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Abstract

Phenylketonuria (PKU) is the most common inborn error of metabolism of the

liver, and results from mutations of both alleles of the phenylalanine hydroxy-

lase gene (PAH). As such, it is a suitable target for gene therapy via gene deliv-

ery with a recombinant adeno-associated virus (AAV) vector. Here we use the

synthetic AAV vector Anc80 via systemic administration to deliver a functional

copy of a codon-optimized human PAH gene, with or without an intron

spacer, to the Pahenu2 mouse model of PKU. Dose-dependent transduction of

the liver and expression of PAH mRNA were present with both vectors,

resulting in significant and durable reduction of circulating phenylalanine,

reaching near control levels in males. Coat color of treated Pahenu2 mice

reflected an increase in pigmentation from brown to the black color of control

animals, further indicating functional restoration of phenylalanine metabolism

and its byproduct melanin. There were no adverse effects associated with

administration of AAV up to 5 � 1012 VG/kg, the highest dose tested. Only

minor and/or transient variations in some liver enzymes were observed in

some of the AAV-dosed animals which were not associated with pathology

findings in the liver. Finally, there was no impact on cell turnover or apoptosis

as evaluated by Ki-67 and TUNEL staining, further supporting the safety of

this approach. This study demonstrates the therapeutic potential of AAV

Anc80 to safely and durably cure PKU in a mouse model, supporting develop-

ment for clinical consideration.
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1 | INTRODUCTION

Phenylketonuria (PKU, OMIM #261600)) is an autosomal
recessive inborn error of metabolism characterized by a
deficiency in phenylalanine hydroxylase (PAH, EC
1.14.16.1), a hepatic enzyme responsible for the conver-
sion of phenylalanine (Phe) to tyrosine (Tyr). PKU is pre-
dominantly caused by loss-of-function mutations in the
PAH gene, leading to disruption of the metabolic path-
way of Phe and its over-accumulation in the blood and
central nervous system. Severity is classified into three
categories on the basis of blood Phe concentrations: clas-
sical PKU (Phe >1200 μmol/L), mild PKU (Phe between
600 and 1200 μmol/L), and mild hyperphenylalaninemia
(Phe between 120 and 600 μmol/L).1 If untreated, PKU is
associated with progressive intellectual and behavioral
impairment, motor deficits, seizures, microcephaly, and
skin and hair hypopigmentation.2 PKU is typically identi-
fied through neonatal screening programs, and the
implementation of a Phe-restricted diet is sufficient to
prevent the majority of symptoms. However, high cost of
treatment, low compliance owing to unpalatability, and
the extant possibility of neuropsychological and neuro-
physiological complications3 make alternative treatments
to PKU desirable.

One such approach showing positive outcomes is an
adeno-associated virus (AAV)-based gene therapy
targeting a functional recombinant PAH gene to the
liver.4-6 AAV is a nonpathogenic, helper-dependent virus
capable of encoding a transgene cassette of up to 4.8 kb.
Upon delivery to the nucleus, the single-stranded AAV
genome is converted to double-stranded DNA and the
vector genome is concatemerized and circularized.7 In
human tissues, AAV vector genomes can persist in non-
dividing cells in this episomal form, sustaining long-term
expression of the transgene.8 Studies employing AAV-
mediated PAH gene therapy in mouse models of PKU
have achieved near-complete restoration of liver PAH
activity and the reversal of symptoms without dietary
limitations in Phe. However, challenges have emerged
with evidence of an attenuated long-term therapeutic
response in female mice compared to male mice.4,9

A recent notable advancement in AAV optimization
is the use of in silico techniques to identify new synthetic
serotypes such as AAV-Anc80, a predicted AAV ancestor
within the lineage of the commonly used AAV serotypes
1, 2, 8, and 9. Synthetic AAV capsid variants developed
from Anc80 have compared favorably to naturally occur-
ring AAVs, demonstrating broader transduction profiles,
reduced cross-reactivity, and higher stability and effi-
ciency as a gene transfer vehicle in retina, muscle, and
liver.10,11 Furthermore, because it is not a naturally
occurring AAV serotype, any restriction in the pool of

potential patients due to prior exposure and the presence
of serotype-specific neutralizing antibodies would theo-
retically be reduced. Anc80's promise as an alternative to
natural AAVs marks it as a compelling potential candi-
date for AAV-mediated PAH gene therapy. The aim of
this study therefore was to evaluate the transduction pro-
file and transgene expression efficiency in the Pahenu2

mouse model of PKU of two distinct Anc80 AAV vectors
expressing PAH, under the albumin enhancer and alpha
1 anti-trypsin (A1AT) promoter, constructed either with
or without a minute virus of mice (MVM) intron
spacer.12,13

2 | MATERIALS AND METHODS

2.1 | Animals and animal care

All mice were wild-type C57BL/6 or homozygous
C57BL/6-Pahenu2/enu2 (referred to as Pahenu2) background
and were obtained from Jackson Laboratories and bred at
Mayo Clinic. Animals were fed standard PicoLab Rodent
Diet 20 (LabDiet, St. Louis, Missouri), with 21% protein,
0.91% phenylalanine. Daily observations and weekly
body weight assessments were performed by trained ani-
mal technical staff with veterinary support from institu-
tion veterinarians. Animals were dosed intravenously via
orbital plexus at indicated dose levels. Animals were
sacrificed using CO2 asphyxiation followed by cervical
dislocation in adherence with institutional policies. Blood
samples were collected postmortem via the inferior vena
cava. Tissues were collected immediately after termina-
tion, dabbed to remove excess blood, and weighed for cal-
culation of ratios to terminal body weights.

2.2 | Cell lines

Huh7 (Japanese Collection of Research Bioresources Cell
Bank: 0403), Hepa1-6 (AddexBio C0015005 CRL-1830),
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and HEK-293 T (AddexBio T0011002) cells were grown
in DMEM (Gibco BRL) supplemented with 10% FBS,
2 mM glutamine, 100 μg/mL streptomycin, 100 U/mL
penicillin, and only for HEK-293T, 110 μg/mL sodium
pyruvate.

2.3 | AAV vector construct

2.3.1 | Cloning and construction of AAV
vectors

Synthetic wild-type (wt) and codon-optimized
(co) sequences of human PAH complementary DNA
(cDNA) (NCBI Reference Sequence: NP_000268.1) with and
without an internal MVM intron flanked by BspH I and
Nru I sites were obtained from ThermoFisher. To generate
AAV-PAH plasmids, the DNA construct for each PAH vari-
ant was extracted by EcoR V and Nru I digestion and sub-
cloned into a pAAV2 cloning plasmid previously generated
in our laboratory and digested with Pml I, resulting in
pAAV-wtPAH, pAAV-coPAH, pAAV-int-wtPAH, pAAV-
int-coPAH. These plasmids contain wild-type AAV2
inverted terminal repeats and have the corresponding PAH
ORF downstream of the albumin enhancer and A1AT
(AE/A1AT) liver-specific promoter12 and a synthetic poly-
adenylation signal14 at the 30 end of the ORF.

2.3.2 | Production of AAV vectors

Three vectors were produced, one encoding GFP, one
encoding coPAH with the MVM intron in the expression
cassette, and one encoding PAH without the MVM intron
in the expression cassette.

For each vector, Anc80 AAV vector particles (VPs)
were produced in 150-cm2 flasks containing confluent
adherent HEK-293T cells co-transfected using linear
polyethyleneimine 25 kDa (Polysciences, Warrington,
Pennsylvania) with three plasmids: the pAAV (either
AAV-GFP or pAAV-coPAH or pAAV-int-coPAH),
pAnc80-AAP2 (which contain AAV2 rep and Anc80 cap
and AAP2 genes) and pΔF6 (which contain adenoviral
helper genes) at wt/wt/wt ratio of 1:1:2. After 72 hours,
the supernatant was collected and treated with polyethyl-
ene glycol solution (PEG8000, 8% vol/vol final concentra-
tion) for 48 to 72 hours at 4�C. Supernatant was
centrifuged at 1378g for 15 minutes and the pellet
was resuspended in lysis buffer (50 mM Tris-Cl, 150 mM
NaCl, 2 mM MgCl2, 0.1% Triton X-100) and kept at
�80�C. Cells containing AAV VPs were collected and
treated with lysis buffer and frozen at �80�C. After three
cycles of freezing and thawing, VPs obtained from cell

supernatants and lysates were purified by ultracentrifuga-
tion at 350 000g during 2.5 hours in a 15% to 57%
iodioxanol gradient.15 Finally, the purified virus was con-
centrated using Amicon Ultra Centrifugal Filters-Ultracel
100K (Millipore). AAV-PAH vector titers (viral genomes
[VG]/mL) were determined by quantitative PCR (qPCR)
with primers specific for A1AT promoter (forward
primer: 50-TTGCTCCTCCGATAACTGGG-30; reverse
primer: 50-CCCTGTCCTCGTCCGTATTT-30). VGs were
extracted from DNAase-treated VPs using the High Pure
Viral Nucleic Acid Kit (Roche). The vector titers ranged
from 1 � 1013 to 2.5 � 1013 VG/mL.

2.4 | In vitro analysis of PAH expression

Huh7 or Hepa1-6 cells were transfected with pAAV-PAH
plasmids using X-tremeGENE HP (Roche). Cells were
harvested at 48 hours and PAH protein expression was
detected by Western blot using a primary rabbit monoclo-
nal antibody specific for PAH (Abcam [EPR12380]
ab178430, 1:1000). A goat anti-rabbit HRP-conjugated
antiserum (Cell Signaling #7074, 1:10 000) was used for
detection, and band intensities were quantified utilizing
Image Studio Lite software. For AAV infectivity compari-
son, Huh7 cells were plated and 24 hours later, media was
changed to contain 2% FBS and cells were infected with
AAV vectors at MOI of 1 � 105 VG/cell. Seventy-two
hours later, cells were harvested and total RNA was iso-
lated from cell lysates using TRIzol Reagent
(ThermoFisher), treated with DNase I, Amplification
Grade (Invitrogen), and retro-transcribed into cDNA using
M-MLV reverse-transcriptase (Invitrogen). qPCR was per-
formed using primers specific for codon-optimized-PAH
(forward primer: 50-ACACATCGAGAGCAGACCCAGC-
30; reverse primer: 50-GCAATGTCGGCGAACTGCTT-30).
H3F3A was used as normalizing gene (forward primer: 50-
AAAGCCGCTCGCAAGAGTGCG-30; reverse primer: 50-
ACTTGCCTCCTGCAAAGCAC-30.

2.5 | Analysis of liver transduction

Small sections of liver (5-10 mg) were harvested from the
right lobe at necropsy and frozen in liquid nitrogen for
storage at �80�C until processed for DNA extraction using
NucleoSpin Tissue Genomic DNA Purification kit
(Macherey-Nagel, Duren, Germany). The same amount of
DNA from each sample was used to quantify VG copies by
qPCR using iQ SYBR Green Supermix (BioRad) in a ViiA
7 (ThermoFisher) with primers specific for the A1AT liver
promoter (forward, 50-TTGCTCCTCCGATAACTGGG-30;
reverse, 50-CCCTGTCCTCGTCCGTATTT-30). Mouse
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a normalizing gene (forward primer: 50-GGA
TGCAGGGATGATGTTC-30; reverse primer: 50-TGCA
CCACCAACTGCTTA0-30).

2.6 | PAH activity assay

PAH enzyme activity was quantified in crude liver
homogenate using a previously established radioactive
chromatography assay16 with correction for protein con-
tent measured using a bicinchonic acid microprotein
method (Micro BCA Protein Assay Kit, ThermoScientific,
3747 N. Meridian Rd., Rockford, Illinois). The specific
liver PAH activities from all experimental animals were
normalized to the mean liver PAH activity of saline-
treated wild-type C57Bl/6 mice.

2.7 | Transgene expression analysis

Small sections of liver (5-10 mg) were harvested from the
right lobe at necropsy and frozen in liquid nitrogen for
storage at �80�C until processed for total RNA isolation
using the Maxwell 16 LEV simplyRNA Tissue Kit
(Promega) according to manufacturer's instructions and
equal quantities of extracted RNA were reverse tran-
scribed into cDNA using M-MLV reverse-transcriptase
(Invitrogen). qPCR was performed using iQ SYBR Green
Supermix (BioRad) and primers specific for co-PAH (for-
ward primer: 50-ACACATCGAGAGCAGACCCAGC-30;
reverse primer: 50-GCAATGTCGGCGAACTGCTT-30)
and run on a ViiA 7 (ThermoFisher). Mouse GAPDH was
used as a normalizing gene (forward primer: 50-
GGATGCAGGGATGATGTTC-30; reverse primer: 50-
TGCACCACCAACTGCTTA0-30).

2.8 | Biochemical analysis

For clinical chemistry analysis, serum was analyzed with
the Piccolo Xpress chemistry analyzer (Abaxis, Union
City, California) according to the manufacturer's instruc-
tions. Phenylalanine values were determined using tan-
dem mass spectrometry and chromatography via Mayo
Clinic's internal biochemical PKU test.

2.9 | Histology analysis

For histological analysis, tissue samples were fixed in
10% neutral buffered formalin (Protocol, Fisher-Scien-
tific, Pittsburgh, Pennsylvania) and processed for paraffin

embedding and sectioning. For hematoxylin and eosin
staining, slides were prepared with standard protocols
and evaluated by a board-certified veterinary pathologist
for variations. Ki-67 immunohistochemistry was per-
formed using a monoclonal anti-Ki67 primary antibody
(MIB-1; Dako/Agilent, Santa Clara, California) as per-
formed with a Bond III automatic stainer (Leica, Buffalo
Grove, Illinois) with a 20-minute antigen retrieval step
using Bond Epitope Retrieval Solution 2 (Leica), and sta-
ined with diaminobenzidine (Leica). Ki-67 and TUNEL
quantification was performed by selecting up to three
random cross sections per slide manually verified to
avoid staining artifacts. Areas were analyzed and quanti-
fied using an Aperio ImageScope algorithm that quan-
tifies nuclear staining. Results are reported as percentage
of nuclear positivity among cells analyzed.

2.10 | Statistical analysis

Numerical data are expressed as mean (±SD). Calcula-
tions and statistical analysis were performed using Micro-
soft Excel 2010, and additional statistical analyses were
performed with GraphPad Prism software version 7.03
(San Diego, California). Comparisons between two
groups were made using a two-tailed unpaired t test.
One-way analysis of variance (ANOVA) with multiple
comparisons with correction was used for comparison of
more than two groups. Two-way ANOVA with multiple
comparisons and Tukey's correction was used to assess
statistical significance of data with two variables. Statisti-
cal significance was assigned to P-values <.05.

3 | RESULTS

3.1 | Relative PAH mRNA expression
in vitro allows selection of candidates

The wild-type (wt) and codon optimized (co) versions of
human PAH cDNA, each with and without the MVM
intron, were compared for PAH protein expression after
transient plasmid transfection of human (HuH7) or
murine (Hepa1-6) hepatocytes in vitro. Forty-eight hours
after transfection cells were harvested and PAH protein
expression was analyzed by Western blot (Figure 1A) and
band intensities were quantified and normalized to the
negative control (cells transfected with pAAV-GFP,
Figure 1B). In both human and mouse cells, the co
sequence induced a higher PAH expression than the wt
PAH sequence. Further, for both wt and co cDNA and in
both cell lines, the presence of the MVM intron resulted
in a higher expression of PAH protein.

1372 KAISER ET AL.



Next, Anc80-coPAH and Anc80-int-coPAH vectors
were generated containing coPAH or int-coPAH, respec-
tively, and were used to transduce HuH7 cells. The levels
of PAH mRNA were determined 72 hours after transduc-
tion (Figure 1C). As with the protein expression following
plasmid transfection, AAV Anc80 containing the codon
optimized sequence with the internal MVM intron
(AAVAnc80-int-coPAH) resulted in higher mRNA
expression than the AAV Anc80 without intron
(AAVAnc80-coPAH).

3.2 | Dose-dependent GFP expression
observed in mice treated with AAV-
Anc80-GFP

To determine transduction and expression efficiency of
AAV-Anc80-serotype vectors in Pahenu2 mice, an AAV-
Anc80 vector carrying the GFP reporter gene under the
transcriptional control of the AE/A1AT promoter
(Anc80-GFP) was administered at 1.5 � 1012, 5 � 1012, or
1.5 � 1013 VG/kg via intravenous injection (Table 1). As
control, wt mice received a dose of 5 � 1012

VG/kg. Animals were evaluated for routine observations,
body weight changes, and terminal liver weight after

3 weeks, as well as transduction and transgene expres-
sion by the vector. Pahenu2 mice had lower body weights
than age-matched wild-type mice prior to dosing
(Figure 2A), but there were no effects of Anc80-GFP
administration at any dose level on morbidity/mortality,
observational data or liver/body weight or ratio (data not
shown). All mice survived for the duration of the study.

Increasing doses of Anc80-GFP were associated with
increasing rates of transduction, GFP transcription, and
percentage of GFP-expressing cells in the liver (Figure 2B-
D). There was no difference between transduction rates at
the mid dose group between Pahenu2 mice and wt mice,
but there was increased transduction in males compared to
females within each dose group, especially at the highest
dose (solid vs open symbols in Figure 2B). GFP transcript
expression showed a similar trend as AAV transduction;
however, Pahenu2 mice showed slightly higher relative
expression of GFP mRNA at the same dose level compared
to wt mice. Again, a trend supporting more expression in
males compared to females within a dose group and geno-
type was present in GFP mRNA levels (Figure 2C). GFP-
positive cells increased with increasing dose, but the differ-
ence between dose groups was minimal (Figure 2D,E).
However, the trend for higher percentages in males com-
pared to females was still present.

FIGURE 1 A, Western blot analysis of phenylalanine hydroxylase gene (PAH) expression following plasmid transfection in HuH7 or

Hepa1-6 cell lines with four construct variants of human PAH. B, Relative protein expression levels normalized to a mock control for

transfection. Green fluorescent protein (GFP), mock control. C, PAH mRNA levels following transduction with adeno-associated virus

(AAV) with and without the MVM intron spacer in HuH7 cells. Statistical significance was assessed by unpaired t test, **P < .01
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3.3 | AAV-Anc80 expressing human PAH
effectively treats Pah deficiency in
knockout mice

Next, AAV-Anc80 expressing co PAH mRNA with or
without the intron were tested for efficacy and safety.
Low (5 � 1011 VG/kg) or high (5 � 1012 VG/kg) doses of
each AAV vector were administered to 12 to 16-week-
old wild-type or Pahenu2 mice via intravenous injection,
and animals were evaluated at 4 or 12 weeks (Table 2).
Administration of either Anc80-coPAH or Anc80-int-
coPAH at 5 � 1012 VG/kg was associated with signifi-
cant reductions in circulating phenylalanine levels
(Figure 3A,B), which were more pronounced in male
mice. The reductions were less pronounced at the lower
dose of 5 � 1011 VG/kg, but similar over the duration of
the study within dose groups, indicating durability of
the effect and resulting in near-normal phenylalanine
levels in the high-dose-treated Pahenu2 males
(Figure 3A). These persistent reductions in phenylala-
nine resulted in reversion of coat color in the treated
Pahenu2 mice, seen as large splotches to complete cover-
age of blacker fur resembling wild-type animals that was
not present in saline-treated age-matched Pahenu2 mice
(Figure 3C). Coat color changes were first observed at
the high dose with both vectors on Day 22 and in some
low dose animals on days 26 to 28.

3.4 | AAV-Anc80-coPAH administration
resulted in stable transduction, transgene
expression, and PAH enzymatic activity
in mice

Anc80-coPAH and Anc80-int-coPAH transduction in liver
was durable, with consistent vector genomes per mouse
genome between AAVs at both dose levels (Figure 3D).

Average AAV copies were approximately 4 (per 1000
GAPDH copies) at 5 � 1011 VG/kg for both AAVs at both
timepoints, but the AAV without intron had slightly
higher transduction at 5 � 1012 VG/kg relative to the AAV
with intron (approximately 44 vs 34 VG per 1000 GAPDH
copies) at both timepoints. WT and Pahenu2 mice treated
with saline had only negligible levels.

Stable transduction with either AAV resulted in
stable expression of PAH mRNA over the course of the
study (Figure 3E). Trends were similar to VG results,
whereby both AAVs showed similar PAH mRNA levels
at the 5 � 1011 VG/kg dose, but Anc80-coPAH showed
a trend for slightly better transcription than Anc80-int-
coPAH at the 5 � 1012 VG/kg dose. Again, WT and
Pahenu2 mice treated with saline had only negligible
levels of PAH mRNA expression. PAH enzyme activity
in livers recovered at both 4 and 12 weeks post dose
was also significantly increased in most dosed groups
relative to the untreated control group, with a trend
for higher activity levels in the males (Figure S1). A
two-way ANOVA, with vector and dosage as variables,
revealed that dose level indeed had a significant effect
on PAH activity (F(3,32) = 6.6, P < .0013) while vector
did not (F(1,32 = 0.0, P < .8949). These data indicate
that metabolic correction of the phenotype only
required as little as 20% of wild-type PAH activity.

3.5 | AAV-Anc80 vectors were safe at the
doses tested in PAH-deficient mice

Animals were evaluated for routine observations and
body weight changes, and blood samples were collected
for serum chemistry analysis. Complete necropsy was
performed to assess effects of vector administration at
4 and 12 weeks posttreatment. There were no effects of
AAV-Anc80 administration at any dose level on body

TABLE 1 Design of AAV-GFP mouse study. WT and Pahenu2 mice were assigned to one of six treatment groups with escalating doses of

Anc80-GFP, an adeno-associated virus vector expressing GFP under the control of the liver-specific A1AT promoter. Mice were kept on

study for 3 weeks after a single administration of vector on day 1. Mice underwent a focused necropsy at the end of the study to evaluate

transduction and expression of the vector-mediated GFP transgene

Group Genotype Article Dose (VG/kg) Day 21 (M/F)

1 Pahenu2 Anc80-GFP 1.5 � 1012 3/3

2 Pahenu2 Anc80-GFP 5 � 1012 3/3

3 Pahenu2 Anc80-GFP 1.5 � 1013 3/3

4 Pahenu2 Saline Saline 2/2

5 WT Anc80-GFP 5 � 1012 3/3

6 WT Saline Saline 2/2

Abbreviations: A1AT, alpha-1 antitrypsin; AAV, adeno-associated virus; f, female; GFP, green fluorescent protein; m, male; Pahenu2, PKU mouse; VG, vector
genomes; WT, wild type.
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FIGURE 2 Mice dosed with increasing levels of Anc80-green fluorescent protein (GFP) showed dose dependent transduction and

vector expression. A, There were no dose-related variations in body weights over the course of the study within genotypes regardless of

vector dose administered. Increasing doses of Anc80-GFP resulted in dose-dependent increases in, B, adeno-associated virus (AAV)

genomes and C, GFP transcripts present in the livers of Pahenu2 mice. Males showed enhanced responsiveness relative to females in both

parameters, with a similar trend present in the wt mice tested at the mid dose of 5 � 1012 VG/kg. D, There was high transduction

frequency in the livers at all dose levels tested based on IHC of GFP in representative fixed sections, leaving only incremental gains with

increasing doses. E, Immunohistochemistry micrographs of GFP staining in representative sections of livers from male and female mice

in each dose group. Dose-dependent increases in transduction frequency were present in Pahenu2 mice, but were more pronounced in

females due to the lower percentage of transduced hepatocytes at the low and mid doses compared to males. Staining in wt mice at the

mid dose was similar to that in the Pahenu2 mice, with the same trend toward increased transduction in males. One-way analysis of

variance (ANOVA) with multiple comparisons and Bonferroni correction were used to assess statistical significance, P < .05 (*) .01 (**),

.001 (***), or .0001 (****)
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weights (Figure 4A), morbidity/mortality, observational
or liver/body weight ratio data, or postmortem pathol-
ogy evaluations (Supplemental Tables 1-5). All mice sur-
vived for the duration of the study. Variations in serum
chemistry were limited to elevated ALT for Anc80-int-
coPAH at 5 � 1011 VG/kg after 12 weeks (Figure 4B),
which was slightly higher than the untreated Pahenu2

control mice and not present at 5 � 1012

VG/kg. Complete chemistry tables are presented in Sup-
plemental Data (Supplemental Table 5). There were no
associated changes in AST, ALP (Figure 4C,D), adverse
pathology, or liver histopathology.

Minor changes possibly linked to Anc80-coPAH or
Anc80-int-coPAH were limited to a slightly higher
prevalence of minimal liver inflammation in some
AAV-dosed mice at both 4 and 12 week necropsy that
was not sex- or dose-dependent (Supplemental Tables 3
and 4). This inflammation mostly consisted of ran-
domly scattered mononuclear cells. The small extent of
this inflammatory lesion was not interpreted to be
adverse.

3.6 | AAV-Anc80-PAH did not result in
increased cell turnover or programmed
cell death

There were no effects of either AAV on cell turnover
based on Ki67 staining or cell death via apoptosis based
on TUNEL staining (Figure 5). Ki-67 staining was similar
in all AAV-dosed groups (both dose levels) and to control
Pahenu2 and WT animals at 1% to 2% of cells. There were
also no significant effects of either AAV on frequency of
apoptosis based on TUNEL positivity <0.5% of cells.
There was a trend for increased TUNEL positivity in
untreated Pahenu2 mice compared to wild type, but the

overall numbers were very low and not considered bio-
logically relevant.

4 | DISCUSSION

Single intravenous administration of either
Anc80-coPAH (without intron) or Anc80-int-coPAH
(with intron) vector was well tolerated at up to 5 � 1012

VG/kg. Administration of both AAVs was associated with
marked efficacy, as seen in reduced phenylalanine levels
in blood and coat color changes consistent with restored
metabolism of phenylalanine. Furthermore, effects were
durable through the end of the study after 12 weeks.
These findings bode well for confirming the feasibility of
a gene therapy for PKU, including demonstration
of safety, efficacy, and durability with this AAV platform.
Although transduction may be diluted as hepatocytes
divide in a younger patient, sufficient transduction to
cure PKU is estimated to be around 10% of total liver
cells.17 This threshold would easily be supported by the
>80% of liver cell transduction observed with the
Anc80-GFP vector in the current study, even after multi-
ple rounds of cell division in the maturing liver.

However, the response was more prominent in males
than females regardless of the Anc80 vector. Differential
AAV transduction susceptibility between genders in mice
has been previously reported. It appears to be essentially
limited to liver transduction and has been suggested to be
mediated through an androgen-dependent pathway.18

We have previously observed higher transduction and a
longer duration of therapeutic effect in males compared
to females when treated with an AAV delivering MDR3,
a gene whose lack of expression results in progressive
familial intrahepatic cholestasis type 3, a different mono-
genic metabolic disorder of the liver.19 These sex

TABLE 2 Design of AAV-PAH mouse study. WT and Pahenu2 mice were assigned to one of six treatment groups with escalating doses of

two variants of Anc80-coPAH, an AAV vector expressing codon optimized PAH either with or without an internal intron under the control

of the liver-specific albumin enhancer and A1AT promoters. Mice were kept on study for 4 or 12 weeks after a single administration of

vector on day 1. Mice underwent a full necropsy at the end of the study to demonstrate transduction and expression of the vector-mediated

PAH transgene, as well as routine toxicological evaluation

Group Genotype Article Dose (VG/kg) Day 29 (M/F) Day 85 (M/F)

1 Pahenu2 Saline Saline — 3/3

2 WT Saline Saline — 3/3

3 Pahenu2 Anc80-coPAH 5 � 1011 3/3 2/2

4 Pahenu2 Anc80-coPAH 5 � 1012 3/3 2/2

5 Pahenu2 Anc80-int-coPAH 5 � 1011 3/3 2/2

6 Pahenu2 Anc80-int-coPAH 5 � 1012 3/3 2/2

Abbreviations: A1AT, alpha-1 antitrypsin; AAV, adeno-associated virus; PAH, phenylalanine hydroxylase gene.
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FIGURE 3 Expression of phenylalanine hydroxylase gene (PAH) corrected the phenylketonuria (PKU) phenotype in Pahenu2 mice. The

high dose of 5 � 1012 VG/kg Anc80-coPAH and Anc80-int-coPAH was associated with acute and sustained decreases in circulating

phenylalanine levels in males, A, and females, B, which approached wt levels in males with both PAH constructs. Only negligible benefit

was indicated at the lower dose of 5 � 1011 VG/kg. C, Wild-type animals (first column) had much darker coat color than untreated Pahenu2

mice (second column), and restored metabolism of phenylalanine caused a phenotypic switch back to darker coat color in treated male (top

row) and female (bottom row) mice which was dose-dependent. D, Adeno-associated virus (AAV) genomes in the liver relative to

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) showed similar dose-dependent increases between the 5 � 1011 VG/kg and 5 � 1012

VG/kg levels. E, PAH mRNA showed corresponding increases between dose levels, with slightly higher transcription with Anc80-coPAH. In

both analyses, results were negligible for wt animals and Pahenu2 mice dosed with saline. One-way analysis of variance (ANOVA) with

multiple comparisons and Dunnett's correction were used to assess statistical significance, P < .05 (*) .01 (**), .001 (***), or .0001 (****)
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differences have been determined to be sex hormone
related and exist regardless of transgene, promoter or
mouse background strain.18,20,21 In our study, interest-
ingly the AAV containing the intron had a clearer differ-
ence in transduction efficiency between males and
females. At the higher dose at both terminal timepoints,
the mean AAV genomes (both sexes) were lower for the
Anc80-int-coPAH than for the intron-less AAV because
all the females had significantly lower transduction
(Figure 3D). For the intron-less AAV, females also were
transduced less efficiently although not to the same
degree. Despite this, the therapeutic effect lasted the
entire duration in females just as well as in males for
either vector, even though it was less prominent in
females. This indicates that a fully therapeutic treatment
could potentially be achieved for female mice simply by
increasing the dose. Importantly, there is no evidence to
indicate that this phenomenon would also be observed in
humans treated with AAV-mediated gene therapy.

Regardless, Anc80 proved to be a very effective sero-
type for this monogenic liver disorder, and efficacy was
augmented by the use of an intron spacer. Anc80 is a
predicted ancestral serotype of current-day naturally
occurring human AAV serotypes 1 to 3 and 6 to 9 that
were derived from an in silico process called maximal
likelihood of ancestral sequence reconstruction in order
to develop an AAV with novel capsid characteristics
while maintaining essential functional attributes of
known human serotypes, particularly infectivity.10 Test-
ing of Anc80 AAVs has shown similar transduction effi-
ciency as AAV8 in mouse liver, improved efficiencies in
nonhuman primate liver and, importantly, no issues with
safety and either no or very low cross-reactivity with the
closest extant human and other primate descendant
AAVs. AAV-Anc80 has also successfully achieved gene
transfer to mouse inner ear22 and retina,23 as well as
human kidney cells.24 To our knowledge, this is the first
demonstration of the use of Anc80 for gene transfer

FIGURE 4 Adeno-associated virus (AAV) transduction and expression of phenylalanine hydroxylase gene (PAH) was well tolerated in

all animals. A, There were no significant variations in body weights over the course of the study within genotypes regardless of vector dose

administered. Serum liver enzymes indicated only minor effects on hepatocytes, with Anc80-int-coPAH being associated with a minor

elevation in, B, ALT at the high dose relative to the untreated Pahenu2 control mice, and no effects of either Anc80 construct on, C, AST,

or D, ALP at week 12
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resulting in a phenotypic correction of a metabolic disor-
der of the liver.

In comparison to the native wt cDNA sequence,
codon optimization provides a technical advance that
increases the efficiency of expression of the transgene
resulting in a higher production of the therapeutic pro-
tein.25,26 Several parameters such as mRNA secondary
structure, repeat sequences, and guanine-cytosine nucle-
otide content dictate the selection of the most efficiently
translated codon triplet for each amino acid residue
(referred to as codon bias) of the translated protein. Our
comparative analysis of the codon optimized sequence
with the wt demonstrated substantial expression increase
with codon optimization. Although the codon optimiza-
tion is based on codon translation in human cells, this
improvement was also observed in mouse cells in vitro,
albeit to a lesser degree than in human cells.

The second technical improvement involves the addi-
tion of an intron sequence in between the promoter and
the human PAH coding sequence in order to increase
transgene expression via multiple mechanisms, including
enhancing transcription initiation, transcription elonga-
tion, transcription termination, polyadenylation, nuclear
export and mRNA stability. Although intron presence in
eukaryotic genes provides clear benefit in expression effi-
ciency over intron-less genes, most introns are much
larger than the coding exons so identifying an intronic ele-
ment small enough to fit within the transgene construct
without preventing its packaging within the AAV virus is
a challenge. A small intron from MVM of 92 nucleotides
in length has shown the most robust potentiation of gene

expression from a panel of several small intron
sequences.13,27 We incorporated the MVM intron into both
the human codon-optimized and the native wt PAH plas-
mids and performed a comparative analysis for expression
efficiency both in vitro (plasmid transduction of human
and mouse hepatocytes) and in vivo (co only). In all cases
in vitro, the intron-containing plasmids or Anc80 vectors
showed superior expression compared to the intron-less
sequence. In vivo, the two constructs showed similar
transduction and expression, but the one with intron
showed a slightly better phenotypic correction.

Effects of administration of these vectors caused no
overt sporadic liver enzyme changes and no histological
findings attributed to either AAV that were not present
in control animals. Importantly, there were no effects of
either AAV on liver cell turnover (Ki67 staining) or rates
of apoptosis (TUNEL positivity) compared to untreated
animals, further supporting the safety of this vector. Fur-
thermore, since AAV would not be replicated during cell
division, these results demonstrate that the effectiveness
and durability of the gene delivery would not be diluted
out by cell turnover induced by transduction.

Based on the similar safety profile and slightly
improved efficacy in reducing circulating phenylalanine
(particularly in females), these findings favor development
of AAV-Anc80 containing the PAH expression cassette
with intron. These data support further development of
this and other Anc80-based AAVs toward consideration of
human clinical trials, especially for diseases requiring
transduction of a single functional copy of a gene and
without localized toxicity at the hepatocyte level.28

FIGURE 5 Anc80-adeno-associated virus (AAVs) were not associated with changes in cell turnover or apoptosis. A, Percentage of cells

that were positive for Ki-67 staining were similarly low in all groups tested, showing no increased cell turnover resulting from transduction

with either AAV. B, Percentage of cells undergoing apoptosis as indicated by TUNEL positivity was also similarly low in all groups tested. In

both analyses, results were similar for treated groups, wt animals, and Pahenu2 mice dosed with saline. One-way analysis of variance

(ANOVA) with multiple comparisons and Dunnett's correction were used to assess statistical significance, P < .05 (*) P < .005 (**)
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