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INTERNEURON-SPECIFIC THERAPEUTICS FOR NORMALIZING
NEURONAL CELL EXCITABILITY AND TREATING DRAVET
SYNDROME

CROSS REFERENCE TO RELATED APPLICATIONS

This application is an International PCT application which claims priority to
and benefit of U.S. Provisional Application No. 62/801,483, filed on February 5,
2019, U.S. Provisional Application No. 62/823,281, filed on March 25, 2019, and
U.S. Provisional Application No. 62/916,477, filed on October 17, 2019, the contents

of each of which are incorporated by reference herein in its entirety.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

The invention was made with government support under grant number
MH111529 awarded by the National Institutes of Health. The government has certain

rights in the invention.
BACKGROUND

A delicate balance exists between excitation and inhibition that must be
carefully maintained for proper functioning of brain circuits and the activities of the
neuronal cells that function within these circuits. An alteration, defect, or disruption
in the balance of excitation versus inhibition in the brain circuitry was shown to result
in a number of neurological, neurogenetic, or neurodegenerative diseases and
disorders. Moreover, the lack of proper cortical interneuron function was linked to
neurodevelopment and neurological diseases and disorders.

Abnormal or aberrant interneuron function and activity may be a consequence
of a deviation from the course of interneuron development (e.g., aberrant fate
specification during embryonic development due to genetic mutation) or acute insult
(e.g., stroke, concussion). Aberrant GABAergic neurotransmission and alterations in
inhibitory cortical circuits may cause and induce the clinical features and symptoms,
e.g., seizures and epilepsy, that afflict patients having serious neurological diseases
and disorders, such as Dravet syndrome (DS), a pharmaco-resistant form of infantile

epilepsy associated with cognitive impairment and premature death.
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A dearth of therapeutic compositions and methods capable of modulating the
activity of GABAergic interneurons, or other cortical neurons, with specificity and
sensitivity severely impedes the ability of the medical community to alleviate the
seizures in a wide variety of cases of epilepsy, particularly, in patients suffering from
focal seizures and DS. Such compositions and methods are urgently needed to
combat and treat the severe symptoms of these devastating conditions, as well as other
neuropsychiatric diseases. The products, compositions and methods described herein

are provided to address and meet these needs.
SUMMARY OF THE DISCLOSURE AND EMBODIMENTS

Featured herein are viral vectors, particularly, recombinant adeno-associated
virus (rAAV) vectors, virus particles, and compositions and methods thereof. The
rAAYV vectors contain (are molecularly engineered to contain) at least one transgene
(e.g., an effector gene such as the hM3Dq modified muscarinic receptor (Gq-
DREADD), pharmacologically selective actuator molecule (PSAM), or a therapeutic
gene such as SCN/A) and a specific regulatory polynucleotide sequence that restricts
expression of the transgene to interneuron (IN) cells, particularly fast-spiking
parvalbumin-expressing GABAergic interneurons (called PV-interneurons (PV INs)
herein), or neuron cells of the brain cortex. In an embodiment, the specific regulatory
polynucleotide sequence is derived from an enhancer sequence in the vicinity of the
gene SCN/A and restricts expression of the transgene carried by the rAAV to fast-
spiking parvalbumin-expressing GABAergic interneuron populations in brain. In an
embodiment, the therapeutic gene is SCN/A. In a particular embodiment, the vector
specifically transduces interneuron cells that are deficient or defective in the
expression of the SCN/A4 gene that encodes the sodium chloride channel Nav1.1 in
interneuron cells, in particular, cortical interneuron cells, and normalizes the
excitability of the SCN/A-deficient or defective interneurons, thereby alleviating
seizures and seizure symptoms in subjects suffering from Dravet syndrome (DS).

In an aspect, a suitable viral vector, e.g., a lentiviral vector or, in particular, a
recombinant adeno-associated virus (rAAV) vector, 1s used to restrict expression of a
transgene in GABA-ergic PV-expressing interneurons, or a pyramidal (PYR) neuron,
or a vaso-intestinal peptide (VIP)-expressing cortical interneuron, in a mammal, and

comprises an enhancer element polynucleotide (also called a regulatory element
2
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herein) as described herein. In an embodiment, the enhancer element is provided in
cis. In an embodiment, the regulatory element is SSE1, SSE2, SSE3, S5E4, SSES,
SSE6, SSE7, SSES, SSE9., or SSE10, particularly human E1-E10, as described herein.
In an embodiment, the enhancer element is human E11-E35 as described herein. In
an embodiment, the enhancer element is SSE1 (E1). In an embodiment, the enhancer
element is SSE2 (E2). In an embodiment, the enhancer element is SS5E3 (E3). In an
embodiment, the enhancer element is SSE4 (E4). In an embodiment, the enhancer
element is ES. In an embodiment, the enhancer element is E6. In an embodiment, the
enhancer element is E11. In an embodiment, the enhancer element is E14. In an
embodiment, the enhancer element is E22. In an embodiment, the enhancer element
is E29.

In an aspect, the viral vector or rAAV vector comprising the enhancer drives
the expression of a copy of SCN/A in a transduced PV-expressing interneuron cell for
the treatment and therapy of DS. In other embodiments, the vector or rAAV vector
comprising the enhancer drives the expression of effector genes such as Gq-
DREADD receptor or such as a pharmacologically selective actuator molecule
(PSAM), an orthogonal ligand-gated ion channel, (and its pharmacologically selective
effector molecule (PSEMs)) for chemogenetic modulation of PV-interneuron activity
for the treatment of all forms of epilepsy, including focal and pharmacologically
intractable epilepsy and for the treatment of DS.

In an aspect, a viral vector comprising a transgene polynucleotide sequence
and an enhancer polynucleotide sequence that specifically restricts expression of the
transgene in parvalbumin (PV)-expressing interneuron cells of the brain is provided.

In an aspect, a viral vector comprising an enhancer polynucleotide sequence
specifically associated with SCN/A4 gene expression and a transgene polynucleotide
sequence, wherein the enhancer sequence restricts expression of the transgene in PV-
expressing interneuron cells of the brain is provided.

In an aspect, a suitable viral vector, e.g., a lentiviral vector or, in particular, a
recombinant adeno-associated virus (rAAV) vector, 1s used to restrict expression of a
transgene in GABA-ergic, vaso-intestinal peptide-expressing cortical interneuron cells

(VIP cINs) of the brain in a mammal, in which an enhancer element as described
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herein provided in cis. In an embodiment, the enhancer element is SS5E6 as described
herein.

In an aspect, a suitable viral vector, e.g., a lentiviral vector or, in particular, a
recombinant adeno-associated virus (rAAYV) vector, 1s used to restrict expression of a
transgene in both GABA-ergic interneurons and glutamatergic pyramidal neurons in
the brain in a mammal, in which an enhancer element as described herein provided in
cis. In an embodiment, the pyramidal neurons are in cortical layer 5 of the brain in a
mammal. In an embodiment, the enhancer element that restricts expression to
pyramidal neurons is SSES as described herein.

In embodiments of the viral vector of the above-delineated aspects, the
transgene is a reporter gene, a Designer receptor exclusively activated by designer
drug (DREADD)-encoding gene, a pharmacologically selective actuator molecule
(PSAM)-encoding gene, or a therapeutic gene, e.g., SCN/A. In an embodiment, the
transgene is an SCN/A gene. In an embodiment, the transgene is a DREADD-
encoding polynucleotide. In an embodiment, the DREADD-encoding polynucleotide
is a Gg-DREADD-encoding gene that is activated by the chemogen clozapine-N4-
oxide (CNO). In an embodiment, the transgene is a pharmacologically selective
actuator molecule (PSAM)-encoding gene. In an embodiment, the expressed PSAM
specifically interacts with a PSEM ligand. In an embodiment, the viral vector is
recombinant adeno-associated virus (rAAV) vector.

In another aspect, a recombinant adeno-associated virus (rAAV) vector
comprising an SCN/A transgene polynucleotide sequence, or a functional portion
thereof, and an enhancer polynucleotide sequence that specifically restricts expression
of the SCN/A transgene in interneuron cells of the brain is provided.

In embodiments of the viral vector or the rAAV vector of the above-delineated
aspects, an Nav1.1 sodium channel encoded by the SCN/A4 transgene is functionally
expressed in interneuron cells or neuron cells following transduction of the
interneuron or neuron cells by the viral vector or rAAV vector. In embodiments of
the viral vector or the rAAV vector of the above-delineated aspects, an Nav1.1
sodium channel encoded by the SCN/A4 transgene is functionally expressed in both
GABA-ergic interneurons and glutamatergic pyramidal neurons following

transduction of the interneuron or neuron cells by the viral vector or rAAV vector. In
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an embodiment, the interneuron cells are GABAergic interneuron cells. In an
embodiment, the interneuron cells are GABAergic interneuron cells within the brain
telencephalon. In an embodiment, the GABAergic interneuron cells express
parvalbumin (PV). In an embodiment, the neuron cells are pyramidal neuron cells,
e.g., glutamatergic pyramidal cells in the brain cortex. In an embodiment of any one
of the above-delineated aspects, the enhancer polynucleotide sequence comprises the
polynucleotide sequence of the mouse enhancer element E1, E2, E3, E4, ES, E6, E7,
E8, E9, or E10 (SEQ ID NOs: 5-14, respectively), or an ortholog, such as a human
ortholog, thereof. In an embodiment, the enhancer polynucleotide sequence
comprises the polynucleotide sequence of human enhancer element E1, E2, E3, E4,
ES, E6, E7, E8, E9, or E10 (SEQ ID NOs: 15-24, respectively). In an embodiment,
the viral vector or rAAV vector comprises an enhancer polynucleotide sequence
comprising a nucleotide sequence which contains one or more regions of about 100
bp or longer having at least 75% or greater sequence identity to a polynucleotide
sequence of a human enhancer element E1, E2, E3, E4, ES, E6, E7, E8, E9, or E10
(SEQ ID NOs: 15-24, respectively). In another embodiment, the viral vector or rAAV
vector comprises an enhancer polynucleotide sequence comprising a nucleotide
sequence which contains one or more regions of about 100 bp or longer having at
least 75% or greater sequence identity to a polynucleotide sequence of human
enhancer element E2 (SEQ ID NO: 16). In another embodiment, the viral vector or
rAAYV vector comprises an enhancer polynucleotide sequence comprising a nucleotide
sequence which contains one or more regions of about 100 bp or longer having at
least 75% or greater sequence identity to a polynucleotide sequence of human
enhancer element ES (SEQ ID NO: 19). In another embodiment, the viral vector or
rAAYV vector comprises an enhancer polynucleotide sequence comprising a nucleotide
sequence which contains one or more regions of about 100 bp or longer having at
least 75% or greater sequence identity to a polynucleotide sequence of human
enhancer element E6 (SEQ ID: 20). In an embodiment of the above-delineated
aspects, the viral vector or rAAV vector comprises an enhancer polynucleotide
sequence comprising the polynucleotide sequence of human enhancer element E2
(SEQ ID NO: 16). In other embodiments of the above-delineated aspects, the viral

vector or rAAV vector comprises an enhancer polynucleotide sequence comprising
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the polynucleotide sequence of human enhancer element E5 (SEQ ID NO: 19) or an
enhancer polynucleotide sequence comprising the polynucleotide sequence of human
enhancer element E6 (SEQ ID NO: 20). In other embodiments of the above-
delineated aspects, the viral vector or rAAV vector comprises any one (or one or
more) of an enhancer polynucleotide sequence comprising the polynucleotide
sequence of human enhancer element E11 (SEQ ID NO: 25) to E35 (SEQ ID NO:
49). In an embodiment, the capacity of the vector to package polynucleotide
sequences of greater than about 4.7 kb comprises reassembly of multiple rAAV
vectors by homologous recombination or by splicing mediated by acceptor sites. In
an embodiment, the vector delivers the SCN/A gene to SCN/A-expressing
GABAergic interneuron or glutamatergic pyramidal neuron cells in the brain, and
wherein the SCN/A gene is functionally expressed, thereby restoring normal levels of
SCN14 in the interneuron and neuron cells following administration of the vector to a
subject. In an embodiment, the subject is a human patient. In an embodiment, the
human patient is an infant suffering from Dravet syndrome (DS).

In another aspect, a viral particle or virus-like particle comprising the viral
vector or rAAYV vector of any of the above-delineated aspects is provided.

In another aspect, a cell comprising the viral vector or rAAYV vector of any of
the above-delineated aspects is provided. In an embodiment, the cell comprises the
viral particle as delineated above.

In another aspect is provided a pharmaceutical composition comprising the
viral vector or rAAYV vector of any of the above-delineated aspects, and a
pharmaceutically acceptable vehicle, carrier, or diluent.

In another aspect is provided a pharmaceutical composition comprising the
viral particle of any of the above-delineated aspects, and a pharmaceutically
acceptable vehicle, carrier, or diluent. In an embodiment of the above-delineated
aspects, the pharmaceutical composition is in liquid dosage form.

In an aspect, a method of restoring normal levels of SCN/A4 expression in
GABAergic interneuron cells in which SCN/A4 expression levels are deficient or
defective is provided, in which the method comprises contacting the cells with an

effective amount of the viral or rAAV vector of any of the above-delineated aspects,
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or a viral particle or a pharmaceutical composition thereof, to restore normal levels of
SCN 1A expression in the GABAergic interneuron cells.

In an aspect, a method of treating infantile epilepsy and/or seizures in an infant
who has or is at risk of having epilepsy, seizures, or Dravet syndrome (DS) is
provided, in which the method comprises administering to the infant a therapeutically
effective amount of the viral or rAAV vector of any of the above-delineated aspects,
the viral particle of any of the above-delineated aspects, or a pharmaceutical
composition of any of the above-delineated aspects, to treat seizures, epilepsy, or DS
in the subject.

In an aspect, a method of treating Dravet syndrome (DS) in a subject who has
or is at risk of having DS is provided, in which the method comprises administering to
the subject a therapeutically effective amount of the viral or rAAV vector of any of
the above-delineated aspects, or a viral particle or a pharmaceutical composition
thereof, to treat DS in the subject.

In an aspect, a method of inhibiting or preventing seizures and/or epilepsy in a
subject having or at risk of having seizures and/or epilepsy is provided, the method
comprising systemically administering to the subject a recombinant adeno-associated
virus (rAAV) vector comprising an SCN/A transgene polynucleotide sequence, or a
functional portion thereof, an enhancer polynucleotide sequence that specifically
restricts expression of the SCN/A transgene in interneuron cells of the cerebral cortex
of the subject, and a capsid that enhances transduction of the vector into interneuron
cells.

In an embodiment of the methods in any of the above-delineated aspects, the
infant or the subject is a human patient. In an embodiment of the methods in any of
the above-delineated aspects, the enhancer polynucleotide sequence in the viral vector
or rAAV vector is selected from human enhancer elements E1, E2, E3, E4, ES, E6,
E7, E8, E9, or E10, or E11-E35 (SEQ ID NOs: 25-49, respectively). In an
embodiment, the viral vector or rAAV vector comprises an enhancer polynucleotide
sequence comprising a nucleotide sequence which contains one or more regions of
about 100 bp or longer having at least 75% or greater sequence identity to a
polynucleotide sequence of a human enhancer element E1, E2, E3, E4, ES, E6, E7,
E8, E9, or E10 (SEQ ID NOs: 15-24, respectively) or E11-E35 (SEQ ID NOs: 25-49,

7
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respectively). In an embodiment, the enhancer polynucleotide sequence is the human
E2 enhancer polynucleotide sequence or the enhancer polynucleotide sequence
contains one or more regions of about 100 bp or longer having at least 75% or greater
sequence identity to a polynucleotide sequence of a human enhancer element E1, E2,
E3, E4, ES, E6, E7, E8, E9, or E10 (SEQ ID NOs: 15-24, respectively) or E11-E35
(SEQ ID NOs: 25-49, respectively). In an embodiment, the enhancer polynucleotide
sequence is the human ES enhancer polynucleotide sequence. In an embodiment, the
enhancer polynucleotide sequence is the human E6 enhancer polynucleotide
sequence. In a certain embodiment, the enhancer polynucleotide sequence contains
one or more regions of about 100 bp or longer having at least 75% or greater sequence
identity to a polynucleotide sequence of human enhancer element E2 (SEQ ID NO:
16). In other embodiments, the enhancer polynucleotide sequence contains one or
more regions of about 100 bp or longer having at least 75% or greater sequence
identity to a polynucleotide sequence of human enhancer element ES (SEQ ID NO:
19) or to a polynucleotide sequence of human enhancer element E6 (SEQ ID NO: 20).

In an aspect, a method of delivering a transgene for restricted expression in an
interneuronal cell or neuronal cell that expresses an SCN/A gene to inhibit or prevent
seizures and/or epilepsy in a subject in need thereof is provided, in which the method
comprises contacting the cell with a recombinant adeno-associated virus (rAAV)
vector comprising an SCN/A transgene polynucleotide sequence, or a functional
portion thereof, and an enhancer polynucleotide sequence that specifically restricts
expression of the SCN/A transgene in interneuron or neuron cells of the cerebral
cortex of the subject, thereby inhibiting or preventing seizures and/or epilepsy in the
subject.

In an embodiment of the methods in any of the above-delineated aspects, the
rAAYV vector, viral particle, virus-like particle, or pharmaceutical composition is
administered systemically. In an embodiment of the methods in any of the above-
delineated aspects, the rAAV vector, viral particle, virus-like particle, or
pharmaceutical composition is administered parenterally or intravenously. In an
embodiment of the methods in any of the above-delineated aspects, the rAAV vector,
viral particle, or pharmaceutical composition is administered intracerebrally. In an

embodiment of the methods in any of the above-delineated aspects, the rAAV vector,
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viral particle, or pharmaceutical composition is administered as a prophylactic. In an
embodiment of the methods in any of the above-delineated aspects, the method
further comprises administering an adjunct anti-epileptic treatment to the infant or
subject.

In another aspect, a viral vector comprising a transgene polynucleotide
sequence and an enhancer polynucleotide sequence that specifically restricts
expression of the transgene in vaso-intestinal peptide-expressing cortical interneuron
cells (VIP cINs) of the brain is provided. In another aspect, a viral vector is provided,
in which the vector comprises an enhancer polynucleotide sequence specifically
associated with SCN/A4 gene expression and a transgene polynucleotide sequence,
wherein the enhancer sequence restricts expression of the transgene in vaso-intestinal
peptide-expressing cortical interneuron cells (VIP cINs) of the brain. In an
embodiment, the enhancer polynucleotide sequence comprises a nucleotide sequence
which contains one or more regions of about 100 bp or longer having at least 75% or
greater sequence identity to a polynucleotide sequence of human enhancer element E6
(SEQ ID NO: 20). In a particular embodiment, the enhancer polynucleotide sequence
is human enhancer element E6 (SEQ ID NO: 20). In an embodiment, the viral vector
is recombinant adeno-associated virus (rAAV) vector. In an embodiment, the
transgene is the SCN/A gene.

In another aspect, a viral vector comprising a transgene polynucleotide
sequence and an enhancer polynucleotide sequence that specifically restricts
expression of the transgene in pyramidal neurons of the brain is provided. In another
aspect, a viral vector is provided, in which the vector comprises an enhancer
polynucleotide sequence specifically associated with SCN/A4 gene expression and a
transgene polynucleotide sequence, wherein the enhancer sequence restricts
expression of the transgene in pyramidal neurons of the brain. In an embodiment, the
enhancer polynucleotide sequence comprises a nucleotide sequence which contains
one or more regions of about 100 bp or longer having at least 75% or greater sequence
identity to a polynucleotide sequence of human enhancer element ES (SEQ ID NO:
19). In a particular embodiment, the enhancer polynucleotide sequence is human
enhancer element ES (SEQ ID NO: 19). In another particular embodiment, the

enhancer sequence restricts expression of the transgene in pyramidal neurons in
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cortical layer 5 of the brain. In an embodiment, the viral vector is recombinant adeno-
associated virus (rAAV) vector. In an embodiment, the transgene is the SCN/A4 gene.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOs: 15-24, or a functional portion thereof, is
provided, wherein the vector specifically targets neuronal cells expressing SCN/A. In
an embodiment, the neuronal cells are parvalbumin cortical interneurons (PV cINs),
pyramidal (PYR) neurons, or vaso-intestinal peptide cortical interneurons (VIP cIN).

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOs: 25-27, or a functional portion thereof, is
provided, wherein the vector specifically targets cells expressing Pvalb.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOs: 28-31, or a functional portion thereof, is
provided, wherein the vector specifically targets cells expressing Acan.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOs: 32-39, or a functional portion thereof, is
provided, wherein the vector specifically targets cells expressing 7mem{32c.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NO: 40 or SEQ ID NO: 41, or a functional portion
thereof, is provided, wherein the vector specifically targets cells expressing Lrrc38.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NO: 42 or SEQ ID NO: 43, or a functional portion
thereof, is provided, wherein the vector specifically targets cells expressing /npp3j.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOs: 44-47, or a functional portion thereof, is
provided, wherein the vector specifically targets cells expressing Mef2c.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NO: 48 or SEQ ID NO: 49, or a functional portion
thereof, is provided, wherein the vector specifically targets cells expressing Pthlh.

In an aspect, a viral vector that comprises an enhancer polynucleotide
sequence selected from SEQ ID NOS: 15-49, or a functional portion thereof, is

provided, wherein the vector specifically targets cells PV-expressing cells.
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In an embodiment of the viral vector of any of the above-delineated aspects,
the target cells are PV-expressing neuronal cells. In an embodiment of the viral
vector of any of the above-delineated aspects, the viral vector is a lentiviral vector or a
recombinant adeno-associated virus (rAAV) vector.

In an aspect is provided a cell comprising the viral vector of any of the above-
delineated aspects and embodiments.

In an aspect is provided a viral particle or virus-like particle comprising the
viral vector of any of the above-delineated aspects and embodiments. In an aspect is
provided a cell comprising the viral particle or virus-like particle comprising the viral
vector of any of the above-delineated aspects and embodiments.

In an aspect is provided a pharmaceutical composition comprising the viral
vector, or the viral particle or virus-like particle, of any of the above-delineated
aspects and embodiments and a pharmaceutically acceptable vehicle, carrier, or
diluent.

In another aspect, a method of restricting expression of a transgene in a
neuronal cell of a subject is provided, in which the method comprises administering to
the subject a delivery vector comprising at least one enhancer element polynucleotide
comprising a sequence of SEQ ID NO: 15-49 and a transgene polynucleotide, wherein
the transgene is specifically expressed in the neuronal cell. In an embodiment of the
method, the transgene is SCN/A. In an embodiment, the neuronal cell is a cortical
interneuron expressing parvalbumin (PV cIN). In an embodiment, the enhancer
element polynucleotide comprises a sequence set forth in SEQ ID NOS: 15-18 or
SEQ ID NOS: 21-24.

In another embodiment of the above method, the neuronal cell is a pyramidal
(PYR) cell. In an embodiment, the enhancer element polynucleotide comprises the
sequence set forth in SEQ ID NO: 19.

In another embodiment of the above method, the neuronal cell is a cortical
interneuron expressing the vaso-intestinal peptide (VIP cIN). In an embodiment, the
enhancer element polynucleotide comprises the sequence set forth in SEQ ID NO: 20.

In an embodiment of the above-delineated method and its embodiments, the
delivery vector is a lentiviral vector or rAAV. In an embodiment of the method, the

delivery vector is administered to the brain. In an embodiment of the method, the
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delivery vector is administered locally or systemically. In an embodiment, the subject
is amammal. In an embodiment, the subject is human.

In another aspect, a viral vector comprising a human enhancer polynucleotide
sequence selected from SEQ ID NOS: 15-49 is provided. In an embodiment, the viral
vector is a recombinant adeno-associated virus (rAAV) vector. In embodiments, a
viral particle or virus-like particle comprises the above-delineated viral vector. In
another embodiment, a cell comprises the above-delineated viral vector. In an
embodiment, a cell comprises the above-delineated viral particle or the virus-like
particle. In an embodiment, a pharmaceutical composition comprises the above-
delineated viral vector, or the above-delineated viral particle or virus-like particle, and

a pharmaceutically acceptable vehicle, carrier, or diluent.
Definitions

Unless defined otherwise, all technical and scientific terms used herein have
the meaning commonly understood by a person skilled in the art to which the
described aspects and embodiments belong. The following references provide one of
skill with a general definition of many of the terms used in the described
embodiments: Singleton et al., Dictionary of Microbiology and Molecular Biology
(2nd ed. 1994); The Cambridge Dictionary of Science and Technology (Walker ed.,
1988); The Glossary of Genetics, 5th Ed., R. Rieger et al. (eds.), Springer Verlag
(1991); and Hale & Marham, The Harper Collins Dictionary of Biology (1991). As
used herein, the following terms have the meanings ascribed to them below, unless
specified otherwise.

By “administering” is meant giving, supplying, dispensing a composition,
agent, therapeutic product, e.g., a virus vector (rAAV) harboring a transgene (e.g., an
effector or a therapeutic gene), and the like to a subject, or applying or bringing the
composition and the like into contact with the subject. Administering or
administration may be accomplished by any of a number of routes, such as, for
example, without limitation, parenteral or systemic, intravenous (IV), (injection),
subcutaneous, intrathecal, intracranial, intramuscular, dermal, intradermal, inhalation,
rectal, intravaginal, topical, oral, subcutaneous, intramuscular, or intraocular. In
embodiments, administration is systemic, such as by inoculation, injection, or

intravenous injection.
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By “agent” is meant a peptide, polypeptide, nucleic acid molecule, or small
molecule chemical compound, antibody, or a fragment thereof.

By "alteration" is meant a change (increase or decrease) in the expression
levels or activity of a gene or polypeptide as detected by standard art known methods
such as those described herein. As used herein, an alteration includes a 10% change
in expression levels, a 25% change, a 40% change, or a 50% or greater change in
expression levels. "

By “ameliorate” and “amelioration” is meant decrease, suppress, attenuate,
diminish, arrest, or stabilize the development or progression of a disease.

By "analog" or “derivative” is meant a molecule that is not identical, but has
analogous functional or structural features. For example, a polypeptide analog retains
the biological activity of a corresponding naturally-occurring polypeptide, while
having certain biochemical modifications that enhance the analog's function relative
to a naturally occurring polypeptide. Such biochemical modifications could increase
the analog's protease resistance, membrane permeability, or half-life, without altering,
for example, polynucleotide binding activity. In another example, a polynucleotide
analog retains the biological activity of a corresponding naturally-occurring
polynucleotide while having certain modifications that enhance the analog’s function
relative to a naturally occurring polynucleotide. Such modifications could increase
the polynucleotide’s affinity for DNA, half-life, and/or nuclease resistance, an analog
may include an unnatural nucleotide or amino acid.

As used herein, the term “at risk™ as it applies to a neurological or
neurogenetic disease, disorder, or pathology, such as seizures or epilepsy, refers to
patients or individuals who have a family history or genetic risk factor genes for a
neurological or neurogenetic disease, disorder, or pathology.

As used herein, the term "carrier" refers to a diluent, adjuvant, excipient, or
vehicle with which a composition or pharmaceutical composition, e.g., comprising a
polynucleotide, viral vector, or viral particle) can be administered. Pharmaceutical
and pharmaceutically acceptable carriers include sterile liquids, such as water and
oils, including those of petroleum, animal, vegetable or synthetic origin, such as
peanut oil, soybean oil, mineral oil, sesame oil, and the like. Water or aqueous

saline solutions and aqueous dextrose and glycerol solutions may be employed as
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carriers, particularly for injectable solutions. Carriers may also include solid dosage
forms, including, but not limited to, one or more of a binder (for compressed pills), a
glidant, an encapsulating agent, a flavorant, and a colorant. Suitable pharmaceutical

carriers are described in "Remington's Pharmaceutical Sciences" by E.W. Martin.

As used herein, "comprises," "comprising," "containing" and "having" and the

like can have the meaning ascribed to them in U.S. Patent law and can mean "
includes," "including," and the like; "consisting essentially of" or "consists
essentially" likewise has the meaning ascribed in U.S. Patent law and the term is
open-ended, allowing for the presence of more than that which is recited so long as
basic or novel characteristics of that which is recited are not changed by the presence
of more than that which is recited, but excludes prior art embodiments.

“DREADD?” is an acronym for “designer receptor exclusively activated by a
designer drug,” which is a modified G protein coupled receptor (GPCR) that may be
administered or specifically introduced into a subject, or cells thereof, e.g., PV-
expressing interneurons, by use of a viral vector (which contains a polynucleotide
sequence encoding the DREADD) or through genetic breeding. DREADDs are
known as chemical genetic or “chemogenetic” molecules allow for a precise level of
temporal control over the excitation and inhibition of neurons. Following expression
of the DREADD, it may be activated by a specific ligand (or agonist), which may be
administered by intravenous injection or orally. The DREADD and its ligand are
designed to be orthogonal, i.e., they bind specifically to each other and do not cross-
react. By way of nonlimiting example, five different classes of DREADDs are
available for use: EM3Dq raises calcium levels in a cell, causing burst firing; EM4D1
lowers cAMP and the activation of a particular potassiurn channel, causing neuronal
silencing, and also inhibits presynaptic neurciransmitter release; GsD enhances
cAMP, causing modulation sigualing; and Rg(R165L) enhances arrestio signaling, a
specific pathway that has been linked to the mechanisms of psvchoactive drugs; and
w-opioid receptor DREADD or KORD, which reduces or inhibits excitation of
neurons and also inhibits presynaptic neurotransmitter release. (See, e.g., Kelly Rae
Chi, 2015, The Scientist, and S. M. Sternson and B.L. Roth, 2014, Ann Rev
Neuroscience, 37:387-407).
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Orthogonal ligand-gated ion channels, called pharmacologically selective
actuator molecules (PSAMs) and pharmacologically selective effector molecules
(PSEMs) are other types of chemogenetic molecules that are used as optogenetic
agents and in optogenetic methods, in a manner similar to the use of DREADDs.
Each PSAM is exclusively activated by a PSEM cognate synthetic agonist. By way
of example, three specific PSAM/PSEM tools have been designed, each with different
ion conductance properties for controlling neuronal excitability. (See, e.g., Shapiro,
M.G. etal.,, 2012, ACS Chem. Neurosci., 3(8):619-629). These include the cation-
selective activator, PSAMQPGRI9G_SHT3HC/PSEM??S, the anion-selective silencer,
PSAMUHEYISE_GIyR/PSEM®S, and a third Ca?"-selective channel, PSAMQ79GLI41S_
nAChR V13'T/PSEM®. (See, Ibid., and Magnus, C.J. et al., 2011, Science,
333(6047):1292-1296). Both DREADDS and PSAMs-PSEMs allow control over
neuronal activity, in a temporal manner, from minutes to hours. (See, e.g., Kelly Rae
Chi, 2015, The Scientist, and S. M. Sternson and B.L. Roth, 2014, Ann Rev
Neuroscience, 37:387-407). By way of example, different PSAMs have been used
with various ion channels and PSEMs to control neurons, e.g., E/I balance in neurons.
Such PSAM-PSEM pairings include, without limitation, PSAMM4IE YISF T3 HC,
which is activated by the ligand PSEM®, allowing cations to flow into the cell and
boost excitability; PSAMM4EYIRY _ GlR which is activated by the ligand
PSEM™® silencing neurons; and PSAMRIPG M g ACKR V13, which is activated by
the higand PSEM9S, enhancing calcium signaling. Because there are two different
PSEM ligands, PSAMs-PSEMSs can also be combined in the same animal {subject).

“Detect” refers to identifying the presence, absence or amount of a molecule,
compound, or agent to be detected.

By “disease” is meant any condition or disorder that adversely affects,
damages or interferes with the normal function of a cell, tissue, organ, or part of the
body, such as the brain, including the cerebral cortex of the brain and brain tissues. In
one embodiment, the disease is a seizure or epilepsy. In another embodiment, the
disease is Dravet syndrome.

By "effective amount" is meant the amount of a required to ameliorate the
symptoms of a disease relative to an untreated patient. The effective amount of active

compound(s) used to practice the described methods for therapeutic treatment of a
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disease varies depending upon the manner of administration, the age, body weight,
and general health of the subject. Ultimately, the attending physician, clinician, or
veterinarian will decide the appropriate amount and dosage regimen. Such amount is
referred to as an "effective" amount. In one embodiment, an effective amount is the
amount of an rAAV vector comprising a specific enhancer sequence (e.g., an SCN/A-
specific enhancer, such as E1-E10, as described herein) and one or more transgene
sequences (e.g., SCN1A) inserted therein that is required to reduce, ameliorate, abate,
inhibit, or stabilize a symptom of a neurological disease or disorder, such as seizures,
epilepsy, Dravet syndrome (DS), or the severity thereof. In another embodiment, an
effective amount is the amount of an rAAV vector comprising a specific enhancer
sequence (e.g., an SCN/A-specific enhancer, e.g., E1-E10, as described herein) and
one or more transgene sequences (e.g., SCN/A4) inserted therein required to cause
specific inhibitory activity of an interneuron cell, such as a GABAergic interneuron
cell or a PV-expressing, GABAergic interneuron cell. In an embodiment, the
enhancer is E2, as described herein, which restricts expression of a transgene, e.g.,
SCN 14 or effectors like Gg-DREADD or PSAM for chemogenetic modulation of PV-
interneuron activity, to PV-interneuron cells.

As used herein, the term “endogenous” describes a molecule (e.g., a
polypeptide, peptide, nucleic acid, or cofactor) that is found naturally in a particular
organism (e.g., a human) or in a particular location within an organism (e.g., an organ,
a tissue, or a cell, such as a human cell).

As used herein, the term “exogenous” refers to a molecule (e.g., a polypeptide,
peptide nucleic acid, or cofactor) that is not found naturally or endogenously in a
particular organism (e.g., a human) or in a particular location within an organism
(e.g., an organ, a tissue, or a cell, such as a human cell). Exogenous materials include
those that are provided from an external source to an organism or to cultured matter

extracted therefrom.

2% 2% 2%

A “regulatory element,” “regulatory sequence,” “enhancer,” “enhancer
element” or “enhancer sequence” refers to a nucleic acid or polynucleotide sequence
or a region of a nucleic acid or polynucleotide sequence, e.g., DNA or RNA, of about
50-2500 nucleotides, that contains one or more binding sites that are recognized and

bound by one or more binding protein(s), e.g., transcription factor(s). In general, the
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binding proteins function as activators to increase the likelihood that transcription of a
particular target gene will occur. Enhancers can activate transcription independent of
their location, distance or orientation with respect to the promoters of genes. For
example, enhancer sequences may be located upstream of a gene, downstream of a
gene, within the coding region of a gene, or up to one million base pairs away from
the gene. Typically, the binding of a DNA binding protein(s) or transcription
factor(s) to an enhancer changes or alters the conformation of the DNA, thereby
allowing interactions to occur between or among the transcription factor(s) bound to
the DNA.

Enhancers have been described as clusters of DNA sequences capable of
binding combinations of transcription factors that then interact with components of
the mediator complex or TFIID to help recruit RNA polymerase II (RNAPII). To
accomplish this, enhancer-bound transcription factors loop out the intervening
sequences and contact the promoter region of a gene, thus allowing enhancers to act
in a distance-independent fashion. In addition, activation of eukaryotic genes requires
de-compaction of the chromatin fiber, which is carried out by enhancer-bound
transcription factors that can recruit histone modifying enzymes or ATP-dependent
chromatin remodeling complexes to alter chromatin structure and increase the
accessibility of the DNA to other proteins. (For a review of enhancer function, see,
e.g., Ong, C.-T. and Corces, V.G., 2011, Nat. Rev. Genetics, 12(4):283-293).

As described herein, ten enhancers in the vicinity of the SCN/A gene were
screened for the ability to restrict expression of a transgene, namely, SCN/A, to PV-
expressing interneuron cells (PV-cells), most of which express the SCN/A gene. The
isolated enhancer sequences, called SS5E1 (E1) — SSE10 (E10) herein, were discovered
to have the ability to restrict expression of SCN/A4 to GABA-ergic interneurons. By
way of example, the E2 enhancer (SSE2) was demonstrated to target and restrict
expression of a transgene to PV-expressing interneurons, which express SCN1A. It
will be appreciated that a large fraction of cells that express SCN1A are not PV-
expressing interneurons. In an embodiment, the enhancers as described herein allow
the restriction of expression of a transgene, e.g., SCN1A or another effector gene,
e.g., Gg-DREADD or PSAM, in PV-interneurons, rather than in all SCN1A-

expressing neurons. By way of further example, the isolated ES enhancer (S5ES) was
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demonstrated to target and restrict expression of a transgene to glutamatergic
pyramidal neurons in the brain. In embodiments, such an enhancer is E1, E2, E3, E4,
ES, E6, E7, E8, E9, or E10, as described herein. In an embodiment, an enhancer
element is isolated from is naturally occurring environment. Such an enhancer
element is used in a vector, e.g., a viral vector, for delivery to a cell, tissue, or region
of the body, such as the brain.

By "fragment" is meant a portion of a polypeptide or nucleic acid molecule.
This portion contains at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of
the entire length of the reference nucleic acid molecule or polypeptide. A fragment
may contain 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100, 200, 300, 400, 500, 600, 700,
800, 900, or 1000 nucleotides or amino acids.

By “functionally expressed” is meant that a gene or transgene contained in or
inserted into the polynucleotide of an rAAV or rAAV vector as described herein is
expressed in an infected or transduced cell and produces its encoded product, which is
functional and/or active in the cell. In an embodiment, the cell is an interneuron cell.
In an embodiment, the cell is a GABAergic interneuron cell. In an embodiment, the
cell is a GABAergic interneuron cell that expresses parvalbumin (PV). In an
embodiment, the cell is a neuron, in particular, a glutamatergic pyramidal interneuron
cell. In an embodiment, the transgene is a detectable reporter gene, such as d-Tomato,
ChR2, GFP, RFP, and the like. In an embodiment, the transgene is a Designer
receptor exclusively activated by designer drugs (DREADD) or Gq-DREADD. In an
embodiment, the transgene is PSAM. In an embodiment, the transgene is SCN/A4
which encodes the sodium channel Nav1.1.

"Hybridization" means hydrogen bonding, which may be Watson-Crick,
Hoogsteen or reversed Hoogsteen hydrogen bonding, between complementary
nucleobases. For example, adenine and thymine are complementary nucleobases that
pair through the formation of hydrogen bonds.

The term “interneuron” refers to a neuron (nerve cell), or local circuit neuron
in the central nervous system (CNS) that relays impulses between sensory neurons
and motor neurons. In general, neurons are specialized cells that function primarily in
the transmission of nerve impulses. Neurons have cellular processes, such as

dendrites and axons. Dendrites, which are shorter processes in the cell body of a
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neuron, receive inputs from other neurons and conduct signals to the cell body.

Axons are longer, single processes of the cell soma and relay signals toward the tip of
the neuron (called the synaptic terminal). The three, main types of neurons include
sensory neurons, interneurons (of the CNS), and motor neurons. In the human brain,
there are about 100 billion interneurons, which receive impulses from the sensory
neurons. Interneurons interpret the information received from other neurons and relay
impulses to motor neurons for an appropriate response in a function called
‘integration.’

The terms "isolated," "purified," or "biologically pure" refer to material that is
free to varying degrees from components which normally accompany or are
associated with it as found in its native state. "Isolate" denotes a degree of separation
from original source or surroundings. "Purify" denotes a degree of separation that is
higher than isolation. A "purified" or "biologically pure" protein or polynucleotide is
sufficiently free of other materials such that any impurities do not materially affect the
biological properties of the protein or polynucleotide, or cause other adverse
consequences. That is, a polynucleotide (nucleic acid), polypeptide, or peptide is
purified if it is substantially free of cellular material, viral material, or culture medium
when produced by recombinant DNA techniques, or chemical precursors or other
chemicals when chemically synthesized. Purity and homogeneity are typically
determined using analytical chemistry techniques, for example, polyacrylamide gel
electrophoresis or high-performance liquid chromatography. The term "purified" can
denote that a nucleic acid, protein, or peptide gives rise to essentially one band in an
electrophoretic gel. For a protein that can be subjected to modifications, for example,
phosphorylation or glycosylation, different modifications may give rise to different
isolated proteins, which can be separately purified.

By "isolated polynucleotide" is meant a nucleic acid (e.g., a DNA) that is free
of the genes which flank the gene in the naturally-occurring genome of the organism
from which a nucleic acid molecule, such as a nucleic acid molecule described herein,
is derived. The term therefore includes, for example, a recombinant DNA that is
incorporated into a vector; into an autonomously replicating plasmid or virus; or into
the genomic DNA of a prokaryote or eukaryote; or that exists as a separate molecule

(for example, a cDNA or a genomic or cDNA fragment produced by PCR or
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restriction endonuclease digestion) independent of other sequences. In addition, the
term includes an RNA molecule that is transcribed from a DNA molecule, as well as a
recombinant DNA that is part of a hybrid gene encoding additional polypeptide
sequence.

By an "isolated polypeptide" is meant a polypeptide that has been separated
from components that naturally accompany it. Typically, a polypeptide is isolated
when it is at least 60%, by weight, free from the proteins and naturally-occurring
organic molecules with which it is naturally associated. Preferably, the preparation is
at least 75%, or at least 85%, or at least 90%, or at least 99%, by weight, a desired
polypeptide. An isolated polypeptide may be obtained, for example, by extraction
from a natural source, by expression of a recombinant nucleic acid encoding such a
polypeptide; or by chemically synthesizing the protein. Purity can be measured by
any appropriate method, for example, column chromatography, polyacrylamide gel
electrophoresis, or by HPLC analysis.

By “marker” is meant any protein or polynucleotide having an alteration in
expression, level or activity that is associated with a disease or disorder. In one
embodiment, a marker is an SCN/A polynucleotide or SCN1A polypeptide.

The term “mutation,” as used herein, refers to a substitution of a nucleotide
base or amino acid residue within a sequence, e.g., a nucleic acid or amino acid
sequence, respectively, with another residue, or a deletion or insertion of one or more
residues within a sequence. Mutations are typically described herein by identifying
the original residue followed by the position of the residue within the sequence and by
the identity of the newly substituted residue. Various methods for making the amino
acid substitutions (mutations) provided herein are well known in the art, and are
provided by, for example, Green and Sambrook, Molecular Cloning: A Laboratory
Manual (4" ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
(2012)).

As used herein, “obtaining” as in “obtaining an agent” includes synthesizing,
purchasing, or otherwise acquiring the agent.

By “polynucleotide” is meant a nucleic acid molecule, e.g., a double-stranded
(ds) DNA polynucleotide, a single-stranded (ss) DNA polynucleotide, a dSRNA

polynucleotide, or a ssSRNA polynucleotide, that encodes one or more polypeptides.
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The term encompasses positive-sense (i.e., protein-coding) DNA polynucleotides,
which are capable of being transcribed to form an RNA transcript, which can be
subsequently translated to produce a polypeptide following one or more optional
RNA processing events (e.g., intron excision by RNA splicing, or ligation of a 5° cap
or a 3’ polyadenyl tail). The term additionally encompasses positive-sense RNA
polynucleotides, capable of being directly translated to produce a polypeptide
following one or more optional RNA processing events. As used herein, a
polynucleotide may be contained within a viral vector, such as a recombinant adeno-
associated viral vector (rAAV).

The terms “nucleic acid” and “nucleic acid molecule,” as used herein, refer to
a compound comprising a nucleobase and an acidic moiety, e.g., a nucleoside, a
nucleotide, or a polymer of nucleotides. Typically, polymeric nucleic acids, e.g.,
nucleic acid molecules comprising three or more nucleotides are linear molecules, in
which adjacent nucleotides are linked to each other via a phosphodiester linkage. In
some embodiments, “nucleic acid” refers to individual nucleic acid residues (e.g.
nucleotides and/or nucleosides). In some embodiments, “nucleic acid” refers to an
oligonucleotide chain comprising three or more individual nucleotide residues. As
used herein, the terms “oligonucleotide” and “polynucleotide” can be used
interchangeably to refer to a polymer of nucleotides (e.g., a string of at least three
nucleotides). In some embodiments, “nucleic acid” encompasses RNA as well as
single and/or double-stranded DNA. Nucleic acids may be naturally occurring, for
example, in the context of a genome, a transcript, an mRNA, tRNA, rRNA, siRNA,
snRNA, a plasmid, cosmid, chromosome, chromatid, or other naturally occurring
nucleic acid molecule. On the other hand, a nucleic acid molecule may be a non-
naturally occurring molecule, e.g., a recombinant DNA or RNA, an artificial
chromosome, an engineered genome, or fragment thereof, or a synthetic DNA, RNA,
DNA/RNA hybrid, or including non-naturally occurring nucleotides or nucleosides.
Furthermore, the terms “nucleic acid,” “DNA,” “RNA,” and/or similar terms include
nucleic acid analogs, e.g., analogs having other than a phosphodiester backbone.
Nucleic acids can be purified from natural sources, produced using recombinant
expression systems and optionally purified, chemically synthesized, efc. Where

appropriate, e.g., in the case of chemically synthesized molecules, nucleic acids can

21



10

15

20

25

30

WO 2020/163102

PCT/US2020/015183

comprise nucleoside analogs such as analogs having chemically modified bases or
sugars, and backbone modifications. A nucleic acid sequence is presented in the 5’ to
3' direction unless otherwise indicated. In some embodiments, a nucleic acid is or
comprises natural nucleosides (e.g., adenosine, thymidine, guanosine, cytidine,
uridine, deoxyadenosine, deoxythymidine, deoxyguanosine, and deoxycytidine);
nucleoside analogs (e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyrrolo-
pyrimidine, 3-methyl adenosine, S-methylcytidine, 2-aminoadenosine, C5-
bromouridine, C5-fluorouridine, C5-iodouridine, C5-propynyl-uridine, C5-propynyl-
cytidine, C5-methylcytidine, 2-aminoadenosine, 7-deazaadenosine, 7-deazaguanosine,
8-oxoadenosine, 8-oxoguanosine, O(6)-methylguanine, and 2-thiocytidine);
chemically modified bases; biologically modified bases (e.g., methylated bases);
intercalated bases; modified sugars (2'-e.g.,fluororibose, ribose, 2'-deoxyribose,
arabinose, and hexose); and/or modified phosphate groups (e.g., phosphorothioates
and 5'-N-phosphoramidite linkages).

As used herein, the term "pharmaceutically acceptable" refers to molecular
entities, biological products and compositions that are physiologically tolerable and
do not typically produce an allergic or other adverse reaction, such as gastric upset,

dizziness and the like, when administered to a patient (e.g., a human patient).

29 CC 2% 2%

As used herein, the terms “prevent,” “preventing,” “prevention,” “prophylactic
treatment” and the like refer to reducing the probability of developing a disorder or
condition in a subject, who does not have, but who is at risk of, susceptible to, or
predisposed to, developing a disorder or condition.

As used herein, the term “pseudotyped” refers to a viral vector that contains
one or more foreign viral structural proteins, e.g., envelope glycoproteins. A
pseudotyped virus may be one in which the envelope glycoproteins of an enveloped
virus or the capsid proteins of a non-enveloped virus originate from a virus that differs
from the source of the original virus genome and the genome replication apparatus.
(D.A. Sanders, 2002, Curr. Opin. Biotechnol., 13:437-442). The foreign viral
envelope proteins of a pseudotyped virus can be utilized to alter host tropism or to
increase or decrease the stability of the virus particles. Examples of pseudotyped viral
vectors include a virus that contains one or more envelope glycoproteins that do not

naturally occur on the exterior of the wild-type virus. Pseudotyped viral vectors can
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infect cells and express and produce proteins or molecules encoded by
polynucleotides, e.g., reporter or effector proteins or molecules, contained within the
viral vectors, e.g., the sodium channel Nav1.1 encoded by the SCN/A gene.

The term "recombinant" as used herein in the context of proteins or nucleic
acids refers to proteins or nucleic acids that do not occur in nature (or in a naturally
occurring protein or nucleic acid sequence), but are the product of human engineering,
often or typically utilizing molecular biological or molecular genetic tools and
techniques practiced by the skilled practitioner in the art. For example, in some
embodiments, a recombinant protein or nucleic acid molecule comprises an amino
acid or nucleotide sequence that comprises at least one, at least two, at least three, at
least four, at least five, at least six, at least seven, or at least eight mutations as
compared to any naturally occurring sequence.

By “reduces” is meant a negative alteration of at least 5%, 10%, 25%, 50%,
75%, or 100%.

By “reference” is meant a standard or control condition. A "reference
sequence" is a defined sequence used as a basis for sequence comparison. A
reference sequence may be a subset of or the entirety of a specified sequence, for
example, a segment of a full-length cDNA or gene sequence, or the complete cDNA
or gene sequence. For polypeptides, the length of the reference polypeptide sequence
will generally be at least about 16 amino acids, at least about 20 amino acids, at least
about 25 amino acids, or about 35 amino acids, about 50 amino acids, or about 100
amino acids. For nucleic acids, the length of the reference nucleic acid sequence will
generally be at least about 50 nucleotides, at least about 60 nucleotides, at least about
75 nucleotides, or about 100 nucleotides, or about 300 nucleotides, or any integer
thereabouts or therebetween.

By "specifically binds" is meant a nucleic acid molecule, polypeptide, or
complex thereof (e.g., a binding protein such as a transcription factor and its cognate
nucleic acid binding region), or a compound, or molecule that recognizes and binds a
given polypeptide and/or nucleic acid molecule, but which does not substantially
recognize and bind other molecules in a sample, for example, a biological sample.

By "subject" is meant a mammal, including, but not limited to, a human or

non-human mammal, such as a non-human primate, e.g., a marmoset, or a non-human
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mammal, such as a bovine, equine, canine, ovine, or feline mammal, or a sheep, goat,
llama, camel, or a rodent (rat, mouse), ferret, gerbil, hamster, or zebrafinch. A subject
is typically a patient, such as a human patient, who receives treatment for a particular
disease or condition as described herein (e.g., a neuropsychiatric, neurological, or
neurogenetic disease, disorder, or pathology, such as seizures, epilepsy, or DS).
Examples of subjects and patients include mammals, such as humans, receiving
treatment for such diseases or conditions or who are at risk of having such diseases or
conditions.

Ranges provided herein are understood to be shorthand for all of the values
within the range. For example, a range of 1 to 50 is understood to include any
number, combination of numbers, or sub-range from the group consisting 1, 2, 3, 4, 5,
6,7,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, or 50,
inclusive of the first and last values.

As used herein, the term “therapeutically effective amount” refers to a quantity
of a therapeutic agent that is sufficient to treat, abate, reduce, diagnose, prevent,
and/or delay the onset of one or more symptoms of a disease, disorder, and/or
condition upon administration to a patient in need of treatment. In some cases, a
therapeutically effective amount may also refer to a quantity of a therapeutic agent
that is administered prophylactically (e.g., in advance of the development of full-
blown disease) to a subject who is at risk of developing a disease or the symptoms
thereof, such as a neurological, neurodegenerative, or neurogenetic disease or
disorder. In an embodiment, the disorder is Dravet syndrome (DS).

2%

As used herein, the terms “treat,” treating,” “treatment,” and the like refer to
reducing or ameliorating a disorder and/or symptoms associated therewith. It will be
appreciated that, although not precluded, treating a disorder or condition does not
require that the disorder, condition or symptoms associated therewith be completely
eliminated. “Treat” or “treatment” may refer to therapeutic treatment, in which the
object is to prevent or slow down (lessen or reduce) an undesired physiological
change or disorder. Beneficial or desired clinical results include, but are not limited

to, alleviation of symptoms, diminishment of extent of disease, stabilized (i.e., not

worsening) state of disease, delay or slowing of disease progression, amelioration or
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palliation of the disease state, and remission (whether partial or total), whether
detectable or undetectable. Those in need of treatment include those already with the
condition or disorder, as well as those prone to have the condition or disorder or those

in whom the condition or disorder is to be prevented.

29 CC 2% 2%

As used herein, the terms “prevent,” “preventing,” “prevention,” “prophylactic
treatment” and the like, refer to inhibiting or blocking a disease state, or the full
development of a disease in a subject, or reducing the probability of developing a
disease, disorder or condition in a subject, who does not have, but is at risk of
developing, or is susceptible to developing, a disease, disorder, or condition.

As used herein, the term “vector” refers to a nucleic acid (e.g., a DNA vector,
such as a plasmid), a RNA vector, virus or other suitable replicon (e.g., viral vector).
A “vector” further refers to a nucleic acid (polynucleotide) molecule into which
foreign nucleic acid can be inserted without disrupting the ability of the vector to be
expressed in, replicate in, and/or integrate into a host cell. A variety of vectors have
been developed for the delivery of polynucleotides encoding exogenous proteins into
a prokaryotic or eukaryotic cell. A vector may contain a polynucleotide sequence that
includes gene of interest (e.g., a transgene, such as a therapeutic gene, a reporter gene,
or, more specifically, an SCN/A4 gene encoding an Nav1.1 sodium channel) as well as,
for example, additional sequence elements capable of regulating transcription,
translation, and/or the integration of these polynucleotide sequences into the genome
of a cell. A vector may contain regulatory sequences, such as a promoter, e.g., a
subgenomic promoter, region and an enhancer region, which direct gene transcription.
A vector may contain polynucleotide sequences (enhancer sequences) that enhance
the rate of translation of these genes or improve the stability or nuclear export of the
mRNA that results from gene transcription. These sequence elements may include,
e.g., 5’ and 3’ untranslated regions, an internal ribosomal entry site (IRES), and/or a
polyadenylation signal site in order to direct efficient transcription of a gene carried
on the expression vector. Vectors, such as viral vectors or the rAAV vectors
described herein, may also be referred to as expression vectors.

“Transduction” refers to a process by which DNA or polynucleotide, e.g., one

or more transgenes, contained in a virus or virus vector is introduced or transferred

into a cell by the virus or virus vector, wherein the DNA or polynucleotide is
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expressed. In an embodiment, the DNA or polynucleotide transduced into a cell by a
virus vector, such as an rAAV vector as described herein, is stably expressed in the
cell. In some cases, a virus or virus vector is said to infect a cell.

As used herein, the term “vehicle” refers to a solvent, diluent, or carrier
component of a pharmaceutical composition.

By “virus particle” (also called a virion) is meant a virus (infectious agent)
that exists as an independent particle comprising the core viral genome or genetic
material (RNA or DNA); a protein coat, called the capsid, which surrounds the
genetic material and protects it; and, in some cases, an envelope of lipids surrounding
the capsid. A virus particle may refer to the form of a virus before it infects a cell and
becomes intracellular, or to the form of the virus that infects a cell.

By “virus-like particles (VLPs)” is meant virus particles made up of one of
more viral structural proteins, but lacking the viral genome. Because VLPs lack a
viral genome, they are non-infectious and yield safer and potentially more-economical
vaccines and vaccine products. In addition, VLPs can often be produced by
heterologous expression and can be easily purified. Most VLPs comprise at least a
viral core protein that drives budding and release of particles from a host cell.

By "substantially identical" is meant a polypeptide or nucleic acid molecule
exhibiting at least 50% identity to a reference amino acid sequence (for example, any
one of the amino acid sequences described herein) or nucleic acid sequence (for
example, any one of the nucleic acid sequences described herein). Preferably, such a
sequence is at least 60%, preferably at least 70%, more preferably 80% or 85%, and
most preferably 90%, 95% or even 99% identical at the amino acid level or nucleic
acid to the sequence used for comparison, for example, over a specified comparison
window. Optimal alignment may be conducted using the homology alignment
algorithm of Needleman and Wunsch, 1970, J. Mol. Biol., 48:443. An indication that
two peptide or polypeptide sequences are substantially identical is that one peptide or
polypeptide is immunologically reactive with specific antibodies raised against the
second peptide or polypeptide, although such cross-reactivity is not required for two
polypeptides to be deemed substantially identical. Thus, a peptide or polypeptide is
substantially identical to a second peptide or polypeptide, for example, where the two

differ only by a conservative substitution. Peptides or polypeptides that are
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"substantially similar" share sequences as noted above except that residue positions
which are not identical may differ by conservative amino acid changes. Conservative
substitutions typically include, but are not limited to, substitutions within the
following groups: glycine and alanine; valine, isoleucine, and leucine; aspartic acid
and glutamic acid; asparagine and glutamine; serine and threonine; lysine and
arginine; and phenylalanine and tyrosine, and others as known to the skilled person in
the art.

Sequence identity is typically measured using sequence analysis software (for
example, Sequence Analysis Software Package of the Genetics Computer Group,
University of Wisconsin Biotechnology Center, 1710 University Avenue, Madison,
Wis. 53705, BLAST, BESTFIT, GAP, or PILEUP/PRETTYBOX programs). Such
software matches identical or similar sequences by assigning degrees of homology to
various substitutions, deletions, and/or other modifications. Conservative
substitutions typically include substitutions within the following groups: glycine,
alanine; valine, isoleucine, leucine; aspartic acid, glutamic acid, asparagine,
glutamine; serine, threonine; lysine, arginine; and phenylalanine, tyrosine. In an
exemplary approach to determining the degree of identity, a BLAST program may be
used, with a probability score between e and 1% indicating a closely related
sequence.

By "substantially identical" is generally meant a polypeptide or nucleic acid
molecule exhibiting at least 50% identity to a reference amino acid sequence (for
example, any one of the amino acid sequences described herein) or nucleic acid
sequence (for example, any one of the nucleic acid sequences described herein). In
embodiments, such a sequence is at least 60%, at least 70%, at least 75%, at least
80%, at least 85%, at least 90%, at least 95%, or greater, or at least 99% identical at
the amino acid level or nucleic acid to the sequence used for comparison.

Polynucleotides or viral nucleic acid molecules useful in the methods and
compositions as described herein include any nucleic acid molecule that encodes a
polypeptide, or a fragment thereof, or that encodes the components of viral vectors
described herein. The polynucleotides or viral nucleic acid molecules may encode
polypeptide products harbored by the viral vectors, such as recombinant adeno-

associated virus (rAAV) and the like, as well as a peptide or fragment thereof. Such
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nucleic acid molecules need not be 100% identical with an endogenous sequence or a
viral vector nucleic acid sequence, but will typically exhibit substantial identity.
Polynucleotides having substantial identity to an endogenous sequence or to a viral
vector sequence are typically capable of hybridizing with at least one strand of a
double-stranded nucleic acid molecule or to a viral vector nucleic acid molecule.
Nucleic acid molecules useful in the described methods include any nucleic acid
molecule that encodes a polypeptide as described herein, or a fragment thereof. By
"hybridize" is meant pairing or the nucleic acid molecules to form a double-stranded
molecule between complementary polynucleotide sequences (e.g., a gene or nucleic
acid sequence described herein), or portions thereof, under various conditions of
stringency. (See, e.g., Wahl, G. M. and S. L. Berger (1987) Methods Enzymol.
152:399; Kimmel, A. R. (1987) Methods Enzymol. 152:507).

For example, stringent salt concentration will ordinarily be less than about 750
mM NaCl and 75 mM trisodium citrate, preferably less than about 500 mM NaCl and
50 mM trisodium citrate, and more preferably less than about 250 mM NaCl and 25
mM trisodium citrate. Low stringency hybridization can be obtained in the absence of
organic solvent, e.g., formamide, while high stringency hybridization can be obtained
in the presence of at least about 35% formamide, and more preferably at least about
50% formamide. Stringent temperature conditions will ordinarily include
temperatures of at least about 30°C, more preferably of at least about 37°C, and most
preferably of at least about 42°C. Varying additional parameters, such as
hybridization time, the concentration of detergent, e.g., sodium dodecyl sulfate (SDS),
and the inclusion or exclusion of carrier DNA, are well known to those skilled in the
art. Various levels of stringency are accomplished by combining these various
conditions as needed. In one embodiment, hybridization will occur at 30°C in 750
mM NaCl, 75 mM trisodium citrate, and 1% SDS. In a more preferred embodiment,
hybridization will occur at 37°C in 500 mM NaCl, 50 mM trisodium citrate, 1% SDS,
35% formamide, and 100 pg/ml denatured salmon sperm DNA (ssDNA). In another
embodiment, hybridization will occur at 42°C in 250 mM NaCl, 25 mM trisodium
citrate, 1% SDS, 50% formamide, and 200 pg/ml ssDNA. Useful variations on these

conditions will be readily apparent to those skilled in the art.
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For most applications, washing steps that follow hybridization will also vary
in stringency. Wash stringency conditions can be defined by salt concentration and
by temperature. As above, wash stringency can be increased by decreasing salt
concentration or by increasing temperature. For example, stringent salt concentration
for the wash steps will preferably be less than about 30 mM NaCl and 3 mM
trisodium citrate, and most preferably less than about 15 mM NaCl and 1.5 mM
trisodium citrate. Stringent temperature conditions for the wash steps will ordinarily
include a temperature of at least about 25°C, more preferably of at least about 42°C,
and even more preferably of at least about 68° C. In an embodiment, wash steps will
occur at 25°C in 30 mM NacCl, 3 mM trisodium citrate, and 0.1% SDS. In another
embodiment, wash steps will occur at 42 C in 15 mM NacCl, 1.5 mM trisodium citrate,
and 0.1% SDS. In yet another embodiment, wash steps will occur at 68° C in 15 mM
NaCl, 1.5 mM trisodium citrate, and 0.1% SDS. Additional variations of these
conditions will be readily apparent to those skilled in the art. Hybridization
techniques are well known to those skilled in the art and are described, for example,
in Benton and Davis (Science, 196:180, 1977); Grunstein and Hogness (Proc. Natl.
Acad. Sci., USA, 72:3961, 1975); Ausubel et al. (Current Protocols in Molecular
Biology, Wiley Interscience, New York, 2001); Berger and Kimmel (Guide to
Molecular Cloning Techniques, 1987, Academic Press, New York); and Sambrook et
al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory Press,
New York.

Nucleic acids that do not hybridize to each other under stringent conditions are
still substantially identical if the polypeptides that they encode are substantially
identical. This occurs, for example, when a copy of a nucleic acid is created using the
maximum codon degeneracy permitted by the genetic code. In such cases, the nucleic
acids typically hybridize under moderately stringent hybridization conditions.
Nonlimiting examples of "moderately stringent hybridization conditions" include a
hybridization in a buffer of 40% formamide, 1 M NaCl, 1% SDS at 37 C, and a wash
in 1 x SSC at 45 C. A positive hybridization is at least twice background. Those of
ordinary skill will readily recognize that alternative hybridization and wash conditions

can be utilized to provide conditions of similar stringency.
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By "ortholog" is meant any polypeptide or nucleic acid molecule of an
organism that is highly related to a reference protein or nucleic acid sequence from
another organism. The degree of relatedness may be expressed as the probability that
a reference protein would identify a sequence, for example, in a blast search. The
probability that a reference sequence would identify a random sequence as an
ortholog is extremely low, less than e1?, €20, ¢ ™0 &0 7 e1% The skilled
artisan understands that an ortholog is likely to be functionally related to the reference
protein or nucleic acid sequence. In other words, the ortholog and its reference
molecule would be expected to fulfill similar, if not equivalent, functional roles in
their respective organisms, e.g., mouse and human orthologs.

It is not required that an ortholog, when aligned with a reference sequence,
have a particular degree of amino acid sequence identity to the reference sequence. A
protein ortholog might share significant amino acid sequence identity over the entire
length of the protein, for example, or, alternatively, might share significant amino acid
sequence identity over only a single functionally important domain of the protein.
Such functionally important domains may be defined by genetic mutations or by
structure-function assays. Orthologs may be identified using methods practiced in the
art. The functional role of an ortholog may be assayed using methods well known to
the skilled artisan. For example, function might be assayed in vivo or in vitro using a
biochemical, immunological, or enzymatic assay; or transformation rescue.
Alternatively, bioassays may be carried out in tissue culture; function may also be
assayed by gene inactivation (e.g., by RNAI, siRNA, or gene knockout), or gene over-
expression, as well as by other methods.

Ranges as provided herein are understood to be shorthand for all of the values
within the range. For example, a range of 1 to 50 is understood to include any
number, combination of numbers, or sub-range from the group 1, 2, 3,4, 5,6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33,34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, or 50, inclusive of the
first and last values.

By SCN 1A is meant a polypeptide or protein (the sodium channel Nav1.1) or
fragment thereof having at least about or equal to 85%, or at least about or equal to

90%, 95%, 98%, 99%, or greater, amino acid sequence identity to the amino acid
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sequence of the canonical amino acid sequence of SCN/A, Human Isoform 1,
OmniProt Identifier No. P35498-1 (Length 2,009 amino acids; Mass (Da): 228,972);
RefSeq Nos. NP_001159435.1; NP_001189364.1; NP_001340877. The polypeptide
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(protein) sequence of human SCN/A is as follows:

10
MEQTVLVPPG
60
PNSDLEAGKN
110
REFSATSALYI
160
PDWTKNVEYT
210
AYVTEFVDLG
260
MILTVECLSV
310
NGTLINETVF
360
CVKAGRNPNY
410
IFFVLVIFLG
460
LKKOQQEAAQQ
510
RKKRKQKEQS
560
SPHOSLLSIR
610
NESRRDSLEV
660
VSLVGGPSVP
710
MDEFLEDPSQR
760
SPYWLKVKHV
810
TVGNLVETGI
860
NVEGLSVLRS
910
VEFIFAVVGMQ
960
EWIETMWDCM
1010
AATDDDNEMN
1060

20
PDSEFNFFTRE
70
LPFIYGDIPP
120
LTPFNPLRKTI
170
FTIGIYTFESL
220
NVSALRTEFRV
270
FALTIGLQLEM
320
EFDWKSYIQD
370
GYTSEFDTESW
420
SEYLINLILA
470
AATATASEHS
520
GGEEKDEDEF
570
GSLESPRRNS
620
PRRHGERRNS
670
TSPVGQLLPE
720
QRAMSIASIL
770
VNLVVMDPEV
820
FTAEMFLKITI
870
FRLLRVFKLA
920
LEGKSYKDCV
970
EVAGOAMCLT
1020
NLOTIAVDRMH
1070

30
SLAATERRIA
80
EMVSEPLEDL
130
ATKILVHSLF
180
IKITARGECL
230
LRALKTISVI
280
GNLRNKCIOQW
330
SRYHYFLEGF
380
AFLSLFRILMT
430
VVAMAYEEQN
480
REPSAAGRLS
530
QKSESEDSIR
580
RTSLEFSFRGR
630
NLSQTSRSSR
680
VIIDKPATDD
730
TNTVEELEES
780
DLATITICIVL
830
AMDPYYYFQE
880
KSWPTLNMLI
930
CKIASDCQLP
980
VEMMVMVIGN
1030
KGVAYVKRKI
1080

31

40
EEKAKNPKPD
30
DPYYINKKTF
140
SMLIMCTILT
190
EDFTFLRDPW
240
PGLKTIVGAL
290
PPTNASLEEH
340
LDALLCGNSS
390
QDFWENLYQL
440
QATLEEAEQK
490
DSSSEASKLS
540
RKGFRFEFSIEG
590
AKDVGSENDFE
640
MLAVEPANGK
6390
NGTTTETEMR
740
ROKCPPCWYK
790
NTLFMAMEHY
840
GWNIEFDGEIV
890
KIIGNSVGAL
940
RWHMNDFFHS
990
LVVLNLFLAL
1040
YEFIQOSFIR
1090

50
KKDDDENGPK
100
IVLNKGKAIF
150
NCVFMTMSNP
200
NWLDFTVITF
250
IQSVKKLSDV
300
SIEKNITVNY
350
DAGQCPEGYM
400
TLRAAGKTYM
450
EAEFOQOMIEQ
500
SKSAKERRNR
550
NRLTYEKRYS
600
ADDEHSTFED
650
MHSTVDCNGV
700
KRRSSSFHVS
750
FSNIFLIWDC
800
PMTDHEFNNVL
850
TLSLVELGLA
900
GNLTLVLAIT
950
FLIVEFRVLCG
1000
LLSSEFSADNL
1050
KOKILDEIKP
1100
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LDDLNNKKDS
1110
DYMSFEFINNPS
1160
SSEGSTVDIG
1210
GKOWWNLRRT
1260
MLEYADKVFET
1310
ANALGYSELG
1360
LLVCLIFWLI
1410
ERNETARWKN
1460
PKYEESLYMY
1510
TEEQKKYYNA
1560
ICLNMVTMMV
1610
TIGWNIEFDEV
1660
KGAKGIRTLL
1710
IDDMENFETF
1760
SVKGDCGNPS
1810
SEDDFEMEYE
1860
AMDLPMVSGD
1910
VSYQPITTTL
1960
ANLLIKEDMT

GKDEKAKGK

CMSNHTAEIG
1120
LTVTVPIAVG
1170
APVEEQPVVE
1220
CFRIVEHNWE
1270
YIFILEMLLK
1320
ATIKSLRTLRA
1370
FSIMGVNLEFA
1420
VKVNEDNVGE
1470
LYFVIFITIFG
1520
MKKLGSKKPQ
1570
ETDDQSEYVT
1620
VVILSIVGMFE
1670
FALMMSLPAL
1720
GNSMICLFQI
1770
VGIFFEVSYI
1820
VWEKFDPDAT
1870
RIHCLDILFA
1920
KRKQEEVSAV
1970
IDRINENSIT

KDLDYLKDVN
1130
ESDFENLNTE
1180
PEETLEPEAC
1230
ETFIVFMILL
1280
WVAYGYQTYF
1330
LRPLRALSREFE
1380
GKEYHCINTT
1430
GYLSLLQVAT
1480
SFFTLNLFIG
1530
KPIPRPGNKEFE
1580
TILSRINLVFEF
1630
LAELIEKYFV
1680
FNIGLLLFLV
1730
TTSAGWDGLL
1780
IISFLVVVNM
1830
QFMEFEKLSQ
1880
FTKRVLGESG
1930
ITQRAYRRHL
1980
EKTDLTMSTA

(SEQ ID NO: 1).

GTTSGIGTGS
1140
DESSESDLEE
1190
FTEGCVQRFK
1240
SSGALAFEDI
1290
TNAWCWLDEFL
1340
EGMRVVVNAL
1390
TGDREFDIEDV
1440
FKGWMDIMYA
1490
VIIDNEFNQOK
1540
QGMVEDEVTR
1590
IVLFTGECVL
1640
SPTLFRVIRL
1690
MEFIYATIEFGMS
1740
APILNSKPPD
1790
YIAVILENES
1840
FAAALEPPLN
1890
EMDALRIQME
1940
LKRTVKQASE
1990
ACPPSYDRVT

PCT/US2020/015183

SVEKYIIDES
1150
SKEKLNESSS
1200
CCQINVEEGR
1250
YIDOQRKTIKT
1300
IVDVSLVSLT
1350
LGAIPSIMNV
1400
NNHTDCLKLI
1450
AVDSRNVELQ
1500
KKFGGQDIFM
1550
QVFDISIMIL
1600
KLISLRHYYF
1650
ARTGRILRLI
1700
NEFAYVKREVG
1750
CDPNKVNPGS
1800
VATEESAEPL
1850
LPOPNKLQLT
1900
ERFMASNPSK
1950
TYNKNKIKGG
2000
KPIVEKHEQE

The Nav1.1 sodium channel is encoded by a human SCN/A4 polynucleotide

sequence or fragment thereof having at least about or equal to 85%, or at least about

or equal to 90%, 95%, 98%, 99%, or greater, sequence identity to the SCN/A
polynucleotide sequence under Accession No. NCBI CCDS 54413.1 (RefSeq Nos.
NM 001165963.2; NM_001202435.2; NM_001353948.1) as set forth below.

(Genome information from Genome Reference Consortium GRCh38.p12. GenBank
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assembly accession: GCA_000001405.27 (latest); RefSeq assembly accession:
GCF_000001405.38 (latest))
SCNIA Nucleotide Sequence (6030 nt):

atggagcaaacagtgcttgtaccaccaggacctgacagcttcaacttcecttcaccagagaatctettgeg
gctattgaaagacgcattgcagaagaaaaggcaaagaatcccaaaccagacaaaaaagatgacgacgaa
aatggcccaaagccaaatagtgacttggaagctggaaagaaccttceccatttatttatggagacattect
ccagagatggtgtcagagccececctggaggacctggaccectactatatcaataagaaaacttttatagta
ttgaataaagggaaggccatctteccggttcagtgeccacctectgecctgtacattttaactececttecaat
cctcecttaggaaaatagctattaagattttggtacattcattattcagecatgetaattatgtgecactatt
ttgacaaactgtgtgtttatgacaatgagtaaccctcctgattggacaaagaatgtagaatacacctte
acaggaatatatacttttgaatcacttataaaaattattgcaaggggattctgtttagaagattttact
ttceccttecgggatccatggaactggetegatttcactgtcattacatttgegtacgtcacagagtttgtyg
gacctgggcaatgtctcggcattgagaacattcagagttcteccgagcattgaagacgatttcagtecatt
ccaggcctgaaaaccattgtgggagcectgatceccagtectgtgaagaagetectcagatgtaatgatceetyg
actgtgttctgtctgagecgtatttgectctaattgggectgecagetgttcatgggecaacctgaggaataaa
tgtatacaatggcctcccaccaatgcttecttggaggaacatagtatagaaaagaatataactgtgaat
tataatggtacacttataaatgaaactgtctttgagtttgactggaagtcatatattcaagattcaaga
tatcattatttcctggagggttttttagatgcactactatgtggaaatagctctgatgcaggeccaatgt
ccagagggatatatgtgtgtgaaagctggtagaaatcccaattatggctacacaagectttgatacctte
agttgggcttttttgtccttgtttcgactaatgactcaggacttctgggaaaatctttatcaactgaca
ttacgtgctgctgggaaaacgtacatgatattttttgtattggtcattttecttgggectcattctaccta
ataaatttgatcctggectgtggtggeccatggecctacgaggaacagaatcaggeccaccttggaagaagea
gaacagaaagaggccgaatttcagcagatgattgaacagcttaaaaagcaacaggaggcagctcagecag
gcagcaacggcaactgcctcagaacattccagagagecccagtgcagcaggcaggectcectcagacagetea
tctgaagcctctaagttgagttccaagagtgctaaggaaagaagaaatcggaggaagaaaagaaaacag
aaagagcagtctggtggggaagagaaagatgaggatgaattccaaaaatctgaatctgaggacagcecatce
aggaggaaaggttttcgcttctceccattgaagggaaccgattgacatatgaaaagaggtactcecctcececcea
caccagtctttgttgagcatcecgtggetecctattttcaccaaggecgaaatagcagaacaagectttte
agctttagagggcgagcaaaggatgtgggatctgagaacgacttecgcagatgatgagcacagcaccttt
gaggataacgagagccgtagagattecttgtttgtgeccecgacgacacggagagagacgcaacagcaac
ctgagtcagaccagtaggtcatceccggatgctggcagtgtttccagecgaatgggaagatgcacagecact
gtggattgcaatggtgtggtttccttggttggtggaccttcagttecctacatecgectgttggacagett
ctgccagaggtgataatagataagccagctactgatgacaatggaacaaccactgaaactgaaatgaga
aagagaaggtcaagttctttccacgtttccatggactttctagaagatccttececcaaaggcaacgagea
atgagtatagccagcattctaacaaatacagtagaagaacttgaagaatccaggcagaaatgcccacce
tgttggtataaattttccaacatattcttaatctgggactgttctccatattggttaaaagtgaaacat
gttgtcaacctggttgtgatggacccatttgttgacctggeccatcaccatctgtattgtecttaaatact
cttttcatggccatggagcactatccaatgacggaccatttcaataatgtgecttacagtaggaaacttyg
gttttcactgggatctttacagcagaaatgtttctgaaaattattgeccatggatccttactattattte
caagaaggctggaatatctttgacggttttattgtgacgettagecctggtagaacttggactecgecaat
gtggaaggattatctgttctcegttcatttecgattgetgecgagttttcaagttggecaaaatecttggeca
acgttaaatatgctaataaagatcatcggcaattcecgtgggggctectgggaaatttaaccctegtettyg
gccatcatcgtcttecatttttgeecgtggtecggecatgecagetetttggtaaaagectacaaagattgtgte
tgcaagatcgccagtgattgtcaactecccacgectggcacatgaatgacttecttecacteccttectgatt
gtgttccgegtgetgtgtggggagtggatagagaccatgtgggactgtatggaggttgetggtcaagece
atgtgccttactgtcttcatgatggtcatggtgattggaaacctagtggtecctgaatctetttetggee
ttgcttctgagctcatttagtgcagacaaccttgcageccactgatgatgataatgaaatgaataatcte
caaattgctgtggataggatgcacaaaggagtagcttatgtgaaaagaaaaatatatgaatttattcaa
cagtccttcattaggaaacaaaagattttagatgaaattaaaccacttgatgatctaaacaacaagaaa
gacagttgtatgtccaatcatacagcagaaattgggaaagatcttgactatcttaaagatgtaaatgga
actacaagtggtataggaactggcagcagtgttgaaaaatacattattgatgaaagtgattacatgtca
ttcataaacaaccccagtcttactgtgactgtaccaattgectgtaggagaatctgactttgaaaattta
aacacggaagactttagtagtgaatcggatctggaagaaagcaaagagaaactgaatgaaagcagtage
tcatcagaaggtagcactgtggacatcggcgcacctgtagaagaacagcccgtagtggaacctgaagaa
actcttgaaccagaagcttgtttcactgaaggctgtgtacaaagattcaagtgttgtcaaatcaatgtyg
gaagaaggcagaggaaaacaatggtggaacctgagaaggacgtgtttccgaatagttgaacataactgg
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tttgagaccttcattgttttcatgattcteccttagtagtggtgectectggecatttgaagatatatatatt
gatcagcgaaagacgattaagacgatgttggaatatgctgacaaggttttcacttacattttcattectyg
gaaatgcttctaaaatgggtggcatatggctatcaaacatatttcaccaatgecctggtgttggetggac
ttcttaattgttgatgtttcattggtcagtttaacagcaaatgeccttgggttactcagaacttggagece
atcaaatctctcaggacactaagagctctgagacctctaagagceccttatectecgatttgaagggatgagg
gtggttgtgaatgcccttttaggagcaattccatccatcatgaatgtgettectggtttgtettatatte
tggctaattttcagcatcatgggecgtaaatttgtttgectggcaaattctaccactgtattaacaccaca
actggtgacaggtttgacatcgaagacgtgaataatcatactgattgcctaaaactaatagaaagaaat
gagactgctcgatggaaaaatgtgaaagtaaactttgataatgtaggatttgggtatctcectetttgett
caagttgccacattcaaaggatggatggatataatgtatgcagcagttgattceccagaaatgtggaacte
cagcctaagtatgaagaaagtctgtacatgtatctttactttgttattttecatcatetttgggtectte
ttcaccttgaacctgtttattggtgtcatcatagataatttcaaccagcagaaaaagaagtttggaggt
caagacatctttatgacagaagaacagaagaaatactataatgcaatgaaaaaattaggatcgaaaaaa
ccgcaaaagcctatacctcgaccaggaaacaaatttcaaggaatggtcectttgacttegtaaccagacaa
gtttttgacataagcatcatgattctcatctgtcttaacatggtcacaatgatggtggaaacagatgac
cagagtgaatatgtgactaccattttgtcacgcatcaatctggtgttcattgtgetatttactggagag
tgtgtactgaaactcatctctctacgccattattattttaccattggatggaatatttttgattttgtyg
gttgtcattctctccattgtaggtatgtttettgecgagectgatagaaaagtatttegtgtecectace
ctgttccgagtgatcecgtecttgectaggattggecgaatectacgtectgatcaaaggagecaaaggggate
cgcacgctgctcectttgetttgatgatgtececttectgegttgtttaacatecggectecctactettecta
gtcatgttcatctacgccatctttgggatgtccaactttgectatgttaagagggaagttgggatcecgat
gacatgttcaactttgagacctttggcaacagcatgatctgcecctattccaaattacaacctetgetgge
tgggatggattgctagcacccattctcaacagtaageccacccgactgtgaccctaataaagttaacccet
ggaagctcagttaagggagactgtgggaacccatctgttggaattttecttttttgtcagttacatcate
atatccttcecctggttgtggtgaacatgtacatcgeggtcatecctggagaacttcagtgttgetactgaa
gaaagtgcagagcctctgagtgaggatgactttgagatgttctatgaggtttgggagaagtttgatcce
gatgcaactcagttcatggaatttgaaaaattatctcagtttgcagctgegettgaaccgectetecaat
ctgccacaaccaaacaaactccagctcattgceccatggatttgeccatggtgagtggtgaceggatccac
tgtcttgatatcttatttgcttttacaaagecgggttctaggagagagtggagagatggatgectcectacga
atacagatggaagagcgattcatggcttccaatccttccaaggtctecctatcageccaatcactactact
ttaaaacgaaaacaagaggaagtatctgctgtcattattcagegtgettacagacgeccaccttttaaag
cgaactgtaaaacaagcttcctttacgtacaataaaaacaaaatcaaaggtggggctaatcttcecttata
aaagaagacatgataattgacagaataaatgaaaactctattacagaaaaaactgatctgaccatgtcce
actgcagcttgtccaccttectatgaccgggtgacaaagccaattgtggaaaaacatgagcaagaaggce

aaagatgaaaaagccaaagggaaataa (SEQ ID NO: 2).

The sodium channel Nav1.1 encoded by the SCN/A gene is expressed in
multiple distinct neuronal populations in the cortex. These include 3 non-overlapping
neuronal populations: fast-spiking cortical interneurons expressing parvalbumin (PV
cINs), dis-inhibitory cortical interneurons expressing the vaso-intestinal peptide (VIP
cINs) and layer 5 pyramidal neurons.

The amino acid sequence of the unmodified human muscarinic acetylcholine
receptor M3 is provided under NCBI Reference Sequence NP_000731.1 as set forth
below. Also encompassed herein is a polypeptide or protein or functional fragment
thereof having at least about or equal to 85%, or at least about or equal to 90%, 95%,
98%, 99%, or greater, amino acid sequence identity to the following amino acid

sequence

1 MTLHNNSTTS PLEFPNISSSW IHSPSDAGLP PGTVTHFGSY NVSRAAGNFS SPDGTTDDPL
6l GGHTVWQVVFEF IAFLTGILAL VTIIGNILVI VSFKVNKQLK TVNNYFLLSL ACADLIIGVI
121 SMNLFTTYII MNRWALGNLA CDLWLAIDYV ASNASVMNLL VISFDRYFSI TRPLTYRAKR
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181
241
301
361
421

TTKRAGVMIG
YMPVTIMTIL
KRSNRRKYGR
TRATYSIVLK
PKSESKLPIQ
481 MSLVKEKKAA
541 PVCYALCNKT

LAWVISEFVLW
YWRIYKETEK
CHEWEFTTKSW
LPGHSTILNS
LESAVDTAKT
QTLSAILLAF
FRTTFKMLLL

APATLEWQYF
RTKELAGLQA
KPSSEQMDQOD
TKLPSSDNLQ
SDVNSSVGKS
ITTWTPYNIM
CQCDKKKRRK

VGKRTVPPGE
SGTEAETENF
HSSSDSWNNN
VPEEELGMVD
TATLPLSFKE
VLVNTFCDSC
QQYQQRQSVI

PCT/US2020/015183

CFIQFLSEPT
VHPTGSSRSC
DAAASTENSA
LERKADKLQA
ATLAKRFALK
IPKTFWNLGY
FHKRAPEQAL

ITFGTAIAAF
SSYELQQQSM
SSDEEDIGSE
QKSVDDGGSF
TRSQITKRKR
WLCYINSTVN

(SEQ ID NO: 3).

The amino acid sequence of the human Gq-DREADD (hM3Dq) excitatory
receptor is derived from the amino-acid sequence of the unmodified human
muscarinic acetylcholine receptor M3 set forth above. In the Gq-DREADD (hM3Dq)
receptor amino acid sequence (590 aa), the tyrosine in position 149 is replaced by a
cysteine, and the arginine in position 239 is replaced by a glycine (US Publication No.
2018/0078658), as shown below:

Met Thr Leu His Asn Asn Ser Thr Thr Ser Pro Leu Phe Pro Asn Ile Ser Ser Ser Trp
Ile His Ser Pro Ser Asp Ala Gly Leu Pro Pro Gly Thr Val Thr His Phe Gly Ser Tyr
Asn Val Ser Arg Ala Ala Gly Asn Phe Ser Ser Pro Asp Gly Thr Thr Asp Asp Pro Leu
Gly Gly His Thr Val Trp Gln Val Val Phe Ile Ala Phe Leu Thr Gly Ile Leu Ala Leu
Val Thr Ile lle Gly Asn Ile Leu Val Ile Val Ser Phe Lys Val Asn Lys Gln Leu Lys Thr
Val Asn Asn Tyr Phe Leu Leu Ser Leu Ala Cys Ala Asp Leu Ile lle Gly Val Ile Ser
Met Asn Leu Phe Thr Thr Tyr Ile Ile Met Asn Arg Trp Ala Leu Gly Asn Leu Ala Cys
Asp Leu Trp Leu Ala Ile Asp Cys Val Ala Ser Asn Ala Ser Val Met Asn Leu Leu Val
Ile Ser Phe Asp Arg Tyr Phe Ser Ile Thr Arg Pro Leu Thr Tyr Arg Ala Lys Arg Thr
Thr Lys Arg Ala Gly Val Met lle Gly Leu Ala Trp Val Ile Ser Phe Val Leu Trp Ala
Pro Ala Ile Leu Phe Trp Gln Tyr Phe Val Gly Lys Arg Thr Val Pro Pro Gly Glu Cys
Phe Ile Gln Phe Leu Ser Glu Pro Thr Ile Thr Phe Gly Thr Ala Ile Ala Gly Phe Tyr
Met Pro Val Thr Ile Met Thr Ile Leu Tyr Trp Arg Ile Tyr Lys Glu Thr Glu Lys Arg
Thr Lys Glu Leu Ala Gly Leu Gln Ala Ser Gly Thr Glu Ala Glu Thr Glu Asn Phe Val
His Pro Thr Gly Ser Ser Arg Ser Cys Ser Ser Tyr Glu Leu Gln Gln Gln Ser Met Lys
Arg Ser Asn Arg Arg Lys Tyr Gly Arg Cys His Phe Trp Phe Thr Thr Lys Ser Trp Lys
Pro Ser Ser Glu GIn Met Asp Gln Asp His Ser Ser Ser Asp Ser Trp Asn Asn Asn Asp
Ala Ala Ala Ser Leu Glu Asn Ser Ala Ser Ser Asp Glu Glu Asp Ile Gly Ser Glu Thr
Arg Ala Ile Tyr Ser Ile Val Leu Lys Leu Pro Gly His Ser Thr Ile Leu Asn Ser Thr Lys
Leu Pro Ser Ser Asp Asn Leu Gln Val Pro Glu Glu Glu Leu Gly Met Val Asp Leu
Glu Arg Lys Ala Asp Lys Leu Gln Ala Gln Lys Ser Val Asp Asp Gly Gly Ser Phe Pro
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Lys Ser Phe Ser Lys Leu Pro Ile Gln Leu Glu Ser Ala Val Asp Thr Ala Lys Thr Ser
Asp Val Asn Ser Ser Val Gly Lys Ser Thr Ala Thr Leu Pro Leu Ser Phe Lys Glu Ala
Thr Leu Ala Lys Arg Phe Ala Leu Lys Thr Arg Ser Gln Ile Thr Lys Arg Lys Arg Met
Ser Leu Val Lys Glu Lys Lys Ala Ala Gln Thr Leu Ser Ala Ile Leu Leu Ala Phe Ile
Ile Thr Trp Thr Pro Tyr Asn Ile Met Val Leu Val Asn Thr Phe Cys Asp Ser Cys Ile
Pro Lys Thr Phe Trp Asn Leu Gly Tyr Trp Leu Cys Tyr lle Asn Ser Thr Val Asn Pro
Val Cys Tyr Ala Leu Cys Asn Lys Thr Phe Arg Thr Thr Phe Lys Met Leu Leu Leu
Cys GIn Cys Asp Lys Lys Lys Arg Arg Lys Gln Gln Tyr Gln Gln Arg Gln Ser Val Ile
Phe His Lys Arg Ala Pro Glu Gln AlaLeu (SEQ ID NO: 4).

Unless specifically stated or obvious from context, as used herein, the term
"or" is understood to be inclusive. Unless specifically stated or obvious from context,
as used herein, the terms "a", "an", and "the" are understood to be singular or plural.

As used herein, the term "about" or "approximately" means within an
acceptable error range for the type of value described and the method used to measure
the value. For example, these terms can signify within 20%, more preferably within
10%, and most preferably still within 5% of a given value or range. More
specifically, “about” can be understood as within 20%, 10%, 9%, 8%, 7%, 6%, 5%,
4%, 3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value or range.
Alternatively, especially in biological systems, the term "about" means within one log
unit (i.e., one order of magnitude), preferably within a factor of two of a given value.
Unless specifically stated or obvious from context, as used herein, the term “about” is
understood as within a range of normal tolerance in the art, for example within 2
standard deviations of the mean. Unless otherwise clear from context, all numerical
values provided herein are modified by the term about.

The recitation of a listing of chemical groups or component groups in any
definition of a variable herein includes definitions of that variable as any single group
or combination of listed groups. The recitation of an embodiment for a variable or
aspect herein includes that embodiment as any single embodiment or in combination
with any other embodiments or portions thereof as described in the disclosure.

Any compositions or methods provided herein can be combined with one or

more of any of the other compositions and methods provided herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1, 1A-2, 1A-3, 1B-1, 1B-2, 1C and 1D present tabular data and
information related to the discovery and identification of specific enhancer
(regulatory) sequences, called “E1-E35” herein. Shown are enhancers specific for
SCN1A-restricted gene expression, such as E1-E10, in GABAergic interneurons, such
as PV-expressing interneurons, as well as enhancers that target other genes presented
in the tables. FIG. 1A-1 presents tabular data depicting gene, target (e.g., neuronal
cell type), specificity, position (e.g., intergenic or intronic), chromosome location and
genome sequence start and stop site characteristics of thirty-five (35) enhancer
elements, called E1-E35, in the mouse genome. Similarly, FIGS. 1A-2 and 1A-3
present tabular data depicting the gene, target (e.g., neuronal cell type), specificity,
position (e.g., intergenic or intronic), chromosome location and genome sequence
start and stop site characteristics of these thirty-five (35) E1-E35 enhancer elements in
the human genome. By way of example, enhancer (regulatory) elements E1-E10 (also
called SSE1-SSE10 herein) were identified in the vicinity of the human SCN/A4 gene,
in the mouse genome (FIG. 1A-1) and in the human genome (FIGS. 1A-2 and 1A-3).
In FIGS. 1A-1 to 1A-3, the polynucleotide sequences of the mouse and human
enhancer elements described herein have the start and stop sites in the mouse and
human genomes as set forth in the tables (as well as in the tables of FIGS. 15A-1,
15A-2, 16A-1 and 16A-2); the mouse and human enhancer sequences are provided
via the web-accessible genome information listed in the tables of FIGS. 1A-1 to 1A-
3. FIGS. 1B-1 and 1B-2 present images showing E1-E10 enhancer element-
restricted reporter gene expression in PV-expressing interneurons in cortical layers of
brain. The images show the results of immunohistochemical (IHC) staining analysis
for dTomato in brain sections following systemic in vivo injection of the pAAV-S5-
E2-dTomato vector into an animal (mouse), allowing for detection of specific cells
transduced by the vector. FIGS. 1C and 1D show graphs depicting the quantification
of the degree of the specificity (FIG. 1C) and sensitivity (FIG. 1D) of expression of a
reporter gene in PV-expressing interneurons in the cortex. The expression of the
reporter gene is controlled by the E1-E10 enhancer elements contained in rAAV
vectors. The specificity was quantified as the proportion of cells expressing the viral

reporter dTomato co-expressing the PV-interneuron marker PV assessed by
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immunohistochemistry on brain sections following systemic in vivo injection of the
pAAV-S5-E2-dTomato vector into an animal (mouse). The sensitivity was quantified
as the proportion of cells expressing the PV-interneuron marker PV that co-expressed
in the viral reporter dTomato as assessed by immunohistochemistry on brain sections
following systemic in vivo injection of the pAAV-S5-E2-dTomato vector into an
animal (mouse). Bar graphs represent mean +/- standard error of the mean (s.e.m.).

FIGS. 2A and 2B present images showing localization of reporter gene
expression, using rAAV vectors containing the E2 enhancer element sequence and
reporter transgene (e.g., d-Tomato) or an effector gene (e.g. Gg-DREADD) across
brain structures including the cortex. FIG. 2A presents an image showing the results
of immunohistochemical (IHC) staining analysis for the dTomato reporter in brain
sections (sagittal sections in the top portion of the figure; coronal sections in the lower
portions of the figure) following systemic iz vivo injection of the pAAV-S5-E2-
dTomato vector into an animal (mouse), allowing for detection of specific cells
transduced by the vector. FIG. 2B presents images showing the results of
immunohistochemical (IHC) staining analysis for the dTomato reporter expressed in
brain sections following systemic iz vivo injection of the pAAV-S5-E2-dTomato
vector, or into an animal (mouse), allowing for detection of specific cells expressing
PV. Reporter gene expression from the pAAV-S5-E2-dTomato vector is visualized in
brain sections (in red in the left panel of FIG. 2B). Reporter gene expression from the
pAAV-S5-E2-Gq-DREADD-dTomato is visualized in green for Gg-DREADD and
red for dTomato in the right panel of FIG. 2B). Detection of specific PV-expressing
cells transduced by the vector is visualized (in the left panel of FIG. 2B, and in the
right panel of FIG. 2B).

FIGS. 3A-3F show schematics, plots, graphs and confocal microscope images
related to the identification of SCN1A enhancers. FIG. 3A provides a schematic
representation of the scATAC-seq pipeline. Interneurons were collected from the
visual cortex of adult DIx6a®®::Sun1-eGFP mice. FIG. 3B shows a plot of the 3500
nuclei in UMAP space. The clusters obtained from the SnapATAC pipeline were
lumped into the four cardinal classes of interneurons. FIG. 3C presents a Venn
diagram showing the numbers of unique and shared peaks across the four interneuron

populations, PV, SST, VIP and ID2. FIG. 3D shows a schematic representation of

38



10

15

20

25

30

WO 2020/163102 PCT/US2020/015183

the enhancer selection method at the SCN/A4 locus, as described in the Methods herein
(Example 8). FIGS. 3E and 3F illustrate results obtained following the systemic
injection of adult mice with the indicated rAAV-E[x]-dTomato vector containing an
enhancer element as described and the analysis 3 weeks post-injection.
Immunohistochemical (IHC) evaluation for the reporter and indicated markers in the
S1 cortex was used to assess the strength of expression of the reporter (FIG. 3E,
upper panel) and the specificity of expression of the viral reporter for the indicated
markers (all other panels). Representative fluorescent images of the indicated viral
reporter in the somatosensory cortex (FIG. 3F, left panels). Dashed lines represent
the limits of anatomical structures. Scale bars represent 100 pm. On the graphs, the
dots represent individual measurements and the lines represent average +/- s.e.m.

FIGS. 4A-4F presents images, graphs and recording traces related to viral
targeting of PV cortical interneurons (PV cINs) in mice. Adult mice were injected
systemically (FIGS. 4A-4B images) or locally (FIG. 4D) with rAAV-E2-dTomato
expressing the reporter dTomato under the control of the E2 regulatory element and
analyzed 3 weeks post-injection by immunohistochemistry (IHC) or ISH for both the
reporter and the PV marker. FIG. 4C shows a slice recoding of the intrinsic
properties of virally labeled neurons. FIG. 4D (right panel) presents a graph
illustrating the specificity of expression shown as the proportion of cells expressing
the reporter that co-express the PV relative to the strength of expression of the
reporter. FIG. 4E presents images resulting from experiments in which mice were
injected locally with rAAV-E2-dTomato expressing the reporter dTomato under the
control of the E2 regulatory element and analyzed at the indicated developmental
stages for the reporter and the indicated markers. Scale bars represent 250 um (FIG.
4A) and 50 um (FIGS. 4B, 4D, 4E). In the graphs, the dots represent individual
measurements, and the lines represent average +/- s.e.m.

FIGS. SA-5SE present images, current clamp recording traces and graphs
related to viral monitoring and manipulation of PV cortical interneurons (PC cINs) in
mice. Mice were injected locally in the somatosensory (S1) cortex with rAAVs (FIG.
SA — P10 injection with rAAV-E2-SYP-dTomato; FIG. 5B — P14 injection with
rAAV-E2-GCaMPo6f; FIGS. 5D and SE — Adult injection with rAAV-E2-C1V1-
eYFP), or systemically (FIG. SC — Adult injection with rAAV-E2-PSAM4-SHT3-
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LC-GFP). FIG. 5A presents representative images of the co-localization between the
SYP-dTomato reporter and the synaptic marker Syt2 one-week post-injection and
corresponding quantification. FIG. SB shows results of Ca2+ imaging upon whisker
stimulation performed 2-3 weeks post-injection. In the right panel, the success rate
was calculated as the proportions of AF/F peaks above threshold in response to
whisker stimulation. FIG. SC shows the results of current clamp recording performed
on brain sections 4 weeks after injection. The traces show a representative cellular
response at the indicated currents at both baseline and after bath application of
varenicline. FIG. 5D shows the results of current clamp recording performed on
brain sections 1 week after injection. Cells expressing the viral reporter were exposed
to 2 seconds of constant laser stimulation (550 nm) while the voltage was recorded
over 3 seconds. Neighboring pyramidal cells that did not express the viral reporter
were also recorded from during laser stimulation. FIG. SE illustrates in vivo single-
unit analysis of neuronal activity and shows Raster plots of virally infected neurons
upon laser stimulation and corresponding population quantification data. The left
panels show fast-spiking cells and the right panels show regular spiking excitatory
cells. Notably, due to the mosaic nature of local viral injection, individual cell
responses were bimodal. This likely reflects whether or not particular cells were
infected. Scale bars represent 5 um. The middle bars at the top of the “Trial” versus
“Time” graphs represent laser stimulation. In the graphs, dots represent individual
measurements and the lines represent average +/- s.e.m.

FIGS. 6A and 6B present drawings, graphs, images and recording traces
related to viral targeting and manipulation PV cortical interneurons (PV cINs) in
primates, including humans. FIG. 6A: Animals from indicated species were locally
(rat and macaque) or systemically (marmoset) injected with rAAV-E2-C1V1-eYFP
(macaque) or rAAV-E2-dTomato (rat and marmoset) and analyzed 2-8 weeks post-
injection. The specificity of expression is shown as the proportion of virally labeled
cells co-expressing PV. FIG. 6B: Human brain tissue obtained from surgical
resection was exposed to either rAAV-E2-dTomato (i-iii) or rAAV-E2-C1V1-eYFP
(iv) and maintained in culture for 7-14 days. The upper right panel shows the
proportion of fast-spiking neurons among the virally-labeled cells assessed by

electrophysiological recordings of intrinsic properties. (iv) Electrophysiology current
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clamp recording of virally labeled cells upon laser stimulation. Scale bars represent
25 um. The bar at the top of the “Direct photoactivation (PV)” trace represents laser
stimulation and the arrowheads point at neurons co-expressing PV and the viral
reporter. On the graphs, dots represent individual measurements and the lines
represent average +/- s.e.m.

FIG. 7 depicts fluorescent images of sagittal sections from adult mice that
were injected systemically with the indicated rAAV-E[x]-dTom viral reporter vector
and analyzed 3 weeks post-injection with IHC for the viral reporter. Scale bar
represents 500 um.

FIGS. 8A-8D present images and graphs of results following systemic
injection of adult mice with rAAV-E2-dTomato. FIG. 8A relates to slice recording of
the intrinsic properties of virally labeled neurons. The left panel shows a
representative cell expressing the viral reporter. The triangular trace in the middle,
top represents the recording pipet. The quantifications show the indicated parameters.
The darker gray dots in the “Identity” graph represent cells with stereotypical fast-
spiking (FS) properties. FIG. 8B shows representative slice recording traces of
positive and negative fast-spiking cells (FS and nFS, respectively. Scale bars
represent 20 um. On the graphs, dots represent individual measurements and the lines
represent average +/- s.e.m. FIGS. 8C and 8D show results following systemic
injection of adult mice with rAAV-E2-dTomato and analysis 3 weeks post-injection.
FIG. 8C: Coronal and sagittal sections were analyzed with IHC for the viral reporter
and PV and the specificity to PV was reported across brain regions. FIG. 8D: The
native viral expression was analyzed from the indicated organs. Scale bars represent
100 pm (FIG. 8C) and 250 pm (FIG. 8D). On the graphs, dots represent individual
measurements and the lines represent average +/- s.e.m.

FIGS. 9A-9C present images, recording trace data and graphs. Mice were
injected systemically (FIG. 9A: P14 injection with rAAV-E2- GCaMPo6f) and locally
(FIG. 9B: rAAV-E2-C1V1-eYFP; FIG. 9C: rAAV-E2- GgDREADD) in the
somatosensory cortex. FIG. 9A: Mice were analyzed 1-week post-injection. The left
panel shows widefield images of two representative peaks shown by the pound sign in
the middle panels. The right panel shows a fluorescent image taken after GCaMP

recordings. FIG. 9B: Slice electrophysiology current clamp recording were
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performed 1-week post-injection. Cells expressing the viral reporter were targeted
with either 10Hz or 40Hz laser stimulation (550 nm) while the voltage was recorded
over 3 seconds. FIG. 9C: Slice electrophysiology current clamp recordings were
performed 1-week post- injection. The voltage was recorded before and after bath
application of CNO. Scale bars represent 500 um. The “+CNQO” bars represent laser
stimulation. On the graphs, dots represent individual measurements.

FIGS. 10A and 10B present stained images and data plots related to studies in
which human brain tissue obtained from surgical resection was exposed to either
AAV-E2-dTomato and maintained in culture for 7-14 days. FIG. 10A:
Representative image of the dendrites of virally labeled cells filled with Biocytin
during the recording session. FIG. 10B: Slice recording of the intrinsic properties of
virally labeled neurons. The quantifications show the indicated parameters. The
darker, rightmost dots in the “Identity” graph represent cells with stereotypical fast-
spiking (FS) properties. Scale bar represent 100 pm. In the graphs, the dots represent
individual measurements and the lines represent average +/- s.e.m.

FIG. 11 provides a table showing quantifications of cells expressing
markers/reporters. As described in Example 7, quantifications were performed using a
minimum of two independent biological replicates, and the specific numbers of cells
and conditions are indicated for each individual quantification in the table.

FIG. 12 presents UMAP plots of 3500 neuronal nuclei collected from 4
DIx6a%®::Sun1- GFP mice reflecting promoter accessibility of the indicated canonical
interneuron markers.

FIGS. 13A and 13B present slices, images and graphs related to the
identification of viral enhancers with regional specificity. FIG. 13A: Adult mice
were injected systemically with the indicated rAAV vector containing an enhancer
element polynucleotide sequence and a detectable reporter or marker (e.g., GFP)
polynucleotide, i.e., rAAV-E[x]-eGFP, and analyzed 3 weeks post-injection.
Immunohistochemistry (IHC) for the reporter and indicated markers in the S1 cortex
was used to assess the density of neuronal cell-bodies expressing the viral reporter
(left panels) and the specificity of expression of the viral reporter for the indicated
markers (right panels). For the E29 virus, no cell bodies are observed in the thalamus,

with the exception of the thalamic reticular nucleus (TRN). FIG. 13B: An adult

42



10

15

20

25

30

WO 2020/163102 PCT/US2020/015183

macaque was injected in V1 with rAAV-E22-eGFP and analyzed 8 weeks post-
injection with THC for the reporter and indicated markers. Scale bars represent 100
um (a), 50 um (b, left) and 10 pum (b, right). On the graphs, dots represent individual
measurements and the lines represent average +/- s.e.m.

FIG, 14 presents images and a graph related to studies in which adult mice
were injected with the indicated modified rAAV-E2-dTomato construct and analyzed 3
weeks post-injection with IHC for the viral reporter and PV. The corresponding
specificity is shown in the graph at the right. Scale bars represent 2 pm. On the
graphs, dots represent individual measurements and the lines represent average +/-
s.e.m.

FIGS, 15A-1 and 15A-2 present a table containing the specifications for all
tested enhancers, including their associated gene, target population, specificity for
target population, location, presence of ATAC peaks, and conservation with the
human sequence.

FIGS. 16A-1 and 16A-2 present a table that compiles various parameters
related to each of the tested enhancers, including enhancer name (E1-E35), gene,
target, % specificity, murine chromosome location (Mouse mm10_Chr), enhancer
sequence start site in murine genome (Mouse mm10_Start), enhancer sequence stop
site in murine genome (Mouse mmli0 Stop), size (base pairs (bp)) , human
chromosome location {(Human _hg38 Chr}, enhancer sequence start site in buman
{Human_hg38 Stop), and Percentage of conservation between the mouse and human
enhancer sequences. In the tables presented in FIGS. 15A-1 and 15A-2, and FIGK.
16-A1 and 16-A2, as well as in FIGS. TA1 to 1A3, the total number of base pairs (bp)
shown for the polymucleotide sequence of each of the listed enhancers E1-E35 reflects
that the numerical value of the first base pair (bp) counted 10 the sequence 13 valued at
zero {0}, as would be appreciated by one skilled in the art. Notwithstanding, the total
nurnber of bp comprisimg the polynucleotide sequence of each enhancer (E1-E35) is
obtainable simply by counting the number of total bp in the sequence, based on the

tabularized data presented in the figures described herein.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

The embodiments featured and described herein relate to strategies, methods
and products developed to identify multiple new enhancers, (E1-E35), for use with
viral vectors, such as recombinant adeno-associated virus (rAAV) vectors, for
example, to target functionally distinct neuronal subtypes, particularly, within the
cerebral cortex. Investigation of the regulatory landscape of the disease gene SCN/A4
led to the identification of enhancers that target the breadth of its expression,
including, by way of nonlimiting example, two enhancers that are selective for
parvalbumin (PV) and vasoactive intestinal peptide (VIP) cortical interneurons. The
functional utility of these regulatory elements was demonstrated, and it was found that
the PV-specific enhancers allowed for the selective targeting and manipulation of
these neurons across species, from mice to humans. Moreover, the selection method
as described herein ts generalizable to other genes and characterized certain PV-
specific enhancers, such as, for example, Ei1, E14, E22 and E29, which have a high
degree of specificity for distinct regions of the brain. Recombinant viral vectors, e.g.,
tAAV vectors, harboring the enhancer sequences provide viral tools for use in celi-
type specific circuit manipulation and in therapeutic interventions to treat and
ameliorate neuropathological or neuropsychiatric diseases, conditions and
pathologies.

Specific viral-based therapeutic products, compositions, methods and
approaches for treating or ameliorating neurological, neurodevelopmental,
neurogenetic, or neuropsychiatric diseases, disorders, and pathologies are described
herein. As described, virus vectors and vehicles for gene delivery are designed and
produced to contain a specific enhancer sequence (enhancer) and a polynucleotide
sequence of a gene of interest, such as an effector gene (e.g., a transgene or reporter
gene), which is specifically and functionally expressed in specific interneuron or
neuron cell populations following transduction of the interneuron or neuron cells by
the virus vector or vehicle. In an embodiment, a virus vector or vehicle is provided
which comprises the polynucleotide of a specific enhancer sequence (enhancer),
which is specifically and functionally expressed in specific interneuron or neuron cell
populations following transduction of the interneuron or neuron cells by the virus

vector or vehicle. In an embodiment, the enhancer harbored by the virus is capable of
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restricting the expression of the transgene to certain interneuron cells or neuronal
cells. In embodiments, expression of the transgene is restricted to expression in cells
that are deficient for that gene. In an embodiment, the expression of the transgene is
specifically modulated in the interneuron cell or other neuronal cell. In other
embodiments, the transgene is an effector gene or a therapeutic gene. In
embodiments, the enhancer element restricts expression of a gene to one or more
neuronal cell types, including a parvalbumin (PV)-expressing cortical interneuron cell
(PV-cIN cell), which is a fast-spiking cortical interneuron; a dis-inhibitory cortical
interneuron cell expressing vaso-intestinal peptide (VIP), (VIP cIN cell); and a
pyramidal (PYR) neuron, in particular, a pyramidal neuron of cortical layer 5 of the
brain.

In an embodiment, the virus vector contains a specific enhancer sequence and
a transgene (effector gene) associated with a neurological, neurodevelopmental or
neurogenetic disease, disorder, or condition, and the enhancer is capable of restricting
the expression of the transgene to an interneuron cell population that has loss-of-
function for the gene, is deficient for the gene, or that expresses a mutant, variant, or
defective form of the gene associated with the neurological or neurogenetic disease,
disorder, and pathology. In a particular embodiment, the enhancer sequence inserted
in the virus vector polynucleotide is identified as one having specificity for regulating
the expression of the SCN/A gene, which encodes the Nav1.1 sodium channel, and
restricting expression to SCN/A-expressing cells, in particular, GABAergic
interneuron cells. Loss of function of the SCN/A4 gene is the most prevalent cause of
the debilitating disease Dravet syndrome (DS), which is a pharmaco-resistant form of
infantile epilepsy associated with cognitive impairment and premature death. In
certain embodiments, the specific expression of the transgene (effector gene) in
interneurons may be determined by the detection of markers that are specific for
interneuron cells, e.g., without limitation, GABA GADG7, or PV interneuron cell
markers. In an embodiment, the virus vector or vehicle is an adeno-associated virus
(AAV) or a recombinant AAV (rAAV). The terms “AAV” and “rAAV” are used
interchangeably herein.

The term “transgene” is used herein to refer to a gene (or genes) of interest (an

effector gene) contained in the rAAV vector or vehicle as described herein and is
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specifically expressed and functional in a certain cell types or populations as
described herein, especially by virtue of the enhancer sequence also contained in the
rAAV vector, which restricts the expression of the gene to a defined population of
cells, e.g., PV-expressing or SCN/A-expressing interneurons or subtypes thereof. In
some cases, the gene of interest (effector gene) is a normal form of a gene that is
expressed in the cell type tranduced by rAAV and whose encoded product functions
to provide a normal or normally-functioning product in the cell, such as a cell in
which there is a loss of function of the same gene as the transgene. In some cases, the
transgene or effector gene may be a reporter gene, e.g., green fluorescent protein
(GFP) or red fluorescent protein (RFP) that provides a detectable signal following
transduction of a cell by the rAAV vector. In some cases, the transgene or effector
gene may be both a reporter and a gene that encodes a product whose expression and
activity provide for normal cell function. The latter type of gene may be considered
to be a therapeutic gene. In a particular embodiment, the rAAV contains an SCN/A-
specific enhancer sequence and an SCN/A4 transgene.

The rAAYV vectors and methods described herein are based, at least in part, on
the discovery and demonstration that a specific enhancer can restrict the expression of
a transgene carried by the virus vector, such as a gene associated with a neurological
disease, disorder, or pathology, or a reporter gene, to interneuron cells
(“interneurons”) in the brain where the gene is expressed and the encoded gene
(transgene) product is functional. In an embodiment, such an expressed, functional
gene offsets, replaces, or substitutes for, the abnormal, aberrant, or lack of function of
a gene encoding a product involved in the normal functioning of an interneuron cell.

In an embodiment, a suitable viral vector, e.g., a lentiviral vector or, in
particular, a recombinant adeno-associated virus (rAAV) vector, is used to restrict
expression of a transgene in GABA-ergic PV-expressing interneurons a mammal, in
which an enhancer element as described herein provided in cis. In embodiments, the
enhancer element is one of SSE1 (E1), SSE2 (E2), SSE3 (E3), S5E4 (E4), SSE6 (E6),
SSE7 (E7), SSE8 (E8), SSE9 (E9), SSE10 (E10). In embodiments, the enhancer
element is E2, which is capable of restricting the expression of a viral reporter to
parvalbumin (PV)-expressing cortical interneurons (PV cINs), E6, which is selective

for VIP interneurons; or ES, which labels interneuron populations across all cortical
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layers, yet is especially selective for pyramidal neurons in layer 5 of the brain cortex,
in particular, glutamatergic pyramidal neurons, as described herein. In a particular
embodiment, the enhancer element is E2. In another particular embodiment, the
enhancer element is ES. In yet another particular embodiment, the enhancer element
is E6.

In an embodiment, the viral vector or rAAV vector comprising the enhancer
drives the expression of a copy of SCN/A4 in a transduced PV-expressing interneuron
cell for the treatment and therapy of seizures, all forms of epilepsy, or DS. In other
embodiments, the vector or rAAV vector comprising the enhancer drives the
expression of effectors like Gg-DREADD or PSAM for chemogenetic modulation of
PV-interneuron activity for the treatment of all forms of seizures, epilepsy, including
focal and pharmacologically intractable epilepsy, and also for the treatment of DS and
the symptoms thereof.

In general, a viral vector or rAAV vector comprises a polynucleotide
comprising an enhancer sequence selected from SS5E1-S5E10 as described herein, and
a transgene sequence, such as, a polynucleotide sequence encoding an SCN1A gene, a
polynucleotide sequence encoding hM3Dq modified muscarinic receptor (Gq-
DREADD) receptor, or a polynucleotide sequence encoding PSAM. In an
embodiment, the polynucleotide comprises an enhancer sequence selected from E2,
ES, or E6 as described herein. In certain embodiments, methods are provided for
therapeutic and prophylactic treatments for seizures and epilepsy, and more
specifically, Dravet syndrome, in an individual (e.g., a human patient) in need thereof.

In an embodiment, a method is provided in which an individual or subject in
need, e.g., a patient afflicted with seizures, epilepsy, or DS, is administered a viral
vector, such as a recombinant adeno-associated virus (rAAV) vector. comprising an
enhancer sequence as described herein, such as E2, ES, or E6, and a transgene
polynucleotide sequence encoding, for example, an SCN/A4-encoding polynucleotide
sequence, a hM3Dq modified muscarinic receptor (Gqg-DREADD)-encoding
polynucleotide sequence, or a PSAM-encoding polynucleotide sequence, such that
SCN1A, Gq-DREADD, or PSAM, respectively, is expressed in interneurons of the
individual or subject, especially in PV-expressing interneurons. Thus, a method is

provided for converting interneurons, especially, PV-expressing interneurons, in an
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individual or subject in need, that do not express SCN1A, Gq-DREADD, or PSAM to
interneurons that do express SCN1A, Gq-DREADD, or PSAM, respectively. As
such, the expression of the genes and encoded proteins is linked to the presence of the
enhancer element (E1-E10) as described herein that is also provided as a component
of the rAAV vector genome. In an embodiment, the enhancer element is E2, ES, or
E6. In an embodiment, an individual or subject in need, e.g., a patient afflicted with
seizures, epilepsy, or DS, is administered a viral vector, such as a recombinant adeno-
associated virus (rAAYV) vector. comprising an enhancer sequence as described
herein, such as E2, and a transgene polynucleotide sequence encoding SCN/A.

In an embodiment, a prophylactic or therapeutic treatment method is provided
for prophylaxis and/or therapy for seizures, epilepsy, or DS, which comprises
introducing into an individual or subject in need a viral vector or an TAAV vector
which comprises an enhancer sequence (E1-E10) as described herein, and a sequence
encoding an SCN1A-encoding polynucleotide sequence such that the severity of the
seizures, epilepsy, or DS symptoms experienced by the individual or subject is
reduced, or the seizures, epilepsy, or DS symptoms are treated or prevented. In an
embodiment, the enhancer element is E2, E5, or E6. In an embodiment, the
individual or subject in need is experiencing a seizure (e.g., an epileptic seizure) or a
symptom of DS at the time of administering the vector. Following administration of
the vector to the individual or subject, the severity of the seizures, epilepsy, or DS
symptoms is reduced, or the seizures, epilepsy, or DS symptoms are treated or
prevented.

In an embodiment, a prophylactic or therapeutic treatment method is provided
for prophylaxis and/or therapy for seizures, epilepsy, or DS, which comprises
introducing into an individual a viral vector or an rAAV vector which comprises an
enhancer sequence (E1-E10) as described herein, and a sequence encoding an hM3Dq
modified muscarinic receptor (Gqg-DREADD)-encoding polynucleotide sequence, and
subsequently administering to the individual an effective amount of an agonist of the
Gq-DREADD such that the severity of the seizures, epilepsy, or DS symptoms is
reduced, or the seizures, epilepsy, or DS symptoms are treated or prevented. In an
embodiment, the enhancer element is E2, E5, or E6. In an embodiment, the

individual or subject in need is experiencing a seizure (e.g., and epileptic seizure) at
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the time of administering the agonist of the Gqg-DREADD receptor. Following
administration of the agonist, the severity of the seizure is reduced. In embodiments,
Gq-DREADD receptor agonist is clozapine-N4-oxide (CNO) or another suitable Gq-
DREADD receptor agonist as known and used in the art.

In embodiments of the therapeutic and prophylactic methods described herein,
the individual or subject is experiencing, or is at risk for developing, a partial seizure
or a generalized seizure. In other embodiments the individual or subject has, is
suspected of having, or has been diagnosed with epilepsy of any form, including,
without limitation, pharmaco-resistant epilepsy. In accordance with the described
methods, seizures, epilepsy, or DS symptoms are inhibited, blocked, reduced, abated,
or prevented.

In an embodiment, a composition comprising a viral vector or rAAV vector is
administered to a subject in need thereof. In an embodiment, the administration of a
composition comprising a vector (or the vector itself) comprising an enhancer
element, e.g., E1-E10, as described herein and a polynucleotide encoding SCN/A4
facilitates conversion of interneurons or PV-expressing interneurons of an individual
or subject that do not express SCN/A into SCN1A-expressing interneurons or PV-
expressing interneurons in the brain. In another embodiment, the administration of a
composition comprising a vector (or the vector itself) comprising an enhancer
element, e.g., E1-E10, as described herein and a polynucleotide encoding Gq-
DREADD receptor facilitates conversion of interneurons or PV-expressing
interneurons of an individual or subject that do not express Gq-DREADD receptor
into Gq-DREADD receptor-expressing interneurons or PV-expressing interneurons in
the brain, thereby resulting in interneurons or PV-expressing interneurons that are
responsive to a Gg-DREADD agonist. In another embodiment, the administration of
a composition comprising a vector (or the vector itself) comprising an enhancer
element, e.g., E1-E10, as described herein and a polynucleotide encoding a PSAM
facilitates conversion of interneurons or PV-expressing interneurons of an individual
or subject that do not express PSAM into PSAM-expressing interneurons or PV-
expressing interneurons in the brain. In an embodiment, the vectors, compositions

and methods as described herein are used in the prophylactic or therapeutic treatment
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of partial and/or generalized seizures. In an embodiment, the enhancer element is E2,
ES, or E6.

In an embodiment, the vectors, compositions and methods as described herein
are used in the prophylactic or therapeutic treatment of various forms of epilepsy,
including, without limitation, pharmaco-resistant epilepsy and/or may constitute a
replacement of a pharmacological treatment. In embodiments, the vectors,
compositions and methods as described herein are used in the prophylactic or
therapeutic treatment of one or more seizure disorders, which include, but are not
limited to, epilepsy, including, localization-related epilepsies, generalized epilepsies,
epilepsies with both generalized and/or local seizures, and the like, seizures associated
with Lennox-Gastaut syndrome, seizures as a complication of a disease or condition
(such as seizures associated with encephalopathy, phenylketonuria, juvenile Gaucher's
disease, Unvericht-Lundborg's progressive myoclonic epilepsy, stroke, head trauma,
stress, hormonal changes, drug use or withdrawal, alcohol use or withdrawal, sleep
deprivation, fever, infection, brain cancer, and the like, or chemically-induced seizure
disorders.

In embodiments, the vectors or rAAYV vectors, compositions and methods as
described herein are used in the prophylactic or therapeutic treatment of an individual
or subject in need, e.g., one who has experienced, and/or is at risk of experiencing a
seizure, and thus may be diagnosed with or be suspected of having any seizure
disorder. In an embodiment, administration of a viral vector or rAAYV vector
comprising an enhancer element as described herein and a transgene may occur at a
time prior to the onset of the seizure, e.g., epileptic seizure, or DS symptom, for
example, days, weeks, months, or years prior to administration. By way of example,
those in the art have demonstrated that rAAV driven expression can last for at least
six years in a non-human primate model (Rivera, V.M. et al., 2005, Blood, 105:1424-
1430).

In an embodiment, the rAAYV vector, which comprises an SCN/A-specific
enhancer sequence, also comprises capsid proteins that enhance the targeting ability
of the virus vector and allow the vector to specifically transduce interneuron cells,
such as GABAergic interneuron cells, and/or specific subpopulations of GABAergic

interneuron cells, particularly in the cerebral cortex of the brain. rAAV vectors that
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transduce GABAergic interneurons and rAAYV vectors that comprise capsid proteins
which increase the likelihood that the virus will specifically transduce GABAergic
interneurons, in particular, the subpopulation of GABAergic interneurons that also
express parvalbumin (PV), called PV-expressing interneurons, (also called PV-
expressing cortical interneurons) are highly suitable for use in the compositions and
methods described herein. In another embodiment, the rAAV vector containing an
SCN1A4-specific enhancer sequence, e.g., ES, also comprises capsid proteins that
enhance the targeting ability of the virus vector and allow the vector to specifically
transduce pyramidal neurons, e.g., glutamatergic pyramidal neuron cells of the brain
cortex.

In an embodiment, the transgene (effector gene) inserted into the virus vector
is one whose function (or loss of function) has been found to be causally associated
with a neurological disease characterized by the deleterious symptoms of seizures or
epilepsy, such as infantile febrile epilepsy, or Dravet syndrome (DS). The enhancer
sequence in the vector restricts expression of the transgene to interneurons or subtypes
thereof, or neurons, such as pyramidal neurons, and specifically modulates, e.g.,
increases or enhances, the expression of a normal, functional version of this gene in
an interneuron cell. In an embodiment, the interneuron cell is a GABAergic
interneuron cell. In an embodiment, the interneuron GABAergic cell is a PV-
expressing interneuron cell. In an embodiment, the neuron cell is a pyramidal neuron
cell. In an embodiment, the pyramidal neuron cell is a glutamatergic pyramidal
neuron.

In a particular embodiment, the AAV vectors, vector-based compositions, and
delivery and treatment methods provided herein are useful for treating a patient who
is afflicted with Dravet syndrome (DS), and the serious symptoms thereof, such as
epilepsy and accompanying seizures. In an embodiment, the patient is a human
patient, in particular, an infant or young child afflicted with DS. As described further
infra, Dravet syndrome (DS) is a form of infantile epilepsy that is associated with
many serious symptoms, including cognitive impairment and life-threatening seizures.
The loss of function of the sodium channel Nav1.1 encoded by the SCN/A gene is the
most prevalent cause for DS. Previous studies using mouse models of DS suggest

that it is the loss of SCN1A4 gene function in GABAergic interneurons that is the
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primary defect underlying the seizures that represent the most deleterious symptom in
this syndrome. There is currently no reliable treatment to eliminate or reduce seizures
in DS patients. Therefore, the viral products, compositions and methods as described
herein provide a much needed and highly beneficial treatment for patients afflicted
with DS.

Accordingly, in a particular embodiment, the transgene or effector gene
contained in the AAV vector or vehicle is SCN/A and the enhancer is a nucleic acid
sequence (e.g., a cis-acting control element in the AAV vector) that restricts the
expression of the SCN/A4 gene to SCN/A-expressing interneurons and is specific for
modulating the expression of the SCN/A gene in interneuron cells, e.g., GABAergic
interneurons, or PV-expressing, GABAergic interneurons. In another particular
embodiment, the transgene or effector gene contained in the AAV vector or vehicle is
SCN1A4 and the enhancer is a nucleic acid sequence (e.g., a cis-acting control element
in the AAV vector) that restricts the expression of the SCN/A gene to SCN/A-
expressing pyramidal neurons and is specific for modulating the expression of the
SCN14 gene in pyramidal neuron cells, e.g., glutamatergic pyramidal neurons, in the
brain cortex, e.g., cortical layer 5 of the brain.

Methods utilizing an AAV vector, which is designed and molecularly
engineered to harbor a specific enhancer that restricts that expression of a normal
SCN 1A effector gene encoding the Nav1.1 sodium channel to interneuron cells,
involve administering a therapeutically effective amount of the viral vector, a viral
particle, or a pharmaceutical composition comprising the viral vector or particle to a
subject (e.g., a human infant having DS), in particular, to transduce interneuron cells
in the subject with the vector harboring an SCN/A4-specific enhancer sequence and an
SCN1A4 gene, express the gene in the interneuron cells and provide a functional
response, e.g., the provision of a functional Nav1.1 sodium channel or an increase in
function of the sodium channel, in interneuron cells of the subject following
administration. The functional expression of SCN/A4 in the transdued interneuronal
cells normalizes the excitability of SCN/A-deficient interneuron cell populations, such
as GABAergic interneurons and PV-expressing, GABAergic interneurons. Such a

result restores the delicate E/I balance in regions of the brain.
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To successfully and specifically express genes contained in AAV as a form of
therapy for DS, an approach was developed in which the regulatory landscape of the
SCN1A4 gene was explored to identify enhancer polynucleotide sequences capable of
restricting expression specifically to the neuronal cell population that is deficient for
this effector gene. (FIGS. 3A-3D). In an embodiment, the enhancer sequence is a
cis-acting element that modulates, e.g., increases, enhances, augments, or otherwise
improves, expression of the SCN /A4 gene, particularly in an interneuron cell, such as a
GABAergic interneuron cell or a PV-expressing GABAergic interneuron cell,
particularly in interneurons in which there is a loss of function of the SCN/A4 gene. In
an embodiment, the enhancer sequence is a cis-acting element that modulates, e.g.,
increases, enhances, augments, or otherwise improves, expression of the SCN/A gene,
particularly in a pyramidal neuron, such as a glutamatergic pyramidal neuron cell.
The terms “enhancer” and “enhancer element” are used interchangeably herein. In
some cases herein, the term “enhancer element” is referred to as a “regulatory
element.”

In an embodiment, the enhancer polynucleotide sequence that specifically
regulates the expression of the SCN/A gene in an interneuron cell is about 25-50, 50-
100, 100-150, 150-200, 200-250, 250-300, 300-350, 350-400, 400-450, 450-500, 500-
550, 550-600, 600-650, 650-700, 700-750, 750-800, 800-850, 850-900, 900-950, 950-
1000, 1050, 1100, 1150, 1200, 1250, 1300, 1350, 1400, 1450, 1500, 1550, 1600,
1650, 1700, 1650, 1800, 1850, 1900, 1950, 2000, 2050, or 2500 nucleotides (base
pairs (bp)), or longer, e.g., greater than 2500 nucleotides (bp) in length, including all
larger and smaller values in between these aforementioned bp lengths. In some
embodiments, PV-specific enhancer sequence suitable for use is 261 bp, 521 bp, 547
bp, 606 bp, 618 bp, 663 bp, 832 bp, 1280 bp, 1644 bp, or 2430 bp. In other
embodiments, PV-specific enhancer sequence suitable for use is 267 bp, 586 bp, 636
bp, 665 bp, 844 bp, 849 bp, 894 bp, 1636 bp, 1766 bp, or 5124 bp. The enhancer
sequence having specificity for modulating (e.g., enhancing) expression of the SCN/A
gene in an interneuron cell may be derived from an intronic or intergenic sequence of
genomic polynucleotide, e.g., DNA or RNA. (FIGS. 1A-1 to 1A-3).

In an embodiment, an SCN/A-specific enhancer sequence comprises a

nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
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250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E1), also called “S5E1,” located on chromosome 2,
at start/stop positions 66256056/ 66257335, shown in FIG. 1A-1, or a human ortholog
thereof.

caaagtggacagaggggaggggaggggatgcgaggggaggggaggggaatgatcgcgaaaggcttccaa
accttgtccecttgtttttcaccatttctgaaatatatgctgagtgcaactatgggaagaccattttcata

atctataatactcctceccecttttaaaggactttecgttaaccgettgcaaaggtgagtgecgggtagaggac
attagctcgctaagtccecctagaaatcacacttggagactaagcaggectttecccaggagaagtccaaage
caacataagcaggaggctgggggctggcegttaaccgcaaggecagtggttgageectegggatcatece
ggcggggggcgcagcatcteccgecaaggecgecaggctcetcecaccatecagetgececgagecacectgtace
tcgcagtccactecgecctgeccacgeccecgegecgecegcetecacecttecagececectgggagtecatggee
gccecggctaccecggagggtgeccaccecgetgececgecgecagggttaggggttcagacccacttecegggee
ctcaaaccctaagggacgcggegtgcagcacgaggggegtggececcgatcteccattggttgteggegtga

gggggcggagcttagttgtaggactaggaaggagggggceccaccggagcaggcecgaggagggaaccecegag
ggaggaccgcgagggcgactggggcectggaatcecgetgagecattgagtgetgecgagttgtggggetaga
ggagggaggtccagcecctggaaacggcecgecgaggaggagggattgggtggagcaagagatatgagattaaa
gaataaagatgatgaagcagcaaataggagggagagccatgccgettttcatececctgecaaacaaaggece
gactccattttctcagcattttttgtggaageccgatttgegcaatgeggettagtacttgaccagggaa
aatgatttacctgacacgtgtagtaatcgtgtctgggccacaaggtggcgcagaaaaatcacagttegg
caaaaaccttgaagcctggcttgggcecttgttctaaatcttttecaggegetgetgtaattttgetatteg
agtgcttattaaactgctcecgeccagattteccaccecccaaagtecttatttaaaaatatgtggttacetet
tttagatttctatttcttaagtgtttgectgtagtttggatctaaactgteccctcaaagacacacgtget

gaatgttc cccagccegtgtgetgttgggagtggtgga (SEQ ID NO: 5).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E2), also called “S5E2,” located on chromosome 2,
at start/stop positions 66364036/66364653, shown in FIG. 1A-1, or a human ortholog
thereof.

aatctaacatggctgctatagcttactgactagaagttaagtgcacacttcecctaaaagaaggectttgac
acaagccacttcagttccctecctecattttettgteccccattectectectectgtagaattectgagatttea
attcagttttatacagaaaccacattactgtaagccctacaaagttatggcaatatagctatatggagt
caagtaatgtaggttatttttttcccaatggtgectggtgaaggtggcaattatgtagetatacttagea
gactgaggaaattctgctagagtcagcatttgtctcecttcattgectatgaaacagtaatggaaaaataaa
caaaaacaaaaggcaaacactatgcataattccctcagatcatattaacatgtgatgttggagtaaatt
gttataaccccattttggaaatacttaccttaattaactatgatttccttaaaataatgcagtatttac

aatctatatgaaagcactatatgggacacatggtatgatggaacagtgcacccaagagacaccaagaac
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attcctgtetgtggeagtettttetetatacagaggcatttagtctcaattgeteagagttatttt
(SEQ ID NO: 6).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E3), also called “S5E3,” located on chromosome 2,
at start/stop positions 66383190/66384021, shown in FIG. 1A-1, or a human ortholog
thereof.

ataaaattttattttcctaaaatttacatttaaaagccatccaacttaccaaagtgatttcaaaccaca
attacattttatctcaactaccagcattttatttageccaggatctacatgagacacatatcatgatgtyg
ctatgtacatcttgttatacagtgttatattgataacaaatgtcatcaatataacattgaattaatctt
ccataatttatggggaaaaaaggagcagccttactgaagggcaaagttatacaacagectttacagaage
tgcatgcgagtgcagtaccgggacacgggcacggacggcecggcactataaccattttecegtggtggtaat
cttgctttcatctgacacagaaaagagaccgcegttttgaaaactcacagaactagectcacggttttyg
tgagtccattgagcgctggctgecgaagaacggtgtttaactcgagaaatcattgaacaagttttagaaa
ataaagatgcttatgacaatttcaaacttgaaggtctccaaagaaggactgagatattggtgagaggag
taaagagaatcctggtgcatttatttcatgetteccttetgttecgaagatcattttgaggtttataaaag
gtggggtgatccaaaaatctccaggctgagagtecctggetgaggectgtgaactgggetgcagagaaagg
gccacgcctcecectectetgetegecattactcagecagettttetgecatgtggetggetgecagacaatcta
aacccttccecgetgtegetecceccecttatactgttetgecaaaaggaaggcagagaggaaatcagetacyg

ggge (SEQID NO: 7).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E4), also called “S5E4,” located on chromosome 2,
at start/stop positions 66387764/66388024, shown in FIG. 1A-1, or a human ortholog
thereof.

tctgacagagcaagtcttgacctgcecttaacattatgttatgctagtcattttaaaatgagtectttattt
cccatagaaggtcagtttttttacattattatataatcttttgacagaataacaaataacattctgaat
gtctcatttctaaatacaaaacatcttagtataaaattatgcattgttttaaatgcttggaagtaggte
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cacatgtagaaaacaaagtacgtatgataaaaaatatcaaaattgtatattcag (SEQ ID NO:
8).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (ES), also called “S5ES,” located on chromosome 2,
at start/stop positions 66392447/66393109, shown in FIG. 1A-1, or a human ortholog

thereof.

aatgttttgatatttaggagaaaattgcaaaacaaaatgatgacagtgtttgaaagtgtttgatcagtyg
ccaagcatcactttatgtacttggcaaacatgacttgaggccttaagetgtgatttgecaaatgtagatt
ggaatcaagatctttatagatgaggaagcaaaaatcagaagacaaaataacattatcaacttgatctca
tgtgcagccagggctgaactgcaaatgctgatttgecceccagtectgggetectcaaategttecttggaa
tcctattagttggaactttatctectgetegtggecagggtgectgggaccatgtttataaatatetgetyg
aatgaagaataagtgagtcaatcgaaccagaactcactttggttagttaatttcattcgtggtatttat
ggagagcagaagaaagaattccagagacacgatttgtcaaaactctctaaagaaaatgatgacactata
tattgatgaaaatgaatgttcttgttcttgetttatttgattttecttgtececceccactececcecatectget
agggtctcattacagcatagttcttgaatatcccaggttgacctgaagttacaatatattcttgattta

gatggcagacattgggaatattttgactcttaaaatttaata (SEQ ID NO:9).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E6), also called “SSE6,” located on chromosome 2,
at start/stop positions 66401767/66402372, shown in FIG. 1A-1, or a human ortholog
thereof.

ttgtcactttgttactctacagtgttgecctggagttcgatacttcattactectatagtggggtgaagaa
gttcaccttcttattttcatttceccttecectcaatgatttecttcagagectagetettaccagetagaaat
tcttcaaacgacactecgtgecttecttcacacaggttgaactatttgtectectaatgeccctaaagtactyg
gtgttcaatcttccaggcacttccaatgatctgaaatctgacctgettaggtcagetggetectgagatt
atggtattctagtcctcaaaccaacctgttggectegttggttttgtaccaaacacactgacttacatag
ctcaaaataccactggccttttaaaaatggcatatcacattccaggggaggatcaaaactgetggetgg
tgatatttgtcaagtctctcaaagttgcactttccaggattttcaattcactgaattcttagacagaca
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tgtttatgtgaaagaattctttatatattttttetectetttgagtgggeaaatgaaaatettgacete
tgggttccttattttatttgactctctgtagtatttaaatettaaaattttect (SEQ ID NO:
10).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E7), also called “SSE7,” located on chromosome 2,
at start/stop positions 66407834/66410263, shown in FIG. 1A-1, or a human ortholog
thereof.

gatactgtataattaattaggcctccaatcatgceccttcecccagecteccacggatggagaaacccteteeg
ccatgccttaaagaggaattgctgtaataaatgagtctecctgatagcaaatttectcagcaagggggaat
cgcgtaaatggagacatagtattgacagcaaagtccaatgtgttatttttaccagaacgaactctecegg
ttcaagcctttgaaagagacatttgaaaaccaaaaacaaacaatgtaatggagcgaggaaaaaagccac
agaagtgagtggcagggagtttaaaagagcagatgccactgccaggtctatgggacataaccageccact
tgtgctgggtcttggcagtttataatgctacctecatecttecteccgegaaattgttttecececgtaaatetet
gtggccatccattcctgtctacacattatgttecctaaaatagacaccatctaaaaatcacttcaaggag
ctttgtggaggaaggcctaaattgcaacactccteccagegaagatagatgecagtgtttgatggecattac
cagtcggtagccaggaaggggagtttgtgaggagttttteccaccacagttaatectgtttetggaaggaa
agggaagtgtcagacttcccgaggaggcaaacgtgtgtggaagctctecatttgecatcaccecececggectyg
tcaggtattgcagcaaaagggagaggtgagctaccctggcectcectecttgggcaggagggacagaatcagg
aagcatcaacctcagcatggaattttcecctattecctgtttggecatecctectettgggatgatttacageg
cgggttggagaaacacgctctgeccactceccactagegcaccagatagacagtgcagacctgecagatcecat
acccgaggagaagccacatttecctacgtgtgatagcaacagegtttggcaatttgegactttgetactyg
cagcttagaaaatatttagtcacatgcacatctgaacagaaagacacccaggcttgactcagtcattte
cgtcagacacacgaaagaaaaagcgtctcectgectcacaagettatttggactgetttgttgaaaggaggyg
gcggcagacactttgtagatgtggcaagagggectttatatccagacctcaaacaggtaggagagaagga
agccaggagaggtaaggaaggggcgtggaaaagcctcacagccacctecgaagaaaacagtttttttgee
ctgttcagaaagcaagaggttccacagtggttttgtgtcaatggagcacatctgcagtatcattgecgt
tggtgacctctgtctaattaaaagtaagtcagtccttcecccacceggecattgtectgaaaccecgggactet
ttatcactttgctaaagttcatttgcaagtgtagttaaggaagagtcaggggggaaacagcatctgtece
cttctggtecctggggaggaggcactecttteccaagagtcaagectetgeccaaagaagectgecteecet
gcaatgctaggatccaggagcagcccecgetgecttettgettectetgtgaggtctaatttttgecatea
tctttaggagcgatatgacctctattcacageccatcgaatccagtteccaaagcaccaatgacagagggyg
gcttcaagacaagaccttgecctaggaggatgcaggcaagcaaaggcaagagcectggececgatgeccaagtt
attttaggccaaagaatctcatccttctatcaaaatgctgaactgcaaaacgaacctgatttcagttcea
tggaaggttgagaggaggaggagggggaggggaggaggaggaagagaggaggaggggaggaggagggag
gaggaggaggggaggaggagggggacagttggtccgaattcacatgcaaaaatagacttcecctgttetge
cccaactcttatttecegtgggectettecteccccaaggatttaccaggtaagaattcaccaccaaagaaga
tcacaatgagataatcagatggcttacctgataaaaaggaaaattatccatctgcagtgaggagcaaca
tctececccacgacgagtececgecaccttecgttgecaacgattcagattecttettgecaaaaggtgaccaagt
gcttcacaagggctgcagectcataggggcagaacacacgtacacaaacacacgcacacacacacacac
atgcaccagagacctctgcagtatcctcecteggettecatecctegectcactectatggtacctaatacaaa
tcagcaaatagcttgttttaaaaaaaaaagaaagaaaaaaaagcggagacagcacctaacgttacagtyg
ccatctagtggctacatcgtaaataggttctcacagectggatttectgtgttetttetecaacegettee

ttctggttcettttt (SEQID NO: 11).
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In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E8), also called “S5ES8,” located on chromosome 2,
at start/stop positions 66439814/66441457, shown in FIG. 1A-1, or a human ortholog
thereof.

attgatctccaactttttaaatccctectgtcattttaaatgaggtgcactecggttgtgtcatcatecteg
gttttaattgtgtgaaaatttcctgeccaatctcacaccgectgeggcaacctcecaccttgetacttgecet
gcaagttctgcagtgtgccgttctgagtatgececgttttaactagttettgecagcaggacacaaagcgag
atagtctgatagaaccagttctcctctggttttacctttactcecttagatgagttaagggtcacatcaaa
ccagggctcagcccecgceccagatctectaagcacagecececctectgacccaatgecagttaacccaaccteat
tcagcgctagtatcaaatgacactggagectgctgecagtatgcatcccgagactaagtaggcaggattta
ttatcagcagaagtcccecctaactaccaggttattcaagectecegttettgtcacaaacaggegeggegga
agacacagtgcagcagactcagagctcatttacaagacaagcgaattctcagttagagacaagggcagce
gcggcagcgaactgcagtaaatcttttcacgectcacagcaacatctaacaatgectetectgecaacgect
cagatcaaacgaatcctacttggtttaaacatcaaatcaacaccataaaaaaggcttcattagcaaagt
tcaatttaggatgtttttaatcgtgtcttaattctagaaccagtgcgagactttccatgettattcaag
catgctgacagaattggaacctcttagaattgectacctgecacctatcagectggectgacaggageecyg
ccaaaggattaaaaaaaaacaaaacccaaaacataaaatcatgcaaaaaaatatttacccccgaaagat
gtatgtagttaaagctcagcttcecctgecagectecgatagececctgaagtgttaatectgaagaaacagtte
catgagtttccacaggccggtagtgagtectectacacttgacctagacagacttacataatgaagecatce
agtgctggggagcttgcacgatgtcatcaccagcaagagtaagaagtattggcagcagcaagcaggegyg
gcaggctgagatcttgcatggaaatcatgaaccaggtcttgettttegtttttgaaacgttttggaagyg
agagttatgaatagcccagaaataggtctcattttgtgggtaggaagaatgaccagaagcatgaaaget
aaatctcctggcaagtgcaggggacctcectettggagtgtgecagtaaacccgaggggacgacttetectyg
ctgtcaactcctgaaccatcacatctggagtgaaggaaggggctggtgaagecttgtaataaatgcaaa
ggatgctgctgagagctttggtctgectttaactcattgtggtgagtagaggggatgtggcagtatgea
atgagagttggttgtgtaggttgctttgcagagtaataaccaaaaaaaaaaaaatctgtgaagtgctcea
atactttagacacattttaataaacaagatgatagtaaaattactcttctccatcaaattgagactgtyg

ctgggttaaactgttttaatgcattttaactcctgatgttcatccaagtaataagag (SE()HD
NO: 12).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E9), also called “S5E9,” located on chromosome 2,
at start/stop positions 66441748/66442268, shown in FIG. 1A-1, or a human ortholog
thereof.

atctcaagtgtatgtaacatgagctacagtcttaaaacctacaaacagtacatccagtctcctaccatg

attctgagtgtgatgatttcatatgagcacaagatgacatcatactatttagttatatgtaaaatcatg
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gtcttacatgggttgtggacaaaaccatctagttttggaggtgacagaaatagagaggacgccatgcac
tacttaaaaataatcgcagccttecttttecttagectagggagtttgetgetatgagecacattaagacca
gggtgaggagatgagacgatacaggggcatgaaagaacacggtgatctactttctecctgttaattaacyg
agtaaggaaatagacattaaaagaagttaaatgtgtctgagccaacgtaggtgaggtttcccecccaaatt
cacctggtagttttgctactgcagtatagtaaatacttgttttcatttgtttttttttttttgtttttt

ttgtttttttgtttttttgtettttegtteteettttt (SEQ ID NO: 13).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following mouse
polynucleotide (DNA) sequence (E10), also called “SSE10,” located on chromosome
2, at start/stop positions 66450594/66451140, shown in FIG. 1A-1, or a human

ortholog thereof.
tattgcaaaaggaaggaatgagacagtttatgcagagctaagggtttgtgegttattatgattaatcac
aaggacagctgccaagcttccatcatgacaatattctectgggagaattcatcaggttcectactgtectatt
aatttctgttgatgtatcttatctggcatcttcaatgacagaggacacttgttagtttttttttttaag
tgaaggttaaaagacaaagttcattaaagaaatgatttatatatgacatttaagaactagcaatgtcat
tgcttcaagaaaattatgagaatttagtcttggtaggagtttacaccatgteccttgaagtgtctaatta
tgtgacttgatagttttacttagtacatatcgattaggctgtatctattatttatcaagaaattatgga
aggaggcaatgtggcataggcatacacattctgattttaaaataatcctgettttaccattaactectt
ctcagataattctgaatacatatcttgtctatgaatctgtgtaatcatggaaaaagaaaaaatc

(SEQ ID NO: 14).

In an aspect, the human sequences (human ortholog sequences) for the ten
above-described murine enhancer sequences were determined based on alignment of
the mouse sequence to the human genomic sequence of SCN/A4, including 100 kb
both upstream and downstream. Accordingly, human ortholog sequences that are
highly conserved between mouse and human sequences were identified.

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human

polynucleotide (DNA) sequence, called E1 or SSE1 herein, located in the human
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genome sequence at human_hg38 start 165953030/human_hg38 stop 165954796
(FIGS. 1A-2 and 1A-3):

tctaatggacatacagtaacccttcataaatatttgectgaacgagtgattcagtgaacaaatgaataga
gaagaccaacatccgaaaagttattttattttcaagecctcatgtctttaactgttttatatcagecttt
cttaagttgaccgtcattaatatttgctgaatgaatgagtcagtgataaacagagaagaccatcaccct
aaaataacgacccctccacttttaagtcttacgtectttaatgggtttcatataatectttetgegetett
tttactgtccagtgtgggagctgacactagtttgeccttaagteccttaaaaatecgcaccecggaggegecag
tgtcataggtaacccaagctttcctagtaaacatgatacaaaagtaaacacaaccaacagcatggggac
cagcaattcagaaacaccgagcgggcgggctgeccagacctgggettececcagcagggecegeggagac
cggccgtgagcagaggctgcaggecccaccecgcaacccgagcagecggggecaccgcagggaaacagegg
cctagcgaagccacccgagctecctececgegecececcgggccaaaaggccgcaaaggaactecgeecegece
gcceccgctcaccecegctcaccecegctcacecegetecaccttecaattectgegagtecatggetgececegagge
cgggeccecgceggggetectggggattgtectegeegecagectaaaggaagacgcagaattecagetececctage
ctcececggagcegctcetagegecececgggecccagegggaggggeggggtegegecgegattggetgtegga
gggagaggcgggcctgtgtggeggggategtgetgtaatggagecaggggcggeggggacceggaggtga
gggctgcgagggceccgcecccgggagggteecgggetgggaaaagggecteecgecggagagtgecagetggaaa

aggaggtcacactgggaaacggctgtctgaggacagtgggtgggecgggeccgaggaaatggaattcagga
ataaaggaaacggagtatgaagaaggggaagtctgtttcctgtcactggttgtaaaggaagacaccatt

ttctgcacgtttgtectggaggeggatteccegecagtgeggetectecagecaaggetectgecggegegggaaa
aagcggtcaactttcacgtgggcaagttgttttacggeccacaaggtggecgcagaaaaaaaaaatcacac
gttcttaacagaaatacggtgcgcttgggccegtetttgecaggegttgetgecaatectttgttagaatgt
gtgttcaattagcccttttttaccageccecgataataagagggacaaataaattaaacttccagaaaat
tagtgtcttgttttcaatgatactactgattttaaactgagaataaaatgaatcccaatgcaaattttt
atgtttgcaccccattaggcaactcaatcagtcacacatagatttcttaagtccaggaaattaaatgga
aatataatagactaagattttctatttctgecttaaataaatatttaaaatagtgcataaggtctgagat
ttaagtgatctttgcagaatctttcacgtggattccaaattttgatcctagtgttaattatcttacttt
agttgacatgatacgtagttgccttttccagattttaagtttcttaaggagtttataaacattgacttt

ttccccatgecaataggttatgtaaggacagtett (SEQ ID NO: 15).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E2 or SSE2 herein, located in the human
genome sequence at human_hg38 start 166084035/human_hg38 stop 166084884

(FIGS. 1A-2 and 1A-3):

agtgtgggcctcceccagggectgtttagetagcaatgagagaggcactgectatatccaagttgtatatgg
caggttttgcacaaagtggattactcgaagagaaagcctaatggccagtctattcatettececetttet
cgatgttcatcttttctctecccagetectectttattetcaattttetttttttttttttttttgeteag
cctccatctcacttecegttgetgtecectetecccacecececttececcactectggactgtgectetectttgta
gacacttcaagtccattctatttcattcaaaaaccatggtctagaagtaacttaatgtaaacccacaaa
gatggagacagaatgaatgccattcttcttgctgetectectcagacaatgcaggtcatttttgectatgyg
tgctggtaaagccaggagttatgtagectataagtagcageccagaggaaatagtgecctgagtcagecaatt
gtctttttattgectgtggggcaataatgggagaaaaaatcaggcttggtacaattccectttgaaggaaa
aagatgccaacactagcattttaacacaaaatgctggttgggggttgggaggaaggatgcttacattce
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ttctttggaaatatctactttgataaccattttggtaaaataatgcagtgttttcagtgtgcaaatccect
ttcaggactcatggttgtatggcagacgcacctgacagcaataatttaagggtaccctgagaatgacte
tgtggtctaaaaagaatgtgtgtttggaagtctgaggtaagaaatctggectggaagtggeccaacctgga

aatttgctccttattattaagg (SEQ ID NO: 16).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E3 or SSE3 herein, located in the human
genome sequence at human_hg38 start 166090876/human_hg38 stop 166091720

(FIGS. 1A-2 and 1A-3):

atagtgcaaagtttaaatttcattttcctaagatttgttttaaaataacacgatttacccaagtgattt
caaaccacaattacattctgtttaaattactaatattttattgcatcacaatctgecatgaaacagatgt
caggatataatgaactaacctgcattgtatttttatttttgtctecectgtggecataacgatttcatagga
aagagaactacacagctgactgactgatggggaaagttacacaatggatagctttgcagcaacatacta
atgcggtagggagatgctgcagagaggctagaaataaaatcatttetttecggagecagecactgettget
gtcggctgagacaaaaaagagatttecctttttttecctttettttttttgaaaactcacataacattaat
tctgttaagcactggatacacggaaaggtgtttaccttagaaaatcatttagcaatttttagaaactag
acatatagcaattttaaatctttttaactatctaatgaccaaagcagagggtcctcacaagagggattt
agatgctactgaattgaataaagaaaatatggatacatttattgtatgccttattcagtttgaggttca
ttttgagtttagaaatagggatataaaaacatcaggggttaaatagcatgggtaaaggacatgaaccaa
gctgcagagaagaggctgactgecctgectatatttgcaggcattactcagecacttttettaaaccgatac
atcttgctggcectgcataagcaagacaagacccttttececctatggectcaggaaggcagagaagtcaactt

cagccttgaaaaaggca (SEQ ID NO: 17).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E4 or SSE4 herein, located in the human
genome sequence at human_hg38 start 166094366/human_hg38 stop 166094633
(FIGS. 1A-2 and 1A-3):

tgccagacagaacaagttttagtgtagttgatagtaagttgtgcccagaatattaaattgagtcaaatt
tattttccacataaagtcacagttttatatgtcattatataatctcttggcagaaataaggaataacat
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tctgaatgttgcactccaaaattcaaagaatcttagtataaaaatatctagcattttagatgtttcaaa
gtagggccaaatgcagaaaataagttggatatgataaaaataccagaaagttctattcagt

(SEQ ID NO: 18).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called ES or SSES herein, located in the human
genome sequence at human_hg38 start 166103693/human_hg38 stop 166104587
(FIGS. 1A-2 and 1A-3):

catgtaaaattaatatgatcttttagtcacttagaaaaaataccataaagaacactaatagtgtttaaa
agcatctacccagtgccaagaactgcattatgtattggtgaacataactttagactttaccatacaacg
tgaaaatatatattattatcactattttacagatgaagcaataaaagtcagaaaaaatgtagctaatta
aagtgatactgtgtatagctagagcagtgtatagctagagctgatttgtctgactctagecctagttte
tttccattatatcaatttcctggaaatgtatctcectgttcatggecatagtgectgacactatgettatta
atatcttttgaataaaagaaccactgagtgatttgaaataaaactaaatttagttagttaattttattyg
gtggtatatagagatagtaggaaaaataattgaaaagagacataaacagatttgccaatactttctaag
aaaaattatggaactagagtttagtcaaaatgaatgctttcattgttagaattcaactttaatctttge
agaatacaaacaaagacccattttctagaagaagtaacagggaagagagagtaagaaagagataatgat
gaacattgtctaatgttacagcataatctagtaaggtaagaacagaagagagttcattgacttaccaac
atagttgtccctaatcacctcectgtgaacctagagtgctacgatataataatgattgtggtggtttaaaa
agtaaatggggctgggcatggtggctcacatctgtaatcccatcactttggaaggectgaggcaggtgta

ttgcttgagetcacaagetegacaccagectgggcaacatggcaaaaccecgtctetacaaaaaata
(SEQ ID NO: 19).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E6 or SSE6 herein, located in the human
genome sequence at human_hg38 start 166118214/human_hg38 stop 166118879
(FIGS. 1A-2 and 1A-3):

tccactttttgctattccacagagatttcaggaagaaaaatcacactcecctattttetttttetttgett
actgatttctatttagtttcttttttttttttttttttttttttttttgagaaagecgtctcactctett
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gcgcaggctggagtgcagtggctagattecttecttgagtatgectcaaacttectttttggaatgtettee
aaaggcactcttgccttcatttgtacaagttgattgaccctttaaaggeccttaaatattattgtgegac
ctcacagactcctcaaatcacctgaaacctgaaatgctgaggcccaggtggecactgaaatgatggtatt
ctagacctgacaccggactgttttctecttggttttgtecccaacacactgacatacatagcccaaaata
ctactggcctttttaagtggcatatcacattccagggtaatatcaaaactgetgecectggtagecatttgt
gaagtctcaaagtaactctttccaggattttcaaatccactgaatttcttagattgaaatatgtatgtyg
acagaattctcttagctttctttectectatgaatatgtaattggaaactctgagatcecggtttetecate
tttattggattttttctttaatcttaaaattatgaatatttgcett

(SEQ ID NO: 20).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E7 or SSE7 herein, located in the human
genome sequence at human_hg38 start 165892760/human_hg38 stop 165897884
(FIGS. 1A-2 and 1A-3):

tggcaaaaacgcaaaacgttgatggataacggtgatgacttacacaacaatgcgaatgcatttaatgece
actgaacagtacacttaaaaatggttaagatgatgaattttgtgttatatatgtttcaccacaatacaa
aatattctttaaaaaagacttttggaaatactgtatctacttaattacaggatgtcaaactaatacagg
ctgatagtatcatttgtccccttgacacacaatcttgggteccagagattttgttcaccacaccttttag
catcactaaaaagggcacaataagaatatggtttcagaaaaagacaattcaaatattggtcttgtectt
tagctatgtgaattcaatcaaattactcaaattctttgagtccaatatacttattttcttaaaatagga
ttataatattgactgtaggagtgctacagaaataaaggcatgaaaaatatttataaattacaaatgtta
ttaataatatttatacttccaaaaatgttgacaagaaatagagtaactaccccataataaagccacagce
atctggaagctatattggattaagcaagaactaaaggttaaaatttcggattaaattttttttgcatga
tactgctagtattatcaacattgggaaggcaatttcttgaatatttcttatatactattgaaatgtatt
cattattagttcaagttataattaccagtgacagattaaattacattcacttgtectttggttaaccatyg
acatttgacagaaggcaaatttctgcacttaagaaatgtattaaaaactaaaatgtatattaccttcta
aaaaacttagctggtccatctttattgatgaatagtaggaagatatcaaaatagttatagggtgatgag
atgtggcaagcatgcagtgctatggtatggtattacaaagcacaggattcttaactttgectggaggag
ttgggaaatttcacataggagttgacctttgagcagecctcaaggataggaggaagatcttactagacgg
acaaaggcattccaagtagcagaaggcatgcecgeccaagagggaagcagagaacagtgtggggagtgttgg
taactttgatattattaaagcggaggaagaaggataagaaatataaatggccaaataatttgecggecat
attattattaaaataatgctatgattttagactttatcctgaagcactaacttaaattttaagcaaagg
gtaggttttgatttttagaactgatatgctagtcctatgatgacctggagcageccagaacctagaaget
ggaagatgagttgggaatctgcactagttcagatgagaggtgataagggtcttcattagagcagtgggt
taggatacgacagactggatgtgttagctagctatcaagcaaacagagctgaggagacatgttaaccaa
ttagtatgaaggaaggggaaagctcaaggcgatctggagattectgagagagaaaaggggcaatctgteg
tgagagcagtaattagatctagaagaggaatttttcaactacttaaattaggtcaaatttgtatggtac
atttctgaaataagctaaaatagagccttaatctaaagtacaagatgagttactgaggataaccaataa
tgtacacataaaatgaacggagatgcatgttttagagtaattccaacaaaatagatctgtggataagta
tgtaaggtactagtaagaataaagcatacaacacaagattaaaaactcttaagattaaaaatatcacat
agacaataaaaatttacttaaaattttgtggttgtttttgagaccaagtctcactctgtcaccgagget
ggagtgcagtggtgtgatcttggctcacggcaaccteccacctecccaggttcaagegattetectgetgt
gtttttaattgacttggtgttttacagtcattcactgatccattcaaccaataaacatctatgttgcca
catccatgtgtgtggcattttgtectgatattgggaatatggtgtgateccectgaactcgaggagtctaca
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gtgtaataaagaacacaaatatgcacataaatatttttagtaaaatactataagtaataaagacgtatg
gacaaagtaaccgaggattagggttaccaactcatcccagtttgecctgtgactttetgttagecatggga
agtcctgcatccaggaaaaccctttgeteccgaggcaaatctaggatggttggtcatgetacccagecace
acataagacattttttaatgtaggtggtggtagtgggatgcagatttacttttttattttcecceccaaga
gggatatattttagattatgtgtttggaaagagaaaagggataaggaagctaaagttcattttaggcaa
aaggaaaaaacccaagcaaagacttggaagcatggttgtatgtcatttggtgttgectggagtacaagat
ccttatattgcatttataaaaaattgcttttatatttgtttacaaacagtccaaagcageccagtctact
aagccaatttttttgggaaaaaggctgctgeccaagcaacagaaacttacgtgaaacaaaacccacaaga
cacatgaagacttcttcaaatcttagaaaactataatgtgtgagattcttcaaatcttagaaaactata
atacttttaatgacttaaaatattcacagtggaagaagtctgttttttaaagaaataaagttagatcat
tgtctcaaagggaaagactgtgaaatgggaacagcttgagatagaatgaatatattatgtatattactt
ttaaatggtagtttagagaagaggaataagagaaaacagtgtggaacacaaggtagaaatggcagggaa
aaaaacgatacaggcctgaagaaaataaaagtaggtttgggcaatgtgggtggcaagatgagcceccatat
tttggacccagagtgagtggaagaggtgagatggtcaagtagttcacagcattcttttaaataacatct
gagtatactctggaatagacagggcaaaaaacaaatgaaattgcctgtggtagtccccatattaaataa
atttaatttatttaattaaaaaactcaaagagtaaaaataataaagagaaagtgttgatattactgtaa
aaaacagaccatattttctecctttcaatttttgtgectecgetggggatattttatttttaaatacaaact
gatgttctctaaattcaaacatctttttattaaaagecgttactagaggtagecctgcagagcatatcectag
ttcectttgagttgeccectgettgaaggattgeccacctetgtgtetetgaggetectgagecacagatgectag
ggcatcagcctgagatgaaggtggtggggtttagaagaactgaaacacagctctaggacttcecctetgece
atttcaaactctttttagtaacacaggtagtaacatacagtcatgtattagtcaaacagttcccaccte
tttctttttctectttectectectecctecateccctgettecctttettecttttectecectecactettet
ttccatctagtatttgttgagtactaactaggccagatattcttctaaattctggaaacacagcagtga
aggacaacgtttctggtcacttgatgecttccattctatgatttgtagttttttgettttgtttcacaag
ggctacacaaaacccaaaaatcctaaagccaaaccccaaaaactcaactgaacagaaaacaggataaag
ggacagagagcaagaagtggtgctacttgatgtaggccagtgagggaggggcattctaaggaagaagea
gcaccagagcaaaggcacaaaagaaaatgaggcagcagccagatagacctgtgggagcagcatatteeg
ggaagtagaaacagcaaacaaaaaggctcaaggctgtaattggcttgggettttgectacctagtttet
gttgtccctttcttectttactatcagaattctgattttattctacagggtattagattcagectaaaaga
taacatttcccaccttcecttttgecageccacggaggtgatactactaagggtttttttgtttgtttgtttyg
ttttgtttttaataaaacgatgatttgctggttgggaagceccttttgeccagetectgecacccaccttee
ccacctgggccctggaacatcaatgcccagecactgeggtggtecatecttgaaccatgaggtgatgeteag
gcaagtcagggtaacaacgtagaacaaaaagagagaaggctctggtttecctgatgatactgtggaaccg
ccacaccagtccctacacagtgtacttttcatttcttttacagagagaaaactaaaaaccgtgattttt
agcctagaattttcaggggtatctcectgeccattttcaatgaaagtatttctaaattecttcataggetagg
gatggaaacacagatgagttatgacgacgctgcaataatctatgtggaagatggcaatgceccttagacca
gggtggcactaacagaggtggtaaaaagtgatggcattctaggtatactttgaatgtagcactaacaag
gatttgctgatagactggaggtgatatatgagagaaagatgagacaaaggttaactgtgaggtctggge
cggcacaacagtgagcagtgatgccagtcactgaggtgagaggtgggggtggagcaaacttagaggcga
gggaaagttcaggtgttctattttggacatgttaagecttgagttactecctagacatctgagtgggaatyg
caaagaggcagaggtgtacatgagtaagggctgcagataaatgtttaggacacatctgcacatacatgg
gatataaagccacgcacctggacaaagtcacctagggggtgaatatataaaaagaaagggagttcagga
actgaagctacgagtgttctaatatttaaacgtcatacagagaagagaactccaaaaaaggaaactcaa
acagcaggcaatggggcaaaagaagaactgagtgagtttaggatctcagagacaaatgaagaaagtctt

tcattgtggaagggaataa (SEQ ID NO: 21).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human

polynucleotide (DNA) sequence, called E8 or SSE8 herein, located in the human
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genome sequence at human_hg38 start 166148156/human_hg38 stop 166149792

(FIGS. 1A-2 and 1A-3):

tttgtcttcaactttttaaatatccatctattttttagattagatgccatctgttgtattatcatatcet
ggttaaatcttattaaaattcctggccaatatatcactctgctgeggecaatcttacecectgetacctete
taggcttttctgcagcattcaataaagagcctgctattttaactaattgectgaggcaggacacagtgtyg
agagtctaaaacagaatcagcgctatattgtttctacttttacccatagagtgaacaactgttcatatce
aaacctggaatcatcccttcaagtctecctaaacacagcacagtttgageccaatgcagttaatccacccet
ccttcagtgctagtgtcgaatggegettttgetgcagtattcaccttgaaactaagtaggcaggattcea
ttatttgttgaagtcacctaactgccagtttattcttatacgatcacaaacaatcacaacagaagacaa
atacaggcatatatataactcacttacaagggaagcaaatttgcagccagagacaagggcaacgtaaca
gccaagaactgcagtaaatctctttgagctaatagccacctctaataatgectctectacaacacctecea
atcaaataaattgtattcagagtttaaatatcaaatcaacattcattccttgatggttacagatgatgt
ccgataagcaaatttgaatttatgatttatttactceccttaagtgtectcaaageccaggattactggaaga
cttactatgcttattcaagcatgctgacagaactgtaatctcagtaatttctecectgecacctctcagea
tgactgacaggcatctgccaagactgtagtacataaactgctgaaacatgcaaaaatatttacccceccaa
aagatgtagtaaaagctcagcttccteccagettceccataaccectgaagtgttaatectggaggaacagtt
ccatgagtttccacaggccagcagtgtgtctcecctacacttgacctagacageccttacataacgaagecac
cagtgctggggagctctctgaatgtcatcaccagcaagagcaagaagtattggecagcagecaggcagceca
ggcaggctgggagtttgcatggaaatcatgaagtctttecttgtecttectettttgaaatattttggaag
gcgagttaagaatagctcagaaactggtctcattectttttgtgggaagaatgaccagaagcataaaagce
taagtcttccagcaagtgcaagacacctecttttggtgtttgcagtaaacctaacaagaatgaattgcecta
tcagtaaagtcctgtaccatgacacctaaaaggaaggaaatggtaaagcaaagtaataactcaaagaca
gtcaccgagggcttttgtccacctttaactcattgtggtgagtagagggaaatatgtatatatgtaatyg
agattattattgggggtgtgagttgttttgcaggatggtaactaaaggatttgtaaagagtgtttatgt
tccttaaagatcttgtttgtgagcaaggtaataggatatcaaattcagaacgtggtgggttaaactggt

tgtatttaatgtatttcaacttctgaaaatcttatgcaactaataagaaa (SEQ ID NO: 22).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E9 or SSE9 herein, located in the human
genome sequence at human_hg38 start 166150066/human_hg38 stop 166150702
(FIGS. 1A-2 and 1A-3):

tcccaaatgtgtgcaatgcaagttatgecttttaaaagctagaaataataaaaccagtcecttctattetga
ttttgagtatggtgatatagtattattaataaaagatgacattatattgtttaattatatataaaattyg
tggtttgatatgagttgttggctaatatgtataattcctgaggtaacagaaatagagaaggaaccacac
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atcatttaaaaataatcttaatgttctgectecttagectgggaaacctatctgectaatgecatcacactaag
tagagtgaggaaataagagaatttagatctatgagggaacacagtgatctaattccaacccattactta
actcataaggaaactgaggtagaaagaagttagatgatatgcctgacatagaggaagaggtgagtgaaa
aatggttttcctgacactaacttgttattttgtcagectatactgcaatgaataattgtcecttttgatact
ggagtaaaggcttgatgtacagtgatttttttatatcatacaaatgacagaaaaaaaaagtggagtagt
actaaatatctgcttttagcagtagtctgattttggaaaaacaagttctgtactgattggaatgagaaa

ctttettecagttattt  (SEQ ID NO: 23).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E10 or SSE10 herein, located in the human
genome sequence at human_hg38 start 166160023/human_hg38 stop 166160609
(FIGS. 1A-2 and 1A-3):

tatcccagaaagaaggaaatggtcagtttatctggagttaagcatttgtgtattatcatgattaatcac
aggaacagttgccaagctttcattataaaaatattctccaggagaattcatcaagttccattgectatt
aatttctgtccatgcattttatttggcatcttcaatgacagaggacacttttaaaaaaaagaaatgaag
acaaaagaaaaagttcattagagaaataatgtatgtgtgatatttaaaaattaagccacatcatcatcce
taagaaaactacgagactttagttttagtataaacttgcagtgtgttcttgagatttctaaatataagg
cttaacattttttccttaatacacatcgatttggcatctcatatgtattatttatcaggaaattataaa
acaaagtaaaatgatgttttactaaaatgcacatcatttttagatatgggattttaaaacttgatttat
aatactacttttaccatgaaatactcttttgttgtatgaccttgagtacatttcccatctgtgaatctyg

tgtaatcatgtacaaaaataaatgagacaaaacct (SEQ ID NO: 24).

In an embodiment, an SCN/A-specific enhancer sequence comprises a
nucleotide sequence which contains one or more regions of about 100 bp or longer
having at least 75% or greater sequence identity to a human polynucleotide (DNA)
sequence of the above-described E1 (SSE1) to E10 (S5E10) enhancer element
sequences (e.g., SEQ ID NOs: 15-24). In another embodiment, an SCN/A-specific
enhancer sequence comprises a nucleotide sequence which contains one or more
regions of about 100 bp or longer having at least 75% or greater sequence identity to a
human polynucleotide (DNA) sequence of the above-described E2 (S5E2) enhancer
element sequence (e.g., SEQ ID NO: 16).

In another embodiment, an enhancer sequence as described herein comprises a

nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
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250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E11 herein, located in the human genome
sequence at human_hg38 start 36816984 /human_hg38 stop 36817612 (FIGS. 1A-2
and 1A-3):
tcagcaagtctgtcatcgacatcecctgecaactgtttgagegggcagagcaagtgcgaaaagattaaaaag
tgcttttctcatcatttctgetecatatgaccagegetgecagtgetgegegecgggegecacgececgecgyg
gccectggecatggecgeccaggggeccggactectgagegecagegggageggctecagtecageecgegeegetga
gcagcgecggecgecggcaagaaggegegeggacctgetaccacteetgeacegecaggecaggggtec

gcgggatcccaggggctgeggeccagggcacgagggaaggggccacctetgggatttagggggecactgge
gtcaccagctgggtctggaaagtccacctgecgtcaaggacacgcaggaggtgegecgtetecagatetyg

ggaaccttggcggatgtcctgeccgegtgggggaagatcecctgaaccttcageggecagectgecacctecag
gacctcctaggccecctgetcececttteteteteccactectacctecagectetgetetggtetgtectggat

gcaaatttatgctgcaaaatctgagegetgaggtectgaaacctgaccecaccegacgeagggaggaggt
ggcaggga (SEQ ID NO: 25)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E12 herein, located in the human genome
sequence at human_hg38 start 36817484 /human_hg38 stop 36817720 (FIGS. 1A-2
and 1A-3):
Tcectttetetetecactectacetcagectetgetetggtetgtectggatgeaaatttatgetgeaa

aatctgagcgctgaggtcctgaaacctgacccaccecgacgcagggaggaggtggcagggacagggacag
ggacaggcaggagctgctggggcecccacttecgggtgecccatecccacatectggecagggatgecatattet

aaaacctgatttgatgttttacttttattt (SEQ ID NO: 26)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human

polynucleotide (DNA) sequence, called E13 herein, located in the human genome
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sequence at human_hg38 start 36818134 /human_hg38 stop 36818727 (FIGS. 1A-2
and 1A-3):
Cctgggctgcactaagtcccagtgtgaccttgggttgtgaccttectetgggettectgtetecttetgat
gtgttgatgacgtcagtggtcccatgtagtgggacctggggactgcaacttaaggtattggcaggtagg

cagggccttgggectgtggtggecectgggtggtggggaccagggagagcagctgtccagectgeccagtaa
ctcaagttccctgacatcgctgtcaacattgtetectgecagetcagecectggatggetgeecttectgg
aaaccttaggatacctctgctggcteccagcectgeccectecctgtgagtcagetecttcaagecacagece
cgccagatggecttccaaggcaccaaggatgecagectcecectgacctgatgectetecageteccaggacttece
aggacccctcagectgeccecctggaccctgetgetactgecgtecacctetgecacecttgtecccagetggget
gctgactcagatatgccaggctcecctatgectatcatttcaactecccaggetcagetecactecaggagect

agttggagaatggatttccccagctgaaggacgcttcageta (SECZH)}«)IZ7)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E14 herein, located in the human genome
sequence at human_hg38 start 88802240 /human_hg38 stop 88802877 (FIGS. 1A-2
and 1A-3):
gcacttcagttccttttcatcaaggaactgattaaagtgtggtctattatctectgtagtggggagtcce
gaaagattccacttcttecctettettgeccaatgagagggtcaggaagetteccaccaccatectgactyg
tggccaccacatcctggtgtgaagcaccaccagcttecteccacaagaactectgaaggtcaccageccagce
ttgagtcctccgaaggtgetgtggectcaaccagecagectgtgtagecagagagcacaagacctgggacte
gaactcagtcccaccttcaagagggatctccaccactttectgagectcagttttcacatetttggttag
gggcaggtgggaagttgccatatttaccttgttgggectectttggaaaaattaaatgaaatgttaatgta
tgttacacaacgggctcataggagggattcaaaagctgectagttectttttectecttttectgaaaacgg

tattaaagagtactgtagagacactggagaattcctgcttcatatgagatgteccttggtecteteceggg

gaatttgaagacccagagactcgecageteccegtgagecteceegetgacgecttaceteccectetee
accatcccctgecatee (SEQ ID NO: 28)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human

polynucleotide (DNA) sequence, called E15 herein, located in the human genome
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sequence at human_hg38 start 88803290 /human_hg38 stop 88803678 (FIGS. 1A-2
and 1A-3):
tgcctteccecteeccectgteggecgececcteggtecctgggggtggggtttecectttgegetegeececee
tcecegeecceccaccecectecacgggecctececteccecegecegteecctatgtatgtgtcacagegegecat
gceccgceccececgceccgeccacctacctececegecgeteccagagggggetecgecagagectgaggacgecgegeag
cgctgctcaaggtcectcectetetetecagecaccetegecggecggegtetgacgegggtgecagggtetecg

ggcacctttecagtgtecattecctecagecagecaggactecgeaacecageagttgecgetgeggecac
agcccgaggggacctgeggacaggacgecggcaggaggaggggt  (SEQ ID NO: 29)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E16 herein, located in the human genome
sequence at human_hg38 start 88807290 /human_hg38 stop 88807962 (FIGS. 1A-2
and 1A-3):
gccctgggaaaggggatcaggagecacatettgggaacaggagecttectetectgetgtecaacggecetg
gcctegtggecatgettegtgtectgatggtagecgecactgecgecctgataacttaaaggaagecect

tcaatgggatgaagggcccecgtttcectgtgacagectactttgggagtggcageteccecctteccecagatee

aacaggacacagccatcccectgecgagggagtectgggeccctggacgcagttgaagaagggccactgggag
gccggcagaacaaggggagggctggagaaggagcgggagtgcaggegagaggaggaccagagaggggga
atttgtagagaaaacggtaaaacggtttcttttttcaaaagttgaatccagggcaagaacggaaacggt
ggagtttacttttaaaaactcagagcctccttataagtggtggagtgtgtgtgtgtgtgtgtgtgtgtyg

tgtgtgtgtgtgtgcatgectggcagggegggececctgegggetggecaggectgtgagaggtgacttete
tcecctectcaatggeccttacagtgtatecctaaagaagetttttgttaaactcatgaataggtggatttgg
ggtgtgtgatgctgggcatcacgatttggatatttggttacctttgaggtta

(SEQ ID NO: 30)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E17 herein, located in the human genome
sequence at human_hg38 start 88833390 /human_hg38 stop 88833984 (FIGS. 1A-2
and 1A-3):
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Ttcatttcaggctceccegtcececcecttectetgectecacctatgetgtegecctgtcagecacctaattcag
cttccecatggagaaaggcctcecectgttgacagggececgtgetgggactcagggectgecaaagtcagtett
ctcgcataaaaggctcagtgagtectggagacacttggaageccagacagaatggaatttetecectattt
tctttacagctgagaaaacacacacaaacacaagagcatatttattgecgatatttctatecccaaagttt
gtctttaaaaaaaaaaaagaaataaaattagtttctctgcccactccaccecctatececectacecececac
tctecectececcacctettttecattectteccatttectggtttaggeccagggagagaaatcaageecgtee
aagccccacagagcactcecctacaccecececggacaatgteccagettgttcagagagtgagggaagaaacac

agctccgaaaacatacacacaacctcecccaatgaagggtgttcectgagggaagaacaggegggecttgtgt
ctgaacacgaatccctaaggctctgggaagagaggagccggaa (SECZH)}«)I31)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E18 herein, located in the human genome
sequence at human_hg38 start 128377753 /human_hg38 stop 128378783 (FIGS. 1A-2
and 1A-3):
ggtcttaaagtaggaaaacacatggtgtgatttgggttggtgaatagtcgacttgtagatctgeggact
cgtcaacattgctctgacatcagattttctgaagagcagtgtgggetecttececcagggetggecgagt
tttgaggggaactgcaggttctgatgtttccaactctgtatctectgecctegtecatttecatggacaag
ttatttgtgctggtgtgagatccagaatcggtecctgetacgtgacaatgectggagcacggagecagga
acccaagctgcctcaccagegtgttagggttgttactgtgececgttttagaagatcacttggaggtgea
aaaatagagcagtttttttttgtttttttttttttgacatggagtctegetectgtegeccaggetggag
tgcagtggcgcaatctcecggctcactgecaagetececgectececeggttecacgecattetectgecttagee
tccecgagtagetgggactacaggagectgceccaccatgececggetaatttttttgtattttttagtagag
acggggtttgaccatgttagccaggatggtctecgatcectectgacttecatgatececgecegecteggecte
ccaaagtgctgggattacaggecgtgagceccaccacgectggccaagagcagatttttttaaaaaaattaa
gtacctctattcatttgcaccttcactacccagtgaggagatcaaaatttcecctagagcaaatgecatteg
atgccactcacagatttcgacaggagagcacaatttcaggaacgecctacatcaaagcactaattggecac
ttttacagtgtctttctececgecacgtgagecttgetggtggaaggagetgtcatagtaatgegtattect

ccatgcccagtgagtagggtgacggtcaattcacagttcactaggcacaaaagatgacggggctctecect
ctgctcgggacagcaagaaggttgaggtgatacggtttgteggtgtececcacccaaatctcatet

(SEQ ID NO: 32)
In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-

250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
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greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E19 herein, located in the human genome
sequence at human_hg38 start 128289803 /human_hg38 stop 128290279 (FIGS. 1A-2
and 1A-3):
catgaaagtcactgttttacatactaattgcattttccccaaaacatcaagectaaatacataactgata
gcatgtttaaaggtcctatgtttcacctcaaattatctcatatttcacatgaggcaaaccctgtcecectga
ggccctgatgaagatgggcaggcagatctgatatcagetgettttetttecttgatggaacctetggat
tgcgtgccctatcecctataatgtgaaaaaagggecttceccagaaaaggtggaggaattactttectgaaatte
tgaaaggctggatccaaaggtgcagaaaggaacattatttcctaccatataaaacccagtagggegtgt

gatgctgggacactgtatgagtccattctcatactgeccataaagaagtacctgagactgggtattttat

aaaggaaagaggtttggttgactcacagttctgcaggcttaatagaaagcataactgggaggce
(SEQ ID NO: 33)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E20 herein, located in the human genome
sequence at human_hg38 start 128323153 /human_hg38 stop 128323718 (FIGS. 1A-2
and 1A-3):
aaaaatgaagaatttatatgccaactccaggagaaatatttcagtgaggtcecctggettggtgcaaggat
atggaaccagagccaagaattctatcagttaaaagcagecttagtttecctgagectggactgatggggga
cgtggaagacaaagtgtcaggtccatcagtggaagattggecttgageccactgtacacagaatggagag
cccactggcctaaaaggagagattgtcaggegtgacgaagcaggaattttageccgaagaatattcacaa
attacaggccaagagggaagtggggacgttcecgtcecttectettcatagecttgetegttgggggaccaget
gtcctttattgttaatagaaaaatcaatatagcaagaggcgaatctttgectgtgataacattggectect

ttcaccaggcgtgtggaattagattactgatagatgcacctectgtegectececccaggeteccagatagaa
tctatgggcectttgccaataagcacggtaacagagtgtggatcaggaaccagegggtggeccaatggecagt

ggagaaaatgtaat (SEQ ID NO: 34)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least

90% or greater, or at least 95% or greater sequence identity to the following human
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polynucleotide (DNA) sequence, called E21 herein, located in the human genome
sequence at human_hg38 start 128332503 /human_hg38 stop 128332974 (FIGS. 1A-2
and 1A-3):
atagaccatataattctcacatgtcaaggttttaagccaaagccctcaggcaccacttectgattttett
gaaggatcaaaaataaaaggttgcaaccctcacagccgtaggectecctgecagecaactectttggtgecacet
gtcaccctgatacctgggaggaggctectgagtceccatgetgtgggaaggtgetggecttecatggatggge
ctccecectggtgtgteccactgtggacectgagtgggtgtecccagagecectggectectececttetttteectet
agaaagggaatcggcatgttcccaatcatctctgagattatctttattecttcaaggagttgecagtgget
cttgccaagtgccctggggtettggacatctgectagtggecectgtagagacctecacecteccagacag
ctcagaatttgctaaagaaaatgtgaattttggagtccagggctagaaaatatgacat

(SEQ ID NO: 35)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E22 herein, located in the human genome
sequence at human_hg38 start 128336003 /human_hg38 stop 128336491 (FIGS. 1A-2
and 1A-3):
aagaaaagttttattttgcctctgtagtattggggtttaagtgatcacggtaattttccattatcattt
tgtgttttaaataaatacaacaggctttattgtgaaaatatttgtctaatattgggcagtaaatgttta
agtgattttggtttaattactattacagtcatactattacagtgcataaaatagaattcttcttgagtt
tgttcattagatgggaagaggctgcatttttaaaaaatatatgcatgcctataatactacatttaaata
tgtgcgtatataaagagatgctttcttatttatatacatggtcattatagagectttgtgagaaatagaa

ttttctetgtgcaatctgtactectgggaggggttatttgectgacactgtatgecccatttectaacagaa
tgtctctagttaagtaatcatatgatgaagacatcccagectgggactctatatttaageccaagttacta

tttcta (SEQ ID NO: 36)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E23 herein, located in the human genome
sequence at human_hg38 start 128365603 /human_hg38 stop 1283366181 (FIGS. 1A-
2 and 1A-3):
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ctaaaaatgcctcctegectectgattttagececgtggttgttggagtaccggttecagecaggagetgtga
tttccattgagctctcaaaccaaataaaatgcaaatctceccgaggatggectectetecctgecececacag
ttgtgctccgaatagtgtctgagtttcatttttacaaggggectttaaaaactecctgggececttgaaa
actcccagcecccecctttgteccagatggggatggaggtggeccaggectgeccegttgattgtgtgecgagga
gccectececcecgggaaggetgtgatttatacgegecaggettgtcacggggtgaaaggaagggeccacttttt
cattttgatccaatgttaggtttgaaagccacccactgctgtaaactcagctggatcecgegggecgtga
ttaaacacattgccecgetttgttgecgagatggtgtttecggaaggegetgtgaatgecacttecectttge
ggggctcacacagacaagatgtgtgttgcaaggatgaggcgecctgcecteggecteccageccagggecggyg
aagggagaaggtgctgtgcgtcgctge (SEQ ID NO: 37)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E24 herein, located in the human genome
sequence at human_hg38 start 128375853 /human_hg38 stop 128376606 (FIGS. 1A-2
and 1A-3):
Ttgaggcaagagcgagggtggcatatccagggtggeccactgggtectggagtgtcagtagcagggcagat
ttagaaggtgactttgcatacctaggcaaggccagctcatgecgggatgteggageccatgggaagecace
ttgcgtttgaggctgecctgeggtgggaagecttcagagtttcaageggggetttgetatgggtttgttet
gctttcecegttttececcectttggaggaggecttacagagatagtgatgactttgcagetgttaatcatcag
gaagctgtaatcactaagaatgtttgaaatcatcagttaaggatttttagaaggaagtaaaccaaagaa
atactgcagtagcctgceccctaattatttectgggettaaagtaaccaggtgecattggagagattatttt
tcttettectgatttatgaaggtctcagggtccaaattttgaaactgetgatcgaatttgttettggatyg
ttgtcatagaaatctgaaactttcctacttgtctgagagtgaaatttctttgattattcactcaagggt
ttgataggtttaaaaaaaggccttcgggacatctcttgttataaagtgtcaactttagatatcaagaga
atcatgatatatttattactacaaaagagaaaataagcaactgaaaaactcatgaacttgaagcatgaa

gcaaaccccttaagttctaggggtttcaagatgtggatgecaacatgtgatgacatttaaaaga
(SEQ ID NO: 38)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human

polynucleotide (DNA) sequence, called E25 herein, located in the human genome
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sequence at human_hg38 start 128408553 /human_hg38 stop 128408930 (FIGS. 1A-2
and 1A-3):

ggcttttggtttttacaaaatattacaagttgecctaaatagtcecgtgtttaaggacatagagccagagce
tctttectggaatgtcataccteggecagggecttttgtgecatgttttaagetgattectgaaattaggggyg
ttaaaatggaagcgccgagccatccecctaaagagagggaggcgaatgtgecceccttgttgetggtgacecea
gaacaaggcctctgggctgagaacaggagagaatgttatttctttgaaaagccatcttgacaatccaag
tcecgtttggctgecagcaccaaaggcagectttgatectgetegecagtgtecctgecgggaaaaggattag

ggtccttccagaggacagcagagccaggctgcec (SEC}H)TQOI39)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E26 herein, located in the human genome
sequence at human_hg38 start 13388723 /human_hg38 stop 13390212 (FIGS. 1A-2
and 1A-3):
gcccaggctggagtgtggtggcaaaatctcagataactgaaacctcectgetteccaggetcaagecatee
tcccacctetgtetgcagagtagectgagactataggcatgtgeccacaatgectcagataattacttaaca
ttctagtagagtctagtagacatgggctatcactatgttgeccctggetggtectggaactectgggetea
agtgattgttctgccecttggecttcecccaaagtgttgggattacggectgtaagecgecatgettggettege
tttacaatttttttttttttttttttgagacagagtcttactctgeccacccaggetggagtgtagtgge
tagattttggctcactgcaaactctggcccttgggttaagagattctectgectcagetteccaagtag
ctgggattacaggcatggacaaccatacctggctaatattttgtattagcagagacggtatttcaccgt
gtcggccecgggcectggtcectecgaacteccecgacctecatgatececgectacctegggeteccaaagtgetgggat
tacaggcatgagccaccgtgcecttggeccaagaagacattttgttttectcaaaaaagtggagatctgaget
tcaaagatccttggtaacacttcccagtgctatcagtgtagtggtgcagtggectaataattcatggacce
ctataggagggatcttgcctgctcectttagaggttgggacacactettettggtaccagaagggcagaac
tatgcctctgtggccacttattgcagaatggaattggagtaaactgagggeccecctttcacacatgectaga
gaactgactttggccctaggagaagtgggggttgcaggggattggecctgagaaacttgecttttcactyg
gattgtcctctagagtttttcactggagatttgtcagaatgagccteccagtecceccateccagactectgg
agctggcaggccagagcectgcetgaggaaccagttettgaccatettecatectggacgagetgeccaggyg
aggtcttcecctctgatgttcatggaggecteccagecatgagacattttgaggeccctgaagetgatggtge
aggcctggeccttecteecgecteecctetgggateccctgatgaagacacctecatectggagaccttgecaag
ctgtgctgaagggacttgatacactgectggeccagaagettegeeccaggtgaggtgactecaggtggee

tggtgggaagggtccaggcatccagggaagggacagctggctcaggaggagtggtggggttggggaget
agggtggctcagaggcttcectgatggtgecccatgagagaccttgaccattgeccagatectectggaaaag
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gactgctcaccatacagggtccactgaggaaacaggaacctgecttcecctecccagtggaaggtaaaggtte
tagaagtgagaaccaggcagaatccaagggggagcgggatyg (SECZH)}«)I40)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E27 herein, located in the human genome
sequence at human_hg38 start 13469123 /human_hg38 stop 13470861 (FIGS. 1A-2
and 1A-3):
ttgggttccaatggaactacagagagcaatgactactggtcctgaatgtgggtataaagttttaccecta
aaagtaccttgtatttttttccaaggccaaaatataacaactcatttgcaccctggaaaggtatgttta
tttaaaaaaaaagattgcatttgcaaacagtagagaacactgctcttttttatttaaaaaaatctttac
catggaaaaacaataaagtttgcgtgtgtgtttattggtectggggacttaaagaacaaagataccttgt
ggattgcagacaaatgaaacccacagaggtttgctttgggtaggtttcaccatacaggtgtttcaatag
accactttgcaaataataaattacttaacactcaaggccgectagaggccactaaaaaggagtttatgge
caaggcacagggctggtggctggctcagtgageggtggecaggatattaatgagactcagagectggacyg
tgctctggatccagttaaatgtaatagagttggaaaaccacctgecceccagecactgacggcacctagg
attcatgcctgtaactttgaccatctgagecctgtagggacattggggaggagggggagggtgagaggag
gcagtggcaacagcagcatggatgttccatgcaaacccttectectgtcaccagggaaagcagtctgagea
catgaatttcttagcctcectetteccaggatgaagectagtttgaaccagcactgecaggttgaagtgtta
ctgcatcctgcagccagagccagggcatgtggecacececttggtecectgetgtggtacccagagteac
ttggaacatgtgtgaagccaggatgagggtgcatataccctccagatgectgatatctaaatatttacaa
gtcacaaatacagagaaactgttttttttttgttattgttgttgttgttttgagaaggagtctecgetet
gtcgcecccaggcectggagtgcagtagegtgatecteggectcaaagttetgecteececgggttcacgecattet
cctgcectecagecteccaagtagetgggattataggecatgecaccaccacgectagcaaattttgtatttt
tagtagagatggggtttctccatgttggtcaggectggtectcaactecctgatectcaggtgatectgeccac
ctcagcctcccaaagtgctgggattacaggtgtgagccaccgcaceccggecaacaaaagtaccttetta
atgacttcgaagactaggtttaaatggtaaattattaaattcttggaaatctgccacagaatatggcat
tgtggggacagctgagctgattgaaacctgectccecctttectetteccacteccageteccatecctgecacet
taggggtctatgcacacctgtgtggacatcccaccctecacatccaacctectattcacattecceccecaccac
catcctgtgtggccactcagectgetctaaagcagggatgctgggaagatgeccacatccaagettgga
atcgtttttgccagaaattgggggcecctaagtacccaaaaaatgttctagaaggggacatgttectggat
ggccatggactceccecttgetececctggggaagagcacagetggaggaggactggagcaaggeccectaaage
actggacccaagataatgcccctecttgeccaggteccaagggectgtactagtggtaccegetgtecatecac

agcattcattactg (SEQ ID NO: 41)
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In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E28 herein, located in the human genome
sequence at human hg38 start 31124894 /human_hg38 stop 31125629 (FIGS. 1A-2
and 1A-3):
cctcecggaaccaaggttggetectggecacctgtagggeccacgggecagectatgtcagettecteggaaggac
cgaggctggctcectggecatcteccececgaccaatcecectggetecactgtgtaccectgaagggcagaaaacag
ctactgcccaccgcagectceccagectggeeccaacatetgtgggecagetggtgatgtetgectcagetyg
gaccaaagcctcceccceccagegaccacaggcectcagttetggetecgacgteecctggggetggtgatgectyg
cctcagcagggccaagatctceccecceccagtcacecctggggeccaatctggececccaaccteccagagaccaga
agcaggagccacctgeccteecgtgggacccaageccaacactggecagectetggectgagectggeecctgg
cttctgaggagcagcccceccagaactececcteccaccecttecececggtgeccagtecagttetgtetecaa
ctcaggaacaggccctggectccagecatccacggecatcaggecgcagectectgtgggacagacatcagceta

gaaagagggatgccccagcecccecctagacctcecteecctgettetgaggggecatecteccagectecagetecaga

catctggtcctacaggectccccaccctgecatccaaacctcececcagacceteggetetececectececttee
gagcccggcece tgaggccctceccacagcagccctgaggatcecctgtttt (SECZH)}«)I42)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E29 herein, located in the human genome
sequence at human_hg38 start 31132544 /human_hg38 stop 31133831 (FIGS. 1A-2
and 1A-3):
agcctggccaacatggtgaaacgctgcctctactaaaaatacaaaaattagccaggegtgatggcecggta
cctgtggtectcagctactggggaggctgagacaggagaatcacttgaaccegggaggtggaggttgeag
tgagccgagattgcaccactgcactceccagectgggtgacagagcgagactccatctcagaaaaagaaaa
aaaaaaaaaagagtctctgagtttacagatgagggccctggcattcagagaggctgaggaactcaccea
gcctgtcaacggcagaaccagagccaaatccaggatttgctagecttcaaagectatgttctcactcacte
cctaaggaggctgtgggcagaaggaaccctgggectgggaggcagcacagggettggtatttatactaga
cctgttectgectcagtttececcagtectgtaaagtggecectttgtetcaggecaatttgtgectaagacecaa
gagccttaagtgtgtgggatactagagggtcteccecctgatgtggeccectgececctgecttgectggac

agtttgccttcagggacgacatgccactggtgeggectggaggtggcagatgagtgggtgeggeccgage
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aggcggtggtgaggtaccgcatggaaacagtgttegececgecagetectgggactggateggettatace
gggtgagaggggcagtggtggtcagcgactcagggaagaaaggggcctggaggagcagctgaacagecat
ggtggggtcactggcttgtccagatcttgatgeccacactgggagactgectgggatcagacattataggg
tcacaacactgattccacaacactgatcccccaggtgggtttececgecattgecaaggactatgtggetta
tgtctgggccaaacatgaagatgtggatgggaatacctaccaggtacttaaaaggagtgggagagtcag
ggcaagtccttgttgecctttgggacctcagaactcaccttgggggectectcaggtggectecectgacecee
caacttaggcttatacccctgggcctaccaggtaacattcagtgaggaatcactgecccaagggeccatgg
agacttcatcctgggctactatagtcacaaccacagcatcctcatecggecatcactgaacccttecaggt
aagtaggccagactgctgggctgggggtgcctaaagacttttgtcaaatgeccacagectcectacattetyg
ctccttgagttcagacaaataacctgacctcccaagatctgceccaac (SECZH)}«)I43)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E30 herein, located in the human genome
sequence at human_hg38 start 88655733 /human_hg38 stop 88657379 (FIGS. 1A-2
and 1A-3):
acatcttaaacagtcttttaatgttatgaatttgatttttcaagaaatacatgtcatttattttcaaaa
cgaaatgatagctatactttctagagtctatcaatagtatttaaaataagatactcataactttcaaat
actgcttttactagtcatcactcgtcattaaatgtaactgtatattcaagagectttctaataatagect
ttaattaaacgaaggactgttagagggtttctgttgeccctttgaagttcttaattattacttgtatccea
gcattttatggtacacttaaggttaaattaaatcatttaaatataccttgaagagaaatatgaagactt
ttgcccattttaattaaatctctgaatttcagtatttgaaaataataacatatgttttgattttttttt
catggccgaatggcaaaatgctcactatattaaacaacaaaaaaagaaatggtagectttttatgggact
aatcgctaagcagatgcatgtaaatgagctattttctatgecatggcttceccaaaagtgctaattaaatag
ttggtattcaaggctatgctcecgectcattgtttagtgacacacaaatccagecgatgtgtgeccagecagaca
ttttaagttgaatgttttctcecctctacggtectttgtcatgaaatggtggcaccatgatgagaacactag
tgtaagcaaaacattgaaatatgctttaataatgttttaaccatgtagtgacactagcctagttttcta
atgaatttttaatttctgttttcttataagggtgatatgagttatcgectgatgcatattaaatcatata
catgagtcattttctctaaatttgcataaaatggctaaatgctaatgcaccaaatggagecttactatat
gtggtacagcaaatattcccttgaagattttctgcaatcaatctecctgtatttcattagecaaccagata
aggtgtggtctgcagaataaaaaaagaaaagtgtgtagctcatgaacttatgaggcttcagatgattte
tacgtggtgattagagtggattctgcaattagaatttatgtaggtaaaacacacatgtgcttccectttaa
aggcacagtgcaacaaaagttctgaatacagccttgcaattgttaaacaatgaaaaggcaccattcaat
tattgtgatttttttacatctataattaaatgaaggaaagccatactttaaatttagtatcatttgatt

ggcataacccttactgaaattttacaatttccctactatgtttataaaagaacttttaaaaataaccat
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gtgtgaaatattttgtttgctaactgttcccatttteccttgtcaaataatggtgaagaattttectggac
taatgtttaacatttaaaaatgttttttctatcatcaaatactcttactgaactgacattaggatcata
tgctttataaaaaattgcattagggtaacagtattattgggcaaaccagagatgtttacttgaaggata
aacttgctgcttactcactccactcatcaacccttttectegtectectacagtteccaccatectggaatat

tttttaacccagt aaagaaaaaattggggaaggggatggctatttaaaaataaatgettt
(SEQ ID NO: 44)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E31 herein, located in the human genome
sequence at human_hg38 start 88872683 /human_hg38 stop 88872997 (FIGS. 1A-2
and 1A-3):
tattatcctagtaaatccttaaaaaactttaagaggtgggtgattttataattceccattttacagatee
tggtactggggetttetggteattaaaacacctgectaaaaccactaatcagtaaatgggaggetgget

tttgaacccagttttggtcgttgttcttaatcattattctttattgtttatggacatgtttgtctaata

gcataatatgtagaatcaaagaaatgatattaagtgtggaaatggagtctccaaactctttatgettgt
ttaaacgatcttctctctcgagagtgtatcttcatcctt (SECZH)}«)I45)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E32 herein, located in the human genome
sequence at human_hg38 start 88745133 /human_hg38 stop 88745535 (FIGS. 1A-2
and 1A-3):
tttcccttactcagctaacaaacatttaccaagtatctgectgtgtgectaacgettaggtgttaaactygg
gcatacaaactgaatgagaaagagtttgecctceccacagagectgagegtectagagagatgtgecccagatyg
ttgcaatcataatgcaatgagaaatgtaatgttggtacaggctactatgtaagcacaggaaagaggtgce
ataacttgtctgttagagtcaggaaaggcttttctcaaatggectgaactgaattctgtgggatgacaaa
gagtgctcaatagcatgaagcagaagaaggaaaggcatgctaggattgcataggtaagagtaagecggece
gtgacattgccaagtggcggcacagtgtagcaattaagagcacacactgaggecegggt
(SEQ ID NO: 46)
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In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E33 herein, located in the human genome
sequence at human_hg38 start 88799783 /human_hg38 stop 88801354 (FIGS. 1A-2
and 1A-3):
ataaaatatcaggtaaatataatctctcatctctcatcttctecteccatecteccctatgtecectttectte
tctectectectectectetetectecacacacacacacacacacacacacacacacacacacacacacagagaga
gagacacacatgttcttcctctaaaaagaaaaaccaataatcctctactgagacagttgtgaatcaaag
gtttcttctgcaggagttacatccatctctgaatttectagagagcagcaaagggecttgtgttttatt
ccccttecacacttaatcactggactgtgggeccagactgaatgagtagetcattagaatcactgagtt
cactgaggggatgagagattccttcectggectgggtgctaagtgatactceccataaggattttgtggtta
caaaacgtgctggatatggaggtaacctgtectgggagtectgtcactccaaggatcacttggaatgete
tggaaaaacacatgacctggctgaatgagttctgttgaattgtttagectacaccttcatttcagecage
ttatactgcattaatgaggttattgttcctttgeccgteccaattgttecccaagetgattttttgecatata
tgttttacatccttaacaagaatgcctgtctectgetgtttcagagtectettecacagtgetgagecatyg
agtggagcttgctaaatcattgctaaatgaagcaatgggctgtaagcatgtectgtgggatectgecatet
tcagatcatcctgaagtactcaacaaccacatcttcectteccaggaacagagecccaacataaactggtagg
gtttgctgtcttagacagctaagagaacgaggagtggagctagtgaacaagcagtgaagggggcagtte
cttaatgccatccgaactgaatttcaacagtctgacaagctagegttttgggtaaatatceccagtatac
ttgtcacagagttaagtaaaatggacttccttcaaaggaagtgcttttaatacaataactgtttttgtt
tttttaaccaatggattaaaaatttaacacatttactaaatctggcatatttatatattgtatctaaac
agatattcaagctgcattataatataatcataaaaaaactgatctcagtctgtctgttaagectttgtyg
agtctttgtgccattgttggagtagtgctaattatcaagcaaagacatgataattacgcagagettttt
tgctaaaagaaggaatctttttcaacacccacgcactgcacaatttecctatgaccctgtagecactacte
tggtatggcccagaaatttgtatttctgtgtaaaggctggaaattatattatttctatctectececgata
ccttttettettgtgagtaaactgtttttagagggttaaggaagaggggtaatggtccaaatgggaaat
ataaaactaatgacccttcatgaaacatattatgctcctcattaaacttattcagttaaatgtattccea

ttaaattaaaataaataggatttaaaattttacccaggagcagtaaacaatctt
(SEQ ID NO: 47)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or

greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
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90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E34 herein, located in the human genome
sequence at human_hg38 start 27969472 /human_hg38 stop 27969690 (FIGS. 1A-2
and 1A-3):
tgctgaaccagtctcegetgeategtetecgetegegetegggacetgecaacagaagggaatgggacee

gagtgtcagtctggactctccatcteccececgecactactececgeteccececectttttagececgetectcaaaaag

cctcttcaacatcaagggeatctcecaagttgaaaagaaaaaaaatttctctggagectcetceageactt
acttatttagca (SEQ ID NO: 48)

In another embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of 50-500 bp or longer, 50-
250 bp or longer, 100-200 bp or longer, or 100 bp or longer, having at least 70% or
greater, at least 75% or greater, at least 80% or greater, at least 85% or greater, at least
90% or greater, or at least 95% or greater sequence identity to the following human
polynucleotide (DNA) sequence, called E35 herein, located in the human genome
sequence at human_hg38 start 27973822 /human_hg38 stop 27974489 (FIGS. 1A-2
and 1A-3):
Caagctgatgggatccteccatgggaaaagtgggectcacacecttecteacecttecctacttectyg
gcaatgttctgettcccccaaactgaagecaggaggeccagagaggaggeggtttectgggaggaaceca

aaccaatgtgagatgagaaggtctttaggaaatgggggtctctgagaaccggttcttaaaggtcaagea
cttgagcacctcgcaaactcctgacaattgaaacatatctgaagagtcttettcagatatgtetetgtyg

tgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagagagagagagagagagagagagagagaatatgaat
gtgcagtgtcccagtcecctgatctectggactggtgeccagecagecagatgectgeeccttggetggecaa
gtttttggctcecctgaaagtaggcagctectggacttgtacgaggeccacagagagagttccaageccccace
tggctcaggcgacaacctctcaacctgaagtcaatctecggtggecatcacagggecctectggecagecag
cccagttccceccacatgaaccgaatggtcecctttettaaattttgagecegggggetgectaaaaggggetyg

ccccegcaagcattttacctecctaacaccattetetgecegtgeca  (SEQ ID NO: 49)

In an embodiment, an enhancer sequence as described herein comprises a
nucleotide sequence which contains one or more regions of about 100 bp or longer
having at least 75% or greater sequence identity to a human polynucleotide (DNA)
sequence of the above-described E11 to E35 enhancer element sequences (e.g., SEQ
ID NOs: 25-49). In another embodiment, an enhancer sequence comprises a
nucleotide sequence which contains one or more regions of about 100 bp or longer
having at least 75% or greater sequence identity to a human polynucleotide (DNA)

sequence of the above-described E1 (SEQ ID NO: 15), E2 (SEQ ID NO: 16), ES
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(SEQ ID NO: 19), E6 (SEQ ID NO: 20), E11 (SEQ ID NO: 25), E14 (SEQ ID NO:
28), E22 (SEQ ID NO: 36), or E29 (SEQ ID NO: 43) enhancer element sequences, for

example.
Genetic Epilepsy with Febrile Seizures plus (GEFS+) and Dravet syndrome

Genetic epilepsy with febrile seizures plus (GEFS+) is a rare condition that
constitutes a spectrum of seizure disorders of varying severity. GEFS+ is usually
diagnosed in families whose members have a combination of febrile seizures, which
are triggered by a high fever and recurrent seizures (epilepsy) of other types,
including seizures that are not related to fevers (afebrile seizures). The additional
seizure types, called generalized seizures, usually involve both sides of the brain;
however, seizures that involve only one side of the brain (partial seizures) occur in
some affected individuals. The most common types of seizures in individuals with
GEF S+ include myoclonic seizures that cause involuntary muscle twitches; atonic
seizures that involve sudden episodes of weak muscle tone; and absence seizures that
cause loss of consciousness for short periods that appear as staring spells. While
GEFS+ is usually diagnosed in families, it can occur in individuals with no history of
the condition in their family.

The most common and mildest feature of the GEFS+ spectrum is simple
febrile seizures, which begin in infancy and typically stop by the age of five. When
the febrile seizures continue after age five, or when other types of seizures develop,
the condition is called febrile seizures plus (FS+), which typically cease in early
adolescence.

Dravet syndrome (DS), also known as severe myoclonic epilepsy of infancy
(SME]I) or early infantile epileptic encephalopathy-6 (EIEE6), is a condition
frequently considered to be part of the GEFS+ spectrum and is the most severe
disorder in this group of disorders. The term Dravet syndrome is preferably used,
because not all affected individuals exhibit myoclonic epilepsy. Affected infants
typically have prolonged seizures that last several minutes (status epilepticus) and are
triggered by fever. Other types of seizures, including afebrile seizures, begin in early
childhood. These seizure types can include myoclonic or absence seizures. In Dravet
syndrome, these seizures are difficult to control with medication, and they can worsen

over time. A decline in brain function is also common in Dravet syndrome. Children
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affected with Dravet syndrome usually develop normally in the first year of life, but
then development stalls; some affected children lose previously acquired skills and
suffer developmental regression. Many children afflicted with Dravet syndrome have

difficulty coordinating movements (ataxia) and have intellectual disabilities.
Causes of GEFS+

Mutations in several genes, including some that have not been identified, can
cause GEFS+. The most commonly associated gene is SCN/a. More than 80% of
Dravet syndrome cases and about 10% of other GEFS+ cases are caused by changes
in this gene. Mutations in other genes have been found in only a small number of
affected individuals or families. The SCN/A4 gene and other genes associated with
GEFS+ encode subunits of ion channels that transport positively charged ions into
cells. The transport of these ions helps generate and transmit electrical signals
between neurons (nerve cells). Mutations in the SCN/A gene have a variety of effects
on sodium channels. Many genetic mutations that cause or are associated with Dravet
syndrome reduce the number of functional channels in each cell. Mutations that cause
the milder GEFS+ disorders likely alter the channel's structure. All of these genetic
changes affect the ability of the channels to transport sodium ions into neurons. Some
deleterious mutations are thought to reduce channel activity while others may increase
it. Changes in GABAergic receptor subunit genes impair the channel's function,
causing uncontrolled signaling between neurons, which likely leads to seizures.
Without wishing or intending to be bound by theory, some studies have reported that
certain SCN/A gene mutations cause constant stimulation of signaling between
neurons. Such overstimulation of certain neurons in the brain triggers the abnormal
brain activity associated with seizures.

While it is not known if all SCN/A4 gene mutations have the same effect,
genome-wide association studies have demonstrated that loss of function of the
voltage-gated sodium channel Navl.1 encoded by the SCN/A gene is the most
prevalent cause for Dravet syndrome. Previous studies using mouse models of Dravet
syndrome suggest that it is the loss of SCN/A4 gene function in GABAergic
interneurons that is the primary defect underlying the seizures that represent the most

deleterious symptom of this syndrome.
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In animal studies, it was found that SCN/A4 -/- mice developed severe ataxia
and seizures and died on postnatal day 15. SCN/A +/- mice had spontaneous seizures
and sporadic deaths beginning after postnatal day 21, with a notable dependence on
genetic background. Loss of SCN/4 did not change voltage-dependent activation or
inactivation of sodium channels in hippocampal neurons. However, the sodium
current density was substantially reduced in inhibitory interneurons of SCN/A -/- and
+/- mice. (Yu, F.H. etal., 2006, Nat Neurosci, 9(9):1142-1149; Yu et al., 2007, Nat
Neurosci, 10(1):134). The studies suggested that reduced sodium currents in
GABAergic inhibitory interneurons resulting from heterozygous SCN/A mutations

may cause the hyperexcitability that leads to epilepsy in patients with SMEL
GABAergic cortical interneurons

GABAergic interneurons, which release the neurotransmitter gamma-
aminobutyric acid (GABA) are inhibitory neurons of the central nervous system and
are essential for regulating and maintaining neural circuitry and activity. (Kelsom, C.
and Lu, W, 2013, Cell Biosci., 3:19). GABAergic interneurons of the mammalian
cerebral cortex comprise several different cortical interneuron subtypes that may be
categorized and classified by their expressed protein markers.

Interneurons play a key role in the wiring and neural circuitry of the
developing nervous system of both invertebrate and vertebrate organisms. In general,
an interneuron is a specialized type of neuron (nerve cell) whose primary role is to
form a connection between other types of neurons. Interneurons, which are neither
motor neurons nor sensory neurons, differ from projection neurons in that projection
neurons send their signals to more distant locations, such as the brain or the spinal
cord. Critically, interneurons function to modulate neural circuitry and circuit
activity. A large majority of interneurons of the central nervous system are of the
inhibitory type. In contrast to excitatory neurons, inhibitory cortical interneurons
typically release the neurotransmitters gamma-aminobutyric acid (GABA) and
glycine. Cortical interneurons are localized in the cerebral cortex, which is defined as
a sheet of outer neural tissue that functions to cover the cerebrum and cerebellum
structures in the brain. (/d.)

GABAergic interneurons include numerous interneuron subtypes that may be

categorized by the surface markers they express. Four major cortical interneuron
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subtypes are parvalbumin (PV)-expressing interneurons, somatostatin (SST)-
expressing interneurons (which constitute a heterogeneous population), and ionotropic
serotonin receptor SHT3a (SHT3aR)-expressing interneurons. These three subtypes
together account for approximately 100% of the neocortical GABAergic interneuron
population in mice. Although these interneurons home to their respective layers of
the cerebral cortex, they are generated in various subpallial locations and they
subsequently migrate to the cerebral cortex.

Cortical circuit function is maintained by the balance between excitatory
inputs and inhibitory inputs. A disruption of the balance of neural circuits is likely to
contribute to the emergence of neurological, neurodevelopmental, or neuropsychiatric
disorders such as, without limitation, epilepsy, autism spectrum disorders, and

intellectual disabilities.
The role of GABAergic cortical interneurons

GABAergic neurons play an inhibitory role and synaptically release the
neurotransmitter GABA to regulate the firing rate of target neurons. Neurotransmitter
release typically acts through postsynaptic GABA a ionotropic receptors in order to
trigger a neuronal signaling pathway. Interneuron role/function is typically categoried
into three components: (1) afferent input, (2) intrinsic properties of the interneuron,
and (3) targets of the interneuron. In general, interneurons receive input from various
sources, including pyramidal cells, as well as cells from other cortical and subcortical
regions. (Kelsom, C. and Lu, W., 2013, Cell Biosci., 3:19). With regard to output,
cortical interneurons engage in feed-forward and feedback inhibition. Regardless of
the mode of output, the cortical interneuron network is further complicated by the fact
that a single cortical interneuron is capable of making multiple connections with its

excitatory neuronal target(s).
Cortical interneuron subtypes

It is estimated that there are over 20 different subtypes of GABAergic
interneurons in the cerebral cortex. The subtypes are also distinguished from each
other based upon the calcium-binding proteins they express, which serve as markers.
Based on studies performed in both mouse and rat brain tissue, the calcium-binding

protein, parvalbumin (PV), and the neuropeptide somatostatin (SST), are key markers
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found to define the most predominant interneuron subtypes within the cerebral cortex.
Of particular note, the PV-expressing interneuron population is independent from the
SST-expressing population, in that expression of these markers does not overlap. In
addition to PV- and SST-positive GABAergic interneurons, which together comprise
approximately 70% of the total GABAergic cortical interneuron population, another
subgroup of interneurons that express SHT3aR were found to comprise approximately
30% of all interneurons. These three interneuron subpopulations account for nearly or
equal to 100% of all GABAergic cortical interneurons, yet each of these populations,
especially the SHT3aR-expressing population, is heterogeneous and expresses other
proteins or neuropeptides that contribute to their characterization. (Kelsom, C. and

Lu, W, 2013, Cell Biosci., 3:19).
Parvalbumin (PV)-expressing interneurons

PV-expressing interneuron represent approximately 40% of the GABAergic
cortical interneuron population. This population of interneurons possesses a fast-
spiking pattern, and fire sustained high-frequency trains of brief action potentials.
These interneurons also possess the lowest input resistance and the fastest membrane
time constant of all interneurons.

Two types of PV-interneurons comprise the PV interneuron group: basket
cells and chandelier cells. Basket cells are interneurons that make synapses at the
soma and proximal dendrite of target neurons, and usually have multipolar
morphology. Several studies have shown that fast-spiking basket neurons are the
dominant inhibitory system in the neocortex, where they mediate the fast inhibition of
target neurons, among many other functions. Such fast-spiking basket neurons likely
play a large role in regulating the delicate balance between excitatory and inhibitory
inputs in the cerebral cortex. Unlike basket neurons, the chandelier cell subgroup of
PV-expressing interneurons targets the axon initial segment of pyramidal neurons.
Both basket cells and chandelier cells are fast-spiking, but they differ in
electrophysiological properties. In contrast to other interneurons, chandelier cells
may be excitatory rather than inhibitory due to their depolarizing effects on membrane
potential. (Kelsom, C. and Lu, W, 2013, Cell Biosci., 3:19).

Another group of PV-expressing cells that is independent from chandelier and

basket neurons in the neocortex, e.g., mouse neurocortex, are called multipolar
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bursting cells, which differ from chandelier and basket cells in both electrophysiology
and connectivity. Multipolar bursting neurons possess synapses with pyramidal cells
(or other multipolar bursting cells) that demonstrate a paired-pulse facilitation; in
contrast, chandelier and basket cells are usually strongly depressing. (Kelsom, C. and

Lu, W, 2013, Cell Biosci., 3:19).
Somatostatin (SST)-expressing interneurons

SST-expressing interneurons constitute the second-largest interneuron group
in the mouse neocortex and represent approximately 30% of the total cortical
interneuron population. SST GABAergic interneurons represent a heterogeneous
population of cortical interneurons. SST-positive interneurons are called Martinotti
cells and possess ascending axons that arborize layer I of the cerebral cortex and
establish synapses onto the dendritic tufts of pyramidal neurons. Martinotti cells are
also found throughout cortical layers II-V1, but are most abundant in layer V. In
contrast to PV-positive interneurons, excitatory inputs onto Martinotti cells are
strongly facilitating. Additional subpopulations of SST-expressing cortical
interneurons show differences in firing properties, expression of molecular markers
and connectivity of different neurons within this population. (Kelsom, C. and Lu, W,

2013, Cell Biosci., 3:19).
SHT3aR-expressing interneurons

The third population of GABAergic cortical interneurons is designated as the
SHT3aR interneuron group, which accounts for approximately 30% of the
GABAergic cortical interneuron population. Based on mouse studies, this population
of GABAergic interneurons in the cortex express the SHTa3 receptor, but do not
express either PV or SST.

SHT3aR interneurons represent a heterogeneous population. Within the
SHT3aR interneuron group are several subsets of interneurons that also express other
protein or neuropeptide markers, including vasoactive intestinal peptide (VIP). VIP-
expressing interneurons are localized in cortical layers II and III. The VIP-expressing
interneuons do not express PV or SST, but do express the SHTa3 receptor, accounting
for approximately 40% of the SHT3aR population. VIP interneurons generally make

synapses onto dendrites; some have been observed to target other interneurons.
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Compared with other cortical interneurons, VIP interneurons possess a very high
input resistance and are among the most excitable of interneurons.

60% of cortical interneurons in the SHT3aR-expressing population do not
express VIP. Of this VIP-negative SHT3aR group, nearly 80% express the
interneuron marker reelin. In this latter category of cortical interneurons, the
neurogliaform cell population, called spiderweb cells, express neuropeptide Y (NPY),
and exhibit multiple dendrites radiating from a round soma. Neurogliaform
interneurons can form synaptic connections with each other as well as with other
interneuron types, in contrast to other types of interneurons that can only make
synapses onto homologous neurons. Thus, neurogliaform cells play an important role
in regulating neural circuitry and function by activating slow GABAA and GABAs
receptors in order to provoke long-lasting inhibitory postsynaptic potentials onto

pyramidal neurons and other interneurons.
Pyramidal neurons

Pyramidal neurons, also known as pyramidal cells, are neurons with a
pyramidal shaped cell body (soma), which ranges from 20-120 um in diameter, and
two distinct dendritic trees. The basal dendrites emerge from the base and the apical
dendrites from the apex of the pyramidal cell body. Like most neurons, pyramidal
neurons have multiple dendrites and a single axon, but both dendrites and axons
branch extensively. The dendrites of pyramidal neurons are usually regarded as input
structures, receiving synaptic contacts from other neurons, while the axon serves as its
output to other neurons. Pyramidal neuron dendrites can also release retrograde
signaling molecules (e.g. endocannabinoids), so communication is somewhat
bidirectional. The extensive branching of the dendrites and the axon allows a single
neuron to communicate with thousands of other neurons in a network. (Spruston, N.,
2009, Scholarpedia, 4(5):6130).

Pyramidal neurons are found in forebrain structures, such as the cerebral
cortex, hippocampus, and amygdala, but not in the olfactory bulbs, striatum,
midbrain, hindbrain, or spinal cord of mammals, as well as birds, fish and reptiles.
Pyramidal neurons are the most populous members of the excitatory family of
neurons, e.g., neurons that release the neurotransmitter glutamate, in the brain areas

that they inhabit, such as brain cortical structures. Their abundance suggests that they
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play critical roles in the functioning of the nervous system, as well as in cognitive
processing. Pyramidal neurons comprise about two-thirds of all neurons in the
mammalian cerebral cortex, where they function to transform synaptic inputs into a
patterned output of action potentials. Pyramidal neurons receive synaptic inputs from
tens of thousands of excitatory synapses and several thousand inhibitory synapses.
Most of the excitatory inputs use glutamate as the neurotransmitter, e.g.,
glutamatergic pyramidal neurons, while inhibitory inputs use GABA.

While the nature of a stimulus can determine the type of output generated by a
pyramidal neuron (e.g., single spike vs. burst), the intrinsic neuronal excitability is
another important determinant of how the neuron responds to an input. Typically,
neurons are classified according to how they respond to current injection, which may
vary from one type of pyramidal neuron to the next. Most pyramidal neurons respond
to continuous depolarizing current injection with a train of spikes that exhibits spike-
frequency adaptation (accommodation). Many pyramidal neurons respond with one
or more bursts of action potentials. The nature of this response is largely determined
by the types of voltage-gated ion channels expressed in the neuron, but the structure
of the dendritic tree is also important (Mainen, Z.F. et al., 1996, Nature, 382:363-366;
Spruston, N., 2008, Nature Reviews Neuroscience, 9:206-221; Spruston, 2009,
Scholarpedia, 4(5):6130).

Adeno-associated Virus (AAV)

AAYV is a small (25 nm), nonenveloped virus that contains a linear single-
stranded DNA genome packaged into the viral capsid. It belongs to the family
Parvoviridae and is of the genus Dependovirus, because productive infection by AAV
occurs only in the presence of either an adenovirus or herpesvirus helper virus. In the
absence of helper virus, AAV (serotype 2) can establish latency after transduction into
a cell by specific but rare integration into chromosome 19q13.4. Accordingly, AAV
is the only mammalian DNA virus known to be capable of site-specific integration.
(Daya, S. and Berns, K.1., 2008, Clin. Microbiol. Rev., 21(4):583-593).

There are two stages to the AAV life cycle after successful infection: a lytic
stage and a lysogenic stage. In the presence of adenovirus or herpesvirus helper virus,
the lytic stage persists. During this period, AAV undergoes productive infection

characterized by genome replication, viral gene expression, and virion production.
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The adenoviral genes that provide helper functions for AAV gene expression include
Ela, Elb, E2a, E4, and VA RNA. While adenovirus and herpesvirus provide
different sets of genes for helper function, they both regulate cellular gene expression
and provide a permissive intracellular milieu for a productive AAV infection.
Herpesvirus aids in AAV gene expression by providing viral DNA polymerase and
helicase as well as the early functions necessary for HSV transcription.

In the absence of adenovirus or herpesvirus, AAV replication is limited; viral
gene expression is repressed; and the AAV genome can establish latency by
integrating into a 4-kb region on chromosome 19 (q13.4), called AAVS1. The
AAVSI locus is near several muscle-specific genes, TNNT1 and TNNI3. The
AAVSI region itself is an upstream part of the gene MBS85 whose product has been
shown to be involved in actin organization. Tissue culture experiments suggest that
the AAVSI locus is a safe integration site.

Recombinant AAV (rAAV) as a vector for gene delivery and therapeutic
treatment

AAVs are well suited for use as vectors and vehicles for gene transfer to the
nervous system, as they enable gene expression and knockdown, gene editing, circuit
modulation, in vivo imaging, disease model development, and the assessment of
therapeutic candidates for the treatment of neurological diseases. AAVs provide safe,
long-term expression in the nervous system. Most of the foregoing applications rely
on local AAYV injections into the adult brain to bypass the blood-brain barrier (BBB)
and to temporally and spatially restrict transgene expression.

AAYV vectors have been highly successful in fulfilling all of the features
desired for a delivery vehicle, such as the ability to attach to and enter the target cell,
successful transfer to the nucleus, the ability to be expressed in the nucleus for a
sustained period of time, and a general lack of pathogenicity and toxicity.
Recombinant AAV (rAAYV) is advantageous as a delivery vector, particularly for
delivery to interneurons in brain tissue, as it is focally injectable; it exhibits stable
expression over time; and it is both non-pathogenic and non-integrative into the
genome of the cell into which it is transduced. Twelve human serotypes of AAV
(AAV serotype 1 (AAV-1) to AAV-12) and more than 100 serotypes from nonhuman
primates have been reported to date. (Daya, S. and Berns, K.1., 2008, Clin. Microbiol.
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Rev., 21(4):583-593). In addition, rAAYV has been approved by the FDA for use as a
vector in at least 38 protocols for several different human clinical trials. AAV’s lack
of pathogenicity, persistence and its many available serotypes have increased the
potential of the virus as a delivery vehicle for a gene therapy application in
accordance with the described compositions and methods.

Recombinant AAV (rAAV) vectors have been constructed that do not encode
the replication (Rep) proteins and that lack the cis-active, 38 base pair integration
efficiency element (IEE), which is required for frequent site-specific integration. The
inverted terminal repeats (ITRs) are retained because they are the cis signals required
for packaging. Thus, current recombinant AAV (rAAV) vectors persist primarily as
extrachromosomal elements.

Recombinant AAV (rAAV) vectors for gene therapy have been based mostly
on the AAV-2 serotype. AAV-2-based rAAV vectors can transduce muscle, liver,
brain, retina, and lungs, requiring several weeks for optimal expression. The
efficiency of rAAV transduction is dependent on the efficiency at each step of AAV
infection, i.e., virus binding, entry, trafficking, nuclear entry, uncoating, and second-
strand synthesis.

Several novel AAV vector technologies have been developed to either
increase the genome capacity for AAV or enhance gene expression. 7rans-splicing
AAYV vectors have been used to increase the capacity of the vector for harboring
heterologous polynucleotides by taking advantage of AAV's ability to form head-to-
tail concatemers via recombination in the ITRs. In this approach, the transgene
cassette is split between two rAAV vectors containing adequately placed splice donor
and acceptor sites. Transcription from recombined AAV molecules, followed by the
correct splicing of the mRNA transcript, results in a functional gene product. While
somewhat less efficient than rAAYV vectors, frans-splicing AAV vectors permit
delivery of therapeutic genes up to 9 kb in size and have been been successfully used
for gene expression in the retina, lung and muscle.

Polynucleotides encoding rAAVs as described herein comprise an SCN/A
enhancer polynucleotide sequence. Because of its nature as an enhancer, the
orientation of the enhancer polynucleotide sequence, i.e., 5'-3' or 3'-5', is not material

to its function. Accordingly, the enhancer sequences (e.g., the E1-E10, e.g., E2, a PV-
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specific enhancer sequence, or ES or E6, as described herein) may be used in a
reverse orientation and may be used as reverse-complementary sequences. A “PV-
specific enhancer” refers to the enhancer sequences described herein that target and
restrict expression of a transgene in PV-expressing cortical interneurons (PV-cINs) as
described herein.

Moreover, the enhancer need not be specifically spaced relative to other
sequences, such as the SCN/A4 coding sequence. In addition, the rAAV
polynucleotides may include additional elements, for example, a sequence encoding a
reporter or a detectable marker, such as a fluorescent protein, or an element such as a
Woodchuck Hepatitis Virus Posttrascriptional Regulatory Element (WPRE), which
may increase RNA stability and protein yield. An rAAV polynucleotide may also
comprise a promoter to drive transcription of one or more polynucleotides (genes)
which are inserted between inverted terminal repeats (ITRs). A polyadenylation
signal, such as bovine growth hormone polyadenylation signal and/or SV40
polyomavirus simian virus 40 polyadenylation signal, may be included as elements in
the rAAYV polynucleotide. The rAAV polynucleotide can comprise a minimal
promoter, e.g., a human beta-globin minimal promoter (phfg) and a chimeric intron
sequence (Hermeming et al., 2004, J Virol Methods, 122(1):73-77). Without wishing
to be bound by theory, ITRs may aid in concatamer formation in the nucleus after the
single-stranded, AAV vector DNA is converted into double stranded (ds) DNA by
host cell DNA polymerase complexes. Thus, the administration of the described
rAAVs may form episomal concatemers in the nucleus of interneuron cells into which
they are transduced. In non-dividing cells, such as adult interneurons, concatemers
may remain intact in these cells for the lifetime of the interneurons. Advantageously,
integration of rAAYV polynucleotides into host chromosomes is likely to be negligible
or absent and will not alter or affect the expression or regulation of any other human
gene.

Recombinant AAV vectors can be made using standard and practiced
techniques in the art and employing commercially available reagents. It will be
appreciated by the skilled practitioner that rAAV vectors that been used in several
clinical trials that have yielded promising results. By way of example, rAAV based

therapy received marketing approval by the European Union in 2012, as reported by
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Kotterman, M. A. et al., 2014, Nat. Rev. Genet., 15:445-451. In some embodiments,
plasmid vectors may encode all or some of the well-known replication (rep), capsid
(cap) and adeno-helper components. The rep component comprises four overlapping
genes encoding Rep proteins required for the AAV life cycle (e.g., Rep78, Rep68,
Rep52 and Rep40). The cap component comprises overlapping nucleotide sequences
of capsid proteins VP1, VP2 and VP3, which interact together to form a capsid of an
icosahedral symmetry. A second plasmid that encodes helper components and
provides helper function for the AAV vector may also be co-transfected into cells.
The helper components comprise the adenoviral genes E2A, E4orf6, and VA RNAs
for viral replication.

In an embodiment, a method of making rAAVs for the products, compositions,
and uses described herein involves culturing cells that comprise an rAAV
polynucleotide expression vector as described; culturing the cells to allow for
expression of the polynucleotides to produce the rAAVs within the cell, and
separating or isolating the rAAVs from cells in the cell culture and/or from the cell
culture medium. Such methods are known and practiced by those having skill in the
art. The rAAVs can be purified from the cells and cell culture medium to any desired
degree of purity using conventional techniques.

In an embodiment, the rAAV vector contains an SCN/A-restricted enhancer
polynucleotide sequence and a chemogenetic DREADD (‘Designer receptor
exclusively activated by designer drug’)-encoding sequence, e.g., a Gg-DREADD
receptor (Hu, J. et al., 2016, J Biol Chem, 291:7809-7820), or a. The amino acid
sequence of the Gq-DREADD receptor has been reported by Armbruster et al. (2007,
Proc Natl Acad Sci USA, 104:5163-5168). The amino acid sequence of the Gq-
DREADD receptor is a derivative of the amino-acid sequence of the human
muscarinic acetylcholine receptor, M3, in which the tyrosine in position 149 is
replaced by a cysteine, and the arginine in position 239 is replaced by a glycine. The
unmodified human sequence is provided under NCBI accession no. NP 000731.1. In
an embodiment, the polynucleotide sequence that encodes the Gq-DREADD receptor
in the rAAYV vector can be modified, for example, by including optimized codons for

expression of the Gg-DREADD receptor in human interneurons.
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In an embodiment, the rAAV vector contains an SCN/A-restricted enhancer
polynucleotide sequence and a chemogenetic PSAM-encoding sequence.

Recombinant AAV vectors, which have a genome of small size (about 5 kb),
can be engineered to package and contain larger genomes (transgenes), e.g., those that
are greater than 4.7 kb. By way of example, two approaches developed to package
larger amounts of genetic material (genes, polynucleotides, nucleic acid) include split
AAYV vectors and fragment AAV (fAAV) genome reassembly (Hirsch, M.L. et al.,
2010, Mol Ther 18(1):6-8; Hirsch, M L. et al., 2016, Methods Mol Biol, 1382:21-39).
Split rAAYV vector applications were developed to take advantage of the fact that
rAAYV genomes naturally concatemerize in the cell post-transduction and are
substrates for enhanced homologous recombination (HR) (Hirsch, M.L. et al., 2016,
Methods Mol Biol, 1382:21-39). This approach comprises "splitting" a large
transgene into two separate vectors and upon co-transduction, intracellular large gene
reconstruction via vector genome concatemerization occurs via HR or
nonhomologous end joining (NHEJ). In general, three strategies exist within the split
rAAYV approaches: overlapping, trans-splicing, and hybrid trans-splicing.

Fragment AAV (fAAV) as an approach for AAV-mediated large gene delivery
was developed based on reports that attempted encapsidation of transgenic cassettes
exceeding the packaging capacity of the AAV capsid resulted in the packaging of
heterogeneous single-strand genome fragments (<5 kb) of both polarities. After
transduction by multiple fAAYV particles, the genome fragments can undergo opposite
strand annealing, followed by host-mediated DNA synthesis to reconstruct the
intended oversized genome within the cell. (Hirsch, M.L. et al., 2016, Methods Mol
Biol, 1382:21-39).

An advantage and benefit of the vectors, compositions and methods described
herein is the identification and use of sufficiently small enhancer elements (cis-acting
elements) that are capable of specifically restricting gene expression to a defined
population of cells, e.g., interneuron cells. In an embodiment, the enhancer element is
at least one of the E1-E10 enhancer sequences as described herein, which are SCN/A4-
specific and restrict gene expression, e.g., the SCN/A gene, to interneuron cells such
as GABAergic interneurons and PV-expressing GABAergic interneurons, or

pyramidal neurons, such as glutamatergic pyramidal neurons. The genes (transgenes)
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delivered by the rAAV vectors described herein are active and functional in the
specific cells in which they are expressed, i.e., the products that they encode are
produced, and are functionally expressed by the cells. By way of specific example, an
rAAV vector as described herein which is engineered to contain an enhancer sequence
that specifically restricts expression of a transgene, e.g., a reporter gene or SCN/4, to
a GABAergic interneuron cell or a GABAergic, PV-expressing, cortical interneuron
cell, transduces these specific cell types, and the encoded reporter protein, or Nav1.1
sodium channel in the case of SCN/A, is functionally expressed in the specific cell
type. By way of another specific example, an rAAYV vector as described herein is
engineered to contain an enhancer sequence that specifically restricts expression of a
transgene, e.g., a reporter gene or SCN/A, to pyramidal cell, such as a glutamatergic
pyramidal cell in the brain cortex.

As another advantage, the described SCN/A4-specific enhancer control
elements E1-E10 are of a size/length (kb), e.g., less than approximately 2 kb, to allow
for their insertion in a rAAYV vector along with other effector element polynucleotide
sequences, e.g., reporter polynucleotides, DREADDs, transgenes. By way of
example, given the obligate minimal size of reporter elements (e.g., Enhanced green
fluorescent protein (EGFP), orange fluorescent protein (dTomato)), alone or in
combination with effector or reporter elements, (e.g. Channelrhodopsin (ChR2),
DREADD:s), which average about 700bp to 2kb, respectively, a maximum of ~2kb in
packaging capacity remains for the insertion of a cis-acting DNA control element
such as an enhancer sequence into an rAAYV vector. The SCN/A-restrictive enhancer
sequences identified and described herein are capable of restricting expression to a
defined population of cells, e.g., interneurons or GABAergic interneurons, or
pyramidal neuron cells, and are sufficiently small elements to allow for additional
nucleic acid sequences, reporter elements and transgenes, to also be cloned into the

AAV vector.
Cell-specific AAV capsids

The rational design of AAV vectors that display selective tissue/organ
targeting has broadened the applications of AAV as vector/vehicle for gene therapy.
Both direct and indirect targeting approaches have been used to enhance AAV vector

cell targeting specificity and retargeting. By way of example, in direct targeting,
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AAYV vector targeting to certain cell types is mediated by small peptides or ligands
that have been directly inserted into the viral capsid sequence. This approach has
been successfully employed to target endothelial cells. Direct targeting requires
detailed knowledge of the capsid structure such that peptides or ligands are positioned
at sites that are exposed to the capsid surface; the insertion does not significantly
affect capsid structure and assembly; and the native tropism is ablated to maximize
targeting to a specific cell type. In indirect targeting, AAV vector targeting is
mediated by an associating molecule that interacts with both the viral surface and the
specific cell surface receptor. Such associating molecules for AAV vectors may
include bispecific antibodies and biotin. The advantages of indirect targeting are that
different adaptors can be coupled to the capsid without resulting in significant
changes in the capsid structure, and the native tropism can be easily ablated. A
disadvantage of using adaptors for targeting involves a potential for decreased
stability of the capsid-adaptor complex in vivo.

In addition, AAV vectors may be produced that comprise capsids that allow
for the increased transduction of cells and gene transfer to the central nervous system
and the brain via the vasculature. (Chan, K.Y. et al., 2017, Nat. Neurosci.,
20(8):1172-1179). Such vectors facilitate robust transduction of neuronal cells,
including interneurons. When used with enhancers and cell-type specific promoters,
such AAVs provide targeted gene expression in neuronal cells of the nervous system.

For applications that do not require high expression levels per cell, the amount
of virus used, i.e., the viral dose, could be lowered. Lowering the viral load used for
systemic gene delivery can reduce cost and production burden and minimize a
potential risk for adverse reactions to viral components.

Delivery of recombinant adeno-associated viral vectors and treatment
approaches

In general, the delivery of an effector gene to treat a neurological disease at
the genetic level, e.g., by modifying or correcting gene expression, such as by gene
therapy, may be achieved using appropriate and effective vectors, such as viral or
virus vectors, e.g., AAV or rAAV. The use of a rAAYV vector provides efficient
delivery of therapeutic genes to a cell where the genes are expressed. While other

methods and approaches for delivering genes to cells involve, for example, the use of
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purified DNA under hydrodynamic pressure, a shotgun approach using DNA adhering
to gold particles, or lipid-DNA complexes, such methods and approaches frequently
do not provide efficient gene delivery and result in gene expression that is lower than
that required for therapeutic efficacy. Moreover, such methods are not applicable to
human use. Viruses, on the other hand, represent natural vectors for the delivery and
expression of exogenous genes in host cells in vivo.

An advantage associated with the use of rAAYV as a viral vector is that rAAV
transgene expression typically persists for years or for a life time, as has been
demonstrated in animal models. This stands in contrast to non-rAAYV viral vectors,
which often lead to an initial burst of transgene expression that commonly disappears
after a relatively short time, e.g., weeks.

To achieve enhanced therapy or treatment, the dose of rAAV vector that is
required for a therapeutic response may be reduced, e.g., by using certain rAAV
serotypes. Alternatively, the surface of the rAAV vector capsid may be altered to
include specific ligands for attachment to target tissues and cells as described above.
Another approach takes into consideration the trafficking of the virus particle from the
endocytoplasmic vesicle to the nucleus. (Zhao, W. et al., 2007, Gene Ther., 14:545-
550; Daya, S. and Berns, K.1., 2008, Clin. Microbiol. Rev., 21(4):583-593).

Typically, the virus particle-to-infectivity ratio of rAAV vector preparations ranges
from 10:1 to 100:1. The high ratios reflect incomplete or empty vector particles, as
well as trafficking from the endocytoplasmic vesicle to the nucleus. During
trafficking, the vector particle may become ubiquitinated and directed to a proteasome
for degradation, rather than to the nucleus where the transgene may be expressed. It
was found that ubiquitination and direction to the proteasome require phosphorylation
of tyrosine residues on the surface of the rAAV vector capsid. When the seven
tyrosine residues on the surface of the AAV-2 capsid were replaced phenylalanine
residues, the multiplicity of infection (MOI) required for the detection of transgene
expression was greatly reduced both in cell culture and in several mouse models of
transduction of cells in the liver and eye. Consequently, the ability to increase
transgene expression to therapeutic levels in the treatment of diseases may be

enhanced.

96



10

15

20

25

30

WO 2020/163102 PCT/US2020/015183

One or more treatment approaches to gain control over seizures are embraced
by the therapeutic products, compositions and methods described herein involving
state-of-the-art gene therapy or pharmaco-genetic approaches. Such approaches may
likely lead to the development of a clinically relevant therapies to alleviate the seizure
symptoms of DS.

For direct delivery to the brain, rAAV vectors may be administered by open
neurosurgical procedure or by focal injection in order to bypass the blood-brain
barrier, to temporally and spatially restrict transgene expression, and to target specific
areas of the brain, e.g., interneuron cells and brain tissue comprising these cells.

Systemic rAAYV delivery (by intravenous injection) provides a non-invasive
alternative for broad gene delivery to the nervous system; however, the high viral load
required and relatively low transduction efficiency have limited wide adoption of this
method. Several groups have developed rAAV capsids that enhance gene transfer to
the CNS and certain tissues and cell populations after intravenous delivery. By way
of example, AAV-AS capsid18 utilizes a polyalanine N-terminal extension to the
AAV9.4719 VP2 capsid protein to provide higher neuronal transduction, particularly
in the striatum. The AAV-BR1 capsid20, based on AAV2, may be useful for more
efficient and selective transduction of brain endothelial cells. Another AAV capsid,
AAV-PHP B, comprises a capsid that transduces the majority of neurons and
astrocytes across many regions of the adult mouse brain and spinal cord after
intravenous injection. In an embodiment, rAAV comprises a capsid which
specifically transduced interneurons, including PV interneurons, in the cerebral cortex
(brain).

Other modes of rAAV vector administration may include lipid-mediated
vector delivery, hydrodynamic delivery, and a gene gun. In a particular embodiment,
the rAAV vectors comprise a capsid that increases the likelihood of directly infecting
or transducing interneuron cells, such as GABAergic interneuron cells and
GABAergic, PV-expressing interneuron cells, or pyramidal cells, e.g., glutamatergic
pyramidal cells, and brain tissue comprising these cells.

The virus vectors and compositions thereof as described herein may be used in
the treatment of neurological, neurodevelopmental and neurodegenerative diseases

and disorders, particularly, for the treatment of DS, which includes epilepsy and its
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attendant, often severe, seizure symptoms. A characteristic that distinguishes
categories of seizures is whether the seizure activity is partial (e.g., focal) or
generalized. In an embodiment, virus vectors and compositions thereof as described
herein are used to treat partial and/or generalized seizures. Partial seizures are
typically considered to be those in which the seizure activity is restricted to discrete
areas of the cerebral cortex. As will be appreciated by the skilled practitioner, a
seizure is characterized as a simple-partial seizure if consciousness is fully preserved
during the course of the seizure. If consciousness is impaired, then the seizure is
characterized as a complex-partial seizure. Complex-partial seizures also include
those that initiate as partial seizures and subsequently extend through the cortex; as
such, these types of seizures are considered to be partial seizures with secondary
generalization.

Generalized seizures encompass distant regions of the brain simultaneously in
a bilaterally symmetric manner and can include sudden, brief lapses of consciousness,
such as in the case of absence or petit mal seizures, without loss of postural control.
Atypical absence seizures usually include a longer period of lapse of consciousness
and more gradual onset and termination. Generalized tonic-clonic or grand mal
seizures, considered as the main type of generalized seizures, typically have an abrupt
onset without warning. The initial phase of the seizure usually involves tonic
contraction of muscles, impaired respiration, a marked enhancement of sympathetic
tone leading to increased heart rate, blood pressure and pupil size. After
approximately 10-20 seconds, the tonic phase of the seizure typically evolves into a
clonic phase, which is produced by periods of muscle relaxation superimposed on the
tonic muscle contraction. The periods of relaxation progressively increase until the
end of the ictal phase, which usually lasts no more than one minute. The postictal
phase is characterized by unresponsiveness, muscular flaccidity, and excessive
salivation that can cause stridorous breathing and partial airway obstruction.

Atonic seizures are characterized by sudden loss of postural muscle tone
lasting approximately 1-2 seconds. While consciousness is briefly impaired, there is
usually no postictal confusion. Myoclonic seizures are characterized by a sudden and
brief muscle contraction that may involve one part of the body or the entire body.

Without limitation, the rAAV products, compositions and methods of use thereof as
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described herein embrace the prophylactic and/or therapeutic treatment of the above-
described seizures, including the seizures afflicting those with DS. In an
embodiment, the rAAYV products, compositions and methods of use thereof as
described herein are used for the prophylactic and/or therapeutic treatment of epilepsy
associated with a loss of function or impairment of function of the sodium channel
Navl.1 encoded by the SCN/A gene. In a particular embodiment, the rAAYV products,
compositions and methods of use thereof as described herein are used for the
prophylactic and/or therapeutic treatment of Dravet syndrome (DS). In another
embodiment, the rAAV products, compositions and methods of use thereof as
described herein are used for the prophylactic and/or therapeutic treatment of
pharmaco-resistant epilepsy, which refers to an epileptic condition that is
uncontrolled, despite use of two or more drugs that are suitable for treating this type
of epilepsy and that have been administered at maximum tolerated doses (MTDs). In
embodiments, a pharmacoresistant epilepsy embraces a condition in which seizures
have failed to be eliminated by previous anti-epileptic drug treatments or treatment

combinations.
Pharmacogenetic approaches

Pharmacogenetic approaches are contemplated for use with the virus vectors,
rAAV vectors, compositions thereof, and methods described herein. Such approaches
deliver either Gq-DREADD receptor or PSAM into PV-interneurons specifically
using a viral vector, such as a rAAV vector comprising an enhancer element (e.g., E1-
E10) as described herein and a polynucleotide encoding a Gq-DREADD receptor or
PSAM. The targeted PV-neurons, either in a specific region upon focal injection or
throughout the cortex upon systemic injection, as dictated by the type of pathology
being treated, stably express the receptor (Gg-DREADD or PSAM). Thereafter, an
individual (patient) is administered the drug that activates the receptor (e.g. CNO or
PSEM, respectively). This approach results in a controlled alteration of the
excitability of the PV-interneurons expressing the receptor and allows for a dose-
dependent and time-dependent modulation of the excitation/inhibition (E/I) balance in
neurons (interneurons and PV-expressing interneurons), resulting in a normalization

of brain activity.
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Pharmaceutical Compositions

Provided also are pharmaceutical compositions or formulations for treating
subjects who are afflicted with, or who are at risk of developing, a neurological or
neurogenetic disease, disorder, or pathology such as DS. In an embodiment, the
pharmaceutical composition includes an AAV vector or virus particle, such as one
containing an SCN/A-specific enhancer sequence, as described herein (as active
agent) and a pharmaceutically acceptable carrier, excipient, or diluent. When
formulated in a pharmaceutical composition, an rAAV vector as therapeutic
compound or product can be admixed with a pharmaceutically acceptable carrier,
diluent, or excipient.

The therapeutic agent(s) may be contained in any appropriate amount in any
suitable carrier substance, and is/are generally present in an amount of 1-95% by
weight of the total weight of the composition. The composition may be provided in a
dosage form that is suitable for a parenteral (e.g., subcutaneous, intravenous,
intramuscular, or intraperitoneal) administration route, such that the agent, such as a
viral vector described herein, is systemically delivered. In an embodiment, systemic
injection of an rAAYV vector as described herein allows for the characterization of
specificity of expression across brain regions, particularly when a reporter product is
also encoded by the vector. The pharmaceutical compositions may be formulated
according to conventional pharmaceutical practice (see, e.g., Remington: The Science
and Practice of Pharmacy (20th ed.), ed. A. R. Gennaro, Lippincott Williams &
Wilkins, 2000 and Encyclopedia of Pharmaceutical Technology, eds. J. Swarbrick and
J. C. Boylan, 1988-1999, Marcel Dekker, New York).

Pharmaceutical compositions may be formulated to release the active agent
substantially immediately upon administration or at any predetermined time or time
after administration. The latter types of compositions are generally known as
controlled release formulations, which include (i) formulations that create a
substantially constant concentration of the agent within the body over an extended
period of time; (i1) formulations that after a predetermined lag time create a
substantially constant concentration of the drug within the body over an extended
period of time; (ii1) formulations that sustain action during a predetermined time

period by maintaining a relatively constant, effective level in the body with
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concomitant minimization of undesirable side effects associated with fluctuations in
the plasma level of the active substance (sawtooth kinetic pattern); (iv) formulations
that localize action by, e.g., spatial placement of a controlled release composition
adjacent to or in contact with a target site or location, e.g., in a region of a tissue or
organ; (v) formulations that allow for convenient dosing, such that doses are
administered, for example, once every one, two, or several weeks; and (vi)
formulations that target a specific tissue or cell type using carriers, chemical
derivatives, or specifically designed vectors (e.g., comprising a certain capsid
composition) to deliver the therapeutic agent, e.g., to interneurons or PV-expressing
GABAergic interneurons, or pyramidal neurons, e.g., glutamatergic pyramidal
neurons. For some applications, controlled release formulations obviate the need for
frequent dosing during the day to sustain the plasma level of the administered agent at
a therapeutic level.

Methods by which to obtain controlled release in which the rate of release
outweighs the rate of metabolism of the agent in question are not meant to be limiting.
By way of example, controlled release is obtained by appropriate selection of various
formulation parameters and ingredients, including, e.g., various types of controlled
release compositions and coatings. Thus, the therapeutic agent is formulated with
appropriate excipients into a pharmaceutical composition that, upon administration,
releases the agent in a controlled manner. Examples include single or multiple unit
tablet or capsule compositions, oil solutions, suspensions, emulsions, microcapsules,
microspheres, molecular complexes, nanoparticles, patches, and liposomes.

The administration of a composition comprising a combination of agents for
the treatment of a neurological disease or disorder such as DS may be by any suitable
means that results in a concentration of the therapeutic that, combined with other
components, is effective in ameliorating, abating, reducing, decreasing, or stabilizing
seizures in a subject. The composition may be administered systemically, for
example, formulated in a pharmaceutically-acceptable buffer such as physiological
saline. In an embodiment, systemic injection of an rAAYV vector as described herein
allows for the characterization of specificity of expression across brain regions,

particularly when a reporter product is also encoded by the vector.
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Routes of administration include, for example, intracranial, parenteral,
subcutaneous (s.c.), intravenous (i.v.), intraperitoneal (i.p.), intramuscular (i.m.), or
intradermal administration, e.g., by injection, that optimally provide continuous,
sustained levels of the agent in the patient. The amount of the therapeutic agent to be
administered varies depending upon the manner of administration, the age, physical
condition and body weight of the patient, and with the clinical symptoms of the
neurological disease or disorder, such as DS. Generally, amounts will be in the range
of those used for other viral vector-based agents employed in the treatment of
neurological diseases and disorders, particularly in the brain, although in certain
instances lower amounts are needed if the agent exhibits increased specificity. A
composition is administered at a dosage that shows a therapeutic effect, such as, for
example, ameliorating, abating, reducing, decreasing, or stabilizing seizures in a
patient, as determined by methods known to one skilled in the art.

The pharmaceutical composition may be administered parenterally by
injection, infusion or implantation (subcutaneous, intravenous, intramuscular,
intraperitoneal, intracranial, or the like) in dosage forms, formulations, or via suitable
delivery devices or implants containing conventional, non-toxic pharmaceutically
acceptable carriers and adjuvants. The formulation and preparation of such
compositions are well known to those skilled in the art of pharmaceutical formulation,
and can be found, for example, in Remington: The Science and Practice of Pharmacy,
supra. In particular embodiments, administration is systemic and parenteral, such as
by injection or intravenous delivery.

Compositions for parenteral delivery and administration may be provided in
unit dosage forms (e.g., in single-dose ampules), or in vials containing several doses
and in which a suitable preservative may be added (see below). The composition may
be in the form of a solution, a suspension, an emulsion, an infusion device, or a
delivery device for implantation, or it may be presented as a dry powder to be
reconstituted with water or another suitable vehicle before use. Apart from the active
agent (e.g., viral vector or particle comprising enhancer sequences and
polynucleotides encoding an effector gene and associated regulatory sequences, as
described herein), the composition may include suitable parenterally acceptable

carriers and/or excipients. The active therapeutic agent(s) may be incorporated into
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microspheres, microcapsules, nanoparticles, liposomes, or the like for controlled
release. Furthermore, the composition may include suspending, solubilizing,
stabilizing, pH-adjusting agents, tonicity adjusting agents, and/or dispersing, agents.
In some embodiments, the composition comprising the active therapeutic(s)
(i.e., viral vector or particle described herein) is formulated for intravenous delivery.
As noted above, the pharmaceutical compositions according to the described
embodiments may be in the form suitable for sterile injection. To prepare such a
composition, the suitable therapeutic(s) are dissolved or suspended in a parenterally
acceptable liquid vehicle. Acceptable vehicles and solvents that may be employed
include water, water adjusted to a suitable pH by addition of an appropriate amount of
hydrochloric acid, sodium hydroxide or a suitable buffer, 1,3-butanediol, Ringer's
solution, isotonic sodium chloride solution and dextrose solution. The aqueous
formulation may also contain one or more preservatives (e.g., methyl, ethyl or n-
propyl p-hydroxybenzoate). In cases where one of the agents is only sparingly or
slightly soluble in water, a dissolution enhancing or solubilizing agent can be added,

or the solvent may include 10-60% w/w of propylene glycol or the like.
Methods of administration and delivery

Administration of a viral vector or pharmaceutical composition as described
herein to a subject, e.g., a patient or infant patient having DS. In embodiments, the
viral vector, viral particle, or pharmaceutical composition may be delivered to a cell
(a target cell such as an interneuron or a brain layer comprising interneurons) in any
manner such that the viral vector, particle or composition is functional and active to
express the sequences contained in the vector or virus particle. Ilustratively, rAAV
comprising an SCN/A-specific enhancer and an effector gene (e.g. SCN/A)
polynucleotide sequence may be delivered to interneuron cells or tissue comprising
interneuron cells to provide for targeted expression of SCN/A in the interneurons.
Thus, viral vectors or viral particles are delivered to a cell by contacting the cell with
a composition comprising the viral vectors, or viral particles and by heterologous
expression of the polynucleotides harbored by the viral vector or viral particles in the
cell. The polynucleotides harbored by the rAAV vector must be delivered to the cells
of a subject in a form in which they can be taken up so that therapeutically effective

levels of the encoded products can be produced.
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Transducing rAAV vectors are used for the delivery and expression of genes
encoding desired proteins, polypeptides, or peptides to cells, especially because of
their high efficiency of infection and stable integration and expression (see, e.g.,
Cayouette et al., Human Gene Therapy, 8:423-430, 1997; Kido et al., Current Eye
Research, 15:833-844, 1996, Bloomer et al., Journal of Virology, 71:6641-6649,
1997; Naldini et al., Science, 272:263-267, 1996; and Miyoshi et al., Proc. Natl. Acad.
Sci. U.S.A.,94:10319, 1997). By way of example, rAAV is engineered to contain a
polynucleotide encoding an SCN/A4-specific enhancer nucleic acid sequence as
described herein that preferentially directs gene expression in specific interneuron cell
types and is used to direct and restrict the expression of a gene, e.g., SCN/A, in
GABAergic interneuron target cells or in pyramidal target cells, such as glutamatergic
pyramidal cells. In an embodiment, expression of the gene can be driven from any
suitable promoter, such as a promoter specific for the target cells. In an embodiment,
the rAAV vector is administered systemically. In an embodiment, systemic injection
of an rAAV vector as described herein allows for the characterization of specificity of
expression across brain regions, particularly, for example, when a reporter product is
also encoded by the vector.

Gene transfer can also be achieved using in vitro transfection methods. Such
methods include the use of calcium phosphate, DEAE dextran, electroporation, and
protoplast fusion. Liposomes can also be potentially beneficial for delivery of DNA

into a cell.
Treatment methods and protocols

Provided are methods of administering a therapeutic agent to a subject in need,
such as a subject having, undergoing, having experienced, and/or at risk of
experiencing a neurological disease or disorder, more particularly, a seizure, epilepsy,
or DS, and who also may be diagnosed with, or be suspected of having, or having
symptoms of, a seizure disorder, or who is identified as being in need of such
treatment, in which an effective amount of a viral vector or viral particle as described
herein, or a composition described herein, is administered to the subject to produce a
therapeutic effect. According to the described methods, a therapeutic effect includes,

without limitation, that amount of rAAYV that is introduced into a sufficient number of

interneurons so as to inhibit, reduce, or ameliorate one or more symptoms of the
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neurological disease or disorder, e.g., a seizure or epilepsy, or to prevent one or more
symptoms subsequent to the administration of the rAAV vector product or
composition to the subject. The amount of rAAV that is administered may be
determined by the skilled practitioner in the art, such as a medical or clinical
practitioner, and, as appreciated by one skilled in the art, is based on factors such as
the size of the epileptic focus, the titer of the virus preparation and from data acquired
in non-human primates (e.g., Colle, M.-A. et al., 2010, Hum. Mol. Genet., 19:147-
158). By way of example, from 10'° to 10'? rAAV particles may be used to transduce
rAAYV vectors or particles thereof to a therapeutically relevant number of
interneurons. Identifying a subject in need of such treatment can be in the judgment
of a subject or a health care professional and can be subjective (e.g. opinion) or
objective (e.g. measurable by a test or diagnostic method).

The therapeutic methods (which include prophylactic treatment) in general
comprise administration of a therapeutically effective amount of the agents described
herein, such as an rAAV vector, a viral particle, or composition containing the
aforementioned agents, to a subject (e.g., animal, human) in need thereof, including a
mammal, particularly a human. Such treatment will be suitably administered to
subjects, particularly humans or infant humans, suffering from, having, susceptible to,
or at risk for a neurological disease or disorder, such as seizures and/or epilepsy, or
DS. Determination of those subjects "at risk" can be made by any objective or
subjective determination by a diagnostic test or opinion of a subject or health care
provider (e.g., genetic test, enzyme or protein marker or biomarker, family history,
and the like).

Viral vectors and pharmaceutical compositions as described can be used
therapeutically to treat patients suffering from neurological or neurodegenerative
diseases or disorders, e.g., seizures, epilepsy, or DS, or prophylactically to provide
advanced treatment or protection to patients at risk for certain neurological or
neurodegenerative diseases or disorders, such as a prophylactic vaccination to reduce,
diminish, abate, or ward off a seizure, epilepsy, one or more symptoms of DS, or the
severity thereof. A prophylactically effective amount of the rAAV vectors as
described herein are not intended to be limiting herein, and may range between about

10? TU (transducing units) per kilogram body weight of the recipient and about 10
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TU kilogram body weight of the recipient, or any TUs in between those values.
Mouse models of seizures and DS can be used to optimize dosages and regimens.

The therapeutic vectors as described herein may be administered to a subject
in need thereof in an effective amount to normalize the excitability of SCN1A-
deficient interneurons and alleviate seizures and seizure symptoms of Dravet
syndrome (DS). The vectors and methods described herein may be of therapeutic
value for an individual, e.g., a human infant, child or adult, who experiences or is at
risk for experiencing one or more seizures and/or DS. In an embodiment, an rAAV or
a composition comprising an rAAVs as described herein is administered to an
individual whose interneurons do not express or exhibit loss of function or expression,
at the time of administration, of the SCN/A4 gene encoding the Nav1.1 sodium
channel, which is dependent on an SCN/A4-specific enhancer, such as E1-E10
described herein, for expression. In an embodiment, the expression of SCN1a in
interneuron cells transduced by the described rAAYV vectors containing an SCN/A-
restricting enhancer sequence normalizes the excitability of interneurons deficient in,
or having abnormal expression of, SCN/A4. In an embodiment, a composition
comprising an rAAYV vector as described herein is administered to an individual
whose interneurons no longer express the SCN/A gene. In an embodiment, a
composition comprising an rAAV vector as described herein is administered to an
individual who is at least one month old. In embodiments, the individual is at least 1,
2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17 or 18 years of age.

Subjects, e.g., mammalian subjects, and human patients to whom the rAAV
vectors as described herein are administered may also benefit from adjunct or
additional treatments or therapeutic compounds or drugs, such as anti-seizure
modalities, including but not necessarily limited to, use with other anti-epileptic
therapeutic agents, and/or surgical techniques. as are well known to those having skill
in the art. By way of example, anti-epileptic drugs (AEDs) that may be used in
conjunction with the therapeutic products and compositions described herein include,
without limitation, Acetazolamide, Brivaracetam, Carbamazepine,

Clobazam, Clonazepam; Eslicarbazepine acetate, Ethosuximide, Gabapentin,
Lacosamide, Lamotrigine, Levetiracetam, Oxcarbazepine, Perampanel, Phenobarbital,

Phenytoin, Pregabalin, Primidone, Rufinamide, Sodium valproate, Stiripentol,
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Tiagabine, Topiramate, Valproic acid, (available as Convulex, Epilim Chrono, Epilim

Chronosphere), Vigabatrin and Zonisamide.
Kits

Also provided are kits for preventing or treating a neurological or
neuropsychiatric disease, condition, or pathology, e.g., seizures and/or epilepsy, as
well as the symptoms of Dravet syndrome (DS), in a subject in need thereof. In one
embodiment, the kit provides a therapeutic or prophylactic composition containing an
effective amount of a rAAYV vector or viral particle as described herein, which
comprises an enhancer polynucleotide sequence specific for the SCN/A4 gene that
restricts the expression of an SCN/A gene, e.g., contained in the virus vector, to
interneuron cells, including GABAergic interneuron cells in the brain (i.e., in the
telecephalon), or to pyramidal cells, such as glutamatergic pyramidal cells in the brain
cortex, or to VIP cells. In an embodiment, the SCN/A4-specific enhancer is an E1, E2,
E3, E4, ES, E6, E7, E8, E9, or E10 human enhancer sequence as described herein. In
an embodiment, the SCN/A-specific enhancer is an E2 human enhancer
polynucleotide sequence. In an embodiment, the SCN/A-specific enhancer is an ES
human enhancer polynucleotide sequence. In an embodiment, the SCN/A-specific
enhancer is an E6 human enhancer polynucleotide sequence.

In another embodiment, the kit provides a therapeutic or prophylactic
composition containing an effective amount of a rAAV vector or viral particle as
described herein, which comprises an E11-E35 enhancer polynucleotide sequence, in
particular a human E11-E35 sequence, specific for a gene expressed in a neuron or
interneuron cell, especially a PV-expressing neuron.

In some embodiments, the kit comprises a sterile container which contains the
therapeutic or prophylactic composition; such containers can be boxes, ampoules,
bottles, vials, tubes, bags, pouches, blister-packs, or other suitable container forms
known in the art. The containers can be made of plastic, glass, laminated paper, metal
foil, or other materials suitable for holding medicaments.

A composition comprising an rAAV vector comprising at least an SCN/A4-
specific enhancer polynucleotide sequence as described herein is provided together
with instructions for administering the composition to a subject having or at risk of

developing a seizure, epilepsy, or DS. In an embodiment, the rAAV vector comprises
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an SCN1A transgene for expression in interneuron cells including GABAergic
interneurons and PV-expressing interneurons, or in pyramidal cells, such as
glutamatergic pyramidal cells. The instructions will generally include information
about the use of the composition for the treatment or prevention of the seizure,
epilepsy, or DS. In other embodiments, the instructions include at least one of the
following: description of the therapeutic agent (rAAV comprising SCN/A-specific
enhancer polynucleotide sequence, etc.); dosage schedule and administration for
treatment or prevention of ischemia or symptoms thereof, precautions; warnings;
indications; counter-indications; overdosage information; adverse reactions; animal
pharmacology; clinical studies; and/or references. The instructions may be printed
directly on the container (when present), or as a label applied to the container, or as a

separate sheet, pamphlet, card, or folder supplied in or with the container.
Further embodiments and advantages thereof

Understanding and developing methods of treating neurological disorders
stems from the complexity of the neuronal types involved. The products and methods
of the embodiments described herein were developed to deconvolve the cellular
actions of a disease gene, or a disease-associated gene. As such, the SCN/A4 locus
was systematically dissected, thereby resulting in the identification of 10 different
enhancer elements (enhancers E1-E10), in particular, human enhancer elements and
the sequences thereof, that were found to be distributed across the intronic and
intergenic region of the SCN/A gene (FIG 3D). By creating AAVs whose expression
was dependent on each of these enhancers, at least three enhancers that recapitulated
the global pattern of SCN/A4 gene expression were identified, e.g., E2 (for PV-specific
expression), E6 (for VIP-specific expression) and ES (for expression related to
pyramidal layer 5. The other seven elements (e.g., E1, E3, E4, E7, E8, E9 and E10)
were all highly specific for GADI1, labeled an assortment of interneuron
subpopulations and may recruit distinct combinations of subtypes. In a particular
embodiment, the E2 enhancer element was identified as being selective for a certain
cIN subtype, namely, the PV-expressing fast spiking cells. As loss of expression of
SCN 1A is especially associated with PV cIN disfunction, the E2 enhancer proved to
be particularly adept at selectively targeting this cell population, not only in rodents

but also within various primates, including humans. In addition, the E2 enhancer was
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determined to be useful for investigating aspects of PV cIN function, including,
without limitation, connectivity, monitoring excitability, and manipulating PV cIN
activity with optogenetics. The demonstration of the utility of the E2 enhancer in a
range of species highlights the breadth of basic and clinical applications that are
provided by this approach. Other uses provided by the E2 enhancer include, by way
of example, broader exploration of circuits (e.g. creating starter cells for
monosynaptic tracing using recombinant-virus, such as rabies), cell type-specific gene
loss of function (e.g CRISPR) and targeted drug screening. In addition, use of the E2
enhancer provides an agent for investigating species specific differences in the
numbers, distribution or physiological properties of PV cINs. Generalized to other
cell types, the approach is advantageous for investigating a range of species, most
notably, both primates and humans.

As described herein, the strategy of systematically examining enhancers at a
specific disease locus, such as the SCN/A4 gene locus, successfully identified key
regulatory elements for each of the cell types that expresses this gene, thus,
highlighting the benefits of the approach. It both clarifies the regulatory landscape
controlling the expression of the SCN/A gene, as well as providing a tool kit for the
manipulation of the distinct subpopulations of cells that express it.

Many of the SNPs associated with the SCN/A locus map to intron 1. In
particular embodiments and as described herein, the three enhancers that were
identified as having high specificity for SCN/A-expressing populations, namely, E2,
ES and E6, were located within this region. Without wishing to be limited by theory,
the identified SNPs may represent mutations in these enhancers that affect the
expression of SCN/A. Tt has been reported that GTEx data show multiple eQTLs
within these enhancers that are associated with alterations in SCN/A expression in
humans (Auget, F. et al., 2017, Nature, 550:204-213). E2 is especially noted, as
conditional removal of SCN/4 from forebrain interneurons has been shown to
recapitulate the seizure phenotype in mice. As SCN/A expression is largely restricted
to the PV-expressing subpopulation of interneurons, mutations in the E2 enhancer
may be a direct cause of Dravet syndrome.

One of the great impediments to examining the early dynamics of circuit

maturation has been the inaccessibility to specific cell types without the use of
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transgenic animals. Young PV cINs have been particularly problematic to target even
with complex genetic strategies. In view of the abundance of PV-cINs (they represent
40% of all inhibitory cINs), as well as their implication in neurodevelopmental
disorders, accessing these cells prior to the onset of PV expression is a priority in the
field. The specificity of the E2 enhancer at these developmental stages and the use of
viral injection provide agents and tools to understand the normal development of
neuronal cell types such as PV cINs and their role in neurological or neuropsychiatric
diseases. In an embodiment, the E2 enhancer provides an agent for studying the
normal development of PV-cINs and their role in disease. In addition, the E2
enhancer, as well as other enhancer elements provided herein, may serve to target
specific cells and are advantageous for the treatment of diseases, e.g., neuronal
diseases, including Dravet syndrome.

In other embodiments, the enhancers identified and described herein provide
access to particular cell populations with distinct clinical relevance. By way of
example, these enhancers be used to alleviate the debilitating aspects of Dravet
syndrome, e.g., either through gene therapy or via modulation of neuronal activity,
e.g., via optogenetic or chemogenetic approaches. (See, e.g., Walker, M.C. et al.,
2019, Neuropharmacology, 107751, doi: 10,1016/ neuropharm 2019107751
Review. PMID: 31494141). As described and demonstrated herein, local and
systemic injections can be used for effective viral delivery to the brain, thus providing
delivery and administration methods for clinical interventions. By way of example,
local injections (e.g., of recombinant virus carrying an enhancer element and target
polynucleotide) may be employed to alleviate focal epilepsy, prefrontal cortex
dysfunction or hippocampal memory disorders. Systemic administration or delivery
of virus may be employed in contexts where global interventions are necessary, for
example, to correct generalized seizures or for psychiatric and neurodegenerative
disorders. As provided by the embodiments described and exemplified herein, the
rigorous identification of regulatory elements allows for accessing specific cell types.
Such elements are advantageous for use in both experimental and therapeutic

procedures and methods.
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The practice of the described embodiments employs, unless otherwise
indicated, conventional techniques of molecular biology (including recombinant
techniques), microbiology, cell biology, biochemistry and immunology, which are
well within the purview of the skilled artisan. Such techniques are explained fully in
the literature, such as, “Molecular Cloning: A Laboratory Manual”, second edition
(Sambrook, 1989); “Oligonucleotide Synthesis” (Gait, 1984); “Animal Cell Culture”
(Freshney, 1987); “Methods in Enzymology” “Handbook of Experimental
Immunology” (Weir, 1996); “Gene Transfer Vectors for Mammalian Cells” (Miller
and Calos, 1987); “Current Protocols in Molecular Biology” (Ausubel, 1987); “PCR:
The Polymerase Chain Reaction”, (Mullis, 1994); “Current Protocols in Immunology”
(Coligan, 1991). These techniques are applicable to the production of the
polynucleotides, viral vectors and viral particles and, as such, may be considered in
making and practicing the embodiments described herein. Particularly useful

techniques for particular embodiments will be discussed in the sections that follow.

The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how to make and use the
products, compositions and therapeutic methods as described herein, and are not

intended to limit the scope of what is described and exemplified herein.

EXAMPLES

EXAMPLE 1 — Identification of cis-regulatory sequences (PV-interneuron-
specific enhancer sequences) that restrict expression of reporter and effector
genes to PV-expressing cortical interneuron cell populations

SCN14, the gene that encodes the Nav1.1 sodium channel, is expressed in
multiple distinct neuronal populations in the cortex. These include three, non-
overlapping neuronal populations: fast-spiking cortical interneurons expressing
parvalbumin (PV cINs), dis-inhibitory cortical interneurons expressing the vaso-
intestinal peptide (VIP c¢INs) and layer 5 pyramidal neurons. In a particular
embodiment, SCN/A is expressed in PV-expressing cortical interneurons. SCN/A is
of particular interest, as its loss of function is associated with Dravet syndrome, an
early-onset and intractable form of epileptic encephalopathy characterized by the
early onset of seizures. More specifically, haploinsufficiency or pathogenic variants

of SCNIA cause Dravet Syndrome.
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An integrative method to systematically identify candidate enhancers within
the SCN1A4 locus was developed and devised as a genetic strategy to target the distinct
cortical populations expressing this gene. Regulatory sequences were selected based
on the following three criteria. First, because it has been posited that the proximity of
the enhancer to the transcriptional start site (TSS) of a gene scales directly to the level
of expression, the intergenic and intronic regions of SCN/A closest to its TSS were
examined to identify enhancers capable of driving functional levels of transgenes.
Second, because the location of active enhancers within a given cell type correlates
with chromatin accessibility, interneurons from the visual cortex were collected using
DIx6a”;Sun1-eGFP transgenic mice to assess the chromatin landscape of the cellular
populations expressing SCN1A. The location of active enhancers within a given cell
type correlates with chromatin accessibility and DNA hypomethylation.

After the nuclei were isolated, single-cell ATAC-seq profiling (see, e.g.,
Buenrostro, J.D. et al., Nature, 523:486-90 (2015) and Cusanovich, D A. et al.,
Science, 348: 9104 (2015)) was performed using the SnapATAC analysis pipeline
(described in the Methods infra) to identify differentially accessible chromatin regions
in each of the four major classes of cortical interneurons, including PV cINs, VIP
cINs and pyramidal neurons, which express the highest levels of SCN/4. (FIGS. 3A-
3C and FIG. 12). Third, because regulatory elements are subject to positive selection
pressure, sequences showing the highest conservation across mammalian species,
including humans, were identified. Thus, to determine and isolate enhancers with
therapeutic potential, ten selectively accessible intronic and intergenic regions near
the TSS of SCN1A that are highly conserved through evolution were evaluated, e.g.,
E1-E10 as described herein. (FIG. 3D and FIGS. 15A-1, 15A-2, 16A-1 and 16A-2).

To examine the ability of the candidate enhancers to target the neuronal
populations that express SCN1A, each enhancer sequence was inserted into an rAAV-
backbone containing a minimal promoter upstream of a red fluorescent reporter
(rAAV-E[x]-dTomato). From these constructs, rAAVs were then produced with the
PHPeB capsid (Chan, K.Y. et al., Nat. Neurosci., 20:1172—-1179 (2017)) and were
systemically injected into adult mice. After 3 weeks, all viruses showed strong and
sparse expression within the cortex, as well as across multiple brain regions. Except

for ES, the vast majority of virally-labelled cells expressed the pan-interneuron
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marker Gadl. However, the degree of co-localization for PV within cortical neurons
varied and ranged from over 90% for E2 to below 5% for E6, with all remaining
enhancers displaying intermediate levels of PV specificity (FIG. 3E and FIG. 7).
Thereafter, the identity and layer distribution of the neuronal populations captured by
the E2, ES and E6 enhancers were further examined. Consistent with their layer
distribution, co-localization analysis with various markers revealed that the E2
regulatory element restricted the expression of the viral reporter to PV cINs, while E6
was selective for VIP interneurons. By contrast, the ES regulatory element, while
sparsely labeling interneurons across all layers, had a notable enrichment for
pyramidal neurons in layer 5 (FIG. 3F). Thus, a significant fraction of the cortical
expression profile of SCN1A was mirrored by the collective expression of three
enhancers. These regulatory elements therefore account for largely non-overlapping
expression in populations of interneurons and neurons with distinct functions and
developmental origins. The viral tools developed as described herein provide a means
for dissecting neuronal subtypes and can be advantageously used to study their normal
function, as well as abnormalities in diseased cortex.

In a particular aspect, the SSE2 (E2) enhancer element sequence was
incorporated into a recombinant AAV (rAAV) vector, which comprised a minimal
basal promoter and a reporter transgene (e.g., d-Tomato) or an effector gene (e.g. Gq-
DREADD), to generate the rAAV vector called pAAV-S5-E2-dTomato. The ability
of the E2 enhancer to restrict expression of the reporter gene (transgene) to PV-
expressing interneurons in brain was assessed by injecting the E2 enhancer-containing
rAAYV vector systemically into animals (mice) and analyzing the co-localization
between the expressed reporter across brain structures including the cortex. An image
showing the results of immunohistochemical (IHC) staining analysis for the dTomato
reporter in brain sections is shown in FIG. 2A (sagittal sections in the top portion of
the figure; coronal sections in the lower portions of the figure) following systemic in
vivo injection of the pAAV-S5-E2-dTomato vector into an animal (mouse), allowing
for detection of specific cells transduced by the vector. Images showing the results of
immunohistochemical (IHC) staining analysis for the dTomato reporter expressed in
brain sections following systemic iz vivo injection of the pAAV-S5-E2-dTomato

vector, or into an animal (mouse), allowing for detection of specific cells expressing
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PV are shown in FIG. 2B. Reporter gene expression from the pAAV-S5-E2-dTomato
vector is visualized in brain sections (FIG. 2B, left panel, red). Reporter gene
expression from the pAAV-S5-E2-Gq-DREADD-dTomato is visualized for Gq-
DREADD (green) and for dTomato (red) (FIG. 2B, right panel). Detection of
specific PV-expressing cells transduced by the vector is also visualized (FIG. 2B, left
panel, green; FIG. 2B, right panel, blue).

Identification of candidate enhancers

Using the above enhancer sequence selection approach, ten candidate
enhancer sequences proximal to the SCN/A gene transcriptional start site were
discovered in the mouse genome. These enhancer sequences, called SSE1 (E1), SSE2
(E2), SSE3 (E3), S5E4 (E4), SSES (E5), SSE6 (E6), SSE7 (E7), SSE8 (E8), S5E9
(E9) and SSE10 (E10) herein, were identified in the vicinity of the SCN/A4 gene (FIG.
1A-1). The human polynucleotide sequences corresponding to the E1-E10 enhancer
sequences (SEQ ID NOs: 15-24) are also provided and described herein, as well as
additional human enhancer polynucleotide sequences E11-E35 (SEQ ID NOs: 25-49)
as described herein. (FIGS. 1A-2 and 1A-3).

The human (human ortholog) sequences for the E1-E10 enhancers were
determined based on alignment of the mouse sequences to the human genomic
sequence of SCN1A, including 100 kb both upstream and downstream, leading to the
identification of human ortholog sequences that are highly conserved between the two
species (FIGS. 1A-1 to 1A-3, 16A-1, 16A-2). As will be appreciated by the skilled
practitioner, enhancer regulatory elements comprise a series of transcription binding
sites that are relatively well conserved across species, but are interspersed with spacer
sequences that are not contiguously conserved across species. Accordingly, in an
embodiment, a SCN/A enhancer element can constitute a nucleotide sequence
containing any regions of more than 100 bp that have at least 75% or greater sequence
identity with a human polynucleotide (DNA) enhancer sequence as described herein,
namely, E1-E10. In an embodiment, a SCN1A enhancer element constitutes a
nucleotide sequence containing any regions of more than 100 bp that has at least 75%
or greater sequence identity with the human E2 (S5E2) polynucleotide (DNA)
enhancer sequence. For such enhancer sequences, the size of the nucleic acid

sequence is not limiting, so long as the sequence contains any regions of more than
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100 bp that have at least 75% or greater sequence identity with a human
polynucleotide (DNA) E1-E10 or E11-E35 enhancer sequence as described herein.
The data related to each of the identified enhancer sequences (35 enhancer sequences)
described herein is provided in the tables shown in FIGS. 1A-1 to 1A-3, 15A-1, 15A-
2, 16A-1 and 16A-2.

E1-E10 enhancer element-restricted reporter gene expression in PV-
expressing interneurons in cortical layers of the mouse brain is shown in FIGS. 1B-1
and IB-2, which present immunohistochemical (IHC) staining analysis for dTomato
in brain sections following systemic in vivo injection of the pAAV-S5-E2-dTomato
vector into an animal (mouse). Quantification of the degree of the specificity (FIG.
1C) and sensitivity (FIG. 1D) of expression of the reporter gene in PV-expressing
interneurons in the cortex is demonstrated graphically. The expression of the reporter
gene is controlled by the E1-E10 enhancer elements contained in rAAV vectors. The
specificity was quantified as the proportion of cells expressing the viral reporter
dTomato co-expressing the PV-interneuron marker PV assessed by
immunohistochemistry on brain sections following systemic in vivo injection of the
pAAV-S5-E2-dTomato vector into an animal (mouse). The sensitivity was quantified
as the proportion of cells expressing the PV-interneuron marker PV that co-expressed
in the viral reporter dTomato as assessed by immunohistochemistry on brain sections
following systemic in vivo injection of the pAAV-S5-E2-dTomato vector into an

animal (mouse). Bar graphs represent mean +/- standard error of the mean.
EXAMPLE 2 —Viral targeting of PV cortical interneurons (PV clIns) in mice

The 90% specificity of the E2 regulatory element for PV ¢INs provides a
means for targeting fast-spiking neurons (e.g., basket and chandelier cells), which
collectively constitute 40% of all cortical (GABAergic) interneurons. These neurons
exert a strong level of inhibition over local networks, and their dysfunction has been
directly implicated in neurological and neuropsychiatric disorders including Dravet
syndrome, focal epilepsy, Autism Spectrum Disorder (ASD) and schizophrenia. As
such, gaining control over their activity is of particular interest for both fundamental
research and clinical applications. Thus, the E2 regulatory element was investigated
and characterized in order to develop an agent having broad utility, e.g., as a viral tool

or a therapeutic agent.
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Adult mice systemically-injected with rAAV-E2-dTomato showed detectable
expression of the viral reporter after one week and reached a high and stable level of
expression after 3 weeks. Immunohistochemistry and in situ hybridization were
performed and consistently showed that ~90% of virally labeled cells were PV INs in
the cortex (i.e., PV-expressing cortical interneurons). Conversely, on average, 75% of
PV cINs expressed the viral reporter, with a maximum sensitivity reaching 93%
(FIGS. 4A and 4B). This is indicative of the capability of E2 to target all PV cINs
without bias for layers or subtypes. Consistent with the specificity for PV cINs, slice
recordings from mice showed that the neurons expressing the viral reporter exhibited
electrophysiological properties characteristic of fast-spiking PV cINs both within the
primary somatosensory cortex (S1) and the pre-frontal cortex (PFC), (FIG. 4C and
FIGS. 8A and $B).

Although the viral reporter was predominantly confined to the brain cortex,
some positive cells were observed in other brain regions closely corresponding to
areas of SCN1A expression. E2 maintained high specificity for PV-expressing
neurons within the primary visual cortex (V1) and cingulate cortex, subiculum,
hippocampal CA1, substantia nigra pars reticulata (FIG. 8C}. Of note, virtually no
viral reporter expression was observed outside of the brain, with the exception of a
few cells observed in the liver (which is expected upon systemic delivery of any
AAVs) and in the lungs (where SCN1A is expressed at a low level (FIG. 8D). These
results show that, despite systemic delivery, the vector containing E2 can be used to
selectively target PV-expressing neurons in various brain regions, with insignificant
off-target expression outside of the central nervous system.

Many experimental paradigms and clinical applications may require local
rather than systemic injection. To be useful in these contexts, viral expression must
retain a high level of specificity for PV cINs. Stereotactically guided injections
typically lead to a higher number of viral particles per cell compared to systemic
delivery, which may result in off-target expression. To test whether increasing the
viral load altered the specificity, the same volume of rAAV-E2-dTomato was locally
injected at various titers into the cortex of adult mice and reporter expression was

assessed within PV cINs after one week (FIG. 4D). The results showed that while
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higher titers had increased levels of reporter expression, no significant alteration of
specificity was observed.

Despite the prevalence of PV-expressing interneurons in the mature cortex,
targeting these PV cINs at early postnatal stages has been hampered by the relatively
late expression of parvalbumin (approximately 15 days after birth, i.e., P15) and the
lack of other early markers for this population. The involvement of PV ¢INs in
developmental disorders highlights the need to target and manipulate this cell
population during cortical circuit assembly. Complex genetic strategies offer only a
partial solution to achieving this in mice (i.e., Lhx6-Cre, Sst-Flp and Cre and Flp-
dependent reporter); however, these strategies do not offer the means to easily
manipulate these neurons prior to the second postnatal week.

To test whether the E2 enhancer targeted fast-spiking cINs before the onset of
expression of parvalbumin, its activity was examined at various postnatal stages. To
this end, the analysis was tiled across the early postnatal period, through a series of
stereotactically-guided injections of rAAV-E2-dTomato (FIG. 4E). The selectivity of
the reporter was assessed upon the onset of parvalbumin expression at P15. This
assessment revealed that greater than 50% selectivity was obtained for PV cINs upon
injection at P1, increasing to 67% by P7 injection, and to over 80% after P10
injection. This approach was further used to label PV ¢INs prior to P15. To identify
fast spiking ¢INs in this context, Lhx6-Cre/Intact transgenic mice, in which GFP is
expressed in medial ganglionic eminence (MGE)-derived interneurons (both PV cINs
and SST cINs), were used. By co-staining for SST, the PV cINs could be
distinguished as GFP-positive/SST-negative. 72% and 78% specificity was obtained
for PV with a P4-P7 or a P7-P10 time course, respectively. Thus, this approach
provides a means to study such neurons during circuit maturation using a single viral
injection.

EXAMPLE 3 — Viral monitoring and manipulation of PV cortical interneurons
in mice

Having demonstrated the fidelity of E2 expression for PV cINs with differing
modes of injection and across developmental stages as described in Example 2, the
utility of this vector was assessed for studying connectivity (using a presynaptic

reporter) and activity (using imaging, coupled with a genetically encoded calcium-
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reporter). When E2 was used to drive a synaptophysin-tdTomato fusion gene (see,
e.g., Madisen, L. et al., 2012, Nat Neurosci, 15(5):793-802), reporter expression was
restricted pre-synaptically to PV cINs, with terminals peri-somatically located onto
pyramidal neurons (FIG. SA). When this vector was used to drive GCaMP6f
expression (Chen, T.W. et al., Nature, 499: 295-300 (2013)), it was demonstrated that
PV cINs were recruited upon whisker stimulation (FIGS. SB and FIG. 9A).

Together these results demonstrated that E2 provides an effective means to monitor
various aspects of PV cIN biology.

Further studies were conducted to examine whether E2 was sufficient to elicit
functional changes in activity using chemo- or optogenetic approaches. E2 was used
to direct the expression of the chemogenetic receptor PSAM4-5SHT3-LC (Magnus,
C.J. etal., 2019, Science, 364(6436) in adult animals. It was observed that PV cINs in
brain sections collected from these animals, when exposed to the actuator varenicline,
could be induced to fire when current clamped below threshold (FIG. 5C). Similar
results were obtained using the chemogenetic receptor Gg-DREADD (Armbruster,
B.N. et al., PNAS USA, 104:5163-5168 (2007), (FIG. 9C). Finally, both constant and
high frequency laser stimulation of PV cINs expressing the red-shifted opsin C1V1 in
brain slices resulted in firing time-locked to the stimulus (FIGS. 5D and SE and
FIGS. 9A and 9B). Demonstrating that engagement of these neurons resulted in
concomitant local inhibition, pyramidal neuron activity in the vicinity of virally
labeled PV cINs was consistently interrupted by laser stimulation. Notably, this effect
was abolished by treatment with picrotoxin (FIG. 5D and FIG. 9B). Having
demonstrated the efficacy of the method ex vivo, the ability to alter excitatory
networks in vivo by opto-genetically stimulating PV cINs was examined. Three
weeks following local injection of AAV-E2-C1V1 into the primary visual cortex of
adult animals, single unit recordings within the infected region were performed both
at baseline and upon laser stimulation. The identity of recorded neurons was
distinguished based upon their spike width and maximal firing frequency. Reliably,
inhibitory interneuron firing rates were increased by laser stimulation, while
excitatory neuronal firing was silenced (FIG. SE). Together, these results
demonstrated that E2 can functionally engage PV cINs and elicit network inhibition

using chemo- or optogenetics approaches both ex vivo and in vivo.
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EXAMPLE 4 - Viral monitoring and manipulation of PV cortical interneurons
in primates, including humans

The sequence of the E2 enhancer is highly conserved across mammalian
species, including humans, thus suggesting a conserved role in gene regulation.
Studies were conducted to establish whether the E2 regulatory element could be used
to target PV cINs across mammalian species. Using systemic injections (in
marmoset) or focal injections (in rat and macaque) of virus vector harboring E2 (E2
virus), it was demonstrated that PV cINs were targeted with approximately 90%
specificity (FIG. 6A). It has been reported that human brain tissue obtained during
surgical resection can be cultured for prolonged periods (Eugene, E. et al., 2014, J.
Neurosci Methods, 235:234-244). Taking advantage of the resilience of human brain
to remain healthy ex vivo, freshly resected subiculum or medial temporal cortex were
exposed to E2 virus. Over the two-week culture period, the progressive appearance of
fluorescently labeled cells was observed. In regions where PV staining reflected the
expected distribution of these cells, virally labeled cells were PV-positive (FIG. 6B
(1); see methods for details). In addition, the majority of cells within both the cortex
and the subiculum showed the characteristic hallmarks of PV INs as indicated by
multiple criteria, including morphology, maximal firing rate when evoked through
direct depolarization, or optogenetic light stimulation (FIG. 6B (ii-iv) and FIGS. 10A
and 10B).

Notably, the human E2 enhancer showed the same degree of specificity for PV
cINs upon injection in mice, further demonstrating that non-coding regions of the
genome characterized by a high degree of sequence conservation are likely to retain
their functional properties across species. Finally, truncation of both the 5" and 3’
ends of the human E2 enhancer resulted in a drastic reduction of specificity,
suggesting that the functional boundaries of the E2 enhancer have been optimally
identified (FIG. 14). Together, these results indicate that the E2 vector provides an
effective tool for targeting and manipulating PV cINs across mammals, including

humans.
EXAMPLE 5 — Identification of viral enhancers with regional specificity

To demonstrate that the enhancer selection method described herein was

generalizable, 25 additional enhancer/regulatory element candidates (E11-E35 herein
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were identified in the vicinity of seven genes whose expression was enriched in PV
cINs across species (FIGS. 1A-1 to 1A-3; FIGS. 15A-1 and 15A-2; FIGS. 16A-1
and 16A-2). (see, Methods, infra). Systemic injection of AAVs containing these
sequences revealed that four of them displayed greater than 90% selectivity for PV
cINs. Notably, among these enhancers, the relatively few virally-labeled neurons that
did not express PV were positive for the pan-interneuron marker Gadl. In FIGS. 1A-
1 to 1A-3, Pvalb (UniProtKB — P20472) refers to the gene that encodes calcium-
binding parvalbumin alpha protein; ACAN (NCBI Gene ID: 176; UniProt P16112)
refers to the gene that encodes the aggrecan core protein (also called cartilage-specific
proteoglycan core protein), which may be involved in the disease
spondyloepimetaphyseal dysplasia; 7mem/32c (NCBI Gene ID: 92293) refers to the
gene that encodes the transmembrane protein 132¢, a type of protein that spans a
biological membrane of a cell or organelle; Lrre38 (UniProtKB — Q5VT99) refers to
the leucine rich repeat containing 38 gene, which shows relatively high expression in
adrenal and prostate tissues; /npp3j (UniProtKB — Q15735) refers to the gene that
encodes phosphatidylinositol 4,5-bisphosphate 5-phosphatase A, which may be
involved in the modulation of the function of inositol and phosphatidylinositol
phosphate binding proteins in membrane ruffles; Mef2c (UniProtKB — Q06413) refers
to the gene that encodes myocyte-specific enhancer factor 2C, a transcription factor in
the Mef2 family, involved in cardiac morphogenesis and myogenesis and vascular
development, as well as in neurogenesis and in the development of cortical
architecture. In humans, mutations in the Mef2c gene result in autosomal dominant
mental retardation 20 (MRD20), which is characterised by severe psychomotor
impairment, periodic tremor as well as abnormal EEG and epilepsy. Pthlh (NCBI
Gene ID: 5744) refers to the gene that encodes parathyroid hormone-like peptide,
which is secreted by cancer cells, e.g., breast, lung, ovarian, pancreatic, prostate, liver,
or colorectal cancer cells, causing humoral hypercalcmia of malignancy by activating
the type 1 PTH/PTHTrP receptor in kidney and bone. Similar to SCN/A, the above-
noted genes are highly enriched in PV-interneurons compared with all other cells in
the brain. As such, these genes were selected as candidates for targeting by enhancer
elements, and the enhancers as described were identified and located in the vicinity of

the coding sequences of these genes.
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In particular, four PV-specific regulatory elements, namely, E11 (SEQ ID NO:
25, human), E14 (SEQ ID NO: 28, human), E22 (SEQ ID NO: 36, human) and E29
(SEQ ID NO: 43, human) were identified as having highly selective expression within
specific brain regions. (FIGS. 13A and 13B). Each of these four enhancers was
specific for distinct but overlapping subsets of the PV-expressing neurons.
Specifically, while E11 and E14 showed a bias for targeting PV cINs in the upper
layers of the cortex, the E22 enhancer showed restricted expression almost
exclusively to the cortex, with only a few neurons showing low levels of expression
elsewhere. By contrast, the E29 enhancer showed the most global expression, as it
targeted the entire population of PV-expressing neurons throughout the central
nervous system. All of these enhancers exhibit a high degree of sequence
conservation and were selected from genes whose expression profile is similar across
species. To directly test that the cross-species similarity among the enhancers results
in similar functionality across species, AAV-E22-dTomato was locally injected in V1
of a macaque. This showed that, in a manner similar to that of mouse, the expression
of the viral reporter was restricted to PV cINs. The combination of regional
selectivity and conservation of expression across species provides a utility for these
viral agents in targeted therapies to correct abnormal brain function in different
mammalian species.
EXAMPLE 6 —SCN1A expression is restored to normal levels by delivering a

functional copy of the SCN1A4 gene within the SCN1A-expressing population in a
mouse model of DS.

To restore SCN1A gene expression to normal levels by delivering a functional
copy of the SCN1A gene to an SCN1A-expressing interneuron cell population, e.g., in
a mouse model of DS, the ‘limited nucleic acid (DNA) payload’ (i.e., the size of
exogenous nucleic acid (DNA), e.g, a transgene and associated nucleic acid
sequences, that is contained or carried within the rAAV vector) is increased using one
or more approaches that result in an rAAYV vector that can accommodate the size of
the SCN14 gene. As noted supra, the AAV DNA is on the order of 4.7-5 kb, while
genes desired for insertion within an rAAYV vector and delivery by the vector are often
twice that size or larger. The delivery of larger genes using rAAVs has been
demonstrated in other contexts using multiple vectors that re-assemble by

homologous recombination or by splicing mediated by acceptor-sites. (See, e.g.,
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Hirsch, M.L. et al., 2016, Methods Mol Biol, 1382:21-39). Both of these approaches
are available to overcome the packaging limits of rAAV.

As both DS animal models and human patients have demonstrated, the
requirement for SCN/A4 is dose-dependent. Therefore, the level of expression of
rAAV-driven SCN1A is appropriately titered as known and practiced in the art to
match, or to match as closely as possible, the normal endogenous level of SCN/A
expression. Several methods can be used to precisely modulate the levels of SCN/A
gene expression. Various strategies are used to modulate the levels of SCN/A
expression, using amelioration of seizures as a direct readout of the effectiveness of

the treatment.

EXAMPLE 7 — A pharmacogenetic approach to selectively normalize the
excitability of an SCNI1A -deficient neuronal population in a mouse model of DS

As an alternative to direct gene therapy using rAAYV vectors harboring specific
enhancer and gene nucleic acid sequences for delivery and restricted expression in
interneuron cells, pharmacogenetic methods may be employed to directly correct
neuronal activity within the SCN/A neuronal populations. To this end, a
chemogenetic approach involving ‘designer receptors’ may be used to modulate
interneuron activity. Designer receptors exclusively activated by designer drugs
(DREADDs) are modified human muscarinic receptors. In addition, PSAM-PSEM
chemogenetic agents are suitable for use.

Using Gq-DREADD, a receptor exclusively activated by clozapine-N4-oxide,
(CNO), a pharmacologically inert and orally bioavailable drug, excitability/inhibitory
balance (E/I balance) may be corrected in a mouse model of DS (DS mice). In brief,
the Gq-DREADD receptor is expressed in SCN/A-deficient interneuron cells using an
rAAV vector harboring an SCN/A-specific enhancer, e.g., E1-E10, as described supra
and the SCN/A gene. Based on other studies using Gq-DREADD, the receptor is
expected to be functional and located at the membrane of the transduced/infected
cells. In addition, the rAAV vector containing a SCN1a-specific regulatory element,
e.g., E1-E10 as described herein, should drive the expression of the G1-DREADD
receptor exclusively within interneurons, such as GABAergic interneurons and PV-
expressing, GABAergic interneurons. The functionality of the Gq-DREADD within

infected cells may be assessed. Upon bath application of CNO, all interneurons
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expressing Gq-DREADD are expected to show membrane potential depolarization
within less than a minute, consistent with the expression of a functional receptor).
Moreover, voltage clamp recordings of a pyramidal cell in the vicinity of interneurons
that express Gq-DREADD are expected to show an increase in inhibitory post-
synaptic currents (IPSCs) upon application of clozapine-N-oxide (CNO). Such
experiments demonstrate that rAAV comprising an SCN1a-specific E1-E10 enhancer
sequence and a Gg-DREADD-encoding polynucleotide allows specific, functional
and restricted expression of Gg-DREADD and that CNO-treatment effectively and
selectively increases the activity of interneurons, thereby providing a localized and
marked increase in inhibitory activity by the interneurons within neighboring
excitatory neurons.

If the lack of SCN1A4 (loss of function of SCN/A) should impair the ability of
the DREADD to increase the cells’ excitability, DREADD can be delivered to all
interneurons by using a pan-interneuron enhancer, such as, for example, the distinct
and different DIx enhancer, as described by Dimidschstein, J. et al. (2016, Nature
Neuroscience, 19(12):1743-1749) to circumvent the impairment by increasing the
activity of other types of interneurons that are not affected by the loss of function of

SCNIA.
EXAMPLE 8 — Materials and Methods of the above-described Examples

scATAC -seq library preparation and sequencing. Male hemizygous DIx6a-Cre
mice (Jax stock #008199) were crossed with female homozygous INTACT mice
(flox-Sun1-eGFP, Jax stock #021039) to yield Dix6a-Cre::INTACT offspring for
scATAC-seq experiments. Brains from P28 DIx6aCre::INTACT mice were harvested,
sectioned coronally on a mouse brain slicer (Zivic Instruments), and regions of
interest were dissected in ice-cold artificial cerebrospinal fluid (ACSF). Tissue was
then transferred to a dounce homogenizer containing Lysis Buffer (10 mM Tris-HCl,
10 mM NaCl, 3 mM MgCl,, 0.01% Tween-20, and 0.01% IGEPAL CA-630, 0.001%
Digitonin). Tissue was homogenized with 10 strokes of pestle A, 10 strokes of pestle
B, and incubated for 5 minutes on ice before being filtered through a 30 pum filter and
centrifuged at S00xg for 10 minutes at 4°C. The pellet was resuspended in 1% BSA
for sorting for GFP+ nuclei on a Sony SH800S cell sorter. Nuclei were sorted into

Diluted Nuclei Buffer (10X Genomics). Single-cell ATAC-seq libraries were
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prepared using the Chromium Single Cell ATAC Solution (10X Genomics). Libraries
were sequenced using a Nova-Seq S2 100 cycle kit (Illumina). (FIGS. 3A-3C)

scATAC analysis. Raw sequencing data were passed through the Cell Ranger ATAC
pipeline (10X Genomics). The fragments files were then used to generate snap files

for analysis using the snapATAC package (https://doi.org/10.1101/615179). Cells

were clustered using graph-based clustering (k=15, 24 principle components). Gene
activity scores were generated as described in the snapATAC package and used to
determine clusters corresponding to interneuron cardinal classes. For each cardinal
class, bigwig files were generated and peaks were called using macs2 for input into
the Integrated Genome Browser and enhancer selection. Peaks across cardinal classes

were compared using bedtools Jaccard.

Enhancer selection. All enhancers presented herein (SSE1-E10 and E11-E35) were
selected based on the co-presence of ATACseq data (for DNA accessibility) and
conservation across species (using UCSC genome browser vertebrate conservation
track). The genomic coordinates for mice and their human orthologs are presented in
FIGS. 1A-1to 1A-3.

For Selection, candidate regulatory elements were manually curated from a
list of elements generated by intersecting the “context” region (SCNI4 intergenic
region + intronl} with both the “ATAseq peak union” file and the “Phastcons 60-
way” file — see below. Accessibility, ATAC-seq data (Mo et al |, 2015, Newron,
86:1369-1384) were downioaded on the GEO repository and discretized as peaks
using MACS2 ran with default parameters (https://github.com/taoliu/MACS}. Using
a custom R script, a file containing the union of all peaks across datasets was
generated and used for enhancer selection as described below. The final selection
relied ou the inspection of the peaks for individual cell-types rather than oo the union
of all peaks. Methylation. Mouse mCH levels for non-gverlapping 100kb bins
across the entire genome tor mouse (Luo et al, 2018, Nat Commun, 9(1).3824) were
downloaded from Brainome portal (http://brainome.org}. These data were used as a
confirmation for the positioning of the candidates selected using the ATAC-seq
dataset described above. Conservatisn. The “phascons 60-way” track was

downloaded from the UCSC portal (https://genome ucsc.edu) in BED file format and
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filtered using a custorn R script to remove any element smalier than 10bp and fuse
any element separated by less than S0bp using Bedtools / Interesct.

rAAY cloning and viral production. All viral constructs were generated using
standard cloning methods and protocols in molecular biology. The plasmid pAAV-
mDIx-GFP (Addgene#83900; Addgene, Watertown, MA), (Dimidschstein, J. et al ,
2016, Nat. Neuroscience, 19(12):1743-1749) was used to create a standard backbone
containing the elements necessary for the production of AAVs (internal terminal
repeats, minimal promoter, woodchuck posttranscriptional response element).

The enhancer sequences (necessary for restricting expression to specific types
of neurons) were synthesized de novo by Genewiz (Cambridge, MA) and the reporters
and effectors were amplified by PCR. In particular, the enhancer sequences were
amplified by PCR from mouse genomic DNA using the following primers: El:
caaagigeacagagggeage (SEQ 1D NO: 50} and gigctgtteggagtogtoga (1280 bp), (SEQ
1D NO: 51}, E2: aatctaacatggetgetata (SEQ ID NQO: 52) and caatigetcagagttatitt (618
bp), (SEQ T3 NG: 53); E3: atasaattttattticctas (SEQ ID NO: 54) and
gaggaaatcagetacgggac (832 bp), (SEQ 1D NG: 55); E4: tctgacagageaagtcttga (SEQ 1D
NO: 56) and tatcaaaattgtataticag (261 byp), (SEQ 1D NO: 57); ES: aatgittigatatitaggag
{SEQ ID NO: 58) and ttgactctiaaaatitaata (663 bp), (SEQ ID NO: 59); E6:
tigtcactitgtiactetac (SEQ ID NO: 60) and ttaaatcttaaaattticct (606 bp), (SEQ ID NO:
61}, E7: gatactgtataattaattag (SEQ ID NO: 02) and cttcctictggticettitt (2430 bp), (SEQ
ID NO: 63); ER: attgatctecaacttittaa (SEQ ID NO: 64) and gitcatccaagtaataagag (1644
bp), (8EQ 1D NO: 65}, E9: atctcaagtgtatgtaacat {SEQ 1D N{O: 60) and gtetitttgttttetittt
{521 bp), (SEQ 1D NO: 67); E10: tattgcaaaaggaaggaatg (SEQ ID NO: 68} and
tcatggaanaagaaaaaate (547 bp), (SEQ ID NO: 69). The enhancers, reporters and
effectors were cloned using the Gibson Cloning Assembly Kit (NEB-E55108)
following standard procedures. Specifically, for AAV-E1:10-dTomato, the dTomato
coding sequence was amplified from the plasmid Addgene # 83897, for AAV-E2-
SYP-dTomato, the Synaptophysin-tdTomato coding sequence was amplitied from the
plasmid Addgene # 34881, for AAV-E2-GCaMP6{, the GCaMP6T coding sequence
was amplitied from the plasmid Addgene # 83899; for AAV-E2-CIVI-¢YFP, the

C1V1i-eYFP coding sequence was amplified from the plasmid Addgene # 35499,
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Final plasmids were assembled using the Gibson Assembly® Cloning Kit
(NEB-E55108), (New England BioLabs, Ipswich, MA), following the manufacturer’s
instructions and standard protocol. The rAAVs were produced using standard
production methods. Polyethylenimine (PEI) was used for transfection (see, e.g.,
Longo, P.A. et al., 2013, Methods Enzymol., 529:227-240) and OptiPrep™ density
gradient (Sigma-Aldrich, St. Louis, MO) was used for viral particle purification and
isolation. Serotype 1 was used to produce the AAVs for local injections in mice and
rats. Serotype 9 was used for systermic injection in marmosets and serotype PHPeB
was used for both local injection in macaques and systemic injections inn mice. Viral
titer was estimated by gPCR. with priraers annealing via the WPRE sequence that is
common to all constructs. Al batches produced were in the range of 10" to 10" viral
genomes per mil. In particular, Woodchuck Hepatitis Virus (WHP) Posttranscriptional
Regulatory Element (WPRE) is a DNA sequence, which, when transcribed, creates a
tertiary structure enhancing expression. WPRE, a tripartite regulatory element with
gamma, alpha, and beta components, is commonly used in molecular biology to
increase expression of genes delivered by viral vectors, e.g., rAAV-dTomato. (see,
e.g., Choi, J.-H. et al., 2014, Mol. Brain, 7:17). All rAAV batches produced were in

the range of 10'° to 10'? viral genomes per ml.

Animals. Mice: Female C57BL/6J mice (Mus musculus; 10 weeks old) were
obtained from Jackson Labs {(Bar Harbor, ME - stock# 000664). Rats. Sprague
Dawley rats (adult 150-- 250 gm) were obtained from Charles River labs, Kingston,
NY. Marmosets. One female common marmoset (Callithrix jacchus, 6.0 years old)
was obtained from the colony at Massachusetts Institute of Technology. Macagues.
One male macaque (Macaca mulatia; 15.0 years old) was obtained from the
California National Primate Research Center at the University of California, Davis.
All animals were maintained in a 12 hght/12 dark cycle with a maximum of five
animals per cage for mice and one animal per cage for rats. Marmosets and macagues
were socially housed. All animal maintenance and experimental procedures were
performed according to the guidelines established by the Institutional Animal Care
and Use Committee at the Broad Institute of MIT and Harvard {mice), McGovern
research institute at MIT (rats and marmosets) and Salk Institute for Biological studies

{Macaques) and adhered to the standards of the National Institutes of Health.
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Local and systemic viral injections. Mouse local 1. Local injection in adult mice
were performed by sterectactically guided injections tn the somatosensory cortex with
the following coordinates: 1.0 mm posterior, 2.9 mum lateral, 0.7/0.45 mum ventral
relative to Bregma with 1500k of virus. Mouse systemie. For systemic igjection in
adult mice, approximately 10 viral particles were injected in the retro-orbital sinus
per animal, Post-operative monttoring was performed for five days post injection.
Rat local in V1. Local injection in adult rats was performed by stereotactically
guided injections in the primary visual cortex with the following coordinates: 5.4
posterior, 4.2 mm lateral, 2.0 mm ventral relative to bregma with 670 nL of virus.
Marmoset systemic injection. For systemic injection in adult marmosets,
approximately 10%? viral particles in ~ (.7 m! of sterile PBS were injected into the
saphenous vein, followed by another infusion with ~ 0.5 mi of saline. After the final
infusion, pressure was applied to the injection site to ensure hemostasis. The animal
was returned to its home cage and monitored closely for normal behavior post
anesthesia. The aniroal was euthanized S1 days after viral injection. Macague local
in V1. Local injection in an adult macaque was performed by a sterectactically
guided injection in the left primary visual cortex with the following coordinates: 13
mm posterior, 19 mm lateral, 23 mm superior relative to the center of the inter-aural
line (based on the animal's MR}, A total of volurme of 333 nl. was injected at 4

depths (e, 1.8, 1.3, 0.8 and 0.3 mm from the cortical surface).

Surgery. For stereotactically guided viral injection, animals were anesthetized under
isoflurane (1-3% in oxygen) and placed in a stereotactic head frame on a temperature-
controlled heating pad. A craniotomy and a durotomy were performed above the
brain region of interest. The animals were injected with 50-500 nl of the indicated
virus (rAAV) at a rate of 10-25 nl/minute using a sharp glass pipette (25-35 mm in
diameter), which was left in place for 5-15 minutes after the injection to minimize
backflow. The craniotomy site was covered with sterile bone wax, the surgical
opening was closed with Vetbond, and the animals were returned to their home cages
for at least 1 week. The injection sites were defined by the following coordinates:
somatosensory cortex S1: 1.0 mm posterior, 3.0 mm lateral, 0.7 / 0.4 mm ventral

relative to bregma; hippocampus CA1: 1.6 mm posterior, 1.8 mm lateral, 1.2 mm
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ventral relative to bregma, striatum: 0.5 mm posterior, 2.0 mm lateral, 3.2 mm ventral
relative to bregma.

For retro-orbital vein injection, animals were anesthetized under isoflurane (1-
3% in oxygen) and placed on a temperature-controlled heating pad. Intravenous (IV)
injections were performed in the retro-orbital plexus. More specifically, the animal
(mouse) was placed in a funnel-shaped nose cone connected to a non-rebreathing
apparatus (Surgivet, Dublin, OH) and the needle was inserted, bevel down, at the
medial canthus, into the retroorbital sinus. Up to 150 uL of supernatant containing
replication-defective rAAYV vectors were injected into the tail vein or retro-orbital
plexus. Following injection, the eye was held shut for a minimum of 30 seconds to

ensure homeostasis.
Electrophysiological recordings in mice:

Slice preparation for 2 to 6~-weeks-old mice. Virally injected mice were
anesthetized with isofluorane. Upon loss of reflexes, mice were transcardially
pertused with ice-cold oxygenated ACSF containing the following (in mM): 87
NaCl, 75 sucrose, 2.5 KL, 1.25 NaH, POy, 26 NaHCO;, 10 glucose, 1 CaClrand 2
MgCly. Mice were then decapitated and 300-um thick coronal slices were sectioned
using a Leica VT-1200-S vibratome and incubated in a holding chamber at 32-35 °C
for 15-30 min followed by continued incubation at room temperature 20-23.5 °C
{6874 °F) for at least 45-60 minutes before physiological recordings. Slices
containing the injection site were transferred in a recording chamber submerged with
oxygenated ACSF containing the following (in mM)y: 125 NaCl 2 S KCL 1.25
NakH,PO4, 26 NaHCOs, 10 glucose, 2 Cally and 1 MgCl (pH = 7 4, bubbled with
95% (2 and 5% COz). Slice preparation for 6-weeks-old and older mice. Acute
coronal brain slices were prepared as follows: Mice were anesthetized with Avertin
solution (20 mg/mi, 0.5 mg/g body weight) and transcardially perfused with 15 t0 20
mi of ice~cold carbogenated (95% Oz, 5% CO») cutting solution containing the
following: 194 mM sucrose, 30 mM Na(ll, 4.5 mM KCL 1.2 mM NaHoPGs, 0.2 mM
CaCly, 2 mM MgCly, 26 mM NaHCO5, and 10 mM D-(+)-glucose {with osmolarity of
340-350 mOsm). The brains were then rapidly removed and placed tn ice-cold
cutting solution for slice preparation. Coronal slices (300 um) were prepared and then
incubated at 32°C with carbogenated artificial cerebral spinal fluid (aCSF) for 10 to
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1S minutes. The slices were then incubated at room temperature for at least 1 hour in
a CSF that contained the following: 119 mM NaCl, 2.3 mM KCI, 1.0 mM NaH,PO4,
26 mM NaHCOs, 11 mM glucose, 1.3 mM MgSQs, and 2.5 mM CaCl, (pH 7.4, with
osmolarity of 295-305 mOsm) at room temperature for at least 1 hour. Current
clamp. For interneuron recording, 10 uyM CNQX, 25 uM AP-5 and 10 uM SR-95531
were also added to block AMPA, NMDA and GABA areceptors, respectively, to
measure the cell-intrinsic effect of optogenetic and chemogenetic stimulation.
Whole-cell current-clamp recordings were obtained from visually-identified cells
expressing the viral reporter using borosilicate pipettes (3—5 MQ) containing (in mM):
130 K-gluconate, 6.3 KC, 0.5 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP and 0.3%
biocytin (pH adjusted to 7.3 with KOH). Upon break-in, series resistance (typically
15-25 MQ) was compensated and only stable recordings (<20% change) were
included. Data were acquired using a MultiClamp 700B amplifier (Molecular
Devices), sampled at 20 kHz and filtered at 10 kHz. All cells were held at -60 mV
with a DC current, and current-step protocols were applied to obtain firing patterns
and to extract basic sub-threshold and supra-threshold electrophysiological properties.
Voltage clamp. Cells not expressing the viral reporter were selected according to
their pyramidal-cell-shaped soma under IR-DIC visualization and recorded with
pipettes containing (in mM): 130 Cs-gluconate, 0.5 EGTA, 7 KCl, 10 HEPES, 4 Mg-
ATP, 0.3 Na-GTP, 5 phosphocreatine, 5 QX-314 and 0.3% biocytin (pH adjusted to
7.3 with CsOH). Cells were held continuously at 0 mV for baseline and optogenetic
or chemogenetic stimulation. For both current and voltage clamp recording, a
baseline of at least 2 minutes was recorded before stimulation. Small pulses (—20 pA
or =5 mV, 100 ms at 0.2 Hz or 0.5 Hz) were applied throughout the baseline and
CNO application to monitor series resistance changes. Data were analyzed offline

using Clampfit 10.2 software (Molecular Devices).

In vivo calcium imaging. Approximately 100 nL of AAV-E2-GCaMP6 virus was
injected into the barrel cortex of animals at postnatal day 10. At P27-P34,
craniotomies were implanted over the injection site and widefield calcium imaging
was performed after recovery from the craniotomy procedure. Briefly, anesthetized
(1.5% 1soflurane) mice were imaged at 3-4Hz with 4x magnification (Thorlabs CCD
camera — 1501M-USB, Thorlabs LED stimulation — DC4104), while air puffs (100-

129



10

15

20

25

30

WO 2020/163102 PCT/US2020/015183

200ms duration, Picospritzer III) at specific intervals (5-20s) were directed at
contralateral whiskers. Multiple recordings were performed, and afterward, the
mouse was perfused for histological analysis. Recordings were analyzed in Image]
by calculating the F/F (change in fluorescence/average fluorescence) for each
recording and synched whisker stimulation. A threshold of (5%) F/F was set for both

stimulated and spontaneous calcium signal response.

Electrophysiological recordings in humans.

Tissue preparation, culture protocol and inoculation of virus, Four participants (2
male/2 female; age range 22-57 years} underwent a surgical procedure in which brain
tissue {temporal lobe and hippocarmpus) was resected tor the treatment of drug
resistant epilepsy. o all cases, each participant bad previously undergone an intyral
surgery for placement of subdural and/or depth electrodes for intracranial monitoring
to wdentify the location of seizure ouset. The NINDS Institutional Review Board
{(IRB) approved the research protocol (ClinicalTrials gov Identifier NCT01273129),
and informed consent was obtained from the participants for experimental use of the
resecied tissue. 300 um slices from both hippocampus and temporal lobe were
obtained (Leica 12008 Vibratome; Leica Microsystems, Bannockburn, IL) in 1ce-cold
oxygenated sucrose based cutting solution {100mM sucrose, 80mM Na(l, 3. 5mM
KCl, 24mM NaHCO;, 1.25mM NaHPQGy, 4 5SmM MgCh, 0.5mM CaCl;, and 10mM
glucose, saturated with 95% O» and 5% COy) within 30 minutes following
neurosurgical resection. Slices were then incubated in the sucrose cutting solution at
33°C for 30 minutes and allowed to cool to room temperature for 15-30 minutes. The
stices were transferred to culture medium {(Hugéne ¢t al , 2014} and placed in an
incubator (5% CO3) at 35°C, for 1S minutes of equilibration. Each individual slice
was then transferred onto a 30 mm Millicell Cell Culture Insert (Millipore; Cat No.
PICMORGS0) for interface culture and tncubated as above. After 12 hours, the
culture medium was changed and 1-2 ul of pAAV _S5E2-dTomato with or without
pAAY SSEZ C1V1i-eYFP was directly pipetted onto each slice and placed back into
the incubator. For hippocampal slices, the virus was targeted to the subiculum
subfield. Culture medium was routinely changed every 2-3 days until
electrophysiological analyses. Electrophysiclogical recordings.
Electrophysiological recordings from cultured human slices were performed between
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7 to 14 days after viral inoculation. Cultured human slices were transferred to a
recording chamber perfused with extracellular solution (130 mM NaCi, 3.5 mM KCH
24 mM NaHCO;, 1.25 mM NatHhPO4-HO, 10 mM glucose, 2.5 mM CaCly and 1.5
mM MgCl saturated with 95% /5% CO» (pH 7.4; 300-310 mOsm) at arate of 3 - 4
mi/min at 33°C. Whole cell patch clamp recordings from pAAY _SSE2-dTomato or
pAAY SSEZ C1V1i-eYFP infected neurons were performed with an intracellular
solution of the following composition: 130 mM K-gluconate, 10 mM HEPES, 0.6
mM EGTA, 2 M MgCly, 2 mM NaATP, 0.3 oM NaGTP and 0.5% biocytin {(pH
adjusted to 7.4; osmolarity adjusted to 285 -300 mOsm}. In some recordings, 130mM
K-gluconate was replaced by 90 mM K-gluconate/40 KCL Intrinsic membrane and
firing properties were assayed essentially as described previcusly (Tricoire, L. et al,
2011, J Newrosci, 31(30):10948-70). 550nm light stimulated optogenetic activation
of C1V1 was delivered to the slices via the 40X water immersion objective using a
CoolLED pE-4000 Hlumination system (Andover, UK}, Biocytin reconstruction
and immunocytochemisiry. After electropbysiological recording, slices were drop-
fixed in 4% paraformaldehyde in 0. 1M PB overnight. Slices were washed in 0.1M
PB (3 X 15 rminutes) and permeabilized/blocked in 0.5% Triton X-100/10% goat
serum in 0. 1M PB for at feast Z hours at room temperature. For combined biocvtin
recovery and immunocytochemistry, an initial incubation (4°C for 40 hours) in
primary antibodies diluted at 1:1000 was performed (rabbit anti-PV, Abcam Cat No:
ab11427; guinea-pig anti-RFP, SYSY, Cat No: 390005). Shices were washed in 0. 1M
PB at room temperature 4 x 30 minutes and incubated in secondary antibodies
{1:1000 for goat anti guinea-pig Alex-flour 555, Thermofisher Cat No. A21435; 1:500
for goat anti-rabbit Alexa-flour 647, Thermofisher Cat No. A32733 and 1:1000
Streptavidin Alexa FluorTM 488; Thermofisher $1123) overnight at 4°C. After a
final wash procedure (4 x 30 minutes) the slices were mounied ou microscope shides
with Prolong Gold antifade (Thermofisher; Cat No. P36930) for subsequent confocal
microscopy analysis,

Immunohistochemistry (IHC). Animals injected with the virus were euthanized
with Euthasol (Virbac, USA) and transcardially perfused with 4% paraformaldehyde
(PFA). The brains were placed in 4% PFA overnight, and then were sectioned at S0—
60 um (in particular, 50 um) using a Leica VTS1000 vibrosector. Floating brain
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sections were permeabilized with 0.1% Triton X-100 and phosphate buftered saline
(PBS) for 30 minutes, washed three times with PBS, and incubated in blocking buffer
(5% normal donkey serum in PBS) for 30 minutes. The sections were then incubated
overnight in blocking buffer with the indicated combinations of the following primary
antibodies at 4°C: chicken anti-GFP at 1:1,000 (Abcam USA, ab13970); rabbit anti-
DsRed at 1:1000 {(Clontech USA 632496); goat anti-PV at 1:1,000 (Swant USA,
PVG-2133; guinea-pig anti-PV at 11,000 (Swant USA, GP-72); rabbit anti-SS8T at
1:2000 (Pentnsula USA, T-4103.0050); mouse anti-Synaptotagrin-2 at 1:250 (ZFIN
USA, #ZDB-ATB-081002-25). The sections were then washed three times with PBS
incubated with Alexa Fluor-conjugated secondary antibodies at 1.1000 (Tovitrogen,
USA), counterstained with BAPI (Sigma, USA} and mounted on glass slides using
Fluoromount-G (Sigma, USA). Images of brain regions were acquired using a Zeiss
LSMB800 confocal microscope or a Zeiss Axioimager Al epifluorescence microscope.
The staining of PV IHC within human brain tissues was highly variable; therefore,
estimates of viral specificity were made within regions of cortex and subiculum where
staining density reflected the known distribution and density of these cells. In view of
the variability for human brain fissue, accurate quantification was not obtained by this

method.

In situ hybridization. The in-sizi hybridization probes {Gadl; product #400951,
Pvalb; product #421931, VIP, product #415961) used in the studies described herein
were designed by Advanced Cell Diagnostics (Newark, CA, USA). The reagents in
the RNAscope® Multiplex Fluorescent Reageot Kit v2 {product # 323100},
RNAscope® Probe Diluent {product #30004 1), HYBEZ™ gven {product
#321710/321720), humidity control tray (product # 310012), and HYBEZ
Humiditying Paper (product #310025) were also from Advanced Cell Diagnostics.
TSA Plus Fluorescein, TSA Plus Cyanine 3, and TSA Plus Cyanine 5 from
PerkinBEhoer (#NEL741, #NEL744, and #NEL74S5). Brain tissue was processed as
mentioned in the immunchistochemistry section supra. Brain sections were washed
one time in PBS foliowed by three washes in 0.1% Triton X-100 and PBS, mounted
on Supertrost Plus glass slides (Fisher Scientific, 12-550-15) and baked at 60°C in the
HYBEZ oven for 25 minutes. The shides were then submerged in 4% PFA for 30
minutes then washed 3 times in HO. RNAscope HxO» was applied to each section
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for 5 minutes at roors teroperature. The slides were then washed 3 times in HzO
before being submerged in pre~warmed 90°C Hx( for 15 seconds, followed by pre-
warmed 90°C RNAscope Target Retrieval for 15 minutes. Shides were washed 3
times in Ho() before RNAscope Protease 111 was applied onto each section and then
incubated for 15 minutes at 40°C in the HYBEY oven. Shdes were washed 3 times in
Ho O and then were incubated with probe solution diluted to 1:50 with probe diuent
for 2 hours at 40°C in HYBEZ oven. Next, the sections were washed three times in
RNAscope wash buffer followed by fluorescence amplification. Of note, probes
against the RNA of the reporter revealed a non-specific staining that was likely
attributed to the viral DNA. To reveal the viral reporter, the RNAscope protocol was
performed with an IHC amplification of the dTomato. The sections were incubated in
blocking solution (0.3% Triton X-100 plus 5% normal horse serum in PBS) for 30
minutes. Following this, sections were incubated in antibody solution (0.1% Triton
X-100 plus 5% normal horse serum in PBS) with rabbit anti-DsRed at 1:250
{Clontech USA 632496) at 4°C overnight. The sections were then washed three times
with PBS, incubated with Alexa Fluor-conjugated secondary antibodies at 1:500
(Invitrogen, USA), counterstained with DAPI (Sigma, USA) and mounted on glass

slides using Fluoromount-G (Sigma, USA).

Quantifications and statistics. For strength of expression, fluorescence images were
taken at a standardized magnification and exposure ime. The average pixel intensity
of the cell bodies of each cell expressing the viral reporter was recorded and reported
as an average over all cells per enhancer. For guantification of co-localization, cells
expressing the indicated reporter were counted using only the corresponding color
channel, and then, among these cells, the number of cells co-expressing the marker of
interest was counted. A cell was considered to be positive for a given marker if the
corresponding signal was above background fluorescence. The ratio of cells co-
expressing both markers over the total number of cells expressing only the reporter
was then calculated, reported herein as mean = s.e.m (represented as bar plots in
figures herein, for example). Quantifications were performed using a rowoimum of
two independent biological replicates (the specific number of cells, animals and
conditions are indicated for each individual quantification in the table presented in
FIG. 11, and/or described in the figure legends. Several sections from the same
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animal were used when indicated. Data collection and avalysis were not perforrued
blind 1o the conditions of the experiments, but experimenters from different research
groups performed the quantifications. No statistical methods were used to
predetermine sample sizes, but the sample sizes described were similar to those
reported in previous publications.

Example 9 — Viral manipulation of functionally distinct neurons from mice to
humans

Described herein are methods and approaches for understanding and treating
neuronal and neuropsychiatric diseases by targeting and manipulating specific
neuronal cell populations and subtypes. Gaining access to these cell populations in
non-human primates and humans has become paramount. While AAVs may be
useful for gene delivery in the nervous system, they have a limited genomic payload
and are not intrinsically selective for particular neuronal populations. Described
herein is the identification of regulatory elements capable of restricting viral
expression to broad neuronal classes. To focus the selection of the enhancers as
described herein, the regulatory landscape of SCN/A, a gene expressed in distinct
neuronal populations and whose disruption is associated with severe epilepsy, was
specifically examined.

Combining single-cell ATAC-seq data with sequence conservation across
species, ten candidate regulatory sequences were identified in the vicinity of the
SCN1A4 gene. By investigating each of these elements for its ability to direct viral
expression, three enhancers (E2, ES, E6) that collectively targeted the breadth of
neuronal populations expressing SCN/A4 were identified. Among these, a particular
short regulatory sequence (E2 herein) was found to be capable of restricting viral
expression to parvalbumin-expressing cortical interneurons (PV cINs). To fully
assess the utility of this element beyond reporter expression, the enhancer element
was validated in a variety of contexts, including synaptic tagging, calcium imaging, as
well as opto- and chemo-genic approaches, both ex vivo and in vivo. Moreover, this
enhancer element allowed for the selective targeting of PV cINs both during
development and across species, including rodents, non-human primates and humans.
Demonstrating that this approach provided a generalizable strategy for enhancer

discovery, twenty-five additional regulatory elements were selected in the vicinity of
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seven genes enriched in PV INs (FIGS. 15A-1, 15A-2, 16A-1 and 16A-2). From
these, an additional four PV-specific regulatory elements (E11, E14, E22 and E29)
were identified, each of which had remarkably selective expression within specific
brain regions. Together, the utility of a variety of functionally-tested tools that can be
utilized across animal models was demonstrated. Such “viral reagents,” comprising
viral delivery vectors harboring a polynucleotide encoding one or more enhancer
elements as described herein, as well as one or more target polynucleotide, can be
employed to interrogate how functionally distinct neuronal cell-types are affected in
the context of neurological, neurodevelopmental and neurodegenerative disease in
non-human primates. Ultimately, enhancer-containing viral vectors can serve as
agents that therapeutically normalize pathological neuronal activity or gene
expression in specific neuronal cell populations.

The enhancers identified and described herein provide access to neuronal
populations with particular clinical relevance. These enhancers may be leveraged to
alleviate debilitating aspects of Dravet syndrome, for example, by the use of gene
therapy or by modulation of neuronal activity. As described in the Examples supra,
local and systemic injections were utilized for effective viral vector delivery to the
brain. With local injections, neurological conditions and pathologies such as focal
epilepsy, prefrontal cortex dysfunction or hippocampal memory disorders may be
treated or ameliorated. Alternatively, the systemic introduction of virus vectors could
be used in contexts where global interventions are necessary, for example, to correct
generalized seizures, or for psychiatric and neurodegenerative disorders. The
regulatory elements described herein provide for specifically accessing specific cell
types for therapeutic contexts.

Indeed, the method and approach for enhancer selection as described herein is
advantageous as it is generalizable to other genes. Without intending to be limiting, a
subset of seven, representative enhancers (e.g., E1, ES, E6, E11, E14, E22, E29
herein) were identified and demonstrated to have unique specificity for both distinct
neuronal populations and regions of the central nervous system. Even with
application of stringent criteria (>90% selectivity for the target population), the
described enhancer selection method has a high (>20%) success rate. Moreover, as

predicted by the high degree of sequence conservation, the representative subset of
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enhancers proved equally selective and effective across species, including humans.
As such, the described methods provide a reliable means to identify systematically

cell-type specific enhancers that are functional across species.

Other Embodiments

From the foregoing description, it will be apparent that variations and
modifications may be made to the embodiments described herein to adopt them to
various usages and conditions. Such embodiments are also within the scope of the
following claims.

The recitation of a listing of elements in any definition of a variable herein
includes definitions of that variable as any single element or combination (or
subcombination) of listed elements. The recitation of an embodiment herein includes
that embodiment as any single embodiment or in combination with any other
embodiments or portions thereof, such as described in one or more sections herein.
All patents and publications mentioned in this specification are herein incorporated by
reference to the same extent as if each independent patent and publication was

specifically and individually indicated to be incorporated by reference.
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What is claimed is:

1. A viral vector comprising a transgene polynucleotide sequence and an
enhancer polynucleotide sequence that specifically restricts expression of the

transgene in parvalbumin (PV)-expressing interneuron cells of the brain.

2. A viral vector comprising an enhancer polynucleotide sequence specifically
associated with SCN/A4 gene expression and a transgene polynucleotide sequence,
wherein the enhancer sequence restricts expression of the transgene in PV-expressing

interneuron cells of the brain.

3. The viral vector of claim 1 or claim 2, wherein the transgene is a reporter
gene, a Designer receptor exclusively activated by designer drug (DREADD)-
encoding gene, pharmacologically selective actuator molecule (PSAM)-encoding

therapeutic gene, or a therapeutic gene.

4. The viral vector of any one of claims 1-3, wherein the transgene is an SCN/A4
gene.
5. The viral vector of any one of claims 1-3, wherein the transgene is a

DREADD-encoding gene.

6. The viral vector of claim 5, wherein the DREADD-encoding gene is a Gq-
DREADD-encoding gene that is activated by the chemogen clozapine-N4-oxide
(CNO).

7. The viral vector of claim 3, wherein the transgene is a pharmacologically

selective actuator molecule (PSAM)-encoding therapeutic gene.

8. The viral vector of any one of claims 1-7, wherein the viral vector is

recombinant adeno-associated virus (rAAV) vector.

0. A recombinant adeno-associated virus (rAAV) vector comprising an SCN/A4
transgene polynucleotide sequence, or a functional portion thereof, and an enhancer
polynucleotide sequence that specifically restricts expression of the SCN/A transgene

in interneuron or neuron cells of the brain.
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10. The rAAYV vector of claim 4 or claim 9, wherein an Nav1.1 sodium channel
encoded by the SCN/A transgene is functionally expressed in interneuron cells

following transduction of the interneuron cells by the rAAV vector.

11. The viral or rAAV vector of any one of claims 1-10, wherein the interneuron

cells are GABAergic interneuron cells.

12. The rAAYV vector of claim 9, wherein the interneuron cells are GABAergic

interneuron cells within the brain telencephalon.

13. The rAAYV vector of claim 11, wherein the GABAergic interneuron cells

express parvalbumin (PV).

14. The rAAV vector of any one of claims 9-11, wherein the GABAergic

interneuron cells express vaso-intestinal peptide (VIP).

15.  TherAAYV vector of any one of claims 9-11, wherein neuron cells are

pyramidal (PYR) neurons of the brain cortex.

16. The viral or rAAV vector of any one of claims 1-13, wherein the enhancer
polynucleotide sequence comprises a nucleotide sequence which contains one or more
regions of about 100 bp or longer having at least 75% or greater sequence identity to a
polynucleotide sequence of a human enhancer element E1, E2, E3, E4, E7, E8, E9, or
E10 (SEQ ID NOs: 15-18 or 21-24, respectively).

17. The viral or rAAV vector of any one of claims 1-13, wherein the enhancer
polynucleotide sequence comprises the polynucleotide sequence of human enhancer
element E1, E2, E3, E4, E7, E8, E9, or E10 (SEQ ID NOs: 15-18 or 21-24,

respectively).

18. The viral or rAAV vector of claim 13, wherein the enhancer polynucleotide
sequence comprises a nucleotide sequence which contains one or more regions of
about 100 bp or longer having at least 75% or greater sequence identity to a

polynucleotide sequence of human enhancer element E2 (SEQ ID NO: 16).

19. The rAAYV vector of claim 14 or claim 15, wherein the enhancer
polynucleotide sequence comprises a nucleotide sequence which contains one or more

regions of about 100 bp or longer having at least 75% or greater sequence identity to a
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polynucleotide sequence of human enhancer element E6 (SEQ ID NO: 20) or human
enhancer element ES (SEQ ID NO: 19).

20. The rAAYV vector of claim 19, wherein the enhancer polynucleotide sequence
comprises the polynucleotide sequence of human enhancer element E6 (SEQ ID NO:

20) or the polynucleotide sequence of human enhancer element ES (SEQ ID NO: 19).

21. The viral or rAAV vector of any one of claims 1-20, wherein the capacity of
the vector to package polynucleotide sequences of greater than about 4.7 kb
comprises reassembly of multiple rAAV vectors by homologous recombination or by

splicing mediated by acceptor sites.

22.  Theviral or rAAV vector of any one of claims 4 or 9-20, wherein the vector
delivers the SCN/A4 gene to SCNI1A-expressing GABAergic interneuron cells in the
brain, and wherein the SCN/A gene is functionally expressed, thereby restoring

normal levels of SCN /A in the interneuron cells following administration of the vector

to a subject.
23. The viral or rAAV vector of claim 22, wherein the subject is a human patient.

24, The viral or rAAV vector of claim 23, wherein the human patient is an infant

suffering from Dravet syndrome (DS).

25.  Avviral particle or virus-like particle comprising the viral or rAAV vector of

any one of claims 1-24.

26. A cell comprising the viral or rAAV vector of any one of claims 1-24.
27. A cell comprising the viral particle or virus-like particle of claim 25.
28. A pharmaceutical composition comprising the viral or rAAV vector of any

one of claims 1-24, and a pharmaceutically acceptable vehicle, carrier, or diluent.

29. A pharmaceutical composition comprising the viral particle or virus-like

particle of claim 25, and a pharmaceutically acceptable vehicle, carrier, or diluent.

30. The pharmaceutical composition of claim 28 or claim 29, wherein the

pharmaceutical composition is in liquid dosage form.

31. A method of restoring normal levels of SCN/A4 expression in GABAergic
interneuron cells or neuron cells in which SCN/A expression levels are deficient or
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defective, the method comprising contacting the cells with an effective amount of the
viral or rAAYV vector of any one of claims 4 or 9-22, a viral particle, or a
pharmaceutical composition thereof, to restore normal levels of SCN/A4 expression in

the GABAergic interneuron cells or neuron cells.

32. A method of treating infantile epilepsy and/or seizures in an infant who has or
is at risk of having epilepsy, seizures, or Dravet syndrome (DS), the method
comprising administering to the infant a therapeutically effective amount of the viral
or rAAYV vector of any one of claims 1-24, the viral particle or virus-like particle of
claim 25, or a pharmaceutical composition of any one of claims 28-30 to treat

seizures, epilepsy, or DS in the subject.

33. A method of treating Dravet syndrome (DS) in a subject who has or is at risk
of having DS, the method comprising administering to the subject a therapeutically
effective amount of the viral or rAAV vector of any one of claims 4 or 9-22, a viral

particle or a pharmaceutical composition thereof, to treat DS in the subject.

34. A method of inhibiting or preventing seizures and/or epilepsy in a subject
having or at risk of having seizures and/or epilepsy, the method comprising
systemically administering to the subject a recombinant adeno-associated virus
(rAAV) vector comprising an SCN/A transgene polynucleotide sequence, or a
functional portion thereof, an enhancer polynucleotide sequence that specifically
restricts expression of the SCN/A transgene in interneuron cells or neuron cells of the
cerebral cortex of the subject, and a capsid that enhances transduction of the vector

into interneuron cells.

35.  The method of any one of claims 32-34, wherein the infant or the subject is a

human patient.

36. The method of any one of claims 31-35, wherein the enhancer polynucleotide
sequence in the rAAV vector comprises one or more regions of about 100 bp or
longer having at least 75% or greater sequence identity to a polynucleotide sequence
of a human enhancer element E1, E2, E3, E4, ES, E6, E7, E8, E9, or E10 (SEQ ID
NOs: 15-24, respectively).
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37. The method of claim 36, wherein the enhancer polynucleotide sequence in the
rAAV vector comprises one or more regions of about 100 bp or longer having at least
75% or greater sequence identity to a polynucleotide sequence of human enhancer

element E2 (SEQ ID NO: 16).

38. The method of claim 37, wherein the enhancer polynucleotide sequence is the

human enhancer element E2 polynucleotide sequence of SEQ ID NO: 16.

39. The method of claim 36, wherein the enhancer polynucleotide sequence in the
rAAV vector comprises one or more regions of about 100 bp or longer having at least
75% or greater sequence identity to a polynucleotide sequence of human enhancer
element E6 (SEQ ID NO: 20) or to a polynucleotide sequence of human enhancer
element E5 (SEQ ID NO: 19).

40. The method of claim 39, wherein the enhancer polynucleotide sequence is the
human enhancer element E6 polynucleotide sequence of SEQ ID NO: 20 or the
human enhancer element ES polynucleotide sequence of SEQ ID NO: 19.

41. A method of delivering a transgene for restricted expression in an interneuron
cell or neuron cell that expresses an SCN/A gene to inhibit or prevent seizures and/or
epilepsy in a subject in need thereof, the method comprising: contacting the cell with
a recombinant adeno-associated virus (rAAV) vector comprising an SCN/A transgene
polynucleotide sequence, or a functional portion thereof, and an enhancer
polynucleotide sequence that specifically restricts expression of the SCN/A transgene
in interneuron cells or neuron cells of the cerebral cortex of the subject, thereby

inhibiting or preventing seizures and/or epilepsy in the subject.

42. The method of any one of claims 31, or 34-41, wherein the interneuron cells
are selected from PV-expressing cortical interneurons (PV-cINs), dis-inhibitory
cortical interneurons expressing the vaso-intestinal peptide (VIP cINs), or pyramidal

neurons.

43, The method of claim 41 or claim 42, wherein the enhancer polynucleotide
sequence in the rAAV vector comprises one or more regions of about 100 bp or

longer having at least 75% or greater sequence identity to a polynucleotide sequence
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of a human enhancer element E1, E2, E3, E4, ES, E6, E7, E8, E9, or E10 (SEQ ID
NOs: 15-24, respectively).

44, The method of claim 41 or claim 42, wherein the enhancer polynucleotide
sequence in the rAAV vector comprises one or more regions of about 100 bp or
longer having at least 75% or greater sequence identity to a polynucleotide sequence
of human enhancer element E2 (SEQ ID NO: 16), to a polynucleotide sequence of
human enhancer element E6 (SEQ ID NO: 20), or to a polynucleotide sequence of
human enhancer element ES (SEQ ID NO: 19).

45. The method of claim 41 or claim 42, wherein the enhancer polynucleotide
sequence in the rAAYV vector is selected from human enhancer elements E1, E2, E3,

E4, ES, E6, E7, E8, E9, or E10 (SEQ ID NOs: 15-24, respectively).

46. The method of claim 45, wherein the enhancer polynucleotide sequence is the
human enhancer element E2 polynucleotide sequence of SEQ ID NO: 16, the human
enhancer element E6 (SEQ ID NO: 20), or the human enhancer element ES (SEQ ID
NO: 19).

47. The method of any one of claims 32-46, wherein the rAAV vector, viral
particle, virus-like particle, or pharmaceutical composition is administered

systemically.

48. The method of any one of claims 32-46, wherein the rAAV vector, viral

particle, or pharmaceutical composition is administered parenterally.

49. The method of claim 47 or claim 48, wherein the rAAV vector, viral particle,

virus-like particle, or pharmaceutical composition is administered intravenously.

50. The method of any one of claims 32-46, wherein the rAAV vector, viral
particle, virus-like particle, or pharmaceutical composition is administered

intracerebrally.

51. The method of any one of claims 32-50, wherein the rAAV vector, viral
particle, virus-like particle, or pharmaceutical composition is administered as a

prophylactic.

52. The method according to any one of claims 32-51, further comprising

administering an adjunct anti-epileptic treatment to the infant or subject.
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53. A viral vector comprising a transgene polynucleotide sequence and an
enhancer polynucleotide sequence that specifically restricts expression of the
transgene in vaso-intestinal peptide-expressing cortical interneuron cells (VIP cINs)

of the brain.

54. A viral vector comprising an enhancer polynucleotide sequence specifically
associated with SCN/A4 gene expression and a transgene polynucleotide sequence,
wherein the enhancer sequence restricts expression of the transgene in vaso-intestinal

peptide-expressing cortical interneuron cells (VIP ¢INs) of the brain.

55. The viral vector of claim 53 or claim 54, wherein the enhancer polynucleotide
sequence comprises a nucleotide sequence which contains one or more regions of
about 100 bp or longer having at least 75% or greater sequence identity to a

polynucleotide sequence of human enhancer element E6 (SEQ ID NO: 20).

56. The viral vector of any one of claims 53-55, wherein the enhancer

polynucleotide sequence is human enhancer element E6 (SEQ ID NO: 20).

57. A viral vector comprising a transgene polynucleotide sequence and an
enhancer polynucleotide sequence that specifically restricts expression of the

transgene in pyramidal neurons of the brain.

58. A viral vector comprising an enhancer polynucleotide sequence specifically
associated with SCN/A4 gene expression and a transgene polynucleotide sequence,
wherein the enhancer sequence restricts expression of the transgene in pyramidal

neurons of the brain.

59. The viral vector of claim 57 or claim 58, wherein the enhancer polynucleotide
sequence comprises a nucleotide sequence which contains one or more regions of
about 100 bp or longer having at least 75% or greater sequence identity to a

polynucleotide sequence of human enhancer element ES (SEQ ID NO: 19).

60. The viral vector of any one of claims 57-59, wherein the enhancer

polynucleotide sequence is human enhancer element ES (SEQ ID NO: 19).

61.  The viral vector of any one of claims 58-60, wherein the enhancer sequence

restricts expression of the transgene in glutamatergic pyramidal neurons of the brain.
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62.  The viral vector of any one of claims 58-61, wherein the enhancer sequence
restricts expression of the transgene in pyramidal neurons in cortical layer 5 of the

brain.

63.  The viral vector of any one of claims 53-62, wherein the viral vector is a

lentiviral vector or a recombinant adeno-associated virus (rAAYV) vector.

64. The viral vector of any one of claims 53-63, wherein the transgene is an
SCN1A4 gene.
65. A viral vector comprising an enhancer polynucleotide sequence selected from

SEQ ID NOs: 15-24, or a functional portion thereof, wherein the vector specifically

targets neuronal cells expressing SCN/A4.

66.  The viral vector of claim 65, wherein the neuronal cells are parvalbumin
cortical interneurons (PV cINs), pyramidal (PYR) neurons, or vaso-intestinal peptide

cortical interneurons (VIP cIN).

67. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NOs: 25-27, or a functional portion thereof, wherein the vector specifically

targets cells expressing Pvalb.

68. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NOs: 28-31, or a functional portion thereof, wherein the vector specifically

targets cells expressing Acan.

69. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NOs: 32-39, or a functional portion thereof, wherein the vector specifically

targets cells expressing 7mem{32c.

70. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NO: 40 or SEQ ID NO: 41, or a functional portion thereof, wherein the

vector specifically targets cells expressing Lrrc38.

71. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NO: 42 or SEQ ID NO: 43, or a functional portion thereof, wherein the

vector specifically targets cells expressing /npp3j.
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72. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NOs: 44-47, or a functional portion thereof, wherein the vector specifically
targets cells expressing Mef2c.

73. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NO: 48 or SEQ ID NO: 49, or a functional portion thereof, wherein the

vector specifically targets cells expressing Pthih.

74. A viral vector comprising an enhancer polynucleotide sequence selected from
SEQ ID NOS: 15-49, or a functional portion thereof, wherein the vector specifically

targets cells PV-expressing cells.

75. The viral vector of any one of claims 65, or 67-74, wherein the target cells are

PV-expressing neuronal cells.

76.  The viral vector of any one of claims 65-75, which is a recombinant adeno-

associated virus (rAAV) vector.

77. A viral particle or virus-like particle comprising the viral vector of any one of

claims 65-76.

78. A cell comprising the viral vector of any one of claims 65-76.
79. A cell comprising the viral particle or virus-like particle of claim 77.
80. A pharmaceutical composition comprising the viral vector of any one of

claims 65-76, or the viral particle or virus-like particle of claim 77, and a

pharmaceutically acceptable vehicle, carrier, or diluent.

81. A method of restricting expression of a transgene in a neuronal cell of a
subject, the method comprising administering to the subject a delivery vector
comprising at least one enhancer element polynucleotide comprising a sequence of
SEQ ID NO: 15-49 and a transgene polynucleotide, wherein the transgene is

specifically expressed in the neuronal cell.
82. The method of claim 81, wherein the transgene is SCN/A4.

83. The method of claim 82, wherein the neuronal cell is a cortical interneuron

expressing parvalbumin (PV cIN).
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84. The method of claim 82 or claim 83, wherein the enhancer element
polynucleotide comprises a sequence set forth in SEQ ID NOS: 15-18 or SEQ ID
NOS: 21-24.

85. The method of claim 82, wherein the neuronal cell is a pyramidal (PYR) cell.

86. The method of claim 85, wherein the enhancer element polynucleotide

comprises the sequence set forth in SEQ ID NO: 19.

87. The method of claim 82, wherein the neuronal call is a cortical interneuron

expressing the vaso-intestinal peptide (VIP cIN).

88. The method of claim 87, wherein the enhancer element polynucleotide

comprises the sequence set forth in SEQ ID NO: 20.

89.  The method of any one of claims 81-88, wherein the delivery vector is a

lentiviral vector or rAAV.

90. The method of claim 89, wherein the delivery vector is administered to the
brain.

91. The method of claim 90, wherein the delivery vector is administered locally or
systemically.

92.  The method of any one of claims 81-91, wherein the subject is a mammal.

93. The method of claim 92, wherein the subject is a human.

94, A viral vector comprising a human enhancer polynucleotide sequence selected

from SEQ ID NOS: 15-49.

95. The viral vector of claim 94, which is a recombinant adeno-associated virus
(rAAV) vector.

96. A wviral particle or virus-like particle comprising the viral vector of claim 94 or
claim 95.

97. A cell comprising the viral vector of claim 94 or claim 95.

98. A cell comprising the viral particle or the virus-like particle of claim 96.
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99. A pharmaceutical composition comprising the viral vector of claim 94 or
claim 95, or the viral particle or virus-like particle of claim 96, and a pharmaceutically

acceptable vehicle, carrier, or diluent.
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Enhancer Gene Target Specificity Position  Homan hgdd chr Human hedf starl Homan hgdd stop

Scala PV 22%  intergenic chrl 165853030 165954736
EZ Scnla PV 80%  infronic  chil 166084035 166084884
E3 Senla PV 57%  intronic  chil 166090876 166031720
E4 Scnla PV 14%  infronic  chil 166034366 166034633
N Senla PYR 20%  intronic  chil 166103633 166104587

Scnla ViP  88%  intronic  chiZ 166118214 166118879
£l Senla PV 33%  intronic  chil 165892760 165837684
E8 Scnla PV B61%  infronic  chil 166148136 166149792
EY Scala PV 41%  intergenic chr? 166130066 166130702
El1D Senla PV 23%  intergenic chrl 166160023 166160609
Pvalb PV 80%  intronic o2 36816984  J6R17612
E1Z Pualb PY 5%%  infronic  chrd 36817484  3RBITTZD
E1d Pualb PV 671%  intromic  chrdl 36818134  36RIETZY

fAcan PY  94%  intergenic chrld 88802240 38802877
El3  Acan PV 79%  intergenic chrld 88803240 88803678
E16  Acan PV 38%  infronic  chrld 88807230 48807962
EY7 Acan PV 54%  intomic  chrl 88833330 88833984
E18  Tmemld2c PV 5§7%  intronic  chrl? 128377753 128374783
E19 Tmemld2c PV 57%  inbronic  chrll 128269803 128280279

FIG. 1A-2
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chi:166034366,166094533 78%
chid:166103633 166104387 72%
chiZ:166118214 166718878 12%
chiZ:163832760,163897884  74%
chiZ:166148136,166143782 715%

4146

38 DAS link
http//oenome.ucsc.edu/coi-bin/das/hed8/dnalseoment =chiZ: 166090875, 166091720 67%

http//oenome.ucsc.edu/coi-bin/das/hed8/dnalseoment =ciZ: 165953030, 165954798 69%
tp/feenome.ucsc.edy/cai-bin/das/he38/dnaseament=chi2: 166084035, 166084888 71%

httpy//senome uosc.edy/cgi-hin/das/hgd 8/ dnat segment
htty//genome.ucse.edu/cgi-bin/das/hedf/dnal segment
httpy//senome uosc.edy/cgi-hin/das/hgd 8/ dnat segment
httpy//senome.ucse.edy/ci-bin/das/hg 38/ dnal segment

h

Human_hg38 size (bp) human_hg

WO 2020/163102

i
lommd

http://genome.ucse.edy/cgi-in/das/he38/dnatsegmen

17%
86%

chriZ:128371753,128378783 10%
chr12:128289803,120290218 18%

FIG. 1A-2 (cont.)

SUBSTITUTE SHEET (RULE 26)

chiZ:166160023, 166160608 73%
chi22:36816984 36817612 78%

tp://genome.usc.edu/ogi-in/das/hed8/dna segment=chi2 2:368 17484 36817720 74%
chr15:08802240, 88802877

httn://senome.icsc.edu/cgi-hin/das/hadf/dna seoment = chrZ: 168150066, 166150702 72%
tn://senome.ucse.edu/oai-hin/das/hed8/dnalsegment = chr1 5:08807790 80807967 82%

tp://genome.uese.edy/cgi-hin/das/he38/dnat segment
tp://genome.uese.edy/cgi-hin/das/he38/dnat segment
tp://genome.uese.edy/cgi-hin/das/he38/dnat segment
httpy//senome.ucse.edy/ci-bin/das/hg 38/ dnal segment
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£20 TmemidZe PY  B8% intronic  chrl? 128323153 1283231

£21 TmemidZe PY  71% intronic  chrl? 12
TmemidZe PY  94% intronic  chrl? 12

£23 TmemidZe PV B4% intronic  chrl? 12

E24  TmemidZc PV  82%  intronic chri 128375853 1283766
E25  TmemidZc PV 73%  intronic  chri 128408553 12840

B2t Lrredd PY 72%  intergenic chrl 13388723 133802
E27  Led8 PV B6%  intronic  chrl 13468123 1347086

28 inppsj PY 83%  intersenic chr2? 31124834 31125629

inpp3i PY 94%  intersenic chr2? 31132544 3113384

B30 Mefic PY 77%  intergsenic chrd 88655733  B8657379
E31  Meflc PV 63%  intronic  chrd 88872683 5887289
E32  MefZe PV 70%  intronic  chrd 88745133 88745
E33  Mefle PV 82%  intronic  chrd 88799783  GHBO13S
E34  Pthih PY 48%  intronic  chril 279694712 7796969

E3y  Pthlh PY 86%  intergenic chri? 21973822 2797448

FIG. 1A-3
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http:// senome.ucsc.ody/ogi-bin/das/ha/dna?segment =chr1 21283 3153 1283118 71%

X ]

http:// senome.ucsc.edy/ogi-bin/das/hga/dna?segment =chy1 2128332503 128332814 74%

=2

http:// senome.ucsc.edy/ogi-bin/das/hea/dna?segment =chil 2128336003, 128336481 75%

2
g

http:// senome.ucsc.ody/ogi-bin/das/hgab/dna?segment =chy1 2128363603, 128366181 85%

2
X ]

hitp://senome.ucse.edy/ogi-hin/das/gd/dnasegment = chr1 2.1 28375853, 128376606 74%

3
¥ 9]
fpomnce

hitpy//enome.ucse.edu/ogi-hin/das/gd/dnasegment = chr1 2.1 28408553, 128408930 77%

oo

10%

httn:// senome.icss.edu/ogi-hin/das/hgd8/dnatsegment =chrl:13388723,13380012

1%

hitp://venome.icsc.edu/ogi-hin/das/hyd8/dnalsegment == chil. 13469123 1 3470861

1738

11%

http://venome icsc.edu/ogi-hin/das/hg38/dualsegment == chid2:31124894 31123629

14%

http://zenome csc.edu/ogi-hin/das/hg38/dualsegment == chid 2:31132544, 31133831

httn:// senome.icss.edu/ogi-hin/das/hgd8/dnatsegment = chrd:08653733 88657373

68%

chrd:88872683,00872081

httn:// senome.icss.edu/ogi-hin/das/hgd8/dnatsegment

g
L

10%

httn:// senome.icss.edu/ogi-hin/das/hgd8/dnatsegment = chrd:08743133 88745333

g
b

httn:// senome.icss.edu/ogi-hin/das/he38/dna?segment = chrd:08753783, 88801354

13N

B8%

hitp://senome.ucsc.edy/ogi-hin/das/gd/dnasegment = che1 2.27969472, 21963650

B3%

http://genome.icsc.edu/cgi-hin/das/hg38/dnalsegment = chi12:21973822, 21974489

FIG. 1A-3 (cont.)
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Specificity for PV
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Sensitivity for PV
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“P” document published prior to the international filing date but later than

the priority date claimed

“T™ later document published after the international filing date or priority
date and not in conflict with the apﬁlication but cited to understand
the principle or theory underlying the invention

“X"” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

“Y> document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

4 May 2020

Date of mailing of the international search report

17 JUuL 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Lee Young

Telephone No. PCT Helpdesk: 571-272-4300
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:

a. EI forming part of the international application as filed:
D in the form of an Annex C/ST.25 text file.
I:] on paper or in the form of an image file.

b. D furnished together with the international application under PCT Rule 13/er. 1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. % furnished subsequent to the international filing date for the purposes of international search only:
ZI in the form of an Annex C/ST:25 text file (Rule 13¢zer. 1(a)).

D on paper or in the form of an image file (Rule 13fer.1(b) and Administrative Instructions, Section 713).

2. & In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2019)
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. I:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:I Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 4-6, 8, 10-11, 13-33, 35-40, 42-52, 56, 60-64, 76-80, 89-93 and 99
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Please see Supplemental Sheet

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-3, 9, 74, 75(in part), 94-98, limited to target PV-expressing interneuron cells, transgene is a reporter gene, and SEQ ID NO:
15

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)
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Continuation of Box No. Il Observations where unity of invention is lacking:

Group I+: Claims 1-3, 7, 9, 12, 53-55, 57-59, 65-75 and 94-98 directed to a viral vector comprising an enhancer polynucleotide. The viral
vector will be searched to the extent that the vector specifically targets parvalbumin (PV)-expressing interneuron cells of the brain
(claims 1, 2, 66, 74), the transgene is a reporter gene (claim 3), and the enhancer polynucleotide sequence is SEQ ID NO: 15 (claim 65,
74, 94). 1t is believed that claims 1-3, 65-66, 74, 75(in part), 94-98, limited to a viral vector that targets PV-expressing interneuron cells,
the transgene is a reporter gene, and the enhancer polynucleotide sequence is SEQ ID NO: 15, encompass this first named invention,
and thus these claims will be searched without fee to the extent that the vector encompasses said sequences. [Note that claim 9 is not
included in the first named invention because it requires the transgene to be SCNJA instead of a reporter gene.] Additional viral vectors
will be searched upon the payment of additional fees. Applicants must specify the claims that encompass any additionally elected viral
vectors. Applicants must further indicate, if applicable, the claims which encompass the first named invention, if different than what was
indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied to the “+" group(s) will
result in only the first claimed invention to be searched. An exemplary election would be a viral vector that specifically targets vaso-
intestinal peptide-expressing cortical intemeuron cells (VIP cINs) of the brain (claims 53, 54, 66), and the enhancer polynucleotide
sequence is SEQ 1D NO: 20 (claim 55, 65, 94) (i.e. claims 53-55, 65-66, 94-98). .

Group lI: Claims 34 and 41, directed to a method of inhibiting or preventing seizures and/or epilepsy in a subject by systemically
administering to the subject a recombinant adeno-associated virus (rAAV) vector comprising an SCN1A transgene polynucleotide
sequence.

Group lll+: Claims 81-88, directed to a method of restricting transgene expression to a neuronal cell, comprising administering to a
subject a delivery vector polynucleotide, comprising at least one enhancer element and a SCN1A transgene that is specifically
expressed in the neuronal cell. Group |1+ will be searched upon payment of additional fees. The neuronal expression method will be
searched, for example, to the extent that the neuronal cell is a cortical interneuron expressing parvalbumin (PycIN) and the enhancer
element polynucleotide comprises the sequence set forth in SEQ ID NO: 15. It is believed that claims 81-84 limited to a neuronal
expression method comprising administering a vector with an enhancer element comprising the sequence set forth in SEQ ID NO: 15.
Applicants must specify the claims that encompass any additionally elected neuronal expression methods Failure to clearly identify how
any paid additional invention fees are to be applied to the "+" group(s) will result in only the first claimed invention to be searched. An
exemplary election would be a neuronal expression method wherein the neuronal cell is a pyramidal (PYR) cell and the enhancer
element polynucleotide comprises the sequence set forth in SEQ ID NO: 19 (Claims 81-82 and 85-86).

The inventions listed as Groups |+, Il and IlI+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under
PCT Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features

No technical features are shared between the viral vector polynucleotide sequences of Group |+ and, accordingly, these groups lack
unity a priori.

No technical features are shared between the viral vector polynucleotide sequences of Group 1Il+ and, accordingly, these groups lack
unity a priori.

Additionally, even if the inventions listed as Group |+ or Group Ili+ were considered to share technical features, these shared technical
features are previously disclosed by the prior art, as further discussed below.

Groups |l and llI+ do not require an isolated viral vector composition, as required by group I+.
Groups |+ and i1+ do not require a method of inhibiting or preventing seizures and/or epilepsy in a subject, as required by group II.

Group I+ and |l do not require a method of restricting expression of a transgene to: a cortical interneuron expressing parvalbumin, a
pyramidal cell, or a cortical interneuron expressing the vaso-intestinal peptide of a subject, as required by group IlI+.

Common Technical Features

The inventions of Groups |+, Il and HlI+ share the technical feature of a viral vector comprising a transgene polynucleotide sequence and
an enhancer polynucleotide sequence that specifically restricts expression of the transgene to specific neurons in the brain.

However, this shared technical feature does not represent a contribution over prior art, because the shared technical feature is
anticipated by US 2019/0024119 A1 to Encoded Therapeutics Inc. (hereinafter "Encoded"). Encoded teaches said viral vector having
regulatory elements resticing expression to PV neurons (para [0105) “In some cases, the expression cassette is part of a vector or a
plasmid, e.g., a viral vector or rAAV vector. ... In some cases, the expression cassette comprises one or more PV cell selective
regulatory elements ... operably linked to a transgene, wherein the transgene is SCN1A", para [0141] "Parvalbumin ... is expressed in ...
GABAergic interneurons ... PV cells are generally considered GABAergic cells.”; para [0036] "a regulatory element, which can comprise
promoter and/or enhancer sequences, is operatively linked to a coding region if the regulatory element helps initiate transcription of the
coding sequence. ").

Continued on next page
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The inventions of Groups I+, |l and li+ also share the technical feature of a recombinant adeno-associated virus (rAAV) vector
comprising a SCN1A transgene polynucleotide sequence, however, Encoded teaches said viral vector (para [0105] - "In some cases,
the expression cassette is part of a vector or a plasmid, e.g., a viral vector or rAAV vector. ... In some casses, the expression cassette
comprises one or more PV cell selective regulatory elements ... operably linked to a transgene, wherein the transgene is SCN1A").

The inventions of Groups I+ and Ili+ share the technical feature of a vector specifically that targets neuronal cells expressing SCN1A
that are parvalbumin cortical interneurons (PV cINs), pyramidal (PYR) neurons, or vaso-intestinal peptide cortical interneurons (VIP cIN).

However, this shared technical feature does not represent a contribution over prior art, because the shared technical feature is made
obvious by Encoded in view of US 2014/0309181 A1 to Curna Inc (hereinafter 'Curna Inc'). Encoded teaches expressing SCN1A that
are PV cINs and VIP cIN (para [0105] "In some cases, the expression cassette is part of a vector or a plasmid, e.g., a viral vector or
rAAV vector. ... In some cases, the expression cassette comprises one or more PV cell selective regulatory elements ... operably linked
to a transgene, wherein the transgene is SCN1A”", para [0006] "a nucleic acid cassette comprising one or more regulatory elements
operably linked to a transgene that results in selective expression in any target cell type, e.g., PV neurons in the CNS ... or non-PV cells
in the CNS. para [0148) "One way of selectively expressing a transgene within a subpopulation of cells in the brain is to use a viral
vector comprising a transgene operably linked to a cell-type selective regulatory element, or a regulatory element that is selective (or
has selective activity) in the subpopulation of cells in the brain, e.g., PV cells", para [0007] "In some cases, the regulatory elements
contain less than 600 bp of contiguous sequence from within 10 kb of the transcription start site of ... VIP"). Although Encoded does not
expressly teach cells that are PYR, Curna teaches upregulating SCN1A in PYR neurons (para [0192] "The purpose of this experiment is
to ensure that the SCN1A protein up-regulated by the small compounds increases the amplitude of the sodium current in the
hippocampal GABAergic interneurons, where it is shown to be affected in Dravet syndrome."). Since Encoded teaches treating Dravet's
syndrome by over-expression of SCN1A in PV and VIN (above) for treatment of Dravet syndrome (para [0005] " compositions for
treating a neurological condition or disorder associated with a genetic defect in the CNS ... In some instances, the neurological condition
or disease is Dravet syndrome”) it would have been obvious to an artisan of ordinary skill to prepare SCN1A expression vectors for PV,
VIP cIN or PYR neurons in a patient, such as to treat Dravet's syndrome.

As the technical features were known in the art at the time of the invention, they cannot be considered special technical features that
would otherwise unify the groups.

Groups I+, Il and 11+ therefore lack unity under PCT Rule 13 because they do not share the same or corresponding special technical
feature.

Item 4, continued: claims 4-6, 8, 10-11, 13-33, 35-40, 42-52, 56, 60-64, 76-80, 839-93 and 99 are not not drafted in accordance with the
second and third sentences of Rule 6.4(a) regarding multiply dependent claims.
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