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AAV GENE THERAPY APPROACH FOR TREATING

LGMD2B/DYSFERLINOPATHY

FIELD OF DISCLOSURE

This disclosure relates to compositions for the treatment of dysferlinopathies.

BACKGROUND

Mutations in the human dysferlin gene (DYSF) cause autosomal recessive muscular

dystrophies characterized by degeneration and weakness of proximal and/or distal muscles:

limb girdle muscular dystrophy type 2B (LGMD2B) and Miyoshi myopathy (MM). The

majority of mutations in DYSF lead to the absence or severe reduction in the amount of

dysferlin protein present in the muscle cells.

The lack of dysferlin in muscle cells leads to lack of muscle fiber repair and

eventually muscle cell death. Most individuals with dysferlinopathy eventually require the

assistance of a wheelchair within 10-20 years of the onset of muscle weakness. Everyday

tasks, including standing from a seating position, can become very difficult or nearly

impossible.

There is no cure for dysferlinopathy and few effective treatments. Physical therapy is

often required simply to retain muscle strength and mobility for as long as possible. As

muscles deteriorate, a ventilator may be required to aid breathing.

SUMMARY

20 The present invention provides compositions and methods for the treatment of

dysferlinopathies that overcome the packaging capacity limits of adeno-associated viral

(AAV) vectors. Aspects of the invention provide a composition comprising a first nucleic

and second nucleic acid molecule each encoding a separate portion of the dysferlin protein

and an intein. For example, the first nucleic acid molecule may comprise a sequence

25 encoding a first portion of the Dysferlin protein and a first portion of a split intein, and the

second nucleic acid molecule may comprise a sequence encoding second portion of the

Dysferlin protein and a second portion of a split intein. The first nucleic acid molecule and

second nucleic acid molecule each encode different portions of the Dysferlin protein that

form a functional Dysferlin protein with fused together through protein splicing.
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Advantageously, each nucleic acid may be packaged into a viral vector, for example

an AAV vector.

Typical AAV vectors have a packaging capacity of~4.7Kb. Nucleic acids are almost

universally packaged with two terminal ITRs, each about 0.14 Kb in length. Additionally

regulatory elements, for example promoter, intron, and poly(A) elements, may be about 0.6-1

Kb. As a result, the maximal allowable cDNA length must be less than 3.8 Kb. Gene

therapies are restricted by the packaging capacity limit of adeno-associated viral (AAV)

vectors. As a consequence, the size of the DYSF coding sequence (~6,243 bp) prevents

packaging of the transgene into traditional AAV serotypes, including AAV9. Dual vector

AAV-mediated transgene approaches propose expressing parts of a protein from separate

vectors followed up homologous recombination or RNA trans-splicing. These approaches,

however, are ineffective in skeletal muscle. Without being limited to a mechanism of action,

this is thought to be because such approaches require both AAV vectors to enter the same

nucleus, where RNA splicing and homologous recombination need to occur. Given that there

are hundreds of nuclei in each muscle fiber, efficiency of homologous recombination in post-

mitotic tissues (for example, skeletal muscle) is extremely low.

Without being limited to a mechanism of action, aspects of the present invention

overcome these limitations by allowing each portion of the dysferlin protein to be expressed

in different nuclei of multi-nucleated cells. Once expressed, the two portions of the Dysferlin

protein may be joined by splicing of the respective inteins within the cytoplasm of the muscle

cells. Splicing of the respective inteins in the cytoplasm results in formation of a functional

Dysferlin protein.

In aspects of the invention provide, the first portion of the dysferlin protein may be

between 1100 and 1150 amino acids in length. The second portion of the dysferlin protein

may be between 930 and 980 amino acids in length. For example, the first portion of the

dysferlin protein may comprise the C2A-C2C, Fer domains, and dysF domains of the DYSF

gene and the second portion of the dysferlin protein may comprise the C2D-C2G domains, as

well as the transmembrane domain. The dysferlin protein may be sliced between amino acids

1100 and 1136, counted from the N terminus of the dysferlin protein.

2
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In aspects of the invention, the first nucleic acid molecule may be packaged in a first

vector and the second nucleic acid molecule is packaged in a second vector. Each vector may

be an adeno-associated viral (AAV) vector. The first nucleic acid molecule may comprise in

order, an ITR region, a promoter, the sequence encoding a first portion of the Dysferlin

protein, the first intein, an ITR region. The second nucleic acid molecule may comprise, in

order, an ITR region, a promoter, the second intein, the sequence encoding a second portion

of the Dysferlin protein, an ITR region. Accordingly, the first nucleic acid molecule may

have an intein N-terminal to the sequence encoding the first portion of the dysferlin protein

and the second nucleic acid molecule may have an intein C-terminal to the sequence

encoding the second portion of the dysferlin protein.

Further advantageously, each AAV vector may comprise a capsid protein having at

least one modification that results in reduced liver-tropism of the AAV vector and/or

preferential targeting of the AAV vector to muscle tissue. For example, the AAV vector may

comprise a capsid protein selected from the sequences in Tables 1-4

The present invention also provides methods of treating a subject suffering from a

dysferlinopathy comprising providing to the subject a composition comprising a first nucleic

and second nucleic acid molecule each encoding a separate portion of the dysferlin protein

and an intein. The dysferlinopathy may be any dysferlinopathy, for example miyoshi

myopathy (MM), Limb-girdle muscular dystrophy type 2B (LGMD2B), and Scapuloperoneal

20 syndrome.

25

30

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing methods of the invention.

FIG. 2 is a crystal structure for dysferlin.

FIG. 3 is a diagram of dysferlin protein and its domains.

FIG. 4 is a diagram of the nucleic acid molecules of the invention.

FIG. 5 is a western blot of cells transfected with the dysferlin-intein plasmids using

an anti-HA tag antibody.

FIG. 6 is a western blot of cells transfected with the dysferlin-intein plasmids using

an anti-FLAG tag antibody.

3
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FIG. 7 is a diagram of the nucleic acid molecules of the invention where the

Dysferlin-intein is expressed under the control of a muscle-specific CK8 promoter.

FIG. 8 is a western blot of C2C12 myotubes transduced with the AAV-dysferlin-

intein using an anti-HA tag antibody.

FIG. 9 is a western blot of C2C12 myotubes transduced with the AAV-dysferlin-

intein using an anti-FLAG tag antibody.

FIG. 10 is a western blot of dysferlin knock out C2C12 myotubes transduced with the

AAV-dysferlin-intein using an anti-HA tag antibody.

FIG. 11 is a western blot of dysferlin knock out C2C12 myotubes transduced with the

AAV-dysferlin-intein using an anti-FLAG tag antibody.

FIG. 12 is a western blot of dysferlin expression in BLA/J mice in vivo after

administration of the AAV-dysferlin-intein using an anti-dysferlin N-terminal antibody.

FIG. 13 is a bar graph of dysferlin expression in BLA/J mice in vivo after

administration of the AAV-dysferlin-intein.

FIG. 14 is a western blot of dysferlin expression in BLA/J mice in vivo after

administration of the AAV-dysferlin-intein using an anti-dysferlin C-terminal antibody.

FIG. 15 is a bar graph of dysferlin expression in BLA/J mice in vivo after

administration of the AAV-dysferlin-intein.

FIG. 16 is a schematic of the split intein strategy.

FIG. 17 is western blot a screen of dysferlin inteins.

FIG. 18A-B shows capillary electrophoresis results following split intein transduction

in mouse myotubes.

FIG. 19A-D show the expression of dysferlin in knock out mice following vector

administration.

FIG. 20 show images of dysferlin protein expression in the Tibialis Anterior muscle

following vector administration.

FIG. 21 shows images of membrane repair in mice following vector administration.

FIG. 22A-B are graphs showing quantification of membrane repair in mice following

vector administration.

4
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DETAILED DESCRIPTION

The present invention provides compositions and methods for the treatment of

dysferlinopathies that overcome the packaging capacity limits of adeno-associated viral

(AAV) vectors. Aspects of the invention provide a composition comprising a first nucleic

5 and second nucleic acid molecule each encoding a separate portion of the dysferlin protein

and an intein. For example, the first nucleic acid molecule may comprise a sequence

encoding a first portion of the Dysferlin protein and a first portion of a split intein and the

second nucleic acid molecule may comprise a sequence encoding second portion of the

Dysferlin protein and a second potion of a split intein. The first nucleic acid molecule and

10 second nucleic acid molecule each encode different portions of the Dysferlin protein that

form a functional Dysferlin protein when fused together through protein splicing.

Only by the present invention was it discovered that dysferlin can be packaged and

reconstituted by trans-intein splicing. The present invention recognizes that trans-splicing of

large proteins is often impossible. For example, intein-mediated protein trans-splicing has

15 been attempted reconstitute dystrophin in muscle and the L-type calcium channel in

cardiomyocytes, however these attempts were met with limited efficacy. See, e.g. Tornabene

(2019) "Intein-mediated protein trans-splicing expands adeno-associated virus transfer

capacity in the retina", Sci Transl Med. 11(492), the contents of  which are incorporated by

reference herein in their entirety. Construct design needs to take into account junction points

20 of amino acid residues needed for efficient protein trans-splicing and splitting of the proteins

outside of structural domains to avoid incorrect polypeptide folding.

25

FIG. 1 is a diagram showing methods of the invention. As shown a first DNA

molecule encodes an N-terminal portion of the dysferlin protein with a N-terminal portion of

a split intein and a second DNA molecule encodes a C-terminal portion of the dysferlin

protein with a C-terminal portion of a split intein. Following transcription of the DNA,

precursor polypeptides are generated having the N-terminal portion of the dysferlin protein

fused with the N-terminal portion of the split intein, and the C-terminal portion of the

dysferlin protein fused with the C-terminal portion of the split intein. The precursor

polypeptides are joined at their respective intein insertion sites and the inteins are then

30 spliced leaving the mature full-length protein. Advantageously, splicing of the inteins can

occur within the cytoplasm of cells, without being restricted to processing in the nucleus.

5
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FIG. 2 is a crystal structure for dysferlin showing an exemplary site of the invention

for splitting dysferlin.

FIG. 3 is a diagram of dysferlin protein and its domains showing an exemplary site of

the invention for splitting dysferlin.

As indicated by the respective arrows, the dysferlin protein may be sliced between

amino acids 1100 and 1136, counted from the N terminus of the dysferlin protein. As shown,

this region of the protein is surface-exposed and structurally disordered.

Dysferlinopathies

Dysferlin is a protein that in humans is encoded by the DYSF gene. Dysferlin is

linked with stabilization of calcium signaling and muscle fiber repair. Defects in the DYSF

gene can result in several types of muscular dystrophy referred to as dysferlinopathies.

Dysferlinopathies are characterized by a slow progression of muscle weakness and atrophy or

wasting. Dysferlinopathies include Miyoshi myopathy (MM), generally characterized by

defects in the muscles of distal legs close to the feet, Limb-girdle muscular dystrophy type

2B (LGMD2B), characterized by defects in the muscles of the pelvic and shoulder girdles,

and Scapuloperoneal syndrome, where weakness and atrophy affect both the distal legs and

shoulder girdle muscles.

The human dysferlin protein is a 237 kilodalton (2080 aa) type-II transmembrane

20 protein. The cytosolic domain of dysferlin is composed of seven highly conserved C2

domains (C2A-G). Dysferlin also contains "Fer" and "dysF" domains between the C2C and

C2D domains. Mutations in each of these domains can cause dysferlinopathy.

25

30

Adeno Associated Virus Vectors

AAVs are particularly appropriate viral vectors for delivery of genetic material into

mammalian cells. AAVs are not known to cause disease in mammals and cause a very mild

immune response. Additionally, AAVs are able to infect cells in multiple stages whether at

rest or in a phase of the cell replication cycle. Advantageously, AAV DNA is not regularly

inserted into the host's genome at random sites, reducing the oncogenic properties of this

vector.

6
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AAVs have been engineered to deliver a variety of treatments, especially for genetic

disorders caused by single nucleotide polymorphisms ("SNP"). Genetic diseases that have

been studied in conjunction with AAV vectors include Cystic fibrosis, hemophilia, arthritis,

macular degeneration, muscular dystrophy, Parkinson's disease, congestive heart failure, and

Alzheimer's disease. The AAV can be used as a vector to deliver engineered nucleic acid to a

host and utilize the host's own ribosomes to transcribe that nucleic acid into the desired

proteins. See, e.g., West et al., Virology 160:38-47 (1987); U.S. Pat. No. 4,797,368; WO

93/24641; Kotin, Human Gene Therapy 5:793-801 (1994); and Muzyczka, J. Clin. Invest.

94:1351 (1994). AAVs have some deficiency in their replication and/or pathogenicity and

10 thus can be safer that adenoviral vectors. In some embodiments, the AAV can integrate into a

specific site on chromosome 19 of a human cell with no observable side effects. In some

embodiments, the capacity of the AAV vector, system thereof, and/or AAV particles can be

up to about 4.7 kb. The AAV vector or system thereof can include one or more engineered

capsid polynucleotides described herein.

15 AAVs are small, replication-defective, nonenveloped viruses that infect humans and

other primate species and have a linear single-stranded DNA genome. Naturally occurring

AAV serotypes exhibit liver tropism. As a result, transfection of non-liver tissue with

traditional AAV vectors is impeded by the virus's natural liver tropism. Moreover, because

the liver acts to break down substances delivered to a subject, transfection of non-liver tissue

20 with unmodified AAV vectors requires higher dosing to provide sufficient viral load to

overcome the liver and reach non-liver tissue. More than 30 naturally occurring serotypes of

AAV are available. Many natural variants in the AAV capsid exist. AAV serotypes include,

but are not limited to, AAV serotypes AAV1, AAV2, AAV3, AAV3B, AAV4, AAV5,

AAV6, AAV7, AAV8, AAV9, AAV10, AAV11, AAV 12, AAV13. AAVs may be

25

30

engineered using conventional molecular biology techniques, making it possible to optimize

these particles, for example, for cell specific delivery, for minimizing immunogenicity, for

tuning stability and particle lifetime, for efficient degradation, for accurate delivery to the

nucleus. AAV vectors can be specifically targeted to one or more types of cells by choosing

the appropriate combination of AAV serotype, promoter, and delivery method.

Previous approaches to identify AAV sequences correlated with tropism have relied

upon the comparison of highly related extant serotypes with distinct characteristics, random

7














































































































































