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TARGETING PEPTIDES FOR DIRECTING ADENO-ASSOCIATED VIRUSES
{AAVS)
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BACKGROUND
Field

[6004] The present application relates generally to the field of gene delivery.
More particularly, the application relates to peptide sequences capable of directing adeno-
associated viruses {AAV) to target tissues or organs, novel recombinant AAVs, and methods

of using the AAVs to treat various diseases.
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Description of the Related Art

[8005] Recombinant adeno-associated viruses {rAAV) are vectors used for in vivo
gene transfer to carry out gene therapies and facilitate the gene transfer critical for a wide
vartety of basic science studies. Several characteristics make rAAVs atiractive as gene
delivery vehicles: (1) they provide long-term transgene expression, (it) they are not associated
with any known human disease, (111} they elicit relatively weak immune responses, {iv} they
are capable of transducing a variety of dividing and non-dividing cell types and (v} the tAAY
genome ¢an be packaged mto a variety of capsids, or protein coat of the virus, which have
different transduction characteristics and tissue tropisms. Gene therapies that use tAAV
vectors have been successful in clinical trials including treatment for Leber’s congenital
amaurosis, hemophilia associated with factor IX deficiency and lipoprotein lipase deficiency.
In addition, rAAV-gene based therapy has been successtul in pre-clinical models n a variety
of diseases including Rett syndrome, congenital ALS, Parkinson’s, Huntington’s disease and
Spinal Muscular Atrophy. rAAV based therapy has also shown success in delivering
neutralizing antibodies to treat infectious diseases such as HIV and influenza. rAAVs are
also popular vectors for in vivo delivery of transgenes for non-therapeutic scientific studies,
such as optogenics. However, the successful use of rAAVs for the treatment of disease and
for the delivery of genes for scientific studies for many applications has been constrained by
the lack of capsid serotypes that can efficiently transduce certan difficult cell types, and the
lack of serotypes that can efficiently and selectively target a desired cell type/organ after

systemic delivery.

SUMMARY
[0006] Disclosed herein are an AAV vector comprising an amino acid sequence
that comprises at least 4 contignuous aming acids of the sequence QAVRTSL (SEQ ID NO:
373 The amino acid sequence can be, for exarnple, a part of a capsid protein of the AAV
vector. In some embodiments, the sequence QAVRTSL (SEQ ID NG: 37) is inserted
between AAS588-389 of an AAY sequence of the vector (SEQ ID NO: 45). In some
embodiments, the sequence QAVRTSL (SEQ 1D NO: 37} 15 inserted between AAS86-592 of

an AAV sequence of the vector (SEQ ID NO: 45). In some embodiments, the amino acid
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sequence further comprises at least two of anuno acids 587, 588, 589, or 590 of SEQ ID NG
43,

[6067] Also disclosed 1s an AAV vector comprising a sequence of 11 contiguous
amino acids XXX XsXe X7 XgXoX 10X 3, wherein

XisDAEQNGWS;

XisG NS T QG orV,

Xy T, SorN;

KyisLorV,

Xs18 A8, QP or T,

XsisV, T, QN L, or M;

X~ is P:

XeisF,Y,V,L C.orS;

XsisK, Rors;

Xy 1s A or N; and

X1 18 @ or P, wherein the AAV vector does not comprise amino acid sequence
AQTLAVPFKAQ (SEQ ID NO: 1), In some embodiments, the sequence of 11 contiguous
amino acids is part of, or comprises, a targeting peptide. In some embodiments, X; 1s D, X;
8G,XaisT, Xyis L, Xgis Vor T, Xg1s F, any combination thereof. In some embodiments,
KB X1sG X T, Xpis L, XeisVor T, or Xgis F. In some embodiments, X1 is D, X5
18G X8 T, X5, Xgis Vor T, and Xg 15 F. In some embodiments, Xgis L, X518 A, Xsis
V,X-1s P, Xpis F, Xo1s K, Xjp18 A, and Xy is Q. In some embodiments, amino acids
X1 XX5 are DGT, GGT, EGT, DST, EST, QGT, NQT, SGS, 8GN, ATT, AVT, or ART. In
some embodiments, anino acids X1 Xy are AQ, Xe 3V, X718 P, Xg s F, Xo 15 K, Xy is A,
and X1 18 Q. In some embodiments, Xz s T and Xy1s L. In some embodiments, Xs15 A, In
some embodiments, X; s A, Xois @, X515 T, Xy s L, Xpgis F, Xois K, Xy 18 A, and Xy is
Q. In some embodiments, amino acids XsXsX- are AVP, ATP, AQP, QQP, PQP, SNP, STP,
SQP, QLP, TMP, or TTP. In some embodiments, aming acids X1 XXXy XsXs are AQTLAY
and XX 13 AQ.  In some embodiments, amino acids X7XgXs are PFK. In some
embodiments, amino acids XXX XXX XX, are AQTLAVPE. In some embodiments,
amino acids XoXi0X 1 are KAQ, KAP, or SNP. In some emboduments, the sequence of 11

continuous amino acid 1s part of a capsid protein of the AAV vector. In some embodiments,
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the sequence of 11 contiguous amine acids is inserted between AAS86-389 of an AAV
capsid protein sequence, for example SEQ ID NO: 45, of the vector.  In some embodiments,
the sequence of 11 continuous amino acids is one of SEQ ID NOs: 1-36.

[8008] Disclosed herein 1s a pharmaceutical composition, comprising one or more
of the AAV vectors disclosed herein and one or more pharmaceutical acceptable carriers.

[6009] Also disclosed herein 1s a peptide, wherein the peptide comprises an
amino acid sequence set forth 1n one of SEQ ID NQOs: 1-44, 48-53, 65-68, and 80-93. In some
embodiments, the peptide is conjugated to a nanoparticle, a second molecule, a viral capsid
protein, or a combination thereof. In some embodiments, the peptide 1s part of an AAV. For
example, the peptide can be a capsid protein of the AAV.

[6610] Some embodiments disclosed herein provide nucleic acid sequenc
encoding all of the peptides, including the targeting peptides and fragments thereof.

[6011] Also disclosed herein is a capsid protein comprising one more targeting
peptides disclosed herein. For example, the capsid protein can comprise an armno acid
sequence that comprises at least 4 contiguous amino acids of the sequence QAVRTSL (SEQ
ID NO: 37} Ins ome embodiments, the capsid protein comprises a sequence of 11
contiguous aming acids X XoXa X X5 XXX Ko X10X11, wherein

XD AE QNG orS;

X G NS, T Q oV,

Xiyis T, S or N;

XaisLorV,

XA S QP orT

XeisV, T, Q, N, L, or M;

X,8P;

XKgsF Y.V, L, C ors;

Xeis K, RorS;

Xjois AorN;and

Ky 18 Q or P, wheren the capsid protein does not comprise aming acid sequence
AQTLAVPFRAQ (SEQ ID NG: 1), In some embodiments, X, s D, X s G, Xy 15 T, Xy 18
L XsisVorT or Xgis F. In some embodiments, Xpis L, Xsis A, Xgis V, X518 P, Xgis F,

Xois K, Xjpis A, and Xi;1s Q. In some embodiments, amino acids X X3 X3 are DGT, GGT,

i
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EGT, DST, EST, QGT, NQT, 8GS, 8GN, ATT, AVT, or ART. In some embodiments,
amino acids X Xo are AQ, Xeis V, X513 P, Xsis F, Xo s K, Xyo 18 A, and X;; 18 Q. Insome
embodiments, X5is T and X;is L. In some embodiments, Xs5is A. In some embodiments, X
18 A Xi1isQ X5 T XysL, Xgis F, Xois K, Xyp 1s A, and X33 15 Q. In some
embodiments, amino acids XsX¢X7 are AVP, ATP, AQP, Q(QP, PQP, SNP, STP, S8QP, QLP,
TMP, or TTP. In some embodiments, amino acids X X, XXy XsXs are AQTLAV and XX
15 AQ. In some embodiments, X7XXo is PFK. In some embodiments, amino acids
KiXKpX Xy XXX Xg are AQTLAVPF. In some embodiments, amino acids XoXpX;; are
KAQ, KAP, or SNP. Also provided are nucleic acid sequences encoding the capsid proteins
disclosed herein and the fragments thereof.

[8012] A method of delivering a nucleic acid to a target environment of a subject
m need 18 also disclosed. The method, 1n some embodiments, comprises: providing a
composition comprising an AAV, wherein the AAV comprises a capsid protein that
comprises a sequence of 11 contiguous amino acids XOX XXX XX XX 10X 1, and
wherein the AAV comprises a nucleic acid to be delivered to the target environment of of the
subject, wherein

XD, A E QN GorS;

iGN S, T,Q, 0V,

X318 T, 8 or N,

XyisLoorV,

XsisA, 8 QP o™

XeisV, T, QN L or M,

Xois P

XesF, Y. V,L, C or§;

XeisK, RorS;

Xiois Aor N;and

Ky 18 @ or P, wherein the capside protem does not comprise amino acid sequence
AQTLAVPFKAQ (SEQ ID NO: 1); and admimstering the composition to the subject. The
method, in some embodiments, comprises: providing a composition comprising an AAV,
wherein the AAV comprises a capsid protein that comprises an amino acid sequence that

comprises at least 4 contiguous amino acids of the sequence QAVRTSL (SEQ ID NG: 37),
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and wherein the AAV comprises a nucleic acid to be delivered to the target environment of
the subject; and administering the composition to the subject. The farget environment can
be, for example, the heart, the nervous system, or a combination thereof In some
embodiments, the target environment is the central nervous system, the peripheral nervous
system, the heart, or a combination thereof. In some embodiments, the target environment i3
neurons, astrocytes, cardiomyocytes, or a combination thereof. In some embodiments, the
composition is a pharmaceutical composition. In some embodiments, the nucleic acid to be
delivered to the nervous system comprises one or more of a) a nucleic acid sequence
encoding a trophic factor, a growth factor, or a soluble protein; by a ¢cDNA that restores
protein function to humans or amimals harboring a genetic mutation{(s) in that gene; ¢) a
cDNA that encodes a protein that can be used to control or alter the activity or state of a cell;
d}y a cDNA that encodes a protein or a nucleic acid used for assessing the state of a cell; ¢) a
cDNA and/or associated guide RNA for performing genomic engineering; f) a sequence for
genome editing via homologous recombination; g) a DNA sequence encoding a therapeutic
RNA; h) a shRNA or an astificial miRNA delivery system; and 1) a DNA sequence that
influences the splicing of an endogenous gene. The subject in need can be, for example, a
subject suffering from or at a risk to develop one or more of chronic pain, cardiac failure,
cardiac arrhythmias, Friedreich’s ataxia, Huntington’s disease (HD), Alzheimer’s disease
(AD), Paskinson’s disease (PD), Amvyotrophic lateral sclerosis (ALS), spinal muscular
atrophy types I and I (SMA 1 and H), Friedreich’s Ataxia (FA), Spinocerebellar ataxia,
lysosomal storage disorders that involve cells within the CNS. The lysosomal storage
disorder can be, for example, Krabbe disease, Sandhoff disease, Tay-Sachs, Gaucher disease
(Type L, I or ), Niemann-Pick disease (NPC1 or NPC2 deficiency), Hurler syndrome,
Pompe Disease, or Batten disease. In some embodiments, the AAV 13 administered to the
subject via intravenous administration or systemic administration. The nervous system can
be, for example, the central nervous system. In some embodiments, the nucleic acid 15
delivered to dorsal root ganglia, visceral organs, or a combination thereof of the subject. In
some embodiments, the nucleic acid 1s delivered astrocytes, neurons, or a combination

thereot of the subject. ln some embodiments, the subject is an adult animal.

BRIEF DESCRIPTION OF THE DRAWINGS
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[8013] FIG. 1 depicts a schematic of the diversification strategy used to generate
the AAV-PHP B-XXX library. The AAV capsid containing the AAV-PHP B 7-mer was
diversified at 3 consecutive amino acid positions indicated by the XXX starting at 2 amino
acids (hereafter referred to as “AA”) from the 7mer insertion and continuing to +9 AA. Each
XXX library was shifted by 2AA. A total of 5 XXX libraries were generated to span the 11
AA. The AAV-PHP B-XXX PCR fragments were then assembled into the rAAV-Cap-in-
cis-acceptor plasmid as described in U.S. Patent Publication 2015/0079038. And this tAAY
genome was used to generate the AAV virus library which was then injecied at a dose of
1x10" vg/mouse into adult GFAP-Cre, Vgat-IRES-Cre and Vglut-IRES-Cre mice, for
selection of the variants that transduce astrocytes, GAGAergic neurons, and glutamatergic
neurons, respectively.  After two rounds of selection, numerous variants were found to be
enriched 1 the sequences recovered from one or more of the Cre hines. One of those
sequences, AAV-PHPN (DGTLAVPFKAQ (SEQ ID NO: 4)) was chosen for
characterization as an individual variant. The three amino acids of AAV-PHP.N that were
varted from AAV-PHP B are DGT and the sequence that differs from AAV-PHP.B is DG

[0014] FIG. 2 depicts AAV-PHP N travsducing CNS newrons more efficiently
than AAV-PHPB. Images were taken 2 weeks after intravenous injection of a low dose
(3.3x10" va/mouse) of AAV-CAG-mNeonGreen packaged into AAV-PHP.B (top) or AAV-
PHP.N (bottom). Bright spots indicate expression of mNeonGreen protemn (and thus
transduction of AAV). Images show higher AAV-PHP N expression in the cortex,
cerebellum, and gentate gyrus compared to AAV-PHP B expression. Thus, compared with
AAV-PHP.B, AAV-PHP N provides greater transduction of cells with the morphology of
neurons in several brain regions. Scale bars are 200 pm.

[8015] FI1GS. 3A-3D depict the enhanced transduction of AAV-PHP.S in the
mouse heart and peripheral nerves as compared with AAV9, FIG. 34 depicts sensory fibers
entering the dorsal spinal cord of mice 3 weeks after intravenous injection of 2x10"
vg/mouse of ssSAAVI.CAG-NLS-GFP or ssAAV-PHP.S:CAG-NLS-GFP (NLS, nuclear
localization signal) into adult mice. AAV-PHP.S provides stronger GFP expression in the
sensory fibers than AAV9 as shown by brighter staining of the AAV-PHP.S treated sample
relative to the AAVO treated sample. ¥FIG. 3B shows mmages of native fluorescence from

GFP protein expression, shown by bright signals, from the heart 3 weeks after intravenous

~1
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administration of 1x10" vector genomes (vg)mouse of recombinant single stranded
(ss)AAVO CAG-GFP-2A-Luc or ssAAV-PHP.S:CAG-GFP-2A-Luc. FIG. 3C depicts a 3D
projection image showing native fluorescence in a dorsal root ganglion of a mouse 4 weeks
after injection of a mixture of 1x10" vg of ssAAV-PHP.S:CAG-mNeonGreen and 1x10" vg
of ssAAV-PHP.S:CAG-mTurquoise. Both channels are shown together in the grayscale
mmage. FIG. 3D depicts AAV-PHP.S transducing cells within the enteric nervous system
after intravenous injection. Bright spots mark cells transduced by AAV-PHP.S. Images show
a maximum intensity projection from the adult mouse intestine assessed 3 weeks after
intravenous administration of 1x10" vg/mouse of ssAAV-PHP S:CAG-mNeonGreen. Bright
spots show miNeon-Green expression from the AAV-PHP 8 vector (see, left panel and upper
right panel). Neurons with the myenteric plexus are labeled with an antibody agaiust pgp9.5
and nuclet labeled by DAPI are shown in lower, right panel.

[0016] FIGS, 4A-4G depict Cre-dependent recovery of AAVY capsid sequences
from transduced target cells. FIG., 4A depicts an overview of the CREATE selection
process. PCR is used to introduce diversity (full visual spectrum vertical band) into a capsid
gene fragment. The fragment is cloned into the rfAAV genome harboring the remaining
capsid gene and 1s used to generate a library of virus variants. The Hbrary 1s injected into Cre
fransgenic anmmals and PCR is used to selectively recover capsid sequences from Cre+ cells,
FIG. 4B depicts the rAAV-Cap-in-cis-lox rAAV genome. Cre inverts the polyadenylation
{pA) sequence flanked by the lox71 and lox66 sites. PCR primers (half arrows) are used to
selectively amplify Cre-recombined sequences. FiG. 4 depicts PCR products from Cre
recombination-dependent (top) and —independent {(bottom)} amplification of capsid library
sequences recovered from two Cre’ or Cre” mice. Schematics (bottom) show the PCR
amplification strategies {see FIGS, 8A-8B for details). FIG. 4D 15 a schematic illustration of
the AAVY genes within the Rep-AAP AAY helper plasmid and the proteins encoded by the
cap gene. Stop codons nserted n the cap gene eliminate VP, VP2 and VP3 capsid protem
expression. FiG. 4E depicts DNase-resistant AAV vector genomes (vg) produced with the
split AAV2/9 rep-AAP and rAAV-Cap-in-cis-lox genome (top) as compared to the vg
produced with standard AAVZ2/9 rep-cap helper and rAAV-UBC-mCherry genome {nuddie}
or with the AAV2/9 rep-AAP and rAAV-UBCmCherry genome (bottom). N=3 mdependent
trials per group; mean £ s.d.; **p<0.01, ***p<0.001; oneway ANOVA and Tukey multiple

8-
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comparison test. FIG. 4F depicis cloning the 7-mer capsid hibrary into the rAAV- ACap-in-
cis vector. KFiG., 4G depicts the AAVY surface model. FIGS, 4F-4G show the location of
the 7-mer inserted between AAS88-589.

[8617] FIGS. SA-3G depict AAV-PHP B mediated gene delivery through the
CNS after intravenous injection in adult mice. In FIGS. 5A-5F, ssAAVO:CAG-GFP or
ssAAV-PHP B:CAG-GFP at the dose of I1x10" vg/mouse or 1x10" vg/mouse was
mntravenously mjected into adult mice. FIG. 5A, show images of GFP expression {indicative
of expression from ssAAV genomes delivered by the indicated capsid) in mice given AAV9Y
{(left) and mice given AAV-PHPB (nuddle and right), respectively, three weeks after
mjection. GFP expression 18 shown by bright signals. ¥IG. 5B shows expression of GFP
(indicated by bright signals) in the cortex or striatum in 50 pm maximum intensity projection
(MIP) confocal images. FIG. 5C shows expression of the GFP protein (indicated by bright
signals) in the PARS-cleared lumbar spinal cord. FIG. 3B shows expression of the GFP
protein {indicated by bright signais) in the retina (left: 20pum MIP, transverse section; right:
whole-mount MIP). FIGS. 5E-5F show expression of the GFP proteins (indicated by bright
signals) in 3D MIP images of PARS-cleared tissue from AAV-PHP B transduced cortex and
striatum and indicated organs from mice transduced with AAVY (top) and AAV-PHP.B
(bottom). In FIG. 5F, the arrows highlight nerves that express the capsid proteins. Asterisks
in the tmage of the pancreas highlight islet cells expressing GFP. Major tick marks in 3D
projections are 100 pm. FEG. 5G depicts AAV biodistribution in the indicated CNS regions
and organs 25 days after intravenous injection 1x10' vg into adult mice. N=3 for AAV-
PHP B and n-4 for AAVY; mean +/- s.d; ¥¥p< 01, *¥**p< 001, unpaired t tests corrected for
multiple comparisons by the Holm-Sidak method. Scale bars: 1mm (FIGS. 5A and 5C (left});
50 pm (FIGS. 5B, 5C (right}, 5D, and 5E}. Major tick marks 1 3D projections in FIGS. 5C,
SE and 5F are 100 pm.

[0018] FIGS. 6A-61 depict AAV-PHP B transducing multiple CNS cell types
more efficiently than AAV9.  FIGS. 6A-6E are wmages showing that AAV-PHPB
transduces astrocytes, oligodendrocytes and neurons: expression of GFP proteins 3 weeks
after intravenous injection of 1x10" (FIG. 6A) or Ix10" (FIGS. 6B-6E) of ssAAV-
PHP B:.CAG-GFP into adult mice. FIG. 6A shows a MIP image of staining in the

hippocampus. Bright signals indicate expression of the AAV-PHP.B construct and dark

0.
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signals ndicate GFAP expression. FiG. 6B shows immunohistochemustry to detect
expression of AAV-PHP.B and the CCl marker in the cortex. Numbered boxes highlight
examples of double positive cells. Corresponding single-channe} images are shown {right).
Asterisks  highlight cells without detectable GFP  expression, FIG. 6C shows
immunochistochemistry to detect transduction of AAV-PHP B and the NeuN marker in the
indicated brain region. FiIG. 6D shows MIP images of GFP fluorescence showing
transduction of AAV-PHP B and TH IHC in the mudbrain.  FIG, 6D depicts AAV-PHP.B
transduction and Calbindin (Calb} IHC in the cerebellum. FIG, 6F-6H depict quantification
of the percentage of cells positive for AAV-PHP B transduction in the indicated brain region
3 weeks post mjection. FiG., 61 shows AAV-PHPB transducing ChAT spinal motor
neurons. Bright spots show AAV-PHP.B expression. Darker signals show IHC for ChAT.
Images depict whole transverse spinal cord sections (feft) or ventral horm MIP image (right).
The percentage of ChAT in whole transverse spinal cord sections {left) or ventral horn MIP
image (right). The percentage of ChAT neurons that expressed AAV-PHP B in each spinal
cord region is given /- the 95% confidence interval. For guantification, n=5 per group,
mean +/~ s.d; All pairs of AAVY vs AAV-PHP.B means were found to be different
(***p<0.001) unpaired t tests corrected for multiple comparison by the Holm-Sidak method.
Scale bars: 20 um (FIGS. 6A-6B and FIG. 6D), 50um (FIG. 6C and 6l (right}), 200um (FIG.
6Eyand 1 mm (FIG. 61 (left)).

[6619] FIGS. 7A-TF depict AAV-PHP A transduction of CNS astrocytes and
reduced tropism for peripheral organs.  FIGSK, 7A-7C and 7E shows expression of AAV-
PHP.A 3 weeks after intravenous injection of 3x10" of ssAAV9:.CAG-GFP or ssAAV-
PHP A:CAG-GFP into adult mice. FIGS, 7A-7B depict representative images of HHC for
ssAAVY.CAG-GFP and AAV-PHP A:CAG-GFP. FIG. 7C shows IHC for the GFP proteins
in the hippocampus. Dark signals show THC for GFAP in the hippocampus. Numbered
boxes highlight examples of cells expressing both the GFP proteins and GFAP.
Corresponding single-channel images are shown on the right In FIG. 7B, 2.5%10" vg of
sSAAV-PHP A.CAG-NLS-GFP was injected intravenously into adult mice. Graphs show
quantitation of the percentage of Aldh1ll and NeuN cells positive for NLS-GFP. FIG, 7TE
shows AAV-PHP A expression {bright signals} in the liver (tissue autofluorescence are

shown with dark signals). FIG. 7F depicts AAV biodistribution in the CNS region and

-10-
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peripheral organs 25 days after intravenous injection of 1x10" vg into adult mice. In FIGS.
TE~TF, N=4 per group; mean +/- s.d: ¥*p<0.03, ¥**p<0.01, ***p<0.001, unpaired t tests
corrected for multiple comparisons by the Holm=81dak method. Scale bars: Tmm (FIG. 7TA);
100 pm (FIG. 7B); and 50 um (FIG. 7C).

[6026] FIGS. 8A-8B show schematic dlustrations of PCR products and the
rAAV-Cap-in-cis genome. FIG. 8A 15 a schematic illustration of PCR products with 7
aming acids (referred to as “7AA” herein) of randomized sequence (represented by the full
spectrum vertical bar) inserted after amino acid 588, The primers used to generate the library
are indicated by name and half arrows. The PCR template was modified to eliminate a
naturally occurring Earl restriction site within the capsid gene fragment (xE} (See Examples
for details). FIG. 88 15 a schematic illustration showing the tAAV-Cap-in-cis genome and
the primers used to quantify vector genomes and recover sequences that have transduced Cre
expressing cells. The PCR-based recovery is performed in two steps. Step 1 provides target
cell-spectfic sequence recovery by selectively amplifying Cap sequences from genomes that
have undergone Cre-dependent inversion of the downstream polyadenylation {pA) sequence.
For step 1, 9CapF functions as a forward primer and the CDF primer functions as the reverse
primer on templates recombined by Cre. Step 2 uses primers XF and AR to generate the
PCR product that is cloned into rAAV-ACap-in-cis plasouid (hibrary regeneration) or to clone
imto an AAV2/9 rep-cap trans plasmid (variant characterization). Table 1 provides non-
limiting examples of the primer sequences that can be used in the PCR illustrated in FIGS,
8A-8B.

[8021) FIGS, 9A-98 depict capsid characteristics and production efficiencies of
the three most enriched variants (1.e., AAV-PHP B, AAV-PHP B2 and AAV-PHP. B3} from
each selection. FIG. %A 1s an image of representative sagittal brain sections from mice

e e et 3 210
assessed 2 weeks after injection 3.3x10"

vg/mouse of ssAAV-CAG-mNeonGreen-
farnesylated {mNeGreen-f} packaged into AAV-PHP.B or the second or third most enriched
variants, AAV-PHP B2 and AAV-PHP-B3. Brnight signals show expression of the GFP
proteins,  Data are representative of 2 {(AAV-PHPB) and 3 (AAV-PHPB2 and AAV-
PHP B3} nuce per group. FIG. 98 shows the amount of DNase-resistant vg obtained from
preparations of the individual variants recovered from GFAP-Cre selections. Yields are given

as the number of purified vector genome copies per 150mm dish of producer cells; mean +/-
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s.d. *p<0.05, one-way ANOVA and Tukey multiple comparison test.  The number of
ndependent preparations for each capsid 1s shown within the bar.

[8022] FIGS, 16A-16G are images showing that AAV-PHP. B transduces several
mterneuron cell types and endothelial cells but does not transduce mucrogha,  In FIGS, 18A-
10D, adult mice were injected with 1x10" vg of AAV-PHP B:CAG-GFP and assessed for
expression of the GFP protein 3 weeks later. Representative images show IHC for AAV-
PHP.B expression (FIGS. 18A-10C) or native fluorescence from GFP protein expression
(FiG. 18D) together with IHC for the indicated antigen and brain region. 1n FIG. 10E, adult
mice were injected with 3.3x10™ vg of ssAAV-PHP B:CAG-mNeGrn-f assessed at 2 weeks
post injection. Native fluorescence from mNeGrn-f co-localizes with some endothehial cells
expression CD31. In FIGS. 18F-10G, adult mice were injected with 2x10" vg of ssSAAV-
PHP B:CAG-NLS-GFP and assessed at 3 weeks post injection.  Bright signals show
expression of AAV-PHP B, and dark signal shows expression of Ibal. Asterisks indicate
cells that express the indicated antigen, but have no detectable expression of AAV-PHP B.
Parvalbumin (PV), Calbindin (Calb) and Calretinin {CR). Scale bars: 20 pm (FIGS, 18A-
160); 50 pm (FIGS, 10E-10F) and 500 pm (FIG. 10G).

[0023] FiG. 11 depicts long-term AAV-PHP.B expression in the brain foliowing
gene transfer with AAV-PHP.B. Adult mice were travenocusly mjected with the indicated
dose of ssAAV-CAG-GFP packaged into AAVY or AAV-PHP B and were assessed for
native eGFP fluorescence 377 days later. Bright signals indicate eGFP expression. N=1 per
vector/dose.

[0024] FIGS, 12A-120 are representative images of native fluorescence from
GFP protein expression and IHC for several newron and ghal cell types following
transduction by AAV-PHP B:CAG-NLS-GFP. In FIGS. 12A4-12B, adult mice were injected
with 2x10" vg of ssAAV-PHP.B:CAG-NLS-GFP and assessed at 3 weeks post injection.
Images show native fluorescence from GFP protein expression along with IHC for the
mndicated antigen in the indicated brain region. In all panels, arrows indicate colocalization of
GFP expression with THC for the indicated antigen.  FIGS. 12B-12C are single-plane
confocal images; FIGS. 124 and 12D are MIP. Corpus Callosum {cc), substantia nigra pars

compacta {SN¢), ventral tagmental area (VTA). Scale bars: 50 pm.
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[8025] FIGS. 13A-C show AAV-PHP A and AAV-PHP.B transduction of human
PSC-derived cortical neurons and astrocytes in associated cultures and intact 3D cortical
cultures. FIG. 13A shows that AAV-PHP B provides higher transduction of human neurons
and astrocytes in associated monolayer cultures. Representative images show expression
from the GFP c¢cDNA delivered using the AAVY, AAV-PHP A, and AAV-PHP B capsids at
five days after viral transduction (ssAAV-CAG-NLS-GFP packaged in AAVY, AAV-PHP A,
or AAV-PHP.B; 1x10° ve/well) of dissociated iPSC-derived human cortical spheroids
differentiated in vitro. Cells expressing the GFP proteins colocalize with astrocytes
immunostained for GFAP or neurons immunostained for MAP2 as indicated by white
arrows. FiG. 13B shows quantification of the percentage of GFAP+ or MAP2+ cells mfected
by AAVY, AAV-PHP.A or AAV-PHP B (n=3 differentiations into cortical spheroids of two
human 1PSC lines derived from two subjects; two-way ANOVA, Tukey multiple comparison
test; mean +/- s.d.}).  FIG. 13C shows that AAV9, AAV-PHP A and AAV-PHP B transduce
imtact human 3D cortical cultures (cortical spheroids differentiated trom human PSCs).
Images of human 1PSC-derived cortical spheroid cryosections (day 205 of i viiro
differentiation} transduced with ssAAV-CAG-NLS-GFP packaged in AAVY, AAV-PHP A
or AAV-PHP.B show native fluorescence from GFP protein expression together with
mmmunostaining of GFAP and MAP2.  Insets show co-lableing of the GFP protemn with
GFAP+ astrocytes {cyan} or MAPZ+ neurons. Scale bars: 40 pm (FIG. 13A); and 100 um
(FIG. 13().

[0026] FIGS, 14A-14D depict AAV-PHP. B and AAV-PHP A capsids localizing
to the brain vasculature after intravenous injection and transducing cells along the
vasculature by 24 hours post-administration. Adult mice were injected with 1x10" vg of
ssAAV-CAG-NLS-GFP packaged into AAVY, AAV-PHP.A or AAV-PHP.B as indicated.
FIGS, 14A-14B are representative images of capsid immunostaining (bright staining) using
the Bl anti-AAV VP3 antibody that recognizes a shared internal epitope in the cerebellum
(FiG, 144A) or striatum (FEG. 14B) in the brains of mice injected intravencusly one hour
prior to fixation by cardiac perfusion. (Capsid immunostaining was detectable throughout the
brains of mice injected with AAV-PHP A and AAV-PHP B, but was rarely seen in the brains
of mice that received the same dose of AAV9. Cell nuclei were labeled with DAPT (dark

staining). Lipofuscin autofluorescence can be distinguished from capsid staining by its
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presence in both green and red channels. The inset of FIG. 14A shows a 3D MIP image of
the area highlighted 1n the AAV-PHP B image. Arrows highlight capsid THC signal;
asterisks mdicate vascular lumens. Data are representative of 2 {no virus and AAV-PHP A)
or 3 {AAV9 and AAV-PHP B} muce per group. FIG. 14C is a representative image of GFP
expression (bright staining) with DAPI (white staining) and CD31 (dark staining) 24 hours
post-administration of AAV-PHP B Arrows highlight GFP-expressing cells.  FIG. 14D
shows quantification of the number of GFP expression cells present along the vasculature
the indicated brain regions. N=3 per group; mean +/- s.d.. AAV-PHP B vs AAV9 and AAV-
PHP A, *%p<0.001 for all regions; AAVY9 vs AAV-PHP A, not significant; two-way
ANOGVA, Scale bars: 200 pm (FIG. 14A); 50 pm (FIGK. 14B-14C); Major tick marks are 50
pm in the high magnification inset (FIG. 14A).

[8027] FIGS, 1SA-158 show reporter expression from the top three variants
recovered from GFAP-Cre mice. FIG. 18A show images of representative sagittal brain
sections from mice assessed 2 weeks after injection of 3.3x10' vg/mouse of sSAAV-CAG-
mNeon-Green-farneyslated {mNeGrn-f) packaged into AAV-PHP.B or the second or third
most enriched vanants, AAV-PHP B2 and AAV-PHP B3, Bnght signals indicate mNeGro-f
expression from ¢cDNA delivered by the three enriched varants, AAV-PHP B (left), AAV-
PHP.B2 (nuddle), and AAV-PHP B3 (right). FIG. 15B show high magnification {(40x)
grayscale images of NLS-GFP expression within brain sections assessed 3 weeks after
injection of 2x10" vg/mouse of ssAAV-CAG-NLS-GFP packaged into AAV-PHP.B, AAV-
PHP B2 or AAV-B3.

[0028] FiG. 16 are images showing reporter expression from AAV-PHPB
variants, Bright spots indicate reporter expression from the AAV-PHP.B vanants. Single-
plane confocal images of brain sections from mice assessed 2 weeks after I'V injection 1x10"
vg (total)ymouse of AAV-PHP B or the indicated AAV-PHP B vanant. Each varant was
used to package a mix of reporters: ssAAV-CAG-mTurquoise?, mNeonGreen, and mKate
2.5, Note, mKate2.5 appears to aggregate in some cell types, most notably 1n neurons and
endothelial cells.

[6629] FIG. 17 depicts reporter expression from AAV-PHP.B variants. Bright
spots indicate reporter expression from the AAV-PHPB vanants. Single-plane counfocal

. - . . . .. . PR
images of brain sections from mice assessed 3 weeks after injection of 3xi0 vg
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(total)/mouse of the indicated AAV-PHP.B variant. Hach variant was used to package a mix
of reporters: ssAAV-CAG-mTurquoise?, mNeonGreen, and mRuby 2.

[6030] Fi;. 18 are images showing reporter expression from AAV-PHPB
variants. Bright spots indicate reporter expression from the AAV-PHP.B varnants. Single-
plane confocal images of brain sections from mice assessed 11 days after IV injection of
1x10" vg (totaly/mouse of the indicated AAV-PHPB variant. Each variant was used to
package a mix of reporters: ssAAV-CAG-mTurquoise2, mNeonGreen, and mRuby?2.

[0031] FIGS. 19A-18C show that CNS transduction by AAV-PHP.B-DGT 15
more efficient than by AAV-PHP B after adult IV adnunistration. FIG, 19A shows whole-
brain images {(dorsal view) of ssAAV-CAG-NLS-GFP expression 3 weeks after IV
administration of 1x10" vg/mouse of ssAAV-CAG-NLS-GFP packaged into the indicated
capsid. Expression of ssAAV-CAG-NLS-GFP is indicated by bright grayscale signal. FiG.
19B depicts graphs showing the percentage of total nuclei (DAPT') in the motor cortex (left)

or striatum {right} that express GFP. KIG, 19C depicts graphs showing the mean expression

[8032] FIGS. 20A-20D depict penipheral nerve transduction by AAV-PHPS as
compared to AAV9. FIG, 204 are whole-brain images {dorsal view, left and veniral view,
right) of expression of AAV-PHP.S three weeks after IV administration of ix10" vg/mouse
of ssAAV-CAG-NLS-GFP packaged wmnto the indicated capsid. Expression of GFP 1s
indicated in grayscale. Note, despite using nuclear-localized GFP, expression of GFP is
strong enough in the peripheral neuron axons entering the spinal cord and brain stem to be
visible in these whole brain images. FIG. 20B s an image showing a transverse section of
the spinal cord after transduction with 3x10' ve (total) of ssAAV-PHP.S:CAG-XFPmix.
FEG. 28C 1s a 3D projection image showing native fluorescence 1n a dorsal root ganglion of
a mouse 4 weeks after injection of a mixture of 1x10" vg of ssAAV-PHP.S:CAG-
mNeonGreen and 1x10'% of sSAAV-PHP.8:CAGmTurquoise. FIG. 28D is an image showing
AAV-PHP.S transducing cells within enteric nervous system after intravenous mjection.
native mNeonGreen fluorescence (bright signal) marks cells transduced by AAV-PHP.S,
Images show a maximum intensity projection from the adult mouse intestine assessed 3
weeks after intravenous administration of 1x10" ve/mouse of sSAAV-PHP S CAG-

mNeonGreen.  Newrons are Jabeled with an antibody against pgp9.5 {grey staining) and
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nuclei labeled by DAPI are shown by dark staining,  Individual chamnels are shown to the
right. The top right image shows mNeonGreen expression n the enteric nervous system
indicative of transduction by AAV-PHP §:CAG-mNeonGreen.

[6033] FiG. 21 depicts evolution of the AAV-PHP.B 7-mer peptide and flanking
sequences. The PHP.B 7-mer was inserted between AAS88-589 of the AAVY capsid. The
five site saturation libraries {XXX1-XXX5) were generated by PCR, mixed in equal amounts
and used to generate DNA. The DNA was then used to generate the AAV capsid libraries.

[6034] FIGS. 22A-22B show the amino acid sequences of AAV-PHP.N VPI1
capsid (FIG. 224) and AAV-PHP.S VP capsid (FIG. 22B). FIG. 22A the AAV-PHP.S 7-
mer insertion is underfined, and the two anune acids that differ from AAV-PHP B 7-mer are
highlighted. FIG. 22B: the AAV-PHP.S 7-mer 15 underlined.

[0035] FIGS, 23A-23E show that two AAV capsids, AAV-PHP.S and AAV-
PHP N, efficiently transfer genes to the peripheral and central nervous systems, respectively.
Adult mice were intravenously injected with the indicated dose of virus. ¥iG. 23A shows
images of GFP expression in the whole brain.  FIGE, 23B-23C are images of GFP
expresston in sagittal brain section. FIGS, 23D-23E are images of GFP expression in
transverse spinal cord sections. Bright signals in the images indicate GFP expression.

[0036] FIGS. 24A-24G show that AAV-PHP.N transduces several neuron
populations more efficiently than AAV-PHP B. FIGS. 24A-24C are images showing native
GFP fluorescence from GFP protein expression in brain sections from adult mice injected
with AAV-PHP B (top} or AAV-PHP N (botiom} in the cortex (FIG. 24A), striatum (FIG.
24B), and cerebellum (FIG. 24C). GFP expression is indicated by the bright signal. FIG.
24D shows the percentage of nuclei (DAPI) cells that expressed GFP after injection of
AAV-PHP B or AAV-PHP N. FIG. 24E shows the percentage of NeuN" neurons (cortex or
striatum) or Calbindin” (Calb) Purkinje neurons in the cerebellum that express GFP. FIG.
24F shows the percentage of S100b” cells that express GFP. FIG. 24G shows the mean
fluorescence intensity of individual GFP” nuclei in the indicated brain region. The data was
generated by taking the mean fluorescence value for each nuclei. *p<0.05, **p<0.01, student
unpaired T test.

[0037] FIGS. 25A-25D show that AAV-PHP.S transduces peripheral sensory

neurons more efficiently than AAV9.  FIG, 25A are nmages showing native GFP
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fluorescence after transduction of 1x10" vg of ssAAV-CAG-NLS-GFP packaged into AAVY
or AAV-PHP.S. GFP expression is indicated by the bright signal. FIG, 25B shows the
percentage of PGP9.5” DRG neurons that express nuclear GFP. FIG. 25C shows the mean
median median fluorescence intensity of GFP” cells transduced with the indicated vector.
FIG. 25D shows AAY-PHP.S transducing cardiac ganglia and cardiac muscle. AAV-PHP.S
expression is indicated by the bright signal. **p<0.01, ****p<0.0001, student unpaired T

test.

DETAILED DESCRIPTION

[8038] In the following detailed description, reference is made to the
accompanying drawings, which form a part hereof In the drawings, similar symbols
typically identify similar components, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings, and claims are not meant to be
Limiting.  Other embodiments may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter presented herein. It will be readily
understood that the aspects of the present disclosure, as generally described herein, and
iltustrated in the Figures, can be arranged, substituted, combined, separated, and designed in
a wide variety of different configurations, all of which are explicitly contemplated herein and
make part of this disclosure

[6039] The present application provides AAVs capable of delivering nucleic
acids to a target environment, for example, a cell, a population of cells, a tissues, an organ, or
a combination thereof, in a subject transducted with the AAVs. For example, the AAVs can
be used to deliver nucleic acids to the nervous system, for example, central nervous system
(CNS) and/or peripheral nervous system (PNS) of a subject. In some embodiments, the
AAVs can be used to deliver nucleic acids to the heart of a subject, Also disclosed herein are
peptides capable of directing AAVs to a target environment {e.g., the nervous system, the
heart, or the combination thereof} in a subject, AAV capsid proteins comprising the peptides,
compositions {e.g., pharmaceutical compositions) comprising AAV vectors having capsid
proteins comprising the peptides, and the nucleic acid sequences encoding the peptides and
AAY capsid proteins. In addition, methods of making and using the AAV vectors are also

disclosed. In some embodiments, the AAV vectors are used to prevent and/or treat one or
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more diseases and disorders, for example diseases and disorders related to nervous system
and/or the heart.
Definitions

[6046] Unless defined otherwise, technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which the
present disclosure belongs.  See, e.g Singleton et al, Dictionary of Microbiclogy and
Molecular Biclogy 2nd ed., J. Wiley & Sons (New York, NY 1994); Sambrook et al,
Molecular Cloning, A Laboratory Manual, Cold Springs Harbor Press (Cold Springs Harbor,
NY 1989). For purposes of the present disclosure, the following terms are defined below.

[8041] The term “vector” as used herein, can refer to a vehicle for carrying or
transferring a nucleic acid. Non-limiting examples of vectors nclude plasmuids and viruses
{(for example, AAY viruses).

[8042] The term “construct,” as used herein, refers to a recombinant nucleic acid
that has been generated for the purpose of the expression of a specific nucleotide
sequence(s), or that is to be used in the construction of other recombinant nucleotide
sequences.

[6043] As used herein, the term “plasmud” refers to a nucleic acid that can be
used to replicate recombinant DNA sequences within a host organism. The sequence can be
a double stranded DNA.

[6044] As used heremn, the terms “nucleic acid” and “polynucleotide”™ are
mterchangeable and refer to any nucleic acid, whether composed of phosphodiester linkages
or modified linkages such as phosphotriester, phosphoramidate, siloxane, carbonate,
carboxymethylester, acetamidate, carbamate, thioether, bridged phosphoramidate, bridged
methylene phosphonate, bridged phosphoramidate, bridged phosphoranudate, bridged
methylene phosphonate, phosphorothicate, methylphosphonate, phosphorodithioate, bridged
phosphorothioate or sultone linkages, and combinations of such linkages. The terms “nucleic
acid” and “polynucleotide” also specifically include nucleic acids composed of bases other
than the five biologically occurring bases (adenine, guanine, thymine, ¢ytosine and uracil),

[0045] As used herein, amino acid “X,” or “Bn” of a peptide sequence of two or
more contiguous amino acids refers to an amino acid at n (n is a positive integer) position of

the peptide sequence. For example, in a peptide sequence of 11 contiguous amino acids
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XX XX Xs X6 XX XoX10X 1, X; is the amino acid at position 1 (i.e., the 1™ position) of the
peptide sequence, X, is the amino acid at position 2 {i.e., the 2™ position) of the peptide
sequence, X 18 the amino acid at position 3 (i.e., the 3¢ posttion) of the peptide sequence, Xy
is the amino acid at position 4 (i.e., the 4™ position) of the peptide sequence, Xs is the amino
acid at position S (1.e, the 5™ position) of the peptide sequence, X is the amino acid at
position 6 (i.e., the 6™ position) of the peptide sequence, X7 is the amino acid at position 7
(i.e., the 7" position) of the peptide sequence, Xy is the amino acid at position 8 (i.e., the 8™
position) of the peptide sequence, Xy is the amino acid at position 9 (i.e., the 9" position) of
the peptide sequence, X0 18 the anuno acid at posttion 10 (i.e, the 1ot position} of the
peptide sequence, and X; is the amino acid at position 11 (i.e., the 11® position} of the
peptide sequence. For example, if there 1s A at position 9, G at position 10 and Q at position
11 in the peptide sequence, it is described as that amino acids XXXy, are AGQ. As
another example, 10 a peptide sequence of QAB;B4TSL, it means that B; 1s the amino acid at
postion 3 of the peptide sequence, and By is the amino acid at position 4 of the peptide
sequence.

[8046] The term “recombinase recogmition sequence” or “recombinase
recognition site” refers to a sequence of nucleic acid that is recognizable by a recombinase
and can serve as the substrate for a recombination event catalyzed by said recombinase. The
sequence can be, for example, double stranded DNA.

[8347] The term “virus genome” refers to a nucleic acid sequence that is flanked
by cis acting nucleic acid sequences that mediate the packaging of the nucleic acid into a
viral capsid. For AAVs and parvoviruses, for example 1t 1s knowan that the “mverted terminal
repeats” (ITRs) that are located at the 5 and 37 end of the viral genome have this function
and that the ITRs can mediate the packaging of heterologous, for example, non-wt virus
genomes, into a viral capsid.

[0048] The term “element” refers to a separate or distinet part of something, for
example, a nucleic acid sequence with a separate function within a longer nucleic acid
sequence. The term “regulatory element” and “expression control element” are used
mterchangeably herein and refer to nucleic acid molecules that can influence the expression
of an operably linked coding sequence n a particular host organism. These terms are used

broadly to and cover all elements that promote or regulate transcription, including promoters,
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core elements required for basic interaction of RNA polymerase and {ranscription factors,
upstreamn elements, enhancers, and respouse elements {see, e.g., Lewin, “Genes V7 (Oxford
University Press, Oxford) pages 847-873). Exemplary regulatory elements in prokaryotes
imclude promoters, operator sequences and a ribosome binding sites. Regulatory elements
that are used 1n euvkaryotic cells can include, without Hmitation, transcriptional and
franslational control sequences, such as promoters, enhancers, splicing signals,
polvadenvlation signals, terminators, protein degradation signals, internal ribosome-entry
element (IRES), 2A sequences, and the like, that provide for and/or regulate expression of a
coding sequence and/or production of an encoded polypeptide 11 a host ceil.

[0049] As used herein, the term “variant” refers to a polynucleotide or
polypeptide having a sequence substantially similar to a reference polynucleotide or
polypeptide.  In the case of a polynucleotide, a variant can have deletions, substitutions,
additions of one or more nucleotides at the 5” end, 3” end, and/or one or more mternal sites in
comparison to the reference polynucleotide. Similarities and/or differences in sequences
between a variant and the reference polynucleotide can be detected using conventional
techniques known 1in the art, for example polymerase chain reaction (PCR) and hybridization
techniques. Variant polynucleotides also include synthetically derived polynucleotides, such
as those generated, for example, by using site-directed mutagenesis. Generally, a variant of a
polynucleotide, mcluding, but not himited to, a DNA, can have at least about 50%, about

55%, about 60%, about 63%, about 70%, about 75%, about 80%, about 83%, about 90%,

.
about 91%, about 92%, about 93%, about 94%, about 95%, about 96%, about 97%, about
98%, about 99% or more sequence identity to the reference polynucleotide as determined by
sequence alignment programs known by skilled artisans. In the case of a polypeptide, a
variant can have deletions, substitutions, additions of one or more amino acids 1n comparison
1o the reference polypeptide. Similarities and/or differences in sequences between a variant
and the reference polypeptide can be detected using conventional fechniques known in the
art, for example Western blot. Generally, a variant of a polypeptide, can have at least about

0%, about 65%, about 70%, about 75%, about 80%, about 85%, about 90%, about 91%,

about 92%, about 93%, about 94%, about 95%, about 96%, about 97%, about 98%, about
99% or more sequence identity to the reference polypeptide as determined by sequence

alignment programs known by skilled artisans.
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[8056] The term “AAV” or “adenc-associated virus” refers 1o a
Dependoparvovirus within the Parvoviridae genus of viruses. For example, the AAY can be
an AAYVY derived from a naturally occurring “wild-type” virus, an AAY derived from a rAAY
genome packaged into a capsid dertved from capsid protemns encoded by a naturally
occurring cap gene and/or a tAAV genome packaged into a capsid derived from capsid
proteins encoded by a non-natural capsid cap gene, for example, AAV-PHP.N and AAV-
PHP S, As disclosed heremn, the terms “AAV-PHP eB”, “AAV-PHP N”, and “AAV-PHP B-
DGT” are used mterchangeably to refer to an AAV vanant having a non-natural capsid
protein comprising a 11-mer amino acid sequence DGTLAVPFKAQ (SEQ ID NO: 4, which
is referred to herein as “PHP eB”, “PHP N” “PHP . B-DGT” sequence, respectively).

[B051] The term “rAAV” refers to a “recombinant AAV”. In some embodiments,
a recombinant AAV has an AAVY genome in which part or all of the rep and cap genes have
been replaced with heterologous sequences.

[6052] [6042]  The term “rep-cap helper plasmid” refers to a plasmid that
provides the viral rep and cap gene functions. This plasmid can be useful for the production
of AAVs from rAAV genomes lacking functional rep and/or the capsid gene sequences.

[B053] The term “vector” 1s defined as a vehicle for carrying or transferring a
nueleic acid. Non-hmiting examples of vectors include plasnuds and viruses.

[0054] The term “cap gene” refers to the nucleic acid sequences that encode
capsid proteins that form, or contribute to the formation of, the capsid, or protein shell, of the
virus. In the case of AAV, the capsid protein may be VP1, VP2, or VP3. For other
parvoviruses, the names and numbers of the capsid proteins can differ.

[B055] The term “rep gene” refers to the nucleic acid sequences that encode the
non-structural proteins (rep78, rep68, repS2 and repd0) required for the replication and
production of virus.

[8056] A “library” may be in the form of a multiplicity of linear nucleic acids,
plasmiads, viral particles or viral vectors. A hibrary will include at least two linear nucleic
acids.

[8057] When the mserted nucleic acid sequences are randomly generated, N=A,

C,Go T, K=GorT; M=A or C.
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[B8058] Unless specified otherwise, the left-hand end of any single-stranded
polynucleotide sequence discussed herein is the 5 end; the lefi-hand direction of double-
stranded polynucleotide sequences is referred to as the 5° direction.

[8059] The term “naturally occurring” as used herein refers to materials which
are found in nature or a form of the materials that 1s found n nature.

[0060] Standard techniques can be used for recombinant DNA, oligonucleotide
synthesis, and tissue culture and transformation {e.g, eleciroporation, lipofection).
Enzymatic reactions and purification techniques can be performed according to
manufacturer's specifications or as commoniy accomplished in the art or as described herein.
The foregoing techniques and procedures can be generally performed according to
conventional methods well known in the art and as described n various general and more
specific references that are cited and discussed throughout the present specification.  See,
e.g., Sambrook er al., Molecular Cloning: A Laboratory Manual (2d ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY. (1989)), which is incorporated herein by
reference for any purpose. Unless specific definttions are provided, the nomenclatures
utilized i connection with, and the laboratory procedures and techniques of, analytical
chemistry, synthetic organic chemistry, and medicinal and pharmaceutical chenustry
described herein are those well known and commonly used o the art.  Standard techniques
can be used for chemucal syntheses, chemical analyses, pharmaceutical preparation,
formulation, and delivery, and treatment of patients.

[8061] As used herein, a “subject” refers to an ammal that 1s the object of
treatment, observation or experiment.  “Ammal” includes cold- and warm-blooded
vertebrates and invertebrates such as fish, shellfish, reptiles, and in particular, mammals.
“Mammal,” as used herein, refers to an mdividual belonging to the class Mammalia and
mcludes, but not limited to, humans, domestic and farm animals, zoo amimals, sports and pet
amimals. Non-limiting examples of mammals include mice; rats; rabbits; guinea pigs; dogs;
cats; sheep; goats; cows; horses; primates, such as monkeys, chimpanzees and apes, and, in
particular, humans. In some embodiments, the mammal 1s a human. However, m some
embodiments, the mammal 13 not a human.

[8062] As used herein, the term “ireatment” refers {o an imtervention made in

response to a disease, disorder or physiological condition mamfested by a patient,
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particularly a patient suffering from one or more serotonin-related diseases. The aim of
treatment may mclude, but 1s not limited to, one or more of the alleviation or prevention of
symptoms, slowing or stopping the progression or worsening of a disease, disorder, or
condition and the remission of the disease, disorder or condition. The term “treat” and
“treatment” mncludes, for example, therapeutic treatments, prophylactic treatments, and
applications 1 which one reduces the risk that a subject will develop a disorder or other risk
factor. Treatment does not require the complete curing of a disorder and encompasses
embodiments in which one reduces syvmptoms or underlving nisk factors. In some
embodiments, “ireatment” refers to both therapeutic treatment and prophylactic or
preveniative measures. Those in need of treatment inciude those already affected by a disease
or disorder or undesired physiological condition as well as those in which the disease or
disorder or undesired physiclogical condition 13 1o be prevented. For example, in some
embodiments treatment may enhance or reduce the level of serotorun in the subject, thereby
to reduce, alleviate, or eradicate the symptom(s) of the disease(s). As used herein, the term
“prevention” refers to any activity that reduces the burden of the individual later expressing
those serotonin-related disease symptoms. This can take place at primary, secondary and/or
tertiary prevention levels, wherein: a) primary prevention avouds the development of
symptoms/disorder/condition; b) secondary prevention activities are aimed at early stages of
the condition/disorder/symptom treatment, thereby increasing opportunities for interventions
1o prevent progression of the condition/disorder/symptom and emergence of symptoms; and
¢} tertiary prevention reduces the negative impact of an already established
condition/disorder/symptom by, for example, restoring function and/or reducing any
condition/disorder/symptom or related complications. The term “prevent” does not require
the 100% elimination of the possibility of an event. Rather, it denotes that the hikelthood of
the occurrence of the event has been reduced in the presence of the compound or method.

[0063] As used herein, the term “effective amount” refers to an amount sufficient
to effect beneficial or desrable biological and/or clinical results.

[8064] “Pharmaceutically acceptable” carriers are ones which are nontoxic to the
cell or mammal being exposed thereto at the dosages and concentrations employed.
“Pharmaceutically acceptable” carriers can be, but not hmited to, organic or inorganic, sohid

or liquid excipients which 15 suitable for the selected mode of application such as oral
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apphication or injection, and administered in the form of a conventional pharmaceutical
preparation, such as solid such as tablets, granules, powders, capsules, and hqud such as
solution, emulsion, suspension and the like. Often the physiologically acceptable carrier 1s an
agqueous pH buffered solution such as phosphate buffer or citrate buffer. The physiologically
acceptable carrier may also comprise one or more of the following: antioxidants mcluding
ascorbic acid, low molecular weight (less than about 10 residues) polypeptides, proteins,
such as serum albumin, gelatin, immunoglobulins; hydrophilic polymers such as
polyvinylpyrrolidone, amino acids, carbohydrates including glucose, mannose, or dextring,
chelating agents such as EDTA, sugar aleohols such as mannitol or sorbitol, sali-forming
counterions such as sodium, and nonionic surfactants such as Tween ™, polyethylene glycol
(PEG), and Pluronics’™ Auxiliary, stabilizer, emulsifier, lubricant, binder, pH adjustor

controller, isotonic agent and other conventional additives may also be added to the carriers.

Tarsetine Sequences

[8065] Disclosed herein are targeting peptides capable of directing AAV (for
example, directing the AAV for the purpose of delivering one or more nucleic acids) to target
environmenis in a subject. The target environmeni can be, for example, a cell, a cell
population, one or more tissues, one or more organs, or a combination thereof in the subject.
In some embodiments, the target environment is the central nervous system (CNS). In some
embodiments, the target environment is the peripheral nervous systern (PNS). In some
embodiments, the target environment is the heart In some embodiments, the targeting
peptide is capable directing AAV to, or primarily to, the UNS of the subject (referred herein
as a “CNS targeting peptide”}. In some embodiments, the targeting peptide 1s capable
directing AAV to, or primarily to, the PNS of the subject (referred herein as a “PNS targeting
peptide”). In some embodiments, the targeting peptide is capable directing AAV to, or
primarily 1o, the heart of the subject (referred herein as a “heart targeting peptide”}. In some
embodiments, the targeting peptide 13 a CNS targeting peptide. In some embodiments, the
targeting peptide is a PNS targeting peptide. In some embodiments, the targeting peptide is a
heart targeting peptide. For example, the CNS targeting peptide can, in some embodiments,
direct AAV to deliver nucleic acids to newrons, glia, endothelia cells, astrocytes, cerebeliar

Purkinje cells, or a combination thereof, of the CNS. In some emboduments, the targeting
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peptide 1s capable of directing AAV to deliver nucleic acid to the CNS, the heart {e.g,
cardiomyocytes in the heart), peripheral nerves, or 4 combimnation thereof, in the subject. In
some embodiments, the subject 1s an adult, for example, a subject who is three years and
older.

[8066] The targeting peptide (e.g., the CNS targeting peptide, the PNS targeting
peptide, and the heart targeting peptide) can vary in length. For example, the targeting
peptide can be, or be at least, three, four, five, six, seven, eight, nine, ten, eleven, twelve,
fifteen, eighteen, twenty, twenty-five, thirty, or a range between any two of these values,
amino acids long. In some embodiments, the targeting peptide is, or is about, seven anuno
acids long. In some embodiments, the targeting peptide is, or is about, eleven amino acids
long. In some embodiments, the targeting pepiide is, or is about, seven 1o eleven amino acids
long,

(00671 In some embodiments, the targeting peptide comprises or consists of a
sequence of 11 contiguous aming acids XX XaX XX XX XoX 10X, wherein

XiD A E QNG ors;

XiG NS T Q oV,

X518 T, S or N;

XaisLorV,

XKsis A, S, QP or T,

XeisV, T, QN L, or M,

X,18P;

KsgsF, Y.V, L,C or5s;

Xeis K, RorS; and

each of Xy and X, is independently any amino acid.

[80638] In some embodiments, the targeting peptide 1s not, or does not comprise,
the amino acid sequence AQTLAVPFKAQ (SEQ ID NO: 1) In some embodiments of the
targeting peptide, Xy and Xy; can independenily be any amino acids, for example any of the
standard amino acids. As used herein, standard amino acids include Alanine (abbreviated as
“Ala” or “A”), Argimine (abbreviated as “Arg” or “R”), Asparagine (abbreviated as “Asn” or
“N”), Aspartic acid {abbreviated as “Asp” or “D7), Cysteine {abbreviated as “Cys” or “C”),

Glutamic acid (abbreviated as “Glu” or “E”), Glutamine (abbreviated as “Gin” or “Q”),
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D)

Glycine {abbreviated as “Gly” or “(3”), Histidine (abbreviated as “His” or “H”}, Isoleucine
(abbreviated as “Tle” or “T7), Leucine {abbreviated as “Leu” or “L7), Lysince (abbreviated as
“Lys” or “K”), Methionine {abbreviated as “Met” or “M”), Phenvlalanine {(abbreviated as
“Phe” or “F”), Proline (abbreviated as “Pro” or “P”), Serine (abbreviated as “Ser” or “S”),
Threonine {abbreviated as “Thr” or “T7), Tryptophan “abbreviated as “Trp” or “W7),
Tyrosine {abbreviated as “Tyr” or “Y”), Valine {abbreviated as “Val” or “V”). In some
embodiments, Xjo is A or N. In some embodiments, X;y i1s Q or P. X, and X,y can be the
same or different amino acid. In some embodiments, X; is D. In some embodiments, X5 is
G. In some embodiments, Xs 18 T. In some embodiments, Xy is L. In some embodiments, X,
18V or T. In some embodiments, X5 i1s F. In some embodiments, the amino acid sequence
KX s KXy XaXoX 19X 1 1s LAVPFKAG (SEQ ID NO: 80). In some embodiments, the amino
acid sequence X;X,;X; 1s DGT, GGT, EGT, DST, EST, QGT, NQT, 8GS, SGN, ATT, AVT,
or ART. In some embodiments, the amino acid sequence XX, 18 AQ, and ammo acids
KKKy XoX oXpy are VPFKAQ (SEQ 1D NOG: 81}, In some embodiments, Xsis Tand X415 L.
In some embodiments, Xs1s A. In some embodiments, the aming acid sequence X;X; 1s AQ,
the amino acid sequence X3Xy 18 TL, and the anuno acid sequence XsXoX 10Xy 18 FKAQ
(SEQ D NO: 82). In some embodiments, the amino acid sequence XsXeX7 1s AVP, ATP,
AQP, QGP, POP, SNP, STP, SQP, QLP, TMP, or TTP. In some embodiments, the amino
acid segeunce XX XsXaXsXe 18 AQTLAV (SEQ 1D NO: 83) and the amino acid sequence
Xi10X11 18 AQ. In some embodiments, amino acids XoXgXo are PFK. In some embodiments,
the amino acid sequence X XXXy XsXeX7Xz 15 AQTLAVPE (SEQ ID NG: 84). In some
embodiments, the amino acid sequence XoX;Xy; 18 KAQ, KAP, or SNP. In some
embodiments, the sequence of 11 contiguous amino acids X XXXy XX XX XoX 06X 18
DGTLATPFKXX (X can be any aming acid, SEQ ID NO: 68). In some embodiments, the
sequence of 11 contiguous anuno acids XXX XX XX e XX 10X 18 GGTLATPFEAQ
(SEQ 1D NGO 10). Various combinations of the embodiments described herein are
encompassed in the scope of the present disclosure. For example, when X915 A, Xj; can be
Qor P;and when X; 18 D, X; canbe any one of G, N, §, T, and V. As ancther example, when
Xsi1s Tand Xyis L, Xscan be A

[3069] In some embodiments, Xy X5 Xg X7 X Xo Xjp, and Xyare L, A, V, P, F,

K, A, and Q, respectively; and X518 T, S, or N. In some embodiments, it is advantageous for
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X5 to be T. In some embodiments, the aming acid sequence X 3:X;5 18 AQT, DGT, GGT,
EGT, DST, EST, QGT, NQT, SGS, 8GN, ATT, AVT, or ART.

[8670] In some embodiments, X; is A and X515 Q; Xe Xy X5, Xy, Xy, and Xy; are
V, P, F K, A, respectively; and X5 is T and Xy 15 L. In some embodiments, the amimo acid
sequence XX X5 18 TLA.

[0071] In some embodiments, X; s A, X515 Q, X: s T, Xyis L, Xpis F, Xois K|
Xio1s A, and X1 18 Q, and the amino acid sequence XsX¢X718 AVP, ATP, AQP, QQP, POP,
SNP, STP, SQP, QLP, TMP, or TTP.

[0072] In some embodiments, the sequence of 11 contiguous amino acids is
AQTLAVPFKAQ (SEQ ID NO: 1),

[6673] In some embodiments, Xy 1s A, Xp18 Q, X515 T, Xy L, X518 A, X 15 VY,
X718 P, and X3 15 F, and the amino acid sequence XoX ;X1 1s KAQ, KAP, or SNP.

[8074] A targeting peptide can also comprise, or consists of, at least 4 contiguous
amino acids of any one of the targeting peptides disclosed herein, for example, the targeting
peptide of SEQ 1D NOs: 1-44, 48-53 and 65-68. In some embodiments, the targeting peptide
comprises, or consists of, 4, 5, or 6 of contiguous amino acids of one of SEQ ID NO: 37-44
and 65-68. In some embodiments, the targeting peptide corprises, or consists of, 4, 5,6, 7, 8,
9, or 10 of contiguous aming acids of one of SEQ D NO: 1-36.

[0075] The targeting peptide can also comprise, or consists of, at least 4
contiguous ammno acids of the sequence QAVRTSL (SEQ ID NGO 37)  In some
embodiments, the targeting peptide comprises, or consists of, 4, 5, or 6 of contiguous amino
acids of the sequence QAVRTSL (SEQ ID NG: 37). For example, the targeting peptide can
comprise or consist of an amino acid sequence selected from QAVR (SEQ ID NO: 85),
AVRT (SEQ ID NO: 86), VRTS (SEQ ID NO: 87), RTSL (SEQ ID NO: §8), QAVRT (SEQ
ID NO: 89), AVRTS (SEQ 1D NO: 90), VRTSL (SEQ ID NO: 91), QAVRTS (SEGQ ID NO:
92}, and AVRTSL (SEQ ID NO: 93). In some embodiments, the targeting peptide can also
comprise, or consiste of, an amino acid sequence that has one or two nmusmatch with SEQ ID
NGO: 37 For example, the targeting peptide can comprise, or counsist of, the ammno acid
sequence of QAB;B,JTSL, wherein B; and B4 can independently be any of the standard

amino acids. In some embodiments, B; i1s not V, By is not R, or both. As another example,
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the targeting peptide can comprise, or consist of, the amino acid sequence of QAVRB:SL,
wherein Bs can be any of the standard amino acids. In some embodiments, Bs s not T.

[6076] The targeting peptide disclosed herein can be a standalone peptide, or can
be conjugated to or part of a nanoparticle, a second molecule, a viral capsid protein, or a
combination thereof. In some embodiments, the targeting peptide is inserted between amino
acids 588 and 589 of AAVO capsid sequence (SEQ 1D NO: 45).

[6077] In some emboediments, the targeting peptide comprises or consists of four
or more contiguous amino acids of one of SEQ 1D NOs: 1-44, 48-53 and 65-68. In some
embodiments, the CNS targeting peptide comprises or consists of 4, 5 or 6 anuno acids of
any of SEQ ID NOs: 1-44, 48-53 and 65-68. In some embodiments, 2 or fewer amino acids
can be altered of any of the SEQ ID NQOs: 1-44, 48-53 and 65-68. In some embodiments, the
alteration 1s a conservative alteration {within any of the targeting sequences provided herein).
In some embodiments, the alteration is a deletion or insertion of one or two amino acids
{within any of the targeting sequences provided herein}. In some embodiments, the targeting
peptide can have at least 75%, 80%, 85%, 90%, 95%, 98%, 99%, or higher sequence identity
to one of the targeting sequences provided herein. In some embodiments, the targeting
peptide may be different from one of the targeting sequence disclosed herein by one, two,
three, four, five, six, or more amino acids.

[6678] In some embodiments, the targeting peptide comprises, consists, or
consists essentially of any one or more of the above sequences. In some embodiments, the
fargeting peptide 13 inserted into a longer peptide, as described herein. Table I provides
non-limiting examples of targeting peptides.

Table 1. Exemplary examples of targeting peptides disclosed herein (X can be any of the

standard amino acids}

Targeting peptides SEQ ID NOG.
AQTLAVPFKAQ SEQIDNO: 1
AQSVSKPFLAQ SEQID NO: 2
DGTLAVPFRKAQ SEQ ID NO: 3
ESTLAVPFKAQ SEQIDNG: 4
ESTLAVPFKAQ SEQID NO: 5
GGTLAVPFKAQ SEGQIDNO: 6
AQTLATPFKAQ SEQIDNO: 7
ATTLATPFEAQ SEQIDNG: 8
DGTLATPFKAQ SEQIDNG. 9
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GGTLATPFKAQ SEQ ID NO: 10
SGSLAVPFKAQ SEQID NO: 11
AQTLAQPFKAQ SEQID NO: 12
AOQTLOOPFKAD SEQID NO: 13
AQTLSNPFKAQ SEQ ID NO: 14
AQTLAVPESNP SEQ ID NO: 13
QGTLAVPFKAQ SEQID NO: 16
NOTLAVPFKAQ SEQID NO: 17
EGSLAVPERAQ SEQID NO: 1%
SGNLAVPFKAQ SEQ ID NO: 19
EGTLAVPFKAQ SEQ ID NO: 20
DSTLAVPEKAQ SEQID NO: 21
AVTLAVPFKAQ SEQ ID NO: 22
AQTLSTPFKAQ SEQ 1D NO: 23
AQTLPOPFKAQ SEQ D NO: 24
AQTLSOPFKAQ SEQ ID NO: 23
AQTLOLPEKAQ SEQID NO: 26
AQTLTMPFKAQ SEQ ID NO: 27
AQTLTTPFKAQ SEQ ID NO: 28
AQYTLSQGWAQ SEQID NO: 2

AQMNATKNVAQ SEQ ID NO: 30
AQVSGGHHSAQ SEQ ID NO: 31
AQTLPOPFKAQ SEQ ID NO: 32
AQTLATPFKAQ SEQ ID NO: 33
AQTLTMPFKAQ SEQ ID NO: 34
AQTLTAPFRAQ SEQID NO: 33
AQTLSKPFKAQ SEQ 1D NO: 36
QAVRTSL SEQ 1D NO: 37
YTLSQGW SEQ ID NO: 38
LAKERLS SEQ ID NO: 39
LAKERLS SEQ ID NO: 40
SVSKPFL SEQ ID NO: 41
FTLTTPK SEQ 1D NO: 42
MNSTENV SEQID NO: 43
VSGGHHS SEQ ID NO: 44
SAQTLAVPFKAQAQ SEQ 1D NO: 48
SXXXLAVPFKAQAQ SEQ ID NO: 49
SAQXXXVPFRAQAQ SEQ ID NO: 50
SAQTLIXXFKAQAQ SEQID NO: 51
SAQTLAVXXXAQAQ SEQ ID NO: 52
SAQTLAVPEXXXAQ SEQ ID NO: 53

[8079] Also disclosed herein are nucleic acids comprising the nucleotide
sequences that encode one or more of the targeting peptides disclosed herein.
[0086] In some embodiments, the targeting peptide 15 part of an AAV, for

example past of an AAV capsid protein (SEQ 1D NO: 45}, Provided herein are AAY capsid

Tl
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proteins comprising one or more of the targeting peptides disclosed herein. For example, the
AAV capsid protein can comprise a targeting peptide portion comprising at least 4
contiguous aming acids of the sequence QAVRTSL (SEQ ID NO: 37) In some
embodiments, the AAV capsid protein comprises a targeting peptide portion comprising, or
consisting of, 4, 5, or & of contiguous amino acids of the sequence GAVRTSL (SEQ ID NO:
37

[8081] Also disclosed herein are AAV capsid proteins comprising a targeting
peptide portion that comprises a sequence of 11 contiguous amino  acids
KX X3 XKy K s KoK KgXoX 10X 1, wherein

XD AE QN G or S

XisG NS T Q oV,

Xas T, SorN;

XssLorV;

Xs1sA,8,Q,PorT;

XeisV, T, Q N, L or M,

X:18P;

XgisF Y, V., L. C orS;

Xois K, Ror S; and

each of X0 and Xy; 13 mdependently any amino acid.

[08082) In some embodimenis, the targeting peptide is not, or does not comprise,
amino acid sequence AQTLAVPFKAQ (SEQ ID NO: 1). In some embodiments, the AAY
capsid protein does not comprise, amino acid sequence AQTLAVPFRKAQ (SEQ ID NG: 1),
As described herein, X and Xy; can independently be any ammno acids, for example any of
the standard amino acids. In some embodiments, X is A or N. In some embodiments, Xy is
Q or P In some embodiments, X; i1s I In some embodiments, X; s G. In some
embodiments, Xs s T. In some emboduments, X4 1s L. In some embodiments, Xeis Vor T. In
some embodiments, Xg i1s F. In some embodiments, the amino acid sequence
KX s KXy XaXoX 19X 1 1s LAVPFKAGQ (SEQ ID NO: 80). In some embodiments, the amino
acid sequence X3, X5 1s DGT, GGT, EGT, DST, EST, QGT, NQT, SGS, SGN, ATT, AVT,
or ART. In some embodiments, X; 18 A, Xp 18 @, and the ammo acid sequence

KeX7XgXeX X1 18 VPFKAQ (SEQ ID NO: 81). In some embodiments, X315 T and X418 L.
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In some embodiments, X515 A, In some embodiments, X118 A, X, 8 Q, X315 T, Xy s L, and
the amino acid sequence XgXoX 10X 11 158 FKAQ (SEQ ID NO: 82). In somne embodiments, the
aming acid sequence XsX¢X~ is AVP, ATP, AQF, QQP, PQP, SNP, STP, SQP, QLP, TMP,
or TTP. In some embodiments, the amino acid sequence X XXX XsXs 1s AQTLAV (SEQ
1D NO: 83), Xyo 18 A, and Xy 15 Q. In some embodiments, the amino acid sequence X7XsXy
is PFK. In some embodiments, the amino acid sequence XXX XaXsXe XXy 1s AQTLAVPF
(SEQ ID NO: 84). In some embodiments, the amino acid sequence XoX;0Xy 18 KAQ, KAP,
or SNP. In some embodimenis, the sequence of 11 contiguous amino acids
KKK Xy XXX KgXoXKpX 11 18 DGTLATPFKXX (X can be any ammo acid, SEQ ID NG
68). In some embodiments, the sequence of 11 contiguous amino acids
KK Xy XsKe XXX o X 10Xy 18 GGTLATPFKAG (SEQ 1D NO: 10). Various combinations
of the embodiments described heremn are encompassed in the scope of the present disclosure.
For example, when X9 18 A, Xy; can be Q or P; and when X 18 D, X, can be any one of G,
N, 8, T, and V. As another example, when X51s Tand Xyis L, Xscan be A

[0083] In some embodiments, Xy Xs X X7 Xg Xo Xjg, and Xjare L, A, V, P F,
K, A, and Q, respectively; and X5 8 T, 8§, or N, In some embodiments, it is advantageous for
X5 to be T. In some embodiments, the amino acid sequence X;X,X5 is AQT, DGT, GGT,
EGT, DST, EST, QGT, NQT, 8GS, SGN, ATT, AVT, or ART.

[0084] In some embodiments, X, s A and X515 Q) X Xy Xg, Xo, Xip, and Xy; are
V. P F K A Q, respectively, and Xs is T and Xy is L. In some embodiments, the amino acid
sequence XX Xs 1s TLA.

[0085] In some embodiments, Xy 1s A, Xo 3 Q, Xs 3 T, Xyis L, Xg1s F, Xpis K,
XKwis A, and X,y 18 Q, and the amino acid sequence XsXg X713 AVE, ATP, AQP, QQP, PQP,
SNP, STP, SOP, QLP, TMP, or TTP.

[6086] In some emboduments, the sequence of 11 contiguous amino acids is
AQTLAVPFKAQ (SEQ ID NG: 1),

[0087] In some embodiments, X; s A, X8 Q, Xais T, Xgis L, X515 A, X8 V,
X718 P, and X3 1s F, and the amino acid sequence XoX ;X1 15 KAQ, KAP, or SNP.

[0O8E] The targeting peptide portion of the capsid protein can comprise, or
consist of, the sequence of any one of the targeting peptides disclosed herein, or at least 4

contiguous amino acids of any one of the targeting peptides disclosed herein. In some
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embodiments, the AAV capsid protein comprises a targeting peptide portion that comprises,
or consists of, at least 4 contiguous amino acids of any one of SEQ 1D NOs: 1-44, 48-53 and
65-68. In some embodiments, the AAY capsid protein comprises a targeting peptide portion
that comprises, or consists of, 4, 5, or 6 of contiguous amino acids of SEQ D NO: 37-44 and
65-68. In some embodiments, the AAY capsid protein comprises a targeting peptide portion
that comprises, or consists of, 4, 5, 6, 7, 8, 9, or 10 of contiguous amino acids of SEQ ID
NO: 1-36.

[6089] In some embodiments, the targeting peptide is part of an AAV9 capsid
sequence SEQ ID NO: 45. In some embodiments, the targeting peptide can be linked to any
molecule that should be targeted as desired. In some embodiments, the targeting peptide can
be linked or conjugated, without limiation, to a recombinant protein, an aniibody, a cell, a
diagnostic, a therapeutic, a nanomolecule, or a combination thereof. In some embodiments,
the capsid protein comprises, or consists of, the sequence of SEQ ID NGO 46 or SEQ ID NG:
47.

[8696] In some embodiments, the targeting peptide can be inserted into any
desired section of a protein. In some embodiments, the targeting peptide can be nserted mto
a capsid protein. In some embodiments, the targeting peptide is inserted on a surface of the
desired protein. In some embodiments, the targeting peptide is inserted into the primary
sequence of the protein. In some embodiments, the targeting peptide is linked to the protein.
in some embodiments, the targeting peptide is covalently linked to the protein. In some
embodiments, the targeting peptide 18 inserted into an unstructured loop of the desired
protein. In some embodiments, the unstructured loop can be one identified via a structural
model of the protein.

[8091] Also provided herein are nucleic acids comprising nucleotide sequences

that encode one or more of the AAV capsid proteins disclosed herein,

Adeno-associated virus {AAV) vectors and recombimant AAVSs

[8092] Adeng-associated virus {AAV) is a replication-deficient parvovirus, the
single-stranded DNA genome of which 13 about 4.7 kb in length including 145 nucleotide
mverted terminal repeat (ITRs). The ITRs play a role in integration of the AAY DNA into

the host cell genome. When AAY infects a host cell, the viral genome integrates into the
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host’s chromosome resulting in latent infection of the cell. In a natural system, a helper virus
(for example, adenovirus or herpesvirus) provides genes that allow for production of AAV
virus m the infected cell. In the case of adenovirus, genes E1A, EIB, E2A, E4 and VA
provide helper functions. Upon infection with a helper virus, the AAV provirus is rescued
and amplified, and both AAV and adenovirus are produced. In the instances of recombinant
AAV vectors having no Rep and/or Cap genes, the AAV can be non-integrating,

[8093] AAV vectors that comprise coding regions of one or more proteins of
interest are provided. The AAV vector can iclude a 57 inverted termunal repeat (TR} of
AAV, a3 AAV ITR, a promoter, and a restriction site downstream of the promoter to allow
insertion of a polynucleotide encoding one or more proteins of interesi, wherein the promoter
and the restriction site are located downstream of the 5 AAV I'TR and upstream of the 3°
AAV ITR. In some embodiments, the AAV vector includes a posttranscriptional regulatory
element downstream of the restriction site and upstream of the 3> AAV TR In some
embodiments, the AAV vectors disclosed herein can be used as AAV transfer vectors
carrying a transgene encoding a protein of interest for producing recombinant AAV viruses
that can express the protein of interest in a host cell.

[8094] rAAY genomes are provided herein. The genome can, for example,
comprise at least one inverted terminal repeat configured to allow packaging into a vector
and a cap gene. In some embodiments, it can further include a sequence within a rep gene
required for expression and splicing of the cap gene. In some embodiments, the genome can
further include a sequence capable of expressing VP3. In some embodiments, the only
protein that is expressed 15 VP3 (the smallest of the capsid structural proteins that makes up
raost of the assembled capsid — the assembled capsid is composed of 60 units of VP proteins,
~30 of which are VP3). In some embodiments, VI3 expression alone is adequate to allow
the method of screening to be adequate.

[0095] Generation of the viral vector can be accomplished using any suitable
genetic engineering techniques well known in the art, including, without limitation, the
standard techniques of restriction endonuclease digestion, higation, transformation, plasmid
purification, and DNA sequencing, for example as described in Sambrook ef o/, (Molecular

Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory Press, N.Y. (1989)).
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[6096] The viral vector can incorporate sequences from the genome of any known
organism. The sequences can be incorporated in their native form or can be modified in any
way to obiain a desired activity. For example, the sequences can comprise insertions,
deletions or substitutions.

[6697] In some embodiments, the viral vectors can include additional sequences
that make the vectors suitable for replication and integration in eukaryotes. In other
emboduments, the viral vectors disclosed herein can include a shuttle element that makes the
vectors suitable for replication and integration in both prokaryotes and eukaryotes. In some
embodiments, the viral vectors can include additional transcription and translation initiation
sequences, such as promoters and enhancers; and additional transcription and translation
terrmnators, such as polyadenylation signals, Various regulatory elements that can be
mcluded in an AAV vector have been described in details in US Patent Publication
2012/0232133 which is hereby incorporated by reference in its entirety.

[6098] Disclosed herein are AAV vectors that comprise tfargeting peptides
capable of directing the AAVs to target environments (e.g., CNS, PNS, and the heart) in a
subject. In some embodiments, the targeting peptide is part of the capsid protein of the AAY
vector. The AAV vector can, in some embodiments, comprise a protein comprising
comprises at least 4 contiguous aming acids of the sequence QAVRTSL (SEQ ID NG: 37).
In some embodiments, the capsid of the AAV can comprise an amino acid sequence that
comprises at least 4 contiguous amino acids of the sequence QAVRTSL (SEQ ID NG: 37).
In some embodiments, the amino acid sequence is a part of a capsid protein of the AAV
vector. In some embodiments, the sequence QAVRTSL (SEQ ID NG: 37) is inserted
hetween AAS88-580 of an AAV sequence of the vector (SEQ ID NO: 453 In some
embodiments, the sequence QAVRTSL (SEQ 1D NO: 37} 15 inserted between AAS586-592 of
an AAV sequence of the vector {SEQ ID NO: 45} In some embodiments, the sequence
QAVRTSL (SEQ ID NO: 37) further comprises at least two of amino acids 587, 588, 589,
and 590 of SEQ ID NO: 45.

[0099] In some embodiments, the AAY vector, for example the capsid protem of
the AAVY  wvector, comprises a sequence of 11  contiguous amino  acids
KX X XK XX e XXXy, wherein

XiisD, A E QN GorS;
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oGNS, T,Q, oV,

X315 T, SorN;

XyisLorV;

Xsis A5, QP or T,

KesV, T, QN L, or M,

X718 P

Xai5F, Y, V,L,C, or §;

Xyis K, RorS; and

each of Xyp and X;; 1s mdependently any amino acid.

[0100] in some embodiments, the sequence of 11 contiguous amino acids is not,
of does not comprise, amino acid sequence AQTLAVPFKAQ (SEQ ID NG: 1), In some
embodiments, the capsid protein does not comprise, aming acid sequence AQTLAVPFKAQ
(SEQID NG: 1), As described herein, X and Xy can independently be any amino acids, for
example any of the standard amino acids. In some embodiments, Xj, is A or N. In some
embodiments, X;; 1s Q or P. In some embodiments, X, is . In some embodiments, X; 18 G.
In some embodiments, X5 is T. In some embodiments, X4 i1s L. In some embodiments, X is
YV or T. In some embodiments, Xg is F. In some embodiments, amino acids
KKK XX XoX10Xy1 are LAVPFKAQ (SEQ ID NG: 80). In some embodiments, the amino
acid sequence X1 XoX5 18 DGT, GGT, BEGT, DST, EST, QGT, NQT, SGS, 8GN, ATT, AVT,
or ART. In some embodiments, X; 15 A, X; 15 , and the anuno acid sequence
KXo XeXo XXy 18 VPFKAQ. In some embodimenis, X5 i1s T and X; i1s L. In some
embodiments, X5 s A. In some embodiments, X; 18 A, X, 18 Q, X515 T, X4 1s L, and the
amino acid sequence XeXoXioX1: 18 FKAQ. In some embodiments, the amino acid sequence
XsXeX- is AVP, ATP, AQP, QQP, PQP, SNP, STP, SQP, QLP, TMP, or TTP. In some
embodiments, the amino acid sequence X XXX XsXe 1s AQTLAV (SEQ 1D NO: 83), Xy
is A, and X;; 15 Q. In some embodiments, the amino acid sequence X-XsXy is PFK. In some
embodiments, the amino acid sequence X XoX XXX X7Xg 1s AQTLAVPF (8EQ ID NO:
84). In some embodiments, the amino acid sequence XoX o Xy is KAQ, KAP, or SNP. In
some  embodiments, the  sequence of 11 contiguous  aming  acids
KKK 3Ky KXo KX KoX10X11 18 DOTLATPFRXX (X can be any amino acid, SEQ 1D NO:

68y In  some embodiments, the sequence of 11 contiguous ammo acids
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KKK Xy Ks XK KgXoXipx11 18 GGTLATPFKAQ (SEQ ID NO: 10). Varnious combinations
of the embodiments described herein are encompassed m the scope of the present disclosure.
For example, when Xy 15 A, X1 can be Q or P; and when X; 15 D, X, can be any one of GG,
N, S, T, and V. As another example, when X518 T and X415 L, Xscan be A

[01601] In some embodiments, Xy Xs Xg X7, X Xo Xyp, and Xpare L, A, V, P, F,
K, A, and Q, respectively; and X515 T, S, or N. In some embodiments, it is advantageous for
X3 to be T. In some embodiments, the aming acid sequence X X:Xs5 1s AQT, DGT, GGT,
EGT, DST, EST, QGT, NQT, 8GS, 8GN, ATT, AVT, or ART.

[0162] In some embodiments, X; is A and X, 15 3 Xg Xy Xy Xo Xyg, and Xy; are
V, P F K, A, (Q, respectively; and X5 i1s T and X4 is L. In some embodiments, the amino acid
sequence XX X5 18 TLA,

[8103) In some embodiments, Xy 15 A, Xpis Q, X518 T, Xyis L, Xpis F, Xy 15 K|
Xiois A, and X1 15 Q, and the amino acid sequence XsX¢X7 18 AVP, ATP, AQP, QQP, POP,
SNP, STP, SOP, QLP, TMP, or TTP.

[8104] In some embodiments, the sequence of 11 contiguous amino acids is
AQTLAVPFKAQ (SEQ D NO: 1)

[0105] Xiis A X QX T, X8 L, X518 A, Xgis V, X718 P, and Xs 18 F, and
the anmino acid sequence XoX pX 1 158 KAQ, KAP, or SNP.

[0106] in some embodiments, the amino acid sequence 1s part of a capsid protein
of the AAV vector. In some embodiments, the sequence of 11 contiguous amino acids 18
mserted between AASE6 and 589 of an AAV capsid protein sequence SEQ ID NO: 45 of the
vector. In some embodiments, the sequence of 11 continuous amino acids further comprises
at least two of amino acids 587, 588, 389, or 590 of SEQ ID NO: 45. In some embodiments,
the sequence of 11 contignous amino acids is one of SEQ 1D NOs: 1-36. In some
embodiments, the AAY vector comprises at least 4 contiguous aming acids of one of SEQ ID
NQO: 1-44, 48-33 and 65-68.

[8107] As described herein, the rAAVs can be identified from libraries of capsids
comprised of variants made by inserting 7 anuno acids {AA) of randomized sequence
between AASSS and AASBY of an AAY capsid protein. The AAV capsid protein can,
some embodiments, has various substitutions as compared to the wildtype AAV capsid

protein, including but not himited to, K449R substitution, AS87D substitution, QS88G
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substitution, AS87G  substitution, Q588G  substitution, V5927 substitution, K35958
substitution, AS9SN substitution, Q597F substitution, and any combination thereof. In some
embodiments, the AAV capsid protein has a sequence identical to the wildtype AAVY capsid
but with a K449R substitution. In some embodiments, the AAV9 capsid protein comprises
the amino acid substitutions AS87D and Q588G. In some embodiments, the AAVY capsid
protein coroprises the arino acid substitutions AS87G and Q588G. Iu some embodiments,
the AAVY capsid protein comprises the amino acid substitution V392T. In some
embodiments the AAV9 capsid protein comprises the amino acid substitutions K5958,
A3S95N, and Q597P.

[0108] in some embodiments, one or more targeting piptides can be emploved in
a single system {e.g., in a single AAV vector, a single AAV capsid protein, or a single
rAAV}. For example one can employ one or more targeting sequences and also modify other
sites to reduce the recognition of the AAVs by the pre-existing antibodies present in a
subject, such as a human. In some embodiments, the AAV vector can include a capsid, which
influences the tropism/targeting, speed of expression and possible immune response. The
vector can also include the tAAV, which genome carries the transgene/therapeutic aspects
{e.g., sequences) along with regulatory sequences. In some embodiments, the vector can
include the targeting sequence within/on a substrate that is or transporis the desired molecule
(therapeutic molecule, diagnostic molecule, etc.).

[0109] The targeting peptides disclosed herein, in some embodiments, can
increase transduction efficiency of tAAV o a target environment {(e.g., the CNS, the PNS,
the heart, or a combination thereof} in the subject as compared to an AAV that does not
contain the targeting peptides. For example, the inclusion of one or more of the targeting
peptides disclosed herein in a rtAAV can result in an increase in transduction efficiency by, or
by at least, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 1.5-fold, 2-fold, 2.5-
fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, 5-fold, 5.5-fold, 6-fold, 6.5-fold, 7-fold, 7 5-fold, 8-
fold, 10-fold, 20-fold, 30-fold, 40-fold, 50-fold, 60-fold, 70-fold, 80-fold, 90-fold, 100-fold,
or a range between any two of these values, as compared o an AAV that does not comprise
the targeting peptide. In some embodiments, the increase is at least 2-fold. In some
embodiments, the increase 1s a 40-90 fold increase. In some embodiments, the transduction

efficiency 18 mereases for transducing rAAV to the CNS. In some embodiments, the
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mransduction efficiency is increases for transducing rAAY to the PNS. In some embodiments,
the transduction efficiency is increases for transducing rAAV to the heart. In some
embodiments, the transduction efficiency 1s increases for transducing rAAVY to
cardiomyocytes, sensory neurons, dorsal root ganglia, visceral organs, or any combination
thereof.

[0110] In some embodiments, a capsid library i1s provided that comprises AAV
genomes that contain both the full rep and cap sequence that have been modified so as to not
prevent the replication of the virus under conditions in which it could normally replicate {co-
mfection of a mammalian cell along with a helper virus such as adenovirus). A pseudo
wildtype (“wt”) genome can be one that has an engineered cap gene within a “wt” AAV
genome.

[0111] In some embodunents, the capsid library s made within a “pseudo-wild
type” AAVY genome containing the viral replication gene (rep) and capsid gene {cap) flanked
by nverted terminal repeats (ITRs). In some embodiments, the capsid library is not made
within a “pseudo-wild type” AAV genome containing the viral replication gene (rep) and
capsid gene (cap) flanked by inverted terminal repeats (ITRs).

[8112] In some embodiments, the rAAV genome contains the cap gene and only
those sequences within the rep gene required for the expression and splicing of the cap gene
products. In some embodiments, a capsid gene recombinase recognition sequence 13 provided
with inverted terminal repeats flanking these sequences.

[8113] In some embodiments, the system could be used to develop capsids that
exhibit enhanced targeting of specific cells/organs, select for capsids that evade immunity,
select for genomes that are more at homologous recombination, select for genome elements
that increase the efficiency of conversion of the single stranded AAV genome to a double
stranded DNA genome within a cell and/or select for genome elements that increase the

conversion of AAV genome 1o a persistent, circularnized form within the cell.

Uses of the AAV Vectors and tAAVS

[0114] The AAV vectors disclosed herein can be effectively transduced io a
target environment (e.g., the CNS, the PNS, the heart, any combination thereof, and other

desired system(s}) of a subject, for example, for delivering nucleic acids. In some
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embodiments, a method of delivering a nucleic acid sequence to the nervous system 1s
provided. The method can include providing a protein comprising any one or more of the
fargeting sequences provided herein. The protein can be part of a capsid of an AAV. The
AAY can comprise a nucleic acid sequence to be delivered to a nervous system. One can
then administer the AAV to the subject.

[0115] In some embodiments, the nucleic acid sequence to be delivered to a target
environment {e.g, nervous system} comprises one or more sequences that would be of some
use or benefit to the nervous system and/or the local of delivery or surrounding tissue or
environment. In some embodiments, it can be a nucleic acid that encodes a protein of
interest, including but not limited to a trophic factor, a growth factor, or other soluble factors
that might be released from the transduced cells and affect the survival or function of that
cell and/or surrounding cells. In some embodiments, it can be a ¢DNA that restores protein
function to humans or anumals harboring a genetic mutation(s) m that gene. In some
embodiments, it can be a cDNA that encodes a protein that can be used to control or alter the
activity or state of a cell. In some embodiments, 1t can be a ¢cBNA that encodes a protemn or a
nucleic acid used for assessing the state of a cell. In some embodiments, it can be a ¢DNA
and/or associated RNA for performing genomic engineering. In some embodiments, it can
be a sequence for genome editing via homologous recombination. In some embodiments, it
can be a DNA sequence encoding a therapeutic RNA. In some embodiments, it can be a
shRNA or an artificial miRNA delivery system. In some embodiments, it can be a DNA
sequence that influences the splicing of an endogenous gene.

[0116] As used herein, a “protein of mterest” can be any protein, mcluding
naturally-occurring and non-naturally occurring proteins. In some embodiments, a
polynucleotide encoding one or more proteins of interest can be present in one of the AAY
vectors disclosed herein, wherein the polvnucleotide is operably linked with a promoter. In
some instances, the promoter can drive the expression of the protein{(s} of interest in a host
cell {e.g,, a human neuron}. In some embodiments, the protein of interest i1s an anti-tau
antibody, an anti-AB antibody, an ApoE isoform.

[8117] Examples of proten of interest inchude, but are not himited to, luciferases;
fluorescent proteins (e.g., GFP); growth hormones (GHs) and vanants thereof, mnsulin-like

growth factors (1GFs} and variants thereof, granulocyte colony-stimulating factors (G-CSFs)
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and vanants thereof, erythropoistin (EPO) and variants thereof; insulin, such as promsubing
preproinsulin, nsulin, insulin analogs, and the like; antibodies and variants thereof, such as
hybrid antibodies, chimeric antibodies, humanized antibodies, monoclonal antibodies;
antigen binding fragments of an antibody {Fab fragments), single-chain variable fragments of
an antibody (scFV fragments); dystrophin and variants thereof, clotting factors and vanants
thereof, cystic fibrosis transmembrane conductance regulator (CFTR) and vanants thereof,
and interferons and variants thereof.

[0118] In some embodiments, the protein of interest ts a therapeutic protein or
variant thereof. Non-limiting examples of therapeutic proteins include blood factors, such as
B-globin, hemoglobin, tissue plasminogen activator, and coagulation factors; colony
stimulating factors (CSF); interleukins, such as 1L-1, IL-2, IL-3, IL-4 115, [L-6, [L-7, 11L-8,
1L-9, ete., growth factors, such as keratinocyte growth factor (KGF}, stem cell factor {(SCF),
fibroblast growth factor (FGF, such as basic FGF and acidic FGF), hepatocyte growth factor
(HGF)Y, insulin-like growth factors (IGFs), bone morphogenetic protein (BMP), epidermal
growth factor (EGF), growth differentiation factor-9 (GDF-9), hepatoma derived growth
factor (HDGF), myostatin {GDF-8), nerve growth factor (NGF), neurotrophins, platelet-
derived growth factor (PDGF), thrombopotetin (TPO), transforming growth factor alpha
(TGF-0), transforming growth factor beta (TGF-B), and the like; soluble receptors, such as
soluble TNF-a receptors, soluble VEGF receptors, soluble interleukin receptors (e.g., soluble
{L-1 receptors and soluble type I IL-1 receptors), soluble v/8 T cell receptors, higand-binding
fragments of a soluble receptor, and the like; enzymes, such as a-glucosidase, imiglucarase,
B-glucocerebrosidase, and alglucerase;, enzyme activators, such as tissue plasminogen
activator; chemokines, such as IP-10, monokine wnduced by interferon-gamma (Mig),
Groo/IL-8, RANTES, MiP-1g, MIP-1, MCP-1, PF-4,
as vascular endothehial growth factors (VEGFs, e.g., VEGF121, VEGF16S, VEGF-C, VEGF-

and the like; angiogenic agents, such

2}, wansforming growth factor-beta, basic fibroblast growth factor, ghioma-derived growth
factor, angiogenin, angiogenin-2; and the hke; anti-angiogenic agents, such as a soluble
VEGF receptor; protein vaccine; neuroactive peptides, such as nerve growth factor (NGF),
bradykinin, chelecystokinin, gastin, secretin, oxytocin, gonadotropin-releasing hormone,
beta-endorphin, enkephalin, substance P, somatostatin, prolactin, galanin, growth hormone-

releasing hormone, bombesin, dynorphin, warfarin, neurotensin, motilin, thyrotropin,
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neuropeptide Y, huteinizing hormone, calcitonin, insubin, glucagons, vasopressin, angiotensin
11, thyrotropin-releasing hormone, vasoactive intestinal peptide, a sleep peptide, and the like;
thrombolytic agents; atrial natriuretic peptide; relaxin; ghal fibrillary acidic protein; follicle
stimulating hormone (FSH), human alpha-1 antitrypsin; leukemia inhibitory factor (LIF},
transforming growth factors {(TGFs), tissue factors, luteinizing hormone; macrophage
activating factors; turnor necrosts factor (TNF}; neutrophtl chemotactic factor (NCF); nerve
growth factor; tissue inhibitors of metalloproteinases; vasoactive intestinal peptide;
angiogenin; angiotropin; fibrin; hirudin; IL-1 receptor antagonisis; and the like. Some other
non-himiting examples of protein of interest include ciliary newrotrophic factor (CNTF);
brain-derived neurotrophic factor (BDNF); neurotrophins 3 and 4/5 (NT-3 and 4/5); ghal cell
derived neurotrophic factor (GDNF), aromatic amino acid decarboxylase (AADC);
hemophilia related clotting proteins, such as Factor VIII, Factor IX, Factor X dystrophin or
nini-dystrophin; lysosomal acid lipase; phenvlalanine hydroxylase (PAH); glvcogen storage
disease-related enzymes, such as ghicose-6-phosphatase, acid maltase, glycogen debranching
enzyme, muscle glycogen phosphorylase, liver glycogen phosphoryiase, muscle
phosphofroctokinase, phosphorylase kinase {e.g, PHKAZ), glucose transporter (e.g.,
GLUT2), aldolase A, B-enolase, and glycogen synthase; lysosomal enzymes (e.g., beta-N-
acetylthexosaminidase A); and any variants thereof.

[6119] In some embodiments, the protein of interest is an active fragment of a
protein, such as any of the aforementioned proteins. In some embodiments, the protein of
interest 13 a fusion protein comprising some or all of two or more proteins. In some
embodiments a fusion protein can comprise all or a portion of any of the aforementioned
proteins.

[0128] In some embodiments, the viral vector comprises a polynucleotide
comprising coding regions for two or more proteins of mterest. The two or more proteins of
nterest can be the same or different from each other. In some embodiments, the two or more
proteins of interest are related polypeptides, for example light chain(s) and heavy chain{s) of
the same antibody.

[6121] In some embodiments, the protein of interest is a multi-subunit protein.
For examples, the protein of interest can comprise two or more subunits, or two or more

independent polypeptide chains. In some embodiments, the protemn of interest can be an
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antibody. Examples of antibodies mclude, but are not himited to, antibodies of various
isotypes (for example, TgGl, 1¢G2, 1gG3, 1gG4, IgA, IgD, IgE, and IgM); monoclonal
antibodies produced by any means known to those skilled in the art, including an antigen-
binding fragment of a monoclonal antibody; humanized antibodies; chimeric antibodies;
single-chain antibodies; antibody fragments such as Fv, F(ab")2, Fab’, Fab, Facb, scFv and
the hike; provided that the antibody is capable of binding to antigen. In some embodiments,
the antibody is a full-length antibody. In some embodiments, the protein of interest is not an
immunoadhbesin.

(6122} In some embodiments, the resulting targeting molecules can be employed
in methods and/or therapies relating to in vivo gene transfer applications to long-lived cell
populations. In some embodiments, these can be applied to any rAAV-based gene therapy,
mcluding, for example: spinal muscular atrophy (SMA}, amyotrophic lateral sclerosis (ALS),
Parkinson’s disease, Friedreich’s ataxia, Pompe disease, Huntington’s disease, Alzheimer’s
disease, Battens disease, lysosomal storage disorders, glioblastoma multiforme, Rett
syndrome, Leber’s congeniial amaurosis, chromc pain, stroke, spinal cord injury, traumatic
brain injury and lysosomal storage disorders. In addition, rAAVs can also be employed for in
vivo delivery of transgenes for non-therapeutic scientific studies such as optogenstics, gene
overexpression, gene knock-down with shRNA or miRNAs, modulation of endogenous
miRNAs using muRNA sponges or decoys, recombinase delivery for conditional gene
deletion, conditional (recombinase-dependent) expression, or gene editing with CRISPRs,
TALENSs, and zinc finger nucleases.

[0123] Provided herein are methods for treating and/or preventing Huntington's
disease using the methods and compositions described herein. The method of treating and/or
preveniing Huntington’s disease can include wdentifying the subject(s), providing a vector for
dehivery of a polynucleotide to the nervous sysiem of the subject as provided herein,
adminstering the vector in an effective dose to the subject thereby treating and/or preventing
Huntington’s disease in the subject. In some embodiments, the methods for treating a subject
with Huntington’s disease involve compositions where the vector delivers the polynucleotide
composition comprising a Zinc finger protein (ZFP) engineered to represses the transcription
of the Huntingtin (HTT) gene. In some embodiments, the ZIP selectively represses the

transcription of the HTT gene allele responsible for causing the Huntington’s disease in the
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subject by binding to the CAG repeat region of the HTT gene m a CAG repeat length-
dependent manner. In some embodiments, the ZNFTR selectively represses transcription of
both alleles of the HTT gene.

[8124] In some embodiments, the therapeutic item to be administered to the
subject comprises a short hatrpin RNA (shRNA) or microRNA (miRNA) that knocks down
Huntingtin expression by inducing the selective degradation of, or inhibiting translation
from, RNA molecules transcribed from the disease causing HTT allele by binding to the
CAG repeat. In some embodiments a method to treat patients with Huntington’s Disease
comprises mcorporating Huntingtin-specific micro RNA expression cassette within an rAVV
genome. This could then be packaged into one of the sequence variants disclosed for
dehivery through the vasculature.

[8125] In some embodiments, the therapeutic ttem to be adminstered to the
subject comprises a short hatrpin RNA (shRNA) or nucroRNA (miRNA) that knocks down
Huntingtin expression by inducing the degradation of, or inhibiting translation from, RNA
molecules transcribed from one or both alleles of the HTT gene. In some embodiments, the
therapeutic item to be administered to the subject comprises a short hairpin RNA (shRNA) or
microRNA (miRNA) that knocks down Huntingtin expression by inducing the selective
degradation of, or nhibiting iranslation from, RNA molecules transcribed from the disease
causing HTT allele through the selective recogmition of one or more nucleotide
polymorphisms present within the disease causing allele. The nuclestide polymorphisms can
be used by one skilled in the art to differentiate between the normal and disease causing
allele.

[0126] In some embodiments, the therapeutic ttem to be admimstered to the
subject comprises a polynucleotide that encodes an RNA or protein that alters the sphicing or
production of the HTT RNA. In some embodiments, the therapeutic item to be administered
{0 the subject comprises a polyvnucleotide that encodes one or more polypeptides and/or
RNAs for genome editing using a Transcription activator-like effector nuclease (TALEN),
zing finger nuclease or clustered regularly interspaced short palindromic repeats — cas9 gene
(CRISPR/Cap?) system engineered by one skilled in the art to induce a DNA nick or double-
stranded DNA break within or adjacent to the HTT gene to cause an alteration in the HTT

gene sequence. In some embodiments, the therapeutic item to be administered to the subject

-43-



WO 2017/100671 PCT/US2016/065969

comprises a polynucleotide encoding a polypeptide that binds 1o a polypeptide from the HTT
gene, alters the conformation of a polypeptide from the HTT gene or alters the assembly of a
polypeptide from the HTT gene into aggregates or alters the half-life of a polypeptide from
the HTT gene. In some embodimenis, the therapeutic item to be administered to the subject
comprises a polynucleotide that encodes a RNA or polypeptide that causes or prevents a
post-transcriptional  modification of 3 polypeptide from the HTT gene. In some
embodiments, the therapeutic item to be administered to the subject comprises a
polynucleotide that encodes a polypeptide from a chaperone protein known to those skilled
1 the art to influence the conformation and/or stabibity of a polypeptide from the HTT gene.

(0327} in some embodiments, the therapeutic item to be administered to the
subject comprises regulatory elements known to one skilled in the art to influence the
expression of the RNA and/or protein products encoded by the polynucieotide within desired
cells of the subject.

[6128] In some embodiments, the therapeutic item to be admimstered to the
subject comprises a therapeutic item applicable for any disease or disorder of choice. In
some embodiments, this can include compositions for treating and/or preventing Alzheimers
disease using the methods and compeositions described herein, for example, ApoE2 or ApoE3
for Alzheimer’s disease; SMN for the treatment of SMA; frataxin delivery for the treatment
of Friedreich’s ataxia; and/or shRNA or muRNA for the treatment of ALS.

[08129] In some embodiments the variants herein can be used as an effective
means of gene transfer to cardiac muscle. Doing so may be useful in studying and treating
many different diseases and mjuries including Friedreich’s ataxia, heart fatlure, 1schemic
heart disease, cardiac hypertrophy, chronic pain, and peripheral nerve mjury. In some
embodiments the variants herein can be used to transduce peripheral nerves when
admimstered through the vasculature,

[0136] In some embodiments, the therapeutic item for delivery is a protein
(encodes a protein) or RNA based strategy for reducing synuclein aggregation for the
treatment of Parkinson’s. For example delivering a polynucleotide that encodes a synuclem
variant that is resistant to aggregation and thus disrupts the aggregation of the endogenous

synuclein,
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[0131] In some embodiments, a transgene encoding a trophic factor for the
treatment of AD, PD, ALS, SMA, or HD can be the therapeutic item involved. In some
embodiments, a trophic factor can be employed and can inchude, for example, BDNF, GDNF,
NGF, LIF, and/or CNTF.

[6132] Dosages of a vual vector can depend primarily on factors such as the
condition being treated, the age, weight and health of the patient, and may thus vary among
patients. For example, a therapeutically effective human dosage of the viral vector 1s
generally i the range of from about 0.1 ml to about 100 md of solution containing
concentrations of from about 1x10° to 1x10™ genomes virus vector. A preferred human
dosage can be about 1x10" t0 1x10' AAV genomes. The dosage wilt be adjusted to balance
the therapeutic benefit agamst any side effects and such dosages may vary depending apon
the therapeutic application for which the recombinant vector 15 emploved. The levels of
expression of the transgene can be monitored to determune the frequency of dosage resuliing
from the vector.

[0133] In some embodiments, the vector can also comprise regulatory control
elements known to one of skill in the art to influence the expression of the RNA and/or
protein products encoded by the polynucleotide within desired cells of the subject.

[0134] In some embodiments, functionally, expression of the polynucleotide s at
least in part controllable by the operably linked regulatory elements such that the element{s)
modulates transcription of the polynuclectide, transport, processing and stability of the RNA
encoded by the polynucleotide and, as appropnate, translation of the transcript. A specific
exarople of an expression control element 5 a promoter, whuch s usually located 5 of the
franscribed sequence. Another example of an expression conirol element is an enhancer,
which can be located 5' or 3' of the transcribed sequence, or within the transcribed sequence.
Angther example of a regulatory element 13 a recognition sequence for a microRMNA.
Another example of a regulatory elerment 18 an mtron and the splice donor and sphice
acceptor sequences that regulate the sphicing of said intron. Another example of a regulatory
element 18 a transcription termination signaf and/or a polyadenylation sequences.

[8135] Expression control elements and promoters include those active 1o a
particular tissue or cell type, referred to herein as a "tssue-specific expression control

¥

elements/promoters.” Tissue-specific expression control elements are typically active m
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specific cell or fssue {for example i the liver, bram, central nervous system, spinal cord,
eve, reting or lung). Expression control elements are typically active 1 these cells, tissues or
organs because they are recognized by transcriptional activator proteins, or other regulators
of transcription, that are unique 1o a specific call, tissue or organ type.

[8135] Expression cootrol elements also include ubiquitous or promiscuocus
promoters/enhancers which are capable of driving expression of a polynuclectide in many
different cell tvpes. Such elements include, bot are not lmited to the cytomegalovirus
(CMY) immediate early promoter/enhancer sequences, the Rous sarcoma virus {RSV)
promoter/evhancer sequences and the other viral promoters/enhancers active m a vanety of
mammalian cell tvpes; promoter/enhancer sequences from ubiguitously or promiscuously

expressed mammalian genes including, but not mited to, beta actin, ubiquitin or EFlalpha;

or synthetic elements that are not present m nature.

(61371 Hxpression control elements also can confer expression in a manner that is
regulatable, that 15, a signal or stimuli increases or decreases expression of the operably
hnked polyanuciestide. A regulatable clemnent that increases expression of the operably hinked
polynucleotide in response to a signal or stimuli s also referred to as an "inducible element”
{that is, it is mduced by a signal). Particular examples inchude, but are not limited to, a
hormone (for example, steroidy inducible promoter. A regulatable element that decreasss
expression of the operably hnked polvnucleotide in response 1o a signal or stimali 18 referred
io as a "repressible element” {(that is, the signal decreases expression such that when the
signal, 15 removed or absent, exprassion is increased). Typically, the amount of increase or
decrease conferred by such elements 1 proportional to the amount of signal or stumuh
present; the greater the amount of signal or stimuh, the greater the increase or decrease m
expression.

[8138] In some embodiments, the rAAVY having a capsid protemn comprising one
or more targeting peptides disclosed herein can be used to effectively transduce nervous
systems. This makes the rAAY useful for delivery of therapeutics to treat, for example
Huntington's disease (HD}, Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral
sclerosis, spinal muoscolar atrophy, types [ and IL, Friedreich’s Ataxaa, Spmocerebellar ataxia
and any of the lysosomal storage disorders that wvolve cells with ONS, which inclades but 15

not hmited 1o Krabbe disease, Sandhoff disease, Tay-Sachs, Gaucher disease {Type I, I, or
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), MNiemann-Pick disease (NPCH or NPC2 deficiencyy, Hurler syndrome, Pompe disease,
and/or Batten disease.

[0139] In some embodiments, the rAAV having a capsid protein comprising one
or more targeting peptides disclosed herein can be used to effectively transduce cardiac
muscles, peripheral nerves, or any combination thereof This makes the rAAV useful fo
delivery of therapeutics to treat, for example Friedreich’s ataxia, heart failure, ischemic heart
disease, cardiac hypertrophy, chronic pain, and/or peripheral nerve injury.

[6140] In some embodiments, the rAAY having a capsid protein comprising one
or more targeting peptides disclosed herein can be used to deliver genes to specific cell types
in the target environment of a subject. For example, the rAAY can be used for delivering
genes 1o neurons and glia i the nervous system {including PNS, CNS, or both) of a subject
(e.g., a mammal). The targeting peptide can be, for example, AAV-PHPN (SEQ ID NO:
46}. The compositions and methods disclosed herien can be used in, for example, (1) reducing
the expression of mutant Huntingtin in patients with Huntington’s Disease by, for example,
mcorporatin a Huntingtin-specific microRNA expression cassette within a rtAAV genome
and packaging the rAAV genome into a variant tAAV {eg., AAV-PHPN) for dehvery
through, for example the vasculature, (it} delivering a functional copy of the Frataxin gene to
patients with Friedreich’s ataxia, (111} restoring expression of an enzyme critical for normal
lysosomal function in patients lacking expression of the enzyme due to genetic mutation
{e.g., patients with Neimann-Pick disease, mucopolysaccharidosis I, and/or Gaucher’s
disease), {1v} using the rAAV {e.g., AAV-PHP N} to generate animal models of disease, or a

combination thereof.

Pharmaceutical compositions and methods of adminsiration

[8141] Also disclosed herein are pharmaceutical compositions comprising one or
more of the rAAV viruses disclosed herein and one or more pharmaceutically acceptable
carriers.  The compositions can also comprise additional ingredients such as diluents,
stabilizers, excipients, and adjuvants. As used herein, “pharmaceutically acceptable”
carriers, excipients, diluents, adjuvants, or stabilizers are the ones nontoxic to the cell or
subject being exposed thereto (preferably 1nert) at the dosages and concentrations employed

or that have an acceptable level of toxicity as determined by the skilled practitioners.
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[0142] The carriers, diluents and adjuvants can mclude buffers such as phosphate,
citrate, or other organic acids; antioxidants such as ascorbic acid; low molecular weight
polypeptides {e.g., less than about 10 residues); proteins such as serum albumin, gelatin or
mmunoglobuling; hydrophilic polyvmers such as polyvinylpyrrolidone; amino acids such as
glveine, glutanmine, asparagine, arginine, or lysine; monosaccharides, disaccharides, and
other carbohydrates including glucose, mannose, or dextrins; chelating agents such as
EDTA; sugar alcohols such as mannitol or sorbitol; salt-forming counterions such as sodium;
and/or nonionic surfactants such as Tween ™, Pluronics ™ or polyethylene glycol (PEG). In
some embodiments, the physiologically acceptable carrier is an aqueous pH buffered
solution.

[0143] Titers of the rAAV to be admimstered will vary depending, for example,
on the particular rAAV, the mode of administration, the treatment goal, the individual, and
the cell type(s) being targeted, and can be determined by methods standard in the art.

[0144] As will be readily apparent to one skilled in the art, the useful in vivo
dosage of the recombinant virus to be admimstered and the particular mode of admirustration
will vary depending upon the age, weight, the severity of the affliction, and animal species
treated, the particular recombinant virus expressing the protein of interest that 1s used, and
the specific use for which the recombinant virus 1s employed. The determmation of effective
dosage levels, that is the dosage levels necessary to achieve the desired result, can be
accomplished by one skilled in the art using routine pharmacological methods. Typically,
human clinical applications of products are commenced at lower dosage levels, with dosage
level being 1ncreased until the desired effect 15 achieved. Alternatively, acceptable in virro
studies can be used to establish useful doses and routes of administration of the compositions
identified by the present methods using established pharmacological methods.

[0145] Although the exact dosage will be determined on a drug-by-drug basis, in
most cases, some generalizations regarding the dosage can be made. In some embodiments,
the tAAV for delivery a nucleic acid to the nervous system {e.g., CNS) of a subject can be
administered, for example via injection, to a subject at a dose of between 1x10' genome
copies (GC) of the recombinant virus per kg of the subject and 2x10™ GC per kg, for
example between 5x10" GC/kg and 5x10" GC/kg. In some embodiments, the dose of the

rAAV administered to the subject is no more than 2x10" GC per kg. In some embodiments,
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the dose of the rAAV administered to the subject is no more than 5x10" GC per kg. In some
embodiments, the dose of the rAAV administered to the subject is no more than 5x10" GC
per kg,

[8146] The recombinant viruses disclosed heren can be adnunistered to a subject
(e.g, a human) in need thereof. The route of the administration is not particularly limited.
For example, a therapeutically effective amount of the recombinant viruses can be
administered o the subject by via routes standard i the art. Non-limiting examples of the
route nclude mtramuscular, intravaginal, intravenous, itraperitoneal, subcutaneous,
epicutaneous, ntradermal, rectal, intraccular, pulmonary, intracramial, intraosseous, oral,
buccal, systematic, or nasal. In some embodiments, the recombinant virus is administered to
the subject by systematic transduction. In some embodimenis, the recombinant virus is
admiistered to the subject by mtramuscular injection.  In some embodiments, the
recombinant virus 15 administered to the subject by ntravaginal imjection.  In some
embodiments, the rAAV is administered to the subject by the parenteral route (e.g, by
mtravenous, mtramuscular or subcutaneous injeciion), by surface scarification or by
moculation into a body cavity of the subject. Route(s) of administration and serotype(s) of
AAY components of the tAAV virus can be readily determined by one skilled in the art
takang into account the infection and/or disease state being treated and the target
cells/tissue(s} that are to express the protein of mterest. In some embodiments, 1t can be
advantageous to administer the rAAV via intravenous administration.

[0147] Actual administration of the rAAVY can be accomplished by using any
physical method that will transport the rAAV into the target tissue of the subject. For
example, the rAAV can be admimustered intravenously. As disclosed herein, capsid proteins
of the rAAY can be modified so that the rAAV is targeted to a particular target environment
of interest such as central nervous system, and to enhance tropism to the target environment
of interest (e.g, CNS tropism). In some embodiments, the rAAV delivers a nucleic acid to the
heart, peripheral nerves, or a combination thereof Pharmaceutical compositions can be
prepared, for example, as injectable formulations.

[08148] The recombinant virus to be used can be utilized n bqud or freeze-dried
form {(in combination with one or more suitable preservatives and/or protective agenis to

protect the virus during the freeze-drying process). For gene therapy {e.g., of neurological
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disorders which may be ameliorated by a specific gene product}) a therapeutically effective
dose of the recombinant virus expressing the therapeutic protein is administered to a host in
need of such treatment. The use of the recombinant virus disclosed herein in the manufacture
of a medicament for inducing immunity in, or providing gene therapy to, a host is within the
scope of the present application.

[0149] In instances where human dosages for the rAAY have been established for
at least some condition, those same dosages, or dosages that are between about 0.1% and
500%, more preferably between about 25% and 250% of the established human dosage can
be used. Where no human dosage 15 established, as will be the case for newly-discovered
pharmaceutical compositions, a suitable human dosage can be inferred from EDsy or 1Ds
values, or other appropriate values derived from in vitre or in vivo studies, as qualified by
toxicity studies and efficacy studies in animals.

[0150] A therapeutically effective amount of the rAAV can be adnunistered to a
subject at various points of time. For example, the rAAYV can be administered to the subject
prior to, during, or after the subject has developed a disease or disorder. The rAAYV can also
be administered to the subject prior to, during, or after the occurrence of a disease or disorder
{e.g., Huntington’s disease (HI)), Alzheimter's disease, Parkinson's disease, Amyotrophic
lateral sclerosis, spinal muscolar atrophy, tvpes |and IE] Friedreich’s Ataxia, Spinocerebeliar
gt and any of the lvsosomal storage disorders that mvolve cells with CONS, which
includes but is not limited to Krabbe disease, Sandhoff disease, Tav-Sachs, Gaucher disease
(Tvpe L, 1L, or HE), Nigmann-Pick disease (NPFCT or NPC2 deficiency}, Hurler syndrome,
Pompe disease, Batien disease, or any combination thereof), chronic pain, cardiac failture,
cardac arrhvthmias, or a combmation thereof. In some embodiments, the rAAV s
administered to the subject during remission of the disease or disorder. In some
embodiments, the rAAV 13 administered prior to the onset of the disease or disorder in the
subject. In some embodiments, the rAAV 1s admiwmstered to a subject at a nisk of developing
the disease or disorder.

[0851] The dosing frequency of the rAAV virus can vary. For example, the
rAAV virus can be administered to the subject about once every week, about once every two
weeks, about once every month, about one every six months, about once every vear, about

once every two years, about once every three years, about once every four years, about once
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every five vears, about once every six years, about once every seven years, about once every
eight years, about once every nine years, about once every ten years, or about once every
fifteen vears. In some embodiments, the rAAV virus is administered to the subject at most
about once every week, at most about once every iwo weeks, at most about once every
month, at most about one every six months, at most about once every year, at most about
once every two vears, at most about once every three vears, at most about once every four
years, at most about once every five years, at most about once every six years, at most about
once every seven vears, ai most about once every eight years, at most about once every nine

years, at most about once every ten years, or at most about once every fifteen years.

EXAMPLES
[152] Some aspects of the embodiments discussed above are disclosed m further
detail in the following examples, which are not in any way intended to limut the scope of the
present disclosure.

Example 1
Evolving AAV-PHP.B to Create Variants

[8153] To evolve vanants of AAV-PHP.B that provide greater CNS transduction
and more selective transduction of neurons, the AAV-PHP B 7-mer sequence (SEQ 1D NO:
40) described in U.S. Patent Publication Mo, 2015/0079038 {(the content of which 1s
mcorporated herein by reference in its entirety) was partially randomized through
overlapping replacement of 3 amino acids of the 7-mer sequence and the 2 amino acids
flanking the 7-mer with random amino acids. An overview of this strategy for evolving
AAV-PHP B is shown in FIG. 1 (X presents any one of the 20 standard amino acids).

AAV-PHP.N

[8154] After two rounds of selection, numercus variants were found to be
enriched in the sequences recovered from one or more of the Cre lines. One of those
sequences, AAV-PHPN (DGTLAVPFKAQ (SEQ ID NO: 4)) was chosen for
characterization as an individual variant.

[B155] The DGTLAVPFKAQ sequence represented 8.1% of the total sequences
recovered from Vgat-IRES-Cre mice, 4.4% of the sequences recovered from the Vglut2-

IRES-Cre mice, 0% of the sequences recovered from GFAP-Cre mice and 0% of sequences
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recovered from the hiver (non-cre dependent recovery). Based on these data, it was believed
that DGTLAVPFKAQ (SEQ ID NO: 4) would be selectively more efficient at transducing
neurons over astrocytes. The DGTLAVPFKAQ (SEQ ID NO: 4) amino acid sequence was
independently selected from 2 different nucleotide sequences: (1) GAT GGG ACT TTG GCG
GTG CCT TTT AAG GCA CAG (SEQ ID NGO 34), (1) GAT GGG ACG TTG GCG GTG
CCTTTT AAG GCA CAG (SEQ ID NG: 55). Together sequences with the consensus D/E-
S/G-TLAVPFK (SEQ 1D NO: 40) accounted for 18.9% of the total sequences recovered
from Veat-IRES-Cre mice, 15.6% of the sequences recovered from the Vglut2-IRES-Cre
mice, 8.3% of the sequences recovered from GFAP-Cre mice, and 0% of sequences
recovered from the liver (non-cre dependent recovery) after two rounds of selection.

[6156]  Data for AAV-PHP.N (DGTLAVPFKAQ (SEQ ID NO: 4)) is presented
in FIG. 2. The dentification of the capsid comprising AAV-PHP N sequence (SEQ ID NOG:
46} was possible through the use of the CREATE method disclosed herein to perform
simultaneous selections in multiple Cre transgenic mouse lines. Taken together, the findings
that (1} the AAV-PHP.N sequence (SEQ ID NO: 46) was selectively recovered from CNS
neurons but not from CNS astrocytes or the liver and that (i1} the AAV-PHP.N capsid
provides selectively enhanced transduction of neurons but not glia and liver (as compared
with AAV-PHP B) demonstrates the usefulness of performing in vive selections in multiple
cell types to engineer novel vectors with more desirable transduction characteristics,

AAV-PHP.S

[0157] The AAV-PHP.S variant (SEQ ID NO. 47) was discovered by selecting
for AAV capsids that more efficiently target GFAP-Cre expressing cells. The variant was
identified from a lbrary 10 which 7AA (7-mer) of randomized sequence was inserted
between the amino acids 588-589 of the capsid protein {VP1 numbering). The AAV-PHP.S
has the 7-mer sequence of QAVRTSL (SEQ ID NO: 37) which is encoded by the nucleic
acid sequence of CAG GCG GTT AGG ACG TCT TTG (SEQ ID NO: 563

[6158] AAVY s a leading candidate vector for gene transfer to the cardiac muscle
and also provides transduction of peripheral nerves when administered through the
vasculature. Data shown i FEIGS, 3A-3D demonstrate that systemically delivered AAV-
PHP S {(SEQ 1D NO: 47) provides markedly more expression in the heart and sensory nerves
than AAVS (SEQ ID NO: 45) comprising no AAV-PHP.S targeting peptide.
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Example 2
Recovering Novel AAY Cansid Sequences Using Cre-recombination-based AAV targeted

evolution (CREATE)

[08159] Directed evolution has been wused to generate AAVs that evade
neutralizing antibodies (Maheshri et al 2006} and betier target ghoma cells (MeGuire et al.
2010), airway epithelium (Excoffon et al. 2009} and photoreceptors in the retina after
intravitreal injection (Dalkara et al 2013}, In addition, using a human/mouse chimeric hiver
model, Lisowski ef ¢f. developed a rAAYV that specifically and efficiently targeted the human
hepatocytes (2013). Some of the embodiments described herein provide methods for the
enrichment and selective recovery of sequences with desirable traits from libraries of
sequence varianis using a recombination-dependent recovery strategy.

[0160] One approach that has been used to develop rAAVs with wmproved
tissue/cell type targeting is to perform directed evolution on the AAV capsid gene. Typically
this 15 done by making a library of replication competent AAVs that are modified to
mtroduce random mutations into the AAV cap gene, which codes for the capsid proteins that
determines the tissue tropism. The AAV capsid virus library 1s then mjected in an animal or
delivered to cells in culture. After a certain time, capsid sequences that are present in the
cells/tissue of interest are recovered. These recovered sequences are then used to generate a
new pool of viruses and then the process s repeated. Through repeated rounds of
selection/sequence recovery, sequences that generate capsids that function better (i.e., those
repeatedly pass the selection process) will be enriched. The capsids that exhibit an improved
abifity to transduce the target can then be recovered and assessed as individual clones or
rautated further and subjected to additional rounds of selection.

[8161] This example describes the methods and materials used in a selection
strategy called Cre-recombination-based AAV targeted evolution {CREATE) which enables
the development of AAV capsids that more efficiently transduce defined Cre-expressing cell
populations in vivo. As described herein, CREATE was used to generate AAV variants that
efficiently and widely transduce the adult mouse central nervous system (CNS) after
mtravenous injection. Variants generated using this method can transfer genes throughout the
CNS with an efficiency that 1s sometimes 40-fold greater than that of the current standard,

AAV914-17, and transduces the majority of astrocytes and neurons across multiple CNS
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regions. In in vizro applications, the varants can transduce human neurons and astrocytes
more efficiently than does AAV9, demonstrating the potential of CREATE to produce
customized AAV vectors for biomedical applications.

Experimental Materials and Methods

Method of Modifying the rAAV-Cap-in-cis-lox genome plasmid

[0162] The rAAV-Cap-in-cis-lox genome plasmid contains three main elements
flanked by AAV2 ITRs: (1) an mCherry expression cassette, which is comprised of a 398bp
fragment of the human UBC gene upstream of the mCherry cDBNA followed by a synthetic
polvadenylation sequence40; (i1} the AAVY capsid gene and regulatory sequences, which are
comprised of the AAVS p4l promoter sequence {1680-1974 of GenBank AF085716.1) and
splicing sequences taken from the AAV?2 rep gene; and (i1} a Cre-dependent switch, which is
comprised of the SV40 polyadenylation sequence {(pA} flanked by inverted lox71 and lox66
sites. The rAAV-Cap-in-cis-lox genome plasmid was further modified to mtroduce two
unique restriction sites, Xbal and Agel, within the capsid sequence. These sites flank the
region (AA450-592) that is replaced by the randomized library fragment. The introduction of
the Xbal site introduces a K449R mutation, which does not have an overt effect on vector
production or transduction. The mutations required to insert the Agel site are silent. For the
rAAV-ACap-in-cis acceptor plasmid used for the capsid library cloning, the coding region
between the Xbal and Agel sites was removed to prevent virus production from the acceptor
plasmid lacking the library fragment.

[0163] As a template for the library fragment, the region spanning the Xbal and
Agel sites of the modified AAVO was PCR amplified. This sequence was modified to
remove a umique Earl restriction site and insert a unique Kpnl site (both stlent mutations) to
create the xE fragment. The modified xE fragment was TA cloned wnto pCRH (Life
Technologies) to generate pCRI-9Cap-xE. Eliminating the Earl site provided a second
method that could be used, if necessary, 1o selectively digest contaminating (AAV9) capsid
sequences recovered by PCR, but not digest the library-derived sequences. Using the rAAV-
ACap-n-¢is acceptor for cloning the libraries and taking standard PCR precautions {e.g., UV
treating reagents and pipettors) was sufficient to prevent contamination.

[0164] The AAV2/9 REP-AAP helper plasmmd was constructed by mtroducing

five stop codons mto the coding sequence of the VP reading frame of the AAV9 gene at VP
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AAs: 6, 10, 142, 148 and 216, The stop codon at AAZ16 was designed not to disrupt the
coding sequence of the AAP protein, which is encoded within an alternative reading frame.

[0165] Several rAAVY genomes were used in this study. Each is constructed
within a single stranded (ss) rAAV genome with a reporter driven by the ubiguitous CMV-p-
Actin-intron-B-Globin hybrid promoter {CAG). For simplicity, the vector descriptions have
been abbreviated i the text ssAAV-CAG-GFP refers to0 ssAAV-CAG-eGFP-ZA-Luc-
WPRE-SV40 polyA. ssAAV-CAG-NLS-GFP refers o ssAAV-CAG-NLSGFP-WPRE-SV40
polyA, which was constructed by inserting the nuclear localization sequence PKKKRKY at
both the N- and C~termini of GFP. ssAAV-CAG-maNeGreen-f refers to ssAAV-
CAGmNeonGreen-f-WPRE with a human growth hormone polyA signal. The mNeonGreen
was modified with the membrane targeting (farnesylation and palmitovlation signals)
sequence from ¢-Ha-Ras.

Method of Capsid Library Generation

[0166] The random 7-mer library fragment (inserted between amino acids 588
and 589) was generated by PCR using (5 Hot Start High-Fidelity DNA Polymerase (NEB;
M0493), primers XF and 7xMNN and pCRU-9Cap-xE as a template. Schematics showing
the approximate primer binding sites are shown in FIGS. 8A-8B and the primer sequences
are provided in Table 1. To generate the rAAV-based Hibrary, the PCR products containing
the library and the Xbal- and Agel-digested rAAV-ACap-in-cis acceptor plasmid were
assembled using Gibson Assembly (NEB; E2611). The reaction products were then treated
with Plasmid Safe (PS) DNase (Epicentre; E3105K} to digest any unassembled fragments
and purified using a QlAquick PCR Purification Kit {(Jiagen). This reaction typically yielded
over 100 ng of assembled plasmid (as defined by the amount of DNA remaining after the PS
DNase digestion step). 100 ng 1s sufficient to transfect ten 150mm tissue culture dishes at 10
ng/dish. Note, the hbraries can also be constructed by higation or Gibson Assembly and then
amplified in F. coli, but bacterial transformation reduces the hibrary diversity. By directly
transfecting the assembled reaction products, the library diversity is limited instead by the
number of successfully transfected HEK293 producer cells.

Table 2. Primer sequences

Primer Purpose Sequence

9Capk Step 1:forward | CAGGTCTTCACGGACTCAGACTATCAG (SEQ ID NO: 57)
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CDF Step 1: reversed | CAAGTAAAACCTCTACAAATGTGGTAAAATCG {SEQ 1D NO: 58)
by Cre

KF Step 2: forward | ACTCATCGACCAATACTTGTACTATCTCTCTAGAAL (SEQ ID NO: 59)

AR Step 2: reverse GGAAGTATTCCTTGGTTTTGAACCA {SEQ 1D NO: 60)

TF gPCR forward GGTCGCGGTTICTTGTTTGTGGAT (SEQ ID NO: 61)

TR gPCR revarse GCACCCTTGAAGCGCATGAACTCCT {SEQUID NQ: 62)

7XMNNN 588i library GTATTCCTTGGTTTTGAACCCAACCGGTCTGCGLCTGTGCMNN
generation MNNMNNMNNMNNMNNMNNTTGGGCACTCTGGTGGTITGTC {SEQ

reverse D NO: 63}

Method of Virus Production and Purification

[8167] Recombinant AAVYs were generated by triple transfection of 2937 cells
(ATCC) using polvethylenimine (PEL). Viral particles were harvested from the media at 72
hrs post transfection and from the cells and media at 120 hrs. Cell pellets were resuspended
in 10mM Tris with 2mM MgCl,, pH 8, freeze-thawed three times, and treated with 100
U/mL Benzonase (Epicentre) at 37°C for at least T hr. Viral media was concentrated by
precipitation with 8% polvethyvlene glycol 8000 (Sigma-Aldrich) with 500 mM sodium
chloride, resuspended in Tris-MgCl,, and then added to the lysates. The combined stocks
were then adjusted to 500 mM NaCl, incubated at 37°C for 30 minutes, and clarified by
centrifugation at 2000 x g. The clarified stocks were then purnified over 1odixanol {(Optiprep,
Sigma; D1S56) step gradients {15%, 25%, 40% and 60%). Viruses were concentrated and
formulated in phosphate buffered saline (PBS). Virus titers were determined by measuring
the number of DNasel resistant vg using gPUR with linearized genome plasmid as a
standard.

[0168] For capsid library virus generation, two modifications were made to the
above virus production protocol to reduce the production of mosaic capsids that could arise
from the presence of multiple capsid sequences in the same cell. First, ouly 10 ng of the
tAAV-Cap-in~cis library plasmid was transfected (per 150 mm dish) to increase the
likelihood that most transfected cells only received one capsid variant sequence. Second, the
virus was collected at 48 hrs (media} and 60 hrs (cells and media), rather than at 72 hrs and
120 hrs as described above, to munimize the secondary transduction of producer cells with

Raav library virus released into the medium.
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Animals

[6169] GFAP-Cre mice expressing Cre under the conirol of the mouse GFAP
promoter (012886) and C57BI6J mice (000664} were purchased from the Jackson
Laboratory (JAX)}. Intravenous administration of rAAYV vectors was performed by injecting
the virus into the retroorbital sinus. Mice were randomly assigned to groups of predetermined
sarnple size. No mice were excluded from these analyses. Experimenters were not blinded to
sample groups.

In vivo selection

[8176] For the selections in GFAP-Cre mice, 1x10" vg of the capsid libraries
were mjected ntravenously into adult Cret+ miuce of either sex. Seven to eight days post-
injection, mice were euthanized and the brain and spinal cord were collected. Vector DNA
was recovered from one hemisphere of the brain and half of the spinal cord using 4-5 ml of
Trizol (Life Technologies; 15596). To purify viral DNA, the upper aqueous fraction was
collected according to the manufacturer’s extraction protocol. We found that the aqueous
fraction contains a significant portion of the viral DNA genomes as well as RNA. RNA was
then digested by treatment with 1 ulL of RNase A (Qiagen) at 37 °C gvernight. Next, a two-
step PCR amplification strategy was used to selectively recover Cap sequences from Cre-
recombined genomes. The first amplification step preferentially amplifies Cre-recombined
rAAV-Cap-in-cis-lox sequences using the primers 9CapF and CDF (see FIGS. 8A-8B). The
PCR was performed for 20-26 cycles of 95°C for 20 sec, 60°C for 20 sec and 72°C for 30 sec
using QS Hot Start High-fidelity DNA Polymerase. The PCR product was then diluted 1:10
or 1:100 and then used as a template for a second Cre-independent PCR reaction using
primers XF and AR (FIGS. 8A-8B and Table 2). The second PCR generated the fragment
that was cloned back into the rAAV-ACap-in-cis acceptor plasmid as described above. 1 ubL
of the Gibson Assembly reactions were then diluted 1:10 and transformed into SURE2
competent cells {Agilent; 200152) to generate individual clones for sequencing.

[6171] Variants that showed evidence of enrichment were cloned into an AAY
Rep-Cap plasmid and transformed into DHSa competent cells (NEB). The novel AAV Rep-
Cap vanants, or AAV2/9 Rep-Cap as a control, were then evaluated using one of the reporter
genomes described above,

Vector biodistribution
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[8172] Six-week-old mice female CS7BI/6 mice were injected intravenously with
1x10" vg of the ssAAV-CAG-GFP vector packaged into the indicated AAV capsid. Animals
were randomly assigned to groups. 25 days after injection, the mice were euthanized and
fissues and indicated brain regions were collected and frozen at -80°C. DNA was isolated
from the tissue samples using Qiagen DNeasy Blood and Tissue kit. Vector genomes were
detected using PCR primers that bind to the WPRE element and were normalized to mouse
genomes using primers specific to the mouse glucagon gene. Absolute quantification was
performed using serial dilutions of hneanzed plasmud standards of known concentrationds,
One randomly chosen animal iyected with AAV-PHPB was removed from the
biodistribution study for histological analysis.

Tissue preparation, immunohistochemistry and imaging

[8173] Mice were anesthetized with Nembutal and transcardially perfused with
0.1 M phosphate buffer (PB) at room temperature {RT) at pH 7.4 and then with freshly
prepared, ice-cold 4% paraformaldehyde (PFA) in PB. Brains were post-fixed in 4% PFA
overnight and then sectioned by vibratome or cryoprotected and sectioned by cryostat. THC
was performed on floating sections with primary and secondary antibodies in PBS containing
10% goat or donkey serum and 0.5% Triton X-100 (no detergent was used for GADG7
staining). Primary antibodies used were mouse anti-AAY capsid (1:20; American Research
Products, 03-65158, clone B1), rabbit anti- GFP (1:1000; Invitrogen, A11122), chicken anti-
GFP (1:1000; Abcam, ab13970), mouse anti-CC1 (1:200; Calbiochem, OP80), rabbit anti-
GFAP (1:1000; Dako, Z0334), mouse anti-NeuN (1:500; Millipore, MAB377), rabbit anti-
ibal (1:500; Biocare Medical, CP290), mouse anti-Calbindin D28K (1:200; Sigma, CB-955),
rabbit anti-Calretinin (1:1000; Chemicon, ABS5054), mouse anti-GAD67 (1:1000; Mallipore,
MABS54006), guinea pig anti—MAP2 (1:1000; Synaptic Systems, 188004}, mouse anti-
Parvalbumin (1:1000; Sigma), Tyrosine Hydroxlyase (1:1000, Aves} and rabbit anti-CD31
(1:50; Abcam, ab28364). Primary antibodies incubations were performed for 16-24 hrs at
RT. The sections were then washed and wmcubated with secondary Alexa-conjugated
antibodies (1:1000; Invitrogen) for 2-16 hrs. For capsid detection with the B1 antibody that
recognizes an internal epitope, floating sections were treated with 2M HCI for 15 minutes at
37°C and then washed extensively with PBS prior to incubation with the primary antibody.

For some umages, the 16-bit green channel (GFP) gamma was adjusted to enable
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visualization {without oversaturation) of both low and high GFP-expressing cells present
within the same field of view. In all cases, changes to gamma or contrast as well as
microscope and laser settings remained consistent across sets of images. Images were taken
with a Zeiss LSM 780 confocal microscope fitted with the following objectives: Fluar
5%/0.25 M27 Plan-Apochromat 10x/0.45 M27 {working distance 2.0 mi}, Plan-Apochromat
25%/0.8 Imm Corr DIC M27 multi-immersion and LD CApochromat 40x/1.7 W Korr and
Plan-Apochromat 100x/1.46 Oil DIC objectives. 3D MIF images and Supplementary Movies
were generated with Imarts (Bitplane).

Quantification of cell iype-specific transduction

[0174] Six-week-old female mice were randomly assigned to groups and injected
intravenously with 2x10" vg of ssAAV-CAG-NLS-GFP packaged into AAV9, AAV-PHP B
or AAV-PHP A Three weeks later, the mice were perfused and the brains were processed
and immunostained for the indicated antigen as described above. The number of animals per
group was pre-established; no animals were excluded from the analysis. Confocal single-
plane mmages of the cell type-specific immunostaining and native NLS-GFP flucrescence
were taken. To prevent bias, images were taken from the indicated matched regions
identified by viewing only the cell type-specific immunostaining channel, rather than from
GFP expression, prior to image acquisition. Likewise, cell counting was performed by first
counting and marking each cell stained by the cell-specific antigen by viewing the IHC
channel. Next those marked THCH cells that were positive for native GFP fluorescence were
counted. Due to the stark transduction efficiency differences between capsids, the counting
was not blinded by group.

Tissue clearing

[0175] Mice were perfused as above with 60-80 mL of wce-cold 4% PFA in PB at
a flow rate of 14 mL per minute. The flow rate was then reduced to 2-3 ml/min and
continued for 2 hrs at RT. The mice were then placed in individual custom-built chambers
and perfused with 200 mL of recycling RT 4% acrylamide i PB at 2-3 mL/min overnight
followed by a 2-hr perfusion flush with PB to remove residual polymers/monomers from the
vasculature. The polymerization process was initiated by placing the chambers in a 42°C
water bath and delivering, by perfusion {2-3 mL/min), of 200 mL of recycling, degassed PB

containing 0.25% V A-044 imtiator for 2-4 hrs. The mice were then perfused with 8% SDS in
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PB, pH 7.5 for 7 days. The SDS containing solution was refreshed two times during the 7
days and then flushed out by perfusion of 2 L of non-recirculating PB overnight. Cleared
tissue samples were mounted in RIMS solution (refractive index of 1.46) for imaging.

Generation of cortical spheroids from human iPSC

[0176] Human cortical spheroids were generated from iPSC as previously
described. Briefly, iPSC lines derived from two healthy control jndividuals were grown on
inactivated mouse embryonic fibroblast feeders in the following medium: DMEM/F12,
Knockout Serum 20%, T mM non-essential amino acids {1:100), GlataMax (1:200), -
mercaptoethanol (0.1 mM), penicilhn and streptomycin (1:100) (Iife Technologies).
Cultures were regularly tested and maintained mycoplasma free. Colonies of iPRCs were
detached intact with dispase (0.35 mg/ml, Invitrogen) and transferred into low-attachment
plates in 1PSC medium supplemented with dorsomorpbin (5 uM, Sigma} and SB-431542 (10
uM, Tocris), and the medium was changed daily. On day six of in vitro differentiation, neural
spheroids were transferred to NPC medium (Neurobasal A, B27 without vitamin A,
GlutaMax (1:100}, penicitlin and sireptomycin; Life Technologies), which was supplemented
with EGF (20 ng/ml) and FGF2 (20 ng/ml) until day 24, and then supplemented with BDNF
(20 ng/ml) and NT3 (20 ng/mal) from day 25 to 42. From day 43 onwards, cortical spheroids
were maintained in NPC medium, which was changed every 4 days.

Dissociation and viral infection of cortical spheroids

[8177] For enzymatic dissociation and culture in monolayer, cortical spheroids at
day 170-200 of in vifro duferentiation (two independent neural differentiations of one iPSC
line from one individual and one differentiation of an PSC line from another individual)
were incubated with Accutase {Innovative Cell Technologies) for 25 min at 37°C, washed
three times with NPC media and gently triturated with a P-200 pipette. Cells were plated on
poly-ornithine and laminin coated glass coverslip (15 mm) at ~300,000 cells/well and
maintained in NPC media supplemented with BDNF (20 ng/ml) and NT3 (20 ng/mi} for the
first 24 hrs, and then mamtained in NPC media without growth factors.

[8178] Cultures grown on coversiips were infected with each of the viruses at a
titer of 1x10” ve/well and fixed 5 days later with 4% paraformaldehyde (PFA) for 10 min.
For immunocytochemistry, cells were permeabilized with 0.2% Triton X-100 for 10 mun and

blocked with 10% goat serum in PBS for 1 hr. Coverslips were then incubated with
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antibodies diluted in blocking solution for 2 hr. Nuclei were visualized with Hoechst 33258
(Life Technologies, 1:10,000).

[8179] Cells were imaged with a Zeiss M1 Axioscope using a 40x objective. The
proportion of GFP™ cells colabeled with either GFAP or MAP2 was quantified in images of
10 random fields per coverslip for each experimental condition. Results presented are the
average of two separate dissociation and infection experiments.

[6186] To infect intact 3D coltures with AAVSs, single human cortical spheroids
at day 197 days of in vitro differentiation were transferred overnight into 1.5 ml Eppendorf
tubes containing 6x10° ve/400 pl in NPC media, and were fixed 7 days later in 4% PFA
overmght. Fixed spheroids were then transferred into 30% sucrose for 24 hrs, embedded in
0.CT. (Fisher Scientific) and cut at 14 um sections. For immunochistochemistry, sections
were blocked with 10% goat serum in PBS containing 0.3% Triton-X100 for 1 hr. Images
were collected with a Leica TCS SP8 confocal microscope.

Generation of tAAV variants using CREATE

[0181] CREATE wuses an rAAV capsid genome (rAAV-Cap-in-cis-lox) that

couples a full-length AAY Cap gene, controlled by regulatory elements from the AAV Rep
gene (FEG. 4B}, with a Cre mvertible switch (FIG. 4B). By building capsid libraries within
the tAAV-Cap-in-cis-lox backbone and delivering the virus libraries to ammals with Cre
expression in a defined cell population, the system enables the selective amplification and
recovery of sequences that have transduced the target population (FIG. 4C). Because the
rAAV-Cap-in-cis-lox genome lacks a functional Rep gene, Rep must be provided m trans for
virus production. For this purpose, the AAV2/9 rep-cap plasmid can be modified to eliminate
capsid protein expression by inserting in-frame stop codons within the reading frame for
each capsid protein, VP1-3 (FIG. 4D). These stop codons do not alter the amino acid
sequence of the assembly activating protein {AAP), which is expressed from an alternative
reading frame within the Cap gene22. This split tAAV-Cap-in-cis-lox genome and Rep-AAP
AAV helper system efficiently generates rAAV (FIG. 4E) and 15 the foundation of the
CREATE selection platform, which enables capsid sequence recovery from genetically
defined Cre-expressing cell populations within heterogeneous tissue samples (see FIGS., 8A-

8B).
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[0182] Within the rAAV-Cap-in-cis-lox acceptor genome a hibrary was generated
of AAV wvariants through inserting 7 amino acids (AA) of randomized sequence (7-mer)
between AASEE-589 (VP1 position) of the AAVY capsid (FIGS. 4F-4G). To select for
vectors that crossed the BBB and transduced cells throughout the UNS, the capsid library
was administered intravenously 1nto adult GFAP-Cre mice, which express Cre in astrocytes.
One week later, DNA was isolated from brain and spinal cord tissue and recovered capsid
sequences by PCR from viral genomes that had undergone Cre-mediated recombination. The
entire library of recovered Cap sequences was cloned back into the rAAV-Cap-in-cis-lox
acceptor genome to generate the library GFAP1 and randomly chose 13 clones for
sequencing. All tested sequences recovered from the GFAP1 hibrary were unique, and
therefore the GFAP1 plasmid fibrary as used to generate a second virus library and
performed an additional round of selection in GFAP-Cre nuce. After the second selection,
several variants were enriched (see Table 3} and showed enhanced CNS transduction (FI1G.
9A). The most enriched variant, AAV-PHP B, was chosen for further tropism evaluation in

-y
7

vivo. AAV-PHP.B represented 25% of recovered library sequences and encodes the 7-mer
sequence TLAVPFK (SEQ 1D NQO: 40).

[6183] AAV-PHP.B and AAVY capsids were used to package a single-stranded
(ss} GFP reporter vector driven by the ubiquitous CAG promoter (ssAAYV-CAG-GFP). Both
AAV-PHP B and AAV9 produced virus with similar efficiencies (FIG. 9B). Vector genomes
{vg) of either vector in the amount of 1x10" were administered to six-week-o0ld mice by
mtravenous injection. Transduction was assessed by GFP expression three weeks later. The
data show that AAV-PHP B transduced the entire adult UNS with high efficiency as
indicated by imaging GFP immunohistochemustry (IHC) (FIG. 5A4) or native oGFP
fluorescence in several brain regions (FiG. $8), the spinal cord (FIG., 5C) and retina (FIG.
53). Using PARS-based CLARITY for whole body tissue clearing24, native eGFP
fluorescence was detected through cleared sections of tissue from the spinal cord (FIG. 5C),
cortex and stniatum {FIG, SE). These 3D renderings demonstrate the broad and efficient
CNS transduction with the AAV-PHP.B vector. Qutside the CNS, the cellular level tropism
of AAV-PHP B and AAVY appeared similar in several organs, with the exception of the
pancreas where the efficiency of transduction by AAV-PHP.B was reduced as compared with

AAVY (FIG. 50).
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[8184] To quantify the efficiency of gene transfer io the CNS and peripheral
organs by AAV-PHP.B as compared with AAY9, the number of viral genomes present was
measured in several brain regions and organs 25 days post-injection (FIG. 5G). AAV-PHP B
provided significantly greater gene transfer than AAVY 0 each of the UNS regions
examined: cortex {40-fold), striatum (92-fold), thalamus (76-fold), cerebelium (41-fold) and
spinal cord (75-fold). Vector genome biodistribution outside the CNS showed that AAV-
PHP B transferred genes to the pancreas and adrenal gland less efficiently than AAVY (FiG.
5G). No significant differences were found between the two vectors in the liver, heart,
skeletal muscle and kidneys. When considered together with the UNS biodistribution data, in
all CNS areas except the cerebellum, the number of viral genomes detected 1in mice treated
with AAV-PHP B was similar to that measured n the liver, an organ efficiently transduced
by AAV921,25, and greater than that observed in other organs. In contrast, AAV9-mediated
gene transfer to each of the examined CNS regions was at least 120-fold lower than in the
liver. Therefore, although the tropism of AAV-PHP.B is not CNS specific, the enhanced
gene transfer characteristics of this vector are CNS specific.

[0185] AAVY preferentially transduces asirocytes when delivered intravenousty
to adult mice and nonhuman primates, but it also transduces neurons in several regions. To
examine the cell types transduced by AAV-PHP B, the co-localization of GFP with several
cell-type markers was analyzed. Owing to the highly efficient transduction, individual GFP
expressing astrocytes were difficult to discern in mice that received 1x10" vg AAV-PHP B
(FIG., 5A), but could be more eastly identified morphologically by their compact, highly
ramified processes in amimals that received 10-fold less virus (FEGS. 5A-5B) and by co-
localization with THC for GFAP (FIG. 6A). In addition to astrocytes, AAV-PHPB
transduced CC1+ oligodendrocvtes (FiG. 6B) and all neuronal subtypes examined, including
NeuN+ throughout the brain (FIG. 6C) as well as midbrain tyrosine hydroxylase (TH)
dopaminergic neurons (FIG. 6B), Caibindint cerebellar Purkinje cells (FI1G. 6E), and
several mterneuron populations {FEGS, 10A-10D3. AAV-PHP B also transduced CD3 1+
endothelial cells (FIG. 106E) but did not appear to transduce Ibal+ microglia (FIGS, 10¥-
106G, The paucity of GFP+ microgha seen after intravenous AAV-PHPB dehvery is
consistent with previous reports of rare or nonexistent AAVmediated gene expression in this

cell populationid 27-30. Native GFP fluorescence from GFP protein expression was
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observed throughout the brain over a vear after admimstration of AAV-PHP.B, suggesting
that AAV-PHP B can provide long-term, CNS-directed transgene expression (FiG. 11).

[0186] Next, the fraction of several cell types transduced by AAV-PHP B was
quantified and compared to AAVY. To facilitate reliable individual cell counting, a vector
expressing a nuclear localized GFP (NLS-GFP) under the control of the CAG promoter,
ssAAV-CAG-NLS-GFP was constructed. A single injection of 2x10" vg/mouse of ssAAV-
PHP B:CAG-NLS-GFP transduced the majority of AldhlL1+ astrocytes (FIGS. 6F and
124) and NeulN+ neurons (FIGS, 6G and 12B), as well as a modest fraction of Olig2+
oligodendrocyte hneage cells (FEGS. 6H and 12C} across all brain regions examined. In all
cases, AAV-PHP.B provided sigruficantly enhanced transduction as compared to the same
dose of AAVY Notably, AAV-PHP B also transduced over 94% of Chatt+ motor neurons
throughout the spinal cord (FIG. 3), 91.441.6% of TH+ midbraim dopaminergicneurons
(FIG. 12D) and 91.7+£5.8% of Calbindint Purkinje celis (#=53). In sum, adult intravenous
admunistration of AAV-PHP.B efficiently targets multiple neuronal and ghial cell types in the
adult mouse.

[0187] The method used to identify AAV-PHP B only selects for transduction of
the target cell population; it does not necessarily select for specificity. Nevertheless, in a
separate trial in GFAP-Cre mice, {after two rounds of in vivo selection) another AAV capsid
variant, AAV-PHP A was identified. AAV-PHP A contains a 7-mer sequence, YTLSQGW
(SEQ ID NQ: 38), that exhubits both more efficient and selective CNS astrocyte transduction
(FIGS. 7TA-T), as well as reduced tropism for the hver (FIGS, 7E-7K) and other peripheral
organs (FI1G. 7F), as compared to AAVY9Y. The increase in specificity for gene transfer to the
CNS over the liver provided by AAV-PHP A versus AAVY is 400- to 1200-fold, resulting
from a combimation of enhanced adult CKS gene transfer (2.6~ to 8-fold more depending on
the specific region) and reduced liver gene transfer (152-fold). Two other vanants enriched
in this trial (FIG. 2A) did not show enhanced GFP expression in UNS neurons or glia as
compared with AAV9,

[0188] To determine whether AAV-PHP. A and AAV-PHP.B can also transduce
human neural cells, these variants were tested on cortical neurons and astrocytes derived
from huaman indoced pluripotent stem cells (hiPSCs) using a 3D differentiation method.

HiPSC lines from two individuals were differentiated into 3D cerebral cortex-like structures
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(cortical spheroids), and maintained in vitro for up to 200 days. Aged cortical spheroids
contain superficial and deep layer cortical excitatory neurons and up to 20% astrocytes31. In
dissociated cortical spheroids that were exposed to the three viruses in monolayer,
AAVPHP B more efficiently transduced both GFAP-expressing astrocytes and MAP2-
expresing neurons m comparison with etther AAVY or AAV-PHP.A (FIG. 12; two-way
ANOVA p<0.01, n=3). In addition, all three viruses were capable of transducing mtact 3D
cortical spheroids (FI1G. 5C).

0189 In two trials for astrocyte targeting, the variants, AAV-PHP.B, B2, and B3
were 1dentified (FEG, 9). These varnants provide broad CNS transduction of both neurons
and ghia, and AAV-PHP A that provides selectively more efficient astrocyte transduction.
Identification of capsids with distinct properties from the same selection scheme was
expected given that the recovery method used selected for astrocyte transduction rather than
for any specific intermediate step(s), e.g., brain vascular association, BBB transcytosis or
astrocyte binding/internalization. Therefore, capsid variants that are more efficient at any of
these intermediate steps should be recovered in the selection process.

[6196] Through immunostaining for capsids 1t was found that the AAV-PHP
capsids, unlike the AAVY, readily localized to the brain vasculature shortly after mtravenous
administration (FIGS, 14A-148). In addition, by 24 hours post-administration, significantly
more GFP expressing cells were observed along the brain vasculature of mice that received
AAV-PHPB as compared with those that received AAVO or AAV-PHP A (FIGS, 14C-
140} Considered together with the transduction characteristics of AAV-PHP B and AAV-
PHP.A 1 vivo (FIGS. 5A-3G, 6A-61 and 7A-7F) and 1n human neural cultures (FIGS. 13A-
(), these data suggest that while both AAV-PHP vectors more efficiently associate with the
brain vasculature, they may differ in subsequent cell type-specific entry or transport step(s).

Table 3

_ AA A g o % of in vivo
Variant Sequence Nucleotide Sequence total characteristics production
AN

AAV- Esi?éﬁggio ACTTTGGCGGTGCCTTT | o0 Broad CNS |
PHP B 54.0)' YU TAAG (SEQ IDNO: 74) SR transduction c

T ISVSKPFL | AGTGTGAGTAAGCCTIT .
;}Qg w | (SEQIDNO: | TTTG 11.76% ?rii‘i L{fsn Good

' 41) (SEQ ID NO: 73) ansducho
AAV- | FTILTTPK | TTTACGTTGACGACGCC | 7.35% | Broad CNS Good
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PHP B3 [ (SEQIDNO: | TAAG(SEQID NG: 76) transduction
42)
PHPA |30 YL TTGG (SEQ 1D NO: 77) M b ¢
38 selectivity
QAVRTSL A T A g A g Similar to
N CAGGCGGTTAGGACGTC , .
G2A12 {(SEQIDNOG: | 1. - e 33.33% | AAVY i the Excellent
37) TTTG (SEQ ID NO: 78) hrain
LAKERLS TN A A A T Similar to
G2A1S | (SEQID NO- f;%gg((‘ég}fﬁﬁf‘é‘ﬁ%&l 2000% | AAV9inthe | Excellont
39 T AT AT brain

[6191] Using CREATE, new AAV variants were developed that enable efficient
widespread gene transfer to the adult mouse UNS after intravenous administration. An
important advantage of this system is that it mirodoces selective pressure for capsids that
mediate efficient intraceliular trafficking and conversion of the single-stranded viral genome
to persistent double-stranded DNA (dsDNA) forms necessary for long-term transduction
(only the dsDNA genomes should serve as substrates for Cre). This additional selective
pressure for functional capsids may have contributed to the identification of AAVPHP A and
the AAV-PHP B variants (disclosed herein} in independent trials after only two rounds of in
vivo selection. In comparison, many previous i vivo and in vifro AAV capsid selection
methods have applied 3-10 rounds of selection to 1dentify capsid variants with enhanced
properties.

[0192] Without being bound by any particular theory, it is believed that CREATE
can be applied to discover AAVY capsid variants that target defined, CRE-expressing cell
types in any organ. Thus, it can be used not only 1n transgenic animals, as shown here, but
also to develop AAV variants that target (i) specific Cre” cell types in spheroid cultures or
organoid cultures, (i1} cells made Cre” in non-transgenic animals by, for example, viral
injections that achieve population-, projection33-, or activity-based Cre expression or (i)
Cre" human cells in human/mouse chimeric animals. Given the reported AAV tropism
differences between animal models and humans, selection schemes that use human Cre+
cells in vivo, cell-specific Cre expression in three dimensional hiPSC-derived cellular
models, or future Cre transgenic marmosets may be desirable for developing improved
vectors for climcal applications. In addition, the success of AAV-based gene therapies,

especially those requiring systemic delivery, can be hindered by the presence of neutralizing
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AAY capsid antibodies in the human population. By using CREATE together with exposure
of AAV libraries to pooled human sera, one could envision simultaneously selecting for
capsids with retained or enhanced transduction characteristics that are also less susceptible to
antibody-mediated neutralization.

[0193] CREATE can also be used with next-generation sequencing to better
predict the characteristics of the recovered sequences prior to testing the variants
individually. Sequencing both the entire pool of variants recovered from the Cre-expressing
target cells along with the unselecied virus Hibrary should enable quantification of the relative
extent of enrichment of each recovered sequence. Furthermore, sequencing capsids recovered
from multiple Cre-expressing or Cre non-expressing populations could provide a means to
perform both positive and negative selection in muliiple cell types in a single experiment.
Such in vive-in silico selection approaches should increase the power of CREATE to
enhance gene transter to the CNS and other difficult-to-target cell populations,

[0194] Disclosed herein are novel UNS targeting sequences that were developed
through use of the CREATE method.  In some embodiments, DNA librartes that had 7-mer
nsertion sequences between amino acids 588-599 of AAVY capsid protein were made. After
creating virus libraries from the DNA libraries, the CREATE method was used to select and
recover novel AAV capsid sequences that transduced Cre expressing cells one week after
adnunistration. Variants recovered from the selection process are shown in Table 4.

Table 4

(174 A .
Name AA Sequence /o of §!ones Phenotype
recovered
— ; Improved astrocyte transduction, poor
PHP A ‘!ql;(?gfp\ﬁ) 38) 40.0% virus  production, reduced peripheral
(R s 25 transduction
OAVRTSI Improved peripheral newron and cardiac
PHP S (ng' 0 ID‘ N“Q A7) 33.3% myocyle {ransduction, similar to AAV9
S T within the CNS
) Similar AAV9
G2A3 ES?‘E({)E:I};)FLI\? 0:39) 20.0% Improved CNS  transduction, broad
e B transduction
PHP B (fé%;g'f;f 1§0~ 0 350% | Outside the CNS (similar to AAVY)
j‘ﬂ‘ PEL, ” i .
PHP B2 ;};\;(\)Kilg [N 0: 41) 10.6% Improved CNS transduction
PHP.B3 ?SELS?};}EO 42) 7.5% Improved CNS transduction
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GB4 | R0 1N 43) 50% | Similar to AAVY
GBS X§§§§f1§}44) 25% | Similar to AAV9

[0195]

CREATE was used to determine transduction of three CNS populations:

GFAP-Cre (astrocytes), Voat-IRES-Cre (GAGAergic neurons) and Vglut2-IRES-Cre (a

subset of glutamatergice neurons). After DNA was 1solated from the brains and spinal cords,

recovered vanants were assessed by clonal and/or next generation sequencing after 2 rounds

of selection. This approach has led to the identification of vectors that exhibit efficient CNS

transduction (see Table 5). A number of identified vectors were found to be more effective

i ONS transduction than PHP.B, for example PHP.B-DGT (PHP.N), PHP B-EST, and

PHP.B-ATT-T.

Table §

Name AA Seguence SEQ 1D NG, Observation
PHP B-DGT : broad CNS tropism, strong CNS
. AVPFK S 3 NO: . !
(PHP.N) DGTLAVPFKAQ | SEQID NGO 4 transduction
strong CNS transduction,
PHP B-EST ESTLAVPFKAQ | SEQID NO: 5§ | especially strong in astrocytes and

Purkigge cells

PHP B-GGT GGTLAVPFKAQ | SEQ 1D NO: 6 | Strong CNS transduction
PHPB-ATP AQTLATPFKAQ | SEQIDNOG: 7 | Strong UNS transduction
PHPB-ATT-T | ATTLATPFKAQ | SEQ ID NO: 8 | strong CNS transduction
PHP B-DGT-T | DOGTLATPFKAQ | SEQID NO: 9 | Strong CNS transduction
PHP B-GGT-T | GGTLATPFKAGQ | SEQID NO: 10 | Strong UNS transduction
PHP B-8GS SGSLAVPFKAQ | SEQ ID NO: 11 | Strong CUNS transduction
PHP B-AQP AQTLAQPFKAQ | SEQ ID NO: 12 | Strong CNS transduction
PHP B-GQP AQTLOQPFKAQ | SEQ ID NO: 13 | Strong UNS transduction
PHP.B-SNP(3) | AQTLSNPFKAQ | SEQ ID NO: 14 | Strong UNS transduction
PHPB-SNP | AQTLAVPESNP | SEQID NO: 15 | >r0ng CNS tropism with high

specificity for neurons

Example 3

Method of Making Variants of AAV-PHP.B for Efficient Transduction of

[6196]

CNS Neurons and Ghia

The AAV-PHP.B 7-mer peptide and flanking sequences were further

evolved through site saturation mutagenesis of three consecutive amino acids {see FIG 13).

The five saturation libraries (XOX1-XXX5) were generated by PCR, mixed in equal amounts
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and used to generate DNA. The DNA was used 1o generate the AAV capsid libraries. Using
CREATE, selections were run in parallel for transduction of three CNS populations: GFAP-
Cre (astrocytes), Veat-IRES-Cre (GABAergic neurons) and Vglut2-IRES-Cre {(a subset of
glutamatergic neurons). DNA was isolated from the brains and spinal cords. Recovered
variants were assessed by clonal and/or next generation sequencing after 2 rounds of
selection. This approach has led to the identification of additional vectors that exhibit
efficient CNS transduction (see Tables 3 and 4). Sequences were chosen for individual
validation based on one or more of the followng criteria (1} the frequency at which each
variant 15 present after two rounds of selection (sequences present at highter frequencies were
likely to have been enriched during the in vive selection), (1) the presence of multiple
nucleic acid sequence variants encoding the same amino acid sequence, and (i1} observed
enrichment as compared to the virus hibrary.
Example 4
Making variants of AAV-PHPB
[8197] AAV-PHP B 7-mer (SEQ ID NO: 40} was partially randomized to make

corresponding variants through overlapping replacement of 3 amivo acids of the 7-mer
sequence and the 2 amino acids flanking the 7-mer with random amino acids. An overview of
the strategy for making variants of AAV-PHP.B 1s shown in FIG. 21

[6198] After two rounds of selection, the DGTLAVPFKAQ (SEQ 1D NO: 4)
sequence was chosen for characterization. The DGTLAVPFKAQ (SEQ ID NO: 4) sequence
was independently selected from 2 different amino acid sequences: (1) GAT GGG ACT TTG
GCG GTG CCT TTT AAG GCA CAG (SEQ 1D NO: 54) and (1) GAT GGG ACG TTG
GCG GYG CCT TTT AAG GCA CAG (SEQ ID NO: 55}

[8199] In some embodiments, a 7TAA {7-mer} sequence was inserted between the
amino acids 588-389 of the AAVY capsid protein. The AAV-PHP.S 7-mer insertion (SEQ
1D NO: 37) has the following 7-mer sequence: QAVRTSL (SEQ ID NO. 37} 1t was selected
from the nucleotide sequence: CAG GCG GTT AGG ACG TCT TTG (8EQ 1D NG 56).

Example 3
Characterization of AAV-PHP.N (SEQ 1D NG: 46) and AAV-PHP.S (SEQ ID NG 47)

[6200] This example provides additional characterization of two AAV variants,

AAV-PHPN (SEQ 1D NO: 46) and AAV-PHP.S (SEQ 1D NO: 47). AAV-PHP.N differs
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from AAV-PHPB by two amino acid substitutions {AS87D and Q588(G). AAV-PHPDB
capsid exihubited increased efficiency of gene delivery to several CNS neuron populations as
compared to AAV-PHP N capsid, which can enable gene transfer to a greater fraction of
cells or high rates of transduction with lower doses of virus.

[6201] To quantitatively assess the transduction efficiency of AAV-PHP.N (SEQ
D NO: 46) and AAV-PHP B, voung adult mice were intravenously inmjected with ix10" Ve
of single stranded (ss) AAV-CAG-NLS-GFP packaged into either AAV-PHP.N (SEQ 1D
NO: 46) or AAV-PHP B (FIGS. 23A-E). Three weeks after administration, the fraction of
DAPL cells that expressed nuclear localized GFP in the cortex and striatum was assessed.
AAV-PHP N (SEQ ID NO: 46) transduced a significantly greater fraction of DAPL cells in
the cortex than AAV-PHP.B (FIGS. 24A, 24D) A sinular trend was observed in the
striatum {p=0.054). Next, the percentage of neurons transduced by each vector in the cortex
and striatum (Neun") and Purkinje neurons in the cerebellum (Calbindin™) (FIGS. 24B, 24E)
was determined. AAV-PHP.N provided significantly more efficient transduction of neurons
in each region. In further support of the increased efficiency of transduction by AAV-PHP.N
as compared with AAV-PHP B, a significant increase in the per cell GFP fluorescence
intensity {mean of the median intensity of GFP fluorescence per nuclei} in the brains of mice
that recetved AAV-PHP N (SEQ 1D NO: 46} (FIG, 24G) was observed.

Example 6
Quantification of Transducition by AAV-PHP.S

[8202) The AAV-PHP.S (SEQ 1D NO: 47) capsid provides efficient transduction

of peripheral sensory neurons in the dorsal root ganghia (DRG) and in the visceral organs
mcluding the enteric nervous system. The efficiency of transduction of peripheral neurons
with AAV-PHP.S (SEQ ID NG: 47) as compared with AAVO (SEQ ID NO: 45) was
examined. AAV-PHP.S and AAVO were used to package the same ss AAV-CAG-NLS-GFP
genome used above and the viruses were injected intravenously into young adult mice at a
dose of 1 x 10" vg. Three weeks later the percentage of PGP9.5" DRG neurons transduced
by both vectors was deterroined. In mice that received AAV-PHP S, a significant increase in
both the percentage of the PGP9.5™ cells that expressed nuclear GFP and a significant

increase in GFP expression (as measured by fluorescence intensity) per cell was observed.
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In addition, the mean GFP intensity in cells within cardiac gangha was also increased
relative to AAVY (FIGS. 24A-G).
[62603] Without being bound by any particular theory, it 18 beligved that AAV-
PHP.S 15 useful for studying and treating a variety of diseases and injuries including but not
limited to Friedreich’s ataxia, heart fadure, ischemic heart disease, cardiac hypertrophy,
chronic pain, and peripheral nerve injury.
Method of Treatment Using Targeting Peptides

[0204] A subject having a disorder that can be treated by the application of a
nucleic acid to be expressed within a subject 1s identified. The subject 1s then administered a
first amount of an AAV wvector that includes the polynucleotide to be expressed. The
polynucleotide encodes for a therapeutic protein. The AAV vector includes a capsid protein
that inclhudes a targeting peptide portion comprising, or consisting of, any of SEQ ID NOs: 1-
44, 48-53, 65-08, and 74-93, so as to allow proper targeting of the protein to be expressed to
the appropriate system within the subject. If needed, the subject 1s administered a second or
third dose of the vector, uniil a therapeutically effective amount of the protein to be
expressed s expressed within the subject in the appropriate system.

Example 8

Method of Treating Huntington’s Disease

[02605] A subject having Huntington’s disease is identified. The subject is then
admiistered a first amount of an AAV vector that mcludes the polynucieotide 1o be
expressed. The polynucleotide encodes for a therapeutic protein. The AAV vector includes
a capsid protein that includes a targeting peptide portion comprised of any of SEQ ID NOs:
1-44, 48-53, 65-68, and 74-93, so as to allow proper targeting of the protein to be expressed
to the nervous system within the subject. If needed, the subject 1s admimistered a second or
third dose of the vector, until a therapeutically effective amount of the protein to he
expressed s expressed within the subject in the nervous system.

Method of Treating Huntington’s Diseage

[6206] A subject having Huntington’s disease is identified. The subject is then

admimstered a first amount of an AAV vector that includes a polynucleotide that encodes for
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a small non-coding RNA (small hairpm RNA (shRNA}Y or microRNA (miRNA)) configured
to reduce expression of the Huntingtin protein by its sequence). The AAV vector includes a
capsid protein that includes a targeting peptide portion comprised of any of SEQ 1D NOs: 1-
44 48-53, 65-68, and 74-93 50 as to allow proper targeting of the said polynucleotide to the
nervous system. If needed, the subject 1s administered a second or third dose of the vector,
until a therapeutically effective amount of the small non-coding RNA is expressed the
subject in the nervous systen.

Example 10

Method of Treating Huntington’s Disease

10267} A subject having Huntington’s disease is identified. The subject is then
systemically administered a first amount of an AAV vector that includes a polynucleotide
that encodes for a Zinc finger protein (£FP) engineered to represses the transcription of the
Huntingtin (HTT) gene. The AAV vector will include a capsid protein that includes a
targeting peptide portion comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68, and 74-93,
s0 as to allow proper targeting of the ZFP to the nervous system, among other organs. If
needed, the subject 15 adnunistered a second or third dose of the vector, until a
therapeutically effective amount of the ZFP is expressed the subject in the nervous system.

Example 11

Method of Huntington’s Disease

[0208] A subject having Huntington’s disease is identified The subject is then
systemically administered a first amount of an AAV vector that includes a polvnuclectide
that encodes for a small non-coding RNA (small hawrpin RNA (shRNA} or microRNA
(miRNA)}) designed by one skilled in the art to reduce expression of the Huntingtin protein.
The AAV vector will include a capsid protein that includes a targeting peptide portion
comprised of any of SEQ ID NQOs: 1-44, 48-53, 65-68, and 74-93, s0 as to allow proper
targeting of the polvnucleotide to the nervous system, among other organs. If needed, the
subject 1s administered a second or third dose of the vector, until a therapeutically effective
amount of the small non-coding RNA is expressed the subject in the nervous system.

Example 12

Method of Treating Alzheimer’s disease
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[8209] A subject having Alzheimer’s disease is identified. The subject is then
administered a first amount of an AAV vector that includes a polynuclectide that encodes for
an anti-Abeta antibodies or antibody fragments. The AAV vector includes a capsid protein
that mcludes a targeting peptide portion comprised of any of SEQ 1D NOs: 1-44, 48-53, 65-
68, and 74-93, so as to allow proper targeting of the antibody or antibody fragment to be
expressed to the nervous system. If needed, the subject is administered a second or third
dose of the vector, until a therapeutically effective amount of the antibody or antibody
fragment is expressed the subject in the nervous system.

Method of Treatine Alzheimer’s disease

[6210] A subject having Alzheimer’s disease 15 identified. The subject 15 then
administered a first amount of an AAV vector that includes a polynucleotide that encodes for
an apolipoprotein E {ApoE) protein, preferably the human apoE polypeptide apoE2 or
modified variant of apoE2. The AAV vecior includes a capsid protein that includes a
fargeting peptide portion comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68, and 74-93,
so as to allow proper targeting of the antibody or antibody tragment to be expressed to the
nervous system. If needed, the subject is administered a second or third dose of the vector,
until a therapeutically effective amount of the ApoE protein is expressed the subject in the
nervous system.

Example 14
Method of Treating SMA

[6211] A subject having spinal muscular atrophy (SMA) s identified.  The
subject 1s then administered a first amount of an AAV vector that includes a polynucleotide
that encodes for a survival motor neuron 1 {(SMIN1} polypeptide. The AAV vector includes a
capsid protein that includes a targeting peptide portion comprised of any of SEQ ID NOs: 1-
44, 48-53, 65-68, and 74-93, so as to allow proper targeting of the SMN protein to be
expressed to the nervous system. If needed, the subject is administered a second or third
dose of the vector, until a therapeutically effective amount of the SMIN protein is expressed
the subject in the nervous system,

Method of Treating Friedreich’s Ataxia
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[8212] A subject having Friedreich’s ataxia is identified. The subject s then
systemically administered a first amount of an AAV vector that includes a polynucleotide
that encodes for a frataxin protein. The AAV vector includes a capsid protein that includes a
targeting peptide portion comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68, and 74-93,
so as to allow proper targeting of the frataxin protein to be expressed to the nervous system
and heart, among other organs. If needed, the subject 1s administered a second or third dose
of the vector, until a therapeutically effective amount of the frataxin protein s expressed the
subject n the nervous system and heart.

Method of Treating Pompe Disease

[6213] A subject having Pompe disease 1s identified. The subject is then
systemically adnunistered a first amount of an AAV vector that includes a polynucleotide
that encodes for an acid alpha-glucosidase (GAA) protein. The AAV vector includes a
capsid protein that includes a targeting peptide portion comprised of any of SEQ 1D NQOs: 1-
44, 48-53, 65-68, and 74-93, so as to allow proper targeting of the GAA protem to be
expressed to the nervous system and heart, among other organs. If needed, the subject i3
administered a second or third dose of the vector, until a therapeutically effective amount of
the GAA protein is expressed the subject in the nervous system and heart.

Example 17

Method of Treatine Late Infantile Neuronal Ceroid Lipofuscinosis

[8214] A subject having Late Infantile neuronal ceroid lipofuscinosis (LINCL) 1s
identified. The subject 15 then systemically admimstered a first amount of an AAV vector
that includes a CLNZ2 polynucleotide that encodes for the tripeptidyl peptidase 1 protein. The
vector includes a capsid protein that includes a targeting peptide poriion comprised of any of
SEQ 1D NQOs: 1-44, 48-53, 65-68, and 74-93, 50 as to allow proper targeting of the tripeptidyl
peptidase 1 protein to be expressed to the nervous system. If needed, the subject 1s
administered a second or third dose of the vector, until a therapeutically effective amount of
the tripeptidyl peptidase 1 protein is expressed the subject in the nervous system.

Example 18

Method of Treating Batten disease
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[8215] A subject having the Juvenile NCL form of Batten disease 15 identified.
The subject is then systemically administered a first amount of an AAVY vector that mcludes a
CLN3 polynucleotide that encodes for the battenin proten. The AAV vector includes a
capsid protein that includes a targeting peptide portion comprised of any of SEQ ID NOs: 1-
44, 48-53, 65-68, and 74-93, s0 as to allow proper targeting of the battenin protein to be
expressed to the nervous system. If needed, the subject is administered a second or third
dose of the vector, until a therapeutically effeciive amount of the battenin protein 1is
expressed the subject in the nervous systermn,

Method of Treating Canavan Disease

[6216] A subject having Canavan disease is identified. The subject 1s then
systemically administered a first amount of an AAV vector that includes an ASPA
polynucleotide that encodes for the aspartoacylase protein. The AAVY vector includes a
capsid protein that includes a targeting peptide portion comprised of any of SEQ 1D NQOs: 1-
44, 48-53, 65-08, and 74-93, s0 as to allow proper targeting of the aspartoacylase protein to
be expressed to the nervous system. If needed, the subject 15 administered a second or thurd
dose of the vector, until a therapeutically effective amount of the aspartoacylase protein is
expressed the subject in the nervous system.

Example 20

Method of Treating Parkinson’s Disease

[8217] A subject having Parkinson’s disease is identified. The subject 1s then
systemically admimstered a first amount of one or more v AAV ectors that each inchudes one
or more polynucleotide(s) that encode an enzyme(s) necessary for the increased production
of dopanmune from non-dopaminergic cells. The AAY vector includes a capsid protein that
mncludes a targeting peptide portion comprised of any of SEQ 1D NOs: 1-44, 48-53, 65-68,
and 74-93, so as to allow proper targeting of said enzyme(s) to be expressed to the nervous
system. If needed, the subject is administered a second or third dose of the vector, until a
therapeutically effective amount of the enzvme(s) is expressed the subject 1n the nervous

system,
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Example 21

Method of Treating Parkinson’s Disease

[8218] A subject having Parkinson’s disease 1s identified. The subject is then
systemcally administered a first amount of an AAV vector that includes a polynuclectide
that encode a modified, aggregation-resistant form of alpha-synuclein protein that reduces
the aggregation of endogenous alpha-synuclein. The AAY vector includes a capsid protein
that includes a targeting peptide portion comprised of any of SEQ 1D NOs: 1-44, 48-53, 65-
68, and 74-93, so as to allow proper targeting of the aggregation-resisiant alpha-synuclem
protein to be expressed to the nervous system. If needed, the subject is administered a
second or third dose of the vector, until a therapeutically effective amount of the protein is
expressed the subject in the nervous system.

Example 22

Method of Treating Amvotrophic Lateral Sclerosis or Frontal Dementia

[8219] A subject having amyotrophic lateral sclerosis or frontal dementia caused
by a mutation in COORF72 1s identified. The subject 1s then admunistered a first amount of
an AAV vector that includes a polynucleotide that encodes a non-coding RNA(s) that reduce
nuclear RNA foci caused by the hexanucleotide expansion (GGGGCC) in the subjects cells.
The AAV vecior includes a capsid protein that includes a targeting peptide poriion
comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68, and 74-93, so as to allow proper
targeting of the RNA(s) to be expressed to the nervous system. If needed, the subject is
administered a second or third dose of the vector, until a therapeutically effective amount of
the RNA(s} 13 expressed the subject in the nervous system.

Method of Treating Multiple Sclerosis

[6226] A subject having multiple sclerosis 1s identified. The subject is then
systemically administered a first amount of an AAV vector that includes a polvnucleotide
that encode a trophic or immunomodulatory factor, for example leukemia inhibitory factor
(LIF) or ciliary eurotrophic factor (CNTF). The AAV vector includes a capsid protein that
meludes a targeting peptide protion comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68,

and 74-93, s0 as to allow proper targeting of the said factor to be expressed to the nervous
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system. If needed, the subject 13 administered a second or third dose of the vector, until a
therapeutically effective amount of the factor 1s expressed the subject in the nervous system.
Example 24

Method of Treatine Amvotrophic Lateral Sclerosis

[6221] A subject baving amyotrophic lateral sclerosis caused by SOD1 mutation
is lentified. The subject is then administered a first amount of an AAV vector that includes
a polynucleotide that encodes for a small non-coding RNA (small hairpin RNA (shRNA) or
mictoRNA (miRNA}) designed by one of skill in the art to reduce expression of mutant
SOD1 protein. The AAV vector includes a capsid protein that includes a targeting peptide
portion comprised of any of SEQ ID NOs: 1-44, 48-53, 65-68, and 74-93, so as to allow
proper targeting of the small non-coding RNA to be expressed to the nervous system. If
needed, the subject 1s admmnistered a second or third dose of the vector, until a
therapeutically effective amount of the small non-coding RNA 15 expressed the subject in the

nervous system.

(6222} All references cited herein, including patents, patent applications, papers,
text books, and the like, and the references cited therein, to the extent that they are not
already, are hereby incorporated herein by reference in their entirety. To the extent that any
of the defimitions or terms provided in the references incorporated by reference differ from
the terms and discussion provided herein, the present terms and definitions control.

[8223] The foregoing written specification 1s considered to be sufficient to enable
one skilled 1o the art to practice the mvention. The foregoing description and examples detail
certain preferred embodiments of the invention and describe the best mode contemplated by
the inventors. It will be appreciated, however, that no matter how detailed the foregoing may
appear in text, the invention may be practiced n many ways and the mvention should be
construed in accordance with the appended claims and any equivalenis thereof.

[8224] in at least some of the previcusly described embodiments, one or more
elements used in an embodiment can interchangeably be used in another embodiment unless
such a replacement is not technically feasible. It will be appreciated by those skilled in the
art that various other omissions, additions and modifications may be made to the methods

and structures described above without departing from the scope of the claimed subject
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matter. Al such modifications and changes are miended to fall within the scope of the
subject matter, as defined by the appended claims.

[0225] With respect to the use of substantially any plural and/or singular terms
herem, those having skill in the art can translate from the plural to the singular and/or from
the singular to the plural as 13 appropriate to the countext and/or application. The various
singular/plural permutations may be expressly set forth herein for sake of clarity.

[8226] It will be understood by those within the art that, in general, terms used
herein, and especially in the appended clanms (e.g., bodies of the appended claims) are
generally intended as “open” terms {e.g., the term “including” should be interpreted as
“including but not limited to,” the term “having” should be interpreted as “having at least,”
the term “includes” should be mterpreted as “mcludes but is not hmited t0,” ete.). It will be
further understood by those within the art that f a specific number of an introduced claim
recitation 1s intended, such an intent will be explicitly recited in the claim, and in the absence
of such recitation no such intent is present. For example, as an aid to understanding, the
following appended claims may contain usage of the introductory phrases "at least one" and
"one or more" to mtroduce claim recitations. However, the use of such phrases should not be
construed to imply that the introduction of a claim recitation by the indefinite articles "a" or
"an" limits any particular claim contarning such mtroduced claim recitation to embodiments
contatning ouly one such recitation, even when the same claim includes the introductory
phrases "one or more" or "at least one" and indefinite articles such as "a" or "an" {(e.g., “a”
and/or “an” should be interpreted to mean “at least one” or “one or more”); the same holds
true for the use of definite articles used to introduce claim recitations. In addition, even if a
specific number of an introduced claim recitation is explicitly recited, those skilled in the art
will recognize that such recitation should be interpreted to mean at least the recited number
{(e.g., the bare recitation of "two rectiations,” without other modifiers, means at least two
recifations, or two or more recitations). Furthermore, m those instances where a convention
analogous to “at least one of A, B, and C, etc.” is used, in general such a construction is
intended in the sense one having skill in the art would understand the convention {e.g., “ a
system having at least one of A, B, and C” would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C together,

and/or A, B, and C together, etc.). In those instances where a convention analogous to “at
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least one of A, B, or C, etc.” 15 used, 1n general such a construction 1s intended n the sense
one having skill 1o the art would understand the convention {(2.g., © a system having at least
one of A, B, or C” would include but not be limited to systems that have A alone, B alone, C
alone, A and B together, A and C together, B and C together, and/or A, B, and C together,
etc.}). It will be further understood by those within the art that virtvally any disjunctive word
and/or phrase presenting two or more alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possibilities of including one of the
terms, either of the terms, or both terms. For example, the phrase “A or B” will be
understood to inchude the possibilities of “A” or “B” or “Aand B

(02271 in addition, where features or aspecis of the disclosure are described in
terms of Markush groups, those skilled in the art will recognize that the disclosure s also
thereby described 1n terms of any individual member or subgroup of members of the
Markush group.

[6228] As will be understood by one skilled in the art, for any and all purposes,
such as m terms of providing a written description, all ranges disclosed herein also
encompass any and all possible sub-ranges and combinations of sub-ranges thereof Any
listed range can be easily recognized as sufficiently describing and enabling the same range
being broken down into at least equal halves, thirds, quarters, fifths, tenths, etc. As a non-
fimiting example, each range discussed herein can be readily broken down into a lower third,

middle third and upper third, eic.  As will also be understood by one skilled in the art all

EEANTS >

language such as “up to,” “at least,” “greater than,” “less than,” and the like include the
number recited and refer to ranges which can be subsequently broken down into sub-ranges
as discussed above. Finally, as will be understood by one skilled in the art, a range mncludes
each individual member. Thus, for example, a group having 1-3 articles refers to groups
having 1, 2, or 3 articles. Similarly, a group having 1-5 articles refers to groups having 1, 2,
3,4, or 5 articles, and so forth.

[6229] While various aspects and embodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not mtended to be

limiting, with the true scope and spirit being indicated by the following claims.

-79-



WO 2017/100671 PCT/US2016/065969

WHATIS CLAIMED IS:

I An AAV vector comprising an amino acid sequence that comprises at least 4
contiguous amino acids of the sequence QAVRTSL (SEQ D NO: 37).
2. The AAY vector of claim 1, wherein the amino acid sequence is a part of a
capsid protein of the AAV vector.
3. The AAY vector of claim 1, wherein the sequence QAVRTSL (SEQ ID NOG:
37} is inserted between AAS88-589 of an AAV sequence of the vector (SEQ 1D NO: 45},
4, The AAV vector of claim 1, wherein the sequence QAVRTSL (SEQ 1D NOG:
373 1s inserted between AAS86-592 of an AAV sequence of the vector (SEQ 1D NO: 45).
5. The AAV vector of claim 1, wherein the sequence QAVRTSL (SEQ ID NOG:
37) turther comprises at least two of amino acids 587, 588, 589, or 590 of SEQ ID NO: 45,
6. An AAVY vector comprising a sequence of 11 contiguous aming acids
KKK Xy XK s KX s Ko X 10X 1, wherein
XyisD, A E QNG orS;
XisG NS, T,Q o1V,
X:i8T, SorN;
XpsLorV,
XsisA S, QP orT,
XeisV, T, Q N L, or M,
X P
KgisF Y, VL, C,or§;
Xo1s K, RorS;
Xiois Aor N; and
Xi1 18 Q or P, wherein the AAV vector does not comprise aming acid
sequence AQTLAVPFRAQ (SEQ ID NG: 1).
7. The AAV vector of claim 6, wherein X, 15D, X015 G, X8 T, XyisL, Xgis V
orT,or Xgis F.
8. The AAV vector of claim 6, wherein Xg1s L, X515 A, Xs1s V, X715 P, Xgis F,
Xois K, Xyppis A, and X158 Q.
9. The AAV vector of claim &, wherein amino acids X X,Xs5 are DGT, GGT,

EGT, DST, EST, QGT, NQT, SGS, SGN, ATT, AVT, or ART.
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10. The AAYV vector of claim 6, wherein amuno acids XX, are AQ, Xsis V, X7 1s
B, XgisF, X 15K, Xyp1s A, and X1, 18 Q.

i1. The AAV vector of claim 10, wherein Xz1s Tand X415 L.

12. The AAV vector of claim 11, wherein X515 A.

13, The AAY vector of claim 6, wherem Xy 8 A, Xo 8 Q, X318 T, Xe s L, Xg 18
F,Xoi8K, Xppis A, and X;; 15 Q.

i4. The AAV vector of claim 13, wherein amino acids XXX are AVP, ATP,
AQP, QOP, PQP, SNP, STP, SOP, QLP, TMP, or TTP.

5. The AAV wvector of claim 6, wheremn ammno acids X XoX:XyXsXe are
AQTLAV and X 6Xj; 15 AQ.

16, The AAV vector of claim 15, wherein amino acids X5 XzXe are PFK.

17. The AAV vector of claim 6, wherein amino acids X XXX XX X7Xg are
AQTLAVPF,

18 The AAV vector of claim 10, wherein amino acids XoX10X;; are KAQ, KAP,
or SNP.

19, The AAV vector of claim 6, wherein the aming acid sequence 1s part of a
capsid protein of the AAV vector,

20. The AAV vector of claim 6, wherein the sequence of 11 contiguous aming

acids 1s mserted between AASBG-589 of an AAVY capsid protein sequence SEQ 1D NO: 45 of

the vector.

21 The AAV vector of claim 6, wherein the sequence of 11 continuous amino
acids is one of SEQ 1D NOs: 1-36.

22. A pharmaceutical composition, comprising the AAV vector of claims 1-21

and one or more pharmaceutical acceptable carriers.

23. A peptide comprising an amino acid sequence set forth in one of SEQ ID
NOs: 1-44, 48-53 and 65-68.

24, The peptide of claim 23, wherein the peptide 1s conjugated to a nanoparticle, a
second molecule, a viral capsid protein, or a combination thereof.

25. The peptide of claim 23 or 24, wherein the peptide is part of an AAV.

26. The peptide of claim 25, wherein the peptide 1s a capsid protein of the AAY.

27. A nucleic acid sequence encoding the peptide of claim 23.
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28. A capsid protein comprising an amino acid sequence that comprises at least 4
contiguous amino acids of the sequence QAVRTSL (SEQ ID NO: 37).
29. A capsid protein comprising a sequence of 11 contiguous anmuno acids
XK XK KX K oKX o X0 X1, wherein
X115 A E QN G ors,
X8G, N, 8, T,Q, o1V,
Xis T, SorN;
XpisLorV,
XsisA, S, QP orT,
KeisV, T, QN L, or M
X158 P;
XgisF Y, V,L.C,or§;
XoisK, Ror§;
Xipis Aor N;and
Xy 15 Q or P, wherein the capsid protein does not comprise aming acid
sequence AQTLAVPFKAQ (SEQ ID NO: 1)
30. The capsid protein of claim 29, wherein X, 1s D, X3 15 G, X318 T, Xy 15 L, X
s VorT or Xgis F.
31, The capsid protein of claim 29, wherem Xs1s L, X518 A, Xpis V, X715 P, Xg18
F, Xo1s K, Xio18 A, and X118 .
32 The capsid protein of claim 31, wherein amino acids X XoX5 are DGT, GGT,
EGT, DST, EST, QGT, NQT, SGS, SGN, ATT, AVT, or ART.
33. The capsid protein claim 29, wherein aming acids XX, are AQ, Xo 15V, X715
P, XgisF, X s K, Xyp1s A, and X118 Q.
34 The capsid protein of claim 33, wherein X515 T and X418 L.
3s. The capsid protein of claim 34, wherein X513 A
36. The capsid protein of claim 29, wherein X 18 A, Xo 1 Q, X318 T, Xa 3 L, X5
18F, Xois K, Xppo1s A, and X471 18 Q.
37. The capsid protein of claim 36, wherein amino acids XsX¢X5 are AVP, ATP,

AQP, QQP, PQP, SNP, STP, SOP, QLP, TMP, or TTP.
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38 The capsid protein of claim 29, wherein amino acids X XXX yXsXe are
AQTLAV and X 6X;; 15 AQ.

39, The capsid protein of claim 38, wherein XXX, 1s PFK.

40. The capsid protein of claim 29, wherein amino acids X XXX Xs XXX are
AQTLAVPF.

41, The capsid protein of claim 40, wherein amino acids XoX 19Xy are KAQ,

KAP, or SNP.

42, A nucleic acid sequence encoding the capsid protein of any one of claims 28-
41.
43, A method of delivering a nucleic acid to a target environment of a subject in

need, comprising:
providing a composition comprising an AAY, wherein the AAV comprises a
capsid protein that comprises a sequence of 11 contiguous amino acids
KKK K KXo X9 X g KoX 10Xy, and wherein the AAV comprises a nucleic acid to be
delivered to the target environment of of the subject, wherein
XD AE QNG oS,
XssG NS T Q oV,
Xyis T, SorN;
XaisLorV,
Xsis A, S, QP or T,
Kei1s V, T, Q, N, L, or M;
X718 P
XsisF Y, V,L,C or§;
Xois K, Ror S;
Kig1s AorN;and
Xy 18 Q or P, wherein the capside protein does not comprise aming
acid sequence AQTLAVPFKAQ (SEQ ID NG: 1); and
administering the composition to the subject.
44, A method of delivering a nucleic acid to a target environment of a subject in

need, comprising:
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providing a composttion comprising an AAV, wherein the AAVY comprises a
capsid protein that comprises an amino acid sequence that comprises at least 4
contiguous aming acids of the sequence QAVRTSL (SEQ 1D NO: 37), and wherein
the AAY comprises a nucleic acid to be delivered to the target environment of the
subject; and
administering the composition to the subject.
45, The method of claim 43 or 44, wherein the target environment is the heart, the
nervous system, or a combination thereof.
46.  The method of claim 43 or 44, wherein the target environment is the central
nervous system, the peripheral nervous system, the heart, or a combination thereof.
47. The method of claim 43 or 44, wherein the target environment is neurons,
astrocytes, cardiomyocytes, or a combination thereof,
48, The method of claims 43 or 44, wherein the composition is a pharmaceutical
composition.
49, The method of any one of claims 43-48, wherein the nucleic acid to be
delivered to the nervous system comprise one or more of:
a} a nucleic acid sequence encoding a trophic factor, a growth factor, or a
soluble protein;
b} a ¢cBDNA that restores protein function to humans or animals harboring a
genetic mutation(s) in that gene;
¢} a ¢cDNA that encodes a protein that can be used to control or alter the
activity or state of a cell;
d} a cDINA that encodes a protein or a nucleic acid used for assessing the state
of a cell;
e} a ¢cDNA and/or associated guide RNA for performing genomic engineering;
) a sequence for genome editing via homologous recombination;
g} a DNA sequence encoding a therapeutic RNA,;
h) a shRNA or an artificial miRNA delivery system; and
1} a DNA sequence that influences the splicing of an endogenous gene.
50.  The method of any one of claims 43-49, wherein the subject in need s a

subject suffering from or at a risk to develop one or more of chronic pam, cardiac faiiure,
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cardiac arrhythmias, Friedreich’s ataxia, Huntington’s disease (HD}, Alzheimer’s disease
(AD), Parkinsou’s disease (PD), Amyotrophic lateral sclerosis (ALS), spinal muscular
atrophy types I and 11 (SMA 1 and II}, Friedreich’s Ataxia (FA), Spinocerebellar ataxia,
lysosomal storage disorders that involve cells within the CNS, .

51 The method of claim 50, wherein the lysosomal storage disorder 1s Krabbe
disease, Sandhoff disease, Tay-Sachs, Gaucher disease (Type I, I or ), Niemann-Pick
disease (NPC1 or NPC2 deficiency), Hurler syndrome, Pompe Disease, or Batten disease.

52. The method of any one of claims 43-51, wherein the AAV 1s administered to
the subject via intravenous admimstration or systernic admimstration.

53 The method of any one of claims 43-52, wherein the nervous system is central
nervous system.

54, The method of any one of claims 43-52, wherein the nucleic acid is delivered
to dorsal root ganghia, visceral organs, or a combination thereof of the subject.

55 The method of any one of claims 43-52, wherein the nucleic acid is delivered
astrocytes, neurons, or a combination thereof of the subject.

56. The method of any one of claims 43-55, wherein the subject 13 an adult

animal.
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