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Abstract

Phenylalanine hydroxylase (PAH) deficiency is an inborn error of metabolism that results in elevated phenylalanine levels in
blood. The classical form of the disease with phenylalanine level > 1200 pmol/L in blood is called phenylketonuria (PKU)
and is associated with severe intellectual disability when untreated. In addition, phenylalanine levels above the therapeutic
range in pregnant female patients lead to adverse fetal effects. Lowering the plasma phenylalanine level prevents intellectual
disability, maintaining the level in the therapeutic range of 120-360 umol/L is associated with good outcome for patients as
well as their pregnancies. Patient phenotypes are on a continuous spectrum from mild hyperphenylalaninemia to mild PKU,
moderate PKU, and severe classic PKU. There is a good correlation between the biochemical phenotype and the patient’s
genotype. For over four decades the only available treatment was a very restrictive low phenylalanine diet. This changed in
2007 with the approval of cofactor therapy which is effective in up to 55% of patients depending on the population. Cofactor
therapy typically is more effective in patients with milder forms of the disease and less effective in classical PKU. A new
therapy has just been approved that can be effective in all patients with PAH deficiency regardless of their degree of enzyme
deficiency or the severity of their phenotype. This article reviews the mainstay therapy, adjunct enzyme cofactor therapy,
and the newly available enzyme substitution therapy for hyperphenylalaninemia. It also provides an outlook on emerging
approaches for hyperphenylalaninemia treatment such as recruiting the microbiome into the therapeutic endeavor as well as
therapies under development such as gene therapy.

Dietary phenylalanine restriction remains a key therapy Phenylketonuria (PKU) is the most common inborn error
for phenylketonuria (PKU). of amino acid metabolism. It is due to either a deficiency
of phenylalanine hydroxylase (PAH), the enzyme that con-
verts phenylalanine (Phe) to tyrosine (Tyr), or a deficiency
of its cofactor, tetrahydrobiopterin (BH4), which is needed

There are two FDA approved pharmaceutical agents
now available to augment PKU therapy, sapropterin and

pegvaliase. ) .

for normal enzyme function [1]. PAH deficiency results
Additional treatment strategies involving microbiome in elevated blood phenylalanine levels. When untreated,
manipulation and gene and RNA therapy are in early classical PKU (defined as an untreated Phe level > 1200
development. pmol/L due to mutations in the PAH gene that result

in complete enzyme deficiency [2]) leads to severe intel-
lectual disability. PKU is the paradigm for treatment of a
metabolic disease with a special medical food deficient in
the offending substance, in PKU this means a medical for-
mula devoid of phenylalanine. The low Phe diet for PKU
was developed in the mid-1950s [3] and it became imme-
diately clear that early implementation, before the onset
of symptoms, would be needed to allow for the patient to
! Division Medical Genetics, Department of Pediatrics, have the full benefit of the treatment. This led to the devel-
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all PKU patients at the time of birth, which allows institu-
tion of therapy prior to development of any intellectual
compromise. Until 2007, early detection and dietary man-
agement were the only treatment modalities available for
PKU. Successful treatment of young females with clas-
sical PKU led to the unexpected finding that exposure of
a developing fetus in pregnant women with poorly con-
trolled PKU caused a typical syndrome of microcephaly,
cardiac defects, and intellectual deficiency in the baby,
now called maternal PKU syndrome [5].

2 Pathophysiology

The pathophysiology of PKU has been the subject of
much debate since discovery of the disease. Early atten-
tion was on the possible toxic effect of the phenylketones
(Phe metabolites that accumulate in patients) or phenyla-
lanine on the brain. Ultimately, IQ was found to be more
significantly associated with age at treatment onset and
blood Phe levels during treatment [6], while the level of
urine phenylketones was only weakly associated with the
clinical presentation [7]. These findings were supported
by the growing recognition that lowering the blood Phe
level below 600 pmol/L resulted in normal intelligence.
The pathophysiology of the intellectual disability caused
by elevated blood Phe levels remains controversial, with
hypotheses ranging from competitive inhibition of the
transport of other large neutral amino acids at the blood
brain barrier by high Phe levels, to tyrosine deficiency
leading to disruption of the synthesis of important neu-
rotransmitters. Regardless of the mechanism of central
nervous system damage, meta-analysis of a large body of
published data has revealed that maintaining blood Phe
between 120 and 360 umol/L is associated with optimal
clinical outcome. Thus, maintaining the blood Phe level
in this range remains the primary object of all treatment
modalities [8].

3 Available Treatments

To date, three different treatments are available and three
more are under development to lower the Phe level and keep
it in the treatment range (Fig. 1). Currently, monotherapy
(low Phe diet) or, increasingly, a combination of two of these
therapies (low Phe diet and chaperone therapy or low Phe
diet and enzyme substitution therapy) is used to control the
blood PHE level of a given patient. Infrequently does cur-
rently available drug therapy allow for the discontinuation
of the low Phe diet.
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Fig.1 The five main therapeutic interventions currently available or
in development to achieve the primary therapeutic goal of lowering
the blood phenylalanine level. Phe phenylalanine

3.1 Low Phenylalanine Diet

The goal of the diet is to provide enough natural protein
for the patient to be healthy and grow normally with suf-
ficient restriction to keep blood Phe in the treatment range.
This goal cannot be accomplished without medical food
restricted in Phe. One of the earliest and still most com-
monly used forms of medical food, is a phenylalanine-free
amino acid mixture, usually balanced with other nutrients,
taken in the form of a drink. Low protein foods that allow
for more dietary variety are also available and, in combina-
tion, these dietary options serve to satisfy patient hunger,
promote health and well-being, and allow normal growth.
Dietary Phe tolerance in patients with classical PKU var-
ies by age. For example, a young infant (0—6 months of
age) with PKU may tolerate 20—70 mg Phe/kg/day [9] and
0.4-1.4 g natural protein per kg/day, while an older child
(> 5 years of age) tolerates <20 mg Phe/kg/day [10], 0.4
g natural protein per kg/day. A typical adult with PKU
tolerates 350 — 1200 mg Phe, equivalent to 7-24 g of natu-
ral protein per day [11]. These small amounts of natural
protein tolerated before the blood Phe level will rise, vary
significantly from the protein content of a standard diet.
The utmost self-discipline is demanded from the patient to
remain adherent, and diet compliance constitutes a daily
struggle for many patients. Additionally, while the diet has
proven efficacy in preventing intellectual disability and
the maternal PKU syndrome, most individuals with PKU
gradually adhere less strictly to the low Phe diet in ado-
lescence and adulthood, resulting in increasing Phe levels
[12] and a range of neuropsychiatric problems including
depression, anxiety, and poor executive functioning. These
problems can be ameliorated with a return to Phe control,
an extremely difficult prospect in older patients. Addition
of large neutral amino acids (LNAAs) to the diet, may
reduce Phe levels in brain by competitively inhibiting Phe
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transport at the blood brain barrier; however, this may only
be a short-term effect of LNAA supplementation [13].

3.2 Sapropterin Dihydrochloride as Adjunct
Therapy to a Low Phenylalanine Diet

From its discovery until 2007, a low phenylalanine diet was
the only effective modality available for the treatment of
classical PKU. This changed significantly in the USA with
the FDA approval in 2007 of sapropterin dihydrochloride.
Sapropterin is a synthetic form of tetrahydrobiopterin (BH,),
the natural co-factor of phenylalanine hydroxylase. Saprop-
terin has since been approved in multiple other countries.
Rare patients with elevated Phe levels due to a defect in the
generation of the PAH cofactor BH4 had been described
since the 1970s [14, 15]. Treatment of these patients with
a synthetic formulation of the PAH biopterin cofactor (sap-
ropterin) normalized Phe in these patients.

However, it took the serendipitous discovery of an acci-
dental overdose of sapropterin during routine testing of a
PKU patient for cofactor deficiency [16] to reveal that sap-
ropterin could also function as a chaperone that stabilizes
or activates an unstable mutant PAH enzyme with resultant
lowering of blood Phe and the possibility of diet relaxation.

The first clinical trial of sapropterin demonstrated that
20% of PKU patients showed a 30% reduction in Phe level
after 8 days on 10 mg/kg/day of sapropterin [17]. In a fol-
low-up study, 56% of patients showed a 30% reduction in
Phe level after 8 days on 20 mg/kg/day of sapropterin. [18]
In patients who responded to sapropterin with a decrease of
their Phe level, a low Phe diet is typically still necessary but
their Phe tolerance is improved allowing them to eat more
natural protein-containing foods.

Sapropterin was FDA approved in 2007 for adjunct treat-
ment in addition to diet in patients with hyperphenylala-
ninemia due to tetrahydrobiopterin-responsive PKU. Patients
with milder forms of PKU, i.e. with some amount of residual
enzyme activity, are more likely to respond to sapropterin
treatment because they have mutant enzyme that can be
stabilized. Thus, the percentage of patients who respond to
sapropterin will differ depending on the population and its
specific complement of PAH gene mutations. A population
where a pathogenic variant that abolishes enzyme activity
is common, will have fewer tetrahydrobiopterin respond-
ers because patients with those mutations have no enzyme
to stabilize [19]. In very heterogeneous populations such
as in the USA [20], one can expect a higher percentage of
tetrahydrobiopterin responders. Response to sapropterin is
not always predicted by the genotype and generally should
be assessed by formal testing.

The most common side effects of sapropterin (differ-
ing from placebo and in at least 4% of patients) at doses of
10-20 mg/kg/day consist of rhinorrhea, pharyngolaryngeal

pain, diarrhea, cough, nasal congestion (first documented
during double-blind, placebo-controlled clinical trials). In
addition to these side effects, 25% of PKU patients aged 1
month to 6 years receiving 20 mg/kg/day of sapropterin had
Phe levels below the normal range [17].

Sapropterin is a pregnancy ‘Category C’ drug [21]. In
rabbits, administration of high-dose sapropterin during
embryogenesis was associated with a non-statistically sig-
nificant increase in the incidence of holoprosencephaly in
two high-dose-treated litters (four fetuses), compared to one
control-treated litter (one fetus) using a higher dose than that
administered to humans [17]. The safety of the use of sap-
ropterin in humans during pregnancy is under investigation
through a patient registry (Maternal Phenylketonuria Obser-
vational Program (PKU MOMS) sub-registry [21]. By the
middle of 2013, the registry had collected data from 16 preg-
nancies where the mother took sapropterin during pregnancy
and 5 pregnancies where the mother had taken sapropterin
before pregnancy. Two spontaneous abortions occurred in
each of these groups. All 4 spontaneous abortions occurred
between 8 and 10 weeks’ gestation. Three of the four women
had also other risk factors. One spontaneous abortion and
one case of premature labor were judged as possibly related
to sapropterin. In the offspring, one case of feeding difficul-
ties was judged as possibly related. On balance, because
the severe embryo- and fetopathy caused by elevated Phe
levels is well established, the authors recommended saprop-
terin use should be considered during pregnancy in women
previously demonstrated to be sapropterin responders who
showed poor metabolic control on diet alone.

3.3 Phenylalanine Ammonia Lyase (PAL)

The recognition of the ability of phenylalanine ammonia
lyase (PAL) to metabolize phenylalanine (to trans-cinnamic
acid and ammonia) and its potential utility in the treatment
of PKU was first reported in 1980 [22] and ultimately led to
proof of concept experiments in PAH-deficient mice [23].
PAL represents a new category of enzyme replacement ther-
apy in which the deficient enzyme (PAH) is substituted by
another enzyme that can replace some of its function. PAL
was an elegant solution to overcome many of the functional
hurdles faced in the use of PAH itself. PAH is a very unsta-
ble enzyme that is difficult to express and purify in vitro and
requires the presence of its biopterin cofactor for function.
PAL, in turn, was much more amenable to drug develop-
ment as it proved more stable and did not require a cofactor
for activity. Following initial efforts at developing an orally
administered PAL, it was demonstrated that an intraperito-
neal injection of PAL in the PKU mouse model decreased
the phenylalanine level in a dose-responsive fashion, and
that the effect lasted for 24 hours [23]. When developed
for human use, the enzyme was modified by addition of
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polyethylene glycol (PEGylation) for protection from the
host immune response and protease resistance. Subcuta-
neous injection led to a significant decrease in plasma and
brain Phe levels [24]. The PEGylated form of PAL was
called PEG-PAL and eventually pegvaliase. The safety and
efficacy of pegvaliase has been assessed in four Phase 2 clin-
ical trials, and two Phase 3 trials (PRISM-1 and -2 [25-27].
PRISM-2 included an open-label, long-term extension study.

Patients treated over a 12-month period showed a 51%
decrease and patients treated 24 months showed a 69%
decrease in Phe level from baseline [26]. Over a 24-month
period, 68% of patients reached plasma Phe levels of <600
pmol/L, 61% levels of <360 pmol/L, and 51% of patients’
levels <120 pmol/L with 360 pmol/L being the upper limit
and 120 pmol/L the lower limit of the recommended treat-
ment range [26]. In the long-term extension study, 80% of
patients reached Phe levels < 360 pmol/L, and 82.5% < 600
pmol/L, while 79% had plasma Phe levels <120 pmol/L
[27]. There was an improvement in investigator-rated ADHD
scores associated with decrease in Phe levels — the signifi-
cance of this finding was not reported.

The safety profile of pegvaliase is not without concern.
PAL metabolizes Phe to trans-cinnamic acid and a small
amount of ammonia. In animal experiments trans-cinnamic
acid did not result in birth defects or other damage in
embryos or fetuses. It is metabolized to benzoate, conjugated
with glycine, which facilitates its excretion in the urine as
hippurate [28]. However, in the clinical trials, every partici-
pant had an adverse event (AE), most frequent of which were
arthralgia (65.0%), injection-site erythema (67.5%), head-
ache (67.5%), and injection-site reaction (72.5%); 76.3% of
AEs were moderately severe and 11.3% severe [27]. Severe
AEs were anaphylactic or acute systemic hypersensitivity
reactions (3.8% and 4.6%, respectively [26]). The frequency
of adverse reactions decreased over time, being more fre-
quent in the first 6 months on drug and the frequency was
similar for different dosages used.

Pegvaliase (trade name Palynziq®) was approved in the
USA by the FDA in May of 2018 for treatment of adult
patients with uncontrolled blood Phe concentrations on cur-
rent treatment, and the prescribing information [29] notes
that “anaphylaxis has been reported after administration of
pegvaliase and may occur at any time during treatment”.
Minor allergic reactions can be mitigated by pretreatment
with antihistamines, and acute, serious anaphylaxis reactions
can be managed with steroid therapy. Hypersensitivity reac-
tions and anaphylaxis have been observed and may be worse
in patients who concomitantly receive other PEGylated
products [26]. Use of pegvaliase in pregnancy has not been
studied. When starting a woman of childbearing age on
pegvaliase, the treating physician needs to consider that a
woman receiving pegvaliase will be on a very liberalized
diet. Because the safety of pegvaliase during pregnancy is
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unknown, treatment of the drug may need to cease, and die-
tary treatment be resumed in pregnant women. In addition
to the significant difficulty with compliance that this cre-
ates, it would require significant time to bring about, which
increases the risk of high blood Phe during the critical first
weeks of pregnancy.

4 Emerging Approaches

As the most common inborn error of metabolism identi-
fied by newborn screening, PKU is attracting multiple new
options for treatment. Most of these programs are either still
in preclinical phases with only animal data published, and/
or only online information is available at websites such as
clinicaltrials.gov. Gene therapy, which has long been the
holy grail for treatment of inborn errors of metabolism,
has proven successful in mouse models [30]. At least two
gene therapy trials are in development according to phar-
maceutical company websites, but to date, none have, as yet
dosed patients. A variation on gene therapy uses powerful
gene editing techniques (Crispr/Cas9 or TALENS) to repair
common mutations or more accurately insert an active PAH
gene into “safe” areas of the genome. Use of an expressible
synthetic RNA for PAH given intravenously or subcutane-
ously and targeted to the liver, is in development, but again,
not with human subjects. Manipulation of the microbiome
through a probiotic organism programmed to digest Phe in
the gut has been tested in healthy volunteers, but not yet
given to PKU patients.

5 Conclusions

Identification of PKU through newborn screening and treat-
ment from birth remains a major public health success story
and has spawned an expanding menu of diseases detected
at birth. While early dietary treatment with or without the
addition of sapropterin has overcome the most devastating
problems associated with classical PKU, the clinical impact
of the disease is far from eliminated. Rising Phe levels in
older children and adults related to the difficulty of adhering
to a strict diet, create additional problems in these patients.
While enzyme substitution therapy with pegvaliase repre-
sents a breakthrough therapy, significant problems with its
use make development of other therapies a high priority.
Nucleic acid therapy (therapeutic mRNA or gene therapy) is
likely to provide longer term solutions with few side effects.
However, the cost of such therapies represents a new chal-
lenge that healthcare systems will need to address. These
issues notwithstanding, the future is bright for continued
improvement in PKU therapies.
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