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KCNV2 VARIANTS AND THEIR USE

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application No. 63/191,106

filed May 20, 2021, incorporated by reference in its entirety.

FIELD OF THE DISCLOSURE
This relates to novel nucleotide and protein sequences, such as KCNV2 sequences, as
well as recombinant nucleic acid molecules and vectors, and related methods of use to treat a

retinal disorder, such as cone dystrophy, in a subject.

BACKGROUND

Cone dystrophy, for example but not limited to, cone dystrophy with supernormal rod
response [CDSRR], is an autosomal recessive disorder that may be characterized by, e.g., poor
visual acuity, vision loss, sensitivity to light, poor color vision, nystagmus and strabismus, among
others. Visual difficulties begin in early childhood with acuity of, e.g., 20/100 or less by the
second decade of life. Patients may later develop night blindness and many or most patients may
also develop myopia. No specific treatment is available to either reduce or prevent the progression
of visual loss, leaving patients with a poor prognosis and declining quality of life as they age.

Thus, there is a need to identify therapies.

SUMMARY

We disclose novel recombinant nucleic acid molecules, proteins, vectors, and related
methods of use to treat cone dystrophy with supernormal rod response [CDSRR] (Retinal cone
dystrophy 3B, OMIM 610356) and related pathologies indicated by KCVN2. CDSRR is a rare,
recessive, and inherited retinopathy that is characterized by poor visual acuity (due to central
scotoma), photophobia, severe color vision deficits, and occasionally, nystagmus and strabismus
are also present. In some patients, the fundus appears normal but foveal or parafoveal atrophy, a
macular bull’s eye, hyperfluorescence anomalies, and a generalized fine pigmentary retinopathy
have been reported. There may be some temporal pallor in the optic nerves.

Disclosed herein are nucleic acids, transcriptional control units (TCUs), optimized gene
sequences, expression constructs, and vectors for expressing genes in retinal cells, including but
not limited to, cone photoreceptors and/or rod photoreceptors.

Disclosed herein are modified KCVN2 genes containing nucleic acid replacements in an

unmodified KCVN2 gene, wherein the nucleic acid replacement can be one or more of those
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demonstrated by alignment of the human KCVN2 gene with the codon-optimized version
represented by SEQ ID NO 2.

Also provided are nucleic acids, transcriptional control units (TCUs), optimized gene
sequences, expression constructs, and vectors for expressing genes in photoreceptors, e.g, cone
photoreceptors and/or rod photoreceptors.

Also provided are vectors, such as an adeno-associated virus (AAV) vector, containing
the nucleic acid molecules, as well as isolated Kv8.2 proteins encoded by the nucleic acid
molecules.

Also provided are expression constructs, comprising a variant human KCVN2 gene under
control of TCUs. In a variation, the KCVNZ2 is under the control of a promoter optimized for
expressing genes in photoreceptors, e.g., cone photoreceptors or rod photoreceptors. In a
variation, the variant human KCVN2 gene may be under the control of the rhodopsin kinase (RK)
promoter.

Accordingly, in one variation we provide:

A promoter capable of directing expression of the KCVN2 gene. In a variation, the
promoter targets the transgene expression to photoreceptors. In another variation, the promoter
restricts expression to photoreceptors only. In another variation, the promoter is the rhodopsin
kinase (RK) promoter.

A sequence to be expressed in a photoreceptor. In a variation the invention provides an
expression construct comprising a sequence to be expressed in a photoreceptor-specific manner.
In a further variation, the sequence to be expressed comprises a gene encoding Kv8.2. In a further
variation, the sequence to be expressed comprises SEQ ID NO. 2.

The foregoing and other features and advantages of this disclosure will become more
apparent from the following detailed description of several embodiments which proceeds with

reference to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES
FIG. 1 illustrates a schematic map of a first construct.
FIG. 2 illustrates a schematic map of a second construct.
FIG. 3 illustrates a schematic map of a third construct.
FIG. 4 illustrates a schematic map of a fourth construct.
FIG. 5 shows an exemplary method of restoring retinal function.
FIG. 6 provides the Stage I and Stage II investigational process.
FIG. 7 provides the Stage III proof of concept studies.
FIG. 8 provides a comparison between treated and untreated mice using the disclosed

method, system, and nucleic acid sequence.



10

15

20

25

30

35

WO 2022/246089 PCT/US2022/030073

FIG. 9 illustrates relative gene expression of acone (a, cone arrestine) and rod (B,
rhodopsin) markes in wild type (WT), uninjected versus treated retinas *P<0.05; *P<0.01.

FIG. 10 shows representative images of retinal expression of human Kv8.2 subunit in
retinas of Kv8.2 KO mice injected with SEQ ID NO: 2 as delivered by SEQ ID NO: 3, at 12
weeks post-treatment.

FIG. 11 is a table demonstrating protocol for mice pilot studies.

FIG. 12 shows data representing the a-wave amplitude of treated versus untreated mice.

FIG. 13 shows data representing the positive b-wave amplitude of treated versus
untreated mice.

FIG. 14 shows OCT data of treated and untreated mice.

FIG. 15 demonstrates quantification of c-wave from wildtype (WT), Kv8.2 KO untreated
(uninjected) and Kv8.2 KO eye.

FIG. 16 and FIG. 17 demonstrate improved photopic and scotopic visual acuity and
scotopic contrast sensitivity of treated Kv8.2 KO mice at 12 weeks post-treatment.

FIG. 18 is an overview of retinal section from a subretinally injected eye with treated
area showing expression of human Kv8.2 subunit (green) and untreated area with no Kv8.2
expression.

FIG. 19 provides higher magnification images of treated and untreated areas showing
Kv8.2 expression (green), Kv2.1 expression (red) and cell nuclei (blue). Scale bar = 50um.’

FIG. 20 provides data from real-time quantitative PCR showing expression of human
KCNV2 gene in treated eyes normalised to wild type.

FIG. 21 and FIG. 2, taken together, illustrate a sequence alignment of the human
KCVN2 (SEQ ID NO: 11) and the codon-optimized variant thereof SEQ ID NO: 2.

SEQUENCE LISTING
The nucleic and amino acid sequences listed in the accompanying sequence listing are
shown using standard letter abbreviations for nucleotide bases, and three letter code for
amino acids, as defined in 37 C.F.R. 1.822. Only one strand of each nucleic acid sequence
is shown, but the complementary strand is understood as included by any reference to the
displayed strand. The Sequence Listing is submitted as an ASCII text file in the form of
the file named “Sequence.txt” (~40 kb), which was created on May 18, 2022 which is

incorporated by reference herein.

DETAILED DESCRIPTION
We disclose novel recombinant nucleic acid molecules, proteins, vectors, and related

methods of use to treat cone dystrophy with supernormal rod response [CDSRR] (Retinal cone
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dystrophy 3B, OMIM 610356) and related pathologies indicated by KCVN2 gene. CDSRR is a
rare, recessive, and inherited retinopathy that is characterized by poor visual acuity (due to central
scotoma), photophobia, severe color vision deficits, and occasionally, nystagmus and strabismus
are also present. In some patients, the fundus appears normal but foveal or parafoveal atrophy, a
macular bull’s eye, hyperfluorescence anomalies, and a generalized fine pigmentary retinopathy
have been reported. There may be some temporal pallor in the optic nerves.

Clinical symptoms may be restricted to visual loss with no other tissues or organs
affected. Most government agencies define legal blindness as a corrected visual acuity (central
vision) of 20/200 or worse in the best seeing eye. This means that what the legally blind person
can see at 20 feet, the average person can see clearly at 200 feet. In CDSRR studies have shown
that visual acuity can vary from person to person but is around 20/160 on average but can
eventually progress to legally blind levels. No specific treatment is available to either reduce or
prevent the progression of visual loss, leaving patients with a poor prognosis and declining quality
of life as they age. As prognosis relates to the likelihood of healing, treating, or curing a
condition, the poor prognosis for CDSRR and other KCVN2-associated pathologies means there
is little chance for recovery as there is no cure or treatment currently available. Low vision aids
and tinted lenses are the only resources available to patients to try to ameliorate the vision loss
symptoms. Several studies have indicated the progressive nature of central vision loss in CDSRR
patients, but large-scale natural history studies have not yet been completed to assess the full
extent of disease progression.

The rarity of this disease (the estimated number of affected individuals worldwide is 1 in
1,000,000) qualifies it for rare disease definition, preventing it from being addressed by the
pharmaceutical industry because it provides little financial incentive for the private sector to make
and market new medications to treat or prevent it. However, the availability of
electroretinography (ERG) and genetic testing allows for accurate and early CDSRR diagnosis
and supports the development of a treatment for this disorder. The recessive mode of inheritance
for CDSRR and slow-progressive nature makes it a good candidate for a one off viral-based gene
therapy (gene supplementation) treatment.

Among the causative agents of CDSRR is a mutation in the potassium channel, voltage-
gated, subfamily V, member 2 gene (KCVN2). In some CDSRR patients, mutations in the
KCNV2 gene that encodes the Kv8.2 voltage-gated potassium (K*) channel subunit are present.
More than 95 different CDSRR-causing variants in KCNV2 have now been identified worldwide
and include missense, nonsense, intragenic deletions, out-of-frame insertions amongst other
variants. The different variants have shown to affect Kv8.2 differently, with some mutations
generating non-conducting channels, whereas other mutations prevented channel formation

altogether. This suggests the existence of distinct mechanisms involved in the disease pathology
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but also that all variants generate a non-functional protein, making CDSRR a good candidate for
gene replacement therapy

Kv8.2 is a member of a group of “modifier/silent” channel proteins that do not form
channels by themselves but require a cognate partner; for Kv8.2, this is Kv2.1 (encoded by
KCNBI), a member of the Shab family of subunits that generate delayed rectifier currents that
regulate the rate of repolarization of action potentials. In the eye, both the Kv8.2 and Kv2.1 sub-
units are located exclusively on the cytoplasmic membrane of the inner segments of cone and rod
photoreceptor cells, the cells responsible for initiating the light transduction cascade of the visual
response. However, missense mutations in KCNV2 have also been shown to cause epilepsy in
humans, indicating it might also be expressed in the brain. The electroretinogram (ERG) disease
phenotype indicates that mutations in KCNV2 results in a loss of function of the Kv8.2 subunit
leading to the functional abolition of the Kv2.1/Kv8.2 heteromer. Ultimately, this then alters the
sensitivity of the retina to light and thereby the fundamental physiological processes whereby the
dynamic range of vision is modulated under different levels of illumination.

Evidence suggests that mutations in KCNV2 affect both cone and rod photoreceptors,
which is reflected in abnormal ERG recordings for both photoreceptors and widespread
throughout the retina, however, in some patients the morphological changes observed appear to be
more pronounced in cones. High resolution imaging of the retina using spectral domain optical
coherence tomography (SD-OCT) in CDSRR patients has revealed that gross morphological
abnormalities usually in the central retina. These include inner/outer segment (IS/OS) junction,
profound foveal depth reduction, cone photoreceptor mosaic disruption with patches of absent
cones and overall reduced cone density. However, the mechanisms of photoreceptor cell loss
within CDSRR retinas are still unknown. Moreover, how the disease differentially affects cones
and rods is not clear. A recent study of abnormalities in CDSRR patients as measured by
pupillometry indicate that inner-retinal function may be preserved. In a variation, therapies
designed to restore outer-retinal function may be successful.

Disclosed herein are nucleic acids, transcriptional control units (TCUs), optimized gene
sequences, expression constructs, and vectors for expressing genes in retinal cells, including but
not limited to, cone photoreceptors and/or rod photoreceptors.

Disclosed herein are modified KCVN2 genes containing nucleic acid replacements in an
unmodified KCVN2 gene (SEQ ID NO: 12), wherein the nucleic acid replacement can be one or
more of those demonstrated by alignment of the human KCVN2 gene with the codon-optimized
version represented by SEQ ID NO 2.

Also provided are nucleic acids, transcriptional control units (TCUs), optimized gene
sequences, expression constructs, and vectors for expressing genes in photoreceptors, e.g, cone

photoreceptors and/or rod photoreceptors.
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Also provided are vectors, such as an adeno-associated virus (AAV) vector, containing
the nucleic acid molecules, as well as isolated Kv8.2 proteins encoded by the nucleic acid
molecules.

Also provided are expression constructs, comprising a variant human KCVN2 gene (SEQ
ID NO: 2) under control of TCUs. In a variation, the KCVN2 is under the control of a promoter
optimized for expressing genes in photoreceptors, e.g., cone photoreceptors or rod photoreceptors.
In a variation, the variant human KCVN2 gene may be under the control of the thodopsin kinase
(RK) promoter (SEQ ID NO: 6).

Also provided are variants of the KCVN2 gene, e.g. SEQ ID NO: 2, with increased gene
expression relative to the corresponding native human KCVN2 gene (SEQ ID NO: 12). The
variants of the KCVN2 gene have improved therapeutic properties, including improved
expression including an up to an average of an approximately 8-fold gene expression increase
compared to wild-type, a higher difference and significant decrease in the ERG positive b-wave
data compared to untreated eyes, and a higher difference and significant decrease in the ERG
positive b-wave data compared to that obtained by other products. The improved properties of the
disclosed KCVN?2 variants (e.g., SEQ ID NO: 2) include but are not limited to increased
expression as compared to the corresponding native human KCVN2 gene (SEQ ID NO: 12),
increased expression as compared to the corresponding wild type KCVN2 gene (SEQ ID NO: 12),
and/or improved pharmacokinetic properties compared to the corresponding native human
KCVN2 gene (SEQ ID NO: 12). The improved properties may include improved transcript
stability and minimized aberrant transcript splicing.

Also disclosed are methods of using one or more of the nucleic acids, transcriptional
control unit (TCUs), optimized gene sequences, expression constructs, and vectors for the
treatment and/or prevention of retinal disorders or dystrophies, including but not limited to
CDSRR.

Also disclosed is a AAV-mediated gene augmentation therapy for KCNV2 associated
Cone dystrophy with supernormal rod response.

Accordingly, in one variation we provide:

A promoter capable of directing expression of the KCVN2 gene. In a variation, the
promoter targets the transgene expression to photoreceptors. In another variation, the promoter
restricts expression to photoreceptors only. In another variation, the promoter is the rhodopsin
kinase (RK) promoter (SEQ ID NO: 6).

A sequence to be expressed in a photoreceptor. In a variation the invention provides an
expression construct comprising a sequence to be expressed in a photoreceptor-specific manner.
In a further variation, the sequence to be expressed comprises a gene encoding Kv8.2. In a further

variation, the sequence to be expressed comprises SEQ ID NO. 2.
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The foregoing and other features and advantages of this disclosure will become more
apparent from the following detailed description of several embodiments which proceeds with

reference to the accompanying figures.

TERMS

Unless otherwise noted, technical terms are used according to conventional usage.
Definitions of common terms in molecular biology may be found in Krebs ez al. (eds.), Lewin’s
genes XII, published by Jones & Bartlett Learning, 2017; Kendrew et al. (eds.), The Encyclopedia
of Molecular Biology, published by Blackwell Science Ltd., 2009 (ISBN 9780632021826). The
singular terms “a,” “an,” and “the” include plural referents unless context clearly indicates
otherwise. “Comprising A or B” means including A, or B, or A and B. Although methods and
materials similar or equivalent to those described herein can be used in the practice or testing of
the present disclosure, suitable methods and materials are described below. In addition, the
materials, methods, and examples are illustrative only and not intended to be limiting. In case of
conflict, the present specification, including explanations of terms, will control. In order to
facilitate review of the various embodiments of the disclosure, the following explanations of
specific terms are provided:

5 and/or 3’: Nucleic acid molecules (such as, DNA and RNA) are said to have “5’
ends” and “3’ ends” because mononucleotides are reacted to make polynucleotides in a manner
such that the 5’ phosphate of one mononucleotide pentose ring is attached to the 3’ oxygen of its
neighbor in one direction via a phosphodiester linkage. Therefore, one end of a linear
polynucleotide is referred to as the “5” end” when its 5° phosphate is not linked to the 3* oxygen
of a mononucleotide pentose ring. The other end of a polynucleotide is referred to as the “3’ end”
when its 3’ oxygen is not linked to a 5” phosphate of another mononucleotide pentose ring.
Notwithstanding that a 5’ phosphate of one mononucleotide pentose ring is attached to the
3’ oxygen of its neighbor, an internal nucleic acid sequence also may be said to have 5° and 3’
ends.

In either a linear or circular nucleic acid molecule, discrete internal elements are referred
to as being “upstream” or 5’ of the “downstream” or 3’ elements. With regard to DNA, this
terminology reflects that transcription proceeds in a 5’ to 3’ direction along a DNA strand.
Promoter and enhancer elements, which direct transcription of a linked gene, are generally located
5’ or upstream of the coding region. However, enhancer elements can exert their effect even
when located 3’ of the promoter element and the coding region. Transcription termination and
polyadenylation signals are located 3* or downstream of the coding region.

Adeno-associated virus (AAV): A small, replication-defective, non-enveloped virus
that infects humans and some other primate species. AAV is not known to cause disease and

elicits a very mild immune response. Gene therapy vectors that utilize AAV can infect both
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dividing and quiescent cells and can persist in an extrachromosomal state without integrating into
the genome of the host cell. These features make AAV an attractive viral vector for gene therapy.
There are currently 11 recognized serotypes of AAV (AAV1-11).

Administration/Administer: To provide or give a subject an agent, such as a
therapeutic agent (e.g. a recombinant AAV), by any effective route. Exemplary routes of
administration include, but are not limited to, injection (such as subcutaneous, intramuscular,
intradermal, intraperitoneal, and intravenous), oral, intraductal, sublingual, rectal, transdermal,
intranasal, vaginal and inhalation routes.

c¢DNA (complementary DNA): A piece of DNA lacking internal, non-coding segments
(introns) and regulatory sequences that determine transcription. cDNA is synthesized in the
laboratory by reverse transcription from messenger RNA extracted from cells. cDNA can also
contain untranslated regions (UTRs) that are responsible for translational control in the
corresponding RNA molecule.

KCNV2: The human KCNV2 gene (NCBI Reference Sequence: NM_133497 4,
Ensembl gene ENSG00000168263.9 and transcript KCNV2-201 ENST00000382082.4)(SEQ ID
NO: 1) was the selected transgene. The KCNV?2 transcript has only one splice variant and is
composed of 2 exons. The whole transcript length is 2178 base pairs long, and the coding
sequence (CDS) used as the base for our studies is 1638 base pairs long.

Codon-optimized: A “codon-optimized” nucleic acid refers to a nucleic acid sequence
that has been altered such that the codons are optimal for expression in a particular system (such
as a particular species or group of species). For example, a nucleic acid sequence can be
optimized for expression in mammalian cells or in a particular mammalian species (such as
human cells). Codon optimization does not alter the amino acid sequence of the encoded protein.

Control: A reference standard. In some embodiments, the control is a negative control
sample obtained from a healthy patient. In other embodiments, the control is a positive control
sample obtained from a patient diagnosed with CDSRR. In still other embodiments, the control is
a historical control or standard reference value or range of values (such as a previously tested
control sample, such as a group of patients with known prognosis or outcome, or group of
samples that represent baseline or normal values).

A difference between a test sample and a control can be an increase or conversely a
decrease. The difference can be a qualitative difference or a quantitative difference, for example a
statistically significant difference. In some examples, a difference is an increase or decrease,
relative to a control, of at least about 5%, such as at least about 10%, at least about 20%, at least
about 30%, at least about 40%, at least about 50%, at least about 60%, at least about 70%, at least
about 80%, at least about 90%, at least about 100%, at least about 150%, at least about 200%, at
least about 250%, at least about 300%, at least about 350%, at least about 400%, at least about
500%, or greater than 500%.
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DNA (deoxyribonucleic acid): DNA is a long chain polymer which comprises the
genetic material of most living organisms (some viruses have genes comprising ribonucleic acid
(RNA)). The repeating units in DNA polymers are four different nucleotides, each of which
comprises one of the four bases, adenine (A), guanine (G), cytosine (C), and thymine (T) bound to
a deoxyribose sugar to which a phosphate group is attached. Triplets of nucleotides (referred to
as codons) code for each amino acid in a polypeptide, or for a stop signal. The term codon is also
used for the corresponding (and complementary) sequences of three nucleotides in the mRNA
into which the DNA sequence is transcribed.

Unless otherwise specified, any reference to a DNA molecule is intended to include the
reverse complement of that DNA molecule. Except where single-strandedness is required by the
text herein, DNA molecules, though written to depict only a single strand, encompass both strands
of a double-stranded DNA molecule. Thus, a reference to the nucleic acid molecule that encodes
a specific protein, or a fragment thereof, encompasses both the sense strand and its reverse
complement. For instance, it is appropriate to generate probes or primers from the reverse
complement sequence of the disclosed nucleic acid molecules.

Expression: Transcription or translation of a nucleic acid sequence. For example, an
encoding nucleic acid sequence (such as a gene) can be expressed when its DNA is transcribed
into RNA or an RNA fragment, which in some examples is processed to become mRNA. An
encoding nucleic acid sequence (such as a gene) may also be expressed when its mRNA is
translated into an amino acid sequence, such as a protein or a protein fragment. In a particular
example, a heterologous gene is expressed when it is transcribed into RNA. In another example,
a heterologous gene is expressed when its RNA is translated into an amino acid sequence.
Regulation of expression can include controls on transcription, translation, RNA transport and
processing, degradation of intermediary molecules such as mRNA, or through activation,
inactivation, compartmentalization or degradation of specific protein molecules after they are
produced.

Expression Control Sequences: Nucleic acid sequences that regulate the expression of a
heterologous nucleic acid sequence to which it is operatively linked. Expression control
sequences are operatively linked to a nucleic acid sequence when the expression control
sequences control and regulate the transcription and, as appropriate, translation of the nucleic acid
sequence. Thus, expression control sequences can include appropriate promoters, enhancers,
transcriptional terminators, a start codon (ATG) in front of a protein-encoding gene, splice signals
for introns, maintenance of the correct reading frame of that gene to permit proper translation of
mRNA, and stop codons. The term “control sequences” is intended to include, at a minimum,
components whose presence can influence expression, and can also include additional
components whose presence is advantageous, for example, leader sequences and fusion partner

sequences. Expression control sequences can include a promoter.
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Gene: A nucleic acid sequence, typically a DNA sequence, that comprises control and
coding sequences necessary for the transcription of an RNA, whether an mRNA or otherwise.
For instance, a gene may comprise a promoter, one or more enhancers or silencers, a nucleic acid
sequence that encodes a RNA and/or a polypeptide, downstream regulatory sequences and,
possibly, other nucleic acid sequences involved in regulation of the expression of an mRNA.

As is well known in the art, most eukaryotic genes contain both exons and introns. The
term “exon” refers to a nucleic acid sequence found in genomic DNA that is bioinformatically
predicted and/or experimentally confirmed to contribute a contiguous sequence to a mature
mRNA transcript. The term “intron” refers to a nucleic acid sequence found in genomic DNA
that is predicted and/or confirmed not to contribute to a mature mRNA transcript, but rather to be
“spliced out” during processing of the transcript.

Gene therapy: The introduction of a heterologous nucleic acid molecule into one or
more recipient cells, wherein expression of the heterologous nucleic acid in the recipient cell
affects the cell’s function and results in a therapeutic effect in a subject. For example, the
heterologous nucleic acid molecule may encode a protein, which affects a function of the
recipient cell.

Hybridization: Hybridization assays for the characterization of nucleic acids with a
certain level of identity to the nucleic acid sequences as provided herein are well known in the art;
see e.g. Sambrook, Russell “Molecular Cloning, A Laboratory Manual”, Cold Spring Harbor
Laboratory, N.Y. (2001); Ausubel, “Current Protocols in Molecular Biology”, Green Publishing
Associates and Wiley Interscience, N.Y. (1989). The term “hybridization” or “hybridizes” as used
herein may relate to hybridizations under stringent or non-stringent conditions. Said hybridization
conditions may be established according to conventional protocols described, e.g., in Sambrook
(2001) loc. cit.; Ausubel (1989) loc. cit., or Higgins and Hames (Eds.) “Nucleic acid
hybridization, a practical approach” IRL Press Oxford, Washington D.C., (1985). The setting of
conditions is well within the skill of the artisan and can be determined according to protocols
described in the art. Thus, the detection of hybridizing sequences will usually require stringent
hybridization and washing conditions such as, for example, conditions which range from that of
0.1xSSC, 0.1% SDS at 65° C. or 2xSSC, 60° C., 0.1% SDS to, for example, 6xSSC, 1% SDS at
65° C. As is well known, the length of the probe and the composition of the nucleic acid to be
determined constitute further parameters of the hybridization conditions.

Isolated: An “isolated” biological component (such as a nucleic acid molecule, protein,
virus or cell) has been substantially separated or purified away from other biological components
in the cell or tissue of the organism, or the organism itself, in which the component naturally
occurs, such as other chromosomal and extra-chromosomal DNA and RNA, proteins and cells.
Nucleic acid molecules and proteins that have been “isolated” include those purified by standard

purification methods. The term also embraces nucleic acid molecules and proteins prepared by
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recombinant expression in a host cell as well as chemically synthesized nucleic acid molecules
and proteins.

Nucleic acid molecule: A polymeric form of nucleotides, which may include both sense
and anti-sense strands of RNA, cDNA, genomic DNA, and synthetic forms and mixed polymers
of the above. A nucleotide refers to a ribonucleotide, deoxynucleotide or a modified form of
either type of nucleotide. The term “nucleic acid molecule” as used herein is synonymous with
“nucleic acid” and “polynucleotide.” A nucleic acid molecule is usually at least 10 bases in
length, unless otherwise specified. The term includes single- and double-stranded forms of DNA.
A polynucleotide may include either or both naturally occurring and modified nucleotides linked
together by naturally occurring and/or non-naturally occurring nucleotide linkages. “cDNA”
refers to a DNA that is complementary or identical to an mRNA, in either single stranded or
double stranded form. “Encoding” refers to the inherent property of specific sequences of
nucleotides in a polynucleotide, such as a gene, a cDNA, or an mRNA, to serve as templates for
synthesis of other polymers and macromolecules in biological processes having either a defined
sequence of nucleotides (i.e., IRNA, tRNA and mRNA) or a defined sequence of amino acids and
the biological properties resulting therefrom.

Operably linked: A first nucleic acid sequence is operably linked with a second nucleic
acid sequence when the first nucleic acid sequence is placed in a functional relationship with the
second nucleic acid sequence. For instance, a promoter is operably linked to a coding sequence if
the promoter affects the transcription or expression of the coding sequence. Generally, operably
linked DNA sequences are contiguous and, where necessary to join two protein-coding regions, in
the same reading frame.

Pharmaceutically acceptable carriers: The pharmaceutically acceptable carriers of use
are conventional. Remington: The Science and Practice of Pharmacy, 22™ ed., London, UK:
Pharmaceutical Press, 2013, describes compositions and formulations suitable for pharmaceutical
delivery of the disclosed vectors.

In general, the nature of the carrier will depend on the particular mode of administration
being employed. For instance, parenteral formulations usually comprise injectable fluids that
include pharmaceutically and physiologically acceptable fluids such as water, physiological
saline, balanced salt solutions, aqueous dextrose, glycerol or the like as a vehicle. For solid
compositions (e.g., powder, pill, tablet, or capsule forms), conventional non-toxic solid carriers
can include, for example, pharmaceutical grades of mannitol, lactose, starch, or magnesium
stearate. In addition to biologically neutral carriers, pharmaceutical compositions (such as vector
compositions) to be administered can contain minor amounts of non-toxic auxiliary substances,
such as wetting or emulsifying agents, preservatives, and pH buffering agents and the like, for
example sodium acetate or sorbitan monolaurate. In particular embodiments, suitable for

administration to a subject the carrier may be sterile, and/or suspended or otherwise contained in a

11



10

15

20

25

30

35

WO 2022/246089 PCT/US2022/030073

unit dosage form containing one or more measured doses of the composition suitable to induce
the desired immune response. It may also be accompanied by medications for its use for
treatment purposes. The unit dosage form may be, for example, in a sealed vial that contains
sterile contents or a syringe for injection into a subject, or lyophilized for subsequent
solubilization and administration or in a solid or controlled release dosage.

Purified: The term purified does not require absolute purity; rather, it is intended as a
relative term. Thus, for example, a purified protein preparation is one in which the protein (such
as a KCVN2 protein) is more enriched than the peptide or protein is in its natural environment
within a cell. In one embodiment, a preparation is purified such that the protein represents at least
50% of the total protein content of the preparation.

Polypeptide: Any chain of amino acids, regardless of length or post-translational
modification (e.g., glycosylation or phosphorylation). “Polypeptide” applies to amino acid
polymers including naturally occurring amino acid polymers and non-naturally occurring amino
acid polymer as well as in which one or more amino acid residue is a non-natural amino acid, for
example, an artificial chemical mimetic of a corresponding naturally occurring amino acid. A
“residue” refers to an amino acid or amino acid mimetic incorporated in a polypeptide by an
amide bond or amide bond mimetic. A polypeptide has an amino terminal (N-terminal) end and a
carboxy terminal (C-terminal) end. “Polypeptide” is used interchangeably with peptide or
protein, and is used herein to refer to a polymer of amino acid residues.

Preventing, treating or ameliorating a disease: “Preventing” a disease (such as retinal
disorders) refers to inhibiting the full development of a disease. “Treating” refers to a therapeutic
intervention that ameliorates a sign or symptom of a disease or pathological condition after it has
begun to develop. “Ameliorating” refers to the reduction in the number or severity of signs or
symptoms of a disease.

Promeoter: A region of DNA that directs/initiates transcription of a nucleic acid (e.g. a
gene). A promoter includes necessary nucleic acid sequences near the start site of transcription.
Typically, promoters are located near the genes they transcribe. A promoter also optionally
includes distal enhancer or repressor elements which can be located as much as several thousand
base pairs from the start site of transcription. A tissue-specific promoter is a promoter that
directs/initiated transcription primarily in a single type of tissue or cell. For example, a
photoreceptor-specific promoter is a promoter that directs/initiates transcription in
photoreceptor cells to a substantially greater extent than other cell types.

Protein: A biological molecule expressed by a gene or other encoding nucleic acid (e.g.,
a cDNA) and comprised of amino acids.

Purified: The term “purified” does not require absolute purity; rather, it is intended as a
relative term. Thus, for example, a purified peptide, protein, virus, or other active compound is

one that is isolated in whole or in part from naturally associated proteins and other contaminants.
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In certain embodiments, the term “substantially purified” refers to a peptide, protein, virus or
other active compound that has been isolated from a cell, cell culture medium, or other crude
preparation and subjected to fractionation to remove various components of the initial
preparation, such as proteins, cellular debris, and other components.

Recombinant: A recombinant nucleic acid molecule is one that has a sequence that is
not naturally occurring, for example, includes one or more nucleic acid substitutions, deletions or
insertions, and/or has a sequence that is made by an artificial combination of two otherwise
separated segments of sequence. This artificial combination can be accomplished by chemical
synthesis or, more commonly, by the artificial manipulation of isolated segments of nucleic acids,
for example, by genetic engineering techniques.

A recombinant virus is one that includes a genome that includes a recombinant nucleic
acid molecule. As used herein, “recombinant AAV” refers to an AAV particle in which a
recombinant nucleic acid molecule (such as a recombinant nucleic acid molecule encoding a
Kv8.2) has been packaged.

A recombinant protein is one that has a sequence that is not naturally occurring or has a
sequence that is made by an artificial combination of two otherwise separated segments of
sequence. In several embodiments, a recombinant protein is encoded by a heterologous (for
example, recombinant) nucleic acid that has been introduced into a host cell, such as a bacterial or
eukaryotic cell, or into the genome of a recombinant virus.

Retina: The retina is composed of the retinal pigment epithelium (RPE) cell layer and
three layers of neurosensory cells; namely (from outer to inner), the outer nuclear layer
(containing rod and 15 cone photoreceptor cells), the inner nuclear layer (containing bipolar
cells), and the ganglion cell layer. Retinal disorders or dystrophies can be defined as diseases of
the retina, characterized by progressive loss of photoreceptor cells and concomitant loss of vision.
The retinal disorders or dystrophies may be inherited retinal disorders or dystrophies.

Sequence identity: The identity or similarity between two or more nucleic acid sequences,
or two or more amino acid sequences, is expressed in terms of the identity or similarity between the
sequences. Sequence identity can be measured in terms of percentage identity; the higher the
percentage, the more identical the sequences are. Sequence similarity can be measured in terms of
percentage similarity (which takes into account conservative amino acid substitutions); the higher
the percentage, the more similar the sequences are. Homologs or orthologs of nucleic acid or amino
acid sequences possess a relatively high degree of sequence identity/similarity when aligned using
standard methods. This homology is more significant when the orthologous proteins or cDNAs are
derived from species which are more closely related (such as human and mouse sequences),
compared to species more distantly related (such as human and C. elegans sequences).

Methods of alignment of sequences for comparison are well known in the art. Various

programs and alignment algorithms are described in: Smith & Waterman, Adv. Appl. Math. 2:482,
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1981; Needleman & Wunsch, J. Mol. Biol. 48:443, 1970; Pearson & Lipman, Proc. Natl. Acad. Sci.
USA 85:2444, 1988; Higgins & Sharp, Gene, 73:237-44, 1988; Higgins & Sharp, CABIOS 5:151-3,
1989; Corpet et al., Nuc. Acids Res. 16:10881-90, 1988; Huang et al. Computer Appls. in the
Biosciences 8, 155-65, 1992; and Pearson et al., Meth. Mol. Bio. 24:307-31, 1994. Altschul et al., J.
Mol. Biol. 215:403-10, 1990, presents a detailed consideration of sequence alignment methods and
homology calculations.

The NCBI Basic Local Alignment Search Tool (BLAST) (Altschul ez al., J. Mol. Biol.
215:403-10, 1990) is available from several sources, including the National Center for Biological
Information (NCBI) and on the internet, for use in connection with the sequence analysis
programs blastp, blastn, blastx, tblastn and tblastx. Additional information can be found at the
NCBI web site.

As used herein, reference to “at least 90% identity” refers to “at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at
least 99%, or even 100% identity” to a specified reference sequence.

Subject: Living multi-cellular vertebrate organisms, a category that includes human and
non-human mammals.

Therapeutically effective amount: The amount of agent, such as a disclosed
recombinant AAV vector encoding KCVN2, that is sufficient to prevent, treat (including
prophylaxis), reduce and/or ameliorate the symptoms and/or underlying causes of a disorder or
disease, for example to prevent, inhibit, and/or treat retinal disorders. For example, this can be
the amount of a recombinant AAV vector encoding a novel KCVN2 gene as described herein that
produces sufficient amounts of KCVN2 to restore photoreceptor function.

In one example, a desired response is to restore photoreceptor function in a subject (such
as a subject with CDSRR), for example as measured by electroretinogram (ERG) recordings. The
ERG recordings (A-wave, b-wave, c-wave) do not need to be completely restored to that of
normal healthy subjects without CDSRR for the method to be effective. For example,
administration of a therapeutically effective amount of a vector (such as a KCVN2 encoding
vector) as disclosed herein can increase the photopic or scotopic ERG b-wave by a desired
amount, for example by at least 10%, at least 20%, at least 30%, at least 40%, at least 50%, at
least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 98%, at least 100% or
more, as compared to a suitable control.

It is understood that to obtain a therapeutic response to the disease or condition can
require multiple administrations of a therapeutic agent. Thus, a therapeutically effective amount
encompasses a fractional dose that contributes in combination with previous or subsequent
administrations to attaining a therapeutic outcome in the patient. For example, a therapeutically
effective amount of an agent can be administered in a single dose, or in several doses, for example

daily, during a course of treatment. However, the therapeutically effective amount can depend on
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the subject being treated, the severity and type of the condition being treated, and the manner of
administration. A unit dosage form of the agent can be packaged in a therapeutic amount, or in
multiples of the therapeutic amount, for example, in a vial (e.g., with a pierceable lid) or syringe
having sterile components.

Vector: A vector is a nucleic acid molecule allowing insertion of foreign nucleic acid
without disrupting the ability of the vector to replicate and/or integrate in a host cell. A vector
can include nucleic acid sequences that permit it to replicate in a host cell, such as an origin of
replication. A vector can also include one or more selectable marker genes and other genetic
elements. An expression vector is a vector that contains the necessary regulatory sequences to
allow transcription and translation of inserted gene or genes. In some embodiments herein, the
vector is an adeno-associated virus (AAV) vector. In some embodiments, the vector is a gamma-

retroviral vector, a lentiviral vector, or an adenoviral vector.

Novel KCVN2 gene

A nucleic acid molecule is provided that encodes a protein with Kv8.2 activity
comprising nucleotide sequence set forth as SEQ ID NO. 2, or a nucleic acid sequence at least
95%, at least 96%, at least 97%, at least 98%, or at least 99% identical thereto.

A nucleic acid molecule is provided that hybridizes under stringent conditions to the
complementary strand of the nucleotide sequence set forth as SEQ ID NO. 2, or a nucleic acid
sequence at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% identical thereto.

A nucleic acid molecule is provided that is degenerate as a result of the genetic code to
the nucleotide sequence set forth as SEQ ID NO. 2, or a nucleic acid sequence at least 95%, at
least 96%, at least 97%, at least 98%, or at least 99% identical thereto.

As discussed in Example 1, the nucleotide sequence encoding Kv8.2 was codon-
optimized for improved expression. An exemplary optimized KCVN2 sequence is provided as
SEQ ID NO: 2.

Disclosed herein are variants of the KCVN2 gene with increased expression relative to
the corresponding native human KCVN2. SEQ ID NO: 2 has improved therapeutic properties,
including improved photoreceptor therapeutic properties, compared to an unmodified KCVN2
gene, including a human wild type KCVN2 gene disclosed as SEQ ID NO: 1, the coding region
disclosed at SEQ ID NO: 12. The improved properties of the disclosed KCVN2 variants include
but are not limited to increased protein synthesis, a more stable mRNA, increase the rate of
translation elongation, and/or improved pharmacokinetic properties. The improved properties may
include stable transgene and protein expression, enhanced recovery, and improved visual
function.

A variant of a KCVN2 polynucleotide may be defined as any variant of SEQ ID NO: 2,

including naturally occurring variants in the nucleic acid sequence. The variant may be defined as
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having at least about 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity to
SEQ ID NO: 2, wherein the polypetide translated from the variant sequence retains its
functionality. The variant may be defined as having at least about 60%, 70%, 80%, 90%, 95%,
96%, 97%, 98%, or 99% sequence identity to SEQ ID NO: 2, wherein the polypetide translated
from the variant sequence, SEQ ID NO: 11, has the ability to rescue photoreceptor function. In
certain variations, the variant is a codon optimized version of the coding sequence.

The expression constructs contemplated by the disclosure may recue cone photoreceptor
function. Rescuing cone photoreceptor function can be defined as restoring at least about 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80% 90%, 95%, 96%, 97%, 98%, 99% or 100% of cone
photoreceptor function. Cone photoreceptor function can be analyzed by any suitable standard
technique known to the person skilled in the art, for example, by electroretinogram (ERG)
analysis of retinal responses. Rod photoreceptor function can be analyzed by any suitable standard
technique known to the person skilled in the art, for example, by ERG analysis of retinal
responses.

Rescuing photoreceptor function can also be defined as prolonging photoreceptor
survival. Prolonging photoreceptor survival can be defined as extending the time that a
photoreceptor (e.g., a cone photoreceptor and/or a rod photoreceptor) is functional or present by
about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, 99%, 100% or
more than 100% when compared with a photoreceptor affected by a dystrophy. Examples of
prolonging photoreceptor survival also include improving ERG activity or slowing loss of ERG
activity, improving retinal sensitivity or slowing/halting progressive loss of retinal sensitivity,
slowing or halting loss of photoreceptor cells, slowing or halting thinning of the outer retinal
layer, improving vision or slowing/halting vision loss.

The expression construct may comprise one or more transcription control units operably
linked to a KCVN2 gene. In a variation, the KCVN2 gene is SEQ ID NO: 2. In some variations,
the KCVN2 gene is codon optimized.

Thus, nucleic acid molecules (for example, cDNA or RNA molecules) encoding Kv8.2,
as well as purified forms of the Kv8.2, are provided. In several embodiments, the nucleic acid
molecules can be expressed in a host cell (such as a mammalian cell) to produce Kv8.2.

The genetic code can be used to construct a variety of functionally equivalent nucleic acid
sequences, such as nucleic acids which differ in sequence but which encode the same polypeptide
sequence.

Nucleic acid molecules disclosed herein can be prepared by any suitable method
including, for example, cloning of appropriate sequences or by direct chemical synthesis by
standard methods. Chemical synthesis produces a single stranded oligonucleotide. This can be
converted into double stranded DNA by hybridization with a complementary sequence or by

polymerization with a DNA polymerase using the single strand as a template.
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Exemplary nucleic acids can be prepared by cloning techniques. Examples of appropriate
cloning and sequencing techniques can be found, for example, in Green and Sambrook
(Molecular Cloning: A Laboratory Manual, 4% ed., New York: Cold Spring Harbor Laboratory
Press, 2012) and Ausubel er al. (Eds.) (Current Protocols in Molecular Biology, New York: John
Wiley and Sons, including supplements, 2017).

Nucleic acids can also be prepared by amplification methods. Amplification methods
include the polymerase chain reaction (PCR), the ligase chain reaction (LCR), the transcription-
based amplification system (TAS), and the self-sustained sequence replication system (3SR).

The nucleic acid molecules can be expressed in a recombinantly engineered cell such as
bacteria, plant, yeast, insect and mammalian cells. DNA sequences disclosed herein can be
expressed in vitro by DNA transfer into a suitable host cell. The cell may be prokaryotic or
eukaryotic. Numerous expression systems available for expression of proteins including E. coli,
other bacterial hosts, yeast, and various higher eukaryotic cells such as the COS, CHO, HeLa and
myeloma cell lines, can be used to express the disclosed novel nucleotide sequences. Methods of
stable transfer, meaning that the foreign DNA is continuously maintained in the host, are known
in the art.

The expression of disclosed nucleic acids can be achieved by operably linking the DNA
or cDNA to a promoter (which is either constitutive or inducible), followed by incorporation into
an expression cassette. The promoter can be any promoter of interest, including a photoreceptor-
specific promoter, such as the thodopsin kinase (RK) promoter (SEQ ID NO: 6). Other exemplary
promoters include but are not limited to, CAG (hybrid CMYV early enhancer/chicken b-actin
promoter), CBA (chicken b-actin promoter), CBh (hybrid form of the CBA promoter), CMV
(human cytomegalovirus promoter), CB (regulatory element composed of the cytomegalovirus
(CMV) immediate early enhancer, chicken b-actin promoter with first intron/exon junction,
hybrid chicken b-actin and rabbit b-globulin intron/exon junction), CBSB (containing a shorter
CMYV immediate enhancer sequence than CB promoter), GRK1 (human G protein-coupled
receptor kinase 1 promoter), pRLBP1 (shortened human retinaldehyde binding protein 1 (RLBP1)
promoter, hCAR (human cone arrestin promoter, PR1.7 and PR2.1 (versions of human L-opsin
promoter), IRBP (human interphotoreceptor retinoid-binding protein enhancer), RS/IRBP
(combination of the human retinoschisin proximal promoter and the human interphotoreceptor
retinoid-binding protein enhancer), pRHO (rhodopsin promoter), and hPDE6b (short human
phosphodiesterase 6b promoter).

Optionally, a regulatory element, such as any one or more of KOZAK consensus
sequence (SEQ ID NO: 8), a Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory
Element (WPRE)(SEQ ID NO: 9); and/or a bovine growth hormone polyadenylation (BGH
poly(A))(SEQ ID NO: 10), is included in the construct. The cassettes can be suitable for

replication and integration in either prokaryotes or eukaryotes. Typical expression cassettes
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contain specific sequences useful for regulation of the expression of the DNA encoding the
protein. For example, the expression cassettes can include appropriate promoters, enhancers,
transcription and translation terminators, initiation sequences, a start codon (i.e., ATG) in front of
a protein-encoding gene, splicing signals for introns, sequences for the maintenance of the correct
reading frame of that gene to permit proper translation of mRNA, and stop codons. The vector
can encode a selectable marker, such as a marker encoding drug resistance (for example,
ampicillin or tetracycline resistance).

To obtain high level expression of a cloned gene, it is desirable to construct expression
cassettes which contain, for example, a strong promoter to direct transcription, a ribosome binding
site for translational initiation (e.g., internal ribosomal binding sequences), and a
transcription/translation terminator. For E. coli, this can include a promoter such as the T7, trp,
lac, or lambda promoters, a ribosome binding site, and preferably a transcription termination
signal. For eukaryotic cells, the control sequences can include a promoter and/or an enhancer
derived from, for example, an immunoglobulin gene, HTLV, SV40 or cytomegalovirus, and a
polyadenylation sequence, and can further include splice donor and/or acceptor sequences (for
example, CMV and/or HTLV splice acceptor and donor sequences). The cassettes can be
transferred into the chosen host cell by well-known methods such as transformation or
electroporation for E. coli and calcium phosphate treatment, electroporation or lipofection for
mammalian cells. Cells transformed by the cassettes can be selected by resistance to antibiotics
conferred by genes contained in the cassettes, such as the amp, GPt, neo, and hyg genes.

Modifications can be made to a nucleic acid encoding a polypeptide described herein
without diminishing its biological activity. Some modifications can be made to facilitate the
cloning, expression, or incorporation of the targeting molecule into a fusion protein. Such
modifications include, for example, termination codons, sequences to create conveniently located
restriction sites, and sequences to add a methionine at the amino terminus to provide an initiation
site, or additional amino acids (such as poly His) to aid in purification steps.

Once expressed, the disclosed Kv8.2 can be purified according to standard procedures in
the art, including ammonium sulfate precipitation, affinity columns, column chromatography, and
the like (see, generally, Simpson et al. (Eds.), Basic methods in Protein Purification and Analysis:
A Laboratory Manual, New York: Cold Spring Harbor Laboratory Press, 2009). The disclosed
polypeptides need not be 100% pure. Once purified, partially or to homogeneity as desired, if to
be used therapeutically, the polypeptides should be substantially free of endotoxin.

Recombinant Vectors and Gene Therapy Applications

In current practice, gene therapy implies functional replacement of a dysfunctional gene
in which no functional protein is produced, with a wild-type copy that restores function. Gene
therapy is a promising approach in the treatment of inherited and common complex disorders of

the retina and preclinical and clinical studies have validated the use of adeno-associated viral
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vectors (AAV) as a safe and efficient gene delivery vehicle. AAV-mediated gene replacement
therapy has been achieved in different tissues and systems including liver, muscle, blood cells and
retina.

Several animal models of inherited photoreceptor degeneration have undergone
successful treatment by gene supplementation therapy, and to date visual rescue has been
achieved on morphological, functional, and behavioral levels. There are 43 ongoing or completed
clinical trials that are using or have used AAV delivery systems as a means of correcting genetic
faults for different types of inherited retinal disorder (clinicaltrials.gov, search completed on
November 16 2020). Another five clinical trials (three ongoing and two completed) are also using
or have used AAV to deliver therapeutics for age-related macular degeneration.

AAYV vectors have been demonstrated to be an acceptable delivery method for
photoreceptor cell targeting both in efficiency and specificity. AAV vectors have been shown to
have high affinity for photoreceptor cells while also offering a non-toxic, non-pathogenic and low
immunogenic profile. This has demonstrated successful application of gene therapy to retinal
disorder and vision loss models. Among the different AAV serotypes currently available the most
commonly used ones for targeting retinal cells have been AAV2/2, AAV2/8, AAV2/9, AAV?2/5,
AAV2/7Tm8, AAV2/Anc80_LO65 serotypes.

Any of the above discussed recombinant nucleic acid molecules can be included in a
vector (such as a AAV vector) for expression in a cell or a subject.

The nucleic acid sequences disclosed herein are useful in production of vectors (such as
rAAV vectors), and are also useful in antisense delivery vectors, gene therapy vectors, or vaccine
vectors. In certain embodiments, the disclosure provides for gene delivery vectors, and host cells
which contain the nucleic acid sequences disclosed herein. In some embodiments, the selected
vector may be delivered to a subject by any suitable method, including intravenous injection, ex-
vivo transduction, transfection, electroporation, liposome delivery, membrane fusion techniques,
high velocity DNA-coated pellets, viral infection, or protoplast fusion, to introduce a transgene
into the subject.

In certain embodiments, the disclosure relates to virus particle, e.g., capsids, containing
the KCVN2 nucleic acid sequences SED ID NO: 2 disclosed herein. The virus particles, capsids,
and recombinant vectors are useful in delivery of the nucleic acid sequences to a target cell. The
nucleic acids may be readily utilized in a variety of vector systems, capsids, and host cells. In
certain embodiments, the nucleic acids are in vectors contained within a capsid comprising cap
proteins, including AAV capsid proteins vpl, vp2, vp3 and hypervariable regions.

In certain embodiments, the KCVN2 nucleic acid sequences may be a part of any genetic
element (vector) which may be delivered to a host cell, e.g., naked DNA, a plasmid, phage,
transposon, cosmid, episome, a protein in a non-viral delivery vehicle (e.g., a lipid-based carrier),

virus, etc. which transfer the sequences carried thereon.

19



10

15

20

25

30

35

WO 2022/246089 PCT/US2022/030073

In certain embodiments, a vector may be a lentivirus based (containing lentiviral genes or
sequences) vector, e.g., having nucleic acid sequences derived from VSVG or GP64 pseudotypes
or both. In certain embodiments, the nucleic acid sequences derived from VSVG or GP64
pseudotypes may be at least one or two or more genes or gene fragments of more than 1000, 500,
400, 300, 200, 100, 50, or 25 continuous nucleotides or nucleotides sequences with greater than
50, 60, 70, 80, 90, 95 or 99 % identity to the gene or fragment.

In some embodiments, the nucleic acid and promotor sequences disclosed herein are
useful in production of AAV vectors. AAV belongs to the family Parvoviridae and the genus
Dependovirus. AAV is a small, non-enveloped virus that packages a linear, single-stranded DNA
genome. Both sense and antisense strands of AAV DNA are packaged into AAV capsids with
equal frequency. The AAV genome is characterized by two inverted terminal repeats (ITRs) that
flank two open reading frames (ORFs). In the AAV2 genome, for example, the first 125
nucleotides of the ITR are a palindrome, which folds upon itself to maximize base pairing and
forms a T-shaped hairpin structure. The other 20 bases of the ITR, called the D sequence, remain
unpaired. The ITRs are cis-acting sequences important for AAV DNA replication; the ITR is the
origin of replication and serves as a primer for second-strand synthesis by DNA polymerase. The
double-stranded DNA formed during this synthesis, which is called replicating-form monomer, is
used for a second round of self-priming replication and forms a replicating-form dimer. These
double-stranded intermediates are processed via a strand displacement mechanism, resulting in
single-stranded DNA used for packaging and double-stranded DNA used for transcription.
Located within the ITR are the Rep binding elements and a terminal resolution site (TRS). These
features are used by the viral regulatory protein Rep during AAV replication to process the
double-stranded intermediates. In addition to their role in AAV replication, the ITR is also
essential for AAV genome packaging, transcription, negative regulation under non-permissive
conditions, and site-specific integration (Daya and Berns, Clin Microbiol Rev 21(4):583-593,
2008).

AAV vectors typically contain a transgene expression cassette between the ITRs that
replaces the rep and cap genes. Vector particles are produced by the co-transfection of cells with a
plasmid containing the vector genome and a packaging/helper construct that expresses the rep and
cap proteins in trans. During infection, AAV vector genomes enter the cell nucleus and can persist
in multiple molecular states. One common outcome is the conversion of the AAV genome to a
double-stranded circular episome by second-strand synthesis or complementary strand pairing.

In the context of AAV vectors, the disclosed vectors typically have a recombinant
genome comprising the following structure:

(5’AAV ITR) - (promoter) - (transgene) - (3’AAV ITR)
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As discussed above, these recombinant AAV vectors contain a transgene expression
cassette between the ITRs that replaces the rep and cap genes. Vector particles are produced, for
example, by the co-transfection of cells with a plasmid containing the recombinant vector genome
and a packaging/helper construct that expresses the rep and cap proteins in trans.

The transgene can be flanked by regulatory sequences such as a 5’ Kozak sequence
and/or a 3* polyadenylation signal.

The AAV ITRs, and other selected AAV components described herein, may be readily
selected from among any AAV serotype, including, without limitation, AAV1, AAV2, AAV2-
QuadyF, AAV2.7m8, AAV3, AAV4, AAV5, AAV6, AAVT, AAVSE, AAVE(Y733F), AAVY,
Anc80, AAV7m8, AAVrh10, AAV-PHP.eB, AAV-PHP.S, AAV-DJ, AAV-DJ/8, AAV2.GL,
AAV2.NN, AAVAnc80_L065 and function variants of any thereof. These ITRs or other AAV
components may be readily isolated using techniques available to those of skill in the art from an
AAV serotype. Such AAV may be isolated or obtained from academic, commercial, or public
sources (e.g., the American Type Culture Collection, Manassas, Va.). Alternatively, the AAV
sequences may be obtained through synthetic or other suitable means by reference to published
sequences such as are available in the literature or in databases such as, e.g., GenBank, PubMed,
or the like. It will be understood that the disclosure ecompasses use of an AAV genome of other
serotypes that may not yet have been identified or characterized.

In some embodiments, the recombinant AAV vector genome can have a photoreceptor-
specific promoter, such as rhodopsin kinase (RK) or any modifications thereof. The recombinant
AAYV vector genome can have any promoter known in the art including those disclosed herein
and/or those disclosed in Kaneshiro, K., Wu, Z., Li, T., Sieving, P., & Colosi, P. (2011).
Evaluation of Viral and Human Retinal Promoters in AAVS8 Vectors. Investigative
Ophthalmology & Visual Science, 52(14), 491.

AAV is currently one of the most frequently used viruses for gene therapy. Although
AAY infects humans and some other primate species, it is not known to cause disease and elicits a
very mild immune response. Gene therapy vectors that utilize AAV can infect both dividing and
quiescent cells and persist in an extrachromosomal state without integrating into the genome of
the host cell. Because of the advantageous features of AAV, the present disclosure contemplates
the use of AAV for the recombinant nucleic acid molecules and methods disclosed herein.

AAV possesses several desirable features for a gene therapy vector, including the ability
to bind and enter target cells, enter the nucleus, the ability to be expressed in the nucleus for a
prolonged period of time, and low toxicity. However, the small size of the AAV genome limits
the size of heterologous DNA that can be incorporated. To minimize this problem, AAV vectors
have been constructed that do not encode Rep and the integration efficiency element (IEE). The
ITRs are retained as they are cis signals required for packaging (Daya and Berns, Clin Microbiol

Rev 21(4):583-593, 2008).
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Methods for producing rAAV suitable for gene therapy are known (see, for example, U.S.
Patent Application Nos. 2012/0100606; 2012/0135515; 2011/0229971; and 2013/0072548; and
Ghosh et al., Gene Ther 13(4):321-329, 2006), and can be utilized with the recombinant nucleic
acid molecules and methods disclosed herein.

In some embodiments, the nucleic acids disclosed herein are part of an expression
cassette or transgene. See e.g., US Pat. App. Pub. 20150139953. The expression cassette is
composed of a transgene and regulatory sequences, e.g., promotor and 5" and 3' AAV inverted
terminal repeats (ITRs). In one desirable embodiment, the ITRs of AAV serotype 2 or § are used.
However, ITRs from other suitable serotypes may be selected. An expression cassette is typically
packaged into a capsid protein and delivered to a selected host cell.

In some embodiments, the disclosure provides for a method of generating a recombinant
adeno-associated virus (AAV) having an AAV serotype capsid, or a portion thereof. Such a
method involves culturing a host cell which contains a nucleic acid sequence encoding an adeno-
associated virus (AAV) serotype capsid protein; a functional rep gene; an expression cassette
composed of AAV inverted terminal repeats (ITRs) and a transgene; and sufficient helper
functions to permit packaging of the expression cassette into the AAV capsid protein. See e.g.,
US Pat. App. Pub. 20150139953.

In some embodiments, the disclosure relates to recombinant vectors comprising a
photoreceptor specific promotor nucleic acid sequence in operable combination with transgene.
The transgene is a nucleic acid sequence, heterologous to the vector sequences flanking the
transgene, which encodes Kv8.2 as disclosed herein, and optionally one or more additional
proteins of interest. The nucleic acid coding sequence is operatively linked to regulatory
components in a manner which permits transgene transcription, translation, and/or expression in a
host cell.

The expression cassette can be carried on any suitable vector, e.g., a plasmid, which is
delivered to a host cell. The plasmids useful in this disclosure may be engineered such that they
are suitable for replication and, optionally, integration in prokaryotic cells, mammalian cells, or
both. These plasmids (or other vectors carrying the 5' AAV ITR-heterologous molecule-3' ITR)
contain sequences permitting replication of the expression cassette in eukaryotes and/or
prokaryotes and selection markers for these systems. Preferably, the molecule carrying the
expression cassette is transfected into the cell, where it may exist transiently. Alternatively, the
expression cassette (carrying the 5" AAV ITR-heterologous molecule-3' ITR) may be stably
integrated into the genome of the host cell, either chromosomally or as an episome. In certain
embodiments, the expression cassette may be present in multiple copies, optionally in head-to-
head, head-to-tail, or tail-to-tail concatamers. Suitable transfection techniques are known and may

readily be utilized to deliver the expression cassette to the host cell.
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Generally, when delivering the vector comprising the expression cassette by transfection,
the vector and the relative amounts of vector DNA to host cells may be adjusted, taking into
consideration such factors as the selected vector, the delivery method and the host cells selected.
In addition to the expression cassette, the host cell contains the sequences which drive expression
of the AAV capsid protein in the host cell and rep sequences of the same serotype as the serotype
of the AAV ITRs found in the expression cassette, or a cross-complementing serotype. Although
the molecule(s) providing rep and cap may exist in the host cell transiently (i.e., through
transfection), it is preferred that one or both of the rep and cap proteins and the promoter(s)
controlling their expression be stably expressed in the host cell, e.g., as an episome or by
integration into the chromosome of the host cell.

Introduction into the host cell of the vector may be achieved by any means known in the
art or as disclosed above, including transfection, infection, electroporation, liposome delivery,
membrane fusion techniques, high velocity DNA-coated pellets, viral infection and protoplast
fusion, among others. One or more of the adenoviral genes may be stably integrated into the
genome of the host cell, stably expressed as episomes, or expressed transiently. The gene products
may all be expressed transiently, on an episome or stably integrated, or some of the gene products
may be expressed stably while others are expressed transiently. Furthermore, the promoters for
each of the adenoviral genes may be selected independently from a constitutive promoter, an
inducible promoter or a native adenoviral promoter. The promoters may be regulated by a specific
physiological state of the organism or cell (i.e., by the differentiation state or in replicating or
quiescent cells) or by exogenously added factors, for example.

The AAYV techniques can be adapted for use in these and other viral vector systems for in
vitro, ex vivo or in vivo gene delivery. The in certain embodiments the disclosure contemplates
the use of nucleic acids and vectors disclosed herein in a variety of rAAV and non-rAAV vector
systems. Such vectors systems may include, e.g., lentiviruses, retroviruses, poxviruses, vaccinia
viruses, and adenoviral systems, among others.

In some embodiments, it is contemplated that viral particles, nucleic acids and vectors
disclosed herein are useful for a variety of purposes, including for delivery of therapeutic
molecules for gene expression of therapeutic proteins.

Therapeutic proteins encoded by the nucleic acids (e.g., operably in combination with
promoters) reported herein include those used for treatment of retinal disorders.

In some embodiments, a method of restoring retinal function in a subject with CDSRR is
disclosed. The method comprises administering to the subject a therapeutically effective amount
of a vector (such as an AAV vector, a lentiviral vector, or a retroviral vector) including KCVN2
nucleic acid sequences as described herein. In some embodiments, the subject is a subject with a

retinal disorder, such as CDSRR.
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In a variation, we delivery of the novel KCVN2 gene in the AAV2/8 serotype which was
shown to have up to 100-fold higher transduction capacity compared to some other known
capsids. In the retina, AAV2/8 has shown to be a more efficient vector compared to AAV2/2 and
AAV?2/5; it provided both faster onset and stronger and higher transgene expression, especially in
photoreceptors.

In some embodiments, this disclosure relates to methods of gene transfer for the treatment
of CDSRR using an adeno-associated viral serotype 8 (AAV2/8) vector carrying a codon-
optimized human KCVN2 (Potassium Voltage-Gated Channel Modifier Subfamily V Member 2).
In a further variation, this disclosure relates to methods of gene transfer for the treatment of
CDSRR using an adeno-associated viral serotype 8 (AAV2/8) vector carrying a codon-optimized
human KCVN2 under the expression of the rhodopsin kinase (RK) promoter. This vector may be
referred to herein as AAV2/8.RK.hKCVN2.

Delivery of the vector encoding the transgene can be, for example, by direct
administration to the subject, e.g., by subretinal injection of the vector. In a further example,
delivery of the vector can be, for example, by injection of the vector in the macular and/or foveal
region to one or both eyes of a patient at any disease state.

In a further variation, delivery of the vector encoding the transgene can be, for example,
by direct administration to the subject, e.g., by subretinal injection of the vector. In a further
example, delivery of the vector can be, for example, by injection of the vector in the macular
and/or foveal region to one or both eyes of a patient at any disease state. In this variation, the
AAV2/8.RK.hKCVN2 may be delivered in neutral phosphate buffered saline with Pluronic F68
(0.001%), 0.10 ml, dose range of 5E9 to SE11 vector genomes.

In general, delivery may be by direct retinal, subretinal or intravitreal delivery of a
nucleic acid, such as a vector, as disclosed herein, by injection. In an example, delivery may be by
injection to the retinal, subretinal space or intravitreal space.

We therefore also provide a method of treating or preventing dystrophies, in particular
CDSRR in a patient in need thereof, comprising administering a therapeutically effective amount
of a nucleic acid, such as a vector, as disclosed herein to the patient by direct retinal, subretinal or
intravitreal injection.

In a related aspect, the invention provides for use of a nucleic acid, such as a vector, as
disclosed herein in a method of treating or preventing retinal disorders, such as dystrophies, in
particular CDSRR, by administering said vector to a patient by direct retinal, subretinal or
intravitreal injection.

Additionally, we provide the use of a nucleic acid, such as a vector, as disclosed herein in
the manufacture of a medicament for treating or preventing retinal disorders, such as dystrophies,

in particular CDSRR by direct retinal, subretinal or intravitreal injection.
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The invention also provides a nucleic acid, such as a vector, as disclosed herein for use in
the treatment of retinal disorders, dystrophies, in particular CDSRR, wherein said vector is
administered directly into the retinal, subretinal space or intravitreal space.

The administration of the nucleic acid, such as a vector, as disclosed herein is typically by
direct retinal or subretinal injection. This includes direct delivery to cone photoreceptor cells
and/or the rod photoreceptor cells.

Optionally, the compositions of the disclosure may contain other pharmaceutically
acceptable excipients, such as preservatives, or chemical stabilizers. Suitable exemplary
preservatives include chlorobutanol, potassium sorbate, sorbic acid, sulfur dioxide, propyl gallate,
the parabens, ethyl vanillin, glycerin, phenol, and parachlorophenol. Suitable chemical stabilizers
include gelatin and albumin.

The recombinant virus particles, capsids, or vectors are administered in sufficient
amounts to transfect the cells and to provide sufficient levels of gene transfer and expression to
provide a therapeutic benefit without undue adverse effects, or with medically acceptable
physiological effects, which can be determined by those skilled in the medical arts. Conventional
and pharmaceutically acceptable routes of administration include, but are not limited to, direct
delivery to a desired organ (e.g., the eye), oral, inhalation, intranasal, intratracheal, intraarterial,
intraocular, intravenous, intramuscular, subcutaneous, intradermal, and other parental routes of
administration. Routes of administration may be combined, if desired.

Dosages of the recombinant virus particles, capsids, or vectors will depend primarily on
factors such as the condition being treated, the age, weight and health of the patient, and may thus
vary among patients. For example, a therapeutically effective human dosage of the viral vector is
generally in the range of from about 0.1 ml to about 100 ml of solution containing concentrations
of from about 1x10° to 1x10'® genomes virus vector.

Recombinant viral vectors of the disclosure provide an efficient gene transfer vehicle
which can deliver a selected protein to a selected host cell in vivo or ex vivo even where the
organism has neutralizing antibodies to the protein. In one embodiment, the vectors disclosed
herein and the cells are mixed ex vivo; the infected cells are cultured using conventional
methodologies; and the transduced cells are re-infused into the patient.

Turning to Fig.1, a disclosed vector. A vector for delivering the disclosed codon
optimized KCVN2 gene of SEQ ID NO: 2 may have one or more of the following elements:

Vector of serotype AAV2/8

Rhodopsin kinase (RK) promoter (SEQ ID NO: 6)

Codon optimized KCVN2 gene of SEQ ID NO: 2

Regulatory elements including, KOZAK consensus sequence (SEQ ID NO: 8) in between
the promoter and the KCNV2 gene, a Woodchuck Hepatitis Virus (WHP) Posttranscriptional
Regulatory Element (WPRE) (SED ID NO: 9) after the KCNV2 gene and a bovine growth
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hormone polyadenylation (BGH poly(A)) (SEQ ID NO: 10) signal downstream of the WPRE.
The disclosed vector may have the nucleotide sequence of SEQ ID NO: 3.

Turning to Fig. 2, a second disclosed vector. A vector for delivering the disclosed codon
optimized KCVN2 gene of SEQ ID NO: 2 may have one or more of the following elements:

AAV Vector

Rhodopsin kinase (RK) promoter (SEQ ID NO: 6)

Codon optimized KCVN2 gene of SEQ ID NO: 2

EGFP enhanced green fluorescent protein

Regulatory elements including, KOZAK consensus sequence (SEQ ID NO: 8) in between
the promoter and the KCNV2 gene (SEQ ID NO: 2), a Woodchuck Hepatitis Virus (WHP)
Posttranscriptional Regulatory Element (WPRE) (SEQ ID NO: 9) after the KCNV2 gene (SEQ ID
NO:2) and a bovine growth hormone polyadenylation (BGH poly(A))(SEQ ID NO: 10) signal
downstream of the WPRE (SEQ ID NO: 9).

Turning to FIG. 3, a third disclosed vector. A vector for delivering the disclosed codon
optimized KCVN2 gene of SEQ ID NO: 2 may have one or more of the following elements:

AAYV Vector

Rhodopsin kinase (RK) promoter (SEQ ID NO: 6)

Codon optimized KCVN2 gene of SEQ ID NO: 2

EGFP enhanced green fluorescent protein

Regulatory elements including, KOZAK consensus sequence (SEQ ID NO: 8) in between
the promoter and the KCNV2 gene (SEQ ID NO: 2), a CMV promoter (SEQ ID NO: 7), a
Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory Element (WPRE)(SEQ ID
NO: 9) after the KCNV2 gene and a bovine growth hormone polyadenylation (BGH poly(A))
signal (SEQ ID NO: 10) downstream of the WPRE (SEQ ID NO: 9).

Turning to FIG. 4, a fourth disclosed vector. A vector for delivering the disclosed codon
optimized KCVN2 gene of SEQ ID NO: 2 may have one or more of the following elements:

AAYV Vector

Rhodopsin kinase (RK) promoter (SEQ ID NO: 6)

Codon optimized KCVN2 gene of SEQ ID NO: 2

EGFP enhanced green fluorescent protein

Regulatory elements including, KOZAK consensus sequence (SEQ ID NO: 8)in between
the promoter and the KCNV2 gene(SEQ ID NO: 2), a CMV promoter (SEQ ID NO: 7), a lac
promoter, a Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory Element
(WPRE)(SEQ ID NO: 9) after the KCNV2 gene and a bovine growth hormone polyadenylation
(BGH poly(A)) signal (SEQ ID NO: 10) downstream of the WPRE. (SEQ ID NO: 9)
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AAYV serotype selection

In our exemplary disclosure, we have selected the AAV2/8 serotype which was shown to
have up to 100-fold higher transduction capacity compared to some other known capsids. We
have also selected the Anc80 serotype. In the retina, AAV2/8 has shown to be a more efficient
vector compared to AAV2/2 and AAV2/5; it provided both faster onset and stronger and higher
transgene expression, especially in photoreceptors. However, the Anc80 serotype is also used in
place of the AAV2/8.

Promoter

The necessary levels of KCNV2 gene expression needed to provide rescue of retinal
function are unknown, but we it is believed that expression of KCVN2 may be restricted to both
cone and rod photoreceptor cells. As the KCNV2 gene encodes for a channel protein, ubiquitous
expression in different retina cells could have unintended consequences. For our therapeutic
construct we decided to use the already published rhodopsin kinase (RK) promoter as it restricts
the transgene expression to photoreceptors only.

KCNYV2 gene

The human KCNV2 gene (NCBI Reference Sequence: NM_133497.4; Ensemble gene
ENSG00000168263.9 and transcript KCNV2-201 ENST00000382082.4) (SEQ ID NO: 1) was
the selected transgene in for our construct. The KCNV2 transcript has only one splice variant and
is composed of two exons. The whole transcript length is 2178 base pairs long, and the coding
sequence (CDS) used as the base for our studies is 1638 base pairs long (SEQ ID NO: 12).

Prior to construct design, a codon optimized version of the human KCNV2 CDS was

generated using Integrated DNA Technologies (IDT)’s codon optimization tool

et i
hiteee g
(1,\{-,‘\: i

wdidna.corg). The rationale for this is to link codon usage to tRNA production, to

improve transcript stability and to safeguard against aberrant transcript splicing. The IDT
algorithm used provides the best sequence option by screening and filtering sequences to lower
complexity and minimize secondary structures.

Regulatory elements

All our transgene constructs also contained a KOZAK consensus sequence (SEQ ID NO:
8) in between the promoter and the KCNV2 gene (SEQ ID NO: 2), a Woodchuck Hepatitis Virus
(WHP) Posttranscriptional Regulatory Element (WPRE)(SEQ ID NO: 9) after the KCNV2 gene
(SEQ ID NO: 2) and a bovine growth hormone polyadenylation (BGH poly(A))(SEQ ID NO: 10)
signal downstream of the WPRE (SEQ ID NO: 9). The KOZAK sequence (SEQ ID NO: 8)
functions for protein translation initiation in eukaryotic mRNA transcripts. The WPRE (SEQ ID
NO: 9) is a DNA sequence that, when transcribed, creates a tertiary structure enhancing
expression. It is used to increase expression of genes delivered by viral vectors. The BGH poly(A)
(SEQ ID NO: 10) is a specialized termination sequence for protein expression in eukaryotic cells

which results in the formation of the poly(A) tail at the 3’ end of the mRNA. In addition, the
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mammalian DNA viruses which replicate in the nucleus utilize the cellular polyadenylation
mechanisms. The poly(A) tail is supports the stability, transport, and translation of most mRNAs.

Preparation of Vectors

The disclosed vector may be prepared by standard means known in the art for provision
of vectors for therapy. Thus, well established public domain transfection, packaging and
purification methods can be used to prepare a suitable vector preparation.

The construct was developed by the following steps:

1. Construct design

The design of the therapeutic construct was done taking into consideration, what
promoter should be used to achieve the desired expression levels, if the gene should be codon
optimised or not, what polyA site to use and if any other known regulatory sequences should be
used.

2. Construct assembly

DNA fragments of the final construct were synthesized by Genewiz and then cloned into
a pAAV backbone plasmid.

3. Packaging into AAV

Once our construct was cloned into the pAAV backbone, it was purified and a larger
plasmid amount was made using commercial kits from Qiagen. The purified plasmid was sent to
be packaged into AAV. The production of the AAV followed a standard protocol. A batch of

AAV2/8 was made using our therapeutic plasmid and stored in dry ice.

EXAMPLES
The following examples are provided to illustrate certain particular features and/or
embodiments. These examples should not be construed to limit the disclosure to the particular

features or embodiments described.

EXAMPLE 1

Proof-of-concept studies (PC) for selected therapeutic - AAV8.RK.hKCNV2 gene
therapy reduces supernormal b-wave amplitude

The data from our foundation studies were used to guide our decision as to which of the
three potential therapeutic products tested was going to be our selected product. Based on the
gene expression data which showed an average 8-fold gene expression increase compared to wild
type, and the ERG positive b-wave data that showed a higher difference and significant decrease
compared to untreated eyes compared to the other products, we have selected the
AAVE.RK.hKCNV2 vector as our therapeutic product for the example below. However, it should
be understood that other AAV serotypes are also intended including but not limited to AAV

Anc80. Below we provide the validation data.
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Protocol for mice pilot studies below. See FIG. 11.

1. Viral particles dilution and storage

Original stock vectors were stored at -80°C. Working stocks were diluted in sterile PBS to
a 1x102vector genomes (vg) / ml, aliquoted into 20 pl aliquots in 0.2 ml sterilized PCR tubes
(SSIbo UltraFlux Flat cap PCR tubes, Cat# 3220-00) and also stored at -80°C. On injection day, a
diluted aliquot(s) was thawed on ice (4°C) prior to injection. A new aliquot was used per each
batch of injections per day. During injections the aliquot was kept on ice. Any remaining vector
suspension from the thawed aliquot was discarded from use in this study.

2, Subretinal injection

P28-35 K8.2 KO mice of both genders were placed under general anesthesia with an
intraperitoneal injection of ketamine (100mg/kg) and xylazine (20 mg/kg). Pupils were dilated
with topical 1% tropicamide (MYDRIACYL; Alcon).

Under surgical microscope, a small incision was made through the temporal sclera of the
eye using the tip of a 30-gauge needle. A 35-gauge stainless steel beveled or blunt needle fitted to
a NanoFil syringe was inserted through the incision and viral suspension/PBS was injected into
the subretinal space using an Ultra-Micro-Pump (World Precision Instrument) (SOP #1.06.08).

Each treated animal received a 1ul subretinal injected of rAAV2/8-hGRK1-hKCNV2
(1x10'2 GC/mL) vector (SEQ ID NO: 3) in one eye (n=10, randomly assigned left or right eye).
The other eye remained uninjected. Control animals received a subretinal injection of 1ul of
sterile 1X Phosphate Buffered Solution (PBS) in one eye (n=10, randomly assigned left or right
eye) while the other eye will remain un-injected serving as internal control (n=20).

OCT validation was conducted afterwards to check location and range of injection as
indicated by a bullous (bleb) retinal detachment.

3. Electroretinography (ERG)

Scotopic ERG testing was carried out on KCNV2 KO mice at specific time intervals (4, 8
and 12 wk post-injection) in order to determine whether there was an improvement in the a- and
b-wave amplitudes after treatment.

Mice were dark-adapted overnight (at least 8 h) before ERG experimentation, and were
handled subsequently only under dim red light. ERGs were performed as previously described
[6]. Mice were anesthetized using isoflurane inhalation anesthesia, pupils were dilated with

topical 1% tropicamide (MYDRIACYL; Alcon). Artificial lubricant (Hys

Hulgsg) were applied to the cornea to avoid dehydration and facilitate contact before

placing ERG electrodes on each eye. For reference, a subdermal needle electrode was placed into
each cheek or along the jaw line of the mouse, and a ground electrode was placed subdermal
above the base of the tail.

ERG recordings were obtained using a dark-adapted single-flash intensity series by the

presentation of 1-ms flashes at the following intensities (all in cd-s m™2): 0.1, 0.3, 1, 3, 10, and 25.
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The time interval between consecutive flashes and the number of times the stimulus were repeated
(for subsequent averaging) and varied according to stimulus intensity; 10 s and 4 repeats for 0.1-3
cd-s m™, and 60 s and 1 repeats for 10-235 cd-s m™. There was a 60 sec gap between each train of
light flashes.

Photopic ERGs were recorded on week 4 and week 12 post-injection after light-
adaptation at a background luminance of 30 cd.s m~. ERG recordings were obtained using a
single-flash intensity series by the presentation of 1-ms flashes at the following intensities (all in
cd-s m2): 0.3, 1, 3, 10, and 25. Each stimulus was repeated 32 times (for subsequent averaging),
with a time interval between flashes of 0.5 s. There was a 60 sec gap between each train of light
flashes. The maximum amplitudes and implicit times for the a- and b-waves were extracted from
the ERG responses as detailed in (Collison, F.T., J.C. Park, G.A. Fishman, E.M. Stone, and J.J.
McAnany, Two-color pupillometry in KCNV2 retinopathy. Doc Ophthalmol, 2019, 139(1), p. 11-
20. doi:10.1007/s10633-019-09691-w), incorporated herein by reference in its entirety.

4. Optical coherence tomography (OCT)

OCT imaging was carried out at 0-3 days after the injection, at 2 weeks post injection and
at 12 weeks post-injection in order to assess whether treatment improved overall thickness of
retinal layers compared to untreated or sham treated eyes.

Mice were anesthetized and pupils dilated as described before. OCT was performed with
a spectral domain optical coherence tomography system (Bioptigen Envisu R2200 SD-OCT
system). Retinal layer thickness was measured using Bioptigen and ImageJ software.

5. Histopathology

51 Sectioning

Eyes were collected from treated mice and PBS injected mice at 12 weeks post-injection.
Briefly, eyes were fixed in 4% PFA, for 1h on ice. Cornea and lens were dissected and eyes were
then incubated in 20% sucrose overnight at 4°C. The following day eyes were frozen in optimal
cutting temperature compound and stored at —20°C before sectioning. Retinal sections were
collected on super-frost slides (Hurst) and cut using a Leica Cryostat CM3050 at 14 pm. Eyes
were sectioned on the sagittal plane and sections collected sequentially across 10 slides. After
sectioning slides were stored at -20°C prior to further analysis.

5.2 Immunohistochemistry

The presence of Kv8.2 protein was assessed in situ using a Kv8.2 antibody (Antibodies
Inc, USA, Cat 75-435/73-435) according to protocols published in (Skarnes, W.C., B. Rosen, A.P.
West, M. Koutsourakis, W. Bushell, V. Iyer, A.O. Mujica, M. Thomas, J. Harrow, T. Cox, D.
Jackson, J. Severin, P. Biggs, J. Fu, M. Nefedov, P.J. de Jong, A.F. Stewart, and A. Bradley, A
conditional knockout resource for the genome-wide study of mouse gene function. Nature, 2011,
474(7351), p. 337-42. doi:10.1038/nature10163) in frozen retinal sections from the treated group,

sham injected, uninjected KCNV2-/- and uninjected wildtype retinas of the corresponding age.
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We also evaluated in situ expression of rhodopsin (Rho) (Abcam, Cat# Ab3424) and cone arrestin
(Arr3) (Millipore, Cat# AB15282).

6.0 Gene expression via qualitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA from retinas of treated mice and sham treated mice were extracted at 12
weeks post-injection using Trizol reagent and follow published protocols. RNA samples were
then transcribed into complementary DNA (cDNA) by reverse transcriptase using either the
ProtoScript® II First Strand cDNA Synthesis Kit (NEB, Cat #E6560S) or the QuantiTect Reverse
Transcription Kit (Qiagen Cat #205311) following the manufacturer’s recommended protocols.
The cDNA was then used as the template for the qRT-PCR reaction.

KCNV2, cone arrestin and rhodopsin expression levels were evaluated using Tagman
based assays (Thermo Fisher) and Real-Time PCR detection machine (Bio-Rad CFX Connect
Real-Time System).

Statistical Analysis of Data

Retinal layers thickness form OCT imaging, maximum amplitudes and implicit times for
the a- and b-waves from the ERG responses, retinal layers’ thickness form histology, and mRNA
expression levels of KCNV2, cone arrestin and rthodopsin from qRT-PCR from treated, PBS
treated and untreated eyes were compared by obtaining mean and standard deviation values.

Statistical significance was evaluated by the application standard t-test/one way ANOVA.

EXAMPLE 2

Turning to FIG. 5, we illustrate an exemplary method for restoring retinal function. Cone
dystrophy with super normal rod response, e.g., due to mutation in the KCVN2 gene is the target
condition. In one example, the therapeutic intervention is the AAV8.RK.-hKCVN2 (SEQ ID NO:
3), which in this case would be the codon optimized KCVN2 disclosed as SEQ ID NO: 2. An
exemplary dosing regime is shown as SE9-5E11vg in 0.10ml delivered in one or more subretinal
injections. As discussed herein, the design of the vector specifically targets gene expression to the
photoreceptor cells and more specifically to expression in the macular and/or foveal area of the
retina. The expected outcome is reduction in positive b-wave amplitude which is correlated with

improvement in visual function.
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EXAMPLE 3

Turning to FIG. 6, we provide an outline of the proof of concept studies. Stage 1 is
foundation studies on wild-type animals. This comprises first testing the delivery approach and
validating utility of the subretinal injections (designated at FS1). The injection of liquid into the
subretinal space produces a bleb, a temporal and focal separation of the photoreceptors of its
supporting retinal pigment epithelium (RPE). The timing of bleb resolution is an indicator of
photoreceptor function. Outcomes are measured using OCT imaging on day of injection, as well
as at 2-weeks and 12-weeks post injection. Optical coherence tomography (OCT) is a non-
invasive imaging test. OCT imaging uses light waves to take cross-section pictures of the retina.
This permits visualization of the retina’s distinctive layers, to map the layers and to measure layer
thickness.

After validation of the delivery approach, desired promoter targeting to photoreceptors is
confirmed (designated FS2). The RK and CMV promoters are compared to determine the
respective ability of each to target photoreceptors. Qutcomes are measured in this case by
histological analysis of retinas at twelve (12) weeks post injection.

Assessment of Functional Safety is performed to evaluate the effect of subretinal
injections on retinal function (designated FS3). Outcomes are measured by electroretinogram
(ERG) recordings at 4, 8 and 12 weeks post injection.

Stage II involves the Investigational Product Selection Studies on Kv8.2 KO animals. In
this stage, three therapeutic products are compared, each with different AAV serotypes and
promoters. The three therapeutic products are, e.g., AAVE.RK.hJCVN2, Anc80.RK.hKCVN2,
and AAV8.CMV.hKCVN2. Qutcomes with respect to injection safety are measured by OCT
imaging on the day of injection, 2 and 12 weeks post injection. Qutcomes with respect to
functional assessment are measured by ERG recordings at 4, 8, and 12 weeks post injection.
Outcomes with respect to gene expression are measured by retinal KCVN2 gene expression
analysis at 12 weeks post injection.

Turning to FIG. 7, we outline Stage III, proof of concept studies. At PC1 we establish
efficacy of the vector expressing the optimized KCVN2 gene of SEQ ID NO: 2. Treatment
protocol as outlined in Example 1 above. Controls include uninjected mice, wild type mice which
are injected subretinally with the product. These are compared with Kv8.2 KO animals that are
injected with the treatment, AAV8.RK.hKCVN2 (e.g., SEQ ID NO: 3). Outcomes are measured
by OCT (at 0, 3, and 12 weeks post injection), ERG (at 4, 8, and 12 weeks post injection) and
KCVN2 gene expression data (at 12 weeks post injection). At PC2, restoration of visual function
is evaluated to look at the effect of delivering the treatment at higher doses. Here, the treatment
AAV8.RK.hKCVN2 (e.g., SEQ ID NO: 3) is injected subretinally with two dosage regimes:
2x1079 vg and 5x10"9 vg. The control is uninjected mice. Qutc Qutcomes are measured by OCT

(at 0, 3, and 12 weeks post injection), ERG (at 4, 8, and 12 weeks post injection) and KCVN2
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gene expression data (at 12 weeks post injection). At PC3, safety and biodistribution are
evaluated. We evaluate the safety and biodistribution of unilateral subretinal injections of
AAVE8.RK.hKCVN2 (e.g., SEQ ID NO: 3) in Kv8.2 KO animals. There are three treatment
groups which receive the treatment by subretinal injection: Group 1 which receives only the
vehicle which is PBS; Group 2, which receives the treatment at a dose of 1x10"9 vg/eye; and
Group 3, which receives the treatment at a dose of 5x1079 vg/eye. All animals are homozygous
Kv8.2 KO. Outcomes are measured by opthamlmic examination, ERG, haematology and clinical
chemistry, ocular histopathology, and biodistribution of vg in major organs. The animals are
examined at 4 and 12 weeks post injection.

Overall, the data from these foundational studies were used to guide the decision of which
three potential therapeutic products would be used. Based on the gene expression data, the
disclosed SEQ ID NO: 2 showed an average of an 8-fold gene expression increase compared to
wild type KCVN2. The ERG positive b-wave data showed a higher difference and significant
decrease compared to untreated eyes compared to the other products tested. Therefore,

AAVE.RK.hKCVN2 vector (SEQ ID NO: 3) was chosen as the therapeutic treatment product.

Selected Results

Functional ERG analysis of treated eyes compared to wild type

Turning to Figure 8, as discussed Figure 8 provides a comparison between treated and
untreated mice using the disclosed method, system, and nucleic acid sequence. To evaluate
efficacy of treatment with SEQ ID NO: 2 and further with vector SEQ ID NO: 3 to restore
photoreceptor function in a subject (such as a subject with CDSRR), positive b-wave ERG
amplitude was compared between treated (CDSRR animal represented by Kv8.2 animal),
untreated (CDSRR animal represented by Kv8.2 animal), and wild type eyes (wildtype animal).
Average positive b-wave amplitude comparison between Kv8.2 KO mice treated with
AAVE.Rk.hKCNV2 (Kv8.2 KO Tx), untreated Kv8.2 KO mice (Kv8.2 KO UTx) and wild type
untreated at 4, 8 and 12 weeks post injection. Data is shown at two different stimulus intensities
(10 and 25 cd.s/m?). Data shown as mean % SD and statistical significance done by two-way
ANOVA with Turkey’s correction. ¥*P<(.024; #**P<0.003, ***P<0.0003 and P<0.0001. As shown
in this FIG. 8, one subretinal injection of SEQ ID NO: 2, and further, SEQ ID NO: 3, was
sufficient to significantly decrease the supernormal positive b-wave compared to the untreated
eye. The b-wave measures the time between the flash and the peak of the response or electrical
activity of the retina in response to a light stimulus. This data supports restoration of
photoreceptor function by SEQ ID NO: 2 and further SEQ ID NO: 3, as the retina response time

decreases over time in treated Kv8.2 KO animals as compared to Kc8.2 untreated animals.
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Retinal Gene Expression Following Treatment

FIG. 9 illustrates relative gene expression of a cone (a, cone arrestine) and rod (B,
rhodopsin) markes in wild type (WT), uninjected versus treated retinas *P<0.05; *P<0.01. To
further evaluate efficacy of treatment with SEQ ID NO: 2 and further with vector SEQ ID NO: 3
to restore photoreceptor function in a subject (such as a subject with CDSRR), on rod and cone
health, the levels of gene expression for rhodopsin and cone arrestin were evaluated. Rhodopsin is
a marker for rod health. Arrestin is a marker for cone health. Figure 9 shows expression levels of
rhodopsin and cone arrestin in Wild Type, uninjected Kv8.2 animals and injected Kv8.2 animals.
This data demonstrates that treatment with SEQ ID NO: 2 and further with SEQ ID NO: 3
resulted in gene expression of cone arrestin. Cone arrestin showed a statistically significant
increase in gene expression levels after treatment compared to untreated retinas. Although
rhodopsin levels looked decreased compared to WT in both treated and untreated retinas, this was
not statistically significant.

Turning to FIG. 10, histological analysis and immunohistochemistry labeling of Kv8.2
subunits using an antibody against human KCVN2 peptide showed expression within the injected
part of the retina while the untreated area showed no expression of Kv8.2 protein. Specifically,
FIG. 10 shows representative images of retinal expression of human Kv8.2 subunit in retinas of
Kv8.2 KO mice injected with SEQ ID NO: 2 as delivered by SEQ ID NO: 3, at 12 weeks post-
treatment. (A) Wide-field view of retinal sections showing treated area to the left and untreated to
the right. Scale bar = 200uM. (i) Higher magnification inset of treated area showing expression of
human Kv8.2. (ii) Inset of untreated area showing no Kv8.2 expression. Scale bar for (i) and (ii) =
25uM.

Functional ERG analysis of treated eyes compared to wild type

FIG. 12 and FIG. 13 provides a comparison between treated and untreated mice using the
disclosed method, system, and nucleic acid sequence. To evaluate efficacy of treatment with SEQ
ID NO: 2 and as delivered in the vector of SEQ ID NO: 3 to restore photoreceptor function in a
subject (such as a subject with CDSRR), the a-wave amplitude and positive b-wave ERG
amplitude was compared between treated (CDSRR animal represented by Kv8.2 animal),
untreated (CDSRR animal represented by Kv8.2 animal), and wild type eyes (wildtype animal).
Quantification of scotopic (rod-meditated) electroretinogram (ERG) recordings of wildtype (WT),
Kv8.2 KO untreated (uninjected) and Kv8.2 KO eyes treated subretinally with 5e9 viral genomes
of therapeutic product AAVE.RK.hKCNV2 (SEQ ID NO: 3). Recordings were obtained at 4
weeks post-treatment or equivalent age-matched controls. WT, n=12; Uninjected, n=11;
AAVE.RK.hKCNV2, n=12. Two-way ANOVA with Tukey’s multiple comparisons test, *p<0.05,
*#p<0.005, ***p<0.0005, ****p<0.0001. The data demonstrates that the treatment with SEQ ID
NO: 2 as delivered in the vector of SEQ ID NO: 3 restores photoreceptor function in a subject,
such as a subject with CDSRR as represented by a Kv8.2 KO animal).
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FIG. 14 demonstrates Quantification of scotopic oscillatory potential 1 (OP1) at 25
cd.s/m2 from wildtype (WT), Kv8.2 KO untreated (uninjected) and Kv8.2 KO eye treated
subretinally with 3e9 viral genomes of therapeutic product AAVE.RK.hKCNV2. Recordings were
obtained at 12 weeks post-treatment or equivalent age-matched controls. WT, n=10; Uninjected,
n=06; AAV8.RK.hKCNV2, n=6. Two-way ANOVA with Tukey’s multiple comparisons test,
##%%p<(0.0001. The data demonstrates that the treatment with SEQ ID NO: 2 as delivered in the
vector of SEQ ID NO: 3 restores photoreceptor function in a subject, such as a subject with
CDSRR as represented by a Kv8.2 KO animal).

FIG. 15 demonstrates quantification of c-wave from wildtype (WT), Kv8.2 KO untreated
(uninjected) and Kv8.2 KO eye treated subretinally with 5e9 viral genomes of therapeutic product
AAVE.RK.hKCNV2. Recordings were obtained at 4 weeks post-treatment or equivalent age-
matched controls. WT, n=12; Uninjected, n=9; AAVE.RK.hKCNV2, n=15. Two-way ANOVA
with Tukey’s multiple comparisons test, ****p<(.0001. The data demonstrates that the treatment
with SEQ ID NO: 2 as delivered in the vector of SEQ ID NO: 3 restores photoreceptor function in
a subject, such as a subject with CDSRR as represented by a Kv8.2 KO animal).

Optomotor behavioural response

FIG. 16 and FIG. 17 demonstrate improved photopic and scotopic visual acuity and
scotopic contrast sensitivity of treated Kv8.2 KO mice at 12 weeks post-treatment. Treated
animals were given a 3e9 viral genome dose subretinally of AAV8.RK.hKCNV2 (n=3-6) and
compared to age-matched untreated (uninjected, n=3-5) and WT (n=8) animals. Two-way
ANOVA, Sidak’s multiple comparison post-hoc, **p=0.0013, ****p<0.0001. WT vs treated
AAVE.RK.hKCNV2 was non-significant.

Gene and protein expression data

FIG. 18, FIG. 19, and FIG. 20 are histological data showing Kv8§.2 protein and KCNV2
gene expression in treated Kv8.2 KO eye at 12 weeks post-treatment. FIG. 18 is an overview of
retinal section from a subretinally injected eye with treated area showing expression of human
Kv8.2 subunit (green) and untreated area with no Kv8.2 expression. FIG. 19 provides higher
magnification images of treated and untreated areas showing Kv8.2 expression (green), Kv2.1
expression (red) and cell nuclei (blue). Scale bar = 50pm. FIG. 20 provides data from real-time
quantitative PCR showing expression of human KCNV2 gene in treated eyes normalised to wild
type. N =3 eyes.

FIG. 21 and FIG. 22 provide a sequence alignment demonstrating the comparison of the
human KCVN?2 coding region (SEQ ID NO: 12) and the optimized KCVN2 (SEQ ID NO: 2)
disclosed herein. The top row contains the nucleic acids of human KCVN2 (SEQ ID NO: 12). The
bottom row contains the nucleic acids of SEQ ID NO: 2. SEQ ID NO: 2 shares approximately
76% identity with human SEQ ID NO: 12.
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It will be apparent that the precise details of the methods or compositions described may
be varied or modified without departing from the spirit of the described embodiments. We claim

all such modifications and variations that fall within the scope and spirit of the claims below.
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We claim:

1. A modified KCVN2 nucleotide sequence as set forth in SEQ ID NO: 2 or
a sequence having at least 85% sequence identity to SEQ ID NO:2, or a sequence having
at least 90% sequence identity to SEQ ID NO: 2, said sequence coding the peptide of
SEQ ID NO: 11, and said sequence capable of restoring photoreceptor activity.

2. A vector comprising the modified KCVN2 nucleotide sequence of Claim
1.

3. The vector of claim 2, wherein the vector is a viral vector.

4. The vector of claim 3, wherein the viral vector is an AAV vector.

5. The vector of claim 2, wherein the vector is a gamma-retroviral vector, a

lentiviral vector, or an adenoviral vector.

6. The vector of claim 4 having the nucleotide sequence of SEQ ID NO: 3.

7. The vector of claim 4, further comprising a RK promoter operably linked

to SEQ ID NO: 2.

8. The vector of claim 6, further comprising at least one of a KOZAK
consensus sequence, a Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory

Element (WPRE), and a bovine growth hormone polyadenylation (BGH poly(A)) signal.

9. The vector of claim 7, wherein the elements are arranged 5’ to 3’ in the
following order: the RK promoter, followed by the KOZAK sequence, followed by SEQ
ID NO: 2, followed by the WPRE, followed by the BGH poly(A) signal.

10. A KCVN2 nucleotide sequence that hybridizes, under stringent
conditions, to SEQ ID NO: 2 and encodes a protein of SEQ ID NO: 11 having a

photoreceptor activity.
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11. The KCVN?2 nucleotide sequence of Claim 9, operably linked to an RK
promoter, a KOZAK sequence, a WPRE, and a BGH poly(A) signal.

12. A pharmaceutical composition, comprising the vector of Claim 2, in a

pharmaceutically acceptable vehicle.

13. The pharmaceutical composition of claim 11 that is formulated for local,

systemic, or topical administration.
14. The pharmaceutical composition of claim 12 that is formulated for oral,

nasal, pulmonary, buccal, transdermal, subcutaneous, intraduodenal, enteral, parenteral,

intravenous, or intramuscular administration.
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