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ADENO ASSOCIATED VIRUS BASED GENE THERAPY FOR
PHENYLKETONURIA

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of, and priority to, U.S. Serial Number
62/962,011 filed on January 16, 2020, the contents of which are incorporated herein.

BACKGROUND
[0002] Phenylketonuria (PKU) is an autosomal recessive metabolic genetic disorder
characterized by a mutation in the gene for the hepatic enzyme phenylalanine hydroxylase
(PAH), rendering it nonfunctional. PAH is necessary to metabolize the amino acid
phenylalanine (Phe) to the amino acid tyrosine. When PAH activity is reduced,
phenylalanine accumulates and is converted into phenylpyruvate (also known as
phenylketone). Left untreated, PKU can result in mental retardation, seizures and other
serious medical problems. Currently, there is no cure for the disease and standard of care is

through management of diet, minimizing foods that contain high amounts of protein.

[0003] The use of vectors that produce therapeutic proteins in vivo is desirable for the
treatment of disease, but is limited by various factors including poor production of desired

therapeutic proteins in vivo.

SUMMARY OF THE INVENTION

[0004] The present invention provides, among other things, methods and
compositions for the effective treatment of PKU using gene therapy. The present invention is
based, in part, on the surprising discovery of successful treatment of PKU in an animal model
of the disease using recombinant adeno-associated virus (rAAV) vectors comprising a codon-
optimized human PAH. For example, as described in more detail in the examples section
below, administration of rAAV vectors that encode PAH resulted in efficient protein
expression. Furthermore, rAAYV vectors encoding an AAVS capsid and codon-optimized
human PAH were particularly effective in decreasing the phenylalanine level and increasing
the tyrosine and tryptophan levels in both plasma and brains of PKU mice. Thus, the present
inventors have demonstrated that the gene therapy approach described herein can be highly

effective in treating PKU.
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[0005] In one aspect, the present invention provides a rAAV comprising a codon-
optimized sequence encoding a human PAH, wherein the codon-optimized sequence has at

least 70% identity to one of SEQ ID Nos: 11-27.

[0006] In some embodiments, the codon-optimized sequence has at least 75% identity
to one of SEQ ID Nos: 11-27. In some embodiments, the codon-optimized sequence has at
least 80% identity to one of SEQ ID Nos: 11-27. In some embodiments, the codon-optimized
sequence has at least 85% identity to one of SEQ ID Nos: 11-27. In some embodiments, the
codon-optimized sequence has at least 90% identity to one of SEQ ID Nos: 11-27. In some
embodiments, the codon-optimized sequence has at least 95% identity to one of SEQ ID Nos:
11-27. In some embodiments, the codon-optimized sequence has at least 99% identity to one

of SEQ ID Nos: 11-27.

[0007] In some embodiments, the codon-optimized sequence is identical to one of

SEQ ID Nos: 11-27.
[0008] In some embodiments, the rTAAV encodes an AAV8 capsid.

[0009] In some embodiments, the rAAVS capsid is a modified AAV8 capsid with
improved liver tropism compared to the wild-type AAVS capsid.

[0010] In some embodiments, the AAVS capsid has at least 70%, 75%, 80%, 85%,
90%. 95% or 99% identity to the wild-type AAV capsid.

[0011] In some embodiments, the rAAV further comprises a Woodchuck

Posttranscriptional Regulatory Element (WPRE) sequence.

[0012] In some embodiments, the WPRE sequence is a naturally-occurring WPRE
sequence.
[0013] In some embodiments, the WPRE sequence is a modified WPRE sequence. In

some embodiments, the WPRE sequence is selected from a wild-type WPRE, WPRES3, or
WPREmut6delATG.

[0014] In some embodiments, the rAAV further comprises a liver-specific promoter.
[0015] In some embodiments, the liver-specific promoter is a transthyretin promotor
(TTR).

[0016] In some embodiments, the rAAV comprises a cis-acting regulatory module
(CRM).
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[0017] In some embodiments, the vector comprises one, two, three, four, five or more
CRM repeats.

[0018] In some embodiments, the CRM is CRMS.

[0019] In some embodiments, the rAAV further comprises an intron upstream of the
PAH sequence.

[0020] In some embodiments, the intron is a minute virus of mice (MVM) intron.
[0021] In one aspect, the present invention provides a method of treating PKU,

comprising administering to a subject in need of treatment a rAAV comprising a codon-
optimized sequence encoding a human phenylalanine hydroxylase (PAH), wherein the
codon-optimized sequence has at least 70% identity to one of SEQ ID Nos: 11-27. In some
embodiments, the codon-optimized sequence encoding PAH comprises a GC content of 40%
and 80%. For example, in some embodiments, the codon-optimized sequence encoding PAH
comprises a GC content of about 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, or 80%. In
some embodiments, the codon-optimized sequence encoding PAH comprises 10 or less CpG
island sequences. For example, in some embodiments, the codon-optimized sequence
encoding PAH comprises 10,9, 8,7, 6, 5,4, 3,2, 1 or 0 CpG island sequences. In some
embodiments, the codon-optimized sequence encoding PAH comprises less than 6 CpG

island sequences.

[0022] In some embodiments, administering the rAAV results in a decrease in plasma

phenylalanine (Phe) level in the subject compared to a control.

[0023] In some embodiments, administering the rAAV results in an increase in

plasma tyrosine level in the subject compared to a control.

[0024] In some embodiments, administering the rAAV results in an increase in

plasma tryptophan level in the subject compared to a control.

[0025] In some embodiments, the control is the pre-treatment level of plasma Phe,

plasma tyrosine, and/or plasma tryptophan in the subject.

[0026] In some embodiments, the control is a reference level of plasma Phe, plasma
tyrosine, and/or plasma tryptophan based on historical data. For example, the historical data
(e.g., tissue sample measurements, protein or mRNA measurements) can be obtained from

other patients, the same patients (e.g., pre-treatment), or from healthy individuals.
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[0027] In some embodiments, the rAAV is administered at dose of about 1x10'
vg/kg, about 1x10'" vg/kg, about 1x10'? vg/kg, about 1x10" vg/kg, about 1x10'* vg/kg, or
about 1x10"° vg/kg.

[0028] In some embodiments, the TAAV vectors are administered systemically.

[0029] In some embodiments, the rAAV vectors are administered intravenously.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIGs. 1A-1D are a series of schematic representations of exemplary
expression constructs comprising wild-type (wt) and codon-optimized (co) human PAH
(hPAH) expressing sequences. The corresponding co hPAH sequences shown in the
expression constructs are found in Table 2. ITR: inverted terminal repeat; hTTR: human
transthyretin promoter; CRM: cis-acting regulatory module; MVM intron: minute virus of
mice intron; BGH pA: Bovine growth hormone terminator + polyA; WPRE: woodchuck

posttranscriptional regulatory element.

[0031] FIG. 2 shows a Western blot analysis of hPAH expression in HepG?2 cells
infected with rAAVS vectors encoding wt or co hPAH. Protein bands representing hPAH

protein are at ~50 kD.

[0032] FIG. 3A is an exemplary graph that shows the plasma levels of Phe, Tyr and
Trp at baseline, 1, 2, 3, 4 and 5 weeks post administration of rAAV. FIG. 3B depicts a series
of bar graphs that show the in vivo transduction efficiency (hPAH DNA) and transcription
efficiency (hPAH RNA) of the rAAV8 comprising either co hPAH or wt hPAH.

[0033] FIG. 4 shows an exemplary representation of coat color correction in PKU

mice 3 weeks post treatment by gene therapy with rAAVS encoding codon-optimized hPAH.

[0034] FIG. 5 shows a dose-dependent efficacy of rAAVS vectors encoding codon-
optimized hPAH in normalizing plasma levels of Phe, Tyr and Trp and in correcting coat

color of PAH-KO mice at 0, 1, 2, 3, 4 and 5 weeks post treatment.

[0035] FIG. 6 is an exemplary graph which shows that the levels of Large Neutral
Amino Acids (LNAASs) (phenylalanine, tyrosine, and tryptophan) and neurotransmitters

(dopamine, serotonin and noradrenaline) are dysregulated in the brain of PAH-KO mice.
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[0036] FIG. 7A is an exemplary graph that shows the levels of Phe, Tyr and Trp in
brain tissue of PAH-KO mice at 5 weeks post treatment with rAAVS§ vectors encoding co
hPAH or in untreated PAH-KO mice. FIG. 7B is an exemplary graph that shows the levels of
serotonin, noradrenaline and dopamine neurotransmitters in brain tissue of PAH-KO mice at
5 weeks post treatment with rAAV8 vectors encoding codon-optimized hPAH or in untreated

PAH-KO mice.

[0037] FIG. 8 is an exemplary graph that shows plasma levels of Phe at baseline, 7,
14, 35, 56, 98, 140 and 182 days post administration of rAAV vectors encoding codon-
optimized hPAH at various doses in PAH-KO mice. The Phe levels in mice treated with
codon-optimized hPAH are compared to levels in C22-treated PAH-KO mice and C22-

treated wt mice.

DEFINITIONS

[0038] Adeno-associated virus (AAV). As used herein, the terms “adeno-associated
virus” or “AAV” or recombinant AAV (“rAAV”) include, but are not limited to, AAV type 1,
AAYV type 2, AAV type 3 (including types 3A and 3B), AAV type 4, AAV type 5, AAV type
6, AAV type 7, AAV type 8, AAV type 9, AAV type 10, AAV type 11, avian AAV, bovine
AAYV, canine AAV, equine AAV, and ovine AAV (see, e.g., Fields et al., Virology, volume
2, chapter 69 (4th ed., Lippincott-Raven Publishers); Gao et al., J. Virology 78:6381-6388
(2004); Mori et al., Virology 330:375-383 (2004)). Typically, AAV can infect both dividing
and non-dividing cells and can be present in an extrachromosomal state without integrating
into the genome of a host cell. AAV vectors are commonly used in gene therapy. AAV also

includes codon-optimized AAV.

EEINT3

[0039] Administering: As used herein, the terms “administering,” “delivering” or
“introducing” are used interchangeably in the context of delivering rAAV vectors encoding
PAH into a subject, by a method or route which results in efficient delivery of the rAAV
vector. Various methods are known in the art for administering rAAV vectors, including for
example intravenously, subcutaneously or transdermally. Transdermal administration of

rAAYV vector can be performed by use of a “gene gun” or biolistic particle delivery system. In

some embodiments, the rAAV vectors are administered via non-viral lipid nanoparticles.

[0040] Animal: As used herein, the term “animal” refers to any member of the

animal kingdom. In some embodiments, “animal” refers to humans, at any stage of
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Application 20150110858

T02

> 10 CpGs
JJ
T03 PAH08 [Mouse wild type PAH CDS] _
5 & 00
130bp 218bp 233bp 77op 1362bp 234bp 100bp 133bp
» Mouse PAH cds (wild type mouse PAH coding sequence (CenBank NM_Q08777.3) gg
» 30 CpGs

» 49.4% GC content HH
82% amino acid sequence identity between human PAH and mouse PAH ||

FIG. 1A

AA  PAH10 [CDS PAH de type sauvage humaine]

BB  séquence de codage de PHA humaine de type sauvage (Génothéque U49897)

CC TeneurenGC471%

DD PAHO06 [CDS PAH humaine (séquence a optimisation de codon du brevet 20 1501 10858)]

EE CDS PAH humaine, CDS PAH a optimisation de codon décrite dans demande de brevet U.S 20150110858)
FF  Teneuren GP 64,6 %

GG CDS PAH de souris (séquence de codage de PAH de type sauvage (Génotheque NM_008777.3))

HH Teneuren GC 49,4 %
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JJ PAHO8 [CDS PAH de type sauvage de souris]
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[0045] In vivo: As used herein, the term “in vivo” refers to events that occur within a
multi-cellular organism, such as a human and a non-human animal. In the context of cell-
based systems, the term may be used to refer to events that occur within a living cell (as

opposed to, for example, in vitro systems).

[0046] IRES: As used herein, the term “IRES” refers to any suitable internal ribosome

entry site sequence.

[0047] Isolated: As used herein, the term “isolated” refers to a substance and/or
entity that has been (1) separated from at least some of the components with which it was
associated when initially produced (whether in nature and/or in an experimental setting),
and/or (2) produced, prepared, and/or manufactured by the hand of man. Isolated substances
and/or entities may be separated from at least about 10%, about 20%, about 30%, about 40%,
about 50%, about 60%, about 70%, about 80%, about 90%, about 95%, about 98%, about
99%, substantially 100%, or 100% of the other components with which they were initially
associated. In some embodiments, isolated agents are more than about 80%, about 85%,
about 90%, about 91%, about 92%, about 93%, about 94%, about 95%, about 96%, about
97%., about 98%, about 99%, substantially 100%, or 100% pure. As used herein, a substance
is “pure” if it is substantially free of other components. As used herein, the term “isolated

cell” refers to a cell not contained in a multi-cellular organism.

[0048] Polypeptide: The term “polypeptide,” as used herein refers a sequential chain
of amino acids linked together via peptide bonds. The term is used to refer to an amino acid
chain of any length, but one of ordinary skill in the art will understand that the term is not
limited to lengthy chains and can refer to a minimal chain comprising two amino acids linked
together via a peptide bond. As is known to those skilled in the art, polypeptides may be

processed and/or modified.

[0049] Protein: The term “protein” as used herein refers to one or more polypeptides
that function as a discrete unit. If a single polypeptide is the discrete functioning unit and
does not require permanent or temporary physical association with other polypeptides in
order to form the discrete functioning unit, the terms “polypeptide” and “protein” may be
used interchangeably. If the discrete functional unit is comprised of more than one
polypeptide that physically associate with one another, the term “protein” refers to the

multiple polypeptides that are physically coupled and function together as the discrete unit.
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[0050] Regulatory element: As used herein, the term “regulatory element” refers to
transcriptional control elements, in particular non-coding cis-acting transcription control
elements, capable of regulating and/or controlling transcription of a gene. Regulatory
elements comprise at least one transcription factor binding site, for example at least one
binding site for a tissue specific transcription factor. In embodiments described herein,
regulatory elements have at least one binding site for a liver-specific transcription factor.
Typically, regulatory elements increase or enhance promoter-driven gene expression when
compared to the transcription of the gene from the promoter alone, without the regulatory
elements. Thus, regulatory elements particularly comprise enhancer sequences, although it is
to be understood that the regulatory elements enhancing transcription are not limited to
typical far upstream enhancer sequences, but may occur at any distance of the gene they
regulate. As is understood in the art, sequences regulating transcription may be situated
either upstream (e.g., in the promoter region) or downstream (e.g., in the 3°’UTR) of the gene
that is regulated in vivo, and may be located in the immediate vicinity of the gene or further
away. Regulatory elements can comprise either naturally occurring sequences, combinations
of (parts of) such regulatory elements or several copies of a regulatory element, e.g., non-
naturally occurring sequences. Accordingly, regulatory elements include naturally occurring

and optimized or engineered regulatory elements to achieve a desired expression level.

[0051] Subject: As used herein, the term “subject” refers to a human or any non-
human animal (e.g., mouse, rat, rabbit, dog, cat, cattle, swine, sheep, horse or primate). A
human includes pre- and post-natal forms. In many embodiments, a subject is a human
being. A subject can be a patient, which refers to a human presenting to a medical provider
for diagnosis or treatment of a disease. The term “subject” is used herein interchangeably
with “individual” or “patient.” A subject can be afflicted with or is susceptible to a disease or

disorder but may or may not display symptoms of the disease or disorder.

[0052] Substantially: As used herein, the term “substantially” refers to the qualitative
condition of exhibiting total or near-total extent or degree of a characteristic or property of
interest. One of ordinary skill in the biological arts will understand that biological and
chemical phenomena rarely, if ever, go to completion and/or proceed to completeness or
achieve or avoid an absolute result. The term “substantially” is therefore used herein to
capture the potential lack of completeness inherent in many biological and chemical

phenomena.
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[0053] Substantial homology: The phrase “substantial homology™ is used herein to
refer to a comparison between amino acid or nucleic acid sequences. As will be appreciated
by those of ordinary skill in the art, two sequences are generally considered to be
“substantially homologous” if they contain homologous residues in corresponding positions.
Homologous residues may be identical residues. Alternatively, homologous residues may be
non-identical residues will appropriately similar structural and/or functional characteristics.
For example, as is well known by those of ordinary skill in the art, certain amino acids are
typically classified as “hydrophobic” or “hydrophilic” amino acids, and/or as having “polar”
or “non-polar” side chains. Substitution of one amino acid for another of the same type may

often be considered a “homologous” substitution.

[0054] As is well known in this art, amino acid or nucleic acid sequences may be
compared using any of a variety of algorithms, including those available in commercial
computer programs such as BLASTN for nucleotide sequences and BLASTP, gapped
BLAST, and PSI-BLAST for amino acid sequences. Exemplary such programs are described
in Altschul, et al., basic local alignment search tool, J. Mol. Biol., 215(3): 403-410, 1990;
Altschul, et al., Methods in Enzymology; Altschul, et al., "Gapped BLAST and PSI-BLAST: a
new generation of protein database search programs", Nucleic Acids Res. 25:3389-3402,
1997; Baxevanis, et al., Bioinformatics : A Practical Guide to the Analysis of Genes and
Proteins, Wiley, 1998; and Misener, et al., (eds.), Bioinformatics Methods and Protocols
(Methods in Molecular Biology, Vol. 132), Humana Press, 1999. In addition to identifying
homologous sequences, the programs mentioned above typically provide an indication of the
degree of homology. In some embodiments, two sequences are considered to be substantially
homologous if at least 50%, 55%., 60%, 65%, 70%, 15%, 80%, 85%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99% or more of their corresponding residues are homologous
over a relevant stretch of residues. In some embodiments, the relevant stretch is a complete
sequence. In some embodiments, the relevant stretch is at least 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350,
375, 400, 425, 450, 475, 500 or more residues.

[0055] Substantial identity: The phrase “substantial identity” is used herein to refer to
a comparison between amino acid or nucleic acid sequences. As will be appreciated by those
of ordinary skill in the art, two sequences are generally considered to be “substantially
identical” if they contain identical residues in corresponding positions. As is well known in

this art, amino acid or nucleic acid sequences may be compared using any of a variety of
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algorithms, including those available in commercial computer programs such as BLASTN for
nucleotide sequences and BLASTP, gapped BLAST, and PSI-BLAST for amino acid
sequences. Exemplary such programs are described in Altschul, et al., Basic local alignment
search tool, J. Mol. Biol., 215(3): 403-410, 1990; Altschul, et al., Methods in Enzymology;
Altschul et al., Nucleic Acids Res. 25:3389-3402, 1997; Baxevanis ef al., Bioinformatics : A
Practical Guide to the Analysis of Genes and Proteins, Wiley, 1998; and Misener, et al.,
(eds.), Bioinformatics Methods and Protocols (Methods in Molecular Biology, Vol. 132),
Humana Press, 1999. In addition to identifying identical sequences, the programs mentioned
above typically provide an indication of the degree of identity. In some embodiments, two
sequences are considered to be substantially identical if at least 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more of their
corresponding residues are identical over a relevant stretch of residues. In some
embodiments, the relevant stretch is a complete sequence. In some embodiments, the
relevant stretch is at least 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450, 475, 500 or more

residues.

[0056] Suffering from: An individual who is “suffering from” a disease, disorder,
and/or condition has been diagnosed with or displays one or more symptoms of the disease,

disorder, and/or condition.

[0057] Therapeutically effective amount: As used herein, the term “therapeutically
effective amount” of a therapeutic agent means an amount that is sufficient, when
administered to a subject suffering from or susceptible to a disease, disorder, and/or
condition, to treat, diagnose, prevent, and/or delay the onset of the symptom(s) of the disease,
disorder, and/or condition. It will be appreciated by those of ordinary skill in the art that a
therapeutically effective amount is typically administered via a dosing regimen comprising at

least one unit dose.

[0058] Treating: As used herein, the term “treat,” “treatment,” or “treating” refers to
any method used to partially or completely alleviate, ameliorate, relieve, inhibit, prevent,
delay onset of, reduce severity of and/or reduce incidence of one or more symptoms or
features of a particular disease, disorder, and/or condition. Treatment may be administered to

a subject who does not exhibit signs of a disease and/or exhibits only early signs of the

10
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disease for the purpose of decreasing the risk of developing pathology associated with the

disease.

[0059] The recitation of numerical ranges by endpoints herein includes all numbers
and fractions subsumed within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.9, 4 and 5).
It is also to be understood that all numbers and fractions thereof are presumed to be modified

by the term “about.”

[0060] Various aspects of the invention are described in detail in the following
sections. The use of sections is not meant to limit the invention. Each section can apply to
any aspect of the invention. In this application, the use of “or”” means “and/or” unless stated

otherwise. As used herein, the singular forms “a”, “an”, and “the” include both singular and

plural referents unless the context clearly dictates otherwise.

DETAILED DESCRIPTION

[0061] The present invention provides, among other things, methods and
compositions for treating PKU using rAAV vectors that encode wild type or codon-optimized
phenylalanine hydroxylase (PAH). In particular, the present invention provides a method of
treating PKU by administering a rAAV comprising a wild type or codon-optimized sequence
encoding a human PAH at an effective dose such that at least one symptom or feature of PKU
is reduced in intensity, severity, or frequency. The gene therapy method described herein

was particularly effective in normalizing the phenylalanine level.

Phenylketonuria (PKU)

[0062] The present invention may be used to treat a subject who is suffering from or
susceptible to PKU. PKU is an autosomal recessive metabolic genetic disorder characterized
by a mutation in the gene for the hepatic enzyme PAH, rendering it nonfunctional. PAH is
necessary to metabolize the amino acid phenylalanine (Phe) to the amino acid tyrosine.
When PAH activity is reduced, phenylalanine accumulates and is converted into

phenylpyruvate (also known as phenylketone) which can be detected in the urine.

[0063] Phenylalanine is a large, neutral amino acid (LNAA). LNAAs compete for
transport across the blood—brain barrier (BBB) via the large neutral amino acid transporter

(LNAAT). Excess Phe in the blood saturates the transporter and tends to decrease the levels

11
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of other LNAAs in the brain. Because several of these other amino acids are necessary for
protein and neurotransmitter synthesis, Phe buildup hinders the development of the brain, and

can cause mental retardation.

[0064] In addition to hindered brain development, the disease can present clinically
with a variety of symptoms including seizures, albinism, hyperactivity, stunted growth, skin
rashes (eczema), microcephaly, and/or a “musty” odor to an affected baby’s sweat and urine,
due to phenylacetate, one of the ketones produced. Untreated children are typically normal at
birth, but have delayed mental and social skills, have a head size significantly below normal,
and often demonstrate progressive impairment of cerebral function. As the child grows and
develops, additional symptoms including hyperactivity, jerking movements of the arms or
legs, EEG abnormalities, skin rashes, tremors, seizures, and severe learning disabilities tend
to develop. PKU is commonly included in the routine newborn screening panel of most

countries that is typically performed 2-7 days after birth.

[0065] If PKU is diagnosed early enough, an affected newborn can grow up with
relatively normal brain development, but only by managing and controlling Phe levels
through diet, or a combination of diet and medication. All PKU patients must adhere to a
special diet low in Phe for optimal brain development. The diet requires severely restricting
or eliminating foods high in Phe, such as meat, chicken, fish, eggs, nuts, cheese, legumes,
milk and other dairy products. Starchy foods, such as potatoes, bread, pasta, and corn, must
be monitored. Infants may still be breastfed to receive all of the benefits of breastmilk, but
the quantity must also be monitored and supplementation for missing nutrients will be
required. The sweetener aspartame, present in many diet foods and soft drinks, must also be

avoided, as aspartame contains phenylalanine.

[0066] Throughout life, patients can use supplementary formulas, pills or specially
formulated foods to acquire amino acids and other necessary nutrients that would otherwise
be deficient in a low-phenylalanine diet. Some Phe is required for the synthesis of many
proteins and is required for appropriate growth, but levels of Phe must be strictly controlled
in PKU patients. Additionally, PKU patients must take supplements of tyrosine, which is
normally derived from phenylalanine. Other supplements can include fish oil, to replace the
long chain fatty acids missing from a standard Phe-free diet and improve neurological

development, and iron or carnitine.

12
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[0067] Another potential therapy for PKU is tetrahydrobiopterin (BH4), a cofactor for
the oxidation of Phe that can reduce blood levels of Phe in certain patients. Patients who
respond to BH4 therapy may also be able to increase the amount of natural protein that they
can cat. However, BH4 therapy does not treat the fundamental problem of PAH deficiency
and is suitable for only 10% of PKU patients. Therefore, an effective treatment of PKU with

improved safety and dose reduction that does not elicit immune suppression is currently

lacking.
rAAV PAH Vector Design
[0068] In some aspects, provided herewith is a recombinant adeno-associated virus

(rAAV) vector encoding a phenylalanine hydroxylase (PAH) protein. A schematic that
illustrates exemplary rAAV vectors of the present disclosure is illustrated in FIG. 1B. As
shown in FIG. 1B, in some embodiments, an rAAYV vector of the present disclosure
comprises a liver specific promoter, a5” and a 3’ inverted terminal repeat (ITR), a cis-acting

regulatory module (CRM), and an intron.

[0069] The PAH sequence of the vector can be a wild-type or a codon-optimized
variant. Accordingly, in some embodiments, the rAAV vector comprises a wild-type PAH
nucleotide sequence. In some embodiments, the rAAV vector comprises a codon-optimized

PAH sequence.

[0070] A suitable PAH for the present invention is any protein or a portion of a
protein that can substitute for at least partial activity of naturally-occurring phenylalanine
hydroxylase (PAH) protein or rescue one or more phenotypes or symptoms associated with

PAH-deficiency.

[0071] In some embodiments, a suitable PAH nucleotide sequence for the present
invention comprises a PAH sequence encoding wt hPAH protein (GenBank U49897, the
contents of which are incorporated herein by reference). In some embodiments, a suitable
PAH nucleotide sequence for the present invention comprises a codon optimized nucleotide
sequence encoding wild type human PAH protein. The naturally-occurring human PAH

amino acid sequence is shown in Table 1:

13
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Table 1. Human PAH

Human
PAH
(Amino
Acid Seq.)

MSTAVLENPGLGRKLSDFGQETS YIEDNCNQNGAISLIFSLKEEVGALAKVLRLFEE
NDVNLTHIESRPSRLKKDEYEFFTHLDKRSLPALTNIIKILRHDIGATVHELSRDKKK
DTVPWFPRTIQELDRFANQILSYGAELDADHPGFKDPVYRARRKQFADIAYNYRH
GQPIPRVEYMEEEKKTWGTVFKTLKSLYKTHACYEYNHIFPLLEKYCGFHEDNIPQ
LEDVSQFLQTCTGFRLRPVAGLLSSRDFLGGLAFRVFHCTQYIRHGSKPMYTPEPDI
CHELLGHVPLFSDRSFAQFSQEIGLASLGAPDEYIEKLATIY WFTVEFGLCKQGDSI
KAYGAGLLSSFGELQYCLSEKPKLLPLELEKTAIQNYTVTEFQPLYYVAESFNDAK
EKVRNFAATIPRPESVRYDPYTQRIEVLDNTQQLKILADSINSEIGILCSALQKIK
(SEQ ID NO:1)

[0072]

Various kinds of promoters can be used in the rAAYV vector described herein.

These include, for example, ubiquitous, tissue-specific, and regulatable (e.g. inducible or

repressible) promoters. In some embodiments, the promoter is a liver-specific promoter.

Examples of liver-specific promoters are known in the art and include, for example, human

transthyrethin promoter (h'TTR), a-Antitrypsin promoter, human factor IX pro/liver

transcription factor-responsive oligomers, LSP, and the basic albumin promoter. Liver

specific promoters are described, for example, in Zhijian Wu et al., Molecular Therapy vol

16, no 2, February 2008, the contents of which are incorporated herein by reference.

[0073]

In some embodiments, the promotor is a ubiquitous promoter. In some

embodiments, the promoter is a chicken beta actin promoter.

[0074]

In some embodiments, the rAAYV vector contains additional enhancer or

regulatory elements to promote transcription and/or translation of the mRNA (e.g., enhancer

sequences, Kozak sequences, polyadenylation sequences, transcriptional termination

sequences, IRES and the like). In some embodiments, the vector comprises a 5” and a 3’

inverted terminal repeat (ITR). In some embodiments, the vector comprises one or more

enhancer elements. In some embodiments, the vector comprises a poly(A) tail.

[0075]

In some embodiments, the rAAYV vector comprises one or more small

elements, such as an intron. Various introns are known in the art. Suitable introns for the

rAAV vector described herein include for example an MVM intron, a truncated F.IX intron, a

chimeric B globin SD/immunoglobulin heavy chain SA intron, SV40 and/or an alpha globin

[**intron. In some embodiments, the rAAV vector comprises an MVM intron. In some

embodiments, the rAAV vector comprises an SV40 intron.
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[0076] In some embodiments, the rAAV vector comprises woodchuck hepatitis virus
post-transcriptional control element (WPRE). Various optimized or variant forms of WPRE

are known in the art, and include WPRE3, WPREmut6del ATG among others.

[0077] In some embodiments, the rAAYV vector comprises a cis-actin regulatory
module (CRM). Various kinds of CRM are suitable for use in the vectors described herein
and include for example liver-specific CRM, neuronal-specific CRM and/or CRMS8. In some
embodiments, the vector includes more than one CRM. For example, in some embodiments,
the vector comprises two, three, four, five or six CRM. In some embodiments, the vector

comprises three CRM, for example three CRMS.

[0078] In some embodiments, the rAAV vector is sequence optimized to increase
transcript stability, for more efficient translation, and/or to reduce immunogenicity. In some

embodiments, the PAH is sequence optimized.

[0079] In some embodiments, the rAAYV vector is an AAV1, AAV2, AAV3, AAV4,
AAVS, AAV6, AAVT, AAVS, AAV9, AAV10, or AAV11 vector. In some embodiments, the
rAAV vector is AAV1. In some embodiments, the rAAV vector is AAV2. In some
embodiments, the rAAYV vector is AAV3. In some embodiments, the rAAYV vector is AAV4.
In some embodiments, the rAAYV vector is AAVS. In some embodiments, the rAAV vector is
AAV6. In some embodiments, the rAAV vector is AAV7. In some embodiments, the rAAV
vector is AAVS8. In some embodiments, the rAAV vector is AAV9. In some embodiments,
the rAAYV vector is AAV10. In some embodiments, the TAAV vector is AAV11. In some
embodiments, the rAAV vector is sequence optimized. In some embodiments, the rAAV

capsid is modified. For example, in some embodiments, the rAAV8 capsid is modified.

[0080] Exemplary element sequences are shown in Table 2 below. In some
embodiments, the rAAV vector comprises a rAAV vector element comprising a nucleotide
sequence having at least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95% or 99% identity with a
vector element sequence shown in Table 2. In some embodiments, the rAAV vector
comprises a vector element nucleotide sequence identical to a vector element nucleotide

sequence shown in Table 2.
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Table 2. Exemplary rAAYV Element Sequences

3xCRMS

GGGGGAGGCTGCTGGTGAATATTAACCAAGGTCACCCCAGTTATCGGAGGAGCAAACAGGG
GCTAAGTCCACCGGGGGAGGCTGCTGGTGAATATTAACCAAGGTCACCCCAGTITATCGGAG
GAGCAAACAGGGGCTAAGTCCACCGGGGGAGGCTGCTGGTGAATATTAACCAAGGTCACCC
CAGTTATCGGAGGAGCAAACAGGGGCTAAGTCCAC

(SEQ ID NO: 2)

hTTR promoter

AAATGACCTATTAAGAATATTTCATAGAACGAATGTTCCGATGCTCTAATCTCTICTAGACA
AGGTTCATATTTGTATGGGTTACTTATTICTCTCTTTGTTGACTAAGTCAATAATCAGAATC
AGCAGGTTTIGCAGTCAGATTIGGCAGGGATAAGCAGCCTAGCTCAGGAGAAGTGAGTATAAA
AGCCCCAGGCIGGGAGCAGCCATCACAGAAGTCCACTCATTCTIGGCAGG

(SEQ ID NO: 3)

MVM intron

CTAAGGTAAGTTGGCGCCGTTTAAGGGATGGTTIGCTTIGGTGGGGTATTAATGTTTAATTAC
CTTTTTTACAGGCCTG

(SEQ ID NO: 4)

WPRE3

aatcaacctctggattacaaaatttgtgaaagattgactggtattcttaactatgttgctc
cttttacgctatgtggatacgctgctttaatgcctttgtatcatgctattgcttccegtat
ggctttcattttctcctecttgtataaatcctggttagttecttgeccacggecggaactcate
gccgcectgecttgececcgcectgetggacaggggcectecggetgttgggecactgacaattececgtygg
tgtt

(SEQ ID NO: 5)

WPREmut6delATG

GATAATCAACCTCIGGATTACAAAATTTGTGAAAGATTGACTGGTATTICTTAACTTTGTTG
CTCCTTTTACGCTITGTGGATACGCTGCITTATIGCCTITITGTATCTTGCTATIGCTTCCCG
TTTGGCTTTCATTTTICTCCICCTTGTATAAATCCTGGTTIGCTGICTCTTTTTGAGGAGTTG
TGGCCCGTTGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTITGCTGACGCAACCCCCACTG
GTTGGGGCATTGCCACCACCTGTCAGCTCCTITCCGGGACTTTCGCTTITCCCCCTCCCTAT
TGCCACGGCGGAACTCATCGCCGCCTGCCTITGCCCGCTGCTGGACAGGGGCTCGGCTGTTG
GGCACTGACAATTCCGTGGTGTIGTCGGGGAAATCATCGTCCITTCCTITGGCTGCTCGCCT
GTGTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCC
AGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTT
CGCCCTCAGACGAGTCGGATCTCCCTTIGGGCCGCCTICCCCGCATCGGACTAG

(SEQ ID NO: 6)
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WPRE

ACCAGGTTCTGTTCCTGTTAATCAACCTCTGGATTACAAAATTTGTGARAGATTGACTGGT
ATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAATGCCTTTGTATC
ATGCTATTGCITCCCGTATGGCTTTICATTTITICTCCICCTIGTATAAATCCIGGTIGCTGIC
TCTTTATGAGGAGTTIGTGGCCCGTTIGTCAGGCAACGTGGCGTGGTGTGCACTGTGTTIGCT
GACGCAACCCCCCTGGTTGGGGCATTGCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGC
TTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGCCTTIGCCCGCTGCTGGACA
GGGGCTCGGCTGTTIGGGCACTGACAATTICCGTIGGTGTITIGTCGGGGAAGCTGACGTCCTITTC
CATGGCTGCTCGCCTGTGTTGCCACCTGGATTICTGCGCGGGACGTCCTITCTGCTACGTCCC
TTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTT
CCGCGTCTITCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCCTG
TTTCGCCTCGGGCTCCTCGAG

(SEQ ID NO: 7)

BGH pA

CCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCC
CCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAA
TGAGGAAATTGCATCGCATIGTCTGAGTAGGTGTICATTCTATTCTGGGGGGTGGGGTGGGE
CAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGAA

(SEQ ID NO: 8)

3 ITR

AGGAACCCCTAGTGATGGAGTITGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGC
CGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAGCGA
GCGCGCAGAGA

(SEQ ID NO: 9)

5’ITR

CTGCGCGCICGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTITTG
GTCGCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAG
GGGTITCCT

(SEQ ID NO: 10)

Codon Optimized human PAH — 01

atgtccactgcggtcctggaaaacccaggcttgggcaggaaactctectgactttggacagg
aaacaagctatattgaagacaactgcaatcaaaatggtgccatatcactgatcttctcact
caaagaagaagttggtgcattggccaaagtattgcgcttatttgaggagaatgatgtaaac
ctgacccacattgaatctagaccttctcgtttaaagaaagatgagtatgaatttttcacce
atttggataaacgtagcctgcctgctctgacaaacatcatcaagatcttgaggcatgacat
tggtgccactgtccatgagctttcacgagataagaagaaagacacagtgccctggttccca
agaaccattcaagagctggacagatttgccaatcagattctcagctatggagcggaactgg
atgctgaccaccctggttttaaagatcctgtgtaccgtgcaagacggaagcagtttgctga
cattgcctacaactaccgccatgggcageccatcecctecgagtggaatacatggaggaagaa
aagaaaacatggggcacagtgttcaagactctgaagtccttgtataaaacccatgcttget
atgagtacaatcacatttttccacttcttgaaaagtactgtggcttccatgaagataacat
tcceccagectggaagacgtttetcaattcectgcagacttgecactggtttecgecteccgacct
gtggctggcctgctttcectetegggatttcttgggtggectggecttecgagtecttceccact
gcacacagtacatcagacatggatccaagcccatgtatacccccgaacctgacatctgeca
tgagctgttgggacatgtgcccttgttttcagatcgcagetttgeccagttttecccaggaa
attggccttgcctctctgggtgcacctgatgaatacattgaaaagctcgccacaatttact
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ggtttactgtggagtttgggctctgcaaacaaggagactccataaaggcatatggtgctgg
gctcctgtcatcectttggtgaattacagtactgettatcagagaagccaaagcttcecteccce
ctggagctggagaagacagccatccaaaattacactgtcacggagttccageccectgtatt
acgtggcagagagttttaatgatgccaaggagaaagtaaggaactttgctgccacaatacc
tcggcceccttcectcagttecgectacgacccatacacccaaaggattgaggtcecttggacaatacc
cagcagcttaagattttggctgattccattaacagtgaaattggaatcctttgcagtgecce
tccagaaaataaagtag

(SEQ ID NO: 11)

Codon Optimized human PAH — 03

atgagcactgctgtgctggagaaccctggcecctgggcaggaaactgagtgactttggecagg
agaccagctacattgaggacaactgcaaccagaatggagccatcagcctgatcttcagect
gaaggaggaggtgggagccctggccaaggtgctgaggctgtttgaggagaatgatgtgaac
ctgacccacattgagagcaggcccagcaggctgaagaaggatgagtatgagttcttcacce
acctggacaagaggagcctgcecctgceccctgaccaacatcatcaagatcecctgaggcatgacat
tggagccacagtgcatgagctgagcagggacaagaagaaggacacagtgccctggttcccce
aggaccatccaggagctggacaggtttgccaaccagatcctgagctatggagctgagectgg
atgctgaccaccctggcttcaaggaccctgtgtacagggccaggaggaagcagtttgectga
cattgcctacaactacaggcatggccagcecccatceccccagggtggagtacatggaggaggag
aagaagacctggggcacagtgttcaagaccctgaagagcctgtacaagacccatgectget
atgagtacaaccacatcttcccectgetggagaagtactgtggcttceccatgaggacaacat
cccccagcectggaggatgtgagceccagttectgcagacctgcecacaggettcaggetgaggect
gtggctggcctgctgagcagcagggacttecctgggaggectggecttcagggtgttceccact
gcacccagtacatcaggcatggcagcaagcccatgtacacccecctgagectgacatcectgeca
tgagctgctgggccatgtgececctgttcagtgacaggagectttgceccagttcageccaggag
attggcctggccagcectgggagceccctgatgagtacattgagaagectggecaccatectact
ggttcacagtggagtttggcctgtgcaagcagggagacagcatcaaggcctatggagetygg
cctgctgagcagcectttggagagctgcaatactgecctgagtgagaagecccaagctgcectgece
ctggagctggagaagacagccatccagaactacacagtgacagagttccagcecccectgtact
atgtggctgagagcttcaatgatgccaaggagaaagtgaggaactttgctgceccaccatcce
caggcccttcagtgtgaggtatgaccecctacacccagaggattgaggtgectggacaacacce
cagcagctgaagatcctggctgacagcatcaacagtgagattggcatcctgtgcagtgecce
tgcagaagatcaagtag

(SEQ ID NO: 12)

Codon Optimized human PAH — 04

atgtccactgcagtcctggagaacccaggcttgggcaggaaactctctgactttggacagg
agaccagctatattgaagacaactgcaaccaaaatggtgccatctccctgatecttctececet
caaagaggaagtgggtgcattggccaaagtcttgaggctttttgaggagaatgatgtcaac
ctgacccacattgagtctagaccttctaggcttaagaaagatgagtatgagtttttcacce
acttggataaaaggagcctgcctgctctgaccaacatcatcaagatcttgaggcatgacat
tggtgccactgtccatgagctttccagggataagaagaaagacacagtgceccecctggttcecca
agaaccatccaagagctggacagatttgccaaccagatcctcagectatggagcagaactgg
atgctgaccaccctggcttcaaagatcctgtgtacagggcaagaagaaagcagtttgctga
cattgcctacaactacaggcatgggcagcccatccecctagggtggaatacatggaggaggaa
aagaaaacctggggcacagtgttcaagaccctgaagtccttgtataaaacccatgcecttget
atgagtacaaccacatctttccacttcttgagaagtactgtggcttccatgaagataacat
cccceccagctggaggatgtgtcectcagttectgcagacctgecactggettcaggetcaggect
gtggctggcctgcetttectctagagatttettgggtggectggecttcagggtettceccact
gcacacagtacatcagacatggatccaagcccatgtatacccctgaacctgacatctgceca
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tgagctgttgggacatgtgcccttgttttcagataggagectttgcccagttcectecccaggag
attggccttgcctctectgggtgcacctgatgaatacattgagaagctggccaccatctact
ggttcactgtggagtttgggctctgcaaacaaggagactccatcaaggcatatggtgctygg
gctcecctgtcatcecctttggtgaacttcagtactgcectttcagagaagccaaagcttcectecce
ctggagctggagaagacagccatccaaaactacactgtcacagagttccagceccecctetatt
atgtggcagagagcttcaatgatgccaaggagaaagtcaggaactttgctgccaccatacce
tagacccttctcagtgaggtatgacccatacacccaaaggattgaggtcttggacaacacc
cagcaacttaagatcttggctgattccatcaacagtgagattggaatcctttgcagtgcecce
tccagaaaatcaagtag

(SEQ ID NO: 13)

Codon Optimized human PAH — 05

atgtccactgctgtcctggagaacccaggcttgggcaggaagctctectgactttgggcagg
agaccagctacattgaggacaactgcaaccagaatggggccatctccctgatecttcectecect
caaggaggaagtgggggccctggccaaggtgttgaggcectgtttgaggaaaatgatgtgaac
ctgacccacattgagtccagaccctccaggctgaagaaggatgagtatgagttcttcacce
acttggacaagaggagcctgcctgceccctgaccaacatcatcaaaatcttgaggcatgacat
tggggccactgtccatgagctgtccagggacaagaaaaaggacacagtgceccctggttecce
agaaccatccaggagctggacagatttgccaaccagatcctcagctatggggctgagectgg
atgctgaccaccctggcettcaaggaccctgtgtacagggccagaagaaagcagtttgetga
cattgcctacaactacaggcatgggcagcccatccccagggtggagtacatggaggaagag
aaaaagacctggggcacagtgttcaagaccctgaagtccttatacaagacccatgectget
atgagtacaaccacatcttcccecctectggagaagtactgtggecttceccatgaggacaacat
ccecceccagctggaggatgtectcecccagttectgecagacctgecactggettcaggcectcaggect
gtggctggcctcecctgtcecctecagagacttcttgggaggectggecttcagggtecttceccact
gcacacagtacatcagacatggctccaagcccatgtacacccecctgagcectgacatctgeca
tgagctgttgggccatgtgcecccttgttctcagacaggagetttgeccagttcectcecceccaggag
attggcctggcctcecectgggagcecceccctgatgagtacattgagaagectggceccaccatctact
ggttcactgtggagtttgggctctgcaagcagggggactccatcaaggcctatggggetygg
gctcecctgtcatcectttggggagectgcaatactgectgtcagagaageccaagcectgetecece
ctggagctggagaagacagccatccagaactacactgtcactgagttccageccecctetact
atgtggctgagagtttcaatgatgccaaggagaaagtgaggaactttgctgccaccatccce
tagacccttctcagtcaggtatgacccecctacacccagaggattgaggtecttggacaacacce
cagcagctgaagatcttggctgactccatcaacagtgagattggcatcctgtgcagtgcecce
tccagaagatcaagtag

(SEQ ID NO: 14)

Codon Optimized human PAH — 06

atgagcaccgccgtgctggagaaccccggectgggeccgcaagctgagecgacttcecggecagg
agaccagctacatcgaggacaactgcaaccagaacggcgccatcagcectgatcttcagect
gaaggaggaggtgggcgccctggccaaggtgcectgcgectgttcgaggagaacgacgtgaac
ctgacccacatcgagagccgccccagecgcectgaagaaggacgagtacgagttettcaccee
acctggacaagcgcagcctgcecccgcecctgaccaacatcatcaagatcecctgecgeccacgacat
cggcgccaccgtgcacgagctgagccgcgacaagaagaaggacaccgtgecctggttecece
cgcaccatccaggagctggaccgcttcgceccaaccagatcecctgagctacggecgecgagcectgg
acgccgaccaccccggcttcaaggacccecgtgtaccgegeccgeccgcaagcagttcecgecga
catcgcctacaactaccgccacggccageccatcececececcecgegtggagtacatggaggaggag
aagaagacctggggcaccgtgttcaagaccctgaagagcctgtacaagacccacgcectget
acgagtacaaccacatcttccccecctgetggagaagtactgecggcttceccacgaggacaacat
cccccagcectggaggacgtgagceccagttcecctgcagacctgcecaccggettcececgectgecgeccc
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gtggccggcecctgctgagcagecgecgacttcecctgggeggectggecttecgegtgttceccact
gcacccagtacatccgccacggcagcaagcecccatgtacacccecceccgageccgacatcectgeca
cgagctgctgggccacgtgcccecctgttcagcgaccgcagcecttecgeccagttcagecaggag
atcggcctggccagectgggcgeccccgacgagtacatcgagaagetggecaccatetact
ggttcaccgtggagttcggcecctgtgcaagcagggcgacagcatcaaggcctacggcecgecgg
cctgctgagcagcecttecggecgagcectgcagtactgectgagcgagaagecccaagcetgetgece
ctggagctggagaagaccgccatccagaactacaccgtgaccgagttccagecectgtact
acgtggccgagagcttcaacgacgccaaggagaaggtgcgcaacttcgecgeccaccatcecee
ccgccecceccttcagecgtgegectacgacccecctacacccagcegcatcgaggtgetggacaacace
cagcagctgaagatcctggccgacagcatcaacagcgagatcggcatcecctgtgcagegece
tgcagaagatcaagtag

(SEQ ID NO: 15)

Codon Optimized human PAH — 08

atggcagctgttgtcctggagaacggagtcctgagcagaaaactctcagactttgggcagg
aaacaagttacatcgaagacaactccaatcaaaatggtgctgtatctctgatattctcact
caaagaggaagttggtgccctggccaaggtcecctgegcecttatttgaggagaatgagatcaac
ctgacacacattgaatccagaccttcceccgtttaaacaaagatgagtatgagtttttcacct
atctggataagcgtagcaagcccgtcecctgggcagcatcatcaagagectgaggaacgacat
tggtgccactgtccatgagectttcccgagacaaggaaaagaacacagtgeccctggttccca
aggaccattcaggagctggacagattcgccaatcagattctcagctatggagccgaactgg
atgcagaccacccaggctttaaagatcctgtgtaccgggcgagacgaaagcagtttgctga
cattgcctacaactaccgccatgggcagcecccattectecgggtggaatacacagaggaggag
aggaagacctggggaacggtgttcaggactctgaaggccttgtataaaacacatgcctget
acgagcacaaccacatcttccecctcecttctggaaaagtactgcggttteccgtgaagacaacat
cccgcagctggaagatgtttcectcagtttcectgcagacttgtactggtttceccgectecgtect
gttgctggcttactgtcgtctcgagatttecttgggtggectggectteccgagtettceccact
gcacacagtacattaggcatggatctaagcccatgtacacacctgaacctgatatctgtca
tgaactcttgggacatgtgcccttgttttcagatagaagectttgecccagttttctcaggaa
attgggcttgcatcgctgggggcacctgatgagtacattgagaaactggccacaatttact
ggtttactgtggagtttgggctttgcaaggaaggagattctataaaggcatatggtgctygg
gctcttgtcatcecctttggagaattacagtactgtttatcagacaagccaaagctcecctgecce
ctggagctagagaagacagcctgccaggagtatactgtcacagagttccagectctgtact
atgtggccgagagtttcaatgatgccaaggagaaagtgaggacttttgctgccacaatcce
ccggcccttetecgttecgetatgaccectacactcaaagggttgaggtecctggacaatact
cagcagttgaagattttagctgactccattaatagtgaggttggaatcctttgccatgcecc
tgcagaaaataaagtcatag

(SEQ ID NO: 16)

Codon Optimized human PAH — 11

atgagcacagcagtcctggagaaccctgggcecttgggaggaaactgagtgactttgggcaag
agacctcctacattgaggataactgcaatcagaatggagccatcagcctcatecttctececet
gaaagaggaggtgggggccctggccaaagtcctcagactcectttgaggagaatgacgtgaac
ctgacccacattgagagcagacccagtaggctcaagaaggatgagtatgaattcttcacce
acctggacaagaggagcctgcctgceccctcaccaacatcatcaaaatcecctgaggcatgacat
tggggccactgtccatgaactgtccagagacaagaagaaagacacagtcccecctggtttceca
aggaccatccaagagctggaccgctttgceccaaccagatcctcectectatggggctgagetgg
atgctgaccaccctggcttcaaggacccagtgtaccgggccagaaggaagcagtttgectga
tattgcctacaattacagacatggccagcccatceccccagagtggagtacatggaggaagag
aaaaagacctggggcacagtgttcaaaaccctgaagtccctctacaagacccatgectget
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atgagtacaaccacatctttcccecctgctggagaagtactgtgggttccatgaggacaatat
ccctcagcectggaagatgtgtcecccagttectgcagacctgcactggetttaggectgaggect
gtggctggcctgctcagctctagggacttecctgggggggectggecttcagagtettceccact
gcacccagtacatccgceccatgggagcaagcecccatgtacaccccagagccagacatctgeca
tgagctgctgggccatgtgcecccecctecttectcagacagaagetttgeccagttcageccaagaa
attggactggcctcectgggtgcecccecctgatgaatacatagaaaagctggctaccatctact
ggttcacagtggaatttggcctctgcaagcaaggggactccatcaaggcectatggagetygg
gctcctgagetcectttggagagctceccaatactgectgtctgagaageccaagcectectgecce
ctggagcttgagaagacagccatccagaactacactgtgactgagttccagcectctgtact
acgtggcagagtccttcaatgatgccaaggagaaggtgaggaactttgcagccaccattec
taggcccttcectcectgtgaggtatgacccecctacacacagaggattgaagtgctggacaacacce
cagcagctcaagatcctggcagacagcatcaactcagagattggcatcctgtgetctgecce
tccagaagattaagtag

(SEQ ID NO: 17)

Codon Optimized human PAH — 12

atgagcacagcagtgttggagaaccctgggcttgggaggaaactgtctgactttggacaag
agacctcctacatagaagacaactgcaatcagaatggagccatctccecctcatcecttcagect
caaggaagaggtgggggccctggccaaagtcecctgaggetcectttgaggagaatgacgtgaac
ctgacccacattgagagtaggccctcccggectgaagaaggatgaatatgaattcttcaccce
acctggataagaggagcctgcctgceccctcaccaacatcatcaaaatcctgaggcatgacat
tggggccactgtgcatgagctctcaagggacaagaagaaagacacagtccecctggtteect
aggaccatccaagagctggaccgctttgccaaccagatcctcectectatggggectgagetgg
atgctgaccaccctggcettcaaggacccagtgtaccgggccagaaggaagcagtttgecaga
tattgcctacaattacagacatggccagcccatcecccaagggtggaatacatggaggaagaa
aaaaagacctggggcactgtcttcaaaaccctgaagagcctgtacaagacccatgectget
atgagtacaaccacatctttccecctgectggagaagtactgtgggttccatgaggacaatat
ccctcagcectggaggatgtgtcecccagttectecagacctgecactggetttaggectgaggect
gtggctggcctgctgtccagcagagacttectggggggecttggecttcagagtgttceccact
gcacccagtacatccgccatgggagcaagcecccatgtacaccccagagccagacatctgeca
tgaactgctgggccatgtgcecccctecttcagtgacagaagetttgecccagttcecteccaagaa
attggactggcctcectgggtgcecccecctgatgagtacattgagaagcectggceccaccatctact
ggtttacagtggagtttggcctctgcaagcaaggggactccatcaaggectatggagcectgg
gctgctcagectcectttggggagctgcaatactgectgagtgagaaacccaagctectgecce
ctggagctggaaaagacagccatccagaactacacagtcacagagttccagectcectetact
atgtggcagagagcttcaatgatgccaaggagaaggtgaggaactttgctgccaccatccc
cagacccttcectectgtgaggtatgaccecctacactcagaggattgaagtgctggacaacacce
cagcagctcaagattctggctgatagcatcaactcagagattggcatcctgtgetctgece
tgcagaagatcaagtag

(SEQ ID NO: 18)

Codon Optimized human PAH — 13

atgagcacagcagtgttggagaaccctgggcttgggaggaaactgtctgactttgggcaag
agacctcctacattgaggacaactgcaatcagaatggggccatcagcecctcatecttttcecect
gaaagaggaggtgggggccctggccaaagtcctgaggcectectttgaggagaatgacgtgaac
ctgacccacattgagagtaggccctctaggctgaagaaggatgaatatgaattcttcaccce
acctggacaagaggagcctgcctgceccctcaccaacatcatcaaaatcctgaggcatgacat
tggagccactgtccatgagctgtccagagataagaagaaagacacagtccecctggtttece
cgcaccatccaagagcttgaccgcectttgccaaccagatcctgagctatggggcagagectgg
atgctgaccaccctggcttcaaggacccagtgtacagagccagaaggaagcagtttgectga
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tattgcctacaattaccgccatggacagcecccatcecccaagggtggaatacatggaggaagag
aaaaagacctggggcacagtcttcaaaaccctgaagtccctctacaagacccatgectget
atgagtacaaccacatcttcccectgetggagaagtactgtggctteccatgaagacaatat
ccctcagectggaggatgtgtecccagttecctgcagacctgcecactgggttceccgectgagaccet
gtggctgggctcctctccagcagagacttecctggggggecttggecttcagagtgttceccact
gcacccagtacatcagacatggcagcaagcccatgtacaccccagagectgacatctgeca
tgagctcctgggccatgtgeccecctettcagtgacagaagetttgeccagttecteccaagaa
attgggctggcctceccecctgggtgeccctgatgagtacatagaaaagectggctaccatcectact
ggttcacagtggagtttggcctgtgcaagcaaggggacagcatcaaggecctatggagcectgyg
cctgctcagctcectttggagagcectccaatactgectgagtgagaagcecccaagcectcecctgece
ctggaactggagaagacagccatccagaactacactgtgactgagttccagectcectgtact
atgtggctgagagcttcaatgatgccaaggagaaggtgaggaactttgcagccaccatccc
cagacccttcectectgtgaggtatgaccecctacacacagaggattgaagtgctggacaacacc
cagcagctcaagatcctggcagactccatcaactcagagattggcatcctcectgcagtgece
tccagaagattaagtag

(SEQ ID NO: 19)

Codon Optimized human PAH — 14

atgagcacagcagtcctggagaaccctgggecttgggaggaaactgtctgactttgggcaag
agacctcctacatagaagacaactgcaatcagaatggagccatcagcctcatcttcecteect
gaaagaggaggtgggggccctggcaaaggtgctgaggctgtttgaggagaatgatgtgaac
ctgacccacattgaatctaggccctcecceccggectgaagaaggatgaatatgaattcttcacce
acctggacaagaggagcctgcctgceccctcaccaacatcatcaaaatcecctgaggcatgacat
tggggccactgtccatgaactgtccagagataagaagaaagacacagtcccectggttcect
aggaccatccaagagctggacagatttgccaaccagatcctctectatggggctgagetgg
atgctgaccaccctggcttcaaggaccctgtctatagggeccagaaggaagcagtttgectga
tattgcctacaattacagacatggccagcccatcccaagggtggaatacatggaggaagag
aaaaagacctggggcacagtcttcaaaaccctgaagtccctctacaagacccatgectget
atgagtacaaccacatcttcccectgectggaaaagtactgtgggttccatgaggacaatat
ccctcagcectggaggatgtctceccagttectceccagacctgecactggetteccecgectgagacct
gtggctgggctcctgagcagcagagacttcecctgggggggectggecttcagagtgttceccact
gcacacagtacatccgccatgggagcaagcccatgtacaccccagagceccagacatctgeca
tgagctgctgggccatgtgeccectcecttcagtgaccgcagetttgeccagttcageccaagaa
attggactggcctceccecctgggtgeccectgatgagtacattgagaagcectggeccaccatcetact
ggtttactgtggagtttggcctctgcaagcaaggggacagcatcaaggcctatggagetygg
cctgctcagcectectttggagagectccaatactgectgagtgagaaacccaagectcectgecc
ctggagctggagaagacagccatccagaactacacagtgacagagttccagectcectgtact
acgtggcagagagcttcaatgatgccaaggagaaggtcagaaactttgcagccaccatcce
cagacccttctectgtgaggtatgacccecctacactcagaggattgaggtcttggacaacacce
cagcagctcaagattctggctgactccatcaactcagagattggcatcctgtgctctgecce
tgcagaagatcaagtaa

(SEQ ID NO: 20)

Codon Optimized human PAH — 15

atgagcacagcagtcctggagaaccctgggcecttgggaggaagctctcectgactttgggcaag
agacctcctacatagaagacaactgcaatcagaatggagccatcagcecctcatecttctecect
caaggaagaagtgggggccctggcaaaggtcecctgaggctctttgaggagaatgatgtcaac
ctgacccacattgagtctaggcccagcagactgaagaaggatgaatatgaattcttcacce
acctggacaagaggagcctgcctgcecctcaccaacatcatcaaaatcecctgaggcatgacat
tggggccactgtccatgagctctccagagacaaaaagaaggacaccgtccececctggtteect
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aggaccatccaagaactggaccgctttgccaaccagatcctctectatggggcagagetgg
atgctgaccaccctggcecttcaaagacccagtgtacagagccagaaggaagcagtttgecaga
tattgcctacaattaccgccatggacagcccatcecccaagggtggaatacatggaagaggag
aagaaaacctggggcacagtgttcaagaccctgaagagcctgtacaagacccatgectget
atgagtacaaccacatctttccecctgectggaaaagtactgtgggttccatgaggacaatat
ccctcagcectggaggatgtgtcecccagttectecagacctgcactggetttaggectgaggect
gtggctggcctgctgtccagtagggacttecctggggggecttggecttcagagtettceccact
gcacccagtacatcagacatggcagcaagcccatgtacaccccagagcecctgacatctgceca
tgaactcctgggccatgtgeccectcecttcagtgacagatecctttgceccagttcageccaagag
atcgggctggcecctcecectgggtgcecccecctgatgagtacattgaaaaactggccaccatctact
ggtttactgtggagtttggcctctgcaagcaaggggacagcatcaaggcecctatggagetygg
gctcctcagcagetttggagagctccaatactgectgtctgagaaacccaagcectgcectecce
ctggagctggagaagacagccatccagaactacacagtcacagagttccagectcectectact
acgtggctgagagcttcaatgatgccaaggagaaggtgaggaactttgctgccaccatecce
cagacccttcectectgtgaggtatgaccecctacactcagaggattgaggtgctggacaacacce
cagcagctcaagattctggctgactccatcaactcagagattggcatcctgtgetctgece
tgcagaagatcaagtaa

(SEQ ID NO: 21)

Codon Optimized human PAH — 16

atgagcacagcagtgttggagaaccctgggcttgggaggaaactgtctgactttgggcaag
agacctcctacattgaagacaactgcaatcagaatggagccatcagcectcatecttttecect
gaaagaggaggtgggggccctggccaaagtcctgaggcectectttgaggagaatgacgtgaac
ctgacccacattgagagtaggcccagcagactgaagaaggatgaatatgaattcttcaccce
acctggacaagaggagcctgcctgceccctcaccaacatcatcaaaatcctgaggcatgacat
tggggccactgtccacgagctctcaagggacaagaagaaagacacagtccecctggtttceca
aggaccatccaagagcttgaccgctttgccaaccagatcctectectatggggectgagetgg
atgctgaccaccctggetttaaggacccagtgtatagggccagaaggaagcagtttgetga
tattgcctacaactacagacatggccagcccatcccaagggtggaatacatggaggaagag
aaaaagacctggggcacagtgttcaagaccctgaagagcctgtacaagacccatgectget
atgagtacaaccacatcttccccectgectggaaaagtactgtggcttccatgaggacaatat
ccctcagcectggaggatgtgtcecccagttectecagacctgcactgggtttaggectgaggect
gtggctgggctcctcagcagecgggacttcecctgggggggetggecttcagagtecttceccact
gcacccagtacatccgceccatgggagcaagcecccatgtacaccccagagccagacatctgeca
tgaactgctgggccatgtgcecccecctettcagtgacagatcecctttgeccagttcecteccaagaa
attggactggcctccecctgggtgecccctgatgagtacatagagaagctggctaccatctact
ggttcacagtggagtttggcctctgcaagcaaggggactccatcaaggcectatggagetygg
cctgctgtccagctttggagagctgcagtattgectgagtgagaaacccaagcectcectgece
ctggagctggagaagacagccatccagaactatactgtgactgagttccagectcectetact
atgtggcagagagcttcaatgatgccaaggagaaggtgaggaactttgcagccaccateccce
cagacccttctetgtgaggtatgaccecctacactcagaggatagaagtgctggacaacacce
cagcagctcaagatcctggcagacagcatcaactcagagattggcatcctgtgetctgecce
tccagaagattaagtaa

(SEQ ID NO: 22)

Codon Optimized human PAH — 17

atgtccactgctgttctggagaaccctggactggggaggaagctcectectgactttgggecaag
agacctcctacattgaggacaactgcaaccagaatggggccatcagcectcatcecttctecect
gaaagaggaggtgggggccctggccaaggtcctgaggcectectttgaggagaatgatgtgaac
ctgactcacattgagagccggcccagtaggctgaagaaggatgagtatgaattcttcaccce
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acctggataagaggagcctgcctgceccecctgaccaacatcatcaaaatcctgaggcatgacat
tggagccactgtccacgagcectctcaagggacaagaagaaagacactgtgecctggtttcca
aggaccatccaagagctggacagatttgccaatcagatcctctectatggggcagagectgg
atgctgaccaccctggcttcaaggaccctgtctatagggctaggaggaagcagtttgcaga
tattgcctacaattaccgccatggacagcccatcccaagggtggagtacatggaggaagag
aaaaagacctggggcacagtcttcaaaaccctgaagtccctctacaagacccacgectgcet
atgagtacaaccacatcttcccectgetggagaagtactgtgggttccatgaagacaatat
cccccagcettgaggatgtcectceccagttecteccagacctgtactggetttaggetgaggect
gtggctgggctcecctgtccagcagagacttcecctggggggettggecttcagagtgttccact
gcacacagtacatcagacatggcagcaagcccatgtacaccccagagcecagacatctgeca
tgagctgctgggccatgtccccectettcagtgaccgcagetttgeccagttcagecaagaa
attgggctggcctceccecctgggggcectecctgatgaatacatagagaagctggeccaccatctact
ggttcacagttgagtttggcctctgcaagcaaggggacagcatcaaggcecctatggagetgg
cctgctcagcectcectttggagagctgcagtattgtctgtctgagaagecccaagcectcecctgece
ctggagctggaaaagacagccatccagaactacacagtgacagagttccagectcectgtact
atgtggctgagtccttcaatgatgccaaggagaaggtgaggaattttgctgceccaccattec
cagacccttctectgtgaggtatgaccecctacactcagaggattgaagtgctggacaacacc
cagcagctcaagatcctggcagactccatcaactcagagattggcatcctgtgttctgecce
tccagaagatcaagtga

(SEQ ID NO: 23)

Codon Optimized human PAH — 18

atgagcacagcagttctggagaaccctggactggggaggaagctgtctgactttggacaag
agacctcctacatagaggacaactgcaatcagaatggagccatcagcctcatcttcagect
caaggaggaagtgggggccctggccaaggtcectgaggctgtttgaggagaatgatgtgaac
ctgactcacattgagagtaggccctcaaggctcaagaaggatgagtatgagttcttcacce
acctggataagaggtccctgcectgceccctgaccaacatcatcaaaatcecctgegecatgacat
tggggccacagtgcacgagctctcaagggacaagaagaaagacacagtceccecctggtttcece
cgcaccatccaagagctggacagatttgccaaccagatcctectectatggggectgagetgg
atgctgaccaccctggctttaaggacccagtgtatagggccagaaggaagcagtttgctga
tattgcctacaattacagacatggccagcccatccccagagttgagtacatggaggaagag
aaaaagacctggggcactgttttcaagaccctgaagtccctctacaagacccacgectget
atgagtacaaccacatcttcccactgctggaaaagtactgtggecttccatgaggacaatat
ccctcagcectggaggatgtctceccagttecteccagacctgtactgggtttaggetgaggect
gtagctggcctgctcagctctagggacttecctgggagggectggecttcecgggtettecact
gcacccagtacatcagacatgggagcaagcccatgtacaccccagagccagacatctgeca
tgagctgctgggccatgtgcecccecctettetcagataggtectttgeccagttectecccaagag
ataggcctggcatccctgggtgcecccecctgatgagtacattgagaagctggeccaccatctact
ggttcactgtggagtttggcctctgcaagcaaggggacagcatcaaggcctatggagetgg
gctcctgtceccagetttggggagetgcagtattgtectgagtgagaagcecccaagctcectgeca
ctggagctggagaagacagccatccagaactacacagtcacagagttccagectcectgtact
atgtggcagagagcttcaatgatgccaaggagaaggtgaggaattttgcagccaccatcce
aagacccttctectgtgaggtatgacccecctacactcagaggattgaggtgectggacaacacc
cagcagctcaagattctggctgactccatcaactcagagattggcatcctgtgttctgecce
tccagaagatcaagtga

(SEQ ID NO: 24)

Codon Optimized human PAH — 19

atgagcacagctgtgctggagaaccctgggcttggaaggaagctcagtgactttggeccaag
agacctcctacattgaggacaactgcaatcagaatggagccatcagcctcatecttttectt

24




WO 2021/144649 PCT/IB2021/000008

gaaggaagaagtgggggccttggccaaagtcctgaggetgtttgaggagaatgacgtcaac
ctgactcacattgaatctaggccttcaaggctcaagaaggatgagtatgaattcttcaccce
acctggacaagaggagcctgcecctgctctgaccaacatcatcaaaatcttgaggcatgacat
tggagcaacagtccacgagcttagcagagacaaaaagaaagacaccgtgeccctggttcecca
agaaccattcaagagttggataggtttgccaaccagatcctctcecctatggggectgagectgg
atgctgaccaccctggcetttaaggaccctgtgtatagagccagaagaaagcagtttgetga
tattgcctacaattacagacatggacagcccatccccagagtggagtacatggaggaagag
aaaaaaacctggggcactgtcttcaagaccctgaaatctctgtacaagacacatgcectget
atgagtacaaccacatcttccctctgttggagaagtactgtggecttccatgaagataacat
tcceccagettgaggatgtgtectcaatttcectceccagacctgcactggattcagactcagacca
gtggctggcctgctgtccagtagggacttecctgggaggactggectttagggtgttccact
gcacacagtacatcagacacggcagcaagcccatgtacacaccagagccagacatctgceca
tgagctcctgggccatgtceccecccecctettetectgacagatectttgeccagttecteccaagaa
attggtctggcttcectgggtgcccecctgatgaatatatagaaaagctggccaccatctact
ggtttacagtggaatttgggctctgcaaacaaggagactccattaaggcctatggagectgg
gctgctcagcagcectttggagagctgcaatactgcectgtctgaaaaacccaagcecttcectgecc
ctggaactggagaaaacagcaatccagaactacactgtgactgagttccagcecctctectact
acgtggcagagagcttcaatgatgccaaggagaaggtgagaaactttgcagccactatcce
aaggcccttcagtgttagatatgacccecctacacccagaggattgaggtgecttgacaatact
cagcagctgaagattctggcagattccatcaactcagagattggcatcctgtgttctgecce
tgcagaagatcaagtaa

(SEQ ID NO: 25)

Codon Optimized human PAH — 20

atgtccactgctgtgttggagaaccctggacttggcagaaaactgagtgactttgggcaag
agacctcctacattgaagataactgcaatcagaatggagccatttccctcatecttcectecect
gaaggaagaagtgggggccctggccaaagtcctgcecgectgtttgaggagaatgacgtcaac
ctgacccacatcgaatctaggceccttcaaggttgaagaaggatgaatatgagttcttcacac
acctggataagaggagcctgcctgcecctcaccaacatcatcaaaatcttgaggcatgacat
tggagcaacagtccacgagctgagcagagacaagaagaaagacaccgtceccecctggtttece
agaaccatccaagaacttgaccgcttcgccaaccagatcctgtcectatggecgcagagettyg
atgctgaccaccctgggttcaaggacccagtgtacagagccagaaggaagcagtttgecaga
tattgcctacaattaccgceccatggccagcecccatceccaagagtggagtacatggaggaagag
aaaaagacctggggcactgtgttcaaaaccctgaaaagcctctacaagactcacgectget
atgaatacaaccacattttcccactgcttgagaagtactgtggcttccatgaggacaatat
cccccagcectggaggatgtgtctcaatttectgcagacctgecactggetttecggetgagacct
gtggccggcectcecctcagcagecgggacttectgggaggettggecttcagagtettceccact
gcacacagtatatcagacatggaagcaagcccatgtacactccagagccagacatctgceca
tgaactgctgggccatgtgcccecctettetectgaccggagetttgeccagttcagecaagag
attggccttgcctctetgggggcectcecctgatgagtacatcgagaagectggcectaccatctact
ggttcaccgtggaatttggcctgtgcaaacaaggagactccatcaaggcecctatggagetygg
gctgctctcectectttggagagctceccagtactgectgtctgaaaaacccaagcectectgece
ctggagctggaaaagacagccatccagaactacacagtgacagaattccagectcectgtact
acgtggctgagagcttcaatgatgccaaggagaaggtgagaaactttgctgccaccattcce
tcggcecttttcectgtgegetatgacccecctacacccaaagaattgaggtgectggacaacacce
cagcagctcaagattctggcagacagcatcaactcagagatcggcatcctcectgetcececgece
ttcagaagatcaagtaa

(SEQ ID NO: 27)
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[0081] In some embodiments, the rAAV PAH vector comprises a codon-optimized
PAH nucleotide having at least 70%, 75%, 80%, 85%, 90%, 95% or 99% identity with one of
SEQ ID Nos: 11-27. Accordingly, in some embodiments, the TAAV PAH vector comprises a
codon-optimized PAH nucleotide having at least 70% identity with one of SEQ ID Nos.: 11-
27. In some embodiments, the rAAV PAH vector comprises a codon-optimized PAH
nucleotide having at least 75% identity with one of SEQ ID Nos.: 11-27. In some
embodiments, the rAAV PAH vector comprises a codon-optimized PAH nucleotide having at
least 80% identity with one of SEQ ID Nos.: 11-27. In some embodiments, the rAAV PAH
vector comprises a codon-optimized PAH nucleotide having at least 85% identity with one of
SEQ ID Nos.: 11-27. In some embodiments, the rAAV PAH vector comprises a codon-
optimized PAH nucleotide having at least 90% identity with one of SEQ ID Nos.: 11-27. In
some embodiments, the rAAV PAH vector comprises a codon-optimized PAH nucleotide
having at least 95% identity with one of SEQ ID Nos.: 11-27. In some embodiments, the
rAAV PAH vector comprises a codon-optimized PAH nucleotide having at least 99% identity
with one of SEQ ID Nos.: 11-27. In some embodiments, the rAAV PAH vector comprises a

codon-optimized PAH nucleotide sequence identical to one of SEQ ID Nos: 11-27.
Use of rAAV Vectors that Encode PAH for Treatment of Disease

[0082] Described herein are methods of treating a disease associated with PAH
enzyme deficiency. Accordingly, in some embodiments, the rAAV vectors described herein
are suitable for treating a subject that has a PAH deficiency, such as phenylketonuria (PKU).
The method of treating includes administering to the subject in need thereof a recombinant

adeno-associated virus (rAAV) vector as described herein.

[0083] The rAAV vector described herein can be used to treat any disease associated

with PAH deficiency or disorder.

[0084] In some embodiments, the rAAV vector remains episomal following
administration to a subject in need thereof. In some embodiments, the rAAV vector does not
remain episomal following administration to a subject in need thereof. For example, in some
embodiments, the rAAV vector integrates into the genome of the subject. Such integration
can be achieved, for example, by using various gene-editing technologies, such as, zinc finger
nucleases (ZFNs), Transcription activator-like effector nucleases (TALENS), ARCUS
genome editing, and/or CRISPR-Cas systems.
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[0085] In some embodiments, a pharmaceutical composition comprising a rAAV
vector described herein is used to treat subjects in need thereof. The pharmaceutical
composition containing a rAAV vector of the invention contains a pharmaceutically
acceptable excipient, diluent or carrier. Examples of suitable pharmaceutical carriers are well
known in the art and include phosphate buffered saline solutions, water, emulsions, such as
oil/water emulsions, various types of wetting agents, sterile solutions and the like. Such
carriers can be formulated by conventional methods and are administered to the subject at a

therapeutically effective amount.

[0086] The tTAAV vector is administered to a subject in need thereof via a suitable
route. In some embodiments, the TAAV vector is administered by intravenous,
intraperitoneal, subcutaneous, or intradermal administration. In some embodiments, the
rAAV vector is administered intravenously. In some embodiments, the intradermal
administration comprises administration by use of a “gene gun” or biolistic particle delivery
system. In some embodiments, the rAAV vector is administered via a non-viral lipid
nanoparticle. For example, a composition comprising the rAAV vector may comprise one or
more diluents, buffers, liposomes, a lipid, a lipid complex. In some embodiments, the rAAV

vector is comprised within a microsphere or a nanoparticle, such as a lipid nanoparticle.

[0087] In some embodiments, functional PAH is detected in the subject. Various
manners of detecting PAH can be used and can include, for example, tissue sampling
(including biopsy) and screening for the presence of PAH. In some embodiments, functional
PAH is detectable in the subject at about 2 to 6 weeks post administration of the rAAV
vector. In some embodiments, functional PAH is detectable in the subject at about 2 weeks
post administration of the rAAYV vector. In some embodiments, functional PAH is detectable
in the subject at about 3 weeks post administration of the rAAV vector. In some
embodiments, functional PAH is detectable in the subject at about 4 weeks post
administration of the rAAYV vector. In some embodiments, functional PAH is detectable in
the subject at about 5 weeks post administration of the rAAV vector. In some embodiments,
functional PAH is detectable in the subject at about 6 weeks post administration of the rAAV
vector. In some embodiments, functional PAH is detectable in hepatocytes of the subject at
about 2 to 6 weeks post administration of the rAAV vector. In some embodiments, functional
PAH is detectable in hepatocytes of the subject greater than 7 weeks post administration of

the rAAYV vector.
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[0088] In some embodiments, functional PAH is detectable in the subject at least 3
months, 6 months, 12 months, 2 years, 3 years, 4 years, 5 years, 6 years, 7 years, 8 years, 9
years, or 10 years after administration of the rAAV vector. Accordingly, in some
embodiments, functional PAH is detectable in the subject at least 3 months after
administration of the rAAYV vector. In some embodiments, functional PAH is detectable in
the subject at least 6 months after administration of the TAAV vector. In some embodiments,
functional PAH is detectable in the subject at least 12 months after administration of the
rAAV vector. In some embodiments, functional PAH is detectable in the subject at least 2
years after administration of the rAAV vector. In some embodiments, functional PAH is
detectable in the subject at least 3 years after administration of the rAAV vector. In some
embodiments, functional PAH is detectable in the subject at least 4 years after administration
of the rAAV vector. In some embodiments, functional PAH is detectable the subject at least
5 years after administration of the rAAV vector. In some embodiments, functional PAH is
detectable in the subject at least 6 years after administration of the rAAV vector. In some
embodiments, functional PAH is detectable in the subject at least 7 years after administration
of the rAAV vector. In some embodiments, functional PAH is detectable in the subject at
least 8 years after administration of the rAAV vector. In some embodiments, functional PAH
is detectable in the subject at least 9 years after administration of the rAAV vector. In some
embodiments, functional PAH is detectable in the subject at least 10 years after
administration of the rAAYV vector. In some embodiments, functional PAH is detectable in
the subject for the remainder of the subject’s life following administration of the rAAV

vector.

[0089] In some embodiments, the administered rAAV comprising PAH results in the

production of active PAH in a therapeutically effective amount.

[0090] In some embodiments, the administered rAAV comprising PAH results in the
reduction of phenylalanine (Phe) in the subject. In some embodiments, the reduction of Phe
is detected in plasma of the subject. In some embodiments, the reduction of Phe is detected in
central nervous system (CNS). In some embodiments, the reduction of Phe is detected in
brain tissue of the subject. In some embodiments, the reduction of Phe is detected in liver
tissue of the subject. In some embodiments, the administered rAAV comprising PAH
reduces Phe in the subject by about 95%, 90%, 85%, 80%, 75%, 70%, 65%, 60%, 55%, 50%,
45%, 40%, 35%, 30%, 25%, 20%, 15%, or about 10% in comparison to the subject’s baseline

Phe level prior to administering the rAAV comprising PAH. Accordingly, in some
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embodiments, the administered rAAV comprising PAH reduces Phe in the subject by about
95%. In some embodiments, the administered rAAV comprising PAH reduces Phe in the
subject by about 90%. In some embodiments, the administered rAAV comprising PAH
reduces Phe in the subject by about 85%. In some embodiments, the administered rAAV
comprising PAH reduces Phe in the subject by about 80%. In some embodiments, the
administered rAAV comprising PAH reduces Phe in the subject by about 75%. In some
embodiments, the administered rAAV comprising PAH reduces Phe in the subject by about
70%. In some embodiments, the administered rAAV comprising PAH reduces Phe in the
subject by about 65%. In some embodiments, the administered rAAV comprising PAH
reduces Phe in the subject by about 60%. In some embodiments, the administered rAAV
comprising PAH reduces Phe in the subject by about 55%. In some embodiments, the
administered rAAV comprising PAH reduces Phe in the subject by about 50%. In some
embodiments, the administered rAAV comprising PAH reduces Phe in the subject by about
45%. In some embodiments, the administered rAAV comprising PAH reduces Phe in the
subject by about 40%. In some embodiments, the administered rAAV comprising PAH
reduces Phe in the subject by about 35%. In some embodiments, the administered TAAV
comprising PAH reduces Phe in the subject by about 30%. In some embodiments, the
administered rAAV comprising PAH reduces Phe in the subject by about 25%. In some
embodiments, the administered rAAV comprising PAH reduces Phe in the subject by about
20%. In some embodiments, the administered rAAV comprising PAH reduces Phe in the
subject by about 15%. In some embodiments, the administered rAAV comprising PAH
reduces Phe in the subject by about 10%.

[0091] In some embodiments, the administered rAAV comprising PAH results in the
increase of non-Phe large neutral amino acids (LNAAs) in the subject. Without wishing to be
bound by theory, various modes of action may result in the increase of LNAAS in the subject
including, for example, increased production of LNAAsS, increased transport or trafficking of
LNAAs, and/or increased stability of LNAAs. In some embodiments, the increase of non-
Phe LNAAs is detected in plasma of the subject. In some embodiments, the increase of non-
Phe LNAAs is detected in central nervous system (CNS). In some embodiments, the increase
of non-Phe LNAAs is detected in brain tissue of the subject. In some embodiments, the
increase of non-Phe LNAAs is detected in liver tissue of the subject. In some embodiments
the non-Phe LNAA is tyrosine. In some embodiments, the non-Phe LNAA is tryptophan. In

some embodiments, the non-Phe LNAA is valine. In some embodiments, the non-Phe LNAA
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is isoleucine. In some embodiments, the non-Phe LNAA is methionine. In some
embodiments, the non-Phe LNAA is threonine. In some embodiments, the non-Phe LNAA is

leucine. In some embodiments, the non-Phe LNAA is histidine.

[0092] In some embodiments, the administered rAAV comprising PAH results in the
increase of tyrosine (Tyr) in the subject. Without wishing to be bound by theory, various
modes of action may result in the increase of Tyr in the subject including, for example,
increased production of Tyr, increased transport or trafficking of Tyr, and/or increased
stability of Tyr. In some embodiments, the increase of Tyr is detected in plasma of the
subject. In some embodiments, the increase of Tyr is detected in brain tissue of the subject.
In some embodiments, the increase of Tyr is detected in liver tissue of the subject. In some
embodiments, the administered rAAV comprising PAH increases Tyr in the subject by about
95%, 90%, 85%, 80%, 15%, 10%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%,
15%, or about 10% in comparison to the subject’s baseline Tyr level prior to administering
the rAAV comprising PAH. Accordingly, in some embodiments, the administered rAAV
comprising PAH increases Tyr in the subject by about 95%. In some embodiments, the
administered rAAV comprising PAH increases Tyr in the subject by about 90%. In some
embodiments, the administered rAAV comprising PAH increases Tyr in the subject by about
85%. In some embodiments, the administered rAAV comprising PAH increases Tyr in the
subject by about 80%. In some embodiments, the administered rAAV comprising PAH
increases Tyr in the subject by about 75%. In some embodiments, the administered rAAV
comprising PAH increases Tyr in the subject by about 70%. In some embodiments, the
administered rAAV comprising PAH increases Tyr in the subject by about 65%. In some
embodiments, the administered rAAV comprising PAH increases Tyr in the subject by about
60%. In some embodiments, the administered rAAV comprising PAH increases Tyr in the
subject by about 55%. In some embodiments, the administered rAAV comprising PAH
increases Tyr in the subject by about 50%. In some embodiments, the administered rAAV
comprising PAH increases Tyr in the subject by about 45%. In some embodiments, the
administered rAAV comprising PAH increases Tyr in the subject by about 40%. In some
embodiments, the administered rAAV comprising PAH increases Tyr in the subject by about
35%. In some embodiments, the administered rAAV comprising PAH increases Tyr in the
subject by about 30%. In some embodiments, the administered rAAV comprising PAH
increases Tyr in the subject by about 25%. In some embodiments, the administered rAAV

comprising PAH increases Tyr in the subject by about 20%. In some embodiments, the
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administered rAAV comprising PAH increases Tyr in the subject by about 15%. In some
embodiments, the administered rAAV comprising PAH increases Tyr in the subject by about

10%.

[0093] In some embodiments, the administered rAAV comprising PAH results in the
increase of tryptophan (Trp) in the subject. Without wishing to be bound by theory, various
modes of action may result in the increase of Trp in the subject including, for example,
increased production of Trp, increased transport or trafficking of Trp, and/or increased
stability of Trp. In some embodiments, the increase of Trp is detected in plasma of the
subject. In some embodiments, the increase of Trp is detected in brain tissue of the subject.
In some embodiments, the increase of Trp is detected in liver tissue of the subject. In some
embodiments, the administered rAAV comprising PAH increases Trp in the subject by about
95%, 90%, 85%, 80%, 15%, 10%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%,
15%, or about 10% in comparison to the subject’s baseline Trp level prior to administering
the rAAV comprising PAH. Accordingly, in some embodiments, the administered rAAV
comprising PAH increases Trp in the subject by about 95%. In some embodiments, the
administered rAAV comprising PAH increases Trp in the subject by about 90%. In some
embodiments, the administered rAAV comprising PAH increases Trp in the subject by about
85%. In some embodiments, the administered rAAV comprising PAH increases Trp in the
subject by about 80%. In some embodiments, the administered rAAV comprising PAH
increases Trp in the subject by about 75%. In some embodiments, the administered rAAV
comprising PAH increases Trp in the subject by about 70%. In some embodiments, the
administered rAAV comprising PAH increases Trp in the subject by about 65%. In some
embodiments, the administered rAAV comprising PAH increases Trp in the subject by about
60%. In some embodiments, the administered rAAV comprising PAH increases Trp in the
subject by about 55%. In some embodiments, the administered rAAV comprising PAH
increases Trp in the subject by about 50%. In some embodiments, the administered rAAV
comprising PAH increases Trp in the subject by about 45%. In some embodiments, the
administered rAAV comprising PAH increases Trp in the subject by about 40%. In some
embodiments, the administered rAAV comprising PAH increases Trp in the subject by about
35%. In some embodiments, the administered rAAV comprising PAH increases Trp in the
subject by about 30%. In some embodiments, the administered rAAV comprising PAH
increases Trp in the subject by about 25%. In some embodiments, the administered rAAV

comprising PAH increases Trp in the subject by about 20%. In some embodiments, the
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administered rAAV comprising PAH increases Trp in the subject by about 15%. In some
embodiments, the administered rAAV comprising PAH increases Trp in the subject by about

10%.

[0094] In some embodiments, the administered rAAV comprising PAH results in the
increase of neurotransmitters in the subject. Without wishing to be bound by theory, various
modes of action may result in the increase of neurotransmitters in the subject including, for
example, increased production of neurotransmitters, increased transport or trafficking of
neurotransmitters, and/or increased stability of neurotransmitters. In some embodiments, the
increase of neurotransmitters is detected in brain tissue of the subject. In some embodiments,
the increase of neurotransmitters is detected in central nervous system (CNS) of the subject.
In some embodiments, the neurotransmitter is serotonin, dopamine, noradrenaline,
epinephrine, or norepinephrine. In some embodiments, the administered rAAV comprising
PAH increases one or more neurotransmitters in the subject by about 95%, 90%, 85%, 80%,
75%, 10%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, or about 10% in
comparison to the subject’s neurotransmitter baseline level prior to administering the rAAV
comprising PAH. Accordingly, in some embodiments, the administered rAAV comprising
PAH increases one or more neurotransmitters in the subject by about 95%. In some
embodiments, the administered rAAYV comprising PAH increases one or more
neurotransmitters in the subject by about 90%. In some embodiments, the administered
rAAYV comprising PAH increases one or more neurotransmitters in the subject by about 85%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 80%. In some embodiments, the administered
rAAYV comprising PAH increases one or more neurotransmitters in the subject by about 75%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 70%. In some embodiments, the administered
rAAV comprising PAH increases one or more neurotransmitters in the subject by about 65%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 60%. In some embodiments, the administered
rAAV comprising PAH increases one or more neurotransmitters in the subject by about 55%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 50%. In some embodiments, the administered
rAAV comprising PAH increases one or more neurotransmitters in the subject by about 45%.

In some embodiments, the administered rAAV comprising PAH increases one or more
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neurotransmitters in the subject by about 40%. In some embodiments, the administered
rAAYV comprising PAH increases one or more neurotransmitters in the subject by about 35%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 30%. In some embodiments, the administered
rAAYV comprising PAH increases one or more neurotransmitters in the subject by about 25%.
In some embodiments, the administered rAAV comprising PAH increases one or more
neurotransmitters in the subject by about 20%. In some embodiments, the administered
rAAV comprising PAH increases one or more neurotransmitters in the subject by about 15%.
In some embodiments, the administered rAAV comprising PAH increases one or more

neurotransmitters in the subject by about 10%.

[0095] In some embodiments, following administration of the AAV vector to the
subject the levels of functional PAH detectable in the subject are between about 2 and 10
times greater than the amount of functional PAH detectable in the subject before

administration of the rAAV comprising PAH.

[0096] In some embodiments, following administration of the AAV vector to the
subject the levels of detectable functional PAH meets or exceeds the human therapeutic level.
In some embodiments, the levels of functional PAH post administration of the rAAV vector
is about between 2 and 35 times the human therapeutic level. In some embodiments, the
levels of active PAH post administration is about 2 times the human therapeutic level. In
some embodiments, the levels of functional PAH post administration is about 3 times the
human therapeutic level. In some embodiments, the levels of functional PAH post
administration is about 4 times the human therapeutic level. In some embodiments, the levels
of active PAH post administration is about 5 times the human therapeutic level. In some
embodiments, the levels of active PAH post administration is about 6 times the human
therapeutic level. In some embodiments, the levels of active PAH post administration is about
6 times the human therapeutic level. In some embodiments, the levels of active PAH post
administration is about 7 times the human therapeutic level. In some embodiments, the levels
of active PAH post administration is about 8 times the human therapeutic level. In some
embodiments, the levels of active PAH post administration is about 9 times the human
therapeutic level. In some embodiments, the levels of active PAH post administration is about
10 times the human therapeutic level. In some embodiments, the levels of active PAH post
administration is about 15 times the human therapeutic level. In some embodiments, the

levels of active PAH post administration is about 20 times the human therapeutic level. In
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some embodiments, the levels of active PAH post administration is about 25 times the human
therapeutic level. In some embodiments, the levels of active PAH post administration is about
30 times the human therapeutic level. In some embodiments, the levels of functional PAH

post administration is about 35 times the human therapeutic level.

[0097] In some embodiments, the rAAV PAH vector is delivered as a single dose per
subject. In some embodiments, the subject is delivered the minimal effective dose (MED). As
used herein, MED refers to the rAAV PAH vector dose required to achieve PAH activity

resulting in reduced Phe levels in a subject.

[0098] The vector titer is determined on the basis of the DNA content of the vector
preparation. In some embodiments, quantitative PCR or optimized quantitative PCR is used
to determine the DNA content of the rAAV PAH vector preparations. Examples of
optimized quantitative PCR include double droplet PCR. In one embodiment, the dosage is
about 1x10'! vector genomes (vg)/kg body weight to about 1x10'® vg/kg, inclusive of

endpoints.

[0099] In some embodiments, the dosage is 1x10" vg/kg. In another embodiment, the
dosage is 1x10'% vg/kg. In specific embodiments, the dose of rAAV.hPAH administered to a
subject is at least 1x10'° vg/kg, 5x10'° vg/kg, 1x10'! vg/kg, 5.0 x 10! vg/kg, 1 x 10'% vg/kg,
2.0 x 10" vg/kg, 3.5 x 10'% vg/kg, 4.0 x 10'? vg/kg, 4.5 x 10" vg/kg, 5.0 x 10" vg/kg, 5.5 x
10'? vg/kg, 6.0 x 10" vg/kg, 6.5 x 102 vg/kg, 7.0 x 10'% vg/kg, 8.0 x 10'% vg/kg, 9.0 x 1012
vglkg, 1.0 x 10" vg/kg, 2.5 x 1013 ve/kg, 5 x 10" vg/kg, 7.5 x 1013 ve/kg, or 1.0 x 10™ vg/kg.

[0100] In some embodiments, the rAAV PAH vector compositions can be formulated
in dosage units to contain an amount of replication-defective virus that is in the range of
about 1.0 x 10° vg to about 1.0 x 10" vg. As used herein, the term "dosage" can refer to the
total dosage delivered to the subject in the course of treatment, or the amount delivered in a
single round of administration in the course of treatment comprising multiple rounds of

administration.

[0101] In some embodiments, the dosage is sufficient to decrease plasma Phe levels
in the patient by 25% or more. In some embodiments, rAAV PAH is administered in
combination with one or more therapies for the treatment of PKU. In some embodiments,
rAAV PAH is administered in combination with a PKU diet. In some embodiments, rAAV
PAH is administered in combination with a low-protein diet. In some embodiments, rAAV

PAH is administered in combination with a PKU nutraceutical or nutritional supplement or
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nutritional formula. In some embodiments, rAAV PAH is administered in combination with
a neutral amino acid therapy. In some embodiments, rAAV PAH is administered in
combination with pharmacologic drugs. In some embodiments, rAAV PAH is administered
with sapropterin dihydrochloride. In some embodiments, rAAV PAH is administered in
combination with Kuvan®.In some embodiments, rAAV PAH is administered in
combination with PKU metabolizing enzymes. In some embodiments, rAAV PAH is
administered in combination with pegavaliase. In some embodiments, rAAV PAH is
administered in combination with Palynziq®. In some embodiments, the rAAV
administration precedes other PKU therapies, is concomitant with or is delivered post-

administration of other PKU therapies.

EXAMPLES

[0102] Other features, objects, and advantages of the present invention are apparent in
the examples that follow. It should be understood, however, that the examples, while
indicating embodiments of the present invention, are given by way of illustration only, not
limitation. Various changes and modifications within the scope of the invention will become

apparent to those skilled in the art from the examples.

Example 1. Vector Design

[0103] Exemplary methods and designs of generating representative rAAV
expression constructs (rAAV vectors) comprising phenylalanine hydroxylase (PAH)

sequences and variations of the same are provided in this Example.

[0104] In this study, recombinant AAV vector (rAAVSE) was used. The basic design
of arAAV vector comprises an expression cassette flanked by inverted terminal repeats
(ITRs): a 5°-ITR and a 3’-ITR. These ITRs mediate the replication and packaging of the
vector genome by the AAV replication protein Rep and associated factors in vector producer
cells. Typically, an expression cassette contains a promoter, a coding sequence, a polyA tail
and/or a tag, as shown in FIG. 1A and FIG. 1B. An exemplary expression construct
encoding hPAH was designed and prepared using standard molecular biology techniques.
The coding sequence for the hPAH was inserted downstream of a promoter, h'TTR (human

transthyrethin promoter). Additionally, liver-specific cis-acting regulatory module (CRM)
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was inserted upstream of the promoter, and a minute virus of mice (MVM) intron sequence
was inserted downstream of the promoter. This regulatory and promoter combination was
tested to assess transduction levels, as shown in the examples that follow. The expression

construct was subsequently ligated to the AAV vector and verified by sequencing.

Codon Optimization

[0105] The coding sequences for the hPAH were codon-optimized based on multiple
parameters, such as CpG site count, GC content, palindromes, repetitious base sequences and
exclusion of restriction sites and splice cites. The number of CpG island sequences, which
can elicit immune response, were reduced to less than 6. The GC content was maintained
approximately at 57% (*3%). Repetitious bases, which were greater or equal to 10 bp were

also removed.

[0106] A schematic for exemplary constructs comprising PAH are shown in FIGs.
1A-1D. Any number of variations of the above construct can be performed. For example,
more than one promoter may be used, and/or a WPRE sequence may be introduced.
Additionally, different combinations of regulatory region, promoter, and intron are

contemplated.

Example 2. In vitro expression of rAAVS vectors comprising codon-optimized hPAH

sequence

[0107] This example illustrates that rAAV8 vectors comprising codon-optimized

hPAH sequence are effective in inducing expression of hPAH in vitro.

[0108] HepG2 (human liver cancer cell line) cells were infected by rAAV vectors
comprising either a wild-type hPAH sequence or a codon-optimized hPAH sequence. The
level of PAH expression in the cell lysates was measured using Western blot with an
antibody against PAH. As shown in FIG. 2, rAAV8 comprising a codon-optimized hPAH
sequence (S01) resulted in greater expression of hPAH compared to the rAAVE comprising

the wild-type hPAH (TO1).
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Example 3. In vivo efficacy of rAAVS8 vectors with codon-optimized hPAH sequence

[0109] This example illustrates the in vivo efficacy of the codon-optimized rAAVSE
hPAH constructs in normalizing plasma levels of Phe, Trp and Tyr in PAH knock-out (PAH-
KO) mice.

[0110] PAH-KO mice were injected with rAAYV vectors comprising a wild-type
hPAH sequence (Group A, TO1); or codon-optimized hPAH sequences (Group B and C, SO1
and S03). The rAAV vector constructs are depicted in FIG. 1A and FIG. 1B. Mice received
1x 10'3 vg/kg of vectors and plasma samples were collected prior to administration of the
rAAV and at week 1, week 2, week 3, week 4, and week 5 post injection. Mice were
sacrificed at week 5, and tissue samples were harvested. Additionally, coat color of the mice
was monitored. A group of wild-type mice and a group of untreated PAH-KO mice were
used as positive and negative controls, respectively. The experimental design is summarized

in Table 3, below.

Table 3. In vivo study using rAAVS vectors that comprise wild-type and codon-

optimized PAH

Group Condition Treatment Dose
A Control vector TO1 1 x 10" vg/kg
B Test S01 1 x 10" ve/kg
C Test S03 1 x 10" ve/kg
D Positive Control WT; Untreated -
E Negative Control PAH-KO; Untreated -
[0111] The efficacy of vector-mediated expressed PAH was determined by

monitoring the plasma levels of phenylalanine (Phe), tyrosine, (Try) and tryptophan (Trp).
The PAH enzyme is responsible for the first step in processing phenylalanine and involved in
biosynthesis of Tyr and Trp. Results are depicted in FIG. 3A. Mice administered with the
codon-optimized constructs, S01 (Group B) and S03 (Group C) showed significantly reduced
Phe concentration in plasma compared to untreated mice or mice administered with the
control vector, TO1 (Group A). After 2 weeks post administration, the level of Phe in mice of
Group B and C was similar to that of the wild type mice (Group D). Moreover, the decreased

level of Phe was maintained after 5 weeks following a single dose administration. The level
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of Tyr and Trp also increased in mice of Group B and C compared to that of Group A or

untreated KO mice (Group E).

[0112] Furthermore, the transcription efficiency of the rAAV8 comprising the codon-
optimized human PAH was compared to the transcription efficiency of the rAAVSE
comprising wild type human PAH. The results are presented in FIG. 3B and show that while
there was comparable transduction between the codon-optimized human PAH comprising
rAAVS and the wild type human PAH comprising rAAVS, there was superior transcription of
codon-optimized hPAH.

[0113] The coat color of mice was also monitored. Surprisingly, the coat color was
corrected at week 3 post administration of rAAV8 with codon-optimized PAH, as shown in

FIG. 4.

Example 4. Gene therapy using rAAVS vectors comprising codon-optimized hPAH

normalizes PKU biomarkers in a dose-dependent manner

[0114] This example illustrates that gene therapy using the rAAV8 vectors
comprising codon-optimized hPAH sequence normalizes the plasma levels of Phe, Tyr and

Trp and coat color in a dose-dependent manner.

[0115] PAH-KOmice were injected with rAAV8 vectors expressing codon-optimized
hPAH vector at low (1 x 10'? vg/kg) or high (1 x 103 vg/kg) dose. Plasma samples were
collected prior to administration of the rAAV and at week 1, week 2, week 3, week 4, and
week 5 post injection and the levels of Phe, Tyr and Trp were measured at each time point.
Additionally coat color of mice was monitored. A group of untreated PAH-KO mice were

used as a negative control. The experimental design is summarized in Table 4, below.

Table 4. Dose-dependent effect of gene therapy using rAAVS vectors with wild-type
codon-optimized PAH

Group Condition Treatment Dose Number of
Mice (N)
Low dose S01 1 x 1012 vg/kg 6
G High dose S01 1 x 108 vg/kg 6

38



WO 2021/144649 PCT/IB2021/000008

H Negative PAH-KO; Untreated - 6
Control
[0116] Results are depicted in FIG 5. Plasma Phe level was significantly decreased

in mice administered with the codon-optimized hPAH in a dose-dependent manner. Mice
administered with high dose of SO1 showed 100% coat color conversion after three weeks.
Low dose, which is 10-fold lower than the high dose, shows clinical benefit with delayed
kinetics. Additionally, tyrosine and tryptophan in plasma of PAH-KO mice were normalized

following low dose administration of SO1.

Example 5. Normalization of neutral amino acid and neurotransmitter levels in brain of

PAH-KO mice by gene therapy with AAV8 vectors comprising codon-optimized hPAH

[0117] This example illustrates in vivo efficacy of the codon-optimized rAAVE hPAH
constructs in normalizing the levels of Phe, Trp and Tyr in the brain of PAH knock-out
(PAH-KO) mice. Additionally, the levels of dopamine and serotonin in brains were restored
in PAH-KO mice- treated by gene therapy with AAVS8 vectors comprising codon-optimized
hPAH sequence.

First, studies were performed to assess the levels of phenylalanine, tyrosine and tryptophan in
brains of wild-type (wt) and PAH-KO mice. Among all the large neutral amino acids
(LNAAS), phenylalanine has highest affinity for large neutral amino acid transporter
(LNAAT), which transports LNAAs across the blood-brain barrier (BBB). If Phe is in excess
in the blood, it saturates the transporter, and thus, decreases the levels of non-Phe LNAAs in
the brain. As these amino acids are necessary for protein and neurotransmitter synthesis, Phe
build-up hinders the development and functioning of the brain. Indeed, phenotyping of WT
and PAH-KO mice confirmed that LNAAs (Phe, Try, and Trp) and neurotransmitters
(dopamine, serotonin, and noradrenaline) are dysregulated in brains of PAH-KO mice, as
shown in FIG. 6.Concentrations of Phe, Tyr, and Trp were measured in brain tissues
extracted at week 5 from the mouse groups shown in Table 4. The results are shown in FIG.
7A. Levels of Phe in brain significantly decreased in PAH-KO mice treated by gene therapy
with AAVS with codon-optimized hPAH sequence in a dose-dependent manner.
Consistently, the levels of both Tyr and Trp were increased in brains of PAH-KO mice
treated by gene therapy with AAVS8 comprising codon-optimized hPAH sequence in a dose-

dependent manner. Moreover, both serotonin and noradrenaline levels were restored in
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brains of treated PAH-KO mice in a dose-dependent manner, as shown in FIG. 7B. Example
6. Long-term stabilization of Phe levels in PAH-KQO mice by gene therapy with AAVS

vectors comprising codon-optimized hPAH

[0118] This example illustrates long-term in vivo efficacy of gene therapy with AAVS
vectors comprising codon-optimized hPAH sequence in PAH-KO mice (FIG. 8).

[0119] PAH knock-out (PAH-KO) mice were injected with codon-optimized rAAVS
hPAH constructs at low (1 x 102 vg/kg), intermediate or high doses (1 x 10" vg/kg). Plasma
samples were collected prior to administration of the rAAVS and at 7, 14, 35, 56, 98, 140 and
182 days post injection. Levels of phenylalanine were measured in plasma and compared to
levels of Phe in control (C22)-treated PAH-KO mice and control C22-treated wt mice. The

results are shown in FIG. 8.

[0120] Levels of Phe were significantly decreased in PAH-KO mice treated with
codon-optimized rAAV8 hPAH constructs relative to control C22-treated PAH-KO mice.
The Phe levels in mice that received hPAH treatment were comparable to Phe levels in C22

control-treated wt mice.

[0121] At a high dose of 1 x 10'? vg/kg, plasma Phe levels were sustained at low
levels similar to baseline levels and comparable to Phe levels in wt mice at 7, 14, 35, 56, 98,
140 and 182 days post-administration demonstrating the long-term efficacy of gene therapy

with AAVS codon-optimized hPAH in PAH-KO mice.
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EQUIVALENTS AND SCOPE

[0122] Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the invention
described herein. The scope of the present invention is not intended to be limited to the

above description, but rather is as set forth in the following claims:
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We claim:

1.

10.

11.

A recombinant adeno-associated virus vector (rAAV) comprising a codon-optimized
sequence encoding a human phenylalanine hydroxylase (PAH), wherein the codon-

optimized sequence has at least 70% identity to one of SEQ ID Nos: 11-27.

The rAAV of claim 1, wherein the codon-optimized sequence has at least 75%, 80%,
85%, 90%, 95% or 99% identity to one of SEQ ID Nos: 11-27.

The rAAYV of claim 1 or 2, wherein the codon-optimized sequence is identical to one

of SEQ ID Nos: 11-27.

The tTAAV of any one of the preceding claims, wherein the rAAV encodes an AAVS

capsid.

The rAAYV of claim 4, wherein the AAVS capsid is a modified AAVS capsid with
improved liver tropism compared to the wild-type AAVS capsid.

The rAAV of claim 5, wherein the AAVS8 capsid has at least 70%, 75%, 80%, 85%,
90%, 95% or 99% identity to the wild-type AAVS capsid.

The rAAYV of any one of the preceding claims, wherein the rAAV further comprises a

WPRE sequence.

The rAAV of claim 7, wherein the WPRE sequence is a naturally-occurring WPRE

sequence.

The rAAYV of claim 7, wherein the WPRE sequence is a modified WPRE sequence.

The rAAV of claim of any one of the preceding claims, wherein the rAAV further

comprises a liver-specific promoter.

The rAAYV of claim 10, wherein the liver-specific promoter is a transthyretin

promotor (TTR).
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

The rAAYV of any one of the preceding claims, wherein the rAAV comprises a cis-

acting regulatory module (CRM).

The rAAV of claim 12, wherein the vector comprises one, two, three, four, five or

more CRM repeats.

The rAAYV of claim 12 or 13, wherein the CRM is CRMS.

The rAAV of any one of the preceding claims, wherein the rAAV further comprises

an intron upstream of the PAH sequence.

The rAAV of claim 15, wherein the intron is a minute virus of mice (MVM) intron.

A method of treating phenylketonuria (PKU), comprising administering to a subject in
need of treatment a recombinant adeno-associated virus (rAAV) comprising

a codon-optimized sequence encoding a human phenylalanine hydroxylase
(PAH), wherein the codon-optimized sequence has at least 70% identity to one of

SEQ ID Nos: 11-27.

The method of claim 17, wherein administering the rAAYV results in a decrease in

plasma phenylalanine (Phe) level in the subject compared to a control.

The method of claim 17 or 18, wherein administering the rAAV results in an increase

in plasma tyrosine level in the subject compared to a control.

The method of any one of claims 17-19, wherein administering the rAAV results in an

increase in plasma tryptophan level in the subject compared to a control.

The method of any one of claims 18-20, wherein the control is the pre-treatment level

in the subject.
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22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

The method of any one of claims 18-20, wherein the control is a reference level based

on historical data.

The method of any one of claims 17-22, wherein the codon-optimized sequence has at

least 75%, 80%, 85%, 90%, 95% or 99% identity to one of SEQ ID Nos: 11-27.

The method of any one of claims 17-23, wherein the codon-optimized sequence is

identical to one of SEQ ID Nos: 11-27.

The method of any one of claims 17-24, wherein the rAAV encodes an AAV8 capsid.

The method of claim 25, wherein the AAV8 capsid is a modified AAVSE capsid with

improved liver tropism compared to the wild-type AAVS capsid.

The method of claim 25, wherein the AAV8 capsid has at least 70%, 75%, 80%, 85%,
90%, 95% or 99% identity to the wild-type AAYV capsid.

The method of any one of claims 17-27, wherein the rAAV further comprises a

WPRE sequence.

The method of claim 28, wherein the WPRE sequence is a naturally-occurring WPRE

sequence.

The method of claim 28, wherein the WPRE sequence is a modified WPRE sequence.

. The method of any one of claims 17-30, wherein the rAAV further comprises a liver-

specific promoter.

The method of claim 31, wherein the liver-specific promoter is a transthyretin

promotor (TTR).

The method of any one of claims 17-32, wherein the rAAV comprises a cis-acting

regulatory module (CRM).
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34.

35.

36.

37.

39.

40.

The method of claim 33, wherein the vector comprises one, two, three, four, five or

more CRM repeats.

The method of claim 33 or 34, wherein the CRM is CRMS.

The method of any one of claims 17-35, wherein the rAAV further comprises an

intron upstream of the PAH sequence.

The method of claim 36, wherein the intron is a minute virus of mice (MVM) intron.

. The method of any one of claims 17-37, wherein the rAAV is administered at dose of

about 1x10'° vg/kg, about 1x10'! vg/kg, about 1x10'* vg/kg, about 1x10" ve/kg,
about 1x10'* vg/kg, or about 1x10'° vg/kg.

The method of any one of claims 17-38, wherein the rAAYV is administered

systemically.

The method of any one of claims 17-38, wherein the rAAYV is administered

intravenously.
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