalian cells or insect cells are preferred.
Examples of cells useful for the production of packaging cells in the practice of the invention
include, for example, human cell lines, such as VERO, WI38, MRC5, A549, HEK 293 cells
(which express functional adenoviral E1 under the control of a constitutive promoter), B-50 or
any other HelLa cells, HepG2, Saos-2, HuH7, and HT1080 cell lines. In one aspect, the
packaging cell is capable of growing in suspension culture, more preferably, the cell is capable
of growing in serum-free culture. In one embodiment, the packaging cell is a HEK293 that
grows in suspension in serum free medium. In another embodiment, the packaging cell is the
HEK293 cell described in US Patent No. 9,441,206 and deposited as ATCC No. PTA 13274.
Numerous rAAV packaging cell lines are known in the art, including, but not limited to, those
disclosed in WO 2002/46359.

[98] Celllines for use as packaging cells include insect cell lines. Any insect cell which allows
for replication of AAV and which can be maintained in culture can be used in accordance with

the present invention. Examples include Spodoptera frugiperda, such as the Sf9 or Sf21 cell
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lines, Drosophila spp. cell lines, or mosquito cell lines, e.g., Aedes albopictus derived cell lines.
A preferred cell line is the Spodoptera frugiperda Sf9 cell line. The following references are
incorporated herein for their teachings concerning use of insect cells for expression of
heterologous polypeptides, methods of introducing nucleic acids into such cells, and methods of
maintaining such cells in culture: Methods in Molecular Biology, ed. Richard, Humana Press, NJ
(1995); O'Reilly et al., Baculovirus Expression Vectors: A Laboratory Manual, Oxford Univ.
Press (1994); Samulski et al., 1989, J. Virol. 63:3822-3828; Kajigaya et al., 1991, Proc. Nat’l.
Acad. Sci. USA 88: 4646-4650; Ruffing et al., 1992, J. Virol. 66:6922-6930; Kimbauer et al.,
1996, Virol. 219:37-44; Zhao et al., 2000, Virol. 272:382-393; and Samulski et al., U.S. Pat. No.
6,204,059.

[99] Virus capsids according to the invention can be produced using any method known in the
art, e.g., by expression from a baculovirus (Brown et al., (1994) Virology 198:477-488). As a
further alternative, the virus vectors of the invention can be produced in insect cells using
baculovirus vectors to deliver the rep/cap genes and rAAV template as described, for example,
by Urabe et al., 2002, Human Gene Therapy 13:1935-1943.

[100] In another aspect, the present invention provide for a method of rAAV production in insect
cells wherein a baculovirus packaging system or vectors may be constructed to carry the AAV
Rep and Cap coding region by engineering these genes into the polyhedrin coding region of a
baculovirus vector and producing viral recombinants by transfection into a host cell. Notably
when using Baculavirus production for AAV, preferably the AAV DNA vector product is a self-
complementary AAV like molecule without using mutation to the AAV ITR. This appears to be a
by-product of inefficient AAV rep nicking in insect cells which results in a self-complementary
DNA molecule by virtue of lack of functional Rep enzyme activity. The host cell is a
baculovirus-infected cell or has introduced therein additional nucleic acid encoding baculovirus
helper functions or includes these baculovirus helper functions therein. These baculovirus
viruses can express the AAV components and subsequently facilitate the production of the
capsids.

[101] During production, the packaging cells generally include one or more viral vector functions
along with helper functions and packaging functions sufficient to result in replication and
packaging of the viral vector. These various functions may be supplied together or separately
to the packaging cell using a genetic construct such as a plasmid or an amplicon, and they may
exist extrachromosomally within the cell line or integrated into the cell’s chromosomes.

[102] The cells may be supplied with any one or more of the stated functions already
incorporated, e.g., a cell line with one or more vector functions incorporated
extrachromosomally or integrated into the cell’s chromosomal DNA, a cell line with one or more

packaging functions incorporated extrachromosomally or integrated into the cell’'s chromosomal
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DNA, or a cell line with helper functions incorporated extrachromosomally or integrated into the

cell’'s chromosomal DNA

rAAV Purification
[103] The rAAV vector may be purified by methods standard in the art such as by column

chromatography or cesium chloride gradients. Methods for purifying rAAV vectors are known in
the art and include methods described in Clark et al., 1999, Human Gene Therapy 10(6):1031-
1039; Schenpp and Clark, 2002, Methods Mol. Med. 69:427-443; U.S. Patent No. 6,566,118
and WO 98/09657.

Treatment Methods

[104] The modified FXN gene may be used for gene therapy of Friedreich ataxia associated
disorders, such as, degenerative neuro-muscular disorders and/or cardiomyopathy associated
with Friedreich ataxia. An individual may be in need of gene therapy because, as a result of
one or more mutations in the coding sequence of the FXN gene, FXN is expressed
inappropriately, e.g., has an incorrect amino acid sequence, or is expressed in the wrong
tissues or at the wrong times or is underexpressed. The modified FXN gene of the present
invention may be used as gene therapy to enhance production of the protein frataxin and
thereby increasing energy production in the mitochondria. See., e.g., U.S. Patent No.
9,066,966.

[105] The target cells of the vectors of the instant invention are cells capable of expressing
frataxin, such as those of the cardiac system of a mammal, neuron cells, muscle cells, and
other cells with the proper cellular machinery to process the precursor to yield protein with

frataxin activity.

Pharmaceutical Composition
[108] In particular embodiments, the present invention provides a pharmaceutical composition

for preventing or treating a disease or condition mediated by or associated with decreased
expression of frataxin, e.g., Friedreich ataxia. The composition comprises a therapeutically
effective amount of a vector which comprises a modified FXN gene which can increase the level
of expression of FXN in a call. The composition comprises the vector comprising the modified,
e.g., optimized, nucleic acid encoding FXN wherein the composition further comprises a
pharmaceutically-acceptable carrier and/or other medicinal agents, pharmaceutical agents,
carriers, adjuvants, diluents, etc. For injection, the carrier will typically be a liquid. As an
injection medium, it is preferred to use water that contains the additives usual for injection

solutions, such as stabilizing agents, salts or saline, and/or buffers.
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[107] Exemplary pharmaceutically acceptable carriers include sterile, pyrogen-free water and
sterile, pyrogen-free, phosphate buffered saline. Physiologically-acceptable carriers include
pharmaceutically-acceptable carriers. Pharmaceutically acceptable carriers are those which
are that is not biologically or otherwise undesirable, i.e., the material may be administered to a
subject without causing undesirable biological effects which outweigh the advantageous
biological effects of the material.

[108] A pharmaceutical composition may be used, for example, in transfection of a cell ex vivo
or in administering a viral vector or cell directly to a subject.

[109] Recombinant virus vectors comprising the modified FXN gene are preferably
administered to the cell in a biologically-effective amount. If the virus vector is administered to a
cell in vivo (e.g., the virus is administered to a subject as described below), a biologically-
effective amount of the virus vector is an amount that is sufficient to result in transduction and
expression of the transgene in a target cell.

[110] In one embodiment, the invention includes a method of increasing the level of frataxin in a
cell by administering to the cell a nucleic acid, either alone or in a vector (including a plasmid, a
virus, a nanoparticle, a liposome, or any known method for providing a nucleic acid to a cell)
comprising a modified nucleic acid encoding frataxin. The method comprises a method wherein
the level of MRNA encoding frataxin and/or the level of frataxin protein expressed is detectably
greater than the level of frataxin (NRNA and/or protein) in an otherwise identical cell that is not
administered the nucleic acid. The skilled artisan would understand that the cell can be
cultured or grown in vitro or can be present in an organism (i.e., in vivo). Further, the cell may
express endogenous frataxin such that the level of frataxin in the cell can be increased, and/or
the cell can express an endogenous frataxin that is a mutant or variant of wild type frataxin,
e.g., frataxin having the sequence of SEQ ID NO:2, especially as there may be more than one
wild type alleles for human frataxin. Thus, the level of frataxin is increased compared with the
level of frataxin compared with the level of frataxin expressed in an otherwise identical but
untreated cell.

[111] A further aspect of the invention is a method of treating subjects in vivo with the vector
containing modified genes. Administration of the vector to a human subject or an animal in
need thereof can be by any means known in the art for administering virus vectors.

[112] The vector can be administered in addition, and as an adjunct to, the standard of care.
That is, the vector can be co-administered with another therapeutic agent or compound, either
simultaneously, contemporaneously, or at a determined dosing interval as would be determined
by one skilled in the art using routine methods.

[113] In one aspect, the rAAV of the invention can be co-administered with empty capsids (i.e.,

a virus capsid that does not contain a nucleic acid molecule) comprising the same, or a
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different, capsid protein as the rAAV-FXN vector. This is because one skilled in the art would
understand that co-administration of empty capsids may decrease an immune response, e.g., a
neutralizing response, the rAAV of the invention. That is, the empty capsid may serve as a
decoy allowing the rAAV-FXN vector to avoid a neutralizing antibody (Nab) immune response
as discussed in, e.g., WO 2015/013313.

[114] Exemplary modes of administration systemic administration, including, but not limited to,
intravenous, subcutaneous, intradermal, intramuscular, and intraarticular administration, and
the like, as well as direct tissue or organ injection.

[115] In one embodiment, the vector is administered systemically. One skilled in the art would
appreciate that systemic administration can deliver the therapeutic gene encoding FXN to all
tissues, including all muscles, affected by the reduced level of FXN therein.

[116] Nonetheless, the skilled artisan would appreciate that the vector can be delivered directly
to areas affected by the FXN deficiency, i.e., the brain and the heart.

[117] Accordingly, in other preferred embodiments, the inventive vector comprising the modified
FXN gene is administered by direct injection into cardiac or central nervous system (CNS)
tissue.

[118] In one embodiment, modified nucleic acid encoding FNX, the vector, or composition
comprising the vector, is delivered intracranially including, intrathecal, intraneural, intra-cerebral,
intra-ventricular administration.

[119] In one embodiment, modified nucleic acid encoding FNX, the vector, or composition
comprising the vector, is delivered to the heart by direct administration into the myocardium by
epicardiac injection followed by minithoracotomy, by intracoronary injection, by endomyocardic
injection or by another type of injection useful in the heart.

[120] Additional routes of administration may also comprise local application of the vector under
direct visualization, e.g., superficial cortical application, or other nonstereotactic application. The
vector may also be delivered, for example, intrathecally, into the ventricles or by intravenous
injection.

[121] The target cells of the vectors of the present invention are cells of the myocardium of a
subject afflicted with a cardiomyopathy associated with Friedreich ataxia. Preferably the subject
is @ human being, adult or child. However, veterinary applications are also contemplated.

[122] The target cells of the vectors of the present invention also include cells of the CNS,
preferably neurons. Delivery to the brain to treat neurodegenerative aspects of Friedreich
ataxia may be by intrathecal administration.

[123] In one aspect, modified nucleic acid encoding FNX, the vector, or composition comprising
the vector, is delivery systemically, e.g., intravenously, to treat the FA associated

cardiomyopathy and/or the neurodegenerative aspect of the disease.
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[124] In another embodiment, the vector is administered by at least two routes. That is, the
vector can be administered systemically and also directly into the brain and/or heart, or any
combination thereof.

[125] If performed via at least two routes, the administration of the vector can be, but need not
be, simultaneous or contemporaneous. Instead, the administrations via different routes can be
performed separately with an interval of time between each administration. Appropriate dosing
regimens are routinely determined by those skilled in the art to achieve maximum therapeutic
benefit for each individual patient.

[126] In one aspect, the invention includes at least one modified nucleic acid encoding frataxin
of the invention, including, but not limited to, the nucleic acid in a vector or a pharmaceutical
composition, for use in increasing the level of frataxin in a subject.

[127] In one aspect, the invention includes at least one modified nucleic acid, rAAV vector
comprising the nucleic acid, and a pharmaceutical composition comprising either the nucleic
acid or the vector, for use in treating Friedreich ataxia in a subject.

[128] The use encompasses administering the modified nucleic acid, or vector comprising the
same, in addition to and/or concurrent with, the standard of care for FRDA as known in the art.
[129] Injectables can be prepared in conventional forms, either as liquid solutions or
suspensions, solid forms suitable for solution or suspension in liquid prior to injection, or as
emulsions.

[130] Dosages of the virus vector with the modified FXN gene will depend upon the mode of
administration, the disease or condition to be treated, the individual subject's condition, the
particular viral vector, and the gene to be delivered, and can be determined in a routine
manner. Exemplary doses for achieving therapeutic effects are virus titers of at least about 10°,
106, 107, 10%, 10°, 10", 10", 10"%, 10"*, 10", 10" transducing units or more, preferably about
10%-1013 transducing units, yet more preferably 10'? transducing units/kg body weight.

[131] The modified FXN gene may be administered as components of a DNA molecule having
regulatory elements appropriate for expression in the target cells. The modified FXN gene may
be administered as components of viral plasmids, such as rAAV vectors. Viral particles may be
administered as viral particles alone, whether as an in vivo direct delivery to the portal
vasculature or as an ex vivo treatment comprising administering the vector viral particles in vitro
to cells from the animal receiving treatment followed by introduction of the transduced cells

back into the donor.

Equivalents
[132] The foregoing written specification is considered to be sufficient to enable one skilled in

the art to practice the disclosure. The foregoing description and Examples detail certain
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exemplary embodiments of the disclosure. It will be appreciated, however, that no matter how
detailed the foregoing may appear in text, the disclosure may be practiced in many ways and
the disclosure should be construed in accordance with the appended claims and any
equivalents thereof.

[133] All references cited herein, including patents, patent applications, papers, text books, and
the like, and the references cited therein, to the extent that they are not already, are hereby

incorporated herein by reference in their entirety.

Exemplary Embodiments
[134] The invention is further described in detail by reference to the following experimental

examples. These examples are provided for purposes of illustration only, and are not intended
to be limiting unless otherwise specified. Thus, the invention should in no way be construed as
being limited to the following examples, but rather, should be construed to encompass any and

all variations which become evident as a result of the teaching provided herein.

EXAMPLES

Example 1: Generation of a self-complimentary rAAV-FXN construct

Materials and Methods
[135] Vector construction
[136] The pTRs-KS-CBh-EGFP-bGHpolyA construct (shown diagrammatically in Figure 3)

encoding a self-complementary AAV genome was used as the backbone of the transgene

expression construct (Gray et al., 2011, Human Gene Therapy 22:1143-1153). Two codon
optimized FXN gene inserts were ordered from GenScript in pUC57, i.e., Genscript and
Genscript (low CpG), and used to replace the EGFP in the backbone vector. The Genscript
(SEQ ID NO:6) and Genscript (low CpG) (SEQ ID NO:7) modified FXN genes were each
operably linked to the CBh promoter as illustrated in Figures 3. The GenScript FXN (SEQ ID
NO: 6 and 7) constructs included an N-terminal Agel site, a collagen stability sequence (CSS)
(5’-CCCAGCCCACTTTTCCCCAA-3’) downstream of the FXN stop codon, a bovine growth
hormone (BGH) polyA sequence downstream of the CSS, and a Mlul site downstream of the
BGH polyA all as shown in Figures 2E (Genscript) and 2F (Genscript (low CpG)). Exemplary
inserts for insertion into the pTRs-KS-CBh-FXN-bGHpolyA constructs are shown in Figures 2A-
2F and are set forth in Table 8. More specifically, wild type frataxin gene (WT FXN; SEQ ID
NO:2) was cloned into pTRs-KS-CBh-WT FXN-bGHpolyA (Fig. 2A); an IDT1 modified FXN
gene (SEQ ID NO:11) was cloned into pTRs-KS-CBh-IDT1-bGHpolyA (Fig. 2B); a nucleic acid
encoding IDT3 low expresser modified FXN gene (SEQ ID NO:8) was cloned into pTRs-KS-
CBh-IDT3-bGHpolyA (Fig. 2C); an IDT4 modified FXN gene (SEQ ID NO:12) was cloned into
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pTRs-KS-CBh-IDT4-bGHpolyA (Fig. 2D); a Genscript (control) modified FXN gene (SEQ ID
NO:6) was cloned into pTRs-KS-CBh-Genescript-bGHpolyA (Fig. 2E); and a Genscript (low
CpG) modified FXN gene (SEQ ID NO:7) was cloned into pTRs-KS-CBh-Genescript (low
CpG)-bGHpolyA (Fig. 2F). Each insert encoding a FXN gene was cloned into the vector and
the gene was flanked by an Agel site on the 5’ side and by an Avrll cut site on the 3’ side,
followed by a CSS sequence after the Avrll site, a Spel cut site after the CSS, a bGHpolyA
signal sequence after the Spel cut site, and a Mlul cut site after the polyA signal sequence.
[137] The backbone pTRs-KS-CBh-EGFP-bGHpolyA and the FXN gene constructs were
digested with Agel and Miul (New England Biolabs, R0552S and R0198S, respectively), gel
extracted, and ligated using ExTaq polymerase (Clontech, RR001A). The ligation reaction was
transformed into SURE cells (Agilent, 200227), placed in SOC recovery media (Cat. No. 15544-
034, Invitrogen) for one hour at 37°C, then plated on LB plates with ampicillin (10 mg/ml).
Colonies were sequenced and chosen for amplification for virus production. Recombinant AAV
(rAAV) vectors with the AAV serotype 2 capsid were produced the UNC Vector Core by a triple-
transfection method in human embryonic kidney 293 (HEK293) cells as described (Grieger et
al., 2006, Nature Protocols 1:1412-1428). Alternatively, rAAV vector with the serotype 2i8
capsid (amino acid sequence of SEQ ID NO:28) was similarly produced. Highly pure
recombinant virus containing self-complementary genomes was recovered by passage through
a non-ionic iodixanol gradient followed by ion exchange chromatography. Peak fractions were
determined by gPCR then dialyzed in phosphate-buffered saline (PBS) containing 5% d-
sorbitol. Viral titers were determined by qPCR (Gray et al., 2010, J. Amer. Soc. Gene Therapy
18:570-578). Following preliminary testing in vitro (below), GenScript (low CpG) was used to
generate a construct with an HA tag TACCCATACGATGTTCCAGATTACGCT inserted prior to
the FXN stop codon in pTRs-KS-CBh-Genescript (low CpG)-bGHpolyA.

[138] The University of North Carolina (UNC) Vector Core generated viruses with the FXN-HA
construct with rAAV TK serotypes.

[139] In vitro testing of sc rAAV-FXN.

[140] HEK293 (ATCC: CRL-1573) and HeLa (ATCC: CCL-2) cells were maintained in

Dulbecco’s modified Eagle’s medium (DMEM, Gibco). Cell growth media was supplemented

with 9% fetal bovine serum (FBS, Gibco), 3.4 mM I-glutamine, 100 U/ml penicillin and 100 pg/m|
streptomycin (Gibco). Cells were kept in a 5% CO2 atmosphere at 37 °C. Dipstick assay: Cells
were seeded in 24-well plates so that they reached approximately 60% confluence at 24 hours
(h), then mock treated or infected in triplicate with sCAAV-FXN (interchangeably referred to
herein as “rAAV-FXN” or “rAAV-FXN-HA™) at MOI 10,000 (VG/cell). At 60 h post transduction (h
p.t.) cells were according to the manufacturer protocol for the Frataxin Protein Quantity Dipstick

Assay (Abcam, ab109881). Data was processed using ImagedJ.
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[141] Western blotting:
[142] Cells were seeded in 6-well plates so that they reached approximately 60% confluence at

24 h, then mock treated or infected with scAAV-FXN at MOI 10,000 (VG/cell). At 60 h post
transduction cells were lysed with cellular lysis buffer (0.0625 M Tris-HCI pH 6.8, 10% glyceral,
2% SDS, 5% 2-mercaptoethanol, 0.02% (w/v) Bromophenol blue). Fifteen (15) pl of HeLa
protein lysate was separated by gel electrophoresis on a 15-4% TGX gel and the proteins were
electroblotted to a nitrocellulose membrane (NCM). NCMs were blocked using 5% non-fat
powdered milk in PBS-T. The anti-frataxin antibody (Abcam, 18A5DB1) was used in PBS-T with
5% milk. A horseradish peroxidase (HRP)-conjugated secondary antibody in PBS-T with 5%
milk antibodies was used to detect the presence of anti-frataxin. The WesternBright ECL
Western Blotting Detection kit (Advansta, K-12045-D50) was used for detection per
manufacturer’s instructions.

[143] FIG. 1A-1B shows the results for expression of various optimized sequences compared
with expression of the unoptimized, i.e., wild type, sequence encoding FXN (SEQ ID NO:1) in
HeLa cells. More specifically, both Figure 1A and 1B show a photograph of a Western blot
showing expression of frataxin (FXN) in HeLa cells transfected with an expression vector
comprising an insert encoding frataxin . Figure 1A shows expression of FXN in HelLa cells in a
photograph of a WesternBright blot film exposed for 1 second. Figure 1B shows a repeat of the
experiment shown in Fig. 1A demonstrating expression of FXN in HeLa cells as shown in a
photograph of a WesternBright blot film exposed for 1 second. Each gel lane in Figs. 1A and
1B shows the expression of FXN from a modified FXN gene of the invention compared with
expression from a wild type nucleic acid sequence encoding FXN. That is, lane 1 shows
expression driven by wild type non-modified nucleic acid encoding FXN (SEQ ID NO:2); lane 2
shows expression driven by IDT2 modified FXN gene (SEQ ID NO:3); lane 3 shows expression
driven by IDT5 modified FXN gene (SEQ ID NO:9); lane 4 shows expression driven by JCAT
modified FXN gene (SEQ ID NO:4); lane 5 shows expression driven by GeneArt modified FXN
gene (SEQ ID NO:5); lane 6 shows expression driven by GenScript (control) modified FXN
gene (SEQ ID NO:6); lane 7 shows expression driven by Genscript (low CpG) modified FXN
gene (SEQ ID NO:7); and lane GFP shows expression transgene encoding green fluorescent
protein, a detectable marker, which is encoded by the insert instead of a nucleic acid encoding
FXN.

[144] The data shown demonstrate that several modified FXN nucleic acid sequences —
especially lanes 4 (JCAT), 5 (GeneArt), 6 (Genscript) and 7 (Genscript low CpG) - provided
greater expression of frataxin in HeLa cells relative to the wild type nucleic acid sequence (lane
1). An actin loading control in each lane is as a protein loading control.
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[145] The GC nucleotide content in a nucleic acid sequence, typically expressed as a
percentage of the total number of nucleotides in the sequence, can have multiple influences,
including, but not limited to, the stability of the mRNA is increased, and the secondary structure
and transgenes which are typically negatively impacted by increased GC content. Thus, the
skilled artisan would appreciate that the GC content of a modified nucleic acid reflects a
balance between increased stability of the nucleic acid, and mRNA transcribed therefrom,
against the negative effect, e.g., on secondary structure mediated by increased GC content.
[146] The CAI (codon adaptation index) is a measure of synonymous codon usage bias. The
index uses a reference set of highly expressed genes from a species to assess the relative
values of each codon, and a score for a gene is calculated from the frequency of use of all
codons in that gene. The index assesses the extent to which selection has been effective in
selecting the pattern of codon usage. It can be utilized for predicting the level of expression of a
gene and for making comparisons of codon usage in different organisms/species. Human
codon optimization was carried out on the frataxin gene to achieve a balance of the below
factors:

[147] Transctiption Efficiency — GC content, CpG dinucleotides content, Cryptic splicing sites,
etc.;

[148] Translation Efficiency — Codon usage bias, GC content, mRNA secondary structure,
premature polyA sites, RNA instability motifs, internal ribosomal binding sites; and

[149] Protein refolding — codon usage bias, interaction of codon and anti-codon, RNA
secondary structures.

[150] Basically, codon optimization balances these variables to, preferably, achieve a higher
expressing frataxin gene sequence, increase stability of the message (GC content, secondary
structure in both DNA and RNA), and the like, as well-known in the art.

[151] CpG islands can be recognized by Tol-like receptor nine (TLR9) in a transduced cell and
can elicit an immune response to the foreign (exogenous) DNA. Accordingly, in one
embodiment, the invention encompasses a modified nucleic acid encoding frataxin wherein the
number of CpG islands has been reduced compared with the number of CpG island motifs in a
wild type nucleic acid sequence (e.g., SEQ ID NO:2) encoding frataxin.

[152] The CAl, percent GC content, and number of potential CpG island regions for each

modified FXN gene exemplified herein is shown in Table 1 below.
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Figure 1A |FXN gene name Codon 6GC Number of SEQ ID

and 1B gel adaptation [content potential CpG  |NO:

lane number index (CAl) island regions

1 WT-FXN 0.71 55 128 D
Nucleotide sequence 22 [0.71 55 -~ 10
IDT-1 0.73 52 114 11

2 IDT-2 0.76 56 124 3
IDT-3 0.80 57 123 8
IDT-4 0.74 54 123 12

3 IDT-5 0.77 55 124 9

4 UCAT 0.98 69 144 4

5 GeneART 0.95 51 117 5

§] Genescript (Control) 0.87 57 257 5

7 Genescript (low CpG) 0.86 55 117 7

[153] That is, for wild type nucleic acid encoding FXN (WT-FXN; SEQ ID NO:2), the nucleic
acid sequence demonstrates a CAl of 0.71 and a % GC content of 55%. In contrast, the JCAT
modified FXN gene demonstrates a CAl of 0.98 and a GC content of 69%, both of which are
substantially higher than the values for WT-FXN.

[154] Potential CpG Islands were identified using publicly available software found at
http://www .bioinformatics.org/sms2/cpg_islands.html. The CpG Islands software reported
potential CpG island regions using the method described by Gardiner-Garden and Frommer,
1987, J. Mol. Biol. 196(2):261-282. The calculation was performed using a 200 basepair (bp)
window moving across the sequence at 1 bp intervals. CpG islands are defined as sequence
ranges where the Obs/Exp value is greater than 0.6 and the GC content is greater than 50%.
The expected number of CpG dimers in a window was calculated as the number of 'C's in the
window multiplied by the number of 'G's in the window, divided by the window length. Thus, the
potential CpG islands present in a nucleic acid sequence can be readily determined by inputting
the sequence at issue into the window provided by software (indicated by the instructions to
“Paste the raw sequence or one or more FASTA sequences into the text area below. Input limit
is 100000 characters.”). CpG islands are often found in the 5' regions of vertebrate genes,

therefore this program can be used to highlight potential genes in genomic sequences.
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[155] Because of the high level of expression and the high GC content (55%), high CAI (0.86)
and low number of CpG dinucleotides (117), the Genscript (low CpG) modified FXN gene was

selected for production of a sCAAV-2i8 vector used in the animal experiments set forth below.

Example 2: In vivo treatment in a mouse model of Friedreich ataxia
[156] An art-recognized mouse model of FRDA (Perdomini et al., 2014, Nature Med. 20(5):542)

was used to assess the potential efficacy of rAAV mediated FXN gene therapy. That is, three

groups of mice were examined: untreated Mck positive control mice (Mck-Cre x FXN L3/AWT),
untreated Mck mutant mice (Mck-Cre x FXN L3/L-), and treated Mck mutant mice that received
a dose of rAAV comprising a FXN gene wherein the modified FXN gene comprised the nucleic
acid sequence of SEQ ID NO:7 (GenScript (low CpG)) and the FXN gene was cloned into the
pTRs-KS-CBh-EGFP-BGH construct as described above to provide pTRs-KS-CBh-Genscript
(low CpG)-bGHpolyA.

[157] The rAAV-FXN vector used in the mouse studies further comprised a AAV2i8 capsid.
Moreover, the pTRs-KS-CBh-Genscript (low CpG)-bGHpolyA construct further comprised a
nucleic acid sequence encoding a detectable hemagglutinin tag (rAAV-FXN-HA) wherein the
sequence encoding the HA tag was located 3’ of the modified FXN gene such that expression
of frataxin could be readily detected and localized by detecting the presence of HA, e.g., using
an anti-HA antibody such as anti-HA mouse mAb (HA.11 clone 16B12, Covance Research
Products, Inc., Princeton, NJ). The vector was designated rAAV-FXN-HA.

[158] The three animal groups of the study are listed and described in Table 2.

TABLE 2
Groups label Group No. Dose Level No. of Termination
va/kg Animals Weeks of
Mixed age
gender
Mck positive Mck-Cre x FXN
control L3/WT 0 Week 8
Untreated
Untreated Mck | Mck-Cre x FXN
mutant mice L3/L- 0 Week 8
rAAV-FXN-HA
treated
Treated Mok 1 i Cre x FXN 1x10'2 Week 8
mutant mice L3/l
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A. Biomarker study
Methods

Measurement of Galectin-3 and H-FABP in plasma

[159] Blood was collected by retro orbital puncture after isoflurane anaesthesia at the age of 5
weeks (2 weeks after treatment) and 8 weeks (5 weeks after treatment).

[160] Galectin-3 was measured in plasma using the Mouse Galectin-3 Elisa Kit from
RayBiotech according to manufacturer’s instructions.

[161] H-FABP was measured in plasma using the Mouse H-FABP Elisa Kit from HycultBiotech

according to manufacturer’s instructions.

Measurement of succinate dehydrogenase activity in heart homogenate
[162] Upon sacrifice, the heart was collected and half of the heart of 4 mice of each group was

snap frozen for the measurement of SDH activity.
[163] SDH activity measurement in heart homogenate was performed following the instruction
of the Succinate Dehydrogenase Activity Colorimetric Assay Kit (Catalog # K660-100) from

Biovision.

Measurement of human frataxin in tissues

[164] Upon sacrifice, heart (half), skeletal muscle (gastrocnemius) and liver tissues were
collected and snap frozen for the measurement of frataxin.

[165] The measurement in tissue homogenates was performed following the instructions of the
Human Frataxin Elisa Kit (Abcam; ab176112).

Histology
[166] Cerebellum (including dentate nucleus), gonads, heart, kidney, liver, lung, pancreas,

skeletal muscle (gastrocnemius and soleus), spleen and cervical, thoracic and lumbar vertebras
were formol-fixed. Vertebras were then decalcified using EDTA solution. All organs were
paraffin embedded to obtain 5 pm-thick sections; transversal sections for vertebras (including
both spinal cord and dorsal root ganglia) and heart. All organs were hematoxylin and eosin

stained; cardiac fibrosis was evaluated using Masson’s trichrome staining.

Echocardiography:
[167] Transthoracic Echocardiographic images were captured by the mean of a 30 MHz linear

probe (MS 400) on a Vevo-2100 Visual Sonics echograph in anesthetized mice (Isoflurane 1-
2%).
[168] The following parameters are measured to assess:
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a) The cardiac morphology and ventricular systolic function (Short axis, SAX): left
ventricular end-diastolic (LVEDD) and end systolic diameters (LVESD), septal (SW) and
posterior wall thicknesses (PW), left ventricular mass (LVM= 1.055x [(EDD+SW+PW) 3-
EDD3))]), Ejection and shortening Fraction and cardiac output;
b) Hemodynamic profiles: pulmonary and aortic artery velocity and pressures to detect
intra-cardiac pressures changes (AoV and RV function).
Mice
[169] Mice were maintained in a temperature- and humidity-controlled animal facility, with a 12-
h light-dark cycle and free access to water and a standard rodent chow (D03, SAFE,
Villemoisson-sur-Orge, France). All animal procedures and experiments were approved by the
local ethical committee (Comité d'Ethique en Expérimentation Animale IGBMC-ICS) for Animal
Care and Use (Com'Eth 2011-007).
[170] Bi-daily clinical observation of mice was performed, body weight was recorded weekly
and food intake every 2 days until the end of the protocol.
[171] For bio-distribution and gene therapy studies, 3-weeks-old mice were anesthetized with
isoflurane (1-2%) and injected intravenously into the retro-orbital vein with a rAAV-FXN-HA
vector at a dose of 1x10"® vg/kg for the treated group and with an equivalent volume of saline
water for Untreated MCK Mutant mice and Control.
[172] Mouse cardiac function was evaluated under isoflurane anesthesia (1-2%) by
echocardiography 2 days before starting the treatment (baseline phenotype), at 5 weeks of age
(14 days after treatment) and 7 weeks of age (28 days after treatment). At 5 and 8 weeks of
age, blood collection was performed to measure the concentration of the heart type fatty acid
binding protein (H-FABP), galectin-3 and Succinate dehydrogenase (SDH) as detailed
elsewhere herein.
[173] Upon sacrifice, body weight, body length, heart, spleen, kidney, adrenals, and liver
weights were recorded from all animals. Adrenals, cerebellum, cervical, thoracic and lumbar
vertebras, gonads (testes and ovaries), heart, kidney, liver, lungs, pancreas, prostate in males,
skeletal muscle (gastrocnemius and soleus), spleen and thymus were collected from 4 animals
per group for pathological evaluation and ELISA assays.
[174] Cerebellum (including dentate nucleus), cervical, thoracic and lumbar dorsal root ganglia,
heart, kidneys, liver, lungs, gonads, pancreas, skeletal muscle (gastrocnemius and soleus), and
spleen of 4 other animals per group were collected and immediately snap frozen for molecular
biology.

Results

Identification of potential biomarkers
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[175] The levels of various biomarkers were determined in three groups of mice: untreated Mck
positive control, untreated Mck mutant mice and treated Mck mutant mice that received a dose
of rAAV2i8 comprising a FXN gene and further comprising a nucleic acid encoding an HA tag
peptide (AAV-FXN-HA).

Measurement of Galectin-3 and H-FABP in plasma

[176] Blood was collected by retro orbital puncture after isoflurane anaesthesia at the age of 5
weeks (2 weeks of AAV treatment for the treated Mck mutant mice) and 8 weeks (5 weeks of
rAAV treatment for the treated Mck mutant mice group) and the levels of galectin-3 and H-FABP
were measured using standard methods.

Galectin-3:

[177] At the age of 5 weeks, galectin-3 levels were comparable between the 3 groups, even if
galectin-3 levels tended to be higher in the untreated Mck positive control group and in the
treated Mck mutant mice group compared to the untreated Mck mutant mice group.

[178] As show in Table 3, at the age of 8 weeks, galectin-3 levels were significantly lower in the
untreated Mck mutant group than in the negative control group. Galectin-3 levels tended to be
lower in the experimental group than in the negative control group, while Galectin-3 levels were

comparable between the experimental group and the positive control group.

TABLE 3
Plasma Galectin-3 level (ng/ml)
week 5 week 8
mean +/- sem mean +/- sem
Untreated Mck positive control mice (n=8) 412 +/-3.5 68 +/- 7.8
Untreated Mck mutant mice (n=8) 49.7 +/- 3.6 42 +/- 2.1
Treated Mck mutant mice (n=8) 49.7 +/- 4.4 48.9 +/- 4.5

[179] Surprisingly, mice of the untreated Mck positive control group displayed higher levels of
Galectin-3 at the age of 8 weeks than at the age of 5 weeks, while the levels of Galectin-3 at
the age of 8 weeks were comparable to the levels at the age of 5 weeks for the untreated Mck
mutant mice group and for the treated Mck mutant mice group.

[180] In conclusion, it appears that Galectin-3 is not an appropriate heart biomarker for this
study on Mck mice. The mice of the untreated Mck mutant mice group did not show an

expected, if galectin-3 was an appropriate biomarker, increase in this parameter.

H-FABP:
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[181] Great variability was observed in H-FABP levels between mice within the same sample
group using standard methods of detection.
[182] As shown in Table 4, H-FABP blood levels were comparable between the 3 groups of
mice both at the age of 5 weeks and 8 weeks.

TABLE 4

Plasma H-FABP (ng/ml)

week 5 week 8
mean +/- sem [mean +/- sem
Untreated Mck positive control (n=8) 177.8 +/-33.9 ]98.8 +/-25.0
Untreated Mck mutant mice (n=8) 187.1 +/-38.8 [139.8 +/-41.5
Treated Mck mutant mice (n=8) 232.2 4/-53.3 129.6 +/- 25.8

[183] No significant change was observed in H-FABP levels between the age of 5 and 8 weeks
in each group.

[184] In conclusion, it seems that H-FABP is not the appropriate heart biomarker for this study
on Mck mice; the expected increase in this parameter was not observed in the untreated Mck

mutant group and an important variability was observed between mice in a same group.

SDH activity in heart homogenates

[185] SDH activity was measured in heart homogenate from heart collected at the end of the
study (8 weeks of age, 5 weeks of AAV treatment in the treated mutant mice group) using
standard methods. Each group was comprised of four (4) mice.

[186] The results shown in Table 5 show that SDH activity was comparable between the 3
groups of mice. No decrease was observed in SDH activity in the untreated Mck positive control

group compared to the untreated Mck mutant group.

TABLE 5

SDH activity in heart homogenate
(U/g proteins)

Untreated Mck positive control (n=4) 414 +/- 0.52
Untreated Mck mutant mice (n=4) 3.64 +/-0.77
Treated Mck mutant mice (n=4) 4.24 +/- 0.62

[187] An important variability in SDH activity was observed between mice in a same group.
Further, the expected decrease in SDH activity in the untreated Mck positive control group was

not observed.

Frataxin levels in heart, skeletal muscle and liver homogenates
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[188] The level human frataxin protein was measured from heart, skeletal muscle and liver
collected at sacrifice using standard methods as shown in Table 6.

[189] Human frataxin was not detectable in any of the tissues examined (heart, skeletal muscle
and liver) of the untreated Mck positive control and the untreated Mck mutant groups (i.e., the
level was below the lowest limit of detection [LLD] of the assay).

[190] In treated Mck mutant mice receiving rAAV-FXN, human frataxin protein was detected in
heart homogenate at the level of 38.35 +/- 1.99 ng/mg, and in skeletal muscle at a lower
concentration: 4.57 +/- 0.39 ng/mg. Furthermore, traces of human frataxin were detected in the

liver (0.07 +/- 0.01 ng/mg of proteins).

TABLE 6
Frataxin in tissue (ng/mg proteins)
heart skeletal muscle liver
mean +/- sem mean +/- sem mean +/- sem
Negative control (n=4) <LLD <LLD <LLD
Positive control (n=4) <LLD <LLD <LLD
(EnX:f;"me"ta' group 38.35 +/- 1.99 4.57 +/- 0.39 0.07 +/- 0.01

[191] These data demonstrate that treatment with rAAV vector comprising a FXN gene can
increase frataxin levels in a mouse model of Friedreich ataxia (FRDA) Additionally, these data
show that FXN levels can be increased in vivo by rAAV-FXN systemic administration such that
FXN levels are increased in heart and, to a lesser extent, skeletal muscle, with much lower level
in the liver. Thus, these data demonstrate that in vivo FXN levels can be selectively increased
in affected tissues, e.g., heart and skeletal muscle, while minimizing delivery of FXN where it is

not needed and/or desired — i.e., to the liver.

Gross pathology

[192] Untreated Mck positive Control male mice were significantly longer compared to untreated
and AAV-treated Mck mutant animals (9.39 cm vs 8.89 cm [+5.62%]. P = 0.011 [t-test]). No
other significant macroscopic lesion was observed, especially no macroscopic lesion or

significant change was observed in heart weight in both males and females.

Histology
Heart

[193] Minimal interstitial fibrosis was observed in one untreated Mck positive Control animal

(#58). All other 3 untreated Mck positive Control group hearts were normal.
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[194] However, minimal (mouse #38) and moderate (mice #41, #49, and 81) interstitial fibrosis
was observed in all 4 untreated Mck mutant animals analyzed. This lesion was associated to
endocardiac focus of cardiomyocytes swelling in mice #38 (minimal) and #81 (slight). Fibrosis
was associated to moderate macrophagic inflammation, minimal disseminated swelling and
slight vacuolization of cardiomyocyte, in mice #41 and #49. Anitschkow (Howl eye-shaped)
nuclei were observed in mice #41 and #81.

[195] In stark contrast to the untreated Mck mutant cohort, on overall assessment, hearts of
rAAV-FXN-treated Mck mutant mice appeared normal except that few Anitschkow nuclei were
observed in mice #47 and #13.

Kidneys

[196] In all groups, significant mineralization was frequently observed in lumen of multiple
medullar tubules. Frequency was 4/4 for untreated Mck positive control animals (although they
express the Cre transgene), 3/4 for untreated Mck mutant animals and 2/4 for treated Mck
mutant animals receiving a dose of rAAV-FXN. Severity of the mineralization appeared
decreased in the rAAV-treated Mck Mutant group compared to untreated Mck positive Control
and untreated Mck mutant groups. Tubular basophilia (regeneration) was observed in 2/4
animals in the untreated Mck positive control group, in 3/4 animals in the untreated Mck mutant
group and in 1 animal in the AAV-treated Mck mutant group.

Liver: minimal periportal inflammation was observed in one untreated Mck positive control
animal (#38).

Lung: slight peribronchial inflammation was observed in one untreated Mck mutant animal
#41).

[197] No other significant microscopic lesion was observed. Especially, spinal cord, dorsal root

ganglia, and cerebellum were all normal.

Echocardiography

Basal phenotype before treatment
[198] Echocardiography measurements showed a reduced left-ventricular function in untreated

Mck Mutant males mice compared to untreated Mck positive Control. This cardiac insufficiency
is characterized by a decrease of the left ventricular (LV) contractility (shortening fraction and
ejection fraction) and an increase of the LV volume, both systolic and diastolic. At that stage, no
cardiac phenotype was observed in untreated Mck Mutant female mice.

[199] Figure 4A shows graphs evaluation of the systolic function and LV volumes by
echocardiography at 3 weeks of age (A) males and (B) females. Data are mean £ S.E.M of 8

mice per groups. The data of Mck Mutant (both treated and untreated) mice were compared to
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the untreated Mck positive Control group using multiple t-tests comparisons (Sidak-Bonferroni
method). * p<0.05

Results 14 days after rAAV treatment (5 weeks of age):
[200] To investigate the potential of a gene therapy approach for the treatment of the FRDA

cardiomyopathy, a single intravenous injection of AAV.FXN-HA at a dose of 1x10" vg/kg was
administered to 3-weeks-old Mutant mice (treated Mck mutant group). 14 days after injection (5
weeks of age), echocardiography measurements showed an improvement of the cardiac
hemodynamics (cardiac output) and a near normal morphological development in Treated Mck
Mutant males (contractility, LV mass). In contrast, cardiac insufficiency was still observed in
untreated Mck Mutant mice. Surprisingly, in females, the cardiac contractility defect was
observed in all Mck Mutant mice whether treated or untreated.

[201] Figures 5A-5B show the evaluation of the systolic function and LV volumes by
echocardiography at 5 weeks of age in males (Fig. 5A) and females (Fig. 5B). Data are mean %
S.E.M of 8 mice per groups. The data of Mutant mice were compared to the Control groups

using multiple t-tests comparisons (Sidak-Bonferroni method). * p<0.05.

Results 28 days after rAAV treatment (7 weeks of age):
[202] Twenty-eight (28) days rAAV treatment (7 weeks of age), treated Mck mutant males and

females were fully normalized and became indistinguishable between them and from untreated
Mck positive control mice. This, a complete correction (males) and prevention (females) of the
cardiac disease was demonstrated in treated Mck mutant mice. In contrast, untreated Mck
Mutant mice developed a rapidly progressing cardiac insufficiency, with a marked decrease in
left ventricle shortening fraction and cardiac output, as well as left ventricle hypertrophy.

[203] Figures 6A-6C show graphs depicting data obtained using echocardiography assessment
of the left ventricle mass (LVm), shortening fraction (SF) and cardiac output for untreated Mck
positive control, and Treated and Untreated Mck mutant mice over successive weeks. Data are
mean = S.E.M of 8 mice per groups. The data of Mck Mutant mice were compared to the
untreated Mck positive control group using multiple t-tests comparisons (Sidak-Bonferroni
method). * p<0.05.

Conclusions

Results of Echocardiography

[204] In this study, the efficacy of an rAAV-FXN optionally further comprising a detectable
hemagglutinin tag (HA) vector (referred to herein as rAAV-FXN-HA) at a dose of 1x10" vg/kg

was assessed. This dose was approximately 5-fold less than the dose previously described in
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the same Mck mouse cardiac-specific Friedreich ataxia mouse model using an rrhAAV10 vector
encoding wild type FXN (Perdomini et al., 2014, Nature Medicine 20(5):542).

[205] As shown in Figure 5A, at 3 weeks of age, the untreated Mck Mutant male mice started to
develop a left ventricular (LV) dysfunction, not observed in females of the same group at the
same age (Figure 5B). Fourteen (14) days after the AAV.FXN-HA injection (at 5 weeks of age),
a progressive correction of the cardiac phenotype was observed in Mck mutant males, but it
was less in Mck mutant females. Without wishing to be bound by any particular theory, this
difference may be due to a later start of the cardiac phenotype in females compared to males or
to the reduced number of mice used so far in this protocol.

[2086] These results suggest that systemic administration of rAAV-modified FXN reverses the
cardiac disease phenotype in Mck mutant mouse model of FRDA. These results further
suggest that rAAV-modified FXN administration can prevent and/or reverse FRDA in a subject
in need thereof.

[207] Twenty-eight (28) days post-rAAV-FXN injection, a complete recovery of the cardiac
function was observed in treated Mck mutant males and females, suggesting a robust
correction of the pathology by the injected FXN transgene. That is, the data shown in Figures
6A-6C demonstrate the correction in the FRDA cardiac phenotype by twenty-eight (28) days
after rAAV-FXN administration. More specifically, Figure 6A shows the left ventricle mass
(LVm) of both treated Mck mutant mice and control (WT wild type Mck-Cre mice) is
indistinguishable while the untreated (triangles) Mck mutant mice exhibit significantly greater
LVm (*p<0.05). Figure 6B shows data demonstrating that by 28 days after rAAV-FXN treatment,
both positive control (WT L3 Mck-Cre mice; circles) and treated Mck mutant (L-) mice (squares)
demonstrated substantially identical shortening fraction (SF) measurements. In contrast, Figure
6B demonstrates that untreated Mck mutant mice (triangles) demonstrated greatly decreased
SF (*p<0.05). In addition, Figure 6C shows data demonstrating that by 28 days following
treatment with rAAV, treated Mck mutant mice (squares) exhibited cardiac output that was
indistinguishable from control mice (circles) compared with untreated Mck mutant mice
(triangles) which showed markedly decreased cardiac output (triangles; *p<0.05). All (treated
and untreated) Mck mutant mice were compared with the control untreated mice using multiple
t-test comparisons (Sidak-Bonferroni method). For each graph shown in Figures 6A-6C, *<0.05
is indicated.

[208] These data amply demonstrate that administration of rAAV comprising modified nucleic
acid encoding frataxin can reverse, and/or prevent, the Mck phenotype in an art-recognized
mouse model of FRDA. Thus, these data support that rAAV-modified FXN mediated treatment
may be a potential useful therapeutic to treat, or prevent, FRDA, or a disease, disorder or

condition mediated by decreased level of wild type (e.g., functional) frataxin, in a subject in
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need thereof. Although these data demonstrate that rAAV-modified-FXN administered
systemically can treat or prevent FRDA, these results further support that therapy also includes
other, e.g., more direct, routes of rAAV-FXN administration, such as, but not limited to,
intracranial or direct cardiac administration. That is, because systemic administration was
demonstrated to be therapeutic, one skilled in the art would understand based upon the
disclosure provided herein that more direct administration routes can also provide a therapeutic
benefit.

[209] These results strongly support that gene therapy using rAAV vector delivery of a modified
FXN gene is a potential therapeutic approach for patients with FRDA and to treat or prevent

kidney stones in a subject demonstrating a decreased level of wild type/functional frataxin.

Example 3: Histology Study of in vivo administration of rAAV-FXN in a mouse model of
Friedreich ataxia

Study design

[210] Twenty four (24) 8-weeks old C57BL6/N male and female mice were assessed for
histopathological analyses.

[211] Eight (8) mice harbored a Mck-Cre transgene (MCK: Muscular Creatine Kinase)
associated to a functional engineered human Frataxin allele (Mck-Cre x FXN L3/WT; hereinafter
referred as “Mck positive control mice”). Sixteen (16) mice harbored the same transgene now
associated to an inactive engineered frataxin allele (Mck-Cre x FXN L3/L-; hereinafter referred
to as “Mck mutant mice”). Among the Mck mutant mice, eight (8) were injected with a frataxin-
encoding rAAV2i8 (rAAV-FXN; 10" vg/kg) (hereinafter “treated Mck mutant mice”). The
remaining eight (8) Mck mutant mice received an equivalent volume of saline water (hereinafter
“‘untreated Mck mutant mice”). The positive control mice group (Mck-Cre x FXN L3/\WT) were

administered saline water. See Table 7 below.

TABLE 7
Groups label Group No. Dose Level | No. of Termination
va/kg Animals Weeks of age
(Mixed
gender)
Mck positive Mck-Cre x FXN 0 8 Week 8
control mice L3/WT
Untreated Mck Untreated 0 8 Week 8
mutant mice Mck-Cre x FXN
L3/L-
Treated Mck rAAV-FXN-HA 1x10"° 8 Week 8
mutant mice treated
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L3/L-

Mck-Cre x FXN ‘ ‘ ‘ ‘

Methods
[212] Upon sacrifice, body weight, body length and heart, spleen, kidney, adrenals, and liver
weight weights were recorded from all animals. Adrenals, cerebellum, cervical, thoracic and
lumbar vertebras, Gonads (testes and ovaries), heart, kidney, liver, lungs, pancreas, prostate in
males, skeletal muscle (gastrocnemius and soleus), spleen, and thymus, were collected from
four (4) animals per group for pathological evaluation and ELISA assays.
[213] Cerebellum (including dentate nucleus), cervical, thoracic and lumbar dorsal root ganglia,
heart, kidneys, liver, lungs, gonads, pancreas, skeletal muscle (gastrocnemius and soleus), and
spleen of 4 other animals per group were collected and immediately snap frozen for molecular
biology.

Histology
[214] Cerebellum (including dentate nucleus), gonads, heart, kidney, liver, lung, pancreas,
skeletal muscle (gastrocnemius and soleus), spleen and cervical, thoracic and lumbar vertebras
were formol-fixed. Vertebras were then decalcified, using EDTA solution. All organs were
paraffin embedded to obtain 5 pm-thick sections, transversal sections for vertebras (including
both spinal cord and dorsal root ganglia) and heart. All organs were hematoxylin and eosin
stained. Cardiac fibrosis was evaluated using Masson’s trichrome staining.

ELISA assays
[215] Half of the heart, right lobe of the liver, and soleus and gastrocnemius muscles were snap
frozen immediately after collection.
Results
[216] Gross pathology
[217] Mck positive control male mice were significantly longer compared to untreated Mck
mutant mice and treated Mck mutant mice (9.39 cm vs 8.89 cm [+5.62%]. P = 0.011 [t-test]). No
other significant macroscopic lesion was observed, especially no macroscopic lesion or
significant change was observed in heart weight in both males and females.

Histology

Heart
[218] Mck-Cre x FXN L3/WT: Minimal interstitial fibrosis was observed in one Mck positive
control animal (#58). All other 3 positive control mouse hearts were normal.
[219] Untreated Mck-Cre x FXN L3/L-: In contrast, minimal (mouse #38) and moderate (mice
#41, #49, and 81) interstitial fibrosis was observed in all 4 untreated Mck mutant mice analyzed.

This lesion was associated to endocardiac focus of cardiomyocytes swelling in mice #38
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(minimal) and #81 (slight). Fibrosis was associated to moderate macrophagic inflammation,
minimal disseminated swelling and slight vacuolization of cardiomyocyte, in mice #41 and #49.
Anitschkow (owl eye-shaped) nuclei were observed in mouse #41 and #81.
[220] Treated Mck-Cre x FXN L3/L-: In contrast to untreated Mck mutant mice, hearts of rAAV-
FXN treated Mck mutant mice appeared normal except that a few Anitschkow nuclei were
observed in mice #47 and #13.
Kidneys
[221] In all three groups, significant mineralization was frequently observed in the lumen of
multiple medullar tubules. Frequency of mineralization was 4/4 for Mck positive control animals,
3/4 for untreated Mck mutant animals and 2/4 for rAAV-FXN treated Mck mutant animals. The
severity of mineralization appeared decreased in rAAV-FXN treated Mck mutant group
compared to Mck positive control and untreated Mck mutant groups. Tubular basophilia
(regeneration) was observed in 2/4 animals in Mck positive control mice, in 3/4 animals in the
untreated Mck mutant group and in 1 animal in the rAAV-FXN treated Mck mutant group.
Liver: minimal periportal inflammation was observed in one Mck positive control animal

(#38).
Lung: slight peribronchial inflammation was observed in one untreated Mck mutant
animal (#41).

[222] No other significant microscopic lesion was observed. Especially, spinal cord, dorsal root

ganglia, and cerebellum were all normal for all groups.

Results of Histology

[223] With respect to histology, owl eye-nuclei, swelling and vacuolization observed in
cardiomyocytes of untreated Mck mutant mice are all landmarks for cardiac degeneration.
Interstitial fibrosis associated to macrophage inflammation may correspond to cardiomyocyte
cell death. Thus, cardiomyocytes of untreated Mck mutant mice degenerate, meaning cells
undergo decreased function and pathology evolve to cell death and subsequent heart failure.
[224] Strikingly, rAAV-FXN systemic delivery reverses this phenotype and rAAV-treated Mck
mutant mice (both males and females) appeared normal and showed no significant sign of
cardiomyocytes degeneration. These data demonstrate that the rAAV-huFXN transduction is
sufficiently efficient to reverse the endogenous mouse Fxn gene inactivation effects. Thus,
these data further support that rAAV-modified FXN mediated systemic administration can
reverse and/or prevent a disease, disorder or condition mediated by a decreased level of wild
type (functional) frataxin, such as, but not limited to, Friedreich ataxia, in a subject in need
thereof. As noted previously, the skilled artisan, armed with the teachings of the instant

disclosure, would appreciate that other routes of administration, e.g., more direct routes
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including intracranial and into the heart, could be used to provide a therapeutic benefit to the
subject in need thereof.

[225] Analysis of the kidneys identified the presence of kidney stones in medulla of both
untreated Mck positive control and untreated Mck mutant animals which is an uncommon
lesion. Since no specific diet was proposed to these animals and considering their age, the
frequency and the severity of the lesions strongly suggest that this is not an incidental lesion,
but a lesion related to genotype. Interestingly, this lesion severity is partially reduced by rAAV-
FXN treatment, suggesting that the kidney stones development is related to an alteration in the
Fxn function and or in the level of the protein. Hence, the so-called L3 allele, in which the
mouse frataxin gene is flanked by loxP sequences (although in the intronic regions), could be a
hypomorph allele. This would be consistent with the critical role of mitochondria in these cells to
maintain trans-epithelial electrolyte active transports. To the best of applicants’ knowledge and
belief, these lesions have not been reported in Friedreich ataxia clinical observations, orin
FRDA mouse models, to date.

[226] Therefore, the invention encompasses a method of treating or preventing kidney disease,
disorder or condition, including, but not limited to, development or growth of kidney stones, in a
subject in need thereof, wherein the kidney disease, disorder or condition is mediated by a
decreased level of frataxin (e.g., functional and/or wild type frataxin) in the subject.

[227] In one embodiment, the invention includes assessing the level of frataxin in a subject,
comparing the level of frataxin in the subject with the level of frataxin in a subject known not to
be afflicted with kidney stones and/or comparing the level of frataxin with a “standard level of
frataxin” determined for otherwise healthy individuals or known in the art, and administering a
rAAV-modified frataxin to the subject if the level of frataxin in the subject is less than the level of
frataxin in an otherwise healthy individual and/or below the standard level of frataxin, thereby
treating and/or preventing a kidney stone in the subject.

[228] Finally, HA staining can be used to detect rAAV-FXN-HA within cells. First, this would be
important to quantitate how many cells should express FXN to restore or maintain the cardiac
function. Second, the Mck gene (and thus the Cre recombinase driven by the Mck promoter) is
not expected to be expressed in kidney. Detecting, or not, rAAV-FXN-HA in kidney may help to
elucidate whether the kidney stone formation is an unexpected direct effect of HA-FXN on

medulla homeostasis, or not.

Conclusion
[229] In sum, the data presented herein demonstrate that administration, even systemically, of
rAAV encoding a modified FXN gene can treat (prevent and/or reverse) the effects associated

with a decrease or absence of frataxin. Thus, the data support that rAAV mediated expression
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of frataxin in cells and subjects in need thereof can be a useful therapeutic to treat a disease or
disorder associated with or mediated by a lack or deficit of frataxin such as, but not limited to,
Friedreich ataxia.

[230] Although the disclosed teachings have been described with reference to various
applications, methods, kits, and compositions, it will be appreciated that various changes and
modifications can be made without departing from the teachings herein and the claimed
invention below. The foregoing examples are provided to better illustrate the disclosed
teachings and are not intended to limit the scope of the teachings presented herein. While the
present teachings have been described in terms of these exemplary embodiments, the skilled
artisan will readily understand that numerous variations and modifications of these exemplary
embodiments are possible without undue experimentation. All such variations and modifications
are within the scope of the current teachings.

[231] All references cited herein, including patents, patent applications, papers, text books, and
the like, and the references cited therein, to the extent that they are not already, are hereby
incorporated by reference in their entirety. In the event that one or more of the incorporated
literature and similar materials differs from or contradicts this application, including but not
limited to defined terms, term usage, described techniques, or the like, this application controls.
[232] The foregoing description and Examples detail certain specific embodiments of the
invention and describes the best mode contemplated by the inventors. It will be appreciated,
however, that no matter how detailed the foregoing may appear in text, the invention may be
practiced in many ways and the invention should be construed in accordance with the

appended claims and any equivalents thereof.

TABLE 8
SEQUENCES

SEQ ID | Amino acid sequence | MWTLGRRAVA TGLLASPSPA QAQTLTRVPR

NO:1 of human wild type PAELAPLCGR RGLRTDIDAT CPRRASSNQR

frataxin GLNQIWNVKK QSVYLMNLRK SGTLGHPGSL

DETTYERLAE ETLDSLAEFF EDLADKPYTF

EDYDVSFGSG VLTVKLGGDL GTYVINKQTP

NKQIWLSSPS SGPKRYDWTG KNWVYSHDGV

SLHELLAAEL TKALKTKLDL SSLAYSGKDA
SEQID | Nucleotide sequence | ATGTGGACTCTCGGGCGCCGCGCAGTAGCCGGCCTCCTGGC
NO:2 encoding wild type GTCACCCAGCCCAGCCCAGGCCCAGACCCTCACCCGGGTCC

CGCGGCCGGCAGAGTTGGCCCCACTCTGCGGCCGCCGETGGC
CTGCGCACCGACATCGATGCGACCTGCACGCCCCGCCGLGL
AAGTTCGAACCAACGTGGCCTCAACCAGATTTGGAATGTCA
AAAAGCAGAGTGTCTATTTGATGAATTTGAGGAAATCTGGA
ACTTTGGGCCACCCAGGCTCTCTAGATGAGACCACCTATGA
AAGACTAGCAGAGGAAACGCTGGACTCTTTAGCAGAGTTTT
TTGAAGACCTTGCAGACAAGCCATACACGTTTGAGGACTAT

frataxin
(Figs. 1A-1B; lane 1)
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GATGTCTCCTTTGGGAGTGGTGTCTTAACTGTCAAACTGGG
TGGAGATCTAGGAACCTATGTGATCAACAAGCAGACGCCAA
ACAAGCAAATCTGGCTATCTTCTCCATCCAGTGGACCTAAG
CGTTATGACTGGACTGGGAAAAACTGGGTGTACTCCCACGA
CGGCGTGTCCCTCCATGAGCTGCTGGCCGCAGAGCTCACTA
AAGCCTTAAAAACCAAACTGGACTTGTCTTCCTTGGCCTAT
TCCGGAAAAGATGCT

ATGTGGACACTGGGCAGAAGGGCGGTGGCCGGACTGTTGGC
GAGTCCCAGTCCCGCGCAGGCGCAGACCCTTACTAGGGTGC
CGCGGCCCGCGGAGCTGGCGCCACTCTGCGGTCGCCGCGGT
CTGAGAACGGACATTGATGCCACTTGTACACCTCGGAGG
GCCAGCTCCAACCAAAGGGGCCTTAATCAAATTTGGAACG
TGAAGAAGCAGTCCGTCTACCTGATGAACCTTCGGAAGTCA
GGGACCCTGGGCCACCCGGGAAGCTTGGATGAAACAACTT
ACGAAAGGTTGGCGGAGGAGACCTTGGATTCTCTTGCAGA
GTTCTTCGAAGACCTGGCTGATAAGCCTTACACCTTTGAGG
ACTACGATGTGTCTTTTGGATCTGGAGTGCTGACCGTTAAA
CTGGGCGGGGATCTGGGCACCTACGTGATTAACAAGCAAAC
TCCAAACAAGCAGATCTGGCTTTCAAGCCCCAGTAGCGG
GCCAAAACGCTACGATTGGACCGGAAAGAATTGGGTTTACA
GCCACGATGGCGTTTCACTGCACGAGCTTCTGGCAGCAGAA
CTGACAAAAGCACTCAAGACGAAGCTCGACTTGTCATCCTT
GGCATACTCCGGAAAGGATGCC

ATGTGGACCCTGGGCCGCCGCGCCGTGGCCGGCCTGCTGGC
CAGCCCCAGCCCCGCCCAGGCCCAGACCCTGACCCGCGETGC
CCCGCCCCGCCGAGCTGGCCCCCCTGTGCGGCCGCCGECGEGLL
TGCGCACCGACATCGACGCCACCTGCACCCCCCGCCGCGLC
AGCAGCAACCAGCGCGGCCTGAACCAGATCTGGAACGTGA
AGAAGCAGAGCGTGTACCTGATGAACCTGCGCAAGAGCGG
CACCCTGGGCCACCCCGGCAGCCTGGACGAGACCACCTAC
GAGCGCCTGGCCGAGGAGACCCTGGACAGCCTGGCCGAGTT
CTTCGAGGACCTGGCCGACAAGCCCTACACCTTCGAGGACT
ACGACGTGAGCTTCGGCAGCGGCGTGCTGACCGTGAAGCTG
GGCGGCGACCTGGGCACCTACGTGATCAACAAGCAGACCCC
CAACAAGCAGATCTGGCTATCTAGCCCCAGCAGCGGCCCC
AAGCGCTACGACTGGACCGGCAAGAACTGGGTGTACAGCCA
CGACGGCGTGAGCCTGCACGAGCTGCTGGCCGCCGAGCTG
ACCAAGGCCCTGAAGACCAAGCTGGACCTGAGCAGCCTG
GCCTACAGCGGCAAGGACGCC

WO 2017/077451

SEQ ID | IDT2 optimized

NO:3 nucleotide sequence
encoding frataxin
(Figs. 1A-1B; lane 2)

SEQ ID | JCAT Optimized

NO: 4 Nucleotide sequence
encoding frataxin
(Figs. 1A-1B; Lane 4)

SEQ ID | GeneArt optimized

NO: 5 nucleotide sequence
encoding frataxin
(Figs. 1A-1B; Lane 5)

ATGTGGACACTGGGGAGAAGGGCTGTGGCCGGACTGCTGGC
TTCTCCATCTCCAGCCCAGGCCCAGACCCTGACCAGAGTGC
CTAGACCTGCCGAACTGGCCCCTCTGTGTGGCAGAAGAGGC
CTGAGAACCGACATCGACGCCACCTGTACCCCCAGAAGGGC
CAGCAGCAATCAGCGGGGCCTGAATCAGATCTGGAACGTGA
AGAAACAGAGCGTGTACCTGATGAACCT GAGAAAGAGCGGC
ACCCTGGGCCACCCTGGAAGCCTGGATGAGACAACCTACGA
GCGGCTGGCCGAGGAAACCCTGGATTCCCTGGCCGAGTTCT
TCGAGGACCTGGCCGACAAGCCCTACACCTTCGAGGATTAC
GACGTGTCCTTCGGCAGCGGCGTGCTGACAGTGAAGCTGGG
CGGAGATCTGGGCACCTACGTGATCAACAAGCAGACCCCCA
ACAAACAGATCTGGCTATCTAGCCCCAGCAGCGGCCCCAAG
AGATACGATTGGACCGGCAAGAACTGGGTGTACAGCCACGA
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CGGCGTGTCCCTGCATGAGCTGCTGGCTGCCGAGCTGACCA
AGGCCCTGAAAACAAAGCTGGACCTGTCCAGCCTGGCCTAC
AGCGGCAAGGATGCC

SEQID
NO:6

Genscript (control)
optimized Nucleotide
sequence encoding
frataxin

Figs. 1A-1B; lane 6)

ATGTGGACACTGGGCCGGAGAGCCGTCGCTGGGCTGCTGGC
ATCACCATCCCCCGCACAGGCACAGACCCTGACAAGAGTCC
CTCGGCCAGCAGAGCTGGCCCCACTGTGCGGGCGGAGAGGA
CTGCGAACCGACATCGATGCTACTTGTACCCCAAGGCGAG
CAAGCTCCAACCAGCGAGGGCTGAACCAGATTTGGAATGTG
AAGAAACAGTCTGTCTACCTGATGAATCTGAGAAAGAGCGG
CACTCTGGGACACCCTGGCAGCCTGGACGAGACCACCTAC
GAGCGGCTGGCCGAGGAAACCCTGGATTCCCTGGCCGAGTT
CTTTGAAGACCTGGCTGATAAGCCATACACCTTCGAAGACTA
TGACGTGAGCTTCGGCAGCGGCGTGCTGACAGTCAAACT
GGGCGGGGACCTGGGAACATACGTGATCAACAAGCAGACT
CCTAACAAGCAGATTTGGCTGTCTAGTCCCTCAAGCGGCCC
TAAGAGGTACGACTGGACAGGGAAAAACTGGGTGTATAGT
CACGATGGCGTCTCACTGCATGAGCTGCTGGCCGCTGAACT
GACTAAAGCCCTGAAAACTAAACTGGACCTGTCTTCCCTG
GCATACTCTGGCAAGGACGCC

SEQID
NO:7

Genscript (low CpG)
nucleotide sequence
encoding frataxin
(Figs. 1A-1B; Lane 7)

ATGTGGACTCTGGGCCGGAGAGCAGTGGCAGGACTGCTGGC
AAGTCCATCACCTGCTCAGGCACAGACTCTGACAAGAGTCC
CAAGACCTGCAGAGCTGGCTCCACTGT GCGGGAGGCGCGGA
CTGAGAACAGACATCGATGCTACATGTACTCCTCGACGGGC
AAGCTCCAACCAGCGAGGGCTGAACCAGATTTGGAATGTG
AAGAAACAGTCCGTCTACCTGATGAATCTGAGGAAGTCA
GGCACCCTGGGGCACCCAGGAAGTCTGGACGAGACCACAT
ATGAACGGCTGGCTGAGGAAACACTGGATTCTCTGGCCGAG
TTCTTTGAAGACCTGGCTGATAAGCCCTACACATTCGAAGAC
TATGATGTGAGCTTTGGATCCGGCGTGCTGACTGTCAAACTG
GGCGGGGACCTGGGCACTTACGTGATCAACAAGCAGACCCC
TAACAAGCAGATTTGGCTGTCTAGTCCTTCAAGCGGACCAA
AGCGGTACGACTGGACCGGCAAAAACTGGGTGTATTCTC
ACGATGGGGTCAGTCTGCATGAGCTGCTGGCCGCTGAACT
GACCAAGGCCCTGAAGACAAAACTGGACCTGTCCTCTCTG
GCATATAGCGGAAAAGATGCC

SEQID
NO:8

IDT3 optimized
Nucleotide sequence
encoding frataxin

ATGTGGACACTGGGAAGGCGCGCCGTGGCCGGTCTGTTGGC
ATCACCATCCCCAGCCCAGGCTCAGACACTCACCCGAGTC
CCAAGACCCGCAGAGCTGGCCCCTCTGTGCGGGCGCCGA
GGCCTTCGCACCGATATCGATGCTACATGCACGCCACGCAG
AGCTAGCTCAAATCAGAGGGGACTCAACCAGATATGGAATG
TCAAGAAGCAAAGCGTGTATCTCATGAACCTCCGGAAAAGC
GGCACCCTGGGACATCCCGGGTCTCTCGACGAGACCACT
TATGAAAGACTGGCAGAGGAGACTCTTGACAGTCTGGCGG
AGTTCTTCGAAGACCTCGCTGACAAGCCATATACCTTCGAAG
ATTACGACGTCTCCTTCGGCTCTGGGGTGCTGACTGTCAA
GCTTGGCGGCGACCTGGGGACCTACGTGATCAACAAGCAG
ACTCCAAACAAGCAAATCTGGCTATCTAGTCCAAGCTCCGG
ACCCAAGAGATACGATTGGACAGGCAAGAATTGGGTTTACT
CCCACGACGGGGTGTCCCTCCATGAGCTGCTGGCCGCAGAG
CTGACGAAGGCCCTGAAGACCAAGCTGGATCTCTCCTCCCT
GGCATACAGTGGTAAGGACGCT

SEQID
NO:9

IDT5 optimized
Nucleotide sequence
encoding frataxin

ATGTGGACACTGGGCCGGCGCGCCGTCGCTGGGCTGCTCGC
AAGCCCCAGCCCAGCCCAAGCGCAGACT CTGACTAGGGTGC
CGCGGCCTGCCGAGTTGGCCCCCCTGTGCGGTAGGAGAGGC
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CTGCGCACAGACATCGATGCCACTTGCACACCCCGGCGGGC
CAGCTCTAACCAAAGGGGCCTGAATCAAATTTGGAACGTCA
AAAAACAGTCTGTATATCTGATGAATCTCCGGAAATCTGGA
ACGCTCGGGCATCCCGGATCTCTTGACGAGACCACCTACGA
GCGACTGGCCGAGGAAACCCTTGACAGCCTGGCAGAATTCT
TTGAGGATCTGGCTGATAAACCCTATACCTTTGAAGATTAC
GATGTGAGTTTTGGTAGCGGAGTACTGACTGTTAAGCT GGG
CGGTGATCTCGGTACGTATGTTATCAATAAACAAACCCCCA
ATAAACAGATTTGGCTCTCCTCCCCATCCTCTGGGCCTAAG
CGCTATGACTGGACAGGAAAGAATTGGGTCTATTCACACGA
CGGAGTCAGTTTGCACGAGCTCCTCGCCGGCAGAGTTACCA
AGGCCCTTAAGACTAAGCTCGACCTGTCAAGCCTCGCTTAC
TCTGGTAAGGACGCT

SEQID
NO:10

Nucleotide sequence
encoding frataxin
(nucleic acid 22)

ATGTGGACTCTCGGGCGCCGCGCAGTAGCCGGCCTCCTGGC
GTCACCCAGCCCGGCCCAGGCCCAGACCCTCACCCGGGTCC
CGCGGCCGGCAGAGTTGGCCCCACTCTGCGGCCGCCGETGGL
CTGCGCACCGACATCGATGCGACCTGCACGCCCCGCCGCGL
AAGTTCGAACCAACGTGGCCTCAACCAGATTTGGAATGTCA
AAAAGCAGAGTGTCTATTTGATGAATTTGAGGAAATCTGGAA
CTTTGGGCCACCCAGGCTCTCTAGATGAGACCACCTATGAA
AGACTAGCAGAGGAAACGCTGGACTCTTTAGCAGAGTTTT
TTGAAGACCTTGCAGACAAGCCATACACGTTTGAGGACTA
TGATGTCTCCTTTGGGAGTGGTGTCTTAACTGTCAAACTG
GGTGGAGATCTAGGAACCTATGTGATCAACAAGCAGACGC
CAAACAAGCAAATCTGGCTATCTTCTCCATCCAGTGGACCT
AAGCGTTATGACTGGACTGGGAAAAACTGGGTGTACTCCC
ACGACGGCGTGTCCCTCCATGAGCTGCTGGCCGCAGAGCT
CACTAAAGCCTTAAAAACCAAACTGGACTTGTCTTCCTTGGC
CTATTCCGGAAAAGATGCT

SEQID
NO:11

IDT-1 optimized
Nucleotide sequence
encoding frataxin
(nucleic acid 23)

ATGTGGACTCTGGGTAGGCGAGCGGTGGCCGGCCTGTTGGC
ATCTCCTAGTCCTGCACAAGCTCAAACGCTGACTAGAGTCC
CTCGGCCAGCAGAACTGGCGCCACTTTGCGGCCGGCGCGGET
CTTCGCACTGATATTGATGCCACTTGCACACCCCGGCGCGCL
CTCCAGTAATCAGCGGGGACTTAATCAAATTTGGAATGTG
AAGAAGCAGTCTGTGTATCTTATGAATCTGCGGAAGAGC
GGGACCCTGGGCCACCCTGGTAGCCTTGATGAAACCACCTA
TGAGCGCCTGGCCGAAGAGACACTGGACAGTCTTGCCGAGT
TTTTTGAGGATCTGGCCGACAAACCTTATACTTTTGAGGA
CTATGACGTGTCCTTTGGATCTGGTGTATTGACCGTAAAA
CTCGGGGGAGACCTTGGGACGTATGTAATAAATAAGCAGA
CCCCAAACAAGCAGATCTGGCTATCTTCTCCAAGTAGTGGT
CCTAAGAGATATGATTGGACGGGCAAGAACTGGGTCTATTCC
CATGATGGCGTCTCTTTGCATGAACTCCTTGCAGCAGAGCT
GACCAAGGCCTTGAAGACCAAATTGGATCTCAGCAGCCT
CGCCTATAGTGGCAAAGATGCA

SEQID
NO:12

IDT-4 optimized
Nucleotide sequence
encoding frataxin
(nucleic acid 26)

ATGTGGACTCTGGGCCGGCGGGCCGTAGCTGGCTTGCTGGC
TAGCCCAAGTCCCGCCCAGGCTCAGACTCTCACCAGGGTAC
CCAGGCCCGCAGAGCTTGCTCCACTCTGCGGACGCAGGGGT
CTGCGAACCGATATCGACGCAACTTGCACGCCGCGGAGGGC
CTCTTCAAACCAGAGAGGACTCAATCAAATTTGGAATGTAA
AGAAACAGAGCGTGTATCTCATGAACCTCCGAAAGAGTGGG
ACTCTTGGGCACCCCGGCTCCCTGGACGAGACTACTTACGAG
CGCCTGGCCGAAGAAACCTTGGATTCCCTGGCGGAGTTTTT
TGAAGACTTGGCAGACAAGCCTTATACCTTCGAGGATTAC
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GACGTGAGTTTTGGCTCTGGTGTTCTTACAGTCAAGCTCGGT
GGCGACCTTGGCACTTATGTAATTAACAAGCAGACACCTAAC
AAGCAGATCTGGCTTTCTAGTCCGTCTTCCGGTCCCAAAAG
GTACGATTGGACTGGAAAGAACTGGGTCTACAGTCACGACG
GTGTCTCCCTGCACGAATTGCTTGCGGCAGAGCTGACTAAG
GCGCTCAAAACAAAACTGGATCTGTCCAGCCTTGCCTATAG
CGGGAAGGACGCA

SEQID
NO:13

Nucleotide sequence
encoding chimeric
AAV2.5 Vector
Capsid VP1

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAC
TCTCTCTGAAGGAATAAGACAGTGGTGGAAGCTCAAACCTG
GCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGAC
AGCAGGGGTCTTGTGCTTCCTGGGTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGAGAGCCGGTCAACGAGGCAG
ACGCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAG
CTCGACAGCGGAGACAACCCGTACCTCAAGTACAACCACGC
CGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTT
TTGGGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAG
AGGGTTCTTGAACCTCTGGGCCTGGTTGAGGAACCTGTTAA
GACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTG
TGGAGCCAGACTCCTCCTCGGGAACCGGAAAGGCGGGCCAG
CAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGA
CGCAGACTCAGTACCTGACCCCCAGCCTCTCGGACAGCCAC
CAGCAGCCCCCTCTGGTCTGGGAACTAATACGATGGCTACA
GGCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGA
CGGAGTGGGTAATTCCTCGGGAAATTGGCATTGCGATTCCA
CATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAACC
TGGGCCCTGCCCACCTACAACAACCACCTCTACAAACAAAT
TTCCAGCGCTTCAACGGGAGCCTCGAACGACAATCACTACT
TTGGCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGA
TTCCACTGCCACTTTTCACCACGTGACTGGCAAAGACTCAT
CAACAACAACTGGGGATTCCGACCCAAGAGACTCAACTTCA
AGCTCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGAC
GGTACGACGACGATTGCCAATAACCTTACCAGCACGGTTCA
GGTGTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCG
GCTCGGCGCATCAAGGATGCCTCCCGCCGTTCCCAGCAGAC
GTCTTCATGGTGCCACAGTATGGATACCTCACCCTGAACAA
CGGGAGTCAGGCAGTAGGACGCTCTTCATTTTACTGCCTGG
AGTACTTTCCTTCTCAGATGCTGCGTACCGGAAACAACTTT
ACCTTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAG
CTACGCTCACAGCCAGAGTCTGGACCGTCTCATGAATCCTC
TCATCGACCAGTACCTGTATTACTTGAGCAGAACAAACACT
CCAAGTGGAACCACCACGCAGTCAAGGCTTCAGTTTTCTCA
GGCCGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTGGC
TTCCTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACA
TCTGCGGATAACAACAACAGT GAATACTCGTGGACTGGAGC
TACCAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATC
CGGGCCCGGCCATGGCAAGCCACAAGGACGATGAAGAAAAG
TTTTTTCCTCAGAGCGGGGTTCTCATCTTTGGGAAGCAAGG
CTCAGAGAAAACAAATGTGGACATTGAAAAGGTCATGATTA
CAGACGAAGAGGAAATCAGGACAACCAATCCCGTGGCTACG
GAGCAGTATGGTTCTGTATCTACCAACCTCCAGAGAGGCAA
CAGACAAGCAGCTACCGCAGATGTCAACACACAAGGCGTTC
TTCCAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAG
GGGCCCATCTGGGCAAAGATTCCACACACGGACGGACATTT
TCACCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACC
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CTCCTCCACAGATTCTCATCAAGAACACCCCGGTACCTGCG
AATCCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTCCTT
CATCACACAGTACTCCACGGGACAGGTCAGCGTGGAGATCG
AGTGGGAGCTGCAGAAGGAAAACAGCAAACGCTGGAATCCC
GAAATTCAGTACACTTCCAACTACGCCAAGTCTGTCAATGT
GGACTTTACTGTGGACAATAATGGCGTGTATTCAGAGCCTC
GCCCCATTGGCACCAGATACCTGACTCGTAATCTGTAA

SEQID
NO:14

Nucleotide sequence
encoding wild type
AAV1 capsid (VP1)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAA
CCTCTCTGAGGGCATTCGCGAGTGGTGGGACTTGAAACCTG
GAGCCCCGAAGCCCAAAGCCAACCAGCAAAAGCAGGACGAC
GGCCGGGGTCTGGTGCTTCCTGGCTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGGGAGCCCGTCAACGCGGLCGG
ACGCAGCGGCCCTCGAGCACGACAAGGCCTACGACCAGCAG
CTCAAAGCGGGTGACAATCCGTACCTGCGGTATAACCACGC
CGACGCCGAGTTTCAGGAGCGTCTGCAAGAAGATACGTCTT
TTGGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAG
CGGGTTCTCGAACCTCTCGGTCTGGTTGAGGAAGGCGCTAA
GACGGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCAC
AAGAGCCAGACTCCTCCTCGGGCATCGGCAAGACAGGCCAG
CAGCCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGCGA
CTCAGAGTCAGTCCCCGATCCACAACCTCTCGGAGAACCTC
CAGCAACCCCCGCTGCTGTGGGACCTACTACAATGGCTTCA
GGCGGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGA
CGGAGTGGGTAATGCCTCAGGAAATTGGCATTGCGATTCCA
CATGGCTGGGCGACAGAGTCATCACCACCAGCACCCGCACC
TGGGCCTTGCCCACCTACAATAACCACCTCTACAAGCAAAT
CTCCAGTGCTTCAACGGGGGCCAGCAACGACAACCACTACT
TCGGCTACAGCACCCCCTGGGGGTATTTTGATTTCAACAGA
TTCCACTGCCACTTTTCACCACGTGACTGGCAGCGACTCAT
CAACAACAATTGGGGATTCCGGCCCAAGAGACTCAACTTCA
AACTCTTCAACATCCAAGTCAAGGAGGTCACGACGAATGAT
GGCGTCACAACCATCGCTAATAACCTTACCAGCACGGTTCA
AGTCTTCTCGGACTCGGAGTACCAGCTTCCGTACGTCCTCG
GCTCTGCGCACCAGGGCTGCCTCCCTCCGTTCCCGGCGGAC
GTGTTCATGATTCCGCAATACGGCTACCTGACGCTCAACAA
TGGCAGCCAAGCCGTGGGACGTTCATCCTTTTACTGCCTGG
AATATTTCCCTTCTCAGATGCTGAGAACGGGCAACAACTTT
ACCTTCAGCTACACCTTTGAGGAAGTGCCTTTCCACAGCAG
CTACGCGCACAGCCAGAGCCTGGACCGGCTGATGAATCCTC
TCATCGACCAATACCTGTATTACCTGAACAGAACT CAAAAT
CAGTCCGGAAGTGCCCAAAACAAGGACTTGCTGTTTAGCCG
TGGGTCTCCAGCTGGCATGTCTGTTCAGCCCAAAAACTGGC
TACCTGGACCCTGTTATCGGCAGCAGCGCGTTTCTAAAACA
AAAACAGACAACAACAACAGCAATTTTACCTGGACTGGTGC
TTCAAAATATAACCTCAATGGGCGTGAATCCATCATCAACC
CTGGCACTGCTATGGCCTCACACAAAGACGACGAAGACAAG
TTCTTTCCCATGAGCGGTGTCATGATTTTTGGAAAAGAGAG
CGCCGGAGCTTCAAACACTGCATTGGACAATGTCATGATTA
CAGACGAAGAGGAAATTAAAGCCACTAACCCTGTGGCCACC
GAAAGATTTGGGACCGTGGCAGTCAATTTCCAGAGCAGCAG
CACAGACCCTGCGACCGGAGATGTGCATGCTATGGGAGCAT
TACCTGGCATGGTGTGGCAAGATAGAGACGTGTACCTGCAG
GGTCCCATTTGGGCCAAAATTCCTCACACAGATGGACACTT
TCACCCGTCTCCTCTTATGGGCGGCTTTGGACTCAAGAACC
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CGCCTCCTCAGATCCTCATCAAAAACACGCCTGTTCCTGCG
AATCCTCCGGCGGAGTTTTCAGCTACAAAGTTTGCTTCATT
CATCACCCAATACTCCACAGGACAAGTGAGTGTGGAAATTG
AATGGGAGCTGCAGAAAGAAAACAGCAAGCGCTGGAATCCC
GAAGTGCAGTACACATCCAATTATGCAAAATCTGCCAACGT
TGATTTTACTGTGGACAACAATGGACTTTATACTGAGCCTC
GCCCCATTGGCACCCGTTACCTTACCCGTCCCCTGTAA

SEQID
NO:15

Nucleotide sequence
encoding modified
AAV1.1 capsid VP1
(amino acid residue
number 265 is
deleted)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAA
CCTCTCTGAGGGCATTCGCGAGTGGTGGGACTTGAAACCTG
GAGCCCCGAAGCCCAAAGCCAACCAGCAAAAGCAGGACGAC
GGCCGGGGTCTGGTGCTTCCTGGCTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGGGAGCCCGTCAACGCGGLCGG
ACGCAGCGGCCCTCGAGCACGACAAGGCCTACGACCAGCAG
CTCAAAGCGGGTGACAATCCGTACCTGCGGTATAACCACGC
CGACGCCGAGTTTCAGGAGCGTCTGCAAGAAGATACGTCTT
TTGGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAG
CGGGTTCTCGAACCTCTCGGTCTGGTTGAGGAAGGCGCTAA
GACGGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCAC
AAGAGCCAGACTCCTCCTCGGGCATCGGCAAGACAGGCCAG
CAGCCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGCGA
CTCAGAGTCAGTCCCCGATCCACAACCTCTCGGAGAACCTC
CAGCAACCCCCGCTGCTGTGGGACCTACTACAATGGCTTCA
GGCGGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGA
CGGAGTGGGTAATGCCTCAGGAAATTGGCATTGCGATTCCA
CATGGCTGGGCGACAGAGTCATCACCACCAGCACCCGCACC
TGGGCCTTGCCCACCTACAATAACCACCTCTACAAGCAAAT
CTCCAGTGCTTCAGGGGCCAGCAACGACAACCACTACTTCG
GCTACAGCACCCCCTGGGGGTATTTTGATTTCAACAGATTC
CACTGCCACTTTTCACCACGTGACTGGCAGCGACTCATCAA
CAACAATTGGGGATTCCGGCCCAAGAGACTCAACTTCAAAC
TCTTCAACATCCAAGTCAAGGAGGTCACGACGAATGATGGC
GTCACAACCATCGCTAATAACCTTACCAGCACGGTTCAAGT
CTTCTCGGACTCGGAGTACCAGCTTCCGTACGTCCTCGGCT
CTGCGCACCAGGGCTGCCTCCCTCCGTTCCCGGCGGACGTG
TTCATGATTCCGCAATACGGCTACCTGACGCTCAACAATGG
CAGCCAAGCCGTGGGACGTTCATCCTTTTACTGCCTGGAAT
ATTTCCCTTCTCAGATGCTGAGAACGGGCAACAACTTTACC
TTCAGCTACACCTTTGAGGAAGTGCCTTTCCACAGCAGCTA
CGCGCACAGCCAGAGCCTGGACCGGCTGATGAATCCTCTCA
TCGACCAATACCTGTATTACCTGAACAGAACTCAAAATCAG
TCCGGAAGTGCCCAAAACAAGGACTTGCTGTTTAGCCGTGG
GTCTCCAGCTGGCATGTCTGTTCAGCCCAAAAACTGGCTAC
CTGGACCCTGTTATCGGCAGCAGCGCGTTTCTAAAACAAAA
ACAGACAACAACAACAGCAATTTTACCTGGACTGGTGCTTC
AAAATATAACCTCAATGGGCGTGAATCCATCATCAACCCTG
GCACTGCTATGGCCTCACACAAAGACGACGAAGACAAGTTC
TTTCCCATGAGCGGTGTCATGATTTTTGGAAAAGAGAGCGC
CGGAGCTTCAAACACTGCATTGGACAATGTCATGATTACAG
ACGAAGAGGAAATTAAAGCCACTAACCCTGTGGCCACCGAA
AGATTTGGGACCGTGGCAGTCAATTTCCAGAGCAGCAGCAC
AGACCCTGCGACCGGAGATGTGCATGCTATGGGAGCATTAC
CTGGCATGGTGTGGCAAGATAGAGACGTGTACCTGCAGGGT
CCCATTTGGGCCAAAATTCCTCACACAGATGGACACTTTCA
CCCGTCTCCTCTTATGGGCGGCTTTGGACTCAAGAACCCGC
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CTCCTCAGATCCTCATCAAAAACACGCCTGTTCCTGCGAAT
CCTCCGGCGGAGTTTTCAGCTACAAAGTTTGCTTCATTCAT
CACCCAATACTCCACAGGACAAGTGAGTGTGGAAATTGAAT
GGGAGCTGCAGAAAGAAAACAGCAAGCGCTGGAATCCCGAA
GTGCAGTACACATCCAATTATGCAAAATCTGCCAACGTTGA
TTTTACTGTGGACAACAATGGACTTTATACTGAGCCTCGCC
CCATTGGCACCCGTTACCTTACCCGTCCCCTGTAA

SEQID
NO:16

Nucleotide sequence
encoding wildtype
AAVS6 capsid (VP1)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAA
CCTCTCTGAGGGCATTCGCGAGTGGTGGGACTTGAAACCTG
GAGCCCCGAAACCCAAAGCCAACCAGCAAAAGCAGGACGAC
GGCCGGGGTCTGGTGCTTCCTGGCTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGGGAGCCCGTCAACGCGGLCGG
ATGCAGCGGCCCTCGAGCACGACAAGGCCTACGACCAGCAG
CTCAAAGCGGGTGACAATCCGTACCTGCGGTATAACCACGC
CGACGCCGAGTTTCAGGAGCGTCTGCAAGAAGATACGTCTT
TTGGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAG
AGGGTTCTCGAACCTTTTGGTCTGGTTGAGGAAGGTGCTAA
GACGGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCAC
AAGAGCCAGACTCCTCCTCGGGCATTGGCAAGACAGGCCAG
CAGCCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGCGA
CTCAGAGTCAGTCCCCGACCCACAACCTCTCGGAGAACCTC
CAGCAACCCCCGCTGCTGTGGGACCTACTACAATGGCTTCA
GGCGGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGA
CGGAGTGGGTAATGCCTCAGGAAATTGGCATTGCGATTCCA
CATGGCTGGGCGACAGAGTCATCACCACCAGCACCCGAACA
TGGGCCTTGCCCACCTATAACAACCACCTCTACAAGCAAAT
CTCCAGTGCTTCAACGGGGGCCAGCAACGACAACCACTACT
TCGGCTACAGCACCCCCTGGGGGTATTTTGATTTCAACAGA
TTCCACTGCCATTTCTCACCACGTGACTGGCAGCGACTCAT
CAACAACAATTGGGGATTCCGGCCCAAGAGACTCAACTTCA
AGCTCTTCAACATCCAAGTCAAGGAGGTCACGACGAATGAT
GGCGTCACGACCATCGCTAATAACCTTACCAGCACGGTTCA
AGTCTTCTCGGACTCGGAGTACCAGTTGCCGTACGTCCTCG
GCTCTGCGCACCAGGGCTGCCTCCCTCCGTTCCCGGCGGAC
GTGTTCATGATTCCGCAGTACGGCTACCTAACGCTCAACAA
TGGCAGCCAGGCAGTGGGACGGTCATCCTTTTACTGCCTGG
AATATTTCCCATCGCAGATGCTGAGAACGGGCAATAACTTT
ACCTTCAGCTACACCTTCGAGGACGTGCCTTTCCACAGCAG
CTACGCGCACAGCCAGAGCCTGGACCGGCTGATGAATCCTC
TCATCGACCAGTACCTGTATTACCTGAACAGAACT CAGAAT
CAGTCCGGAAGTGCCCAAAACAAGGACTTGCTGTTTAGCCG
GGGGTCTCCAGCTGGCATGTCTGTTCAGCCCAAAAACTGGC
TACCTGGACCCTGTTACCGGCAGCAGCGCGTTTCTAAAACA
AAAACAGACAACAACAACAGCAACTTTACCTGGACTGGTGC
TTCAAAATATAACCTTAATGGGCGTGAATCTATAATCAACC
CTGGCACTGCTATGGCCTCACACAAAGACGACAAAGACAAG
TTCTTTCCCATGAGCGGTGTCATGATTTTTGGAAAGGAGAG
CGCCGGAGCTTCAAACACTGCATTGGACAATGTCATGATCA
CAGACGAAGAGGAAATCAAAGCCACTAACCCCGTGGCCACC
GAAAGATTTGGGACTGTGGCAGTCAATCTCCAGAGCAGCAG
CACAGACCCTGCGACCGGAGATGTGCATGTTATGGGAGCCT
TACCTGGAATGGTGTGGCAAGACAGAGACGTATACCTGCAG
GGTCCTATTTGGGCCAAAATTCCTCACACGGATGGACACTT
TCACCCGTCTCCTCTCATGGGCGGCTTTGGACTTAAGCACC
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CGCCTCCTCAGATCCTCATCAAAAACACGCCTGTTCCTGCG
AATCCTCCGGCAGAGTTTTCGGCTACAAAGTTTGCTTCATT
CATCACCCAGTATTCCACAGGACAAGTGAGCGTGGAGATTG
AATGGGAGCTGCAGAAAGAAAACAGCAAACGCTGGAATCCC
GAAGTGCAGTATACATCTAACTATGCAAAATCTGCCAACGT
TGATTTCACTGTGGACAACAATGGACTTTATACTGAGCCTC
GCCCCATTGGCACCCGTTACCTCACCCGTCCCCTGTAA

SEQID
NO:17

Nucleotide sequence
encoding modified
AAV6.1 capsid VP1
(aa residue number
265 is deleted)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAA
CCTCTDGAGGGCATTCGCGAGTGGTGGGACTTGAAACCT GG
AGCCCCGAAACCCAAAGCCAACCAGCAAAAGCAGGACGACG
GCCGGGGTDGGTGCTTCCTGGCTACAAGTACCTCGGACCCT
TCAACGGACTCGACAAGGGGGAGCCCGTCAACGCGGCGGAT
GCAGCGGCCCTCGAGCACGACAAGGCCTACGACCAGCAGCT
CAAAGCGGGTGACAATCCGTACCTGCGGTATAACCACGCCG
ACGCCGAGTTTCAGGAGCGTCTGCAAGAAGATACGTCTTTT
GGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAGAG
GGTTCTCGAACCTTTTGGTDGGTTGAGGAAGGTGCTAAGAC
GGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCACAAG
AGCCAGACTCCTCCTCGGGCATTGGCAAGACAGGCCAGCAG
CCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGCGACTC
AGAGTCAGTCCCCGACCCACAACCTCTCGGAGAACCTCCAG
CAACCCCCGCTGCTGTGGGACCTACTACAATGGCTTCAGGC
GGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGACGG
AGTGGGTAATGCCT CAGGAAATTGGCATTGCGATT CCACAT
GGCTGGGCGACAGAGTCATCACCACCAGCACCCGAACATGG
GCCTTGCCCACCTATAACAACCACCTCTACAAGCAAATCTC
CAGTGCTTCAGGGGCCAGCAACGACAACCACTACTTCGGCT
ACAGCACCCCCTGGGGGTATTTTGATTT CAACAGATTCCAC
TGCCATTTCTCACCACGTGACTGGCAGCGACTCATCAACAA
CAATTGGGGATTCCGGCCCAAGAGACTCAACTTCAAGCTCT
TCAACATCCAAGTCAAGGAGGTCACGACGAATGATGGCGTC
ACGACCATCGCTAATAACCTTACCAGCACGGTTCAAGTCTT
CTCGGACTCGGAGTACCAGTTGCCGTACGTCCTCGGCTCTG
CGCACCAGGGCTGCCTCCCTCCGTTCCCGGCGGACGTGTTC
ATGATTCCGCAGTACGGCTACCTAACGCTCAACAATGGCAG
CCAGGCAGTGGGACGGTCATCCTTTTACTGCCTGGAATATT
TCCCATCGCAGATGCTGAGAACGGGCAATAACTTTACCTTC
AGCTACACCTTCGAGGACGTGCCTTTCCACAGCAGCTACGC
GCACAGCCAGAGCCTGGACCGGCTGATGAATCCTCTCATCG
ACCAGTACCTGTATTACCTGAACAGAACTCAGAATCAGTCC
GGAAGTGCCCAAAACAAGGACTTGCTGTTTAGCCGGGGGTC
TCCAGCTGGCATGTCTGTTCAGCCCAAAAACTGGCTACCTG
GACCCTGTTACCGGCAGCAGCGCGTTTCTAAAACAAAAACA
GACAACAACAACAGCAACTTTACCTGGACTGGTGCTTCAAA
ATATAACCTTAATGGGCGTGAATCTATAATCAACCCTGGCA
CTGCTATGGCCTCACACAAAGACGACAAAGACAAGTTCTTT
CCCATGAGCGGTGTCATGATTTTTGGAAAGGAGAGCGCCGG
AGCTTCAAACACTGCATTGGACAATGTCATGATCACAGACG
AAGAGGAAATCAAAGCCACTAACCCCGTGGCCACCGAAAGA
TTTGGGACTGTGGCAGTCAATCTCCAGAGCAGCAGCACAGA
CCCTGCGACCGGAGATGTGCATGTTATGGGAGCCTTACCTG
GAATGGTGTGGCAAGACAGAGACGTATACCTGCAGGGTCCT
ATTTGGGCCAAAATTCCTCACACGGATGGACACTTTCACCC
GTCTCCTCTCATGGGCGGCTTTGGACTTAAGCACCCGCCTC
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CTCAGATCCTCATCAAAAACACGCCTGTTCCTGCGAATCCT
CCGGCAGAGTTTTCGGCTACAAAGTTTGCTTCATTCATCAC
CCAGTATTCCACAGGACAAGTGAGCGTGGAGATTGAATGGG
AGCTGCAGAAAGAAAACAGCAAACGCTGGAATCCCGAAGTG
CAGTATACATCTAACTATGCAAAATCTGCCAACGTTGATTT
CACTGTGGACAACAATGGACTTTATACTGAGCCTCGCCCCA
TTGGCACCCGTTACCTCACCCGTCCCCTGTAA

SEQID
NO:18

Nucleotide sequence
encoding modified
AAV6.3.1 capsid VP1
(aaresidue 265
deleted, Lys 531
changed to Glu)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAA
CCTCTCTGAGGGCATTCGCGAGTGGTGGGACTTGAAACCTG
GAGCCCCGAAACCCAAAGCCAACCAGCAAAAGCAGGACGAC
GGCCGGGGTCTGGTGCTTCCTGGCTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGGGAGCCCGTCAACGCGGLCGG
ATGCAGCGGCCCTCGAGCACGACAAGGCCTACGACCAGCAG
CTCAAAGCGGGTGACAATCCGTACCTGCGGTATAACCACGC
CGACGCCGAGTTTCAGGAGCGTCTGCAAGAAGATACGTCTT
TTGGGGGCAACCTCGGGCGAGCAGTCTTCCAGGCCAAGAAG
AGGGTTCTCGAACCTTTTGGTCTGGTTGAGGAAGGTGCTAA
GACGGCTCCTGGAAAGAAACGTCCGGTAGAGCAGTCGCCAC
AAGAGCCAGACTCCTCCTCGGGCATTGGCAAGACAGGCCAG
CAGCCCGCTAAAAAGAGACTCAATTTTGGTCAGACTGGCGA
CTCAGAGTCAGTCCCCGACCCACAACCTCTCGGAGAACCTC
CAGCAACCCCCGCTGCTGTGGGACCTACTACAATGGCTTCA
GGCGGTGGCGCACCAATGGCAGACAATAACGAAGGCGCCGA
CGGAGTGGGTAATGCCTCAGGAAATTGGCATTGCGATTCCA
CATGGCTGGGCGACAGAGT CATCACCACCAGCACCCGAACA
TGGGCCTTGCCCACCTATAACAACCACCTCTACAAGCAAAT
CTCCAGTGCTTCAGGGGCCAGCAACGACAACCACTACTTCG
GCTACAGCACCCCCTGGGGGTATTTTGATTTCAACAGATTC
CACTGCCATTTCTCACCACGTGACTGGCAGCGACTCATCAA
CAACAATTGGGGATTCCGGCCCAAGAGACTCAACTTCAAGC
TCTTCAACATCCAAGTCAAGGAGGTCACGACGAATGATGGC
GTCACGACCATCGCTAATAACCTTACCAGCACGGTTCAAGT
CTTCTCGGACTCGGAGTACCAGTTGCCGTACGTCCTCGGCT
CTGCGCACCAGGGCTGCCTCCCTCCGTTCCCGGCGGACGTG
TTCATGATTCCGCAGTACGGCTACCTAACGCTCAACAATGG
CAGCCAGGCAGTGGGACGGTCATCCTTTTACTGCCTGGAAT
ATTTCCCATCGCAGATGCTGAGAACGGGCAATAACTTTACC
TTCAGCTACACCTTCGAGGACGTGCCTTTCCACAGCAGCTA
CGCGCACAGCCAGAGCCTGGACCGGCTGATGAATCCTCTCA
TCGACCAGTACCTGTATTACCTGAACAGAACTCAGAATCAG
TCCGGAAGTGCCCAAAACAAGGACTTGCTGTTTAGCCGGGG
GTCTCCAGCTGGCATGTCTGTTCAGCCCAAAAACTGGCTAC
CTGGACCCTGTTACCGGCAGCAGCGCGTTTCTAAAACAAAA
ACAGACAACAACAACAGCAACTTTACCTGGACTGGTGCTTC
AAAATATAACCTTAATGGGCGTGAATCTATAATCAACCCTG
GCACTGCTATGGCCTCACACAAAGACGACGAAGACAAGTTC
TTTCCCATGAGCGGTGTCATGATTTTTGGAAAGGAGAGCGC
CGGAGCTTCAAACACTGCATTGGACAATGTCATGATCACAG
ACGAAGAGGAAATCAAAGCCACTAACCCCGTGGCCACCGAA
AGATTTGGGACTGTGGCAGTCAATCTCCAGAGCAGCAGCAC
AGACCCTGCGACCGGAGATGTGCATGTTATGGGAGCCTTAC
CTGGAATGGTGTGGCAAGACAGAGACGTATACCTGCAGGGT
CCTATTTGGGCCAAAATTCCTCACACGGATGGACACTTTCA
CCCGTCTCCTCTCATGGGCGGCTTTGGACTTAAGCACCCGC
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CTCCTCAGATCCTCATCAAAAACACGCCTGTTCCTGCGAAT
CCTCCGGCAGAGTTTTCGGCTACAAAGTTTGCTTCATTCAT
CACCCAGTATTCCACAGGACAAGTGAGCGTGGAGATTGAAT
GGGAGCTGCAGAAAGAAAACAGCAAACGCTGGAATCCCGAA
GTGCAGTATACATCTAACTATGCAAAATCTGCCAACGTTGA
TTTCACTGTGGACAACAATGGACTTTATACTGAGCCTCGCC
CCATTGGCACCCGTTACCTCACCCGTCCCCTGTAA

SEQID
NO:19

Nucleotide sequence
encoding human wild
type frataxin (WT
FXN) for cloning into
pTRs-KS-CBh-
EGFP-BGH scAAV
vector

Agel site in bold;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Mlul site in bold
italics

(See figure 2A)

TAGAAGACCGGTCGCCACCatgtggactctecgggecgecgeyg
cagtagccggectcectggegtcacccageccagececcaggcece
cagaccctcaccecgggtcecgeggecggcagagttggecce
actctgcggcegecgtggectgegecaccgacatecgatgega
cctgcacgecceccgcegegcaagttecgaaccaacgtggecte
aaccagatttggaatgtcaaaaagcagagtgtctatttgat
gaatttgaggaaatctggaactttgggccacccaggectcte
tagatgagaccacctatgaaagactagcagaggaaacgctg
gactctttagcagagttttttgaagaccttgcagacaagcce
atacacgtttgaggactatgatgtctcecctttgggagtggtg
tcttaactgtcaaactgggtggagatctaggaacctatgtg
atcaacaagcagacgccaaacaagcaaatctggctatctte
tccatccagtggacctaagcecgttatgactggactgggaaaa
actgggtgtactcccacgacggegtgtccctecatgagetg
ctggccgcagagctcactaaagceccttaaaaaccaaactgga
cttgtcttecttggectattccggaaaagatgettgaCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG
CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGTGGGEGTGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGG
CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:20

IDT1 Codon
optimized nucleotide
sequence encoding
FXN for cloning into
pTRs-KS-CBh-
EGFP-BGH scAAV
vector

Agel site in bold;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Mlul site in bold
italics

(See Figure 2B)

TAGAAGACCGGTCGCCACCatgtggactctgggtaggcgag
cggtggccggectgttggecatctecctagtecctgecacaaget
caaacgctgactagagtccecctcecggeccagecagaactggegec
actttgcggcecggecgeggtcecttegecactgatattgatgeca
cttgcacaccccggegegectceccagtaatcageggggactt
aatcaaatttggaatgtgaagaagcagtctgtgtatcttat
gaatctgcggaagagcgggaccctgggceccaccctggtagece
ttgatgaaaccacctatgagcgcectggccgaagagacactg
gacagtcttgccgagttttttgaggatctggeccgacaaacce
ttatacttttgaggactatgacgtgtecctttggatctggtg
tattgaccgtaaaactcgggggagaccttgggacgtatgta
ataaataagcagaccccaaacaagcagatctggctcagetce
tccaagtagtggtcctaagagatatgattggacgggcaaga
actgggtctattcccatgatggegtctcectttgecatgaacte
cttgcagcagagctgaccaaggccttgaagaccaaattgga
tctcagcagecctegectatagtggcaaagatgcatagCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG
CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGTGGGEGTGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGG
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CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:21

Codon optimized
nucleotide sequence
encoding FXN IDT3
(low expresser) for
cloning into pTRs-
KS-CBh-EGFP-BGH
SCAAV vector

Agel site in bold;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Mlul site in bold
italics

(See figure 2C)

TAGAAGACCGGTCGCCACCatgtggacactgggaaggcgcyg
ccgtggeccggtctgttggecatcaccatccccageccagget
cagacactcacccgagtcccaagacccgcagagctggecce
tctgtgecgggegecgaggecttegecaccgatatecgatgeta
catgcacgccacgcagagctagctcaaatcagaggggacte
aaccagatatggaatgtcaagaagcaaagcgtgtatctcat
gaacctccggaaaagcggcaccctgggacateccecgggtete
tcgacgagaccacttatgaaagactggcagaggagactctt
gacagtctggcggagttcttecgaagacctecgetgacaagcece
atataccttcgaagattacgacgtctecctteggectectgggg
tgctgactgtcaagecttggecggegacctggggacctacgtg
atcaacaagcagactccaaacaagcaaatctggctcagecag
tccaagctceccggacccaagagatacgattggacaggcaaga
attgggtttactcccacgacggggtgtccctcecatgagetg
ctggccgctgagctgacgaaggcecctgaagaccaagectgga
tctctecectecctggecatacagtggtaaggacgettgaCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG

CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGETGGGGETGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGETGGGECTCTATGG
CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:22

Codon-optimized
nucleotide sequence
encoding FXN IDT4
for cloning into pTRs-
KS-CBh-EGFP-BGH
SCAAV vector

Agel site in bold;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Mlul site in bold
italics

(See Figure 2D)

TAGAAGACCGGTCGCCACCatgtggactctgggcecggcggyg
ccgtagectggettgetggetageccaagtcecececgeccagget
cagactctcaccagggtacccaggcccgcagagcecttgetcee
actctgcggacgcaggggtctgecgaaccgatatcgacgcaa
cttgcacgccgcggagggectcttcaaaccagagaggacte
aatcaaatttggaatgtaaagaaacagagcgtgtatctcat
gaacctccgaaagagtgggactcttgggcaccececggetece
tggacgagactacttacgagcgecctggccgaagaaaccttg
gattccctggeggagttttttgaagacttggcagacaagcece
ttataccttcgaggattacgacgtgagttttggctcectggtg
ttcttacagtcaagctcecggtggegaccttggecacttatgta
attaacaagcagacacctaacaagcagatctggctttctag
tcecgtcttecggteccaaaaggtacgattggactggaaaga
actgggtctacagtcacgacggtgtctccctgcacgaattg
cttgcggctgagctgactaaggcgctcaaaacaaaactgga
tctgtccageccttgectatagegggaaggacgcatgaCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG

CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGETGGGGETGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGETGGGECTCTATGG
CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:23

Codon-optimized
nucleotide sequence
encoding FXN
GenScript for cloning
into pTRs-KS-CBh-

TAGAAGACCGGTCGCCACCatgtggacactgggccggagag
ccgtecgetgggctgetggecatcaccatccceecgecacaggea
cagaccctgacaagagtccecctcecggeccagecagagectggecce
actgtgcgggcggagaggactgcgaaccgacatcgatgecta
cttgtaccccaaggecgagcaagctceccaaccagegagggetyg
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EGFP-BGH scAAV
vector

Agel site in bold;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Milul site in bold
italics

(See Figure 2E)

aaccagatttggaatgtgaagaaacagtctgtctacctgat
gaatctgagaaagagcggcactctgggacaccctggecagcecce
tggacgagaccacctacgagcggctggeccgaggaaaccctg
gattccctggecgagttcectttgaagacctggectgataagcece
atacaccttcgaagactatgacgtgagcttecggcageggeg
tgctgacagtcaaactgggcggggacctgggaacatacgtg
atcaacaagcagactcctaacaagcagatttggctgtctag
tcecctcaagecggecctaagaggtacgactggacagggaaaa
actgggtgtatagtcacgatggcgtctcactgcatgagetg
ctggccgctgaactgactaaagccctgaaaactaaactgga
cctgtcecttecectggecatactcectggcaaggacgectgaCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG
CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGTGGGEGTGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGG
CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:24

Codon-optimized
nucleotide sequence
encoding FXN
GenScript (low CpG)
for cloning into pTRs-
KS-CBh-EGFP-BGH
SCAAV vector

Agel site in bold,;
Avrll underlined;
CSS double
underlined;

Spel in bold
underlined;
bGHpolyA in jtalics;
Mlul site in bold
italics

(See Figure 2F)

TAGAAGACCGGTCGCCACCatgtggactctgggccggagayg
cagtggcaggactgctggcaagtccatcacctgectcaggea
cagactctgacaagagtcccaagacctgcagagctggectce
actgtgcgggaggcgcggactgagaacagacatcgatgcecta
catgtactcctcgacgggcaagctccaaccagegagggcetyg
aaccagatttggaatgtgaagaaacagtccgtctacctgat
gaatctgaggaagtcaggcaccctggggcacccaggaagte
tggacgagaccacatatgaacggctggctgaggaaacactg
gattctctggccgagttctttgaagacctggectgataagcece
ctacacattcgaagactatgatgtgagctttggatccggeg
tgctgactgtcaaactgggcggggacctgggcacttacgtg
atcaacaagcagacccctaacaagcagatttggctgtctag
tcecttcaagecggaccaaagcecggtacgactggaccggcaaaa
actgggtgtattctcacgatggggtcagtctgcatgagetg
ctggccgctgaactgaccaaggccctgaagacaaaactgga
cctgtcecctetetggecatatagecggaaaagatgectgaCGAG
CGGCCGCTCCTAGGAGCAGTATCGATCCCAGCCCACTTTTC
CCCAATACGACTAGTACTCGACTGTIGCCTTCTAGTTGCCAG
CCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCT
GGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGG
AAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTG
GGGGGTGGGEGTGGGGCAGGACAGCAAGGGGGAGGATTGGGA
AGACAACAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGG
CTTCTGAGGCGGAAAGAACCAGCTTTGGACGCGTCTTAAG

SEQID
NO:25

Nucleic acid
sequence encoding
collagen stabilizing
sequence (CSS)

CCCAGCCCACTTTTCCCCAA

SEQID
NO:26

Nucleic acid
sequence of CBh
promoter

tacataacttacggtaaatggcccgecctggectgacecgecca
acgaccccecgceccattgacgtcaatagtaacgccaataggg
actttccattgacgtcaatgggtggagtatttacggtaaac
tgcccacttggcagtacatcaagtgtatcatatgccaagta
cgccccectattgacgtcaatgacggtaaatggececgectgg
cattgtgcccagtacatgaccttatgggactttcctacttyg
gcagtacatctacgtattagtcatcgctattaccatggteg
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aggtgagccccacgttctgcttcactcectececcecatectececcece
ccctccecccacceccceccaattttgtatttatttattttttaatt

attttgtgcagecgatgggggcggggggggggggggggcygcy
cgccaggeggggeggggceggggcgaggggcggggcggggcyg
aggcggagaggtgcggcggcagccaatcagagecggegeget
ccgaaagtttecttttatggecgaggecggeggeggeggegge
cctataaaaagcgaagcgcecgcecggcecgggcecgggagtegetgeg
acgctgccttegeccegtgececcegetecgecgecgectege
gccgeccecgecceccggcetetgactgaccgegttacteccacag
gtgagcgggcgggacggcceccttcetectececgggectgtaatta
gctgagcaagaggtaagggtttaagggatggttggttggtg
gggtattaatgtttaattacctggagcacctgecctgaaatce
actttttttcaggttgga

WO 2017/077451
SEQ ID | Nucleic acid
NO:27 sequence of bGHpoly

A signal sequence

CTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCC
CCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCC
ACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTG
TCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGC
AGGACAGCAAGGGGGAGGATT GGGAAGACAACAGCAGGCAT
GCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAG
AACCAGCT

SEQID
NO:28

Nucleotide sequence
encoding AAV2i8
capsid (VP1)

atggctgccgatggttatcttccagattggectcecgaggacac
tctctctgaaggaataagacagtggtggaagctcaaacctg
gcccaccaccaccaaagcccgcagageggcataaggacgac
agcaggggtcttgtgcttectgggtacaagtaccteggace
cttcaacggactcgacaagggagagccggtcaacgaggcag
acgccgcggecctcecgagcacgacaaagcctacgaceggeag
ctcgacagcggagacaacccgtacctcaagtacaaccacgce
cgacgcggagtttcaggagcgccttaaagaagatacgtcectt
ttgggggcaacctcggacgagcagtcttceccaggecgaaaaag
agggttcttgaacctctgggecctggttgaggaacctgttaa
gacggctccgggaaaaaagaggccggtagagcactctectg
tggagccagactcecctecctegggaaccggaaaggecgggecag
cagcctgcaagaaaaagattgaattttggtcagactggaga
cgcagactcagtacctgacccccagcctceteggacagecac
cagcagccceccctectggtectgggaactaatacgatggectaca
ggcagtggcgcaccaatggcagacaataacgagggcgccga
cggagtgggtaattcctcgggaaattggcattgecgattccea
catggatgggcgacagagtcatcaccaccagcacccgaace
tgggcccectgecccacctacaacaaccacctctacaaacaaat
ttccagccaatcaggagecctecgaacgacaatcactactttg
gctacagcaccccttgggggtattttgacttcaacagattce
cactgccacttttcaccacgtgactggcaaagactcatcaa
caacaactggggattccgacccaagagactcaacttcaagce
tctttaacattcaagtcaaagaggtcacgcagaatgacggt
acgacgacgattgccaataaccttaccagcacggttcaggt
gtttactgactcggagtaccagctccegtacgtectegget
cggcgcatcaaggatgectcecceccgeccegtteccagcagacgte
ttcatggtgccacagtatggatacctcaccctgaacaacgg
gagtcaggcagtaggacgctcttcattttactgectggagt
actttccttctcagatgctgegtaccggaaacaactttace
ttcagctacacttttgaggacgttcctttceccacagcageta
cgctcacagccagagtctggaccgtctcatgaatcctcetea
tcgaccagtacctgtattacttgagcagaacaaacactcca
agtggaaccaccacgcagtcaaggcttcagttttcectgtgge
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cggacccagtaacatggctgtccagggaaggaactggectte
ctggaccctgttacecgeccagcagcgagtatcaaagacatcet
gcggataacaacaacagtgaatttgcttggactggagctac
caagtaccacctcaatggcagagactctctggtgaatccecgg
gcceccggcecatggcaagceccacaaggacgatgaagaaaagttt
tttcectecagagecggggttetecatetttgggaagcaaggete
agagaaaacaaatgtggacattgaaaaggtcatgattacag
acgaagaggaaatcaggacaaccaatcccgtggctacggag
cagtatggttctgtatctaccaacctccagcaacagaacac
agcaccagctaccgcagatgtcaacacacaaggcgttectte
caggcatggtctggcaggacagagatgtgtaccttcagggg
cccatctgggcaaagattccacacacggacggacattttcea
cccctetececctecatgggtggattecggacttaaacacecte
ctccacagattctcatcaagaacaccccggtacctgcgaat
ccttcgaccaccttcagtgecggcaaagtttgettectteat
cacacagtactccacgggacaggtcagcgtggagatcgagt
gggagctgcagaaggaaaacagcaaacgctggaatcccgaa
attcagtacacttccaactacaacaagtctgttaatgtgga
ctttactgtggacactaatggcgtgtattcagagcctecgece
ccattggcaccagatacctgactcgtaatctgtaa

SEQID
NO:29

Amino acid sequence
of AAV2i8 capsid
(VP1)

MAADGYLPDWLEDTLSEGI ROWWKLKPGPPPPKPAERHKDD
SRGLVLPGYKYLGPENGLDKGEPVNEADAAATLEHDKAYDRQ
LDSGDNPYLKYNHADAEFQERLKEDTSFGGNLGRAVEFQAKK
RVLEPLGLVEEPVKTAPGKKRPVEHSPVEPDSSSGTGKAGQ
QPARKRLNFGQOTGDADSVPDPQPLGOPPAAPSGLGTNTMAT
GSGAPMADNNEGADGVGNS SGNWHCDSTWMGDRVITTSTRT
WALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYEFDENRE
HCHEFSPRDWOQRLINNNWGEFRPKRLNFKLENIQVKEVTQONDG
TTTIANNLTSTVQVEFTDSEYQLPYVLGSAHQGCLPPFPADV
FMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNET
FSYTFEDVPFHSSYAHSQOSLDRLMNPLIDQYLYYLSRTNTP
SGTTTOSRLOFSVAGPSNMAVOGRNWLPGPCYRQQRVSKTS
ADNNNSEFAWTGATKYHLNGRDSLVNPGPAMASHKDDEEKEF
FPOSGVLIFGKQOGSEKTNVDIEKVMITDEEEIRTTNPVATE
QYGSVSTNLOOONTAPATADVNTQGVLPGMVWQDRDVYLQG
PIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIKNTPVPAN
PSTTFSAAKFASFITQYSTGQVSVEIEWELOKENSKRWNPE
IQYTSNYNKSVNVDETVDTNGVYSEPRPIGTRYLTRNL

SEQID
NO:30

Nucleic acid
encoding AAV2-TT
capsid (VP1)
(nucleotides that
differ from WT AAV2

are underlined)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAC
TCTCTCTGAAGGAATAAGACAGTGGTGGAAGCTCAAACCTG
GCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGAC
AGCAGGGGTCTTGTGCTTCCTGGGTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGAGAGCCGGTCAACGAGGCAG
ACGCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAG
CTCGACAGCGGAGACAACCCGTACCTCAAGTACAACCACGC
CGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTT
TTGGGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAG
AGGATTCTTGAACCTCTGGGCCTGGTTGAGGAACCTGTTAA
GACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTG
CGGAGCCAGACTCCTCCTCGGGAACCGGAAAGTCGGGCCAG
CAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGA
CGCAGACTCAGTACCTGACCCCCAGCCTCTCGGACAGCCAC
CAGCAGCCCCCTCTGGTCTGGGAACTAATACGATGGCTTCA
GGCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGA
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CGGAGTGGGTAATTCCTCGGGAAATTGGCATTGCGATTCCA
CATGGATGGGCGACAGAGT CATCACCACCAGCACCCGAACC
TGGGCCCTGCCCACCTACAACAACCACCTCTACAAACAAAT
TTCCAGCCAATCAGGAGCCTCGAACGACAATCACTACTTTG
GCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGATTC
CACTGCCACTTTTCACCACGTGACTGGCAAAGACTCATCAA
CAACAACTGGGGATTCCGACCCAAGAGACTCAGCTTCAAGC
TCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGACGGT
ACGACGACGATTGCCAATAACCTTACCAGCACGGTTCAGGT
GTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCT
CGGCGCATCAAGGATGCCTCCCGCCGTTCCCAGCAGACGTC
TTCATGGTGCCACAGTATGGATACCTCACCCTGAACAACGG
GAGTCAGGCAGTAGGACGCTCTTCATTTTACTGCCTGGAGT
ACTTTCCTTCTCAGATGCTGCGTACCGGAAACAACTTTACC
TTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTA
CGCTCACAGCCAGAGTCTGGACCGTCTCATGAATCCTCTCA
TCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCCA
AGTGGAACCACCACGATGTCAAGGCTTCAGTTTTCTCAGGC
CGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTGGCTTC
CTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACAGCT
GCGGATAACAACAACAGTGATTACTCGTGGACTGGAGCTAC
CAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCCGG
GCCCGGCCATGGCAAGCCACAAGGACGATGAAGAAAAGTAT
TTTCCTCAGAGCGGGGTTCTCATCTTTGGGAAGCAAGALCTC
AGGAAAAACAAATGTGGACATTGAARAGGTCATGATTACAG
ACGAAGAGGAAATCAGGACAACCAATCCCGTGGCTACGGAG
CAGTATGGTTCTGTATCTACCAACCTCCAGAGCGGCAACALC
ACAAGCAGCTACCTCAGATGT CAACACACAAGGCGTTCTTC
CAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAGGGG
CCCATCTGGGCAAAGATTCCACACACGGACGGACATTTTCA
CCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACCCTC
CTCCACAGATTCTCATCAAGAACACCCCGGTACCTGCGAAT
CCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTCCTTCAT
CACACAGTACTCCACGGGACAGGTCAGCGTGGAGATCGAGT
GGGAGCTGCAGAAGGAAAACAGCAAACGCTGGAATCCCGAA
ATTCAGTACACTTCCAACTACAACAAGTCTGTTAATGTGGA
CTTTACTGTGGACACTAATGGCGTGTATTCAGAGCCTCGCC
CCATTGGCACCAGATACCTGACTCGTAATCTGTAA

SEQID
NO:31

Amino acid sequence
of AAV2-TT capsid
(VP1)

MAADGYLPDWLEDTLSEGI ROWWKLKPGPPPPKPAERHKDD
SRGLVLPGYKYLGPENGLDKGEPVNEADAAATLEHDKAYDRQ
LDSGDNPYLKYNHADAEFQERLKEDTSFGGNLGRAVEFQAKK
RILEPLGLVEEPVKTAPGKKRPVEHSPAEPDSSSGTGKSGQ
QPARKRLNFGOTGDADSVPDPQPLGOPPAAPSGLGTNTMAS
GSGAPMADNNEGADGVGNS SGNWHCDSTWMGDRVITTSTRT
WALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYEFDENRE
HCHEFSPRDWOQRLINNNWGEFRPKRLSFKLENIQVKEVTQONDG
TTTIANNLTSTVQVEFTDSEYQLPYVLGSAHQGCLPPFPADV
FMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNET
FSYTFEDVPFHSSYAHSQOSLDRLMNPLIDQYLYYLSRTNTP
SGTTTMSRLOFSQAGASDIRDOSRNWLPGPCYROQRVSKTA
ADNNNSDYSWTGATKYHLNGRDSLVNPGPAMASHKDDEEKY
FPOSGVLIFGKODSGKTNVDIEKVMITDEEEIRTTNPVATE
QYGSVSTNLOSGNTQAATSDVNTQGVLPGMVWQDRDVYLQG
PIWAKTIPHTDGHFHPSPLMGGFGLKHPPPQILTIKNTPVPAN
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PSTTFSAAKFASFITQYSTGQVSVEIEWELOKENSKRWNPE
IQYTSNYNKSVNVDETVDTNGVYSEPRPIGTRYLTRNL

SEQID
NO:32

Nucleic acid
encoding AAV2-TT-
S312N capsid (VP1)
(nucleotides that
differ from WT AAV2

are underlined)

ATGGCTGCCGATGGTTATCTTCCAGATTGGCTCGAGGACAC
TCTCTCTGAAGGAATAAGACAGTGGTGGAAGCTCAAACCTG
GCCCACCACCACCAAAGCCCGCAGAGCGGCATAAGGACGAC
AGCAGGGGTCTTGTGCTTCCTGGGTACAAGTACCTCGGACC
CTTCAACGGACTCGACAAGGGAGAGCCGGTCAACGAGGCAG
ACGCCGCGGCCCTCGAGCACGACAAAGCCTACGACCGGCAG
CTCGACAGCGGAGACAACCCGTACCTCAAGTACAACCACGC
CGACGCGGAGTTTCAGGAGCGCCTTAAAGAAGATACGTCTT
TTGGGGGCAACCTCGGACGAGCAGTCTTCCAGGCGAAAAAG
AGGATTCTTGAACCTCTGGGCCTGGTTGAGGAACCTGTTAA
GACGGCTCCGGGAAAAAAGAGGCCGGTAGAGCACTCTCCTG
CGGAGCCAGACTCCTCCTCGGGAACCGGAAAGTCGGGCCAG
CAGCCTGCAAGAAAAAGATTGAATTTTGGTCAGACTGGAGA
CGCAGACTCAGTACCTGACCCCCAGCCTCTCGGACAGCCAC
CAGCAGCCCCCTCTGGTCTGGGAACTAATACGATGGCTTCA
GGCAGTGGCGCACCAATGGCAGACAATAACGAGGGCGCCGA
CGGAGTGGGTAATTCCTCGGGAAATTGGCATTGCGATTCCA
CATGGATGGGCGACAGAGTCATCACCACCAGCACCCGAACC
TGGGCCCTGCCCACCTACAACAACCACCTCTACAAACAAAT
TTCCAGCCAATCAGGAGCCTCGAACGACAATCACTACTTTG
GCTACAGCACCCCTTGGGGGTATTTTGACTTCAACAGATTC
CACTGCCACTTTTCACCACGTGACTGGCAAAGACTCATCAA
CAACAACTGGGGATTCCGACCCAAGAGACTCAACTTCAAGC
TCTTTAACATTCAAGTCAAAGAGGTCACGCAGAATGACGGT
ACGACGACGATTGCCAATAACCTTACCAGCACGGTTCAGGT
GTTTACTGACTCGGAGTACCAGCTCCCGTACGTCCTCGGCT
CGGCGCATCAAGGATGCCTCCCGCCGTTCCCAGCAGACGTC
TTCATGGTGCCACAGTATGGATACCTCACCCTGAACAACGG
GAGTCAGGCAGTAGGACGCTCTTCATTTTACTGCCTGGAGT
ACTTTCCTTCTCAGATGCTGCGTACCGGAAACAACTTTACC
TTCAGCTACACTTTTGAGGACGTTCCTTTCCACAGCAGCTA
CGCTCACAGCCAGAGTCTGGACCGTCTCATGAATCCTCTCA
TCGACCAGTACCTGTATTACTTGAGCAGAACAAACACTCCA
AGTGGAACCACCACGATGT CAAGGCTTCAGTTTTCTCAGGC
CGGAGCGAGTGACATTCGGGACCAGTCTAGGAACTGGCTTC
CTGGACCCTGTTACCGCCAGCAGCGAGTATCAAAGACAGCT
GCGGATAACAACAACAGTGATTACTCGTGGACTGGAGCTAC
CAAGTACCACCTCAATGGCAGAGACTCTCTGGTGAATCCGG
GCCCGGCCATGGCAAGCCACAAGGACGATGAAGAARAGTAT
TTTCCTCAGAGCGGGGTTCTCATCTTTGGGAAGCAAGACTC
AGGAAAAACAAATGTGGACATTGAARAAGGTCATGATTACAG
ACGAAGAGGAAATCAGGACAACCAATCCCGTGGCTACGGAG
CAGTATGGTTCTGTATCTACCAACCTCCAGAGCGGCAACAC
ACAAGCAGCTACCTCAGATGTCAACACACAAGGCGTTCTTC
CAGGCATGGTCTGGCAGGACAGAGATGTGTACCTTCAGGGG
CCCATCTGGGCAAAGATTCCACACACGGACGGACATTTTCA
CCCCTCTCCCCTCATGGGTGGATTCGGACTTAAACACCCTC
CTCCACAGATTCTCATCAAGAACACCCCGGTACCTGCGAAT
CCTTCGACCACCTTCAGTGCGGCAAAGTTTGCTTCCTTCAT
CACACAGTACTCCACGGGACAGGTCAGCGTGGAGATCGAGT
GGGAGCTGCAGAAGGAAAACAGCAAACGCTGGAATCCCGAA
ATTCAGTACACTTCCAACTACAACAAGTCTGTTAATGTGGA
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CTTTACTGTGGACACTAATGGCGTGTATTCAGAGCCTCGCC
CCATTGGCACCAGATACCTGACTCGTAATCTGTAA

SEQID
NO:33

Amino acid sequence
of AAV2-TT-S312N
capsid (VP1)

MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDD
SRGLVLPGYKYLGPENGLDKGEPVNEADAAATLEHDKAYDRQ
LDSGDNPYLKYNHADAEFQERLKEDTSFGGNLGRAVEFQAKK
RILEPLGLVEEPVKTAPGKKRPVEHSPAEPDSSSGTGKSGQ
QPARKRLNFGOTGDADSVPDPQPLGOPPAAPSGLGTNTMAS
GSGAPMADNNEGADGVGNS SGNWHCDSTWMGDRVITTSTRT
WALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYEFDFNRE
HCHEFSPRDWOQRLINNNWGEFRPKRLNFKLENIQVKEVTQONDG
TTTIANNLTSTVQVEFTDSEYQLPYVLGSAHQGCLPPFPADV
FMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNET
FSYTFEDVPFHSSYAHSQOSLDRLMNPLIDQYLYYLSRTNTP
SGTTTMSRLOFSQAGASDIRDOSRNWLPGPCYROQRVSKTA
ADNNNSDYSWTGATKYHLNGRDSLVNPGPAMASHKDDEEKY
FPOSGVLIFGKODSGKTNVDIEKVMITDEEEIRTTNPVATE
QYGSVSTNLOSGNTQAATSDVNTQGVLPGMVWQDRDVYLQG
PIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIKNTPVPAN
PSTTFSAAKFASFITQYSTGQVSVEIEWELOKENSKRWNPE
IQYTSNYNKSVNVDETVDTNGVYSEPRPIGTRYLTRNL
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CLAIMS

What is claimed is:

1. A modified nucleic acid encoding frataxin (FXN), wherein said nucleic acid is expressed at a
greater level compared with the level of expression of the wild type FXN nucleic acid sequence of SEQ ID
NO:2 in an otherwise identical cell, and wherein the modified nucleic acid comprises the nucleic acid
sequence of SEQ ID NO: 7.

2. The modified nucleic acid of claim 1, wherein the nucleic acid comprises a GC content of at least
55%, a number of CpG dinucleotides not greater than 117, and a codon adaptation index (CAl) of at least
0.86.

3. A recombinant expression vector comprising the modified nucleic acid encoding the FXN of claim
1.
4. The recombinant expression vector of claim 3, wherein said vector is a recombinant adeno-

associated virus (rAAV) vector and the modified nucleic acid comprising the FXN is self-complementary.
5. The recombinant expression vector of claim 3, wherein said vector is a recombinant adeno-
associated virus (rAAV) vector.

6. The rAAV vector of claim 5, wherein said rAAV vector further comprises a capsid selected from
the group consisting of a capsid of AAV1, AAV2, AAV3, AAV4, AAV5, AAV6, AAV7, AAVS, AAV9, AAV10,
AAV11, AAV12, AAVrh10, AAVrh74, RHM4-1, RHM15-1, RHM15-2, RHM15-3/RHM15-5, RHM15-4,
RHM15-6, AAV Hu.26, AAV1.1, AAV2.5, AAV6.1, AAV6.3.1, AAV9.45, AAV2i8, AAV2G9, AAV2i8G9,
AAV2-TT, AAV2-TT-S312N, AAV3B-S312N, and AAV-LKO03.

7. The rAAV vector of claim 6, wherein the capsid is selected from the group consisting of a capsid
of AAV2i8, AAV9, AAV-LK03 and AAV2-TT-S312N.
8. The rAAV vector of claim 4, wherein the modified nucleic acid further comprises at least one

element selected from the group consisting of: at least one adeno-associated virus (AAV) terminal repeat
sequence, an enhancer, a promoter, a collagen stabilizing sequence (CSS), a stop codon, and a poly-
adenylation (polyA) signal sequence.

9. The rAAV vector of claim 8, said rAAV vector comprising two AAV terminal repeat sequences, a
cytomegalovirus enhancer/chicken beta actin promoter (CBh) promoter, a CSS, and a bovine growth
hormone poly-adenylation signal sequence (bGHpolyA).

10. The rAAV vector of claim 8, said vector comprising a nucleic acid comprising, from 5'to 3": (a) an
AAV2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26; (c) a
modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a CSS
comprising the nucleic acid sequence of SEQ ID NO:25; (e) a bGHpolyA signal sequence comprising the
nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

11. The rAAV vector of claim 10, further comprising an AAV2i8 capsid wherein the VP1 comprises the
amino acid sequence of SEQ ID NO:29, said vector comprising a nucleic acid comprising, from 5'to 3": (a)
an AAV?2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO26; (c)
a modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a CSS
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comprising the nucleic acid sequence of SEQ ID NO: 25; (e) a bGHpolyA signal sequence comprising the
nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

12. The rAAV vector of claim 10, further comprising an AAV2-TT-S312N capsid wherein the VP1
comprises the amino acid sequence of SEQ ID NO:33, said vector comprising a nucleic acid comprising,
from 5'to 3": (a) an AAV2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of
SEQ ID NO:26; (c) a modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ
ID NO:7; (d) a CSS comprising the nucleic acid sequence of SEQ ID NO:25; (e) a bGHpolyA signal
sequence comprising the nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

13. A rAAV vector for use in the treatment of Friedreich ataxia (FRDA) in a patient in need thereof,
wherein said vector comprises the modified nucleic acid encoding FXN of claim 1.

14. A pharmaceutical composition comprising the rAAV vector of claim 13, and a pharmaceutically

acceptable carrier.

15. Use of the rAAV vector of claim 13 in the manufacture of a medicament for the treatment of
FRDA.
16. The use of claim 15, wherein the medicament is to be administered systemically, by direct cardiac

administration or by intracranial administration.

17. The use of claim 16, wherein the medicament is to be administered intracranially.
18. The use of claim 16, wherein the medicament is to be directly administered into the heart.
19. Use of the rAAV vector of claim 13 in the manufacture of a medicament for the treatment of a

disease, disorder or condition mediated by a decreased level of FXN

20. An isolated host cell comprising the modified nucleic acid encoding FXN of claim 1.

21. The host cell of claim 20, wherein the cell is selected from the group consisting of VERO, W38,
MRCS5, A549, HEK293 cells, B-50 HelLa, HepG2, Saos-2, HuH7, and HT1080.

22. The host cell of claim 21, wherein the cell is a HEK293 cell adapted to growth in suspension
culture.

23. The host cell of claim 21, wherein the cell is a HEK293 cell having American Type Culture
Collection (ATCC) No. PTA 13274.

24, The host cell of claim 20, said cell comprising at least one nucleic acid encoding at least one

protein selected from the group consisting of a replication (Rep) protein, a capsid (Cap) protein, an
adenovirus early region 1a (Ela) protein, a E1b protein, an E2a protein, an E4 protein and a viral
associated (VA) RNA.

25. An ex vivo method for increasing the level of frataxin in a cell, said method comprising
transducing said cell with the recombinant expression vector of claim 1.

26. The vector of claim 8, comprising a nucleic acid comprising, from 5' to 3": (a) an AAV2 terminal
repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26; (c) the modified
nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a bGHpolyA signal
sequence comprising the nucleic acid sequence of SEQ ID NO:27; and (e) an AAV2 terminal repeat.

27. The vector of claim 26, further comprising a capsid selected from the group consisting of a capsid
of AAV2i8, AAV9, AAV-LK03, and AAV2-TT-S312N.

28. The vector of claim 27, further comprising a CSS comprising the nucleic acid sequence of SEQ ID

NO:25 immediately following the sequence encoding FXN.
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29. The vector of claim 28, comprising a capsid of AAV2i8, and further comprising, from 5'to 3": (a)
an AAV?2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26; (c)
the modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a CSS
comprising the nucleic acid sequence of SEQ ID NO:25; (e) a bGHpolyA signal sequence comprising the
nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

30. The vector of claim 28, comprising a capsid of AAV9, and further comprising, from 5'to 3": (a) an
AAV2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26; (c) the
modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a CSS
comprising the nucleic acid sequence of SEQ ID NO:25; (e) a bGHpolyA signal sequence comprising the
nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

31. The vector of claim 28, comprising a capsid of AAV-LKO03, and further comprising, from 5' to 3": (a)
an AAV2 terminal repeat; (b) a CBh promoter comprising the nucleic acid sequence of SEQ ID NO:26; (c)
the modified nucleic acid encoding FXN comprising the nucleic acid sequence of SEQ ID NO:7; (d) a CSS
comprising the nucleic acid sequence of SEQ ID NO:25; (e) a bGHpolyA signal sequence comprising the
nucleic acid sequence of SEQ ID NO:27; and (f) an AAV2 terminal repeat.

32. The use of claim 16, wherein the systemic administration is intravenous administration.



