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AAV Vectors

FIELD OF THE INVENTION
[11 The present invention relates to an adeno-associated virus (AAV), comprising
an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1. Also envisioned are AAVs of the present
invention for use as a medicament and pharmaceutical compositions comprising the
AAV of the present invention. Further, the present invention relates to an in vitro use
of AAV of the present invention for transduction of the nucleus of retinal cells. Also
concerned is a method for screening an insertion sequence as well as a peptide
obtainable by the method for screening. Also contemplated are kits comprising the

AAV of the present invention.

DESCRIPTION

[2] Recombinant adeno-associated virus (AAV) vectors have proven to be a very
suitable delivery system for efficient and long-term transfer of genes into retinal cells
(Boye et al. (2013) “A comprehensive review of retinal gene therapy” Molecular
therapy, 21 (2013) 509-519 and Trapani et al. (2014) “Vector platforms for gene
therapy of inherited retinopathies” Prog Retin Eye Res). AAVs are non-pathogenic
viruses that belong to the Parvovirus family and Dependovirus genus and replicate
only in the presence of adeno-, papilloma- or herpes-viruses (Nathwani et al. (2014)
“Long-term safety and efficacy of factor IX gene therapy in hemophilia B N Engl J
Med, 371 (2014) 1994-2004) and possess an approx. 5 kb single-stranded DNA
genome (Trapani et al. (2014) “Vector platforms for gene therapy of inherited
retinopathies” Prog Retin Eye Res.).

[3] AAVs have been tested extensively for safety and long-term expression of
transgenes in large animal models, non-human primates and a number of trials in
humans (MacLaren et al. (2014) “Retinal gene therapy in patients with
choroideremia: initial findings from a phase 1/2 clinical trial” Lancet 383, 1129-1137,
Maguire et al. (2008) “Safety and efficacy of gene transfer for Leber's congenital
amaurosis” N Engl J Med, 358 2240-2248, Simonelliet al. (2010) "Gene therapy for
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Leber's congenital amaurosis is safe and effective through 1.5 years after vector
administration” Molecular therapy: the journal of the American Society of Gene
Therapy 18, 643-650, Nathwani et al. (2014) “Long-term safety and efficacy of factor
IX gene therapy in hemophilia B” N Engl J Med 371, 1994-2004).

[4] AAVs are the preferred gene transfer vectors for gene supplementation
therapy (also gene augmentation therapy). Gene supplementation therapy is an
attractive approach for the treatment of inherited diseases that aims at restoration of
insufficient or lacking gene function caused by a pathogenic mutation. The goal is to
restore regular physiological function of the affected cell type and/or to inhibit or
delay the degenerative processes by supplementation of a gene function.

[5] Gene therapy aims at restoration of insufficient or lacking gene function
resulting from a pathogenic mutation. This approach is particularly attractive for the
treatment of recessively inherited diseases where aberrant transcripts or proteins are
not expected to interfere with the treatment. The goal is to stop or prevent the
degenerative process and to restore regular physiological function of the affected cell
type or tissue by supplementation of the normal gene function in sufficient amounts
and at the proper location.

[6] Although, AAVs show some degree of spreading within tissues and organisms
(Le Guiner et al. (2011) “Biodistribution and shedding of AAV vectors” Methods in
molecular biology 807, 339-359) they generally need to be administered locally in
most therapeutic approaches and in particular for ocular gene therapy. For the
transduction of photoreceptors or retinal pigment epithelium (RPE) cells AAV
particles are administered to the subretinal space (i.e. a cavity that is formed after
injection of liquids between the RPE and the photoreceptors) (Muhlfriedel et al.
(2013) “Optimized technique for subretinal injections in mice” Methods in molecular
biology 935, 343-349, Ochakovski et al. (2017) “Retinal Gene Therapy: Surgical
Vector Delivery in the Translation to Clinical Trials.” Front Neurosci 11:174).

[7]1  Structurally, AAVs are small (25 nm), non-enveloped viruses with an
icosahedral capsid. Naturally occurring or engineered AAV variants (also AAV
serotypes) that differ in the composition and structure of their capsid (cap) protein
have varying tropism, i.e. ability to transduce different (retinal) cell types (Boye et al.
(2013) “A comprehensive review of retinal gene therapy” Molecular therapy 21 509-
519 and Trapani et al. (2014) “Vector platforms for gene therapy of inherited
retinopathies” Prog Retin Eye Res). When combined with ubiquitously active
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promoters this tropism defines the site of gene expression. Whereas in combination
with cell-type specific promoters the degree of site-specificity (i.e. transgene
expression only in rod or cone photoreceptors) is defined by the combination of both,
the tropism of the AAV serotype and the specificity of the promoter (Schén et al.
(2015) “Retinal gene delivery by adeno-associated virus (AAV) vectors: Strategies
and applications” European journal of pharmaceutics and biopharmaceutics).
Administration of AAVs into the eye's vitreous results in transduction of cells within
the inner retina, mainly of ganglion cells and Mdiller glial cells (Trapani et al. (2014)
“Vector platforms for gene therapy of inherited retinopathies” Prog Retin Eye Res).
[8] None of the naturally occurring AAV serotypes is capable of transducing
photoreceptors when administered intravitreally because of the physical barrier at
the inner limiting membrane (ILM) or the lack of appropriate receptors at the ILM.

[91 A prerequisite for successful gene therapy approaches is the efficient and
long lasting transgene expression in the target cells with only minimal off-target
expression and lowest possible adverse effects. Although, the available AAV vectors
constitute valuable gene delivery tools there is still a strong demand for the
development of improved AAVS.

[10] For targeting photoreceptors AAVs need to be administered into the subretinal
space. This very invasive surgical procedure results in detachment of the retina from
the RPE. Retinal detachment usually is temporal and the retina reattaches without
any severe or long-term deleterious effects on retinal function and morphology.
However, the risk for collateral damage due to the subretinal injection might be
increased in the degenerated retina and/or if the detachment involves the foveo-
macular region. Therefore, improved AAV vectors are needed, in particular regarding
the bioavailability, route of delivery and the target cell specificity.

[11] Thus, there still exists a need for the development of further improved AAV
vectors. Here, we describe novel AAV that evolved from an in vivo selection with
improved characteristics for gene transfer into retinal cells and especially
photoreceptor cells.

[12] The present invention complies with this need as described herein and as
described in the Examples, Figures and claims.

[13] The present invention relates to an adeno-associated virus (AAV), the AAV
comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
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position 587 and 588 of SEQ ID NO: 1; wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1B-X2-X3-X4—X5—X6—X7 (formula |)

wherein Xsis selected from P (Pro), L (Leu) and V (Val);

wherein X7 is R (Arg);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xsg are independently optionally absent or present,

or

wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein X1a, Xig, X2, X3, X4, X are independently any amino acid;

wherein X4 and/or X1z are independently optionally absent or present,

or

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xig are independently optionally absent or present,

wherein viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse,
and

wherein viral AAV DNA is present in MAC-sorted rods using anti-CD73-coated
magnetic beads and/or FACS-sorted cones, wherein the cones express eGFP and
are FACS sorted based on their eGFP expression, 24 hours after administration,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse
for rod sorting and into the tail vein of RG-eGFP mice line R685933 for cone sorting.
[14] Furthermore, the present invention relates to an AAV of the present invention
for use as a medicament.

[15] In addition, the present invention relates to an AAV of the present invention for
use in treating a photoreceptor cell disease.

[16] The present invention further concerns pharmaceutical composition
comprising an AAV of the present invention.

[17] Also, the present invention relates to an in vitro use of an AAV of the present
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invention for transduction of the nucleus of retinal cells.

[18] Furthermore, the present invention relates to a method for screening an
insertion sequence, the method comprising

i) intravenously administering an AAV library, wherein each AAV comprises an
insertion sequence, into a subject;

i) isolating viral AAV DNA from retinal nuclear extracts;

iii) subcloning the isolated viral AAV DNA into a second AAYV library;

iv) intravenously administering the second AAV library as obtained in step iii) into
a subject;

V) isolating viral AAV DNA from rod or cone photoreceptors;

vi)  determining the sequence of the insertion sequence,

thereby obtaining the insertion sequence.

[19] The present invention additionally relates to a peptide (insertion sequence)
obtainable by the screening method of the present invention.

[20] The present invention also relates to a kit comprising an AAV the present
invention.

[21] The figures show:

[22] Figure 1: Peptide insertions from whole retina

[23] The following novel AAVs with the listed peptide insertions in position 587 of
AAV2VP1 conferred the ability to target cells of the retina and transfer their genome
into the nucleus of retinal cells within 24 hours after intravenous delivery could be
identified (only variants with 2 or more NGS reads are listed, the variants with more
than 20 NGS reads are marked in bold letters).

[24] Figure 2: Peptide insertions from rod photoreceptors

[25] In addition, the following novel AAVs with the listed peptide insertions in
position 587 of AAV2 VP1 conferred the ability to target rod photoreceptors within 24
hours after intravenous delivery could be identified (only peptides with 2 or more
NGS reads are listed, the variants with more than 20 NGS reads are marked in bold
letters).

[26] Figure 3: Peptide insertions from cone photoreceptors

[27] Finally, the following novel AAVs with the listed peptide insertions in position
587 of AAV2 VP1 conferred the ability to target cone photoreceptors within 24 hours
after intravenous delivery could be identified (only peptides with 2 or more NGS
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reads are listed, the variants with more than 20 NGS reads are marked in bold
letters).

[28] Figure 4: Identified peptide insertions with RGD, RGS or NGR motifs.

[29] Some of the identified AAVs contained putative integrin binding motifs like
RGD, RGS or NGR in their insertion sequence. These insertions sequences are
summarized Fig. 4.

[30] Figure 5: Peptide insertions identified in more than one tissue/cell
population. The number of NGS reads in each experiment is shown. Several AAVs
were detected in more than one experiment. These overlapping AAVs comprising
the indicated insertion sequences with the respective numbers of NGS reads are
summarized in Fig. 5.

[31] Figure 6: Representative in vivo confocal scanning laser ophthalmoscopy
(cSLO) images showing eGFP autofluorescence in the fundus of 10 week old C57-
BL6J mice 2 weeks after a single intravitreal injection of 1ul (containing
approximately 2 x 10E9 vector genomes) of viral suspension of AAV-sc-CMV-eGFP
packaged with one of the novel AAV2 variants (peptide insertion sequences are
given on top of each image). Strong eGFP autofluorescence (grey) in multiple retinal
cell types and in a large area of the retina was observed.

[32] Figure 7: Representative confocal scanning microscopy images showing
eGFP fluorescence in retinal cross sections from 11 week old C57-BL6J mice 3
weeks after a single intravitreal injection of 1pl (containing approximately 2 x 10E9
vector genomes) of viral suspension of AAV-sc-CMV-eGFP packaged with one of
the novel AAV2 (peptide insertion sequences are given on top of each image
column). Strong eGFP fluorescence (grey) in multiple retinal cell types and layers
and across the whole area of the retinal cross-section was observed for variants
"NNPTPSR" (see overview image in the top panel and close-up view in the lower left
panel) and "GLSPPTR" (only close-up view is shown in the lower right panel). In
particular, many photoreceptor inner segments (is) and cell bodies within the outer
nuclear layer (onl) were eGFP positive, inl, innernuclear layer; gel, ganglion cell
layer. The scale bar marks 100 um in the fop panel and 25 um in the lower panels.
[33] Figure 8: Representative confocal scanning microscopy images showing
eGFP fluorescence in retinal cross sections from 11 week old C57-BL6J mice 3
weeks after a single subretinal (upper panels) or intravitreal (lower panels) injection
of 1ul (containing approximately 2 x 10E9 vector genomes) of viral suspension of



WO 2019/076856 PCT/EP2018/078175

AAV-sc-CMV-eGFP packaged with one of the novel AAV2 (peptide insertion
sequences are given on top of each image column). Strong eGFP fluorescence
(grey) in multiple retinal cell types and layers was observed. In particular, many
photoreceptor inner segments (is) and cell bodies within the outer nuclear layer (onl)
were eGFP positive. After subretinal injections strong eGFP fluorescence was also
observed in retinal pigment epithelial cells (rpe). inl, inner nuclear layer; gel, ganglion
cell layer. The scale bar marks 25pm.

[34] Figure 9: (A) Representative in vivo confocal scanning laser ophthalmoscopy
(cSLO) images showing eGFP autofluorescence in the fundus of 2 month old C57-
BL6J mice at 1, 2 and 3 weeks after a single intravitreal injection (WPI) of 1pl
(containing approximately 2 x 10E9 vector genomes) of viral suspension of AAV-sc-
CMV-eGFP packaged with one of the novel AAV variants (GLSPPTR or NNPTPSR;
peptide insertion sequences are given on top of each image). Strong eGFP
autofluorescence (grey) in multiple retinal cell types and in a large area of the retina
was observed. All images were collected with the same laser and detector settings.
(B) Representative confocal scanning microscopy images showing the immunosignal
obtained with anti-eGFP antibody (grey) in retinal cross sections from 2 month old
C57-BL6J mice at 3 weeks after a single intravitreal injection (WPI) of 1pl (containing
approximately 2 x 10E9 vector genomes) of viral suspension of AAV-sc-CMV-eGFP
packaged with AAV2 or one of the novel AAV variants (GLSPPTR or NNPTPSR;
peptide insertion sequences are given on top of each image column). Strong eGFP
immunosignal (grey) in multiple retinal cell types and layers was observed for the
novel variants GLSPPTR and NNPTPSR, respectively. In contrast, AAV2 resulted in
weaker labeling of sparse cells. All images were collected with the same laser and
detector settings. In particular, many photoreceptor cell bodies within the outer
nuclear layer (onl) were eGFP positive. inl, inner nuclear layer; gcl, ganglion cell
layer.

[35] Figure 10: Representative confocal scanning microscopy overview images
showing the immunosignal obtained with anti-eGFP antibody (upper panels, grey) in
retinal cross sections from 2 month old C57-BL6J mice at 3 weeks after a single
intravitreal injection (WPI) of 1ul (containing approximately 2 x 10E9 vector
genomes) of viral suspension of AAV-sc-CMV-eGFP packaged with AAV2 or one of
the novel AAV variants (GLSPPTR or NNPTPSR; peptide insertion sequences are
given on top of each image column). Strong eGFP immunosignal (grey) in multiple
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retinal cell types and layers and throughout the retinal crosssection was observed for
the novel variants GLSPPTR and NNPTPSR, respectively. In contrast, AAV2
resulted in weaker labeling in a smaller area of the retina. All images were collected
with the same laser and detector settings. Corresponding Hoechst 33342 nuclear
cell staining (grey) images are shown below each of the eGFP images.

[36] Figure 11: Transduction efficiencies of AAV vectors in 661w cells. (A)
Representative epifluorescence images from 661w cell cultures at 48 hours after
transduction with MOI 100,000 of AAV-sc-CMV-eGFP packaged with AAV2, 7m8, or
one of the novel AAV variants (GLSPPTR or NNPTPSR; peptide insertion
sequences are given on top of each image column). (B) Graph showing the %
relative eGFP intensity as measured with FACS in non-transduced 661w cell
cultures and in 661w cell cultures at 48 hours after transduction with MOI 100,000 of
AAV-sc-CMV-eGFP packaged with AAV2, 7m8, or one of the novel AAV variants
(GLSPPTR or NNPTPSR; peptide insertion sequences are given on top of each
image column).

[37] Figure 12: Representative confocal scanning microscopy images showing
cone photoreceptor expression of eGFP on retinal cross sections from 10 week old
C57-BL6J mice 6 weeks after a single intravitreal injection of 1yl (containing
approximately 2 x 10E9 vector genomes) of viral suspension of ss-mSWS-eGFP
packaged with the novel AAV2 “GLSPPTR” capsid. AAV-ss-mSWS-eGFP drives
expression of eGFP under control of the mouse S opsin promoter. Strong anti-eGFP
immunosignal (grey) in cone photoreceptors was observed. Quantification of double-
labeling with the cone marker cone arrestin revealed that 78,7 + 3,1 % (n = 4) of
cone arrestin-positive cones were positive for eGFP. OS/IS, outer and inner
segments. ONL, outer nuclear layer. INL, inner nuclear layer. OPL, outer plexiform
layer.

[38] Figure 13: Representative confocal scanning microscopy images showing
AAV-mediated eGFP expression in human retinal explants at nine days in vitro (DIV)
after transduction with 1 x 10E11 total vg (viral genomes) of sc-CMV-eGFP
packaged with one of the novel AAV2 (peptide insertion sequences are given on top
of each image column). Strong native eGFP fluorescence (grey) in multiple retinal
cell types and layers was observed. In particular, many photoreceptor inner
segments (is) and cell bodies within the outer nuclear layer (onl) were eGFP positive.
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IS, inner segments. ONL, outer nuclear layer. INL, inner nuclear layer. ONL, inner
nuclear layer. GCL, ganglion cell layer.

[39] Figure 14: Representative photopic flicker ERG measurements from a 3
month old Cnga3-deficient mouse 2 months after a single intravitreal injection of 1l
(containing approximately 1 x 10E10 total vg of ss-mSWS-mCnga3-WPRE
(Michalakis et al. (2010) Restoration of Cone Vision in the CNGA3™~ Mouse Model of
Congenital Complete Lack of Cone Photoreceptor Function Mol Ther.: 2057-2063)
packaged with the novel AAV2 “GLSPPTR” capsid. Traces from the treated eye
(black) and untreated control eye (dashed grey) at 3.1 log cd sec/m? and indicated
frequency are shown.

[40] Figure 15: Representative confocal scanning microscopy images showing
cone photoreceptor expression of CNGA3 protein on retinal cross sections from a 3
month old Cnga3-deficient mouse 2 months after a single intravitreal injection of 1l
(containing approximately 1 x 10E10 total vg of ss-mSWS-mCnga3-WPRE
(Michalakis et al. (2010) Restoration of Cone Vision in the CNGA3™~ Mouse Model of
Congenital Complete Lack of Cone Photoreceptor Function Mol Ther.: 2057-2063)
packaged with the novel AAV2 “GLSPPTR” capsid. Strong anti-CNGA3
immunosignal is found in peanut agglutinin (PNA) positive cone photoreceptors. os,
outer segments. onl, outer nuclear layer. inl, inner nuclear layer. gcl, ganglion cell
layer.

[41] Figure 16: Representative scotopic single flash ERG measurements from 3
month old Cngb1-deficient mice 2 months after a single intravitreal injection of 1pl
(containing approximately 1 x 10E10 total vg of ss-mRho-mCngb1-sv40 (Koch et al.
2012) Gene therapy restores vision and delays degeneration in the CNGB1-/- mouse
model of retinitis pigmentosa. Hum Mol Genet.: 4486-4496) packaged with the novel
AAV2 “NNPTPSR” capsid. Traces from the treated eye (black) and untreated control
eye (dashed grey) at indicated light stimulus luminance are shown.

[42] The present inventors have found novel AAV capsids with novel peptide
insertions that are very valuable for all studies aiming for efficient transduction of
retinal cell types and in particular of photoreceptors. Moreover, these novel AAV
capsid variants allow for crossing natural barriers for transduction of retinal cell types
(and in particular photoreceptors) from the intravitreal or from systemic

compartments.
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[43] That AAV of the present invention are especially beneficial, is also a result of
the special selection process. The selection process comprises two or even three
selection rounds, which an AAV of the present invention has to pass. Firstly, an AAV
peptide display library similar as described in Perabo et al. (2003) “In vitro selection
of viral vectors with modified tropism: the adeno-associated virus display.” Molecular
Therapy, Vol. 8, No. 1 was provided. In particular, for the construction of plasmid
pWt.oen, the HCMV promoter/enhancer cassette and the GFP open reading frame in
the plasmid pEGFPC-1 (Clontech, Palo Alto, CA) were substituted with the wildtype
AAV-2 genome-encoding fragment of plasmid pUC-AV2 (Girod et al. (1999)
“Genetic capsid modifications allow efficient re-targeting of adeno-associated virus
type 2. Nat. Med. 5: 1052—1056) . A DNA fragment encoding amino acids AAAstopA
and the restriction sites Notl and Ascl was inserted between amino acid positions
587 and 588 by PCR mutagenesis. To generate a library of AAV plasmids
(Library#1) a pool of single-stranded DNA molecules was synthesized as 5'-
TTGGCGCGCCGCVNNVNNVNNVNNVNNVNNVNNGGCGGCCGCTTTTTTCCTTG
A-3' (bottom strand; SEQ ID NO. 2) and HPLC purified (Metabion GmbH,
Martinsried, Germany). For the synthesis of double-stranded molecules a 5-
CTCAAGGAAAAAAGC-3' (SEQ ID NO. 3) primer was used. dsDNA molecules were
cloned into the Notl-Ascl large fragment of plasmid pWt.oen.

[44] Library#1 was electroporated into Escherichia coli strain DH5a using a gene
pulser (Bio-Rad, Hercules, CA) and amplified DNA was purified. The efficiency of the
transformation was controlled by plating sample aliquots. DNA of more than 20
clones was controlled by sequencing with the primer 5-ATGTCCGTCCGTGTGTGG-
3’ (SEQ ID No. 4). The screened sequences showed no homology, indicating a
complete randomization of the inserted sequence.

[45] For the production of viruses, 15 150-mm petri dishes of HEK293 cells at 80%
confluence were cotransfected with 37.5 ug of DNA. For the production of the AAV
library, Library#1 and plasmid pXX6 (obtained from J. Samulski, Chapel Hill, NC;
Xiao, Li and Samulski (1998) “Production of high-titer recombinant adeno-associated
virus vectors in the absence of helper adenovirus.” J. Virol. 72: 2224-2232) were
cotransfected at a molar ratio of 1:1 in HEK293 cells. After 48 h cells were collected
and pelleted by centrifugation. Cells were resuspended in 150 mM NaCl, 50 mM
Tris—HCI (pH 8.5), freeze—thawed several times, and treated with Benzonase (50
U/ml) for 30 min at 37°C. Cell debris was removed by centrifugation, and
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supernatant was loaded onto an iodixanol gradient and subjected to 69,000 rpm for 1
h at 18°C as described (Zolotukhin et al. (1999) “Recombinant adeno-associated
virus purification using novel methods improves infectious titer and yield. Gene Ther.
6: 973-985). Virions were then harvested from the 40% iodixanol phase and titrated
by DNA dot-blot hybridization with a rep probe (Girod et al. (1999) “Genetic capsid
modifications allow efficient re-targeting of adeno-associated virus type 2. Nat. Med.
5: 1052—1056). This procedure resulted in library #1.

[46] As described above the AAV peptide display library was packaged in HEK293
cells followed by coupling of geno- and phenotype (as described in
PCT/EP2008/004366). The latter is required to ensure that the genome encodes the
peptide that is displayed on the capsid. In addition, the AAV library had been
depleted for mutants binding to HSPG through the peptide sequence that had been
inserted to minimize the presence of AAV bearing secondary high affinity binding
sites for HSPG (Sallach et al. (2014) “Tropism-modified AAV vectors overcome
barriers to successful cutaneous therapy. Mol. Ther. 22:929-39).

[47] In selection round 1, living adult C57BL/6J mice received a single tail vain
injection of 100ul containing approximately 8x10”10 total vector genomes (vg) of the
AAV peptide display Library #1. 24 hours later the mice were euthanized by cervical
dislocation and the eye was proptosed by placing Dumont #7 curved forceps (Fine
Science Tools, Heidelberg) around the rear part close to the optic nerve and
applying gentle pressure. The cornea was cut along the equator with a sharp blade.
Subsequently, the retina was detached from the retinal pigment epithelium (RPE)
and removed from remaining eye tissue, together with the lens and the vitreous
body, by gently pulling the forceps upwards. After rinsing the tissue in ice cold 0.1M
phosphate buffer (PB) and removing the lens and any remaining RPE cells with the
forceps, the two retinas per mouse were pooled and transferred into an Eppendorf
tube, shock frozen in liquid nitrogen and stored at -80°C for further use. Nuclei were
isolated (to ensure that only nuclear DNA was analyzed) from whole retina using the
Subcellular Protein Fractionation Kit for Tissues (Thermo Fischer Scientific, #87790).
Nuclear DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen, #69504)
and further analyzed by sequencing with a Roche 454 sequencing system for the
occurrence of AAV genomes using specific assays targeting the AAV library DNA.
Subsequently, the viral DNA around the insertion site was amplified by PCR with
primers 5-GTATCTACCAACCTCCAGAGAG-3' (SEQ ID NO. 5) and 5'-



WO 2019/076856 PCT/EP2018/078175
12

GTGTTGACATCTGCGGTAGC-3' (SEQ ID NO. 6) and cloned via the Notl-Ascl
sites into the plasmid pWt.oen generating thereby a plasmid pool.

[48] For the production of AAV Library #2, 15 150-mm petri dishes of 293 cells at
80% confluence were cotransfected at a molar ratio of 1:1 with 37.5 pg of the
plasmid DNA pool obtained from selection round 1 and plasmid pXX6. After 48 h
cells were collected and pelleted by centrifugation. Cells were resuspended in 150
mM NaCl, 50 mM Tris—HCI (pH 8.5), freeze—thawed several times, and treated with
Benzonase (50 U/ml) for 30 min at 37°C. Cell debris was removed by centrifugation,
and supernatant was loaded onto an iodixanol gradient and subjected to 69,000 rpm
for 1 h at 18°C as described (Zolotukhin et al. (1999) “Recombinant adeno-
associated virus purification using novel methods improves infectious titer and yield.
Gene Ther. 6: 973-985). Virions were then harvested from the 40% iodixanol phase
and titrated by DNA dot-blot hybridization with a rep or a gfp probe (Girod et al.
(1999) “Genetic capsid modifications allow efficient re-targeting of adeno-associated
virus type 2. Nat. Med. 5: 1052-1056). This procedure resulted in Library #2.

[49] Library #2 was phenotype-genotype coupled (as described in
PCT/EP2008/004366), titered and subjected to a new round of in vivo selection. In
particular, adult live C57BL/6J mice received a single tail vain injection of 50 I,
containing approx. 5 x 101 total vg. The subsequent steps of selection round 2
were performed as described for selection round 1 resulting in the novel plasmid
pool used for generation of Library #3.

[50] For the production of AAV Library #3, 15 150-mm petri dishes of 293 cells at
80% confluence were cotransfected at a molar ratio of 1:1 with 37.5 pg of the
plasmid DNA pool obtained from selection round 1 and plasmid pXX6. After 48 h
cells were collected and pelleted by centrifugation. Cells were resuspended in 150
mM NaCl, 50 mM Tris—HCI (pH 8.5), freeze—thawed several times, and treated with
Benzonase (50 U/ml) for 30 min at 37°C. Cell debris was removed by centrifugation,
and supernatant was loaded onto an iodixanol gradient and subjected to 69,000 rpm
for 1 h at 18°C as described (Zolotukhin et al. (1999) “Recombinant adeno-
associated virus purification using novel methods improves infectious titer and yield.
Gene Ther. 6: 973-985). Virions were then harvested from the 40% iodixanol phase
and titrated by DNA dot-blot hybridization with a rep or a gfp probe (Girod et al.
(1999) “Genetic capsid modifications allow efficient re-targeting of adeno-associated
virus type 2. Nat. Med. 5: 1052-1056). This procedure resulted in Library #3.
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[51] In selection round 3a, living adult C57BL/6J mice received a single tail vain
injection of 100ul containing approximately 5 x 1011 total vg of the AAV peptide
display Library #3. After 24 hours retinas were isolated following the procedure
described for selection rounds 1 and 2 with the exception that the pooled retinas
were not frozen, but immediately processed for isolation of rod photoreceptors. In
particular, a papain dissociation was performed as described in (Feodorova et al.
(2015) “Quick and reliable method for retina dissociation and separation of rod
photoreceptor perikarya from adult mice.” MethodsX 2:39-46) and rods were isolated
by anti-CD73-based MACS sorting according to (Eberle et al. (2014) “Subretinal
transplantation of MACS purified photoreceptor precursor cells into the adult mouse
retina.” J Vis Exp 84:€50932). Rod nuclei were isolated (to ensure that only nuclear
DNA was analyzed) from MACS-sorted rods using the Subcellular Protein
Fractionation Kit for Tissues (Thermo Fischer Scientific, #87790). Nuclear DNA was
isolated using the DNeasy Blood & Tissue Kit (Qiagen, #69504). Sequencing with a
Roche 454 sequencing system was performed to determine the inserted peptide
sequences most predominantly found in rods.

[52] In selection round 3b living adult RG-eGFP mice (Fei et al. (2003)
“‘Development of the cone photoreceptor mosaic in the mouse retina revealed by
fluorescent cones in transgenic mice.” Mol Vision 9:31-42) expressing enhanced
green fluorescent protein (eGFP) in cone photoreceptors received a single tail vain
injection of 100ul containing approximately 5 x 10*1 total vg of the AAV peptide
display Library #3. After 24 hours retinas were isolated following the procedure
described for selection rounds 1 and 2 with the exception that the pooled retinas
were not frozen, but immediately processed for isolation of cone photoreceptors. In
particular, a papain dissociation was performed as described in (Feodorova et al.
(2015) “Quick and reliable method for retina dissociation and separation of rod
photoreceptor perikarya from adult mice.” MethodsX 2:39-46) and cones were FACS
sorted (marker eGFP) according to (Becirovic et al. (2016) In Vivo Analysis of
Disease-Associated Point Mutations Unveils Profound Differences in mRNA Splicing
of Peripherin-2 in Rod and Cone Photoreceptors.” PLOS Genetics 12(1):e1005811).
Cone nuclei were isolated (to ensure that only nuclear DNA was analyzed) from
FACS-sorted cones using the Subcellular Protein Fractionation Kit for Tissues
(Thermo Fischer Scientific, #87790). Nuclear DNA was isolated using the DNeasy
Blood & Tissue Kit (Qiagen, #69504). Sequencing with a Roche 454 sequencing
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system was performed to determine the inserted peptide sequences most
predominantly found in cones.

[53] For the generation of novel helper plasmids for the production of AAV vectors
with the novel capsid variants synthetic single strand DNA oligos coding for the top
(5'-CGCGGCCGCANNNNNNNNNNNNNNNNNNNNNGCCG-3') (SEQ ID NO. 7) and
bottom (5-CGCGCGGCNNNNNNNNNNNNNNNNNNNNNTGCGGC-3') (SEQ ID
NO. 8) strands encoding selected insertion sequences as obtained in the previous
selection rounds flanked by 2-3 alanines on either end were synthesized (Eurofins
Genomics GmbH, Ebersberg, Germany), hybridized to form double stranded DNA
oligos with and flanked by overhangs Mlul-Asc/ restriction site were annealed and
ligated into the Mlul-Ascl restriction sites of the AAV trans plasmid pRC99 (Nickiin et
al. (2001) “Efficient and selective AAV2-mediated gene transfer directed to human
vascular endothelial cells” Molecular therapy: the journal of the American Society of
Gene Therapy 4, 174-181 and Girod et al. (1999) “Genetic capsid modifications
allow efficient re-targeting of adeno-associated virus type 2" Nature medicine 5,
1052-1056) expressing AAV2 Rep and Cap genes resulting in the generation of
AAV2 VP1-3 open reading frame with the intended peptide insertions at a position
corresponding to amino acid 587 of VP1. The insertion of the sequence destroys the
Milul | Ascl sites and generates a novel Eagl site which can be used for screening of
correct clones. The correct sequence of the resulting plasmids was verified by
standard sequencing using the primer 5-CTTTGGGAAGCAAGGCTCAG-3' (SEQ ID
NO. 9).

[54] These modified pRC99 plasmids were used to produce AAV particles with the
desired novel AAV capsid modification for biological testing. AAV production was
performed by standard techniques described in (Michalakis et al. (2010) “Restoration
of cone vision in the CNGA3-/- mouse model of congenital complete lack of cone
photoreceptor function, Molecular therapy: the journal of the American Society of
Gene Therapy 18, 2057-2063 and Becirovic et al. (2016) “AAV Vectors for FRET-
Based Analysis of Protein-Protein Interactions in Photoreceptor Outer Segments.”
Front Neurosci 10:356). A self-complementary (sc) AAV cis plasmid containing a
CMV-eGFP expression cassette (AAV-sc-CMV-eGFP) (Hacker et al. (2005) “Adeno-
associated virus serotypes 1 to 5 mediated tumor cell directed gene transfer and
improvement of transduction efficiency.” J Gene Med 7(11):1429-38) was used as
cis plasmid.
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[65] For the production of capsid modified AAV variants, 15 150-mm petri dishes of
293 cells at 80% confluence were cotransfected at a molar ratio of 1:1 with 37.5 ug
of each of the modified pRC99 plasmids, plasmid pXX6 and plasmid AAV-sc-CMV-
eGFP. After 48 h cells were collected and pelleted by centrifugation. Cells were
resuspended in 150 mM NaCl, 50 mM Tris—HCI (pH 8.5), freeze—-thawed several
times, and treated with Benzonase (50 U/ml) for 30 min at 37°C. Cell debris was
removed by centrifugation, and supernatant was loaded onto an iodixanol gradient
and subjected to 69,000 rpm for 1 h at 18°C as described (Zolotukhin et al. (1999)
“‘Recombinant adeno-associated virus purification using novel methods improves
infectious titer and yield. Gene Ther. 6: 973-985). Virions were then harvested from
the 40% iodixanol phase, rebuffered to phosphate buffered saline (PBS) using
Amicon Ultra-4 centrifugal filter units, 100kDa (Millipore), and genomic particle titers
were determined by gPCR (LightCycler System, Roche Diagnostics, Mannheim,
Germany) using ITR specific primers (D’'Costa et al. (2016) “Practical utilization of
recombinant AAV vector reference standards: focus on vector genomes titration by
free ITR gPCR.” Mol Ther Methods Clin Dev. 5:16019).

[56] In this way AAV helper plasmids for the production of AAV capsid variant
vectors with a high transduction efficiency of retinal photoreceptors have been
obtained. The presence of a specific genome encoding a modified AAV capsid in the
target cell (e.g. cone photoreceptor) 24 hours after intravenous injection suggests
that these particular capsid modifications enable to overcome the following biological
barriers:

1. Escape from the host immune system

2. Escape from the systemic clearance

3. Blood vessel endothelial cell barrier and retina-blood-barrier (RBB)

4. Within the retina: escape from the retinal blood vessels and diffusion into the
retinal tissue

5. If entry from the choroidal blood vessels is assumed: transfer through the Bruch’s
membrane, the retinal pigment epithelial cell barrier and the photoreceptor
extracellular matrix and probably the outer limiting membrane to finally enter the
photoreceptor cells. If the entry pathway is the photoreceptor outer segment the
connecting cilium has to be overcome as well

6. If entry from the vitreal blood vessels is assumed: transfer though the inner limiting

membrane, ganglion cell layer, the inner plexiform layer, the inner nuclear layer, the
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outer plexiform layer to finally enter the photoreceptors at their synaptic endings

7. Upon cell entry, the AAV particles have to traffic through and escape the
endolysosomal vesicles system, uncoat and shuttle their genome through the
nuclear membrane into the cell nucleus

8. Thus, detection of specific AAV genomes in the screening in the nuclei of the
target cells suggests that all these barriers had to be successfully overcome

[57] In addition, the libraries had been depleted for heparin binding. This is of
particular importance since it has been assumed that transduction of retinal cells and
photoreceptors in particular generally requires heparin binding. By using heparin-
binding depleted libraries specifically selected for novel AAVs that most probably use
distinct cell entry and trafficking mechanisms compared to the standard AAVs and
previously generated AAVSs.

[58] As mentioned above, the novel capsids are of great value for all applications
aiming for efficient transduction of retinal cells. This can be in the living animal or in
explant tissue culture or in cell culture. Moreover, this can be for basic research or
for clinical applications like ocular gene therapy. Furthermore, the applications are
not limited to gene expression, but can also include gene knock down using siRNA
(shRNA) technology or gene editing with e.g. nucleases like the zinc finger, TALEN
or CAS9/CRISPR systems. Finally, the novel AAVs are also useful as a cargo
system for other molecules including but not limited to DNA, RNA, peptides, proteins,
chemical compounds.

[59] The present invention relates to an adeno-associated virus (AAV), the AAV
comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1B-X2-X3-X4-X5-X6-X7 (formula |)

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;
wherein X4 and/or Xig are independently optionally absent or present,

or
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wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xig are independently optionally absent or present,

or

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xsg are independently optionally absent or present,

wherein viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse,
and

wherein viral AAV DNA is present in MAC-sorted rods using anti-CD73-coated
magnetic beads and/or FACS-sorted cones, wherein the cones express eGFP and
are FACS sorted based on their eGFP expression, 24 hours after administration,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse
for rod sorting and into the tail vein of RG-eGFP mice line R685933 for cone sorting.
[60] An adeno-associated virus (AAV) as used herein may be used to refer to any
AAV virus itself or parts thereof, e.g. the viral capsid, the viral genome, and the like.
The term "AAV" also encompasses all subtypes, both naturally occurring and
recombinant forms, and variants thereof.

[61] Non-limiting examples of AAVs include AAV type 1 (AAV-1), AAV type 2
(AAV-2), AAV type 3 (AAV-3), AAV type 3B (AAV-3B), AAV type 4 (AAV-4), AAV
type 5 (AAV-5), AAV type 6 (AAV-6), AAV type 7 (AAV-7), AAV type 8 (AAV-8),
AAV9, AAV10, AAV11 , AAV12, AAV13, rh10, avian AAV, bovine AAV, canine AAV,
equine AAV, primate AAV, non-primate AAV, and ovine AAV. "Primate AAV" refers
to AAV that infect primates, "non-primate AAV" refers to AAV that infect non-primate
mammals, "bovine AAV" refers to AAV that infect bovine mammals, etc.

[62] In particular, the experiments as described herein were performed with
modified AAV2 capsids. However, other AAV capsids (from other AAVs as described
herein) also tolerate peptide insertions in the corresponding capsid positions
(Michelfelder et al. (2011) “Peptide ligands incorporated into the threefold spike
capsid domain to re-direct gene transduction of AAV8 and AAV9 in vivo” PloS one 6,
€23101).



WO 2019/076856 PCT/EP2018/078175
18

[63] Therefore the peptide insertions (insertion sequences as described herein)
can be transferred to the other known AAV capsids, e.g. to any of the capsids of any
of the AAVs as described herein or e.g. into AAVS8, AAV9, AAV7 or AAVS. These
AAVs can have a higher efficiency and broader transduction profiles in the retina
compared to AAV2.

[64] Moreover, the AAV capsid peptide insertions can
be combined with the capsid tyrosine, threonine and serine mutations (Petrs-Silva et
al. (2009) “High-efficiency transduction of the mouse retina by tyrosine-
mutant AAV serotype vectors” Molecular therapy: the journal of the American Society
of Gene Therapy 17, 463-471 and Zhong et al. (2008) “Next generation of adeno-
associated virus 2 vectors: point mutations in tyrosines lead to high-efficiency
transduction at lower doses” Proceedings of the National Academy of Sciences of
the United States of America, 105, 7827-7832) to reduce proteasome-mediated
degradation and enhance transduction efficacy.

[65] The AAV can be AAV2.

[66] Furthermore, the AAV may be a naturally occurring (wild type AAV), a variant
or recombinant AAV. By "naturally occurring” or "wild-type" AAV it is meant any
adeno-associated virus or derivative thereof comprising viral proteins such as the
viral capsid that consists of viral (capsid) proteins that occur in nature. Thus, the AAV
of the present invention can be a naturally occurring AAV only comprising an
insertion sequence as described herein between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1.

[67] By an "AAV variant" or a "variant AAV" it is meant to include an AAV viral
particle comprising a variant, or mutant, of an AAV protein such as a mutant AAV
protein. Examples of variant AAV proteins include AAV proteins comprising at least
one amino acid difference (e.g., amino acid substitution, amino acid insertion, amino
acid deletion) relative to a corresponding parental AAV protein, i.e. an AAV protein
from which it was derived, a wild type AAV protein, etc., where the variant AAV
protein does not consist of an amino acid sequence present in a naturally occurring
AAV protein. For example, such variant AAVs may comprise a mutation in the capsid
protein VP3 in addition to the inventive insertion sequence.

[68] In addition to differing structurally, i.e. at the sequence level, from the
corresponding parental AAV, the AAV variant may differ functionally from the
corresponding parental AAV. Put another way, the variant capsid protein comprising
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the at least one amino acid difference relative to a corresponding parental AAV
capsid protein may confer functional characteristics on the AAV variant that are not
possessed by the corresponding parental AAV. For example, the AAV variant may
have a different cellular tropism, i.e. a different affinity for and/or ability to infect a
particular type of cell, e.g. the AAV variant may bind to a cell, e.g. a retinal cell, with
an increased (or decreased) affinity than the parental AAV, and/or infect/transduce a
cell, e.g. a retinal cell, with an increased (or decreased) efficiency than the parental
AAV such that more (or less) cells of a cell population is transduced/infected with the
same titer of viral particles. As a second example, the AAV variant may have a
greater (or lesser) affinity for antibodies produced by the host animal, e.g. the AAV
variant may bind with greater (or lesser) affinity to neutralizing antibodies and be
cleared from the host tissue to a greater (or lesser) extent. Thus, the AAV of the
present invention can be a mutant (variant) AAV comprising an insertion sequence
as described herein between the positions corresponding to position 587 and 588 of
SEQID NO: 1.

[69] By "recombinant AAV" or "rAAV" it is meant to include any AAV that
comprises a heterologous polynucleotide sequence in its viral genome. In general,
the heterologous polynucleotide is flanked by at least one, and generally by two
naturally occurring or variant AAV inverted terminal repeat sequences (ITRs). The
term rAAV vector encompasses both rAAV vector particles and rAAV vector
plasmids. The virus vector as described herein also is a rAAV. Thus, for example, a
rAAV that comprises a heterologous polynucleotide sequence would be a rAAV that
includes a nucleic acid sequence not normally included in a naturally-occurring, wild-
type AAV, for example, a transgene (e.g. a non-AAV RNA-coding polynucleotide
sequence, non-AAV protein-coding polynucleotide sequence), a non-AAV promoter
sequence, a hon-AAV poly-adenylation sequence, etc.

[70] Such recombinant AAV vectors are common general knowledge in the art and
so the skilled person also knows how to construct such recombinant AAVs.

[71] A "rAAV vector genome" or "rAAV genome" is an AAV genome (i.e. vDNA)
that comprises one or more heterologous nucleic acid sequences. rAAV vectors can
generally require only the terminal repeat(s) (TR) in as to generate virus. All other
viral sequences are considered dispensable and may be supplied in trans
(Muzyczka, (1992) Curr Topics Microbiol. Immunol. 158:97). Typically, the rAAV

vector genome will only retain the one or more TR sequence so as to maximize the
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size of the transgene that can be efficiently packaged by the vector/capsid. The
structural and non-structural protein coding sequences may be provided in trans
(e.g., from a vector, such as a plasmid, or by stably integrating the sequences into a
packaging cell). In embodiments of the invention the rAAV vector genome comprises
at least one TR sequence (e g., AAV TR sequence), optionally two TRs (e.g., two
AAV TRs), which typically will be at the 5' and 3' ends of the vector genome and
flank the heterologous nucleic acid, but need not be contiguous thereto. The TRs
can be the same or different from each other.

[72] The term "terminal repeat" or "TR" includes any viral terminal repeat or
synthetic sequence that forms a hairpin structure and functions as an inverted
terminal repeat (i.e. mediates the desired functions such as replication, virus
packaging, integration and/or provirus rescue, and the like). The TR can be an AAV
TR or a non-AAV TR For example, a non-AAV TR sequence such as those of other
parvoviruses (e.g. canine parvovirus (CPV), mouse parvovirus (MVM), human
parvovirus B-19) or any other suitable virus sequence (e.g., the SV40 hairpin that
serves as the origin of SV40 replication) can be used as a TR, which can further be
modified by truncation, substitution, deletion, insertion and/or addition. Further, the
TR can be partially or completely synthetic, such as the "double-D sequence" as
described in United States Patent No. 5,478,745 to Samulski et al.

[73] An'AAV terminal repeat” or "AAV TR" may be from any AAV, including but not
limited to serotypes 1, 2, 3, 3B, 4, 5,6, 7, 8, 9, 10, 11, 12 or 13 or any other AAV
now known or later discovered. An AAV terminal repeat need not have the native
terminal repeat sequence (e.g., a native AAV TR sequence may be altered by
insertion, deletion, truncation and/or missense mutations), as long as the terminal
repeat mediates the desired functions, e.g., replication, virus packaging, integration,
and/or provirus rescue, and the like The virus vectors of the invention can further be
"targeted" virus vectors (e.g., having a directed tropism) and/or a "hybrid" parvovirus
(i.e, in which the viral TRs and viral capsid are from different parvoviruses) as
described in international patent publication WO 00/28004 and Chao et al., (2000)
Molecular Therapy 2:619.

[74] Also embraced by the term recombinant AAV are AAVs, which comprise e.g.
only the capsid of the AAV and carry within the capsid a non-nucleic acid cargo such
as protein, polypeptide or another molecule in addition to or in substitution of its
genome. For example, the capsid may comprise a nucleic acid which is heterologous
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to the AAV-related genome. It is also envisioned that the capsid carried a nucleic
acid which is heterologous (not the AAV nucleic acid). How such recombinant AAVs
are produced is e.g. described in US9610354 B2 or WO1996000587 A1.

[75] A capsid protein as used herein refers to an AAV capsid protein. Typically, the
AAV capsid is composed of 60 capsid protein subunits, VP1, VP2, and VP3 that are
arranged in an icosahedral symmetry usually in a ratio of 1:1:10 or 1:1:20. It was
reported that VP2 and VP3 are crucial for correct virion assembly. More recently,
however, it was shown VP2 to be unnecessary for the complete virus particle
formation and an efficient infectivity, and also presented that VP2 can tolerate large
insertions in its N terminus, while VP1 cannot, probably because of the PLA2 domain
presence. Notably, the N-terminus of VP1 is sequestered within the mature capsid. It
can contain a phospholipase A2-like region and putative nuclear localization signals.
Thus, the capsid protein can comprise a VP1 capsid protein of the present invention
and further one or both of AAV VP2 and/or VP3 capsid proteins.

[76] The sequences for the VP1, VP2 and VP3 capsid protein are known to the
skilled person. Also envisioned are variants of any one of VP1, VP2 and VP3 as long
as they are still able to assemble a capsid (see also Table 1 shown herein
summarizing some sequences). Methods to analyse if a capsid is assembled are
also known to the skilled person and e.g. described in Sonntag et al. (2011) “The
Assembly-Activating Protein Promotes Capsid Assembly of Different Adeno-
Associated Virus Serotypes” J Virol. 85(23): 12686—12697.

[77] A “variant” of a capsid protein of the present invention encompasses a capsid
protein comprising a mutation. The mutation can be present with regard to any
capsid sequence. For example, the mutation may be present with regard to any one
the sequences as indicated in Table 1 as long as it results in a mutated capsid
protein. Such mutations can include one or more point mutations, such as 1, 2, 5, 10,
15, 20, 50 or more point mutations. A variant can also comprise insertions (addition of
one or more nucleotides to the DNA/RNA or addition of one or more amino acids in a
certain capsid protein such as VP1, VP2, and/or VP3), such as 1, 2, 3, 5, 6, or more
insertions. Both, point mutations and insertions can be selected according to general
rules known in the art, which can have no effect on the activity of the amino acid
sequence compared to e.g. an amino acid sequence of SEQ ID NO: 1.

[78] A variant can also include a deletion of a nucleic acid base or amino acid
resulting in in a capsid protein with a reduced number of amino acids. Thus, a
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polypeptide can comprise a deletion of 1, 2, 3, 4, 5, 10, 20, 30 or more amino acid
residues in comparison to its wildtype sequence e.g. of any of the sequences as
shown in Table 1. Also encompassed are deletions of more than 1, 2, 3, 4, 10, 20, 30,
40, 50, 60, 70, 80, 90, 100, 200, 300 or more nucleic acid bases compared to a
nucleic acid molecule shown in Table 1. The variant can however still have the same
functional properties as any of the polypeptides or the nucleic acid molecules
depicted in Table 1.

[79] Given that also variants of the capsid proteins (polypeptides, nucleic acid
molecules) as described herein are encompassed by the present invention, the
present invention also encompasses capsid nucleic acid sequences or polypeptide
sequences which have a sequence identity of 80 %, 85 %, 90 %, 95 %, 97 %, 99 %
or 100 % with any of the polypeptides/nucleic acid molecules indicated in Table 1.
[80] Thus, a recombinant AAV carrying a polypeptide, protein or molecule can
comprise VP1, VP3 and/or VP2 capsid proteins as the only AAV proteins present in
that vector.

[81] Thus, the AAV of the present invention can be a recombinant AAV comprising
an insertion sequence as described herein between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1.

[82] It is also envisioned that the AAV comprises or has a sequence having a
sequence identity of at least 70 %, 75 %, 80 %, 85 %, 90 %, 95 %, 97 %, 99 % or
100 % with a naturally occurring AAV type 1 (AAV-1), AAV type 2 (AAV-2), AAV type
3 (AAV-3), AAV3B, AAV type 4 (AAV-4), AAV type 5 (AAV-5), AAV type 6 (AAV-6),
AAV type 7 (AAV-7), AAV type 8 (AAV-8), AAV9, AAV10, AAV11, AAV12, rh10,
avian AAV, bovine AAV, canine AAV, equine AAV, primate AAV, non-primate AAV,
and ovine AAV. ltis also envisioned that the AAV has a sequence identity of at least
70 %, 75 %, 80 %, 85 %, 90 %, 95 %, 97 %, 99 % or 100 % with a sequence as
referenced in Table 1.

[83] The term “polypeptide” when used herein means a peptide, a protein, or a
polypeptide, which is used interchangeable and which encompasses amino acid
chains of a given length, wherein the amino acid residues are linked by covalent
peptide bonds. The polypeptides may comprise amino acids of the 20 gene-encoded
amino acids. These are known to the skilled person. Also encompassed are amino
acids other than the 20 gene-encoded amino acids, namely unnatural amino acids.

Examples of such unnatural amino acids include D-amino acids, homo amino acids,
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N-methyl amino acids, alpha-methyl amino acids, beta (homo) amino acids, gamma
amino acids, helix/turn stabilizing motifs, backbone modifications (e.g. peptoids).
Also envisioned are unusual amino acids found in nature and which are known to the
skilled person. Examples include selenocysteine, hydroxyproline (Hyp), beta-alanine,
citrulline (Cit), ornithine (Omn), norleucine (Nle), 3-nitrotyrosine, nitroarginine,
pyroglutamic acid (Pyr). Thus, the term polypeptide can also include amino acid
sequences comprising an amino acid other than the amino acids as shown in the 20-
gene-ecoded amino acids. It may e.g. comprise one or more unusual amino acids
found in nature and/or one or more unnatural amino acids.

[84] The term polypeptide also refers to, and does not exclude, modifications of
the polypeptide. Such modifications are known to the skilled artesian and for
example listed in WO 2010/093784.

[85] With regard to the term “nucleic acid molecule” when used herein
encompasses any nucleic acid molecule having a nucleotide sequence of bases
comprising purine- and pyrimidine bases which are comprised by said nucleic acid
molecule, whereby said bases represent the primary structure of a nucleic acid
molecule. Nucleic acid sequences can include DNA, cDNA, genomic DNA, RNA,
both sense and antisense strands. The polynucleotide of the present invention can
be composed of any polyribonucleotide or polydeoxribonucleotide, which may be
unmodified RNA or DNA or modified RNA or DNA.

[86] A variety of modifications can be made to DNA and RNA; thus, the term
"nucleic acid molecules" can embrace chemically, enzymatically, or metabolically
modified forms. "Modified" bases include, for example, tritylated bases and unusual
bases such as inosine.

[87] In accordance with the present invention, the term “identical” or “percent
identity” in the context of two or more nucleic acid molecules or amino acid
sequences, refers to two or more sequences or subsequences that are the same, or
that have a specified percentage of amino acid residues or nucleotides that are the
same (e.g., at least 95 %, 96 %, 97 %, 98 % or 99 % identity), when compared and
aligned for maximum correspondence over a window of comparison, or over a
designated region as measured using a sequence comparison algorithm as known in
the art, or by manual alignment and visual inspection. Sequences having, for
example, 80 % to 95 % or greater sequence identity are considered to be
substantially identical. Such a definition also applies to the complement of a test
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sequence. Those having skill in the art will know how to determine percent identity
between/among sequences using, for example, algorithms such as those based on
CLUSTALW computer program (Thompson Nucl. Acids Res. 2 (1994), 4673-4680)
or FASTDB (Brutlag Comp. App. Biosci. 6 (1990), 237-245), as known in the art.

[88] Also available to those having skill in this art are the BLAST and BLAST 2.0
algorithms (Altschul Nucl. Acids Res. 25 (1977), 3389-3402). The BLASTN program
for nucleic acid sequences uses as defaults a word size (W) of 28, an expectation
threshold (E) of 10, match/mismatch score 1, -2, gap costs linear and a comparison
of both strands. For amino acid sequences, the BLASTP program uses as defaults a
word size (W) of 6, and an expectation threshold (E) of 10, gap costs are Existence:
11 and Extension: 1. Furthermore, the BLOSUM62 scoring matrix (Henikoff Proc.
Natl. Acad. Sci., USA, 89, (1989), 10915) can be used.

[89] Forexample, BLAST2.0, which stands for Basic Local Alignment Search Tool
(Altschul, Nucl. Acids Res. 25 (1997), 3389-3402; Altschul, J. Mol. Evol. 36 (1993),
290-300; Altschul, J. Mol. Biol. 215 (1990), 403-410), can be used to search for local
sequence alignments.

[90] The AAVs as described herein have an insertion of at least 6-8 amino acids
between the positions corresponding to position 587 and 588 of SEQ ID NO: 1. The
insertion sequence can have 6 amino acids. The insertion sequence can also have 7
amino acids. The insertion sequence can have 8 amino acids. Thus, also envisioned
are AAVs comprising an insertion sequence as described herein, wherein Xia is
absent and Xigis present or wherein Xz is absent and X4 is present.

[91] The insertion sequence has from the N-terminus to the C-terminus the formula
I: Xqa-X1g-Xo-X3-Xs-Xs5-Xe-X7 (formula 1). In this formula, Xs can be selected from P
(Pro), L (Leu) and V (Val); wherein X7 can be R (Arg); Xia, Xig, X2, X3, X4, Xs can be
independently any amino acid; and X4 and/or Xig can be independently optionally
absent or present, wherein optionally viral AAV DNA is present in mouse retinal
nuclear extracts after 24 hours, when the AAV is administered intravenously into the
tail vein of a C57-Bl6J mouse.

[92] Thus, the present invention also relates to an adeno-associated virus (AAV),
the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1 (insertion sequence); wherein the insertion
sequence has from the N-terminus to the C-terminus the formula I:



WO 2019/076856 PCT/EP2018/078175
25

X1A-X1 B-Xz-Xs-X4-X5-X6-X7 (formu la |),

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein X1a, Xig, X2, X3, X4, X are independently any amino acid;

wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[93] Similarly, the present invention relates to an adeno-associated virus (AAV)
VP1 capsid protein, the AAV VP1 capsid protein comprising an insertion of at least
6-8 amino acids between the positions corresponding to position 587 and 588 of
SEQ ID NO: 1 (insertion sequence), wherein the insertion sequence has from the N-

terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xa-X4-X5-X6-X7 (formula |),

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein X1a, Xig, X2, X3, X4, X are independently any amino acid;

wherein X4 and/or Xz are independently optionally absent or present.

[94] In particular, in the AAV or the AAV VP1 capsid protein Xs can be P (Pro).
Alternatively, Xs can be L (Leu). Alternatively, Xs can be V (Val). Additionally or
alternatively X4a and/or Xig can be selected from G, S, N, V and P, preferably Xia
and/or Xig are N. Additionally or alternatively X, can be selected from L, S and N,
preferably X, can be S. Additionally or alternatively Xs can be selected from S, P, T,
Q. X3 can also be selected from S and P. Additionally or alternatively X4 can be
selected from P, G, S, A and T, preferably X4 can be S. Additionally or alternatively
Xs can be selected from T, P, N, Q and S, preferably Xs can be P. Thus, the AAV or
the AAV VP1 capsid protein of the present invention can comprise the insertion
sequence GLSPPTR (SEQ ID NO. 10), SSPGLPR (SEQ ID NO. 11), NSTSVNR
(SEQ ID NO. 12), VSSSLQR (SEQ ID NO. 13), PNQAPPR (SEQ ID NO. 14) or
NNPTPSR (SEQ ID NO: 15) as described herein.

[95] Alternatively in formula I, Xs can be selected from S (Ser) and T (Thr); X7 can
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be S (Ser); Xia, X1, X2, X3, X4, Xg can independently be any amino acid; and Xia
and/or X4g can independently be optionally absent or present.

[96] Thus, the present invention also relates to an adeno-associated virus (AAV),
the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xs-X4-X5-X6-X7 (formula |),

wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein X1a, Xig, X2, X3, X4, X are independently any amino acid;

wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[97] Similarly, the present invention also relates to an adeno-associated virus
(AAV) VP1 capsid protein, the AAV VP1 capsid protein comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xs—X4—X5—X6-X7 (formula [ ),

wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xig are independently optionally absent or present.

[98] In particular in the AAV or the AAV VP1 capsid protein Xs can be S (Ser).
Alternatively, Xs can be T (Thr). Additionally or alternatively Xia and/or Xig can be
selected from G, R, H and S. Additionally or alternatively Xz can be selected from A,
S and Q, preferably, X2 can be A. Additionally or alternatively X; can be selected
from H, N and A, preferably X3 can be N. Additionally or alternatively X4 can be
selected from R, Q and D, preferably X4 can be R. Additionally or alternatively Xs can
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be selected from R, S and D, preferably Xs can be D.

[99] Thus, the AAV or the AAV VP1 capsid protein of the present invention can
also comprise the insertion sequence GAHRSDS (SEQ ID NO. 16), RANQTSS
(SEQ ID NO. 17), HSARTDS (SEQ ID NO. 18) or SQNDSRS (SEQ ID NO. 19).
[100] Alternatively, in formula I, Xs can be selected from A (Ala) and Q (GIn); X7 can
be A (Ala); Xia, X1, X2, X3, X4, X6 can independently be any amino acid; and Xia
and/or X4g can independently be optionally absent or present.

[101] Thus, the present invention also relates to an adeno-associated virus (AAV),
the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1 A-X1 B-Xz-Xs-X4-X5-X6-X7 (formula |),

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[102] Similarly, the present invention also relates to an adeno-associated
virus (AAV) VP1 capsid protein, the AAV VP1 capsid protein comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the
N-terminus to the C-terminus the formula I:

X1 A-X1 B-Xz-Xs—X4-X5-X6-X7 (formula |),

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xig are independently optionally absent or present.

[103] In particular in the AAV or the AAV VP1 capsid protein Xs can be A (Ala).
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Alternatively, Xs can be Q (GIn). Additionally or alternatively Xia and/or Xig can be
selected from N and R. Additionally or alternatively Xz can be selected from S and G.
Additionally or alternatively Xs can be selected from R and S. Additionally or
alternatively X4 can be selected from P and L. Additionally or alternatively Xs can be
selected from A and N.

[104] Thus, the AAV or the AAV VP1 capsid protein of the present invention can
also comprise the insertion sequence NSRPAAA (SEQ ID NO. 20) or RGSLQNA
(SEQ ID NO. 21).

[105] The insertion of at least 6-8 amino acids is in between the positions
corresponding to position 587 and 588 of SEQ ID NO: 1. The term "position" when
used in accordance with the present invention means the position of either an amino
acid within an amino acid sequence of SEQ ID NO. 1. Notably, SEQ ID NO. 1
corresponds to the VP1 protein of the capsid of AAV2.

[106] The term "corresponding" as used herein also includes that a position is not
only determined by the number of the preceding nucleotides/amino acids. The
position of a given nucleotide in accordance with the present invention which may be
substituted may vary due to deletions or additional nucleotides elsewhere in a
(mutant, recombinant or wild-type) AAV capsid protein VP1 including the promoter
and/or any other regulatory sequences or gene (including exons and introns).
Similarly, the position of a given amino acid in accordance with the present invention
which may be substituted may very due to deletion or addition of amino acids
elsewhere in a (mutant or wild-type) AAV capsid protein VP1.

[107] Thus, under a "corresponding position" in accordance with the present
invention it is preferably to be understood that amino acids may differ in the indicated
number but may still have similar neighbouring nucleotides/amino acids. Said amino
acids which may be exchanged, deleted or added are also comprised by the term
"corresponding position". Specifically, the skilled person may, when aligning the
reference sequence (subject sequence) SEQ ID No: 1 with an amino acid sequence
of interest (query sequence), for example, inspect a sequence of interest for the
sequence motif GNRQ (positions 586-589 of SEQ ID NO. 1; SEQ ID NO. 22) when
looking for the amino acid position as specified herein (i.e., a position corresponding
to 587 and 588 of the amino acid sequence shown in SEQ ID No: 1).

[108] In order to determine whether an amino acid residue in a given (mutant or

wild-type) amino acid sequence corresponds to a certain position in the amino acid



WO 2019/076856 PCT/EP2018/078175
29

sequence of SEQ ID No: 1, the skilled person can use means and methods well-
known in the art, e.g., alignments, either manually or by using computer programs
such as BLAST2.0, which stands for Basic Local Alignment Search Tool or ClustalW
or any other suitable program which is suitable to generate sequence alignments.
[109] It is also envisioned that the insertion sequence is flanked by one or more
flexible amino acids on one or both ends of the insertion sequence. Flexible amino
acids allow adjacent protein domains to move freely relative to one another. Any
flexible amino acid is embraced by the expression flexible amino acid. The person
skilled in the art knows which amino acids are flexible and which are less flexible.
[110] A “flexible amino acid” as used herein can be selected from A (Ala), L (Leu), G
(Gly), S (Ser) and T (Thr). The flexible amino acid can also be selected from G (Gly),
S (Ser) and A (Ala). The flexible amino acid can also be Ala.

[111] The insertion sequence can be flanked on one or both ends with any number
of flexible amino acids. For example, the insertion sequence can be flanked on one
or both ends with 1, 2, 3,4, 5,6, 7, 8, 9, or more flexible amino acids.

[112] Also encompassed are AAVs or AAV VP1 capsid proteins of the present
invention, wherein the insertion sequence has from the N-terminus to the C-terminus

the formula Il:

L3-L2- L1 -X1A-X1 B-Xz-Xs-X4-X5-X6-X7-L4-|_5-|_6 (formu la | |)

wherein L4, Ly, L3, L4, Ls and Lg are independently a flexible amino acid; and

wherein L4, Ly, L3, L4, Ls and Lg are independently optionally absent or present.

[113] ltis also envisioned that additionally L4, Lo, L3, L4, Ls and Ls are independently
selected from A (Ala), L (Leu), G (Gly), S (Ser) and T (Thr). It is further envisioned
that in the insertion sequence as described herein one of X4 or Xg is present and
the other one of X4 or X is absent, and that within formula (ll) all of L4, Lo, L3 L4
and Ls are present, and wherein Lg is absent.

[114] Thus, the insertion sequence including flexible amino acids can have a length
of 7 to 14 amino acids. The insertion sequence including flexible amino acids can
thus have a length of 7, 8, 9, 10, 11, 12, 13, or 14 amino acids. However, when more
flexible amino acids are present, then the insertion sequence including the flexible
amino acids can also have a length of 15, 16, 17, 18, 19, 20 or more amino acids.
[115] It is also envisioned that the AAV or the AAV VP1 capsid protein of the
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present invention comprises an insertion sequence as described herein, in which Xia
and/or Xig and/or Xz and/or Xs is/fare not an acidic amino acid. Additionally or
alternatively the insertion sequence as described herein does not comprise amino
acid E (glutamate).

[116] An “acidic amino acid” as used herein refers to amino acids D (Asp) and E
(glutamate).

[117] Additionally or alternatively the insertion sequence as used herein can
comprise 1, 2, 3 or 4 acidic amino acids. For example, the insertion sequence can
comprise one acidic amino acid. The amino acid can be D (Asp).

[118] It is further envisioned that the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, wherein one
of Xia0r Xig is present and the other one of X1 or X4 is absent and wherein Xz is not
a basic or acidic amino acid.

[119] As used herein a “basic amino acid” is any one of K (Lys), R (Arg) and H
(His).

[120] It is further contemplated that the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, which does
not comprise a K (Lys) or H (His) at any position. It is also envisioned that the
insertion sequence comprises R (Arg) as the only basic amino acid. Additionally, the
insertion sequence can comprise D (Asp) as the only acidic amino acid.

[121] It is further envisioned that the AAV or the AAV VP1 capsid protein of the
present invention, which comprises an insertion sequence as described herein in
which Xia and/or X4g and/or Xz and/or X3 and/or X4 and/or Xs is not a hydrophobic-
aromatic amino acid.

[122] A “hydrophobic amino acid” as described herein is an amino acid selected
from F (Phe), W (Trp) or Y (Tyr).

[123] It is also envisioned that the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, which does
not comprise any hydrophobic amino acid.

[124] It is further contemplated that the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, which does
not comprise any one of the amino acids F (Phe), W (Trp), Y (Tyr), K (Lys), E (Glu),
C (Cys), M (Met), | (lle) and H (His).

[125] Furthermore, it is contemplated that the AAV or the AAV VP1 capsid protein of
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the present invention comprises an insertion sequence as described herein, wherein
Xia0r X4g is a special amino acid, a hydrophobic aliphatic amino acid or polar amino
acid with uncharged side group.

[126] As used herein a “special amino acid” includes C (Cys), G (Gly) and P (Pro).
[127] A “hydrophobic aliphatic amino acid” as used herein includes A (Ala), L (Leu),
V (Val) and I (lle).

[128] A “polar amino acid with uncharged side group” as used herein comprises S
(Ser), T (Thr), N (Asn) and Q (GIn).

[129] Thus in the insertion sequence as described herein, Xia and/or Xig can be
selected from A, L, V, I, S, T, N, Q, C, P and G. In the insertion sequence as
described herein Xia and/or Xig can also be selected from G, P and N. In the
insertion sequence as described herein Xia and/or X4g can also be selected from G,
N, S and A.

[130] In the insertion sequence as described herein X4 and/or Xg can also be any
amino acid other than L, K, D, E, I, C, M, F, W, Y. In the insertion sequence as
described herein X4 and/or X4g can also be any amino acid.

[131] Additionally or alternatively the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, wherein X»
can be a hydrophobic aliphatic amino acid or polar amino acid with uncharged side
group. Thus in the insertion sequence as described herein Xz can be selected from
S, T,N,Q, A L, Vand Il. Xz can also be selected from N and L. In the insertion
sequence as described herein X, can also be selected from L, N, S and A. X, can
also be any amino acid. In the insertion sequence as described herein X, can also be
any amino acid otherthan D, E, I, C,M, F, Wand Y.

[132] Additionally or alternatively the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, wherein Xs
can be selected from a hydrophobic aliphatic amino acid or special amino acid or
polar amino acid with uncharged side group. Thus, in the insertion sequence as
described herein X3 can be selected from A, L, V, I, S, T, N, Q, C, G and P. In the
insertion sequence as described herein X3 can also be selected from S, Q and P. In
the insertion sequence as described herein Xs can also be selected from P, S, G and
A. X3 can also be P. In the insertion sequence as described herein X; can also be
any amino acid. In the insertion sequence as described herein X3 can also be any
amino acid otherthan L, E, I, C, M, F, Wand Y.
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[133] Additionally or alternatively the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, wherein X,
can be a hydrophobic aliphatic or basic or acidic amino acid or special amino acid or
polar amino acid with uncharged side group. Thus in the insertion sequence as
described herein X4 can be selected fromK, R, H, D, E,S, T, N, Q, A, V, L, C, G
and P. In the insertion sequence as described herein X4 can also be selected from P,
A and T. In the insertion sequence as described herein X4 can also be selected from
P, T, S and G. In the insertion sequence as described herein X4 can be selected from
P or T. In the insertion sequence as described herein X4 can be P. Xscan be T. In
the insertion sequence as described herein X4 can also be any amino acid other than
L,E,I,C,M,F,WandY.

[134] Additionally or alternatively the AAV or the AAV VP1 capsid protein of the
present invention comprises an insertion sequence as described herein, wherein Xg
can be an acidic amino acid, a basic amino acid, a polar amino acid with uncharged
side group or a special amino acid. Thus in the insertion sequence as described
herein Xg can be selected from K, R, H, D, E, S, T, N, Q, A, C, G and P. In the
insertion sequence as described herein Xg can also be selected from T, P and S. Xs
can also be selected from S, T, P and A. In the insertion sequence as described
herein Xs can also be selected from S, T, P and A. X¢ can also be selected from S or
T. In the insertion sequence as described herein Xs can be S. In the insertion
sequence as described herein Xgcan be T.

[135] The AAV or the AAV VP1 capsid protein of the present invention can also
comprise an insertion sequence as described herein, wherein one of Xia or Xig is
present and one of X5 0r Xy is absent; and

wherein Xia0r Xqgis selected fromA, L, V, |, S, T, N, Q, C, P and G, preferably X or
Xigis selected from G, P and N; and/or

wherein Xz is selected fromS, T, N, Q, A, L, V and |, preferably Xz is selected from N
and L; and/or

wherein Xs is selected from A, L, V, I, S, T, N, Q, C, G and P, preferably Xs is
selected from S, Q and P; and/or

wherein X4 is selected from K, R, H, D, E, S, T, N, Q, A, V, |, L, C, G and P,
preferably X, is selected from P, A and T; and/or

wherein Xg is selected fromK, R, H,D, E, S, T, N, Q, A, C, G and P, preferably Xs is
selected from T, P and S.
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[136] The AAV of the present invention is capable to transduce retinal cells. Thus,
use of the AAV of the present invention can result in that viral AAV DNA is present in
mouse retinal nuclear extracts after 24 hours, when the AAV is administered
intravenously into the tail vein of a C57-Bl6J (also written as C57BL/6J herein)
mouse. Mice can be purchased from Charles River (http://www.criver.com/products-
services/basic-research/find-a-model/jax-mice-strain-c57bl-6j?loc=DE).

[137] The C57BL/6J inbred strain was created by Dr. CC Little from the mating of
female 57 with male 52 from Miss Abbie Lathrop's stock. The same cross gave rise
to the C57L and C57BR strains.

[138] The skilled artesian knows the genotype of this mouse line and also knows
where he can obtain such a mouse strain. The person skilled in the art also knows
the differences between the substrains as described e.g. in Mekasa et al. (2009)
“Genetic differences among C57BL/6 Substrains” Exp. Anim. 58(2), 141-149.

[139] This mouse line is commercially available and can e.g. be obtained from
Charles River Laboratories or Janvier labs.

[140] In particular, a maximum of 8x10E10 genomic particles of an AAV library #1
as described elsewhere herein is injected into the tail vein of 4 week old C57-BL6J
mice. 24 hours after intravenous injection into the tail vein, the retinal tissue is
harvested as described herein elsewhere in detail. Afterwards, the genome of AAV
with the ability to enter the nucleus of retinal cells within 24 hours after intravenous
administration is amplified with PCR as described herein elsewhere in detail.

[141] It is also envisioned that the AAV of present invention that viral AAV DNA is
present in mouse retinal nuclear extracts after 24 hours, when the AAV is
administered intravenously into the tail vein of a C57-Bl6J (C57/BL6J) mouse and
that after determining the insertion sequence (selection round 1) and subcloning the
detected insertion sequence in a further AAV, the viral DNA of the further AAV is
present in mouse retinal nuclear extracts after 24 hours, when the AAV is
administered intravenously into the tail vein of a C57-Bl6J (C57BL/6J) mouse
(selection round 2). In the second selection round the same procedure as described
herein for the first selection round and also in the Examples is followed.

[142] To detect viral DNA in cones firstly virus as obtained in selection round 1 and
2 as described herein is injected into the tail vein of a 4 week old C57BL6J mouse or
a RG-eGFP mouse line R685933 as described herein.

[143] At most 5 x 10" 1 genomic particles obtained from the second selection round
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as described herein are injected into the tail vein of a 4 week old C57BL6J or RG-
eGFP mouse line R685933 as described herein.

[144] The RG-eGFP mice (line R685933) are described by Fei and Hughes (2001)
“Transgenic expression of the jellyfish green fluorescent protein in the cone
photoreceptors of the mouse.” Vis Neurosci. 18(4):615-23. The RG-eGFP mice (line
R685933) can be purchased from MMRRC
(https://www.mmrrc.org/catalog/sds.php?mmrrc_id=43).

[145] To detect viral DNA in rods 24 hours after injection mice are euthanized by
cervical dislocation and the eye was proptosed by placing Dumont #7 curved forceps
(Fine Science Tools, Heidelberg) around the rear part close to the optic nerve and
applying gentle pressure. The cornea was cut along the equator with a sharp blade.
Subsequently, the retina was detached from the retinal pigment epithelium (RPE)
and removed from remaining eye tissue, together with the lens and the vitreous
body, by gently pulling the forceps upwards. After rinsing the tissue in ice cold 0.1M
phosphate buffer (PB) and removing the lens and any remaining RPE cells with the
forceps, the two retinas per mouse were pooled and transferred into an Eppendorf
tube and immediately processed for isolation of rod photoreceptors. In particular, a
papain dissociation was performed as described in (Feodorova et al. (2015) “Quick
and reliable method for retina dissociation and separation of rod photoreceptor
perikarya from adult mice.” MethodsX 2:39-46) and rods were isolated by anti-CD73-
based MACS sorting according to (Eberle et al. (2014) “Subretinal transplantation of
MACS purified photoreceptor precursor cells into the adult mouse retina.” J Vis Exp
84:€50932). Rod nuclei were isolated (to ensure that only nuclear DNA was
analyzed) from MACS-sorted rods using the Subcellular Protein Fractionation Kit for
Tissues (Thermo Fischer Scientific, #87790). Nuclear DNA was isolated using the
DNeasy Blood & Tissue Kit (Qiagen, #69504). Sequencing with a Roche 454
sequencing system was performed to determine the inserted peptide sequences
most predominantly found in rods. Additionally or alternatively the AAV of the present
invention is such that viral AAV DNA is present in MAC-sorted rods using anti-CD73-
coated magnetic beads and/or FACS-sorted cones, wherein the cones express
eGFP and are FACS sorted based on their eGFP expression, 24 hours after
administration, when the AAV is administered intravenously into the tail vein of a
C57BL/6J mouse.

[146] To detect viral AAV DNA in cones 24 hours after injection mice are euthanized
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by cervical dislocation and the eye was proptosed by placing Dumont #7 curved
forceps (Fine Science Tools, Heidelberg) around the rear part close to the optic
nerve and applying gentle pressure. The cornea was cut along the equator with a
sharp blade. Subsequently, the retina was detached from the retinal pigment
epithelium (RPE) and removed from remaining eye tissue, together with the lens and
the vitreous body, by gently pulling the forceps upwards. After rinsing the tissue in
ice cold 0.1M phosphate buffer (PB) and removing the lens and any remaining RPE
cells with the forceps, the two retinas per mouse were pooled and transferred into an
Eppendorf tube and immediately processed for isolation of cone photoreceptors. In
particular, a papain dissociation was performed as described in (Feodorova et al.
(2015) “Quick and reliable method for retina dissociation and separation of rod
photoreceptor perikarya from adult mice.” MethodsX 2:39-46) and cones were FACS
sorted (marker eGFP) according to (Becirovic et al. (2016) In Vivo Analysis of
Disease-Associated Point Mutations Unveils Profound Differences in mRNA Splicing
of Peripherin-2 in Rod and Cone Photoreceptors.” PLOS Genetics 12(1):e1005811).
Cone nuclei were isolated (to ensure that only nuclear DNA was analyzed) from
FACS-sorted cones using the Subcellular Protein Fractionation Kit for Tissues
(Thermo Fischer Scientific, #87790). Nuclear DNA was isolated using the DNeasy
Blood & Tissue Kit (Qiagen, #69504). Sequencing with a Roche 454 sequencing
system was performed to determine the inserted peptide sequences most
predominantly found in cones.

[147] Cone photoreceptors are FAC-sorted based on eGFP fluorescence from RG-
eGFP mice line R685933 as described herein. Subsequently, viral DNA is isolated
from the sorted rod and cone photoreceptors and sequenced using next-generation
sequencing (NGS).

[148] The present invention also relates to an AAV capsid comprising the AAV VP1
capsid protein of the present invention.

[149] The present invention also relates to a virus vector comprising the AAV capsid
of the present invention and a transgene, a molecule or a polypeptide, wherein the
nucleic acid, molecule or the polypeptide are encapsidated by the AAV capsid. The
nucleic acid, molecule or the polypeptide are optionally providing for a medical effect.
[150] The present invention also relates to an AAV or viral vector of the present
invention for use as a medicament. The present invention also relates to an AAV or

the viral vector of the present invention for use in therapy.
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[151] For these purposes the AAV of the present invention may serve as a cargo
system for other molecules. Non-limiting examples of such molecules are DNA,
RNA, peptides, proteins or chemical compounds. Thus, the AAV used for therapy or
used in the pharmaceutical composition as described herein can be a recombinant
AAV as described herein. Such AAV can comprise a transgene.

[152] The transgene can encode a product which is useful in biology and medicine,
such as proteins, peptides, RNA, enzymes, or catalytic RNAs. Desirable RNA
molecules include shRNA, tRNA, dsRNA, ribosomal RNA, catalytic RNAs, and
antisense RNAs. One example of a useful RNA sequence is a sequence which
extinguishes expression of a targeted nucleic acid sequence in the treated subject.
[153] The rAAV or viral vector described herein can comprise a transgene such as a
minigene. The minigene can be composed of, at a minimum, a heterologous nucleic
acid sequence (the transgene), as described herein, and its regulatory sequences,
and 5' and 3' AAV inverted terminal repeats (ITRs). It is this minigene that can be
packaged into a capsid protein and delivered to a selected target cell.

[154] The transgene can be e.g. a nucleic acid sequence, heterologous to the
vector sequences flanking the transgene, which encodes a polypeptide, protein, or
other product, of interest. The nucleic acid coding sequence can be operatively
linked to regulatory components in a manner which permits transgene transcription,
translation, and/or expression in a target cell. The heterologous nucleic acid
sequence (transgene) can be derived from any organism. The AAV or viral vector
may comprise one or more transgenes.

[155] The composition of the transgene sequence will depend upon the use to
which the resulting vector will be put. For example, the transgene is selected to
provide optogenetic therapy. In optogenetic therapy, artificial photoreceptors are
constructed by gene delivery of light-activated channels or pumps to surviving cell
types in the remaining retinal circuit. This is particularly useful for patients, who have
lost a significant amount of photoreceptor function, but whose bipolar cell circuitry to
ganglion cells and optic nerve remains intact. In one embodiment, the heterologous
nucleic acid sequence (transgene) can be an opsin. The opsin sequence can be
derived from any suitable single- or multicellular- organism, including human, algae
and bacteria. The opsin can e.g. be rhodopsin, photopsin, L/IM wavelength
(red/green) -opsin, or short wavelength (S) opsin (blue). In another embodiment, the
opsin is channel rhodopsin or halo rhodopsin.
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[156] The transgene can also be selected for use in gene augmentation therapy,
i.e., to provide replacement copy of a gene that is missing or defective. The
transgene may be readily selected by one of skill in the art to provide the necessary
replacement gene. In one embodiment, the missing/defective gene is related to an
ocular disorder. The transgene can also be YX, GRM6, TRPM1L or GPR179 and the
ocular disorder is Congenital Stationary Night Blindness. See, e.g., Zeitz et al, Am J
Hum Genet. 2013 Jan 10;92(1):67-75.

[157] The transgene can also be selected for use in gene suppression therapy, i.e.,
expression of one or more native genes is interrupted or suppressed at
transcriptional or translational levels. This can e.g. be accomplished using short
hairpin RNA (shRNA) or other techniques well known in the art. See, e.g., Sun et al,
Int J Cancer. 2010 Feb 1;126(3):764-74 and O'Reilly M, et al. Am J Hum Genet. 2007
Jul;81(1): 127-35. The transgene may be readily selected by one of skill in the art
based upon the gene which is desired to be silenced.

[158] The transgene can comprise more than one transgene. This may be
accomplished using a single vector carrying two or more heterologous sequences, or
using two or more AAV or viral vectors each carrying one or more heterologous
sequences.

[159] The AAV or the viral vector can also be used for gene suppression (or
knockdown) and gene augmentation co-therapy. In knockdown/augmentation co-
therapy, the defective copy of the gene of interest is silenced and a non-mutated
copy is supplied. This can be accomplished using two or more coadministered
vectors. See, Millington-Ward et al, Molecular Therapy, April 2011, 19(4): 642- 649.
The transgenes may be readily selected by one of skill in the art based on the
desired result.

[160] The transgene can be selected for use in gene correction therapy. This may
be accomplished using, e.g., a zinc-finger nuclease (ZFN)-induced DNA double-
strand break in conjunction with an exogenous DNA donor substrate as well as
TALEN or CAS9/CRISPR systems in conjunction with exogenous RNA donor
substrate. See, e.g., Ellis et al. (2013) “Zinc-finger nuclease-mediated gene
correction using single AAV vector transduction and enhancement by Food and Drug
Administration-approved drugs” Gene Ther. 20(1):35-42 and Singh, Braddick, Dhar
(2017) ‘Exploring the potential of genome editing CRISPR-Cas9 technology.” Gene;
599, pp. 1-18. The transgenes may be readily selected by one of skill in the art
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based on the desired result. For example, the Cas9 and multiple gRNAs can be
packaged into separate AAV vectors, increasing overall packaging capacity but
necessitating purification and co-infection of two AAVs.

[161] The transgene can comprise or consist of reporter sequences, which upon
expression produce a detectable signal. Such reporter sequences include, without
limitation, DNA sequences encoding B-lactamase,  -galactosidase (LacZ), alkaline
phosphatase, thymidine kinase, green fluorescent protein (GFP), red fluorescent
protein (RFP), chloramphenicol acetyltransferase (CAT), luciferase, membrane
bound proteins including, for example, CD2, CD4, CD8, the influenza hemagglutinin
protein, and others well known in the art, to which high affinity antibodies directed
thereto exist or can be produced by conventional means, and fusion proteins
comprising a membrane bound protein appropriately fused to an antigen tag domain
from, among others, hemagglutinin or Myc.

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

[163] The transgene may be used to correct or ameliorate gene deficiencies (as in
the applications discussed above), which may include deficiencies in which normal
genes are expressed at less than normal levels or deficiencies in which the
functional gene product is not expressed. A preferred type of transgene sequence
encodes a therapeutic protein or polypeptide which is expressed in a target cell.
[164] The invention further includes using multiple transgenes, e.g., to correct or
ameliorate a gene defect caused by a multi-subunit protein. In certain situations, a
different transgene may be used to encode each subunit of a protein, or to encode
different peptides or proteins. This is desirable when the size of the DNA encoding
the protein subunit is large. In order for the cell to produce the multi-subunit protein,
a cell is infected with the recombinant virus containing each of the different subunits.
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Alternatively, different subunits of a protein may be encoded by the same transgene.
In this case, a single transgene includes the DNA encoding each of the subunits,
with the DNA for each subunit separated by an internal ribozyme entry site (IRES).
This is desirable when the size of the DNA encoding each of the subunits is small,
e.g., the total size of the DNA encoding the subunits and the IRES is less than five
kilobases.

[165] The regulatory sequences include conventional control elements which can be
operably linked to the transgene in a manner which permits its transcription,
translation and/or expression in a cell transfected with the vector or infected with the
virus produced as described herein. As used herein, "operably linked" sequences
include both expression control sequences that are contiguous with the gene of
interest and expression control sequences that act in trans or at a distance to control
the gene of interest.

[166] Expression control sequences as used herein can include appropriate
transcription initiation, termination, promoter and enhancer sequences; efficient RNA
processing signals such as splicing and polyadenylation (polyA) signals; sequences
that stabilize cytoplasmic mMRNA; 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. A great number
of expression control sequences, including promoters, are known in the art and may
be utilized.

[167] The regulatory sequences useful in the AAVs provided herein may also
contain an intron, desirably located between the promoter/enhancer sequence and
the gene. One desirable intron sequence is derived from SV-40, and is a 100 bp
mini-intron splice donor/splice acceptor referred to as SD-SA. Another suitable
sequence includes the woodchuck hepatitis virus post- transcriptional element. (See,
e.g., L. Wang and |. Verma, 1999 Proc. Natl. Acad. Sci., USA, 96:3906-3910). PolyA
signals may be derived from many suitable species, including, without limitation SV-
40, human and bovine.

[168] Another regulatory component of the AAV described herein is an internal
ribosome entry site (IRES). An IRES sequence, or other suitable systems, may be
used to produce more than one polypeptide from a single gene transcript. An IRES
(or other suitable sequence) is used to produce a protein that contains more than
one polypeptide chain or to express two different proteins from or within the same
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cell. An exemplary IRES is the poliovirus internal ribosome entry sequence, which
supports transgene expression in photoreceptors, RPE and ganglion cells.
Preferably, the IRES is located 3' to the transgene in the rAAV vector.

[169] The AAV of the present invention can comprise a promoter (or a functional
fragment of a promoter). The selection of the promoter to be employed in the AAV
may be made from among a wide number of constitutive or inducible promoters that
can express the selected transgene in the desired target cell. The target cell can be
a photoreceptor cell. The promoter may be derived from any species, including
human. Desirably, the promoter can be "cell specific". The term "cell-specific" means
that the particular promoter selected for the recombinant vector can direct
expression of the selected transgene in a particular cell or ocular cell type. Useful
promoters include, without limitation, the rod opsin promoter (RHO), the red-green
opsin promoter, the blue opsin promoter, the cGMP-Phosphodiesterase promoter,
the SWS promoter (blue short wavelength-sensitive (SWS) opsin promoter), the
mouse opsin promoter (Beltran et al 2010 cited above), the rhodopsin promoter
(Mussolino et al, Gene Ther, July 2011, 18(7):637-45); the alpha-subunit of cone
transducin (Morrissey et al, BMC Dev, Biol, Jan 2011, 11 :3); the cone arrestin
(ARR3) promoter (Kahle NA et al., Hum Gene Ther Clin Dev, September 2018,
29(3):121-131), the beta phosphodiesterase (PDE) promoter; the retinitis
pigmentosa (RP1) promoter (Nicord et al, J. Gene Med, Dec 2007, 9(12): 1015-23);
the NXNL2/NXNL 1 promoter (Lambard et al, PLoS One, Oct. 2010, 5(10):el3025),
the RPEG5 promoter; the retinal degeneration slow/peripherin 2 (Rds/perph2)
promoter (Cai et al, Exp Eye Res. 2010 Aug;91(2): 186-94); the VMD2 promoter
(Achi et al, Human Gene Therapy, 2009 (20:31- 9)), and the ABCA4 promoter.

[170] Selection of these and other common vector and regulatory elements are
conventional and many such sequences are available. See, e.g., Sambrook et al,
and references cited therein at, for example, pages 3.18-3.26 and 16.17-16.27 and
Ausubel et al., Current Protocols in Molecular Biology, John Wiley & Sons, New
York, 1989). Of course, not all vectors and expression control sequences will
function equally well to express all of the transgenes as described herein. However,
one of skill in the art may make a selection among these, and other, expression
control sequences without departing from the scope of this invention.

[171] Generally therapy or treatment or prevention of a disease comprises

administering to a mammalian subject in need thereof, an effective amount of a
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composition comprising a rAAV or viral vector described herein, e.g. carrying a
nucleic acid sequence encoding transgene, or fragment thereof, under the control of
regulatory sequences which express the product of the gene in the subject's ocular
cells, and optionally further a pharmaceutically acceptable carrier.

[172] The present invention also relates to a pharmaceutical composition
comprising an AAV or viral vector as described herein. Such pharmaceutical
compositions can further comprise a carrier, preferably a pharmaceutically
acceptable carrier. The pharmaceutical composition can be in the form of an
injectable solution. The injectable solutions or suspensions may be formulated
according to known art, using suitable non-toxic, pharmaceutically acceptable
diluents or solvents, such as mannitol, 1,3-butanediol, water, Ringer's solution or
isotonic sodium chloride solution, or suitable dispersing or wetting and suspending
agents, such as sterile, bland, fixed oils, including synthetic mono- or diglycerides,
and fatty acids, including oleic acid.

[173] For injectable formulations, the pharmaceutical compositions can be in
lyophilized powder in admixture with suitable excipients in a suitable vial or tube.
Before use in the clinic, the drugs may be reconstituted by dissolving the lyophilized
powder in a suitable solvent system to form a composition suitable for intravenous or
intramuscular injection or for subretinal, intravitreal or subconjunctival injection.

[174] It is also envisaged that the pharmaceutical composition of the present
invention is formulated/administered as eye drops.

[175] The AAV of the present invention or the pharmaceutical composition of the
present invention can be administered in a therapeutically effective amount. The
“therapeutically effective amount” for the AAV can vary with factors including but not
limited to stability of the active compound in the patient's body, the severity of the
conditions to be alleviated, the total weight of the patient treated, the route of
administration, the ease of absorption, distribution, and excretion of the active
compound by the body, the age and sensitivity of the patient to be treated, adverse
events, and the like, as will be apparent to a skilled artisan. The amount of
administration can be adjusted as the various factors change over time.

[176] In principle the AAV/pharmaceutical composition of the present invention can
be administered in any suitable way. The AAV of the present invention e.g.
comprising the desired transgene for use in the target photoreceptor cells can be

formulated into a pharmaceutical composition intended for subretinal or intravitreal
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injection. Other forms of administration that may be useful in the methods described
herein include, but are not limited to, direct delivery to a desired organ (e.g., the eye
e.g. eye drops), oral, inhalation, intranasal, intratracheal, intravenous, intramuscular,
subcutaneous, intradermal, and other parental routes of administration. Routes of
administration may be combined, if desired.

[177] Furthermore, it may be desirable to perform non-invasive retinal imaging and
functional studies to identify areas of specific ocular cells to be targeted for therapy.
[178] The AAV may be administered in a physiologically acceptable carrier to a
subject, as described herein. The concentration of AAV in the pharmaceutical
composition or upon administration can be between 10E8 and 10E12 total vector
genomes per |, preferably between 6x10E8 and 6x0E9 per ul. The AAV can also be
administered in a concentration of about 10E9 vector genomes per .

[179] The AAV of the present invention may be administered alone or in
combination with other treatments. Thus, also the pharmaceutical composition may
additionally or alternatively comprise one or more further active ingredients.

[180] The pharmaceutical composition/AAV for the use of the invention can
administered to a subject. The AAV and pharmaceutical compositions as described
herein are applicable for both human therapy and veterinary applications. The
subject can be a mammal or a bird. Examples of suitable mammals include, but are
not limited to, a mouse, a rat, a cow, a goat, a sheep, a pig, a dog, a cat, a horse, a
guinea pig, a canine, a hamster, a mink, a seal, a whale, a camel, a chimpanzee, a
rhesus monkey and a human, with human being preferred. Examples of suitable
birds include, but are not limited to, a turkey, a chicken, a goose, a duck, a teal, a
mallard, a starling, a Northern pintail, a gull, a swan, a Guinea fow! or water fowl! to
name a few. The pharmaceutical composition may additionally comprise a
pharmaceutically acceptable carrier.

[181] The present invention also relates to an AAV of the present invention for use
in treating a photoreceptor cell disease. In these embodiments the AAV (e.g. rAAV)
or viral vector may comprise a heterologous nucleic acid encoding a therapeutic
polypeptide, a therapeutic nucleic acid, a therapeutic protein/polypeptide or
therapeutic molecule.

[182] The present invention further relates to a method of treating a subject (e.g.
preferably, a subject in need thereof), the method comprising administering an AAV
of the present invention. Preferably, the AAV is administered in a therapeutically
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effective amount.

[183] The AAV of the present invention could also be used in an in vitro diagnostic
method. Thus, the present invention also relates to a method for diagnosis, the
method comprising contacting the AAV of the present invention with a sample that
has been obtained from a subject.

[184] The present invention also relates to the manufacture of a medicament, the
medicament comprising the AAV of the present invention.

[185] The present invention also relates to a preparation comprising the AAV of the
present invention.

[186] The heterologous nucleic acid can be under the control of a promoter
sequence that is expressed in the retina. The heterologous nucleic acid can be
operably linked to a promoter suitable for expression of the therapeutic polypeptide
or therapeutic nucleic acid in one or more retina cell types such as rods and cones.
For example, the promoter can be a rhodopsin kinase (RK) promoter, an opsin
promoter, a Cytomegalovirus (CMV) promoter, a chicken B-actin (CBA) promoter.
[187] The AAV of the present invention can comprise a heterologous nucleic acid
for delivery of the heterologous nucleic acid to the photoreceptor cells of a subject.
[188] The heterologous nucleic acid therapeutic nucleic acid, a therapeutic
protein/polypeptide or therapeutic molecule can be used to treat an ocular disorder
selected from the group consisting of: autosomal recessive severe early-onset retinal
degeneration (Leber' s Congenital Amaurosis), congenital achromatopsia,
Stargardt's disease, Best' s disease, Doyne's disease, cone dystrophy, retinitis
pigmentosa, X-linked retinoschisis, Usher's syndrome, age related macular
degeneration, atrophic age related macular degeneration, neovascular AMD,
diabetic maculopathy, proliferative diabetic retinopathy (PDR), cystoid macular
oedema, central serous retinopathy, retinal detachment, intra-ocular inflammation,
glaucoma, and posterior uveitis.

[189] The photoreceptor cells disease as described herein can be any disease
affecting the photoreceptor cells such as the rods and/or cones. Non-limiting
examples of a photoreceptor cell disease include blindness, achromatopsia, age-
related macular degeneration, retinal degeneration, retinal dystrophy, retinitis
pigmentosa, cone dystrophy, rod-cone dystrophy, color blindness, macular
degeneration, night blindness, retinoschisis, choroideremia, diabetic retinopathy,
hereditary optic neuropathy, Oguchi disease type |, retinitis punctata albescens
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(RPA), progressive retinal atrophy (PRA), fundus albipunctatus (FA) or congenital
stationary night blindness (CSNB).

[190] The present invention also relates to an in vitro use of an AAV or viral vector
of the present invention for transduction of the nucleus of retinal cells.

[191] The present invention also relates to a method for screening an insertion
sequence, the method comprising

i) intravenously administering an AAV library, wherein each AAV comprises an
insertion sequence, into a subject;

i) isolating viral AAV DNA from retinal nuclear extracts;

iii) determining the sequence of the insertion sequence,

thereby obtaining the insertion sequence.

[192] The present invention also relates to a method for screening an insertion
sequence, the method comprising

i) intravenously administering an AAV library, wherein each AAV comprises an
insertion sequence, into a subject;

i) isolating viral AAV DNA from retinal nuclear extracts;

iii) subcloning the isolated viral AAV DNA into a second AAYV library;

iv) intravenously administering the second AAV library as obtained in step iii) into
a subject;

V) isolating viral AAV DNA from rod or cone photoreceptors;

vi) determining the sequence of the insertion sequence,

thereby obtaining the insertion sequence.

[193] In the method for screening an insertion sequence as described herein steps
i), i) and iii) can be repeated.

[194] The AAV library is the viral library as described elsewhere herein. The
subcloning was performed as described elsewhere herein.

[195] The present invention also relates to a peptide (insertion sequence)
obtainable by the method of screening as described herein.

[196] The present invention also relates to a kit comprising an AAV of the present
invention or a pharmaceutical composition of the present invention. The kit can
further comprise one or more of

0] buffer(s);

(i)  oligonucleotide(s);

(iii)  active ingredients;
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(iv)  syringe(s) suitable for intravitreal injection.

[197] The present invention also relates to a kit comprising an AAV of the present
invention or a pharmaceutical composition of the present invention. The kit can
further comprise one or more of

() buffer(s);

(i)  oligonucleotide(s);

(i)  active ingredients;

(iv)  a container suitable for providing eye drops.

[198] The present invention also relates to a syringe suitable for intravitreal injection
comprising a solution comprising the AAV or viral vector of the present invention or
comprising the pharmaceutical composition of the present invention.

[199] The present invention also provides for a method for generating an AAV of the
present invention. For example, the AAV can be generated by culturing a host cell
which contains a nucleic acid sequence encoding an AAV capsid protein as
described herein, or fragment thereof;, a functional rep gene; composed of, at a
minimum, AAV inverted terminal repeats (ITRs) and optionally a heterologous
nucleic acid sequence encoding a desirable transgene; and sufficient helper
functions to permit packaging into the AAV capsid protein. The components required
to be cultured in the host cell to package an AAV in an AAV capsid may be provided
to the host cell in trans. Alternatively, any one or more of the required components
(e.g., rep sequences, cap sequences, and/or helper functions) may be provided by a
stable host cell which has been engineered to contain one or more of the required
components using methods known to those of skill in the art.

[200] Most suitably, such a stable host cell will contain the required component(s)
under the control of an inducible promoter. However, the required component(s) may
be under the control of a constitutive promoter. Examples of suitable inducible and
constitutive promoters are provided herein. In still another alternative, a selected
stable host cell may contain selected component(s) under the control of a
constitutive promoter and other selected component(s) under the control of one or
more inducible promoters. For example, a stable host cell may be generated which is
derived from HEK293 cells (which contain El helper functions under the control of a
constitutive promoter), but which contains the rep and/or cap proteins under the
control of inducible promoters. Still other stable host cells may be generated by one
of skill in the art.
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[201] The rep sequences, cap sequences, and helper functions required for
producing the rAAV described herein may be delivered to the packaging host cell in
the form of any genetic element which transfers the sequences carried thereon. The
selected genetic element may be delivered by any suitable method, including those
described herein. The methods used to construct any embodiment of this invention
are known to those with skill in nucleic acid manipulation and include genetic
engineering, recombinant engineering, and synthetic techniques. See, e.g.,
Sambrook et al, Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Press,
Cold Spring Harbor, NY. Similarly, methods of generating rAAV virions are well
known and the selection of a suitable method is not a limitation on the present
invention. See, e.g., K. Fisher et al, 1993 J. Virol, 70:520-532 and US Patent
5,478,745, among others.

[202] The present invention is further characterized by the following items:

[203] 1. An adeno-associated virus (AAV), the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1B-X2-X3-X4—X5—X6—X7 (formula |)

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;
wherein X4 and/or Xig are independently optionally absent or present,
or

wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;
wherein X4 and/or Xig are independently optionally absent or present,
or

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7 is A (Ala);

wherein X1a, Xig, X2, X3, X4, Xg are independently any amino acid;
wherein X4 and/or Xig are independently optionally absent or present,
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wherein viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-Bl6J mouse,
and

wherein viral AAV DNA is present in MAC-sorted rods using anti-CD73-coated
magnetic beads and/or FACS-sorted cones, wherein the cones express eGFP and
are FACS sorted based on their eGFP expression, 24 hours after administration,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse
for rod sorting and into the tail vein of RG-eGFP mice line R685933 for cone sorting.
[204] 2. An adeno-associated virus (AAV), the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1 (insertion sequence); wherein the insertion
sequence has from the N-terminus to the C-terminus the formula I:

X1 A-X1 B-Xz-Xs-X4-X5-X6-X7 (formula |),

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;

wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[205] 3. An adeno-associated virus (AAV), the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1a-X1g-Xo-X3-Xs4-X5-Xg-X7 (formula 1),
wherein Xsis selected from S (Ser) and T (Thr);
wherein X7is S (Ser);
wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;
wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[206] 4. An adeno-associated virus (AAV), the AAV comprising
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an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xa-X4-X5-X6-X7 (formula |),

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7 is A (Ala);

wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;

wherein Xia and/or Xig are independently optionally absent or present, wherein
optionally viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse.
[207] 5. An adeno-associated virus (AAV) VP1 capsid protein, the AAV VP1
capsid protein comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1 (insertion sequence), wherein the insertion

sequence has from the N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-X3—X4—X5—X6-X7 (formula |),

wherein Xsis selected fromP (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein Xia, X1, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xig are independently optionally absent or present.

[208] 6. An adeno-associated virus (AAV) VP1 capsid protein, the AAV VP1
capsid protein comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xs-X4-X5-X6-X7 (formula |),

wherein Xsis selected from S (Ser) and T (Thr);
wherein X7is S (Ser);
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wherein X1a, X1, X2, X3, X4, Xg are independently any amino acid;

wherein X4 and/or Xsg are independently optionally absent or present.

[209] 7. An adeno-associated virus (AAV) VP1 capsid protein, the AAV VP1
capsid protein comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the

N-terminus to the C-terminus the formula I:

X1A-X1 B-Xz-Xs-X4-X5-X6-X7 (formula |),

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein X1a, Xig, X2, X3, X4, X are independently any amino acid;

wherein X4 and/or X1z are independently optionally absent or present.

[210] 8. The AAV or the AAV2 capsid protein of any one of items 1-7, wherein
X1a is absent and Xyg is present or wherein Xqgis absent and Xq4 is present.

[211] 9. The AAV or the AAV VP1 capsid protein of any one of items 1-8,
wherein the insertion sequence has from the N-terminus to the C-terminus the

formula Il:

|_3-L2- |_1 -X1 A-X1 B-Xz-Xs-X4-X5-X6-X7-L4-L5-L6 (formu lal |)

wherein L is a flexible amino acid; and

wherein L1, Lo, L3, L4, Ls and Ls are independently selected from Ala, Leu, Gly, Ser
and Thr; and

wherein L4, Ly, L3, L4, Ls and Lg are independently optionally absent or present.

[212] 10. The AAV or the AAV VP1 capsid protein of any one of the preceding
items, wherein one of X5 or Xyg is present and the other one of X or Xg is absent,
and

wherein all of L1, L, L3 Ls and Ls are present, and wherein Lg is absent.

[213] 11. The AAV or the AAV2 capsid protein of any one of the preceding items,
wherein X4 and/or X4g and/or Xz and/or Xsis not an acidic amino acid.

[214] 12. The AAV or the AAV VP1 capsid protein of any one of the preceding
items, wherein one of X4 or X4 is present and the other one of X or X4g is absent
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and wherein Xz is not a basic or acidic amino acid.

[215] 13. The AAV or the AAV VP1 capsid protein of any one of the preceding
items, wherein Xia and/or Xig and/or Xy and/or Xs and/or X4 and/or Xg is not a
hydrophobic-aromatic amino acid.

[216] 14. The AAV or the AAV VP1 capsid protein of any one of the preceding
items, wherein one of X4 or X4g is present and one of X4 0r Xy is absent; and
wherein Xia0r Xqgis selected fromA, L, V, |, S, T, N, Q, C, P and G, preferably X or
Xigis selected from G, P and N and/or

wherein Xz is selected fromS, T, N, Q, A, L, V and |, preferably Xz is selected from N
and L; and/or

wherein Xz is selected from A, L, V, I, S, T, N, Q, C, G and P, preferably Xz is
selected from S, Q and P; and/or

wherein X4 is selected from K, R, H, D, E, S, T, N, Q, A, V, I, L, C, G and P,
preferably X4 is selected from P, A and T; and/or

wherein Xgis selected fromK, R, H,D, E, S, T, N, Q, A, C, G and P, preferably Xs is
selected from T, P and S.

[217] 15. The AAV or the AAV VP1 capsid protein of any one of the preceding
items for use as a medicament/treating a disease.

[218] 16. The AAV of any one of the preceding items for use in treating a
photoreceptor cell disease.

[219] 17. An AAV capsid comprising the AAV VP1 capsid protein of any one of
the preceding items and optionally further comprising one or more of AAV capsid
protein VP2 and/or VP3.

[220] 18. A virus vector comprising the AAV capsid of item 17 and a transgene,
molecule or a polypeptide, wherein the transgene, molecule or the polypeptide are
encapsidated by the AAV capsid.

[221] 19. Pharmaceutical composition comprising the AAV or the virus vector of
any one of the preceding items.

[222] 20. In vitro use of an AAV or of the virus vector of any one of items 1-18 for
transduction of the nucleus of retinal cells.

[223] 21. A method for screening an insertion sequence, the method comprising
i) intravenously administering an AAV library, wherein each AAV comprises an
insertion sequence, into a subject;

ii) isolating viral AAV DNA from retinal nuclear extracts;
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iii) subcloning the isolated viral AAV DNA into a second AAYV library;

iv) intravenously administering the second AAV library as obtained in step iii) into

a subject;

V) isolating viral DNA from rod or cone photoreceptors;

vi) determining the sequence of the insertion sequence,

thereby obtaining the insertion sequence.

[224] 22. A peptide (insertion sequence) obtainable by the method of item 21.

[225] 23. Kit comprising an AAV or the virus vector of any one of items 1-18.

[226] 24. The virus vector of any one of the preceding items for use as a

medicament/treating a disease.

[227] 25. The virus vector of any one of the preceding items for use in treating a

photoreceptor cell disease.

[228] Genomic sequences and VP1 protein sequences of different AAVs as

described herein.

Uniprot Number; sequence
version (last modified)

NCBI Reference Sequence
incl. version number

AAV1 sequence
(complete genome)

NC_002077.1

AAV1 VP1
sequence

AAV?2 sequence

NC_001401.2

AAV2 VP1
sequence

SEQ ID No. 1

AAV3 sequence
(complete genome)

NC_001729.1

AAV3 VP1
sequence

Q65311-1; November 1, 1996 - v1

AAV3b sequence
(complete genome)

AF028705.1

AAV3B VP1
sequence

AAB95452.1

AAV4 sequence
(complete genome)

NC_001829.1

AAV4 VP1
sequence

041855-1; January 1, 1998 - v1
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AAV5 sequence NC 006152.1
AAV5 VP1 | Q9Y1J1-1; May 1, 1999 - v1
sequence
AAV6 sequence AF028704 .1
AAV6 VP1 | 056137-1; June 1, 1998 - v1 AAB95450.1
sequence
AAV7 sequence NC_006260.1
AAV7 VP1 | Q8JQGO0-1; October 1, 2002 - v1
sequence
AAV8 sequence NC 006261.1
AAV8 VP1 | Q8JQF8-1; October 1, 2002 - v1
sequence
AAV9 sequence AX753250.1
AAV9 VP1 AAS99264 .1
sequence
AAV10 sequence
AAV10 VP1 | Q5Y9B4-1; November 23, 2004 -
sequence vi
AAV11 sequence
AAV11 VP1 | Q5Y9B2-1; November 23, 2004 -
sequence vi
AAV12 sequence
AAV12 VP1 | A9RAIO-1; February 5, 2008 - v1
sequence
AAV13 sequence
AAV13 VP1 | B5SUY7-1; November 4, 2008 - v1
sequence

Table 1. Genomic sequences and VP1 protein sequences of different AAVs.
[229] Sequences as used in the present invention.

‘No.‘ Name Sequence
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1 Uniprot MAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAERHKDDS
Number RGLVLPGYKYLGPFNGLDKGEPVNEADAAALEHDKAYDRQLDS
P03135 GDNPYLKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRVLE
CAPSD_A | PLGLVEEPVKTAPGKKRPVEHSPVEPDSSSGTGKAGQQPARK
AV2S RLNFGQTGDADSVPDPQPLGQPPAAPSGLGTNTMATGSGAPM
Capsid ADNNEGADGVGNSSGNWHCDSTWMGDRVITTSTRTWALPTY
protein NNHLYKQISSQSGASNDNHYFGYSTPWGYFDFNRFHCHFSPR
VP1 DWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTS
OS=Adeno | TVQVFTDSEYQLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLN
- NGSQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSY
associated | AHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQSRLQFSQAGA
virus 2 | SDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEYSWTGATKYH
(isolate LNGRDSLVYNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNV
Srivastava/ | DIEKVMITDEEEIRTTNPVATEQY GSVSTNLQRGNRQAATADVN
1982) TQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHPSPLMGGFG
GN=VP1 LKHPPPQILIKNTPVPANPSTTFSAAKFASFITQYSTGQVSVEIE
PE=1 WELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTNGVYSEPRPI
SvV=2 GTRYLTRNL
Last (positions 487 and 488 are highlighted in the above sequence)
modified:

April 5,
2011 -v2
2 bottom 5-TTGGCGCGCCGCVNNVNNVNNVNNVNNVNNVNN
strand GGCGGCCGCTTTTTTCCTTGA-3'
wherein V=AorCor G and
N=AorCorGorT.
This selection of nucleic bases has been undertaken to have a
lesser opportunity that stop sequences are generated.

3 primer 5'CTCAAGGAAAAAAGCST’

4 primer 5-ATGTCCGTCCGTGTGTGG-3'

5 primer 5'-GTATCTACCAACCTCCAGAGAG-3'

6 primer 5'-GTGTTGACATCTGCGGTAGC-3'

7 single 5'-CGCGGCCGCANNNNNNNNNNNNNNNNNNNNNGCCG-3'
strand DNA | wherein N=AorCorGorT
oligo

8 single 5'-CGCGCGGCNNNNNNNNNNNNNNNNNNNNNTGCGGC-3'
strand DNA | wherein N=AorCorGorT
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oligo
9 primer 5-CTTTGGGAAGCAAGGCTCAG-3'
10 GLSPPTR
11 SSPGLPR
12 NSTSVNR
13 VSSSLQR
14 PNQAPPR
15 NNPTPSR
16 GAHRSDS
17 RANQTSS
18 HSARTDS
19 SQNDSRS
20 NSRPAAA
21 RGSLQNA
22 GNRQ
23 | 7m8 LALGETTRP
Table 2. Sequences described herein.
EXAMPLES

[230] The following examples illustrate the invention. These examples should not be
construed as to limit the scope of this invention. The examples are included for

purposes of illustration and the present invention is limited only by the claims.

[231] Example 1: Novel AAV capsids

[232] We performed an AAV peptide display selection to identify AAV with improved
targeting to retinal cells. We used an AAV library of mutants displaying 7-mer
random peptides (sometimes also 6-mer and 8-mer) at amino acid position 587 of
the AAV2 capsid protein VP1 (Perabo et al. (2003)” In vitro selection of viral vectors
with modified tropism: the adeno-associated virus display, Molecular therapy: the
journal of the American Society of Gene Therapy 8, 151-157). The inserted peptides
are flanked by 2-3 additional "flexible" amino acids (e.g. alanine) on either end (N-
terminal and C-terminal). Amino acid position 587 is located at the tip of a peak at
the capsid's threefold symmetry axis (Xie et al. (2002) “The atomic structure of
adeno-associated virus (AAV-2), a vector for human gene therapy” Proceedings of
the National Academy of Sciences of the United States of America 99, 10405-10410)
and within the heparin sulfate proteoglycan (HSPG) binding site (Opie et al. (2003)
“Identification of amino acid residues in the capsid proteins of adeno-associated
virus type 2 that contribute to heparin sulfate proteoglycan binding, Journal of
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virology 77, 6995-7006 and Kern et al. (2003) “Identification of a heparin-binding
motif on adeno-associated virus type 2 capsids” Journal of virology 77, 11072-
11081).

[233] Insertion of the 7-mers in this exposed position facilitates receptor binding of
inserted peptides and disrupts the primary receptor-binding motif for HSPG (Perabo
et al. (2006) “Heparan sulfate proteoglycan binding properties of adeno-associated
virus retargeting mutants and consequences for their in vivo tropism” Journal of
virology, 80, 7265-7269), which is essential in approaches aiming to redirect the viral
tropism. In addition, the AAV library had been depleted for mutants binding to HSPG
through the peptide sequence that had been inserted (Perabo et al. (2006) “Heparan
sulfate proteoglycan binding properties of adeno-associated virus retargeting
mutants and consequences for their in vivo tropism” Journal of virology, 80, 7265-
7269) to minimize the presence of AAV baring secondary high affinity binding sites
for HSPG (Sallach et al. (2014) “Tropism-modified AAV vectors overcome barriers to
successful cutaneous therapy” Molecular therapy: the journal of the American
Society of Gene Therapy 22, 929-939). 8x10E10 genomic particles of this AAV
library (Library #1) were injected into the tail vein of 4 week old C57-BL6J mice. 24
hours later the retinal tissue was harvested and viral DNA was isolated from retinal
nuclear extracts. The genome of AAV with the ability to enter the nucleus of retinal
cells within 24 hours after intravenous administration was amplified with P CR and
used to generate a second AAV library containing 7-mer insertions selected from the
first round. 8x10E10 genomic particles of the second AAV library (Library #2) was
then injected into the tail vein of 4 week old C57-BL6J mice. 24 hours later the retinal
tissue (without RPE or extra-retinal tissue) was harvested and viral DNA was
isolated from retinal nuclear extracts. After PCR-based amplification, the DNA
sequence encoding the 7-mer AAV was determined and a third AAV library with
these 7-mer insertions was generated. Next, 8x10E10 genomic particles of the third
AAV library (Library #3) was injected into the tail vein of 4 week old C57-BL6J mice
or of RG-eGFP line R685933 (Fei and Hughes (2001) “Transgenic expression of the
jellyfish green fluorescent protein in the cone photoreceptors of the mouse” Visual
neuroscience 18, 615-623) expressing eGFP in cone photoreceptors. 24 hours later,
rod photoreceptors were MAC-sorted using anti-CD73-coated magnetic beads
(Eberle et al. (2011) “integration of transplanted CD73-positive photoreceptor
precursors into adult mouse retina” Investigative ophthalmology & visual science 52,
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6462-6471) and cone photoreceptors were FAC-sorted based on eGFP fluorescence
(Fei and Hughes (2001) “Transgenic expression of the jellyfish green fluorescent
protein in the cone photoreceptors of the mouse” Visual neuroscience 18, 615-623).
Subsequently, viral DNA was isolated from the sorted rod and cone photoreceptors
and sequenced using next-generation sequencing (NGS). The following novel AAV
with the listed peptide insertions in position 587 of AAV2 VP1 conferred the ability to
target cells of the retina and transfer their genome into the nucleus of retinal cells
within 24 hours after intravenous delivery could be identified (only variants with 2 or
more NGS reads are listed, the variants with more than 20 NGS reads are marked in
bold letters) see Fig. 1.

[234] In addition, the following novel AAV with the listed peptide insertions in
position 587 of AAV2 VP1 conferred the ability to target rod photoreceptors within 24
hours after intravenous delivery could be identified (only peptides with 2 or more
NGS reads are listed, the variants with more than 20 NGS reads are marked in bold
letters) (see Fig. 2).

[235] Finally, the following novel AAVs with the listed peptide insertions in position
587 of AAV2 VP1 conferred the ability to target cone photoreceptors within 24 hours
after intravenous delivery could be identified (only peptides with 2 or more NGS
reads are listed, the AAVs with more than 20 NGS reads are marked in bold letters)
(see Fig. 3).

[236] Some of the identified variants contained putative integrin binding motifs like
RGD, RGS or NGR. These AAVs carrying the indicated insertion sequences are
summarized in Fig. 4.

[237] Several AAVs were detected in more than one experiment. These overlapping
AAV with the respective numbers of NGS reads are summarized in Fig. 5. Notably,
for sequence ‘RGSLQNA’ it is indicated that the number of NGS reads from the
whole retina would be 0. However, this is an error. The reason for this is that NGS
reads are detected for rods and cones. These data can only be obtained when the
insertion sequence was selected in selection rounds 1 and 2 before - the feature of
both selection rounds being that DNA is detected in the retina. Thus, this insertion

sequence must have been detected in the retina before as well.

[238] Example 2: Biological testing of novel AAV capsids
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[239] Synthetic DNA oligos coding for selected peptide variants flanked by 2-3
alanines on either end were inserted into the Asel / Mlul restriction sites of the AAV
trans plasmid pRC99 (Nickiin et al. (2001) “Efficient and selective AAV2-mediated
gene transfer directed to human vascular endothelial cells, Molecular therapy: the
journal of the American Society of Gene Therapy 4, 174-181 and Girod et al. (1999)
“Genetic capsid modifications allow efficient re-targeting of adeno-associated virus
type 2”, Nature medicine 5, 1052-1056 expressing AAV2 Rep and Cap genes
resulting in the generation of AAV2 VP1-3 open reading frame with the intended
peptide insertions at a position corresponding to amino acid 587 of VP1. These
modified pRC99 plasmids were used to produce AAV particles containing novel AAV
capsid variants for biological testing. AAV production was performed by standard
techniques described in (Michalakis et al. (2010) “Restoration of cone vision in the
CNGAZ3-/- mouse model of congenital complete lack of cone photoreceptor function,
Molecular therapy: the journal of the American Society of Gene Therapy, 18, 2057-
2063). A self-complementary (sc) AAV eis plasmid containing a CMV-eGFP
expression cassette (AAV-sc-CMV-eGFP) was used for packaging. Such AAV
particles (6x10E8 - 6x10E9 total vector genomes) were then delivered into the
vitreous (intravitreal injection of 1 pi AAV suspension) of adult wild type C56-BL6/J
mice and the mice were subsequently examined using in vivo fluorescence fundus
microscopy (confocal scanning laser ophthalmoscopy). Subsequently, the eyes were
removed and the eye cups processed for histological analysis, eGFP fluorescence
imaging and immunohistochemistry. Figures 6-9 illustrate the results.

[240] Wildtype AAV2 serotyped vectors show only limited transduction efficiencies
upon subretinal or intravitreal delivery (Lebherz et al. (2008) “Novel AAV serotypes
for improved ocular gene transfer” The journal of gene medicine 10, 375-382,
Auricchio et al. (2001) “ Exchange of surface proteins impacts on viral vector cellular
specificity and transduction characteristics: the retina as a model” Hum Mol Genet,
10, 3075-3081, Hellstrom et al. (2009) “Cellular tropism and transduction properties
of seven adeno-associated viral vector serotypes in adult retina after intravitreal
injection, Gene therapy 16, 521-532). In particular, AAV2 transduces primarily retinal
pigment epithelial (rpe) cells from the subretinal compartment (Auricchio et al. (2001)
“‘Exchange of surface proteins impacts on viral vector cellular specificity and
transduction characteristics: the retina as a model” Hum Mol Genet 10, 3075-3081
and Trapani et al. (2014) “Vector platforms for gene therapy of inherited
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retinopathies” Prog Retin Eye Res.). From the intravitreal compartment AAV2 mainly
transduces Mdller glial cells and retinal ganglion cells (Auricchio et al. (2001)
‘Exchange of surface proteins impacts on viral vector cellular specificity and
transduction characteristics: the retina as a model” Hum Mol Genet 10, 3075-3081
and Trapani et al. (2014) “Vector platforms for gene therapy of inherited
retinopathies” Prog Retin Eye Res.).

[241] For examples on intravitreal transduction see Figure 2a in Hellstrom et al.
(2009) “Cellular tropism and transduction properties of seven adeno-associated viral
vector serotypes in adult retina after intravitreal injection, Gene therapy 16, 521-532
or Figure 4a in Auricchio et al. (2001) “Exchange of surface proteins impacts on viral
vector cellular specificity and transduction characteristics: the retina as a model”
Hum Mol Genet 10, 3075-3081. For example on subretinal transduction pattern see
Figure 4 in (Lebherz et al. (2008) “Novel AAV serotypes for improved ocular gene
transfer” The journal of gene medicine 10, 375-382).

[242] The specific modifications described here markedly changed the tropism and
transduction behavior of our novel AAV capsid variants, which are now capable of
transducing very efficiently multiple retinal cell types from the subretinal and the
intravitreal compartments (see Figures 6-10). More importantly the novel AAV
transduce very efficiently rod and cone photoreceptors from either the subretinal
and/or the intravitreal compartment. In conclusion, the biological testing of selected
novel AAV capsid variants suggests a markedly changed transduction behavior
induced by our novel peptide insertions, which will be very useful for any kind of
experiments aiming for efficient and high level transduction of specific retinal cell
types in basic research or for the development of gene transfer-based treatments for
ocular diseases (e.g. ocular gene therapy). In combination with cell type-specific
promoters (e.g. cone or rod-specific promoter) the novel AAV capsid variants will
allow for overcoming natural barriers for transduction and for targeting of specific cell
types after systemic application or after intravitreal or subconjuctival delivery.

[243] The transduction efficiency of our novel AAV capsid variants was further
characterized in the in immortalized cone photoreceptor cell line 661w (Tan et al.
(2004) “Expression of cone-photoreceptor-specific antigens in a cell line derived from
retinal tumors in transgenic mice.” Investigative Ophthalmology & Visual Science 45
764-768). For this, 661w grown at about 60% confluency were infected at a
multiplicity of infection (MOI) of 100,000 viral genomes per cell with either the novel
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AAV capsids, wildtype AAV2 or the engineered AAV2 variant 7m8 (Dalkara et al.
(2013) “In vivo-directed evolution of a new adeno-associated virus for therapeutic
outer retinal gene delivery from the vitreous.” Science Translational Medicine, 5(189)
189ra76), namely LALGETTRP (SEQ ID NO. 23) expressing eGFP under control of
the CMV promoter. After 48 hours the eGFP fluorescence was determined using
epifluorescence microscopy (EVOS FL cell imaging system, Thermo Fisher
Scientific). Subsequently, the cells were fixed for 15 minutes with 4 %
paraformaldehyde in phosphate buffered saline (PBS), washed with and
resuspended in PBS for flow cytometry-based analysis of eGFP signal (FACSCantoll
system, BD Bioscience). The novel AAV capsid variants "NNPTPSR" and
"GLSPPTR" showed superior transduction efficiency of 661w wells as compared to
AAV2 or 7m8. Figures 11 illustrates the results.

[244] All experiments so far were with modified AAV2 capsids. However, other AAV
capsids also tolerate peptide insertions in the corresponding capsid positions
(Michelfelder et al. (2011) “Peptide ligands incorporated into the threefold spike
capsid domain to re-direct gene transduction of AAV8 and AAV9 in vivo” PloS one,
6, €23101), Therefore our novel peptide insertions can be transferred to the other
known AAV capsid, e.g. into AAV8, AAV9, AAV7 or AAV5 which are known to have
higher efficiency and broader transduction profiles in the retina compared to AAV2.
Moreover, our novel AAV capsid peptide insertions can be combined with the capsid
tyrosine, threonine and serine mutations (Petrs-Silva et al. (2009) “High-efficiency
transduction of the mouse retina by tyrosine-mutant AAV serotype vectors”
Molecular therapy: the journal of the American Society of Gene Therapy 17 463-471
and Zhong et al. (2008) “Next generation of adeno-associated virus 2 vectors: point
mutations in tyrosines lead to high-efficiency transduction at lower doses”
Proceedings of the National Academy of Sciences of the United States of America
105, 7827-7832) to reduce proteasome-mediated degradation and enhance
transduction efficacy.

[245] Example 3: retinal cross-sections

[246] To show that the AAV vectors as described herein truly transduce
photoreceptors the AAV2 “GLSPPTR” capsid has been intravitreally applied to living
mice. In particular, a single intravitreal injection of 1pl (containing approximately 2 x
10E9 vector genomes) of viral suspension of ss-mSWS-eGFP packaged with the
AAV2 “GLSPPTR” capsid (see also Example 2) was intravitreally applied to 10 week
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old C57-BL6J mice. AAV-ss-mSWS-eGFP drives the expression of eGFP under
control of the mouse SWS promoter. Then GFP expression of has been analyzed 6
weeks after. In this regard, confocal scanning microscopy images have been taken
from the photoreceptor area of the eye. As can be seen in Figure 12 eGFP can be
detected in retinal cross sections from cone photoreceptors. Here, strong anti-eGFP
immunosignal (grey) in cone photoreceptors was observed. Quantification of double-
labeling with the cone marker cone arrestin revealed that 78,7 + 3,1 % (n = 4) of
cone arrestin-positive cones were positive for eGFP. This experiment thus shows
that the AAV specifically targets photoreceptors.

[247] Example 4: human explants

[248] To analyze if the AAV vectors as described in the Examples 1 and 2 will also
transduce human photoreceptor cells, human explants have been analyzed. Post
mortem human retinal tissue was cultured photoreceptor side down according to
previously published methods (Fradot M et al. May 2011 Gene therapy in
ophthalmology: validation on cultured retinal cells and explants from postmortem
human eyes. Human gene therapy. 22(5):587-93). The human retinal tissue explant
was transduced on day 0 by applying 1x 10E11 total vg of sc-CMV-eGFP packaged
with one of the novel AAV2 “GLSPPTR” or “NNPTPSR” capsid to the vitreal side of
the retina and cultured for nine days in vitro (DIV). On DIV 9, culture medium was
removed and tissue was fixed with 4% paraformaldehyde in phosphate buffered
saline and subsequently processed for cryosectioning and native eGFP fluorescence
imaging using confocal microscopy.

[249] In Figure 13 representative confocal scanning microscopy images showing
AAV-mediated eGFP expression in human retinal explants are depicted (capsid
peptide insertion sequences are given on top of each image column). Notably, strong
native eGFP fluorescence (grey) in multiple retinal cell types and layers was
observed. In particular, many photoreceptor inner segments (is) and cell bodies
within the outer nuclear layer (onl) were eGFP positive. IS, inner segments. ONL,
outer nuclear layer. INL, inner nuclear layer. ONL, inner nuclear layer. GCL, ganglion
cell layer.

[250] Example 5: ERG measurements (transgene expression in cones)

[251] To analyze if the AAV vectors as obtained in example 1 and 2 are also
efficient in providing a transgene to the photoreceptor cell, ERG measurements were
performed. The electroretinogram (ERG) is a diagnostic test known to the skilled
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person that measures the electrical activity generated by neural and non-neuronal
cells in the retina in response to a light stimulus. The electrical response is a result of
a retinal potential generated by light-induced changes in the flux of transretinal ions,
primarily sodium and potassium.

[252] For this experiment Cnga3-deficient (CNGA3™) mice have been utilized
which have congenitally nonfunctional cone photoreceptor due to a genetic deletion
in the cone photoreceptor cyclic nucleotide-gated (CNG) channel subunit CNGAS.
AAV vectors of Example 2 were adapted to drive the expression of the mouse
CNGA3 complementary DNA under control of a blue (short wavelength-sensitive,
SWS) opsin promoter (ss-mSWS-mCnga3-WPRE) targeting cones. This technique is
also described in (Michalakis et al. (2010) Restoration of Cone Vision in the
CNGA3™" Mouse Model of Congenital Complete Lack of Cone Photoreceptor
Function Mol Ther.: 2057-2063). The AAV2 was packaged with the “GLSPPTR”
capsid as disclosed in Example 2. Approximately 1 x 10E10 total vg AAV particles
were delivered intravitreally in 4 week old Cnga3-deficient mice.

[253] Specifically, ERG measurement was performed 2 months after a single
intravitreal injection of 1ul (containing approximately 1 x 10E10 total vg of ss-mSWS-
mCnga3-WPRE). Representative photopic flicker ERG measurements are shown in
Figure 14. Traces from the treated eye (black) and untreated control eye (dashed
grey) at a stimulus of 3.1 log cd sec/m? and indicated frequency are shown therein.
[254] Cnga3-deficient mice receiving the AAV vector comprising the transgene
show an increase in amplitude. An increase in amplitude is indicative for cone
system function improvement under photopic conditions, while untreated Cnga3-
deficient mice do not respond to light stimulation (Michalakis et al. (2010)
Restoration of Cone Vision in the CNGA3™~ Mouse Model of Congenital Complete
Lack of Cone Photoreceptor Function Mol Ther.: 2057-2063).

[255] After the ERG measurement, treated and untreated control eyes were
collected and processed for anti-CNGA3 immunohistological analysis of CNGA3
protein expression as described in (Michalakis et al. (2010) Restoration of Cone
Vision in the CNGA3™ Mouse Model of Congenital Complete Lack of Cone
Photoreceptor Function Mol Ther.: 2057-2063).

[256] Representative data are shown in Figure 15. In particular, confocal scanning
microscopy images showing cone photoreceptor expression of CNGA3 protein on
retinal cross sections from a 3 month old Cnga3-deficient mouse 2 months after a
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single intravitreal injection of 1ul (containing approximately 1 x 10E10 total vg of ss-
mSWS-mCnga3-WPRE (Michalakis et al. 2010 cited elsewhere herein) packaged
with the novel AAV2 “GLSPPTR” capsid are depicted. Strong anti-CNGA3
immunosignal is found in peanut agglutinin (PNA) positive cone photoreceptors. os,
outer segments. onl, outer nuclear layer. inl, inner nuclear layer. gcl, ganglion cell
layer.

[257] Example 6: ERG measurements (transgene expression in rods)

Similarly to example 5, Figure 16 shows representative scotopic single flash ERG
measurements from 3 month old Cnga3-deficient mice 2 months after a single
intravitreal injection of 1pl (containing approximately 1 x 10E10 total vg of ss-mRho-
mCngb1-sv40 (Koch et al. (2012) Gene therapy restores vision and delays
degeneration in the CNGB1-/- mouse model of retinitis pigmentosa. Hum Mol Genet.:
4486-4496) packaged with the novel AAV2 “NNPTPSR” capsid. Traces from the
treated eye (black) and untreated control eye (dashed grey) at indicated light
stimulus luminance are shown.

[258] It must be noted that as used herein, the singular forms “a”, “an”, and “the”,
include plural references unless the context clearly indicates otherwise. Thus, for
example, reference to “a reagent” includes one or more of such different reagents
and reference to “the method” includes reference to equivalent steps and methods
known to those of ordinary skill in the art that could be modified or substituted for the
methods described herein.

[259] Furthermore, the term "about," as used herein when referring to a
measurable value such as an amount of the length of a polynucleotide or polypeptide
sequence, dose, time, temperature, and the like, is meant to encompass variations
of £ 20%, £ 10%, +5%, 1 %, £ 0 5%, or even £ 0 1 % of the specified amount Also
as used herein, "and/or" refers to and encompasses any and all possible
combinations of one or more of the associated listed items, as well as the lack of
combinations when interpreted in the alternative (“or").

[260] Unless the context indicates otherwise, it is specifically intended that the
various features of the invention described herein can be used in any combination.
[261] Moreover, the present invention also contemplates that in some
embodiments of the invention, any feature or combination of features set forth herein

can be excluded or omitted.
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[262] All publications and patents cited in this disclosure are incorporated by
reference in their entirety. To the extent the material incorporated by reference
contradicts or is inconsistent with this specification, the specification will supersede
any such material.

[263] Unless otherwise indicated, the term "at least" preceding a series of elements
is to be understood to refer to every element in the series. 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 present invention.

[264] Throughout this specification and the claims which follow, unless the context
requires otherwise, the word “comprise”, and variations such as “comprises” and
“comprising”, will be understood to imply the inclusion of a stated integer or step or
group of integers or steps but not the exclusion of any other integer or step or group
of integer or step. When used herein the term “comprising” can be substituted with
the term “containing” or sometimes when used herein with the term “having”.

[265] When used herein “consisting of" excludes any element, step, or ingredient
not specified in the claim element. When used herein, "consisting essentially of"
does not exclude materials or steps that do not materially affect the basic and novel
characteristics of the claim.

[266] In each instance herein any of the terms "comprising”, "consisting essentially
of" and "consisting of" may be replaced with either of the other two terms.

[267] Several documents are cited throughout the text of this specification. Each of
the documents cited herein (including all patents, patent applications, scientific
publications, manufacturer’s specifications, instructions, etc.), whether supra or infra,
are hereby incorporated by reference in their entirety. Nothing herein is to be
construed as an admission that the invention is not entitled to antedate such

disclosure by virtue of prior invention.
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CLAIMS

1. An adeno-associated virus (AAV), the AAV comprising

an insertion of at least 6-8 amino acids between the positions corresponding to
position 587 and 588 of SEQ ID NO: 1, wherein the insertion sequence has from the
N-terminus to the C-terminus the formula I:

X1A-X1B-X2-X3-X4-X5-X6-X7 (formula |)

wherein Xsis selected from P (Pro), L (Leu) and V (Val);

wherein X7is R (Arg);

wherein X1a, X1, X2, X3, X4, X are independently any amino acid;
wherein X4 and/or X4g are independently optionally absent or present,
or

wherein Xsis selected from S (Ser) and T (Thr);

wherein X7is S (Ser);

wherein Xia, Xig, X2, X3, X4, Xg are independently any amino acid;
wherein X4 and/or Xig are independently optionally absent or present,
or

wherein Xsis selected from A (Ala) and Q (GIn);

wherein X7is A (Ala);

wherein Xia, X1, X2, X3, X4, Xs are independently any amino acid;
wherein X1a and/or Xig are independently optionally absent or present,

wherein viral AAV DNA is present in mouse retinal nuclear extracts after 24 hours,
when the AAV is administered intravenously into the tail vein of a C57-BI6 mouse,
and

wherein viral AAV DNA is present in MAC-sorted rods using anti-CD73-coated
magnetic beads and/or FACS-sorted cones, wherein the cones express eGFP and
are FACS sorted based on their eGFP expression, 24 hours after administration,
when the AAV is administered intravenously into the tail vein of a C57-BI6J mouse
for rod sorting and into the tail vein of RG-eGFP mice line R685933 for cone sorting.

2. The AAV of claim 1, wherein wherein X5 is absent and Xqg is present or
wherein Xigis absent and Xia is present.
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3. The AAV of claim 1 or 2, wherein the insertion sequence has from the N-
terminus to the C-terminus the formula II:

L3—|_2- L1 —X1A-X1 B-Xz-X3—X4—X5—X6-X7-L4—|_5-|_6 (formu lal |)

wherein L is a flexible amino acid; and

wherein L4, Ly, L3, L4, Ls and Lg are independently selected from Ala, Leu, Gly, Ser
and Thr; and

wherein L4, Ly, L3, L4, Ls and Lg are independently optionally absent or present.

4. The AAV of any one of the preceding claims, wherein one of Xia or X4g is
present and the other one of X4 or X4g is absent, and
wherein all of L1, L, L3 L4 and Ls are present, and wherein Lg is absent.

5. The AAV of any one of the preceding claims, wherein X4 and/or Xig and/or Xz
and/or X3 is not an acidic amino acid.

6. The AAV of any one of the preceding claims, wherein one of Xia or X4 is
present and the other one of Xia or Xig is absent and wherein Xz is not a basic or
acidic amino acid.

7. The AAV of any one of the preceding claims, wherein X414 and/or X4g and/or X»
and/or X3 and/or X4 and/or Xs is not a hydrophobic-aromatic amino acid.

8. The AAV of any one of the preceding claims, wherein one of X or Xig is
present and one of X or X4g is absent; and

wherein Xia0r Xigis selected fromA, L, V, |, S, T, N, Q, C, P and G, preferably X 0r
Xigis selected from G, P and N and/or

wherein Xz is selected fromS, T, N, Q, A, L, V and |, preferably Xz is selected from N
and L; and/or

wherein Xs is selected from A, L, V, I, S, T, N, Q, C, G and P, preferably Xs is
selected from S, Q and P; and/or

wherein X4 is selected from K, R, H, D, E, S, T, N, Q, A, V, |, L, C, G and P,
preferably X4 is selected from P, A and T; and/or
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wherein Xg is selected fromK, R, H,D, E, S, T, N, Q, A, C, G and P, preferably Xs is
selected from T, P and S.
9. The AAV of any one of the preceding claims for use as a medicament.

10. The AAV of any one of the preceding claims for use in treating a
photoreceptor cell disease.

11.  Pharmaceutical composition comprising an AAV of any one of claims 1-8.

12.  In vitro use of an AAV of any one of claims 1-8 for transduction of the nucleus
of retinal cells.

13. A method for screening an insertion sequence, the method comprising

i) intravenously administering an AAV library, wherein each AAV comprises an
insertion sequence, into a subject;
ii) isolating viral AAV DNA from retinal nuclear extracts;

iii) subcloning the isolated viral AAV DNA into a second AAYV library;

iv) intravenously administering the second AAV library as obtained in step iii) into
a subject;

V) isolating viral DNA from rod or cone photoreceptors;

vi)  determining the sequence of the insertion sequence,

thereby obtaining the insertion sequence.

14. A peptide (insertion sequence) obtainable by the method of claim 13.

15.  Kit comprising an AAV of any one of claims 1-8.



