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ADENO-ASSOCIATED VARIANTS. FORMULATIONS AND METHODS
FOR PULMONARY DELIVERY

CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the priority of U.S. Provisional Patent Application
No. 63/016,246 filed April 27, 2020, and US Provisional Patent Application No.
63/088,432 filed October 6, 2020, the entire disclosures of which are incorporated

herein by reference.

SEQUENCE LISTING SUBMISSION VIA EFS-WEB

[0002] A computer readable text file, entitled “090400-5013-WO-Sequence-
Listing” created on or about April 26, 2021, with a file size of about 186 KB contains
the sequence listing for this application and is hereby incorporated by reference in its

entirety.

BACKGROUND OF THE INVENTION

[0003] Gene delivery vectors based on adeno-associated viruses (AAV) have
demonstrated promise in both preclinical disease models and recently in human
clinical trials for several disease targets. Vectors based on AAV are extremely safe
because wild-type AAV is nonpathogenic and has no etiologic association with any
known diseases. In addition, AAV offers the capability for highly efficient gene
delivery and sustained transgene expression in numerous tissues, including liver,

muscle, lung, retina, and brain.

[0004] AAY is a single stranded DNA virus that contains two open reading
frames, rep and cap. The first gene encodes four proteins necessary for genome
replication (Rep78, Rep68, Rep52, and Rep40), and the second expresses three
structural proteins (VP1-3) that assemble to form the viral capsid. As its name
implies, AAV is dependent upon the presence of a helper virus, such as an adenovirus
or herpesvirus, for active replication. In the absence of a helper it establishes a latent
state in which its genome is maintained episomally or integrated into the host
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chromosome. Multiple homologous primate AAV serotypes and numerous nonhuman
primate serotypes have been identified. AAV2 is the best characterized as a gene

delivery vehicle.

[0005] As of 2010, there were 75 ongoing clinical trials that used AAV as the
gene delivery vehicle. However, the high prevalence of anti-capsid neutralizing
antibodies, due to widespread exposure to numerous AAV variants and serotypes
within the human population, decrease the efficacy of AAV gene therapy. This pre-
existing immunity, as well as the subsequent development of immunity due to vector
administration, can impede the broader implementation of AAV gene therapy. For
example, to date, AAV has been most successful in clinical studies involving delivery

to immune privileged regions.

[0006] Recent analysis indicated that the prevalence of anti-AAV IgG antibodies
in humans was highest for AAV2 (72%) and AAV1 (67%), but AAV9 (47%), AAV6
(46%), AAVS5 (40%), and AAVS (38%) antibodies were also present in a large
portion of the population studied. Several studies found that humoral immunity to the
AAYV capsid during gene therapy could be prevented by lowering the amount of
rAAYV particles delivered. Unfortunately, administration of low vector doses leads to

low transduction and thus low therapeutic gene expression.

[0007] There is a need in the art for the development of novel AAV variants that

are resistant to neutralization by anti-AAV antibodies.

SUMMARY OF THE INVENTION

[0008] In some embodiments, provided herein is a recombinant adeno-associated
virus (rAAV) vector comprising (i) a capsid comprising a capsid protein of SEQ ID
NO:12 and (ii) anucleic acid comprising from 5' to 3': (a) an AAV?2 terminal repeat
(b) a promoter (¢) a nucleotide sequence encoding a human cystic fibrosis
transmembrane conductance regulator (CFTR) protein or a biologically active
truncated CFTR protein lacking amino acids 708-759 of the human CFTR protein

sequence (d) a polyadenylation sequence and (e) an AAV?2 terminal repeat.
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[0009] In related embodiments, the nucleotide sequence encoding human CFTR
or a biologically active portion thereof encodes a native human CFTR protein and has
the following sequence or a sequence at least 80%, at least 85%, at least 90%, at least

95%, at least 97%, at least 98% or at least 99% identical thereto:

ATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTTITTTC
AGCTGGACCAGACCAATTTTGAGGAAAGGATACAGACAGCGCCTGGAATT
GTCAGACATATACCAAATCCCTTCTGTTGATTCTGCTGACAATCTATCTGA
AAAATTGGAAAGAGAATGGGATAGAGAGCTGGCTTCAAAGAAAAATCCT
AAACTCATTAATGCCCTTCGGCGATGTTTTTTCTGGAGATTTATGTTCTATG
GAATCTTTTTATATTTAGGGGAAGTCACCAAAGCAGTACAGCCTCTCTTAC
TGGGAAGAATCATAGCTTCCTATGACCCGGATAACAAGGAGGAACGCTCT
ATCGCGATTTATCTAGGCATAGGCTTATGCCTTCTCTTTATTGTGAGGACA
CTGCTCCTACACCCAGCCATTTTTGGCCTTCATCACATTGGAATGCAGATG
AGAATAGCTATGTTTAGTTTGATTTATAAGAAGACTTTAAAGCTGTCAAGC
CGTGTTCTAGATAAAATAAGTATTGGACAACTTGTTAGTCTCCTTTCCAAC
AACCTGAACAAATTTGATGAAGGACTTGCATTGGCACATTTCGTGTGGAT
CGCTCCTTTGCAAGTGGCACTCCTCATGGGGCTAATCTGGGAGTTGTTACA
GGCGTCTGCCTTCTGTGGACTTGGTTTCCTGATAGTCCTTGCCCTTTTTCAG
GCTGGGCTAGGGAGAATGATGATGAAGTACAGAGATCAGAGAGCTGGGA
AGATCAGTGAAAGACTTGTGATTACCTCAGAAATGATTGAAAATATCCAA
TCTGTTAAGGCATACTGCTGGGAAGAAGCAATGGAAAAAATGATTGAAAA
CTTAAGACAAACAGAACTGAAACTGACTCGGAAGGCAGCCTATGTGAGAT
ACTTCAATAGCTCAGCCTTCTTCTTCTCAGGGTTCTTTGTGGTGTTTTTATC
TGTGCTTCCCTATGCACTAATCAAAGGAATCATCCTCCGGAAAATATTCAC
CACCATCTCATTCTGCATTGTTCTGCGCATGGCGGTCACTCGGCAATTTCC
CTGGGCTGTACAAACATGGTATGACTCTCTTGGAGCAATAAACAAAATAC
AGGATTTCTTACAAAAGCAAGAATATAAGACATTGGAATATAACTTAACG
ACTACAGAAGTAGTGATGGAGAATGTAACAGCCTTCTGGGAGGAGGGATT
TGGGGAATTATTTGAGAAAGCAAAACAAAACAATAACAATAGAAAAACT
TCTAATGGTGATGACAGCCTCTTCTTCAGTAATTTCTCACTTCTTGGTACTC
CTGTCCTGAAAGATATTAATTTCAAGATAGAAAGAGGACAGTTGTTGGCG
GTTGCTGGATCCACTGGAGCAGGCAAGACTTCACTTCTAATGGTGATTATG
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GGAGAACTGGAGCCTTCAGAGGGTAAAATTAAGCACAGTGGAAGAATTTC
ATTCTGTTCTCAGTTTTCCTGGATTATGCCTGGCACCATTAAAGAAAATAT
CATCTTTGGTGTTTCCTATGATGAATATAGATACAGAAGCGTCATCAAAGC
ATGCCAACTAGAAGAGGACATCTCCAAGTTTGCAGAGAAAGACAATATAG
TTCTTGGAGAAGGTGGAATCACACTGAGTGGAGGTCAACGAGCAAGAATT
TCTTTAGCAAGAGCAGTATACAAAGATGCTGATTTGTATTTATTAGACTCT
CCTTTTGGATACCTAGATGTTTTAACAGAAAAAGAAATATTTGAAAGCTGT
GTCTGTAAACTGATGGCTAACAAAACTAGGATTTTGGTCACTTCTAAAATG
GAACATTTAAAGAAAGCTGACAAAATATTAATTTTGCATGAAGGTAGCAG
CTATTTTTATGGGACATTTTCAGAACTCCAAAATCTACAGCCAGACTTTAG
CTCAAAACTCATGGGATGTGATTCTTITCGACCAATTTAGTGCAGAAAGAA
GAAATTCAATCCTAACTGAGACCTTACACCGTTTCTCATTAGAAGGAGAT
GCTCCTGTCTCCTGGACAGAAACAAAAAAACAATCTTTTAAACAGACTGG
AGAGTTTGGGGAAAAAAGGAAGAATTCTATTCTCAATCCAATCAACTCTA
TACGAAAATTTTCCATTGTGCAAAAGACTCCCTTACAAATGAATGGCATC
GAAGAGGATTCTGATGAGCCTTTAGAGAGAAGGCTGTCCTTAGTACCAGA
TTCTGAGCAGGGAGAGGCGATACTGCCTCGCATCAGCGTGATCAGCACTG
GCCCCACGCTTCAGGCACGAAGGAGGCAGTCTGTCCTGAACCTGATGACA
CACTCAGTTAACCAAGGTCAGAACATTCACCGAAAGACAACAGCATCCAC
ACGAAAAGTGTCACTGGCCCCTCAGGCAAACTTGACTGAACTGGATATAT
ATTCAAGAAGGTTATCTCAAGAAACTGGCTTGGAAATAAGTGAAGAAATT
AACGAAGAAGACTTAAAGGAGTGCTTTTTTGATGATATGGAGAGCATACC
AGCAGTGACTACATGGAACACATACCTTCGATATATTACTGTCCACAAGA
GCTTAATTTTTGTGCTAATTTGGTGCTTAGTAATTTTTCTGGCAGAGGTGG
CTGCTTCTTTGGTTGTGCTGTGGCTCCTTGGAAACACTCCTCTTCAAGACA
AAGGGAATAGTACTCATAGTAGAAATAACAGCTATGCAGTGATTATCACC
AGCACCAGTTCGTATTATGTGTTTITACATTITACGTGGGAGTAGCCGACACT
TTGCTTGCTATGGGATTCTTCAGAGGTCTACCACTGGTGCATACTCTAATC
ACAGTGTCGAAAATTTTACACCACAAAATGTTACATTCTGTTCTTCAAGCA
CCTATGTCAACCCTCAACACGTTGAAAGCAGGTGGGATTCTTAATAGATTC
TCCAAAGATATAGCAATTTTGGATGACCTTCTGCCTCTTACCATATTTGAC
TTCATCCAGTTGTTATTAATTGTGATTGGAGCTATAGCAGTTGTCGCAGTT
TTACAACCCTACATCTTTGTTGCAACAGTGCCAGTGATAGTGGCTTTTATT
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ATGTTGAGAGCATATTTCCTCCAAACCTCACAGCAACTCAAACAACTGGA
ATCTGAAGGCAGGAGTCCAATTTTCACTCATCTTGTTACAAGCTTAAAAGG
ACTATGGACACTTCGTGCCTTCGGACGGCAGCCTTACTTTGAAACTCTGTT
CCACAAAGCTCTGAATTTACATACTGCCAACTGGTTCTTGTACCTGTCAAC
ACTGCGCTGGTTCCAAATGAGAATAGAAATGATTTTTGTCATCTTCTTCAT
TGCTGTTACCTTCATTTCCATTTTAACAACAGGAGAAGGAGAAGGAAGAG
TTGGTATTATCCTGACTTTAGCCATGAATATCATGAGTACATTGCAGTGGG
CTGTAAACTCCAGCATAGATGTGGATAGCTTGATGCGATCTGTGAGCCGA
GTCTTTAAGTTCATTGACATGCCAACAGAAGGTAAACCTACCAAGTCAAC
CAAACCATACAAGAATGGCCAACTCTCGAAAGTTATGATTATTGAGAATT
CACACGTGAAGAAAGATGACATCTGGCCCTCAGGGGGCCAAATGACTGTC
AAAGATCTCACAGCAAAATACACAGAAGGTGGAAATGCCATATTAGAGA
ACATTTCCTTCTCAATAAGTCCTGGCCAGAGGGTGGGCCTCTTGGGAAGA
ACTGGATCAGGGAAGAGTACTTTGTTATCAGCTTTTTTGAGACTACTGAAC
ACTGAAGGAGAAATCCAGATCGATGGTGTGTCTTGGGATTCAATAACTTT
GCAACAGTGGAGGAAAGCCTTTGGAGTGATACCACAGAAAGTATTTATTT
TTTCTGGAACATTTAGAAAAAACTTGGATCCCTATGAACAGTGGAGTGAT
CAAGAAATATGGAAAGTTGCAGATGAGGTTGGGCTCAGATCTGTGATAGA
ACAGTTTCCTGGGAAGCTTGACTTTGTCCTTGTGGATGGGGGCTGTGTCCT
AAGCCATGGCCACAAGCAGTTGATGTGCTTGGCTAGATCTGTTCTCAGTA
AGGCGAAGATCTTGCTGCTTGATGAACCCAGTGCTCATTTGGATCCAGTA
ACATACCAAATAATTAGAAGAACTCTAAAACAAGCATTTGCTGATTGCAC
AGTAATTCTCTGTGAACACAGGATAGAAGCAATGCTGGAATGCCAACAAT
TTTTGGTCATAGAAGAGAACAAAGTGCGGCAGTACGATTCCATCCAGAAA
CTGCTGAACGAGAGGAGCCTCTTCCGGCAAGCCATCAGCCCCTCCGACAG
GGTGAAGCTCTTTCCCCACCGGAACTCAAGCAAGTGCAAGTCTAAGCCCC
AGATTGCTGCTCTGAAAGAGGAGACAGAAGAAGAGGTGCAAGATACAAG
GCTTTAG (SEQ ID NO:42).

[0010] In preferred embodiments, the nucleotide sequence encoding human CFTR
or a biologically activated truncated CFTR protein comprises the following nucleotide
sequence or a sequence at least 80%, at least 85%, at least 90%, at least 95%, at least

97%, at least 98% or at least 99% identical thereto:
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ATGCAGCGCAGCCCACTGGAGAAGGCAAGCGTGGTGTCCAAGCTGTTCTT
TTCCTGGACCAGGCCTATCCTGAGGAAGGGATACAGGCAGCGGCTGGAGC
TGAGCGACATCTATCAGATCCCTTCTGTGGACAGCGCCGATAATCTGTCCG
AGAAGCTGGAGAGAGAGTGGGATAGGGAGCTGGCCTCTAAGAAGAACCC
AAAGCTGATCAATGCCCTGCGGAGATGCTTCTTTTGGCGGTTCATGTTCTA
CGGCATCTTCCTGTATCTGGGCGAGGTGACCAAGGCCGTGCAGCCACTGC
TGCTGGGCAGAATCATCGCCTCTTACGACCCCGATAACAAGGAGGAGAGG
AGCATCGCCATCTATCTGGGCATCGGCCTGTGCCTGCTGTTTATCGTGAGG
ACACTGCTGCTGCACCCAGCCATCTTCGGCCTGCACCACATCGGCATGCA
GATGAGAATCGCCATGTTCAGCCTGATCTACAAGAAGACCCTGAAGCTGA
GCTCCAGGGTGCTGGACAAGATCTCCATCGGCCAGCTGGTGTCCCTGCTG
TCTAACAATCTGAACAAGTTTGATGAGGGACTGGCCCTGGCACACTTCGT
GTGGATCGCACCACTGCAGGTGGCCCTGCTGATGGGCCTGATCTGGGAGC
TGCTGCAGGCAAGCGCCTTTTGCGGACTGGGCTTCCTGATCGTGCTGGCCC
TGTTCCAGGCAGGACTGGGACGCATGATGATGAAGTACAGAGACCAGAG
GGCCGGCAAGATCTCTGAGCGGCTGGTCATCACCAGCGAGATGATCGAGA
ACATCCAGTCCGTGAAGGCCTATTGTTGGGAGGAGGCCATGGAGAAGATG
ATCGAGAATCTGCGCCAGACAGAGCTGAAGCTGACCAGAAAGGCCGCCT
ACGTGAGGTACTTCAACTCTAGCGCCTTCTTTTTCTCTGGCTTTTTCGTGGT
GTTCCTGAGCGTGCTGCCATACGCCCTGATCAAGGGCATCATCCTGCGGA
AGATCTTTACCACAATCTCCTTCTGCATCGTGCTGAGAATGGCCGTGACAA
GGCAGTTTCCCTGGGCCGTGCAGACCTGGTATGACTCTCTGGGCGCCATC
AATAAGATCCAGGATTTCCTGCAGAAGCAGGAGTACAAGACACTGGAGTA
TAACCTGACCACAACCGAGGTGGTCATGGAGAATGTGACCGCCTTCTGGG
AGGAGGGCTTTGGCGAGCTGTTCGAGAAGGCCAAGCAGAACAATAACAA
TCGCAAGACATCTAACGGCGACGATAGCCTGTTTTTCAGCAATTTTTCCCT
GCTGGGCACCCCCGTGCTGAAGGACATCAACTTCAAGATCGAGAGGGGAC
AGCTGCTGGCAGTGGCAGGCTCCACAGGCGCCGGCAAGACCTCTCTGCTG
ATGATGATCATGGGCGAGCTGGAGCCAAGCGAGGGCAAGATCAAGCACT
CCGGCCGGATCTCTTTTTGCAGCCAGTTCTCCTGGATCATGCCCGGCACCA
TCAAGGAGAATATCATCTTTGGCGTGTCCTACGATGAGTACAGATATAGG
TCTGTGATCAAGGCCTGTCAGCTGGAGGAGGACATCAGCAAGTTCGCCGA
GAAGGATAACATCGTGCTGGGCGAGGGCGGCATCACACTGAGCGGAGGA
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CAGAGGGCAAGGATCTCCCTGGCCAGAGCCGTGTACAAGGACGCCGATCT
GTATCTGCTGGACAGCCCCTTTGGCTATCTGGATGTGCTGACCGAGAAGG
AGATCTTCGAGTCCTGCGTGTGCAAGCTGATGGCCAATAAGACAAGGATC
CTGGTGACCTCTAAGATGGAGCACCTGAAGAAGGCCGACAAGATCCTGAT
CCTGCACGAGGGCTCCTCTTACTTTTATGGCACATTCAGCGAGCTGCAGAA
TCTGCAGCCTGACTTCAGCTCCAAGCTGATGGGCTGTGACTCCTTTGATCA
GTTCTCTGCCGAGAGGCGCAACTCCATCCTGACAGAGACCCTGCACAGAT
TCTCTCTGGAGGGCGACGCACCCGTGAGCTGGACAGAGACCAAGAAGCA
GTCCTTTAAGCAGACCGGCGAGTTCGGCGAGAAGAGGAAGAATTCTATCC
TGAACCCTATCAATAGCACACTGCAGGCCCGGAGAAGGCAGTCTGTGCTG
AACCTGATGACCCACAGCGTGAACCAGGGCCAGAATATCCACAGAAAGA
CAACCGCCAGCACAAGGAAGGTGTCCCTGGCACCTCAGGCAAACCTGACC
GAGCTGGACATCTACTCCCGCCGGCTGTCTCAGGAGACCGGACTGGAGAT
CTCTGAGGAGATCAATGAGGAGGATCTGAAGGAGTGCTTTTTCGACGATA
TGGAGAGCATCCCAGCCGTGACAACCTGGAACACATACCTGCGCTATATC
ACCGTGCACAAGTCCCTGATCTTTGTGCTGATCTGGTGTCTGGTCATCTTC
CTGGCAGAGGTGGCAGCATCTCTGGTGGTGCTGTGGCTGCTGGGCAACAC
ACCCCTGCAGGACAAGGGCAATTCTACCCACAGCCGCAACAATTCCTACG
CCGTGATCATCACATCTACCTCTAGCTACTACGTGTTCTACATCTATGTGG
GCGTGGCCGATACACTGCTGGCCATGGGCTTTTTCCGGGGCCTGCCCCTGG
TGCACACACTGATCACCGTGAGCAAGATCCTGCACCACAAGATGCTGCAC
AGCGTGCTGCAGGCCCCTATGTCCACACTGAACACCCTGAAGGCCGGCGG
CATCCTGAATCGGTTTTCCAAGGACATCGCCATCCTGGACGATCTGCTGCC
TCTGACCATCTTTGATTTCATCCAGCTGCTGCTGATCGTGATCGGAGCAAT
CGCAGTGGTGGCCGTGCTGCAGCCTTACATCTTCGTGGCCACAGTGCCAG
TGATCGTGGCCTTTATCATGCTGCGCGCCTATTTCCTGCAGACCAGCCAGC
AGCTGAAGCAGCTGGAGAGCGAGGGCCGGTCCCCTATCTTITACACACCTG
GTGACCTCCCTGAAGGGACTGTGGACACTGAGGGCCTTCGGCCGGCAGCC
ATACTTTGAGACCCTGTTCCACAAGGCCCTGAACCTGCACACAGCCAATT
GGTTTCTGTATCTGAGCACCCTGCGCTGGTTTCAGATGCGGATCGAGATGA
TCTTCGTGATCTTTTTCATCGCCGTGACCTTCATCTCCATCCTGACAACCGG
AGAGGGAGAGGGAAGAGTGGGAATCATCCTGACACTGGCCATGAACATC
ATGTCTACCCTGCAGTGGGCCGTGAATTCCTCTATCGACGTGGATAGCCTG
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ATGAGATCTGTGAGCAGGGTGTTTAAGTTCATCGACATGCCCACAGAGGG
CAAGCCTACAAAGAGCACCAAGCCATACAAGAACGGCCAGCTGTCCAAA
GTGATGATCATCGAGAATTCTCACGTGAAGAAGGACGATATCTGGCCATC
CGG (SEQ ID NO:43)

[0011] SEQ ID NO:43 is a nucleotide sequence that has been codon optimized for
expression in humans and encodes a biologically active truncated human CFTR
protein lacking amino acids 708-759. In some embodiments, provided herein is an
isolated nucleic acid comprising the nucleotide sequence of SEQ ID NO:43 or a
sequence at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at least
98% or at least 99% identical thereto, optionally wherein the nucleotide sequence is
operably linked to an expression control sequence. Also provided herein are plasmids
and vectors comprising the nucleic acid sequence of SEQ ID NO:43 or a sequence at
least or a sequence at least 80%, at least 85%, at least 90%, at least 95%, at least 97%,
at least 98% or at least 99% identical thereto and host cells comprising such plasmids
and vectors. Also provided herein is the use of a nucleic acid comprising the
nucleotide sequence of SEQ ID NO:43 or a sequence at least 80%, at least 85%, at
least 90%, at least 95%, at least 97%, at least 98% or at least 99% identical thereto,
optionally wherein the nucleotide sequence is operably linked to an expression control
sequence, for the treatment of cystic fibrosis or a lung disease associated therewith as
herein described, or for use in the manufacture of a medicament for treating cystic

fibrosis or a lung disease associated therewith.

[0012] In some aspects, the promoter is a constitutive promoter, optionally a
truncated cytomegalovirus immediate/early (CMVie) enhancer/promoter and is
operably linked to the nucleotide sequence encoding the human CFTR or biologically

active portion thereof.

[0013] In other aspects, the promoter is a tissue specific promoter, preferably
wherein the promoter directs preferential expression of the nucleic acid in a lung cell,
and is operably linked to the nucleotide sequence encoding the human CFTR or

biologically active portion thereof.
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[0014] In preferred embodiments, the promoter is a truncated CMVie promoter
and is operably linked to the nucleotide sequence encoding human CFTR or a
biologically active portion thereof. In a particularly preferred embodiment, the
CMVie promoter is CMV 173 having the following sequence or a sequence at least

90%, at least 95%, at least 98% or at least 99% identical thereto:

ACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGT
TTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCGCC
CCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAG
CAGAGCTCGTTTAGTGAACCGT (SEQ ID NO:44)

[0015] In a particularly preferred embodiment, the rAAV vector comprises (i) a
capsid comprising a capsid protein of SEQ ID NO:12 and (ii) a nucleic acid
comprising from 5' to 3': (a) an AAV?2 terminal repeat (b) a promoter (c) a nucleotide
sequence encoding a human cystic fibrosis transmembrane conductance regulator
(CFTR) protein or a biologically active truncated CFTR protein lacking amino acids
708-759 of the human CFTR protein sequence (d) a polyadenylation sequence and (e)
an AAV?2 terminal repeat, wherein the nucleic acid comprises from 5' to 3' the
following sequence or a sequence at least 80%, at least 85%, at least 90%, at least

95%, at least 97%, at least 98%, or at least 99% identical thereto:

TTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACCA
AAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCG
AGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCC
GCACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTT
GTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAATAACCCCG
CCCCGTTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATA
AGCAGAGCTCGTTTAGTGAACCGTCAGAATTCTCGAGTGATCGAAAGAGC
CTGCTAAAGCAAAAAAGAAGTCACCATGCAGCGCAGCCCACTGGAGAAG
GCAAGCGTGGTGTCCAAGCTGTTCTTTTCCTGGACCAGGCCTATCCTGAGG
AAGGGATACAGGCAGCGGCTGGAGCTGAGCGACATCTATCAGATCCCTTC
TGTGGACAGCGCCGATAATCTGTCCGAGAAGCTGGAGAGAGAGTGGGAT
AGGGAGCTGGCCTCTAAGAAGAACCCAAAGCTGATCAATGCCCTGCGGAG

ATGCTTCTTTTGGCGGTTCATGTTCTACGGCATCTTCCTGTATCTGGGCGA
9
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GGTGACCAAGGCCGTGCAGCCACTGCTGCTGGGCAGAATCATCGCCTCTT
ACGACCCCGATAACAAGGAGGAGAGGAGCATCGCCATCTATCTGGGCATC
GGCCTGTGCCTGCTGTTTATCGTGAGGACACTGCTGCTGCACCCAGCCATC
TTCGGCCTGCACCACATCGGCATGCAGATGAGAATCGCCATGTTCAGCCT
GATCTACAAGAAGACCCTGAAGCTGAGCTCCAGGGTGCTGGACAAGATCT
CCATCGGCCAGCTGGTGTCCCTGCTGTCTAACAATCTGAACAAGTTTGATG
AGGGACTGGCCCTGGCACACTTCGTGTGGATCGCACCACTGCAGGTGGCC
CTGCTGATGGGCCTGATCTGGGAGCTGCTGCAGGCAAGCGCCTTTTGCGG
ACTGGGCTTCCTGATCGTGCTGGCCCTGTTCCAGGCAGGACTGGGACGCA
TGATGATGAAGTACAGAGACCAGAGGGCCGGCAAGATCTCTGAGCGGCT
GGTCATCACCAGCGAGATGATCGAGAACATCCAGTCCGTGAAGGCCTATT
GTTGGGAGGAGGCCATGGAGAAGATGATCGAGAATCTGCGCCAGACAGA
GCTGAAGCTGACCAGAAAGGCCGCCTACGTGAGGTACTTCAACTCTAGCG
CCTTCTTTTTCTCTGGCTTTTTCGTGGTGTTCCTGAGCGTGCTGCCATACGC
CCTGATCAAGGGCATCATCCTGCGGAAGATCTTTACCACAATCTCCTTCTG
CATCGTGCTGAGAATGGCCGTGACAAGGCAGTTTCCCTGGGCCGTGCAGA
CCTGGTATGACTCTCTGGGCGCCATCAATAAGATCCAGGATTTCCTGCAGA
AGCAGGAGTACAAGACACTGGAGTATAACCTGACCACAACCGAGGTGGT
CATGGAGAATGTGACCGCCTTCTGGGAGGAGGGCTTTGGCGAGCTGTTCG
AGAAGGCCAAGCAGAACAATAACAATCGCAAGACATCTAACGGCGACGA
TAGCCTGTTTTTCAGCAATTTTTCCCTGCTGGGCACCCCCGTGCTGAAGGA
CATCAACTTCAAGATCGAGAGGGGACAGCTGCTGGCAGTGGCAGGCTCCA
CAGGCGCCGGCAAGACCTCTCTGCTGATGATGATCATGGGCGAGCTGGAG
CCAAGCGAGGGCAAGATCAAGCACTCCGGCCGGATCTCTTTTTGCAGCCA
GTTCTCCTGGATCATGCCCGGCACCATCAAGGAGAATATCATCTTTGGCGT
GTCCTACGATGAGTACAGATATAGGTCTGTGATCAAGGCCTGTCAGCTGG
AGGAGGACATCAGCAAGTTCGCCGAGAAGGATAACATCGTGCTGGGCGA
GGGCGGCATCACACTGAGCGGAGGACAGAGGGCAAGGATCTCCCTGGCC
AGAGCCGTGTACAAGGACGCCGATCTGTATCTGCTGGACAGCCCCTTTGG
CTATCTGGATGTGCTGACCGAGAAGGAGATCTTCGAGTCCTGCGTGTGCA
AGCTGATGGCCAATAAGACAAGGATCCTGGTGACCTCTAAGATGGAGCAC
CTGAAGAAGGCCGACAAGATCCTGATCCTGCACGAGGGCTCCTCTTACTT
TTATGGCACATTCAGCGAGCTGCAGAATCTGCAGCCTGACTTCAGCTCCA
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AGCTGATGGGCTGTGACTCCTTTGATCAGTTCTCTGCCGAGAGGCGCAACT
CCATCCTGACAGAGACCCTGCACAGATTCTCTCTGGAGGGCGACGCACCC
GTGAGCTGGACAGAGACCAAGAAGCAGTCCTTTAAGCAGACCGGCGAGTT
CGGCGAGAAGAGGAAGAATTCTATCCTGAACCCTATCAATAGCACACTGC
AGGCCCGGAGAAGGCAGTCTGTGCTGAACCTGATGACCCACAGCGTGAAC
CAGGGCCAGAATATCCACAGAAAGACAACCGCCAGCACAAGGAAGGTGT
CCCTGGCACCTCAGGCAAACCTGACCGAGCTGGACATCTACTCCCGCCGG
CTGTCTCAGGAGACCGGACTGGAGATCTCTGAGGAGATCAATGAGGAGGA
TCTGAAGGAGTGCTTTTTCGACGATATGGAGAGCATCCCAGCCGTGACAA
CCTGGAACACATACCTGCGCTATATCACCGTGCACAAGTCCCTGATCTTTG
TGCTGATCTGGTGTCTGGTCATCTTCCTGGCAGAGGTGGCAGCATCTCTGG
TGGTGCTGTGGCTGCTGGGCAACACACCCCTGCAGGACAAGGGCAATTCT
ACCCACAGCCGCAACAATTCCTACGCCGTGATCATCACATCTACCTCTAGC
TACTACGTGTTCTACATCTATGTGGGCGTGGCCGATACACTGCTGGCCATG
GGCTTTTTCCGGGGCCTGCCCCTGGTGCACACACTGATCACCGTGAGCAA
GATCCTGCACCACAAGATGCTGCACAGCGTGCTGCAGGCCCCTATGTCCA
CACTGAACACCCTGAAGGCCGGCGGCATCCTGAATCGGTTTTCCAAGGAC
ATCGCCATCCTGGACGATCTGCTGCCTCTGACCATCTTTGATTTCATCCAG
CTGCTGCTGATCGTGATCGGAGCAATCGCAGTGGTGGCCGTGCTGCAGCC
TTACATCTTCGTGGCCACAGTGCCAGTGATCGTGGCCTTTATCATGCTGCG
CGCCTATTTCCTGCAGACCAGCCAGCAGCTGAAGCAGCTGGAGAGCGAGG
GCCGGTCCCCTATCTTTACACACCTGGTGACCTCCCTGAAGGGACTGTGGA
CACTGAGGGCCTTCGGCCGGCAGCCATACTTTGAGACCCTGTTCCACAAG
GCCCTGAACCTGCACACAGCCAATTGGTTTCTGTATCTGAGCACCCTGCGC
TGGTTTCAGATGCGGATCGAGATGATCTTCGTGATCTTTTTCATCGCCGTG
ACCTTCATCTCCATCCTGACAACCGGAGAGGGAGAGGGAAGAGTGGGAAT
CATCCTGACACTGGCCATGAACATCATGTCTACCCTGCAGTGGGCCGTGA
ATTCCTCTATCGACGTGGATAGCCTGATGAGATCTGTGAGCAGGGTGTTTA
AGTTCATCGACATGCCCACAGAGGGCAAGCCTACAAAGAGCACCAAGCC
ATACAAGAACGGCCAGCTGTCCAAAGTGATGATCATCGAGAATTCTCACG
TGAAGAAGGACGATATCTGGCCATCCGGAGGACAGATGACCGTGAAGGA
TCTGACAGCCAAGTATACCGAGGGCGGCAACGCCATCCTGGAGAATATCT
CCTTTTCTATCAGCCCTGGACAGAGGGTGGGACTGCTGGGACGGACAGGC
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TCCGGCAAGTCTACCCTGCTGAGCGCCTTCCTGAGGCTGCTGAATACAGA
GGGCGAGATCCAGATCGACGGCGTGAGCTGGGATTCCATCACCCTGCAGC
AGTGGAGAAAGGCCTTTGGCGTGATCCCTCAGAAGGTGTTTATCTTCTCCG
GCACCTTCAGGAAGAACCTGGACCCATACGAGCAGTGGTCTGATCAGGAG
ATCTGGAAGGTGGCCGACGAAGTGGGCCTGAGATCTGTGATCGAGCAGTT
TCCAGGCAAGCTGGACTTCGTGCTGGTGGATGGAGGATGCGTGCTGAGCC
ACGGACACAAGCAGCTGATGTGCCTGGCCAGGTCTGTGCTGAGCAAGGCC
AAGATCCTGCTGCTGGACGAGCCAAGCGCCCACCTGGATCCCGTGACATA
CCAGATCATCAGAAGGACCCTGAAGCAGGCCTTTGCCGATTGCACCGTGA
TCCTGTGCGAGCACCGCATCGAGGCCATGCTGGAGTGCCAGCAGTTCCTG
GTCATCGAGGAGAACAAGGTGCGGCAGTATGACAGCATCCAGAAGCTGCT
GAATGAGCGGAGCCTGTTTCGGCAGGCCATCTCCCCCTCTGATCGCGTGA
AGCTGTTCCCTCACCGGAACAGCTCCAAGTGTAAGTCCAAGCCCCAGATC
GCCGCCCTGAAGGAGGAGACAGAGGAGGAGGTGCAGGACACCAGACTGT
GAAATAAAACATCTTTATTTTCATTACATCTGTGTGTTGGTTTTTTGTGTGA
ACAACGGCCGGCCGGAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCT
CTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCG
GGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGG
GAGTGGCCAA (SEQ ID NO: 45)

[0016] A nucleic acid having the nucleotide sequence of SEQ ID NO:45
comprises from 5' to 3": (a) an AAV?2 terminal repeat (b) a CMV 173 promoter of SEQ
ID NO:44 (c) a codon optimized nucleotide sequence encoding a biologically active
truncated human CFTR protein lacking amino acids 708-759 of SEQ ID NO:43 (d) a

polyadenylation sequence and (e) an AAV2 terminal repeat.

[0017] Also provided herein are methods for treating cystic fibrosis in a subject in
need thereof, comprising administering to the subject a therapeutically effective
amount of an infectious rAAV comprising (1) a capsid comprising a capsid protein of
SEQ ID NO:12 and (ii) a nucleic acid comprising a nucleotide sequence encoding a
human cystic fibrosis transmembrane conductance regulator (CFTR) protein or a
biologically active truncated CFTR protein lacking amino acids 708-759 of the human
CFTR protein sequence operably linked to a promoter. In preferred embodiments, the

nucleotide sequence encoding CFTR has the sequence of SEQ ID NO: 43 and/or the
12
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promoter has the sequence of SEQ ID NO: 44 and/or the nucleic acid comprises the
sequence of SEQ ID NO:45. In some aspects, the subject is administered an amount
of the rAAYV effective to ameliorate one or more characteristics of cystic fibrosis,
nonlimiting examples of which include upper and lower airway inflammation,

aberrant epithelia cytokine signaling and elevated IgE levels.

[0018] In other aspects, provided herein are methods for treating lung disease
associated with cystic fibrosis, including but not limited to upper airway disease,
lower airway disease, nasopharyngeal disease, sinusitis and/or salivary disease
associated with cystic fibrosis, comprising administering to the subject a
therapeutically effective amount of an infectious rAAV comprising (i) a capsid
comprising a capsid protein of SEQ ID NO:12 and (i1) a nucleic acid comprising a
nucleotide sequence encoding a human cystic fibrosis transmembrane conductance
regulator (CFTR) protein or a biologically active truncated CFTR protein lacking
amino acids 708-759 of the human CFTR protein sequence operably linked to a
promoter. In preferred embodiments, the nucleotide sequence encoding CFTR has the
sequence of SEQ ID NO: 43 and/or the promoter has the sequence of SEQ ID NO: 44
and/or the nucleic acid comprises the sequence of SEQ ID NO:45.

[0019] rAAV gene therapy vectors of the present invention comprising a capsid
comprising a capsid protein of SEQ ID NO:12 and nucleic acid sequences encoding
CFTR or a biologically active portion thereof (e.g. comprising a nucleic acid
comprising the nucleotide sequence of SEQ ID NO: 43 optionally linked to a
promoter of SEQ ID NO: 44 and/or comprising the nucleotide sequence of SEQ ID
NO:45) may be administered to a patient by a variety of means to achieve and
maintain a therapeutically effective level of CFTR or a portion thereof for the

treatment of cystic fibrosis or lung disease associated therewith.

[0020] In some aspects, the infectious rAAYV is administered to a subject with
cystic fibrosis in one or more dosages, each dosage comprising between about 1 x10%
to about 1 x 10'° vector genomes (vg), about 1 x 10 to about 1 x 10!* vg, between
about 1 x 10™ and about 1 x 10%° vg, or between about 1 x 10'° and about 5 x 10%° vg.
In some preferred aspects, each dosage comprises about 1 x 10'* vg or about 1 x 1013

vg of the TAAV.
13
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[0021] In some aspects, the treatment comprises no more than a single dose
administration to the subject and is effective to achieve a durable and maintained
therapeutic concentration of CFTR or biologically active portion thereof. In related
aspects, the treatment comprises no more than a single dose administration by
inhalation of about 1 x10'? to about 1 x 10'° plaque forming units (pfu), virus particles
(vp) or virus genomes (vg) of TAAV comprising a capsid protein of SEQ ID NO:12
and a nucleic acid of SEQ ID NO:45 to a human with cystic fibrosis. In other aspects,

the dosage treatment may be a multiple dose schedule.

[0022] Methods pertaining to the administration of AAV vectors to humans have
been previously described by Kay et al. (2000, Nat Genet 24:257-261), the entire
content of which is incorporated herein by reference. In some preferred embodiments,
the infectious TAAV is administered to the subject by pulmonary, endobronchial,
intranasal, intratracheal, and/or intrabronchial administration. In some preferred

embodiments, the infectious rAAV is administered using a nebulizer.

[0023] In related aspects, provided herein is an infectious TAAV comprising (i) a
capsid comprising a capsid protein of SEQ ID NO:12 and (ii) a nucleic acid
comprising a nucleotide sequence encoding a human cystic fibrosis transmembrane
conductance regulator (CFTR) protein or a biologically active truncated CFTR protein
lacking amino acids 708-759 of the human CFTR protein sequence operably linked to
a promoter for use in the treatment of cystic fibrosis or for use in the manufacture of a
medicament for the treatment of cystic fibrosis. In some preferred embodiments, the
nucleotide sequence encoding the human CFTR protein comprises or consists of the
sequence of SEQ ID NO:43 or a sequence at least 80%, at least 85%, at least 90%, at
least 95%, at least 97%, at least 98% or at least 99% identical thereto, operably linked
to a promoter comprising the sequence of SEQ ID NO:44 or a sequence at least 80%,
at least 85%, at least 90%, at least 95%, at least 97%, at least 98% or at least 99%
identical thereto. In particularly preferred embodiments, the rAAV comprises a

nucleic acid comprising or consisting of the nucleotide sequence of SEQ ID NO:45.

[0024] In other embodiments, provided herein is a pharmaceutical composition
suitable for inhalation comprising (i) an TAAV infectious rAAV comprising (a) a

capsid comprising a capsid protein of SEQ ID NO:12 and (b) a nucleic acid
14
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comprising a nucleotide sequence encoding one or more gene product(s) in (ii) a
buffer comprising about 10 mM to about 50 mM citrate, about 70 mM to about 150
mM NaCl and optionally a surfactant, preferably a non-ionic surfactant such as
Pluronic F-68, more preferably about 0.005% Pluronic F68, and having pH of
between 5 and 7, preferably having a pH of about 6.0. In some preferred aspects, the
pharmaceutical composition comprises about 20 mM to about 50 mM citrate, about
85 mM to about 125 mM NaCl and about 0.005% Pluronic F68 and has a pH of about
6.0. In some particularly preferred aspects, the pharmaceutical composition
comprises about 20 mM citrate, about 125 mM NaCl and about 0.005% Pluronic F68
and has a pH of about 6.0. In preferred embodiments, the pharmaceutical
composition comprises an rAAV comprising (a) a capsid comprising a capsid protein
of SEQ ID NO:12 and (b) a nucleic acid comprising a nucleotide sequence encoding a
human cystic fibrosis transmembrane conductance regulator (CFTR) protein or a
biologically active truncated CFTR protein lacking amino acids 708-759 of the human
CFTR protein sequence operably linked to a promoter. In related embodiments, the
rAAV comprises a nucleic acid comprising or consisting of the nucleotide sequence

of SEQ ID NO:45.

[0025] In some aspects, the pharmaceutical composition comprises between from
10! to 10 vector genomes (vg) per ml. In some preferred embodiments, the
pharmaceutical composition comprises from about 1 x 103 to about 9 x 10%* vg/ml,
preferably from about 2 x 10 to 6 x 10" vg/ml. In other preferred embodiments, the
pharmaceutical comprises about 1 x 10'* vg/ml, about 2 x 10" vg/ml, about 3 x 1013
vg/ml, about 4 x 10" vg/ml, about 5 x 10'* vg/ml, about 6 x 10'* vg/ml, about 7 x
10" vg/ml, about 8 x 103 vg/ml, or about 9 x 10'3 vg/ml. In a particularly preferred
embodiment, the pharmaceutical composition comprises about 2 x 10" vg/ml to about

5x 108 vg/ml.

[0026] In some embodiments, the pharmaceutical composition is formulated as a
liquid/suspension suitable for aerosolized delivery. In related embodiments, the
pharmaceutical composition is formulated as an aerosol and/or is an inhaled dosage

form.
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[0027] Also provided herein are methods of delivering a heterologous nucleic acid
to a lung cell comprising contacting the lung cell with an rAAYV virion comprising (i)
a capsid comprising a capsid protein of SEQ ID NO:12 and (ii) a heterologous nucleic
acid comprising a nucleotide sequence encoding one or more gene products. In some
embodiments, the heterologous nucleic acid encodes a protein and/or short interfering
RNA. In some preferred embodiments, the lung cell is any cell of the lung or trachea.
In other preferred embodiments, the lung cell is an airway epithelial cell, including
but not limited to an alveolar epithelium cell, a bronchial (primary, secondary or
tertiary) epithelial cell or a tracheal epithelial cell. In some preferred aspects, the lung
cell is a ciliated airway epithelial cell. In some preferred aspects, the lung cell is a
lung alveolar epithelial type 1 (AECI) or type 2 (AECII) cell. In other embodiments,
the lung cell is a smooth muscle or endothelial cell. In other embodiments, the lung
cell is a basal cell, goblet cell or oocyte. In particularly preferred embodiments, the
rAAV comprises a nucleic acid comprising or consisting of the nucleotide sequence

of SEQ ID NO:45.

[0028] Also provided herein are methods of delivering a heterologous nucleic acid
to the lung of a subject (e.g. a human subject) comprising administering to the subject
an rAAV virion comprising (i) a capsid comprising a capsid protein of SEQ ID NO:12
and (ii) a heterologous nucleic acid comprising a nucleotide sequence encoding one or
more gene products. In some embodiments, the heterologous nucleic acid encodes a
protein and/or short interfering RNA. In related embodiments, methods of delivering
a heterologous nucleic acid to the upper airway, nasopharynx, sinuses, mouth/buccal
region and/or salivary glands of a subject (e.g. a human subject) comprising
administering to the subject an rAAYV virion comprising (i) a capsid comprising a
capsid protein of SEQ ID NO:12 and (ii) a heterologous nucleic acid comprising a
nucleotide sequence encoding one or more gene products. In related aspects the
rAAV or pharmaceutical composition comprising same is administered to the subject
by pulmonary, endobronchial, intranasal, intratracheal, and/or intrabronchial
administration. In particularly preferred embodiments, the rAAV comprises a nucleic

acid comprising or consisting of the nucleotide sequence of SEQ ID NO:45.

[0029] Also provided herein are methods for treating a pulmonary disease,

comprising administering to a subject in need thereof, a therapeutically effective
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amount of a recombinant AAV (rAAV) comprising (i) a capsid comprising a capsid
protein of SEQ ID NO:12 and (ii) a heterologous nucleic acid comprising nucleotide
sequence encoding one or more gene products, the one or more gene products
operably linked to a promoter. In some aspects, the heterologous nucleic acid
comprises nucleotide sequence encoding multiple gene products, in which case
expression of the multiple (e.g. 2) gene products can be mediated by multiple (e.g. 2)
independent promoters or may be mediated by a single promoter, with the multiple
transgenes separated by an internal ribosome entry site (IRES) or a 2A peptide
sequence. In preferred embodiments, the heterologous nucleic acid encodes a
therapeutic protein and/or a therapeutic short interfering RNA. In related aspects, the
gene product(s) delivered by the rAAV decreases the level of a hindering gene
product and/or introduces or supplements the level of a supporting gene product. In
particularly preferred embodiments, the rAAV comprises a nucleic acid comprising or
consisting of the nucleotide sequence of SEQ ID NO:45. In other preferred
embodiments, the rAAV comprises a nucleic acid comprising nucleotide sequence

encoding an alpha-1-antitrypsin.

[0030] In some aspects, the pulmonary disease is selected from pulmonary arterial
hypertension, pulmonary hypertension, lung cancer (primary, secondary and
metastatic), surfactant deficiency, viral and/or bacterial infection, cystic fibrosis, acute
bronchitis, pneumonia (including viral, bacterial, and fungal pneumonia), respiratory
tract infections (including pharyngitis, croup, aspergillus, coocidiomycosis, hantavirus
pulmonary syndrome, and histoplasmosis), chemical and hypersensitivity
pneumonitis, tuberculosis and other mycobacterial infections (including but not
limited to mycobacterium avium), sarcoidosis, respiratory syncytial virus, pulmonary
edema, acute respiratory distress syndrome (ARDS), pneumoconiosis (including black
lung disease, asbestosis, and silicosis), interstitial lung disease (including sarcoidosis
and autoimmune disease), pulmonary embolism, pleual effusion, pleuritis,
mesothelioma, pneumothorax, acute bronchitis, bronchiolitis (including bronchiolitis
obliterans), sudden infant death syndrome, sleep apnoea, bronchiectasis,
bronchopulmonary dysplasia, cryptogenic organizing pneumonia, E-cigarette or
vaping use associated lung injury (EV ALI), Middle Eastern Respiratory Syndrome
(MERS), primary ciliary dyskinesia, Severe Acute Respiratory Syndrome (SARS),
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alpha-1-antitrypsin deficiency, asthma, interstitital lung disease, and COVID-19
(Coronavirus Disease 2019). In other aspects, the pulmonary disease is chronic
obstructive pulmonary disease (COPD) or idiopathic pulmonary fibrosis (IPF). In
related aspects, a method of treating COVID-19 is provided comprising administering
to a subject in need thereof, a therapeutically effective amount of a recombinant AAV
(rAAV) comprising (i) a capsid comprising a capsid protein of SEQ ID NO:12 and (i)
a heterologous nucleic acid comprising a nucleotide sequence encoding one or more
gene products operably linked to one or more promoters or a pharmaceutical
composition comprising the rAAV, wherein the gene product(s) knocks-down,
modifies and/or overexpresses a viral gene product or host cell gene to reduce or
eliminate viral pathogenicicty or replication in either the lung or nasopharyx and/or

expresses a neutralizing antibody against an epitope on the virus.

[0031] In some aspects, genes that may be targeted for the treatment of IPF
include, but are not limited to, SFTPA1 (surfactant Al) and Caveolin-1. Genes that
may be targeted for the treatment of COPD include, but are not limited to alpha-1-
antitrypsin, alpha-1-antichymotrypsin, alpha-1-macroglobulin, matrix
metalloproteinase 1 (MMP1), matrix metalloproteinase 12 (MMP12), microsomal
epoxide hydrolyase, CYP1A1, Glutathione S-transferase, heme oxygenase-1, TGF-
beta-1, TNF-alpha, IL-1 complex, IL-8, IL-13, human leukocyte antigen (HLA-B7

and Bw16), vitamin D binding protein, and beta-2-adrenergic receptor.

[0032] In related aspects, the rAAV or pharmaceutical composition is
administered by pulmonary, endobronchial, intranasal, intratracheal, and/or
intrabronchial administration to treat a pulmonary disease in a subject need thereof. In

some preferred embodiments, the infectious rAAV is administered using a nebulizer.

[0033]  In other aspects, at least one dose of about 10'? to 10'* vector genomes
(vg)/kg of the rAAYV is administered to the subject to treat a pulmonary disease. In
related aspects, the subject is administered about 1 x 10! to about 1 x 10 vg/kg,
about 1 x 102 to about 9 x 10" vg/kg, about 1 x 10'? vg/kg to about 9 x 10'* vg/kg,
preferably about 2 x 102 vg/kg to about 3 x 10'? vg/kg, more preferably about 2.6 x
102 vg/kg, about 2.7 x 102 vg/kg, about 2.8 x 10'? vg/kg, about 2.9 x 10'? vg/kg

about 3.0 x 102 vg/kg or about 3.1 x 10! vg/kg. In preferred embodiments, the
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subject is administered one or more doses of in one or more dosages, each dosage
comprising between about 1 x10' to about 1 x 10'* vector genomes (vg), about 1 x
10%3 to about 1 x 10 vg, between about 1 x 10'* and about 1 x 10 vg, or between
about 1 x 10" and about 5 x 10'° vg of the TAAV. In some preferred aspects, each
dosage comprises about 1 x 10! vg or about 1 x 10'° vg of the rAAV.

[0034] The present disclosure further provides infectious recombinant adeno-
associated virus (rAAV) virions that comprise a variant capsid protein and a
heterologous nucleic acid. The present disclosure further provides the variant adeno-
associated virus (AAV) capsid proteins (and/or a nucleic acid encoding the variant
AAV capsid proteins), which confer to an infectious rAAV virion an increased
resistance to human AAYV neutralizing antibodies. The present disclosure further
provides host cells comprising an infectious rAAYV virion and/or a nucleic acid
encoding a subject variant AAV capsid protein. The present disclosure further
provides libraries of the above virions, capsid proteins, nucleic acids, and/or host
cells; where the variant AAV capsid protein of at least one member of the library
comprises an amino acid sequence having at least one amino acid substitution relative

to the amino acid sequence set forth in one of SEQ ID NOs: 10-13 and 26-33.

[0035] The present disclosure further provides methods of delivering a
heterologous nucleic acid to a target cell where the target cell is contacted with a
subject infectious TAAYV virion. The present disclosure further provides methods of
delivering a gene product to an individual, the methods generally involving
administering an effective amount of a subject rAAYV virion to an individual in need
thereof. Also provided herein are compositions and kits for practicing the subject

methods.

[0036] Features of the present disclosure include an infectious recombinant
adeno-associated virus (rAAV) virion comprising (a) a variant adeno-associated virus
(AAV) capsid protein comprising an amino acid sequence having at least about 90%
amino acid sequence identity to the amino acid sequence set forth in one of SEQ ID
NOs: 11-13 and 26-33; and (b) a heterologous nucleic acid. In some cases, the variant
AAV capsid protein comprises an amino acid sequence having at least about 95%

amino acid sequence identity to the amino acid sequence set forth in one of SEQ ID
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NOs: 11-13 and 26-33. In some cases, the variant AAV capsid protein comprises the
amino acid sequence set forth in one of SEQ ID NOs: 11-13 and 26-33.

[0037] Features of the present disclosure include an infectious recombinant
adeno-associated virus (rAAV) virion comprising (a) a variant adeno-associated virus
(AAV) capsid protein that comprises an amino acid sequence having at least about
95% amino acid sequence identity to the amino acid sequence set forth in SEQ ID
NO: 10, and includes the amino acid substitutions N312K, N449D, D472N, N5518,
1698V, and L735Q relative to SEQ ID NO: 2; and (b) a heterologous nucleic acid. In
some cases, the variant AAV capsid protein comprises the amino acid sequence set
forth in SEQ ID NO: 10. In some cases, the TAAV exhibits increased resistance to
human AAV neutralizing antibodies compared to the resistance exhibited by AAV2
(wild type AAV serotype 2). In some cases, the rAAV exhibits at least about 1.5-fold
(e.g., at least about 3-fold, at least about 5-fold, at least about 10-fold, at least about
30-fold, etc.) greater resistance to human AAYV neutralizing antibodies than the
resistance exhibited by AAV2. In some cases, the TAAV exhibits increased
transduction of mammalian cells in the presence of human AAV neutralizing
antibodies compared to the transduction of mammalian cells exhibited by wild type
AAV serotype 2 (AAV2). In some cases, the mammalian cells are liver cells,
pancreatic cells, skeletal muscle cells, heart muscle cells, fibroblasts, retinal cells,
synovial joint cells, lung cells, T cells, neurons, glial cells, stem cells (e.g.,
hematopoietic stem cells, hematopoietic progenitor cells, neural stem cells, neural
progenitor cells, neural crest stem cells, embryonic stem cells, induced pluripotent
stem cells (iPS cells), mesenchymal stem cells, mesodermal stem cells, liver stem
cells, pancreatic stem cells, pancreatic progenitor cells, muscle stem cells, retinal stem
cells, and the like), endothelial cells, or cancer cells. In some cases, the heterologous
nucleic acid comprises an RNA interfering agent. In some cases, the heterologous

nucleic acid comprises a nucleotide sequence encoding a polypeptide.

[0038] Features of the present disclosure include an isolated nucleic acid
comprising a nucleotide sequence that encodes a variant adeno-associated virus
(AAYV) capsid protein comprising an amino acid sequence having at least about 90%
amino acid sequence identity to the amino acid sequence set forth in one of SEQ ID

NOs: 11-13 and 26-33. In some cases, the encoded variant AAV capsid protein
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comprises an amino acid sequence having at least about 95% amino acid sequence
identity to the amino acid sequence set forth in one of SEQ ID NOs: 11-13 and 26-33.
In some cases, the encoded variant AAV capsid protein comprises the amino acid

sequence set forth in one of SEQ ID NOs: 11-13 and 26-33.

[0039] Features of the present disclosure include an isolated nucleic acid
comprising a nucleotide sequence that encodes a variant adeno-associated virus
(AAV) capsid protein that comprises an amino acid sequence having at least about
95% amino acid sequence identity to the amino acid sequence set forth in SEQ ID
NO: 10, and includes the amino acid substitutions N312K, N449D, D472N, N5518,
1698V, and L735Q relative to SEQ ID NO: 2.

[0040] In some cases, the encoded variant AAV capsid protein (encoded by an
isolated nucleic acid) confers to an infectious recombinant adeno-associated virus
(rAAV) virion an increased resistance to human AAV neutralizing antibodies
compared to the resistance exhibited by AAV2 (wild type AAV serotype 2). In some
cases, increased resistance is at least about 1.5-fold (e.g., at least about 3-fold, at least
about 5-fold, at least about 10-fold, at least about 30-fold, etc.) greater than the
resistance exhibited by AAV2. In some cases, the encoded variant AAV capsid
protein (encoded by an isolated nucleic acid) confers to an infectious recombinant
adeno-associated virus (rAAV) virion an increased transduction of mammalian cells
in the presence of human AAV neutralizing antibodies compared to the transduction

exhibited by AAV?2.

[0041] Features of the present disclosure include an isolated host cell comprising
a subject nucleic acid as described above. In some cases, the host cell is stably
transfected with the nucleic acid. In some cases, the host cell further comprises a
nucleic acid comprising a nucleotide sequence encoding an AAV rep protein. In some

cases, the host cell further comprises a recombinant AAV vector.

[0042] Features of the present disclosure include a method of delivering a
heterologous nucleic acid to a target cell, comprising contacting the target cell with a
subject virion (described above). In some cases, the target cell is a liver cell, a

pancreatic cell, a skeletal muscle cell, a heart muscle cell, a fibroblast, a retinal cell, a
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synovial joint cell, a lung cell, a T cell, a neuron, a glial cell, a stem cell (e.g., a
hematopoietic stem cell, a hematopoietic progenitor cell, a neural stem cell, a neural
progenitor cell, a neural crest stem cell, an embryonic stem cell, an induced
pluripotent stem cell (iPS cell), a mesenchymal stem cell, a mesodermal stem cell, a
liver stem cell, a pancreatic stem cell, a pancreatic progenitor cell, a muscle stem cell,
or a retinal stem cell, and the like), an endothelial cell, or a cancer cell. In some cases,

the target cell is in vitro. In some cases, the target cell is in vivo.

[0043] Features of the present disclosure include a method of delivering a gene
product to an individual in need thereof, the method comprising administering to the
individual an effective amount of a subject infectious recombinant adeno-associated
virus (rAAV) virion (described above). In some cases, the heterologous nucleic acid
of the rAAV virion comprises an RNA interfering agent. In some cases, the
heterologous nucleic acid of the rAAYV virion comprises a nucleotide sequence
encoding a polypeptide. In some cases, the administering step comprises the indirect
delivery of the infectious rAAYV virion. In some cases, the administering step

comprises the direct delivery of the infectious rAAV virion.

[0044] Features of the present disclosure include a variant adeno-associated virus
(AAV) capsid protein comprising an amino acid sequence having at least about 90%
amino acid sequence identity to the amino acid sequence set forth in one of SEQ ID
NOs: 11-13 and 26-33. In some cases, the AAV capsid protein comprises an amino
acid sequence having at least about 95% amino acid sequence identity to the amino
acid sequence set forth in one of SEQ ID NOs: 11-13 and 26-33. In some cases, the
AAYV capsid protein comprises the amino acid sequence set forth in one of SEQ ID

NOs: 11-13 and 26-33.

[0045] Features of the present disclosure include a variant adeno-associated virus
(AAV) capsid protein that comprises an amino acid sequence having at least about
95% amino acid sequence identity to the amino acid sequence set forth in SEQ ID
NO: 10, and includes the amino acid substitutions N312K, N449D, D472N, N5518,
1698V, and L735Q relative to SEQ ID NO: 2. In some cases, the variant AAV capsid
protein comprises the amino acid sequence set forth in SEQ ID NO: 10. In some

cases, the variant AAV capsid protein confers to an infectious recombinant adeno-
22



WO 2021/222148 PCT/US2021/029253

associated virus (rAAV) virion an increased resistance to human AAV neutralizing
antibodies compared to the resistance exhibited by AAV2. In some cases, the
increased resistance is at least about 1.5-fold (e.g., at least about 3-fold, at least about
5-fold, at least about 10-fold, at least about 30-fold, etc.) greater than the resistance
exhibited by AAV2. In some cases, the variant AAVcapsid protein confers to an
infectious recombinant adeno-associated virus (rAAV) virion an increased
transduction of mammalian cells in the presence of human AAV neutralizing

antibodies compared to the transduction exhibited by AAV2.

[0046] Features of the present disclosure include a library comprising at least one
of: (i) two or more infectious TAAYV virions, each comprising a variant adeno-
associated virus (AAV) capsid protein and a heterologous nucleic acid; (ii) two or
more isolated nucleic acids, each comprising a nucleotide sequence that encodes a
variant AAV capsid protein; (iii) two or more host cells, each comprising a nucleic
acid that comprises a nucleotide sequence that encodes a variant AAV capsid protein;
and (iv) two or more variant AAV capsid proteins; wherein the variant AAV capsid
protein of at least one member of the library comprises an amino acid sequence
having at least one amino acid substitution relative to the amino acid sequence set

forth in one of SEQ ID NOs: 10-13 and 26-33.

[0047] Features of the present disclosure include a method of generating and
identifying a modified infectious rAAYV virion that exhibits an altered property of
infection relative to a starter (parent) virion comprising a starter capsid protein, the
method comprising: (a) generating variant adeno-associated virus (AAV) capsid
proteins from the starter capsid protein, wherein the starter capsid protein comprises
the amino acid sequence set forth in one of SEQ ID NOs: 10-13 and 26-33, and
wherein each variant AAV capsid protein comprises at least one amino acid
substitution relative to the starter capsid protein; (b) generating variant AAV virions,
each comprising a variant capsid AAV protein generated in step (a); and (¢) assaying
variant AAV virions generated in step (b) for the altered property of infection to
identify the modified infectious rAAYV virion. In some cases, the generation of the
library of variant AAV capsid proteins comprises a method of mutagenesis selected
from the group consisting of: polymerase chain reaction mutagenesis,

oligonucleotide-directed mutagenesis, saturation mutagenesis, loop-swapping
23



WO 2021/222148 PCT/US2021/029253

mutagenesis, fragment shuffling mutagenesis, and a combination thereof. In some
cases, the altered property of infection is an increased resistance to human
neutralizing AAV antibodies compared to the resistance exhibited by the starter
virion. In some cases, the altered property of infection is an increased transduction of
mammalian cells in the presence of human AAYV neutralizing antibodies compared to
the transduction exhibited by the starter virion. In some cases, the modified infectious
rAAYV virion comprises a modified AAV capsid protein comprising an amino acid
sequence having at least about 90% amino acid sequence identity to the starter capsid

protein.

[0048] Features of the present disclosure include a method of generating a variant
AAV capsid protein from a starter capsid protein, the method comprising: subjecting
anucleic acid that comprises a nucleotide sequence encoding the starter capsid protein
to a type of mutagenesis selected from the group consisting of: polymerase chain
reaction mutagenesis, oligonucleotide-directed mutagenesis, saturation mutagenesis,
loop-swapping mutagenesis, fragment shuffling mutagenesis, and a combination
thereof, wherein the starter capsid protein comprises the amino acid sequence set forth

in one of SEQ ID NOs: 10-13 and 26-33.

DESCRIPTION OF THE DRAWINGS

[0049] FIGS. 1A-B depict directed Evolution of AAV for Enhanced Antibody

Evasion.

[0050] FIGS. 2A-B depict the neutralization profiles of antibody evading variants
using human IVIG.

[0051] FIGS. 3A-C depict the neutralization profiles of antibody evading variants
using human sera acquired from individuals that were excluded from hemophilia B

clinical trials due to the presence of high neutralizing antibody titers against AAV.

[0052] FIGS. 4A-B depict the amino acid sequences of loop-swap/shuffle and

saturation mutagenesis clones.
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[0053] FIG. 5 demonstrates the in vitro tropism of AAV variants.

[0054] FIGS. 6A-B show in vivo localization and neutralization of novel AAV

variants.

[0055] FIGS. 7A-D demonstrate the generation of human antibody evaders.

[0056] FIGS. 8A-I depict the capsid protein sequence of Shuffle 100-1 (SEQ ID
NO: 11) aligned with the wild type capsid protein sequences of AAV1-9 (SEQ ID
NOs: 1-9).

[0057] FIGS. 9A-I depict the capsid protein sequence of Shuffle 100-3 (SEQ ID
NO: 12) aligned with the wild type capsid protein sequences of AAV1-9 (SEQ ID
NOs: 1-9).

[0058] FIGS. 10A-I depict the capsid protein sequence of Shuffle 100-7 (SEQ ID
NO: 13) aligned with the wild type capsid protein sequences of AAV1-9 (SEQ ID
NOs: 1-9).

[0059] FIG. 11 shows the neutralizing antibody titers of library clones and parent

serotypes in immunized mouse sera.

[0060] FIG. 12 illustrates the directed evolution process utilized to identify capsid
variant “A101” (comprising a capsid protein of SEQ ID NO:12) with enhanced gene

delivery to the lung in the presence of human neutralizing antibodies.

[0061] FIGs. 13A-B Figure 13A illustrates estimated genetic diversity of the
capsid libraries used for the directed evolution process. The total diversity of the
libraries is >1 billion genetic variants. Figure 13B illustrates productivity of the capsid
libraries. All capsid libraries were manufactured at a level sufficient to produce
material for the in vivo Therapeutic Vector Evolution program study. The viral
genomes (vg) administered represent the target dose, not accounting for losses

associated with the delivery device and route of administration.
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[0062] FIGs. 14A-B Fig.14A illustrates external PCR amplification of viral
genomes from the isolated AT II cells following a) AeroProbe® administration or b)
nebulizer administration from the first round of selection. Bands within blue boxes
represent successful amplification of viral genomes. Temperature gradient represents
annealing temperatures used during PCR corresponding to each lane of the gel. Fig.
14B illustrates Internal PCR amplification of viral genomes from the isolated AT II
cells following a) AeroProbe® administration or b) nebulizer administration from the
first round of selection. Bands within blue boxes represent successful amplification of

viral genomes.

[0063] FIGs. 15A-15B Fig. 15A illustrates frequency of chimera motif within
sequencing analysis for the study. Sequencing analysis is based on total frequency
within sequenced population for both AeroProbe and Nebulizer delivery devices. Fig.
15B illustrates frequency of A101 variant within chimera motif for the study.
Sequencing analysis based on total frequency within sequenced population for both

AeroProbe and Nebulizer delivery devices.

[0064] FIG. 16 Lung Sampling Schematic (Examples 3 and 7). Schematic
representation of trachea and lung sampling. Circles in right lung represent adjacent
samples obtained for DNA and protein isolation. Samples oriented along the long and

short axis for tissue sectioning are represented by squares.

[0065] FIG. 17 Variant Capsid (comprising a capsid protein of SEQ ID NO:12)
Transduction with NHP Serum Samples at 1:10 Serum Dilution. Serum samples from
NHPs eligible for study inclusion were analyzed for the presence of anti-AAV
neutralizing antibodies. Transduction in the presence of a 1:10 serum dilution
(compared to transduction in the absence of serum) is reported for all NHP. NHP
selected for study inclusion are denoted by yellow bars. Error bars = Standard

Deviation, n = 3 (internal replicates).

[0066] FIG. 18 Variant Capsid-Mediated Genome Biodistribution. Quantification
of viral genomes in the lung and additional systemic organs by qPCR using primers
and probe against the EGFP transgene. Viral genomes were detected in all 48 samples

(n = 16 samples per NHP; n = 3 NHP). All samples tested from skeletal muscle
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(triceps brachii, vastus lateralis), diaphragm, kidney, spleen, brain and spinal cord
were below the lower limit of quantification. Mean + standard error; n =3 NHP (n =
16 biopsy sites per lung per NHP, n = 10 biopsy sites per liver per NHP, n=15
biopsy sites per heart per NHP, n = 9 biopsy sites per skeletal muscle per NHP, n =2
samples per kidney per NHP, n = 1 sample per spleen per NHP, n = 8 biopsy sites per
brain per NHP, n = 3 biopsy sites per spinal cord per NHP).

[0067] FIG. 19 Variant Capsid-Mediated Protein Expression in Lungs.
Quantification of EGFP protein expression in the lung by ELISA against the EGFP
protein. EGFP expression was observed in all 48 lung samples (n = 16 samples per
NHP; n =3 NHP). EGFP expression was observed in 10 liver samples that were
positive for viral genomes (n = 10 samples per NHP; n = 3 NHP). Mean + standard

CITor.

[0068] FIG. 20 Variant Capsid-Mediated Protein Localization in Lung.
Representative images of EGFP expression in the trachea (a-b), bronchi (¢, e, g), and
alveoli (d, f, h) of NHP V002969. Sections denoted by white boxes in trachea (b),
alveoli (d), and bronchi (e) are provided as magnified images in i, j, and k,
respectively. Approximate locations of images are denoted by magenta boxes on the
schematic diagram. EGFP expression is detected by an anti-GFP antibody (red) in all

images. Nuclei were counterstained with DAPI (blue).

[0069] FIGS. 21A-21D. Alveolar Epithelial Type 2 Non-Human Primate Cell
Characterization. NHP AECII cells were over 90% LysoTracker positive, shown by
fluorescent microscopy (FIG. 17A) and quantified by flow cytometry (FIG. 21B).
Surfactant protein C, a mature marker of AECII cells was evident on day 1 and day 5
after seeding (FIG. 21C). AECII cells decreased their proliferation rate over time in
culture shown by EdU incorporation (FIG. 21D). EdU= 5-Ethynyl-2'-deoxyuridine,

Error bars=Standard Deviation, n=3 internal replicates.

[0070] FIGS. 22A-22B. Non-Human Primate Alveolar Epithelial Type 2 Cell
Vector Characterization. The rAAV with capsid comprising capsid protein of SEQ ID
NO:12 (4D-A101) capsid showed a higher transduction rate than the AAVS5 capsid,

both carrying CAG-eGFP in ALI cultures of AECII NHP cells. Quantification of
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eGFP positive cells by flow cytometry (Figure 22A). Representative ICC images of
eGFP positive cells (Figure 22B). Post-infection time of 3 days, 5 total days in
culture. Error bars=Standard Deviation, n=3 internal replicates. Student’s t-test,

p<0.05 compared to AAVS.

[0071] FIGS. 23A-23D. Alveolar Epithelial Type 2 Human Cell Characterization.
Human AECII cells were around 80% LysoTracker positive until day 11 in culture
when they decreased to 50%, shown by fluorescent microscopy (FIG. 23A) and
quantified by flow cytometry (FIG. 23B). Surfactant protein C, a mature marker of
AECII cells was evident on day 5 and day 11 after seeding (FIG. 23C). AECII cells
decreased their proliferation rate over time in culture shown by EdU incorporation
(FIG. 23D). EdU= 5-Ethynyl-2’-deoxyuridine, Error bars=Standard Deviation, n=3

internal replicates.

[0072] FIG. 24 Human Alveolar Epithelial Type 2 Cell Vector Characterization.
Capsid comprising a capsid protein of SEQ ID NO:12 (4D-A101) showed a higher
transduction rate than the AAVS5 capsid, both carrying CAG-eGFP in ALI cultures of
AECII human cells. Representative ICC images of eGFP positive cells. Post-infection

time of 6 and 10 days, 7 and 11 total days in culture.

[0073] FIG. 25 In Vitro Neutralization Profiles of Wild-Type AAV1, AAV2,
AAVS5, AAVS, AAV9 and rAAV comprising capsid comprising capsid protein of
SEQ ID NO:12 (4D-A101). rAAV comprising capsid comprising capsid protein of
SEQ ID NO:12 showed superior ability to avoid AAV neutralizing antibodies in
human IVIG compared to wild type AAV. AAV.CAG Luciferase vectors were
incubated with dilutions of IVIG prior to infection of 2V6.11 cells at a MOI of 1,000.
Vectors capable of evading antibodies transduced the cells, and luciferase activity was
measured 48 hours post infection. IVIG= intravenous immunoglobin, Error
bars=Standard Deviation, n=3, internal replicates. * p <0.05 for 4D-A101 vs AAV1,
AAV2, AAVS, and AAVY, Tp <0.05 for 4D-A101 vs AAVS.

[0074] FIG. 26 Graph of net charge vs. pH for A101 VP1 and VP3 capsid

proteins.
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[0075] FIG. 27 Graph of A101-GFP pH Solubility After 1-day Storage at Room

Temperature.

[0076] FIGs. 28 A-C. Transduction Leads to Robust Protein Expression and
Membrane Localization in HEK2v6.11 Cells. HEK2v6.11 were transduced with 4D-
710 and probed by western blot (Figure 28 A) with anti-CFTR antibody (Figure 28A).
Representative images (Figure 28B) show cells analyzed by immunocytochemistry,
anti-CFTR (red), F-actin (green), DAPI, nuclear (Blue). Scale bars are 100 uM
(Figure 28B) and 25 uM (Figure 28C).

[0077] FIGs. 29A-B Transduction of 16HBE140-G542X cells with 4D-710.
Reverse transcription-ddPCR (RT-ddPCR) digital droplet PCR (ddPCR) was
performed on RNA extracted from the HBE cultures following 4D-710 transduction
at increasing MOIs (Figure 29A). Exogenous CFTRAR transcript levels were
determined and quantified as copies/uL above a set threshold and plotted on a linear
scale. BLQ, below the limit of quantification. NT, nontransduced.
Immunocytochemistry of HBE cultures following transduction at MOIs of 35,000 and
50,000 (Figure 29B). Blue is DAPI and red is CFTR protein. Scale is 100 um.

[0078] FIG. 30 Transduction of healthy ex vivo ALI lung cultures with 4D-710.
ddPCR was performed on cDNA prepared from RNA extracted from the cultures
following 4D-710 transduction. Two primer/probe sets were created to specifically
differentiate the codon optimized human CFTRAR transgene from the endogenous
human CFTR gene. Quantification analyzed the number of droplets, above the set
threshold, containing the transcript of the primer/probe set examined. BLQ, below the

limit of quantification. NT, nontransduced.

[0079] FIG. 31 4D-A101 Transduction with NHP Serum Samples at 1:10 Serum
Dilution. Serum samples from NHP eligible for study inclusion were analyzed for the
presence of anti-AAV neutralizing antibodies to the capsid of 4D-710 (4D-A101,
comprising a capsid protein of SEQ ID NO:12). Transduction in the presence of a
1:10 serum dilution (compared to transduction in the absence of serum) is reported for

all NHP. Error bars = Standard Deviation, n = 3 (internal replicates).
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[0080] FIGs. 32A-C. Quantification of viral genomes by qPCR using primers and
probe against the CFTRAR transgene. Figure 32A, viral genomes were robustly
detected in lung samples distributed throughout the right lung. Figure 32B, individual
animal lung samples are denoted by approximate region and lung lobe: alveoli
(green), primary/secondary bronchi (blue), tertiary/lower bronchi (red), cranial lobe
(circle), middle lobe (square), caudal lobe (triangle), accessory lobe (diamond). Figure
32C, viral genomes quantified in 3 x 10" vg dosed animals demonstrate that all
samples tested from heart, liver, brain, skeletal muscle (triceps brachii, vastus
lateralis, diaphragm), spinal cord, pancreases, kidney, and testis were below the lower
limit of quantification. All three animals had detectable viral genomes in the
tracheobronchial (TB) lymph node, and one animal had detectable viral genomes in

the spleen. Mean +SD.

[0081] FIGs. 33A-B 4D-710 Transgene Transcript Expression in Lungs.
Quantification of CFTRAR transcript by RT-qPCR using primers and probe against
the 4D-710 transgene. Figure 33 A, transcripts were detected in the right lung samples
distributed throughout the lobes in 3 x 103 vg dosed animals, all vehicle animals were
BLQ. Figure 33B, individual animal lung samples dosed with 3 x 10'® vg are denoted
by approximate region and lung lobe: alveoli (green), primary/secondary bronchi
(blue), tertiary/lower bronchi (red), cranial lobe (circle), middle lobe (square), caudal

lobe (triangle), accessory lobe (diamond). Mean £SD.

[0082] FIGs. 34A-B 4D-710 Protein Expression in Lungs. CFTR protein
expression in the lung by immunohistochemistry staining. Figure 34A, CFTR
expression in tracheal epithelium, bronchial epithelium, and alveoli sections of each
treatment group, representative images. Figure 34B, CFTR protein expression in the
tracheal epithelium, bronchial epithelium, and alveoli sections of 3 x 10! vg treated

animals (individual animals shown), representative images.

[0083] FIG. 35 Graph of A101-Luc Solubility vs. pH
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DETAILED DESCRIPTION OF THE INVENTION

[0084] DEFINITIONS

[0085] Adeno-associated virus is a nonpathogenic parvovirus composed of a 4.7
kb single-stranded DNA genome within a non-enveloped, icosahedral capsid. “AAV”
is an abbreviation for adeno-associated virus, and may be used to refer to the virus
itself or derivatives thereof. The genome contains three open reading frames (ORF)
flanked by inverted terminal repeats (ITR) that function as the viral origin of
replication and packaging signal. The rep ORF encodes four nonstructural proteins
that play roles in viral replication, transcriptional regulation, site-specific integration,
and virion assembly. The cap ORF encodes three structural proteins (VP1-3) that
assemble to form a 60-mer viral capsid. Finally, an ORF present as an alternate
reading frame within the cap gene produces the assembly-activating protein (AAP), a
viral protein that localizes AAV capsid proteins to the nucleolus and functions in the

capsid assembly process.

[0086] There are several naturally occurring serotypes and over 100 variants of
AAV, each of which differs in amino acid sequence, particularly within the
hypervariable regions of the capsid proteins, and thus in their gene delivery
properties. No AAV has been associated with any human disease, making

recombinant AAV attractive for clinical applications.

[0087] The term “AAV” as used herein covers all subtypes and both naturally
occurring and recombinant forms, except where required otherwise. The term “AAV”
includes AAV type 1 (AAV-1 or AAV1), AAV type 2 (AAV-2 or AAV2), AAV type
3 (AAV-3 or AAV3), AAV type 4 (AAV-4 or AAV4), AAV type 5 (AAV-5 or
AAVS), AAV type 6 (AAV-6 or AAV6), AAV type 7 (AAV-7 or AAVT), AAV type
8 (AAV-8 or AAVS), AAV type 9 (AAV-9 or AAV9), 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, etc.
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[0088] The term “4D-A101" or “A101” as used herein refers to an AAV capsid
comprising a capsid protein of SEQ ID NO:12.

[0089] The term “4D-710" as used herein refers to a recombinant AAV
comprising (1) a capsid comprising a capsid protein of SEQ ID NO:12 and (i1) a

heterologous nucleic acid comprising the nucleotide sequence of SEQ ID NO:45.

[0090] 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_002077.1 (AAV-1),
AF063497.1 (AAV-1), NC_001401.2 (AAV-2), AF043303.1 (AAV-2), J01901.1
(AAV-2), U48704.1 (AAV-3), NC_001729.1 (AAV-3), NC_001829.1 (AAV-4),
U89790.1 (AAV-4), NC_006152.1 (AAV-5), AF085716.1 (AAV-5), AF028704.1
(AAV-6), NC_006260.1 (AAV-7), AF513851.1 (AAV-7), AF513852.1 (AAV-8) NC_
006261.1 (AAV-8), and AY530579.1 (AAV-9); the disclosures of which are
incorporated by reference herein for teaching AAV nucleic acid and amino acid
sequences. 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
etal. (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; and
U.S. Pat. No. 6,156,303,

[0091] The sequences of naturally existing cap (capsid) proteins associated with
AAY serotypes are known in the art and include: AAV1 (SEQ ID NO: 1), AAV2
(SEQ ID NO: 2), AAV3 (SEQ ID NO: 3), AAV4 (SEQ ID NO: 4), AAV5 (SEQ ID
NO: 5), AAV6 (SEQ ID NO: 6), AAV7 (SEQ ID NO: 7), AAVS (SEQ ID NO: 8),
and AAV9 (SEQ ID NO: 9). The term “variant AAV capsid protein” is a an AAV
capsid protein comprising an amino acid sequence that includes at least one
substitution (including deletion, insertion, etc.) relative to one of the naturally existing

AAV capsid protein sequences set forth in SEQ ID NOs:1-9.
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[0092] An “AAV virion” or “AAYV viral particle” refers to a viral particle
composed of at least one AAV capsid protein and an encapsidated AAV

polynucleotide.

[0093] “Recombinant,” as applied to a polynucleotide means that the
polynucleotide is the product of various combinations of cloning, restriction or
ligation steps, and other procedures that result in a construct that is distinct from a
polynucleotide found in nature. A recombinant virus 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.

[0094] If an AAV virion comprises a heterologous polynucleotide (i.e. a
polynucleotide other than a wild-type AAV genome, e.g., a transgene to be delivered
to a target cell, an RNAi agent or CRISPR agent to be delivered to a target cell, etc.),
it is typically referred to as a “recombinant AAV (rAAV) virion” or an “TAAYV viral
particle.” In general, the heterologous polynucleotide is flanked by at least one, and

generally by two, AAV inverted terminal repeat sequences (ITRs).

[0095] The term “rAAV vector” encompasses rAAV virions (i.e., TAAV viral
particles) (e.g., an infectious TAAV virion), which by definition include an TAAV
polynucleotide; and also encompasses polynucleotides encoding rAAV (e.g., a single
stranded polynucleotide encoding rAAV (ss-TAAV); a double stranded polynucleotide
encoding rAAV (ds-TAAV), e.g., plasmids encoding rAAV; and the like).

[0096] “Packaging” refers to a series of intracellular events that result in the

assembly and encapsidation of an AAV particle.

[0097] 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 AAV “packaging genes.”

[0098] A “helper virus” for AAV refers to a virus that allows AAV (e.g. wild-type
AAYV) to be replicated and packaged by a mammalian cell. A variety of such helper

viruses for AAV are known in the art, including adenoviruses, herpesviruses and
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poxviruses such as vaccinia. The adenoviruses encompass a number of different
subgroups, although Adenovirus type 5 of subgroup C is most commonly used.
Numerous adenoviruses of human, non-human mammalian and avian origin are
known and available from depositories such as the ATCC. Viruses of the herpes
family include, for example, herpes simplex viruses (HSV) and Epstein-Barr viruses
(EBV), as well as cytomegaloviruses (CMV) and pseudorabies viruses (PRV); which

are also available from depositories such as ATCC.

[0099] “Helper virus function(s)” refers to function(s) encoded in a helper virus
genome which allow AAYV replication and packaging (in conjunction with other
requirements for replication and packaging described herein). As described herein,
“helper virus function” may be provided in a number of ways, including by providing
helper virus or providing, for example, polynucleotide sequences encoding the
requisite function(s) to a producer cell in trans. For example, a plasmid or other
expression vector comprising nucleotide sequences encoding one or more adenoviral

proteins is transfected into a producer cell along with an rAAYV vector.

[00100] An “infectious” virus or viral particle is one that comprises a competently
assembled viral capsid and is capable of delivering a polynucleotide component into a
cell for which the viral species is tropic. The term does not necessarily imply any
replication capacity of the virus. Assays for counting infectious viral particles are
described elsewhere in this disclosure and in the art. Viral infectivity can be expressed
as the ratio of infectious viral particles to total viral particles. Methods of determining
the ratio of infectious viral particle to total viral particle are known in the art. See,
e.g., Grainger et al. (2005) Mol. Ther. 11:S337 (describing a TCID50 infectious titer
assay); and Zolotukhin et al. (1999) Gene Ther. 6:973. See also the Examples.

[00101] The term “tropism” as used herein refers to the preferential targeting of
specific host species or specific cell types within a host species by a virus (e.g., an
AAY). For example, a virus that can infect cells of the heart, lung, liver, and muscle
has a broader (i.e., increased) tropism relative to a virus that can infect only lung and
muscle cells. Tropism can also include the dependence of a virus on particular types
of cell surface molecules of the host. For example, some viruses can infect only cells

with surface glycosaminoglycans, while other viruses can infect only cells with sialic
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acid (such dependencies can be tested using various cells lines deficient in particular
classes of molecules as potential host cells for viral infection). In some cases, the
tropism of a virus describes the virus's relative preferences. For example, a first virus
may be able to infect all cell types but is much more successful in infecting those cells
with surface glycosaminoglycans. A second virus can be considered to have a similar
(or identical) tropism as the first virus if the second virus also prefers the same
characteristics (e.g., the second virus is also more successful in infecting those cells
with surface glycosaminoglycans), even if the absolute transduction efficiencies are
not similar. For example, the second virus might be more efficient than the first virus
at infecting every given cell type tested, but if the relative preferences are similar (or
identical), the second virus can still be considered to have a similar (or identical)
tropism as the first virus. In some embodiments, the tropism of a virion comprising a
subject variant AAV capsid protein is not altered relative to a naturally occurring
virion. In some embodiments, the tropism of a virion comprising a subject variant
AAYV capsid protein is expanded (i.e., broadened) relative to a naturally occurring
virion. In some embodiments, the tropism of a virion comprising a subject variant

AAV capsid protein is reduced relative to a naturally occurring virion.

[00102] A “replication-competent” virus (e.g. a replication-competent AAV) refers
to a phenotypically wild-type virus that is infectious, and is also capable of being
replicated in an infected cell (i.e. in the presence of a helper virus or helper virus
functions). In the case of AAV, replication competence generally requires the
presence of functional AAV packaging genes. In general, rAAV vectors as described
herein are replication-incompetent in mammalian cells (especially in human cells) by
virtue of the lack of one or more AAV packaging genes. Typically, such rAAV
vectors lack any AAV packaging gene sequences in order to minimize the possibility
that replication competent AAV are generated by recombination between AAV
packaging genes and an incoming rAAV vector. In many embodiments, rAAV vector
preparations as described herein are those which contain few if any replication
competent AAV (rcAAYV, also referred to as RCA) (e.g., less than about 1 rcAAV per
10>TAAV particles, less than about 1 rcAAV per 10* rAAV particles, less than about
1 rcAAV per 108 rAAV particles, less than about 1 rcAAV per 102 rAAV particles, or
no rcAAV).
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[00103] The term “polynucleotide” refers to a polymeric form of nucleotides of
any length, including deoxyribonucleotides or ribonucleotides, or analogs thereof. A
polynucleotide may comprise modified nucleotides, such as methylated nucleotides
and nucleotide analogs, and may be interrupted by non-nucleotide components. If
present, modifications to the nucleotide structure may be imparted before or after
assembly of the polymer. The term polynucleotide, as used herein, refers
interchangeably to double- and single-stranded molecules. Unless otherwise specified
or required, any embodiment herein that comprises a polynucleotide encompasses
both the double-stranded form and each of two complementary single-stranded forms

known or predicted to make up the double-stranded form.

[00104] 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.nlm.nih.gov/BLAST/. Another alignment algorithm is FASTA, available in the
Genetics Computing Group (GCG) package, from Madison, Wis., USA, a wholly
owned subsidiary of Oxford Molecular Group, Inc. Other techniques for alignment
are described in Methods in Enzymology, vol. 266: Computer Methods for
Macromolecular Sequence Analysis (1996), ed. Doolittle, Academic Press, Inc., a
division of Harcourt Brace & Co., San Diego, Calif., USA. 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 (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)

[00105] A “gene” refers to a polynucleotide that performs a function of some kind
in the cell. For example, a gene can contain an open reading frame that is capable of
encoding a particular protein after being transcribed and translated. On the other hand
a gene can encode a functional RN A product that is not translated (e.g., an aptamer,

an interfering RNA, a ribosomal RNA (rRNA), a transfer RNA (tRNA), etc.).
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[00106] A “‘gene expression product” or “gene product” is a molecule resulting
from expression of a particular gene, as defined above. Gene expression products
include, e.g., a polypeptide, an aptamer, an interfering RNA, a messenger RNA

(mRNA), an rTRNA, a tRNA, anon-coding RNA (ncRNA), and the like.

[00107] An “RNA interfering agent” or “RNAi agent” encompasses any agent (or a
polynucleotide encoding such an agent) that can be used to change the expression of a
gene (as defined above). Examples of RN A1 agents known to one of ordinary skill in
the art include, but are not limited to, (i) siRNA agents; (ii) antisense RNA; (ii1)
CRISPR agents; (iv) Zinc finger nuclease agents, and (v) Transcription activator-like

effector nuclease (TALEN) agents.

[00108] (i) an siRNA agent (“small interfering” or “short interfering RNA” (or
siRNA)) is an RNA duplex of nucleotides that is targeted to a gene interest (a “target
gene”). An “RNA duplex” refers to the structure formed by the complementary
pairing between two regions of a RNA molecule, forming a region of double stranded
RNA (dsRNA). siRNA is “targeted” to a gene in that the nucleotide sequence of the
duplex portion of the siRNA is complementary to a nucleotide sequence of the
targeted gene. In some embodiments, the length of the duplex of siRNAs is less than
30 nucleotides. In some embodiments, the duplex can be 29, 28, 27, 26, 25, 24, 23,
22.21,20,19,18, 17,16, 15, 14, 13, 12, 11 or 10 nucleotides in length. In some
embodiments, the length of the duplex is 19-25 nucleotides in length. The RNA
duplex portion of the siRNA can be part of a hairpin structure. siRNA agents that
contain a hairpin can also be referred to as “shRNA (short hairpin RNA) agents.” In
addition to the duplex portion, the hairpin structure may contain a loop portion
positioned between the two sequences that form the duplex. The loop can vary in
length. In some embodiments the loop is 5, 6, 7, 8, 9, 10, 11, 12 or 13 nucleotides in
length. The hairpin structure can also contain 3’ or 5’ overhang portions. In some
embodiments, the overhang is a 3’ or a 5' overhang 0, 1, 2, 3, 4 or 5 nucleotides in
length. In general, the level of expression product (e.g., mRNA, polypeptide, etc.) of a
target gene is reduced by an siRNA agent (e.g., an siRNA, an shRNA, etc.) that
contains specific double stranded nucleotide sequences that are complementary to at
least a 19-25 nucleotide long segment (e.g., a 20-21 nucleotide sequence) of the target

gene transcript, including the 5’ untranslated (UT) region, the ORF, or the 3' UT
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region. In some embodiments, short interfering RNAs are about 19-25 nt in length.
See, e.g., PCT applications W00/44895, W099/32619, WO01/75164, W0O01/92513,
WO01/29058, W0O01/89304, W002/16620, and W002/29858; and U.S. Patent
Publication No. 20040023390 for descriptions of siRNA technology. The siRNA
and/or shRNA can be encoded by a nucleic acid sequence, and the nucleic acid
sequence can also include a promoter. The nucleic acid sequence can also include a
polyadenylation signal. In some embodiments, the polyadenylation signal is a

synthetic minimal polyadenylation signal.

[00109] (ii) antisense RNA is RNA that is complementary to a gene expression
product. For example, an antisense RNA targeted to a specific mRNA is an RNA-
based agent (or can be a modified RNA) that is complementary to the mRNA, where
hybridization of the antisense RNA to the mRNA alters the expression of the mRNA
(e.g., via altering the stability of the RNA, altering the translation of the RNA, etc.).

Also included in “antisense RNA™ are nucleic acids encoding an antisense RNA.

[00110] (iii) CRISPR agents. CRISPR (Clustered regularly interspaced short
palindromic repeats)/CRISPR-associated (Cas) systems provide bacteria and archaea
with adaptive immunity against viruses and plasmids by using CRISPR RNAs
(ctRNAs) to guide the silencing of invading nucleic acids. The Cas 9 protein (or
functional equivalent and/or variant thereof, i.e., Cas9-like protein) naturally contains
DNA endonuclease activity that depends on association of the protein with two
naturally occurring or synthetic RNA molecules called crRNA and tracrRNA (also
called guide RNAs). In some cases, the two molecules are covalently linked to form a
single molecule (also called a single guide RNA (“sgRNA™)). Thus, the Cas9 or Cas9-
like protein associates with a DN A-targeting RNA (which term encompasses both the
two-molecule guide RNA configuration and the single-molecule guide RNA
configuration), which activates the Cas9 or Cas9-like protein and guides the protein to
a target nucleic acid sequence. If the Cas9 or Cas9-like protein retains its natural
enzymatic function, it will cleave target DNA to create a double-strand break, which
can lead to genome alteration (i.e., editing: deletion, insertion (when a donor
polynucleotide is present), replacement, etc.), thereby altering gene expression. Some
variants of Cas9 (which variants are encompassed by the term Cas9-like) have been

altered such that they have a decreased DNA cleaving activity (in some cases, they
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cleave a single strand instead of both strands of the target DNA, while in other cases,
they have severely reduced to no DNA cleavage activity). Cas9-like proteins with
decreased DN A-cleavage activity (even no DNA-cleaving activity) can still be guided
to a target DNA and can block RNA polymerase activity. Thus enzymatically inactive
Cas9-like proteins can be targeted to a specific location in a target DNA by a DNA-
targeting RNA in order to block transcription of the target DNA. Detailed information
regarding CRISPR agents can be found, for example in (a) Jinek et. al., Science. 2012
Aug. 17; 337(6096):816-21: ““A programmable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity™; (b) Qi et al., Cell. 2013 Feb. 28; 152(5):1173-83:
“Repurposing CRISPR as an RNA-guided platform for sequence-specific control of
gene expression”, and (c¢) U.S. patent application Ser. No. 13/842,859 and PCT
application number PCT/US13/32589; all of which are hereby incorporated by
reference in their entirety. Thus, the term “CRISPR agent™ as used herein
encompasses any agent (or nucleic acid encoding such an agent), comprising naturally
occurring and/or synthetic sequences, that can be used in the Cas9-based system (e.g.,
a Cas9 or Cas9-like protein; any component of a DNA-targeting RNA, e.g., a crRNA-
like RNA, atracrRNA-like RNA, a single guide RNA, etc.; a donor polynucleotide;
and the like).

[00111] (iv) Zinc finger nuclease (ZFN) agents. Zinc-finger nucleases (ZFNs) are
artificial DNA endonucleases generated by fusing a zinc finger DNA binding domain
to a DNA cleavage domain. ZFNs can be engineered to target desired DNA sequences
and this enables zinc-finger nucleases to cleave unique target sequences. When
introduced into a cell, ZFNs can be used to edit target DNA in the cell (e.g., the cell's
genome) by inducing double strand breaks. For more information on the use of ZFNs,
see, for example: Asuri et al., Mol Ther. 2012 February; 20(2):329-38; Bibikova et al.
Science. 2003 May 2; 300(5620):764; Wood et al. Science. 2011 Jul. 15;
333(6040):307; Ochiai et al. Genes Cells. 2010 August; 15(8):875-85; Takasu et. al.,
Insect Biochem Mol Biol. 2010 October; 40(10):759-65; Ekker et al, Zebrafish 2008
Summer; 5(2):121-3; Young et al, Proc Natl Acad Sci USA. 2011 Apr. 26;
108(17):7052-7; Goldberg et al, Cell. 2010 Mar. 5; 140(5):678-91; Geurts et al,
Science. 2009 Jul. 24; 325(5939):433; Flisikowska et al, PLoS One. 2011;
6(6):€21045. doi: 10.1371/journal.pone.0021045. Epub 2011 Jun. 13; Hauschild et al,
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Proc Natl Acad Sci USA. 2011 Jul. 19; 108(29):12013-7; and Yu et al, Cell Res. 2011

November; 21(11):1638-40; all of which are herein incorporated by reference for their
teachings related to ZFNs. The term “ZFN agent” encompasses a zinc finger nuclease

and/or a polynucleotide comprising a nucleotide sequence encoding a zinc finger

nuclease.

[00112] (v) Transcription activator-like effector nuclease (TALEN) agents.
Transcription activator-like effector nucleases (TALENS) are artificial DNA
endonucleases generated by fusing a TAL (Transcription activator-like) effector DNA
binding domain to a DNA cleavage domain. TALENS can be quickly engineered to
bind practically any desired DNA sequence and when introduced into a cell, TALENs
can be used to edit target DNA in the cell (e.g., the cell's genome) by inducing double
strand breaks. For more information on the use of TALENS, see, for example:
Hockemeyer et al. Nat Biotechnol. 2011 Jul. 7; 29(8):731-4; Wood et al. Science.
2011 Jul. 15; 333(6040):307; Tesson et al. Nat Biotechnol. 2011 Aug. 5; 29(8):695-6;
and Huang et. al., Nat Biotechnol. 2011 Aug. 5; 29(8):699-700; all of which are
herein incorporated by reference for their teachings related to TALENSs. The term
“TALEN agent” encompasses a TALEN and/or a polynucleotide comprising a

nucleotide sequence encoding a TALEN.

[00113] A “control element” or “control sequence” is a nucleotide sequence
involved in an interaction of molecules that contributes to the functional regulation of
a polynucleotide, including replication, duplication, transcription, splicing,
translation, or degradation of the polynucleotide. The regulation may affect the
frequency, speed, or specificity of the process, and may be enhancing or inhibitory in
nature. Control elements known in the art include, for example, transcriptional
regulatory sequences such as promoters and enhancers. A promoter is a DNA region
capable under certain conditions of binding RNA polymerase and initiating
transcription of a coding region usually located downstream (in the 3’ direction) from

the promoter.

[00114] “Operatively linked” or “operably linked” refers to a juxtaposition of
genetic elements, wherein the elements are in a relationship permitting them to

operate in the expected manner. For instance, a promoter is operatively linked to a
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coding region if the promoter helps initiate transcription of the coding sequence.
There may be intervening residues between the promoter and coding region so long as

this functional relationship is maintained.

[00115] An “expression vector” is a vector comprising a region which encodes a
polypeptide of interest, and is used for effecting the expression of the protein in an
intended target cell. An expression vector also comprises control elements operatively
linked to the encoding region to facilitate expression of the protein in the target. The
combination of control elements and a gene or genes to which they are operably
linked for expression is sometimes referred to as an “expression cassette,” a large
number of which are known and available in the art or can be readily constructed

from components that are available in the art.

[00116] “Heterologous™ means derived from a genotypically distinct entity from
that of the rest of the entity to which it is being compared. For example, a
polynucleotide introduced by genetic engineering techniques into a plasmid or vector
derived from a different species is a heterologous polynucleotide. A promoter
removed from its native coding sequence and operatively linked to a coding sequence
with which it is not naturally found linked is a heterologous promoter. Thus, for
example, an TAAYV that includes a heterologous nucleic acid encoding a heterologous
gene product is an TAAYV that includes a nucleic acid not normally included in a
naturally-occurring, wild-type AAV, and the encoded heterologous gene product is a

gene product not normally encoded by a naturally-occurring, wild-type AAV.

[00117] A “2A peptide” refers to “self-cleaving™ peptides of about 20 amino acids
that produce equimolar levels of multiple genes from the same mRNA and may be
used in place of IRES elements in multicistronic vectors. Non-limiting examples

include T2A, P2A, E2A and F2A peptides sequences.

[00118] The terms “genetic alteration™ and “genetic modification” (and
grammatical variants thereof), are used interchangeably herein to refer to a process
wherein a genetic element (e.g., a polynucleotide) is introduced into a cell other than
by mitosis or meiosis. The element may be heterologous to the cell, or it may be an

additional copy or improved version of an element already present in the cell. Genetic
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alteration may be effected, for example, by transfecting a cell with a recombinant
plasmid or other polynucleotide through any process known in the art, such as
electroporation, calcium phosphate precipitation, or contacting with a polynucleotide-
liposome complex. Genetic alteration may also be effected, for example, by
transduction or infection with a DNA or RNA virus or viral vector. Generally, the
genetic element is introduced into a chromosome or mini-chromosome in the cell; but
any alteration that changes the phenotype and/or genotype of the cell and its progeny

1s included 1n this term.

[00119] A cell has been “genetically modified” or “transformed™ or “transfected”
by exogenous DNA (e.g. via a recombinant virus), when such DNA has been
introduced inside the cell. The presence of the exogenous DNA results in permanent
or transient genetic change. The transforming DNA may or may not be integrated
(covalently linked) into the genome of the cell. A “clone” is a population of cells
derived from a single cell or common ancestor by mitosis. A “cell line is a clone of a

primary cell that is capable of stable growth in vitro for many generations.

[00120] A cell is said to be “stably” altered, transduced, genetically modified, or
transformed with a genetic sequence if the sequence is available to perform its
function during extended culture of the cell in vitro and/or for an extended period of
time in vivo. Generally, such a cell is “heritably” altered (genetically modified) in that
a genetic alteration is introduced which is also inheritable by progeny of the altered

cell.

[00121] The terms “polypeptide,” “peptide,” and “protein” are used
interchangeably herein to refer to polymers of amino acids of any length. The terms
also encompass an amino acid polymer that has been modified; for example, disulfide
bond formation, glycosylation, lipidation, phosphorylation, or conjugation with a
labeling component. Polypeptides such as anti-angiogenic polypeptides,
neuroprotective polypeptides, and the like, when discussed in the context of
delivering a gene product to a mammalian subject, and compositions therefor, refer to
the respective intact polypeptide, or any fragment or genetically engineered derivative
thereof, which retains the desired biochemical function of the intact protein. Similarly,

references to nucleic acids encoding anti-angiogenic polypeptides, nucleic acids
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encoding neuroprotective polypeptides, and other such nucleic acids for use in
delivery of a gene product to a mammalian subject (which may be referred to as
“transgenes” to be delivered to a recipient cell), include polynucleotides encoding the
intact polypeptide or any fragment or genetically engineered derivative possessing the

desired biochemical function.

[00122] An “isolated” plasmid, nucleic acid, vector, virus, virion, host cell, protein,
or other substance refers to a preparation of the substance devoid of at least some of
the other components that may also be present where the substance or a similar
substance naturally occurs or is initially prepared from. Thus, for example, an isolated
substance may be prepared by using a purification technique to enrich it from a source
mixture. Enrichment can be measured on an absolute basis, such as weight per
volume of solution, or it can be measured in relation to a second, potentially
interfering substance present in the source mixture. Increasing enrichments of the
embodiments of this disclosure are increasingly more isolated. An isolated plasmid,
nucleic acid, vector, virus, host cell, or other substance is in some embodiments
purified, e.g., from about 80% to about 90% pure, at least about 90% pure, at least

about 95% pure, at least about 98% pure, or at least about 99%, or more, pure.

[00123]  As used herein, the terms “treatment,” “treating,” and the like, refer to
obtaining a desired pharmacologic and/or physiologic effect. The effect may be
prophylactic in terms of completely or partially preventing a disease or symptom
thereof and/or may be therapeutic in terms of a partial or complete cure for a disease
and/or adverse effect attributable to the disease. “Treatment,” as used herein, covers
any treatment of a disease in a mammal, particularly in a human, and includes: (a)
preventing the disease (and/or symptoms caused by the disease) from occurring in a
subject which may be predisposed to the disease or at risk of acquiring the disease but
has not yet been diagnosed as having it; (b) inhibiting the disease (and/or symptoms
caused by the disease), i.e., arresting its development; and (¢) relieving the disease
(and/or symptoms caused by the disease), i.e., causing regression of the disease

(and/or symptoms caused by the disease).

[00124] The terms “individual,” “host,” “subject,” and “patient” are used

interchangeably herein, and refer to a mammal, including, but not limited to, humans;
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non-human primates, including simians; mammalian sport animals (e.g., horses);
mammalian farm animals (e.g., sheep, goats, etc.); mammalian pets (dogs, cats, etc.);

and rodents (e.g., mice, rats, etc.).

[00125] In some embodiments, the individual is a human who has previously been
naturally exposed to AAV and as a result harbors anti-AAV antibodies (i.e., AAV
neutralizing antibodies). In some embodiments, the individual is a human who has
previously been administered an AAV vector (and as a result may harbor anti-AAV
antibodies) and needs re-administration of vector for treatment of a different condition
or for further treatment of the same condition. Based on positive results in clinical
trials involving AAV gene delivery to, for example, liver, muscle, and retina—all
tissues affected by neutralizing antibodies against this vehicle—there are many such

therapeutic applications/disease targets.

[00126] The term “effective amount™ as used herein is an amount sufficient to
effect beneficial or desired clinical results. An effective amount can be administered
in one or more administrations. For purposes of this disclosure, an effective amount of
a compound (e.g., an infectious rAAV virion) is an amount that is sufficient to
palliate, ameliorate, stabilize, reverse, prevent, slow or delay the progression of
(and/or symptoms associated with) a particular disease state (e.g., cancer).
Accordingly, an effective amount of an infectious rAAV virion is an amount of the
infectious rAAV virion that is able to evade the neutralizing activity of an individual's
anti-AAYV antibodies, thus effectively delivering the heterologous nucleic acid to a

target cell (or target cells) of the individual.

[00127] Before the present invention is further described, it is to be understood that
this invention is not limited to particular embodiments described, as such may, of
course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to be limiting,

since the scope of the present invention will be limited only by the appended claims.

[00128] Where a range of values is provided, it is understood that each intervening
value, to the tenth of the unit of the lower limit unless the context clearly dictates

otherwise, between the upper and lower limit of that range and any other stated or
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intervening value in that stated range, is encompassed within the invention. The upper
and lower limits of these smaller ranges may independently be included in the smaller
ranges, and are also encompassed within the invention, subject to any specifically
excluded limit in the stated range. Where the stated range includes one or both of the
limits, ranges excluding either or both of those included limits are also included in the

invention.

[00129] Unless defined otherwise, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. Although any methods and materials similar or
equivalent to those described herein can also be used in the practice or testing of the
present invention, the preferred methods and materials are now described. All
publications mentioned herein are incorporated herein by reference to disclose and
describe the methods and/or materials in connection with which the publications are

cited.

[00130] It must be noted that as used herein and in the appended claims, the
singular forms “a,” “an,” and “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “an infectious recombinant adeno-
associated virus (rAAV) virion” includes a plurality of such virions and reference to
“the infectious recombinant adeno-associated virus (rAAV) virion™ includes reference
to one or more such virions and equivalents thereof known to those skilled in the art,
and so forth. It is further noted that the claims may be drafted to exclude any optional
element. As such, this statement is intended to serve as antecedent basis for use of

2% ¢

such exclusive terminology as “solely,” “only” and the like in connection with the

recitation of claim elements, or use of a “negative” limitation.

[00131] It is appreciated that certain features of the invention, which are, for
clarity, described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be
provided separately or in any suitable sub-combination. All combinations of the
embodiments pertaining to the invention are specifically embraced by the present

invention and are disclosed herein just as if each and every combination was
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individually and explicitly disclosed. In addition, all sub-combinations of the various
embodiments and elements thereof are also specifically embraced by the present
invention and are disclosed herein just as if each and every such sub-combination was

individually and explicitly disclosed herein.

[00132] The publications discussed herein are provided solely for their disclosure
prior to the filing date of the present application. Nothing herein is to be construed as
an admission that the present invention is not entitled to antedate such publication by
virtue of prior invention. Further, the dates of publication provided may be different

from the actual publication dates which may need to be independently confirmed.

[00133] The present disclosure provides infectious recombinant adeno-associated
virus (rAAV) virions that comprise a variant capsid protein and a heterologous
nucleic acid. The present disclosure further provides the variant adeno-associated
virus (AAV) capsid proteins (and/or a nucleic acid encoding the variant AAV capsid
proteins), which confer to an infectious rAAV virion an increased resistance to human
AAYV neutralizing antibodies. The present disclosure further provides host cells
comprising an infectious rAAV virion and/or a nucleic acid encoding a subject variant
AAV capsid protein. The present disclosure further provides libraries of the above
virions, capsid proteins, nucleic acids, and/or host cells; where the variant AAV
capsid protein of at least one member of the library comprises an amino acid sequence
having at least one amino acid substitution relative to the amino acid sequence set

forth in one of SEQ ID NOs:10-13 and 26-33.

[00134] The present disclosure further provides methods of delivering a
heterologous nucleic acid to a target cell where the target cell is contacted with a
subject infectious TAAYV virion. The present disclosure further provides methods of
delivering a gene product to an individual, the methods generally involving
administering an effective amount of a subject rAAYV virion to an individual in need
thereof. Also provided herein are compositions and kits for practicing the subject
methods. In many embodiments, a subject infectious TAAYV virion, a subject nucleic

acid, a subject variant AAV capsid protein, a subject host cell, etc., is isolated.
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[00135] Variant AAV Capsid Polypeptides

[00136] A subject variant AAV capsid polypeptide (or the variant AAV capsid
protein encoded by a subject nucleic acid) confers to an infectious rAAYV virion
comprising the variant AAV capsid polypeptide an increased resistance to human
AAYV neutralizing antibodies compared to the resistance exhibited by a wild type
AAV (e.g., AAV2 (wild type AAV serotype 2)) or an AAV comprising a wild-type
capsid protein. In some embodiments, the increased resistance is at least about 1.5-
fold (e.g., at least about 1.5-fold, at least about 2-fold, at least about 3-fold, at least
about 4-fold, at least about 5-fold, at least about 7.5-fold, at least about 10-fold, at
least about 12-fold, at least about 15-fold, at least about 17-fold, at least about 20-
fold, at least about 25-fold, at least about 30-fold, at least about 40-fold, at least about
50-fold, at least about 75-fold, at least about 100-fold, at least about 150-fold, at least
about 200-fold, at least about 250-fold, at least about 300-fold, etc.) greater than the
resistance exhibited by a wild type AAV (e.g., AAV2 (wild type AAV serotype 2)) or
an AAV comprising a wild-type capsid protein.

[00137] A subject variant AAV capsid protein (or the variant AAV capsid protein
encoded by a subject nucleic acid) can be said to confer to an infectious rAAV virion
an increased transduction of mammalian cells in the presence of human AAV
neutralizing antibodies compared to the transduction exhibited by a wild type AAV
(e.g.. AAV2 (wild type AAV serotype 2)) or an AAV comprising a wild-type capsid
protein. In some embodiments, the increased transduction is at least about 1.5-fold
(e.g., at least about 1.5-fold, at least about 2-fold, at least about 3-fold, at least about
4-fold, at least about 5-fold, at least about 7.5-fold, at least about 10-fold, at least
about 12-fold, at least about 15-fold, at least about 17-fold, at least about 20-fold, at
least about 25-fold, at least about 30-fold, at least about 40-fold, at least about 50-
fold, at least about 75-fold, at least about 100-fold, at least about 150-fold, at least
about 200-fold, at least about 250-fold, at least about 300-fold, etc.) greater than the
transduction exhibited by a wild type AAV (e.g., AAV2 (wild type AAV serotype 2))

or an AAV comprising a wild-type capsid protein.

[00138] In some embodiments, a subject variant AAV capsid protein (or the variant

AAYV capsid protein encoded by a subject nucleic acid) exhibits decreased binding to
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aneutralizing antibody that binds a wild-type AAV capsid protein. For example, a
subject variant AAV capsid protein can exhibit at least about 1.5-fold (e.g., at least
about 1.5-fold, at least about 2-fold, at least about 3-fold, at least about 4-fold, at least
about 5-fold, at least about 7.5-fold, at least about 10-fold, at least about 12-fold, at
least about 15-fold, at least about 17-fold, at least about 20-fold, at least about 25-
fold, at least about 30-fold, at least about 40-fold, at least about 50-fold, at least about
75-fold, at least about 100-fold, at least about 150-fold, at least about 200-fold, at
least about 250-fold, at least about 300-fold, etc.) reduced binding (e.g., reduced
affinity) to a neutralizing antibody that binds a wild-type capsid AAV protein,
compared to the binding affinity of the antibody to wild-type AAV capsid protein.

[00139] In some embodiments, an anti-AAV neutralizing antibody binds to a
subject variant AAV capsid protein (or the variant AAV capsid protein encoded by a
subject nucleic acid) with an affinity of less than about 1077 M, less than about 5x10°°
M, less than about 107° M, less than about 5x107° M, less than about 10 M, less than

about 107* M, or lower.

[00140] The term “variant capsid protein” does not encompass wild type AAV
capsid proteins. A “variant AAV capsid protein” does not comprise an amino acid
sequence present in a naturally occurring AAV capsid protein. For example, a subject
variant capsid protein does not comprise an amino acid sequence having 100%
sequence identity to any of the sequences set forth in SEQ ID NOs:1-9. In other
words, a subject variant capsid protein does not comprise an amino acid sequence as
set forth in any of SEQ ID NOs:1-9. A variant capsid protein can differ in amino acid
sequence from a “starter” or “parental” AAV capsid protein, which parental AAV
capsid protein may be a wild-type AAV capsid protein or non-wild-type AAV capsid

protein.

[00141] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 90% (e.g., at least about 92%, at least about 95%, at
least about 96%, at least about 97%, at least about 98%, at least about 99%, at least
about 99.5%, or 100%) amino acid sequence identity to amino acids 203-736 of the

amino acid sequence set forth in one of SEQ ID NOs:10-13 and 26-33.
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[00142] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 90% (e.g., at least about 92%, at least about 95%, at
least about 96%, at least about 97%, at least about 98%, at least about 99%, at least
about 99.5%, or 100%) amino acid sequence identity to the amino acid sequence set

forth in one of SEQ ID NOs:10-13 and 26-33.

[00143] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to amino acids 203-736 of the amino acid sequence set forth in SEQ
ID NO:10, and includes the amino acid substitutions N312K, N449D, D472N,
N5518, 1698V, and L735Q relative to the AAV capsid protein of AAV2 (e.g., SEQ
ID NO: 2), or the corresponding positions in another AAV parental serotype.

[00144] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to the amino acid sequence set forth in SEQ ID NO:10, and includes
the amino acid substitutions N312K, N449D, D472N, N5518, 1698V, and L735Q
relative to the AAV capsid protein of AAV2 (e.g., SEQ ID NO: 2), or the

corresponding positions in another AAV parental serotype.

[00145] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to amino acids 203-736 of the amino acid sequence set forth in SEQ
ID NO:31, and includes the amino acid substitutions N312K, N449D, N5518, and
1698V relative to the AAV capsid protein of AAV2 (e.g., SEQ ID NO:2), or the

corresponding positions in another AAV parental serotype.
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[00146] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to the amino acid sequence set forth in SEQ ID NO:31, and includes
the amino acid substitutions N312K, N449D, N5518, and 1698V relative to the AAV
capsid protein of AAV2 (e.g., SEQ ID NO:2), or the corresponding positions in
another AAV parental serotype.

[00147] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to amino acids 203-736 of the amino acid sequence set forth in SEQ
ID NO:32, and includes the amino acid substitutions D180N, N312K, Q385R,
N449D, N5518, 1698V, and S721T relative to the AAV capsid protein of AAV2 (e.g.,
SEQ ID NO:2), or the corresponding positions in another AAV parental serotype.

[00148] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to the amino acid sequence set forth in SEQ ID NO:32, and includes
the amino acid substitutions D18ON, N312K, Q385R, N449D, N5518, 1698V, and
S721T relative to the AAV capsid protein of AAV2 (e.g., SEQ ID NO:2), or the

corresponding positions in another AAV parental serotype.

[00149] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to amino acids 203-736 of the amino acid sequence set forth in SEQ

ID NO:33, and includes the amino acid substitutions N312K, N449D, T450A, N5518,
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and 1698V relative to the AAV capsid protein of AAV2 (e.g., SEQ ID NO:2), or the

corresponding positions in another AAV parental serotype.

[00150] In some embodiments a subject variant AAV capsid protein (or the variant
AAYV capsid protein encoded by a subject nucleic acid) comprises an amino acid
sequence having at least about 95% (e.g., at least about 96%, at least about 97%, at
least about 98%, at least about 99%, at least about 99.5%, or 100%) amino acid
sequence identity to the amino acid sequence set forth in SEQ ID NO:33, and includes
the amino acid substitutions N312K, N449D, T450A, N5518, and 1698V relative to
the AAV capsid protein of AAV2 (e.g., SEQ ID NO:2), or the corresponding

positions in another AAV parental serotype.

[00151] Exemplary variant AAV capsid proteins include, but are not limited to (see
FIGS. 8-10 for selected exemplary sequence alignments):

[00152] SM 10-2 (amino acid sequence)(SEQ ID NO:10); SM 10-2 (nucleotide
sequence)(SEQ ID NO:22); Shuffle 100-1 (amino acid sequence) (SEQ ID NO: 11);
Shuffle 100-1 (nucleotide sequence) (SEQ ID NO: 23);

[00153]  Shuffle 100-3 (amino acid sequence) (SEQ ID NO: 12):

MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDSRGLVLPGYK
YLGPFNGLDKGEPVNEADAAALEHDKAYDQQLKAGDNPYLKYNHADAEFQ
QRLQGDTSFGGNLGRAVFQAKKRVLEPLGLVEQAGETAPGKKRPLIESPQQP
DSSTGIGKKGKQPAKKRLNFGQTGDSESVPDPQPLGEPPATPAAVGPTTMAS
GGGAPMADNNEGADGVGNASGNWHCDSTWLGDRVITTSTRTWALPTYNNH
LYKQISSASTGASNDNHYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGF
RPKRLNFKLFNIQVKEVTTNDGVTTIANNLTSTVQVFSDSDYQLPYVLGSAHE
GCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFTF
SYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYLNRTQNQSGSAQNKDLLFS
RGSPTGMSVQPKNWLPGPCYRQQRVSKTKTDNNNSNFTWTGASKYNLNGR
ESIINPGTAMASHKDDKDKFFPMSGVMIFGKESAGASNTALDNVMITDEEEIK
ATNPVATERFGTVAVNLQSSSTDPATGDVHAMGALPGMVWQDRDVYLQGPI
WAKIPHTDGHFHPSPLMGGFGLKNPPPQILIKNTPVPANPPAEFSATKFASFIT
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QYSTGQVSVEIEWELQKENSKRWNPEVQYTSNYAKSANVDFTVDNNGLYTE
PRPIGTRYLTRPL;

[00154]  Shuffle 100-3 (nucleotide sequence) (SEQ ID NO: 24):

atggctgctgatggttatcttccagattggctcgaggacactetetctgaaggaataagacagtggtggaagctcaaacctg
gcecaccaccaccaaageccgeagagceggcataaggacgacageaggggtettgtgcticctgggtacaagtacctcgg
acccttcaacggactcgacaagggagagecggtcaacgaggcagacgeageggecctcgageacgacaaggectacg
accagcagctcaaggccggtgacaaccectacctcaagtacaaccacgecgacgeggagttccagecageggcettcagg
gcgacacatcgtitgggggcaacctcggecagageagtcticcaggcecaaaaagagggttctigaacctettggtetggtte
agcaagcgggtogagacggctcctggaaagaagagaccgttgattgaatccecccageageccgactecteccacgggtat
cggcaaaaaaggcaagcagecggctaaaaagagactcaattttggtcagactggecgactcagagtcagtcececgaccea
caacctctcggagaacctccagecaacceccgetgctgtgggacctactacaatggceticaggtggtegcgcaccaatggc
agacaataacgaaggcgcecgacggagtgggtaatgcctcaggaaattggcattgcgattccacatggetgggcgacaga
gtcatcaccaccagcacccgceacctgggcecttgcccacctacaataaccacctctacaagcaaatctccagtgcttcaacg
ggggccagcaacgacaaccactactticggctacagecaccecctgggggtattttgacticaacagattccactgecactttt
caccacgtgactggcagcegactcatcaacaacaattggggattccggeccaagagactcaacttcaaactcticaacatee
aagtcaaggaggtcacgacgaatgatggcgtcacaaccatcgctaataaccttaccagcacggticaagtcttctcggacte
agactatcagctcccgtacgtgctegggtecggctcacgagggctgcctececcgecgticeccagecagacgtcettcatggtgce
acagtatggatacctcaccctgaacaacgggagtcaggcagtaggacgcetcttcattttactgectggagtactttecttctca
gatgctgcgtaccggaaacaactttaccttcagctacacttttgaggacgttcctticcacagecagcetacgetcacagecaga
gtctggaccgtctcatgaatcctetcatcgaccagtacctgtattacctgaacagaactcagaatcagtccggaagtgcccaa
aacaaggacttgctgtttagccggggotctccaactggcatgtetgticagecccaaaaactggctacctggacccetgttatcg
gcagcagcgcgttictaaaacaaaaacagacaacaacaacagcaactttacctggactggtecttcaaaatataaccttaat
gggcgtgaatctataatcaaccctggeactgctatggcctcacacaaagacgacaaagacaagttctttcccatgageggt
gtcatgatttttggaaaggagagcgccggagcticaaacactgcatiggacaatgtcatgatcacagacgaagaggaaatc
aaagccactaacccegtggccactgaaagatttgggactgteggcagtcaatctccagagcagecageacagaccetgega
ccggagatgtgcatgccatgggagcecttacctggaatggtotggcaagacagagacgtatacctgcagggtectatttgge
ccaaaattcctcacacggatggacactttcacccgtetectctcatgggeggctttggactcaagaacccgectectcagate
ctcatcaaaaacacgcctgttcctgegaatectccggeggagttitcagctacaaagtttgettcattcatcaccecagtaticca
caggacaagtgagcgtggagattgaatgggagctgcagaaagaaaacagcaaacgctggaatcccgaagtgcagtata
catctaactatgcaaaatctgccaacgttgatttcactgtggacaacaatggactttatactgagectcgecccattggecacece

gttacctcaccegteecctgtaa;
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[00155] Shuffle 100-7 {amimo acid sequence} (SEG 1D NG 13}, Shuffle 100-7
{nucleotide sequence} (SEQ 1D NG 25); Shuttle 10-2 (ammo acid sequence) (SEG
13 NG 2oy Shuffle 10-2 (nucleotide sequence) {(SEGQ 1D NG 34), Shuffle 10-6
{amino acid sequence) (SEQ ID NG: 27y, Shadfle 10-6 {nucleotide sequencel {SEQ
1D NGO 35) Shuftle 10-8 {amino acid sequence) (SEQ 1D NGO 28} Shuftle 10-8
fnuclectide sequence) (SEQ 1D NG 363 Shuffle 100-2 {amivo acid sequence) (SEQ
3 NG 29y Shuffle 100-2 (nuclectide sequence) (SEQ 15 NGO 373 SM 10-1 (aming
actd sequence} (SEQ D N 303 3M 10-1 (nuclestide sequence) (SEQ 1D NGO 38}
S 108 damimo acid sequence (SEQ 1D NG 31 SM 10-8 (nucleotide sequence)
{SEQ D NG 39) SM 100-3 {anuno acid sequence} {(SEG ID NG 37 SM 1063
{nuclectide sequence} {SEQ 1 NO- 403 SM 100-10 (amino acid sequence} (8B ID
N{x 333 and BM 100-10 (mucleotide sequence) (SEQ ID NG: 41).

[00156] Nucleic Acids and Host Cells

[00157] The present disclosure provides nucleic acids comprising nucleotide
sequences encoding a variant AAV capsid protein (as described above), as well as
host cells comprising a subject nucleic acid. The nucleic acids and host cells are

useful for generating rAAV virions (as described below).

[00158] The present disclosure provides host cells, e.g., isolated host cells,
comprising a subject nucleic acid. A subject host cell can be referred to as a
“genetically modified host cell” and is typically an isolated cell, e.g., a cell in in vitro
culture. A subject host cell is useful for producing a subject rAAYV virion, as described
below. Where a subject host cell is used to produce a subject rAAYV virion, it is
referred to as a “packaging cell.” In some embodiments, a subject host cell is stably
genetically modified (i.e., stably transfected) with a subject nucleic acid. In other
embodiments, a subject host cell is transiently genetically modified (i.e., transiently

transfected) with a subject nucleic acid.

[00159] A subject nucleic acid is introduced stably or transiently into a host cell,
using established techniques, including, but not limited to, electroporation, calcium
phosphate precipitation, liposome-mediated transfection, and the like. For stable
transformation, a subject nucleic acid will generally further include a selectable
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marker, e.g., any of several well-known selectable markers such as neomycin

resistance, and the like.

[00160] A subject host cell is generated by introducing a subject nucleic acid into
any of a variety of cells, e.g., mammalian cells, including, e.g., murine cells, and
primate cells (e.g., human cells). Suitable mammalian cells include, but are not
limited to, primary cells and cell lines, where suitable cell lines include, but are not
limited to, 293 cells, COS cells, Hel.a cells, Vero cells, 3T3 mouse fibroblasts,
C3H10T1/2 fibroblasts, CHO cells, and the like.

[00161] In some embodiments, a subject host cell includes, in addition to a nucleic
acid comprising a nucleotide sequence encoding a mutant capsid protein, a nucleic
acid that comprises a nucleotide sequence encoding one or more AAV rep proteins. In
other embodiments, a subject host cell further comprises an rAAV vector, as
described below. As described in more detail below, an TAAV virion is generated

using a subject host cell.

[00162] Infectious TAAV Virions

[00163] A subject infectious TAAYV virion comprises a variant AAV capsid protein
and a heterologous nucleic acid (described in greater detail below), and exhibits an
increased resistance to human AAYV neutralizing antibodies compared to the
resistance exhibited by a wild type AAV (e.g., AAV2 (wild type AAV serotype 2)) or
an AAV comprising a wild-type capsid protein. By “increased resistance” it is meant
that a subject infectious rAAV virion exhibits an increased infectivity in the presence
of human anti-AAYV antibodies. As described above, viral infectivity can be expressed
as the ratio of infectious viral particles to total viral particles. Thus in increased
infectivity means an increased ratio of infectious viral particles to total viral particles.
To determine resistance of an AAV to human anti-AAV antibodies, infectivity of the
AAYV is measured in the presence of various concentrations of human anti-AAV
antibodies in order to obtain the antibody concentration (e.g., serum concentration,
IVIG concentration, etc.) (mg/mL) required to reduce gene delivery efficiency (i.e.,
infectivity) to 50% of that in the absence of human anti-AAYV antibodies. A virus that
requires a higher antibody concentration to reduce gene delivery efficiency to 50% of
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that in the absence of human anti-AAYV antibodies is said to have increased resistance
to antibody neutralization. Thus, a two-fold increase in resistance means a two-fold
increase in the antibody concentration required to reduce gene delivery efficiency to
50% of that in the absence of human anti-AAV antibodies. In some embodiments, a
subject infectious rAAV virion exhibits at least about 1.5-fold (e.g., at least about 1.5-
fold, at least about 2-fold, at least about 3-fold, at least about 4-fold, at least about 5-
fold, at least about 7.5-fold, at least about 10-fold, at least about 12-fold, at least about
15-fold, at least about 17-fold, at least about 20-fold, at least about 25-fold, at least
about 30-fold, at least about 40-fold, at least about 50-fold, at least about 75-fold, at
least about 100-fold, at least about 150-fold, at least about 200-fold, at least about
250-fold, at least about 300-fold, etc.) greater resistance to human AAV neutralizing
antibodies than the resistance exhibited by a wild type AAV (e.g., AAV2 (wild type
AAYV serotype 2)) or an AAV comprising a wild-type capsid protein.

[00164] A subject infectious TAAV virion can be said to exhibit increased
transduction of mammalian cells in the presence of human AAV neutralizing
antibodies. In some embodiments, a subject infectious rAAV virion exhibits at least
about 1.5-fold (e.g., at least about 1.5-fold, at least about 2-fold, at least about 3-fold,
at least about 4-fold, at least about 5-fold, at least about 7.5-fold, at least about 10-
fold, at least about 12-fold, at least about 15-fold, at least about 17-fold, at least about
20-fold, at least about 25-fold, at least about 30-fold, at least about 40-fold, at least
about 50-fold, at least about 75-fold, at least about 100-fold, at least about 150-fold, at
least about 200-fold, at least about 250-fold, at least about 300-fold, etc.) greater
transduction of mammalian cells in the presence of human AAV neutralizing
antibodies than the transduction exhibited by a wild type AAV (e.g., AAV2 (wild type
AAYV serotype 2)) or an AAV comprising a wild-type capsid protein.

[00165] In some embodiments, a subject infectious rAAV virion exhibits decreased
binding to a neutralizing antibody that binds a wild-type AAV capsid protein. For
example, a subject infectious rAAV virion can exhibit at least about 1.5-fold (e.g., at
least about 1.5-fold, at least about 2-fold, at least about 3-fold, at least about 4-fold, at
least about 5-fold, at least about 7.5-fold, at least about 10-fold, at least about 12-fold,
at least about 15-fold, at least about 17-fold, at least about 20-fold, at least about 25-

fold, at least about 30-fold, at least about 40-fold, at least about 50-fold, at least about
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75-fold, at least about 100-fold, at least about 150-fold, at least about 200-fold, at
least about 250-fold, at least about 300-fold, etc.) reduced binding (e.g., reduced
affinity) to a neutralizing antibody that binds a wild-type capsid AAV protein,
compared to the binding affinity of the antibody to wild-type AAV capsid protein.

[00166] In some embodiments, an anti-AAV neutralizing antibody binds to a
subject infectious TAAV virion with an affinity of less than about 107 M, less than
about 5x107° M, less than about 107°M, less than about 5x107 M, less than about 107

M, less than about 10* M, or lower.

[00167] In some embodiments, a subject infectious rAAYV virion exhibits increased
in vivo residence time compared to a wild-type AAV. For example, a subject
infectious rAAYV virion exhibits a residence time that is at least about 10%, at least
about 25%, at least about 50%, at least about 100%, at least about 3-fold, at least
about 5-fold, at least about 10-fold, at least about 25-fold, at least about 50-fold, at
least about 100-fold, or more, longer than the residence time of a wild-type AAV.

[00168] Whether a given subject infectious rAAV virion exhibits reduced binding
to a neutralizing antibody and/or increased resistance to neutralizing antibody can be

determined using any convenient assay known to one of ordinary skill in the art.

[00169] In some embodiments, a subject infectious rAAV virion comprises wild-
type Rep78, Rep68, Rep52, and Rep40 proteins. In other embodiments, a subject
infectious rAAV virion comprises, in addition to one or more variant capsid proteins,

one or more mutations in one or more of Rep78, Rep68, Rep52, and Rep40 proteins.

[00170] Heterologous Nucleic Acids

[00171] A suitable heterologous DNA molecule (also referred to herein as a
“heterologous nucleic acid™) for use in a subject TAAV vector (e.g., a subject
infectious rAAV virion) can be any heterologous nucleic acid. In some embodiments,
the heterologous nucleic acid comprises a nucleotide sequence encoding a polypeptide
(e.g., a protein that imparts some desired characteristic to the target cell, e.g., a

fluorescent protein that allows for cell tracking, an enzyme that provides an activity
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missing or altered in the target cell, etc.). In some embodiments, the heterologous

nucleic acid comprises an RNA interfering agent (as defined above).

[00172] A subject heterologous nucleic acid will generally be less than about 5
kilobases (kb) in size and will include, for example, a gene (a nucleotide sequence)
that encodes a protein that is defective or missing from a recipient individual or target
cell; a gene that encodes a protein having a desired biological or therapeutic effect
(e.g., an antibacterial, antiviral or antitumor/anti-cancer function); a nucleotide
sequence that encodes an RNA that inhibits or reduces production of a deleterious or
otherwise undesired protein (e.g., a nucleotide sequence that encodes an RNA
interfering agent, as defined above); and/or a nucleotide sequence that encodes an

antigenic protein.

[00173] Suitable heterologous nucleic acids include, but are not limited to, those
encoding proteins used for the treatment of endocrine, metabolic, hematologic,
cardiovascular, neurologic, musculoskeletal, urologic, pulmonary and immune
disorders, including such disorders as inflammatory diseases, autoimmune, chronic
and infectious diseases, such as acquired immunodeficiency syndrome (AIDS),
cancer, hypercholestemia, lysosomal storage diseases such as Activator
Deficiency/GM2 Gangliosidosis, Alpha-mannosidosis, Aspartylglucosaminuria,
Cholesteryl ester storage disease, Chronic Hexosaminidase A Deficiency, Cystinosis,
Danon disease, Fabry disease, Farber disease, Fucosidosis, Galactosialidosis, Gaucher
Disease, GM1 gangliosidosis, I-Cell disease/Mucolipidosis I, Infantile Free Sialic
Acid Storage Disease/ISSD, Juvenile Hexosaminidase A Deficiency, Krabbe disease,
Lysosomal acid lipase deficiency, Metachromatic Leukodystrophy,
Mucopolysaccharidoses disorders (including Pseudo-Hurler
polydystrophy/Mucolipidosis IITA, MPSI Hurler Syndrome, MPSI Scheie Syndrome,
MPS I Hurler-Scheie Syndrome, MPS II Hunter syndrome, Sanfilippo syndrome Type
A/MPS III A, Sanfilippo syndrome Type B/MPS III B, Sanfilippo syndrome Type
C/MPS 1I1I C, Sanfilippo syndrome Type D/MPS III D, Morquio Type A/MPS IVA,
Morquio Type B/MPS IVB, MPS IX Hyaluronidase Deficiency, MPS VI Maroteaux-
Lamy, MPS VII Sly Syndrome, Mucolipidosis I/Sialidosis, Mucolipidosis IIIC, and
Mucolipidosis type IV), Multiple sulfatase deficiency, Niemann-Pick Disease,

Neuronal Ceroid Lipofuscinoses, Pompe disease/Glycogen storage disease type II,
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Pycnodysostosis, Sandhoff disease/Adult Onset/GM2 Gangliosidosis, Sandhoff
disease/GM2 gangliosidosis—Infantile, Sandhoff disease/GM2 gangliosidosis—
Juvenile, Schindler disease, Salla disease/Sialic Acid Storage Disease, Tay-
Sachs/GM2 gangliosidosis, and Wolman disease, insulin disorders such as diabetes,
growth disorders, various blood disorders including various anemias, thalassemias
and hemophilia; genetic defects such as cystic fibrosis, Gaucher's Disease, Hurler's

Disease, adenosine deaminase (ADA) deficiency, emphysema, or the like.

[00174]  Suitable heterologous nucleic acids include, but are not limited to, those
encoding any of a variety of proteins, including, but not limited to: an interferon (e.g.,
IFN-y, IFN-a, IFN-J, IFN-®; IFN-1); an insulin (e.g., Novolin, Humulin, Humalog,
Lantus, Ultralente, etc.); an erythropoietin (“EPO”; e.g., Procrit®, Eprex®, or
Epogen® (epoetin-a); Aranesp® (darbepoietin-a); NeoRecormon®, Epogin®
(epoetin-P); and the like); an antibody (e.g., a monoclonal antibody) (e.g., Rituxan®
(rituximab); Remicade® (infliximab); Herceptin® (trastuzumab); Humira™
(adalimumab); Xolair® (omalizumab); Bexxar® (tositumomab); Raptiva™
(efalizumab); Erbitux™ (cetuximab); Avastin® (bevacizumab); and the like),
including an antigen-binding fragment of a monoclonal antibody (e.g., Lucentis®
(ranibizumab)); a blood factor (e.g., Activase® (alteplase) tissue plasminogen
activator; NovoSeven® (recombinant human factor VIla); Factor VIla; Factor VIII
(e.g., Kogenate®); Factor IX; B-globin; hemoglobin; and the like); a colony
stimulating factor (e.g., Neupogen® (filgrastim; G-CSF); Neulasta (pegfilgrastim);
granulocyte colony stimulating factor (G-CSF), granulocyte-monocyte colony
stimulating factor, macrophage colony stimulating factor, megakaryocyte colony
stimulating factor; and the like); a growth hormone (e.g., a somatotropin, e.g.,
Genotropin®, Nutropin®, Norditropin®, Saizen®, Serostim®, Humatrope®, etc.; a
human growth hormone; and the like); an interleukin (e.g., IL-1; IL-2, including, e.g.,
Proleukin®; IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9; etc.); a growth factor (e.g.,
Regranex® (beclapermin; PDGF); Fiblast® (trafermin; bFGF); Stemgen® (ancestim;
stem cell factor); keratinocyte growth factor; an acidic fibroblast growth factor, a stem
cell factor, a basic fibroblast growth factor, a hepatocyte growth factor; and the like);
a soluble receptor (e.g., a TNF-a-binding soluble receptor such as Enbrel®

(etanercept); a soluble VEGF receptor; a soluble interleukin receptor; a soluble y/6 T
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cell receptor; and the like); an enzyme (e.g., a-glucosidase; Cerazyme®
(imiglucarase; B-glucocerebrosidase, Ceredase® (alglucerase;); an enzyme activator
(e.g., tissue plasminogen activator); a chemokine (e.g., IP-10; Mig; Groa/IL-8,
RANTES; MIP-1a; MIP-1; MCP-1; PF-4; and the like); an angiogenic agent (e.g.,
vascular endothelial growth factor (VEGF); an anti-angiogenic agent (e.g., a soluble
VEGF receptor); a protein vaccine; a neuroactive peptide such as bradykinin,
cholecystokinin, gastin, secretin, oxytocin, gonadotropin-releasing hormone, beta-
endorphin, enkephalin, substance P, somatostatin, prolactin, galanin, growth
hormone-releasing hormone, bombesin, dynorphin, neurotensin, motilin, thyrotropin,
neuropeptide Y, luteinizing hormone, calcitonin, insulin, glucagon, vasopressin,
angiotensin II, thyrotropin-releasing hormone, vasoactive intestinal peptide, a sleep
peptide, etc.; other proteins such as a thrombolytic agent, an atrial natriuretic peptide,
bone morphogenic protein, thrombopoietin, relaxin, glial fibrillary acidic protein,
follicle stimulating hormone, a human alpha-1 antitrypsin, a leukemia inhibitory
factor, a transforming growth factor, an insulin-like growth factor, a luteinizing
hormone, a macrophage activating factor, tumor necrosis factor, a neutrophil
chemotactic factor, a nerve growth factor a tissue inhibitor of metalloproteinases; a
vasoactive intestinal peptide, angiogenin, angiotropin, fibrin; hirudin; a leukemia
inhibitory factor; an IL-1 receptor antagonist (e.g., Kineret® (anakinra)); an ion
channel, e.g., cystic fibrosis transmembrane conductance regulator (CFTR);
dystrophin; utrophin, a tumor suppressor; lysosomal enzyme acid a-glucosidase
(GAA); and the like. Suitable nucleic acids also include those that encode a functional
fragment of any of the aforementioned proteins; and nucleic acids that encode

functional variants of any of the aforementioned proteins.

[00175]  Suitable heterologous nucleic acids also include those that encode
antigenic proteins. A subject TAAV vector that comprises a heterologous nucleic acid
that encodes an antigenic protein is suitable for stimulating an immune response to the
antigenic protein in a mammalian host. The antigenic protein is derived from an
autoantigen, an allergen, a tumor/cancer-associated antigen, a pathogenic virus, a
pathogenic bacterium, a pathogenic protozoan, a pathogenic helminth, or any other
pathogenic organism that infects a mammalian host. As used herein, the term “a

nucleic acid encoding an antigenic protein derived from™ includes nucleic acids
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encoding wild-type antigenic proteins, e.g., anucleic acid isolated from a pathogenic
virus that encodes a viral protein; synthetic nucleic acids generated in the laboratory
that encode antigenic proteins that are identical in amino acid sequence to a naturally-
occurring antigenic protein; synthetic nucleic acids generated in the laboratory that
encode antigenic proteins that differ in amino acid sequence (e.g., by from one amino
acid to about 15 amino acids) from a naturally-occurring antigenic protein, but that
nonetheless induce an immune response to the corresponding naturally-occurring
antigenic protein; synthetic nucleic acids generated in the laboratory that encode
fragments of antigenic proteins (e.g., fragments of from about 5 amino acids to about
50 amino acids, which fragments comprises one or more antigenic epitopes), which
fragments induce an immune response to the corresponding naturally-occurring

antigenic protein; etc.

[00176] Similarly, an antigenic protein “derived from™ an autoantigen, an allergen,
a tumor/cancer-associated antigen, a pathogenic virus, a pathogenic bacterium, a
pathogenic protozoan, a pathogenic helminth, or any other pathogenic organism that
infects a mammalian host, includes proteins that are identical in amino acid sequence
to a naturally-occurring antigenic protein, and proteins that differ in amino acid
sequence (e.g., by from one amino acid to about 15 amino acids) from a naturally-
occurring antigenic protein, but that nonetheless induce an immune response to the
corresponding naturally-occurring antigenic protein; and fragments of antigenic
proteins (e.g., fragments of from about 5 amino acids to about 100 amino acids, e.g.,
from about 5 to about 50 amino acids, which fragments comprises one or more
antigenic epitopes), which fragments induce an immune response to the

corresponding naturally-occurring antigenic protein.

[00177] In some embodiments, an immune response to an antigenic protein
encoded by a subject rAAV vector will stimulate a protective immune response to a
pathogenic organism that displays the antigenic protein or antigenic epitope (or a
protein or an epitope that is cross-reactive with the rAAV-encoded antigenic protein
or antigenic epitopes) in the mammalian host. In some embodiments, a cytotoxic T
lymphocyte (CTL) response to the rAAV-encoded antigenic protein will be induced
in the mammalian host. In other embodiments, a humoral response to the rAAV-

encoded antigenic protein will be induced in the mammalian host, such that antibodies
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specific to the antigenic protein are generated. In many embodiments, a TH1 immune
response to the rAAV-encoded antigenic protein will be induced in the mammalian
host. Suitable antigenic proteins include tumor/cancer-associated antigens, viral
antigens, bacterial antigens, and protozoal antigens; and antigenic fragments thereof.
In some embodiments, the antigenic protein is derived from an intracellular pathogen.
In other embodiments, the antigenic protein is a self-antigen. In yet other

embodiments, the antigenic protein is an allergen.

[00178] Tumor/cancer-specific antigens include, but are not limited to, any of the
various MAGEs (Melanoma-Associated Antigen E), including MAGE 1 (e.g.,
GenBank Accession No. M77481), MAGE 2 (e.g., GenBank Accession No. U03735),
MAGE 3, MAGE 4, etc.; any of the various tyrosinases; mutant ras; mutant p53 (e.g.,
GenBank Accession No. X54156 and AA494311); and p97 melanoma antigen (e.g.,
GenBank Accession No. M12154). Other tumor/cancer-specific antigens include the
Ras peptide and p53 peptide associated with advanced cancers, the HPV 16/18 and
E6/E7 antigens associated with cervical cancers, MUCI1-KLH antigen associated
with breast carcinoma (e.g., GenBank Accession No. J03651), CEA
(carcinoembryonic antigen) associated with colorectal cancer (e.g., GenBank
Accession No. X98311), gpl100 (e.g., GenBank Accession No. S73003) or MART1
antigens associated with melanoma, and the PSA antigen associated with prostate
cancer (e.g., GenBank Accession No. X14810). The p53 gene sequence is known (See
e.g., Harris et al. (1986) Mol. Cell. Biol., 6:4650-4656) and is deposited with
GenBank under Accession No. M14694. Thus, subject proteins, nucleic acids, and/or
virions can be used as immunotherapeutics for cancers including, but not limited to,

cervical, breast, colorectal, prostate, lung cancers, and for melanomas.

[00179] Viral antigens are derived from known causative agents responsible for
diseases including, but not limited to, measles, mumps, rubella, poliomyelitis,
hepatitis A, B (e.g., GenBank Accession No. E02707), and C (e.g., GenBank
Accession No. E06890), as well as other hepatitis viruses, influenza, adenovirus (e.g.,
types 4 and 7), rabies (e.g., GenBank Accession No. M34678), yellow fever, Japanese
encephalitis (e.g., GenBank Accession No. E07883), dengue (e.g., GenBank
Accession No. M24444), hantavirus, and human immunodeficiency virus (e.g.,

GenBank Accession No. U18552).
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[00180] Suitable bacterial and parasitic antigens include those derived from known
causative agents responsible for diseases including, but not limited to, diphtheria,
pertussis (e.g., GenBank Accession No. M35274), tetanus (e.g., GenBank Accession
No. M64353), tuberculosis, bacterial and fungal pneumonias (e.g., Haemophilus
influenzae, Pneumocystis carinii, etc.), cholera, typhoid, plague, shigellosis,
salmonellosis (e.g., GenBank Accession No. L03833), Legionnaire's Disease, Lyme
disease (e.g., GenBank Accession No. U59487), malaria (e.g., GenBank Accession
No. X53832), hookworm, onchocerciasis (e.g., GenBank Accession No. M27807),
schistosomiasis (e.g., GenBank Accession No. L08198), trypanosomiasis,
leshmaniasis, giardiasis (e.g., GenBank Accession No. M33641), amoebiasis,

filariasis (e.g., GenBank Accession No. J03266), borreliosis, and trichinosis.

[00181] Suitable heterologous nucleic acids that encode heterologous gene
products include non-translated RNAs, such as an RNAi agent (as described in greater
detail above) (e.g., an antisense RNA; an siRNA; an shRNA; a double stranded RNA
(dsRNA); a CRISPR agent, e.g., a Cas9 or Cas9-like protein, a crRNA-like RNA, a
tractRNA-like RNA, a single guide RNA, and/or a donor polynucleotide; and the
like), a ribozyme, etc. RN Ai agents can be used to inhibit gene expression. Some
RNAI agents provide a tool that can be subsequently used to inhibit gene expression

(e.g., a CRISPR agent such as a cas9 or cas9-like protein).

[00182] Target genes include any gene encoding a target gene product (RNA or
protein) that is deleterious (e.g., pathological), for example, a target gene product that
is malfunctioning (e.g., due to a mutation in the encoded protein sequence, due to a
mutation in the non-coding sequences that control the steady state level of the gene
product, etc.). Target gene products include, but are not limited to, huntingtin;
hepatitis C virus; human immunodeficiency virus; amyloid precursor protein; tau; a
protein that includes a polyglutamine repeat; a herpes virus (e.g., varicella zoster); any

pathological virus; and the like.

[00183] As such asubject rAAV that includes a heterologous nucleic acid
encoding an RNAI agent is useful for treating a variety of disorders and conditions,
including, but not limited to, neurodegenerative diseases, e.g., a trinucleotide-repeat

disease, such as a disease associated with polyglutamine repeats, e.g., Huntington's
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disease, spinocerebellar ataxia, spinal and bulbar muscular atrophy (SBMA),
dentatorubropallidoluysian atrophy (DRPLA), etc.; an acquired pathology (e.g., a
disease or syndrome manifested by an abnormal physiological, biochemical, cellular,
structural, or molecular biological state) such as a viral infection, e.g., hepatitis that
occurs or may occur as a result of an HCV infection, acquired immunodeficiency

syndrome, which occurs as a result of an HIV infection; cancer; and the like.

[00184] In many embodiments, a heterologous nucleic acid encoding an RNAi
agent is operably linked to a promoter. Suitable promoters are known those skilled in
the art and include the promoter of any protein-encoding gene, e.g., an endogenously
regulated gene or a constitutively expressed gene. For example, the promoters of
genes regulated by cellular physiological events, e.g., heat shock, oxygen levels
and/or carbon monoxide levels, e.g., in hypoxia, may be operably linked to an siRNA-

encoding nucleic acid.

[00185] The selected heterologous nucleotide sequence, such as EPO-encoding or
nucleic acid of interest, is operably linked to control elements that direct the
transcription or expression thereof in the nucleotide sequence in vivo. Such control
elements can comprise control sequences normally associated with the selected gene
(e.g., endogenous cellular control elements). Alternatively, heterologous control
sequences can be employed. Useful heterologous control sequences generally include
those derived from sequences encoding mammalian or viral genes. Examples include,
but are not limited to, the SV40 early promoter, mouse mammary tumor virus long
terminal repeat (LTR) promoter; adenovirus major late promoter (Ad MLP); a herpes
simplex virus (HSV) promoter, an endogenous cellular promoter that is heterologous
to the gene of interest, a cytomegalovirus (CMV) promoter such as the CMV
immediate early promoter region (CMVIE), a rous sarcoma virus (RSV) promoter,
synthetic promoters, hybrid promoters, and the like. In addition, sequences derived
from nonviral genes, such as the murine metallothionein gene, will also find use
herein. Such promoter sequences are commercially available from, e.g., Stratagene

(San Diego, Calif)).

[00186] In some embodiments, cell type-specific or tissue-specific promoter will

be operably linked to the heterologous nucleic acid encoding the heterologous gene
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product, such that the gene product is produced selectively or preferentially in a
particular cell type(s) or tissue(s). In some embodiments, an inducible promoter will

be operably linked to the heterologous nucleic acid.

[00187] For example, muscle-specific and inducible promoters, enhancers and the
like, are useful for delivery of a gene product to a muscle cell. Such control elements
include, but are not limited to, those derived from the actin and myosin gene families,
such as from the myoD gene family; the myocyte-specific enhancer binding factor
MEF-2; control elements derived from the human skeletal actin gene and the cardiac
actin gene; muscle creatine kinase sequence elements and the murine creatine kinase
enhancer (mCK) element; control elements derived from the skeletal fast-twitch
troponin C gene, the slow-twitch cardiac troponin C gene and the slow-twitch
troponin I gene; hypoxia-inducible nuclear factors; steroid-inducible elements and
promoters, such as the glucocorticoid response element (GRE); the fusion consensus
element for RU486 induction; and elements that provide for tetracycline regulated

gene expression.

[00188] The AAV expression vector which harbors the DNA molecule of interest
(the heterologous DNA) bounded by AAV ITRs, can be constructed by directly
inserting the selected sequence(s) into an AAV genome which has had the major
AAV open reading frames (“ORFs™) excised therefrom. Other portions of the AAV
genome can also be deleted, so long as a sufficient portion of the ITRs remain to
allow for replication and packaging functions. Such constructs can be designed using
techniques well known in the art. See, e.g., U.S. Pat. Nos. 5,173,414 and 5,139,941,
International Publication Nos. WO 92/01070 (published Jan. 23, 1992) and WO
93/03769 (published Mar. 4, 1993); Lebkowski et al. (1988) Molec. Cell. Biol.
8:3988-3996; Vincent et al. (1990) Vaccines 90 (Cold Spring Harbor Laboratory
Press); Carter, B. J. (1992) Current Opinion in Biotechnology 3:533-539; Muzyczka,
N. (1992) Current Topics in Microbiol. and Immunol. 158:97-129; Kotin, R. M.
(1994) Human Gene Therapy 5:793-801; Shelling and Smith (1994) Gene Therapy
1:165-169; and Zhou et al. (1994) J. Exp. Med. 179:1867-1875.

[00189]  Alternatively, AAV ITRs can be excised from the viral genome or from an

AAV vector containing the same and fused 5’ and 3’ of a selected nucleic acid
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construct that is present in another vector using any convenient method known to one
of ordinary skill in the art. For example, one suitable approach uses standard ligation
techniques, such as those described in Sambrook et al., supra. For example, ligations
can be accomplished in 20 mM Tris-Cl pH 7.5, 10 mM MgCl., 10 mM DTT, 33 pg/ml
BSA, 10 mM-50 mM NaCl, and either 40 uM ATP, 0.01-0.02 (Weiss) units T4 DNA
ligase at 0° C. to 16° C. (for “sticky end” ligation) or 1 mM ATP, 0.3-0.6 (Weiss)
units T4 DNA ligase at 14° C. (for “blunt end” ligation). Intermolecular “sticky end”
ligations are usually performed at 30-100 ug/ml total DNA concentrations (5-100 nM
total end concentration). AAV vectors which contain ITRs have been described in,
e.g., US. Pat. No. 5,139,941. In particular, several AAV vectors are described therein
which are available from the American Type Culture Collection (“ATCC”) under
Accession Numbers 53222, 53223, 53224, 53225 and 53226.

[00190] Additionally, chimeric genes can be produced synthetically to include
AAV ITR sequences arranged 5' and 3' of one or more selected nucleic acid
sequences. Preferred codons for expression of the chimeric gene sequence in
mammalian muscle cells can be used. The complete chimeric sequence is assembled
from overlapping oligonucleotides prepared by standard methods. See, e.g., Edge,
Nature (1981) 292:756; Nambair et al. Science (1984) 223:1299; Jay et al. J. Biol.
Chem. (1984) 259:6311.

[00191] Generation of Subject Infectious rAAV Virions

[00192] By way of introduction, it is typical to employ a host or “producer” cell for
rAAYV vector replication and packaging. Such a producer cell (usually a mammalian
host cell) generally comprises or is modified to comprise several different types of
components for rAAV production. The first component is a recombinant adeno-
associated viral (rAAV) vector genome (or “rAAV pro-vector”) that can be replicated
and packaged into vector particles by the host packaging cell. The rAAV pro-vector
will normally comprise a heterologous polynucleotide (or “transgene™), with which it
is desired to genetically alter another cell in the context of gene therapy (since the
packaging of such a transgene into rAAV vector particles can be effectively used to
deliver the transgene to a variety of mammalian cells). The transgene is generally

flanked by two AAYV inverted terminal repeats (ITRs) which comprise sequences that
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are recognized during excision, replication and packaging of the AAV vector, as well

as during integration of the vector into a host cell genome.

[00193] A second component is a helper virus that can provide helper functions for
AAYV replication. Although adenovirus is commonly employed, other helper viruses
can also be used as is known in the art. Alternatively, the requisite helper virus
functions can be isolated genetically from a helper virus and the encoding genes can
be used to provide helper virus functions in trans. The AAV vector elements and the
helper virus (or helper virus functions) can be introduced into the host cell either

simultaneously or sequentially in any order.

[00194] The final components for AAV production to be provided in the producer
cell are “AAYV packaging genes™ such as AAV rep and cap genes that provide
replication and encapsidation proteins, respectively. Several different versions of
AAYV packaging genes can be provided (including rep-cap cassettes and separate rep
and/or cap cassettes in which the rep and/or cap genes can be left under the control of
the native promoters or operably linked to heterologous promoters. Such AAV
packaging genes can be introduced either transiently or stably into the host packaging

cell, as is known in the art and described in more detail below.

[00195] 1.rAAV Vector

[00196] A subject rAAV virion, including the heterologous DNA of interest (where
“heterologous DNA of interest™ is also referred to herein as “heterologous nucleic
acid”), can be produced using standard methodology, known to those of skill in the
art. The methods generally involve the steps of (1) introducing a subject rAAV vector
into a host cell; (2) introducing an AAV helper construct into the host cell, where the
helper construct includes AAV coding regions capable of being expressed in the host
cell to complement AAV helper functions missing from the AAV vector; (3)
introducing one or more helper viruses and/or accessory function vectors into the host
cell, wherein the helper virus and/or accessory function vectors provide accessory
functions capable of supporting efficient recombinant AAV (“rAAV”) virion
production in the host cell; and (4) culturing the host cell to produce rAAV virions.

The AAYV expression vector, AAV helper construct and the helper virus or accessory
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function vector(s) can be introduced into the host cell, either simultaneously or

serially, using standard transfection techniques.

[00197] AAYV expression vectors are constructed using known techniques to at
least provide as operatively linked components in the direction of transcription,
control elements including a transcriptional initiation region, the DNA of interest and
a transcriptional termination region. The control elements are selected to be functional
in a mammalian muscle cell. The resulting construct which contains the operatively

linked components is bounded (5’ and 3") with functional AAV ITR sequences.

[00198] The nucleotide sequences of AAV ITR regions are known. See, e.g.,
Kotin, R. M. (1994) Human Gene Therapy 5:793-801; Bems, K. I. “Parvoviridae and
their Replication” in Fundamental Virology, 2nd Edition, (B. N. Fields and D. M.
Knipe, eds.) for the AAV-2 sequence. AAV ITRs used in the vectors of the invention
need not have a wild-type nucleotide sequence, and may be altered, e.g., by the
insertion, deletion or substitution of nucleotides. Additionally, AAV ITRs may be
derived from any of several AAV serotypes, including without limitation, AAV-1,
AAV-2, AAV-3, AAV-4, AAV-5, AAV-7, etc. Furthermore, 5’ and 3’ ITRs which
flank a selected nucleotide sequence in an AAV expression vector need not
necessarily be identical or derived from the same AAYV serotype or isolate, so long as
they function as intended, i.e., to allow for excision and rescue of the sequence of
interest from a host cell genome or vector, and to allow integration of the DNA
molecule into the recipient cell genome when AAV Rep gene products are present in
the cell. ITRs allow replication of the vector sequence in the presence of an
appropriate mixture of Rep proteins. ITRs also allow for the incorporation of the

vector sequence into the capsid to generate an AAV particle.

[00199] In order to produce rAAYV virions, an AAV expression vector is introduced
into a suitable host cell using known techniques, such as by transfection. A number of
transfection techniques are generally known in the art. See, e.g., Graham et al. (1973)
Virology, 52:456, Sambrook et al. (1989) Molecular Cloning, A Laboratory Manual,
Cold Spring Harbor Laboratories, New York, Davis et al. (1986) Basic Methods in
Molecular Biology, Elsevier, and Chu et al. (1981) Gene 13:197. Particularly suitable

transfection methods include calcium phosphate co-precipitation (Graham et al.
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(1973) Virol. 52:456-467), direct micro-injection into cultured cells (Capecchi, M. R.
(1980) Cell 22:479-488), electroporation (Shigekawa et al. (1988) BioTechniques
6:742-751), liposome mediated gene transfer (Mannino et al. (1988) BioTechniques
6:682-690), lipid-mediated transduction (Felgner et al. (1987) Proc. Natl. Acad. Sci.
USA 84:7413-7417), and nucleic acid delivery using high-velocity microprojectiles
(Klein et al. (1987) Nature 327:70-73).

[00200] For the purposes of this disclosure, suitable host cells for producing rAAV
virions include microorganisms, yeast cells, insect cells, and mammalian cells, that
can be, or have been, used as recipients of a heterologous DNA molecule. The term
includes the progeny of the original cell which has been transfected. Thus, a “host
cell” for producing rAAV virions generally refers to a cell which has been transfected
with an exogenous DNA sequence. Cells from the stable human cell line, 293 (readily
available through, e.g., the American Type Culture Collection under Accession
Number ATCC CRL1573) are used in many embodiments. Particularly, the human
cell line 293 is a human embryonic kidney cell line that has been transformed with
adenovirus type-5 DNA fragments (Graham et al. (1977) J. Gen. Virol. 36:59), and
expresses the adenoviral Ela and E1b genes (Aiello et al. (1979) Virology 94:460).
The 293 cell line is readily transfected, and provides a particularly convenient

platform in which to produce rAAV virions.

[00201] 2. AAV Helper Functions

[00202] Host cells containing the above-described AAV expression vectors must
be rendered capable of providing AAV helper functions in order to replicate and
encapsidate the nucleotide sequences flanked by the AAV ITRs to produce rAAV
virions. AAV helper functions are generally AAV-derived coding sequences which
can be expressed to provide AAV gene products that, in turn, function in trans for
productive AAV replication. AAV helper functions are used herein to complement
necessary AAV functions that are missing from the AAV expression vectors. Thus,
AAY helper functions include one, or both of the major AAV ORFs, namely the rep
and cap coding regions, or functional homologues thereof. In the context of the instant
disclosure, the cap functions include one or more mutant capsid proteins, wherein at

least one capsid protein comprises at least one mutation, as described above.
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[00203] By “AAV rep coding region” is meant the art-recognized region of the
AAYV genome which encodes the replication proteins Rep 78, Rep 68, Rep 52 and Rep
40. These Rep expression products have been shown to possess many functions,
including recognition, binding and nicking of the AAV origin of DNA replication,
DNA helicase activity and modulation of transcription from AAV (or other
heterologous) promoters. The Rep expression products are collectively required for
replicating the AAV genome. For a description of the AAV rep coding region, see,
e.g., Muzyczka, N. (1992) Current Topics in Microbiol. and Immunol. 158:97-129;
and Kotin, R. M. (1994) Human Gene Therapy 5:793-801. Suitable homologues of
the AAV rep coding region include the human herpesvirus 6 (HHV-6) rep gene which
is also known to mediate AAV-2 DNA replication (Thomson et al. (1994) Virology
204:304-311).

[00204] AAYV cap proteins include VP1, VP2, and VP3, wherein at least one of

VP1, VP2, and VP3 comprises at least one mutation, as described above.

[00205] AAYV helper functions are introduced into the host cell by transfecting the
host cell with an AAV helper construct either prior to, or concurrently with, the
transfection of the AAV expression vector. AAV helper constructs are thus used to
provide at least transient expression of AAV rep and/or cap genes to complement
missing AAV functions that are necessary for productive AAV infection. AAV helper
constructs lack AAV ITRs and can neither replicate nor package themselves. These
constructs can be in the form of a plasmid, phage, transposon, cosmid, virus, or virion.
A number of AAV helper constructs have been described, such as the commonly used
plasmids pAAV/Ad and pIM29+45 which encode both Rep and Cap expression
products. See, e.g., Samulski et al. (1989) J. Virol. 63:3822-3828; and McCarty et al.
(1991) J. Virol. 65:2936-2945. A number of other vectors have been described which
encode Rep and/or Cap expression products. See, e.g., U.S. Pat. No. 5,139,941,

[00206] Both AAV expression vectors and AAV helper constructs can be
constructed to contain one or more optional selectable markers. Suitable markers
include genes which confer antibiotic resistance or sensitivity to, impart color to, or
change the antigenic characteristics of those cells which have been transfected with a

nucleic acid construct containing the selectable marker when the cells are grown in an
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appropriate selective medium. Several selectable marker genes that are useful in
practicing methods of the disclosure include the hygromycin B resistance gene
(encoding Aminoglycoside phosphotranferase (APH)) that allows selection in
mammalian cells by conferring resistance to hygromycin; the neomycin
phosphotranferase gene (encoding neomycin phosphotransferase) that allows
selection in mammalian cells by conferring resistance to G418; and the like. Other

suitable markers are known to those of skill in the art.

[00207] 3. AAV Accessory Functions

[00208] The host cell (or packaging cell) must also be rendered capable of
providing non AAV derived functions, or “accessory functions,” in order to produce
rAAV virions. Accessory functions are non AAV derived viral and/or cellular
functions upon which AAYV is dependent for its replication. Thus, accessory functions
include at least those non AAV proteins and RNAs that are required in AAV
replication, including those involved in activation of AAV gene transcription, stage
specific AAV mRNA splicing, AAV DNA replication, synthesis of Cap expression
products and AAV capsid assembly. Viral-based accessory functions can be derived

from any of the known helper viruses.

[00209] Particularly, accessory functions can be introduced into and then expressed
in host cells using methods known to those of skill in the art. Commonly, accessory
functions are provided by infection of the host cells with an unrelated helper virus. A
number of suitable helper viruses are known, including adenoviruses; herpesviruses
such as herpes simplex virus types 1 and 2; and vaccinia viruses. Nonviral accessory
functions will also find use herein, such as those provided by cell synchronization
using any of various known agents. See, e.g., Buller et al. (1981) J. Virol. 40:241-247;
McPherson et al. (1985) Virology 147:217-222; Schlehofer et al. (1986) Virology
152:110-117.

[00210]  Alternatively, accessory functions can be provided using an accessory
function vector. Accessory function vectors include nucleotide sequences that provide
one or more accessory functions. An accessory function vector is capable of being

introduced into a suitable host cell in order to support efficient AAV virion
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production in the host cell. Accessory function vectors can be in the form of a
plasmid, phage, transposon, cosmid, or another virus. Accessory vectors can also be
in the form of one or more linearized DNA or RNA fragments which, when
associated with the appropriate control elements and enzymes, can be transcribed or

expressed in a host cell to provide accessory functions.

[00211] Nucleic acid sequences providing the accessory functions can be obtained
from natural sources, such as from the genome of an adenovirus particle, or
constructed using recombinant or synthetic methods known in the art. In this regard,
adenovirus-derived accessory functions have been widely studied, and a number of
adenovirus genes involved in accessory functions have been identified and partially
characterized. See, e.g., Carter, B. J. (1990) “Adeno-Associated Virus Helper
Functions,” in CRC Handbook of Parvoviruses, vol. I (P. Tijssen, ed.), and Muzyczka,
N. (1992) Curr. Topics. Microbiol. and Immun. 158:97-129. Specifically, early
adenoviral gene regions Ela, E2a, E4, VAI RNA and, possibly, E1b are thought to
participate in the accessory process. Janik et al. (1981) Proc. Natl. Acad. Sci. USA
78:1925-1929. Herpesvirus-derived accessory functions have been described. See,
e.g., Young et al. (1979) Prog. Med. Virol. 25:113. Vaccinia virus-derived accessory
functions have also been described. See, e.g., Carter, B. J. (1990), supra., Schlehofer
et al. (1986) Virology 152:110-117.

[00212] As a consequence of the infection of the host cell with a helper virus, or
transfection of the host cell with an accessory function vector, accessory functions are
expressed which transactivate the AAV helper construct to produce AAV Rep and/or
Cap proteins. The Rep expression products excise the recombinant DNA (including
the DNA of interest, e.g., the heterologous nucleic acid) from the AAV expression
vector. The Rep proteins also serve to duplicate the AAV genome. The expressed Cap
proteins assemble into capsids, and the recombinant AAV genome is packaged into
the capsids. Thus, productive AAV replication ensues, and the DNA is packaged into
rAAV virions.

[00213] Following recombinant AAYV replication, rAAYV virions can be purified
from the host cell using a variety of conventional purification methods, such as CsCl

gradients, affinity chromatography, and ion-exchange chromatography. Further, if
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infection is employed to express the accessory functions, residual helper virus can be
inactivated, using known methods. For example, adenovirus can be inactivated by
heating to temperatures of approximately 60° C. for, e.g., 20 minutes or more. This
treatment effectively inactivates only the helper virus since AAV is extremely heat

stable while the helper adenovirus is heat labile.

[00214] The resulting rAAV virions are then ready for use for DNA delivery, such
as in gene therapy applications, or for the delivery of a gene product to a mammalian

host.

[00215] Delivering a Heterologous Nucleic Acid

[00216] The present disclosure further provides methods of delivering a
heterologous nucleic acid to a target cell and/or to an individual in need thereof. In
some embodiments, an individual in need thereof is a human who has previously been
naturally exposed to AAV and as a result harbors anti-AAV antibodies (i.e., AAV
neutralizing antibodies). Based on positive results in clinical trials involving AAV
gene delivery to, for example, liver, muscle, and retina—all tissues affected by
neutralizing antibodies against this vehicle—there are many such therapeutic

applications/disease targets.

[00217] A subject method generally involves: (1) administering an effective amount
of a subject rAAV virion to an individual, and/or (i) contacting a target cell with a
subject virion. Generally, rAAV virions are administered to a subject using either in
vivo (“direct”) or in vitro (“indirect”) transduction techniques. If transduced in vitro
(“indirectly™), a desired recipient cell (i.e., “target cell”) can be removed from the
individual, transduced with rAAYV virions and reintroduced into the individual.
Altematively, syngeneic or xenogeneic cells can be used where those cells will not

generate an inappropriate immune response in the individual.

[00218] Suitable methods for the delivery and introduction of transduced target
cells into an individual have been described. For example, cells can be transduced in
vitro by combining recombinant AAV virions with cells e.g., in appropriate media,
and screening for those cells harboring the DNA of interest using conventional
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techniques such as Southern blots and/or PCR, or by using selectable markers.
Transduced cells can then be formulated into pharmaceutical compositions, described
more fully below, and the composition introduced into the subject by various
techniques, such as by intramuscular, intravenous, subcutaneous and intraperitoneal

injection.

[00219] Forin vivo (i.e., “direct”) delivery, the rAAYV virions will be formulated
into pharmaceutical compositions and will generally be administered parenterally
(e.g., administered via an intramuscular, subcutaneous, intratumoral, transdermal,

intrathecal, intravenous, etc.) route of administration.

[00220] Pharmaceutical compositions will comprise sufficient genetic material to
produce a therapeutically effective amount of the gene expression product of interest,
i.e., an amount sufficient to reduce or ameliorate symptoms of the disease state in
question or an amount sufficient to confer the desired benefit. The pharmaceutical
compositions will also contain a pharmaceutically acceptable excipient. Such
excipients include any pharmaceutical agent that does not itself induce the production
of antibodies harmful to the individual receiving the composition, and which may be
administered without undue toxicity. Pharmaceutically acceptable excipients include,
but are not limited to, liquids such as water, saline, glycerol and ethanol.
Pharmaceutically acceptable salts can be included therein, for example, mineral acid
salts such as hydrochlorides, hydrobromides, phosphates, sulfates, and the like; and
the salts of organic acids such as acetates, propionates, malonates, benzoates, and the
like. Additionally, auxiliary substances, such as wetting or emulsifying agents, pH
buffering substances, and the like, may be present in such vehicles. A wide variety of
pharmaceutically acceptable excipients are known in the art and need not be discussed
in detail herein. Pharmaceutically acceptable excipients have been amply described in
a variety of publications, including, for example, A. Gennaro (2000) “Remington: The
Science and Practice of Pharmacy,” 20th edition, Lippincott, Williams, & Wilkins
Pharmaceutical Dosage Forms and Drug Delivery Systems (1999) H. C. Ansel et al.,
eds., 7+ed., Lippincott, Williams, & Wilkins and Handbook of Pharmaceutical
Excipients (2000) A. H. Kibbe et al., eds., 3ved. Amer. Pharmaceutical Assoc.
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[00221]  Appropriate doses will depend on the mammal being treated (e.g., human
or nonhuman primate or other mammal), age and general condition of the subject to
be treated, the severity of the condition being treated, the particular therapeutic
protein in question, its mode of administration, among other factors. An appropriate

effective amount can be readily determined by one of skill in the art.

[00222] Thus, a “therapeutically effective amount” will fall in a relatively broad
range that can be determined through clinical trials. For example, for in vivo injection,
1.e., injection directly to skeletal or cardiac muscle, a therapeutically effective dose
will be on the order of from about 10°to about 10" of the TAAV virions, e.g., from
about 10%to 10> rAAV virions. For in vitro transduction, an effective amount of
rAAYV virions to be delivered to cells will be on the order of from about 10% to about
10" of the rAAYV virions. Other effective dosages can be readily established by one of

ordinary skill in the art through routine trials establishing dose response curves.

[00223] Dosage treatment may be a single dose schedule or a multiple dose
schedule. Moreover, the subject may be administered as many doses as appropriate.

One of skill in the art can readily determine an appropriate number of doses.

[00224]  The cells of interest (i.e., “target cells™) are typically mammalian, where
the term refers to any animal classified as a mammal, including humans, domestic and
farm animals, and zoo, laboratory, sports, or pet animals, such as dogs, horses, cats,

cOWws, mice, rats, rabbits, etc. In some embodiments, the target cell is a human cell.

[00225] Target cells of interest include any cell susceptible to infection by a subject
rAAYV virion. In some cases, e.g., when the method is a method of delivering a
heterologous nucleic acid to a target cell, the target cell can be a cell removed from an
individual (e.g., a “primary” cell), or the target cell can be a tissue culture cell (e.g.,

from an established cell line).

[00226] Exemplary target cells include, but are not limited to, liver cells, pancreatic
cells (e.g., islet cells: alpha cells, beta cells, delta cells, gamma cells, and/or epsilon
cells), skeletal muscle cells, heart muscle cells, fibroblasts, retinal cells, synovial joint
cells, lung cells, T cells, neurons, glial cells, stem cells, hematopoietic progenitor
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cells, neural progenitor cells, endothelial cells, and cancer cells. Exemplary stem cell
target cells include, but are not limited to, hematopoietic stem cells, neural stem cells,
neural crest stem cells, embryonic stem cells, induced pluripotent stem cells (iPS
cells), mesenchymal stem cells, mesodermal stem cells, liver stem cells, pancreatic

stem cells, muscle stem cells, and retinal stem cells.

[00227] The term “stem cell” is used herein to refer to a mammalian cell that has
the ability both to self-renew, and to generate differentiated progeny (see, e.g.,
Morrison et al. (1997) Cell 88:287-298). Generally, stem cells also have one or more
of the following properties: an ability to undergo asynchronous, or symmetric
replication, that is where the two daughter cells after division can have different
phenotypes; extensive self-renewal capacity; capacity for existence in a mitotically
quiescent form; and clonal regeneration of all the tissue in which they exist, for
example the ability of hematopoietic stem cells to reconstitute all hematopoietic
lineages. As is appreciated by one of ordinary skill in the art, “progenitor cells™ differ
from stem cells in that they typically do not have the extensive self-renewal capacity,
and often can generate a more restricted subset of the lineages in the tissue from
which they derive, for example only lymphoid, or erythroid lineages in a
hematopoietic setting. As used herein, the term “stem cell” encompasses both “stem

cells” and “progenitor cells” as defined above.

[00228] Stem cells may be characterized by both the presence of markers
associated with specific epitopes identified by antibodies and the absence of certain
markers as identified by the lack of binding of specific antibodies. Stem cells may
also be identified by functional assays both in vitro and in vivo, particularly assays

relating to the ability of stem cells to give rise to multiple differentiated progeny.

[00229]  Suitable stem cells of interest include, but are not limited to: hematopoietic
stem cells and progenitor cells derived therefrom (U.S. Pat. No. 5,061,620); neural
crest stem cells (see Morrison et al. (1999) Cell 96:737-749); neural stem cells and
neural progenitor cells; embryonic stem cells; mesenchymal stem cells; mesodermal
stem cells; liver stem cells, muscle stem cells, retinal stem cells, induced pluripotent
stem cells (iPS cells), etc. Other hematopoietic “progenitor” cells of interest include

cells dedicated to lymphoid lineages, e.g. immature T cell and B cell populations.
75



WO 2021/222148 PCT/US2021/029253

[00230] Purified populations of stem or progenitor cells may be used. For example,
human hematopoietic stem cells may be positively selected using antibodies specific
for CD34, thy-1; or negatively selected using lineage specific markers which may
include glycophorin A, CD3, CD24, CD16, CD14, CD38, CD45RA, CD36, CD2,
CD19, CD56, CD66a, and CD66b; T cell specific markers, tumor/cancer specific
markers, etc. Markers useful for the separation of mesodermal stem cells include
FcyRII, FcyRIII, Thy-1, CD44, VLA-4a, LFA-113, HSA, ICAM-1, CD45, Aad.1,
Sca-1, etc. Neural crest stem cells may be positively selected with antibodies specific
for low-affinity nerve growth factor receptor (LNGFR), and negatively selected for
the markers sulfatide, glial fibrillary acidic protein (GFAP), myelin protein P.,
peripherin and neurofilament. Human mesenchymal stem cells may be positively

separated using the markers SH2, SH3 and SH4.

[00231] Target cells which are employed may be fresh, frozen, or have been
subject to prior culture. They may be fetal, neonate, adult. Hematopoietic cells may be
obtained from fetal liver, bone marrow, blood, particularly G-CSF or GM-CSF
mobilized peripheral blood, or any other conventional source. The manner in which
stem cells are separated from other cells of the hematopoietic or other lineage is not
critical to this disclosure. As described above, a substantially homogeneous
population of stem or progenitor cells may be obtained by selective isolation of cells
free of markers associated with differentiated cells, while displaying epitopic

characteristics associated with the stem cells.

[00232] Nucleic acids that can be delivered to an individual include any of the
above defined heterologous nucleic acids. Proteins that can be delivered using a
subject method also include a functional fragment of any of the aforementioned

proteins; and functional variants of any of the aforementioned proteins.

[00233] In some embodiments, a therapeutically effective amount of a protein is
produced in the mammalian host. Whether a therapeutically effective amount of a
particular protein is produced in the mammalian host using a subject method is readily
determined using assays appropriate to the particular protein. For example, where the

protein is EPO, hematocrit is measured.
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[00234] Where the rAAV encodes an antigenic protein, suitable antigenic proteins
that can be delivered to an individual using a subject method include, but are not
limited to, tumor/cancer-associated antigens, autoantigens (“self” antigens), viral
antigens, bacterial antigens, protozoal antigens, and allergens; and antigenic
fragments thereof. In some embodiments, a cytotoxic T lymphocyte (CTL) response
to the rAAV-encoded antigenic protein will be induced in the mammalian host. In
other embodiments, a humoral response to the rAAV-encoded antigenic protein will
be induced in the mammalian host, such that antibodies specific to the antigenic
protein are generated. In many embodiments, a TH1 immune response to the rAAV-
encoded antigenic protein will be induced in the mammalian host. Whether an
immune response to the antigenic protein has been generated is readily determined
using well-established methods. For example, an enzyme-linked immunosorbent
assay can be used to determine whether antibody to an antigenic protein has been
generated. Methods of detecting antigen-specific CTL are well known in the art. For
example, a detectably labeled target cell expressing the antigenic protein on its

surface is used to assay for the presence of antigen-specific CTL in a blood sample.

[00235] Whether a therapeutically effective amount of a heterologous nucleic acid
(e.g., anucleic acid encoding a polypeptide, an RNAi agent, etc.) has been delivered
to a mammalian host using a subject method is readily determined using any
appropriate assay. For example, where the gene product is an RNAi agent that inhibits

HIV, viral load can be measured.

[00236] Methods of Generating and Identifying Modified rAAV Virions

[00237] The present disclosure provides a method of generating and identifying a
modified infectious recombinant adeno-associated virus (rAAV) virion that comprises
a variant capsid protein comprising an amino acid sequence with at least one amino
acid substitution (including deletions, insertions, etc.) compared to a starter AAV
capsid protein. A starter AAV capsid protein comprises an amino acid sequence set

forth in one of SEQ ID NOs: 10-13 and 26-33.

[00238] The method generally involves generating a mutant rAAV virion library;
and selecting the library for modified rAAYV virions with altered properties relative to
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a starter rAAV virion. The starter rAAYV virion comprises a variant AAV capsid
protein that comprises an amino acid sequence set forth in one of SEQ ID NOs: 10-13
and 26-33. The present disclosure further provides libraries and compositions

comprising the libraries.

[00239] In some embodiments, a given selection step is repeated two, three, four,
or more times to enrich a subject AAV library for altered virion properties. In some
embodiments, following selection of an AAV library, individual clones are isolated

and sequenced.

[00240] Generation of a Mutant AAV Library

[00241] A mutant AAV library is generated that comprises one or more mutations
relative to a starter AAV cap gene. A starter cap gene is a cap comprising a nucleotide
sequence that encodes a variant AAV capsid protein that comprises an amino acid
sequence set forth in one of SEQ ID NOs: 10-13 and 26-33. Mutations in the rAAV
cap gene are generated using any known method. Suitable methods for mutagenesis of
a starter AAV cap gene include, but are not limited to, a polymerase chain reaction
(PCR)-based method, oligonucleotide-directed mutagenesis, saturation mutagenesis,
loop-swapping mutagenesis, fragment shuffling mutagenesis (i.e., DNA shuffling),
and the like. Methods for generating mutations are well described in the art. See, e.g.,
Zhao et al. Nat Biotechnol. 1998 March; 16(3):234-5; Koerber et. al.; Mol Ther. 2008
October; 16(10):1703-9; Koerber et. al.; Mol Ther. 2009 December; 17(12):2088-95;
U.S. Pat. No. 6,579,678; U.S. Pat. No. 6,573,098; and U.S. Pat. No. 6,582,914; all of

which are hereby incorporated by reference for their teachings related to mutagenesis.

[00242] In some embodiments, a mutant AAV library comprising mutations in the
cap gene will be generated using a staggered extension process. The staggered
extension process involves amplification of the cap gene using a PCR-based method.
The template cap gene is primed using specific PCR primers, followed by repeated
cycles of denaturation and very short annealing/polymerase-catalyzed extension. In
each cycle, the growing fragments anneal to different templates based on sequence
complementarity and extend further. The cycles of denaturation, annealing, and
extension are repeated until full-length sequences form. The resulting full-length
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sequences include at least one mutation in the cap gene compared to a wild-type AAV

cap gene.

[00243] The PCR products comprising AAV cap sequences that include one or
more mutations are inserted into a plasmid containing a wild-type AAV genome. The
result is a library of AAV cap mutants. Thus, the present disclosure provides a mutant
AAV cap gene library comprising from about 10 to about 101°members, and
comprising mutations in the AAV cap gene. A given member of the library has from
about one to about 50 mutations in the AAV cap gene. A subject library comprises
from 10 to about 10° distinct members, each having a different mutation(s) in the

AAV cap gene.

[00244] Once a cap mutant library is generated, viral particles are produced that
can then be selected on the basis of altered capsid properties. Library plasmid DNA is
transfected into a suitable host cell (e.g., 293 cells), followed by introduction into the
cell of helper virus. Viral particles produced by the transfected host cells (rAAV
library particles) are collected.

[00245] Library Selection

[00246] Once a library is generated, it is selected for a particular virion property
(i.e., an altered property of infection). Viral particles are generated as discussed above
(thus producing a library of modified rAAV virions), and subjected to one or more
selection steps to identify a modified rAAV virion with an altered property of
infection (relative to an infectious rAAV virion comprising a variant capsid protein
that comprises an amino acid sequence set forth in one of SEQ ID NOs: 10-13 and 26-
33). Properties of infection that are selected for can include, but are not limited to: 1)
altered binding (e.g., decreased binding) to AAV neutralizing antibodies; 2) increased
evasion of AAV neutralizing antibodies; 3) increased infectivity of a cell that is

resistant to infection with AAV; and 4) altered heparin binding.
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[00247] 1. Selection for Reduced Binding to AAV Neutralizing Antibodies

[00248] In some embodiments, a subject AAV library is selected for altered (e.g.,
reduced) binding to neutralizing antibodies that bind to and neutralize wild-type AAV
virions, compared to the binding of such antibodies to wild-type AAV virions and
neutralization of wild-type AAV virions (or relative to an infectious rAAV virion
comprising a variant capsid protein that comprises an amino acid sequence set forth in
one of SEQ ID NOs: 10-13 and 26-33). AAV library particles (AAV library virion)
are contacted with neutralizing antibodies and the ability of the AAV library particles
to infect a permissive host cell is tested. Typically, AAV library particles are
contacted with various concentrations of neutralizing antibodies. The higher the
concentration of neutralizing antibodies that is required to reduce infectivity of the
AAV library particles, the more resistant the AAV particles are to neutralization. Any
convenient assay known to one of ordinary skill in the art may be used to directly
measure the binding (e.g., measure the binding affinity) of an AAV library virion to

neutralizing anti-AAV antibodies.

[00249] 2. Selection for Increased Evasion of AAV Neutralizing Antibodies

[00250] In some embodiments, a subject AAV library is selected for increased
evasion of neutralizing antibodies (i.e. increased resistance to human neutralizing
AAV antibodies) relative to an infectious rAAV virion comprising a variant capsid
protein that comprises an amino acid sequence set forth in one of SEQ ID NOs: 10-13
and 26-33. AAV library particles are contacted with targets cells in the presence of
neutralizing AAV antibodies (usually human neutralizing anti-AAV antibodies). After
a suitable amount of time to allow for infection of the cells with AAV library
particles, helper virus is added, and AAV library particles that successfully infected
the cell(s) are harvested. In some embodiments, infectivity is measured (e.g., as
described above) for those virions exhibiting successful infection. In some
embodiments, the cycle of infection, addition of helper virus, and harvesting of AAV
particles is repeated one, two, three, or more times. The selection can occur with
varying amounts (concentrations) of neutralizing AAV antibodies to select for various
degrees of evasion (e.g., each repeated round can utilize an increased concentration of

antibodies relative to the previous round).
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[00251] 3. Selection for Increased Infectivity of Non-Permissive Cells

[00252] In some embodiments, a subject AAV library is selected for increased
infectivity of non-permissive cells (relative to an infectious rAAYV virion comprising a
variant capsid protein that comprises an amino acid sequence set forth in one of SEQ
ID NOs: 10-13 and 26-33). AAV library particles are contacted with a non-permissive
cell (e.g., a population of non-permissive cells). After a suitable amount of time to
allow for infection of the cells with AAV library particles, helper virus is added, and
AAV library particles that successfully infected the non-permissive cell(s) are
harvested. In some embodiments, the cycle of infection, addition of helper virus, and

harvesting of AAV particles is repeated one, two, three, or more times.

[00253] 4. Selection for Altered Heparin Binding

[00254] In some embodiments, a subject library is selected for altered heparin
binding, including increased heparin binding and decreased heparin binding relative
to wild-type AAV virion heparin binding (or relative to an infectious rAAV virion
comprising a variant capsid protein that comprises an amino acid sequence set forth in
one of SEQ ID NOs: 10-13 and 26-33). AAV library particles are contacted with a
heparin affinity matrix. For example, AAV library particles are loaded onto a heparin
affinity column under conditions that permit binding of the AAV library particles to
the heparin. Exemplary conditions include equilibration of the column with 0.15 M
NaCl and 50 mM Tris at pH 7.5. After allowing the AAV library particle to bind to
the heparin affinity matrix, the AAV library particle/heparin affinity matrix complex
is washed with volumes of buffer containing progressively increasing concentrations
of NaCl, and at each NaCl concentration, eluted AAV library particles are collected.
For example, after binding the AAV library particle/heparin affinity matrix complex
is washed with a volume of 50 mM Tris buffer, pH 7.5, containing 200 mM NaCl, and
eluted AAV library particles are collected. The elution step is repeated with a 50 mM
Tris buffer, pH 7.5, containing about 250 mM NaCl, about 300 mM NacCl, about 350
mM, about 400 mM NaCl, about 450 mM NaCl, about 500 mM NaCl, about 550 mM
NaCl, about 600 mM NaCl, about 650 mM NaCl, about 700 mM NaCl, or about 750
mM NaCl.
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[00255] AAV library particles that elute at NaCl concentrations lower than about
450 mM NaCl exhibit decreased heparin binding properties relative to wild-type
AAV. AAV library particles that elute at NaCl concentrations higher than about 550
mM NaCl exhibit increased heparin binding properties relative to wild-type AAV.

[00256] In some embodiments, eluted AAV library particles are amplified by co-
infection of permissive cells with a helper virus, and are re-fractionated on heparin
affinity matrix. This step can be repeated a number of times to enrich for AAV library

particles with altered heparin binding properties.

[00257] In the present methods, one or more selection steps may follow generation
of AAV library particles. For example, in some embodiments, the method comprises
selecting for increased heparin binding, followed by selecting for decreased binding to
neutralizing antibodies. In other embodiments, the method comprises selecting for
decreased binding to neutralizing antibodies, followed by selecting for increased
heparin binding. In other embodiments, the method comprises selecting for decreased
heparin binding, followed by selecting for decreased binding to neutralizing
antibodies. In other embodiments, the method comprises selecting for decreased
binding to neutralizing antibodies, followed by selecting for decreased heparin
binding. In other embodiments, the method comprises selecting for decreased binding
to neutralizing antibodies, followed by selecting for increased infectivity of a stem
cell. In other embodiments, the method comprises selecting for decreased binding to
neutralizing antibodies, followed by selecting for increased evasion of neutralizing
antibodies. In other embodiments, the method comprises selecting for increased
evasion of neutralizing antibodies, followed by selecting for decreased binding to

neutralizing antibodies.

[00258] Thus, the present disclosure provides an adeno-associated virus (AAV)
library that includes a plurality of nucleic acids, each of which nucleic acid includes a
nucleotide sequence that encodes a variant AAV capsid protein. The encoded variant
AAV capsid protein includes at least one amino acid substitution relative to a
sequence set forth in one of SEQ ID NOs: 10-13 and 26-33. The present disclosure
provides a library of mutant adeno-associated virus (AAV) particles, including a

plurality of AAV particles each of which includes an AAV capsid protein that
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includes at least one amino acid substitution relative to a sequence set forth in one of
SEQ ID NOs: 10-13 and 26-33. Nucleic acids encoding mutant AAV capsid proteins

are described above, as are the properties of the encoded mutant AAV capsid proteins.

[00259]  The present disclosure further provides a library comprising at least one
of: (i) two or more infectious TAAYV virions, each comprising a variant adeno-
associated virus (AAV) capsid protein and a heterologous nucleic acid; (ii) two or
more isolated nucleic acids, each comprising a nucleotide sequence that encodes a
variant AAV capsid protein; (iii) two or more host cells, each comprising a nucleic
acid that comprises a nucleotide sequence that encodes a variant AAV capsid protein;
and (iv) two or more variant AAV capsid proteins; where the variant AAV capsid
protein of at least one member of the library comprises an amino acid sequence
having at least one amino acid substitution relative to the amino acid sequence set

forth in one of SEQ ID NOs: 10-13 and 26-33.

[00260] Compositions and Kits

[00261] Also provided are compositions and kits for use in the methods of the
present disclosure. The subject compositions and kits include at least one of: a subject
infectious rAAV virion, a subject TAAV vector, a subject nucleotide acid comprising
anucleotide sequence encoding a subject variant AAV capsid protein, an isolated host
cell comprising a subject nucleic acid (i.e., a subject genetically modified host cell
comprising a nucleic acid that comprises a nucleotide sequence encoding a subject
variant AAV capsid protein); a subject library (e.g., any of the above described
libraries); and a subject variant AAV capsid protein. A composition or kit can include
any convenient combination of the above. A composition or kit can also include
helper virus and/or a nucleic acid comprising a nucleotide sequence that encodes a
helper virus. A kit may also include reagents for the generation of nucleic acids (i.e.,

“mutant” nucleic acids) encoding modified variant AAV capsid proteins.

[00262] In addition to the above components, the subject kits may further include

(in certain embodiments) instructions for practicing the subject methods. These

instructions may be present in the subject kits in a variety of forms, one or more of

which may be present in the kit. One form in which these instructions may be present
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is as printed information on a suitable medium or substrate, e.g., a piece or pieces of
paper on which the information is printed, in the packaging of the kit, in a package
insert, and the like. Yet another form of these instructions is a computer readable
medium, e.g., diskette, compact disk (CD), flash drive, and the like, on which the
information has been recorded. Yet another form of these instructions that may be
present is a website address which may be used via the internet to access the

information at a removed site.

[00263] The invention now being fully described, it will be apparent to one of
ordinary skill in the art that various changes and modifications can be made without

departing from the spirit or scope of the invention.

EXAMPLES

[00264] Example 1

[00265] Adeno-associated virus (AAV) gene therapy vectors have demonstrated
considerable promise in several clinical trials to date. However, circulating anti-AAV
antibodies, resulting from childhood exposure or prior administration of an AAV
vector, have prevented the implementation of AAV gene therapy for many potential
patients. We have isolated novel AAV variants that are capable of enhanced anti-
AAV antibody evasion, both in vitro and in vivo. The stringent pressure resulting
from selections using low and high potency human sera pools and human IVIG
evolved AAV variants capable of evasion of antibody neutralization from individual

human sera, human IVIG, and mouse sera, the most broadly evasive variants to date.

[00266] Materials and Methods

[00267]  Cell Lines

[00268] Cell lines were cultured at 37° C. and 5% CO,, and unless otherwise
mentioned, were obtained from the American Type Culture Collection (Manassas,
Va.). HEK293T, HeLa, and HT1080 cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum (Gibco, Carlsbad, Calif))
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and 1% penicillin/streptomycin (Invitrogen, Carlsbad, Calif.). CHO K1 and CHO
pgsA cells were cultured in F-12K medium (ATCC) supplemented with 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen). Pro5 and Lecl
cells were cultured in MEM-alpha medium (Gibco) supplemented with 10% fetal

bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen).

[00269] Human Sera Pools for Selection

[00270] Eighteen individual human serum samples were obtained from Innovative
Research, Inc. (Southfield, Mich.) and the neutralizing antibody titer for wild type
AAV2 was determined for each sample (Table 2). Since individual samples likely
possess variations in both the affinities and epitope specificities of the antibodies,
three potent sera pools (a=A+F+G, p=B+H+M, and y=I+J+N) were generated by
mixing equal volumes of individual serum samples. Selection in the presence of these
variations of antibodies should result in a general enhancement of resistance to many
pre-existing human antibodies. Later selections were performed in the presence of
Gamimune N, 10% Human IVIG (Bayer, Elkhart Ind.) to select for resistance to an

even broader range of antibodies.

[00271] Table 2: Neutralizing Antibody Titers of Individual Human Serum

Samples

Neutralizing antibody (NAb) titers for each sample are reported as the reciprocal of the
volume fraction of serum necessary to reduce infectivity to 37% of the value measured in
the absence of serum. Three sera pools (a=A+F+G, p=B+H+M, and y=I+J+N) were then
generated by mixing equivolume amounts of three individual serum samples.

[00272]

TABLE 2

Human Serum~NAR
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[00273] Library Generation and Viral Production

[00274]  To create the saturation mutagenesis library, an AAV2 cap library was
generated by error-prone PCR followed by the staggered extension process described
by Zhao et al. using 5'-GCGGAAGCTTCGATCAACTACGC-3' (SEQ ID NO: 14)
and 5'-GGGGCGGCCGCAATTACAGATTACGAGTCAGGTATCTGGTG-3' (SEQ
ID NO: 15) as forward and reverse primers, respectively. Selections using pooled
individual human sera revealed a variant containing four point mutations (described in
the results section) that served as the basis for the saturation mutagenesis library. The
cap gene for this variant was subjected to further mutagenesis by changing the amino
acids at specific sites. Primer 5'-cattNNK gaccagtctaggaactgg-3'(SEQ ID NO: 16) and
the corresponding reverse complement primer were used to mutagenize the R471
amino acid site. Primer 5'
gccacaaggacgatgaagaaNNKttttttcctcagageggggticicatetitgggaagcaaggctcaNNKaaaaca
agt gtggacattg-3'(SEQ ID NO: 17) and the corresponding reverse complement primer
were used to mutagenize the K532 and E548 amino acid sites. Primer 5'-
ccaacctccagagaggcNNKagacaagcagetace-3' (SEQ ID NO: 18) and the corresponding
reverse complement primer were used to mutagenize the N587 amino acid site.
Primer 5’-ccaactacaacaagtctNNKaatgtggactttactgtggacNNKaatggegtgtatt-3'(SEQ ID

NO: 19) and the corresponding reverse complement primer were used to mutagenize
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the V708 and T716 amino acid sites. A library consisting of AAV2 containing
randomized cap loop regions and a library containing shuffled DNA from the wild
type AAV1, AAV2, AAV4, AAVS5, AAV6, AAVSE, AAVO cap genes were packaged
and pooled for initial selection steps (Koerber et. al.; Mol Ther. 2008 October;
16(10):1703-9; and Koerber et. al.; Mol Ther. 2009 December; 17(12):2088-95; both

of which are hereby incorporated by reference in their entirety).

[00275]  For the second and third rounds of evolution, random mutagenesis libraries
were generated by subjecting cap genes from the Loop-Swap/Shuffle library and the
Saturation Mutagenesis library to error-prone PCR using 5'-
CATGGGAAAGGTGCCAGACG-3' (SEQ ID NO: 20) and 5'-
ACCATCGGCAGCCATACCTG-3'(SEQ ID NO: 21) as forward and reverse
primers, respectively, as previously described. The replication competent AAV
libraries and recombinant AAV vectors expressing GFP under the control of a CMV
promoter were packaged using HEK293T cells (ATCC) using the calcium phosphate
transfection method, and the viruses were purified by iodixonal gradient
centrifugation. Recombinant AAV vectors expressing GFP or luciferase under the
control of a CMV promoter for use in vivo were further purified by Amicon filtration.
DNase-resistant genomic titers were determined via quantitative PCR. (Excoffon et.
al, Proc Natl Acad Sci USA. 2009 Mar. 10; 106(10):3865-70; and Maheshri et al., Nat
Biotechnol. 2006 February; 24(2):198-204; both of which are hereby incorporated by

reference in their entirety).

[00276] Library Selection and Evolution

[00277] One round of selection is defined as HEK293T cell infection using the
AAYV starting library (incubated for 30 minutes at room temperature for the pooled
individual human sera or for 1 hour at 37° C. with heat inactivated IVIG prior to
infection), followed by adenovirus rescue and harvest of successful variants. Each
round of evolution consists of mutagenesis of the cap gene to create the starting
library and three rounds of selection. Three rounds of evolution were performed with
each library, with clonal analysis performed between each round of evolution. The
starting libraries for each round of evolution were generated as described above.

Following the third round of selection, AAV cap genes were isolated from the pool of
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successful AAV variants and amplified via PCR. Cap genes were inserted into the
pXX2 recombinant AAV packaging plasmid using Notl and HindIIl. Cap genes were
then sequenced at the University of California, Berkeley DNA sequencing facility,
and analyzed using Geneious software (Biomatters, Auckland, New Zealand). Three-
dimensional models of the AAV2 capsid (Protein Databank accession number 1LP3)

were rendered in Pymol (DeLano Scientific, San Carlos, Calif)).

[00278] In Vitro Transduction Analysis of Antibody-Evading Variants

[00279] HEK293T were plated at a density of 3x10:cells/well 24 hours prior to
infection. Variants were incubated at 37° C. for 1 hour with heat inactivated IVIG,
individual human sera, or individual mouse sera prior to infection, and cells were then
infected with rAAV-GFP at a genomic MOI of 2000. The percentage of GFP positive
cells was assessed 48 hours post infection using an ImageXpress Micro Cellular
Imaging and Analysis System (Molecular Devices, Sunnyvale, Calif ) and
MetaXpress Image Analysis Software, version 3.1.0, Multi Wavelength Cell Scoring
Application Module (Molecular Devices).

[00280] In Vitro Transduction Analysis

[00281] To determine the relative transduction efficiencies the selected mutants
compared to parental wild-type AAV serotypes, HEK293T, CHO K1, CHO pgsA
(lacking all surface glycosaminoglycans), CHO Pro5 (the parental line for several
glycosylation mutants, including Lec1 cells), CHO Lecl (glycosylation defective),
HeLa, and HT1080 cells (a human fibrosarcoma cell line) were plated at a density of
2.5x10-cells per well 24 hours prior to infection. Cells were infected with rAAV1-
GFP, rAAV2-GFP, rAAV6-GFP, Shuffle 100.1-GFP, Shuffle 100.3-GFP, SM 10.2-
GFP, or Shuffle 100.7-GFP at a range of MOI of 100-1000. The percentage of GFP
positive cells was assessed 48 hours post infection using a Beckman-Coulter

Cytomics FC500 flow cytometer (Beckman-Coulter, Brea, Calif.).
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[00282] In Vivo Analysis of Antibody-Evading Variants

[00283] For analysis of gene expression in vivo, eight week old, female, Balb/c
mice were primed with 4 mg IVIG per mouse or phosphate buffered saline (for
control mice) via tail vein injection 24 hours prior to administration of recombinant
Shuffle 100-3 (see SEQ ID NO: 12), SM 10-2 (see SEQ ID NO: 10), or AAV2
vectors. Mice were infected with 10 viral genomes of recombinant AAV vectors
encoding luciferase under the control of a CMV promoter via tail vein injection. For
bioluminescence imaging, mice were anesthetized with 2% isofluorane and oxygen.
D-luciferin substrate (GOLD Biotechnology, St. Louis, Mo.) was injected
intraperitoneally, at a dose of 500 pg/g of body weight. Images were generated using
a VivoVision IVIS Lumina imager (Xenogen, Alameda, Calif ). For each mouse,
ventral images were taken 7-10 minutes after the substrate injection, every week for
four weeks. Five weeks post-infection, serum was collected via cardiac puncture and
mice were then perfused with 0.9% saline solution. Heart, liver, lungs, kidney, spleen,
brain, spinal cord, and hind limb muscle were harvested and frozen. Frozen tissue
samples were homogenized and resuspended in reporter lysis buffer (Promega,
Mannheim, Germany) for in vitro luciferase analysis. Lysate containing luciferase
was clarified by centrifugation for 10 minutes at 10,000 g. To assay the samples, 20
uL of the lysate was added to 100 uL of the luciferase assay buffer, mixed, incubated
for 5 minutes, and placed in the luminometer. The signal was integrated for 30
seconds with a 2 second delay and was reported in Relative Light Units (RLU)
detected by a TD 20/20 luminometer (Turner Designs, Sunnyvale, Calif). The
luciferase signal was normalized to the total protein content determined by a

bicinchoninic acid assay (Pierce).

[00284] Results

[00285]  Our results demonstrate that AAV can evolve to significantly overcome
neutralization by anti-AAV antibodies, both in vitro and in vivo. Novel AAV variants
were isolated that required 2- to 35-fold higher neutralizing antibody titers (using
human IVIG) than wild-type AAV in vitro. The antibody neutralization properties
also translated to enhanced transduction in vivo in the presence of neutralizing

antibodies. The isolation of such novel clones resistant to anti-AAYV antibodies allows
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for the broader implementation of treatments based on AAV as a nucleic acid delivery
vector (including individuals with high antibody titers that are currently ineligible for

AAYV gene therapy).

[00286] AAYV Library Generation and Selection Through Directed Evolution

[00287] FIG. 1a shows a schematic of the directed evolution approach used to
isolate novel AAV variants capable of evading human antibody neutralization.
Libraries of viruses were created using the DNA mutagenesis techniques described in
the following paragraphs (FIG. 1a, steps 1 and 2). During initial selections, pools of
viral libraries developed from error-prone PCR mutations to AAV2 cap genes were
incubated with various dilutions of the low potency o human sera pool for 30 minutes
at room temperature prior to infection of HEK293T cells (step 3). Following three
rounds of selection against the low potency o human sera pool (FIG. 1a, steps 4 and
5), several variants with enhanced resistance to this neutralizing sera pool were
obtained (FIG. 1a, step 6, FIG. 7a). Variant 1.45, contained two point mutations
(N312K, N449D), which resulted in >10-fold more resistance to neutralization by the
o pool compared to wild type AAV2.

[00288] The cap gene from variant 1.45 was subjected to additional random
mutagenesis and the resulting library was selected for three additional rounds of
selection against the 5 and y pools, in parallel. As only minor improvements in
antibody evasion were observed (data not shown), the recovered cap genes were
pooled and subjected to additional diversification via DNA shuffling and EP PCR.
Three more rounds of selection against increasing amounts of sera from both the [
and y pools resulted in substantial enrichment in the amount of recovered virus from
the viral library compared to wild type AAV2 (FIG. 7, ¢). Sequencing of the
successful cap genes from both pools revealed several low frequency mutants and a
single dominant mutant, variant y4.3, which contained four point mutations (N312K,
N449D, N5518, and 1698V), present within both libraries. In the presence of human
IVIG, variant 1.45 demonstrated a modest 1.2-fold enhanced resistance to
neutralization, whereas y4.3 demonstrated 3.1-fold enhanced resistance to

neutralization (FIG. 7d). This observation confirms the hypothesis that pools of
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individual human sera can be used to isolate AAV variants capable of enhanced

evasion of antibodies present in the general human population.

[00289] The moderate success of variant y4.3 in resisting neutralization by anti-
AAYV antibodies prompted the development of a library based on the y4.3 cap gene.
Amino acid sites R471, K532, ES48, N587, V708, T716, previously determined to be
immunogenic sites on the AAV?2 capsid, were subjected to saturation mutagenesis in
an attempt to find amino acid mutations that may improve upon the antibody
resistance of y4.3. This “saturation mutagenesis™ library, along with a “shuffled”
library composed of random cap chimeras of 7 parent AAV serotypes and a “loop-
swap” library composed of AAV2 cap with substituted loop regions were subjected to
three additional rounds of selection, in which the pools of viral libraries were
incubated with various dilutions of human IVIG for one hour at 37° C. prior to
infection of HEK293T cells. Following infection with AAV libraries, and
amplification of the infectious AAV variants through adenovirus superinfection, the
number of viral genomes, or viral titer, from each library condition was quantified and
compared to titers of wild-type AAV2 as a method for determining the success of the
selection (FIG. 15). For each round of selection using the saturation mutagenesis and
loop-swap/shuffled libraries, viral pools from the 1:10 and 1:100 IVIG dilution
conditions that produced higher viral titers than wild-type AAV2 were used as the
starting point for the subsequent round of selection. After three rounds of selection,
the successful viral cap genes were isolated and tested individually to determine the
virus with the most efficient gene delivery. In addition, the cap genes isolated from
the third round of selection were subjected to additional rounds of error-prone PCR
mutagenesis, and the process was repeated to iteratively increase the fitness of the

Virus.

[00290] FIG. 1 depicts directed Evolution of AAV for Enhanced Antibody
Evasion. (a) Schematic of Directed Evolution. 1) A viral library is created by
genetically diversifying the cap gene using several complementary approaches. 2)
Viruses are packaged in HEK293T cells using plasmid transfection, then harvested
and purified. 3) The viral library is incubated with human IVIG at several
concentrations and introduced to HEK293T cells in vitro. 4) Successful viruses are

amplified and recovered via adenovirus superinfection. 5) Successful clones are
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enriched through repeated selections at lower MOIs. 6) Isolated viral DNA reveals
successful cap genes. 7) Successful cap genes are mutated again to serve as a new
starting point for selection. (b) Selection of Antibody Evading Mutants from Loop-
Swap/Shuffled, and Saturation Mutagenesis libraries. HEK293T cells were infected
with viral libraries for 24 hours. Viral particles that productively infected cells were
amplified by adenovirus infection, and the rescued AAV was quantified by qPCR
(quantitative polymerase chain reaction). A 1:10 dilution of IVIG corresponds to a

concentration of 10 mg IVIG/mL. Error bars indicate the standard deviation (n=3).

[00291] FIG. 7 demonstrates the generation of human antibody evaders based on
AAV2. (a) Four viral clones selected after three rounds of selection against the low
stringency o pool demonstrate enhanced resistance to 1 puL of a serum at MOI of 1.
Two additional rounds of diversification (i.e. mutagenesis and DNA shuffling) and
selection (3 rounds of increasing serum amounts) resulted in significantly enhanced
viral recovery in the presence of large amounts of highly potent (b)  and (¢) y pools.
(d) Additionally, two viral clones (1.45 and y4.3) demonstrate 1.23- and 3.10-fold
enhanced resistances to a highly diverse pool of pre-existing antibodies present with
pooled human intravenous immunoglobulin (IVIg) from “100,000 individuals

compared to wild-type AAV2.

[00292] Increased Antibody Evasion of the Novel Evolved AAV Variants In Vitro

[00293] Of the twelve clones selected and packaged for individual analysis from
the saturation mutagenesis and loop-swap/shuffled libraries after nine rounds
screening against human IVIG, all twelve required higher neutralizing antibody titers
than both wild-type AAV1 and AAV2 (FIG. 2a and Table 1). Variant Shuffle 100-3
(see SEQ ID NO: 12), which required a 35-fold higher in vitro IVIG concentration for
neutralization than wild-type AAV2, was still capable of transducing approximately
10% of cells in the presence of 1 mg/mL IVIG (FIG. 2b). In addition, variant SM 10-2
from the AAV?2 saturation mutagenesis library required a 7.5-fold higher in vitro WIG
concentration for neutralization than wild-type AAV2. Furthermore, variants Shuffle
100-3 and SM 10-2 (see SEQ ID NO: 10) showed enhanced transduction in the

presence of sera samples from individual patients excluded from a hemophilia B
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clinical trial (FIG. 3) (Nathwani et al., N Engl J Med. 2011 Dec. 22; 365(25):2357-
65).

[00294] FIG. 2 depicts the neutralization profiles of antibody evading variants. The
cap genes of antibody evading mutants isolated after three rounds of evolution were
used to package recombinant AAV encoding GFP and incubated with human IVIG
before infection of HEK293T cells. The fraction of remaining infectious particles was
determined using high content fluorescence imaging and normalized to the infectious
titer in the absence of IVIG. Two clones from each library with resistance to IVIG are
shown. Data for the other clones analyzed are displayed in Table 1. (a) Neutralization
curves. Error bars indicate the standard deviation (n=3). (b) Representative
fluorescence images from several IVIG dilutions show that mutants are capable of
HEK293T transduction in the presence of high concentrations of neutralizing

antibodies.

[00295] FIG. 3 depicts the neutralization profiles of antibody evading variants.
Human sera were acquired from individuals that were excluded from hemophilia B
clinical trials due to the presence of high neutralizing antibody titers against AAV.
Recombinant AAV encoding GFP was incubated with individual human serum
samples before infection of HEK293T cells. The fraction of remaining infectious
particles was determined using fluorescence microscopy and normalized to the
infectious titer in the absence of human sera. Error bars indicate the standard

deviation (n=3).

[00296] Sequence analysis of the twelve clones revealed that the two variants with
the highest neutralizing antibody resistance, Shuffle 100-3 (see SEQ ID NO: 12) and
Shuffle 100-1 (see SEQ ID NO: 11), are almost identical shuffled capsids containing
fragments of AAV1-4, AAV6, and AAV9 (FIG. 4). Differences in amino acids 469
(AAV6 residue to AAV7 residue) and 598 (AAV6 residue to AAV1 residue) between
the two variants translate to almost a 3-fold increase in neutralizing antibody titer for
Shuffle 100-3 (see SEQ ID NO: 12) (Table 1). Variant Shuffle 100-7 (see SEQ ID
NO: 13), which had the fourth highest neutralizing antibody resistance (Table 1), is
also a shuffled capsid containing fragments of AAV1, AAV6, and AAVS (FIG. 4),

which agrees well with reported data showing that wild-type AAV1 and AAVS are
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effective at evading anti-AAV?2 antibodies. Interestingly, variant SM 10-2 (SEE SEQ
ID NO: 10) retained the point mutations acquired by variant y4.3 and also retained
wild type residues at the saturation mutagenesis sites. Variant SM 10-2 (SEE SEQ ID
NO: 10) did acquire additional point mutations at surface residue D472N and internal
residue L735Q. FIG. 4 depicts the amino acid sequences of loop-swap/shuffle and
saturation mutagenesis clones. (a) Schematics of the capsid protein are shown for the
two clones from each library with the highest neutralizing IVIG concentrations. Each
region is shaded according to the parent serotype from which it is derived. Black
arrows denote (from left to right) the start codons of VP1, VP2, and VP3 capsid
proteins. Gray arrows denote (from left to right) surface loop regions I, II, II1, IV, and
V based on the AAV?2 capsid. (b) Molecular models of the full AAV2 capsid, based
on the solved structure, are shown for the two clones from each library with the
highest neutralizing IVIG concentrations. Each region is shaded according to the
parent serotype from which it is derived. For variant Shuffle 100-3 (see SEQ ID NO:
12), black arrows indicate differences from variant Shuffle 100-1 (see SEQ ID NO:
11). For variant SM 10-2 (SEE SEQ ID NO: 10), mutations N449D, D472N, N5518,

and 1698V are surface mutations (black).

[00297] Table 1: IVIG Neutralizing Antibody Titers of Library Clones and Parent
Serotypes

[00298] Human IVIG was used to neutralize recombinant AAV-GFP vectors with
capsids from wild-type AAV1, AAV2, AAVS, and variants recovered from the loop-
swap/shuffled and saturation mutagenesis libraries. The IVIG concentration (mg/mL)
required to reduce gene delivery efficiency to 50% of that in the absence of IVIG is
shown, and compared to the concentration required to reduce delivery of AAV2. All
variants analyzed required higher concentrations of IVIG than wild-type AAV1 and
AAV2. The neutralizing antibody titer was determined by fitting the curves in FIG. 2

to an exponential curve. SEQ ID NOs are listed as “amino acid, nucleotide.”
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[00299]
TABLE 1
Fold Resistance
SEG IDNeuiralizing WG Relative o

Clone NO: concentration mu/mi AAV2
ARV t £.028 1757
AAN2 2 0.018 1.000
AANE 8 G.0%2 8.113
Shuffle 10-2 26, 34 §.037 2.443
Shufile 10-8 27, 358 (028 1.842
Shufile 10-8 28, 38 $.084 5. 583
Shuffle 1001141, 23 183 12.178
Shuffle 100-229, 37 4473 4.831
Shuffle 100-3142, 24 (.52% 35227
Shuitle 100-7 13, 25 £.0%0 £.025

SiA 101 30,38 0.071 4732

S 10-2 10,22 6.113 7518

Sk 10-8 31,38 0.051 2.408
SMI00-3 32,40 G074 4.841

SM 10010 33, 41 G088 4.382

[00300] Variants Shuffle 100-3 (see SEQ ID NO: 12), Shuffle 100-1 (see SEQ ID
NO: 11), and Shuffle 100-7 (see SEQ ID NO: 13) have transduction profiles that
mimic the transduction profiles of parent serotypes AAV1 and AAV6 (FIG. 5). In
addition, the mutations in SM 10-2 (see SEQ ID NO: 10) do not prevent a heparin
dependence (as seen in parent serotype AAV?2) leading to a profile similar to AAV2
(FIG. 5).

[00301] FIG. 5 demonstrates the in vitro tropism of novel aav variants.
Recombinant AAV vectors expressing green fluorescent protein were used to
transduce a panel of cell lines: CHO, pgsA (lacking all surface glycosaminoglycans),
Pro5, Lecl (lacking sialic acid), HEK293T, HelLa, and HT1080 (human fibrosarcoma
cell line) to profile the transduction properties of the new AAV variants. Error bars

indicate the standard deviation (n=3).
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[00302] Increased Antibody Evasion of the Novel Evolved AAV Variants In Vivo

[00303] To determine the localization pattern of variants Shuffle 100-3 and Shuffle
100-7, luciferase enzyme activity was examined in various tissues of naive mice
injected with AAV?2, Shuffle 100-3, or Shuffle 100-7 (FIG. 6a). Variant Shuffle 100-7
displayed similar in vivo tropism to AAV2, except for 7-fold higher transduction of
the heart, 5-fold higher transduction of the lungs, and 4.5-fold lower transduction of
the liver. The Shuffle 100-3 variant exhibited over 4-fold higher transduction of the
brain, over 3-fold higher transduction of the lungs, and 27-fold higher transduction of
muscle than AAV2. Analysis of the serum from these mice showed that variant
Shuffle 100-3 required equal or higher in vitro serum concentrations for neutralization
than AAV1 and AAVS for serum from mice given AAV1, AAV2, AAVS or Shuffle
100-3 gene delivery vectors (FIG. 11). Shuffle 100-7 required equal or higher in vitro
serum concentrations for neutralization than AAV1 for serum from mice given
AAV1, AAV2, AAVS, Shuffle 100-3, or SM 10-2 gene delivery vectors (FIG. 11).
Furthermore, both variants were less neutralized by serum from mice given AAV2
gene delivery vectors than all wild-type AAYV serotypes tested. Interestingly, variant
Shuffle 100-3 was also less neutralized by serum of mice immunized against it than
any of the other serotypes or variants tested (FIG. 11). This data illustrates the
possibility that these variants could be used in combination with wild-type AAV
serotypes or the other variant in applications requiring multiple vector

administrations.

[00304] FIG. 11 shows the neutralizing antibody titers of library clones and parent
serotypes in immunized mouse sera. Sera from mice administered library clones or
wild-type AAV was used to neutralize recombinant AAV-GFP vectors with capsids
from wild-type AAV1, AAV2, AAVS, and variants recovered from the loop-
swap/shuffled and saturation mutagenesis libraries. The serum dilution required to

reduce gene delivery efficiency to 50% of that in the absence of serum is shown.

[00305] To determine the ability of variants Shuffle 100-7 and Shuffle 100-3 to
evade antibody neutralization in vivo, mice were passively immunized with human
IVIG prior to AAV injection. Variant Shuffle 100-7 had significantly higher heart,

liver, and muscle transduction than AAV?2, as measured by luciferase enzyme activity
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(FIG. 6b). Variant Shuffle 100-3 had significantly higher heart and muscle
transduction compared to AAV2 (FIG. 6b).

[00306] FIG. 6 shows the in vivo localization and neutralization of novel AAV
variants. (a) Recombinant AAV vectors encoding luciferase were administered via tail
vein injection to female BALB/c mice. After 5 weeks, levels of luciferase activity
were determined and normalized to total protein for each sample analyzed. (b)
Recombinant AAV vectors expressing luciferase were administered via tail vein
injection to female BALB/c mice 24 hours after tail vein injection of 4 mg of human
IVIG. After 5 weeks, levels of luciferase expression were normalized to total protein
for each sample analyzed. Error bars indicate the standard deviation (n=3), *=p<0.05.

RLU, relative luciferase unit.

[00307] Variant v4.3, isolated from an AAV2-based error-prone library selected
against a pool of individual human sera, contained four point mutations (N312K,
N449D, N5518, and 1698V). Interestingly, two of these positions (N449 and N551)
were previously identified as immunogenic residues using other pools of human
serum, demonstrating that antigenic epitopes involving these sites are targeted by
many different neutralizing antibodies. Thus, these sites are interesting and valuable
targets for mutation. Pairing directed evolution and rational design in the saturation
mutagenesis library resulted in the isolation of variant SM 10-2, which was capable of
higher antibody resistance than both AAV1 and AAV2 in vitro. Variant SM 10-2
incorporates two additional point mutations (D472N and L735Q) to those found on
variant y4.3. The D472N mutation was previously shown to increase the level of
capsid synthesis in HEK293 cells. Similarly, the replacement of the positively
charged lysine side chain at amino acid position 735 with the uncharged glutamine
side chain may function to stabilize the capsid, as it is also present in variant Shuffle

100-7 despite being located within the interior of the assembled capsid (FIG. 4).

[00308] The creation of chimeric AAV capsids allows for the creation of viral
variants that can merge desirable properties from multiple AAV serotypes. Although
AAV8 and AAV9 have also been shown to be much more resistant to neutralization
by IVIG than AAV2, amino acids specific to these capsids were only present in small

spans on the surface of the shuffled variants isolated during our selections (FIG. 4).
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The variant displaying the more efficient evasion of antibody neutralization in vitro,
Shuffle 100-3, displayed similar in vitro tropism to its parental serotypes AAV1 and
AAV6, but at a higher rate of infectivity than either wild-type serotype. Differences in
amino acids 469 and 598 between variants Shuffle 100-1 and Shuffle 100-3 translate
to almost a 3-fold increase in neutralizing antibody titer for Shuffle 100-3. A study by
Lochrie et al. reported that the immunogenic residues recognized by human sera and
IVIG are different, suggesting that different humans can produce various neutralizing
antibodies to different sets of epitopes on the AAV capsid and complete escape from
neutralization is not easy (Lochrie et al., J Virol. 2006 January; 80(2):821-34). Our
work demonstrates that the use of multiple rounds of directed evolution using several
different serum pools containing various amounts and potencies of anti-AAV
antibodies will result in the isolation of novel AAV variants that are capable of
enhanced cellular transduction, both in vitro and in vivo, in the presence of multiple

anti-AAYV antibody pools.

[00309] Adaptive immune responses to AAV vector components in animals and
humans often prevent re-administration of AAV vectors of the same serotype, making
gene delivery applications requiring multiple vector administrations difficult. In vitro
neutralization assays using the serum from the mice used in the biodistribution studies
demonstrate that the variants are less neutralized by these sera than wild-type AAV
(FIG. 11), which may be useful for gene therapy strategies in which vector
readministration is necessary. For example, Shuffle 100-3 was not neutralized by
serum from mice injected with AAV2, and AAV2 was not neutralized by serum from
mice injected with Shuffle 100-3, suggesting this variant can be used in combination
with wild-type AAV serotypes or in applications requiring multiple vector
administrations. In conclusion, we have used directed evolution to isolate novel AAV
variants that are capable of reduced neutralization by anti-AAV antibodies derived
from individual human patients, pooled human serum, and mouse serum, both in vitro

and 1n vivo.
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EXAMPLE 2
Identification of a Capsid Variant Suitable for Use in Gene Therapy to the

Primate Lung

[00310] Introduction

[00311] A directed evolution strategy was used to identify AAV Capsid Variants
with enhanced gene delivery efficiency to non-human primate (NHP) lung alveolar
epithelial type II (AT II) cells following intratracheal aerosol administration in the
presence of human neutralizing antibodies (NAbs). Briefly, wild-type adeno-
associated virus (AAV) cap genes were diversified by several approaches to create
large genetic libraries that were packaged to generate libraries of viral particles, and
selective pressure was then applied to isolate novel variants that can overcome gene
delivery barriers, including but not limited to anti-capsid immune responses, limited

transduction of certain tissues, and inability for targeted delivery to specific cell types.

[00312] Methods

[00313] Cell Lines and Library Production

[00314] HEK293T cells were obtained from the American Type Culture Collection
(Manassas, VA). Cells were cultured at 37°C and 5% COz2 in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA)
and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). Viral libraries were
produced in HEK293T cells using triple transfection, and viruses were purified by
1odixanol gradient centrifugation and Amicon filtration. DNase-resistant genomic

titers were determined via quantitative PCR (qPCR).

[00315] Intratracheal Injection and Tissue Harvesting

[00316] For each delivery device used in the selection, a single male cynomolgus
macaque (macaca fascicularis) between 4-6 years of age and weighing between 5.5-
6.0 kg was dosed. The animals were anesthetized with 10 mg/kg ketamine and 15

ug/kg dexmedetomidine delivered intramuscularly (IM). Five mL of the library was
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pre-complexed with 1.75 mg/mL of human intravenous immunoglobulin (IVIG) and
administered as described below. Each animal was intubated with a 5 mm
endotracheal tube, with the tip of the tube positioned at the level of the clavicle

(approximately 5 cm above the carina), and its position confirmed by fluoroscopy.

[00317] The nebulizer device was connected to the distal end of the endotracheal
tube, and a bird respirator was used to deliver breaths at a rate of 15+1 breaths/minute
with a pressure of 20 cm H20. The AeroProbe® catheter (Trudell Medical
International) was fitted with a piece of 0.144 inch star tubing to facilitate proper
location within the endotracheal tube. The tip of the catheter was positioned just
above the tip of the endotracheal tube. The AeroProbe® catheter was connected to the
AeroProbe Catheter Control System, and a ventilator (Harvard Appartatus) was used
to deliver breaths at a rate of 20 breaths/minute with a pressure of 18-20 cm H:O.
Following the completion of dosing, each animal was extubated and received 0.15
mg/kg atipamezole IM to reverse sedation. The animals were visually monitored until

fully recovered from anesthesia prior to returning to their home cages.

[00318] Euthanasia was performed by trained veterinary staff using 100 mg/kg
pentobarbital sodium delivered intravenously on day 15+1. The lungs, including the
trachea, were removed and dissected as detailed below. DNA was isolated from the

AT 1II cells and stored at -20°C until viral genome amplification.

[00319] Alveolar Epithelial Type IT (AT II) Cell Isolation

[00320] AT II cells were isolated from non-human primate lungs, as described by
Fang ef al., Measurement of Protein Permeability and Fluid Transport of Human
Alveolar Epithelial Type II Cells Under Pathological Conditions. Humana Press, New
York, NY, 2018, pp 121-128. Briefly, lungs were flushed with 500 mL of PBS
containing 5 mM EDTA and 5 mM EGTA using a syringe placed within the trachea.
Lungs were then filled with 250 mL of a 1.2 mg/mL elastase solution and incubated
for 1 hour at 37°C. Lungs were homogenized to release cells lining the lungs, and the
airways were discarded. AT II cells were isolated following a series of inclusion and
exclusion steps, including a Percoll gradient and CD14/CD45 Dynabeads. AT II cells

were plated on collagen IV-coated inserts for 24 hours prior to DNA isolation.
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Characterization was done examining Lysotracker and surfactant protein C by flow

cytometry and immunocytochemistry to insure purity of the cell isolate.

[00321] Therapeutic Vector Evolution

[00322] The Vector Evolution process employed is shown in Figure 12. Briefly, a
viral capsid library comprising proprietary combinations of DNA mutation techniques
and cap genes was created (a). Viruses were then packaged (b) such that each particle
is composed of a mutant capsid surrounding the cap gene encoding that capsid and
purified. The capsid library was placed under selective pressure in vivo. The tissue or
cell type of interest was harvested to isolate AAV variants that have successfully
localized to the target. Successful viruses were recovered by PCR amplification.
Successful clones were enriched through repeated selection (Stage 1 — (c)). Selected
cap genes then underwent proprietary re-diversification and were enriched through
further selection steps to iteratively increase viral fitness (Stage 2 — (d)). Variants
identified as hits during Vector Selection Stages 1 and 2 were assessed to identify

capsid variants with the desired properties (e).

[00323] Motifs were declared “Hits” when the following criteria were met: 1) a
motif represents approximately 5% of the sequenced population in two or more
consecutive rounds of the selection; or 2) a motif representing at least 10% of the

sequenced population in one or more rounds of the selection.
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[00324] Results

[00325] Pilot Studies for Delivery Device Parameters and AT II Cell Isolation

[00326] Two delivery devices, an AeroProbe® catheter (Trudell Medical
International) and CRO’s in-house nebulizer, were employed to enable downstream
compatibility with multiple clinically translatable devices. Both delivery devices were
evaluated in pilot studies delivering Evans blue dye to ensure that ventilation
parameters resulted in adequate distribution to all lung lobes and the alveolar sacs.
Both delivery devices demonstrated good distribution to all lobes, including the

alveolar compartment, with more intense dye observed in the dependent lobes.

[00327] The AT II cell isolation protocol was optimized using a total of 6 NHP
lungs. The protocol optimization resulted in high yield and purity of AT II cells
isolated from both NHP lungs used during Therapeutic Vector Evolution.

[00328] Therapeutic Vector Evolution

[00329]  Prior to initiation of Round 1 of the Therapeutic Vector Evolution
program, 37 vector libraries were synthesized, manufactured, and characterized. As
shown in Figure 13A, the diversity of the plasmid libraries is estimated to include
approximately 1x10° to >1x10® individual unique variants per library. This represents
a high quality, highly diverse starting library of AAV variants. Next, production of
each individual library was completed in order to generate enough material for the
first round of selection. As shown in Figure 13B, all libraries manufactured at a level

sufficient to produce material for an in vivo Therapeutic Vector Evolution selection.

[00330]  All 37 libraries were combined and successfully administered to both
NHPs via a single dose aerosol administration using either the AeroProbe® or
nebulizer. Prior to administration, the libraries were incubated with 1.75 mg/mL
human intravenous immunoglobulin. This represents a high, yet physiologically-
relevant lung mucus concentration of human NAbs. The library dose of 1.7 x 10!2 vg
per NHP represents a dose that is approximately 10-fold lower than the current

maximum feasible dose based on manufacturing considerations. Therefore, this
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represents stringent selective pressure to enable discovery of a vector capable of
transducing AT II cells in the alveolar space in the presence of NAbs. The NHP lungs
were harvested two weeks post-administration. AT II cells were isolated from the

lungs, and DNA was isolated from the AT II cells.

[00331] Successful Amplification of AAV Capsid Genomes

[00332] Amplification of capsid genes from tissue represents successful
localization of library vectors into the cell type of interest. The capsids amplified from
each delivery device (Figures 14A-B) were cloned into an AAV library packaging
plasmid for sequence analysis and to initiate the subsequent round of selection (if

necessary).

[00333] Sequencing Analysis

[00334] Sequencing was performed on individual clones within the library to
determine the frequency of variants within the population. Sequencing on a minimum
of 90 clones from each delivery device was performed. Variants were evaluated for
the presence of motifs within the sequencing data. Variants were grouped into motifs
based on the presence of a unifying variation (for example, a specific point mutation
or specific peptide insertion sequence in a consistent location within the capsid) that
occurred in multiple sequences. A motif was progressed for further evaluation only if
it represents at least 5% of the sequenced population in two or more consecutive
rounds of the selection or at least 10% of the sequenced population in one or more
rounds of the selection. The motif that met the latter criterion is represented in Figure
15A-B. The selection was considered complete following the first round, as strong
convergence to the A101 variant (comprising a capsid protein of SEQ ID NO:12) was

observed using both delivery devices.

[00335] Based on the ranking criteria above, A101 capsid variant comprising a
capsid protein of SEQ ID NO:12 was identified as conferring enhanced gene delivery
efficiency to the primate lung following intratracheal aerosol administration in the

presence of human neutralizing antibodies (NAbs). A101 is a chimera consisting
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primarily of AAV1 but also including amino acids from AAV2, AAV4, AAV6 and
AAV9.

EXAMPLE 3

[00336] Although initial attempts at developing AAV-based gene therapy for the
lung demonstrated clinical safety, the use of the AAV2 vector ultimately did not
efficiently transduce lung cells to show clinical benefit in cystic fibrosis. More
recently, additional AAV serotypes, including AAV1 and AAVS5, have demonstrated
improved, but still not optimal, transduction of primate lungs following aerosolized
administration. The experimental data below confirms the surprising suitability of
rAAV comprising a capsid comprising a capsid protein of SEQ ID NO:12 as a vehicle
in which to efficiently deliver transgenes such as human CFTR throughout the

primate lung in the presence of human neutralizing antibodies.

[00337] Gene delivery of recombinant AAV (rAAV) comprising (i) a capsid
comprising a capsid protein of SEQ ID NO:12 and (i1) a nucleic acid comprising a
nucleotide sequence encoding reporter transgene (GFP or EGFP) operably linked to a
CAG promoter was characterized (including evalulation of histopathology) following
aerosol administration to three non-human primates (NHP). Nebulized delivery of the
rAAYV resulted in robust delivery of viral genomes to all regions of the lung, including
the peripheral (bronchioalveolar regions), with minimal systemic biodistribution, and

the rAAV mediates protein expression to all regions of the lung, including the alveoli.

[00338] MATERIALS AND METHODS

[00339] Neutralizing Antibody Assay

[00340] HEK2v6.11 cells (obtained from John Hopkins University) were plated on
black opaque 96 well plates at a cell density of 30,000 cells/well in Dulbecco’s
modified Eagle medium (DMEM; Coming) with 1% heat inactivated fetal bovine
serum (FBS; GE Healthcare Life Sciences) and 1% penicillin/streptomycin
(Invitrogen). Cells were allowed to adhere to the plate for 24 hours prior starting the

experiment.
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[00341] Each NHP serum sample was assayed at dilutions of 1:10, 1:25, 1:50. Each
plate contained positive and negative controls for transduction. NHP serum samples
were incubated with rAAV comprising (1) a capsid comprising a capsid protein of
SEQ ID NO:12 and (ii) a nucleic acid comprising a CAG promoter operably linked to
a lucerifase gene at an MOI of 1,000 at 37°C for 1 hour. Following a 1 hour
incubation, each NHP serum sample dilution plus the rAAV was added to individual
wells of black opaque 96 well plates containing 2V6.11 cells. Luciferase was detected
by ONE-Glo EX Luciferase assay kit (Promega) 48 hours post-transduction. With the
addition of the ONE-Glo EX, cells were lysed, and luciferase substrate was added to
the cells in a single step. Luminescence was read using a Cytation 3 microplate reader
(BioTek).

[00342] Coefficients of variation (CV) and standard deviations were calculated for
all NHP serum sample dilutions and each point of the standard curve. NHP serum
samples were normalized to the positive transduction control. Each NHP was assigned
aneutralizing antibody titer. The neutralizing antibody titer for each NHP serum
sample was defined as the lowest serum dilution at which > 50% transduction was
observed. NHPs for which > 50% transduction at 1:10 serum dilution was observed

were considered for inclusion in the study.

[00343] Test System & Immunosuppression

[00344] Three male cynomolgus macaques were included in the study. Animals
ranged in age from 4 years, 10 months to 9 years, 8 months and ranged in weight from
4.73 kg to 7.09 kg. Animals received methylprednisolone (20 mg/kg, intramuscular)

immunosuppression once weekly starting on day -7.

[00345] Test Article Preparation and Administration

[00346] Test article lots of rAAV comprising (i) a capsid comprising a capsid
protein of SEQ ID NO:12 and (ii) a nucleic acid comprising a CAG promoter
operably linked to a EGFP were thawed on ice, pooled together, and diluted in
formulation buffer to deliver a final dose of 2.80 x 10!% vg/kg in 5 mL to each NHP.

The test article dilutions for each animal are provided in Table 3. Animals were
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sedated with Ketamine and Dexmedetomidine. Animals were intubated with the tip of
the intubation tube located approximately 5 cm above the carina. Animals were
placed in a chair in a seated position for administration. For each animal, 5 mL of
diluted test article was loaded into the AeroEclipsell nebulizer reservoir (Trudell
Medical). During dosing, pressure was adjusted to 15-20 cm H2O. Test article was
administered at a rate of 12-24 breaths/minute until no visible mist was generated for
10 pulses (animals were dosed continuously for < 40 minutes). Following the

completion of dosing, animals were extubated, and sedation was reversed.

[00347] Table 3: Test: Article Dose Preparation

..................................................................................................................................................................................................................................

Final :
Total Dose Dose Stock | Formulation
Weight . :
NHPID | Lot 8 Dose ' soltion | prep | Virus  Buffer
(ke) (vg/mL) Volume
(vg) Ve . (mL) ©  (mL)
(mL) :

vooagss  APEROD0DAD0L 1 g4y 4 51pr13 3036412 525 | 2088 3202

| 4DER000043.01

voosaza | ADERO00040.0L 75 4 39p13 2656412 | 525 | 1791 1 3.459

| 4DER000043.01

RN

voosogz | ADEROO0040.0L 1 749 190kr13 3976412 | 525 | 2685 2565

| 4DER000043.01

[00348] In-Life. Necropsy. and Tissue Harvesting

[00349] Cage-side observations were performed twice daily by CRO staff from
Day -7 to necropsy. Body weights were assessed weekly, and blood samples were
collected at defined timepoints for hematology and clinical chemistry. Euthanasia was
performed on Day 57 + 1 by trained veterinary staff using by intravenous injection of
pentobarbital sodium (100 mg/kg) followed by bilateral thoracotomy and transcardial
perfusion with heparinized phosphate buffered saline. Following perfusion, the lungs
(including trachea), brain, spinal cord (cervical, thoracic, and lumbar regions), heart

(ventricle and atrial regions), liver, spleen, skeletal muscle (triceps brachii, vastus
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lateralis), diaphragm, and kidney were collected. Samples of tissue were collected and
flash frozen for subsequent DNA and protein isolation. Additional samples were
collected and fixed in 4% paraformaldehyde (for lung and neural tissues) or 10%
neutral buffered formalin (for peripheral tissues) for subsequent paraffin embedding

and sectioning for immunofluorescence.

[00350] The trachea and lungs were sampled extensively to provide multiple
samples for each analysis process. The lungs were harvested and clamped as superior
on the trachea as possible. The right lung was clamped twice, approximately 1 mm
apart, on the mainstem bronchi. The right lung was removed by cutting between the
clamps. Sixteen samples each for DNA and protein isolation were collected from
regions of the right lung encompassing the primary/secondary bronchi, tertiary
bronchi, and alveoli, as described in Figure 16. The trachea and left lung were inflated
with 4% paraformaldehyde and fixed in a 10x volume of 4% paraformaldehyde. The
trachea and left lung were then sectioned to encompass samples of the trachea,

primary/secondary bronchi, tertiary bronchi, and alveoli, as described in Figure 16.

[00351] Viral Genome Biodistribution

[00352] Viral genome biodistribution was performed by the Mattawan site of
Charles River Laboratories using a qualified assay for AAV viral genomes containing
the EGFP transgene sequence. Total DNA was extracted from tissue samples using a
QIAsymphony (Qiagen) and associated DSP DNA mini kit. qPCR reactions were
performed on 96-well plates, with each plate containing a standard curve, a set of QC
samples, and study samples. Duplicate QC samples were prepared at high, medium,
and low copies/reaction in a background of 1,000 ng NHP matrix DNA per reaction.
When possible, the tissue DNA samples were tested at 1,000 ng per reaction. If it was
not possible to load the amounts specified above for a specific sample (because the
DNA concentration was too low or the sample volume was limiting), a smaller

amount of sample DNA was analyzed.

[00353] All sample reactions were run in triplicate, and the third reaction was
spiked with 200 copies of pAAV-CAG-EGFP-SV40 DNA to evaluate potential gPCR

inhibition. If qPCR inhibition was observed as shown by the measured value in the
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third spiked well at less than 110 copies of the target DNA, the sample DNA were

reanalyzed at lower amount.

[00354] Protein Expression Biodistribution

[00355] Total protein was extracted from tissue samples using a gentleMACS
tissue dissociator (Miltenyi Biotec) and associated reagents. EGFP was quantified
using a GFP ELISA kit (Abcam), and total protein was quantified using a Pierce BCA
protein assay kit (ThermoFisher). For both GFP and total protein, reactions were

performed in triplicate, and each kit contained a standard curve.

[00356] Immunofluorescence Imaging

[00357] Tissue was processed to paraffin blocks using a Sakura VIP 5, using a
standard program for canine, NHP, and porcine tissues by Seventh Wave Laboratory.
Slides were cut at 10 um thickness by Seventh Wave Laboratory stored at 4 C.
Immunohistochemistry was performed on 6 sections of lung (including alveolar and
bronchial regions) and 2 sections of trachea from each study animal (n =3) and an
additional control animal. Paraffin slides were dehydrated using standard paraffin
antibody staining protocol. Briefly, sections were deparaffinized with xylene and
rehydrated with decreasing concentrations of ethanol in water (100%, 90%, 70%, 50%
and 30%) followed by PBS wash. Antigen retrieval was performed prior to staining
with antibody using a combination of heat-induced epitope retrieval (HEIR) and
pressure. Slides were incubated for 10 minutes in boiling sodium citrate buffer, then
incubated for 3 minutes under pressure. Slides were cooled to room temperature prior
to antibody staining. Following antigen retrieval, slides were stained using a primary
chicken polyclonal anti-GFP antibody (Abcam #13970) at 1:1000 dilution, a
secondary goat anti-chicken IgY antibody (Abcam #175779) at 1:1000 dilution, and
DAPI. Fluorescence imaging was performed using a Zeiss AxioObserver microscope.
Anti-GFP signal was acquired in the far-red channel (647 nm) at 1000 ms. DAPI
signal was detected in blue channel (355 nm) at 100 ms. All images were processed
using the Zeiss ZenPro software using the same parameters and pixel intensity values

in the anti-GFP channel.
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[00358] Histopathology Assessment

[00359] Tissue trimming, embedding, sectioning, and H&E staining performed by
Seventh Wave Laboratory. Tissue was processed to paraffin blocks using a Sakura
VIP 5, using a standard program for canine, NHP, and porcine tissues. Slides were cut
at 4 um thickness and stained for hematoxylin and eosin (H&E) using a Leica XL
Autostainer. A histopathology assessment was performed on 16 sections of lung, 4
sections of trachea, and 1 section of carina from each study animal (n = 3) and an
additional control animal, with the histopathologist blinded to treatment condition.
Slides scored for the nature and severity of the findings using standard assessment

scale.

[00360] COMPUTERIZED SYSTEMS

[00361] For serum neutralizing antibody screening, data was generated and
analyzed using the Cytation 3 microplate reader (Biotek), GenSplus software version

3.03.14, and Microsoft Excel version 15.32.

[00362] For quantification of viral genomes within tissue samples, data was
generated and analyzed using the QuantStudio 7 Flex Real-Time PCR System,
QuantStudio Real Time PCR Software v1.4, Microsoft Excel, and GraphPad Prism

version 8.1.2.

[00363] For quantitation of EGFP expression within tissue samples, data was
generated and analyzed using the Cytation 3 microplate reader (Biotek), Gen5plus
software version 3.03.14, Microsoft Excel version 15.32, and GraphPad Prism version

3812

[00364] For representative immunofluorescent imaging, images were acquired
using a Zeiss Axio Observer z1 microscope and ZenPro software. Images were
processed using ZenPro software. Images were transferred into Microsoft PowerPoint

version 15.32 for presentation.
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[00365]  All data analysis and compilation were carried out on a Macbook Pro

running OSX (10.12.6).

[00366] RESULTS and DISCUSSION

[00367] Anti-AAV Neutralizing Antibody Screen Identifies NHP for Study

Inclusion

[00368] A neutralizing antibody assay was used in order to assess levels of
neutralizing antibodies against AAV capsid having a capsid protein of SEQ ID NO:12
in non human primate (NHP) serum. Each NHP serum sample was assigned a
neutralizing antibody titer. An animal was considered seronegative and passed the

study inclusion criteria if > 50% transduction was observed at a 1:10 serum dilution.

[00369] In total, 20 NHP serum samples were evaluated across four 96-well plates.
Assay acceptance criteria was set for 1) the coefficient of variance (CV) of the
standard curve, 2) CV of the unknown serum samples, and 3) percent deviation from
actual input protein for the standard curve. Acceptable CVs for the standard curve
were defined as < 25%, but actual CVs did not exceed 5%. Acceptable CVs for the
unknown serum samples within the limit of quantification were defined as <30%, but
actual CVs did not exceed 19%. Acceptable percent deviation from input protein for
the standard curve was defined as < 25%, but actual percent deviation did not exceed
19%. All plates met all assay acceptance criteria, and the data from these plates were
used for evaluation. Overall, 11 (55%) NHP serum samples evaluated were
seronegative for capsid having a capsid protein of SEQ ID NO:12 (Figure 17). The
NHPs with the top three highest percent transductions at the 1:10 serum dilution were
selected for study inclusion. All selected NHPs demonstrated transduction above the
transduction observed in the absence of NHP serum. This observation has been noted
in previous studies and is likely a result of favorable interactions with an unknown
serum protein. The selected NHP IDs and the percent transduction at the 1:10 serum

dilution are reported in Table 4.
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[00370] Table 4: NHPs Included in Study

NHP ID # % Transduction at 1:10
V003272 BLQ
V003281 88
V003270 BLQ
V003516 113
VOu3062 147
V003125 140
V003511 BLQ
V003421 110
V003433 BLQ
V002964 BLQ
V002996 BLQ
V003002 107
V002969 160
V003015 36
V003119 60
V002851 BLQ
V003101 137
V003083 BLQ
V003424 160
V003251 124

[00371] Nebulized Delivery of Variant Capsid Comprising a Capsid Protein of
SEQ ID NO:12 is Well-Tolerated in NHP

[00372] The study design is summarized in Table 5. All animals recovered
normally following test article administration and survived to the scheduled necropsy
dates. No significant clinical findings were reported in any animal at any point during
the in-life portion of the study. Minor changes outside the references ranges for
hematology and clinical chemistry findings were noted in some animals at some
timepoints, but these variations were interpreted as normal physiological variations.

No major findings were reported during gross examination at necropsy.
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[00373] Table 5 — Study Design Summary

# | Route & Dose Dose In-Life Tissue Collection Analysis
Lung qgPCR
Heart ELISA (lung
Liver & qPCR+ tissues)
Skeletal IHC (lung &

Aerosolized | 2.80x10" 8 | Muscle (triceps, quadriceps, | ELISA+ tissues)
(AeroEclipse II) i  vg/kg weeks | diaphragm)
Kidney
Spleen
CNS (brain,

[00374] Variant Capsid Comprising a Capsid Protein of SEQ ID NO:12 Mediates

Robust Gene Delivery to All Regions of Lung

[00375] Viral genomes were quantified by qPCR for all samples obtained during
necropsy to determine the genomic biodistribution of rAAV comprising a variant
capsid (comprising a capsid protein of SEQ ID NO:12) and a nucleic acid comprising

an EGFP transgene operably linked to a CAG promoter.

[00376] A high quantity of viral genomes, ranging from approximately 10* — 10°
vg/ug was observed in all 48 lung samples (n = 16 samples per NHP; n = 3 NHP),
which represented samples from the alveolar sacs, tertiary bronchi, and
primary/secondary bronchi (Figure 18). For all three animals, no significant
differences in the quantity of viral genomes within different lung lobes or different
lung regions were noted. A small number of heart and liver samples, 3 (out of 15)
heart samples from NHP V003424 and 10 (out of 10) liver samples from NHP
V002969, had detectable viral genomes present. However, the quantity of viral
genomes present per ug of DNA was 1,000- to 10,000-fold less than the quantity of
viral genomes present in the lungs. All samples tested from skeletal muscle (triceps
brachii, vastus lateralis), diaphragm, kidney, spleen, brain and spinal cord were below

the lower limit of quantification (BLQ). Therefore, nebulized delivery of the rAAV
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results in robust delivery of viral genomes to all regions of the lung, with minimal

systemic exposure.

[00377] Variant Capsid (Comprising a Capsid Protein of SEQ ID NO:12) Mediates

Protein Expression to All Regions of Lung and Transduces Multiple Cell Types

[00378] EGFP protein expression was quantified for all samples for which qPCR
demonstrated presence of viral genomes above the lower limit of quantitation of the
assay. This sample set included all lung samples from all three NHPs, 3 (out of 15)
heart samples from NHP V003424, and 10 (out of 10) liver samples from NHP
V002969. EGFP expression was observed in all 48 lung samples (n = 16 samples per
NHP; n =3 NHP), which represented samples from the alveolar sacs, tertiary bronchi,
and primary/secondary bronchi (Figure 19). Expression was highest for animal
V002969 across all regions and all lung lobes. For all three animals, no significant
differences in the amount of EGFP protein expression within different lung lobes
were noted. In general, samples from alveolar regions contained average or above
average quantities of EGFP, but this trend was not significant. The qPCR+ liver
samples from NHP V002969 did result in detectable EGFP protein expression, but
expression levels were multiple orders of magnitude lower than expression levels in

the lungs.

[00379] These results are consistent with genome biodistribution data
demonstrating that genome localization to the liver was multiple orders of magnitude
lower than genome localization to the lungs (Figure 18). The qPCR+ heart samples
from NHP V003424 did not contain any detectable EGFP protein expression. These
results demonstrate that nebulized delivery of rAAV comprising a capsid with a
capsid protein of SEQ ID NO:12 and a nucleic acid encoding a transgene, mediates

protein expression to all regions of the lung.

[00380] Immunofluorescent imaging was performed to further define the extent of

transduction within different regions of the lung. Slides representing 6 sections of

lung (including alveolar and bronchial regions) and 2 sections of trachea from each

study animal (n = 3) and an additional control animal were scanned, and

representative images were acquired for each region. In general, EGFP expression
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was highest for animal V002969 across all regions and all lung lobes, which
corresponds to the observed relative expression across animals as determined by
ELISA. Within the trachea and bronchi, EGFP expression was observed primarily in
cells of the ciliated epithelial layer (Figure 20). Within the alveoli, broad EGFP
expression was observed (Figure 20), but ATI and ATII cells cannot be determined
without the use of specific cell markers. These results demonstrate that nebulized
delivery of rAAV comprising a capsid comprising a capsid protein of SEQ ID NO:12
and a nucleic acid encoding a transgene mediates protein expression to all regions of

the lung.

[00381] Administration of rAAV Comprising a Capsid Comprising a Capsid
Protein of SEQ ID NO:12 Is Safe and Does Not Result in Inflammation in Lung

Tissue

[00382] Cageside observations were performed twice daily throughout the in-life
portion of the study, beginning one week prior to dosing. No significant clinical signs
were observed in any of the animals throughout the study in-life portion of the study.
Hematology and clinical chemistry analyses of blood samples were performed
biweekly throughout the in-life portion of the study and one week prior to dosing.
Although some individual hematology and/or clinical chemistry values fell outside of

the reference range, these values were largely interpreted as physiological variations.

[00383] Following necropsy, a histopathology assessment was performed on lung
tissue and compared to a control (non-administered) animal. Focal hemorrhage, black
pigment and minimal mononuclear cell infiltrates in the alveolar spaces were
observed in all animals and are common incidental findings in monkeys. In addition,
the submucosal lymphoid infiltrates in the trachea and inflammation on the mucosal
surface of the carina are also likely incidental findings and unrelated to test article
administration. None of the observations were considered adverse. No findings in the
treated animals were different or of greater severity than those observed in the control

animal.
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[00384] CONCLUSIONS

rAAV comprising a capsid with a variant capsid protein of SEQ ID NO:12 and a
nucleic acid encoding a reporter transgene (EGFP), was characterized by aerosol
delivery of a reporter gene to cynomolgus macaques. Sera was pre-screened to
identify animals that were seronegative for pre-existing neutralizing antibodies to the
test article capsids. Animals (n = 3) received the maximum feasible dose of rAAV,

delivered using the AeroEclipsell device, a clinically relevant actuated nebulizer.

[00385] A high quantity of viral genomes (by qPCR) and resulting EGFP
expression (by ELISA and immunostaining) was observed in all lung samples across
all 3 NHPs in the study, which represented samples from the alveolar sacs, tertiary
bronchi, and primary/secondary bronchi. A small number of heart and liver samples
had low but detectable viral genomes present, and all samples from all other tissues
showed no detectable viral genomes. These data demonstrate that nebulized delivery
of the rAAV results in robust delivery of viral genomes to all regions of the lung, with
minimal systemic biodistribution, and the rAAV mediates protein expression to all
regions of the lung, including the alveoli. rAAV delivery and EGFP expression was
consistent among animals, with even distribution across multiple bronchial levels and
alveoli and even distribution across cranial, middle and caudal sections. The protein
expression data are consistent with the genome biodistribution data demonstrating that
genome localization to the liver was multiple orders of magnitude lower than genome

localization to the lungs.

[00386] Additional experiments are performed to determine the efficiency and
specificity for AECII cells in the primate lung. If further specificity is desirable
beyond what is inherent to the rAAV comprising a capsid comprising a capsid protein
of SEQ ID NO:12, the use of a cell-specific promoter is used to drive expression of
the transgene of interest. The experiments described herein indicate that rAAV
comprising a capsid protein of SEQ ID NO:12 can be used to safely and effectively
deliver CFTR transgene to the lungs of subjects with cystic fibrosis and to deliver

therapeutic genes to treat other pulmonary disorders.
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EXAMPLE 4

[00387] SUMMARY

[00388] A cell culture model of lung alveolar epithelial type 2 (AECII) cells from
freshly isolated non-human primate lungs and human donor lungs rejected for
transplant was established. This model was used in the characterization of rAAV
comprising capsid comprising a variant capsid protein of SEQ ID NO:12 identified to
target AECII cells. The rAAV, and natural serotype AAVS were evaluated for
transduction efficiency in AECII cell air liquid interface (ALI) culture. TAAV
comprising a capsid comprising a variant capsid protein of SEQ ID NO:12, following
apical transduction with a multiplicity of infection (MOI) of 35,000, showed
enhanced transduction of AECII cells compared to AAVS. The rAAV also

demonstrated strong resistance to human anti-AAV antibodies.

[00389] To confirm that the rAAV capsid targets AECII cells and that infectivity
translates to human AECII, AECII cells were isolated from NHP lungs and human
donor lungs, rejected from transplant, and cultured in air liquid interface to mimic the
lung environment. rAAV transduction efficiency was determined through reporter
enhanced green fluorescent protein (eGFP) expression driven by the CAG promoter at
multiple time points following infection and compared to AAVS5.CAG-eGFP. This
data demonstrates that rAAV variants comprising a capsid comprising a variant
capsid protein of SEQ ID NO:12 are more infectious than naturally occurring
serotypes (i.e. are superior transducers than AAVS capsid), potentially providing

improved treatments for genetic diseases.

[00390] One general challenge in pre-clinical and clinical gene therapy studies with
AAV is that pre-existing neutralizing antibodies can inhibit successful transduction.
To understand the ability of rAAV comprising a capsid comprising a variant capsid
protein of SEQ ID NO:12 to evade neutralizing antibodies within the human
population in comparison to wild-type AAVs, the TAAV and wild-type AAV1,
AAV2, AAVS5, AAVS, and AAV9 were analyzed against human IVIG in an in vitro
luciferase assay. The data provided here reports that rAAV comprising a capsid

comprising a variant capsid protein of SEQ ID NO:12 has neutralizing antibody
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resistance when exposed to human IVIG (4-fold over AAVS and 32-fold over
AAV?2), a critical component for treatment via aerosol delivery and a selective

pressure applied during the Therapeutic Vector Evolution process.

[00391] MATERIALS AND METHODS

[00392] Lung Alveolar Epithelial Type 2 Cell Isolation

[00393] Non-human primate (NHP, Cynomolgus macaque, CRO) or human donor
lungs rejected for transplant (Donor Network West, Donor ID: AGES430) were used
to isolate alveolar epithelial type 2 cells (AECII) according to Fang et al’>. For NHP
cell isolation, the entire lung was utilized; for human donor lungs, the right middle
lobe was dissected out and used for cell isolation. The bronchi were flushed with PBS
without Calcium or Magnesium (ThermoFisher) containing EDTA (Sigma) and
EGTA (Sigma) followed by inflation with elastase (Worthington Chemicals). The
tissue was incubated for 1 hour at 37°C. The lung was homogenized, and the trachea
and bronchi removed. The cell homogenate was passed through layers of gauze to
eliminate large remaining pieces. The cells were sequentially passed through 100 um
and 20 um strainers. The cells were loaded onto a two-step Percoll (ThermoFisher)
density gradient, (70% and 30%), and centrifuged at 1800 rpm for 20 minutes. The
intermediate layer was removed, centrifuged, and washed twice with PBS without
Calcium or Magnesium. The monocytes and macrophages were removed using CD14
and CD45 Dynabeads (ThermoFisher). The remaining cells were incubated overnight
at 37°C on IgG coated plates to remove T cells. The following day, the non-adherent
cells were collected from the plates, centrifuged and subjected to hypotonic solution
to lyse red blood cells (ACK Lysis Buffer 1:10, ThermoFisher). Resulting cells were
plated on human collagen I'V coated inserts (Sigma, human placental collagen IV, 18-
24 hours at 25°C) at a density of 1.5x10° cells/cm? and incubated at 37°C, 5% COx.
Cells were cultured in Airway Epithelial Cell Basal Medium (ATCC) with
commercial supplements, Fetal Bovine Serum (10%, HyClone, ThermoFisher) and
insulin, transferrin, and selenium (1:200, ThermoFisher). One day after seeding, the
inserts were washed twice with PBS to remove non-adherent cells. The top of the

insert was maintained dry to ensure the formation of an air liquid interface (ALI).
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[00394] LysoTracker Staining

[00395] Cells achieving ALI were examined for LysoTracker staining in culture.
LysoTracker (ThermoFisher) is an indicator dye that gets absorbed by highly acidic
components of live cells, such as lysosomes and the lamellar bodies of AECII cells. It

is routinely used to mark AECII cells.

[00396] LysoTracker on Adherent Cells and Microscopy

[00397] Cells on inserts identified for staining were washed twice with PBS.
LysoTracker concentrate was diluted in media (1:1000). One hundred microliters of
diluted LysoTracker was added to the insert for live cell staining. Cells were
incubated for 5 minutes at 37°C. Following incubation, the insert was washed three
times with PBS and imaged on a Zeiss Axio Observer D.1 fluorescent microscope. A

non-stained well was used as a control and to set exposure.

[00398] LysoTracker on Cell Suspension and Flow Cytometry

[00399] Cells are incubated with Trypsin-EDTA 0.05% (ThermoFisher) for 10
minutes at 37°C. Trypsin was deactivated with Defined Trypsin Inhibitor
(ThermoFisher), and cells were collected from the inserts and centrifuged at 300xg for
4 minutes. LysoTracker concentrate was diluted in media (1:1000). One hundred
microliters of diluted LysoTracker was added to each cell pellet and vortexed at half
speed to mix. A non-stained cell sample was used as a control and to set flow
cytometry gates. Cells were incubated for 5 minutes at 37°C. Following incubation,
cells were centrifugated and washed twice with PBS. Cells were resuspended in PBS
and run on a BD Accuri C6 Plus Flow Cytometer. The LysoTracker positive

population was identified as a right shifting population from the unstained control.

[00400] EdU Incorporation

[00401]  Cell proliferation was determined using a Click-iT EdU Alexa Fluor Kit

(ThermoFisher) according to manufacturer’s instructions. Briefly, cells were pulsed

for 2 hours with EAU, washed twice with PBS and fixed with 4% paraformaldehyde
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(15 minutes at 4°C). The Click-iT reaction cocktail including an Alexa Fluor azide
was prepared and incubated with the cells for 30 minutes at 25°C. Following the
reaction, the cells were washed twice with PBS and counterstained with DAPI for 10
minutes at 25°C. Cells were imaged on a Zeiss Axio Observer D.1 fluorescent

microscope.

[00402] Vector Transduction

[00403] NHP AECII cells were transduced two days after seeding. Human AECII
cells were transduced one day after seeding. On the day of transduction, three inserts
were incubated with Trypsin-EDTA 0.05% (ThermoFisher) for 10 minutes at 37°C.
Trypsin was deactivated with Defined Trypsin Inhibitor (ThermoFisher). Cells were
collected from the insert and counted on a hemocytometer. An average cell number
was determined per insert and used to calculate total viral genomes required per
insert. A multiplicity of infection (MOI) of 35,000 was used for all experiments in a
total volume of 100 pl per insert. Cells were exposed apically for 48 hours with rAAV
comprising capsid with capsid protein of SEQ ID NO:12 and a GFP gene operably
linked to a CAG promoter or native AAV of serotype 5 comprising a GFP gene
operably linked to a CAG promoter. Two days post-infection, virus was removed
from the insert to regain air liquid interface. Three days post-infection, NHP cells
were harvested for analysis, a total of five days in culture. Six- and ten-days post-
infection, human cells were harvested for analysis, a total of seven and eleven days in

culture.

[00404] Immunocytochemistry (ICC)

[00405] Cells were washed twice with PBS and fixed with 4% paraformaldehyde
(15 minutes at 4°C). Cells were blocked with 5% goat serum and 2% bovine serum
albumin (BSA) in 0.2% Triton X-100 in PBS for 30 minutes. Cells were incubated
with Surfactant Protein C antibody or IgG control (MilliporeSigma, 1:100) for 2 hours
at 25°C. Primary antibody was washed three times with 0.2% Triton in PBS, followed
by secondary antibody incubation (Goat anti-Rabbit Alexa Fluor 555, 1:500) for 30

minutes at 25°C. Cells were counterstained with DAPI for 10 minutes at 25°C and
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washed three times with PBS. Cells were imaged on a Zeiss Axio Observer D.1

fluorescent microscope using IgG control to set exposure.

[00406] Flow Cytometry

[00407]  Post-transduction cells were lifted with Trypsin-EDTA 0.05%
(ThermoFisher) for 10 minutes at 37°C. Trypsin was deactivated with Defined
Trypsin Inhibitor (ThermoFisher), and cells were collected from the inserts and
centrifuged at 300xg for 4 minutes. Cells were resuspended in PBS and run on a BD
Accuri C6 Plus Flow Cytometer. The transduced (eGFP positive) cells were identified

as a right shifting population from the non-transduced control.

[00408] Neutralizing Antibody Resistance Assay

[00409] HEK 2V6.11 (obtained from John Hopkins University) cells were plated
onto 96-well plates at a density of 3x10* cells per well. Twenty-four hours after
seeding, rAAV comprising (i) capsid comprising capsid protein of SEQ ID NO:12
(*“A1017) and (i1) a luciferase transgene operably linked to a CAG promoter and wild-
type AAVs (serotypes AAV1, AAV2, AAVS, AAVSE, and AAVY, all carrying a
luciferase reporter transgene) were incubated at 37°C for 1 hour with five dilutions
1:50, 1:100, 1:200, 1:400, 1:800, 1:1600 of human intravenous immunoglobins
(IVIQ) prior to infection. Cells were then infected with the TAAV and the wild-type
AAYV at a MOI of 1,000. Each plate contained positive and negative controls for
transduction. The positive control was either the rAAV or wild-type AAV in the
absence of IVIG. The negative control for transduction was media without serum or
AAV.CAG-Luciferase. Luciferase activity was measured 48 hours post infection

using a Cytation 3 (Biotek) plate reader.

[00410] COMPUTERIZED SYSTEMS

[00411] FloJo, LLC Software was used to analyze flow cytometry data.

[00412] Microsoft Excel was used to calculate averages and standard deviations
from FloJo outputs and make histograms.
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[00413] For serum neutralizing antibody screening, data was generated and
analyzed using the Cytation 3 microplate reader (Biotek), GenSplus software version

3.03.14, and Microsoft Excel.

[00414] RESULTS and DISCUSSION

[00415] Non-Human Primate AECII ALI Culture Characterization

[00416] Lung alveolar epithelial type 2 cells (AECII) were isolated from a non-
human primate (NHP) lung and cultured in air liquid interface (ALI). Cells were
cultured on collagen coated inserts and analyzed for AECII specific markers,
LysoTracker dye and Surfactant Protein-C (SPC). Cells at day 1 and day 5 contained
over 90% LysoTracker positive cells, shown by ICC and quantified by flow
cytometry (Figures 21 A and 21B). AECII cultured cells were also examined for SPC,
a mature AECII marker at day 1 and day 5 in culture. Cells expressed SPC by ICC at
the time-points analyzed (Figure 21C). To further characterize the AECII culture
system, cell mitosis was examined over time. Mitosis was monitored through EAU

incorporation followed by a Click-iT reaction with an azide linked fluorescent dye.

[00417] Mitosis was examined day 2 through day 5 and reported by fluorescent
microscopy and nuclei staining (Figure 21D). Mitosis was highest two days after
seeding; as cells were maintained in culture the number of cells undergoing mitosis

decreased, as evidenced by a lack of EAU incorporation in the nuclei.

[00418] Characterization of rAAV comprising capsid with variant capsid protein of

SEQ ID NO:12 in a Non-Human Primate AECII ALI Culture System

[00419] Two days after seeding NHP isolated AECII cells, they were transduced
with TAAV comprising capsid with variant capsid protein of SEQ ID NO:12 and GFP
transgene under the control of CAG promoter or AAV comprising a wild type AAVS
capsid and GFP transgene under the control of CAG promoter at an MOI of 35,000.
Three days post infection, five days total in culture, cells were analyzed for eGFP
expression by ICC and Flow Cytometry. rAAV comprising capsid comprising capsid
protein of SEQ ID NO:12 yielded a significantly higher percentage of eGFP positive
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cells (~30%) compared to AAVS (~8%) indicating a better transduction efficiency
(Figures 22A and 22B).

[00420] Human AECII ALI Culture Characterization

[00421]  The right middle lobe of a human lung, obtained from Donor Network
West, (Donor ID: AGES430) was dissected from the remaining lung set and the
AECII cells were isolated. Cells were grown on collagen coated inserts and ALI was
achieved. To determine purity, two AECII markers were examined, LysoTracker and
SPC protein expression. LysoTracker was monitored over time, from the fresh isolate
(Day 0) to 11 days in culture. LysoTracker positive cells were around 80% until Day
7. The LysoTracker positive cell population declined to around 50% at Day 11, as
AECII transdifferentiate into AECI (Figures 23A and 23B). Cells also showed strong
SPC expression at the time-points analyzed (Figure 23C).

[00422] Mitosis was monitored over time as in the NHP AECII system. A similar
result was observed, where the largest number of cells undergoing mitosis occurred

within the first three days in culture and decreased over time (Figure 23D).

[00423] Characterization of 4D-A101 in a Human AECII ALI Culture System

[00424] One day after seeding, human AECII cells were infected with rAAV
comprising a capsid comprising capsid protein of SEQ ID NO:12 or AAVS containing
an eGFP transgene at a MOI of 35,000. Six- and ten-days post infection, cells were
imaged for eGFP expression a surrogate for transduction efficiency. The rAAV
comprising capsid comprising capsid protein of SEQ ID NO:12 at both day 6 and day
10 post infection showed a higher level of eGFP positive cells compared to AAVS
(Figure 24). Cells maintained LysoTracker staining indicating an AECII cell

phenotype.

[00425] Neutralizing Antibody Resistance Assay

[00426] The Relative Light Units (RLUs) of each AAV luciferase vector at each

IVIG dilution was normalized to the positive transduction control, AAV luciferase
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vector alone. Following normalization each vector at each IVIG dilution was
converted and expressed as a percent transduction. High percent transduction
correlates with low neutralization and low percent transduction correlates with high
neutralization. Each AAV luciferase vector was then assigned a neutralizing antibody
titer defined as the lowest dilution at which it reaches greater than 50% transduction.
Overall, 4D-A101 demonstrated an improvement in resisting neutralizing antibodies
versus each wild-type AAV tested (Figure 25, illustrating percent transduction of
HEK2v6.11 cells in the presence of human IVIG). 4D-A101 demonstrated a greater
than 32-fold increase in antibody evasion compared to wild-type AAV1, AAV2,
AAVS, and AAV9 and was 4-fold better at antibody evasion compared to wild-type
AAVS (Table 6).

[00427] Table 6. Neutralizing Antibody Titers of Wild-Type AAV1, AAV2,
AAVS5, AAVS, AAV9 and 4D-A101. The IVIG dilution required to reduce luciferase
activity to 50% of that in the absence of IVIG is shown.

AAV Neutralizing IVIG Fold Increase Relative to
Dilution AAV2
AAV1 >1:1600 1
AAV2 >1:1600 --
AAVS5 1:200
AAVS >1:1600 1
AAV9 >1:1600 1
Al01 1:50 32

[00428] CONCLUSIONS

[00429] AECII cells were isolated and cultured in ALI and maintained a high
purity determined by Lysotracker staining and SPC expression. TAAV comprising a
capsid comprising a capsid protein of SEQ ID NO:12 showed superior transduction

efficiency compared to AAVS in both NHP and human AECII ALI culture systems.

[00430] The ability of rAAV comprising a capsid comprising a capsid protein of
SEQ ID NO:12 to evade neutralizing antibodies in human pooled IVIG, enhances its

therapeutic promise for patients, was demonstrated. Based on these results, it is likely

123



WO 2021/222148 PCT/US2021/029253

that a much smaller portion of the target patient population will be excluded from

treatment based on the presence of pre-existing neutralizing antibodies.
EXAMPLE 5

[00431] Formulation screening studies were undertaken to select and characterize
optimal formulation buffers for solubility, delivery, and storage of recombinant AAV
particles comprising a capsid comprising a VP1 capsid protein of SEQ ID NO:12, a
VP2 capsid protein comprising amino acids 138-736 of SEQ ID NO:12 and a VP3
capsid comprising amino acids 203-736 of SEQ ID NO:12 and a nucleic acid
encoding a transgene (e.g. a reporter gene such as luciferase or green fluorescent

protein or a therapeutic transgene such as CFTR).

[00432] All studies were performed with capsids (comprising VP1 of SEQ ID
NO:12), purified by affinity (AVB) and anion-exchange (CIMQA) chromatography.
Initial studies were conducted with purified material previously formulated in DPBS
(Dulbecco’s Phosphate Buffered Saline) with 0.005% Pluronic. These lots were either
diluted or buffer-exchanged into relevant buffer systems. Later studies were
conducted with lots which were buffer exchanged directly into appropriate buffer

systems immediately following CIMQA purification.

[00433]  Freeze-Thaw Stability

[00434]  Small sample aliquots (< 100 uL), containing ~ 2-3 x 103 viral genomes
per mL, were transferred to 1.5 mL polypropylene tubes and subjected to either 5 or
10 cycles of rapid freezing (i.e., quench cooling at -80C) followed by thawing at room
temperature until no ice crystals were visible. In a separate study, a volume > 5-mL,
containing approximately ~ 6 x 10! viral genomes/mL, was transferred to a 15-mL
polypropylene Falcon tube and placed at -80C for approximately 1 hour (until frozen)
and then thawed for approximately 1 hour at room temperature until no ice crystals
were observed upon gentle mixing. This process was repeated 2 additional times (3X
FT). The sample was stored overnight at room temperature after the third freeze-thaw

cycle.
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[00435]  5°C, Room Temperature, 37°C and 40°C/75%RH Accelerated Stability

[00436] Various samples ranging in concentration from approximately 1 x 10! - 6
x 10" viral genomes per mL were aliquoted (< 100 uL) to 1.5 mL polypropylene
tubes or 2.0 mL polypropylene cryo vials and stored at 5°C, Room Temperature, 37°C
and 40°C/75%RH for the predetermined time in each study protocol. Sample tubes
were stored in vented storage boxes and parafilm was routinely used to minimize the

effect of evaporate loss during sample storage.
[00437]  Agitation Stability

[00438]  Small sample aliquots (< 100 uL), containing ~ 2-3x10'? viral genomes per
mL, were transferred to 1.5 mL polypropylene tubes and placed inside a sample box
that was secured to a vortex mixer set to 1500 rpm. Samples were agitated at room

temperature 2-4 days.
[00439]  Charge-State Modeling

[00440] A charge state excel based calculator (online download; Gale Rhodes,
University of Southern Maine) was modified to automatically extract and quantify
ionizable and labile residues. Capsid protein monomer (e.g., VP1 and VP3) net charge
was determined by adding partial negative and partial positive charges for each

ionizable species at each pH interval (< 1 pH unit):

[00441] Negative Charge Contribution = # of residues * -1 * (10"-(pKa-pH)/((10"-
(pKa-pH))+1)

[00442]  Positive Charge Contribution = # of residues * (10N(pKa-pH)/((10"(pKa-
pH))+1)
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lonizable Group pKa Charge
N-term 8 Positive; no charge if acetylated
C-term 3.1 Negative
Asp 4.4 Negative
Arg 12 Positive
Cys 8.5 Negative; no charge if Cys-Cys bond
Glu 4.4 Negative
His 6.5 Positive
Tyr 10 Negative
Lys 9.8 Positive

[00443] The reported iso-electric point (pl) is the pH where net charge was

mathematically determined to be closest to O.

[00444]  Extinction Coefficient (@ 280nm (Theoretical)

[00445]  ProtParam (web.expasy org/protparam/) was used to determine the molar

mass of VP1, VP2 and VP3 proteins based on known primary sequences. The molar

extinction coefficient (@) 280nm was calculated according to the following equation:
(M-1 cm-1) = (#Trp)(5,500) + (#Tyr)(1,490) + (#cystine)(125). Note: VP1, VP2 and

VP3 all contain 5 cysteine residues but according to literature AAV cysteines do not

form disulfide bonds (S-S = cystine). The Abs2sonm’!” (or absorbance units equal to a

1 mg/mL solution) was then calculated by dividing the molar extinction coefficient by

molar mass.

11 ALCL VRg

3

[00446] Absorbance at 280nm (A280) and Turbidity by UV Spectrophotometry

[00447]  Approximately 30uL of sample (or buffer) was transferred to a 3mm

quartz cuvette and UV spectra (250-400nm; 1nm spacing) was collected on a

126



WO 2021/222148 PCT/US2021/029253

NanoDrop spectrophotometer. Alternatively, multiple test articles (or buffers) were
transferred to a UV Star 96-well microtiter plate and UV spectra (250-400nm; 1nm
spacing) was collected on a Cytation plate reader. The pathlength of microtiter sample
wells was empirically determined by measuring absorbance at 977 and 900nm and

applying the following equation:

= Pathiength of sample

whers AgrrAgpn! Tom water = 078

[00448] Buffer and sample spectra were normalized to a 1-cm pathlength cell by
dividing optical density (O.D.), measured at each wavelength, by the cuvette or
sample well pathlength. Normalized spectra were averaged, where duplicates were
run. Sample spectra was background corrected by subtracting normalized O.D. values
for corresponding buffer blank. The light scattering contribution at 280nm (LS280)
was calculated using a log-log extrapolation derived from the non-absorbing UV
region (~300-400nm) and subtracted from O.D.280 -LS280 = A280. Light scattering
corrected A280 was multiplied by sample dilution factor (where appropriate) and
divided by the theoretical VP3 extinction coefficient (Abs2gonm”!” = 1.71) to yield
estimated capsid protein concentration in mg/mL protein. However, this method was
prone to overestimation of capsid protein due to the absorbance of DNA.
Alternatively, A280 values are presented in this report without further conversion to
avoid capsid protein overestimation due to the absorbance of DNA. 0.D.350 values
were initially used to semi-quantitatively monitor changes in light-scattering, or
turbidity, arising from self-association. However, 350/A280 values are also presented

in this report to normalize scattering to the amount of capsid in the soluble fraction.

[00449] pH

[00450] A small or large volume pH probe was used to measure sample or buffer
pH, respectively. pH probes were calibrated using pH 4.01, 7.01, 10.01 prepackaged
Mettler Toledo pH standards.
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[00451]  Osmolality by Freezing Point Depression

[00452]  15ul of reference solution (e.g., 290 mOsm/kg) or sample was transferred
to the freezer chamber of an Advanced Instruments Freezing Point Depression
Osmometer. The sample was supercooled until frozen and temperature was monitored
until a plateau was observed. Plateau temperature was used to calculate osmolality
according to the following equation: 1 mOsm of solute/kg of water = 1.858

millidegrees (m°C) | in freezing point.

[00453]  Hydrodynamic Size and Polydispersity by Dynamic Light Scattering

[00454] Approximately 30 uL of sample was loaded into a clean 3mm cuvette
(ZN2112) and multiple scans (n=2 or 3) were collected on a Malvern Zetasizer Ultra
(dispersant = water, sample type = protein). Scans were averaged to generate plots for
intensity (%) and volume (%). The former was leveraged during early formulation
screening as low level, HMW species are more easily observed by intensity (LS ~
diameter® ~ Mw?). Scans were also averaged to generate values for polydispersity by
Cumulants Fits, mean size by intensity (10-100 d.nm), mean size by volume (10-100
d.nm), % area by intensity (10-100 d.nm) and % area by volume (10-100 d.nm),

where appropriate.

[00455]  Subvisible Particle Sizing by Horizon Backgrounded Membrane Imaging
(BMI)

[00456] Backgrounded membrane imaging (BMI) was performed on the Horizon
Particle Analysis System. A blank 96-well sample plate was loaded on the Horizon
system and a background image was acquired. The plate was then transferred to a
vacuum manifold. Approximately 20-30 uL of sample was loaded per well. Blotting
paper and a blotting paper adaptor were attached to the vacuum manifold and the
sample plate repositioned at the top of the stack. Vacuum was turned on to remove
any remaining liquid on the bottom of the wells. The sample plate was subsequently
transferred to the Horizon instrument. Particle counts and images were collected (2-

10um, 10-25um, > 25um and total).
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[00457]  Titer by Droplet Digital Polymerase Chain Reaction (ddPCR)

[00458] 5-10uL frozen aliquots were submitted for determination of AAV genome
concentration by ddPCR according to SOP-AD-018. Samples of rAAV comprising a
capsid protein of SEQ ID NO:12 were diluted into Dulbecco’s phosphate-buffered
saline with calcium and magnesium containing 0.02% Pluronic™ F-68 non-ionic
surfactant (DPBS + 0.02% F68), mixed with DNase I enzyme, to digest any non-
encapsidated DNA, and further diluted with DPBS + 0.02% F68 to bring the test
article into the dynamic range of the assay. The DNAse treated sample was
subsequently mixed with ddPCR Supermix and SV40 (or CFTR) primers/FAM-
labeled probes. 20 uL of reaction mixture was then partitioned into droplets using a
Bio-Rad QX200 Auto DG Droplet Generator, subjected to PCR, then read on the Bio-
Rad QX200 Droplet Reader, which measures each droplet individually for fluorescent
signal. Data was analyzed using the Bio-Rad QuantaSoft software, which uses
Poisson statistical analysis of positive and negative droplets to provide absolute
quantitation of target sequence(s). No-template controls were used to set the negative
baseline for samples. ddPCR without DNase I enzyme treatment was also performed

on select samples.

[00459]  Chemical Purity by Polyacrylamide Gel Electrophoresis (PAGE)

[00460]  5-10uL frozen aliquots were submitted for chemical purity analysis
according to SOP-AD-028 Rev. 00 (Determination of Capsid Purity by Krypton™
Stained SDS-PAGE) or SOP-AD-002 (Determination of Capsid Purity by Silver
Stained LDS-PAGE). In short, approximately 1.00 x 101° (SOP-AD-028) or 1.00 x
10° (SOP-AD-002) viral genomes were mixed with 4X LDS sample buffer, 10X
sample reducing agent, water and heated at 95C for 10 minutes. A NuUPAGE™ 4-12%
Bis-Tris gel was secured in a gel box containing an upper chamber (1X SDS buffer +
antioxidant) and a lower chamber (1X SDS buffer). Heat denatured (and reduced)
reaction mixtures were loaded on the gel. The gel box cover was attached, and
electrodes connected to an external power supply. Power was then applied according
to manufacturer specification. The current flow was stopped when the sample dye
front was > % of the length of the full gel. Gels were washed and stained according to

manufacture instructions. Gel imaging was performed on a ChemiDoc MP Imager.
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[00461]  Functional Activity by Green Fluorescent Protein (GFP) Expression

[00462] 15 uL frozen aliquots were submitted for analysis of green fluorescent
protein (GFP) expression. HEK2v6.11 cells were transduced at 10,000 MOI and
harvest 72 hours post-transduction. GFP expression was imaged by fluorescence

microscopy and quantified by flow cytometry.

[00463] Significant loss (~50%) of rAAV having a capsid with VP1 of SEQ ID
NO:12 was observed during concentration to > 1 x 10 viral genomes/milliliter
(vg/mL) and buffer exchange of the purified AAVs into a Dulbecco’s phosphate-
buffered saline-based formulation buffer (Dulbecco’s phosphate-buffered saline with
calcium and magnesium containing 0.05% Pluronic™ F-68 non-ionic surfactant
(DPBS + 0.05% F68)). The experiments described herein determined the root cause

for loss and a superior formulation buffer is described.

[00464] The pl for VP1 of SEQ ID NO:12, VP2 and VP3 were estimated to be 6.7,
7.4 and 6.8, respectively. VP1 has a higher number of charged residues compared to
VP2 and VP3 which and likely accounts for the theoretical differences in net charge
that are observed below pH 5 and above pH 9 (Figure 26). However, net charge
between pH 5 and pH 9 appears to be largely similar for VP1 and VP3 while some
subtle differences are predicted for VP2. VP1, VP2 and VP3 monomers contain
aspartic acid (D), asparagine (N), methionine (M) and free cysteine (C) residues.
Consequently, VP1 and VP3 monomers are assumed to be susceptible to aspartic acid
shuffling at low pH, deamidation at neutral/basic pH, oxidation and disulfide
shuffling at high pH.

[00465] The pH of DBPS is approximately 7.0. This is very close to the pl, or
theoretical solubility minima, for the VP1 and VP3 proteins. It was, therefore,
suspected that pH might play a role in the physical instability observed during

concentration and buffer exchange by tangential-flow filtration.
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[00466] pH vs. Solubility

[00467] rAAV starting material, comprising a capsid with VP1 of SEQ ID NO:12
and a nucleic acid encoding GFP (~2 x 10" vg/mL in DPBS + 0.005% Pluronic F68)
was thawed and diluted 10-fold, to approximately 2 x 10'? vg/mL, into various buffers
(pH 4 -8) at both low ionic strength (~14mM NaCl) and physiological ionic strength
(~150 mM NaCl). Low ionic strength formulations showed a pH-dependent increase
in high molecular weight (HMW) species as pH was increased from 4 to 8. This pH

dependence was significantly reduced in the presence of 150 mM NaCl.

[00468] Samples were subsequently stored room temperature and then evaluated
by UV spectrophotometry the following day (T = 1 day (@ RT). UV absorbance at
280 nm (A280) is plotted vs. pH in Figure 27. Low ionic strength samples showed a
very abrupt decrease in A280 signal (i.e., inferring reduced rAAV concentration)
above pH 5 which was consistent with the physical instability observed by DLS. All
samples containing 150 mM NaCl showed similar A280 values. These data indicate
that lower pH and addition of salt seem to improve solubility. Formulation details,

sample pH and A280 values (Light Scattering and Pathlength Corrected) can be found

below:

Formulation Buffer Sample pH| A280
20 mM Acetate, pH 4 + 14mM NaCl + 0.005% F68 4.24 0.138
10 mM Acetate, pH 5 + 14mM NaCl + 0.005% F68 5.31 0.147
20 mM Phosphate, pH 6 + 14mM NaCl + 0.005% F68 6.25 0.015
10 mM Phosphate, pH 7 + 14mM NaCl + 0.005% F68 7.16 0.046
10 mM Tris, pH 8 + 14mM NaCl + 0.005% F68 7.95 0.063
20 mM Acetate, pH 4 + 150mM NaCl + 0.005% F68 4.09 0.153
10 mM Acetate, pH 5 + 150mM NaCl + 0.005% F68 5.26 0.157
20 mM Phosphate, pH 6 + 150mM NaCl + 0.005% F68 6.00 0.147
10 mM Phosphate, pH 7 + 150mM NaCl + 0.005% F68 6.90 0.150

[00469] These results seemed to suggest that both ionic strength and pH influence
rAAYV solution-state behavior. Therefore, a follow-up study was conducted to further
assess the solubility limits of rAAV, from pH 5 to 8, in the presence of sodium
chloride (~0.15M ionic strength) or trisodium citrate (high ionic strength). rAAV
starting material comprising a capsid with VP1 of SEQ ID NO:12 and a nucleic acid
encoding luciferase (1.76 x 10" vg/mL in DPBS + 0.005% Pluronic F68) was
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thawed, buffer-exchanged and concentrated into various buffers (Table 7) to a target

of approximately 3 x 10'* vg/mL. Process yields were estimated by dividing viral

genomes recovered by viral genomes of starting material. Decreased recovery was

observed for DPBS + 0.005% F68 and 10 mM Tris, pH 8 + 150 mM NaCl + 0.005%

F68 formulations. These lower yields also seemed to correspond with a slower rate of

buffer-exchange and concentration.

Table 7 A101-Luc pH Solubility Study Summary (After 0.2um Filtration)

Formuiation Buffer Buffer pH |Titer {vg/mt}| Theaoretical Recovery {%]} |A280 00350 |350/280
10 mM MNaAcetate pH 5, 150 mM Nadi, 0.005% F6R 4.94 J.33E+13 38% 4,147 G.193  |0.047
10 mM Natitrate pH &, 150 M Nad, 0.005% F68 5.83 3335413 93% 4.885 .073  |0.8138
DPBS, £0.005% FoB8 7.01 £.34E+03 72% 2.775 .453  14.019
10 mhd Tris pH 8, 150 mM Na(3, 0.005% F&8 8.00 1.53E+23 55% 1.897 0.040  |0.822
10 mbd Triz pH 8, 100 mM Trisodivrn Citvate, 0.005% F68 8.16 3.E2E+13 99% 4.629 D.073  [0.016

A2BD and GD350 have been comectad for background, ditution focter ann potidength. A2E0 voives hove nlso been corrected for Hpht scattering.

[00470] Samples containing sodium chloride showed a similar pH-dependent trend,

i.e., | solubility with 1 pH, by Titer and A280. The high ionic strength formulation
(10 mM Tris, pH 8 + 100 mM Sodium Citrate + 0.005% F68) showed the highest

solubility of formulations tested further demonstrating the influence of ionic strength.

There appeared to be a pH-dependent trend for 0.2um filtered samples, i.e., 1
0.D.350 at lower pH. However, 350/A280 values were also plotted to represent

physical instability relative to the amount of rAAYV in the soluble fraction. 350/A280

showed instability at pHS. However, an inflection was observed at pH 6 (10 mM
Citrate, pH 6 + 150 mM NaCl + 0.005% F68), one that appears to represent a balance

between high solubility and physical stability. The high ionic strength formulation

showed comparable turbidity to the pH 6 formulation. As illustrated by Figure 35

(corresponding to the data in Table 7), lower pH shows improved solubility in the

presence of 0.15M NaCl (solubility is higher at pH 5 and 6 compared to pH 7 and 8

when the salt concentration is ~150mM NaCl) and clearly demonstrates that increased

1onic strength is required to “recover” solubility at higher pH. These findings

ultimately led to the use of a citrate, pH 6 formulation.

[00471] DLS (dynamic light scattering) showed varied levels of HMW species in

concentrated samples except for the high ionic strength formulation (10 mM Tris, pH

8 + 100 mM Trisodium Citrate + 0.005% F68). However, HMW species were largely

reduced after 0.2um filtration except for a persistent sub-micron species observed in
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the 10 mM Sodium Acetate, pH 5 + 150 mM NaCl + 0.005% F68 formulation. This is

consistent with the increased 350/A280 observed for the same sample.

[00472]  The results of this study suggested that it was possible to formulate rAAV
>3 x 10" vg/mL when the pH < 6 or when the ionic strength is increased above
0.15M. However, at low pH (e.g., pH 5) there may be a risk of soluble, HMW species
and higher pH formulations may require a concentration of ionic strength modifier
(e.g., sodium citrate) that is in excess of the amount found in other approved inhaled
products according to the FDA’s inactive ingredient database. Therefore, the next
study aimed to narrow the formulation pH range (6-8) while also evaluating the

impact of sodium citrate from 20 — 100 mM.

[00473] rAAV starting material comprising a capsid with VP1 of SEQ ID NO:12
and a nucleic acid encoding GFP (8.75 x 102 vg/mL in DPBS + 0.005% Pluronic
F68) was thawed, buffer-exchanged and concentrated into various buffers (Table §;
all formulations also include 0.005% F68) to a target of approximately 3 x 1013
vg/mL. Buffer pH and osmolality (without rAAV) can be found in Table 9.
Formulated samples were 0.2um filtered and aliquoted into polypropylene tubes. 1
aliquot of each formulation was used for T = 0 measurements and then subjected to 4-
day room temperature agitation (@, 1500rpm. Separate aliquots were used to assess the
impact of freeze-thaw (5/10X FT cycles), room temperature storage (T = 13 day) and
28-day storage (15 days at 2-8C followed by 13 days at room temperature). rAAV
starting material, 8.46 x 10'? vg/mL in DPBS + 0.005% F68, was evaluated under

select conditions.
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[00474] Table 8
Target
Formulation Tat‘get {“"g/ml-]kml pH Buffer Immzbuffer {mM]NaCit(ate thINaci Immzlanizﬁtrength
fPD 2018 D06-01 20 0 125 221
fPD 2012 0046-02 50 i} 70 310
fFD_2018 006-03 5 100 0 o] 481
fPD 2018 006-04 10 20 115 217
iPD 2019 006-05 10 50 55 307
fPD_2019 006-08 3006413 10 100 o] 502
oD 2019 006-07 10 20 110 249
fPD 2018 006-08 7 10 50 50 365
fPD 2019 0046-09 10 100 4] 608
02019 006-10 \\ § 10 20 115 237
fPR 2019 006-11 8 A 10 50 55 357
fP0_2019 006-12 & \\\\ 10 100 4] 601

b ngrwaee TERrEsents the concentration of trisodium citrate requiired for fonic strength mod:fu ation; excludes the amount in base buffer

lonic strength values are balipark estimates derived from the falfowing equotion: f = L \“
‘,,1

[00475] Table 9 Buffer pH and Osmolality (mOsm/kg)
Measured
Formulation Buffer pH Buffer mOsm/kg
fPD 2013 006-01 6.046 286
fPD_2019 006-02 6.084 2566
fPD_2015 006-03 6.061 271
fPD 2019 006-04 6.045 232
fPD 2019 006-05 5.997 275
fPD 2018 006-06 5.035 324
fPD 2019 006-07 7.005 231
fPD 2019 006-08 7.016 257
fPD 2019 006-09 7.038 302
fPD 2015 006-10 3.026 285
D 2019 006-11 8.043 258
fPD 2019 006-12 8.042 2585

[00476]

Titer analysis by ddPCR was used sparingly due to the high number of

formulations and conditions to be screened. However, T = 0 sample titers ranged from

~2.3102.9x 10" vg/mL (Table 10). This slight variability was assumed to be related

to the small process scale as most conditions appeared to meet or exceed > 90%
recovery. The exception being fPD_2019_006_003, fPD 2019 006 005 and
fPD 2019 006 007 which all showed lower recovery. Sample titer was also

measured after 28-day storage (15 days at 2-8C followed by 13 days at room

temperature). All formulations retained > 100% titer relative to T=0
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[00477] Table 10 T = 0 Titer and % Recovery

Voiume (ul) Recovered After
Titer {vg/mi} Buffer Exchange/Concentration |Total VG |Recovery {%)

PO 2019 006-01 2.76E+13 250 6.21E+12 |99.89%
PRIy 2019 006-02 2.85E+13 245 5.97E+12 |100.94%
PO 2013 006-03 2.30E+13 252 S.F9E+12 (B3.77%
fPE_2019 00604 2A43E+13 262 6.33E+12 [91.55%
D 2019 006-05% 2.25E+13 268 5.06E+12 |87.65%
PO 2019 006-06  |2.54E+13 265 5. 7AE+12 |97.60%
fPE_2019_006-07 3.43E+13 245 S97E+12 [86.43%
PD_ 2019 006-08 2.52E+13 263 G.61E+12 [95.74%
fPD_2018 006-09 2.34E413 280 5.56E+12 [94.51%
fPD 2019 006-10  |2.35E+13 272 5.38E+12 (92.42%
PD 2019 006-11 2.38E+13 280 G.09E+12 (96.77%
fPO_Z018 00512 2 7FE+13 248 6. 74E+12 |97.49%
fPD_2019 _006-13 B AGE+12

[00478] Little to no significant change in hydrodynamic size by % volume was
observed for any of the formulations at the conditions tested. Therefore, overlays were
generated for hydrodynamic size by % intensity which is typically more sensitive to
the presence of low-level HMW species. fPD_2019 006-05 and fPD 2019 006-10
showed increased peak width after 4-day agitation at 1500 rpm. This could also be
observed in a plot of sample polydispersity. T = 0 polydispersity of the starting
material (fPD_2019 006-13) was higher than any of the 12 formulations screened

further suggesting improvement over the original DPBS formulation.

[00479] Table 9 includes A280 values as well % A280 remaining relative to T = 0.
Most formulations retained > 95% of their respective A280 signals except for

fPD 2019 006-11 and fPD_2019 006-13 (DPBS control) after 4 days agitation (@)
1500 rpm and fPD_2019_006-03 and fPD_2019_006-08 which showed a slight drop
after 28-day storage.

[00480] A significantly larger number of particles were observed for agitated
samples compared to other test conditions implying the length of agitation may have
been overly aggressive. However, formulations appeared to vary in their response to
the different stressors applied. For example, fPD_2019 006-05 contained an elevated
number of particles > 10 um after agitation while fPD 2019 006-09 and

fPD 2019 006-10 showed elevated counts after 10X freeze-thaw.
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[00481] The titer and physical stability results generated in study fPD 2019 006
were evaluated with a semi-quantitative weighting system and it was decided that
fPD 2019 006-01 (20 mM Citrate, pH 6 + 125 mM NaCl + 0.005% F68),

fPD 2019 006-02 (50 mM Citrate, pH 6 + 70 mM NaCl + 0.005% F68),

fPD 2019 006-08 (10 mM Phosphate, pH 5+ 50 mM NaCl + 50 mM Trisodium
Citrate + 0.005% F68) and fPD 2019 006-12 (10 mM Tris, pH 8+ 100 mM
Trisodium Citrate + 0.005% F68) all showed favorable characteristics which should
be studied further. Subsequent to that decision remaining aliquots of 28-day samples
were analyzed by Krypton stained PAGE. VP1, VP2 and VP3 were observed in all
samples tested. Low molecular weight (LMW) bands were also observed in varied
abundance; the most prominent being in fPD_2019 006-01. Unfortunately, T = 0 was
not available for comparison so it was unclear whether these LMW bands were
degradation products or process impurities. Therefore, chemical stability was assessed

in follow-up studies.

[00482] rAAYV comprising a capsid with VP1 of SEQ ID NO:12 and a nucleic acid
encoding CFTR, CIMQA pool (lot# dPD_2020_001, 7.92 x 10! vg/mL) was buffer-
exchanged and concentrated directly into the 4 buffers identified in fPD 2019 006 to
a target of approximately 3 x 103 vg/mL. rAAV comprising a capsid with VP1 of
SEQ ID NO:12 and a nucleic acid encoding GFP (Lot# 4DER000057 vg/mL), in
DPBS + 0.005% F68, was buffer-exchanged and concentrated into 20 mM Citrate, pH
6 + 125 mM NaCl + 0.005% F68 to a target of approximately 6E13 vg/mL. rAAV-
CFTR and rAAV-GFP formulations were subsequently aliquoted into polypropylene
tubes and subjected to either 10 freeze-thaw cycles, 40-hour agitation (@ 1500 rpm or
40-hour storage @), 40C.

[00483] Table 11 Formulation Screening Study Design

Formulation Target fug/miln Buffer Virus
frD_ 2020 001-01 20mM Citrate pH 6 + 125 mM Nal +0.005% FB8 | A101-CFTR
10mM Potassium Phosphate, pH 7 + 30mM Citrate
fPD_2020 001-02 3.00E+13 + 50mhd MaCl+ 0.005% F68 A1D1-CFTR
fPD 2020 001-03 10mM Tris, pH 8 + 100mM Citrate + 0.005% F&8 ALGL1-CFTR
frD 2020 001-04 S0mb Citrate pH & + 70 mM Nall + 0.005% F68 ALD1-CFTR
PD_2020 00105 6.00E+13 20mM Citrate pH 6 + 125 mM Na{l + 0.005% F68 A101-GFP
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[00484] rAAV-CFTR, T = 0 titers ranged from 1.7 — 1.9 x 10" vg/mL. This was >
30% lower than the 3 x 103 vg/mL target but was attributed to small working volume
instead of a solubility limitation. pH 7 and pH 8 formulations (fPD 2020 001-02 and
fPD 2020 _001-03) showed approximately 4% loss when subjected to agitation stress
while no loss was observed for pH 6 formulations (fPD_2020 001-01 and

fPD 2020 001-04). This stability trend was significantly magnified at 40C as pH 7
and pH 8 formulations showed losses > 90% while pH 6 losses were < 30%. All 4
rAAV-CFTR formulations retained > 100% titer after 10 freeze-thaw cycles. TAAV-
GFP (fPD_2020_001-05, 5.3E13 vg/mL at T = 0) proved incredibly stable at pH 6
with no loss during agitation and < 3% loss during 40C storage 10 freeze-thaw cycles.
The difference in relative stability between rAAV-CFTR and rAAV-GFP formulated
in the same buffer has been speculated to be related to transgene size. However, will

require additional studies in the future.

[00485] fPD 2020 001-02 (pH 7) and fPD_2020_001-03 (pH 8) showed higher
A280 signal loss compared to pH 6 samples during storage at 40C. This is consistent
with the trend observed for titer but at a reduced magnitude. This may be related to an
increase in the amount of empty capsids (and free DNA) during storage at 40C.
Empty capsids and DNA would still absorb UV light, but the latter would be
susceptible to DN Ase treatment. A280 results for the rAAV-GFP formulation

(fPD_2020_001-05) are also consistent with titer analysis; minimal to no change.

[00486] Table 12 Absorbance at 280 nm (A280)

A280 T=0 Agitation (40hr @ 1500rpm} 40C {(40hr} | 10X FT
fFD_2020_001-01 2.504 2.418 2.234 2.448
Ph_2020 601-02 2.488 2.417 2.037 2.137
fPC_2020_001-03 2.603 2.475 213 2.414
fPC_2020 001-04 2.380 2.208 2.104 2.188
fPD_2020 _Q01-05 4427 4557 4 468 4.410

[00487] Hydrodynamic size by intensity plots showed increase peak width for all

rAAV-CFTR samples at 40C. A low level, HMW species was detected in

fPD 2020 _001-01. However, significant differences in titer and UV may suggest this
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peak is absent in less stable formulations due to precipitation, surface adsorption or
changes in empty/full capsid ratio. Size differences were less obvious by volume, but
polydispersity also proved to be highly sensitive to subtle differences. Consistent with

other test methods rAAV-GFP showed little to no change.

[00488] 40C storage resulted in what appeared to be high 2-10um particle counts
for the A101-GFP formulation (fPD 2020 001-05). It was assumed that this was a
concentration dependent phenomenon (i.e., rAAV-GFP titer was approximately 3-fold
higher than rAAV-CFTR samples). Interestingly, this sample showed a comparatively
low number of particles > 10 um perhaps suggesting the formulation prevents the
formation of larger aggregates. rAAV-CFTR formulated in the same buffer
(fPD_2020 001-01) showed sensitivity to agitation and heat but did appear to resist
formation of particles > 25um. The other rAAV-CFTR formulations showed a slight

tendency toward particles > 25um.

[00489] No significant differences were observed at T = 0, 40hr (@ 1500 rpm or
after 10X FT. However, pH 7 (fPD_2020_001-02) and pH 8 (fPD_2020_001-03)
formulations showed increased LMW species and appeared to be overloaded.
Conversely, fPD_2020_001-01 showed the presence of some HMW bands after 40C
storage. It was unclear, however, if this was artifact related to sample prep or the
staining procedure (e.g. silver-stain is considered non-quantitative). Fortunately,
Western Blot analysis was also performed on the same samples. Western Blot clearly
demonstrated that pH 7 and pH 8 40C samples were overloaded (loaded based on
titer). This further supports the idea that the disproportionate loss in titer compared to
A280 is likely attributed to increased empty capsids. No HMW bands were observed
for the 40C fPD 2020 001-01 sample by Western Blot analysis.

[00490] A bulk of formulation screening efforts had been focused on improving the
physical stability of the rAAV and to a lesser degree monitoring chemical stability.
However, an important piece had still not been addressed; functional activity.
Therefore, rAAV-GFP functional activity was evaluated in three of the formulations
tested in study fPD_2020_001. rAAV-GFP (1.58 a 10" vg/mL), in DPBS + 0.005%
F68, was buffer-exchanged and concentrated into 20mM Citrate pH 6 + 125 mM

NaCl + 0.005% F68 (fPD_2020 002-01), 10mM Potassium Phosphate, pH 7 + 50mM
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Citrate + 50mM NaCl+ 0.005% F68 (fPD 2020 _002-02) or SO0mM Citrate pH 6 + 70
mM NaCl + 0.005% F68 (fPD_2020_002-03) to a target of approximately 3 x 10"
vg/mL. rAAV-GFP formulations were subsequently aliquoted into polypropylene
tubes and stored at room temperature for 13 days. Titer was measured at T =0 (Table
12) and values applied to both T =0 and T = 13-day samples (i.e., same load volume

for functional testing).

[00491] Table 13. fPD 2020 002: A101-GFP Functional Activity Study

Sample fvg/mi}j@T=0 Buffer
fPD 2020 002-01 2.38E+13 20mt Citrate pH 6 + 125 md NaCl + 0.005% F68
10mM Potassium Phosphate, pH 7 + 50mM Citrate +
fPD 2020 002-02 2.28E+13 )
- - ' 50md Nall+ 0.005% F63
fPD 2020 002-03 2.51E+13 50mM Citrate pH 6 + 70 mM Na(l + 0.005% F&8

[00492] Hydrodynamic size was assessed at T = 0. No difference was observed for
the three formulations tested. No loss in A280 signal (Table 14) was observed during

13-day room temperature storage.

[00493] Table 14 Absorbance at 280 nm (A280)

A280 T=0 |13dy@RT
fPD_2020_002_01 227 |2.43
fPD_2020_002_02 216 |2.32
fPD_2020_002_03 224 |2.38

[00494]  Fluorescence Microscopy and Flow Cytometry results demonstrated that
all rAAV-GFP samples showed green fluorescent protein expression while no
fluorescence was observed for the vehicle. Little to no difference was observed in %
GFP positive cells after 13-day room temperature storage implying all three

formulations preserved rAAV functional activity.

[00495] Based on the results of studies fPD 2020 001 and fPD_2020 002 the
decision was made to move forward with a final assessment of two citrate, pH 6
formulations. Purified TAAV-CFTR (4D130109) formulated in 20 mM Citrate, pH 6
+ 125 mM NaCl + 0.005% F68 (fPD_2020 003-01, lot# dPD 2020 007) and 50 mM

Citrate, pH 6 + 85 mM NaCl + 0.005% F68 (fPD_2020 003-02, lot# dPD_2020_007)
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was thawed and aliquoted (~ 100uL) into polypropylene tubes. Two aliquots of each
formulation (n = 2) were used for T = 0 measurements. The remaining vials were
placed at 40C/75%RH and pulled after 4 hours (n=2), 20 hours (n = 2) or 44 hours (n
=2). The 20 mM Citrate, pH 6 formulation (fPD_2020 003-01) used the same buffer
that had shown good stability in prior studies. The 50 mM Citrate formulation was
similar to the 50 mM Citrate, pH 6 formulation identified in prior studies with a slight
change; NaCl concentration was raised from 70 mM to 85 mM to increase the
solution tonicity. Osmolality of 20 mM and 50 mM Citrate, pH 6 buffers were 289
and 295 mOsm/kg, respectively.

[00496] Table 15 fPD_2020 003: Final Formulation Selection Study Samples

Sampie Target [vg/mathisos Buffer Virus Buffer Osmo {mOsmi/kga)
tPD_2020_003-01 3006412 20mbi Citrate pH 6+ 125 mbA Nall + 0.005% F68 | AIGL-CFIR 289
PD_2020 003-02 ' 50miv Citrate pH 6 + 85 md Nall + 0.005% FG8 | A101-CFIR 285

[00497]  Titer analysis by ddPCR (n = 2) was conducted plus and minus DN Aase
pre-treatment. A measurable difference was observed between the two methods
suggesting either the presence free capsid DNA and/or DN Ase susceptible capsids
(e.g. perturbed or chemically damaged). However, 40C/75%RH titer loss was

comparable for the two formulations.

[00498] Increased A280 signal loss was observed for fPD 2020 003-02 (50mM
Citrate, pH 6 formulation) possibly suggesting salting out (or precipitation) of some
part of the soluble fraction. Interestingly, turbidity was increased for fPD_2020_ 003-
01 further suggesting the presence of perturbed species which was maintained in

solution at lower citrate concentration.

[00499] DLS trended with turbidity results. Sample fPD 2020 003-01 showed
detectable levels of a HMW species by intensity at 20 and 44 hours at 40C/75%RH
while the species appeared to be absent in fPD_2020_003-02. This peak accounts for
the differences observed in Peak Area % and Polysdispersity.

[00500] Samples were also analyzed for chemical purity by PAGE. Observations
are as follows. Cleavage products are detected at T = 0 for both formulations.

Presumably these are process impurities carried through downstream purification.
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Low level cleavage products begin to form with prolonged time @ 40C/75%RH. The

chemical purity of both formulations appears to be comparable.

[00501] Based on these results, it was determined that increased citrate might
confer a slight improvement in rAAV-CFTR physical stability at 40C/75%RH.
However, it was unclear if this was a true protective effect or if a concurrent loss in
A280 suggested that a physically unstable species had been salted out. Furthermore,
the 50 mM Citrate showed no reduction in titer loss compared to the 20 mM Citrate
formulation and both formulations appeared to have similar increases in LMW
species by PAGE. Therefore, it was determined that the 50 mM Citrate formulation
did not offer enough improvement to warrant a higher citrate concentration that might

be less tolerated in an inhaled drug product.

[00502] The 20 mM Citrate, pH 6 + 125 mM NaCl + 0.005% F68 formulation was
thus established as the lead formulation for the NHP pilot tox/dose-ranging study.
Tentative pilot tox test article requirements can be found in Table 16. A study
(fPD_2020_006) was conducted to assess the low-dose (~6 x 101 vg/mL) freeze-thaw
stability.

[00503] Table 16 Tentative Test Article Requirement for NHP Pilot Tox

CF Team Request | Transgene Titer fva/mi) Volume (ml] | Aliquots | vglaliquot

Formulation Buffer N/A N/A 0 5.5 1 0
A1O01-CFTR CFTR 3.00E+12 6.00E+11 5.5 3 3.30E+12
Al10Q1-CFTR CFIR 3.00E+13 6.00E+12 55 3 3.30E+13
ALQ1-GFP GFP 3.00E+13 5.00E+12 5.5 3 3.30E+13

[00504] rAAV-CFTR (4D130109, lot# 4DER000060.02, ~3 x 10" vg/mL), in
20mM Citrate, pH 6 + 125mM NaCl + 0.005% F68, was diluted in the same
formulation buffer to a target of approximately 6 x 10! vg/mL (Low dose @ 5.5 mL
total volume). A 100 uL aliquot was removed for T = 0 titer and DLS. The remaining
material was placed in a -80C freezer for 1 hour. The tube was removed and allowed
to thaw at room temperature for 1 hour. The thawed tube was gently inverted to mix

and a 100 uL aliquot was removed for DLS and titer (1X Freeze-Thaw). This process

141



WO 2021/222148 PCT/US2021/029253

was repeated two additional times. After the third freeze-thaw cycle the material was

stored at room temperature overnight.

[00505] Titer showed very little change through 3 freeze-thaw (3X FT) cycles
while slight reduction in titer (~ 10%) was observed when the 3X FT sample was
stored at room temperature overnight. However, this value was still within the

variation of the ddPCR assay and, therefore, considered a worst-case scenario.

[00506] No significant difference in physical stability was observed for freeze-
thaw samples by DLS. Smaller aliquots (~50 uL)) of T =0, 2X and 3X FT samples
were also measured after an additional hour storage at room temp (2 hour total thaw).

No change was observed in these samples.

EXAMPLE 6

In Vitro and Ex Vivo Characterization of 4D-710 in Human Cells

[00507] The ability of an rAAV comprising (i) a capsid of SEQ ID NO:12 and (ii)
a heterologous nucleic acid comprising the nucleotide sequence of SEQ ID NO:45
(4D-710) to transduce human cells and deliver a codon-optimized human CFTR
transgene of SEQ ID NO:43 (cohCFTRAR, encoding a functional CFTR gene with
amino acids 708-759 deleted) was assessed. The human cells were HEK2v6.11,
16HBE140- G542X (accessed through the Cystic Fibrosis Foundation) and ex vivo
ALI non-CF cultures. Protein expression, protein membrane-localization and mRNA

expression of the therapeutic transgene cassette were evaluated.

[00508] Materials and Methods — SDS-PAGE and Western Blot. Cells were lysed

for western blot analysis in PBS containing 1% v/v NP-40 for 30 minutes at 4°C prior
to removal of insoluble material. For western blotting, equal volumes of lysate,
containing 1X loading dye and reducing agent (Thermo Bolt) were heated at 50°C for
10 minutes, then loaded onto 4-12% bis-tris acrylamide gel (Thermo Bolt) and run at
250V for 45 minutes. The gel was semi-dry transferred to 0.2 uM Nitrocellulose
(BIO-RAD) on the “High MW transfer setting of the BIO-RAD Trans-Blot Turbo
(10 minutes, 1.3A). The blot was then rinsed in ultrapure water briefly before being
blocked in 1X iBind Flex solution (Thermo) for 10 minutes. The blot was then
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incubated in 1X iBindFlex solution containing anti-CFTR antibody (Ab660,
CFF/UNC 1:500) or anti-Tubulin antibody (E- 7, DSHB 1:1000) for 2 hours at room
temperature with gentle shaking. Blots were then washed with PBS (Corning)
containing 0.01% Tween-20 (Sigma) for 5 minutes with shaking; this wash step was
repeated two additional times. Blots were then incubated in anti-mouse-HRP
secondary antibody (R&D systems, 1:5000) in 1X iBind Flex solution for 1 hour at
room temperature. Washing steps with PBS-0.01% Tween-20 were then repeated.
Washed blots were then coated in DuraWest HRP Detection Substrate (Thermo) for 5

minutes, and blots were then imaged on a BIO-RAD ChemiDoc Imaging System.

[00509] Materials and Methods — Immunocvtochemistry. For

immunocytochemistry, 2v6.11 cells were grown on poly-L-lysine-coated glass
chamber slides, 16HBE140- were grown on transwell inserts coated with both bovine
collagen I and human plasma fibronectin. At two days (2v6.11) or four days
(16HBE140-) post-transduction, cells were fixed in 4% PFA for 20 minutes at room
temperature in the dark. Cells were then permeabilized with 0.2% Triton-X in PBS
(without calcium and magnesium) and incubated at 4°C overnight with CFTR MM13-
4 antibody (EMD Millipore, 1:100) in blocking buffer. Blocking buffer consisted of
0.2% Triton-X, 5% goat serum, and 2% bovine serum albumin in PBS. After washing
out antibody with PBS-Triton, Secondary Goat anti-Mouse Alexa Fluor- 647
conjugate (Invitrogen, 1:500) was added in blocking buffer for one hour at room
temperature in the dark. Secondary antibody was subsequently washed out. Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI) in PBS, then cover-slipped
with Prolong Gold (Invitrogen), and subsequently imaged. Cells were imaged using a
Zeiss Axio Observer.D1 Fluorescent Microscope. Image processing was performed

using Zeiss Zen 2 software (Carl Zeiss Microscopy LLC, White Plains, NY).

[00510] Materials and Methods — RNA extraction and Droplet Digital PCR. RNA

was isolated from cells using a RNeasy Micro Qiagen Kit (Thermo Fisher Scientific)
and cDNA was made using the Maxima H minus cDNA Synthesis Kit (Thermo
Fisher). cDNA samples were prepared by serial dilution in 1x TE buffer (10mM Tris,
0.1 mM EDTA pH 8.0). Samples were then plated into master mix containing ddPCR
supermix and either a primer/probe set targeting CFTRAR (SEQ ID NO:43) or the

endogenous CFTR gene (Thermo Fisher). Samples were then partitioned into nano-
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liter droplets using the Automated Droplet Generator (BIO-RAD), subjected to
endpoint PCR in a C1000 Touch Thermal Cycler (BIO-RAD), and read on the QX200
Droplet Reader (BIO-RAD) which measures each droplet individually for fluorescent
signal. Data was then analyzed using BIO-RAD’s QuantaSoft software, which uses
Poisson statistical analysis of the positive (droplets containing fluorescent signal
above threshold) and negative (droplets with fluorescent signal below threshold)
droplets to provide absolute quantitation of target sequence(s). Analysis was further

performed using Microsoft Excel.

[00511] Results

[00512] Initial proof-of-concept transgene expression and protein membrane-
localization after transduction with 4D-710 was assessed by transducing the
HEK2v6.11 cell line - a relatively simple system (compared to the more complex
human air-liquid-interface cell model). HEK2v6.11 cells are derived from the human
embryonic kidney line, HEK-293T, with ponasterone A-inducible expression of the
human adenovirus E4 ORF6 protein. Multiple AAV serotypes are capable of high
transduction efficiency in this cell line. Briefly, HEK2v6.11 were grown in DMEM
(Gibco) with 10% FBS and 1% penicillin/streptomycin. Upon confluence, cells were
treated at various MOIs for 48 hours. Ponasterone was added to 1ug/ml to increase
expression from the AAV vector. Cells were analyzed by western blot or by
immunocytochemistry and transduced with 4D-710 for 24 hours and analyzed by
Western blot or by immunocytochemistry (ICC) 48 hours post-transduction. Dose-
dependent transduction of 4D-710 into HEK2v6.11 cells was demonstrated by
western blot at increasing Multiplicity of Infections (MOIs) (Figure 28A). The B
band, which reflects the ER core-glycosylated form of the protein (150 kDa), and the
C band, reflecting fully glycosylated mature form of CFTR (170-180 kDa), can be
seen, suggesting the proper protein translation and cellular processing. Representative
immunofluorescence images further demonstrate dose-dependent transduction (Figure
28B) and cytoplasmic (Figure 28B) and membrane (Figure 28C) expression of CFTR
protein. The nontransduced controls show that endogenous CFTR protein is not
detected, indicating that the protein detected is the transduced CFTRAR transgene.

Thus, not only are the immature and mature forms of CFTRAR made, but membrane
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expression of CFTRAR protein was observed by ICC (using an anti-CFTR antibody

and F-actin antibody to stain the cell membrane).

[00513] Transduction with 4D-710 of a human lung cell line was evaluated.
16HBE140- G542X cells are an immortalized human bronchial epithelial (HBE) cell
line (originally immortalized with the origin-of-replication defective SV40 plasmid)
harboring a CFTR null mutation (G542X, generated using CRISPR-based gene
editing) and do not express CFTR. 16HBE140- G542X cells were cultured in MEM
(Gibco 11095-072) plus 10% FBS (Gibco 26140-079) and 1% penicillin/streptomycin
(Gibco 15140-122). Cells were seeded into trans-well inserts at 9,000 cells per insert.
Media was added to both the top (100 uL) and bottom (500 uL). At day three post-
seeding, cells were treated at various MOIs apically for 72 hours. Cells were analyzed
by immunocytochemistry or reverse transcription-droplet digital polymerase chain
reaction (RT-ddPCR) using primers and probe specific for codon optimized CFTRAR
mRNA (the 4D-710 transgene). To detect exogenous CFTR protein, transduction was
performed in parallel with Doxorubicin treatment (1 uM) for 24 hours in culture
media. To assess transcript levels of codon optimized CFTRAR transgene following
transduction of 4D-710 into human bronchial epithelia cells, I6HBE140- G542X
cultures were transduced with 4D-710 at increasing MOIs. In order to further confirm
transduction of the HBEs with 4D-710, RT-ddPCR was performed to determine the
number of copies of CFTRAR mRNA. Figure 29A shows a dose-dependent response
curve for the number of copies of CFTRAR mRNA for increasing MOIs. In the
presence of Doxorubicin, transduced cells were identified through
immunocytochemistry (Figure 29B), with a greater number of cells transduced at
50,000 MOI versus 35,000 MOI. Thus, dose dependent transduction of human
bronchial epithelial cells and robust expression of the CFTR transgene in these

disease-relevant human cells was demonstrated.

[00514]  Air-liquid-interface (ALI) cultures are from healthy (non-CF) lungs and as
such have endogenous expression of CFTR. Endogenous CFTR was distinguished
from expression of the truncated 4D-710 CFTR transgene using RT-ddPCR using
primers and probe specific for endogenous CFTR or specific for CFTRAR FTRAR
mRNA. Standard ALI culturing of the ex vivo non-CF lungs represents the best in

vitro model of the in vivo lung system (these cultures are complex with non-
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homogenous cell types (like the in vivo lung)). Briefly, ex vivo human ALI non-CF
lung cultures were plated on collagen type IV-coated Corning transwell inserts,
cultured basally in PneumaCult ALI medium (StemCell Technologies 05040) with
inclusion of pen/strep (Gibco 15140-122), gentamycin, and amphotericin B according
to the manufacturer’s protocol. After 30 days post-seeding when the ALI cultures are
mature, cultures were treated at various MOIs apically in the presence of 0.625 uM
idarubicin for 24 hours in culture media. Seven days post-transduction, cells were
analyzed by RT-ddPCR using primers and probe specific for endogenous CFTR or
specific for CFTRAR mRNA. To assess transcript levels of codon optimized
CFTRAR transgene following transduction into ex vivo healthy ALI lung, ALI
cultures were transduced with 4D-710 at MOIs of 50,000 and 100,000 in the presence
of idarubicin. RNA was isolated seven days post transduction and cDNA was
synthesized. RT-ddPCR was run on the prepared samples and transcript levels per
droplet were analyzed as a copies/uL. value. Quantification analyzed the number of
droplets, above the set threshold, containing the transcript of the primer/probe set
examined. Two primer/probe sets were created to specifically differentiate the codon
optimized human CFTRAR transgene, from the endogenous human CFTR gene. Non-
transduced ALI cultures expressed below the limit of quantification levels of
CFTRAR transcript, as expected (Figure 30). Following transduction with 4D-710,
cells demonstrate a dose-dependent increase in CFTRAR transcript (Figure 30). At
50,000 MOI, CFTRAR transcript level is ~80% of endogenous CFTR level (Figure
30). At 100,000 MOI CFTRAR transcript reaches and in some cases is increased over
the endogenous CFTR level (Figure 30). These data illustrate that 4D-710 can
transduce ex vivo lung ALI cultures with dose dependent expression of the CFTRAR
transgene and that at high MOI, there is an increase in CFTRAR mRNA over
endogenous CFTR.

[00515] Conclusions —4D-710 is arecombinant AAV gene replacement therapy
product designed to treat cystic fibrosis caused by CFTR mutations, a respiratory
condition of the lung, preferably by single dose aerosol delivery to the lung. 4D-710
comprises a capsid protein of SEQ ID NO:12, identified by directed evolution as
surprisingly useful for delivery of therapeutic gene products to the lung, and a

heterologous nucleic acid comprising the nucleotide sequence of SEQ ID NO:45 (the
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nucleotide sequence of SEQ ID NO:45 comprises a codon optimized human cystic
fibrosis gene therapy payload (SEQ ID NO:43) operably linked to a CMV173
promoter (SEQ ID NO:44)). The in vitro and ex vivo data provided herein with human
cells have demonstrated that 4D-710 restores human CFTR transcript and transgene
expression in human bronchial epithelia cells containing a cystic fibrosis Class I
mutation and in healthy ALI lung cultures. Furthermore, the CFTR protein, expressed
following transduction of 4D-710, was expressed, post-translationally glycosylated
and localized to the cytoplasm and cell membrane in HEK2v6.11 cells. These data
demonstrate that 4D-710 is capable of transducing a human lung cell line and
delivering detectable CFTRAR mRNA leading to dose-dependent production of
CFTR protein and localization of the expressed CFTR protein to the membrane.
Combined with the data of Example 3 and Example 7 demonstrating safe, robust and
widespread transduction and transgene expression throughout the primate lung
following aerosol delivery, with minimal systemic exposure, these data represent a
significant advance over existing AAV serotypes for the development of gene

therapies for cystic fibrosis and other pulmonary disorders.

Example 7
Dose range and pilot safety study for aerosol delivery of 4D-710 to the lungs of

Cynomolgus monkeys

[00516] An in vivo study was initiated to test safety and transduction activity of the
4D-710 therapeutic product in a pilot study in Cynomolgus monkeys to assess the
ability of engineered viral vectors to transduce cells and express the CFTRAR
transgene in the airway, lungs, and other tissues following a single aerosolized
administration within a range of dose levels. As discussed in Example 6, 4D-710 is
an rAAV comprising a capsid protein of SEQ ID NO:12 and a heterologous nucleic
acid of SEQ ID NO:45. The heterologous nucleic acid component of 4D-710
comprises the nucleotide sequence of SEQ ID NO:43 — a codon optimized human
CFTRAR transgene - operably linked to the CMV 173 promoter of SEQ ID NO:44.
The expression and function of the intended therapeutic transgene cassette was
characterized in vivo in Cynomolgus primates. Sera was pre-screened to identify
animals that were seronegative for pre-existing neutralizing antibodies to the test

article capsids. Animals received vehicle (formulation buffer only), 3 x 10'? vg of 4D-
147



WO 2021/222148 PCT/US2021/029253

710, or 3 x 10%? vg of 4D-710, delivered endoscopically just below the larynx using
the AeroEclipsell device (Trudell Medical) to ensure optimal delivery to the distal
lung. After eight weeks, select tissues (lung, heart, skeletal muscles, liver, kidney,
pancreas, spleen, brain, spinal cord, tracheobronchial lymph nodes, and testes) were
harvested for analyses. Viral genomes were quantified via qPCR. Tissue samples that
contained detectable viral genomes were assessed for CFTRAR transcript by RT-
gPCR, and lung samples were sectioned and imaged for CFTR protein expression by

IHC.

[00517] The data below demonstrate that nebulized delivery of 4D-710 resulted in
robust delivery of viral genomes to all regions of the lung, including the peripheral
(bronchioalveolar) regions, with minimal systemic biodistribution, and 4D-710
mediated CFTRAR transcript and protein expression to all regions of the lung. There
were no reported adverse safety findings in animals dosed with vehicle, or test article

4D-710 (3x10'? and 3x10" vg).

[00518] Materials and Methods

[00519] Neutralizing Antibody Assay

[00520] HEK2v6.11 cells (obtained from John Hopkins University) were plated on
black opaque 96 well plates at a cell density of 30,000 cells/well in Dulbecco’s
modified Eagle medium (DMEM; Coming) with 1% heat inactivated fetal bovine
serum (FBS; GE Healthcare Life Sciences) and 1% penicillin/streptomycin
(Invitrogen). Cells were allowed to adhere to the plate for 24 hours prior to starting

the experiment.

[00521] Each non-human primate (NHP) serum sample was assayed at dilutions of
1:10, 1:25, 1:50. Each plate contained positive and negative controls for transduction.
NHP serum samples were incubated with virus at 37°C for 1 hour. Each well was
infected with 4D-A101.CAG-Luciferase (rAAV comprising a capsid protein of SEQ
ID NO:12 and a heterologous nucleic acid encoding luciferase operably linked to a
CAG promoter) at an MOI of 1,000. Following a 1 hour incubation, each NHP serum
sample plus 4D-A101.CAG-Luciferase dilution was added to individual wells of
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black opaque 96 well plates containing HEK2v6.11 cells. Luciferase was detected by
ONE-Glo EX Luciferase assay kit (Promega) 48 hours post-transduction. With the
addition of the ONE-Glo EX, cells were lysed, and luciferase substrate was added to

the cells in a single step. Luminescence was read using a Cytation 3 microplate reader
(BioTek).

[00522] Coefficients of variation (CV) and standard deviations were calculated for
all NHP serum sample dilutions and each point of the standard curve. NHP serum
samples were normalized to the positive transduction control. Each NHP was assigned
aneutralizing antibody titer. The neutralizing antibody titer for each NHP serum
sample was defined as the lowest serum dilution at which > 50% transduction was
observed. NHPs for which > 50% transduction at 1:10 serum dilution was observed

were considered for inclusion in the study.

[00523] Test System and Immunosuppression

[00524] Seven male cynomolgus macaques were included in the study. Animals
ranged in age from 4.7 years to 4.9 years and ranged in weight from 3.8 kg to 6.0 kg.
Animals received methylprednisolone (10 mg/kg, intramuscular) immunosuppression
once weekly starting on day -7 until one week prior to euthanasia and tissue collection
(D49). Additional details are provided in the contract research organization (CRO)
study report (Preclinical Study Report Pending).

[00525] Test Article Preparation and Administration

[00526] Test article (TA) lots of 4D-710 and vehicle were diluted in formulation
buffer to deliver final doses of 3 x 10'* vg and 3 x 10'* in 5 mL. TAs were thawed at
room temperature for >1 hour and tubes inverted gently 5x before adding 5 mL to the

delivery device (AeroEclipsell).

[00527] The animals were anesthetized with Telazol (IM, 7 - 8 mg/kg) and a cuffed
endotracheal tube (size 4.5) was placed in the trachea just below the larynx and
secured to avoid slipping out during transport and placement in the chair. Thereafter,
they were positioned in a chair in an upright position in order to connect the
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endotracheal tube to the aerosol generation system. Animals were covered with
blankets and Bair Hugger for external heat and heart rate and O2 saturation were

monitored during exposure and recovery from anesthesia.

[00528] The aerosol generation and delivery system used an AeroEclipse Il Breath
Actuated Nebulizer (BAN, Trudell Medical International, Canada) for aerosol
generation. A total of five (5) mL of control or test article were delivered to
anesthetized animals via endotracheal tube. The nebulizer was operated in continuous
aerosol generation mode by switching the knob at the cap of the nebulizer. In

addition, the vent holes inside the cap of the nebulizer were plugged.

[00529] Animal Observations

[00530] Twice daily cage-side observations were performed per CRO husbandry
SOP Procedures for Care and Management of Indoor Nonhuman Primates. On
treatment and procedure days, animals were closely observed by study personnel.
Main observations included, but were not limited to signs of vomiting, lethargy,
respiratory distress, and cyanosis, discoloration of mucous membranes, emesis, and

irregular discharge from orifices or bloody stool/urine.

[00531] Blood Collection

[00532] Animals were fasted overnight with free access to drinking water prior to
any blood collections and fed immediately thereafter. Blood samples for clinical
pathology and antibody titer and immunogenicity analysis were collected by
venipuncture of femoral vein. Samples (1 mL in EDTA) for hematology and complete
cell count were shipped to an outside reference laboratory (IDEXX) on day of
collection to be analyzed with 24 to 48 hours after collection. Samples for clinical
chemistry (1 mL in SST) were analyzed by CRO’s Pathology Laboratory on day of

collection.
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[00533] Bronchoalveolar Lavages (BAL)

[00534] Fasted animals were anesthetized with ketamine hydrochloride followed
by isoflurane inhalation per SOP Anesthesia of Nonhuman Primates. A properly sized
cuffed endotracheal tube was inserted just proximal to the carina to allow the insertion
of a pediatric fiberoptic bronchoscope to perform BAL per SOP ACL-1536
Procedures for Conducting Lung Lavage and/or Bronchoscopy in Nonhuman
Primates. Samples from both sides of the lung were collected at baseline (D-7) and 4
weeks after treatment. Three 10 mL aliquots of Dulbecco’s PBS were introduced in
the appropriate side of the lung through the bronchoscope and aspirated sequentially.
The lavage isolates from the first wash were kept separate and the 2" and 3™ wash
combined during collection and kept on wet ice until processing within less than 2
hours after collection. Combined cells from all washes were counted and slides were

prepared to perform differential cell counts using morphological criteria at CRO.

[00535] Euthanasia and Necropsy

[00536] For euthanasia, animals were anesthetized with ketamine (11.0 to 12.4
mg/kg, IM) followed by IV injection of euthanasia solution per CRO SOP, Large
Animal Euthanasia. After confirming the death, the necropsy was performed by
trained necropsy personnel per CRO SOP Necropsy Procedure for Nonrodent Species
and tissues collected, weighed, preserved and examined. Tissues were processed

accordingly for DNA and RNA or prepared for histopathology analysis.

[00537] Animals were perfused with heparinized saline prior to collection of any
tissue. Lungs & trachea, skeletal muscle (diaphragm, triceps brachii, and vastus
lateralis), heart, liver, spleen, pancreas, testes, kidney, brain, tracheobronchial lymph
nodes, and spinal cord were collected. Each tissue was separated into different regions
and multiple samples collected from each region. Gross necropsy examination of
major peripheral organs was performed, and tissue samples collected from any
identified lesions. Samples of tissue were collected and flash frozen for subsequent
DNA or stored in RNALater for subsequent RNA isolation. Additional samples were
collected and fixed in 10% neutral buffered formalin for subsequent paraffin

embedding and sectioning for immunohistochemistry.
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[00538] The trachea and lungs were sampled extensively to provide multiple
samples for each analysis process. The lungs were harvested and clamped as superior
on the trachea as possible. The right lung was clamped twice, approximately 1 mm
apart, on the mainstem bronchi. The right lung was removed by cutting between the
clamps. Sixteen samples each for DNA and RNA isolation were collected from
regions of the right lung encompassing the primary/secondary bronchi, tertiary
bronchi, and alveoli, as described in Figure 16. The trachea and left lung were inflated
with fixative and fixed in 10% neutral buffered formalin. The trachea and left lung
were then sectioned to encompass samples of the trachea, primary/secondary bronchi,

tertiary bronchi, and alveoli, as described in Figure 16.

[00539] Viral Genome Biodistribution and Transgene Expression

[00540] A real-time quantitative Polymerase Chain Reaction (qPCR) and a reverse-
transcriptase real-time quantitative Polymerase Chain Reaction (RT-qPCR) method
were developed for quantification in NHP tissues. Quantification of viral genomes in
the lung of NHPs from each group was performed by qPCR and RT-qPCR using
primers and probes against (and specific for) the codon optimized transgene (SEQ ID
NO:43). Viral titers measured in tissue is expressed as number of copies per ug of
DNA (BLQ = 50) and transgene transcript is expressed as number of copies per

reaction of 250 ng RNA (BLQ =25).

[00541] Immunohistochemistry was performed in the trachea and left lung tissue
samples encompassing samples of the trachea, primary/secondary bronchi, tertiary
bronchi, and alveoli, as described in Figure 16 from all animals. The CFTR IHC assay
was performed using a Roche Discovery ULTRA autostainer and detection reagents,
CCI1S antigen retrieval protocol and tyramide amplification kit, and anti-CFTR mouse

monoclonal antibody (Abcam ab270238 M3A7).
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[00542] Results

[00543] Anti-AAV Neutralizing Antibody Screen Identifies NHP for Study

Inclusion

[00544] A neutralizing antibody assay was used in order to assess levels of
neutralizing antibodies against the 4D-A101 capsid (comprising a capsid protein of
SEQ ID NO:12) in NHP serum. Each NHP serum sample was assigned a neutralizing
antibody titer. An animal was considered seronegative and passed the study inclusion

criteria if = 50% transduction was observed at a 1:10 serum dilution.

[00545] In total, 50 NHP serum samples were evaluated. Assay acceptance criteria
was set for 1) the coefficient of variance (CV) of the standard curve, 2) CV of the
unknown serum samples, and 3) percent deviation from actual input protein for the
standard curve. Acceptable CVs for the standard curve were defined as < 25%.
Acceptable CVs for the unknown serum samples within the limit of quantification
were defined as <30%. Acceptable percent deviation from input protein for the
standard curve was defined as < 25%. All plates met all assay acceptance criteria, and
the data from these plates were used for evaluation. Overall, 19 (38%) NHP serum
samples evaluated were seronegative for 4D-A101 (Figure 31). The NHPs with the
highest percent transductions at the 1:10 serum dilution and passed health screening at
the vendor were selected for study inclusion. The selected NHP IDs and the percent

transduction at the 1:10 dilution is reported in Table 17:

Table 17: NHPs Included in Study

Assay # NHP ID # % Transduction at 1:10

1 2DRPL2-39C-B-A BLQ

2 2DRPL2-4C-E 10

3 2DRPZ2-18C-G BLQ

4 2DRPZ2-26C-H BLQ

5 2DRPZ2-27C-F 115

6 2DRPZ2-9C-1 96

7 2DRPZ4-16C-B BLQ
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8 2DRPZ6-30C-( 100
9 DPC15-39A-K BLQ
10 DPL8-26A-L 74

11 DRP8BL-22K-E 58
12 DRPL13-9A-K 112
13 DRPL3-37D-B 102
14 DRPL4-2D-C 89

15 DRPL5-17D-B 11
16 DRPL7-31D-A 97
17 DRPS1-31C-G BLQ
18 DRPS15-53B-A 118
19 DRPS7-11B-H BLQ
20 DRPZ10-19B-1 BLQ
21 DRPZ11-18C-E 40
22 DRPZ12-21A-D-E BLQ
23 DRPZ12-33A-L BLQ
24 DRPZ13-44A-1 BLQ
25 DRPZ1-5D-D 78
26 DRPZ16-12C-A BLQ
27 DRPZ16-20B-A-C 12
28 DRPZ16-2B-F 78
29 DRPZ2-24D-A BLQ
30 DRPZ31-13C-G BLQ
31 DRPZ33-36C-A 25
32 DRPZ34-7C-A BLQ
33 DRPZ3-9C-H 56
34 DRPZ40-18C-C 20
35 DRPZ40-22C-C 69
36 DRPZ4-17B-G BLQ
37 DRPZ4-36B-F 112
38 DRPZ5-13D-( 92
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Assay # NHP ID # % Transduction at 1:10
39 DRPZ5-62A-E 70
40 DRPZ6-37D-C BLQ
41 DRPZ7-105B-K 49
42 DRPZ7-28B-1 BLQ
43 DRPZ7-77B-] BLQ
44 DRPZ9-16C-G BLQ
45 DRPZ9-86C-C BLQ
46 PRPL2-49C6-A 93
47 PRPL2-74C6-A 32
48 PRPL7-21C6-A BLQ
49 PRP19-33C6-A 116
[00546] Nebulized Delivery of 4D-710 is Well-Tolerated in NHP

[00547]

The study design is summarized in Table 18:

Table 18: Study Design Summary
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[00548] No animal died or was euthanized prematurely during the conduct of this
study. None of the animals showed any signs of distress or health issues related to the
TA exposure during the study duration. No loss in appetite and change in eating
behavior was observed during treatment and sample collections. No treatment related

changes in body weight occurred during this study.

[00549] Samples for hematology and complete cell count were shipped to an
outside reference laboratory (IDEXX) on day of collection and analyzed within less
than 48 hours after collection. Samples for clinical chemistry endpoints were analyzed
by CRO’s Pathology Laboratory on day of collection. Some of the clinical chemistry
parameters were altered over time but no difference between vehicle group compared
to both dose levels of 4D-710 treated group at any of the time points was observed.
Similarly, no major changes in any of the hematology and blood cell counts were seen

eight weeks after inhalation treatment compared to baseline levels.

[00550] Cell differentials and cell numbers in lavage fluid were determined for
right and left lavage side and all data are presented as average from both sides. Total
cell numbers and differentials in BALF were not different between treatment groups
measured on D28 compared to baseline levels and due to variability and small sample

size no further conclusions can be made.

[00551] Organ weights and weights relative to the body weight were collected on
day of euthanasia for all treatment groups. The organ weights and weights normalized

to body weights were not different between any of the treatment groups.

[00552] No major findings were reported during gross examination at necropsy.
Microscopic examination concluded that there were no treatment related observations

in the tissues examined.
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[00553] 4D-710 Mediates Robust Gene Delivery to All Regions of the Lung

[00554] Viral genomes were quantified in a tiered approach for samples obtained
during necropsy to determine the genomic biodistribution of 4D-710. All lung
samples obtained from vehicle, 3 x 10! vg, and 3 x 10" vg dosed animals were
analyzed. Brain, spinal cord (cervical, thoracic, and lumbar regions), heart, liver,
spleen, pancreas, kidney, skeletal muscle (triceps brachii, vastus lateralis, diaphragm),
tracheobronchial lymph node, and testes samples collected from 3 x 10'* vg dosed
animals were all analyzed. Tissues that had above BLQ levels of viral genomes were
then analyzed at the lower 3 x 10'? vg dose (data is pending). Data is reported as viral

genomes per ug of DNA.

[00555] The results for gPCR analysis indicate a uniform delivery of the virus
throughout the different lung regions, which represented samples from the alveolar
sacs (distal), tertiary bronchi (medial), and primary/secondary bronchi (proximal),
except for samples marked with R6. This sample was hard to collect due to the
proximity to the carina and therefore the location for separation and tying off the right
and left side of the lung (see Figure 16). The average number of copies for the
remaining sample locations for 3 x 10'* vg and 3 x 10" vg dose group were 10* and
10°, respectively (Figure 32A). The at least 10-fold difference between low and high
dose group is well in line with the 10-fold difference in treatment dose. For all
animals within the same treatment group, no significant differences in the quantity of
viral genomes within different lung lobes or different lung regions were noted (Figure

32B).

[00556] Non-lung systemic exposure was measured in the animals dosed with 3 x
10" vg 4D-710 (Figure 32C). Animals had detectable viral genomes ~10* vg/ug
present in tracheobronchial lymph nodes (Figure 32C). The pathology reads on these
animals for this tissue are normal. One NHP had detectable viral genomes in the
spleen (Figure 32C), with the pathology reads stated as normal. All other samples
tested from brain, spinal cord, heart, liver, pancreas, kidney, skeletal muscle, and
testes were below the lower limit of quantification (Figure 32C). No test article

related pathologies reported. Therefore, nebulized delivery of 4D-710 results in safe

157



WO 2021/222148 PCT/US2021/029253

and robust delivery of viral genomes to all regions of the lung, with minimal non-lung

systemic exposure.

[00557] 4D-710 Mediates Transgene Expression to All Regions of the Lung

[00558] CFTRAR transcript was quantified in a tiered approach for samples
obtained during necropsy to determine transgene expression of 4D-710. All lung
samples obtained from vehicle, 3 x 10! vg, and 3 x 10" vg dosed animals were
analyzed. Brain, spinal cord, heart, liver, spleen, pancreas, kidney, skeletal muscle,
tracheobronchial lymph nodes, and testes samples collected from the 3 x 10%* vg
dosed animals were all analyzed (data is pending). Tissues that had above BLQ levels
of transcript were then analyzed at the lower 3 x 102 vg dose (data is pending). Data

is reported as copies per reaction of 250 ng RNA and graphed as copies per pg RNA.

[00559] The results for RT-qPCR analysis indicate successful transduction and
transcript expression in the lung. In the 3 x 10"* vg dosed animals, 44 out of 48 lung
samples were above BLQ with ~10° copies per ug RNA with no vehicle samples
above BLQ (Figure 33A). Three of the four BLQ samples were from the same R6
sample location where collection was technically challenging, and one NHP had an
additional sample BLQ. Transduction throughout the different lung regions (Figure
33B), which represented samples from the alveolar sacs (distal), tertiary bronchi
(medial), and primary/secondary bronchi (proximal), except for samples marked with
R6 (see rationale above) was observed. In contrast, in the lung samples from the lower
dose 3 x 10! vg animals, 41 out of 48 samples were BLQ. These data suggest that a
dose of 3 x 10'* vg, 4D-710 is able to quantifiably transduce NHP lung tissue and
express the therapeutic CFTRAR transcript.

[00560] CFTR protein expression detected by immunohistochemistry shows
increased CFTR expression in 4D-710 treated NHP lung when compared to vehicle in
tracheal epithelium, bronchial epithelium, and alveoli sections (Figure 34A). Robust
increased CFTR expression is observed in all of the 3 x 10'* vg treated animals
(Figure 34B) compared to vehicle (Figure 34A). These results demonstrate that

nebulized delivery of 4D-710 mediates protein expression to all regions of the lung.
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[00561] Conclusions

[00562] The therapeutic product, 4D-710, was characterized by aerosol delivery to
Cynomolgus macaques. Sera was pre-screened to identify animals that were
seronegative for pre-existing neutralizing antibodies to the test article capsid 4D-
A101. Animals received either vehicle (formulation buffer), a 3 x 10'? vg dose of 4D-
710, or a3 x 10" vg dose of 4D-710, delivered using the AeroEclipsell device.

[00563] A high quantity of viral genomes and resulting CFTRAR transcript
expression and CFTR protein expression was observed in lung samples across the
NHPs in the study, which represented samples from the alveolar sacs, tertiary bronchi,
and primary/secondary bronchi. A single spleen sample had low but detectable viral
genomes present, and all samples from all other tissues showed no detectable viral
genomes. These data demonstrate that nebulized delivery of 4D-710 results in safe
and robust delivery of viral genomes to all regions of the primate lung (trachea,
alveoli and bronchial epithelium), with minimal systemic biodistribution. These data
further demonstrate that 4D-710 mediates robust expression of CFTRAR mRNA and
protein product to all regions of the lung, including the alveoli confirming the
suitability of rAAV with capsids comprising a capsid protein of SEQ ID NO:12 as a
pulmonary delivery vector for the treatment of a variety of pulmonary disorders and
specifically support the use of 4D-710 (comprising a capsid protein of SEQ ID NO:12
and a heterologous nucleic acid of SEQ ID NO:45) for the delivery of a biologically
active CFTR therapeutic transgene for the treatment of cystic fibrosis in human

patients.

[00564] While the present invention has been described with reference to the
specific embodiments thereof, it should be understood by those skilled in the art that
various changes may be made and equivalents may be substituted without departing
from the true spirit and scope of the invention. In addition, many modifications may
be made to adapt a particular situation, material, composition of matter, process,
process step or steps, to the objective, spirit and scope of the present invention. All

such modifications are intended to be within the scope of the claims appended hereto.
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CLAIMS

1. A recombinant adeno-associated virus (rAAV) vector comprising (i) a
capsid comprising a capsid protein of SEQ ID NO:12 and (ii) a nucleic acid
comprising from 5' to 3': (a) an AAV?2 terminal repeat (b) a promoter (c) a nucleotide
sequence encoding a human cystic fibrosis transmembrane conductance regulator
(CFTR) protein or a biologically active truncated CFTR protein lacking amino acids
708-759 of the human CFTR protein sequence (d) a polyadenylation sequence and
(e) an AAV?2 terminal repeat.

2. The rAAV virus according to claim 1, wherein the nucleotide sequence
encoding human CFTR has the nucleotide sequence of SEQ ID NO:43 or a sequence
at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at least 98% or at
least 99% identical thereto.

3. The rAAV virus according to claim 1 or 2, wherein the promoter is a
constitutive promoter, optionally a truncated version of the CMV immediate/early

enhancer/promoter.

4. The rAAV virus according to claim 1 or 2, wherein the promoter is a tissue
specific promoter, preferably wherein the promoter directs preferential expression of

the nucleic acid in a lung cell.

5. The rAAYV virus according to claim 1 or 2, wherein the promoter is a
CMV 173 promoter and is operably linked to the nucleotide sequence encoding human

CFTR.

6. The rAAV virus according to claim 5, wherein the CMV173 promoter has
the sequence of SEQ ID NO:44.

7. The rAAV virus according to claim 1, wherein the nucleic acid comprises

the nucleotide sequence of SEQ ID NO:45.

8. A method for treating cystic fibrosis or a lung disease associated therewith
in a subject in need thereof, comprising administering to the subject a therapeutically
effective amount of an infectious rAAV according to any one of claims 1-7, wherein

the subject is preferably administered an amount of the rAAV effective to ameliorate
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one or more characteristics of cystic fibrosis, optionally selected from upper airway

inflammation, aberrant epithelia cytokine signaling and elevated IgE levels.

9. The method according to claim 8, wherein the rAAV is administered to the
subject by pulmonary (bronchial) and/or nasal administration, preferably by

inhalation, preferably is administered in a single dose.

10. The method according to claim 8 or 9, wherein the rAAV is administered
to the subject at one or more doses of between 1 x 10'* to 5 x 10'* vector genomes

(vg), more preferably between 1 x 10 and 1 x 10%° vg.

11. AnrAAV according to any one of claim 1-7 for use in the treatment of

cystic fibrosis or a lung disease associated therewith.

12. An rAAV according to any one of claims 1-7 for use in the manufacture of
a medicament for the treatment of cystic fibrosis or a lung disease associated

therewith.

13. A pharmaceutical composition suitable for inhalation comprising an rAAV
according to any one of claims 1-7 and a buffer comprising about 10 mM to about 50
mM citrate, about 70 mM to about 150 mM NaCl and optionally a surfactant,
preferably a non-ionic surfactant such as Pluronic F-68, more preferably about

0.005% Pluronic F68, and having pH of about 6.0.

14. The pharmaceutical composition according to claim 13, comprising about
20 mM to about 50 mM citrate, about 85 mM to about 125 mM NaCl and about
0.005% Pluronic F68 and having a pH of about 6.0

15. The pharmaceutical composition according to claim 14, comprising about
20 mM citrate, about 125 mM NaCl and about 0.005% Pluronic F68 and having a pH
of about 6.0.

16. The pharmaceutical composition according to any one of claims 13 to 15

comprising between from 10! to 10 vector genomes (vg) per ml.

17. The pharmaceutical composition according to claim 16, comprising from
about 1 x 10" to about 9 x 10!* vg/ml, preferably from about 2 x 10'* to 6 x 1013
vg/ml, more preferably about 2 x 10" vg/ml.
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18. The pharmaceutical composition according to any one of claims 13 to 17,
wherein the pharmaceutical composition is in the form of a liquid/suspension suitable
for aerosolized delivery or is formulated as an aerosol and/or is an inhaled dosage

form.

19. A method for treating cystic fibrosis or a lung disease associated therewith
in a subject in need thereof, comprising administering to the subject a pharmaceutical

composition according to any one of claims 13 to 18.

20. A method of delivering a heterologous nucleic acid to a lung cell
comprising contacting the lung cell with an rAAV virion comprising (1) a capid
comprising a capsid protein of SEQ ID NO:12 and (ii) a heterologous nucleic acid
comprising a nucleotide sequence encoding a gene product, whereby the gene product

is expressed in the lung cell.

21. The method according to claim 20, wherein the heterologous nucleic acid
comprises a nucleotide sequence encoding a human cystic fibrosis transmembrane
conductance regulator (CFTR) protein or a biologically active truncated CFTR protein

lacking amino acids 708-759 of the human CFTR protein sequence.

22. The method according to claim 21, wherein the heterologous nucleic acid
comprises the sequence of SEQ ID NO:45 or a sequence at least 80%, at least 85%, at
least 90%, at least 95%, at least 97%, at least 98% or at least 99% identical thereto.

23 The method according to any one of claims 20 to 22, wherein the lung cell

is an airway epithelial cell.

24. The method according to claim 23, wherein the epithelial cell is an
alveolar epithelium cell, a bronchial (primary, secondary or tertiary) epithelial cell or

a tracheal epithelial cell.

25. The method according to claim 24, wherein the lung cell is a lung alveolar

epithelial type 1 (AECI) or type 2 (AECII) cell.

26. The method according to any one of claims 20 to 22, wherein the lung

cell 1s a smooth muscle or endothelial cell.
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27. A method for treating a pulmonary disease, comprising administering
to a subject in need thereof, a therapeutically effective amount of a recombinant AAV
(rAAV) comprising (i) a capsid comprising a capsid protein comprising the amino
acid sequence set forth as SEQ ID NO:12 and (ii) a heterolous nucleic acid
comprising a nucleotide sequence encoding one or more gene products operably
linked to one or more promoters, or administering to the subject a pharmaceutical

composition comprising the rAAV.

28. The method according to claim 27, wherein the pulmonary disease is
selected from chronic obstructive pulmonary disease (COPD), idiopathic pulmonary
fibrosis (IPF), pulmonary arterial hypertension, pulmonary hypertension, lung cancer
(primary, secondary and metastatic), surfactant deficiency, viral and/or bacterial
infection, cystic fibrosis, acute bronchitis, pneumonia (including viral, bacterial, and
fungal pneumonia), respiratory tract infections (including pharyngitis, croup,
aspergillus, coocidiomycosis, hantavirus pulmonary syndrome, and histoplasmosis),
chemical and hypersensitivity pneumonitis, tuberculosis and other mycobacterial
infections (including but not limited to mycobacterium avium), sarcoidosis,
respiratory syncytial virus, pulmonary edema, acute respiratory distress syndrome
(ARDS), pneumoconiosis (including black lung disease, asbestosis, and silicosis),
interstitial lung disease (including sarcoidosis and autoimmune disease), pulmonary
embolism, pleual effusion, pleuritis, mesothelioma, pneumothorax, actue bronchitis,
bronchiolitis (including bronchiolitis obliterans), sudden infant death syndrome, sleep
apnoea, bronchiectasis, bronchopulmonary dysplasia, cryptogenic organizing
pneumonia, E-cigarette or vaping use associated lung injury (EV ALI), Middle Eastern
Respiratory Syndrome (MERS), primary ciliary dyskinesia, Severe Acute Respiratory
Syndrome (SARS), alpha-1-antitrypsin deficiency, asthma, interstitital lung disease,
and COVID-19 (Coronavirus Disease 2019).

29. The method according to claim 28, wherein the pulmonary disease is
chronic obstructive pulmonary disease (COPD) or idiopathic pulmonary fibrosis

(IPF).

30. The method according to claim 29, wherein the pulmonary disease is
COPD, and wherein the rAAV optionally comprises a heterologous nucleic acid
encoding a gene product targeting one or more genes selected from alpha-1-
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antitrypsin, alpha-1-antichymotrypsin, alpha-1-macroglobulin, matrix
metalloproteinase 1 (MMP1), matrix metalloproteinase 12 (MMP12), microsomal
epoxide hydrolyase, CYP1A1, Glutathione S-transferase, heme oxygenase-1, TGF-
beta-1, TNF-alpha, IL-1 complex, IL-8, IL-13, human leukocyte antigen (HLA-B7

and Bw16), vitamin D binding protein, and beta-2-adrenergic receptor.

31. The method according to claim 29, wherein the pulmonary disease is IPF,
and wherein the rAAV optionally comprises a heterologous nucleic acid encoding a
gene product targeting one or more genes selected from SFTPA1 (surfactant A1) and

Caveolin-1.

32. The method according to claim 28, wherein the pulmonary disease is
alpha-1-antitrypsin deficiency and wherein the rAAV comprises a heterologous

nucleic acid encoding a functional alpha-1-antitrypsin.

33. The method according to any one of claims 27 to 32 wherein the rAAV
or pharmaceutical composition is administered by pulmonary, endobronchial,

intranasal, intratracheal, and/or intrabronchial administration.

34. The method according to any one of claims 27 to 33, wherein at least one
dose of about 10'% to 10" vector genomes (vg) of the rAAV is administered to the

subject.

35. The method according to claim 34, wherein the subject is administered

about 1 x 10" to about 5 x 10'° vg, preferably about 1 x 10 vg to about 1 x 10% vg.

36. A nucleic acid encoding a biologically active human CFTR protein
lacking amino acids 708-759 and codon optimized for expression in humans, the
nucleic acid comprising the nucleotide sequence set forth as SEQ ID NO:43 or a
sequence at least 80%, at least 85%, at least 90%, at least 95%, at least 97%, at least
98% or at least 99% identical thereto.

37. The nucleic acid of claim 36 comprising or consisting of the nucleotide

sequence set forth as SEQ ID NO:43,
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38. An expression cassette comprising the nucleic acid according to claim 36
or 37 and an expression control sequence operably linked and heterologous to the

nucleic acid sequence.

39. The expression cassette of claim 38, wherein the expression control
sequence comprises a CMV 173 promoter having the nucleotide sequence set forth as

SEQ ID NO:44.

40. The expression cassette of claim 38 or 39, comprising from 5' to 3": (a) an
AAV?2 terminal repeat (b) an CMV 173 promoter (¢) codon optimized gene of SEQ ID
NO:43 (d) an AAV?2 terminal repeat.

41. The expression cassette of claim 40, further comprising an SV40

polyadenylation sequence between (c) and (d).
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5. AAVS wansiation
&.
7
8
g
1

AAVE wansiation
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280 230 300
SHDNHYFGYSTPWGYFDFNRFHCHFSPRDW

SNDNHYFPGYSTPWGYFDEFNRFHCHFSPRDW
SHONBYFGYSTPWGYFDFRRFHCHFEPRDY
SHDNHYFPGYSTPWGYFDFNRFHCHFSPRDW
=N TYRGFS TPHGYFDFRRYHCHEYEPRDYW
CNANAYFGYSTPWGYFDFRRFHUESHWS FRDY
SRDNBYFGYSTPUHGYFDIRRFHEHCHFSPRDW
ITNDNTYFGYSTPWGYPDFNRFHCHEFEPRDYW
TNDHTYPGYSTPWGYFDFNRFHCEFEPRDVW
SNDRAYFGYSTPWGYFDYNRFHCHFSPRDW
SNDRNHYFPGYSBTPWGYFDFNRFHCHFEPRDW

CQRLIRNNWGFRPERLRFRKLFRIQVEKEVTTHN
ORLIRNNWCFRPERLRFELFRIQVKEVTQON
OQRLINKNNWGFRPEELEFRLFRIQVRGVTION
QRLINNNWGKMRPKAMRVEKIFNIQVEKEVTITS
QRLINNYWGFRERSLRVEIFNIQVEEVIVQ
QRLINNNWGFRPEKRLNFKLFNIQVKEVTITH
OQRLINNNWGFRPERELRFELFNIQVEKEVTITH
QRLYNNNWGFRPERLSFRLFNIQVEEVTON
QRLINNNWGFRPRRLEFEXLFRIQVKEVTIDH
QRLINNNWGFRPERLRFELFNIQVEEVTITH

348 338 380

QGVTTIANN.{;TS TVQVFTQéEYQ&?YVLGé
.

DGVITIANNLTSTVQUVFSDSEYQLPYVLGS
DETTTIANNLTSTVOQUVFTDEEYQLPYVLGS
DGTTTIANRLTSTVQVFTDEEYQLPYVLGS
HGETTVANNLTETVQIFADSEYELPYVHEDA
DSTTTIANNLTETVOQVFTDDDYQLPYVVGH
DEGVTITIARNLTSTVQVFSDEEYQLBYVLGS
DEGVITIARNLTSTIQVFSDESEYQLPYVLGS
ECTRETIANNLTSTIQVEFTDEEYQLPYVILEGS
HGVEKTIANNLTSTVOQVFTDSDYQLBYVIEGS
DEVITIANNLTSTVOVFSDEDYQLPYVLGS
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AAY1 transiation
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270 380 380
AUQGCLPPFRADVFMIPQYGYLTLE~~NGS

ARQGCLPPFPADVFMIPOYGYLTIN~~HGS
ARBQGCLPPFPADVFMVPQYGYLTLE~~-NGS
AHQGCLPPFPADVIEMVPOYGYLTLN~-~-NGS
GQEGSLYPFPNDVFMNVRBYYGYCGLYVTGRTS
GTEGCLBAFPPQUFTLROYGYATLRRDRTE
AHEQGCLPPFPADVFMIPOYGYLYI LN ~~HGS
AHQGCLPPFPADVFMIPQYGYLTLN~~RGS
AHQGCLPPFPADVFMIPOQYGYLTLN ~~HNGS
AHEGCLPPFPADVIFMIPOYGYLTLE~~DGS
ABBEGCLPPFPRPADVFMVPQYGYLTLE

4?9 41}0 4?0
QA-VGRSSFYCLEYFPPSQMLRTGRNFTFSY

QA-VGREEFYCLEYFPSUMLRTGNNFTFSY
QA-VGRESFYCLEYFPSQMLRIGNNFTESY
QA~-VGRSSEFYCLEYFPSOQMLRTIGNNFOFSY
QUOTDRNAFYCLEYFPSQMLRTIGHNFEITY
NP-~-TERSSFFCLEYFPSKMLERTGRNFEFTY
QA~YGRESEFYCLEYFPSOMLERTGRNNFTFSY
QS ~-VGRESFYCLEYFPSQMLRTIGNNFEFSY
QRA-VGRESSFYCLEYFPSQMLRTGHNFQFTY
QA-VYGRESFYCLEYFPSQMLRTGNNFQFSY

430 440 450
TFEDVPFHSSYAHSQOSLDRLMNPLIDQYLY

TFEEVPFHSSYAHSQOSLDRLMRPLIDQYLY
TFEDVPFUSSYAHSQSLORLMEPLIDQYLY
TFERDVPFHSSYAHSOSLEBRLMEPLIDEGYLY
SFEKVPFHSMYAHSQOSLODRLMNPLIDOYLW
NFEEVPFHSSFAPSQNLFRKLANPLVDQYLY
TPEDVPFHSSYAHSQSLODRLMNPLIDQYLY
SFEDVPFHOSSYAHSQSLDRLENPLIDQYLY
TEFEDVPFHESYAHSOSLDRLMNEPLIDQYLY
EFENVPFHSSYAESQSLDRLMNPLIDQYLY
TFEDVPPHSEYAHUSOSLDRLMNPLIDOQYLY

FIG. 8E
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450 470 450
Consensus YLERTON - XSG TRAENRXLLFS QGO PXGMEY
identity : — :
1. AAV1 translation YLERTOR~OSGSAQREDLLFSRGEPAGHMSEY
3. AAVZ transiation YLER PN T~ PESGTTTOSRLOFSQAGASDIRD
3. AAV3 transiation YLERTOGTTS G TTNOSRLLYFSQAGPQEMSEL
4, AAY4 transiation GLOSTTTGTTLNAGTATTNFTKLRPTNFSH
5. AAVS transiation RFVS TNl == TGEGVOFNKNLAGRYAR
. AAVD translation YLERTON~QSGSAQNXKDLLFSRGSPAGMSEY
7. AAVT transiation YLARTOENPGG TAGNRELOQFYQGG RS THAE
8. AAVE transiation YLERTOT-TCE TANTOTLGFS QGG PN THMAR
9. ARYS transiation YLEKTIN~-~GEGONQOTLEFSVAGPENMAY
10, Shuffe 100.1 Transhation YLERTQN~-QSGSAQNRDLLFSRGES PAGHSEY

430 508 510
Consensus OXENWLPGPCYROORVEKTEKTDN~NNSNFA
identity : E
1. AaV] transiation QPRNYLPGPCYROQORVSKXTKTDR-NNSNFET
2. AAYZ transliation QSREVWLPGPOYROQRVSEKTSADN~NNSEYS
3. AAY3 transiation QARNWLPGPCYROQORLEKTANDN~NNGNFP
4. AAV4 transiation FRENWLPCPSIEQOGFSKTANORNYRIPATG
5. ARYS transiation TYEKRWYPCPHGRTOGWNLGEGYVN~RASVEA
8. AAYS transiation OPENWLPGPCYROQRVEEKTKTDN~NNSHNFT
7. ARY7 translation QAEKNWLPGPCFRQORVSETLDON~-NNSNFA
8. AAYR transiation DAKNWLPGPECYRQQRVETTTGON~NNSNFA
9. AAVS transiation QCRRYIPGPSYRQORVETTVTON-RNSEFA
10, Shuffle 100.1 Translation OPKRWLPGPCYROORVSKTETDN-NNSNFT

520 538 540

B ]
Consensus WTGE&SKYﬁwimmLNGRxSLVNPGFAMAS HE
identity o ‘
1. AAY1 translation HIGASEY N === LNGRESIINPGTANMASGEHK
2. AAYZ translation HITGATEYH~~~~LNGRDSLVYNP2GPAMASHK
3. AAV3Y transiation WTAASKYHE~~~~LNGRDSLVNPGPAMASHK
4. AAV4 transiation SDSLIKYETHSTLDGRWSALTRPGPPMATAG
5. AAYS transiation FATTRRME--=-LEGASYQVEBPQPRGMTHNE
8. AAYS transiation HIGASKYN-~-~~LNGRESIINPGTANMASEK
7. RAVT transiation HITGATK Y=~~~ LNGRESLVNPGVANATEK
8. AAYE transhation WTAGTRYH- -~~~ LNGRESLANPGIAMATHK
9. AAYY transiation WPGASSWA~~~~LNCGRNSLMNPGCPAMASEX
10, Shuffle 10G.1 Translation WIGASKYN -~~~ LNGRESIINPGTANAREK

FIG. 8F



WO 2021/222148 PCT/US2021/029253

16/63

558 560 578
Consensus DREDKFPPMEGVLIFGROGAGARSNTAL- =~
identity
1. ARYL transhation DDEDK P PHEGVHMIPFGRKESAGASHNTAL- -~
2. AAVE transhation DDEEKFFPOSGVLIFGEQGSEXTRVYVDI~ = =
3. AAVE transiation DDERKF I PMEGRNLIPGKEGTTASNAEL- -
4, AAV4 transiation PADCSKFSESNSQLIFAGPEQNGNTATVR~wm -
5, AAVS transkation LOGCSESN TYALENTMIPNSOPANDPGTTATYLE
6. AAVS transiation DR DEFFPHSGVMIFGKESAGASNTAL~~~
7. ABYT transiadon DDEDRFFPSSGVLIFGRTGATNE T T L m
8. AAWR transiation DOEER PP PSNGILIFERONAARDNADY ~»~
§. AAVS transiation EGEDRFFRBLSGSLIFCGRQOGTGRDNVDA -~~~
10, Shuffle 100.1 Transiation

580 s8¢ 500
Consensus DEVMITDEEEIXXTNPVATERYGTVAXNLD
identity
1. AAVY transiation DNVMITDEEEIRATNREVATERFGTVAVNFQ
2. AAV2 transiation EXVMITDEEEIRTTNRPVATEQYGEVYVSTNLG
3. ARY3 transhtion DEVMITDEEEIRTTHNRVATEQYGTVARNNLG
4, AAV4 transiation GTLIPTSEEELAATHATDTDMWGNLEPGEDO
5. ARVS transiation GEMLITSESETQPVNRVAYNVGGOHATNRG
6. AAVE transiation DRVMITDEEEIXATNRPVATERPGTVAVNLG
7. ARVT transiation ERVLETNEEEIRPTNBVATEEYGIVSSNLG
8. ARYS transiation SDODVMLTSEEEIRTTNRPVATEEYGIVADNLY
8. AAYY transiation DEVMITNEEERIKTTRPVATESYGQVATNHG
16, Shuffle 100.1 Translation DNVMITDEEEIXKATNRPVATERFGTVAVNLYD

810 620 630
Consensus SEEXTAPATGDVNEQGALPGHVEODRDVYLQ
identity ;
1. AA¥1 rranshtion SSSTDPATGDVEAMGRALPGMVEODRDVYLG
2. ARYZ transhation RGRRQAATADVNTOGVLEBEMVHQODRBRIDVYLE
3. AAVS transhation SENTABTTGTVRHQGARALPGMVHQDRDVYLY
4. AAVY transiation SHSNLPTVIDRLTALGAVPGMVWONRDIYY(D
5. AAVS transkition SCTTAPATETYRLOEIVPEEVHEERDVYLY
6. AAVS transhtion SSSTDPATGDVHVMGALPGMVEQDRDVYLY
7. ARV transiation AANTAAQTOQVVHNNQGALPGHMVHORRIDVYLY
8. AAVS transkation QONTAPQIGTVNS QGALPEMVWONRDVYLY
9. AAVS translation SAQAQAQTGHVONQGILPGMVHQDRDVYYLY
10. Shuffle 100.1 Transladon SESTRPATGRVHAVMGALPGHVHQDRDVYLD

FIG. 8G
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AAVE ransiation
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6?0 5?0 6&;}(2
GPIWAXIPHTDGHFBEPSPLMGGFGLXEPPP

GPIWAKIPHTDGHFHEPSPLMGGFGLXNPPRP
GPIWAKIPHTDGHEYEPSPLMGGFGLXHPPDP
GPIWARIPHTDGHFHPSPLMGGFGLKHPPP
GPIWARIPHTOGHFHPSPLIGGFGLKHPPRP
CPIWAKIPETCAHFHPSPAMGCFGLKHERPRY
GPIWARIPHETDGHFEPEPLEGGFGLEHERPRP
GCRPIWARIPHTDGNFHPSPLMGGFGLEHPPP
GPIWAKIPHTDGNFHPSPLMGGFGLKHPPP
GPIWAKIPHTDGNFHPSPLMGGFGHMEKEPPP
GPIWARIPETDGHFHPSPLMGGFGLENPPP

530 E?’E 6?0
QILIRKNTPVPANPRPTTFSATEFASFITQYS

GILIKRTPVPANPPAEFSATKFASFITQYS
QILIXKNTPVPANPSTTPSAAKFASFITQYS
CIMIKNTPVPANPPTTFSPARKFASFITQYS
QIFIKNTPVPANPATTFSSTPVNSFITQYS
MMLIEKNTPVPGR-~-ITSFSDVPVESFITQYS
BILIXNTPVPANPPAEFSATKFASTITQYS
QILIXKNTPVPANPPEVETPAKFASFITQYS
QILIKNTPVPADPPTTFNOSKLNSFITQYS
QILIENTPVPADPPTAFNRDKLESFITQYS
QILIKNTPVPANPPAEFSATKFASFITQYS

q

700 71y 720
TGOVEVEIEWELQKENSKRWRPEIQYTSNY

TGOVSVEIEWELOKENSKRWNPEVQYTSHNY
TGOVSVEILIEWELQRENSKRUWNPEIQYTSNY
TGOVEVEIRWELOXENSKRWNPEIQYTESNY
TGOVEVOIDWEIQKERSKRWEPEVQFTSNY
TGOVIVEMEWELRXENSKRWNPEIQYTNNY
TCOVSVEIEWELQKENSXRUWNPEVQYTENY
IGQVEVEIEWELQKENSKRWRPEIQYTSNF
TCOVSVEIEWELQXENSKRWNPEIQYTSNY
TGOVEVEIRWELQRKENSEKRWNPEIQYTENY
TGOVEVEIEWELQKENSKRWRPEVQYTSNY

FiG. 8H
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. ARYE wransiation
. AAYS transiation
8. Shuffle 180.1 Transiation

Consensus
identity

1.

AMYT wransiation
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AAYE transiation
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. ABYE translation
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8. Shuffle 100.1 Transiation
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738 740
XKSANVDFEVDINGVYSEPRPI

AXCSANVDFTVDRNGLYTEPRPIGTRYLTR?
NESVNVDFTVDTNGVYSEPRPIGTRYLTRE
BRSVNVDFTVDTNGVYSERPRPIGTRYLTRE
GOONSLLWAPDAAGRYTEPRAIGTRYLTHH
KDPQFVDFAPDSTGEYRTTRPIGTRYLTRY
AXSARVDFIVDNNGLYTEPRPIGTRYLTRYD
EXQTEVDFAVDEQGVYSEPRPIGTRYLTRE
YRS TEVDFAVNTEGVYSEPRBIGTRYLTRYN
YKSNRVEFAVNTEGUVYSEPRPIGTYRYLTRN
AKSANVDFIVDNNGLYTEPRPIGTRYLTRY
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1 10 20 3G
MAADGYLPDWLEDNLSEGIREWWALKPGAD

MAADGYLPDWLEDNLSEGIREWWDLXPGAD
MAADGYLPDWLEDTLSEGIRQWWRELKPGPP
MAADGYLPDWLEDNLSEGIREWWALEPGVER

MTIDGYLPDWLEDNLSEGVREWWALQPGAD
MESFVDHPPDWLEE-VGEGLREFLGLEAGPD
MAADGYLPDWLEDNLSEGIREWYDLEPGAP
MAADGYLPDWLEDNLSEGIREWWDLEKRPGAP
MAADGYLPDWLEDNLSEGIREWWALRKPGAP
MAADGYLPDWILEDNLSEGIRFWWALEPGA?R?

48 58 60
KPKANQQHQODDGRGLVLPGYXYLGPFNGLD

KPEANQQEKQDDGRGLVLPGYRKYLGPFNGLD
PPEKPAEREEKDDESRGLVLPGYKYLGPFNGLD
QPRKANQOHQDNRRGLVLPGYXYLGPGNGLD
EPEANQQOEQDNARGLVLPGYRKYLGPGRGLD
KPEPRQQOHREQDOARGLVLPGYRYLGPGRGLDE
KPKANQORKODDGRGLVLPGYRKYLGPFNGLD
EPKANQOXKODNGRGLVILPGYXYLGPENGLD
KPKANQQKQODDGRGLVLPGYKYLGPFNGLE
QPEKANQQHODNARGLVLPGYKYLGPGNGLD
PPREPAEREEKDDERGLVLPGYRYLGPFRGLD

70 8¢ g0

KGEPYNAADAAALEHEDKAYDOOLKAGDNPY

KGEPVNAADAAALEHDKAYDQQLRAGDNRY
KGEPYNEADARRALENDEAYDROLDSGDRPY
KGEPVNEADAAALEHDRAYDQOLEAGDNPY
KGEPVNAADAAALEHDRAYDQOLKAGDNPY
RGEPVNRADEVAREHDISYREQLEAGDNPY
KGEPVNAADAAALFEHDKAYDQQLKAGDRPY
RGEPVNAADAAALEHDKAYDQQLKAGDHNPY
KGEPVNAADAARALEHDRAYRQOLOAGDRPY
KGEPVHAADARAALEHDEAYDOQOLKAGDNPY
KGEPVNEADARALEHDRKAYDQQLXAGDREPY
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. ABYE translation
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100 118 130
LEYNEADAEFQERLQEDTESFGGNLGRAVYEQ

LRYNEADAEFQERLQEDTSFGGNLGRAVEQ
LEYNHADAEFQERLEEDTSFGGNLGRAVF(Q
LEYKEADAEFQERLGEDTSFGGNLGRAVEQ
LEYNHADAEFQOQRLOGDTSFGGNLGRAVEQ
LEYREADAEFQERLADDTSFGGNLGRAVFQ
LRYNHADAEFQERLOEDTEFGOGNLGRAVYQ
LRYNEADAEFQERLQEDTEFGOGNLGRAVYEQ
LRYINEADAEFQERLQEDTSFGGNLGRAVFQ
LEYNHADAEFQERLEKEDTSFGGNLGRAVFQ
LEYNHADAEFQORLOGDISFGGNLGRAVP(

i%ﬂ l?ﬁ 1%6
ARKKRVLEPLGLVEERGAKTAPGRERPVEQS?P

ARXRVLEPLGLVEEGARKTAPGREEKRPVEQS?®
ARKERVLEPLGLVEEPVEKTAPGRERPVEHRSP
AXKRILEPLGLVEEAARKTAPGEKEGAVDOS?
ARKEKRVLEPLGLVEQAGETAPGKXRPLIES?P
ARKRKRVLEPFCLVEEGRAXTAPTGERIDDHEP
ARERVLEPFGLVEEGAKTAPGEXRPVEQSE
AKERVLEPLGLVEEGAKTAPAEKRPVEPSP
AREKRVLEPLGLVEEGAEKETAPGEERBVEPSE
ARXERLLEPLGLVEEAARKTAPGERRPVEQSEP
AREKERVLEPLGLVEQAGETAPGERRBLIEEP

10 170 160
QE-PDSBXCIGRKKGQQPARKRLNFGQIGDS

VE-PDSSSCTCRAGQOOPARKRLNFPGQTGDA
OE-PDSSSCVGKSGRQPARKRLNFGQOTGEDS
00-PDES TETGKEGKOPAKER LV FEnewwDE
ERwwom KEARTEEDSEPS Trmmm o SSDA
QE-PDSSSCGIGKTGOOPAKRRLNFGOTGDS
OREPDSSTCIGKKGOOPARRRLNFGQTGDS
ORSPDSSTCIGKKGQOPARRKRLNFGQTEDS
OFE~-PDESAGIGKSGAQPARKRLNFGQTEDY
00~ PDSSTEIGKRKGRKOPARKRLNFGQT

§
.
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. AAYS translation
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189 200 210
ESVPDPOPLGEPPAAP~BEVGXETHASGGE

ESVPRPOPLGEPPATP-AAVEGPTTHASGES
DSVPRPOPLGOPPAAP-SGLGTHTHATGSEG
ESVPDPOPLGEPPAAP-TESLGSHNTHASGGE
TGAGDGPPEGSTSGA~~-MEDDEBEMRAAAGE
EAGPSGSQOLOIPAQPASELGADTHSAGEE
ESVPDPOPLGEPPATP-AAVGPTTHASGEE
ESVPDPUFLGEFPAAP~SBVERGTVARAGEEG
ESVPDPQPLGEPPAAP-SGVGPENTHARAGEEG
ESVPDPQPIGEPPAAP-SGVGSLTHASGGS
BESVPDPOPLGEPPATP-AAVGRTTMASGEGG

220 230 248

APMADNNEGADGVGNASGNWECDS TWLEDR

APMADNNEGADGVGHASGHWHCDSTWLG DR
APMADNNEGADGVGONSSGHRWHCDETWMGDR
APHADNNEGADGVGNSSGNWHECDSQWLGRR
AAV-EGGQCADGVGRASGDWHCDETWS EGH
GPLGDNNQGADGVGRASGDWHCDES THMGDR
APMADNNEGADGVGNASGNWHCRDETWLGDR
APHMADHEEGADGVGNASGNWHCDETWLGDR
APMADHNEGADGVGSSSGNWHCDSTWLG DR
APVADRNEGADGVGSSSGRWHCDEQWLGDR
APMADRNEGADGVGNASGRWHCDSTWLGDR

250 260 270
VITTSTRTWALPTYNNHLYXQISSAEX~GA

VITTSTRTIWALPTYNNHLYRQISSAST-GA
VITTSTRTWALPTYNNBLYRQISS Q8 ~-~GA
VITTSTRTIWALPTYNNHLYXQISS Q8 ~--GA
VIT S TR THV L P TYNNHLYRRILGE S Lo
VTS TRTIWVLPEYNNHQYREIESGSEV DG~
VITTSTRIWALPTYNNHELYKQISSAST-GA
VITTSTRTWALPTYNNHLYKQISSETA-GS
VITTSTRTIWALPTYNNHLYKQISBSNGTEGGA
VITTSTRIWALPTYNNHLYKQISNSTSGGS
VITTETRTWALPTYNNHLYEQISSAST-GA
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SRDNHBYFGYSTPWGYFOFNRYFHCHYEPRDW

SNDNEYFGYSTPWGYPDFRRFHCHFSPRDW
SHDNHYFGYSTPHGYFDFNRFHCHYSPRODVW
SHDNHBYFGYSTPHGYFOFNRFHCHYSPRDW
~ S TYNGFSTPRGYPRINRFHCHFS PRIV
CRANAYFGYS TPHWGYPFDFNRFHSHYWS PRDW
SREONHYFGYSTPHGYFOFNRFHCHYS PRDW
THDRTYFPGYSTPHUGYFDFNRFHCHYFSPRDW
TNDNTYFPGYSTPHGYFDFNRFHCHEFS PRV
SHNDHAYFGYSTPHGYFDFNRFHCHFSPRDW
]

33.0 3%@ 3?@
GRLINKNWGFRPEKRLNFELFNIQVEEVTTR

CGRLINNNWGFRPERLNFELFNIQVEEVTTHN
QRLINNRWGCFRPERLERFELFRIQVEKEVTOR
QRLINNNWOCFRPERLBFELFRIQVRGVTIONR
QRLINNNWGHRPKAMRBRVRIFNIQVREVTTS
QRLINNYWGFRPRELRVRIFNIQVREVTVQ
QRLINNNWGFRPEKRLNFRLFNIQVREVTTH
QRLINNRBWOFRPRELRFRLFPNIQVEEVITH
OQRLINNNWGFRPRRLEFELPNIQVEEVTON
QRLINNBWGFRPERLNFELFNIQVEEVTIDR
QRLINNEWGFRPERLNFELFNIQVEEVTTH

340 350 360
DGVITTIANNLTSTVOQVETDSEYQLPYVILGS

DGVYTIARNLIYSTVQVESDSEYQLPYVLGS
DGTTTIARNLTSTVOQVETDEEYQLPYVLGS
BGTTTIANNLTSTVQOQVFTDSEYQLPYVLGSE
RGETTVANNLTSTVOIFADSEYRLPYVMDA
DETTTIARNLTSTVOVFTDRDYQLPYVVGHN
DGVTTIANNLTSTVQVESDSEYQLPYVILGS
BCVTITIABNLTETIQVFSREEYQLRPYVLGS
EGTRTIARRLTSTIQVFTDSEYQLPYVLGS
BOVETIANRLTSTVQVEFTOSDYQLPYVLGS
DGVTTIARNLTEYVOVFEDSDYQLPYVIGS
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AHQGCLPPFPARVFMIPQYGYLTLR~-~NGS

AHOGCLPPFPADVFHIPQYGYLTLRN ~--NGS
AHQGCLPPPRPARVFMVPQYCYLTLN~-~-NGS
AHQGCLPPFPADVFMVPOYGYLTLR~~NGS
GOEGSLPPFPNDVFMVPQYGYCOGLVTGNTS
GTEGCLPAFPPOVFTLPUYGYATLNRDRTE
AHQGCLPPFPADVFMIPOYGYLTLN ~~NGS
AHQGCLPPFPADVFHIPQYGYLTLE~~NGSE
AHBQGCLPPFPADVIFMIPOYGYLTLN~~HNGS
AHEGCLPPFPADVFMIPQYGYLTLYN ~--DGS
AHEGCLPPFPADVFMVPQYGYLTLN~-~-HGS

400 410 420
OBA~-VGREBFYCLEYFPEQMLRTGRYEFTFEY

QA-VGRSSFYCLEYFPEQMLRTGNEFTFSY
QR-VGRESFYCLEYFPEQMLRTGENFTFSRY
QA-VGRESFYCLEYFPSQMLERTGNRFQFSY
QOOTDRNAFYCLEYFPROQMLRTGRRFEITY
NP-TERSSFFULEYFPESKMLRIGNNFEFTY
QA-VGRESSFYCLEYFBEQMLRTGNNFTFSY
QS5 -VGOREBFYCLEYFPBOQMLRTGNNFEFSY
QA-VGRSSFYCLEYPFESQMLRTGNNFQFTY
QA-VGRESFYCLEYFPESOQMLRTGNNFQFRY
QA-VGREBEBFYCLEYPPSOMLRATGNNFTFSY

430 440 a5t
TrEDVPFHSSYAHSQSLDRLMEPLIDQYLY

TEEEVPFHSSYAHSYSLDRLHENPLIDOQYLY
TFEDVPFHESYAHSOSLDRLMNRPLIBQYLY
TFEDVPFHES YAHSQSLDRLMNBLIDOYLY
EFERVPFHEMYAHSQSLDRLMNRPLIDQVYLYW
NFEEVPFHSSFAPSONLFRLANPLVDQYLY
TFEDVPPFHES YAHSOSLDRLENBLIDQYLY
EFEDVPFHESYAHSUSLDRLENRBPLIDQYLY
PEEDVRPPHSSYAHSOSLDRLENBLIDOYLY
EFERVPPHSSYAHSOSLDRLMNBLIDQYLY
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480 430 480
YLNRTON-XSCGIAXNRKXLLIFSQGGPSGMEY

YLERTOR~QSGSALNRKDLLFERGS PAGHEY
YLSRTNT-PSGITTOSRLOFSQAGASDIRD
YLERTQGTISGITROSRLLFSQAGPQSMSEL
GLOSTTFTGTTLNAGTATTNFTRLRPTHFSHN
RFVEINN= === TCEGVOFNENLAGRYAR
YLERTON~-QOSGBAQNEDLLFSRGEPAGHSY
YLARTOSRPGGTAGRRELQFYQGGPS THAE
YLSRTQT-TGGTANTQTLGFS QGG PN THAN
YLEETIN~-~GSGOROQQTLEFSVAGPENMAY
YLERTOR - QSGEAYRKDLLYSRGEPTGHESEY

450 500 50
QERRWLPGPCYRQORVSKTKTDN~-XNNSNFA

OPENWILPGPCYROQRVSXTKTDN~NNSNFT
CERNWLPGPLYRQORVEKTEADN~NNEEYS
QARNWLPGPCYRQORLSKTANDN-NHESHFP
FERKEWLPGPEBIKQQUGFSKTANQNYRIPATG
TYXRWIPGPMGRTQGHNLGEGVH~RASVEA
CPENWLPGRCYROQORVSEKTKTDON~-NNSKNFT
QARRWLPGPCFROQRVSKTLDON-NNSKFA
QARKNWLPGPCYRQORVESTTIGQON~NNSESNFA
CGRNYIPGPSYRQORVETTIVIQN-NKEEFR
QPEKNWLPGPCYRQORVSKTKTDN~NNSRFT

520 530 o
HIGASKYH~~~~LNGRYISLVNPGPAKASHE
WIGARBKYN~~~~LNGRESIINPCTAMASHK
HIGATRYH-~-~-~-LEGRDSLVYNPGPANMASERK
HITAASKYH~~~~LNGRDSLVNPGPAMASEHEK
SDSLIRYETHSTLDGRUWSALTPGPPMATAG
FATTNRME~~~~LEGASYQVPPOPRGH TN
WIGCASERYE~~~~LNGRESIINPGTAMASEX
HYGATRYH~ ~~~LEGRVNSLVNPGVAMATHR
WTAGTEYH--~-~-LNGRNSLANPGIAMATEK
WPCASEWA~~~~LNGRNSLMNPGPAMASEK

WIGASKYN

HGREETINPGTAMASEK
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5%0 5?& Efﬁ
DDEDXFFPMEGVLIFGEQGAGASNTAL~~~

DDEDKFFPHEGVHIFGKESAGASNTAL~~~
DDEERFFPOSGVLIFGRQGSERTNVDI -~~~
POFREKFFPHHGNLIFGEEGTTASNAR L~~~
PADSEFSNSQLIFAGPRKONGNTATVPmww==
LOGENTYALENTHMIFNSQPANPGTTATYLE
DDKDEKFFPMEGVMIFGEERESAGASNTAL-~~
DDEDRFFPSEGVLIFGRTIGATREI T~ v
PDEERFFPSNGILIFGRONAARDNADY ~~~
EGEDRFFPLSGBLIFGKQGTGRDNVDA -~ -

S?Q S%Q 6?0
DREVHITDEERIKXTHNRVATERYGTVARNLY

DEVHITDEEEIRATHNEBVATERFGTIVAVNFQ
ERVMITDEEEIRTTHPVATRQYGSVSTRLG
DRVMITDEEEIRTTNRPVATEQYGTVANNLG
GTLIFTSEERELAATNATLTDMWGRLPGSGDQ
GEMLITCESETQPVNRVAYNVGGOMATRNG
DRVHITDEEEIKATNPVATERFGTVAVNLD
ENVLMTNEEEIRPTNPVATEEYGIVSSNLY
SDVMLTSEEEIKTTNPVATEBYGIVADRLE
DEVHMITNEEEIRKTTNPVATESYGOVATNEYD
DEVHMITDEEEIRATNBVATERFGTVAVNLD

810 820 83
SEXTAPATGDVRAQGALPGMVHODRIDVYLG

SESTDPATGDVHAMGALPGHVHWQDRDVYLQ
RGHNEQAATADVNTIQGVLPGHMVEQDRDVYLG
SSRTAPTTGTVREQGALPCMVWQDRBVYLY
SKSKLPTVDRLTALGAVPGHMVWORRDIYY(
SSTTAPATGTYNLQEIVPGSVHENMERDVYLQ
SSSTDPATGDVHEVMGALPGHMVYWODRDVYLQ
AANTAAQTOVVNNQCALPGMVUQNRDVYLY
QONTAPQIGTVRS QGALPGOMYVWONRDVYLYQ
SAQAQAQTGUVONQGILPGHMVYWQDRDVYLY
SSSTDPATGDVHAMGALPGMVWODRDVYLY
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GPIWAKIPHTDGHFHPSPLMGGFGLEHEPPP

GPIWARIPHTDGHFHPSPLEGGFGLENDPPP
GPIWAKIPHTDGHFEPEPLMGGFGLERRERR
GPIWAKIPHTDGHFEPSPLMGGFGLERBPPRP
GRPIWARIPHTDGHTFHPSPLIGGFGLKHEPPRR
GPIWARIPETGAHFHPSPAMGGFGLEHEPPP
GPIWAKIPHTDGEFEPSPLMGGFGLEKEPPP
GPIWAKIPHTDGHRFHPSPLEMGGFGLKXHPPRP
GPIWARIPHTDGHNFHPSPLMGGFGLEHPPP
GPIWAKIPHETDGNFHPSPLMGGFGHKEPPP
GPIWARIPHTDGHFHPSPLEGGFGLENPPP

§70 £50 &30
QILIKNTPVPANPPTIFEATRFASFITQYS

QILIKNTPVPANPPAEFSATEKFABFITQYS
CILIKNTPVPANPSTTFRAARFASFITQYS
CIMIEKNTRPVPANPPTTFSPARKFASFITQYS
QIFIENTPVPANPATTFSSTPVHSFITQYS

MMLIKRTPVPGN-~-ITSFEDVPYSSFITQYS
QILIKNTPVPANPPAEFSATRFASFITQYS
QILIKNTPVPANDPPEVFTRPAXKFASFITQYS
CILIENTPVPADPPTTINQSRXLNSFITQYS
QILIRNTPVPADPPTAFNRDEKLNSFITQYS
QILIRKNTPVPANPPARFSATEFASFITQYS

TGOVSVEIEWELQKENSKRWNPEVOQYTENY
TGOVEVEIENELOQKENSKRWNPEIQYTSNY
PGOVEVEIEWELQKENSKRWHPEIQYTSRY
TGRVSVOIDHRIQKERSKRWNPEVOFTSONY
TGOVITVEMEWELKKENSKRUNPEIQYTNNY
IGQVSVEIEWELQKENSKRWHPEVQYTSNY
TGOVEBVEIEWELORENSKRWHRPEIQYTSENF
TGOVEVEIEWELQKENSKRWHPELIQYTSHY
TGOVEVEIEHELQRENSKRYNPEIQYTENY
TEQVSVEIEWELQKENSKRWNPEVQYTSNY
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730 740 750
XESANVDFEVDTNGVYSEPRPIGTRYLTRN

AXSANVDFIVDENGLYTEPRPIGTRYLTRP
HESVYNVDFITVDTNGVYSEPRPIGTRYLTRE
KESYNVDFIVDTNGVYSEPRPIGTRYLTRE
GOONSLLWAPDAAGKYTEPRAIGTRYLTHHE
NDPOFVDFAPLDSTGEYRTIRPIGTRYLTRY
ARSANVDFTVDNNGLYTEPRPIGTRYLTIRE
BRQTGVDPAVDEQGVYSEPRPIGTRYLTRYE
YRS TESVDFAVNTEGVYSEPRPIGTRYLTRYE
YRSNKVEFAVNTEGVYSEPRPIGTRYLTRYE
A
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1 103 28 38
MAADGYLPDWLEDNLEEGIREWWALKPGAP

MAADGYLPDWLEDNLSEGIREWWDLEKPGAR
MAADGYLPDWILEDTLSEGIRQWWRLEPRGPP
MARADGYLPLWLEDNLSEGIRENWALEDPGVDP

MIDGYLPDWLEDNLSEGVREWWALOPGAD
MEFYDEPPDHLEE-VGEGLREFLGLEAGRD
MAADGYLPDWLEDNLEEGIREWWDLEKPGAY
MAADGYLPDWLEDNLEEGIREWWDLEPGAP
MAADGYLPUOWLEDNLEEGIREWWALEPGA?P
MAADGYLPDWLEDNLSEGIREWWALXPGAD
MAADGYLPDWLEDNLSEGIREWWALKPGAR

40 50 58
KFKANQQXQ&BGRGLVLPGYKYLGPFNGLD

KPKANQORQDDGRGLVLPGYRYLGPFHNGLD
PPRPAERHKDUDSRGLVLPGYRYLGPFRGLD
QPEANQOHQDNRRGLVLPGYKYLGPGNGLD
KPRANQQHODRARGLVLPGYKYLGPGNGLD
KPEKPNQOHQDOARGLVLPGYNYLGPGEGLD
RPRANQOKQODDGRGLVLPGYRYLGPFNGLD
KPRANQQEQDNGRGLVLPGYRKYLGPFRGLD
EPRANQQOEQODDGRGILVLPGYIRYLGPFNGLD
OPEANQOHODNARGLVLPGYKYLGPGNGLD
KPRANQORODDGRGLVLPGYEYLGPFEGLD

78 o] 38
RGEPVNAA DAAALEHDKAYDQQLKAG DNPY

KGEPVNAADAARALEHDRAYDOQLEAGDNPY
RGEPVREADAAALEHDRKAYDRQLDSGDRPY
KGEPVYNEADARALEBDKAYDQQLKAGDNPY
KGEPVNAADAAALEHDRKAYDOQOLEKAGDRPY
RGEPVHRADEVAREHDISYNEQLEAGDNPY
KRGEPVNAADARALEHDRAYDQQLKAGDNPY
RGEPVNAADAAALEEDKAYDQQLKAGDNPY
KGEPVNAADAAALEHDKAYDOQLOAGDNPY
KGEPVNAADABAALEHEDKAYDQOLEAGDNPY
KEGEPVNAADAAALEHDEAYDQQLKAGDNP
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LRYNHADAEFQERLOEDTSFGGNLGRAVFIFQ
LEXYNHADAEFQERLKEDTSFGGRLGRAVFQ
LEXYNHADAREFQERLQEDTSFGOGNLGRAVFE(Q
LEYNHADARFQORLOGDTESFGENLGRAVFQ
LEYNBADAEYQEKLADDTSFGONLGKAVY(
LRAYNHADAEFQERLQEDTSFGGNLGRAVFQ
LRYNHADAEFQERLYEDTSFGGNLGRAVFQ
LRYNHEADAEFQERLQEDTEFGGRNLGRAVFQ
LEYRBEADAEFPQERLEEDTSFGGRLGRAVFQ
LEYNHADAEFQERLQOEDTSFGGNLGRAVFEQ

139 140 150
BEXEKRVLEPLGLVEEGCGARTAPCKKRRBVEQS?D

AREKRVLEPLGLVERGAKTAPGKKRPVEQS?P
ARKRVLEPLGLVEEPVETAPGRKXRPVEHS®
AKXRILEPLGLVEEAARTAPGRKKGAVROE?
AKERVLEPLGLVEQAGETAPGKKRPLIES?Y
ARRKRVLEPFGLVEEGAKTAPTGRRIDDEF?
AKXRVLEPFGLVEEGARKTAPGKKRPVEQS?
AKEKRVLEPLGLVEEGAKTAPAKKRRBVEPS?
ARRRVLEPLGLVEEGAXTAPGRERPVEPS?
AKKRLLEPLGLVEEAAKTAPGRKXRPVYEQS?
AEKRVLEPLGLVEEGARTAPGRKKREVEQS?P

188 17 1BQ
QE-PDSSSCIGKRGQQPAKRRLEFEQTE DS

= -Gl 0 lsinlummml
OE~PDSSSCIGKTCOOPAXKKRLEFGQTERS
VE-PDSSSETORAGQOOPARKRLNFGOTE DA
OE~PDSSSGVGKSCKXOPARRKRLNFPEQTE DS
00~PDES PTCICGKKGEOPARKKKLYVFmw - EDE
KR= == =KKARTEEDSEPEPommmmm = $SDA
OE~PDSSSCIGKTEOOPARKRLRFGQTEDS
OREPDSSTGIGKKGOOPARKRLNFGOTC DS
ORSPDSSTGCIGKKGOOPARKRLNFGQTEDS
OFE~PDSSAGIGKSGCAQPARKKRLNFGOTEDT
QE=-PUSSSCIGKTEOOPAKRRLNFGQTG DS
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] ]

Consensus ESV?DFQ?L(&EP?AAP—-SSVGXXTM}%SGGG
identity : .
1. AAY] transiation ESVPDPOPLGEPPATP~RAVGPTTMAEGGEG
2. AAY2 wanslation DESVPDPOPLGOPPAAP-SGLG TN THATGSG
3. AAVS transiation ESVEDPOPLGEPRPAAP~TESLESNTMASGGG
4, ARY4 rranslation TGAGDGPPEGETSGA~~MSDDSEMRARAGE
5. AAVS fransiation EAGPEGSQOLOIPAQPASSLGADTMSAGEG
6. ARYS transiation ESVRPDPOPLGEPPATP~RAAVEGPTTIMABGGEEG
7. ARYY transiation EEVPDPQPLGEPPAAP~-SSVGEGTVAAGGE
8. AAVS wansiation ESVPDPOPLGEPPAAP-SGVGEPNTHMAAGGS
§. AAVS transiation ESVPDPOPIGEPPARAAP-~-SGVGSLTMASGEGG
3

8. Shuffle 100.7 Translation ESVPDPOPLGEPPATP-RAVGPTTMASGEE

220 230 240
Consensus APMADNNEGADGVGNASGRWRCDETWLGDR
demtty Sl ] i
1. AAV1 wansiation APHMADNNEGADGVGHASGNWHCDS TRLGDR
2. AAY2 rransiation APMADNNEGADGVGNSSGNWHCDS TWMGDR
3, AAY3 transhation APMADNNEGADGVEHNSSGRWHCDS QW LGDR
4. AAV4 transiation ARV~ EGGQGADGVONASGUWHCDETHSEGR
5. AAVE mransiation GPLGDNNQGADGVENASGDWECDS TWMGDR
6, AAVE wranslation APMADNNEGADGVGONASGRWHCDSETWLGDR
7. ARVY transiation APMADNNEGADGVGNASGRWHCDS TWLGDR
8. AAVE transiation APHMADNNEGADGVGSSSGRWHCDSTWLGDR
$. AAYS wanslation APVADNNEGADGVGESSSGHWHCDEQWILGDR
18, Shuffie 100.7 Transiation APMADNNEGADGVGNASGNWHCDSTWLGDR
250 260 270
Consensus VITPETRTWALPTYNNHLYEQISSASX~GA
identity B
1. AaY1 ransiation VITTSTYRIWALPTYNNBLYRQISSAST-GA
2. ARV wransiation VITTSTRTWALPTYNNBLYKQISES~~GA
3. ARVY transiation VITPETRTWALPTYNNHLYEQISSQS~~GA
4. AAY4 transiation Ve TS PR TRV L P PYNNHLY KRB LG ES e s e e
5. ARVY wanslation VVTEKSTRTHVLPS YNNHQYREIKSGSVY DG~
&. ARYS transiation VITPETRTWALPTYNNHLYEQISSAST~GA
7. AAYY translation VIPTSTRTWALPTYNNHLYRQISEERA~GS
8. ARVE wransiation VITTSTRTWALPTYNNHLYXKQISKRGTSGGA
9. AAYS transiation VITTSTRTWALPTYNNEBLYEQISNSTEGES
18, Shuffle 100.7 Translation A4 THALPTYN
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3. AAV3 transiation CNDNHYFPGYSTPHGYFDFNRFECHEFSPRDY
4. AAYS transiztion LOSNTYNGFSTPHGYFDFNRFECHFS PRDW
5. ARYS wansiation SNANAYFGYSTPHGYFDFNRTFHSHEWES PRDYW
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3. AAV3 transhation ORLINNNWGFRPXKLEFRLFNIQVRGVTON
4. ARY4 translation ORLINNNWGMRPRAMRVEIFNIOVEEVTTS
5. AAYS translation ORLINNYWGPRPRSLRVRIFNIOVEEVTVQ
6. ARVE wanshtion ORLINNNWGFRPERLNFEKLFNIOVKEVTTH
7. AAV? wansktion ORLINNNWGFRPEKKLRFELFNIQVEEVTTN
8. AAVS translation ORLINNNWGFRPERLEFELFNIOVEEVTON
5. ARV translation ORLINNNWGPRPRRLEFRLFRIOVEKEVTDN
10, Shuffle 100.7 Transiation QR LINNNWGFRPKRLSFELFNIQVEEVTTH
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1. AAV1 translation DGVTTIANNLTSTVQVISDEEYQLPYVLGS
2. AAVZ transiation DETTTPIANNLYTSTVOVFTDSEYQLRPYVLGS
3. AAY3 translation DETTTIARNLTSTVQUVFTDSEYQLPYVLGS
4. AAVS transiation NGETTVANNLTSTVQIFADSSYELPYVMIDA
5. AAVS transiation DETTTIANNLTSESTVOVFTDDDYOLPYVVGH
8. AAVES transiation DEVITTIANNLTETVOVFSDEEYQLPYVLGS
7. AAV7 transiation DEGVTTIANNLTSTIQVFSDSEYQLPYVILGS
8. ARYE transiation EGTRTIARNLTSTIQVFTRSREYQLPYVLGS
9. AAVY transiation NGVETIANNLTS TVQVFTDSDYQLPYVIGS
10. Shuffle 100.7 Translation DGVTTIANNLTYSTVOVIFS DS EYOLPYVLGS
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