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COMPOSITIONS AND METHODS FOR THE TREATMENT OF DEGENERATIVE
OCULAR DISEASES

RELATED APPLICATIONS
This application claims the benefit of priority to U.S. Provisional Patent Application No.
62/782,584, filed on December 20, 2018, the entire contents of which are incorporated herein by

reference.

SEQUENCE LISTING

The instant application contains a Sequence Listing which has been submitted electronically
in ASCII format and is hereby incorporated by reference in its entirety. Said ASCII copy, created
on November 26, 2019, is named 117823-19020_SL.txt and is 97,861 bytes in size.

GOVERNMENT FUNDING
This invention was made with Government support under EY023993 awarded by the

National Institutes of Health. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Adeno-associated viruses (AAVs) are small single-stranded DNA viruses in the Parvoviridae
family that have several advantages as somatic gene therapy vectors and, thus, have emerged as the
vector of choice for degenerative ocular disease, such as inherited retinal diseases and disorders.
There are many recessive disease genes associated with inherited retinal diseases and disorders, and
complementation by a vector-encoded gene can lead to an improvement in vision (Acland et al.,
2001). The target cells for retinal gene therapy are most often the photoreceptors (rods and cones)
and retinal pigment epithelial (RPE) cells, as most genetic retinal diseases initiate with dysfunction,
often followed by death, of these cell types. There are two types of photoreceptors: rods, necessary
for dim light vision, and cones, required for bright light and color vision. Vision initiates with the
detection of light in an elaborate and specialized photoreceptor structure, the outer segment (OS),
whose morphology can serve as an indicator of photoreceptor health. Photoreceptor cells are
supported by the RPE, an epithelial layer with processes in close contact with the photoreceptor OS's.
Injections into the subretinal space, the virtual space between the RPE and photoreceptors, is, thus,
the injection site for most ocular human gene therapy. In addition to these target cell types being
accessible for gene therapy, the eye offers several other advantages for somatic gene therapy. It is
relatively immune privileged, anatomically compartmentalized, and can be targeted by established
clinical interventions. Its target cells do not replicate and, thus, do not need integrating viruses. One
further attribute that is particularly valuable, given the expense of generating pure viral vectors, is
that only a small amount of virus is needed for local administration. These advantages stand in

contrast to the systemic administration required for large organs, such as liver or muscle, and led to
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the approval of AAV encoding the RPE65 gene (Luxturna) for Leber's Congenital Amaurosis 2
(LCA2), arare retinal disease (Bainbridge et al., 2008; Hauswirth et al., 2008; Maguire et al., 2008).
AAYV has proven to be safe in the LCA2 clinical trials, as well as in several clinical trials for other
ocular diseases such as choroideremia and retinitis pigmentosa (Ghazi et al., 2016; MacLaren et al.,
2014).

One type of degenerative ocular disease is retinitis pigmentosa (RP) which is a family of
retinal degenerations (RD) associated with reduced viability of cone cells that is currently incurable
and frequently leads to blindness. Affecting roughly 1 in 3,000 individuals, it is the most prevalent
form of RD caused by a single disease allele (RetNet, .uth.edu). The phenotype is characterized by an
initial loss of night vision due to the malfunction and death of rod photoreceptors, followed by a
progressive loss of cones (Madreperla, S.A., et al. (1990) Arch Ophthalmol 108, 358-61).
Additionally, retinitis pigmentosa is further characterized by, e.g., night blindness, progressive loss of
peripheral vision, eventually leading to total blindness, ophthalmoscopic changes consisting of dark
mosaic-like retinal pigmentation, attenuation of the retinal vessels, waxy pallor of the optic disc, and
in the advanced forms, macular degeneration. Since cones are responsible for color and high acuity
vision, it is their loss that leads to a reduction in the quality of life. In many cases, the disecase-causing
allele is expressed exclusively in rods; nonetheless, cone cell death follows rod cell death. Indeed, to
date there is no known form of RD in humans or mice where rods die, and cones survive. In contrast,
mutations in cone-specific genes result only in cone death.

Accordingly, there is a need in the art for therapies to treat and prevent vision loss that results

from degenerative ocular diseases, such as retinitis pigmentosa.

SUMMARY OF THE INVENTION

The present invention is based, at least in part, on the discovery that intraocular, e.g.,
subretinal, delivery of some AAVs commonly used as somatic gene therapy vectors for treatment of
retinal disorders consistently induced cone OS shortening, reduction of the outer nuclear layer (ONL)
where rods and cones reside, and dysmorphic RPE, in mice and that this retinal toxicity is correlated
with AAV vector/construct structure.

The present invention is also based, at least in part, of the identification of the critical
clements for inclusion in AAV constructs that reduce this toxicity while maintaining pharmacological
activity and/or that impart benefits of pharmacological activity to the constructs that outweigh any
toxicity associated with the constructs, and the production of such AAV constructs that are
therapeutically effective for treating degenerative ocular diseases, such as retinitis pigmentosa.

Accordingly, the present invention provides compositions, e.g., pharmaceutical compositions,
which include a recombinant adeno-associated virus (AAV) vector, and methods of treating a subject
having a degenerative ocular disorder, e.g., retinitis pigmentosa.

In one aspect, the present invention provides a composition, comprising an adeno-associated

virus (AAV) expression cassette, the expression cassette comprising a human bestrophin 1 (hBest1)
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promoter, a chimeric intron, and a nucleic acid molecule encoding nuclear factor erythroid 2-like 2
(Nrf2).

In one embodiment, the hBest1 promoter comprises nucleotides -585 to +38 of the
hBestlgene; nucleotides —154 to +38 of the hBest1 gene; or nucleotides —104 to +38 bp of the
hBest1 gene, or or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of nucleotides -585 to +38 of the hBestlgene; nucleotides —154 to +38 of the hBest1 gene;
or nucleotides —104 to +38 bp of the hBest1 gene.

In one embodiment, the hBest1 promoter comprises nucleotides 4885-5507 of SEQ ID NO:9,
or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence
of nucleotides 4885-5507 of SEQ ID NO:9.

In one embodiment, the nucleic acid molecule encoding Nrf2 comprises the nucleotide
sequence selected from the group consisting of the Nrf2 transcript variant 1 (SEQ ID NO:1), the Nrf2
transcript variant 2 (SEQ ID NO:2), the Nrf2 transcript variant 3 (SEQ ID NO:3), the Nrf2 transcript
variant 4 (SEQ ID NO:4), the Nrf2 transcript variant 5 (SEQ ID NO:5), the Nrf2 transcript variant 6
(SEQ ID NO:6), the Nrf2 transcript variant 7 (SEQ ID NO:7), and the Nrf2 transcript variant 8 (SEQ
ID NO:8), or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of any one of the Nrf2 transcript variant 1 (SEQ ID NO:1), the Nrf2 transcript variant 2
(SEQ ID NO:2), the Nrf2 transcript variant 3 (SEQ ID NO:3), the Nrf2 transcript variant 4 (SEQ ID
NO:4), the Nrf2 transcript variant 5 (SEQ ID NO:5), the Nrf2 transcript variant 6 (SEQ ID NO:6), the
Nrf2 transcript variant 7 (SEQ ID NO:7), or the Nrf2 transcript variant 8 (SEQ ID NO:8).

In one embodiment, the nucleic acid molecule encoding Nrf2 comprises the nucleotide
sequence of the Nrf2 transcript variant 1 (SEQ ID NO:1), or a nucleotide sequence having about
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, V1%, 98%, or about 99%
nucleotide sequence identity to the entire nucleotide sequence of SEQ ID NO:1.

In one embodiment, the nucleic acid molecule encoding Nrf2 comprises the nucleotide
sequence selected from the group consisting of the Nrf2 transcript variant 1 (SEQ ID NO:10), the
Nrf2 transcript variant 2 (SEQ ID NO:00), the Nrf2 transcript variant 3 (SEQ ID NO:12), the Nrf2
transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ ID NO:14), the Nrf2
transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID NO:16), and the Nrf2
transcript variant 8 (SEQ ID NO:17), or a nucleotide sequence having about 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity
to the entire nucleotide sequence of any one of the Nrf2 transcript variant 1 (SEQ ID NO:10), the
Nrf2 transcript variant 2 (SEQ ID NO:11), the Nrf2 transcript variant 3 (SEQ ID NO:12), the Nrf2
transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ ID NO:14), the Nrf2
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transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID NO:16), or the Nrf2
transcript variant 8 (SEQ ID NO:17).

In one embodiment, the nucleic acid molecule encoding Nrf2 comprises the nucleotide
sequence of the Nrf2 transcript variant 1 (SEQ ID NO:10), or a nucleotide sequence having about
85%., 86%, 87%, 88%., 89%, 90%, 91%, 92%, 93%, 94%, 95%., 96%, 97%, 98% . or about 99%
nucleotide sequence identity to the entire nucleotide sequence of SEQ ID NO:10.

In one embodiment, the chimeric intron comprises a 5' -donor site from the first intron of the
human B-globin gene and the branch and 3' -acceptor site from the intron that is between the leader
and the body of an immunoglobulin gene heavy chain variable region.

In one embodiment, the chimeric intron comprises nucleotides 1120-1252 of the nucleotide
sequence in Figure 19, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire
nucleotide sequence of nucleotides 1120-1252 of the nucleotide sequence in Figure 19.

In one embodiment, the expression cassette of the inevntion further comprises a post-
transcriptional regulatory region.

In one embodiment, the expression cassette of the inevntion further comprises a Woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE).

In one embodiment, the expression cassette of the inevntion further comprises a post-
transcriptional regulatory region comprising nucleotides 3110-3651 of the nucleotide sequence in
Figure 19, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of nucleotides 3110-3651 of the nucleotide sequence in Figure 19.

In one embodiment, the expression cassette of the inevntion further comprises a post-
transcriptional regulatory region comprising the nucleotide sequence of SEQ ID NO: 18, or a
nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of the
nucleotide sequence of SEQ ID NO: 18.

In one embodiment, the expression cassette of the inevntion is present in a vector.

In one embodiment, the vector is an AAV vector selected from the group consisting of
AAV2, AAV &, AAV2/5, and AAV 2/8.

In one aspect, the present invention provides an AAV vector particle comprising any one of
the compositions of the invention.

In one aspect, the present invention provides an isolated cell comprising the AAV vector
particle of the invention.

In one aspect, the present invention provides a pharmaceutical composition comprising any
one of the AAV compositions of the invention or the AAV vector particle of the invention.

In one embodiment, the pharmaceutical compostion further comprises a viscosity inducing

agent.
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In one embodiment, the pharmaceutical compostion is for intraocular administration.

In one embodiment, the intraocular administration of the pharmaceutical composition is
selected from the group consisting of intravitreal or subretinal, subvitreal, subconjuctival, sub-tenon,
periocular, retrobulbar, suprachoroidal, and/or intrascleral administration.

In one aspect, the present invention provides a method for prolonging the viability of a
photoreceptor cell compromised by a degenerative ocular disorder, comprising contacting said cell
with any one of the compositions of the invention, the AAV viral particle of the invention, or any one
of the pharmaceutical compositions of the invention, thereby prolonging the viability of the
photoreceptor cell compromised by thedegenerative ocular disorder.

In one aspect, the present invention provides a method for treating or preventing a
degenerative ocular disorder in a subject, comprising administering to said subject a therapeutically
effective amount of any one of the compositions of the invention, the AAV viral particle of the
invention, or any one of the pharmaceutical compositions of the invention, thereby treating or
preventing said degenerative ocular disorder.

In one aspect, the present invention provides a method for delaying loss of functional vision
in a subject having a degenerative ocular disorder, comprising administering to said subject a
therapeutically effective amount of any one of the compositions of the invention, the AAV viral
particle of the invention, or the any one of the pharmaceutical compositions of the invention, thereby
treating or preventing said degenerative ocular disorder.

In one aspect, the present invention provides a method for treating or preventing retinitis
pigmentosa in a subject, comprising administering to the subject a therapeutically effective amount of
any one of the compositions of the invention, the AAV viral particle of the invention, or any one of
the pharmaceutical compositions of the invention, thereby treating or preventing retinitis pigmentosa
in said subject.

In one embodiment, the degenerative ocular disorder is associated with decreased viability of
cone cells and/or decreased viability of rod cells.

In one embodiment, the degenerative ocular disorder is selected from the group consisting of
retinitis pigmentosa, age related macular degeneration, cone rod dystrophy, and rod cone dystrophy.

In one embodiment, the degenerative ocular disorder is a genetic disorder.

In one embodiment, the degenerative ocular disorder is not associated with blood vessel
leakage and/or growth.

In one embodiment, the degenerative ocular disorder is retinitis pigmentosa.

Other features and advantages of the invention will be apparent from the following detailed

description and claims
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BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-1C depict that retina toxicity is induced by broadly active promoters but not by
retinal cell type-specific promoters. Figures 1A and 1B are immunohistochemical images of wild
type retinas infected with the indicated viruses at either low (3E9 vp/eye) or high dose (8E12 vp/eye)
(1A) or controls (1B) and harvested at P30 for histology. Retinal cross-sections were stained for
short- and medium/long-wavelength opsins (dark gray) and for GFAP (light gray) (1A and 1B). Loss
of opsin staining and upregulated expression of GFAP were observed in the retinas infected with
AAVE-CMV-GFP and AAV8-CMV-null. Scale bar, 100um. Figure 1C are graphs depicting
quantification of ONL thickness at 1mm from optic nerve head (ONH) at either low (3E9 vp/eye; left-
hand graph) or high dose (8E12 vp/eye). Data presented as Mean+SD. n=3-17 per group. One-way
ANOVA analysis with Tukey test, ** p<0.01; n.s. not significant between the designated group and
the uninjected group.

Figures 2A and 2B depict that RPE toxicity is induced by broadly active promoters. Figure
1A are representative microscopic images of the grading criteria of RPE toxicity, with grade O (upper
left) representing completely healthy RPE and grade 5 (lower right) representing the most severe RPE
damage. The typical phenotypes of each grade are described below each image. Scale bar, SOpm.
Figure 2B is a scatter dot plot of RPE toxicity grades. Data presented as Mean+SD. n=2-8 per group.
One-way ANOV A analysis with Tukey test, ** p<0.01; n.s. not significant between the designated
group and the uninjected group.

Figures 3A-3C depict RPE toxicity is induced by the hBest] promoter. Representative image
of RPE toxicity after AAV8-hBest1-GFP injection (3A) and AAV8-hBestl-mApple (3B). Scale bar,
50um. Figure 3C is a scatter dot plot of RPE toxicity grades. Uninjected and AAV 8-hBestl-GFP-
injected eyes were harvested on P30, and AAV8-hBestl-mApple-injected eyes were harvested at P72.
Data presented as Mean+SD. n=4-5 per group. One-way ANOVA analysis with Tukey test, **
p<0.01.

Figures 4A-4H are photographic images depicting that the RPE and retina damage from toxic
AAV virus is dose-dependent. Representative images of RPE and retina toxicity resulting from low
dose (SE8 vp/eye), medium dose (1E9 vp/eye) and high dose (2E9 vp/eye) of AAVE-CMV-GFP are
shown. Figures 4A-4C are images of the RPE from retinas infected with the indicated viruses and
labeled with phalloidin staining, and Figures 4D-4F are images of photoreceptors from retinas
infected with the indicated viruses and labeled with peanut agglutinin (PNA) from the same areas as
in Figures 4A-4C. Figures 4G and 4H are images of a retina partially infected with the AAV8-CMV-
GFP vector showing photoreceptor toxicity only in the infected area of infection. Magnified views of
boxed areas (images between Figures 4G and 4H) show loss of outer segments in the infected area.

Figures SA-5G depict that toxic AAV causes OCT, ERG, and optomotor manifestations in
C57BL/6)J mouse eyes. Figure SA are representative micron funduscopic images of AAVs
administered at low (abbreviation: L, 8E8 vp/eye) or high (abbreviation: H, 3E9 vp/eye) doses. From
left to right are: AAV8-CAR-GFP, AAV8-RedO-GFP (AAV8-hRedO-GFP plus AAV8-Best]1-GFP,
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AAV8-RedO-GFP was injected with AAV8-Best]-GFP at 5:1 ratio in order to match the CMV-
driven expression profile by including RPE expression), AAV8-CMV-GFP, and AAV5-CMV-GFP
infected mouse eyes (~P30). White arrow line labels are the plane where OCT was taken. Figure 5B
are representative OCT images of eyes injected with low and high doses of AAV8-CAR-GFP,
AAV8-RedO-GFP (plus AAVS8-Bestl-GFP), AAV8-CMV-GFP, and AAV5-CMV-GFP, respectively.
White arrow-head: intrusions in subretinal space. IPL: inner plexiform layer, OPL: outer plexiform
layer, ONL: outer nuclear layer, OLM: outer limiting membrane, IS/OS: junction of inner and outer
segments of photoreceptors, RPE: retinal pigmented epithelium. Figure 5C are representative trace of
scotopic ERG (flash intensity: 0.1 cd s/m2, wavelength: 530 nm) of eyes injected with AAV8-RedO-
GFP (plus AAV8-Best1-GFP) (low dose: black trace, and high dose: gray dashed trace), and AAV8-
CMV-GFP (low dose: gray trace, and high dose: light gray dashed trace). Figure 5D are statistics of
scotopic ERG parameters (a-wave and b-wave amplitude and implicit time) of eyes injected with
AAVE-RedO-GFP (plus AAV8-Best1-GFP) (control low dose: black circles, n=8; and high dose:
gray upper triangles, n=7), and AAV8-CMV-GFP (low dose: gray square, n=10; and high dose: kight
gray lower triangles, n=8). Figure SE are representative traces of photopic ERG of eyes injected with
AAV8-RedO-GFP (plus AAV8-Best1-GFP) (low dose: black trace, and high dose: gray dashed
trace), and AAVE-CMV-GFP (low dose: gray trace, and high dose: light gray dashed trace), elicited
by 1 (peak), 10 (peak), 100 (Xenon), and 1000 (Xenon) cd s/mz white light flashes with a white light
background (bkg) of 30 cd/m2. Figure SF are ensemble-averaged photopic ERG b-wave amplitude
from eyes injected with AAV8-RedO-GFP (plus AAVS8-Best1-GFP) (low dose: black circles, n=8;
and high dose: gray upper triangles, n=7), and AAV8-CMV-GFP (low dose: gray square, n=10; and
high dose: light gray lower triangles, n=8). Inset is the normalized photopic ERG b-wave intensity
(r/rmax) - response curves. Figure 5G are photopic optomotor responses from eyes injected with
AAV8-RedO-GFP (plus AAVS8-Best1-GFP) (low dose: (black circles, n=7) and high dose: gray upper
triangles, n=7), and AAV8-CMV-GFP (low dose: gray square, n=13; and high dose: light gray lower
triangles, n=7). Acuity: tested at 100% contrast; Contrast sensitivity: tested at 0.128 cyc/deg and 1.5
Hz temporal frequency. For all panels in Figure 5, error bar: SEM, *: p < 0.05, **%: p<0.001, ***%*:
p< 0.0001 ***#: p< 1 x 108, NS: not significant.

Figures 6A and 6B depict retinal toxicity following injection of AAV5-CMV-GFP at high
dose or low dose. Figure 6A are representative cross-sections of wild-type retinas infected with
AAV5-CMV-GFP at either low does (8E8 vg/eye) or high dose (3E9 vg/eye) (~P30). Control images
were selected from uninfected regions with healthy retinal layers of little GFP expression on the same
section. Retinal cross-sections were stained for short- and medium/long-wavelength opsins (medium
grey). Loss of opsin staining and GFP+ cells were evident in boh low and high dose AAV5-CMV-
GFP-injected retinas. Figure 6B are images of Iba-1 staining (medium grey) of retinal sections
showing increased nuber and migration toward ONL of Ibal+microglia in both low and high dose

AAV5-CMV-GFP-injected retinas.
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Figures 7A-7E depict that activation of microglia and innate immune response by toxic
AAVs. Figure 7A is an image of Iba-1 staining of retinal sections infected with the indicated AAV
viruses at the dose (3E9 vp/eye). Scale bar: S0pum. Figure 7B are images of retinas infected with low
dose (8E8 vp/eye) AAVE-CMV-GFP showing displacement of Iba-1 positive cells (arrows) into the
ONL. Figure 7C is a graph depicting quantification of displaced Iba-1 positive cells by cell layer.
Values are shown as Mean+SD. n=4 per group. Figure 7D is a graph depicting quantification of
microglia in retinas of P20 Cx3crl-GFP mice by flow cytometry injected with PBS or 3E8 vp/eye
AAVE-CMV- TdTomato (n=3-4 for all groups). Figure 7E is a graph depicting relative mRNA levels
of TNFa, IL-1b, IL-6, and IFNg by qPCR in the retinas infected with the indicated AAV viruses at
low (8E8 vp/eye) and high dose (3E9 vp/eye). Expression level was normalized to gapdh. Values are
shown as Mean+SEM. n=4-8 per group. One-way ANOV A analysis with Tukey test, ** p<0.01.

Figure 8 is a Table 1 summarizing retina and RPE toxicity of all viruses tested in this study.
Y= toxic, N=not toxic, L= low retina toxicity defined as Ibal+ cell infiltrating to the ONL and GFAP
upregulation without ONL thinning. * AAV2 7m8-hBestl-GFP was tested at a low concentration
(1E8 vp/eye) due to the low titer of the stock. Y= toxicity, L= low toxicity, N= non-toxic. Toxicity to
the retina was assessed by the immunohistological assays shown in Figure 1A-C, 4D-F, and 7A and
7C. Toxicity was defined by ONL thinning, loss of S+M/L opsin, GFAP upregulation, and Ibal+ cell
infiltration into the ONL, while low toxicity in the retina was defined as Ibal+ cells in the ONL and
GFAP upregulation without ONL thinning. Toxicity to the RPE was assessed by the 0-5 grading
method on RPE flatmounts shown in Figure 2A-B, and toxicity was defined as a score >1. Non-toxic
means that retina and RPE were indistinguishable from the uninjected controls. All viruses were
tested at a dose of 8E8 vg/eye.

Figure 9 depicts purity of AAV preparations by SDS gel analysis. Lane 1 and 2: reference
virus preps. Lane 4 and 5: toxic preps with little or no protein contaminants. Lane 3, 6 and 7: non-
toxic preps. Lane 7: non-toxic prep with protein contaminants (arrow).

Figure 10 are representative images of RPE toxicity resulting from infection with the
indicated viruses. Scale bar: 100pm.

Figure 11 are depictions of vector maps of the viruses used in the examples.

Figure 12 are images depicting RPE damage increases with incubation time. Representative
images of RPE (labeled with phalloidin) from CD1 mice injected with AAV8-CMV-GFP at S8E8
vp/eye, harvested at the indicated. Toxicity grades for each sample are listed in the table on the right
(see Figure 2 and text).

Figure 13A are images depicting wild type retinas were injected with AAV8-CMV-GFP (8E8
vp/eye) via either a subretinal or intravitreal route. Subretinally delivered AAV8-CMV-GFP induced
retinal toxicity, shown by anti-S+M/L opsin (upper panel) and anti-GFAP (lower panel) staining,
while intravitreal delivery of the same virus preparation did not induce any obvious toxicity. SR,

subretinal; IV, intravitreal.
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Figure 13B is a graph depicting relative mRNA levels of TNFa, IL-13, IL-6, and IFNy by
gPCR in retinas infected with AAV8-CMV-GFP (8E8 vp/eye) via either a subretinal or intravitreal
route. Expression level was normalized to gapdh. Values shown as Mean+SEM. n=3-4 per group.
One-way ANOV A analysis with Tukey test, ** p<0.01.

Figure 14 schematically depicts exemplary elements of an exemplary expression cassette of
the invention.

Figure 15 depicts an exemplary vector map of an exemplary AAV vector of the invention.

Figure 16 schematically depicts the construction of an exemplary vector comprising Cap and
Rep genes for use in producing AAV viral particles of the invention.

Figure 17 schematically depicts a helper vector for use in producing AAV vector particles of
the invention.

Figure 18A is a graph depicting the effect of the indicated amounts of AAV viral genome
comprising a composition of the invention on visual behavior as determined by optomotor response.

Figure 18B is a graph depicting the effect of the indicated amounts of AAV viral genome
comprising a composition of the invention on cone function as determined by photopic ERG b wave.

Figure 18C is a graph depicting the effect of the indicated amounts of AAV viral genome
comprising a composition of the invention on cone marker as determined by opsin count.

Figures 19A-19]J depict the nucleotide sequence of the exemplary vector map of an
exemplary AAV vector of the invention depicted in Figure 15. Figures 19A — 19] disclose SEQ ID
NO: 21 as the full-length sequence, protein sequences as SEQ ID NOS 22-24, and primers as SEQ ID
NOS 25 and 26, respectively, in order of appearance.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is based, at least in part, on the discovery that intraocular, e.g.,
subretinal, delivery of some AAVs commonly used as somatic gene therapy vectors for treatment of
retinal disorders consistently induced cone OS shortening, reduction of the outer nuclear layer (ONL)
where rods and cones reside, and dysmorphic RPE, in mice and that this toxicity is correlated with
AAYV vector/construct structure..

The present invention is also based, at least in part, of the identification of the elements for
inclusion in AAV constructs that reduce this toxicity while maintaining pharmacological activity
and/or that impart benefits of pharmacological activity to the constructs that outweigh any toxicity
associated with the constructs and the production of such AAV constructs that are therapeutically
effective for treating degenerative ocular diseases, such as retinitis pigmentosa.

Accordingly, the present invention provides compositions, e.g., pharmaceutical compositions,
comprising a recombinant adeno-associated virual vector and methods of treating a subject having a

degenerative ocular disease or disorder, e.g., retinitis pigmentosa.

Various aspects of the invention are described in further detail in the following subsections:
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| DEFINITIONS

As used herein, each of the following terms has the meaning associated with it in this section.

The articles “a” and “an” are used herein to refer to one or to more than one (i.e., to at least
one) of the grammatical object of the article. By way of example, “an element” means one element or
more than one element, e.g., a plurality of elements.

The term "including” is used herein to mean, and is used interchangeably with, the phrase
"including but not limited to".

The term "or" is used herein to mean, and is used interchangeably with, the term "and/or,"
unless context clearly indicates otherwise.

As used herein, the term "nucleic acid molecule" is intended to include DNA molecules (e.g.,
c¢DNA or genomic DNA) and RNA molecules (e.g., mRNA) and analogs of the DNA or RNA
generated using nucleotide analogs. The nucleic acid molecule can be single-stranded or double-
stranded, but preferably is double-stranded DNA. A nucleic acid molecule used in the methods of the
present invention can be isolated using standard molecular biology techniques. Using all or portion of
a nucleic acid sequence of interest as a hybridization probe, nucleic acid molecules can be isolated
using standard hybridization and cloning techniques (e.g., as described in Sambrook, J., Fritsh, E. F.,
and Maniatis, T. Molecular Cloning. A Laboratory Manual. 2nd, ed., Cold Spring Harbor Laboratory,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989).

An "isolated" nucleic acid molecule is one which is separated from other nucleic acid
molecules which are present in the natural source of the nucleic acid. For example, with regards to
genomic DNA, the term "isolated" includes nucleic acid molecules which are separated from the
chromosome with which the genomic DNA is naturally associated. Preferably, an "isolated" nucleic
acid molecule is free of sequences which naturally flank the nucleic acid molecule (i.e., sequences
located at the 5' and 3' ends of the nucleic acid molecule) in the genomic DNA of the organism from
which the nucleic acid molecule is derived.

A nucleic acid molecule for use in the methods of the invention can also be isolated by the
polymerase chain reaction (PCR) using synthetic oligonucleotide primers designed based upon the
sequence of a nucleic acid molecule of interest. A nucleic acid molecule used in the methods of the
invention can be amplified using cDNA, mRNA or, alternatively, genomic DNA as a template and
appropriate oligonucleotide primers according to standard PCR amplification techniques.
Furthermore, oligonucleotides corresponding to nucleotide sequences of interest can be prepared by
standard synthetic techniques, e.g., using an automated DNA synthesizer.

The nucleic acids for use in the methods of the invention can also be prepared, e.g., by
standard recombinant DNA techniques. A nucleic acid of the invention can also be chemically
synthesized using standard techniques. Various methods of chemically synthesizing
polydeoxynucleotides are known, including solid-phase synthesis which has been automated in

commercially available DNA synthesizers (See e.g., Itakura et al. U.S. Patent No. 4,598,049;
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Caruthers et al. U.S. Patent No. 4,458,066; and Itakura U.S. Patent Nos. 4,401,796 and 4,373,071,
incorporated by reference herein).

As used herein, the term "vector” refers to a nucleic acid molecule capable of transporting
another nucleic acid to which it has been linked. One type of vector is a "plasmid", which refers to a
circular double stranded DNA loop into which additional DNA segments may be ligated. Another
type of vector is a viral vector, wherein additional DNA segments may be ligated into the viral
genome. Certain vectors are capable of autonomous replication in a host cell into which they are
introduced (e.g., bacterial vectors having a bacterial origin of replication and episomal mammalian
vectors). Other vectors (e.g., non-episomal mammalian vectors) are integrated into the genome of a
host cell upon introduction into the host cell, and thereby are replicated along with the host genome.
Moreover, certain vectors are capable of directing the expression of genes or nucleic acid molecules
to which they are operatively linked and are referred to as “expression vectors” or "recombinant
expression vectors.”. Nucleic acid sequences necessary for expression in prokaryotes usually include
a promoter, an operator (optional), and a ribosome binding site, often along with other sequences.
Eukaryotic cells are known to utilize promoters, enhancers, and termination and polyadenylation
signals. In some embodiments, "expression vectors" are used in order to permit pseudotyping of the
viral envelope proteins.

Expression vectors are often in the form of plasmids. In the present specification, "plasmid"
and "vector" may be used interchangeably as the plasmid is the most commonly used form of vector.
However, the invention is intended to include such other forms of expression vectors, such as viral
vectors (e.g., replication defective retroviruses, adenoviruses, adeno-associated viruses, lentiviruses),
which serve equivalent functions.

The recombinant expression vectors of the invention comprise a nucleic acid of the invention
in a form suitable for expression of the nucleic acid in a host cell, which means that the recombinant
expression vectors include one or more regulatory sequences, selected on the basis of the host cells to
be used for expression, which is operatively linked to the nucleic acid sequence to be expressed.
Within a recombinant expression vector, “operably linked” is intended to mean that the nucleotide
sequence of interest is linked to the regulatory sequence(s) in a manner which allows for expression
of the nucleotide sequence (e.g., in an in vitro transcription/translation system or in a host cell when
the vector is introduced into the host cell). The term “regulatory sequence” is intended to
include promoters, enhancers and other expression control elements (e.g., polyadenylation signals).
Such regulatory sequences are described, for example, in Goeddel; Gene Expression Technology:
Methods in Enzymology 185, Academic Press, San Diego, Calif. (1990). Regulatory sequences
include those which direct constitutive expression of a nucleotide sequence in many types of host
cells, those which are constitutively active, those which are inducible, and those which direct
expression of the nucleotide sequence only in certain host cells (e.g., tissue-specific regulatory

sequences). The expression vectors of the invention can be introduced into host cells to thereby
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produce proteins or portions thereof, including fusion proteins or portions thereof, encoded by
nucleic acids as described herein.

The terms "transformation," "transfection,” and “transduction” refer to introduction of a
nucleic acid, e.g., a viral vector, into a recipient cell.

As used herein, the term "subject” includes warm-blooded animals, preferably mammals,
including humans. In a preferred embodiment, the subject is a primate. In an even more preferred
embodiment, the primate is a human.

As used herein, the various forms of the term "modulate" are intended to include stimulation
(e.g., increasing or upregulating a particular response or activity) and inhibition (e.g., decreasing or
downregulating a particular response or activity).

As used herein, the term "contacting" (i.e., contacting a cell with an agent) is intended to
include incubating the agent and the cell together in vitro (e.g., adding the agent to cells in culture) or
administering the agent to a subject such that the agent and cells of the subject are contacted in vivo.
The term "contacting” is not intended to include exposure of cells to an agent that may occur
naturally in a subject (i.e., exposure that may occur as a result of a natural physiological process).

As used herein, the term “administering” to a subject includes dispensing, delivering or
applying a composition of the invention to a subject by any suitable route for delivery of the
composition to the desired location in the subject, including delivery by intraocular administration or
intravenous administration. Alternatively or in combination, delivery is by the topical, parenteral or
oral route, intracerebral injection, intramuscular injection, subcutaneous/intradermal injection,
intravenous injection, buccal administration, transdermal delivery and administration by the rectal,
colonic, vaginal, intranasal or respiratory tract route.

As used herein, the term “degenerative ocular disorder” refers generally to a disorder of the
retina. In one embodiment, the degenerative ocular disorder is associated with death, of cone cells,
and/ or rod cells. Moreover, in a particular embodiment, a degenerative ocular disorder is not
associated with blood vessel leakage and/or growth, for example, as is the case with diabetic
retinopathy, but, instead is characterized primarily by reduced viability of cone cells and/ or rod cells.
In certain embodiments, the degenerative ocular disorder is a genetic or inherited disorder. In a
particular embodiment, the degenerative ocular disorder is retinitis pigmentosa. In another
embodiment, the degenerative ocular disorder is age-related macular degeneration. In another
embodiment, the degenerative ocular disorder is cone-rod dystrophy. In another embodiment, the
degenerative ocular disorder is rod-cone dystrophy. In other embodiments, the degenerative ocular
disorder is not associated with blood vessel leakage and/or growth. In certain embodiments, the
degenerative ocular disorder is not associated with diabetes and/or diabetic retinopathy. In further
embodiments, the degenerative ocular disorder is not NARP (neuropathy, ataxia, and retinitis
pigmentosa). In yet further embodiments, the degenerative ocular disorder is not a neurological
disorder. In certain embodiments, thedegenerative ocular disorder is not a disorder that is associated

with a compromised optic nerve and/or disorders of the brain. In the foregoing embodiments, the
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degenerative ocular disorder is associated with a compromised photoreceptor cell, and is not a
neurological disorder.

As used herein, the term “retinitis pigmentosa” or “RP” is known in the art and encompasses
a disparate group of genetic disorders of rods and cones. Retinitis pigmentosa generally refers to
retinal degeneration often characterized by the following manifestations: night blindness, progressive
loss of peripheral vision, eventually leading to total blindness; ophthalmoscopic changes consist in
dark mosaic-like retinal pigmentation, attenuation of the retinal vessels, waxy pallor of the optic disc,
and in the advanced forms, macular degeneration. In some cases there can be a lack of pigmentation.
Retinitis pigmentosa can be associated to degenerative opacity of the vitreous body, and cataract.
Family history is prominent in retinitis pigmentosa; the pattern of inheritance may be autosomal
recessive, autosomal dominant, or X-linked; the autosomal recessive form is the most common and
can occur sporadically.

As used herein, the terms “Cone-Rod Dystrophy” or “CRD” and “Rod-Cone Dystrophy” or
“RCD” refer to art recognized inherited progressive diseases that cause deterioration of the cone and
rod photoreceptor cells and often result in blindness. CRD is characterized by reduced viability or
death of cone cells followed by reduced viability or death of rod cells. By contrast, RCD is
characterized by reduced viability or death of rod cells followed by reduced viability or death of cone
cells.

As used herein, the term "age-related macular degeneration" also referred to as “macular
degeneration” or “AMD?”, refers to the art recognized pathological condition which causes blindness
amongst elderly individuals. Age related macular degeneration includes both wet and dry forms of
AMD. The dry form of AMD, which accounts for about 90 percent of all cases, is also known as
atrophic, nonexudative, or drusenoid (age-related) macular degeneration. With the dry form of AMD,
drusen typically accumulate in the retinal pigment epithelium (RPE) tissue beneath/within the Bruch's
membrane. Vision loss can then occur when drusen interfere with the function of photoreceptors in
the macula. The dry form of AMD results in the gradual loss of vision over many years. The dry form
of AMD can lead to the wet form of AMD. The wet form of AMD, also known as exudative or
neovascular (age-related) macular degeneration, can progress rapidly and cause severe damage to
central vision. The macular dystrophies include Stargardt Disease, also known as Stargardt Macular
Dystrophy or Fundus Flavimaculatus, which is the most frequently encountered juvenile onset form
of macular dystrophy.

“Preventing” or “prevention” refers to a reduction in risk of acquiring a disease or disorder
(i.e., causing at least one of the clinical symptoms of the disease not to develop in a patient that may
be exposed to or predisposed to the disease but does not yet experience or display symptoms of the
disease).

As used herein, the terms “treating” or “treatment” refer to a beneficial or desired result
including, but not limited to, alleviation or amelioration of one or more symptoms, diminishing the

extent of infection, stabilized (i.e., not worsening) state of infection, amelioration or palliation of the
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infectious state, whether detectable or undetectable. "Treatment” can also mean prolonging survival

as compared to expected survival in the absence of treatment.

Various additional aspects of the methods of the invention are described in further detail in

the following subsections.

II. COMPOSITIONS OF THE INVENTION

The present invention provides adeno-associated viral (AAV) expression cassettes, AAV
expression cassetees present in AAV vectors, and AAV vectors comprising a recombinant viral
genome which include an expression cassette. Accordingly, in one aspect the present invention
provides compositions comprising an adeno-associated virus (AAV) expression cassette, the
expression cassette comprising a human bestrophin 1 (hBest1) promoter, a chimeric intron, and a
nucleic acid molecule encoding nuclear factor erythroid 2-like 2 (Nrf2).

In some embodiments of the invention,the expression cassettes of the invention further
comprise expression control sequences including, but not limited to, appropriate transcription
sequences (i.e. initiation, termination, and enhancer), efficient RNA processing signals (e.g. splicing
and polyadenylation (polyA) signals), sequences that stabilize cytoplasmic mRNA, sequences that
enhance translation efficiency (i.e. Kozak consensus sequence), sequences that enhance protein
stability, and when desired, sequences that enhance secretion of the encoded product.

The terms "adeno-associated virus", "AAV virus", "AAV virion", "AAV viral particle", and
"AAV particle", as used interchangeably herein, refer to a viral particle composed of at least one
AAYV capsid protein (preferably by all of the capsid proteins of a particular AAV serotype) and an
encapsidated polynucleotide AAV genome. If the particle comprises a heterologous polynucleotide
(i.e. a polynucleotide other than a wild-type AAV genome such as a transgene to be delivered to a
mammalian cell) flanked by the AAV inverted terminal repeats (ITRs), it is typically referred to as an
"AAV vector particle.”

AAYV viruses belonging to the genus Dependovirus of the Parvoviridae family and, as used
herein, include any serotype of the over 100 serotypes of AAV viruses known. In general, serotypes
of AAV viruses have genomic sequences with a significant homology at the level of amino acids and
nucleic acids, provide an identical series of genetic functions, produce virions that are essentially
equivalent in physical and functional terms, and replicate and assemble through practically identical
mechanisms.

The AAV genome is approximately 4.7 kilobases long and is composed of single-stranded
deoxyribonucleic acid (ssDNA) which may be either positive- or negative-sensed. The genome
comprises inverted terminal repeats (ITRs) at both ends of the DNA strand, and two open reading
frames (ORFs): rep and cap. The rep frame is made of four overlapping genes encoding Rep proteins
required for the AAV life cycle. The cap frame contains overlapping nucleotide sequences of capsid

proteins: VP1, VP2 and VP3, which interact together to form a capsid of an icosahedral symmetry.
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See Carter B, Adeno-associated virus and adeno- associated virus vectors for gene delivery, Lassie D,
et ah, Eds., "Gene Therapy: Therapeutic Mechanisms and Strategies" (Marcel Dekker, Inc., New
York, NY, US, 2000) and Gao G, et al, J. Virol. 2004; 78(12):6381-6388.

The term "AAYV vector” or “AAYV construct” refers to a vector derived from an adeno-
associated virus serotype, including without limitation, AAV-1, AAV-2, AAV-3, AAV-4, AAV-5,
AAV6, AAVT, AAVSE, and AAV9. "AAV vector" refers to a vector that includes AAV nucleotide
sequences as well as heterologous nucleotide sequences. AAYV vectors require only the 145 base
terminal repeats in cis to generate virus. All other viral sequences are dispensable and may be
supplied in trans (Muzyczka (1992) Curr. Topics Microbiol. Immunol. 158:97-129). Typically, the
rAAYV vector genome will only retain the inverted terminal repeat (ITR) sequences so as to maximize
the size of the transgene that can be efficiently packaged by the vector. The ITRs need not be the
wild-type nucleotide sequences, and may be altered, e.g., by the insertion, deletion or substitution of
nucleotides, as long as the sequences provide for functional rescue, replication and packaging.

In particular embodiments, the AAV vector is an AAV2/5 or AAV2/8 vector. Suitable AAV
vectors are described in, for example, U.S. Patent No. 7,056,502 and Yan et al. (2002) J. Virology
76(5):2043-2053, the entire contents of which are incorporated herein by reference.

Such AAYV vectors can be replicated and packaged into infectious viral particles when
present in a host cell that has been transfected with a vector encoding and expressing rep and cap
gene products (i.e. AAV Rep and Cap proteins), and wherein the host cell has been transfected with a
vector which encodes and expresses a protein from the adenovirus open reading frame E4orf6.

The term "cap gene" or "AAYV cap gene", as used herein, refers to a gene that encodes a Cap
protein. The term "Cap protein”, as used herein, refers to a polypeptide having at least one functional
activity of a native AAV Cap protein (e.g. VP1, VP2, VP3). Examples of functional activities of Cap
proteins (e.g. VP1, VP2, VP3) include the ability to induce formation of a capsid, facilitate
accumulation of single-stranded DNA, facilitate AAV DNA packaging into capsids (i.e.
encapsidation), bind to cellular receptors, and facilitate entry of the virion into host.

The term "capsid", as used herein, refers to the structure in which the viral genome is
packaged. A capsid consists of several oligomeric structural subunits made of proteins. For instance,
AAYV have an icosahedral capsid formed by the interaction of three capsid proteins: VP1, VP2 and
VP3.

The term "genes providing helper functions”, as used herein, refers to genes encoding
polypeptides which perform functions upon which AAV is dependent for replication (i.e. "helper
functions"). The helper functions include those functions required for AAV replication including,
without limitation, those moieties involved in activation of AAV gene transcription, stage specific
AAV mRNA splicing, AAV DNA replication, synthesis of cap expression products, and AAV capsid
assembly. Viral- based accessory functions can be derived from any of the known helper viruses such
as adenovirus, herpesvirus (other than herpes simplex virus type-1), and vaccinia virus. Helper

functions include, without limitation, adenovirus E1, E2a, VA, and E4 or herpesvirus ULS, ULS,
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ULS52, and UL29, and herpesvirus polymerase. In one embodiemtn, a helper function does not
include adenovirus E1.

The term "rep gene" or "AAV rep gene”, as used herein, refers to a gene that encodes a Rep
protein. The term "Rep protein”, as used herein, refers to a polypeptide having at least one functional
activity of a native AAV Rep protein (e.g. Rep 40, 52, 68, 78). A "functional activity" of a Rep
protein (e.g. Rep 40, 52, 68, 78) is any activity associated with the physiological function of the
protein, including facilitating replication of DNA through recognition, binding and nicking of the
AAYV origin of DNA replication as well as DNA helicase activity. Additional functions include
modulation of transcription from AAV (or other heterologous) promoters and site- specific
integration of AAV DNA into a host chromosome.

The term "adeno-associated virus ITRs" or "AAV ITRs", as used herein, refers to the inverted
terminal repeats present at both ends of the DNA strand of the genome of an adeno-associated virus.
The ITR sequences are required for efficient multiplication of the AAV genome. Another property of
these sequences is their ability to form a hairpin. This characteristic contributes to its self-priming
which allows the primase- independent synthesis of the second DNA strand. The ITRs have also
shown to be required for efficient encapsidation of the AAV DNA combined with generation of fully
assembled, deoxyribonuclease- resistant AAV particles.

The term "expression cassette”, as used herein, refers to a nucleic acid construct, generated
recombinantly or synthetically, with a series of specified nucleic acid elements, which permit
transcription of a particular nucleic acid in a target cell.

The expression cassettes of the invention include a human bestrophin-1 promoter (hBestl), a
chimeric intron, and a nucleic acid molecule encoding nuclear factor erythroid 2-like 2 (Nrf2). An
exemplary expression cassette of the invention is depicted in Figure 14.

The term "promoter” as used herein refers to a recognition site of a DNA strand to which the
RNA polymerase binds. The promoter forms an initiation complex with RNA polymerase to initiate
and drive transcriptional activity. The complex can be modified by activating sequences termed
"enhancers" or inhibitory sequences termed "silencers".

As used interchangeably herein, the terms “bestrophin 1,” “hBest1,” and “hBEST1” refer to
bestrophin-1, also known as Bestrophin 1; Vitelliform Macular Dystrophy Protein 2; Best Disease;
TU15B; VMD2; Vitelliform Macular Dystrophy 2; Best1V1Delta2; Bestrophin-1; BEST; RP50;
ARB; and BMD refers to the gene that is highly and preferentially expressed in the RPE. There are
four transcript variants of hBest, the nucleotide and amino acid sequences of which are known and
may be found in, for example, GenBank Reference Sequences NM_001139443.1; NM_001300786.1;
NM_001300787.1; and NM_004183.3. The nucleotide sequence of the genomic region containing
the hBest1 gene (including the region upstream of the coding region of hBest1l which includes the
hBest1 promoter region) is also known and may be found in, for example, GenBank Reference
Sequence NG_009033.1 (SEQ ID NO: 9, the entire contents of which is incorporated herein by
reference; also see, Esumi er al 2004, figure 1b at page 19066).
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Suitable hBest1 promoters for use in the present invention include nucleic acid molecules
which include nucleotides -585 to +38 of the hBestlgene, (i.e., nucleotides 4885-5507 of SEQ ID
NO:9); nucleotides —154 to +38 of the hBest1 gene (i.e., nucleotides 5316-5507 of SEQ ID NO:9);
or nucleotides —104 to +38 bp of the hBest1 gene (i.e., nucleotides 5366-5507 of SEQ ID NO:9), or
or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence
of nucleotides 4885-5507 of SEQ ID NO:9, nucleotides 5316-5507 of SEQ ID NO:9, or nucleotides
5366-5507 of SEQ ID NO:9. In one embodiement, an hBest]1 promoter comprises nucleotides -585
to +38 of the hBestlgene, (i.e., nucleotides 4885-5507 of SEQ ID NO:9), or a nucleotide sequence
having about 85%, 86%. 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%. 98%, or
about 99% nucleotide sequence identity to the entire nucleotide sequence of nucleotides 4885-5507
of SEQ ID NO:9.

To determine the percent identity of two amino acid sequences or of two nucleic acids, the
sequences are aligned for optimal comparison purposes (e.g., gaps can be introduced in the sequence
of a first amino acid or nucleic acid sequence for optimal alignment with a second amino or nucleic
acid sequence). The amino acid residues or nucleotides at corresponding amino acid positions or
nucleotide positions are then compared. When a position in the first sequence is occupied by the
same amino acid residue or nucleotide as the corresponding position in the second sequence, then the
molecules are identical at that position. The percent identity between the two sequences is a function
of the number of identical positions shared by the sequences (i.e., % identity = # of identical
positions total # of positions (e.g., overlapping positions) x100).

The determination of percent identity between two sequences may be accomplished using a
mathematical algorithm. A non-limiting example of a mathematical algorithm utilized for the
comparison of two sequences is the algorithm of Karlin and Altschul (1990) Proc. Natl. Acad. Sol.
USA 87:2264-2268, modified as in Karlin and Altschul (1993) Proc. Nati. Accid Sci. USA 90:5873-
5877. Such an algorithm is incorporated into the BLASTN and BLASTX programs of Altschul, ef al.
(1990) J. Mol. Biol. 215:403-410. BLAST nucleotide searches can be performed with the BLASTN
program, score = 100, wordlength = 12 to obtain nucleotide sequences homologous to a nucleic acid
molecules of the invention. BLAST protein searches can be performed with the BLASTP program,
score — 50, wordlength = 3 to obtain amino acid sequences homologous to a protein molecules of the
invention. To obtain gapped alignments for comparison purposes, a newer version of the BLAST
algorithm called Gapped BLAST can be utilized as described in Altschul er al. (1997) Nucleic Acids
Res 25:3389-3402, which is able to perform gapped local alignments for the programs BLASTN,
BLASTP and BLASTX.

As used herein, the term “Nrf2” or “NRF2” refers to nuclear factor (erythroid-derived 2)-like
2 (nrf2), a transcription factor which is a member of a small family of basic leucine zipper (bZIP)
proteins. Nrf2 is also known as Nuclear Factor, Erythroid 2 Like 2; NF-E2-Related Factor 2; HEBP1,
Nuclear Factor Erythroid 2-Related Factor 2; Nuclear Factor, Erythroid Derived 2, Like 2; Nuclear
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Factor (Erythroid-Derived 2)-Like 2; Nuclear Factor Erythroid-Derived 2-Like 2; Nuclear Factor,
Erythroid 2-Like 2; NFE2-Related Factor 2; and IMDDHH. The encoded transcription factor
regulates genes which contain antioxidant response elements (ARE) in their promoters. There are
eight transcript variants of Nrf2, the nucleotide and amino acid sequences of which are known and
may be found in, for example, GenBank Reference Sequences NM_006164.4; NM_001145412.3;
NM_001145413.3; NM_001313900.1; NM_001313901.1; NM_001313902.1; NM_001313903.1;
and NM_001313904.1 (SEQ ID NOs:1-8, respectively). In one embodiment, a nucleic acid molecule
encoding Nrf2 comprises the nucleotide sequence selected from the group consisting of the Nrf2
transcript variant 1 (SEQ ID NO:1), the Nrf2 transcript variant 2 (SEQ ID NO:2), the Nrf2 transcript
variant 3 (SEQ ID NO:3), the Nrf2 transcript variant 4 (SEQ ID NO:4), the Nrf2 transcript variant 5
(SEQ ID NO:5), the Nrf2 transcript variant 6 (SEQ ID NO:6), the Nrf2 transcript variant 7 (SEQ ID
NO:7), and the Nrf2 transcript variant 8 (SEQ ID NO:8), or a nucleotide sequence having about
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, V1%, 98%, or about 99%
nucleotide sequence identity to the entire nucleotide sequence of any one of the Nrf2 transcript
variant 1 (SEQ ID NO:1), the Nrf2 transcript variant 2 (SEQ ID NO:2), the Nrf2 transcript variant 3
(SEQ ID NO:3), the Nrf2 transcript variant 4 (SEQ ID NO:4), the Nrf2 transcript variant 5 (SEQ ID
NO:5), the Nrf2 transcript variant 6 (SEQ ID NO:6), the Nrf2 transcript variant 7 (SEQ ID NO:7), or
the Nrf2 transcript variant 8 (SEQ ID NO:§). In one embodiment, a nucleic acid molecule encoding
Nrf2 comprises the nucleotide sequence of the Nrf2 transcript variant 1 (SEQ ID NO:1), or a
nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of SEQ
ID NO:1. In one embodiment, a nucleic acid molecule encoding Nrf2 comprises the nucleotide
sequence selected from the group consisting of the Nrf2 transcript variant 1 (SEQ ID NO:10), the
Nrf2 transcript variant 2 (SEQ ID NO:11), the Nrf2 transcript variant 3 (SEQ ID NO:12), the Nrf2
transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ ID NO:14), the Nrf2
transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID NO:16), and the Nrf2
transcript variant 8 (SEQ ID NO:17), or a nucleotide sequence having about 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity
to the entire nucleotide sequence of any one of the Nrf2 transcript variant 1 (SEQ ID NO:10), the
Nrf2 transcript variant 2 (SEQ ID NO:11), the Nrf2 transcript variant 3 (SEQ ID NO:12), the Nrf2
transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ ID NO:14), the Nrf2
transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID NO:16), or the Nrf2
transcript variant 8 (SEQ ID NO:17). In one embodiment, a nucleic acid molecule encoding Nrf2
comprises the nucleotide sequence of the Nrf2 transcript variant 1 (SEQ ID NO:10), or a nucleotide
sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97 %,
98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of SEQ ID NO:10.

18



10

15

20

25

30

35

WO 2020/132040 PCT/US2019/067131

The invention further encompasses nucleic acid molecules that differ, due to degeneracy of
the genetic code, from the nucleotide sequence of nucleic acids encoding a Ntf2 polypeptide, and
thus encode the same protein.

As used herein, “an intron” refers to a non-coding nucleic acid molecule which is removed by
RNA splicing during maturation of a final RNA product. A *“chimeric intron” is an artificial (or non-
naturally occurring intron that enhances mRNA processing and increases expression levels of a
downstream open reading frame.

In the expression constructs of the invention, a chimeric intron is flanked by the hBest1
promoter and the nucleic acid molecule encoding Nrf2 and includes the 5' -donor site from the first
intron of the human B-globin gene and the branch and 3' -acceptor site from the intron that is between
the leader and the body of an immunoglobulin gene heavy chain variable region. In one embodiment,
a chimeric intron includes nucleotides 1120-1252 of the nucleotide sequence in Figure 19, or a
nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of
nucleotides 1120-1252 of the nucleotide sequence in Figure 19.

In some embodiments, the expression cassettes of the invention further comprise a post-
transcriptional regulatory region.

The term "post-transcriptional regulatory region", as used herein, refers to any polynucleotide
that facilitates the expression, stabilization, or localization of the sequences contained in the cassette
or the resulting gene product.

In one embodiment, a post-transcriptional regulatory region suitable for use in the expression
cassettes of the invention includes a Woodchuck hepatitis virus post-transcriptional regulatory
element.

As used herein, the term "Woodchuck hepatitis virus posttranscriptional regulatory element"
or "WPRE,” refers to a DNA sequence that, when transcribed, creates a tertiary structure capable of
enhancing the expression of a gene. See Lee Y, et al, Exp. Physiol. 2005; 90(1):33-37 and Donello J,
et al, J. Virol. 1998; 72(6):5085-5092.

In one embodiment, a WPRE includes nucleotides 3110-3651 of the nucleotide sequence in
Figure 19, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of nucleotides 3110-3651 of the nucleotide sequence in Figure 19.

In one embodiment, a WPRE includes the nucleotide sequence of SEQ ID NO: 18 (See, e.g.,
J Virol. 1998 Jun; 72(6): 5085-5092), or a nucleotide sequence having about 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity
to the entire nucleotide sequence of the nucleotide sequence of SEQ ID NO: 18.

In some embodiments, the expression cassettes of the invention further comprises a

polyadenylation signal.
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As used herein, a “polyadenylation signal” or “polyA signal,” as used herein refers to a
nucleotide sequence that terminates transcription. Suitable polyadenylation signals for use in the
AAYV vectors of the invention are known in the art and include, for example, a bovine growth
hormone polyA signal (BGH pA). In one embodiment, a BGH pA comprises nucleotides 3658-3872
of the nucleotide sequence in Figure 19, or a nucleotide sequence having about 85%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence
identity to the entire nucleotide sequence of nucleotides 3658-3872 of the nucleotide sequence in
Figure 19.

In some embodiments, the expression cassettes of the invention further comprise an
enhancer.

The term "enhancer”, as used herein, refers to a DNA sequence element to which
transcription factors bind to increase gene transcription.

The AAYV vectors of the invention may also include cis- acting 5" and 3' inverted terminal
repeat (ITR) sequences. In some embodiments, the ITR sequences are about 145 bp in length. In
some embodiments, substantially the entire sequences encoding the ITRs are used in the molecule. In
other embodiments, the ITRs include modifications. Procedures for modifying these ITR sequences
are known in the art. See Brown T, "Gene Cloning" (Chapman & Hall, London, GB, 1995), Watson
R, et al, "Recombinant DNA", 2nd Ed. (Scientific American Books, New York, NY, US, 1992),
Alberts B, et al, "Molecular Biology of the Cell"” (Garland Publishing Inc., New York, NY, US,
2008), Innis M, et al, Eds., "PCR Protocols. A Guide to Methods and Applications" (Academic Press
Inc., San Diego, CA, US, 1990), Erlich H, Ed., "PCR Technology. Principles and Applications for
DNA Amplification" (Stockton Press, New York, NY, US, 1989), Sambrook J, et al, "Molecular
Cloning. A Laboratory Manual” (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, US,
1989), Bishop T, et al, "Nucleic Acid and Protein Sequence. A Practical Approach" (IRL Press,
Oxford, GB, 1987), Reznikoff W, Ed., "Maximizing Gene Expression” (Butterworths Publishers,
Stoneham, MA, US, 1987), Davis L, et al, "Basic Methods in Molecular Biology" (Elsevier Science
Publishing Co., New York, NY, US, 1986), and Schleef M, Ed., "Plasmid for Therapy and
Vaccination" (Wiley- VCH Verlag GmbH, Weinheim, DE, 2001).

The AAV vectors of the invention may include ITR nucleotide sequences derived from any
one of the AAYV serotypes. In a preferred embodiment, the AAV vector comprises 5' and 3' AAV
ITRs. In one embodiment, the 5' and 3' AAV ITRs derive from AAV2. AAV ITRs for use in the
AAYV vectors of the invention need not have a wild- type nucleotide sequence (See Kotin, Hum. Gene
Ther., 1994, 5:793-801). As long as I'TR sequences function as intended for the rescue, replication
and packaging of the AAV virion, the ITRs may be altered by the insertion, deletion or substitution of
nucleotides or the ITRs may be derived from any of several AAV serotypes or its mutations.

In one embodiment, a 5 ITR includes nucleotides 248-377 of the nucleotide sequence in

Figure 19, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
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94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of nucleotides 248-377 of the nucleotide sequence in Figure 19.

In one embodiment, a 3’ ITR includes nucleotides 3969-4089 of the nucleotide sequence in
Figure 19, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of nucleotides 3969-4089 of the nucleotide sequence in Figure 19.

In one embodiment, a 5° ITR includes nucleotides shown by SEQ ID NO: 19 and a 3" ITR
includes nucleotides shown by SEQ ID NO: 20.

In addition, an AAV vector can contain one or more selectable or screenable marker genes
for initially isolating, identifying, or tracking host cells that contain DNA encoding the ithe AAV
vector (and/or rep, cap and/helper genes) as described herein.

As indicated above, the AAV vectors of the invention may be packaged into AAV viral
particles for use in the methods, e.g., gene therapy methods, of the invention (discussed below) to
produce AAVvector particles using methods known in the art.

Such methods generally include packaging the AAV vectors of the invention into infectious
AAYV viral particles in a host cell that has been transfected with a vector encoding and expressing rep
and cap gene products (i.e. AAV Rep and Cap proteins), and with a vector which encodes and
expresses a protein from the adenovirus open reading frame E4orf6.

Suitable AAV Caps may be derived from any serotype. In one embodiment, the capsid is
derived from the AAV of the group consisting on AAV1, AAV2, AAV3, AAV4, AAVS, AAV6,
AAVT, AAVE and AAVO. In another embodiment, the AAV of the invention comprises a capsid
derived from the AAVS or AAVS serotypes.

In some embodiments, an AAV Cap for use in the method of the invention can be generated
by mutagenesis (i.e. by insertions, deletions, or substitutions) of one of the aforementioned AAV
Caps or its encoding nucleic acid. In some embodiments, the AAV Cap is at least 70%, 75%, 80%,
85%, 90%, 95%, 98%, or 99% or more similar to one or more of the aforementioned AAV Caps.

In some embodiments, the AAV Cap is chimeric, comprising domains from two, three, four,
or more of the aforementioned AAV Caps. In some embodiments, the AAV Cap is a mosaic of VP1,
VP2, and VP3 monomers originating from two or three different AAV or a recombinant AAV. In
some embodiments, a rAAV composition comprises more than one of the aforementioned Caps.

Suitable rep may be derived from any AAV serotype. In one embodiment, the rep is derived
from any of the serotypes selected from the group consisting of AAV1, AAV2, AAV3, AAV4,
AAVS, AAV6, AAVT, AAVSE, or AAVO. In another embodiment, the AAV rep is derived from the
serotype AAV2.

Suitable helper genes may be derived from any AAV serotype and include adenovirus E4,
E2a and VA.

The AAV rep, AAV cap and genes providing helper functions can be introduced into the cell

by incorporating the genes into a vector such as, for example, a plasmid, and introducing the vector
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into a cell. The genes can be incorporated into the same plasmid or into different plasmids. In one, the
AAV rep and cap genes are incorporated into one plasmid and the genes providing helper functions
are incorporated into another plasmid.

The AAV vectors of the invention and the polynucleotides comprising AAV rep and cap
genes and genes providing helper functions may be introduced into a host cell using any suitable
method well known in the art. See Ausubel F, et al, Eds., "Short Protocols in Molecular Biology", 4th
Ed. (John Wiley and Sons, Inc., New York, NY, US, 1997), Brown (1995), Watson (1992), Alberts
(2008), Innis (1990), Erlich (1989), Sambrook (1989), Bishop (1987), Reznikoff (1987), Davis
(1986), and Schleef (2001), supra. Examples of transfection methods include, but are not limited to,
co-precipitation with calcium phosphate, DEAE-dextran, polybrene, electroporation, microinjection,
liposome-mediated fusion, lipofection, retrovirus infection and biolistic transfection. When the cell
lacks the expression of any of the AAV rep and cap genes and genes providing adenoviral helper
functions, said genes can be introduced into the cell simultaneously with the AAV vector.
Alternatively, the genes can be introduced in the cell before or after the introduction of the AAV
vector of the invention.

Methods of culturing packaging cells and exemplary conditions which promote the release of
AAYV vector patrticles, such as the producing of a cell lysate,are known in the art. Producer cells are
grown for a suitable period of time in order to promote release of viral vectors into the media.
Generally, cells may be grown for about 24 hours, about 36 hours, about 48 hours, about 72 hours,
about 4 days, about 5 days, about 6 days, about 7 days, about 8 days, about 9 days, up to about 10
days. After about 10 days (or sooner, depending on the culture conditions and the particular producer
cell used), the level of production generally decreases significantly. Generally, time of culture is
measured from the point of viral production. For example, in the case of AAV, viral production
generally begins upon supplying helper virus function in an appropriate producer cell as described
herein. Generally, cells are harvested about 48 to about 100, preferably about 48 to about 96,
preferably about 72 to about 96, preferably about 68 to about 72 hours after helper virus infection (or
after viral production begins).

The AAV vector particles of the invention can be obtained from both: i) the cells transfected
with the foregoing and ii) the culture medium of the cells after a period of time post-transfection,
preferably 72 hours. Any method for the purification of the AAV vector particles from the cells or the
culture medium can be used for obtaining the AAV vector particles of the invention. In a particular
embodiment, the AAV vector particles of the invention are purified following an optimized method
based on a polyethylene glycol or ammonium sulfate precipitation step and cesium chloride (CsCl) or
iodixanol density gradient ultracentrifugation. See Ayuso et al., 2014, Zolotukhin S, ef al., Gene
Ther. 1999; 6; 973-985. Purified AAV vector particles of the invention can be dialyzed against an
appropriate formulation buffer such as PBS, filtered and stored at -80°C. Titers of viral genomes can
be determined by quantitative PCR following the protocol described for the AAV2 reference standard

material using an appropriate linearized plasmid DNA standard curve. See Aurnhammer C, et al.,
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Hum Gene Ther Methods, 2012, 23, 18-28, D’Costa S, et al., Mol Ther Methods Clin Dev. 2016, 5,
16019.

In some embodiments, the methods further comprise purification steps, such as treatment of
the cell lysate with benzonase, purification of the cell lysate with the use of affinity chromatography
and/or ion-exchange chromotography. See Halbert C, et al, Methods Mol. Biol. 2004; 246:201-212,
Nass S, ef al., Mol Ther Methods Clin Dev. 2018 Jun 15; 9: 33-46.

AAYV Rep and Cap proteins and their sequences, as well as methods for isolating or
generating, propagating, and purifying such AAV, and in particular, their capsids, suitable for use in
producing AAV are known in the art. See Gao, 2004, supra, Russell D, et al, US 6,156,303,
Hildinger M, et al, US 7,056,502, Gao G, et al, US 7,198,951, Zolotukhin S, US 7,220,577, Gao G, et
al, US 7,235,393, Gao G, et al, US 7,282,199, Wilson I, et al, US 7,319,002, Gao G, et al, US
7,790,449, Gao G, et al, US 20030138772, Gao G, et al, US 20080075740, Hildinger M, et al, WO
2001/083692, Wilson J, et al, WO 2003/014367, Gao G, et al, WO 2003/042397, Gao G, et al, WO
2003/052052, Wilson J, ef al, WO 2005/033321, Vandenberghe L, et al, WO 2006/110689,
Vandenberghe L, et al, WO 2007/127264, and Vandenberghe L, er al, WO 2008/027084.

III. PHARMACEUTICAL COMPOSITIONS OF THE INVENTION

In one aspect of the invention, an AAYV viral particle of the invention will be in the form of a
pharmaceutical composition containing a pharmaceutically acceptable carrier. As used herein
"pharmaceutically acceptable carrier” refers to any substantially non-toxic carrier conventionally
useable for administration of pharmaceuticals in which the isolated polypeptide of the present
invention will remain stable and bioavailable. The pharmaceutically acceptable carrier must be of
sufficiently high purity and of sufficiently low toxicity to render it suitable for administration to the
mammal being treated. It further should maintain the stability and bioavailability of an active agent.
The pharmaceutically acceptable carrier can be liquid or solid and is selected, with the planned
manner of administration in mind, to provide for the desired bulk, consistency, etc., when combined
with an active agent and other components of a given composition. Suitable pharmaceutically
acceptable carriers include any and all solvents, dispersion media, coatings, antibacterial and
antifungal agents, isotonic and absorption delaying agents, and the like that are physiologically
compatible. Pharmaceutically acceptable carriers also include sterile aqueous solutions or
dispersions and sterile powders for the extemporaneous preparation of sterile injectable solutions or
dispersion. The use of such media and agents for pharmaceutically active substances is well known
in the art. Except insofar as any conventional media or agent is incompatible with the gene therapy
vector, use thereof in the pharmaceutical compositions of the invention is contemplated.
Supplementary active compounds can also be incorporated into the compositions.

Pharmaceutical compositions of the invention may be formulated for delivery to animals for
veterinary purposes (e.g. livestock (cattle, pigs, dogs, mice, rats), and other non-human mammalian

subjects, as well as to human subjects.
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In a particular embodiment, the pharmaceutical compositions of the present invention are in
the form of injectable compositions. The compositions can be prepared as an injectable, either as
liquid solutions or suspensions. The preparation may also be emulsified. Suitable excipients are, for
example, water, saline, dextrose, glycerol, ethanol, phosphate buffered saline or the like and
combinations thercof. In addition, if desired, the preparation may contain minor amounts of auxiliary
substances such as wetting or emulsifying agents, pH-buffering agents, adjuvants, surfactant or
immunopotentiators.

In a particular embodiment, the AAV particles of the invention are incorporated in a
composition suitable for intraocular administration. For example, the compositions may be designed
for intravitreal, subretinal, subconjuctival, sub-tenon, periocular, retrobulbar, suprachoroidal, and/or
intrascleral administration, for example, by injection, to effectively treat the retinal disorder.
Additionally, a sutured or refillable dome can be placed over the administration site to prevent or to
reduce "wash out", leaching and/or diffusion of the active agent in a non-preferred direction.

Relatively high viscosity compositions, as described herein, may be used to provide effective,
and preferably substantially long-lasting delivery of the nucleic acid molecules and/or vectors, for
example, by injection to the posterior segment of the eye. A viscosity inducing agent can serve to
maintain the nucleic acid molecules and/or vectors in a desirable suspension form, thereby preventing
deposition of the composition in the bottom surface of the eye. Such compositions can be prepared
as described in U.S. Patent No. 5,292,724, the entire contents of which are hereby incorporated
herein by reference.

Sterile injectable solutions can be prepared by incorporating the compositions of the
invention in the required amount in an appropriate solvent with one or a combination of ingredients
enumerated above, as required, followed by filtered sterilization. Generally, dispersions are prepared
by incorporating the active compound into a sterile vehicle which contains a basic dispersion medium
and the required other ingredients from those enumerated above. In the case of sterile powders for
the preparation of sterile injectable solutions, the preferred methods of preparation include vacuum
drying and freeze-drying which yields a powder of the active ingredient plus any additional desired
ingredient from a previously sterile-filtered solution thereof.

Toxicity and therapeutic efficacy of nucleic acid molecules described herein can be
determined by standard pharmaceutical procedures in cell cultures or experimental animals, e.g., for
determining the EDs, (the dose therapeutically effective in 50% of the population). Data obtained
from cell culture assays and/or animal studies can be used in formulating a range of dosage for use in
humans. The dosage typically will liec within a range of concentrations that include the EDs, with
little or no toxicity. The dosage may vary within this range depending upon the dosage form
employed and the route of administration utilized. For any compound used in the method of the

invention, the therapeutically effective dose can be estimated initially from cell culture assays.
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IV. METHODS OF THE INVENTION

The present invention also provides methods of use of the compositions of the invention,
which generally include contacting an ocular cell with an AAV viral particle or pharmaceutical
composition comprising an AAV particle of the invention.

Accordingly, in one aspect, the present invention provides methods for prolonging the
viability of a photoreceptor cell, e.g., a photoreceptor cell, compromised by degenerative ocular
disorder, e.g., retinitis pigmentosa, age related macular degeneration, cone rod dystrophy, and
rod cone dystrophy. The methods generally include contacting the cell with an AAV viral particle
or pharmaceutical composition comprising an AAV particle of the invention.

The present invention further provides methods for treating a degenerative ocular disorder in
a subject having a degenerative ocular disorder, e.g., retinitis pigmentosa, age related macular
degeneration, cone rod dystrophy, and rod cone dystrophy. The methods inlcude administering to the
subject a therapeutically effective amount of an AAV viral particle or pharmaceutical composition
comprising an AAV particle of the invention.

The present invention also provides methods for preventing a degenerative ocular disorder in
a subject having a degenerative ocular disorder, e.g., retinitis pigmentosa, age related macular
degeneration, cone rod dystrophy, and rod cone dystrophy. The methods inlcude administering
to the subject a prohylatically effective amount of an AAV viral particle or pharmaceutical
composition comprising an AAV particle of the invention.

In another aspect, the present invention provides methods of treating a subject having retinitis
pigmentosa. The methods inlcude administering to the subject a therapeutically effective amount of
an AAYV viral particle or pharmaceutical composition comprising an AAV particle of the invention.

In another aspect, the present invention provides methods of treating a subject having age-
related macular degeneration. The methods inlcude administering to the subject a therapeutically
effective amount of an AAYV viral particle or pharmaceutical composition comprising an AAV
particle of the invention.

Generally, methods are known in the art for viral infection of the cells of interest. The virus
can be placed in contact with the cell of interest or alternatively, can be injected into a subject
suffering from a disorder associated with photoreceptor cell oxidative stress.

Guidance in the introduction of the compositions of the invention into subjects for
therapeutic purposes are known in the art and may be obtained in the above-referenced publications,
as well as in U.S. Patent Nos. 5,631,236, 5,688,773, 5,691,177, 5,670,488, 5,529,774, 5,601,818, and
PCT Publication No. WO 95/06486, the entire contents of which are incorporated herein by
reference.

The compositions of the invention may be delivered to a subject by, for example, intravenous
injection, local administration (see, e.g., U.S. Patent No. 5,328,470), stereotactic injection (see, e.g.,
Chen et al. (1994) Proc. Natl. Acad. Sci. U.S.A. 91:3054-3057), or by in vivo electroporation (see,
e.g., Matsuda and Cepko (2007) Proc. Natl. Acad. Sci. U.S.A. 104:1027-1032). Preferably, the
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compositions of the invention are administered to the subject locally. Local administration of the
compositions described herein can be by any suitable method in the art including, for example,
injection (e.g., intravitreal or subretinal, subvitreal, subconjuctival, sub-tenon, periocular, retrobulbar,
suprachoroidal, and/or intrascleral injection), gene gun, by topical application of thecomposition in a
gel, oil, or cream, by electroporation, using lipid-based transfection reagents, transcleral delivery, by
implantation of scleral plugs or a drug delivery device, or by any other suitable transfection method.

Application of the methods of the invention for the treatment and/or prevention of a disorder
can result in curing the disorder, decreasing at least one symptom associated with the disorder, either
in the long term or short term or simply a transient beneficial effect to the subject.

29

Accordingly, as used herein, the terms “treat,” “treatment” and “treating” include the
application or administration of compositions, as described herein, to a subject who is suffering from
a degenerative ocular disease or disorder, or who is susceptible to such conditions with the purpose of
curing, healing, alleviating, relieving, altering, remedying, ameliorating, improving or affecting such
conditions or at least one symptom of such conditions. As used herein, the condition is also “treated”
if recurrence of the condition is reduced, slowed, delayed or prevented.

The term “prophylactic” or “therapeutic” treatment refers to administration to the subject of
one or more of the subject compositions. If it is administered prior to clinical manifestation of the
unwanted condition (e.g., disease or other unwanted state of the host animal) then the treatment is
prophylactic, i.e., it protects the host against developing the unwanted condition, whereas if
administered after manifestation of the unwanted condition, the treatment is therapeutic (i.e., it is
intended to diminish, ameliorate or maintain the existing unwanted condition or side effects
therefrom).

"Therapeutically effective amount,” as used herein, is intended to include the amount of a
composition of the invention that, when administered to a patient for treating a degenerative ocular
disease, is sufficient to effect treatment of the disease (e.g., by diminishing, ameliorating or
maintaining the existing disease or one or more symptoms of disease). The "therapeutically effective
amount" may vary depending on the composition, how the composition is administered, the disease
and its severity and the history, age, weight, family history, genetic makeup, stage of pathological
processes mediated by the disease expression, the types of preceding or concomitant treatments, if
any, and other individual characteristics of the patient to be treated.

“Prophylactically effective amount,” as used herein, is intended to include the amount of a
composition that, when administered to a subject who does not yet experience or display symptoms
of e.g., a degenerative ocular disorder, but who may be predisposed to the disease, is sufficient to
prevent or ameliorate the disease or one or more symptoms of the discase. Ameliorating the disease
includes slowing the course of the disease or reducing the severity of later-developing disease. The
"prophylactically effective amount" may vary depending on the composition, how the composition is

administered, the degree of risk of disease, and the history, age, weight, family history, genetic
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makeup, the types of preceding or concomitant treatments, if any, and other individual characteristics
of the patient to be treated.

A "therapeutically-effective amount” or “prophylacticaly effective amount” also includes an
amount of a composition that produces some desired local or systemic effect at a reasonable
benefit/risk ratio applicable to any treatment. A composition employed in the methods of the present
invention may be administered in a sufficient amount to produce a reasonable benefit/risk ratio
applicable to such treatment.

Subjects suitable for treatment using the regimens of the present invention should have or are
susceptible to developing a degenerative ocular disease or disorder. For example, subjects may be
genetically predisposed to development of the disorders. Alternatively, abnormal progression of the
following factors including, but not limited to visual acuity, the rate of death of cone and/ or rod
cells, night vision, peripheral vision, attenuation of the retinal vessels, and other ophthalmoscopic
factors associated with degenerative ocular disorders such as retinitis pigmentosa may indicate the
existence of or a predisposition to a retinal disorder.

In one embodiment, the disorder includes, but not limited to, retinitis pigmentosa, age related
macular degeneration, cone rod dystrophy, and rod cone dystrophy. In other embodiments, the
disorder is not associated with blood vessel leakage and/or growth. In certain embodiments, the
disorder is not associated with diabetes. In another embodiment, the disorder is not diabetic
retinopathy. In further embodiments, the disorder is not NARP (neuropathy, ataxia and retinitis
pigmentosa). In one embodiment, the disorder is a disorder associated with decreased viability of
cone and/or rod cells. In yet another embodiment, the disorder is a genetic disorder.

The compositions, as described herein, may be administered as necessary to achieve the
desired effect and depend on a variety of factors including, but not limited to, the severity of the
condition, age and history of the subject and the nature of the composition, for example, the identity
of the genes or the affected biochemical pathway.

The pharmaceutical compositions of the invention may be administered in a single dose or, in
particular embodiments of the invention, multiples doses (e.g. two, three, four, or more
administrations) may be employed to achieve a therapeutic effect.

The therapeutic or preventative regimens may cover a period of at least about 2, 3,4, 5, 6,7,
8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23 or 24 weeks, or be chronically administered
to the subject.

In one embodiment, the viability or survival of photoreceptor cells, such as cones cells, is,
e.g., about 1 week, about 2 weeks, about 3 weeks, about 4 weeks, about 5 weeks, about 6 weeks,
about 7 weeks, about 8 weeks, about 3 years, about 4 years, about 5 years, about 10 years, about 15,
years, about 20 years, about 25 years, about 30 years, about 40 years, about 50 years, about 60 years,
about 70 years, and about 80 years.

In general, the nucleic acid molecules and/or the vectors of the invention are provided in a

therapeutically effective amount to elicit the desired effect, e.g., increase Nrf2 expression. The

27



10

15

20

25

30

35

WO 2020/132040 PCT/US2019/067131

quantity of the viral particle to be administered, both according to number of treatments and amount,
will also depend on factors such as the clinical status, age, previous treatments, the general health
and/or age of the subject, other diseases present, and the severity of the disorder. Precise amounts of
active ingredient required to be administered depend on the judgment of the gene therapist and will
be particular to each individual patient. Moreover, treatment of a subject with a therapeutically
effective amount of the nucleic acid molecules and/or the vectors of the invention can include a
single treatment or, preferably, can include a series of treatments. It will also be appreciated that the
effective dosage used for treatment may increase or decrease over the course of a particular
treatment. Changes in dosage may result from the results of diagnostic assays as described herein.
The pharmaceutical compositions can be included in a container, pack, or dispenser together with
instructions for administration.

In some embodiments, a therapeutically effective amount or a prophylactically effective
amount of a viral particle of the invention (or pharmaceutical composition of the invention) is in
titers ranging from about 1x10° , about 1.5x105, about 2x105, about 2.5x105, about 3x105, about
3.5x10°, about 4x10°, about 4.5x10’, about 5x10°, about 5.5x10°, about 6x10°, about 6.5x10”, about
7x10°, about 7.5x10°, about 8x10°, about 8.5x10°, about 9x10°, about 9.5x10°, about 1x10°, about
1.5x10°, about 2x10°, about 2.5x10°, about 3x10°, about 3.5x10°, about 4x10°, about 4.5x10°, about
5x10°, about 5.5x10°, about 6x10°, about 6.5x10°, about 7x10°, about 7.5x10°, about 8x10°, about
8.5x10, about 9x10°, about 9.5x10°, about 1x107, about 1.5x107, about 2x107, about 2.5x107, about
3x10’, about 3.5x107, about 4x10, about 4.5x10’, about 5x10’, about 5.5x10’, about 6x10’, about
6.5x10’, about 7x10’, about 7.5x10’, about 8x10, about 8.5x10’, about 9x10’, about 9.5x10’, about
1x10°%, about 1.5x10°%, about 2x10°, about 2.5x10%, about 3x10°, about 3.5x10°, about 4x10°, about
4.5x10%, about 5x10°% about 5.5x10°, about 6x10°, about 6.5x10°, about 7x10°, about 7.5x10°, about
8x10°, about 8.5x10°, about 9x10°%, about 9.5x10° about 1x10”, about 1.5x10”, about 2x10°, about
2.5x109°, about 3x10”, about 3.5x10”, about 4x10°, about 4.5x10”, about 5x10”, about 5.5x10”, about
6x10’, about 6.5x10’, about 7x10, about 7.5x10”, about 8x10”, about 8.5x10”, about 9x10°, about
9.5x10”, about 1x10', about 1.5x10"°, about 2x10'°, about 2.5x10"°, about 3x10™°, about 3.5x10",
about 4x10"°, about 4.5x10", about 5x10"°, about 5.5x10'°, about 6x10', about 6.5x10'°, about
7x10', about 7.5x10"°, about 8x10'°, about 8.5x10"°, about 9x10™, about 9.5x10"°, about 1x10"",
about 1.5x10"", about 2x10"", about 2.5x10", about 3x10"", about 3.5x10"!, about 4x10"", about
4.5x10", about 5x10", about 5.5x10"", about 6x10"", about 6.5x10"", about 7x10"", about 7.5x10"",
about 8x10"!, about 8.5x10"!, about 9x10"", about 9.5x10"", about 1x10"* viral particles (vp).

In some embodiments, a therapeutically effective amount or a prophylactically effective
amount of a viral particle of the invention (or pharmaceutical composition of the invention) is in
genome copies (“GC”), also referred to as “viral genomes” ("vg") ranging from about 1x10° , about
1.5x10°, about 2x10°, about 2.5x10°, about 3x10°, about 3.5x10°, about 4x10°, about 4.5x10’, about
5x10°, about 5.5x10°, about 6x10°, about 6.5x10°, about 7x10°, about 7.5x10°, about 8x10°, about
8.5x10°, about 9x10”, about 9.5x10°, about 1x10°, about 1.5x10°, about 2x10°, about 2.5x10°, about
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3x10°, about 3.5x10°, about 4x10°, about 4.5x10°, about 5x10°, about 5.5x10°, about 6x10°, about
6.5x10° about 7x10°, about 7.5x10°, about 8x10°, about 8.5x10, about 9x10°, about 9.5x10°, about
1x10", about 1.5x10, about 2x10’, about 2.5x10’, about 3x10’, about 3.5x10’, about 4x10’, about
4.5x10’, about 5x10’, about 5.5x10’, about 6x10’, about 6.5x10", about 7x10’, about 7.5x10’, about
8x107, about 8.5x10’, about 9x10’, about 9.5x10’, about 1x10°, about 1.5x10°, about 2x10°, about
2.5x10%, about 3x10°, about 3.5x10°, about 4x10°, about 4.5x10°, about 5x10°, about 5.5x10°, about
6x10°, about 6.5x10°, about 7x10°, about 7.5x10°%, about 8x10°, about 8.5x10°, about 9x10°, about
9.5x10%, about 1x10”, about 1.5x10’, about 2x10”, about 2.5x109%, about 3x10”, about 3.5x10”, about
4x10’, about 4.5x10”, about 5x10”, about 5.5x10”, about 6x10°, about 6.5x10”, about 7x10”, about
7.5x10°, about 8x10”, about 8.5x10”, about 9x10”, about 9.5x10°, about 1x10'"°, about 1.5x10", about
2x10", about 2.5x10", about 3x10'°, about 3.5x10"°, about 4x10™, about 4.5x10"°, about 5x10",
about 5.5x10", about 6x10", about 6.5x10', about 7x10", about 7.5x10"°, about 8x10', about
8.5x10", about 9x10"°, about 9.5x10", about 1x10"", about 1.5x10"", about 2x10"", about 2.5x10"",
about 3x10"", about 3.5x10"", about 4x10"", about 4.5x10"", about 5x10"", about 5.5x10"", about
6x10", about 6.5x10"", about 7x10", about 7.5x10"", about 8x10"", about 8.5x10"", about 9x10"",
about 9.5x10"', about 1x10" vg.

Any method known in the art can be used to determine the genome copy (GC) number of the
viral compositions of the invention. One method for performing AAV GC number titration is as
follows: purified AAV viral particle samples are first treated with DNase to eliminate un-
encapsidated AAV genome DNA or contaminating plasmid DNA from the production process. The
DNase resistant particles are then subjected to heat treatment to release the genome from the capsid.
The released genomes are then quantitated by real-time PCR using primer/probe sets targeting
specific region of the viral genome.

In various embodiments, the methods of the present invention further comprise monitoring
the effectiveness of treatment. For example, visual acuity, the rate of death of cone and/ or rod cells,
night vision, peripheral vision, attenuation of the retinal vessels, and other ophthalmoscopic changes
associated with retinal disorders such as retinitis pigmentosa may be monitored to assess the
cffectiveness of treatment. Additionally, the rate of death of cells associated with the particular
disorder that is the subject of treatment and/or prevention, may be monitored. Alternatively, the
viability of such cells may be monitored, for example, as measured by phospholipid production. The
assays described in the Examples section below may also be used to monitor the effectiveness of
treatment (e. g., electroretinography — ERG).

In certain embodiments of the invention, a composition of the invention is administered in
combination with an additional therapeutic agent or treatment. The compositions and an additional
therapeutic agent can be administered in combination in the same composition or the additional
therapeutic agent can be administered as part of a separate composition or by another method

described herein.
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Examples of additional therapeutic agents suitable for use in the methods of the invention
include those agents known to treat retinal disorders, such as retinitis pigmentosa and age-related
macular degeneration and include, for example, fat soluble vitamins (e.g., vitamin A, vitamin E, and
ascorbic acid), calcium channel blockers (e.g., diltiazem) carbonic anhydrase inhibitors (e.g.,
acetazolamide and methazolamide), anti-angiogenics (e.g.,anti VEGF antibodies), growth factors
(e.g., rod-derived cone viability factor (RACVF), BDNF, CNTF, bFGF, and PEDF), antioxidants,
other gene therapy agents (e.g., optogenetic gene threrapy, e.g., channelrhodopsin, melanopsin, and
halorhodopsin), and compounds that drive photoreceptor regeneration by, e.g., reprogramming Miiller
cells into photoreceptor progenitors (e.g., alpha-aminoadipate). Exemplary treatments for use in
combination with the treatment methods of the present invention include, for example, retinal and/or
retinal pigmented epithelium transplantation, stem cell therapies, retinal prostheses, laser
photocoagulation, photodynamic therapy, low vision aid implantation, submacular surgery, and

retinal translocation.

This invention is further illustrated by the following examples which should not be construed
as limiting. The contents of all references, patents and published patent applications cited throughout

this application, as well as the Figures, are hereby incorporated by reference.

EXAMPLES
Example 1: AAYV genome structure is correlated with ocular toxicity.

Adeno-associated viruses (AAVs) are small single-stranded DNA viruses in the Parvoviridae
family that have several advantages as somatic gene therapy vectors. Recombinant AAV genomes
typically lack viral genes and do not efficiently integrate into the host genome, eliminating the risk of
insertional mutagenesis. They establish as stable episomes and express transgenes indefinitely in
post-mitotic cells. Naturally existing AAV variants, together with an array of engineered variants, can
infect a large variety of tissues and cell types in both animals and humans (Dalkara et al., 2013; Gao
et al., 2004; Zinn et al., 2015). These capsid variants can enable more targeted infection of a selected
set of cell types, with transgene expression further specified through the use of transcription
regulatory sequences. Finally, AAV is non-pathogenic, even in its wild type form, which has
predicted its safety as a gene therapy vector. Multiple clinical trials have indeed born this out
(Bainbridge et al., 2008; Dixon et al., 2011; Hauswirth et al., 2008; Maguire et al., 2008).

AAYV has emerged as the vector of choice for retinal diseases. There are many recessive
disease genes, and complementation by a vector-encoded gene can lead to an improvement in vision
(Acland et al., 2001). The target cells for retinal gene therapy are most often the photoreceptors and
retinal pigment epithelial (RPE) cells, as most genetic retinal diseases initiate with dysfunction, often
followed by death, of these cell types. There are two types of photoreceptors: rods, necessary for dim

light vision, and cones, required for bright light and color vision. Vision initiates with the detection of
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light in an elaborate and specialized photoreceptor structure, the outer segment (OS), whose
morphology can serve as an indicator of photoreceptor health. Photoreceptor cells are supported by
the RPE, an epithelial layer with processes in close contact with the photoreceptor OS's. Injections
into the subretinal space, the virtual space between the RPE and photoreceptors, is thus the injection
site for most ocular human gene therapy. In addition to these target cell types being accessible for
gene therapy, the eye offers several other advantages for somatic gene therapy. It is relatively immune
privileged, anatomically compartmentalized, and can be targeted by established clinical interventions.
Its target cells do not replicate and thus do not need integrating viruses. One further attribute that is
particularly valuable, given the expense of generating pure viral vectors, is that only a small amount
of virus is needed for local administration. These advantages stand in contrast to the systemic
administration required for large organs, such as liver or muscle, and led to the approval of AAV
encoding the RPE65 gene (Luxturna) for Leber's Congenital Amaurosis 2 (LCA?2), a rare retinal
disease (Bainbridge et al., 2008; Hauswirth et al., 2008; Maguire et al., 2008). AAV has proven to be
safe in the LCA2 clinical trials, as well as in several clinical trials for other ocular diseases such as
choroideremia and retinitis pigmentosa (Ghazi et al., 2016; MacLaren et al., 2014).

Despite the safety of the human trials to date, the expansion of AAV therapy to a larger
number of patients may reveal some underlying problems. In addition, it likely will be desirable to
increase the dose in future trials, which may similarly lead to problems. Current subretinal injections
lead to infection only of cells near the injection site, which comprise a small percentage of target
cells. A more complete infection requiring a larger viral load likely will offer greater improvement to
vision. However, toxicity associated with higher doses has been seen in animals, including non-
human primates (NHPs), in both non-ocular and ocular tissues. An early indication came from
treatment of hemophilia B by AAV-mediated Factor IX expression. AAV infection in the liver
triggered memory T cells reactive with the capsid, which cleared the infected cells and resulted in
only transient expression of Factor IX (Mingozzi and High, 2013). More recently, systemic delivery
of high doses of an AAV variant to NHP's and pigs led to neurotoxicity, due to an uncharacterized
mechanism (Hinderer et al., 2018). Specifically in the eye, AAV toxicity was observed using AAV2-
CNGAZ3 to treat color blindness (achromatopsia) in sheep, in which two animals had loss of
photoreceptors and RPE, and one animal injected with high dose AAV showed both retinal atrophy
and lymphocytic infiltration (Gootwine et al., 2017). In one of the LCA gene therapy trials, strong
evidence of an inflammatory response emerged. Five out of 8 subjects injected with the higher dose
of AAV2-RPE65 (1E12 vector genomes (vg)/eye) developed various degrees of intraocular
inflammation (Bainbridge et al., 2015).

AAYV gene therapy for retinal degeneration has been developed, hoping to create vectors that
are able to prolong photoreceptor survival and function independent of the disease gene. We found
that subretinal delivery of some, but not all, AAVs consistently induced cone OS shortening,
reduction of the outer nuclear layer (ONL) where rods and cones reside, and dysmorphic RPE, in

mice. We began tracking many aspects of the preparations and vector structures and did not find that
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the ocular toxicity tracked with preparation methods, virus core facilities that made the preparation,
endotoxin level, or cellular protein contaminants. To search for the source of the toxicity, we tested
virus stocks with different cis-regulatory sequences, transgenes, and capsids. We found a strong
correlation between AAV structure and toxicity. AAVs incorporating all broadly active promoters
tested, including cytomegalovirus immediate-early promoter (CMYV), human ubiquitin C promoter
(UbiC), and chicken beta actin promoter (CAG), as well an RPE-specific promoter, the human Best1
promoter, were found to be toxic. In contrast, vectors with photoreceptor-specific promoters tested,
including human Red Opsin (Busskamp et al., 2010; Wang et al., 1992), human Rhodopsin (Allocca
et al., 2007; Busskamp et al., 2010), and human Rhodopsin kinase (Khani et al., 2007), were not
toxic. As might be expected, toxicity among the toxic group of vectors was associated with the dose,
while administration of the highest dose possible of the photoreceptor-specific vectors did not lead to
toxicity. The RPE was more sensitive to virus toxicity than photoreceptors. Microglia activation and
inflammatory cytokine expression were triggered by the toxic viruses. These data highlight the need
to develop sensitive assays of viral toxicity for the organ and cell types that are being targeted. Such
assays enable the design of vectors that can be used to safely deliver higher doses of vectors,

potentially leading to both greater safety and efficacy.

The following Materials and Methods were used in this Example.
Mice

CD1 and C57BL/6 mice were purchased from Charles River Laboratories and were kept on a
12-hour light/12-hour dark cycle. All animal studies were approved by the Institutional Animal Care

and Use Committee at Harvard University.

Plasmids

pAAV-CMV-GFP, pAAV-CMV-null, pAAV-UbiC-GFP vector plasmids were obtained from
Harvard DF/HCC DNA Resource Core (pAAV-GFP and pAAV-MCS8 deposited by Dr. Jeng-Shin
Lee to Harvard DF/HCC DNA Resource Core). pAAV-CAG-GFP (from E. Boyden Lab) was
obtained from Addgene (Addgene #37825).

pAAV-Red O-GFP and pAAV-Rho-GFP were kind gifts of B. Roska lab (Busskamp et al.,
2010). pAAV-hRK-ZsGreen was a kind gift from T. Li lab at NEI (Khani et al., 2007). pAAV-
hBestl-GFP was cloned by replacing the CMV promoter of the pAAV-CMV-SV40-GFP-BGHpA
vector (Upenn virus core, ID: PV0101) with the -585/+38 bp region of human Best]1 promoter region
by Gibson ligation (Esumi et al., 2004).
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pAAV-CMV-TdTomato and pAAV-hBestl-mApple were cloned by replacing GFP with
TdTomato and mApple coding sequence by Gibson ligation. pAAYV rep/Cap 2/2, 2/8 and Adenovirus
helper plasmids were obtained from University of Pennsylvania Vector Core (Philadelphia,
Pennsylvania, USA). pAAV2 7m8 and pAAV Anc80 plasmids were kind gifts from Dr. J. Flannery
(Dalkara et al., 2013) and Dr. L. Vandenberghe (Zinn et al., 2015).

AAV vector production and titering

Recombinant AAVE and AAV?2 vectors were produced as previously described (Grieger et
al., 20006). Briefly, AAV vector, Rep/Cap packaging plasmid, and adenoviral helper plasmid were
mixed with polyethylenimine and added to HEK293T cells (catalog HCL4517; Thermo Scientific).
72 hours after transfection, supernatant was collected for AAV8 preparations, and cells were
harvested for AAV?2 preparations (Vandenberghe ef al., 2010). AAVSE viruses in the supernatant were
precipitated (mixed with 8.5% w/v PEG-6000 and 0.4 M NaCl for 2 hours at 4°C), centrifuged at
7,000 g for 10 minutes, and resuspended in virus buffer (150 mM NaCI and 20 mM Tris, pH 8.0). For
AAV2 viruses, the cell pellet was resuspended in virus buffer, followed by 3 cycles of freeze-
thawing, and Dounce homogenized. Cell debris was pelleted at 5,000 g for 20 minutes, and the
supernatant was run on an iodixanol gradient. Recovered AAV vectors were washed 3 times with
PBS using Amicon 100K columns (EMD Millipore). RT-PCRs and protein gels were run to

determine virus titers.

AAV injection

Subretinal injection into PO neonate eyes was performed as previously described (Matsuda
and Cepko, 2004; Wang et al., 2014). Approximately 0.3 pl AAV was introduced into the subretinal
space using a pulled angled glass pipette controlled by a FemtoJet (Eppendorf). The fellow eyes were

uninjected for within-animal controls.

Optomotor responses

The optomotor responses of mice were measured using the OptoMotry System
(CerebralMechanics) with minor modifications, as previously described (Xiong et al., 2015; Xue et
al., 2015a). Only the photopic vision was tested, at a background light of ~70 cd/m” in this study. An
examiner tested the mouse visual acuity (i.e. maximal spatial frequency) and the contrast sensitivity
(i.e. minimal contrast) separately and blindly (i.e. without knowing which AAVs were injected in
which eyes) with the aid of a computer program. In the acuity test, the contrast of the grates was set at
100%. In the contrast sensitivity test, the spatial frequency was set as 0.128 cycles/degree. In both of
the tests, the temporal frequency was set at 1.5 Hz. During each test, a computer program determined

the moving direction of the grates (i.e. clockwise or counter-clockwise) and the parameters at each
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testing episode. The examiner could see the moving direction of the grates through virtual radiances
on the screen but could not see the parameters, in order to minimize human bias. In each testing
episode (- 5 seconds), the examiner reported "yes" (or "no") to the system if observation of the mouse
provided (or not) an

optomotor response that matched the grating movement. After a series of test episodes, the same
computer program determined the acuity or contrast sensitivity of the right eyes (i.e. counter-
clockwise) and the left eye (i.e. clockwise). The acuity was recorded as it was, while the contrast

sensitivity was recorded as its reverse for analysis.

Optical Coherence Tomography (OCT)

OCT images of mouse eyes were taken by a commercially available OCT2 system in
combination with the MicronlV fundus imaging system (Phoenix Research Labs). The animals were
anesthetized with a ketamine/xylazine (100/10 mg/kg) cocktail. The eyes were treated with a drop of
5% phenylephrine and 0.5% tropicamide solution to dilate the pupils, and a drop of GONAK 2.5%
hypromellose solution (Akorn) to keep the lens hydrated. Fundus images were taken with a filter set
of Exciter (FF01-469/35-25, Semrock) and Barrier (FF03-525/50, Semrock) that were selected for
spectra to visualize GFP. The OCT image of the retina was taken near the optic nerve head, and the

imaging location was marked on the fundus image by a long green arrow.

Electoretinography (ERG)

ERGs were performed in vivo with the Espion E3 System (Diagonsys LLC) as previously
described (Xiong et al., 2015; Xue et al., 2015a). A new ERG protocol was created to characterize
the rod and cone responses with a minimal number of flash steps based on our previous studies of
wild type mice (Xue et al., 2015b, 2017). In brief, mice were dark-adapted overnight in a cabinet,
anesthetized, and pupils were dilated as described above for the OCT imaging, and placed on a
heating pad throughout the tests. Goldwire electrodes were then applied to the surface of the cornea
with a drop of PBS as the immersion medium. The reference electrode and ground electrode were
applied sub-cutaneously near the tail and under the scalp, respectively. The above steps were all done
under a dim red headlight, and the mouse was stabilized in complete darkness for 3 minutes before
the scotopic test. The scotopic response was elicited, recorded, and averaged at multiple 0.1 cd s/m”
530nm flashes. Photopic vision was probed under 30 cd/m” background light after 12 minutes light
adaptation with multiple flashes at 1 (peak), 10 (peak), 100 (Xenon), 1000 (Xenon) cd s/m”. The

amplitude and implicit time of a-wave and b-wave were measured after the recording accordingly.
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Flow cytometry

Retinas were dissected from adult CX3CR157P mice (Jackson Laboratory, Bar Harbor, ME),
in which microglia are labeled with GFP (Jung et al., 2000). Individual retinas were isolated and
treated with activated papain (Worthington Biochemicals, Lakewood, NJ) for five minutes at 37°C,
followed by manual trituration to dissociate cells. Cells were subsequently washed twice with 2%
fetal bovine serum and 2mM EDTA in PBS, incubated with DAPI at a concentration of 0.5 p.g/mL
for five minutes at 4°C, and passed through a 40 p.m filter prior to analysis. Flow cytometry was
conducted on a BD/Cytek FACSCalibur DxP11 running FACSDiva software (Becton Dickinson, San
Jose, CA). Over 10,000 live events were recorded for each sample. Data analysis was performed
using FlowJo 10 (Tree Star, Ashland, OR) excluding doublet and dead cell (DAPI+) events.

Microglia were quantified as the percentage of live singlet events that were GFP+.

Immunohistochemistry of whole eye mounts

After sacrifice with CO,, eyes were rapidly enucleated, dissected from tendons and
extraocular muscles, and fixed in 4% paraformaldehyde for 2 hours at room temperature. The anterior
segment, lens, and vitreous were then removed. The posterior segment eye cups were blocked with
4% heat-inactivated goat serum and 1% triton in PBS for one hour at room temperature. Eye cups
were then incubated in primary antibody (rabbit anti-cone arrestin, EMD Millipore AB15282,
Burlington, MA) diluted 1:100 in the blocking buffer for two days, rinsed 3 times in PBS for 30
minutes each, and stained with secondary antibody solution containing donkey anti-rabbit Alexa
Fluor 647 (Jackson ImmunoResearch, West Grove, PA) at 1:100 and phalloidin conjugated to Alexa
Fluor 568 at 1:100 (Thermofisher, Waltham, MA) for 2 days. Eye cups were rinsed 3 times again in
PBS for 30 minutes each. Radial cuts were made to enable flat-mounting of the eyes on coverslips.
The whole eye mounts were then imaged on a Nikon T1 W1 Yokogawa Spinning Disk Microscope

using a 20x objective.

Retinal section and histology

Eyes were enucleated, and retinae were dissected and fixed in 4% formaldehyde for 30
minutes at room temperature. Fixed retinae were cryoprotected in 5%, 15%, and 30% sucrose in PBS
for a few hours and embedded in OCT on dry ice. Sections (20 p.m thick) were cut on a cryostat
(Leica). Retinal sections or whole retinal cups were blocked in 5% bovine serum albumin in PBST
(PBS with 0.1% Triton X-100), stained with primary antibodies at 4°C overnight, and washed 3 times
with PBST. Primary antibodies used in this study included: rabbit anti—red/green opsin (1:300;
AB5405; EMD Millipore); goat anti—blue opsin (1:100; sc-14365; Santa Cruz Bio- technology Inc.);
rabbit anti-GFAP (1:500; Z0344; DAKQ); rabbit anti Iba-1 (1:1000, PA5-21274, Thermofisher) and
rhodamine-conjugated and FITC-conjugated PNA (1:1,000; Vector Laboratories). Sections were
stained using secondary antibodies, including donkey anti—rabbit CY3, donkey anti—rabbit Alexa

Fluor 647, and donkey anti—goat Alexa Fluor 647 (all used at 1:1,000; Jackson ImmunoResearch),
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and were co-stained with DAPI in the dark for 2 hours at room temperature and mounted in
Fluoromount-G (SouthernBiotech). Images were taken using a 40x objective with Z-stacks on a Zeiss
LSM780 confocal microscope. Images used for comparison between groups were taken side by side
at the same confocal settings.
Statistics

Data were represented as Mean+SD in Figures 1C, 2B and 7C-D and as Mean+SEM in Fig. 5
and 7E. Sample sizes were indicated for each experiment. One-way ANOVA analysis with Tukey test
was performed to compare multiple groups, and unpaired student’s t-test was performed to compare

two groups. GraphPad Prism was used to perform statistical analysis and make figures.

Photoreceptor toxicity is induced by AAYV vectors with a broadly active or an RPE promoter,
but not photoreceptor-specific promoters.

Serotype 8 AAV (AAVS) viruses expressing either GFP or no transgene ("null") under the
control of different promoters were injected subretinally into neonatal wild type mice (CD-1). The
retinas and RPE were harvested for histology at 30 days post infection (or as indicated). The
cytomegalovirus (CMYV) promoter/enhancer sequence plus a human beta-globin intron II drives
robust transgene expression in cone photoreceptors, as well as other cell types (Xiong et al., 2015).
AAVE-CMV-GFP induced retinal toxicity, indicated by cone OS shortening, ONL thinning, cone
photoreceptor loss, and upregulation of GFAP in a resident glial cell type, the Muller glia (Figures
1A-C). In contrast, GFP expression driven by the photoreceptor-specific promoters, including a
human red opsin (RedO) promoter (Busskamp et al., 2010; Wang et al., 1992), a human rhodopsin
(RHO) promoter (Allocca et al., 2007; Busskamp et al., 2010), or a human rhodopsin kinase (hRK)
promoter (Khani et al., 2007), induced no retinal toxicity (Figures 1A-C and data not shown).
Preliminary studies using the mouse cone arrestin promoter similarly showed no toxicity (data not
shown) (Busskamp et al., 2010; Zhu et al., 2002). In order to determine if toxicity was due to protein
expression, a vector, AAV-CMV-null was created by deletion of the GFP gene from this vector.

AAVE-CMV-null was just as toxic as AAVE-CMV-GFP.

RPE toxicity is induced by AAV vectors with broadly active promoters and a RPE-specific
promoter.

Promoter-specific AAV toxicity also was observed in the RPE, which is efficiently
transduced by subretinally delivered AAV viruses. A semi-quantitative assay to measure the RPE
toxicity level was developed in order to compare among vectors. Whole RPE flatmounts were stained
with phalloidin, which outlines the hexagonal RPE array, imaged with a spinning disc microscope,
and scored for the morphology. The RPE flatmounts were assigned six grades, with grade O being
completely normal and grade 5 being complete RPE loss (Figure 2A). Four representative areas in the
mid-periphery of each flatmount were imaged and then evaluated by four independent scorers who

did not know the vector type/dose, with the average score shown in Table 1. With this evaluation
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system, it was found that the broadly active promoters CMV, CAG, and UbiC induced strong RPE
toxicity, while none of the photoreceptor-specific promoters induced RPE toxicity (Figure 2B). We
also included the human Best1 (hBestl) promoter, which drives strong transgene expression in the
RPE at a level comparable to that of CMV or CAG (Esumi et al., 2004). Interestingly, AAV 8 with
hBestl promoter also induced RPE toxicity in the RPE (Figures 3A-C). Figure 8 shows a strong

correlation between toxicity and the promoter used.

Relationship of AAYV toxicity to dose and capsid type.

AAYV vectors are injected subretinally at a wide range of doses in clinical trials (Bainbridge
et al., 2015; Constable et al., 2017; Dimopoulos et al., 2018; Maguire et al., 2009). To investigate
whether AAV- induced toxicity is dose-dependent, AAVE-CMV-GFP viruses were injected at 3
doses (SE8 vector particles (vp)/eye, 1E9 vp/eye, and 2E9 vp/eye) into neonatal CD1 mice. The RPE
toxicity was evaluated at 30 days post infection. The infected RPE cells displayed a clear correlation
between the severity of toxicity and virus dose. A lower dose of SE8 vp/eye induced RPE cell
enlargement with some loss of RPE cells (~ Grade 3), while a higher dose of 2E9 vp/eye caused
nearly complete RPE loss (~ Grade 5) (Figure 4).

Photoreceptor toxicity was examined in preparations where the RPE and retina were kept
together, so that neighboring RPE and photoreceptor cells could be inspected for local effects. Cone
OS were stained by peanut agglutinin (PNA), which was used as a proxy for overall photoreceptor
health. Severe photoreceptor toxicity was seen at the doses of 1E9 and 2E9 vp/eye such that cone
OS's largely disappeared (Figures 4E, 4F). However, photoreceptors were less sensitive to AAV
toxicity than RPE, as AAV8-CMV-GFP-infected RPE demonstrated clear toxicity at the low dose
(5ES vp/eye), while neighboring cone OS's were largely normal (Figures 4A and 4D). RPE loss and
cone OS loss were usually found in the same area, which could have resulted from higher local
infection or an amplifying effect between compromised RPE and photoreceptors. Damage to the RPE
and retina was always restricted to the infected area, if a partial infection was seen, as the toxicity did
not spread beyond GFP-positive areas (Figures 4G-H).

An AAV?2 capsid derivative, 7m8, was developed for use in intravitreal injections, i.e.
injections into the cavity within the eyeball on the opposite side of the retina from subretinal
injections (Dalkara er al., 2013). This injection site is used routinely and safely for the delivery of
drugs for age-related macular degeneration (AMD). This capsid was tested using subretinal
injections, rather than intravitreal, in order to keep the injection site constant among vectors tested.
The hBestl-GFP genome was packaged in AAV2 7m8 and in AAVS§ for comparison of two capsid
types. The AAV2 7m8 encapsidated stocks did not grow to as high titer in our lab as stocks with
other capsid types, so we were only able to inject a maximum dose of 1E8 vp/eye. At this dose, GFP
was not seen in as large an area as other capsid types although GFP expression in the infected cells
was similar as determined by brightness, and RPE and photoreceptor toxicity was not observed, as

analyzed by morphological assays. However, injection of AAV8-hBestl-GFP at the same dose did
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result in mild toxicity in the RPE (grade 1-2 as well as significant areas where RPE cells were
smaller). Cone arrestin overlaying the areas of infection showed a normal pattern. In addition, the
area of infection using AAV8-hBestl-GFP was greater than that with AAV2 7m8. The parent capsid
type, AAV2, was also tested with genomes that were toxic when encapsidated in AAVS. Injection of
AAV2-CMV-null or AAV2-CMV-GFP did not result in RPE or retina toxicity up to 8E8 vp/eye.
However, we again noted less infection of the RPE with these vectors relative to infection with these
genomes encapsidated in AAVS. The lack of spread using AAV2 has been seen in other tissues, (e.g.
Watakabe et al., 2015), perhaps due to AAV2 quickly and effectively binding to cells near the
injection site. This may limit the number of cells which are infected with a high enough dose for toxic
effects. (Figure 8).

To further investigate whether toxicity is associated with capsid serotype, particularly type 8,
an additional capsid type was tested. AAV-CMV-GFP was packaged in Anc80, a capsid engineered
to be less effectively neutralized by prior exposure to extant AAV's (Zinn et al., 2015). AAV toxicity
also was seen using Anc80. Previous work conducted with genomes other than those reported here

also showed that AAVs capsids induced toxicity (Punzo and Cepko, data not shown).

AAY toxicity was found to be dependent upon vector structure and not on the preparation
methods.

To determine if preparation methods contribute to AAV toxicity, different AAVS purification
protocols, tittering methods, and preparations made by the present lab and three different virus core
facilities, were tested. In all cases, toxicity was observed (data not shown). Furthermore, toxic and
non- toxic preparations were examined on protein gels to examine the level of contamination by
cellular proteins. It was found that cellular protein contaminants did not correlate with toxicity
(Figure 9). The results suggest that the toxicity comes from transgene expression, the capsid proteins,
the viral genome structure, and/or unknown contaminants that cannot be assayed. However, the fact
that AAV8- CMV-null is toxic argues against protein expression being solely responsible for toxicity.
In addition, vectors expressing several other proteins were made, and they were seen to induce
toxicity if they used the CMV or CAG promoter (data not shown).

As shown in Figure &, there is a strong correlation between toxicity and promoter
specificity/sequences. The broadly active promoters, CMV, CAG, and UbiC, as well as the hBestl
promoter were found to be toxic, while the photoreceptor-specific promoters (Red O, Rho, CAR, and

hRK) induced no evident toxicity (Figure 10).

Assessment of AAV toxicity using clinical measures of structure and visual activity.

A commonly used assay for the health of human eyes is optical coherence tomography
(OCT), an imaging method that can detect alterations in retinal and RPE structure. In addition, human
vision can be assayed physiologically using electroretinograms (ERGs), under lighting conditions that

assess rod versus cone function. Vision in animals can additionally be measured by a behavioral test,
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the optomotor assay. These assays were performed on C57BL/6J mice injected with toxic and non-
toxic virus preparations at a low dose (8E8 vp/eye) and a high dose (3e9 vp/eye). The C57BL/6J
strain was chosen for these assays as it is free of rd8 and cpfl3 mutations which may lead to
morphological and functional deficits in the retina (Chang et al., 2006; Mattapallil et al., 2012). The
AAVE-CMV-GFP vector was used as a representative of the toxic category. This vector expresses in
the RPE, cones, and to a lesser extent, in rods. To compare the results to those from a non-toxic
vector preparation with expression in the same cell types, and to test whether toxicity is associated
with a serotype other than type 8, a variety of vectors was used: AAV8-CAR-GFP; AAV8-hBestl-
GFP for RPE expression, which is non-toxic at low dose, and AAV8-RedO-GFP, at a 1:5 ratio;
AAVE-CMV-GFP; and AAV5-CMV-GFP. As an initial measure of infection and to assess potential
injection trauma, a fundus camera with a fluorescent light source was used to image GFP and eye
morphology. The eyes infected with the non-toxic viruses (AAV8-CAR-GFP, and AAV8-RedO-GFP
combined with AAV8-hBesti-GFP) showed uniform expression of GFP in the RPE (Figure 5A left
panels, GFP in photoreceptors was masked by GFP in the RPE). Eyes receiving a low dose of the
toxic AAV8-CMV-GFP and AAV5-CMV-GFP virus showed a variable degree of GFP expression in
the RPE cells, similar to that observed in cross sections (Figures 1 and 6A) and flat-mounts. Fewer
GFP+ RPE cells were observed following infection of AAV8-CMV-GFP and AAV5-CMV-GFP at
high dose, presumably due to death of RPE cells (Figures 5A and 6A). Using OCT to image infected
eyes, similar observations were made. Largely normal retinal layers were seen following infection
with both low and high doses of the non-toxic preparation (AAV8-CAR-GFP, and AAV8-RedO-GFP
combined with AAV8-hBesti-GFP) (Figure 5B, left panels). In contrast, infection with the low dose
of the toxic virus AAV8-CMV-GFP and AAV5-CMV-GFP resulted in diminished outer limiting
membrane (OLM) and inner segment / outer segment (IS/OS) bands, created disturbances in the RPE
bands, and led to intrusions in the subretinal-RPE space (arrows). Such intrusions may represent
infiltrating immune cells (Figure 5B upper panels). At high dose, infection with the toxic virus
AAVE-CMV-GFP and AAV5-CMV-GFP resulted in more dramatic OCT manifestations with
decreased ONL and larger subretinal intrusions (Figure 5B lower panels). Overall, these in vivo
imaging results correlate well with our observations of toxic effects on photoreceptors and the RPE
seen on ex vivo histological preparations (Figures 1, 2, and 6).

All mice that were judged to have successful and non-traumatic injections, as assessed by
fluorescent fundus microscopy at ~P21, were examined by the ERG and optomotor assays at P30. For
assessment of rod function and the downstream retinal pathway from rods, scotopic conditions (low
light levels without background light) for the ERG were used, while for cone and cone pathway
function, photopic conditions (with background light to saturate the rods) were used. The a-wave
provides a measure of photoreceptor function, while the b-wave provides a measurement of ON-
bipolar cell activity that also indicates the synaptic signaling between photoreceptors and bipolar
cells. Injection of the high dose of the toxic virus, AAV8-CMV-GFP, showed a significant drop in
the a-wave (-84%, p < 0.001) and b-wave amplitudes (-71%, p < 0.0001) in scoptopic conditions
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(Figures 5 C and D), suggesting a severe functional deficit in rods and the rod-pathway. Under
photopic conditions, the toxic groups showed a 50% to 70% decrease in b-wave amplitudes at all
light intensities (Figures 5 E and F), compared to the non-toxic group, and a ~5-fold increase in 1y,
increase (Figure S5F inset), a measure of the flash intensity giving 50% maximal response (Vinberg et
al.,2017). This indicated that the cones or cone- pathway in the toxic group were much less sensitive
to light as they required 5-fold more photons to reach the 50% maximal response.

To measure vision, injected mice were tested in the optomotor assay, which measures visual
acuity by assessing the motor response of mice under photopic conditions to a virtual rotation of
stripes of different widths (Prusky et al., 2004). In keeping with the results of the photopic ERG, the
optomotor assay showed a deterioration in photopic vision, with visual acuity decreased by 30% (p <
0.05) in the high dose toxic group (Figure 5G), consistent with a decrease in cone function.

Mice injected with the low dose of the toxic virus had milder perturbations detected by these
assays. Several parameters were more comparable to those seen in mice injected with non-toxic
viruses including the scotopic ERG b-wave amplitude (Figure 5D), photopic ERG b-wave amplitudes
(Figure 5F), and photopic optomotor acuity (Figure 5G). However, subtle visual deficits were still
detectable in the low dose toxic virus group: the scotopic ERG a-wave amplitude was 49% lower (p <
0.05) than the non-toxic control, and the scotopic b-wave implicit time was significantly delayed, (27
msec slower than control, p < 1E-8) (Figure 5D). In addition, the photopic ERG showed that the 11/2
was —2-fold higher (i.e. 2-fold less sensitive to light) in the low dose toxic group than in the non-
toxic virus group (Figure 5F inset). These results demonstrate that the retinal damage induced by

toxic AAV can result in visual deficits, in correlation with the dose of administered virus.

Microglia activation is associated with AAV-induced toxicity.

Microglia are the main innate immune cell type in the retina. It was determined whether they
were activated in retinas infected with toxic AAV at 30 days post virus infection. Iba-1 is a marker of
microglia and increases in intensity with activation. Iba-1 staining was examined and it was found
that there were significantly more Iba-1 positive microglia in the retina after infection with toxic
AAYV preps (Figures 7A-C). In contrast, microglia number, localization, and morphology did not
change significantly in retinas infected with non-toxic AAV preps. Microglia responses were very
sensitive indicators of toxicity. In low dose AAV8-CMV-GFP (8E8 vp/eye) infected retinas, in which
no clear photoreceptor degeneration was observed, microglia migrated to the ONL and subretinal
space, where they adopted an amoeboid or activated morphology (Figures 7B-C). To confirm this
result, microglia numbers were examined using a transgenic mouse strain, Cx3cr1-GFP, in which
microglia are marked by GFP. This strain was injected with AAV8-CMV-TdTomato (3E8 vp/eye),
which utilizes the same CMV promoter and human B-globin intron as the toxic AAV8-CMV-GFP.
The percentages of all live retinal cells that were GFP+ microglia cells were analyzed using flow
cytometry. A three-fold increase of GFP+ microglia was observed in the AAV8-CMV-Tdtomato-

infected retinas compared to uninjected or PBS-injected retinas (Figure 7D).
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Activated microglia may increase their expression of pro-inflammatory cytokines, such as
tumor necrosis factor alpha (TNFa), interleukin 1 beta (IL-1f), interleukin 6 (IL-6), and/or interferon
gamma (IFNYy). This possibility was tested by examining the levels of RNA for TNFa, IL-1p, IL-6,
and IFNy by qPCR in the dissected retinas at 30 days post virus infection. TNFa and IL-1[3 were
highly upregulated in retinas infected with the toxic viruses, while the levels of IL-6 and IFNy were
not significantly changed (Figure 7E). The increase of TNFa and IL-1[3 expression correlated with

the dose of the injected toxic viruses (Figure 7E).

Discussion

Ocular delivery of AAV vectors has been considered to be relatively safe, as shown by the
results of several clinical trials. Subretinal injection of AAYV is the route used to administer virus for
treatment of LCA, retinitis pigmentosa, choroideremia, and neovascular AMD (Constable et al.,
2017; Dimopoulos et al., 2018; Ghazi et al., 2016; Maguire et al., 2009). However, the sensitive
assays that we were able to conduct in mice have shown that there can be several manifestations of
toxicity from subretinal injections of AAV. Toxicity was seen with more than one type of capsid, and
did not correlate with preparation methods, endotoxin level, non-viral protein contamination, or
mouse strain. The lack of correlation with preparation method is in agreement with the results from
previous studies (Hordeaux et al., 2018; Lock er al., 2012). The two variables showing the strongest
association to toxicity are the promoters and the viral dose administered. It is likely that other
variables can contribute in studies conducted by other groups, e.g. stocks with a high degree of
endotoxin are likely to be problematic, but high levels were not seen in our stocks. Our results show
that if one develops sensitive assays for different manifestations of toxicity, safer vectors can be
developed, reducing the likelihood of problems occurring as a greater number of patients are treated.

In human clinical trials, the dose of AAV used in subretinal injections ranges from 1E10
genome copy (gc)/eye to 1E12 ge/eye (Bainbridge et al., 2015; Constable et al., 2017; Dimopoulos et
al., 2018; Maguire et al., 2009). So far, most ocular gene therapy trials have used AAV2, and thus
less is known about the safety and efficacy of AAVS or other capsid types. However, AAVS, and
likely other capsid types under development, may offer advantages in terms of number of cells,
and/or the cell types, infected. For example, AAV2 did not give as much infection of the RPE as
AAVSE in our experiments conducted in mice. AAV 8 encapsided toxic genomes were toxic at doses
of SE8 vp/eye to 2E9 vp/eye. Toxic doses for different AAV serotypes are unlikely to be the same, as
the cellular tropisms of different AAV serotypes vary greatly (Watanabe et al., 2013). It is difficult to
extrapolate across studies, as different subjects/animals, injection routes, and virus tittering methods
{genome copies vs viral particles) are used. The vexing issue of differences in titers was well
illustrated in a trial where multiple groups measured the titer of the same stock, with differences of up
to 100 fold reported (Ayuso et al., 2014). Nonetheless, our results emphasize the importance of
testing the dose of specific AAV serotypes with sensitive assays of several phenotypic aspects of

relevant cell types, in agreement with the results and recommendations by Hinderer et al. (Hinderer et
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al.,2018). Most assays conducted to date examine only a few parameters, such as neutralizing
antisera or gross inflammation and tissue damage.

In light of clinical trials conducted in the eye, it is interesting that two promoters shown to be
toxic in our studies have been used safely in humans. The hBestl (VMD?2) promoter has been used for
retinitis pigmentosa, where the RPE gene, MERTK, is defective (Ghazi et al., 2016; Hauswirth et al.,
2008). The AAV2-VMD2-hMERTK vector, when administered at 4E8 or 4E9 gc/eye in Sprague-
Dawley rats, did not cause any obvious retinal damage compared to the saline injected eyes
(Hauswirth et al., 2008). In the follow-up clinical trial, six patients who received either 5.9E10 vg or
1.8E11 vg of AAV2- VMD2-hMERTK vector did not develop severe complications (Ghazi et al.,
2016). In our study, however, both AAV8-hBestl-GFP/mApple and AAV2 7m8-hBestl-GFP (8E8
vp/eye) were toxic to the RPE cells in mice. Minimizing the level of AAV8-hBestl-GFP to 1E8
vp/eye, as in the non-toxic low dose group, reduced toxicity, while still providing a good level of
GFP expression in the RPE (Figure 5). One interesting observation is that AAV8-hBestl-mApple was
less toxic than AAV8-hBestl-GFP (Figure 3B). It is possible that GFP contributed to the RPE
toxicity. In addition to the hBestl promoter in use in human trials, the CAG promoter is used in the
LCAZ2 vector approved by the FDA (Luxturna). Again, we would suggest that the dose has been
chosen to minimize toxicity. However, since subretinal infections of human eyes results in local
infection of approximately 10% of retinal or RPE cells, the clinical benefits are more limited than
what would be ideal. If safer vectors could be developed, a greater number of cells could be
transduced, likely creating greater benefit to the patients, and the concern for safety could be lowered
for all injections.

As discussed above, a key observation of our study is that toxicity correlated with promoter
type, with the broadly active promoters and an RPE-specific promoter leading to toxicity and
photoreceptor-specific ones being benign. Toxicity also has been seen in other tissues with broadly
active promoters, and not with cell type-specific promoters (REFs), but a systematic investigation of
several of each type has not been reported. One mechanism that might explain toxicity is that the
broadly active promoters tend to drive higher expression of transgenes than cell type-specific
promoters. GFP protein has been shown to be toxic via reactive oxygen species (ROS), and apoptosis
(Ansari et al., 2016; Liu et al., 1999). However, toxicity cannot be solely attributed to GFP or any
other protein expression, as AAV8-CMV-null is as toxic as AAVE-CMV-GFP (Figures 1 and 2), and
other non-GFP proteins were also seen to be toxic when encoded by CMV or CAG vectors (data not
shown). Another hypothesis is that the CMV sequence, present in both the CMV and CAG vectors,
stimulates an innate immune response, as CMYV is a virus that activates the innate immune system
naturally. Arguing against this, the UbiC and hBestl promoters are human in origin, and are also
toxic. Another possibility is that there is a common sequence motif among the toxic vectors. Toll-like
receptor 9 (TLR9), which senses unmethylated CpG DNA, can detect the AAV genome (Zaiss et al.,
2002; Zhu et al., 2009), and can be blocked by inclusion of specific "jamming" sequences within the

viral genome (REF). We examined the set of viruses that we tested, and failed to find any correlated
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sequence motifs. A search for toxic sequences using deletions and chimeric viral genomes may show
toxic and/or protective sequences. In addition to innate immune sensing of DNA sequences, capsids
also can be sensed, as TLR2, which is on the cell surface, can sense AAV2 and AAVS capsids in
Kupffer cells and liver sinusoidal endothelial cells,but not hepatocytes (Hosel et al., 2012).

It is of interest to consider the cell types that might be sensing the virus. In addition to
microglia, the RPE may sense virus. It is situated between the rich vascular bed of the choriocapillaris
and the retina, constitutes a portion of the blood-retinal barrier, and expresses at least several genes of
the innate immune system, including the TLRs. Two observations favor a model in which the RPE
can be a primary sensor of toxic viruses. AAV vectors with the RPE-specific promoter, hBestl, cause
toxicity. In addition, we found that intravitreal injection of a toxic virus, AAV8-CMV-GFP, did not
cause any adverse effects (Figure 13). AAV injected into the vitreous is unlikely to efficiently pass
through the retina to the RPE, and infect the RPE at the same level as subretinally delivered virus.
The RPE may react when delivered a threshold level of virus, as might also be indicated by the
reduced toxicity seen with AAV2 7m8 and AAV2, which gave more limited infection of the RPE.
Finally, one can consider the other two retinal glial cell types, Muller glia (MG) and astrocytes, as
sensors of virus, as they also can respond to inflammatory stimuli (Jiang et al., 2009, 2012; Kumar
and Shamsuddin, 2012). However, Muller glia are not yet born at PO, and astrocytes are just
beginning to migrate into the retina at PO (Kautzman et al., 2018). It is possible that the inflammation
seen in other studies of AAV infection of the retina following vitreal injections is due to sensing by
cither or both of these cell types, or endothelial cells, as
the previous studies used injections into mature animals where these cell types would be present and
very accessible to vitreally delivered virus.

A novel hypothesis suggested by our data is that it is the act of transcription from a non-
chromosomal genome that is being sensed in the RPE and microglia, as toxicity correlates with the
promoters that would be active in in the RPE, and possibly microglia. Although we did not see GFP
in microglia following infection with any virus, it has been reported that they are difficult to infect in
vivo (Rosario et al., 2016). However, it could be that they are infected, but shut down viral gene
expression. Detection of viral genomes using the newer and more sensitive DNA FISH methods may
resolve this issue (Beliveau et al., 2012; Trotman et al., 2001). The other cell types at the injection
site, the retinal neurons, particularly photoreceptors, generally do not express genes encoding sensors
of innate immunity (Cherry et al., 2009; Shekhar et al., 2016; Trimarchi et al., 2007, 2008), and thus
would not be expected to react directly to viral transcription. If this model should hold, it would be in
keeping with both virus dose and promoter activity being correlated with toxicity. Although we have
not measured promoter activity level in our study, the levels of GFP fluorescence that were observed

in the RPE were considered to be high from all of the toxic promoters.
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Example 2: Devleopment of AAV Expression Cassettes and Constructs that Reduce the
Toxicity Associated with AAV while Maintaining Pharmacological Activity

As described in Example 1 above, it was surprisingly found that intraocular delivery, i.e.,
subretinal delivery, of some AAVs consistently induced cone OS shortening, reduction of the outer
nuclear layer (ONL) where rods and cones reside, and dysmorphic RPE, in mice and that this toxicity
was correlated with AAV structure. However, as described in the present example, the critical
clements have been identified that reduce this toxicity while maintaining pharmacological activity
and, based on the identification of these elements therapeutically effectiveAAV constructs that
reduce the toxicity while maintaining pharmacological activity and/or constructs that exhibit benefits
of pharmacological activity that outweigh any toxicity associated with the constructs have been
developed.

For example, an AAV vector comprising a CMV promoter operably linked to an SV40 intron
which is operably linked to a nucleic acid molecule encoding NRF2 or an AAV2/5 vector comprising
a CMYV promoter operably linked to an SV40 intron which is operably linked to a nucleic acid
molecule encoding NRF2 were found to be non-toxic and to inhibit cone cell death in an animal
model of RP.

Specifically, as described in U.S. Patent Publication No.: 2016/0279265 [Harvard Reference
No. HU 5100; McCarter Reference No. 117823-05402], the entire contents of which are incorporated
herein by reference, it has been found that inclusion of Nrf2 in an AAV2/8 construct comprising a
CMYV promoter preserved cone outer segments in rd] retinas at P50, prolonged cone survival in rd1
retinas at P50, and preserved cone function as assessed by optomotor assay, electroretinography, and

light-evoked ganglion cell activity in mouse models of retinitis pigmentosa.

Example 3: Devleopment of AAV Expression Cassettes and Constructs that Reduce the
Toxicity Associated with AAV and Maintain Pharmacological Activity

An AAYV vector comprising the toxic promoter hBEST1, a chimeric intron and Nrf2 was also
prepared and assessed for retinal pharmacology. An exemplary expression cassette of this construct
is depicted in Figure 14 and an exemplary vector map of such a construct (referred to herein as
pAAV-hNrf2) is depicted in Figure 15.

Briefly, the 293T cell line was thawed and expanded in the culture vessels, and then the cells
were transfected with the three purified plasmid DNAs (pAAV-hNif2, pRep2Cap8 and pAAV-
Helper). After production culturing, Triton X-100 was added to the 293T cell culture and AAV 8-
hNrf2 was collected as crude vector extract solution. For rough purification of crude vector extract
solution, PEG precipitation was performed. Affinity chromatography with POROS™
CaptureSelect'™ AAVS Affinity Resin (Thermo Fisher Scientific: Product code A30790) was
performed, and fractions containing AAV8-hNif2 were collected. Next, ultracentrifugation with
cesium chloride was performed, the solution was fractionated from the top of the tube and fractions

containing AAV8-hNrf2 were collected. After two dialysis was performed for buffer exchange, the
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purified AAV8-hNrf2 as drug substance was produced by sterile filtration. The titer of purified
AAVS8-hNrf2 was quantified using AAVpro Titration Kit Ver. 2 (Takara Bio Inc.: Product code
6233).

Construction of the the pRep2Cap8 vector loaded with an AAV packaging molecule is a
vector plasmid containing a Rep2 gene related to replication and transcription of AAV2 and a Cap8
gene (AAVS8 Cap) that codes the coat protein of a virus particle. AAV8 Cap sequence [NCBI
Reference Sequence: NC_006261.1 (bases: 2121 to 4337)] was synthesized and replaced from the
Cap5 in the pRCS Vector (Takara Bio Inc.: Product code 6664) to construct pRep2Cap8 (Figure 16).

The pAAV-Helper Vector loaded with an adenovirus helper molecule (Takara Bio Inc.:
Product code 6230) is a vector plasmid containing E2A (Early 2A), E4 (Early 4) and VA (viral
associated) derived from an adenovirus (Figure 17).

In order to further assess the effect of this AAV construct, B6.CXB1-Pde6brd10/J, rd10
mice, one of the most used models of RP was selected for these analyses. As PDE6b (rod-
phosphodiesterase (PDE) 6b) is the gene that is mutated in some RP patients and this mouse model
carries a spontaneous mutation of the Pde6b gene and develops progressive photoreceptor
degeneration, this model closely mimics the cause and pathogenesis of RP in humans. Although it
takes about 7 weeks for Nrf2 transgene’s expression by AAVSE to reach a plateau after subretinal
injection (Natkunarajah, Trittibach et al. 2008, Gene. Ther. 15, 463-467), this mouse models shows
the progressive pathological condition that can be used evaluate the efficacy of the AAV construct
and, thus, was selected as a pivotal animal model.

Accordingly, this AAV construct was subretinally injected on post-natal day 1 (PND 1) and
optomotor response was measured on PNDs 30, 50, 70, 90, and 108. In addition, photopic ERG was
assessed on PND 35 and opsin count, as a cone marker, was assessed on PND 50.

Administration of this AAV construct at a dose of 6E8 viral genomes (vg)/eye delayed
progression of loss of functional vision as assessed by optomotor response (Figure 18A), photopic
ERG (Figure 18B), and cone marker (Figure 18C) compared with the vehicle group and
administration of this AAV construct at a dose of 1.8E8 vg/eye delayed progression of loss of
functional vision as assessed by optomotor response and cone marker compared with the vehicle

group. In this study, the effective dose in mouse model was 1.8E8-6ES vg/eye.
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EQUIVALENTS
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention described herein.

Such equivalents are intended to be encompassed by the following claims.
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We claim:

1. A composition, comprising an adeno-associated virus (AAV) expression cassette, the
expression cassette comprising a human bestrophin 1 (hBest1) promoter, a chimeric intron, and a

nucleic acid molecule encoding nuclear factor erythroid 2-like 2 (Nrf2).

2. The composition of claim 1, wherein the hBest1 promoter comprises nucleotides -585 to
+38 of the hBestlgene; nucleotides —154 to +38 of the hBest] gene; or nucleotides —104 to +38 bp
of the hBestl gene, or or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%,
92%, 93%, 94%., 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire
nucleotide sequence of nucleotides -585 to +38 of the hBestlgene; nucleotides —154 to +38 of the

hBest1 gene; or nucleotides —104 to +38 bp of the hBest1 gene.

3. The composition of claim 1 or 2, wherein the hBest1 promoter comprises nucleotides
4885-5507 of SEQ ID NO:9, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%., 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the
entire nucleotide sequence of nucleotides 4885-5507 of SEQ ID NO:9.

4. The composition of any one of claims 1-3, wherein the nucleic acid molecule encoding
Nrf2 comprises the nucleotide sequence selected from the group consisting of the Nrf2 transcript
variant 1 (SEQ ID NO:1), the Nrf2 transcript variant 2 (SEQ ID NO:2), the Nrf2 transcript variant 3
(SEQ ID NO:3), the Nrf2 transcript variant 4 (SEQ ID NO:4), the Nrf2 transcript variant 5 (SEQ ID
NO:5), the Nrf2 transcript variant 6 (SEQ ID NO:6), the Nrf2 transcript variant 7 (SEQ ID NO:7),
and the Nrf2 transcript variant 8 (SEQ ID NO:8), or a nucleotide sequence having about 85%, 86%,
87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide
sequence identity to the entire nucleotide sequence of any one of the Nrf2 transcript variant 1 (SEQ
ID NO:1), the Nrf2 transcript variant 2 (SEQ ID NO:2), the Nrf2 transcript variant 3 (SEQ ID NO:3),
the Nrf2 transcript variant 4 (SEQ ID NO:4), the Nrf2 transcript variant 5 (SEQ ID NO:5), the Nrf2
transcript variant 6 (SEQ ID NO:6), the Nrf2 transcript variant 7 (SEQ ID NO:7), or the Nrf2
transcript variant 8 (SEQ ID NO:8).

5. The composition of any one of claims 1-4, wherein the nucleic acid molecule encoding
Nrf2 comprises the nucleotide sequence of the Nrf2 transcript variant 1 (SEQ ID NO:1), or a
nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of SEQ
ID NO:1.
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6. The composition of any one of claims 1-5, wherein the nucleic acid molecule encoding
Nrf2 comprises the nucleotide sequence selected from the group consisting of the Nrf2 transcript
variant 1 (SEQ ID NO:10), the Nrf2 transcript variant 2 (SEQ ID NO:11), the Nrf2 transcript variant
3 (SEQ ID NO:12), the Nrf2 transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ
ID NO:14), the Nrf2 transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID
NO:16), and the Nrf2 transcript variant 8 (SEQ ID NO:17), or a nucleotide sequence having about
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, V1%, 98%, or about 99%
nucleotide sequence identity to the entire nucleotide sequence of any one of the Nrf2 transcript
variant 1 (SEQ ID NO:10), the Nrf2 transcript variant 2 (SEQ ID NO:11), the Nrf2 transcript variant
3 (SEQ ID NO:12), the Nrf2 transcript variant 4 (SEQ ID NO:13), the Nrf2 transcript variant 5 (SEQ
ID NO:14), the Nrf2 transcript variant 6 (SEQ ID NO:15), the Nrf2 transcript variant 7 (SEQ ID
NO:16), or the Nrf2 transcript variant 8 (SEQ ID NO:17).

7. The composition of claim 1-6, wherein the nucleic acid molecule encoding Nrf2
comprises the nucleotide sequence of the Nrf2 transcript variant 1 (SEQ ID NO:10), or a nucleotide
sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97 %,
98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of SEQ ID NO:10.

8. The composition of any one of claims 1-7, wherein the chimeric intron comprises a 5' -
donor site from the first intron of the human -globin gene and the branch and 3' -acceptor site from
the intron that is between the leader and the body of an immunoglobulin gene heavy chain variable

region.

9. The composition of any one of claims 1-8, wherein the chimeric intron comprises
nucleotides 1120-1252 of the nucleotide sequence in Figure 19 (SEQ ID NO:21), or a nucleotide
sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97 %,
98%, or about 99% nucleotide sequence identity to the entire nucleotide sequence of nucleotides

1120-1252 of the nucleotide sequence in Figure 19 (SEQ ID NO:21).

10. The composition of any one of claims 1-9, wherein the expression cassette further

comprises a post-transcriptional regulatory region.

11. The composition of any one of claims 1-10, wherein the expression cassette further

comprises a Woodchuck hepatitis virus posttranscriptional regulatory element (WPRE).
12. The composition of any one of claims 1-11, wherein the expression cassette further

comprises a post-transcriptional regulatory region comprising nucleotides 3110-3651 of the

nucleotide sequence in Figure 19 (SEQ ID NO:21), or a nucleotide sequence having about 85%, 86%,
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&7%., 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or about 99% nucleotide
sequence identity to the entire nucleotide sequence of nucleotides 3110-3651 of the nucleotide

sequence in Figure 19 (SEQ ID NO:21).

13. The composition of any one of claims 1-12, wherein the expression cassette further
comprises a post-transcriptional regulatory region comprising the nucleotide sequence of SEQ ID
NO: 18, or a nucleotide sequence having about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, or about 99% nucleotide sequence identity to the entire nucleotide
sequence of the nucleotide sequence of SEQ ID NO: 18.

14. The composition of any one of claims 1-13, wherein the expression cassette is present in

a vector.

15. The composition of claim 14, wherein the vector is an AAV vector selected from the

group consisting of AAV2, AAV &, AAV2/5, and AAV 2/8.

16. An AAYV vector particle comprising the composition of any one of claims 1-15.

17. An isolated cell comprising the AAV particle of claim 16.

18. A pharmaceutical composition comprising the AAV composition of any one of claims 1-

15 or the particle of claim 16.

19. The pharmaceutical compostion of claim 18, further comprising a viscosity inducing

agent.

20. The pharmaceutical compostion of claim 18 or 19, which is for intraocular

administration.

21. The pharmaceutical composition of claim 20, wherein the intraocular administration is
selected from the group consisting of intravitreal or subretinal, subvitreal, subconjuctival, sub-tenon,

periocular, retrobulbar, suprachoroidal, and/or intrascleral administration.

22. A method for prolonging the viability of a photoreceptor cell compromised by a
degenerative ocular disorder, comprising contacting said cell with the composition of any one of
claims 1-15, the AAV viral particle of claim 16, or the pharmaceutical compostion of any one of
claims 18-21, thereby prolonging the viability of the photoreceptor cell compromised by

thedegenerative ocular disorder.
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23. A method for treating or preventing a degenerative ocular disorder in a subject,
comprising administering to said subject a therapeutically effective amount of the composition of any
one of claims 1-15, the AAYV viral particle of claim 16, or the pharmaceutical compostion of any one

of claims 18-21, thereby treating or preventing said degenerative ocular disorder.

24. A method for delaying loss of functional vision in a subject having a degenerative ocular
disorder, comprising administering to said subject a therapeutically effective amount of the
composition of any one of claims 1-15, the AAV viral particle of claim 16, or the pharmaceutical
compostion of any one of claims 18-21, thereby treating or preventing said degenerative ocular

disorder.

25. A method for treating or preventing retinitis pigmentosa in a subject, comprising
administering to the subject a therapeutically effective amount of the composition of any one of
claims 1-15, the AAV viral particle of claim 16, or the pharmaceutical compostion of any one of

claims 18-21, thereby treating or preventing retinitis pigmentosa in said subject.

26. The method of any one of claims 22-24, wherein the degenerative ocular disorder is

associated with decreased viability of cone cells and/or decreased viability of rod cells.
27. The method of any one of claims 22-26, wherein the degenerative ocular disorder is
selected from the group consisting of retinitis pigmentosa, age related macular degeneration, cone rod

dystrophy, and rod cone dystrophy.

28. The method of any one of claims 22-27 wherein the degenerative ocular disorder is a

genetic disorder.

29. The method of any one of claims 22-28, wherein the degenerative ocular disorder is not

associated with blood vessel leakage and/or growth.

30. The method of any one of claims 22-29, wherein the degenerative ocular disorder is

retinitis pigmentosa.
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Grade 0: No toxicity,
very regular, uniform
hexagonal RPE array
and f-actin staining.

Grade 1: Slight
disarray/disorder to
mostly regular
hexagonal RPE array,
some fluctuations in
f-actin.

Grade 2: More disarray/
disorder to the regular
hexagonal RPE array,
vacuolated dropout of
f-actin staining,
rosettes.

Grade 3: Enlarged cells,
vacuolated dropout of
f-actin staining,
rosettes.

N N
>
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Grade 4: Severe
toxicity, more disarray/
disorder to the regular
hexagonal RPE,
significantly enlarged
cells, stress fibers.

Grade 5: End-stage
toxicity
Complete RPE loss.
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FIG. 4C
AAV8-CMV-GFP (High)
FIG. 4F

FIG. 4E

FIG. 4B
AAV8-CMV-GFP (Middle)

FIG. 4A
AAV8-CMV-GFP (Low)
FIG. 4D
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FIG. 4H

FIG. 4G
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FIG. 5E
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FIG. 10 AAV8-CMV-GFP AAV8-CMV-null
uninjected (BE8 vg/eye) (8E8 vg/eye)

AAVS-CAG-GFP  AAV8-UbiC-GFP AAV8-RedO-GFP
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FIG. 12 Grades:
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FIG. 19A 20135

agegeccaatacqeaaaccqectetecceqgegegttggecgattcattaatocagetggeacgacaggttteecgactggaaageqggcagtaag
HHHHHHHHHHH

tegegggttatgeqtttggeggagaggqgegegeaaccqgetaagtaattacgtegaceqtgctgtecaaagggetgacctitegeecgteacte

cqcaacqcaattaatgtgagttageteacteattaggcaccecaggetttacactitatgetteeggetegtatytigtotggaattgtoagegy
HHHHHHHHHHHHHH

geqttgcgttaattacacteaateqagtgagtaateegtagggtecqaaatgtyaaatacgaaggeegageatacaacacaccttaacactegee

[ CAP binding site | | -35 | | -10) |

lac promoter lac operator
Xmal

ataacaatttcacacaggaaacagctatgaccatgattacgecagatttaattaaggetgegegetegetegeteactoaggecgeecgggcaaa
HHHHH
tattottaaagtgtgtectttgtegatactggtactaatgeggtetaaattaatteegacgegegagegagegagtgacteeggegggeecqttt

| | M13rev ) | 5-ITR >

lac operator

Xmal
geeegqqegtegggegacctttggtegeceggeeteagtgagegagegagegegcagagagqoagtggecaactecateactaggggtiecttat
HHHHHHHHHHHHHH

cgggeecgeageecqetggaaaccagegggccggagteactegetegetegegegteteteccteaccqgttgaggtagtoatecceaaggaaca
5-ITR >

additional AAV sequences
AflII

|
agttaatgattaacceqecatgctacttatetacgtagecatgetetaggaagateggaattegeccttaagetagCAGARTTCTGTCATTTTAC
HHHHHHHHHH

tcaattactaattqggeggtacqatgaatagatgcategytacgagatecttctagecttaageqggaattcgatcGICTTAAGACAGTAARATG

additional AAV sequences | | Best1-585+38 >

Xma{ IBstEII

TAGGGTGATGAAATTCCCRAGCAACACCATCCTTTTCAGATAAGGGCACTGAGGCTGAGAGAGGAGCTGARACCTACCCAGGRTCACCACACACA
HHHHHHHHHHHHHHHHHHH
ATCCCACTACTTTRAGGGITCGTTGTGGTAGGARRAGTCTATTCCCGTGACTCCGACTCTCTCCTCGACTTTGGATGGGCCCCAGTGETGTGTGCT

Best1-585+38 >

GGTGGCAAGGCTGGGACCAGRAACCAGGACTGTTGACTGCAGCCCGGTATTCATTCTTTCCATAGCCCACAGGGCTGTCARAGACCCCAGGGCCT
R

CCACCGTTCCGACCCTGETCTTTG6TCC TGACAACTGACGTCCGCCCATAAGTAAGARAGGTATCCGGTGTCCCGACAGTTTCTGGGGTCCCGGA
Best1-585+38 >

StUJ Bsu36l

AGTCAGAGGCTCCTCCTTCCTGRAGAGTTCCTGGCACAGRAGTTGAAGCTCAGCACAGCCCCCTAACCCCCARCTCTCTCTGCARGGCCTCAGGG
R
TCAGTCTCCGAGGAGGAAGGACCTCTCAAGGACCGTGTCTTCAACT TCGAGTCGTGTCOOGGGATTGOGGGTTGAGAGAGACGTTCCGRAGTCCC

Best1-585+38 >

95

190

285

380

475

570

665

760
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FIG. 19B

CTCAGRACACTGGTGGAGCAGATCCTTTAGCCTCTGGATTTTAGGGCCATCGTAGAGGGGETCTTGCCCTARATTCCAGCCCTGGTCTCAGCCCA
HHHHHHHHHHHH 855
CAGTCTTGTGACCACCTCOTCTAGGARATCGGAGACCTAARATCCCGGTACCATCTCCCCCACRACGGGATTTARGGTCGGGACCAGAGTCGGRT

Besti-585+38 >

27/35

ACACCCTCCAAGRAGAAATTAGAGGGGCCATGGCCAGGCTGTGCTAGCCGTTGCTICTGAGCAGAT TACAAGARGGGACTAAGACRAGGACTCCT
BB ARAARBRRARRRARAARAARARARARREREA RARAR AR A RARR AR ARARARAR RS RAREARRA SRR AR R AR R R R AL R aanEnn e 950

TGTGGGAGGTTCTIC T T TAATCTCCCC G TACCGaTCOGACACOATCGCAACGRAGACTCGTCTAATGTTCTTCCCTGAT TC TG TTCC TGAGER
Besti-585+38 >

PpuMll* |EcoNI

TTGTGGAGGTCCTGGCTTAGGCAGTCAAGTGACGGCGGCTCAGCACTCACGTGEGCAGT GLCAGCCTCTAAGAGTGGGCAGGGGCACTGGCCACA
+HHHHHHHHHHHHH 1045
ARCACCTCCAGGACCGAATCCCTCAGTTCACTGCCGCCGAGTCATCAGTGCACCCETCACGGTICGEAGATTCTCACCCGTCCCCETGACCGRIRT

Besti-585+38 >

GAGTCCCAGGGAGTCCCACCAGCCTAGTCGCCAGACCCAGATCCTGCAGAAGT TGETCETCAGGCACT GEGCAGGTAAGTATCAAGGTTACAAGA
BB AREARBRRARRRARAARARRRRARARRAREARARAR AR A RARRARARARARARREAREARRA SRR AR R AR R R R R AR AR RARR AR 1140

CTCAGGGTCCCTCAGGGTGETCGGATCAGCGRTCTGOETCTAGGACGTCTTCAACCAGCACTCCGTGACCCGTCCATTCATAGTTCCARTGTTCT
Best1-585+38 > I chimeric intron s

CAGGTTTAAGGAGACCAATAGRRACTGGGCTTGT CGAGACAGAGAAGACTCTTGCCTTTCTCATAGGCACCTATTGGTCTTACTGACATCCACTT
HHHHHHHHAHHAHHHHHHHAHHHHHH AR 1235
GTCCARATTCCTCTGGITATCTTTGACCCGRACAGCTCTGTCTCTTCTGAGRACGCARAGACTATCCGTGGATAACCAGRATGACTGTAGGTGAA

— chimeric intron —

Notl

Eagl Acc65l Kpnl

I |1
TGCCTTTCTCTCCACAGGTGTCCAGGCGGCCGCaat teggtaccATGATGGACTTGLAGCTGCCGCCGCCGGGACTCCCGTCCCAGCAGGACATG

R B B Em s e e e e e e 1330
ACGGARAGAGAGGTGTCCACAGGTCCGCCGGCGt taagecat ggTACTACCTGAACCTCGACGGCGECGGCCCTGAGGECAGGGTCGTCCTGTAC

1 1 5 1 1 1 10 1 1 1 15 1

MetMetAspLeu SluTentroProtro GlyLeuPro Ser 2ol Asp Met

mchimeric intronm| | N2 ORF >

GATTTGATTGACATACTTTGGAGGCAAGATATAGATCTTGGAGTAAGTCGAGRAGTATTTGACTTCAGTCAGCCACGGARAGAGTATGAGCTCGA

1425

CTARACTAACTGTATGAAACCTCCGTTCTATATCTAGAACCTCATTCAGCTCTTCATARACTGRAGTCAGTCGCTGCCTTTCTCATACTCGACCT
y .20, ,, 3%, ,,,3%,,, ,3%,,,,4, b , 4, ,
AspLeu e Asp Ileleu Trp Arg ol Asp IleAsp Leu Gly Val Ser Arq SVl e AspPhe Ser Gln Arghrg Lys GluTyr SluTercin

hNrf2 ORF >

GTCAGTCGCTGCCTTTCTCA
Primer 0410




WO 2020/132040 PCT/US2019/067131

FIG. 19C

AAAACAGRARAAACTTGAAAAGGAARGACAAGAACAACTCCARRAGGAGCAAGAGRRAGCCTTTTTCGCTCAGT TACRACTAGAT GRAGAGACAG
H-HAHHHHAHHAHHHHAHHHHH AR 1520
TTTTGICTTTTTTGAACTTTTCCTTTCTGTTCTTGTTGAGGTTTTCCTCGTTCTCTTTCGGARAAAGCGAGT CAATGTTGATCTACTTCTCTGTC

28/35

50 1 1 1 1 55 1 1 1 1 60 1 1 1 1 65 1 1 1 1 70 1 1 1 1 75 1 1 1 1 80
Lys GlnLys Lys Leu GluLys GluArg GlnGlu Gln Leu GlnLys Glu GLn GluLys AlaPhe Phe AlaGlnLeu GlnLeuAsp GluGluThr
hNrf2 ORF >

GIGARTTTCTCCCARTTCAGCCAGCCCAGCACATCCAGTCAGRARCCAGTGGATCTGCCAACTACTCCCAGGTTGCCCACATTCCCAAATCAGAT
HHHHHHHHHHHHHHHHHHHH R 1615
CACTTAARGRGGGTTAAGTCCGTCCEGICGTGTAGGTCAGTCTTTGETCACCTAGACCGTTGATGAGGGTCCARCGERTGTAAGGGTTTAGICTA

 , , ,08%,, , ,9, , 9%, ., 100, , b 10, , , 10,
GlyGluPheLeuProIleGlnProAlaGlnHlsIleGlnSerGluThrSerGlySerAlaAsnTyrSerGanalAlaHlsIleProLysSerAsp
hNrf2 ORF >

GCTTTGTACTTTGATGACTGCATGCAGCTTTTGGCGCAGACATTCCCGTTTGTAGATGACAATGAGGTTTCTTCGGCTACGTTTCAGTCACTTGT
HHHHHHHHHHHHHHH R 1710
CGARACATGAAACTACTGACGTACGTCGARAACCGCGTCTGTAAGGGCARACATCTACTGTTACTCCARAGRAGCCGATGCARAGTCAGTGRAACA

M5, ., 120, , , , 125, , , ,130, , , ,136, , , , 140, , , |
Alaleu Tyr Phe AspAspCys Met Gln Leu LeuAlaGln Thr Phe Pro Phe ValAspAsp Asn Glu Val SerSer AlaThr Phe Gln Ser Leu Val
hNrf2 ORF >

TCCTGATATTCCCGGTCACATCGAGAGCCCAGTCTTCATTGCTACTAAT CAGGCTCAGTCACCTGAARCTTCTGTTGCTCAGGTAGCCCCTGTTG
HHHHHHHHHHHHHH 1805
AGGACTATAAGGGCCAGTGTAGCTCTCGGGTCAGAAGTAACGATGATTAGTCCGAGTCAGTGGACT TTGAAGACAACGAGTCCATCGGGGACAAC

145 1 1 1 1 150 1 1 1 1 155 1 1 1 1 160 1 1 1 1 165 1 1 1 1 170 1 1 1 1 175
ProAspIle ProGlyHisTleGluSer ProVal PheIle AlaThr AsnGInAlaGln SerProGlu ThrSer ValAlaGlnVal AlaProVal
hNrf2 ORF >

ATTTAGACGGTATGCAACAGGACATTGAGCAAGTTTGGGAGGAGCTATTATCCATTCCTGAGTTACAGTGTCTTAATATTGARRATGACAAGCTG
HHHHHHHHHHH 1900
TAAATCTGCCATACGTTGTCCTGTAACTCGTTCARACCCTCCTCGATAATAGGTAAGGACTCARTGTCACAGAATTATAACTTTTACTGTITCGAC

, , ,180, , ,b .18, , , 190, , , ,195, , , ,200, , , ,205, |
AspLeuAspGlyMetGlnGlnAsleeGluGanalTrpGluGluLeuLeuSerIleProGluLeuGlnCysLeuAsnIleGluAsnAspLysLeu
hNrf2 ORF >

GTTGAGACTACCATGGTTCCAAGTCCAGARGCCARACTGACAGAAGT TGACARTTATCATTTTTACTCATCTATACCCTCAATGGARRARGAAGT
-+ 1995
CAACTCTGATGGTACCAAGGTTCAGGTCTTCOGTTTGACTGICTTCAACTGTTAATAGTARAAATGAGTAGATATGGGAGTTACCTTTTTCTTCA

, 210, , , 216, , , ,220, , , ,225, , , ,230, , , ,235, , |
ValGluThrThrMetValProSerProGluAlaLysLeuThrGluValAspAsnTyrHlsPheTyrSerSerIleProSerMetGluLysGluVal
hNrf2 ORF >

AGGTAACTGTAGTCCACATTTTCTTAATGCTTTTGAGGATTCCTTCAGCAGCATCCTCTCCACAGAAGACCCCAACCAGTTGACAGTGRACTCAT
-+ 2090
TCCATTGACATCAGGTGTARAAGAATTACGAARACTCCTAAGGAAGTCGTCGTAGGAGAGGTGTCTTCTGEGETTCETCAACTGTCACTTGAGTA

240 1 1 1 1 245 [ 1 1 1 250 L 1 1 1 255 1 1 1 1 260 L 1 1 1 265 1 [ 1 1 270
Gly AsnCys SerProHis Phe Leu Asn AlaPhe GluAsp SerPhe Ser SerIle Leu Ser ThrGluAspProAsnGln LeuThrval Asn Ser

hNrf2 ORF >
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TAAATTCAGATGCCACAGTCAACACAGATTTTGGTGATGAATTTTATTCTGCTTTCATAGCTGAGCCCAGTATCAGCRACAGCATGCCCTCACCT
HHHHHHHHHHHHHHHHHAHHHHAHHHHHHHHHAHAHHHHHH AR A 2185

ATTTARGTCTACGGTGTCAGITGTGTCTAAAACCACTACTTARRATAAGACGARAGTATCGACTCGGGTCATAGTCGTTGTCOTACGGGAGTGGA

v 4+ 275, , , ,280, , , , 28, , , ,290, , , ,29%, , , ,300, ,
Leu Asn SerAsp Ala Thr ValAsn Thr Asp Phe Gly Asp Glu Phe Tyr SerAlaPhe Ile Ala Glu Pro Ser IleSer AsnSer Met ProSerPro
hNrf2 ORF >

Aarl PspOM{ |ApaI HindIII

GCTACTTTAAGCCATTCACTCTCTGAACTTCTARATGGGCCCATTGATGTTTCTGATCTATCACTTTGCAAAGCTTTCAACCARRACCACCCTGA
HHHHHHHHHHHHHHHHHHRHHHHHAHHHHHRHHHRHHHRHHHHHRR AR 2280
CGATCAAATTCGGTAAGTGAGACACTTGAAGATTTACCCGCCTAACTACAAAGACTAGATAGTGARACGT TTCGARAGTTGGTTTTGOTGGGACT

, .06, , , 30, , , 35, , , 320, , , ,325, , , 330, , |
R2THE Leu ST Fis Se7 Teu Ser G U Leu Teu AsT GlyProIleAsp TalSer AspLeu TerTen Cys LysAlaPhe AS1Gin ASTALSProGln
hNrf2 ORF >

AAGCACAGCAGRATTCARTGATTCTGACTCCGGCATTTCACTARACACAAGTCCCAGTGTGGCATCACCAGRACACTCAGTGCRATCTTCCAGCT
HHHHHHHHHHHHHHHHHHHHHHAHHHHAHAHHHHHHHHAHAHHHHAHHHHAHHHAHAHHA AR 2375
TTCCTCICGTCTTAAGTTACTARGACTGAGGCCOTARAGT GATTTGTGTTCAGGGTCACACCCTAGTGET CTTGTGAGTCACCTTAGRAGGTCGA

335 1 1 1 1 340 1 1 1 1 345 1 1 1 1 350 1 1 1 1 355 1 1 1 1 360 1 1 1 1 365
Ser Thr Ala GluPhe Asn Asp SerAsp Ser GlyIleSer Leu Asn Thr SerPro Ser Val Ala SerPro GluHisSer Val GluSer Ser Ser
hNrf2 ORF >

ATGGAGACACACTACTTGGCCTCAGTGATTCTGAAGTGGRAGAGCTAGATAGTGCCCCTGGAAGTGTCAAACAGRATGGTCCTARAACACCAGTA
+HHHHHHHH 2470
TACCTCTGTGIGATGAACCGGAGTCACTAAGACTTCACCTTCTCGATCTATCACGGGGACCTTCACAGTTTGTCTTACCAGGATTTTGTGGTCAT

, 4 4,30, , , ,37%, , , ,38, , , 38, , , .39, , , 39, ,
Tyr GlyAsp Thrleu Jeu Glyleu SerAsp Ser GlUValGLu GLulen Bsp Ser Matro Gly Ser ValLys GlnAsnGlyPro Lys The ProVal
hNrf2 ORF >

CATTCTTCTGGGGATATGGTACAACCCTTGTCACCATCTCAGGGGCAGAGCACTCACGTGCATGATGCCCRATGTGAGAACACACCAGAGARAGA
R 2565
GTAAGRAGACCCCTATACCATGTTGGGAACACTGETAGAGTCCCCATCTCGTGAGTGCACGTACTACGGGTTACACTCTTGTGTGETCTGTTTICT

, ,400, , , 405, , b 410, , , 415, , , 420, , , ,425 , ,
His Ser Ser GlyAsp Met ValGlnPro Leu Ser Pro SerGln GlyGln Ser Thr HlS ValHlsAsp Ala Gln CysGlu Asn ThrPro Glu LysGlu
hNrf2 ORF >

ATTGCCTGTAAGTCCTGETCATCGGARAACCCCATTCACAARAGACARACATTCAAGCCGCTTGGAGGCTCATCTCACARGAGATGAACTTAGGG
HHHHHHHHHHHHHH 2660
TRACGGACATTCAGGACCAGTAGCCTTTTGGGGTAAGTGTTTICTGTTTGTAAGTTCGGCGAACCTCCGAGTAGAGTGTTCTCTACTTGAATCCC

430 1 1 1 1 435 [l 1 1 1 440 1 1 1 1 445 [l 1 1 1 450 1 1 1 1 455 1 1 1 1 460
LeuProVal SerPro GlyHis ArqLys ThrPro Phe Thr Lys AspLys His Ser SerArg LeuGlu AlaH1sLeu ThrArghAsp Gluleu Arg
hNrf2 ORF >

CARAAGCTCTCCATATCCCATTCCCTGTAGAARAAATCATTAACCTCCCTGITGTTGACTTCAACGAAAT GATGTCCAAAGAGCAGTTCART GAA
HHAHHHHHHHHHHHHHHAHAHAHAH A 2755
GITTTCGAGAGGTATAGGGTAAGGGACATCTTTTTTAGTAATTGGAGGGACAACAACTGARGTTGCTTTACTACAGGT TTCTCGTCARGT TACTT
, , 465, , , 470, , , ,475, , , ,480, , , ,485, , , ,490, ,
AlaLys A2 Leufis [1ePro PheProVal Glu LysIle Thehsn Teu?ro ValValAsp Phe ASnGLu et et ez LysGlu SinPhe Banin

hNrf2 ORF >
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GCTCAACTTGCATTAATTCGGGATATACGTAGGAGGGETALGAAT AAAGTGGCTGCTCAGAATTGCAGARAALGARAACTGGARAATATAGTAGA
HHHHHHHHHHH R 2850
CGAGTTGAACGTAATTAAGCCCTATATGCATCCTCCCCATTCTTATTTCACCGACGAGTCTTAACGTCTTTTTCTTTTGACCTTTTATATCATCT

1 495 1 1 500 1 1 505 1 1 51 0 1 1 51 5 1 1 520 1 1
AlaGln Leu Ala Leulle Arq AspIleArgArg Arq GlyLysAsnLys ValAla Ala GlnAsn Cys ArqLysArglys Leu GluAsnIle ValGlu
hNrf2 ORF >

ACTAGAGCAAGATTTAGATCATTTGARAGATGARAAAGAAARATTGCTCAAAGARAAAGGAGALAAT GACARAAGCCTTCACCTACTGARAALAC

HHHHHH R 0045

TGATCTCGTTCTARATCTAGTARACTTTCTACTTTTTCTTTTTAACGAGTTTCTTTTTCCTCTTTTACTGTTTTCGGRAGTGGATGACTTTTTTG

525 L L L L 530 L L L L 535I L L L 540 L L L L 545 L L L L 550 L L L L 555
LeuGluGln AspLeuAsp HisLeu Lys Asp GluLys GluLys Leu Leu Lys Glu Lys6lyGlu AsnAsp Lys Ser Leu HisLeu Leulys Lys

hNrf2 ORF

Primer 0420
TGCAGCRAACAAGA

AACTCAGCACCTTATATCTCGAAGTTTTCAGCATGCTACGTGATGAAGATGGARRACCTTATTCTCCTAGT GRATACTCCCTGCAGCARACAAGA
3040

TTGAGTCGTGGARTATAGAGCTTCAAAAGT CGTACGATGCACTACTTCTACCTTTTGGAATAAGAGGATCACTTATGAGGGACGTCGTTTGTICT
1 1 1 1 560 1 1 1 1 565 1 1 1 1 570 1 1 1 1 575 1 1 1 1 580 1 1 1 1 585 1 1
GlnLeuSerThr LeuTyr Leu Glu Val Phe SerMet LeuArg AspGluAspGly Lys Pro Tyr SerPro Ser GluTyr Ser LeuGLn Gln Thr Arg

hNrf2 ORF >

Primer

0420 Agel BamHI
CATGRCAATG) | |

GATGGCAATGTTTTCCTTGTTCCCAAAAGTAAGAAGCCAGATGTTAAGARRRACTAGAcCqTGGAT CCaatcaacctetggattacaaaattty
3135

CTACCGTTACAARAGGAACAAGGGTTTTICATTCTTCGGTCTACAATTCTTTTTGATCtggc cACCTAGG tagttggagacctaatgttttaaac
1 1 590 1 1 1 1 595 1 1 1 1 600 1 1 1 1 605 1
BspGLyAsn Val Phe Leu Val Pro Lys Ser LysLys Pro AspVal Lys Lys Asn

hNrf2 ORF > | WPRE >

tgaaagattgactggtattcttaactatgttgetecttttacqetatgtgatacgetgctttaatgectttgtateatgetattgettecegta
3230

actttctaactgaccataagaattgatacaacgaggaaaatgcgatacacctatgcgacgaaattacggaaacatagtacqataacgaagggeat

[ HisArg GlnIle Met Ser Asn Ser GIE/ Thr
<--(in frame with Factor Xa site)---

WPRE >

tggcttteattttctectecttgtatasatectggttgetgtetetttatgaggagttgtggeccqttgteaggeaacqtggeqtggtytgeact
HHHHHHHHHHHHHHHHHHHHHHHHH A 3325

accgaaagtaaaagaggaggaacatatttaggaccaacgacagagaaatactectcaacaccgggcaacagteegttgeaccgcaccacacqtga

HlS SerGluAsnGluGly GlyGln Ile Phe GlyPro Gln GlnArgLysIle LeuLeuGlnProGlyAsn AspPro Leu ThrAlaHis His Ala Ser
(in frame with Factor Xa site)

WPRE >
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gtgtttgctgacgcaacceccactggttggggeattgecaccacctgteagetectttecgggactttegettteccectecctattgecacgge
HHHHHHHHHH 3420
cacaaacgactgegttgggggtgaccaaccecgtaacggtggtggacagtcgaggaaaggecctyaaagcgaaagqgyggagggataacggtgecy

HisLys SerVal Cys GLyGly Ser Thr Pro Ala AsnGly 6Ly GlyThr Leu Glu Lys Gly Pro Ser GluSerGluGlyGlu ArgAsn Gly Arg Arg

« (in frame with Factor Xa site)

WPRE >

ggaactcatcgeegectgecttgecegetgetggacaggggeteggetottgggeactgacaattecgtggtattateggggaagetgacgtect
3515
cettgagtageggcggacggaacgggegacgacctgteccegagecgagaaccegtaactygttaaggcaccacaacageccettegactgcagga
Phe GluAspGlyGly AlalysGlyAlaAlaProCys Pro Ser ProGlnGlnAla Ser Vallle Gly HisHisGlnArg Pro Leu GlnArg Gly
« (in frame with Factor Xa site)

WPRE >

ttceatggetgetegectgtgtioccacctggattctgcgegggacatecttctgetacgtecctteggeccteaatecageggaccttecttee
HHHHHHHHHHH 3610

aaggtaccgacgagcggacacaacggtggacctaagacgcgccctgcaggaagacgatgcagggaagccgggagt%aggtcgcctggaaggaagg

Lys TrpProGlnGlu GLyThr Asn Gly GlyProAsnGln AlaProArg GlyGluAla ValAspArg Arg Gly Glu Ile
< (in frame with Factor Xa site) ?gi
Factor Xa site
WPRE >

Sacll

cgeqggectgctgecggetetgeggectettecgegtettegagatetgectegactatgecttetagttgecagecatetgttgtttgeecetee
HHHHHHHHHHHHHHHHHHHHHHHHHHHHH R 3705

gcgccggacgacggccgagacgccggagaaggcgcagaagetctagacggagctgacacggaagatcaacggtcggtagacaacaaacggggagg
WPRE > ] BGH pA

ceegtaccttecettgaccetggaaggtoccacteccactgtectttcectaataaaatgaggaaattgcategeattatetgagtagatyteatte
HHHHHHHH 3800

gggcacggaaggaactgggaccttecacggtgaggatyacaggaaaggattattttactectttaacqtagegtaacagactcatecacagtaag
BGH pA

Xhol
PspXI
PaeR71

tattetggegggtagggtagggcaggacagcaagqyggaggattgogaagacaatageaggeatgctggggact cgagttaagggegaateeccy
HHHHHHHHHHHH 3895

ataagaccccccaccecacccegtectgtegtteccectectaacecttetgttategtecgtacgaccectgageteaatteccgcettaaggge
BGH pA |

attaggatcttectagageatggctacgtagataagtageatggegggttaatcattaactacaaggaaccectagtyatggagttagecactee

A 3990
taatcctagaagoatetegtaccgatocatetattcategtaceqeccaattagtaattoatgttecttggggateactaccteaaccqgtgagy

| additional AAV sequences K 3-ITR
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Xmal Xmal
ctetetgegegetegetegeteactgaggeegggegaccaaaggtegeecgacgeecgggetttgeccgggeggecteagtgagegagegagege
HHHHHHHHHHHHHH

gagagacgcgcgagegagegagtgactecggeecgetggtttecagegggetgegggeccgaaacgggeccgeeggagteactegetegetegeg
< 3-ITR

gcagccttaattaacctaattcactggecgtegttttacaacgtegtgactgggaaaaccetggegttacceaacttaategecttgeageacat

cgteggaattaattqgattaagtgaccggeageaaaatgttgeageactgaceettttgggaccqgcaatgggttgaattageggaacqtegtyta

<

3-ITR
ceeectttegecagetggegtaatagegaagaggeecqeaccgategeectteccaacagttgegeagectgaatggegaatgggacgegeecty

ggqggaaageqgtegaccgeattategetteteegggegtggetagegggaaqygttgtcaacqegteggacttaccgettacectgegegqggac

o >

tagcggegeattaagegeggeqggtatggtagttacgegeagegtgaccgetacacttgecagegeectagegeeegetectttegetttettee
HHHHHHHHH
atcgeegegtaattegegeegeccacaccaccaatgegegtegeactggegatgtgaacqgtegegggat cgcgggegaggaaagegaaagaagy

T ori >

ctteetttetegecacgttegeeggettteceegteaagetetaaategggggetecctttagggttecgatttagtgetttacggeacctegac
HHHHHHHHHHHHHH

gaaggaaagagcgqtgcaageqggccgaaagggqeagttegqagatttageceecgagggaaateccaaggetaaatcacgaaatgeegtggagety

T ori >

cccaaaaaacttgattaggatgatggttcacgtagtgggecategeecegatagacqgtttttegeectttgacgetggagttcacgttecteaa
HHHHHHHHHH
gqgttttttgaactaatcccactaccaagtgcateacceqgtageggggetatetgccaaaaagegggaaactgegaccteaagtycaaggagtt

 ori >

Aanl

tagtggactcttgttecaaactggaacaacactcaaccetateteggtetattettttgatttataagggatttttecgattteggectattogt
HHHHH
atcacctgagaacaaggtttgaccttottgtgagttgggatagagecagataagaaaactaaatattcectaaaaaggctaaageeggataacca

 ori >

Aanl

taaaaaatqagctoatttaacaaaaatttaacqegaattttaacaaaatattaacqtttataatttcaggtggeatettteggggaaatgtgege

attttttactcgactagattgtttttaaattgegettasaattgttttataattqcaaatattaaagtecaccgtagaaageeectttacacgeq

1 o > >

4085

4180

4275

4370

4465

4560

4655

4750

AmpR promoter
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ggaacccctatttgtttattttictaaatacattcasatatgtatecqeteatgagacaataaccetgataaatycttcaataatattgaaaaag
4845

ccttgggoataaacaaataaaaagatttatgtaagtttatacataggcgagtactetgttattgggactatttacqaagttattataacttttte
AmpR promoter >

gaagagtatgagtattcaacatttcegtgtegeecttatteccttttttgeggeattttgecttectytttttgeteacceagaaacqetygtya
4940

cttcteatactcataagttgtaaaggeacagegggaataagygasaaaacgccgtaaaacqgaaggacaaaaacqagtgqgtetttgcgaccact
1I 1 I5I 1 1 I10I 1 1 I15I 1 1 I20I 1 1 I25I 1 1 1
Met Ser I1eGlnHis PheArg Val Alaleu I1ePro Phe Phe AlaAlaPhe Cys LeuPro Val Phe Ala HisProGluThr Leu Val

>l signal sequence 1 >
AmpR

AmpR promoter

aagtaaaagatgctgaagatcagttgggtgcacgagtgggttacategaactggateteaatagtygtaagatecttqagagttttcegeecegaa
5035

ttcattttctacqacttetagteaacceacgtgcteacccaatgtagettgacctagagttateaccattetaggaactceteaaaageggqqett

30IIII35IIII40IIII45IIII50IIII55IIII60I
Lys Val LysAsp AlaGluAspGlnLeu GlyAla ArgVal Gly Tyr IleGlulLeu AspLeu Asn Ser GlyLys I1e Teu GluSer Phe ArgProGlu

AmpR
Xmnl

gaacqttttccaatgatgageacttttaaagttctgctatgtggegeqgtattateceqtattgacqecgggeaagageaacteggtegeegeat
HHHHHHHH 5130
cttgcaaaagqttactacteqtgaaaatttcaagacqatacaccqegecataatagggeataactgeggeecgttetegttgagecageggegta
III65IIII70IIII75IIII80IIII85IIII90III
GluArgPhe Pro Met Met Ser Thr Phe LiysVal LeuTeu Cys GlyAla Val Leu Ser Arglle AspAlaGlyGln GluGln LeuGly Arg Arg I1e

s

AmpR
Scal

acactattctcagaatgacttggttgagtacteaccagtcacagaaaageatettacggatggeatgacagtaagagaattatgcagtyctycca
HHHHHHHH 5225

tgtgataagagtettactgaaccaacteatgagtggteagtgtettttegtagaatgectacegtactgteattetettaatacgteacgacggt

I95| 1 1 |100| 1 1 |105| 1 1 |110| 1 1 |115| 1 1 |120| 1 1 1
His TyrSer GlnAsnAspLeuVal Glu Tyr SerPro Val Thr Glu LysHisLeu Thr Asp Gly Met Thr Val ArgGluLeu Cys SerAlaAla

D

AmpR

taaccatgagtgataacactqcggecaacttacttetgacaacqateggaggaccgaaggagetaaccqettttttgeacaacatgggggateat

+HHHHHHHHHHHHH 5320

attggtactcactattqtgacgeeqgttgaatgaagactgttgetagectectggettectegattqgegaaaaaacqtgttgtacceectagta

125I 1 1 I130I 1 1 I135I 1 1 I140I 1 1 I145I 1 1 I150I 1 1 I155I
I1eThr Met SerAsp Asn Thr AlaAla AsnLeuLeu Leu Thr Thr TleGly GlyProLys GluLeu Thr AlaPhe Leu HisAsnMet GlyAspHis

AmpR
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gtaactcgectegategttgggaaccggagetgaatgaagecataccasacqacgagegtgacaccacgatgectgtagtaatggtaacaacytt
HHHHHHHHH

cattgageggaactageaaccettggectegacttactteggtatggtttactgctegeactgtggtqcetacqgacateattaccattgttgeaa

1 1 I160I 1 ] I165I 1 ] I170I 1 ] I175I 1 ] I180I 1 ] I185I 1 ]
Val ThrArg LeuAsp Arg Trp GluPro Glu LeuAsn GluAla IlePro AsnAsp GluArgAsp Thr ThrMet Pro Val Val Met Val Thr Thr Leu

>

AmpR
gcgcaaactattaactggegaactacttactetagetteceggcaacaattaatagactqgatqgaggeggataaagttgcaggaccacttctyge
HHHHHHHH

cgegtttgataattgaccqcettoatgaatgagategaagggecgttgttaattatetgacctaccteegectatttcaacgtectggtgaagacy

I190 1 1 1 I195 1 1 1 200 1 1 I205I 1 1 I210I 1 1 215I 1 1
AquysLeuLeuThrGlyGluLeuLeuThrLeuAlaSerArqGlnGlnLeuIleAspTrpMetGluAlaAspLysValAlaGlyProLeuLeu

>

AmpR
geteggeecttecqgetggetggtttattoctoataaatetggageeggtgagegtgggtetegeggtateattqeageactggggecagatggt
A

cgagcegggaaggccgaccgaccaaagaacgactatttagaccteggecactegeacceagagegecatagtaacgtegtgaccecggtetacca
220 L 1 1 1 225 L 1 1 1 230 1 1 1 1 235 1 1 1 1 240 L 1 1 1 245 L 1 [ 1 250 1
Brg SerBlaleuProAlaGlyTrpPhe TleAlaAsp LysSer GlyAlaGlyGluAry Gly SerArgGlyIleIle AlaAlaleu GlyPro AspGly

>

AmpR
aageecteeegtategtagttatetacacgacqyggagteaggcaactatggatgaacgaaatagacagategetgagataggtgecteactgat
HHHHHHHH

ttcgggagggcatageatcaatagatgtqctgecccteagtecgttgatacctacttgetttatetgtetagegactetatecacggagtgacta

1 255 ] 1 1 260 1 1 1 265 1 1 1 270 1 1 1 275 1 ] 1 28OI 1 1
LysProSerArqueValValIleTerhrThrGlySerGlnAlaThrMetAspGluArqunArqGlnIleAlaGluIleGlyAlaSerLeuIle

>

AmpR
taagcattqgtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatetaggtgaagatee

attcqtaaccattgacagtetqgttcaaatgagtatatatgaaatctaactaaattttgaagtaaaaattaaattttcctagacceacttetagg

1 285,

LysHis Trp
AmpR
tttttgataatctcatgaccaaaateccttaacgtgagttttegttecactgagegteagaceecgtagaaaagatcaaaggatettcttgagat
R R L L o o L L T L o o Rz am iy oo e

aaaaactattagagtactggttttagggaattqcactcaaaageaaggtgactegeagtetggggeatetttictagttttctagaagaacteta

[oi >
cetttttttetgegegtaatetgetgcettgcaaacaaaaaaaccaccgctaccageqatqgtttgtttgeeggateaagagetaccaactetttt

ggaaaaaaagacgcqgcattagacgacgaacgtttgtttttttggtggegatggtegecaccaaacaaacggectagttctegatggttgagaaaa

ori >

5415

5510

5605

5700

5795

5890

5985
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tcegaaggtaactggetteageagagegeagataccaaatactatecttetagtatageegtagttaggecaccacttcaagaactetygtageac
HHHHHHHHHHHHHHHHHHHH 6080
aggcttecattgaccgaagtegtetegegtetatogtttatgacaggaagateacateggcateaatecggtogtyaagttcttgagacategty

orl >

cgcctacatacctegetetoctaatectgttaccagtogetgetgecagtogegataagtegtatettaccgggttggactcaagacgatagtta
HHHHHHHHHHHH

6175
gcggatgtatggagegagacoattaggacaatagteaccgaggacggteaccgctattcageacagaatggeccaacctgagtictgctateaat

orl >

ccggataaggegeageqategggctgaacqgggaattegtgcacacageccagettggagegaacqacctacaccgaactgagatacctacageg
HHHHHHHHH

6270

ggcetatteegegtegecageecgacttyccecceaageacgtatgteggategaacctegettgctogatatygcettgactetatggatgtege

orl >

tgagetatgagaaagegecacyctteccgaagggagaaaggeggacaggtatecggtaageggeaggateggaacaggagagegcacyagggage
HHHHHHH 6365

actegatactetttegeggtgcgaagggettecctettteegectgtecataggccattegeegteccagecttatectetegegtgeteecteg

ori D
Drdl

ttceaggggoaaacgcctygtatetttatagtectgtegagtttegecacctetgacttgagegtegatttttatgatoctegteaggggggcay
HHHHHHHHHHH 6460

aaggtceecctttgegoaccatagaaatatcaggacageccaaageqatygagactgaactegeagetaaaaacactacgageagtecceecgee
ori >
Pcil
AfIIII

agcetatggaaaaacqecageaacgeqggectttttacggttectggecttttyctgegattttgcteacatgttctttectgegttateeectaa

HHHHHHHHHH R 6555
tcggatacctttttgeggtegttgegeeggaaaaatgccaaggaccqgaaaacqacyccaaaacqagtytacaagaaaggacgcaataggggact

ori :>

ttctgtggataacegtattacegeetttgagtoagetgataceqetegeeqgeageegaacaccgagegeagegagteagtoagegaggaageqy
HHHHHHHH

6650
aagacacctattggeataatggcggaaacteactegactatggegageggegteggettyctggetegegtegeteagteactegetecttegee

aag 3
H+ eee 6653
tte &
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