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Phenylketonuria is an inborn error of metabolism caused by
loss of function of the liver-expressed enzyme phenylalanine
hydroxylase and is characterized by elevated systemic phenylal-
anine levels that are neurotoxic. Current therapies do not
address the underlying genetic disease or restore the natural
metabolic pathway resulting in the conversion of phenylalanine
to tyrosine. A family of hepatotropic clade F adeno-associated
viruses (AAVs) was isolated from human CD34" hematopoietic
stem cells (HSCs) and one (AAVHSCI15) was utilized to deliver
a vector to correct the phenylketonuria phenotype in Pah®™*?
mice. The AAVHSCI15 vector containing a codon-optimized
form of the human phenylalanine hydroxylase cDNA was
administered as a single intravenous dose to Pah®™? mice
maintained on a phenylalanine-containing normal chow diet.
Optimization of the transgene resulted in a vector that
produced a sustained reduction in serum phenylalanine and
normalized tyrosine levels for the lifespan of Pah®™* mice.
Brain levels of phenylalanine and the downstream serotonin
metabolite 5-hydroxyindoleacetic acid were restored. In
addition, the coat color of treated mice darkened following
treatment, indicating restoration of the phenylalanine meta-
bolic pathway. Taken together, these data support the potential
of an AAVHSCI15-based gene therapy as an investigational
therapeutic for phenylketonuria patients.

INTRODUCTION

Phenylketonuria (PKU) is a genetic disorder of liver metabolism that
arises primarily from loss of function of the hepatic enzyme phenylal-
anine (Phe) hydroxylase (PAH), which is caused by mutations in the
PAH gene. In the presence of a co-factor, tetrahydrobiopterin (BH,),
PAH hydroxylates Phe to produce tyrosine (Tyr) and subsequently
dopamine, adrenaline, and melanin." Lack of functional PAH results
in hyperphenylalaninemia (HPA) after dietary intake of protein,
causing elevated systemic Phe levels. HPA also causes a neurometabolic
phenotype accompanied by cognitive impairment and behavior prob-
lems in patients on uncontrolled diets.>* PAH deficiency manifests as a
continuum of HPA phenotypes from mild HPA (blood Phe from 120
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to 360 umol/L) to severe, termed as classical PKU, which is the most
common form and clinically defined as blood Phe levels exceeding
1,200 pmol/L. If left untreated, classical PKU results in progressive,
irreversible neurological impairment during infancy and early
childhood. Classical PKU patients have neurocognitive issues even
when they are on a controlled, Phe-restricted diet after adolescence.”
The disease shows multiple characteristics such as hypopigmentation
in skin, hair, and eyes; eczema; growth retardation; and a mousy
odor caused by accumulation of phenylacetate and phenyllactate.”
There are more than 950 known mutations in the PAH gene, with
the vast majority being missense mutations.” Although recessively
inherited mutations in the PAH gene underlie most PKU cases, about
2% of the PKU patient population have a deficiency of the cofactor BH,
that can be corrected by oral supplementation of the missing cofactor.’
The cornerstone of current PKU therapy is restriction of Phe where di-
etary protein is replaced with a Phe-free liquid formula. The onerous
diet makes it difficult to balance nutrients and eventually leads to
lack of compliance,” with a serious impact on neurocognitive health.
Additionally, the reduction of dietary Phe intake does not restore Tyr
levels and subsequent neurotransmitter synthesis. Introduction of
functional PAH by gene therapy has the potential to correct the defi-
ciency in the metabolic pathway by addressing the underlying genetic
defect and provide a lasting effect following a single dose.

The most widely used murine model of PKU, the homozygous
Pah®™™? mouse, has a point mutation in exon 7 (c.835T>C;
p.F263S) resulting in approximately 1% of wild-type (WT) hepatic
PAH activity.® Blood Phe levels are increased 15- to 20-fold, and
hypopigmentation is observed due to reduced melanin production,
which manifests as lighter color fur.® These features recapitulate
classical PKU in humans, making this a valid model to evaluate the
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therapeutic potential of gene therapy approaches for the treatment
of PKU.

Early research has shown that liver-mediated gene therapy using an
adenovirus vector transiently reverses HPA in Pah®™? mice, but effi-
cacy was lost due to an immune response to the adenoviral capsid.’
Alternatively, adeno-associated viruses (AAVs) are non-pathogenic
viruses of lower immunogenicity that can mediate long-term
episomal transgene expression in non-dividing or slowly dividing
cells.'” PAH gene therapy using AAVs has been attempted in mice
by a number of groups using different routes of administration,
AAV serotypes, or vector designs.”''"'> More recently, Yagi et al."*
have reported that the intraperitoneal administration of a self-com-
plementary AAV8 expressing murine PAH under the control of a
liver-specific promoter to Pah®™ led to a reduction of serum Phe
to normal or near-normal levels up to a year following administra-
tion. No published report has demonstrated sustained correction in
a murine model of PKU following a single intravenous (i.v.)
administration of human PAH at low doses of viral vectors.

In the studies described herein several vectors were screened and
packaged in recombinant AAVHSCI5, a clade F AAV isolated
from human hematopoietic stem cells.'"> Two of the vectors tested
reduced blood Phe within a week of administration and darkened
coat color in Pah®™? mice, a sign of restoration of melanin produc-
tion. The administration of an AAVHSCI5 containing a ubiquitous
promoter (AAVHSC15-chicken B-actin [CBA]-PAH) rescued the
high blood Phe phenotype within a week at a dose approximately a
log lower than previously reported,™'' ™" but the reduction of serum
Phe was transient. Further optimization including the use of a liver-
specific promoter and a codon-optimized human PAH cDNA
resulted in a vector (AAVHSC15-PAH) designated HMI-102. A
single i.v. dose of HMI-102 restored the underlying loss of function
of PAH activity caused by mutations in the PAH gene, achieved a sus-
tained reduction of serum Phe, and normalized serum Tyr levels for
the lifespan of Pah®™"* mice at a 10-fold lower dose than AAVHSC15-
CBA-PAH. In addition, brain levels of Phe and 5-hydroxyindoleacetic
acid (5-HIAA) were restored. Taken together, these data support
further development of AAVHSCI5-PAH as an investigational
gene therapy candidate for PKU.

RESULTS

Characterization of the Pah®"? Mouse

The Pah®™? mouse model has a homozygous missense mutation
(F263S in exon 7) in the active site of PAH, resulting in 1% of WT
activity.” Mutations in exon 7 are common in PKU patients in a
compound heterozygous context.'® Impaired Phe metabolism re-
duces production of Tyr and eumelanin and is responsible for
hypopigmentation in Pah®™? mice. Mutant Pah®™** males are smaller
and weigh less than WT males (29.5 + 4.5 g compared to 38.3 2.2 g;
p < 0.001, Figure SIA).

The murine model has several features consistent with the classical
PKU phenotype, notably high blood Phe levels compared to the

parent strain (1,458 + 378 pM as opposed to 92.6 + 37.6 uM;
p < 0.0001) when maintained on a Phe-containing normal chow
diet. Tyr levels show an inverse trend with lower levels in mutant
mice (21.3 + 5.7 uM as opposed to 83.5 + 34.6 uM; p < 0.0001).
The average lifespan of male Pah®"? mice was 235.5 days and that
of female Pah®™?
ure S1B). This is consistent with literature reports indicating that
the background strain (BTBR) for the Pah®*> mouse has a reduced

lifespan compared to other mouse strains such as C57BL/6]."”

mice was 157 days on a normal chow diet (Fig-

AAVHSC15-CBA-PAH Administration Corrected the PKU
Phenotype In Vivo

The vector containing the human PAH cDNA flanked by the CBA
promoter and the SV40 polyadenylation sequence was packaged
into AAVHSCI15. The expression cassette was designated
AAVHSC15-CBA-PAH. This capsid was chosen based on its hepatic
tropism previously observed.'®'” To assess whether AAVHSCI15-
CBA-PAH could restore Phe metabolism in vivo, groups of four
male Pah®™™ mice were injected with a single iv. dose of
AAVHSC15-CBA-PAH at various dose levels, that is, 1.6 x 10},
5 x 10, 1.6 x 10'2, and 5 x 10'? vector genomes (VG)/mouse.
Phe and Tyr levels were measured in blood collected immediately
prior to dosing and then at weekly intervals for 4 weeks.

At all doses, injected mice showed a dose-dependent reduction in Phe
levels and a concomitant increase in Tyr levels in the blood within
1 week of vector administration (Figure 1A). Phe levels rebounded
and Tyr levels declined in mice treated with the two lower doses of
AAVHSC15-CBA-PAH (Figures 1A and 1B). Similar findings were
observed in female Pah®™“? mice (data not shown).

A second study was performed using a group of six male mice dosed
at 2 x 10'> VG/mouse with AAVHSC15-CBA-PAH to examine
hepatic transduction, human PAH expression, and PAH enzyme ac-
tivity. All mice treated with AAVHSC15-CBA-PAH showed dark-
ened coat color (Figure 1C) and a reduction in serum Phe levels
within 1 week of administration, which was sustained to the end of
the 4-week study (Figure 1D). At study termination, VG levels were
1.2 x 10° VG/ug of DNA in the liver of treated mice (Figure 1E), indi-
cating the high liver tropism of the AAVHSCI15 capsid. The presence
of human PAH VGs in the liver was associated with increases in
human PAH mRNA (Figure 1F) and restoration of PAH enzyme
activity to approximately 20% of the levels observed in WT mice (Fig-
ure 1G). These data are consistent with liver repopulation studies
conducted in PKU-deficient mice by Hamman et al.”’ using
hepatocytes from WT or heterozygous Pah mice demonstrating
that blood Phe levels within the normal range were observed when
approximately 10% of the hepatocytes expressed PAH.

Vector Optimization to Increase the Efficacy of AAVHSC15-
Based Gene Therapy

Durability of expression and phenotypic correction are key criteria for
a successful gene therapy approach. To evaluate whether expression
of PAH was sustained, groups of five male Pah®™? mice were dosed
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Figure 1. Treatment of Pah®"2 Mice with
AAVHSC15-CBA-PAH

(A and B) Serum Phe (A) and serum Tyr (B) levels in
7-week-old male Pah®™2 mice following intravenous
administration via tail vein injection of vehicle or
AAVHSC15-CBA-PAH at various doses. Serum Phe and
Tyr concentrations were determined weekly for the
duration of the study as described in Materials and
Methods. (C) Pigmentation phenotype correction
observed in male Pah®™2 mice treated with AAVHSC15-
CBA-PAH at 2 x 10" VG/mouse. (D) Serum Phe levels in
7-week-old male Pah®™2 mice following intravenous
administration of vehicle (n = 4) or 2 x 10'? VG/mouse of
AAVHSC15-CBA-PAH (n = 6). (E) Vector genome con-
centrations in liver of Pah®™? mice treated with vehicle or
2 x 10" VG of AAVHSC15-CBA-PAH 4 weeks after
administration. Vector genomes were determined from
genomic DNA extracted from liver samples as described
in Materials and Methods. (F) Liver human PAH and mu-
rine MRNA Hprt levels in Pah®™? mice treated with vehicle
(n=4)or2 x 10" VG of AAVHSC15-CBA-PAH (n = 6)
were determined 4 weeks after administration by gRT-
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AAVHSC15-CBA-PAH-treated Pah®™2 mice 4 weeks
after administration. PAH activity was determined in liver
tissue homogenates by LC-MS/MS as described in Ma-
terials and Methods. PAH activity levels were expressed
as the percentage of PAH activity levels measured in liver
homogenates from wild-type mice. Data in (A)-(C) are
represented as mean + SD. Statistical significance
between groups in (E)-(G) was determined by the
Student’s t test.
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with AAVHSC15-CBA-PAH at 1.6 x 10'* and 5 x 10'? VG/mouse,
the two higher doses tested previously. Both doses showed a reduction
of Phe to normal levels (81.1 = 32.5 uM; p < 0.0001) within 1 week
(Figure 2A). The highest dose tested led to a sustained reduction in
serum Phe for 12 weeks, the duration of the study (Figure 2A).
Injected mice showed a dose-dependent accumulation of VGs and
mRNA levels (Figures S2A and S2B). The absence of sustained reduc-
tion of serum Phe at the low doses tested prompted modifications in
the construct design to increase the efficacy of the vector. Several new
constructs, including changes in promoters and codon optimization,
were made (Figure 2B). Codon optimization was used to identify a
cDNA sequence for the human PAH gene that would exhibit elevated
and durable levels of human PAH mRNA in mouse liver.

Two methods were used to optimize transgene expression: variation
in the number of cytosine-guanosine (CpG) dinucleotides in the
PAH c¢DNA and the codon adaptation index (CAI). The CAI indi-
cates usage of highly expressing codons; that is, higher CAI values
indicate higher estimated protein expression. Nevertheless, the

570

Vehicle AAVHSC15-
CBA-PAH

higher CpG dinucleotide count within a construct increases the
potential likelihood of silencing mediated by CpG methylation,”'
degradation of the VG mediated by TLR activation,”* or degrada-
tion of RNA mediated by the zinc finger antiviral protein (ZAP).*
Predicted CAI and CpG dinucleotide counts for each sequence
obtained from the COOL program are shown in Figure 2C. An
increase along the x axis indicates higher predicted protein expres-
sion. Constructs that had a lower CpG content but higher potential
for durable expression compared to the unoptimized PAH sequence
(Figure 2C) were selected for testing. Tested cDNAs were compared
for relative identity and clustered together. The results are superim-
posed on a heatmap indicating relative identity between the algo-
rithm-generated sequences (Figure 2D). Sequences selected for
testing in vivo in Pah®™? mice are indicated as closed diamonds
and compared to the WT human PAH sequence (closed squares).

Single-stranded oligodeoxyribonucleotides that have a central CpG
core can stimulate immune cells”*** and lead to silencing or clearance
of the transduced hepatocytes and loss in efficacy. In order to test this
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Figure 2. AAVHSC15-CBA-PAH and Codon-Optimized AAVHSC15-CBA-PAH Versions Tested in Pah®™2 Mice

(A) Two doses of AAVHSC15-CBA-PAH (1.6 x 102 and 5 x 102 VG/mouse) were administered to 7-week-old Pah®™“2 mice by single tail vein administration and compared
to avehicle-treated control group. Serum Phe levels were assessed weekly for the duration of the study as described in Materials and Methods. (B) List of constructs designed
and tested. (C) Optimization of vector elements to yield new therapeutic vector designs. The human PAH gene was codon optimized bioinformatically to yield an aggregate of
usable sequences that were ranked on the codon adaptation index (CAl) and CG count. The plot displays predicted expression (CAl) and CpG count for optimized sequence
and the wild-type cDNA as calculated using the COOL program. Higher CAl values indicate higher predicted protein expression. (D) Tested cDNAs were compared for relative
identity and clustered. The table displays pairwise sequence identity between each sequence and is superimposed over a heatmap indicating the same. Dendrogram
displays relationship between cDNA and was calculated via hierarchical clustering. (E) Effect of codon optimization of the human PAH cDNA on serum Phe levels in Pah®u?
mice. Constructs 5 (#), 6 (A), 7 (@), and 8 (M) were administered at 2 x 102 VG/mouse intravenously via the tail vein. Serum Phe concentrations were determined every
4 weeks for the duration of the study as described in Materials and Methods. (F) Levels of vector genomes in liver samples from Pah®™2 mice treated with the various codon-
optimized human PAH vectors. Vector genomes were determined from genomic DNA extracted from liver samples as described in Materials and Methods. (G) Human PAH
mMRNA was determined in liver samples by gRT-PCR as described in Materials and Methods. Human PAH mRNA levels are expressed as a ratio of the amount of VGs
presents in the same liver samples. Data for (A) and (E) are represented as mean + SD.

(CBA) were injected into the Pah®* mice (n = 4) and assayed for
their ability to reduce serum Phe during 24 weeks post-injection (Fig-
ure 2E). No correlation between CpG content and efficacy was

hypothesis, a subset of vectors (namely constructs 5, 6, 7, and 8 con-
taining 22, 10, 7, and 23 CpG counts, respectively) optimized for CpG
counts in the human PAH ¢cDNA sequence under the same promoter
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Figure 3. Optimization of AAVHSC15-CBA-PAH

(A) Male Pah®™2 mice were treated by single tail vein administration of AAVHSC15-
CBA-PAH (construct 1) or four additional designs containing liver-specific
promoters (constructs 2, 3, 4, and 9). Serum Phe levels were determined as
described in Materials and Methods for the duration of the study. Data are repre-
sented as mean + SD. (B) Liver VG levels for all constructs tested. Vector genome
levels were determined as described in Materials and Methods. (C) Human PAH
mRNA and murine Hprt levels were determined by RT-PCR as described in
Materials and Methods.

observed. Construct 5 reduced and maintained serum Phe levels for
the duration of the study while a loss of efficacy was observed with
the unoptimized WT cDNA sequence vector (construct 8) despite
having similar CpG counts of 22 and 23 CpG for constructs 5 and
8, respectively. Similarly, construct 7 (Figure 2E, closed circles)

Molecular Therapy: Methods & Clinical Development

showed a rebound in blood Phe levels in spite of having three times
lower CpG counts than construct 5. Construct 6 showed more sus-
tained efficacy than construct 7 despite having more CpG counts of
10 and 7 CpG for constructs 6 and 7, respectively. Taken together,
these findings indicate that the number of CpG counts in the PAH
cDNA is not sufficient to explain the differences in efficacy observed
in Pah®™? mice. Similar hepatic VG levels were observed in all groups
at the termination of the study (Figure 2F), indicating comparable
hepatic transduction by all designs tested. The ratios of mRNA to
VG were similar across different codon-optimized designs, further
supporting the hypothesis that the CpG content within the human
PAH cDNA does not affect the mRNA levels or efficacy of the tested
constructs (Figure 2G).

We hypothesized that enhanced expression of the vector in the liver
at lower doses may require a combination of a liver-specific
promoter and a hepatotropic capsid. Thus, we developed chimeric
promoters from combinations of the human apolipoprotein E/C-I
hepatic control region enhancer (HCR1) and genes that express a
large number of transcripts such as the alphal antitrypsin gene
(SERPINAT1) and the elongation factor 1 alpha (EF1a) to make three
constructs: constructs 3, 4, and 9. A computationally derived
chimeric promoter containing the hepatocyte-specific cis-regulatory
module (HS-CRM8) was combined with the transthyretin (TTR)
promoter to make construct 2.”° Construct 1 contained CBA as a
ubiquitous promoter and was used as a reference. All designs were
generated by using the same codon-optimized version of the human
PAH containing 22 CpG counts, packaged in AAVHSC15, and
tested at a dose of 2 x 10" VG/mouse. All vectors with liver-specific
promoters normalized blood Phe levels in Pah®™? mice within the
first week of administration and sustained the phenotypic correction
out to 48 weeks. In contrast, construct 1, containing the ubiquitous
CBA promoter, showed a loss of efficacy over time (Figure 3A). In
this study, constructs 2, 3, 4, and 9 containing liver-specific
promoters were administered at a log-lower dose than the dose
tested for construct 1. Liver concentrations of VGs did not differ
significantly among all liver-specific promoter designs when
compared to construct 1 (Figure 3B). Hepatic PAH mRNA levels
were significantly higher (Figure 3C, p < 0.01) in Pah®™? mice
treated with AAVHSCI5 vector containing liver-specific promoters
(constructs 2, 3, 4, and 9) when compared to the AAVHSCI5 vector
design containing a ubiquitous CBA promoter (construct 1). Based
on these findings, construct 9 was selected for further experiments.

Optimized Vector Efficiently Corrected PKU in Pah®™2 Mice

To assess the efficacy of the optimized vector AAVHSC15-PAH
(construct 9), Pah®™? male mice were dosed at 4 x 10'! VG/mouse
(n = 4 per group), a dose 10-fold lower than that used for the non-
optimized AAVHSC15-CBA-PAH vector. Treated mice showed
darkened coat color (data not shown) and a reduction in serum
Phe within 1 week of administration (Figure 4A) that persisted until
the end of the study at 12 weeks. All cohorts of mice sacrificed at
earlier time points showed the same kinetics on Phe lowering. Vector
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genomes in livers declined from week 1 to week 2 after the dose and
remained stable from 2 to 12 weeks (Figure 4B).

While this study was underway, a long-term single i.v. dose efficacy
study with AAVHSC15-PAH was initiated in male and female
Pah®™? mice fed ad libitum a normal chow diet for the duration of
the study. Serum Phe and Tyr levels were assessed for 48 weeks. The
48-week time point was chosen for terminal sacrifice, as it is consistent
with the lifespan of the model. A single-dose i.v. administration of
AAVHSCI15-PAH at 4 x 10" VG/mouse in males (Figure 4C) and
9 x 10" VG/mouse in females (F igure 4E) reduced blood Phe concen-
trations to normal levels within 1 week following administration (55 £
24 uM in males and 54 + 4 pM in females). Mean serum Phe concen-
trations remained below 120 uM and consistent with normal levels
during the course of the 48-week study in both male (mean, 101 +
38 pM) and female (mean, 94 + 38 puM) mice. A corresponding
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. 2 .
decreased in Pah®™"* mice when compared to

WT parental mice (Figure 5B, p < 0.001), sug-
gesting that the Pah*™?
mitter deficits observed in PKU patients.”® Treatment with
AAVHSCI15-PAH was associated with increases in levels of
5-HIAA in brain, reaching levels comparable to those found in the
parental strain at 4 weeks post-dose (Figure 5B). In addition, Phe

mice reflect neurotrans-

levels in the brains of Pah®™? mice were decreased to levels observed
in WT mice 4 weeks following the administration of AAVHSCI15-
PAH (Figure 5C). Restauration of normal brain Phe levels and
concomitant increases in brain 5-HIAA were also seen in female
Pah®™2 mice (data not shown). These findings support the potential
of a liver-mediated PAH gene therapy to address the elevated Phe
levels observed in the brain tissue of PKU patients.*

AAVHSC15-PAH Restored Phe Levels in the PKU Mouse Model
in a Dose-Dependent Manner

In order to determine the pharmacologically effective dose range of
AAVHSC15-PAH, we conducted a dose-ranging efficacy study in
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Pah®™? mice. In this study, AAVHSC15-PAH was administered by a
single i.v. injection via the tail vein at one of five doses over approx-
imately a 1.5-log range. Mice were sacrificed 4 weeks after dosing. A
dose-responsive decrease in blood Phe was observed over the course
of the study, in both male and female mice. As shown in Figures 6A
and 6B, after treatment with 2 x 10*! VG/mouse AAVHSC15-PAH,
serum Phe levels in male mice were 127 + 106 uM on day 8, as were
those in female mice treated with 4 x 10'' VG/mouse (150 *
144 uM). The group mean Phe concentrations for male mice treated
with 4 x 10}, 8 x 10'%, and 1.6 x 10'? VG/mouse and female mice
treated with 8 x 10" and 1.6 x 10'* VG/mouse were below 120 uM
at all intervals and maintained for the duration of the study. A
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Figure 5. Restoration of Phe and 5-HIAA Levels in
the Brain of Pah®™2 Mice

(A) Tryptophan metabolic pathway leading to the forma-
tion of 5-HIAA. (B) Brain levels of the serotonin metabolite
5-HIAA in vehicle or AAVHSC15-treated Pah®™? mice and
parental BTBR mice. Brain 5-HIAA levels were determined
as described in Materials and Methods. (C) Brain Phe
levels in the brain tissue of vehicle- or AAVHSC15-treated
Pah®"? and parental BTBR mice. Statistically significant
differences were determined by the Students’ t test. p <
0.0001, vehicle versus AAVHSC15-PAH treated PAH®™2
mice.

5-Hydroxy

Acetate

corresponding increase in serum Tyr was
observed relative to baseline and vehicle control
in all mice at all doses evaluated (Figures 6C and
6D). As shown in Figure 6B, female Pah®™?
mice had an approximately 34% higher level of
serum Phe at baseline than that in males
(1,400 + 95 pM and 1,048 + 108 uM,
respectively. At lower doses (I x 10'' and
2 x 10M VG/mouse), female mice showed
higher levels of blood Phe following treatment
with AAVHSC15-PAH when compared to
male Pah®™? mice.

Analysis of liver samples was also performed to
assess the level of vector genomes 28 days
following administration of AAVHSC15-PAH
(Figures 7A and 7B). All mice treated with
AAVHSC15-PAH had detectable levels of vec-
tor genomes. The levels increased in both male
and female mice with each increasing dose level.
Notable differences between male and female
mice in the levels of AAVHSC15-PAH vector
genomes were observed. The levels of vector
genomes in the male mice were 1.7- to 3.2-fold
higher when compared to female mice, consis-
tent with the sex difference in AAV transduc-
tion previously reported in mice.’® As with the
vector genome results, the levels of expression
increased with each dose level, and differences
were noted between male and female mice (1.5- to 2.8-fold higher
in males compared to females; data not shown).

Liver samples were also collected for PAH enzyme activity, and results
are shown in Figures 7C and 7D. A dose-dependent increase in PAH
activity was observed. At the highest dose tested (1.6 x 10'> VG/mouse),
PAH activity was 98% + 67% and 37% + 11% of WT levels in males and
females, respectively. Mean PAH activity was above 10% of WT levels at
doses up to and above 2 x 10" VG/mouse (16% = 8%) in males and 4 x
10" VG/mouse (12% = 5%) in females 28 days following AAVHSC15-
PAH administration and at sufficient levels to restore serum Phe to
levels below 120 uM.
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Figure 6. Dose Range Efficacy Study in Male and
Femal
Males eémales Female Pah®"2 Mice following Administration of
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treatment strategies also include dietary restric-
tion of Phe with or without augmentation of
residual hepatic PAH activity by delivery of the
BH, cofactor necessary to metabolize Phe.

In the present study, we showed that gene therapy
has the potential to restore the underlying deficient
biochemical pathway. Providing copies of the
human PAH gene to produce functional enzyme
would enable metabolism of Phe to its normal
by-products and decrease its toxic accretion.

AAVs are potentially suitable gene therapy
delivery vehicles given their tissue tropism
and limited immunogenicity. Previous studies
indicate that the presence of anti-AAV neutral-
izing antibodies, even at low titers, can block

Weeks post Injection

DISCUSSION

PKU is an inborn error of Phe metabolism primarily caused by
mutations in the PAH gene.’' At present, a strict low-Phe diet is the
standard of care for most PKU patients.32 Compliance, however, is
poor and such diets are also low in long-chain polyunsaturated fatty
acids (LCPUFAs) and docosahexaenoic acid (DHA), both of which
are important in neurological development.**** Dietary Phe restriction
does not address the underlying genetic deficiency of PAH, leading to
the deficiency of Tyr and related downstream metabolites observed in
patients with PKU. PKU patients have persistent white matter lesions,
subtle neurologic changes, mood and behavior disturbances, and quality
of life concerns even when their Phe intake is well controlled.”***>*°

Initial enzyme replacement studies with functional PAH did not prove
effective for PKU.”>*® Subcutaneous administration of an alternative
enzyme that breaks down Phe in the blood, Phe ammonia lyase (PAL,
EC 4.3.1.5), has shown effectiveness in reducing the blood concentra-
tion of Phe. PAL is an enzyme normally present in plants and fungi

Weeks post Injection

the transduction and compromise the effec-
tiveness of AAV-based therapy in both preclin-
ical and clinical studies.'™***' Two of the
AAVHSCs (AAVHSC15 and AAVHSC17)
were tested against a panel of human sera samples and were shown
to have a low seroprevalence of neutralizing antibodies.'® Successful
correction of PKU in the established PKU mouse model using re-
combinant AAVs (rAAVs) carrying PAH has been shown by several
laboratories, although the therapy was less effective in female
mice.>** Similar sex-specific differences were observed in our
studies consistent with literature reports.”” Interestingly, enzyme
substitution therapy using pegylated PAL,*> which acts by a
different mechanism than PAH gene replacement also showed lower

2 . . .
h®™* mice. Sex-based differences in transduc-

efficacy in female Pa
tion by AAVHSCs in non-human primates'® or even sex-based dif-
ferences in basal Phe levels of human patients** have not been re-
ported, suggesting that the sex-based difference appears to be a
characteristic specific to the PKU mouse model. Other than
the sex-specific response to therapy, Pah®™? mice recapitulate
several symptoms of human patients with PKU and represent a
well-established model to test the efficacy of investigational
therapies for PKU.

Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020 575


http://www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development

Ma|es Fema|es -Flgure 7. Vector Genomes a2nd_PAH Enzxme Activity
in Male and Female Pah®™"“ Mice following
..a-- Vehicle 0. Vehicle Administration of AAVHSC15-PAH
== % 1011 VGs —— 1x10" VGs (Aand B) Liver VG concentrations in males (A) and females
—— 2x10"" VGs —o— 2x 10" VGs . )
—— 4x10" VGs o arion vos (B) at all dosles tested llﬂ the dose range effllcacyl study
—— 8x 10" VGs —o— 8x10" VGs were determined following the protocol described in Ma-

—— 1.6x10'? VGs —— 16x10" VGs terials and Methods. (C and D) PAH activity levels in males
(C) and females (D) were determined from liver homoge-
nates as described in Materials and Methods and
A B expressed as percentage of the PAH activity measured in
108 . the wild-type BTBR parental strain. Data in (C) and (D) are
!f 10 expressed as mean + SD.
107 g2 1 7 &
< - < 10 ¥
Z i =z ¥
106 p 6 o
[a) a 10 - T
[&)] o 3 °
= 108 = 108 As demonstrated in studies on mouse models
(>D 104 Q 104 for Pompe disease and GSDI1b, promoter
T T specificity can determine the efficacy of a given
3 . P
X 10 g 10 vector design by restricting the transgene
102 1022 expression to the intended tissue,” >° avoiding
cytotoxic T lymphocyte (CTL)-mediated
toxicity and resulting in the clearance of the
transduced cells and loss in therapeutic
C D effects.”® We tested several liver-specific pro-
2o 100 moters on a side-by-side comparison between
> > . L
. S AAVHSCI15 vectors containing ubiquitous or
*g 150 *g liver-specific promoters and demonstrated a
T T significant difference in hepatic mRNA levels
g 100 S E consistent with the hypothesis that promoter
E E specificity improves the efficacy of the
‘S 50 i A ‘S therapeutic cassette.
4 N - 4 ¢ ? ¢ g
o) Y N . 0 The PKU mice developed by Shedlovsky et al.®

Effectiveness of a gene therapy vector is a function of delivery to
the target tissue, efficacy of the expression cassette, and durability
of effect. We pursued a multipronged approach to develop an
AAV-based therapy for PKU by combining a hepatotropic capsid
with the human PAH gene and liver-restricted expression.* **
This combination lowering the
while achieving long-term and sustained efficacy in the murine
model.

allowed for vector dose

Construct 1, the vector containing the ubiquitous promoter
(AAVHSCI15-CBA-PAH), restored clinically relevant levels of
PAH enzyme activity that were accompanied by the normalized
blood Phe levels in Pah®™* mice within the first week of administra-
tion. Normalization of blood Phe levels was transient despite the
presence of high levels of vector genomes in the liver, suggesting
that the loss of efficacy was not due to poor transduction but rather
low levels of PAH mRNA and, consequently, insufficient levels of
PAH activity. Optimization of CpG dinucleotide repeats within
the PAH sequence to address potential immune-related loss of
transduced cells and efficacy*”” was unsuccessful in restoring
long-term efficacy.
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(Pah®™™?/BTBR) survive for approximately

60 weeks in our laboratory; thus, all long-term
studies were carried out until 48 weeks post-injection since mice
were injected as adults at 7 weeks of age. In the studies described
herein, several vectors demonstrated potential in delivering the hu-
man PAH gene at levels sufficient to restore PAH enzyme activity
for the lifespan of the Pah®™™? mice even in the presence of a consis-
tent and normal influx of Phe from the diet.

In conclusion, this work describes the identification of an investiga-
tional gene therapy for PKU designated HMI-102 based on a novel
optimized AAVHSCI15 that was isolated from human CD34"
hematopoietic stem cells and injected i.v. to deliver a corrected
copy of human PAH. Taken together, the findings from these studies
demonstrate that liver-restricted expression of a codon-optimized
version of human PAH resulted in the persistence of VGs in the liver
accompanied by durable hepatic expression of human PAH mRNA
and PAH enzyme activity levels sufficient to restore the natural meta-
bolic pathway throughout the lifespan of the Pah®™*> mouse model, as
shown by the normalization of serum and brain Phe, Tyr, and
5-HIAA levels. Collectively, these data support the potential of a
gene therapy approach for PKU that could reduce Phe to normal
levels and substantially restore the natural biological pathway.
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MATERIALS AND METHODS

Vector Design

ssAAV (single-stranded AAV)/CAG-hPAH (human PAH) plasmid
was used to build the vector construct 1 with the CBA promoter:
CMYV immediate early enhancer and codon-optimized human PAH
cDNA, followed by the SV40 early polyadenylation signal. Construct
1 was used to generate AAVHSC15-CBA-hPAH by cloning into a
plasmid containing AAV2 inverted terminal repeats (ITRs).

The self-complementary AAV vector AAVHSC15-PAH (construct 9)
was developed with a 2,093-bp synthetic double-stranded DNA
(dsDNA) gBlock fragment (IDT) that was subsequently PCR ampli-
fied and joined to an AAV2 ITR-containing plasmid by Gibson
Assembly. It included a hybrid liver-specific promoter, with a
codon-optimized form of the PAH gene (NCBI GenBank:
NM_000277.2), and an SV40 late polyadenylation signal. The pro-
moter contained a hepatic control region (HCR1), the SERPINAI
(AAT) promoter, and 5 UTR. The total construct size was 2,356 bp.

Construct 2 contained the HS-CRMS8-TTR promoter as previously
described™ (PMID: 30700722). Construct 3 contained HCR1, the SER-
PINA1 promoter, and modified 5 UTR from the construct described in
Picanco-Castro et al.”
combined with human EFla promoter with a 104-bp truncation,
derived from the pEFIRES-P-mCherry-HPos plasmid. All constructs
had the same PAH c¢cDNA sequence. Promoters for constructs 2 and
3 were synthesized as 424- and 1,191-bp dsDNA gBlocks, respectively.
The promoter for construct 4 was synthesized as an 1,832-bp fragment
(Genscript), which was subsequently PCR amplified and cloned into
the same hPAH/SV40 pA plasmid as described above by Gibson
Assembly. All constructs were cloned into a plasmid containing
AAV2 ITRs. All constructs were fully sequenced and verified. Vector
genomes were packaged into AAVHSCI15, a clade F AAV isolated
from human CD34" human peripheral blood stem cells."’

Construct 4 contained the HCR1 enhancer

The WT PAH cDNA was modified based on individual codon us-
age, codon context, codon adaption index, and low CpG count
relative to the human genome by the COOL codon optimization
tool. COOL generated 56 codon-optimized cDNAs. A subset of
five cDNAs was selected for screening. The percentage identity
was determined in a pairwise manner for cDNA sequences by
the Geneious program. cDNA heatmaps and clustering were per-
formed with the pheatmap package in R. Additional codon optimi-
zation was performed with Genscript’s OptimumGene tool (US
patent no. 8,326,547).

Production of AAV Vectors

AAVHSCI15 vector stocks were produced by transient triple transfec-
tion of HEK293 cells and CsCl gradient sedimentation as previously
described,”” and formulated in a buffer consisting of 5% sorbitol and
0.001% pluronic F-68 in PBS (pH 7.6). Vector preparations were titered
by droplet digital PCR (ddPCR), purity of vectors was assessed by 4%-
12% sodium dodecyl sulfate (SDS)-acrylamide gel electrophoresis and

silver staining (Invitrogen, Carlsbad, CA) and morphological integrity
of virions was assessed by transmission electron microscopy of nega-
tive-stained rAAV virions at Electron Microscopy Core (UMass Med-
ical School, Worcester, MA). Vector genome titers were determined by
ddPCR analysis using the following SV40 primers and probe—forward,
5'-CCAGACATGATAAGATACATTGATGAGTT-3, reverse, 5'-AG
CAATAGCATCACAAATTTCACAA-3'; probe, 5-AGCATTTTTT
TCACTGCATTCTAGTTGTGGTTTGTC-3—or the following set
for the human PAH sequences: forward, 5-GTACTATGTGGC
CGAGTCTTT-3'; reverse, 5-GTATTATCCAGCACCTCGATCC-3';
probe, 5'-ACGATGCCAAGGAGAAGGTGAGAA-3'.

Animal Procedures

Colonies of PKU mice, BTBR-Pah®™2, and their parental strain,
BTBR (obtained from Jackson Laboratory, Bar Harbor, ME, USA),
were maintained in the animal facility at Homology Medicines, Inc.
under standard laboratory conditions (temperature, 20°C -24°C;
relative humidity, 50%-60%; 12-h light/12-h dark cycle). Animals
were supplied with standard chow (PicoLab 5058, providing approx-
imately 25% of energy as protein and containing 0.97% Phe) and ster-
ile water ad libitum. For experiments, 7-week-old adult males were in-
jected with AAV particles into tail veins using a 1-mL syringe with a
28-gauge needle. For Phe monitoring, blood was collected from the
facial vein, and serum or plasma was extracted and evaluated for
Phe and Tyr levels. All procedures were approved by the Institutional
Animal Care and Use Committee at Homology Medicines, Inc. No
changes in survival were observed in mice treated with AAVHSC15
when compared to control untreated mice.

Determination of Phe and Tyr by RapidFire-MS

Blood samples were taken as described above and analyzed using a
RapidFire 300/Sciex API 4000 QqQ mass spectrometer (MS). Stan-
dard curve and internal standards were 2 mmol/L '*Cg-Phe and
0.2 mmol/L "*Co-Tyr in water. The RapidFire-MS protocol, as devel-
oped, provided a linear signal up to 20 pmol/L with a lower limit of
quantitation approximately 10 nmol/L. Prior to analysis, samples
were diluted 250-fold in high-pressure liquid chromatography
(HPLC) water. Following analysis on the Rapidfire-MS, the calculated
peak areas of the eight *Co-Tyr and '*C4-Phe concentrations were
plotted versus the internal standard concentrations. The linear fit
for the eight data points (including the blank where only background
signal should be detected) had an R* correlation value of 0.97 or
higher. The average peak area of the eight injections for each sample
for both Phe and Tyr fell within the linear range of the internal stan-
dard injections and had a CV of 15% or better, or was retested. The
stable isotope standard curves for 13Cg-Tyr and *C4-Phe were used
to calculate the unknown concentrations of Phe and Tyr in each
specimen.

Determination of Vector Genome Copy Numbers in Liver
Samples

rAAV genomes were quantified in 1-pg samples of genomic DNA
extracted from mouse livers using the QIAamp DNA mini kit for
quantitative detection of vector genome copies by TagMan probes
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(Applied Biosystems, Foster City, CA, USA) with a single-copy
endogenous glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene as the diploid cell number reference. A TaqgMan real-time
PCR kit was run with primer sets that amplified regions of the
hPAH or SV40. Briefly, isolated DNA was tested for purity and con-
centration by spectrophotometry. PCR reactions were performed in
20 pL of final volume using the 2x Universal TagMan master mix
(Applied Biosystems, Foster City, CA, USA) supplemented with
100 nM each of sense and antisense primer, and 2 pL of diluted tem-
plate DNA (either plasmid standard or extracted sample DNA ac-
cording to the manufacturer’s instructions). All samples and controls
were run in three replicates of 20 pL of reactions in alternate rows of a
384-well optical plate. The PCR profile contained an initial denatur-
ation step at 95°C for 10 min followed by 40 cycles of denaturation at
95°C for 15 s and annealing or extension at 60°C for 1 min. Data anal-
ysis was performed using Applied Biosystems QuantStudio software
v1.3. The sensitivity of the assay was 10 copies/150 ng of cellular
DNA. Samples were evaluated for vector biodistribution using the
following primers and probes: SV40, forward, 5'-CCAGACATG
ATAAGATACATTGATGAGTT-3, reverse, 5-AGCAATAGCATC
ACAAATTTCACAA-3, probe, 5-AGCATTTTTTTCACTGCAT
TCTAGTTGTGGTTTGTC-3'; human PAH, forward, 5-GTACT
ATGTGGCCGAGTCTTT-3, reverse, 5-GTATTATCCAGCACCT
CGATCC-3, probe, 5'-ACGATGCCAAGGAGAAGGTGAGAA-3'.

Determination of mRNA levels by qRT-PCR

A QIAGEN RNeasy Plus mini kit was used to extract mRNA from
mouse livers following the manufacturer’s protocol. RNA concen-
trations were determined by NanoDrop and subsequently
treated with DNase. Samples with a spectrophotometric ratio of
absorbance at 260 and 280 nm between 1.8 and 2.0 were considered
acceptable for use, diluted to 100 ng/uL, and reverse transcribed
to cDNA.

mRNA levels were measured by qRT-PCR using an Applied Bio-
systems QuantStudio 6 Flex system (Thermo Fisher Scientific).
Briefly, mRNA levels for PAH and the reference gene, hypoxanthine
guanine phosphoribosyl transferase (HPRT), were determined by
qPCR using specific sets of primers and probes as follows: human
PAH, forward, 5-GTACTATGTGGCCGAGTCTTT-3/, reverse, 5'-
GTATTATCCAGCACCTCGATCC-3/, probe, 5'-ACGATGCCAAG
GAGAAGGTGAGAA-3'; HPRT, forward, 5-GTTAAGCAGTAC
AGCCCCAAAATG-3, reverse, 5’-AAATCCAACAAAGTCTGGCC
TGTA-3', probe, 5-AGCTTGCTGGTAAAAGGACCTCTCGAA
GT-3'.

Data were collected in triplicate as Ct (threshold cycle) values, and
the AACt method was applied to calculate PAH mRNA levels
relative to the levels of the reference gene, HPRT. Results were
expressed as ratios of the gene-specific signal to the internal
reference signal, yielding a corrected relative value for the gene-
specific product in each sample. Samples with Ct values higher
than 32 or equivalent to water controls Ct were considered outside
the optimal ranges.

Molecular Therapy: Methods & Clinical Development

Determination of PAH Activity in Liver Samples

The liver PAH enzyme activity analysis was conducted using a
research-grade non-good laboratory practice (GLP) method devel-
oped at PureHoney Technologies (Billerica, MA, USA). Briefly,
approximately 50 mg of liver tissue was homogenized using a Pre-
cellys homogenizer. Protein concentration was assessed (Pierce
BCA [bicinchoninic acid] protein assay kit) and the homogenate
diluted with phosphate-buffered saline to a 1 mg/mL concentration
for use in the PAH enzyme assay. The 2x substrate solution (final
assay concentration of 200 mM potassium phosphate/150 mM potas-
sium chloride, 400 pg/mL catalase, 300 mM ammonium iron (II) sul-
fate, 2 mM dithiothreitol, 200 mM [13C6]-Phe, and 200 pM tetrahy-
drobiopterin in aqueous solution) and 2x enzyme solution (final
assay concentration of 200 mM potassium phosphate/150 mM potas-
sium chloride, 400 pg/mL catalase, 300 mM ammonium iron (II) sul-
fate, 2 mM dithiothreitol, and 400 pg/mL liver extract) were added to
a 96-well microplate and incubated at room temperature for a speci-
fied time period (during this time period, any PAH present in the liver
sample converts Phe to Tyr through oxidation). The enzyme reaction
was quenched by the addition of 10 LL of 10% formic acid containing
5 uM ["*Co]-Tyr. Samples were then analyzed by the RapidFire liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method.

The slope was determined for each individual sample within the
linear range, either from 0 to 10 min or from 0 to 15 min. The back-
ground for the assay was determined by taking the average of the
vehicle control and subtracted from the slope of each individual ani-
mal as well as from the control samples.

Determination of 5-HIAA

Mouse brains were homogenized in PBS and vortexed for 15 min. Ly-
sates were spun down at maximum speed for 5 min to clarify the
debris, and the supernatant was extracted with a 50:50 mixture of
methanol and acetonitrile. Extract was clarified by vortexing at high
speed and centrifugation at 16,000 rpm for 15 min. Supernatant
was transferred to an amber liquid chromatography vial and diluted
with deionized water to prepare for LC-MS/MS injection. 5-HIAA-d5
was used as an internal standard.
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