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Phenylketonuria (PKU) is considered to be a paradigm for a monogenic metabolic disorder but was never
thought to be a primary application for human gene therapy due to established alternative treatment.
However, somewhat unanticipated improvement in neuropsychiatric outcome upon long-term treatment
of adults with PKU with enzyme substitution therapy might slowly change this assumption. In parallel,
PKU was for a long time considered to be an excellent test system for experimental gene therapy of a
Mendelian autosomal recessive defect of the liver due to an outstanding mouse model and the easy to
analyze and well-defined therapeutic end point, that is, blood L-phenylalanine concentration. Lifelong
treatment by targeting the mouse liver (or skeletal muscle) was achieved using different approaches, in-
cluding (1) recombinant adeno-associated viral (rAAV) or nonviral naked DNA vector-based gene addition, (2)
genome editing using base editors delivered by rAAV vectors, and (3) by delivering rAAVs for promoter-less
insertion of the PAH-cDNA into the Pah locus. In this article we summarize the gene therapeutic attempts of

correcting a mouse model for PKU and discuss the future implications for human gene therapy.
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INTRODUCTION

HYPERPHENYLALANINEMIA (HPA) ALSO TERMED phenyl-
ketonuria (PKU; OMIM 261600) is an inborn error
of metabolism defined as blood L-phenylalanine
(L-Phe) levels >120 uM (or 2mg/dL). The primary
cause is autosomal recessively inherited mutations
in the phenylalanine hydroxylase gene (PAH).»?
The hepatic enzyme PAH (EC 1.14.16.1) is re-
sponsible for converting L-Phe into tyrosine, using
molecular oxygen and the cofactor tetrahydro-
biopterin (BH,) for its catalytic activity.® Besides
“classical” PAH deficiency, rare variants of HPA
can be caused by either BH, cofactor deficiency due
to defects in its biosynthesis or regeneration or
autosomal recessive variants in DNAJC12, encod-
ing a cochaperone and folding aid of the PAH en-
zyme.* All these deficiencies lead to systemic
accumulation of L-Phe within the whole body, in-
cluding the brain. Although the liver itself remains
unaffected, HPA is neurotoxic and impairs post-
natal development, leading to intellectual disabil-
ity, seizures, and irreversible neuropsychiatric and

neurocognitive impairments.? In many countries,
newborns are detected for HPA by measuring blood
L-Phe levels through newborn screening programs,
which were initiated more than 5 decades ago.’ The
incidence of PKU in Caucasian populations is
around 1 in 10,000, and >1,000 individual variants
are tabulated in the PAH locus-specific database.*

Current treatments for PKU

HPA caused by PAH deficiency can be treated by a
low 1-Phe diet or, more recently, by enzyme substi-
tution therapy.® A lifelong dietary treatment con-
sisting of an L-Phe-restricted diet supplemented with
medical food has been the mainstay of contemporary
therapy for PKU with a goal of maintaining blood -
Phe levels in the range of 120-360 uM (2—6 mg/dL) in
all ages recommended by American College of Med-
ical Genetics and Genomics (ACMG) practice guide-
lines” or 120-600 uM (2-10 mg/dL) for individuals
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older than 12 years according to European Society for
Phenylketonuria and Allied Disorders treated as
Phenylketonuria (ESPKU).%*

Although lowering L-Phe levels is associated with
improved neurological performance,'® problems in
executive functioning, motor ability, social skill, and
behavior can still occur despite early treatment
intervention. 213 Adults with PKU who dis-
continued the low-Phe diet during adolescence as
the dietary treatment is burdensome have been re-
ported to have increased incidence in mental disor-
ders, headache, hyperactivity and hypoactivity, and
poorer intellectual ability.”'* Pregnancy presents
another major problem for women with PKU, as
high levels of L-Phe are toxic to the brain of the de-
veloping fetus, causing mental retardation. Subse-
quently, microcephaly, congenital heart disease,
and intrauterine growth retardation can also be
found in the non-phenylketonuric offspring, result-
ing in a defined maternal PKU syndrome.'® There-
fore, blood 1L-Phe concentrations should ideally be
kept between 120 and 360 uM (2—6 mg/dL) for wo-
men with PKU before conception and during preg-
nancy for normal fetal development.”®

An enzyme substitution therapy, pegvaliase
(PALYNZIQ™; BioMarin, San Rafael, CA), has
been approved by U.S. Food and Drug Adminis-
tration (FDA) in May, 2018, for use in adults with
PKU whose blood L-Phe levels are >600 uM (10 mg/
dL); more recently (April, 2019) this treatment
approach was approved for adolescent adults >16
years age by the European Medicines Agency.

Pegvaliase is a PEGylated recombinant Ana-
baena wvariabilis phenylalanine ammonia lyase
(PAL) administrated by continuous subcutaneous
injections that lowers blood L-Phe independently of
PAH and its BH, cofactor.'® PAL catalyzes a reac-
tion converting L-Phe to ammonia and trans-
cinnamic acid, which are readily metabolized by
the liver and excreted in the urine.'” Results from
the phase 3 clinical trial program (PRISM) dem-
onstrated that 60.7% of patients were able to
achieve blood L-Phe concentrations <360 uM (6 mg/
dL) at 24 months'® without restricting dietary
protein intake. Reduction of 1L-Phe in blood was
accompanied with improvements in neuropsychi-
atric outcomes that were sustained with long-term
treatment. However, immune-mediated adverse
reactions and anaphylaxis have been reported to be
associated with this therapy.'®

Several other groups have investigated in ex-
perimental setups alternatives for delivery of PAL.
The group from Leuzzi and coworkers has shown to
successfully normalize the blood L-Phe levels by in-
fusing autologous erythrocytes loaded with PAL in

early age PKU mice (15 postnatal days).?’ Similar
results were achieved by feeding mice and primates
synthetic live bacteria expressing PAL (from Pho-
torhabdus luminescens) and L-amino acid deami-
nase, a membrane-associated enzyme that converts
L-Phe to phenylpyruvate.?!

Pah®""?2 mice: a model of human PKU

To explore the potential of novel therapies for
PKU, an appropriate animal model that accu-
rately recapitulates the human disease is neces-
sary. The most commonly used mouse model for
PKU is the Pah®“?/? mouse that was first de-
scribed by McDonald almost 30 years ago.?? It was
generated by random chemical mutagenesis in a
Black and Tan Brachyury-mouse strain background
using the alkylating agent N-ethyl-N-nitrososurea,
which resulted in a missense mutation in exon 7
(p.Phe263Ser), a region that encodes the active site
of the PAH enzyme.?® Although protein levels of
mutant PAH are reduced compared with wild type,
it can be detected by Western blot in liver and
kidney from Pah®**2’2 mice. PAH enzyme activity,
nevertheless, is completely abolished.?* Homo-
zygous Pah®™2’2 animals exhibit blood L-Phe
levels >1,500 uM (25 mg/dL), are phenotypically
hypopigmented, mildly growth retarded®® and
cognitively impaired,?® have abnormal low seroto-
nin and dopamine neurotransmitter metabolites in
the brain,?” and exhibit osteopenia®® that is also
observed in some of the PKU patients.??*? Affected
PKU female mice are fertile but with significantly
increased spontaneous abortions.?! Furthermore,
maternal PKU syndrome is also observed in this
mouse model.3"32 The PKU mouse is not only a
valuable model for human PKU, it is also an out-
standing validated genetic model to study hepatic
gene transfer approaches in vivo, as it offers a di-
rect readout for therapeutic efficacy, that is, low-
ering of systemic high blood levels of L-Phe.

Experimental restoration of PAH enzyme activ-
ity by gene addition or correction in the homozy-
gous Pah®™?/? “PKU” mouse model has been the
goal of many investigations. Several reviews have
previously summarized different strategies for
gene therapy in the PKU mouse.>>3® In this re-
view, we compiled all the approaches with a focus
on the more recent achievements using recombi-
nant adeno-associated viral (rAAV) vectors as well
as nonviral naked DNA vectors, genome editing by
base editors, and integration of promoter-less
PAH-mRNA into the Pah locus (for an overview of
all successful approaches thus far see Table 1).
Finally, the plans for clinical gene therapy trials in
humans are discussed.
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Table 1. Overview of experimental gene therapy for phenylketonuria using the Pa

he"Y?2 mouse model

Documented Duration

Vector System Transgene(sf Promoter Target Organ Injection Method® of Treatment References
Adenovirus hPAH RSV-LTR Liver ip 1 week Fang et al.*
hPAH CAG Liver i.poriv. 11 days Nagasaki et al*®
rAAV2/2 hPAH EF Liver ip Up to 25 weeks Oh et al*
rAAV2/5 mPah CBA Liver i.p Up to 40 weeks Mochizuki et al.*®
rAAV2/8 mPah CBA Liver iv.orip. Up to 42 weeks Ding et al*®
rAAV2/8 mPah LPS Liver i.p. Up to 17 weeks Harding et al*®
rAAV2/1 Pah, Gch1, Pts CcMV Muscle im Up to 70 weeks Ding et al%®
rAAV2/1, TAAV2/2, rAAV2/8 mPah CBA Liver i.m. Up to 53 weeks Rebuffat et al2
scAAV2/8 mPah LP1 Liver ip. Up to 52 weeks Yagi et al*®
Naked DNA (minicircle) mPah P3 Liver HTV Up to 52 weeks Viecelli et al®’
mcoPah P3, endogenous Liver HTV Up to 60 weeks Grisch-Chan et a/%?
rAAV2/8 intein APOBEC-nSaCas9 P3, U6 Liver iv. Up to 26 weeks Villiger et al®
sgRNA
AAVHSC15 hPAH Endogenous Liver iv. Up to 8 weeks Wright et a/%*

Note that all Pah®™“?? mice were treated as adults.

2hPAH, human Pah gene; mPah, murine Pah gene; mcoPah, murine, codon-optimized Pah gene; Gchl, guanosine triphosphate cyclohydrolase I; Pts,

6-pyruvoyltetraphydrobiopterin synthase.

PRSV-LTR, Rous sarcoma virus long-terminal repeat; CBA, CMV (cytomegalovirus) early enhancer/chicken f actin promoter; EF, human elongation factor 1-o
promoter; CMV, cytomegalovirus promoter; LPS; liver-specific promoter is a combination of two copies of a human a1-microglobulin/bikunin enhancer and the
promoter from the human thyroid hormone-binding globulin gene*®; LP1 promoter consists of the human apolipoprotein E/C-I hepatic control region and the

human c1-antitrypsin promoter®; P3, synthetic liver-specific promoter®'; U6, RNA polymerase Ill promoter.

%,p., intraportal vein infusion; i.v., intravenous tail vein infusion; i.m., intramuscular (M. gastrognemius); i.p, intraperitoneal injection; HTV, hydrodynamic tail

vein injection.

PHYSIOLOGIC REQUIREMENTS
OF SUCCESSFUL LIVER-DIRECTED
GENE THERAPY IN PKU

As already mentioned, the liver is not affected by
high 1-Phe levels and at the same time it is the
exclusive site for PAH for regulated degradation of
L-Phe to physiological levels. This makes the liver
the ideal target organ for a gene therapy approach.
What are the physiologic requirements for suc-
cessful liver-directed gene therapy for PKU? The
vector of course will need to express in the liver
sufficient PAH protein to fully metabolize the daily
load of L-Phe from dietary and endogenous sources.
PAH requires BH, cofactor for catalytic activity,
but this pterin cofactor is abundantly synthesized
and rapidly recycled in hepatocytes so its supply is
not a limitation to the success of liver-directed gene
therapy. Individuals who are heterozygous for path-
ogenic PAH mutations are not hyperphenylalani-
nemic despite expressing reduced liver PAH
activity; this fact suggests that it will not be nec-
essary to fully restore cellular PAH activity to 100%
after liver-directed gene transfer to effect blood
L-Phe concentrations. However, cell transplanta-
tion experiments demonstrate that PAH activity
must be distributed across a minimum number of
hepatocytes, otherwise L-Phe flux will be limit-
ed.?®% Repopulation of PAH-deficient Pah¢"*?/?
mouse liver with >10% wild type hepatocytes ex-
pressing 100% PAH activity completely corrects
blood L-Phe. In contrast, blood L-Phe remains
mildly elevated (300-700 uM or 5-12mg/dL) even

when the animals had 5-10% repopulation.?® Fur-
thermore, identical results are achieved after re-
population with hepatocytes from heterozygous
Pah®™2'* mice, which express <50% PAH activity
per cell.*® This result suggests that at a low fre-
quency of PAH expressing hepatocytes, the abso-
lute number of cells is primarily limiting r-Phe
clearance rather than total PAH enzyme activity.

LIVER GENE THERAPY WITH VIRAL VECTORS

An early approach of using a recombinant retrovi-
rus vector was able to induce PAH activity in PAH-
deficient mouse hepatocytes in vitro, but no in vivo
studies have been reported thereafter.*! Two inde-
pendent studies showed that liver-directed gene
therapy using an adenovirus vector corrected serum
L-Phe transiently in vivo.***3 However, this approach
was discontinued as the vector provoked a profound
host immune response against the recombinant virus.

Recombinant adeno-associated virus vector
for PKU

rAAYV is currently the favored vector system for
safe and effective liver-directed gene addition, with
active clinical trials ongoing for adults with He-
mophilia A or B, ornithine transcarbamylase defi-
ciency, glycogen storage disease type 1A, acute
intermittent porphyria, Crigler—Najjar syndrome,
and others.* rAAV-mediated liver-directed gene

*https://clinicaltrials.gov
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therapy for PKU has been explored preclinically by
several investigators using the Pah®™“?’? mouse
model for ~20 years. A complete review of the
history of rAAV liver gene therapy is beyond the
scope of this review, so we will necessarily focus
upon the development of this treatment approach
specifically for PKU.

Attempts at liver-directed gene therapy using
early rAAV vectors were likely impaired by the
problem of poor transduction frequency and con-
sequently incomplete correction of HPA. Adminis-
tration of a PAH-expressing rAAV?2 serotype 2** or
serotype 5*° yielded correction of blood L-Phe in
male mice but only after administration of very
high doses (10'2-10* vector genome [vgl/mouse).
Female mice responded only at extremely high
vector doses (10'* vg/mouse) and the duration of
efficacy was longer in male mice than in female
mice. In the study of the Kume laboratory in Japan,
blood 1-Phe concentrations had gone back up to
pretreatment levels by 40 weeks after rAAV2/5
injection in both sexes.*® In both studies, the vectors
had been delivered by portal vein injection. Delivery
through tail vein or intramuscular injection yielded
no change in blood L-Phe concentrations.** Improved
efficacy at a lower AAV vector dose was seen when a
Woodchuck Posttranscriptional Regulatory Element
(WPRE) was included in the vector genome, but
administration of WPRE-containing vectors was
associated with the development of hepatocellular
dysplasia in the livers of treated animals.*®

Pseudotyping of rAAV2 genomes with capsid
proteins from alternative rAAV serotypes alters
tissue tropism and enhances therapeutic gene ex-
pression.?” The discovery and implementation of
rAAV2 serotype 8 vectors were a major break-
through for AAV-mediated liver-directed gene
therapy as the AAVS8 capsid shows the greatest
affinity for and yields the best transduction fre-
quency in rodent liver of any available AAV sero-
type. rAAV2/8 vectors expressing either murine or
human PAH-cDNAs have been administered by
either tail vein, portal vein, or intraperitoneal in-
jection to successfully treat murine PKU by 3 dif-
ferent laboratories.**°° Administration of as few
as 5x 10! vg rAAV2/8 expressing the murine (m)
Pah-cDNA under the transcriptional control of a
strong liver-specific promoter through portal vein
injection yielded complete correction of blood L-Phe
concentrations in both male and female mice.*® At
this dose, 8-25 vgs were detected per haploid liver
genome in animals euthanized 17 weeks after AAV
treatment and this level of transduction was asso-
ciated with restoration of liver PAH activity to
approximately 11-15.1% of wild type liver PAH

activity. Although this effect was stable up to 17
weeks in the original report, PAH expression has
been maintained up to at least 1 year after AAV
treatment®®). Nevertheless, blood L-Phe levels be-
gan to slowly increase, primarily in female mice,
and this reemergence of HPA is associated with a
gradual dilution of vector genome copy number in
liver. Larger initial vector doses (5 x 10'? vg/mouse)
administered by portal vein yielded ~ 1,000 vgs per
diploid genome in liver and restoration of liver
PAH activity to almost 100% of wild type activity
with sustained correction of blood L-Phe concen-
trations to beyond 42 weeks in experiments carried
out in the Thony laboratory.*® No difference in ef-
ficacy between male and female mice was seen.
Similar results were obtained if the rAAV2/8 vec-
tors were delivered by tail vein injection, but a
higher dose was required (2x10'® vg/mouse). No
major toxicity was seen after rAAV2/8 treatment,
and no anti-PAH antibodies were detected.*®

In all reported successful trials, the hypopig-
mentation associated with chronic HPA in the mice
has been fully reversed after rAAV2/8-mediated
liver-directed gene therapy (see Fig. 1).5 Later, di-
rect comparison of serotypes 1, 2, and 8 vectors
demonstrated the unequivocal superiority of sero-
type 8 vector for the treatment of Pah®™?’? model
through liver-directed gene therapy and, further-
more, it was demonstrated that even simple intra-
muscular injection of rAAV2/8 vector can lead to
trafficking of vector to and transduction of liver with
robust PAH expression and correction of HPA.%?

The Kume laboratory constructed a self-
complementary (sc) AAV2/8 vector that expressed
the mPah-cDNA using a compact enhancer/pro-
moter cassette (a human apolipoprotein E/C-I he-
patic control region fused to the human alpha-1-
antitrypsin promoter) and demonstrated improved
efficacy at lower doses than a comparable single-
stranded AAV2/8 vector that included the cyto-
megalovirus (CMV) immediate—early enhancer/
chicken f-actin promoter.®® Blood L-Phe was cor-
rected to normal after administration of as little at
1x10' vg scAAV2/8 injected through the intra-
peritoneal route even in female mice. In addition to
measuring blood L-Phe, efficacy was also assessed
through the measurement of '*C-phenylalanine
oxidation to 3*CO, in collected breath. The portion
of '3C-phenylalanine dose oxidized to *CO, was
directly related to the vector dose administered and
the number of vector genomes detected in total
liver DNA at euthanasia and had continued to in-
crease even after blood r-Phe had normalized.
Correction of HPA was sustained to beyond 1 year
after treatment and was associated with marked
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improvement of the brain dopamine, norepinephrine,
and serotonin deficiency associated with chronic HPA
in the Pah®**?’2 mouse model.?>

A novel set of proprietary AAV vectors derived
from human CD34" hematopoietic stem cells
(AAVHSCs) from Homology Medicines, Inc. (Bed-
ford, MA) containing a promoter-less human (h)
PAH-cDNA has recently been reported to correct
HPA in Pah®**?’? mice after intravenous tail vein
injection.”* The hPAH-cDNA was integrated into
the mPah locus through homologous recombina-
tion. As a result, blood L-Phe level was maintained
below therapeutic level (<360 uM or 6 mg/dL) for up
to 8 weeks. Further animal studies confirmed that
genome editing upon delivering AAVHSC15 con-
taining the promoter-less cDNA encoding hPAH
targeted precisely the PAH allele in a mouse re-
populated with human hepatocytes, whereas no
measurable editing in mouse hepatocytes was de-
tectable.

An entirely different approach is the targeting of
skeletal muscle for PKU gene therapy. The sys-
temically elevated L-Phe that is responsible for the
symptoms of PKU could be degraded in muscle tis-
sue as it comprises 30—40% of body mass, is highly
vascularized and supplied with blood, moderately
regenerating, and easily accessible for percutane-
ous injection. The limiting factor turned out the
BH, cofactor that is not present in muscle tissue.
Therefore, the PAH protein was coexpressed from a
CMYV promoter along with the enzymes necessary to
synthesize BH4. A corresponding triple-cistronic
rAAV serotype 1 vector that was directly injected
into the gastrocnemius muscle of Pah®™2’? mice
led to cofactor biosynthesis, normalization of blood
L-Phe levels, and long-term treatment of PKU.5?

LIVER GENE THERAPY WITH NONVIRAL
VECTORS

The development of nonviral gene delivery sys-
tems as an alternative to viral vectors has gradu-
ally gained attention due to the potentially better
safety profile and low production costs. The recent
FDA approval of patisiran (Onpattro™; Alnylam
Pharmaceuticals, Cambridge, MA), the first siRNA
drug to use RNA interference to downregulate pro-
tein as a treatment for polyneuropathy in adults
with hereditary transthyretin-mediated amyloid-
osis, is a breakthrough in the drug discover field.
This drug is encapsulated in lipid nanoparticles and
N-acetylgalactosamine for efficient and specific de-
livery to the liver.’® DNA-mediated gene transfer
into tissues or organs is more preferable for long-
term treatment for monogenic metabolic diseases but

generally suffers from lower rates of cell transduc-
tion and transient therapeutic responses.

The Thony laboratory has reported on persistent
and efficacious treatment of PKU mice through hy-
drodynamic delivery of nonviral naked minicircle
(MC)-DNA vectors without adverse effects.’” MC-
DNA vectors are a form of supercoiled DNA for use in
nonviral gene transfer that contain a minimal ex-
pression cassette and from which all bacterial DNA is
removed by intravector recombination.’® Studies
have shown that bacterial DNA contributes to bio-
logical safety problems and transgene silencing.’®%°
MC-DNA vectors (3x10'® vg/mouse) expressing
murine PAH from a synthetic liver-specific promoter
(designated as P3%1) yielded therapeutic PAH activ-
ity accompanied by complete revision of hypo-
pigmentation in the PKU mouse model (Fig. 1) for 1
year after liver gene transfer by a single hydrody-
namic tail vein injection.’” At the same time, there
was no reduction of L-Phe in blood in the mice treated
with the (parental) plasmid, indicating a rapid loss of
either vector DNA or gene expression or both due to
the bacterial backbone.

Since there is no limitation of package capacity
of the DNA insert, the expression cassette consist-
ing of a 3.6-kb native endogenous Pah promoter/
enhancer sequence, codon-optimized mPah—cDNA,
and a truncated intron was included in the MC-DNA
vector.? The efficacy of this improved expression
cassette of MC-DNA vectors resulted in a significant
reduction in vector dosage (6x10'? vg/mouse) re-
quired for successful treatment. Analysis of treated
mice upon sacrifice revealed that statistically <1
copy of MC vector was present per diploid hepato-
cyte genome in a whole liver. The loss of MC-DNA
vectors and PAH activity after partial hepatectomy
and liver regeneration confirmed that MC-DNA
vectors do not integrate into the genome and re-
main episomal. However, a limiting factor for hu-
man usage and treatment of PKU remains delivery
of naked DNA vectors to liver (and other tissues).

In summary, naked DNA-based therapeutic
tools are still in its infancy compared with the
much more advanced AAV vector field, but nonvi-
ral alternatives for gene delivery are receiving
growing attention and it is anticipated that this
trend will continue in the future.

LIVER GENE THERAPY BY GENE EDITING

In recent years, a number of studies have im-
plemented genome editing for the treatment of
animal models of genetic liver diseases.®® It has
the advantage compared with gene addition ap-
proaches that endogenous loci can be corrected.
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Wild-type (C57BI/6)
untreated

PKU (Pahemua2)
untreated

PKU (Pahenv2?)
treated with minicircle

Figure 1. Phenotype reversion of fair hair upon gene therapy of the PKU mice. Reversion from brown to black coat of treated (C57BI/6) PKU mice as depicted
in the figure is a phenomenon that can be seen from gene therapy or any other treatment, including dietary or pegvaliase treatment. Not only mice but also
patients with untreated PKU exhibit blond hair and fair skin. Tyrosine that is needed to make melanin, the pigment that gives skin and hair its coloring, is limited
under untreated PKU conditions and the corresponding enzyme, tyrosinase, is competitively inhibited by elevated phenylalanine levels. The figure is re-
produced with permission from Viecelli et a/%” wherein mice were treated with nonviral naked DNA vector expressing phenylalanine hydroxylase on the right,
wild type mice untreated on the left, and PKU mice untreated in the middle. PKU, phenylketonuria. Color images are available online.

Thus, temporary intervention enables permanent
repair and expression of the functional gene under
its endogenous promoter.

The most widespread genome editing tool is the
CRISPR/Cas9 system, where a programmable
chimeric guide RNA targets the Cas9 endonuclease
to the locus of interest.®*%® If generated DNA
double-stranded breaks (DSBs) are restored by
homology-directed repair (HDR) from an exoge-
nous template DNA, mutations are repaired with
single base precision. However, although precise
repair is essential for correcting autosomal reces-
sive disorders such as PKU, hepatocytes in the
adult liver predominantly repair DSBs through
nonhomologous end-joining pathways, resulting in
deletion or insertion (indel) mutations.®¢%” Thus,
when CRISPR/Cas9 was applied to adult mouse
models for ornithine transcarbamylase deficiency,
hereditary tyrosinemia, and hemophilia B, repair

rates were extremely low, with 2%, 0.4%, and 1%,
respectively.®®~"° Unfortunately, such low repair
rates would likely not be sufficient to reduce blood
L-Phe in PKU patients below pathological lev-
els.?>*° In addition, recent reports suggest that
CRISPR/Cas9-induced DSBs could create serious
safety concerns to patients, as they often cause
unpredictable, complex, and potentially harmful
genetic alterations,’"? and activate the tumor
suppressor TP53.73:74

Recently a novel CRISPR-based genome editing
tool that enables direct conversion of single bases
has been developed. These so-called base editors are
chimeric proteins that consist of nuclease-impaired
Cas9 fused to catalytic domains that enable DNA
deamination. Cytidine base editors enable single
C-G to T-A base pair conversions through uracil
intermediates, and adenine base editors enable
single A-T to G-C base pair conversions through
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inosine intermediates.”®"® Since base editors en-
able precise exchange of single base pairs inde-
pendently of DSBs formation and HDR, they also
enable efficient base editing in postmitotic cells
such as adult hepatocytes.” "

In a recent study, cytidine base editors have been
employed to correct the G to A missense mutation
in the Pah®™?’? mouse model.®® rAAV-mediated
delivery of base editors into the liver resulted in re-
pair rates of the target base >20%, and a reduction of
blood L-Phe to physiological levels. These data sug-
gest that the base editors have great potential for
treatment of a subset of PKU patients with targetable
TtoC,AtoG, GtoA, and C to T mutations. Never-
theless, before clinical application, safety studies that
closely characterize potentially deleterious effects
from off-target editing are still needed.®®3 In ad-
dition, current base editor studies in the liver use
viral delivery vectors that cause prolonged ex-
pression of the Cas9-deaminase, and for applica-
tion in patients, the establishment of temporally
active base editor approaches would be desired.

TRENDS IN THE PHARMACEUTICAL
INDUSTRY FOR CLINICAL GENE THERAPY
TRIALS IN PKU PATIENTS

As of this writing (May, 2019), no gene transfer
into humans for the purpose of treating PKU has
yet been attempted, but several pharmaceutical
companies have publicly announced their inten-
tions to do so in the very near future employing
either rAAV- or lentivirus-mediated gene addition
strategies.

Homology Medicines, Inc. has presented pre-
clinical data in abstract form demonstrating sus-
tained correction of blood L-Phe concentrations in
the Pah®™“2’? model after a single IV injection of
their proprietary AAVHSC15 vector expressing
human PAH (HMI-102).8* They have completed
the necessary preclinical pharmacology/toxicology
studies and have recently been granted clearance
of their Investigational New Drug (IND) application
by the US FDA. They are planning to initiate a hu-
man Phase 1/2 clinical trial (pheNIX, NCT(03952156)
in adults with PKU within the next few months.

BioMarin Pharmaceutical, Inc. has publicly
announced its plans to investigate gene addition
in adults with PKU using an rAAV2/5 vector ex-
pressing human PAH. BioMarin scientists are
completing the preclinical validation of their
PAH-expressing rAAV2/5 vector and will be ap-
plying for an IND soon.

In any rAAV-mediated gene addition trial, the
majority of therapeutic gene expression will be

from episomal vector genomes residing within he-
patocytes. Any stimulus to hepatocyte regeneration
would threaten the long-term stability of expres-
sion, and truthfully the ultimate duration of ther-
apeutic gene expression after a single IV infusion of
a liver-directed rAAV2 vector to an adult human is
unknown, although robust Factor IX expression
has been measured in scAAV2/8-treated individu-
als >10 years from their initial injection. In addi-
tion, the efficacy of this gene addition approach is
only temporary in juvenile animals during rapid he-
patocyte proliferation due to episomal dilution.357

As detailed elsewhere, direct gene editing or the
use of integrating vectors avoids this issue, but these
approaches all struggle to achieve editing or integra-
tion frequencies (in the absence of a selective growth
advantage for PAH expressing hepatocytes) sufficient
to yield a physiologically relevant PAH positive cell
population. However, American Gene Technolo-
gies, Inc. (Rockville, MD) has publicly announced
that it is developing a liver-directed gene therapy
strategy based upon a proprietary integrating
lentivirus-based vector system. Its vector has been
granted Orphan Drug status by the FDA (no. DRU-
2018-6572), but the company has not released any
preclinical data or other information regarding its
progress toward a clinical trial.

OUTLOOK

Gene addition is for some rare monogenic disor-
ders where no good alternative treatment is avail-
able, becoming a reality for patients with severe
genetic defects. Furthermore, for in vivo approaches
to target, for example, the liver, AAV vectors are
currently the most effective choice. Owing to the
long history of successful dietary treatment, if
started early in life, PKU was not considered to be a
primary target for a genetic treatment. On top of
that, newborn screening programs implemented
today in most countries for PKU guarantee early
diagnosis and intervention. It is acknowledged to-
day that treatment from early in life with dietary
therapy has protected adults with PKU from per-
manent neuropathologic damage associated with
chronic HPA. Adherence to diet to keep blood L-Phe
levels low during pregnancy protects also against
the maternal PKU syndrome. Some adults, how-
ever, struggle to maintain necessary dietary control
of blood L-Phe and consequently suffer cognitive,
behavioral, and psychiatric symptoms associated
with HPA (for a discussion see for instance®®).

Since most of these symptoms should be reversible
upon successful correction of blood L-Phe concentra-
tions to normal, these adult patients may benefit
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from new treatment options such as for instance
gene addition therapies. In this regard, the U.S.”
guidelines state the following in the future direc-
tion section: “New therapies, including gene ther-
apy, and hepatocyte transplant, have shown some
efficacy in animal or limited human trials but
require further development and validation for
routine clinical use.” However, the more recent
European guidelines®® for PKU mention dietary
and enzyme replacement treatment but not gene
therapy as an option. Nevertheless, and as already
mentioned, treating adults with PKU with AAV
vector approaches is currently pursued by several
companies in the United States.

Whether gene therapy for PKU with the current
technology and experience available is also an option
in other countries such as in Europe or in Asia re-
mains to be seen. Intravenous administration of
AAV vectors has proven safe in several clinical trials
and evidence of efficacy has also been seen for many.
A critical question to be answered is which serotype
will be most efficacious at which minimally effective
dose, and whether the treatment effect will be per-
manent. The goal of course is sustained disease
correction over many years without the need for re-
dosing. However, in children with PKU, this ap-
proach will likely not be successful, as episomal AAV
genomes are known to not be stably maintained in
growing liver of juvenile mammals.®%%¢

Solutions for permanent cure in, for example,
pediatric patients with a growing liver are either

mutation. Such future approaches may include
integration of a PAH-cDNA through AAV-directed
homologous recombination,® random integration
of PAH-cDNA through liver-directed lentiviral
vectors,®1 hepatocyte transfection with repli-
cating nonviral vectors,”>®* or genome editing
with base editors through liver-directed AAV vec-
tors or lipid-nanoparticles for mRNA delivery.8%94
Although some of these technologies have proven
therapeutic in the PKU mouse model, they are still
at its developing level and need to be improved for
efficacy and/or assessed for safety profiles. We look
forward to a series of robust clinical trials, which
hopefully will address pitfalls of current PKU
therapies.
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