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Abstract

Phenylketonuria (PKU; also known as phenylalanine hydroxylase (PAH) deficiency) is an
autosomal recessive disorder of phenylalanine metabolism, in which especially high phenylalanine
concentrations cause brain dysfunction. If untreated, this brain dysfunction results in severe
intellectual disability, epilepsy and behavioural problems. The prevalence varies worldwide,
with an average of about 1:10,000 newborns. Early diagnosis is based on newborn screening,
and if treatment is started early and continued, intelligence is within normal limits with, on
average, some suboptimal neurocognitive function. Dietary restriction of phenylalanine has been
the mainstay of treatment for over 60 years and has been highly successful, although outcomes
are still suboptimal and patients can find the treatment difficult to adhere to. Pharmacological
treatments are available, such as tetrahydrobiopterin, which is effective in only a minority

of patients (usually those with milder PKU), and pegylated phenylalanine ammonia lyase,
which requires daily subcutaneous injections and causes adverse immune responses. Given the
drawbacks of these approaches, other treatments are in development, such as mMRNA and gene
therapy. Even though PAH deficiency is the most common defect of amino acid metabolism

in humans, brain dysfunction in individuals with PKU is still not well understood and further
research is needed to facilitate development of pathophysiology-driven treatments.

Phenylketonuria (PKU; also known as phenylalanine hydroxylase (PAH, EC 1.14.16.1)
deficiency (OMIM # 261600) and Fglling disease) is an inborn error of phenylalanine (Phe)
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metabolism, which is caused by pathogenetic variants in the PAH gene. PAH is responsible
for the conversion of Phe to tyrosine (Tyr), in a reaction that requires the co-substrate
tetrahydrobiopterin (BH4). Of note, BH4 can also act as a chaperone to facilitate the proper
folding of the PAH monomer, as does DNAJC12 (REFS14); consequently, in a small
number of cases of hyperphenylalaninaemia (HPA), the HPA is caused by defects in BH4
metabolism or pathogenetic variants in DNAJCI12. HPA is the core biochemical abnormality
of PKU (FIG. 1), in which normal blood Phe concentrations (35-120 pumol/l)) are exceeded.

In untreated patients with PKU, blood Phe concentrations are markedly increased, resulting
in the formation of phenylketone bodies that are excreted in urine; conversely, Tyr
concentrations are usually somewhat low. Clinically, untreated patients develop severe
intellectual disability, epilepsy and behavioural, psychiatric and movement problems, as well
as light pigmentation of skin, eyes and hair, eczema and a musty odour®. Less severe forms
of PAH deficiency are variously referred to as moderate PKU, mild PKU, mild HPA or
benign HPA, whereas severe forms are referred to as classic PKU. Historically, the different
severities of PAH deficiency were differentiated by the untreated Phe concentration®, which
has provided data regarding the global prevalence of these different severities of PAH
deficiency (FIG. 2). However, these prevalence data must be interpreted with care, as
establishing the severity of PAH deficiency is difficult because patients are now diagnosed
before the biologically highest untreated Phe concentration is reached. Therefore, this
classification is no longer valid®. Tolerance for Phe (measured or estimated by prescribed
intake, or 3-day dietary history from a diary or by asking the patient to estimate the

intake) has long been seen as an alternative criterion for PKU classification, but this
measure also depends on patient age, the target therapeutic Phe concentration, the current
bodily growth rate and patient health status with the possibility of protein catabolism, the
accuracy of the dietary intake and the adherence to dietary control. Therefore, in line with
the first European guidelines for PKU, we classify PAH deficiency into mild HPA (Phe
concentrations 120-360 pumol/I; no treatment necessary) and PKU (>360 pumol/l), which can
be further categorized as BH4-responsive PKU or BH4-non-responsive PKUS. Here, we use
PKU to refer to all severities of PAH deficiency and only differentiate between them where
necessary.

In the historical efforts to achieve ‘normal outcomes’ in individuals with PKU, researchers
and clinicians had to overcome various hurdles, and these experiences provided a proof of
principle and a general guide for the development of diagnostic and therapeutic solutions
for many inherited metabolic diseases (IMDs) (BOX 1). Furthermore, the success of these
efforts started to counter the perception that IMDs in general are untreatable, although they
may also have hampered further innovation in therapy in PKU for some decades.

There have been important milestones!:9-25 in the history of PKU research and treatment
to improve outcomes (FIG. 3). PKU was first described in two Norwegian siblings in

1934 by Falling®, was first treated (with dietary control) in 1953 by Bickel et al.14, and
population-based newborn screening using dried blood spot (DBS) testing to assess Phe
concentration was introduced in 1963 by Guthrie and Susil’, and enabled early diagnosis
and initiation of treatment. Despite marked improvement in PKU management in the first
decades after the introduction of dietary control, this theoretically simple treatment has not
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completely remedied the manifestations of PKU, and keeping blood Phe concentrations
within the target range is burdensome in practice, especially in children after the first decade
of life26, In this Primer, we summarize current knowledge of PKU epidemiology and review
the diagnosis of PKU (PAH deficiency) and the other known genetic aetiologies of HPA,
including defects in BH4 metabolism and DNAJC12 deficiency?. In addition, we discuss

the present understanding of PKU pathophysiology, current management approaches and the
challenges in further improving treatment of PKU. Finally, we provide an outlook on new
treatments that will hopefully be effective in improving outcomes in individuals with PKU.

Epidemiology

The prevalence of PKU varies substantially among ethnicities and between different
geographic regions worldwide (FIG. 2). PKU prevalence is generally highest in white or
East Asian populations (~1:10,000-15,000 live births)2”. In Europe, the prevalence ranges
widely, from 1:2,700 live births in Italy and 1:4,500 live births in Ireland to <1:100,000
live births in Finland?®. Spain differs from other European countries/regions in having a
high prevalence of mild HPA and PKU with lower untreated Phe concentrations (blood
Phe 360-600 umol/l), arising from partial inactivation of PAH22, The prevalence of PKU
in some countries/regions in the Middle East is comparable to or even higher than that

in white or East Asian populations. For example, in Turkey30, the Fars province of Iran3!
and the Russian republic of Karachay-Cherkessia32, the prevalence is 1:4,370, 1:4,698
and 1:850 newborns, respectively. This extremely high prevalence might be explained by
the more frequent occurrence of consanguineous marriages. PKU prevalence is low in
some Asian populations, such as those of Thailand (1:212,535)33 and Japan (1:120,000)34.
The prevalence in South America varies from ~1:25,000-50,000 live births, with a lower
prevalence in the northern than in the southern part of the continent3®. Prevalence data are
lacking for some regions of the world, such as parts of Africa, Asia and the Caribbean.
The prevalence of PKU in people of African or South Asian descent may be lower than

in white populations36. Estimates of prevalence have been made based on prevalence in
individuals of South Asian (~1:35,000) and sub-Saharan African (~1:90,000) ancestry living
in the UK37.

Mechanisms/pathophysiology

PAH is a tetrameric, iron-containing monooxygenase enzyme that catalyses the
hydroxylation of Phe to form Tyr18 (FIG. 1). This reaction requires molecular oxygen as

a cofactor and the reduced pterin BH4 as a co-substrate. PAH-mediated hydroxylation is
the rate-limiting step in the intermediary metabolism of L-Phe. Even with current advanced
research tools, the exact amount of Phe utilized for net protein metabolism is unknown.
From the difference in Phe requirements in healthy children and adults compared with
those in children and adults with PKU, we estimate that ~10-20% of typical dietary Phe
intake is utilized in the course of routine protein turnover; the remainder is converted to
Tyr through the action of PAH. Tyr has several metabolic fates, including the production of
the neurotransmitters dopamine, adrenaline and norepinephrine, conversion to thyroxine in
the thyroid gland and to melanin in melanocytes, and complete catabolism to acetoacetate
(a ketone) and fumarate (a Krebs cycle intermediate) to be utilized as fuel. Inherited or
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functional deficiency of PAH activity leads to HPA, mild Tyr deficiency and, when severe,
urinary excretion of phenylpyruvate (the product of spontaneous Phe deamination) and other
phenylketone bodies.

Genetic aetiology

HPA is most commonly caused by pathogenetic variants in the 2AH gene located on
chromosome 12, which are inherited in an autosomal recessive manner, leading to the
production of PAH monomers with reduced or no activity or the complete absence of

PAH protein. More rarely, functional PAH deficiency is caused by BH4 deficiency due

to inherited defects in biopterin synthesis (GTP cyclohydrolase 1 (GTPCH) or 6-pyruvoyl-
tetrahydropterin synthase (PTPS) deficiencies) or BH4 recycling (dihydropteridine reductase
(DHPR) or pterin-4a-carbinolamine dehydratase (PCD) deficiencies). Interestingly, the
autosomal dominant form of GTPCH deficiency as well as sepiapterin reductase (SR)
deficiency decrease PAH activity but not by enough to result in HPA38, Folding and
assembly of functional PAH monomers is disrupted in the absence of the required chaperone
DNAJC12, a recently described additional cause of inherited HPA, with great clinical
variability1:4:39,

PKU is genetically very heterogeneous, with >1,000 PAH variants catalogued in individuals
with PKU from around the world?8:40, Many patients are compound heterozygous for

two different PAH variants, leading to more than 2,600 known PKU-causing genotypes.

The majority of PAH variants are in-frame missense amino acid substitutions (58.3%),
whereas frameshift variants (13.9%), splice variants (13.1%), nonsense variants (6.9%)

and synonymous substitutions (4.9%) are less common?®. Of pathogenetic variants, 17.9%
occur in intronic or untranslated regions of the PAH gene. Missense variants may result

in the production of abundant but hypoactive or inactive PAH monomers. However, some
variants, such as the relatively common ¢.1222C>T (p.Arg408Trp) variant that is prevalent
in Celtic and Eastern European populations*!, are associated with extreme instability and
proteolytic degradation of the mutant PAH monomers, leading to severe PAH enzyme
deficiency#2. However, coexpression of two different variant alleles can alter the stability
and PAH activity of the resultant tetramer in comparison to the predicted activity from either
individual allele alone; examples of both positive and negative inter-allelic complementation
are known“3. These features add significant complexity to genotype—phenotype prediction?4.
Genotypes yielding some residual PAH activity may be associated with a BH4-responsive
phenotype, in which oral BH4 supplementation leads to stabilization of the PAH tetramer?>,
with consequent increases in liver PAH activity and dietary Phe tolerance?4.

The BTBR.Cg-Pa/f"'1 mouse, which was generated in an ethylnitrosourea (ENU)-induced
random mutagenesis screen®, has a PAH p.Val106Ala missense variant that results in

an unstable PAH protein and mild BH4-responsive HPA%7. These mice accurately model
BH4-responsive PKU in humans, which is now treated with the BH4 synthetic analogue
sapropterin dihydrochloride*8. Other animal models of PKU are available (TABLE 1) for
investigation of the pathophysiological mechanisms underlying PAH deficiency, including
the most widely studied model, the Pa/£"Y2 mouse. This mouse model was also generated by
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ENU-induced random mutagenesis and its severe BH4-non-responsive phenotype is a model
of untreated or late-treated severe PKU in humans*®.

Infants with PKU are phenotypically and functionally normal at birth. Low birthweight

and short body length at birth have been reported in two studies®®>1, but a meta-analysis

of several studies showed normal prenatal growth®2. Although PAH is only expressed

in the liver and kidneys®3, neither organ suffers any apparent significant pathology as a
result of PAH deficiency. Left untreated, PKU most profoundly affects the brain (FIG.

4). The few post-mortem neuropathological evaluations of untreated individuals with PKU
have documented small brain size and impaired myelination in all cases, although neuron
numbers are usually normal®*. The complexity of dendritic branching and the number of
synaptic connections are reduced in untreated individuals with PKUS®. Similar findings have
been described in Pa/£f"u2 mice8. The precise cause of brain dysfunction in PKU is unclear.
Even after decades of study, the molecular pathophysiology that forms the basis of the
neuropathology associated with PAH deficiency remains incompletely understood®’.

Biochemical effects of PAH deficiency

Inspection of the Phe hydroxylation pathway (FIG. 1) suggests three different proximal
biochemical consequences as potential primary causes of pathology in inherited PAH
deficiency: HPA, hypotyrosinaemia or the effects of accumulating phenylpyruvate or related
metabolites. Organic acids such as phenylpyruvate are rapidly excreted in urine, and their
tissue concentrations are probably too low to be of any clinical consequence, even in
completely untreated individuals®®. Plasma Tyr concentrations in untreated individuals with
PKU are on average lower than in the general population but are usually not below the
normal range, as some L-Tyr is ingested from dietary protein in a normal diet, as for all other
amino acids. Although L-Tyr deficiency may have a role in brain amino acid balance and
neurotransmitter deficiency (as described below), simply supplementing the diet with L-Tyr
without any other treatment does not prevent severe cognitive disability in individuals with
PKU®9, As first demonstrated in 1953 (REF.14) and supported by several other anecdotal
reports soon thereafter, and ultimately confirmed in a longitudinal study in 1960 (REF.50),
restriction of dietary Phe intake substantially prevents the major manifestations of PKU,
implicating Phe itself as the primary neurotoxin in PKU, although HPA does not completely
explain the entire cascade to brain dysfunction®?.

The mechanisms through which elevated Phe concentrations in the brain cause dysfunction
have been and continue to be a fertile field of investigation. It is likely that multiple different
mechanisms are involved, depending on the developmental stage of the brain and when
treatment commences (early or late).

Mechanisms of neuropathology

White matter disruption.—HPA causes disturbances of neuronal dendritic outgrowth and
synaptic connectivity, in both in vitro experiments with cultured neurons®2:63 and in animal
models®%5, most importantly the Pa/£"u2 mouse. Some of the most severe manifestations

in individuals with PKU (that is, intellectual disability and epilepsy) are considered to

have, at least in part, a grey matter component; nevertheless, most studies are about white
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matter abnormalities and only a few report findings of abnormal grey matter®6.67, It has
been suggested that HPA alters the phenotype of oligodendrocytes from myelinating to
non-myelinating®8, but cultured rat oligodendrocytes are capable of laying down normal
myelin sheaths in HPA®. Phe may impair the synthesis of cholesterol (through inhibiting
3-hydroxy-3-methylglutaryl-CoA reductase activity’%) or other brain lipids and thereby
interfere with myelin production. However, the precise molecular mechanisms underlying
the white (and grey) matter disturbances associated with elevated brain Phe concentrations
remain unknown.

Cerebral metabolism.—The rate of cerebral glucose metabolism is reduced in the
frontal cortex of hyperphenylalaninaemic Pa/f"'2 mice, suggesting that energy production
is impaired’?, the extent of which correlates with the severity of behavioural abnormalities
in these animals’2. However, severe memory impairment is the most prominent cognitive
deficit in Pa/f"u2 mice’2-74, despite seemingly normal glucose uptake in the hippocampus.
Similar alterations of cerebral glucose metabolism have been measured by PET imaging

in patients with PKU”>=77_ The mechanism may be related to Phe-mediated inhibition of
pyruvate kinase’® or other enzymes of glycolysis or oxidative phosphorylation.

Large neutral amino acid deficiency.—Movement of the aromatic amino acids (Phe,
Tyr and tryptophan) and other large neutral amino acids (LNAA), including leucine,
isoleucine, valine, methionine, threonine and histidine, from the circulation into the brain
across the blood-brain barrier (BBB) occurs through sodium-independent transfer’®. This
transfer is facilitated by the amino acid transporter LAT1 (also known as SLCA7A5), which
is a member of the amino acid—polyamine—organocation family of transmembrane transport
proteins® and is expressed on both the luminal and abluminal membranes of brain capillary
endothelial cells. As the affinity of LAT1 for all LNAAs is high (Michaelis constant (Ky)
~20-200 uM) relative to the physiological concentrations of these amino acids in capillary
blood, this transporter is saturated at all times. Therefore, in the hyperphenylalaninaemic
state, Phe-mediated competition for binding to LAT1 has been suggested to impair the

flux of the other LNAAs into the brain, leading to their deficiency in the brain8l. These
deficiencies are probably responsible for impaired rates of cerebral protein synthesis
measured in adults with PKU82:83 and contribute to brain monoamine neurotransmitter
deficiencies84. Oral supplementation of LNAAs other than Phe has been promoted as a
treatment approach to correct cerebral amino acid imbalance and the attendant physiological
consequences®4-88, However, most discussions of the LNAA competition at the BBB
theory ignore the fact that there are separate sodium-dependent amino acid transporters

on the abluminal brain capillary endothelial cell membrane with very high affinity for
LNAAs89: these transporters are capable of pumping amino acids out of the brain back to
the circulation and may work to modulate any disturbances of amino acid homeostasis in
the brain®. The current working model of LNAA transport at the BBB and its attendant
consequences during HPA are probably insufficiently developed®?.

Neurotransmitter deficiency.—Monoamine neurotransmitter deficiencies, initially and
most dramatically of serotonin®2, but also later of norepinephrine93, in the brains of
individuals with PKU were first suggested as possible pathophysiological mechanisms
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explaining part of the cognitive and behavioural deficits in affected individuals. These
deficiencies have been confirmed in post-mortem specimens from untreated individuals with
PKU® and in multiple reports in hyperphenylalaninaemic Pa/f"u2 mice’2:84.88,94-99 p
animal studies have detected profound serotonin deficiency, whereas some studies have
found a disturbance of dopamine metabolism, albeit less severe than that of serotonin. From
the cumulative data, there is evidence that three different mechanisms contribute to the
genesis of neurotransmitter deficiencies: first, cerebral deficiency of Tyr and tryptophan
(the substrates for dopamine and serotonin synthesis, respectively) in the brain owing

to amino acid transport competition84 (described above); second, decreased constitutive
expression of Tyr hydroxylase (TH) and tryptophan hydroxylase 2 (TPH2), which catalyse
the rate-limiting steps in dopamine and serotonin synthesis, respectively’2; and third, Phe-
mediated competitive inhibition of TH and TPH2 activities’2. Disturbances of monoamine
neurotransmitters have been frequently implicated as contributors to the neuropsychiatric
symptoms and impaired executive function associated with HPA81:100,

Other cerebral effects of HPA

Phe at millimolar concentrations has been shown to aggregate into amyloid-like fibrils, and
deposits of Phe aggregates have been detected in the brain of Pa/£"2 mice and a single
human PKU brain examined after death!01. These amyloid-like fibrils, which are reminiscent
of the amyloid plaques associated with Alzheimer disease, have been postulated to have a
pathogenetic role in the cognitive deficits associated with PKU. High Phe concentrations
have also been shown to alter the methylation pattern of a panel of known methylated

genes, including several regulatory microRNAS in the brain tissue and blood of patients with
PKU192 and the brain of Pa/f"u2 micel03, suggesting that elevated Phe has marked effects
on the epigenome. Finally, there is evidence for increased oxidative stress in association
with HPA, as indicated by increased lipid peroxidation1%* and microglial activation9® in the
brain of Pa/f"u2 mice.

Diagnosis, screening and prevention

Manifestations

If untreated, patients with PKU develop severe intellectual disability, epilepsy and
behavioural, psychiatric and movement problems, a musty odour and, in some patients,
light(er) pigmentation of skin, eyes and hair, and cortical blindness and eczema®. If started
immediately after birth, dietary treatment can prevent these sequelae. However, if treatment
has been inadequate for long periods of time, adults with PKU may develop clinical issues,
including lower extremity spasticity and cerebellar ataxia, tremor, encephalopathy and visual
abnormalities196-108 |nterestingly, dementia has also been described in patients with PKU
first presenting during adulthood199,

Even though the dietary treatment of PKU initiated in the first days after birth prevents the
major cognitive and neurological deficits®?, the incidence of attention-deficit-hyperactivity
disorder and specific learning disabilities, which are probably related to deficits in executive
functions, might remain higher in well-treated patients with PKU than in individuals without
PKU0, Higher Phe concentrations due to difficulty in adhering to the strict dietary
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treatment during adolescence and adulthood is associated with emergence of adverse effects
on attention, mood, memory and executive function111.112,

Nowadays, the implementation of newborn screening for PKU in most countries/regions
worldwide has resulted in diagnosis typically occurring in the neonatal period. The
screening involves collecting a drop of blood from a healthy neonate by a heel prick.
Although the exact timing of the heel prick varies among countries/regions, the appropriate
time for blood sampling is between 24 hours and 72 hours after birth. The outer or inner
side of the baby’s heel is pricked and blood dripped on to a filter paper card (Guthrie card)
so that the marked circles on the card are completely saturated. The analytical phase of

the screening process consists of the biochemical analysis, and referral of the neonate for
confirmatory testing. Different laboratory screening methodologies exist for the assessment
of blood Phe concentrations. In the bacterial inhibition assay (BIA), which is the original
Guthrie test, the DBSs are placed on agar plates containing a strain of Bacillus subtilis.
The agar also contains —2-thienylalanine, a Phe analogue that inhibits bacterial growth.
When high concentrations of Phe are present in the DBS, transport of the analogue into the
bacterium is inhibited and bacterial growth occurs, which is easily detectable.

Calibration spots allow rough estimation of the Phe concentration in the patient sample. This
assay is simple, inexpensive and suited for screening large numbers of individual specimens;
however, it is a semiquantitative method with limited sensitivity (for example, the presence
of antibiotics can cause false-negative results). Increased accuracy and sensitivity have

been achieved using fluorimetric microassay (FMA) to quantify Phe levels. The method
involves chromatography separation followed by derivatization and fluorimeter detection.
Both the BIA and FMA only detect a single amino acid, such as Phe, whereas tandem

mass spectrometry (TMS) allows the measurement of multiple amino acids. In the past high
protein intake could lead to false-positive results, but this is no longer the case with TMS.

Once it was recognized that the concentration of acylcarnitine and amino acids can be
determined simultaneously using TMS, screening for many IMDs from a single punched
disc from the DBS became possible. Countries that ‘only” screen for HPA can use the BIA
or FMA, which are less expensive than TMS. However, despite the higher cost, TMS is the
only choice for screening for multiple IMDs (with other amino acids and/or acylcarnitines).
Furthermore, TMS also allows Phe and Tyr to be measured simultaneously, enabling a
more sensitive strategy for PKU screening. Whereas 240 pmol/l (4 mg/dl) was a commonly
used cut-off Phe concentration for a PKU-positive screening result in the past, TMS has
provided more sensitive detection, with a Phe cut-off concentration of 120 umol/l (2 mg/dl)
in combination with a Phe to Tyr ratio >1.5 giving a PKU-positive screening result113,

Identifying the defect underlying HPA

When HPA is detected, further investigations are mandatory to distinguish between PAH
deficiency, disorders of BH4 metabolism and DNAJC12 defects. Analysis of pterins and
measurement of DHPR activity by DBS testing is important for identifying BH4 defects and
should be carried out on all newborns with HPA (FIG. 5). The use of a DBS instead of urine
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(for analysis of pterins) is more practical and allows measurement of pterins, DHPR activity
and amino acids from a single specimen. However, in the USA, pterins are still usually
analysed in a urine sample.

In cases where the results of pterin and DHPR analysis may be delayed, a 24-hour BH4-
loading test can be performed. In this test, 20 mg/kg sapropterin dihydrochloride is given
orally and Phe concentration in a DBS is measured before loading and at 4, 8, 16 and 24
hours after loading. Substantial decreases in blood Phe up to 8 hours after BH4 challenge
are seen in patients with BH4 defects (especially PTPS, GTPCH and PCD deficiencies) and
variants in the DNAJC12 gene (presenting with a normal pterin profile), while patients with
BH4-responsive PKU or DHPR deficiency tend to show a much slower decrease in blood
Phe. If no decrease in Phe occurs, the patient probably has PAH deficiency, although such

a result cannot be used to conclude that a patient has non-BH4-responsive PKU, as some
neonates with a negative BH4 loading test in the newborn period are BH4-reponsive when
tested at an older age!14. Thus, the BH4 loading test enables early diagnosis of BH4 or
DNAJC12 deficiency and may also identify BH4-responsive PKU. Although pterins are not
altered in patients with DNAJC12 deficiency, treatment is comparable to that for defects in
BH4 metabolism, and DNAJC12 deficiency should be considered in individuals who show
development different from patients with PAH deficiency.

Of note, newborns with autosomal recessive GTPCH or SR deficiency may present with
normal blood Phe in the neonatal screening DBS or in plasma, and thus can be missed

if only amino acids are measured. Patient genotyping using a panel of all genes known

to cause HPA (including DNAJC12) can provide final diagnostic confirmation and might
predict the metabolic phenotype in PAH deficiency?. However, predicting responsiveness
to BH4 in patients with PAH deficiency by genotyping is not always conclusive. Genotype
analysis seems mainly helpful to exclude patients who are unlikely to respond to BH4
supplementation based on the specific PAH pathogenetic variants!15,

The BH4 loading test using 48-hour loading (20 mg/kg sapropterin dihydrochloride every
24 hours) can be useful in identifying the majority of BH4-responsive patients with

PAH deficiency (who show a Phe reduction of at least 30% at various time points, but
especially at 24 h after the second dose), but may also not be particularly effective

in predicting long-term BH4 responsiveness1®. All of the proposed loading tests for
sapropterin dihydrochloride should include reassessment of the diet and maximizing the
Phe tolerance before BH4 loading and after the start of BH4 treatment to measure the gain
in Phe tolerance produced by BH4 supplementation, followed by titration of sapropterin
dihydrochloride in responders to BH4 treatment13,

Prenatal diagnosis of all variants of BH4 deficiency is possible by measuring the
concentration of the pterin metabolites biopterin and neopterin in amniotic fluid (being
the fetus’ urine); the pattern of these metabolites mirrors the pattern found in the

urine of the same patients after birth and therefore is diagnostic for GTPCH and PTPS
deficiency. However, molecular analysis is now the method of choice for all primary BH4
deficiencies!16.
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Management

Untreated PKU is only seen in those individuals who were born before the advent of
newborn screening or in a country in which newborn screening is not yet available for every
newborn, and who therefore have been untreated from birth. PKU was the first disease

for which a treatment was introduced to prevent intellectual disability. The goals of PKU
treatment are: optimal neurocognitive development and functioning, and normal growth,
nutritional status, quality of life (QOL) and psychosocial well-being. While diagnostics of
HPA is important, dietary treatment of PKU should be initiated in the first days after birth to
prevent the major cognitive and neurological deficits®C.

Dietary management

It now seems so logical, but initiating dietary control to limit the intake of a specific amino
acid has been a tremendous step forward in the understanding of PKU and improving
outcomes not only for patients with PKU but also for those with other defects in metabolism
of amino acids, carbohydrates or fatty acids. Dietary treatment of PKU has been so
successful only because Phe cannot be synthesized in the body and therefore Phe is a
so-called essential amino acid, meaning that the blood Phe concentration is highly dependent
on dietary Phe intake.

Although the Phe-restricted diet has been shown to be effective, it does not fulfil

every treatment goal in an optimal way. For example, the incidence of attention-deficit—
hyperactivity disorder and specific learning disabilities, probably related to deficits in
executive functions, might remain higher in well-treated children with PKU than in

children without PKU10, |oss of metabolic control during adolescence and adulthood is
associated with emergence of significant adverse effects on attention, mood, memory and
executive function!11.112 1n a few individuals, lower extremity spasticity and seizures can
develop after prolonged non-adherence to therapy during adulthood%, Encephalopathy has
been described after long-term lack of metabolic control as well as in patients at first
presentation197.108 and is responsive to strict dietary treatment. Visual abnormalities have
also been reported to emerge during adulthood when the patient is non-adherent and to
disappear after re-introduction of the strict diet!7. These data seem consistent with the more
subtle visual deficits described in children who do not adhere to metabolic control and with
the cortical blindness in untreated adults with PKU117:118,

The dietary treatment comprises three aspects: restriction of natural protein intake,
supplementation with a Phe-free amino acid mixture and consumption of low-protein food
products. Phe restriction can only be performed by restricting intake of natural protein. The
extent of natural protein (Phe) restriction is based on the amount of Phe required for net
protein synthesis (for example, age-dependent growth and balance between anabolism and
catabolism in periods of illness) and the severity of the PAH deficiency13.119, By restricting
natural protein consumption, not only is the intake of Phe reduced but so is that of other
(essential) amino acids and other constituents of natural protein, such as vitamins, minerals
and carnitine. Natural protein therefore is replaced with a protein substitute, which is an
amino acid mixture that lacks Phe, is enriched for Tyr to replace the Tyr that in healthy
individuals is produced from Phe, and contains other micronutrients that are present in
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a standard diet containing natural protein. The third part of the diet is low-protein food
products, which consist of carbohydrates and fats that replace basic food items such as bread
and pasta. They are especially important for supplying energy and enable patients to have a
food profile that to some extent mimics normal food habits19.

The initial experience with dietary Phe restriction revealed two outcomes: a considerable
improvement in behavioural rather than intellectual outcome in individuals with PKU who
started treatment after damage had already occurred, and enormous improvement when
treatment was started before damage had begunl20, Furthermore, this initial experience also
showed that treatment had to be tailored and monitored, as protein and/or Phe deficiency
also had adverse effects, including growth restriction, anorexia, alopecia, lethargy and
eczematous eruptions1?1.122 Of note, such dietary failure may still occur nowadays23, so
that growth restriction, anorexia, alopecia, lethargy and skin lesions are red flags.

Developments in protein substitutes.—Although the basis of dietary control has not
really changed since its introduction in 1953 (REF.124), protein substitutes have evolved.
Initially, protein hydrolysates were used, so it was technically impossible to achieve a
completely Phe-free protein substitute, thus requiring that the Phe contribution from natural
protein be decreased even more. By contrast, the completely Phe-free amino acid mixtures
available nowadays allow patients with PKU to obtain Phe from natural protein only.
Despite substantial efforts to improve the quality (adding vitamins, selenium, carnitine,
long-chain polyunsaturated fatty acids), texture, taste and ease of use of these mixtures!?4,
the taste is still not optimal. However, the use of glycomacropeptides (GMP), a protein
component of whey that is completely devoid of Phe (as well as Tyr, tryptophan, arginine,
cysteine and histidine, and is low in methionine and leucine) represents an improvement,
including better taste and feeling of satiety as well as improved immunological aspects

by decreasing inflammation12>. As many patients have problems with the taste of amino
acid mixtures, GMP might be a solution especially in patients for whom the intake of
protein substitutes is a real issue. However, residual Phe-containing proteins are not easily
separable from GMP when it is isolated from whey, so GMP still contains some Phe.
Furthermore, GMP is low in some LNAAs and therefore enrichment with LNAAs, such

as Tyr, tryptophan, leucine, methionine and histidine, is necessary to provide a protein
substitute with the same quality as Phe-free LNAA mixtures®. However, addition of the
lacking amino acids negatively affects the taste. Whereas the Phe content of early GMP
isolates was ~3-4% (it is 4-5% in natural protein), more recent GMP products have a Phe
content of 1-2%126, Therefore, despite these improvements, GMP still has disadvantages,
especially for patients with PKU who have a low tolerance of Phe and a high requirement
for protein substitutes. Another issue with the Phe-free diet is that the physiological course
of absorption of free amino acids in protein substitutes does not follow that of natural
proteinl27, Therefore, a so-called physiomimic formulation was developed, in which a
coating was added to the protein substitutel28, The coating consists of ethyl cellulose and
alginates that encase granules of amino acids (without Phe); this formulation shows a much
better release of the essential amino acids to the blood so that the amino acids can be used
for protein synthesis rather than energy production.
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Pharmacological treatments

Although the Phe-restricted diet is still the cornerstone of treatment, two drugs are available
that decrease the blood Phe concentration and thereby that in the brain as well. Some
patients with PAH deficiency can forego dietary control when treated with the BH4
synthetic analogue sapropterin dihydrochloride, while others of all ages tend to show

a large increase in their Phe tolerancel29:130, However, only a subset of patients with

PKU respond to this treatment. Consequently, the still rather new therapeutic pegvaliase,
an injectable pegylated Phe ammonia lyase (pPAL) approved by the FDA in 2018, was
welcomed by the PKU community and has dramatically changed the lives of patients with
PKU?25131 This treatment has had a long, complex development (reviewed elsewherel32),
Despite pegvaliase proving effective both orally and parenterally in PKU mouse models, the
oral formulation was not effective enough due to early degradation33 and the parenteral
formulation required pegylation to be effectivel34. Nevertheless, pegvaliase is highly
effective in reducing Phe concentrations in most patients, such that most of them can

come off dietary management31. However, pegvaliase is not without drawbacks, including
adverse events ranging in severity from local to more general skin reactions, arthralgia and,
very rarely, anaphylactic responses®°. These adverse events are based on two different
immunological responses: the strongest is usually in the first 6 months and mostly involves
anti-PEG antibodies, while the anti-pegvaliase antibodies persist and cause some less
severe symptoms!35. Consequently, patients need to be very persistent with treatment, as

it takes months to overcome the antibody response before pegvaliase becomes effective.
Based on clinical experience and knowledge of adverse immunological events, guidelines
for pegvaliase treatment induction and maintenance in patients with PKU have been
proposed36,

Most Phe that is absorbed in the gut is not from dietary protein but instead is

derived from the so-called enterorecirculation between the body and the intestinel3’. In
enterorecirculation, large amounts of proteins, enzymes and polypeptides enter the gut by
pancreatic and other glandular secretions, which undergo tryptic digestion to release amino
acids that are reabsorbed in the intestine. Intestinal Phe was efficiently metabolized by orally
administered pegvaliase in a rat model of PKU137, suggesting that oral formulations to
metabolize Phe in the intestine might be an effective therapeutic approach.

Breastfeeding

In daily practice, metabolic control is started very early after birth. Breastfeeding was long
considered to be impossible due to the risk of uncontrolled Phe concentrations, as the protein
content or the amount of human milk consumed by an infant was not known!38.139, byt this
fear was later shown to be unnecessary40. Most PKU clinics advocate giving human milk,
although in various ways. One method is to feed infants human breast milk by bottle so that
the volume of milk consumed is known. Another, less socially restrictive, approach is to
first feed the infant with an amino acid mixture and then allow breast feeding. The amount
of amino acid mixture administered is based on the target Phe concentration, assuming that
the child will consume more breast milk if a lower volume of amino acid mixture is given
and vice versa, with the total ‘protein’ intake remaining the samel41. A study investigating
the effect of alternating feeds (amino acid supplements and breast milk) over 6 months®’
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showed that this approach is practical and safe, with the daily number of breast feeds
dependent on the Phe concentration!42. In the first period after diagnosis, the amount of Phe
allowed without exceeding target Phe concentrations (360 pmol/l) can be much higher than
at later times. This so-called honeymoon period can last for weeks. Weaning is not different
from that in healthy infants but the low natural protein allowance in infants with PKU does
not leave room for foods rich in natural protein.

Although the BH4 concentrations in human breast milk have not been extensively studied,
one study found that BH4 levels seem quite high, even in healthy mothers not treated with
sapropterinl43. The Phe content of human breast milk may vary with postpartum age and, in
the case of a mother with PKU, with her adherence to dietary control. A mother with PKU
may breastfeed her baby whether the baby has PKU or not, as long the Phe concentrations
are monitored if the baby has PKU.

The first years of life for a patient with PKU are difficult, as Phe requirements can

vary considerably owing to the changing growth rate. Furthermore, periods of illness
(especially with fever), immunization and teething require energy, which is supplied by
protein catabolism for glucogenesis, but as Phe cannot be broken down, its concentration in
the circulation will increase.

Theoretically, other risk factors could include a (possibly unconscious) lack of acceptance of
the diagnosis or knowledge of aspects of treatment by parents, or a lack of stringent follow
up with home sampling and/or timely communication of Phe test results to parents. All those
factors are difficult to assess. For example, one study found that the extent of knowledge of
PKU has a role in dietary adherencel#4, while other studies found no association, perhaps
because knowledge in itself is not enough to ensure treatment adherence in practicel45-147,
In fact, a positive attitude to the dietary regimen may help in achieving better metabolic
control148, A faster turnaround time of Phe blood test results has not been shown to result

in lower Phe concentrations. It has not been studied whether more frequent sampling results
in lower Phe concentrations, but, at the same time, patients are sometimes more strict

with the diet before a sample is taken, so more frequent testing could be hypothesized to
improve their metabolic control49. Importantly, patients can be taught simple aspects of
their treatment from an early age.

The PKU dietary handbook is a practical translation of the European guidelines for PKU
treatment and provides advice on especially the day to day aspects of all aspects of dietary
treatment!19, but does not remove the need for follow-up and recommends more intense
follow-up that may be clinically relevant in some patients who have difficulty keeping Phe
concentrations under control®113, The European guidelines present an action plan for use
in the event that half or more Phe test results are above the target range or control of Phe
concentrations is inconsistent, especially in children.

Adolescence

From the last years of the first decade of life onwards, patients should be taught to
take control of their own PKU treatment so that they can be in control from around 12

Nat Rev Dis Primers. Author manuscript; available in PMC 2021 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

van Spronsen et al.

Adulthood

Page 14

years of age. To the best of our knowledge, there are no data on the optimal transition

of responsibility for PKU treatment to the patient, but having a chronic disease without
clear acute signals of non-adherence to metabolic control is challenging, especially during
adolescence, when a balance is needed between the carer’s responsibility and trust in

an adolescent child versus the child’s need for help. Furthermore, the instruments for
monitoring (for example, having Phe test results sent directly to a smartphone) and
metabolic control must align with the present skills of adolescents®C. In patients with PKU,
the normally learned executive functions (the higher cerebral processes), such as planning,
strategic thinking and organization, may require optimal Phe concentrations and are thus
easily negatively affected by high Phe concentrations®1152, In turn, decreased capacity

in planning may negatively affect adherence to dietary treatment, resulting in a negative
feedback loop.

Although higher blood Phe concentrations are clearly associated with poorer neurocognitive
outcomes!13, this is not always the case!®3, especially from the end of the second decade

of life. These inconsistencies highlight that the whole pathogenesis of brain dysfunction in
PKU is not well understood and that blood Phe concentration is only a surrogate marker of
the cerebral processes and only incompletely explains the whole cascade of neurocognitive
dysfunction®1.154,

Adult patients with PKU may encounter problems with neurocognitive and social
functioning1®5156, The percentage of patients living a normal life without PKU-related
or treatment-related problems is unclear, as it is difficult to have an unbiased population
to address this question. Debate is ongoing about the necessity to decrease blood Phe
concentrations in adult patients with PKU8/113.157.158 \yhich will probably not be easily
resolved, as data from adults and elderly patients are still scarce and only patients

with optimal treatment from an early age should be studied. Therefore, we welcome
recent studies that add data on the relationship between blood Phe concentration during
adulthood and the neurocognitive and social functioning and well-being in adults with
PKU112.152,153.159-174 Athough it is clear that adults with PKU may encounter brain
function-related problems and that these can be related to increased adult blood Phe
concentrations, some researchers question whether the effect of these issues is clinically
important enough to have a dietary treatment that is socially demanding or a more
invasive and expensive pharmacological treatment, as with sapropterin dihydrochloride or
pegvaliasel13.175,

Of note, this debate about optimal target blood Phe concentrations is not the first
point of contention in the history of PKU research and treatment. For example, the
value of dietary treatment8:59.113.176-178 the period of life in which treatment remains
necessary?®113.157.158,179-181 g the safe blood Phe concentrations in various age
groups8:113.157,158,180,182,183 have heen the subject of debate in the past.

A special word is necessary for those adult patients with PKU who might consider stopping
dietary treatment. These patients may stop taking protein substitutes but then may not
resume normal natural protein intake, as they find it hard to become accustomed to and
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enjoy natural high-protein foods. As a result, they may be at risk of deficiency for some
micronutrients and vitamins, especially vitamin By, zinc and selenium184.

Pregnancy and maternal PKU

Inadequately treated PKU in pregnant women (so-called maternal PKU), but not paternal
PKU, may profoundly increase the risk of fetal developmental abnormalities. Maternal PKU
was identified as a risk factor in 1957 (REF.16), even before the introduction of the Guthrie
method for newborn screeningl’. Two reports, one in 1963 and another in 1980, were
instrumental in fostering recognition that maternal PKU is an important problem185.186_Of
note, maternal PKU presents no risk to the mother. Numerous studies have shown that the
risk of fetal developmental abnormalities is increased if maternal blood Phe concentrations
exceed 360 umol/l and treatment is not initiated before the start of pregnancy8-113.187.188
although attaining a blood Phe concentration of <600 umol/l before 10 weeks gestational age
may reduce risk to an acceptable level189,

The entire pregnancy and the period of attempted conception should be considered a risky
period. Most patients, even those who struggle to keep Phe concentrations within the target
range when they are not trying to become pregnant, seem able to get Phe concentrations
within the target range if they are trying to become pregnant. Treatment with sapropterin

has been slowly introduced to manage Phe concentrations in women with BH4-responsive
PKU who aim to become or are pregnant, and leads to increased tolerance for Phe and no
excess fetal abnormalities®0191 However, an overall recent registry of the incidence of fetal
abnormalities in women with maternal PKU who are treated by diet or BH4 is lacking.

Although problems in pregnancy, such as hyperemesis gravidarum (severe nausea and
vomiting of pregnancy), can be very disturbing and distressing, achievement of Phe
concentrations below the upper target concentration in the second half of pregnancy is
usually not an issue. In fact, starting from ~16-22 weeks gestational age, the growth of

the placenta and fetus is so rapid (and thus protein needs are very high) that the Phe

intake should be increased considerably to prevent Phe concentrations falling so low that the
growth and development of the fetus is at risk of hypophenylalaninaemial®2,

Management of maternal PKU depends not only on strict Phe intake restriction but also
on controlling other factors, such as total protein, insufficient energy intake, hyperemesis
gravidarum, low Tyr, and folic acid supplementation and its resulting concentration. If

all these factors are adequately addressed and metabolic control concentrations are within
targets, then the risk of fetal issues due to maternal PKU is very low or even absent. In
this case, extra procedures during antenatal or perinatal care are not likely to be necessary.
However, if blood Phe concentrations are increased or if any of the aforementioned factors
are suboptimal, additional monitoring with ultrasonography is needed.

Routine follow-up of patients with PKU is based pre-dominantly on Phe concentrations,

so that measurement of blood Phe is crucial. Historically, Phe concentrations were often
measured qualitatively, using methods such as the Guthrie method for follow-up, which have
now been completely replaced by highly accurate quantitative laboratory techniques, such as
high performance liquid chromatography, amino acid analysers and TMS. During the past
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two decades, home sampling by DBS has taken its place in daily practice with measurement
performed in the laboratory, but there are concerns about reliability of the data owing to
factors such as variation in sampling material (filter card type) and measurement from the
DBS compared with from plasmal93-197_ A 2020 study showed that DBS measurements can
be valid if a laboratory-dependent correction factor based on filter card type is applied and
plasma values from lithium heparin tubes are used as the gold standard in extraction and
calibration protocols19,

Late-diagnosed PKU

As newborn screening is still not in place in every country, not all patients with PKU are
diagnosed preclinically. Some of these patients with severe intellectual disability and other
brain dysfunction live in homes for individuals with mental disabilities, others with their
family at home, while some are hidden from their environment. Some are refugees who are
only diagnosed with PKU in their destination country. In any of these patients, behaviour
issues and epilepsy may need attention and it is essential to offer PKU treatment!13, An
important principle for the introduction of the protein substitutes is ‘gently and slowly”,

as becoming accustomed to the protein substitute is challenging and requires time and
effort on the part of the patient and the patient’s support network. Sometimes patient
behaviour or epilepsy only improve after 6-12 months of dietary control and an increase in
neurocognitive function might even be possible19°.

International management guidelines

The most recent US and European guidelines for over-seeing all aspects of PAH deficiency
are quite consistent8113.158.200.201 Both guidelines recommend starting treatment when Phe
concentrations exceed 360 pmol/l, as in treated patients with PKU higher Phe concentrations
have been clearly shown to result in non-optimal outcomes and evidence that it is safe

to start treatment when Phe concentrations exceed 600 umol/l is limited. Both guidelines
recommend keeping Phe concentrations below 360 umol/l in children and in women wishing
to bear children. The only real difference between these guidelines is that the US guidelines
also recommend keeping blood Phe concentration below 360 umol/l in adolescents and
adults, whereas the European guidelines recommend that Phe concentrations should be kept
below 600 umol/l in those over 12 years of age. While the US guidelines based their advice
on the idea that the closer Phe concentrations are to physiological the better the outcome,
and that new treatments such as pegvaliase (and gene therapy) will enable patients to achieve
these Phe concentrations201. The European guidelines provide no definitive data to suggest
that Phe concentrations in the range of 360-600 pumol/I in those over 12 years of age affect
outcomes.

Quality of life

Compared with no treatment, early and continuous treatment results in excellent outcomes
in patients with PKU. However, the psychological and social burden of having a chronic
disorder, the social and practical burden of the dietary treatment, with severe restriction

of natural protein and supplementation with unpalatable amino acid supplements, are
burdensome and may all affect the QOL of patients and their family (BOX 2).
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Overall quality of life

The large majority of studies have found an overall QOL fully comparable to that of

the general population in children and adults treated early, with some exceptions on
specific domains292-209 hased on generic health-related QOL (HRQOL) questionnaires,
which enable comparison of the QOL of patients with PKU with that of the general
population (TABLE 2). A study using the Child Health Questionnaire (CHQ) in 32

Italian children with PKU found lower scores, overall and on specific domains, than in

the reference population?10. However, in a large international study (202 children and
adolescents with PKU) using the CHQ questionnaire, the parents of these children reported
scores comparable to those of the general population297. Only one study (in Brazil) found
significantly lower overall HRQOL in individuals with PKU, with lower scores on all
domains of the Paediatric Quality of Life Inventory (PedsQL) questionnaire?1l, Importantly,
patients in this study differed from patients with PKU in other studies in that cognitive
disabilities were detected in this group, despite reported early treatment, probably owing to
two severe barriers to optimal adherence to treatment: the health-care system and financial
difficulties. These findings emphasize the importance of optimal financial and practical
support for patients with PKU to secure the best possible outcomes.

Age, disease severity and treatment

In one study, HRQOL scores improved with increasing age2%6. Another study found a
negative association between lifetime Phe concentrations and scores on sleep, pain, anger
and sexuality domains, while current Phe concentrations were negatively associated with
sexuality domain scores?0%. However, the effects of dietary adherence on the HRQOL of
adult patients may vary substantially among individuals?12. In a group of non-adherent
early-treated adult patients, 45% showed moderate to severe distress on the psychological
well-being index. Three months after restarting the diet, these patients had significantly
improved scores for distress, especially in the anxiety and depressive mood domains.
Negative effects of Phe concentrations on mood, especially on depression and anger, were
also demonstrated in a randomized, double-blind, placebo-controlled trial, even though the
trial included only a small number of patients213,

HRQOL was studied prospectively at the time of the introduction of BH4 treatment in
Europe and the USA. Three studies found no improvement in HRQOL between the baseline
measurement (before BH4-responsiveness testing) and up to 1 year after the start of BH4
treatment in responsive patients202:208.214 One study found no overall HRQOL difference
between responders and non-responders, but a significant improvement in life impact and
life satisfaction scores in responders!4°.

In addition, no significant differences in HRQOL were found between patients treated with
sapropterin dihydrochloride and those treated with diet only, but a trend for higher HRQOL
scores, especially on social functioning, happiness and anger domains, was observed in
sapropterin dihydrochloride-treated patients2%°. To date, no studies addressing the effects
of treatment with pegvaliase on the HRQOL of patients with PKU have been published.

An 8-week randomized, controlled trial did not demonstrate significant differences in mood
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between patients receiving pegvaliase treatment and those receiving placebo after 8 weeks of
treatment?13,

PKU-specific questionnaires

Even though overall HRQOL measured with generic questionnaires is mostly normal in
patients with PKU, patients do struggle with adherence to treatment. Clearly, generic
questionnaires do not sufficiently address the specific problems of patients with PKU.
PKU-specific questionnaires have been developed to evaluate the impact of PKU and
supportive and therapeutic interventions on HRQOL. In the USA, a PKU-specific PKU-
QOL questionnaire was developed from a validated juvenile diabetes QOL questionnaire?16,

Since 2015, the PKU-QOL questionnaire has been available in six languages?!’. A
multicentre validation study included 306 patients and 253 parents from seven countries2%7.
The most highly affected PKU-QOL scores were for the emotional impact of PKU and

its management (such as anxiety about blood Phe concentrations and guilt regarding poor
adherence) and the most highly affected overall impact score was anxiety regarding blood
Phe concentrations during pregnancy in women. Furthermore, the impact of the taste of the
amino acid supplements was high.

The impact of the severity of PAH deficiency and PKU treatment on HRQOL was evaluated
and patients with severe PAH deficiency reported a greater impact of the protein-restricted
diet and amino acid supplements on HRQOL and more guilt related to poor adherence

than patients with less severe PAH deficiency. The impact of the amino acid supplement

on HRQOL and the overall social and practical impact of dietary restriction was lower

in sapropterin dihydrochloride-treated patients than in those treated with dietary control
only207,

Psychosocial outcomes

Outlook

The educational attainment, independent living and marital status and employment of a
cohort of Dutch adults with PKU was completely normal compared with the general
population292, In Germany, a normal educational attainment and career, but a lower or
delayed autonomy and a low rate of adult relationships was reported in adults with PKU
compared with the general population203,

Emerging therapies

PKU was the first IMD for which dietary management was initiated and for which
pharmacological therapies were developed. It is not surprising that PKU remains at centre
stage for the development of new therapies for IMDs (TABLE 3).

Gene and mRNA therapy.—The ideal therapy would restore PAH activity in the liver
and provide a cure for PKU. Gene correction therapy using CRISPR-Cas-associated base
editors, which enable nucleotide conversion independent of double-strand DNA break
formation and homology-directed repair, was effective in providing sufficient PAH activity
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(>20% of normal) in Pa/f"2 mice to restore physiological blood Phe concentrations?18.
The correction of PAH enzymatic activity improved with time and was not associated with
unwanted DNA changes in genomic regions with homology to the guide RNA utilized.
Gene correction in mice has also been achieved using adeno-associated viruses (AAVS)
isolated from normal human haematopoietic stem cells that have undergone nuclease-free
gene editing through the homologous recombination pathway?19, The advantage of this
technology is that the corrected gene could be passed to new liver cells, maintaining
enzymatic activity even with hepatocyte proliferation. As in gene therapy, the machinery
required for gene editing was delivered using AAV vectors, with gene editing limited to the
liver by the use of a specific promoter. Although effective in mice, this approach is still far
from clinical trials given the possibility of off-target genetic changes.

Gene therapy can also be used to add a functional 2AH gene to the one inactivated by
biallelic pathogenetic variants. The PAH cDNA is usually delivered using a viral vector.
Initial trials had limited success, with a rise in Phe concentrations specifically in female
PalF"u2 mice 40 weeks after dosing and lack of efficacy if the administration was not
given into the portal vein220.221 Better results were obtained using AAV type 2 serotype

8 (AAV2/8) that is liver-tropic and can provide long-lasting correction of PAH activity

in Pa/f"u2 mice, even when administered systemically at a lower dose222-226_ The DNA
remains episomal and usually does not integrate in the host genome, limiting the potential
for insertional mutagenesis. However, the lack of genomic integration can result in loss of
efficacy over time, especially in the case of hepatocyte proliferation. The viral vector also
induces an immune response, preventing the possibility of re-administration. Pre-existing
antibodies against the viral vector would also limit the population eligible to receive this
therapy. Currently, two clinical trials of gene therapy in patients with PKU are ongoing:
one using AAVHSC15 (NCT03952156) and the other using AAV2/8 (NCT04480567). No
data are yet available on enrolled subjects. Lentiviral gene therapy would allow genomic
integration of the PAH gene, providing a stable source of enzyme. There is no pre-existing
immunity to lentiviral vectors and thus all patients could receive this therapy. However,
insertional mutagenesis remains a possibility. No preclinical data using this approach have
yet been published for PKU227.

An alternative to providing the PAH gene is provision of PAH mRNA enclosed within

lipid nanoparticles, which would be taken up by the liver and result in the production

of the enzyme within hepatocytes, thereby preventing an immune response. Animal

studies have demonstrated the efficacy of this approach in methylmalonic acidaemia?28,
arginase and citrin deficiency229:230, acute intermittent porphyria?3!, Fabry disease?32 and
galactosaemia233. Unlike gene therapy, mMRNA would need to be administered periodically
(frequency still to be determined). No data in humans are yet available and the effectiveness
in animal models of PKU has not been reported.

Enzyme substitution therapy.—Based on the approval of injectable pegvaliase for the
treatment of PKU by US and European authorities, other approaches are trying to use the
same enzyme. Pegvaliase can cause hypersensitivity reactions3°. To decrease the frequency
and severity of this adverse effect, the enzyme is being produced by red blood cells of a
universal blood donor234235, Mature red blood cells loaded with PAL are then transfused
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to patients with PKU (with a frequency yet to be determined) to reduce Phe concentrations.
The red blood cell should shield the exogenous PAL from the immune system, yet allow
the entry of Phe into the cell to be metabolized to frans-cinnamic acid and ammonia.
Although no human data have been published, autologous erythrocytes loaded with PAL
and administered weekly were effective in reducing Phe concentrations and preventing
intellectual disability in PafF"2 micel?0, A clinical trial testing this approach in humans is
planned.

Oral therapies.—Old and new approaches are being explored to reduce Phe
concentrations using novel oral drugs. Sepiapterin is a natural precursor of BH4 with a
higher capacity to enter cells than the current therapy, sapropterin. Oral administration

of sepiapterin to healthy volunteers increased plasma BH4 concentrations more than
sapropterin and doubled BH4 concentrations in the cerebrospinal fluid?36:237, Given these
results, more patients with PKU might respond to sepiapterin than to sapropterin and a better
response could be seen in responsive patients.

PAL was initially developed as an oral compound to metabolize Phe in the
enterorecirculation. SYNB1618, a modified version of the probiotic £scherichia coli Nissle
strain, was engineered to overexpress PAL to target gut Phe238, Administration of this
probiotic to healthy volunteers and individuals with PKU confirmed production of #rans-
cinnamic acid but there was no reduction in Phe concentrations at the highest dose used?3.
Future trials might explore either more effective or higher doses of the probiotic bacteria. A
protease-stable PAL (CDX-6114) has also been proposed as an orally administered enzyme
therapy. Trials in humans have so far shown safety in healthy volunteers (NCT03577886 and
NCT04085666) and further studies in individuals with PKU are necessary.

Clinical benefits of new therapies

While concentrations of Phe clearly reflect metabolic control in PKU, the effects of
metabolic changes on executive function, QOL and mood of adults with PKU are more
difficult to assess. Although there are many studies that have found such effects, it is still
unclear if a better tool needs to be developed, with more objective, rather than subjective
measurements. The NIH toolbox might serve this purpose and allow similar measurements
across all sites caring for individuals with PKU. This computerized, inexpensive and easy
to use tool could represent a major advance in our capacity to monitor the efficacy of new
therapies.
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Box 1 |
Lessons from PKU in the treatment of IMDs

Phenylketonuria (PKU) has for a long time been the foremost example of inherited
metabolic diseases (IMDs). Compared with other IMDs, PKU seems a rather simple,
straightforwardly diagnosed and treated IMD, but still it has hidden complexity. The
reasons that PKU has been such an example for other IMDs are as follows (in
chronological order):

. The first disease for which a biochemical explanation for severe intellectual
disability was found. Together with the later gained knowledge on
inheritance, this meant that families knew the inherited cause of their child’s
disability.

. The first disease in which a theoretically simple (albeit burdensome in daily
practice) dietary restriction treatment is enough to prevent the sequelae of the
biochemical abnormality, if diagnosed and treated in time.

. The first disease for which a reliable and cheap method for population-based
(neonatal) screening was developed, by which patients with the condition
could be identified in time to prevent development of the clinical entity of
PKU.

. The first disease in which dietary restriction therapy was replaced by a drug in
some patients.

. A disease in which variability in disease severity means that not every patient
needs the same strict dietary treatment.

. Screening for abnormality of a biochemical marker such as phenylalanine
(Phe) rather than a disease such as phenylalanine hydroxylase deficiency will
also find patients with increased Phe due to another IMD, such as those with
defects in tetrahydrobiopterin metabolism, who cannot easily be diagnosed in
time in another way, but are (officially) not within the scope of the newborn
screening programme.
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Box 2 |
A parent’s perspective on caring for a child with PKU

In 2003, our first son was born. In the first days of his life we had a phone call from

our general practitioner to say that our son tested positive in the newborn screening
programme for phenylketonuria (PKU). That was a shock. We went to the hospital and he
went on a strict low-protein diet with amino acid supplementation.

In the first 10 years of his life, we were very strict with his diet. Everything he ate during
the day was weighed and written down in his personal ‘PKU agenda’. We have always
tried to make him responsible for his own diet, which meant that from approximately 10
years of age he took more and more responsibility for managing his own diet. However,
he did not weigh all ingredients and we became less strict in the diet. At the age of

9 years, we also started with Kuvan® (sapropterin dihydrochloride, an oral form of
tetrahydrobiopterin) after some hesitation. We are very happy that he can have more
(natural) protein during the day because of the Kuvan®. It makes life a lot easier.

PKU has given our life a big change. PKU is always something ‘extra’. We cook with
an extra pan on the cooker. When planning holiday destinations or when eating out, you
always have to think about PKU. But PKU also changed our own eating habits. Because
of PKU we learned so much about the food that we eat. Over the years, we eat much
healthier (making things ourselves instead of ready-made sauces or food). We eat less
meat within our family. So PKU in that way has had a positive impact on the rest of the
family.

Our son is 17 years now. He attends the hospital for his PKU check alone. For him, PKU
is his life, he does not know anything else. He never had a big issue with it and (as far

as we know) never ate a hamburger to try it. His Phe concentrations over the years are
OK but of course he is a normal adolescent with age-related challenges for both him and
us as parents. But relating to PKU he does very well. We are happy that he is treated

in a PKU expert centre. So we know he gets the best care from a team that has the

most experience and knowledge and is in direct contact with other European PKU expert
centres if questions would arise.
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Fig. 1 |. Phenylalanine metabolism and PKU.
Phenylalanine hydroxylase (PAH) catalyses the hydroxylation of L-phenylalanine (Phe) to

L-tyrosine (Tyr), a reaction that occurs pre-dominantly in the liver but also in the proximal
renal tubules in the kidneys. The reaction requires the reduced pterin tetrahydrobiopterin
(BH4), along with ferrous iron and molecular oxygen (not shown) as cofactors. BH4

is oxidized to quinonoid dihydrobiopterin (gBH2) in the course of the hydroxylation
reaction; qBH2 is enzymatically recycled back to BH4 in order to support ongoing

Phe hydroxylation. In individuals with recessively inherited pathogenetic variants in the
PAH gene, PAH enzymatic activity is either entirely lacking or severely diminished. As
approximately 90% of the daily dietary intake of Phe must be metabolized through this
pathway, PAH deficiency causes the accumulation of Phe in the body, most readily measured
as extreme elevations of Phe concentrations in the blood (hyperphenylalaninaemia). Blood
Tyr concentration is also diminished relative to that in PAH-sufficient individuals, but
hypotyrosinaemia is not typically severe, perhaps because of dietary Tyr intake. In the
setting of hyperphenylalaninaemia, deamination of Phe forms phenylpyruvate and other
phenylketones, which are readily excreted in the urine and are the source of the colloquial
name phenylketonuria (PKU). PLP, pyridoxal 5”-phosphate.
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Fig. 2 |. The prevalence of PAH deficiency and different PAH deficiency phenotypes worldwide.
The global prevalence of phenylalanine hydroxylase (PAH) deficiency and that of the

different severities of PAH deficiency are depicted. The prevalence of PAH deficiency
varies considerably between different geographic regions (coloured map), with the
highest prevalence reported in the Republic of Ireland, Germany, Italy, Iran and Jordan.
The proportions of cases of classic PKU, mild phenylketonuria (PKU) and mild
hyperphenylalaninaemia in representative countries are indicated (pie graphs). Data are
from Hillert et al. (2020)28. As a clear definition of variants of PAH deficiency is lacking,
prevalence data for the different PAH severities should be interpreted with care.

Nat Rev Dis Primers. Author manuscript; available in PMC 2021 November 20.



1duosnuepy Joyiny

van Spronsen et al. Page 37

DNAJC12 variants as new
cause of HPA!

Introduction of the Guthrie Bacterial
Inhibition Assay for newborn screening
for PKU at the population level'’

Identification of phenylpyruvic acid in
the urine of 2 siblings with intellectual
disability and a profound musty odour®

Description of
phenylalanine ammonia
lyase as treatment option?

Phenylalanine ammonia lyase as a new
treatment option in a clinical trial?®

First description
of maternal PKU*®

Inheritance of phenylpyruvic
amentia (PKU)™®

1934 1935 1947 1951 1953 1957 1959 1963 1971 1974 1980 1983 1992 1999 2014 2017

BH4 responsiveness
in patients with PAH
deficiency®*

Paper test for
PAH enzyme is phenylpyruvic acid
located in liver'? for mass detection®
I
First description Description of the
Report of a patient with of the enzymological
PKU without severe phenylalanine characteristics of the
intellectual disability'* restricted diet™* PAH system'®

Discovery of
the PAH gene
(12q22-q24.2.*

PKU is due to impairment
of hydroxylation of
phenylalanine to tyrosine**

¢ The first description of the PAH sequence?

First report of a
patient with a defect * Description of blood spot with simple HPLC

in BH4 metabolism*® technique for monitoring phenylalanine?

Fig. 3 |. Timeline of milestones in the understanding and treatment of PKU.
The initial description and major advances in the understanding of hyperphenylalaninaemia

(HPA) and phenylketonuria (PKU) pathogenesis are shown. Furthermore, developments
in the treatment of PKU are also highlighted. BH4, tetrahydrobiopterin; HPLC, high-
performance liquid chromatography; PAH, phenylalanine hydroxylase.
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Fig. 4 |. Pathological manifestations in PKU.
The clinically most important pathological manifestations of phenylalanine hydroxylase

(PAH) deficiency are on the brain and are mediated by effects of excessive L-phenylalanine
(Phe) concentration. Hypopigmentation (owing to impaired melanin production) is the
solitary non-neurological manifestation of PAH deficiency. The large neutral amino acids
(LNAAS), including Phe, tyrosine (Tyr) and tryptophan, cross the blood—brain barrier

from the circulation by facilitated diffusion down a concentration gradient via the
transporter LAT1 (also known as SLCA7ADS). Elevated blood Phe competitively inhibits
transport of the other LNAAs into the brain, reducing their concentrations; decreased
LNAA concentrations may impair cerebral protein synthesis and contribute to monoamine
neurotransmitter deficiency. However, the compensatory activity of energy-requiring amino
acid exporters (EXPORT) may be able to mitigate amino acid imbalance to some extent and
restore homeostasis. Phe competitively inhibits the activities of Tyr hydroxylase (TH) and
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tryptophan hydroxylase (TPH) in the brain, leading to dopamine and, especially, serotonin
deficiencies. This mechanism is probably linked to the high prevalence of anxiety and
mood disorders in individuals with hyperphenylalaninaemia. Elevated Phe has also been
implicated in epigenetic alterations of gene expression patterns in the brain, and in impaired
myelin synthesis, decreased cerebral glucose metabolism (visualized by PET imaging), the
formation of amyloid plaque-like fibrils and increased oxidative stress. TYR, tyrosinase.
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Fig. 5|. Proposed algorithm for screening and diagnosis of PKU and monitoring treatment
efficacy.

Diagnosis of phenylketonuria (PKU) is made during a neonatal screening programme. Blood
obtained with a heel prick from newborns from 12 hours after birth and later is applied to
filter paper (that is, a dried blood spot (DBS)), which is used to assess phenylalanine (Phe)
concentrations by the Guthrie bacterial inhibition assay, other enzymatic assays or tandem
mass spectrometry (TMS). BH4, tetrahydrobiopterin; DHPR, dihydropteridine reductase;
HPA, hyperphenylalaninaemia; Tyr, tyrosine.
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