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AAV ISOLATE AND FUSION PROTEIN COMPRISING NERVE GROWTH FACTOR
SIGNAL PEPTIDE AND PARATHYROID HORMONE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims the benefit of U.S. Provisional Patent Application
No. 62/160,552, filed May 12, 2015, and U.S. Provisional Patent Application No.
62,331,699, filed May 4, 2016, which are incorporated by reference.

SEQUENCE LISTING

[0002] = Incorporated by reference in its entirety herein 1s a nucleotide/amino acid

sequence listing submitted concurrently herewith.

BACKGROUND OF THE INVENTION

[0003] AAV 1s amember of the Parvoviridae tamily and comprises a linear, single-
stranded DNA genome of less than about 5,000 nucleotides. AAV requires co-infection with
a helper virus (1.e., an adenovirus or a herpes virus), or expression of helper genes, for
etficient replication. AAV vectors used for administration of therapeutic nucleic acids
typically have approximately 96% of the parental genome deleted, such that only the terminal
repeats (ITRs), which contain recognition signals for DNA replication and packaging,
remain. This eliminates immunologic or toxic side etfects due to expression of viral genes.
In addition, delivering specific AAV proteins to producing cells enables integration of the
AAYV vector comprising AAV ITRs 1nto a specific region of the cellular genome, 1f desired
(see, e.g., U.S. Patents 6,342,390 and 6,821,511). Host cells comprising an integrated AAV
genome show no change in cell growth or morphology (see, for example, U.S. Patent
4,797,368).

[0004] The AAV ITRs flank the unique coding nucleotide sequences for the non-
structural replication (Rep) proteins and the structural capsid (Cap) proteins (also known as
virion proteins (VPs)). The terminal 145 nucleotides are self-complementary and are
organized so that an energetically stable intramolecular duplex forming a T-shaped hairpin
may be formed. These hairpin structures function as an origin for viral DNA replication by
serving as primers for the cellular DNA polymerase complex. The Rep genes encode the Rep

proteins Rep78, Rep68, Rep52, and Rep40. Rep78 and Rep68 are transcribed from the p5
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promoter, and Rep 52 and Rep40 are transcribed from the p19 promoter. The Rep78 and
Rep68 proteins are multifunctional DNA binding proteins that perform helicase and nickase
functions during productive replication to allow for the resolution of AAV termini (see, e.g.,
Im et al., Cell, 61: 447-57 (1990)). These proteins also regulate transcription from
endogenous AAV promoters and promoters within helper viruses (see, e.g., Pereira et al., J.
Virol., 71: 1079-1088 (1997)). The other Rep proteins modify the function of Rep78 and
Rep68. The cap genes encode the capsid proteins VP1, VP2, and VP3. The cap genes are
transcribed from the p40 promoter.

[0005] The ability of AAV vectors to infect dividing and non-dividing cells and to
establish long-term transgene expression, as well as the lack of pathogenicity, have made
AAYV vectors attractive for use in gene therapy applications.

[0006] The lack of cross-competition in binding experiments suggests that each AAV
serotype has a distinct mechanism of entry into cells. Comparison of the capsid open reading
frames (ORFs) from different serotypes has identified blocks of conserved and divergent
sequence with most of the latter residing on the exterior of the virion, which explains the
altered tissue tropism among AAV serotypes.

[0007] There 1s a desire for new AAYV 1solates with different host ranges and improved
immunological properties.

[0008] Hypoparathyroidism 1s a hormone deficiency syndrome that leads to low blood
calcium levels and high blood phosphorus levels for which current replacement therapy is
inadequate.

[0009] There 1s a desire for new treatment methods for hypoparathyroidism.

BRIEF SUMMARY OF THE INVENTION

[0010] The invention provides an adeno-associated viral (AAV) vector comprising a
capsid comprising the amino acid sequence of SEQ ID NO: 4 or SEQ ID NO: 9, wherein the
AAYV vector further comprises a heterologous nucleic acid sequence. In one aspect, the
heterologous nucleic acid sequence encodes a NGF-PTH fusion polypeptide or
methylmalonyl CoA mutase enzyme.

[0011] The invention provides a polypeptide comprising nerve growth factor (NGF)
signal peptide and parathyroid hormone (PTH), wherein the polypeptide can comprise,
consist essentially of, or consist of the amino acid sequences of SEQ ID NO: 1 and SEQ ID

NO: 2. The invention also provides a nucleic acid encoding the polypeptide, a vector
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comprising the nucleic acid, and a composition comprising the polypeptide, nucleic acid, or
vector.

[0012] The invention provides a method of treating hypoparathyroidism in a mammal
comprising administering the polypeptide, nucleic acid, a vector, or composition to the
mammal, thereby treating hypoparathyroidism in the mammal.

[0013] The invention provides a method of treating methylmalonic acidaemia (MMA) 1n
a mammal comprising administering an AAV vector comprising a heterologous nucleic acid

sequence encoding methylmalonyl CoA mutase enzyme.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0014] Figure 1 1s a graph demonstrating luciferase expression (RLU) of mice one month
after administration of AAV2 CMV-luciferase particles or AAV 44.9 CMV-CRE particles by
cannulation in the night parotid salivary glands 1in 3 separate mice in each group.

[0015] Figure 2 1s a graph demonstrating luciferase expression (pg/mL) in 293 cells
stably transfected with the PTH receptor and a CREB Responsive Element (CRE) promoter
driving a firefly luciferase reporter gene that were incubated for five hours with serum from
AAV2, AAV 44 .9, or control GFP cannulated mice.

[0016] Figure 3 1s a graph demonstrating plasma methylmalonic acid level (uM) 1n
neonatal mice with a deficiency in methylmalonyl CoA mutase enzyme before and after
transdermal administration to the liver of an AAV 44.9 vector encoding methylmalonyl CoA

mutase enzyme.

DETAILED DESCRIPTION OF THE INVENTION

[0017] The inventors have generated and characterized an AAYV 1solate termed “44-9.”
AAV 44.9 has high gene transter activity in a number of cell types, including salivary gland
cells, liver cells, and nerve cells (e.g., cells of the cortex, olfactory bulb, and brain stem and
Purkinje cells of the cerebellum).

[0018] The amino acid sequence of capsid protein VP1 of AAV 44-9 differs from the
amino acid sequence of capsid protein VP1 of the most closely reported 1solate AAV rh8 (see
Gao et al., J. Virol.,, 78(12). 6381-6388 (2004)) at several locations, two of which are serine

residues 1n varlable domain 3. In particular, the amino acid sequence of capsid protein VP1

of AAV 44-9 (SEQ ID NO: 4) difters at positions 179, 473, and 483 relative to the amino



CA 02985786 2017-11-10

WO 2016/183297 PCT/US2016/032047

acid sequence of capsid protein VP1 of the most closely reported 1solate AAV rh8 (SEQ ID
NO: 6).

[0019] Mutagenesis studies of amino acids 1n the capsid proteins have suggested that
some mutations have an inhibitory etfect of the gene transfer activity of the vector,
spectfically the presence of serine and threonine residues in variable regions. Reports
indicate that these amino acids increase the surface charge of the particles and target them for
degradation 1n the lysosome, and that substitution with other non-charged amino acids can
improve the transduction activity.

0020} In view of the previous studies, it was unexpected that AAV 44-9 would have
high gene transfer activity in a number of cell types given the inclusion of additional serine
residues 1n variable domain 3 of capsid protein VP1 of AAV 44,9 (at positions 473 and 483
of SEQ ID NO: 4) relative to capsid protein VP1 of AAV rh8.

[0021] In one aspect, the invention provides a polypeptide comprising, consisting
essentially of, or consisting of the amino acid sequence of SEQ ID NO: 4, which corresponds
to capsid protein VP1 of AAV 44-9.

[0022] In another aspect, the invention provides a polypeptide comprising, consisting
essentially of, or consisting of the amino acid sequence of SEQ ID NO: 9, which corresponds
to capsid protein VP1 of AAV 44-9 with a substitution of the serine at position 470 with an
asparagine. Although not wishing to be bound by any particular theory, the substitution is
believed to alter the transduction and binding affinity of the AAV 44-9 comprising the
mutated capsid protein. The desired substitution was achieved by using the QuikChange site-
directed mutagenesis kit (Stratagene, San Diego, CA) and two complementary PCR primers.

The torward primer has the nucleic acid sequence

AAGCAGGCCCTAGCAACATGGCCAGCC (SEQ ID NO: 10).

[0023] Alterations of the amino acid sequence to produce variant polypeptides can be
done by a variety of means known to those skilled in the art. For instance, amino acid
substitutions can be conveniently introduced into the polypeptides at the time of synthesis.
Alternatively, site-specitic mutations can be introduced by ligating into an expression vector
a synthesized oligonucleotide comprising the modified site. Alternately, oligonucleotide-
directed, site-specific mutagenesis procedures can be used.

10024] It 1s within the skill of the ordinary artisan to select synthetic and naturally-
occurring amino acids that effect conservative or neutral substitutions for any particular

naturally-occurring amino acids. The ordinarily skilled artisan desirably will consider the
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context 1n which any particular amino acid substitution 1s made, in addition to considering the
hydrophobicity or polarity of the side-chain, the general size of the side chain and the pK
value of side-chains with acidic or basic character under physiological conditions. For
example, lysine, arginine, and histidine are often suitably substituted for each other, and more
often arginine and histidine. As 1s known 1n the art, this 1s because all three amino acids have
basic side chains, whereas the pK value for the side-chains of lysine and arginine are much
closer to each other (about 10 and 12) than to histidine (about 6). Similarly, glycine, alanine,
valine, leucine, and 1soleucine are often suitably substituted for each other, with the proviso
that glycine 1s frequently not suitably substituted for the other members of the group. This is

because each of these amino acids are relatively hydrophobic when incorporated into a
polypeptide, but glycine’s lack of an a-carbon allows the phi and psi angles of rotation

(around the a-carbon) so much conformational freedom that glycinyl residues can trigger

changes 1n contformation or secondary structure that do not often occur when the other amino
acids are substituted for each other. Other groups of amino acids frequently suitably
substituted for each other include, but are not limited to, the group consisting of glutamic and
aspartic acids; the group consisting of phenylalanine, tyrosine and tryptophan; and the group
consisting of serine, threonine and, optionally, tyrosine. Additionally, the ordinarily skilled
artisan can readily group synthetic amino acids with naturally-occurring amino acids.

[0025] The ordinarily skilled artisan can generate mutants or variants by, for example,
substituting or mutating amino acids which are not critical for the anti-viral function of the
polypeptide. Ideally, mutations that do not modify the electronic or structural environment of
the peptide are generated to retain optimal activity. For example, amino acid residues which
are not responsible for folding or stability of the three-dimensional conformation of the
polypeptide are candidate residues for mutation.

[0026] It desired, the polypeptide of the invention can be modified, for instance, by
glycosylation, amidation, carboxylation, or phosphorylation, or by the creation of acid
addition salts, amides, esters, 1n particular C-terminal esters, and N-acyl derivatives of the
proteins of the invention. The polypeptide also can be modified to create protein derivatives
by forming covalent or noncovalent complexes with other moieties in accordance with
methods known 1n the art. Covalently-bound complexes can be prepared by linking the
chemtcal moieties to functional groups on the side chains of amino acids comprising the
proteins, or at the N- or C-terminus. Desirably, such modifications and conjugations do not

adversely affect the activity of the polypeptide.
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[0027] The polypeptide can be prepared by any of a number of conventional techniques.
The polypeptide can be 1solated or purified from a recombinant source. For instance, a DNA
fragment encoding a desired polypeptide can be subcloned into an appropriate vector using
well-known molecular genetic techniques. The fragment can be transcribed and the
polypeptide subsequently translated in vitro. Commercially available kits also can be
employed. The polymerase chain reaction optionally can be employed in the manipulation of
nucleic acids.

[0028] The polypeptide also can be synthesized using an automated peptide synthesizer
in accordance with methods known in the art. Alternately, the polypeptide can be
synthesized using standard peptide synthesizing techniques well-known to those of skill in
the art. In particular, the polypeptide can be synthesized using the procedure of solid-phase
synthesis. If desired, this can be done using an automated peptide synthesizer. Removal of
the t-butyloxycarbonyl (t-BOC) or 9-fluorenylmethyloxycarbonyl (Fmoc) amino acid
blocking groups and separation of the polypeptide from the resin can be accomplished by, for
example, acid treatment at reduced temperature. The protein-containing mixture then can be
extracted, for instance, with diethyl ether, to remove non-peptidic organic compounds, and
the synthesized polypeptide can be extracted from the resin powder (e.g., with about 25% w/v
acetic acid). Following the synthesis of the polypeptide, further purification (e.g., using
HPLC) optionally can be performed in order to eliminate any incomplete proteins,
polypeptides, peptides or free amino acids. Amino acid and/or HPLC analysis can be
performed on the synthesized polypeptide to validate its identity. For other applications
according to the mvention, 1t may be preferable to produce the polypeptide as part of a larger
fusion protein, either by chemical conjugation or through genetic means, such as are known
to those skilled 1n the art. In this regard, the invention also provides a fusion protein
comprising the polypeptide and one or more other protein(s) having any desired properties or
functions, such as to facilitate isolation, purification, analysis, or stability of the fusion
protein.

[0029] The invention also provides a nucleic acid encoding the inventive polypeptide or a
variant thereof. In one embodiment, the nucleic acid comprises, consists essentially of, or
consists of the nucleic acid sequence of SEQ ID NO: 5 (which sequence comprises multiple
DNA fragments 1solated from AAYV 44-9). The nucleic acid (e.g., DNA, RNA, cDNA, and

the like) can be produced in any suitable matter including, but not limited to recombinant
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production and commercial synthesis. In this respect, the nucleic acid sequence can be
synthetic, recombinant, 1solated, and/or purified.

[0030] The invention provides a vector comprising the nucleic acid. The nucleic acid can
be inserted into any suitable vector. The selection of vectors and methods to construct them
are commonly known 1n the art and are described 1n general technical references.

[0031] Suitable vectors include those designed for propagation and expansion or for
expression or both. Examples of suitable vectors include, for instance, plasmids, plasmid-
liposome complexes, CEL1d vectors (see, e.g., L1 et al., PLoS One., 8(8): €69879. doa:
10.1371/j0urnal.pone.0069879 (2013)) and viral vectors, e.g., parvoviral-based vectors (1.e.,
AAYV vectors), retroviral vectors, herpes simplex virus (HSV)-based vectors, adenovirus-
based vectors, and poxvirus vectors. Any of these expression constructs can be prepared
using standard recombinant DNA techniques.

[0032] In one aspect of the invention, the vector 1s a viral vector, such as an AAV vector.
In addition to the nucleic acid encoding the polypeptide, the vector can comprise one or more
nucleic acid sequences encoding one or more polypeptides for delivery and expression 1n a
host (e.g., a mammal, such as a mouse, rat, guinea pig, hamster, cat, dog, rabbit, p1g, cow,
horse, or primate (e.g., human)).

[0033] In a particular embodiment, the invention provides an AAV vector comprising a
capsid comprising the polypeptide, wherein the AAYV vector further comprises a heterologous
nucleic acid sequence. In one embodiment, the AAV vector comprises a capsid comprising a
VP1, VP2, and VP3 protein, wherein the VP1 protein comprises, consists essentially of, or
consists of the amino acid sequence of SEQ ID NO: 4 or SEQ ID NO: 9, and wherein the
AAYV further comprises a heterologous nucleic acid sequence. The heterologous nucleic acid
sequence can be flanked by one or more inverted terminal repeat (ITR) sequences. In one
embodiment, the AAV vector comprises, consists essentially of, or consists of the nucleic
acid sequence of SEQ ID NO: 5 (which sequence comprises multiple DNA fragments
1solated from AAYV 44-9),.

10034] A heterologous nucleic acid sequence refers to a nucleic acid sequence that is
heterologous to the vector sequences tlanking the heterologous nucleic acid sequence. The
heterologous nucleic acid sequence can encode a polypeptide, protein, or other product of
interest. The heterologous nucleic acid sequence 1s operatively linked to regulatory
components in a manner which permits transcription, translation, and/or expression in a host

cell.
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10035] The heterologous nucleic acid sequence can include a reporter sequence, which
upon expression produces a detectable signal. Such reporter sequences include, without
limitation, nucleic acid sequences encoding [3-lactamase, 3-galactosidase (LacZ), alkaline
phosphatase, thymidine kinase, green fluorescent protein (GFP), chloramphenicol
acetyltransterase (CAT), luciferase, membrane bound proteins including, for example, CD?2,
CD4, CD3, the influenza hemagglutinin protein, and others well known in the art to which
high affinity antibodies directed thereto exist or can be produced by conventional means, and
fusion proteins comprising a membrane bound protein appropriately fused to an antigen tag
domain from, for example, hemagglutinin or Myc.

[0036] These coding sequences, when associated with regulatory elements which drive
their expression, provide signals detectable by conventional means, including enzymatic,
radiographic, colorimetric, fluorescence or other spectrographic assays, fluorescent activating
cell sorting assays and immunological assays, including enzyme linked immunosorbent assay
(ELISA), radioimmunoassay (RIA) and immunohistochemistry. For example, when the
sequence 1s the LacZ gene, the presence of the vector carrying the signal is detected by assays
for beta-galactosidase activity. When the sequence encodes green fluorescent protein or
luciferase, the vector carrying the signal may be measured visually by color or light
production in a luminometer.

[0037] The heterologous nucleic acid sequence also can be a non-reporter sequence
encoding a product which 1s useful 1n biology and medicine, such as proteins, peptides, RNA,
enzymes, dominant negative mutants, or catalytic RNAs. Desirable RNA molecules include
tRNA, dsRNA, ribosomal RNA, catalytic RNAs, siRNA, small hairpin RNA, trans-splicing
RNA, and antisense RNAs. One example of a useful RNA sequence is a sequence which
inhibits or extinguishes expression of a targeted nucleic acid sequence in the treated host.
Typically, suitable target sequences include oncologic targets and viral diseases.

[0038] The heterologous nucleic acid sequence can be used to correct or ameliorate gene
deticiencies, which may include deficiencies in which normal genes are expressed at less than
normal levels or deficiencies in which the functional gene product is not expressed. For
example, the heterologous nucleic acid sequence can encode a therapeutic protein or
polypeptide which 1s expressed 1n a host cell (e.g., PTH, methylmalonyl CoA mutase enzyme
(e.g., GeneBank Accession No. NP 000246), or retinoschisin).

[0039] Suitable heterologous nucleic acid sequences may be readily selected by one of

skill 1n the art. The selection of the heterologous nucleic acid sequence is not considered to
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be a limitation of this invention. In particular, the heterologous nucleic acid sequence can be
a nucleic acid sequence encoding an NGF-PTH fusion polypeptide as described herein,
methylmalonyl CoA mutase enzyme, retinoschisin, aquaporin 1, aquaporin 5, coagulation
tactor IX, Xa, insulin, Ex4, human growth hormone, alpha 1 anti-trypsin, bmp6 antagonists,
CRSPR1 or CRISPRa guide RNAs, modified Cas that can regulate the expression of the listed
endogenous genes, and/or antibodies. In one embodiment, the heterologous nucleic acid
sequence comprises the nucleic acid sequence of SEQ ID NO: 3.

[0040] The heterologous nucleic acid sequence can encode one or more polypeptides,
wherein the one or more polypeptides comprises a signal peptide/leader peptide such as the
modified heavy chain leader sequence of SEQ ID NO: 11, the leader sequences of
coagulation factor IX, PTH, human growth hormone (e.g., the leader sequence missing the
first 6 amino acids), guassia, and insulin, the AppS4 synthetic yeast leader sequence of SEQ
1D NO: 12, or a NGF signal peptide (e.g., the NGF signal peptide of SEQ ID NO: 1) . In one
embodiment, the heterologous nucleic acid sequence encodes a fusion polypeptide
comprising PTH and a signal peptide/leader peptide such as the modified heavy chain leader
sequence of SEQ ID NO: 11, the leader sequences of coagulation factor IX, PTH, human
growth hormone (e.g., the leader sequence missing the first 6 amino acids), guassia, and
insulin, or the AppS4 synthetic yeast leader sequence of SEQ ID NO: 12 (e.g., the NGF
signal peptide of the NGF-PTH tfusion polypeptide is substituted with a different signal
peptide).

10041] The heterologous nucleic acid sequence (e.g., encoding the NGF-PTH fusion
polypeptide described herein) can be flanked by one or more inverted terminal repeat (ITR)
sequences.

[0042] The vector (e.g., AAV vector) can comprise multiple (two, three, four, five, six,
seven, eight, nine, or ten) heterologous nucleic acid sequences. Multiple heterologous
nucleic acid sequences can be used, for example, to correct or ameliorate a gene defect
caused by a multi-subunit protein. In certain situations, a different heterologous nucleic acid
sequence may be used to encode each subunit of a protein, or to encode different peptides or
proteins. This 1s desirable when the size of the nucleic acid encoding the protein subunit is
large, e.g., for an immunoglobulin, the platelet-derived growth factor, or a dystrophin protein.
In order for the cell to produce the multi-subunit protein, a cell is infected with the
recombinant virus containing each of the different subunits. Alternatively, different subunits

of a protein may be encoded by the same nucleic acid sequence. In this case, a single
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heterologous nucleic acid sequence includes the nucleic acid encoding each of the subunits,
with the nucleic acid for each subunit separated by an internal ribozyme entry site (IRES).
This 1s desirable when the size of the nucleic acid encoding each of the subunits 1s small, e.g.,
the total size of the nucleic acid encoding the subunits and the IRES 1s less than five
kilobases. As an alternative to an IRES, the nucleic acid may be separated by sequences
encoding a 2A peptide, which self-cleaves in a post-translational event. This 2A peptide 1s
significantly smaller than an IRES, making 1t well suited for use when space 1s a limiting
factor. More often, when the heterologous nucleic acid sequence 1s large, consists of multi-
subunits, or two heterologous nucleic acid sequences are co-delivered, rAAV carrying the
desired heterologous nucleic acid sequence(s) or subunits are co-administered to allow them
to concatamerize in vivo to form a single vector genome. In such an embodiment, a first
AAYV vector may carry an expression cassette which expresses a single heterologous nucleic
acid sequence and a second AAV vector may carry an expression cassette which expresses a
different heterologous nucleic acid sequence for co-expression in the host cell. However, the
selected heterologous nucleic acid sequence may encode any biologically active product or
other product, e.g., a product desirable for study.

[0043] Desirably, the vector (e.g., AAV vector) comprises regulatory sequences, such as
transcription and translation iitiation and termination codons, which are specific to the type
of host (e.g., bacterium, fungus, plant, or animal) into which the vector 1s to be introduced, as
appropriate and taking into consideration whether the vector is DNA or RNA. Preferably, the
vector comprises regulatory sequences that are specific to the genus of the host. Most
preferably, the vector comprises regulatory sequences that are specific to the species of the
host.

[0044] The vector (e.g., AAV vector) preferably comprises expression control sequences,
such as promoters, enhancers, polyadenylation signals, transcription terminators, internal
ribosome entry sites (IRES), and the like, that provide for the expression of the nucleic acid
sequence(s) 1n a host cell. Exemplary expression control sequences are known 1n the art and
described in, for example, Goeddel, Gene Expression Technology: Methods in Enzymology,
Vol. 185, Academic Press, San Diego, CA. (1990).

[0045] A large number of promoters, including constitutive, inducible, and repressible
promoters, from a variety of ditferent sources are well known in the art. Representative
sources of promoters include for example, virus, mammal, insect, plant, yeast, and bacteria,

and suitable promoters from these sources are readily available, or can be made synthetically,
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based on sequences publicly available, for example, from depositories such as the ATCC as
well as other commercial or individual sources. Promoters can be unidirectional (1.e., initiate
transcription in one direction) or bi-directional (1.e., inifiate transcription 1n either a 3° or 5°
direction). Non-limiting examples of promoters include, for example, the T7 bacterial
expression system, pBAD (araA) bacterial expression system, the cytomegalovirus (CMV)
promoter, the SV40 promoter, and the RSV promoter. Inducible promoters include, for
example, the Tet system (U.S. Patents 5,464,758 and 5,814,618), the Ecdysone inducible
system (No et al., Proc. Natl. Acad. Sci., 93: 3346-3351 (1996)), the T-REX"™ system
(Invitrogen, Carlsbad, CA), LACSWITCH™ System (Stratagene, San Diego, CA), and the
Cre-ERT tamoxifen inducible recombinase system (Indra et al., Nuc. Acid. Res., 27: 4324-
4327 (1999); Nuc. Acid. Res., 28: €99 (2000); U.S. Patent 7,112,715; and Kramer &
Fussenegger, Methods Mol. Biol., 308. 123-144 (2005)).

10046] The term “enhancer” as used herein, refers to a DNA sequence that increases
transcription of, for example, a nucleic acid sequence to which 1t 1s operably linked.
Enhancers can be located many kilobases away trom the coding region of the nucleic acid
sequence and can mediate the binding of regulatory factors, patterns of DNA methylation, or
changes in DNA structure. A large number of enhancers from a variety ot ditterent sources
are well known in the art and are available as or within cloned polynucleotides (from, e.g.,
depositories such as the ATCC as well as other commercial or individual sources). A number
of polynucleotides comprising promoters (such as the commonly-used CMV promoter) also
comprise enhancer sequences. Enhancers can be located upstream, within, or downstream of

coding sequences. For example, the nucleic acid encoding the polypeptide can be operably

linked to a CMYV enhancer/chicken -actin promoter (also referred to as a “CAG promoter™)
(see, e.g., Niwa et al., Gene, 108: 193-199 (1991); Daly et al., Proc. Natl. Acad. Sci. U.S.A.,
96: 2296-2300 (1999); and Sondhi et al., Mol. Ther., 15: 481-491 (2007)).

[0047] The inventors have generated and characterized a fusion polypeptide comprising
the signal peptide of nerve growth factor (NGF) and parathyroid hormone (PTH). The NGF
and PTH can be mammalian (e.g., mouse, rat, or human). In one embodiment, the fusion
polypeptide comprises the amino acid sequence of SEQ ID NO: 1 (corresponding to the NGF
signal peptide) and the amino acid sequence of SEQ ID NO: 2 (corresponding to PTH 1-84).
Thus, 1n one aspect, the invention provides a polypeptide comprising, consisting essentially

of, or consisting of the amino acid sequence of SEQ ID NO: 1 and the amino acid sequence

of SEQ ID NO: 2.
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[0048] The NGF-PTH fusion polypeptide additionally can comprise one or more linker
sequences. Any suitable linker sequences can be used including but not limited to linkers
comprising multiple glycine residues, multiple serine residues, or a combination thereof.
[0049] As described herein, alterations of the amino acid sequence to produce variant
polypeptides can be done by a variety of means known to those skilled in the art.

[0050] The NGF-PTH polypeptide can be prepared by any of a number of conventional
techniques as described herein.

[0051} The invention also provides a nucleic acid encoding the NGF-PTH polypeptide or
a variant thereot. The nucleic acid (e.g., DNA, RNA, cDNA, and the like) can be produced
in any suitable matter including, but not limited to recombinant production and commercial
synthesis. In this respect, the nucleic acid sequence can be synthetic, recombinant, isolated,
and/or purified. In one embodiment, nucleic acid encoding the polypeptide comprises the
nucleic acid sequence of SEQ ID NOs: 7 and 8.

[0052] The invention provides a vector comprising the nucleic acid. The nucleic acid can
be inserted into any suitable vector as described herein. In one aspect of the invention, the
vector 18 a viral vector, such as an AAV vector. In one embodiment, the AAV vector is
AAVSE, AAV9, or rh10. In another embodiment, the vector is the AAV 44.9 vector described
herein.

10053] In addition to, or as an alternative to, the nucleic acid encoding the NGF-PTH
fusion polypeptide, the vector can comprise one or more heterologous nucleic acid sequences
encoding one or more polypeptides for delivery and expression in a host as described herein.
10054} The invention provides a composition comprising, consisting essentially of, or
consisting of one or more of the inventive polypeptides, nucleic acids, or vectors and a
pharmaceutically acceptable (e.g. physiologically acceptable) carrier. When the composition
consists essentially of one or more of the inventive polypeptides, nucleic acids, or vectors and
a pharmaceutically acceptable carrier, additional components can be included that do not
materially attect the composition (e.g., adjuvants, buffers, stabilizers, anti-inflammatory
agents, solubilizers, preservatives, etc.). When the composition consists of one or more of
the inventive polypeptides, nucleic acids, or vectors and the pharmaceutically acceptable
carrier, the composition does not comprise any additional components.

[0055] Any suitable carrier can be used within the context of the invention, and such
carriers are well known 1n the art. The choice of carrier will be determined, in part, by the

particular site to which the composition may be administered and the particular method used
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to administer the composition. The composition optionally can be sterile with the exception
of the vector described herein. The composition can be frozen or lyophilized for storage and
reconstituted in a suitable sterile carrier prior to use. The compositions can be generated in
accordance with conventional techniques described in, e.g., Remington: The Science and
Practice of Pharmacy, 21st Edition, Lippincott Williams & Wilkins, Philadelphia, PA (2001).
[0056] Suitable formulations for the composition include aqueous and non-aqueous
solutions, 1sotonic sterile solutions, which can contain anti-oxidants, buffers, and
bacteriostats, and aqueous and non-aqueous sterile suspensions that can include suspending
agents, solubilizers, thickening agents, stabilizers, and preservatives. The formulations can
be presented in unit-dose or multi-dose sealed containers, such as ampules and vials, and can
be stored 1n a freeze-dried (lyophilized) condition requiring only the addition of the sterile
liquid carrier, for example, water, immediately prior to use. Extemporaneous solutions and
suspensions can be prepared from sterile powders, granules, and tablets of the kind
previously described. Preferably, the carrier 1s a buffered saline solution. More preferably,
the polypeptide, nucleic acid, or vector 1s administered in a composition formulated to protect
the polypeptide, nucleic acid, or vector from damage prior to administration. For example,
the composition can be formulated to reduce loss of the polypeptide, nucleic acid, or vector
on devices used to prepare, store, or administer the polypeptide, nucleic acid, or vector, such
as glassware, syringes, or needles. The composition can be formulated to decrease the light
sensitivity and/or temperature sensitivity of the polypeptide, nucleic acid, or vector. To this
end, the composition preterably comprises a pharmaceutically acceptable liquid carrier, such
as, for example, those described above, and a stabilizing agent selected from the group
consisting of polysorbate 80, L-arginine, polyvinylpyrrolidone, trehalose, and combinations
thereof. Use of such a composition will extend the shelf life of the polypeptide, nucleic acid,
or vector, facilitate administration, and increase the efficiency of the inventive method.
Formulations for polypeptide, nucleic acid, or vector-containing compositions are further
described 1n, for example, Wright et al., Curr. Opin. Drug Discov. Devel., 6(2): 174-178
(2003) and Wright et al., Molecular Therapy, 12: 171-178 (2005)).

10057] The composition also can be formulated to enhance transduction efﬁbiency. In
addition, one of ordinary skill in the art will appreciate that the one or more of the inventive
polypeptides, nucleic acids, or vectors can be present in a composition with other therapeutic
or biologically-active agents. For example, factors that control inflammation, such as

ibuproten or steroids, can be part of the composition to reduce swelling and inflammation



CA 02985786 2017-11-10

WO 2016/183297 PCT/US2016/032047
14

associated with in vivo administration of one or more of the inventive polypeptides, nucleic
acids, or vectors. Antibiotics, 1.€., microbicides and fungicides, can be present to treat
existing infection and/or reduée the risk of future infection, such as infection associated with
gene transfer procedures.

[0058] Any route of administration can be used to deliver the composition to the host.
Indeed, although more than one route can be used to administer the composition, a particular
route can provide a more immediate and more effective reaction than another route. The
composition can be administered by oral, aerosol, transdermal, parenteral (e.g., subcutaneous,
intravenous, intraarterial, intramuscular, intradermal, interperitoneal, and intrathecal), rectal,
and vaginal administration.

[0059] The composition can be administered 1in or on a device that allows controlled or
sustained release, such as a sponge, biocompatible meshwork, mechanical reservoir, or
mechanical implant. Implants (see, e.g., U.S. Patent 5,443,505), devices (see, e.g., U.S.
Patent 4,863,457), such as an implantable device, €.g., a mechanical reservoir or an implant
or a device comprised of a polymeric composition, are particularly useful for administration
of the polypeptide, nucleic acid, or vector. The composition also can be administered in the
form of sustained-release formulations (see, e.g., U.S. Patent 5,378,475) comprising, for
example, gel foam, hyaluronic acid, gelatin, chondroitin sulfate, a polyphosphoester, such as
bis-2-hydroxyethyl-terephthalate (BHET), and/or a polylactic-glycolic acid.

[0060] The dose of the one or more of the inventive polypeptides, nucleic acids, or
vectors in the composition administered to the host will depend on a number of factors,
including the size (mass) of the host, the extent of any side-etfects, the particular route of
administration, and the like. Preferably, the inventive method comprises administering a
“therapeutically effective amount™ of the composition comprising the one or more of the
iventive polypeptides, nucleic acids, or vectors described herein. A “therapeutically
effective amount” refers to an amount effective, at dosages and for periods of time necessary,
to achieve a desired therapeutic result. The therapeutically effective amount may vary
according to factors such as the age, sex, and weight of the individual, and the ability of the
polypeptide, nucleic acid, or vector to elicit a desired response in the individual. In another
embodiment, the inventive method can comprise administering a “prophylactically effective
amount” of the composition comprising the one or more of the inventive polypeptides,
nucleic acids, or vectors. A “prophylactically effective amount” refers to an amount

effective, at dosages and for periods of time necessary, to achieve a desired prophylactic
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result. The dose of vector in the composition required to achieve a particular therapeutic or
prophylactic effect typically is administered in units of vector genome copies per cell
(gc/cell) or vector genome copies/per kilogram of body weight (gc/kg). An ordinarily skilled
artisan can readily determine an appropriate polypeptide, nucleic acid, or vector dose range to
treat a patient having a particular disease or disorder based on these and other factors that are
well known 1n the art.

[0061]} In one embodiment, the composition is administered once to the host. In another
embodiment, 1t may be appropriate to administer the composition multiple times during a
therapeutic period and/or employ multiple administration routes, e.g., intramuscular and
subcutaneous, to ensure sufficient exposure of cells to the composition. For example, the
composition may be administered to the host two or more times (e.g., 2, 3,4, 5,6, 6, 8,9, or
10 or more times) during a therapeutic period. The composition can be administered in
conjunction with one or more additional agents.

[0062] In one embodiment, the NGF-PTH fusion polypeptide, nucleic acid, vector, or
composition 1s administered to a host (e.g., mammal) to treat hypoparathyroidism.

[0063] In another embodiment, a vector (e.g., an AAV 44.9 vector as described herein)
encoding methylmalonyl CoA mutase enzyme or composition comprising the vector is
administered to a host (e.g., mammal) to treat (e.g., improve) impaired B12 metabolism. In
particular, an AAV 44.9 vector encoding methylmalonyl CoA mutase enzyme can be
administered (e.g., transdermally administered) to the liver, which results in a significant
decrease 1n circulating methylmalonic acid levels and the treatment of methylmalonic
acidaemia (MMA).

[0064] Additionally, a vector (e.g., AAV 44.9 vector) encoding retinoschisin can be
administered to a host (e.g., mammal) to treat retinoschisis in the eye.

[0065] The following examples further illustrate the invention but, of course, should not

be construed as 1n any way limiting its scope.

EXAMPLE 1

[0066] This example describes the generation of the AAV 44.9 isolate.

[0067] The capsid ORF for AAV 44-9, which contained a functional promoter to drive
expression, was PCR amplified a pool of viral DNA and then cloned into a plasmid vector.
To be useful 1n making a recombinant vector, this plasmid was combined with two others

that contain parts from other AAV i1solates: a plasmid from AAV 12 (rep26), which encodes
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the proteins necessary for replication of the viral genome, and a plasmid, which has the
origins of replication from AAV?2 flanking a gene of interest (heterologous nucleic acid
sequence).

[0068] It was uncertain whether this chimeric virus approach would work as some AAVs,
such as AAVS, BAAV and AAAYV, have unique ITRs and rep proteins and they might nlot
work with the AAV 44-9 capsid protein as there are studies supporting an interaction between
the rep and cap. Also there 1s an additional iternal ORF within the capsid ORF that
produces a protein called AAP and 1s reported to be required for efficient capsid assembly.
[0069] The I'TRs which serve as the viral origin of replication and are required for
packaging were removed from the viral genome and added to the gene of interest
(heterologous nucleic acid sequence). Additionally, the ORF for replication proteins were

separated from the capsid ORF to prevent recombination and improve vector yield.

EXAMPLE 2

[0070] This example demonstrates the use of the AAV 44.9 1solate as a gene transfer .
vector 1nto cells that are currently not efficiently targeted for gene transfer.

[0071] (a) In vitro versus in vivo

[0072] Using the nucleic acid encoding the AAV 44.9 capsid, a recombinant vector
carrying a CMV-Luc reporter gene cassette was generated. The virus production yield was
equal or superior to other AAV types tested.

[0073] Biological activity (generation of luciferase activity) of the rAAV 44.9 CMV-Luc
1n tissue culture cells, such as 293T and COS, was poor; however, in vivo intraperitoneal
administration (5 x 10” viral particles) resulted in robust and rabid luciferase expression
(RLU).

[0074] (b) AAV 44.9 transduces salivary glands

[0075] 2 x 10" AAV CMV-Luc particles (AAV2 or AAV 44.9) were administered by
cannulation 1n the rnight parotid salivary glands of mice. One month later, Luc activity was
measured by Xenogen imaging. AAYV 44.9 demonstrated increased gene transfer ability
when compared to AAV?2.

[0076] In a similar experiment, 2 x 10'' CMV CRE particles (AAV2 or AAV 44.9) were
administered by cannulation 1n the right parotid salivary glands of tomato-floxed membrane-

GFP transgenic mice. One month later, transduction was observed as green cells rather than
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tomato-labeled cells by confocal microscopy imaging. As is clear from Figure 1, AAV 44.9

demonstrated increased gene transter ability when compared to AAV2.

[0077] (¢) AAV 44.9 transduces cells of CNS

[0078] 4 x 10" scAAV CMV-GFP particles were injected in mice CNS. AAV 44.9
transduction was distributed all over the brain. Positive cells were observed in the cortex,
olfactory bulb, and brain stem and in Purkinje cells of the cerebellum following

intraventricular injection.

EXAMPLE 3

[0079] This example demonstrates endocrine release of the NGF-PTH fusion polypeptide
aiter single parotid salivary gland cannulation of an AAV vector containing the CMV NGF-
PTH gene cassette of SEQ ID NO: 3.

[0080] Nine months after AAV administration, PTH secretion was quantified by a PTH
biological assay. Brietly, 293 cells stably transfected with a PTH receptor and a CREB
responsive element (CRE) promoter driving a firefly luciferase reporter gene were incubated
for five hours with serum from AAV2, AAV 44.9, or control GFP cannulated mice. The
luciferase expression was converted to pg/ml using a standard curve of PTH added in serum
from untreated mice and the results shown in Figure 2.

[0081] The AAV 44.9 vector was able to direct long term expression from the salivary

gland. In particular, therapeutic levels of biologically active hormone were produced for over

8 months. Indeed, circulating levels of PTH at 3.56 ng/mL + 1.032 were produced in mice,
which 1s 1000 times the normal circulating levels. This differs from previous studies
showing only transient expression (see, €.g., Adriaansen et al., Human Gene Therapy, 22: 84-
92 (2011)).

[0082] Thus, the AAV 44.9 vector can be successfully delivered to salivary glands and
the heterologous nucleic acid sequence expressed, e.g., for the treatment of

hypoparathyroidism.

EXAMPLE 4

[0083] This example demonstrates that AAV 44.9 vector can be used for delivery to the
lhver.
[0084] An AAV 449 vector encoding methylmalonyl CoA mutase enzyme was delivered

transdermally to the liver of neonatal mice with a deficiency in methylmalonyl CoA mutase
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enzyme (resulting in impaired B12 metabolism). As demonstrated in Figure 3, a significant
decrease 1n circulating methylmalonic acid levels was observed following delivery.

[0085] Thus, the AAV 44.9 vector can be successfully delivered to the liver and the
heterologous nucleic acid sequence expressed, e.g., for the treatment of the liver disorder

methylmalonic acidaemia (MMA).

[0086] All reterences, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as 1f each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0087] The use of the terms “a” and “an” and “the” and “at least one” and similar
referents 1n the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at least one of A and B”) 1s to be
construed to mean one item selected from the listed 1items (A or B) or any combination of two
or more of the listed items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing”
are to be construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value 1s incorporated into the
specification as if 1t were individually recited herein. All methods described herein can be
performed 1n any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language (e.g., “such
as”’) provided herein, 1s intended merely to better 1lluminate the invention and does not pose a
limitation on the scope of the invention unless otherwise claimed. No language 1n the
specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.

[0088] Preterred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred

embodiments may become apparent to those of ordinary skill in the art upon reading the

foregoing description. The mventors expect skilled artisans to employ such variations as
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appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof 1s encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS:

1. An adeno-associated viral (AAV) vector comprising a capsid comprising the
amino acid sequence of SEQ ID NO: 4 or SEQ ID NO: 9, wherein the AAV vector further

comprises a heterologous nucleic acid sequence.

2. The AAV vector of claim 1, wherein the heterologous nucleic acid sequence 1s

operably linked to regulatory sequences which direct its expression in a host cell.

3. The AAYV vector of claim 1 or 2, wherein the heterologous gene 1s flanked by

one or more inverted terminal repeat (ITR) sequences.

4, The AAV vector of any one of claims 1-3, wherein the capsid is encoded by

the nucleic acid sequence of SEQ ID NO: 5.

5. The AAV vector of any one of claims 1-4, wherein the heterologous nucleic

acid sequence encodes methylmalonyl CoA mutase enzyme.

6. The AAV vector of any one of claims 1-4, wherein the heterologous nucleic
acid sequence encodes a polypeptide comprising nerve growth factor (NGF) signal peptide

and parathyroid hormone (PTH).

7. The AAV vector of claim 6, wherein the polypeptide comprises the amino

acid sequences of SEQ ID NO: 1 and SEQ ID NO: 2.

8. A composition comprising the AAV vector of any one of claims 1-7 and a

pharmaceutically acceptable carrier.

9. A polypeptide comprising nerve growth factor (NGF) signal peptide and
parathyroid hormone (PTH).

10.  The polypeptide of claim 9 comprising the amino acid sequences of SEQ ID
NO: 1 and SEQ ID NO: 2.

11. A nucleic acid encoding the polypeptide of claim 9 or 10.

12. A vector comprising the nucleic acid of claim 11.
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13.  The vector of claim 12, wherein the nucleic acid sequence i1s operably linked

to regulatory sequences which direct its expression in a host cell.

14. The vector of claim 12 or 13, wherein the vector 1s a viral vector.

15. The vector of claim 14, wherein the viral vector 1s an adeno-associated viral
vector.

16.  The vector of claim 15, wherein the adeno-associated viral vector comprises a

capsid protein (1) comprising the amino acid sequence of SEQ ID NO: 4 or (i1) encoded by
encoded by the nucleic acid sequence of SEQ ID NO: 5.

17. The vector of claim 15, wherein the adeno-associated viral vector comprises a

capsid protein comprising the amino acid sequence of SEQ ID NO: 9.

18. The vector of claim any one of claims 12-17, wherein the nucleic acid
sequence encoding the polypeptide of claim 8 or 9 is flanked by one or more inverted

terminal repeat (ITR) sequences.

19.  The vector of claim 12 comprising the nucleic acid sequence of SEQ ID NO:

20. A composition comprising (a) the polypeptide of claim 9 or 10, (b) the nucleic
acid of claim 11, or (¢) the vector of any one of claims 12-19 and a pharmaceutically

acceptable carrier.

21. A method of treating hypoparathyroidism 1in a mammal comprising
administering (a) the polypeptide of claim 9 or 10, (b) the nucleic acid of claim 11, (¢) the
vector of any one of claims 12-19, or (d) the composition of claim 20 to the mammal, thereby

treating hypoparathyroidism 1in the mammal.

22.  The method of claim 21, wherein the administration is to the salivary glands of

the mammal.

23. A method of treating methylmalonic acidaemia (MMA) in a mammal
comprising administering the vector of claim 5 to the mammal, thereby treating MMA in the

mammal.
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