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INTRODUCTION 

 
THE DISCOVERY OF PHENYLKETONURIA 

Phenylketonuria (PKU) (OMIM# 261600) was first described in 1934 by the Norwegian 

endocrinologist dr. Asbjørn Følling, who originally defined this pathology as “phenylpyruvic 

oligophrenia” because of the typical mental disorders that affected his patients (Mitchell et 

al., 2011). This definition was modified in 1930s by Penrose (Penrose and Quastel, 1937), who 

coined the name currently known, PKU, and identified its autosomal recessive nature. He 

surmised that PKU state had an endogenous chemical cause; in keeping with his hypothesis, 

he was the first to consider the possible correlation between “nurture” and mutant “nature”. 

He thought that modifying the nurture might be possible to neutralize the harmful effects of 

the pathology (Penrose, 1998). 

PKU is an inherited metabolic disorder characterized by severe intellectual impairment, motor 

problems, and skin abnormalities and occupies a unique place in the history of the study of 

metabolic disease not only for its role as principal inborn error of amino acid metabolism but 

also because it is the first cause of mental retardation to be discovered. Dr. Følling found that 

affected individuals could be identified by the abnormal excretion of phenylpyruvic acid in 

their urine. The credit for the discovery was also due to that caring and stubborn mother, who 

could not resign herself to the mental retardation of her children without having found a 

reason (http://pkuworld.org/home/history.asp). 

Her 7 years old daughter, could say only few words and had a whimsy and purposeless way of 

moving about; likewise, her 4 years old son did not walk and was unable to fix his eyes on 

anything. Their skin was fair and their urine had a peculiar smell. By means of a traditional 

assay of classical chemistry for the detection of ketones, consisting in the addition of ferric 

chloride to the urine of diabetic patients, dr. Følling observed the appearance of a deep green 

color, which he had never seen before. Further chemical analyses and steps of purification on 

many other urine samples from patients sharing the same neurocognitive and developmental 

delays, led to the identification of a chemical substance whose empirical formula was C9H8O3, 

named phenylpyruvic acid. The analysis of the urine from another 430 mentally impaired 

subjects, allowed dr. Følling to identify eight patients excreting the same substance and for 

the first time he understood the correlation between mental impairment and excretion of 

phenylpyruvic acid. Further studies of family relationships highlighted an autosomal recessive 

mechanism of transmission (Følling, 1944). Few years later, Jervis (1947, 1953), succeeded in 

identifying the metabolic block and the enzymatic deficiency of phenylalanine hydroxylase 

(PAH), the alteration behind this pathological condition; at the same time, Bickel and 

collaborators (1953) showed the importance of reducing the intake of phenylalanine (Phe) in 

order to obtain a prognosis improvement. Phenylketonuria was the first known inborn error 

of metabolism to seriously affect the victims and to give mental disturbance. In addition, its 

discovery determined an important breakthrough in understanding how metabolic 

dysfunctions can influence neurological functions and how treatments can heavily influence 
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clinical manifestations: PKU today is considered “the epitome of metabolic disorders” and is 

often employed as a model to describe and understand many other inborn errors of amino 

acid metabolism (Scriver and Clow, 1980 Part I and II; Raghuveer et al., 2006). To explain the 

causes of the phenylpyruvic acid excretion, dr. Følling hypothesized some kind of defect in 

phenylalanine metabolism, which lead to high concentration of this aminoacid in the blood of 

PKU affected patients; the effectiveness of his hypothesis was successively confirmed (Følling 

and Closs, 1938) through a microbiological test developed by dr. Robert Guthrie which 

exploited the reversal of growth inhibition observed in Bacillus subtilis ATCC 6051 in the 

presence of a high level of phenylalanine (Guthrie and Susi, 1963). The identification of the 

first mutations of the PAH gene, codifying for the enzyme PAH, began immediately after its 

cloning and mapping in 1983 (Woo et al., 1983) opening the way to the in vitro study of the 

different functionalities of the enzyme. Currently, all the known mutations of the PAH gene 

(about 859) known, are collected in the "PAHdb" database (http://www.pahdb.mcgill.ca/) 

created in 1996 (Hoang et al., 1996).  

CHARACTERISTICS OF THE DISEASE 

Phenylketonuria (PKU) is the most common autosomal recessive disease among Caucasians 

(overall incidence 1:10.000 on average; 1:2.600 in Turkey; 1:100.000 in Japan). PKU is a result 

of an inborn error of amino acid metabolism caused by a deficiency of the enzyme 

phenylalanine hydroxylase (PAH, EC 1.14.16.1) which catalyze the irreversible conversion, via 

para-hydroxylation, of the amino acid L-phenylalanine (L-Phe) into tyrosine (L-Tyr), a limiting 

step for the complete oxidation of L-Phe to CO2 and H2O (Scriver and Kaufmann, 2001). The 

enzyme PAH needs the pterin cofactor tetrahydrobiopterin (BH4), molecular oxygen (O2) and 

non-heme iron (Fe2+) to perform its activity (Figure 1). 

Figure 1. Conversion of L-Phe into L-Tyr. The enzyme phenylalanine hydroxylase (PAH) catalyzes the conversion 

of L-Phe into L-Tyr using for its activity the cofactor tetrahydrobiopterin (BH4), molecular oxygen (O2) and iron 

(Fe2+).  

Failure of PAH activity results in L-Phe accumulation in all tissues, brain included. Here, it plays 

a toxic role and lead to severe neurological and intellectual disability due to the abnormally 

reduced levels of neurotransmitters for which L-Tyr is a precursor (Scriver, 2007; Donlon et 
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al., 2010). Early diagnosis and a quick treatment are able to reduce toxic levels of this 

aminoacid, avoiding these serious consequences. Nowadays, many countries include a 

neonatal screening such as Guthrie test or more modern system based on tandem mass 

spectrometry for the detection of hyperphenylalaninemia (HPA). Moreover, L-Phe itself is an 

essential nutrient an it represents a pivotal constituent for protein synthesis. Therefore, PKU 

treatment requires the balanced reduction of systemic L-Phe levels without its excessive 

depletion in order to guarantee a satisfactory synthesis of L-Tyr. Mutations of PAH gene, 

located in chromosome 12 (region 12q22-q24.2, GenBank U49897), is responsible for the 

insufficient activity of this cytosolic hepatic enzyme and the establishment of the HPA state. 

HPA can be caused by either mutations at the PAH locus, which results in more or less severe 

forms of PKU, or mutations in the genes encoding the enzymes involved in the biosynthesis or 

regeneration of the cofactor BH4, resulting in non-PKU HPA (Scriver and Kaufman, 2001) 

(Figure 2). This condition was initially referred to as “malignant phenylketonuria” (Matalon et 

al., 1989). 
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Figure 2. Pathways of BH4 cofactor formation. Here are shown the two possible ways through which the pterinic 
cofactor is made available. At the top is the de novo synthesis starting from the guanosine triphosphate (GTP), 
at the bottom the regeneration route starting from 4a-OH-BH4. The biosynthetic enzymes involved are GTP 
cyclohydrolase I (GTPCH), 6-pyruvoyl-tetrahydropterin synthase (PTPS) and sepiapterin reductase (SR); on the 
other hand, the recycling enzyme are pterin-4a-carbinolamine dehydratase (PCD) and dihydropteridine 
reductase (DHPR) which catalyze the reduction of the oxidized cofactor quinonoid dihydrobiopterin (qBH2) once 
L-Phe conversion to L-Tyr has occurred (adapted from Blau et al., 2010). 

 

The final concentration of phenylalanine in the body (Figure 3) is the result of a finely 

regulated balance between L-Phe input amount, coming from diet and the endogenous 

recycling of amino acids, and L-Phe output amount, represented by that fraction integrated in 

newly synthesized proteins and the one oxidized to L-Tyr through the PAH-mediated reaction 

(Scriver and Kaufman, 2001).  

De Novo 
synthesis

Recycling
pathway
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Figure 3. L-Phe metabolism in humans. Representation of the dynamic equilibrium to which L-Phe is subjected 

in normal conditions. The figure also shows the alternative metabolisms to which L-Phe can meet, which lead to 

the formation of various metabolites subsequently eliminated through the urine (adapted from Williams et al., 

2008).  

MOLECULAR AND GENETICS CHARACTERISTICS OF PHENYLALANINE HYDROXYLASE 

ENZYME 

Phenylalanine hydroxylase (also named phenylalanine-4-monooxygenase, symbol PAH or 

PheOH, EC 1.14.16.1) is part of the enzymatic family of pterin-dependent aromatic amino acid 

hydroxylases (AAAH). This family also includes two other monooxygenases, i.e. tryptophan 

hydroxylase (tryptophan-5-monooxygenase, TPH or TrpOH, EC 1.14.16.4) and tyrosine 

hydroxylase (tyrosine-3-monooxygenase, TH or TyrOH, EC 1.14.16.2); all these proteins share 

the necessity of BH4, molecular oxygen and reduced iron (Fe2+) to carry out their own activity 

(Fitzpatrick, 1999; Bjørgo et al., 2001) and show high sequence identity and similar molecular 

structure (Fitzpatrick, 2000) even if differ in their substrate specificity. 

The human PAH gene, cloned for the first time in 1980s (Woo et al., 1983, 1985; Kwok et al., 

1985), is located in the long arm of chromosome 12 (locus PAH 12q22-q24.2) and expressed 

mainly in liver but also in kidney (Wang et al., 1992; Lichter-Konecki et al., 1999; Tessari et al., 

1999) whereas the full-length genomic sequence and cDNA of the gene was obtained about 

10 years later (GenBank AF404777) (Konecki et al., 1992) and deposited in the PAHdb 

knowledgebase (Scriver et al., 2003). Chromosome 12 is particularly rich in disease-associated 

loci, with 5.2% of known “disease-genes”. PAH gene is composed of 13 exons and 12 big 

introns, reaching the total length of 90 Kb or about 171 Kb if flanking regions are included 

(Scriver, 2007; http://www.genecards.org/cgi-bin/carddisp.pl?gc_id=PAH). The gene coding 

http://www.genome.jp/dbget-bin/www_bget?enzyme+1.14.16.2
http://www.sciencedirect.com/science/article/pii/S1096719299928809
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sequence (cds, nt 473-1831) is transcribed into a mature mRNA of approximately 2,6 Kb (2680 

bp), which is in turn translated into a 452 amino acid monomer 

(http://www.ncbi.nlm.nih.gov/nuccore/U49897.1, last update 1997) (Figure 4). 

 

 
Figure 4. Basic structure and localization of the human PAH gene. Located on the long arm of chromosome 12, 
the human PAH gene contains 13 exons that encode a polypeptide of 452 amino acids (adapted from Williams 
et al., 2008). 

 

Eukaryotic sequence of PheOH has several homologies with the other two pterin-dependent 

hydroxylases: TrpOH and TyrOH. All these three enzymes show high homology close to five 

common cysteine residues, in the core of the primary sequence, and a minor homology at the 

N-terminal end (Onishi et al., 1991). This homology is partially maintained not only in 

eukaryotes (man and rat) but also in prokaryotes such as Chromobacterium violaceum in 

which the primary structure of PAH has 24% homology with human and rat protein and 11% 

of homology with TrpOH and TyrOH of the eukaryotes (Onishi et al., 1991). 

In human, PAH enzyme exists as an assortment of functional homodimer and homotetramer 

(200 kD as a tetramer), in a pH- and L-Phe-dependent equilibrium, with a marked shift towards 

the tetrameric form as pH decreases or L-Phe concentration increases (Kappock et al., 1995; 

Hufton et al., 1995; Martinez et al., 1995). However, both oligomeric forms are functional, as 

demonstrated by studies on truncated forms of both PAH and TyrOH (where only the 

tetramerization and catalytic domains are maintained), which still retain the enzymatic 

activity (Fusetti et al., 1998). Interestingly, the tetramer formed by PAH is asymmetrical 

because it is a “dimer of dimers” (Erlandesen and Stevens, 1999), where secondary elements 

switch their mutual position in order to promote a stable oligomerization, together with the 

formation of an antiparallel coiled-coil structure with the other monomers (Bennett et al., 

1995; Fusetti et al., 1998) and present low specific activity (Kaufman, 1987). 

Each monomer is about 50 KDa in size and is comprised of 452 amino acids (Hufton et al., 

1995). It consists of three domains: N-terminal regulatory domain (residues 1-142, Glu19-

Leu142, also identified as ACT domain), which is thought to be involved in activation by 

phosphorylation; a catalytic domain (residues 143-410, Asp143-Phe410), responsible for 

cofactor and ferric ion binding and a short C-terminal tetramerization domain (residues 411-

452, Ser411-Lys452) (Erlandsen and Stevens, 1999; Erlandsen et al., 2003; Williams et al., 

2008; GenBank AAC51772.1) (Figure 5). 
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Figure 5. PAH structure. (A) Full-length structure of human phenylalanine hydroxylase monomer obtained by 
superimposing the catalytic domains of the truncated forms. The red sphere represents iron. (B, C) Two 
perpendicular views of the full-length PAH model structure. The iron is shown as a gray sphere in all four 
monomers (adapted from Erlandsen and Stevens, 1999). 

PAH working and regulation 

PAH activity is tightly regulated by a number of possible mechanisms such as reversible 

phosphorylation and substrate activation. The activity of PAH, as previously mentioned, 

requires the binding of the cofactor BH4 and molecular oxygen (Figure 1). 

The binding of the BH4 cofactor is thought to occur at a sequence of 27 amino acids (from 

His263 to His289), highly conserved among the three pterin-dependent hydroxylases (Hufton 

et al., 1995; Jennings et al., 1991). Within this sequence, 10 residues (Phe263, Cys265, Thr266, 

Thr278, Pro279, Glu280, Pro281, His285, Glu286 and Gly289) belong to the active site. The 

binding of the cofactor occurs near the Fe (III) and establishes molecular links with two of the 

three water molecules coordinated to the ion and with the carbonyl oxygen of the main chains 

of Ala322, Gly247 and Leu249, with the amide chain of Leu249 and with the atom of oxygen γ 

(Oγ) of Ser251 (Erlandsen et al., 2000; Andersen et al., 2001) (Figure 6). 

Figure 6. Structural components of PAH enzyme. The residue of serine 16 involved in the regulation of the 

enzymatic activity can be seen in correspondence with the regulatory domain, while, in correspondence with the 

catalytic domain, we can see the sequence of 27 amino acids responsible for the binding of the cofactor BH4 and 

the Fe (III) (from Williams et al., 2008). 

 

After the binding of the pterinic cofactor at the active site, there is a large conformational 

change: the residues from 245 to 250 move in the direction of the iron, allowing the formation 

of numerous hydrogen bonds between the ptery ring and the protein (Erlandsen et al., 2000). 

(411-452)

(1-142)

(143-410)
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Studies carried out on PAH have shown that a stoichiometric amount of BH4 can be oxidized 

in the presence of oxygen by determining the reduction of the enzyme (Marota and Shiman, 

1984), i.e. the reduction of Fe3+ to Fe2+, a process necessary for the activation of PAH (Wallick 

et al., 1984). This reaction is achieved by transferring an electron from BH4 to Fe3+ and a 

second electron to the oxygen molecule (Marota and Shiman, 1984; Wallick et al., 1984; Hill 

et al., 1988). 

The PAH enzyme is particularly sensitive to its substrates concentrations and its activity is 

strictly regulated through different mechanisms that act together to tightly control the 

negative effects of an excessive concentration of circulating L-Phe (Heintz et al., 2013). 

The first thirty residues of the enzyme (residues 19-33) act as a autoregulatory sequence (ARS) 

and contain a residue of serine 16 (Ser16) which has been demonstrated to be the site of 

phosphorylation by the cAMP-dependent protein kinase A (cAMP-PKA) (Døskeland et al., 

1996). This sequence is named autoregulatory because it sterically limits the access of the 

substrate to the catalytic site of the enzyme (Heintz et al., 2013). When the first 30 N-terminal 

residues are removed, PAH shows a higher affinity and a consequent higher rate of L-Phe 

conversion (Knappskog et al., 1996). 

L-Phe acts as an allosteric activator, promoting the activation of the enzyme, thus increasing 

the formation rate of L-Tyr proportionally to the concentration of L-Phe (Døskeland et al., 

1996). This effect is probably due to a conformational modification that the enzyme 

undergoes following the binding of L-Phe, a change that also leads to changes in the 

spectroscopic properties of PAH (Kappock et al., 1995). The mechanism of activation involves 

all the four monomers, inducing modifications in the monomeric structures which promote a 

stronger interaction at the dimer interface, whereas the interactions between dimers in a 

tetramer are weakened. As a result, the dimer/tetramer equilibrium is shifted towards the 

tetrameric form of the enzyme upon binding of L-Phe (Martinez et al., 1995), the volume of 

the tetramer increases and a competent catalytic site is exposed (Kappock et al., 1995). L-Phe 

binds in a specific allosteric site located in the regulatory domain (Li et al., 2011), different 

from the active site of the catalytic domain, and the binding on one site do not automatically 

excludes the binding on the other one, although the affinity for the allosteric site is seven-fold 

higher (Shiman, 1980; Shiman et al., 1990). In fact, in each monomer the N-terminal tail 

stretches over the active site, thus preventing the access of substrate unless L-Phe binds on 

the regulatory sequence (Fusetti et al., 1998).  

On the other hand, BH4 cofactor acts as an allosteric inhibitor, blocking the conformational 

change induced by the substrate (Kaufman, 1993). Indeed, it binds the N-terminal 

autoregulatory domain, blocking the access of the substrates to the active site (Teigen and 

Martinez, 2003). A possible mechanism behind this allosteric inhibition is the decrease of the 

phosphorylation rate of the Ser16 residue by the c-AMP dependent kinase (Døskeland et al., 

1984). The phosphorylation of this residue is facilitated by the conformational change induced 

by the L-Phe binding to the ARS site, which in turn facilitates the entry of L-Phe at the active 

site, increasing the activation level of the enzyme. In support of this hypothesis, in some 

studies it has been observed that the phosphorylated PAH requires less L-Phe to be activated 

than the unphosphorylated PAH (Døskeland et al., 1984). Nevertheless, BH4 is necessary for 
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the reduction of the Fe3+ ion to Fe2+, an inevitable prerequisite for enzyme activation (Shiman, 

1980). 

Shiman and his collaborators (1982) demonstrated that both phosphorylated and 

unphosphorylated forms of the enzyme require L-Phe for their activation; hence, 

phosphorylation is not equivalent to the allosteric activation, but lowers the energy needed 

for its occurrence. This happens by means of two mechanisms: by promoting the transition to 

the active state of the protein, and by reducing BH4 affinity for its inhibitory binding site. In 

keeping with this evidence it could be explained why in vivo phosphorylated PAH has a higher 

affinity for the substrate L-Phe, a higher activation rate and a lower sensitivity to BH4-

mediated inhibition (Kappock and Caradonna, 1996). This important role of L-Phe in the 

regulation of PAH activity is reported also in a recent publication (Jaffe, 2017) in which the 

authors described the enzyme in terms of a sensitive equilibrium between resting-state PAH 

(RS-PAH) and activated PAH (A-PAH) structures. This position depends on L-Phe availability 

because when L-Phe levels rise, the PAH structural equilibrium shifts toward A-structures 

while at low L-Phe level (<50µM) the enzyme is in RS-form.  

PAH GENE MUTATIONS AND DATABASE 

Many variations of PAH gene have been described during 25 years of research (Scriver et al., 

2000) with the most commonly variations occurring in exon 3, 6, 7 and 11 (Blau et al., 2014). 

The PAH gene is characterized by great allelic heterogeneity, as reported in the open access 

PAHvdb database (http://www.biopku.org/home/pah.asp) that harbors 957 variants of this 

gene (Blau et al., 2014). To date, 60% of PAH variants are missense mutations, followed by 

deletions (13.4%), splice alterations (10.9%), silent or non-sense mutations (7% and 5% 

respectively) and small insertion (1%). Large deletions, probably account for 3% (Scriver, 

2007). The genotypes and clinical phenotypes are tabulated in the BIOPKU database in which 

it can observed that 55% of PKU patients shows a classical phenotype, 27% has a mild 

phenotype and the remaining have non-PKU mild HPA. The most common mutations 

(c.1222C>T and c.1066-11 G>A) are responsible of abolish PAH activity (DiLella et al., 1987; 

Gjetting et al., 2001). Other type of mutations alters PAH activity in a different manner; for 

example, alleles c.782G>A and c.1241A>G have respectively about 44% and 57% of the activity 

when compared with the wild type enzyme (Zurflüh et al., 2008; Wettstein et al., 2015). Other 

variants of the gene are silent mutations with little or no effect on PAH activity (Wettstein et 

al., 2015). The alterations which destroy enzyme functionality, named “null” mutations (Zhou 

et al., 2012; Mitchell et al., 2011) (such as mutations at splice sites, frameshift as well as 

missense mutations), often occur on exons or between introns and exons, interfering with the 

correct folding of the protein, the tetramerization process or destroying the catalytic domain, 

accelerating its degradation and compromising its catalytic activity (Bai and Song, 2003). The 

mutations called "silent" (Zhou et al., 2012; Mitchell et al., 2011), mainly missense mutations, 

interfere with the protein folding, with its regulation or with the parameters that regulate and 

influence PAH activity: however, with these mutations the enzyme maintain a minimal 

residual activity. 
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These last type of variations are most likely to demonstrate increased activity in presence of 

BH4. In fact, BH4 seems to be a molecular chaperone for PAH, protecting it against protein 

misfolding during its synthesis. This activity is therefore likely to be multifactorial in nature 

(Erlandsen et al., 2004; Gersting et al., 2008). 

PKU affected patients are generally not homozygous for a single mutation; they are instead 

heterozygous (about 75%) for two different allelic alterations. Some patients, who are 

compound heterozygous, are phenotypically functional hemizygous, due to a combination of 

a severe mutation (such as a null one) with an allele that still allows the production of enzyme, 

even if only partially functioning: in those cases, the mutation determines the PKU metabolic 

phenotype (Guldberg et al., 1998). This is the principal reason underlying the great phenotypic 

diversity associated with the disease, which makes PKU very widespread in spite of its 

recessive inheritance pattern (Bercovich et al., 2008; Santos et al., 2010). 

Allelic heterogeneity exists also in the gene coding for the enzymes involved in the 

biosynthesis or regeneration of the BH4 cofactor (Figure 2). Defects of BH4 synthesis result 

from alterations in GTP cyclohydrolase I (GTPCH) or 6-piruvoyl-tetrahydropterine synthase 

(PTPS), while alterations of BH4 regeneration result from mutations in the NADH-dependent 

dihydrobiopterin reductase enzyme (DHPR) or in the carbinolamine pterina dehydratase 

enzyme (PCD) (Mitchell et al., 2011). About 2% of the HPA cases are due to these impairments 

whose make very important the careful analysis of the cause responsible for the increase in L-

Phe levels (Blau et al., 2001). This cofactor is part of several and important metabolic 

pathways, making the unavailability of BH4 the basis of various pathological changes such as 

vascular dysfunction and neurological impairments. Indeed, it influences the synthesis of 

catecholamines, serotonin and nitric oxide in the central nervous system (CNS), being used as 

a cofactor by TyrOH e TrpOH as well as by all the three forms of nitric oxide synthase (NOS) 

and glyceryl ether monooxygenase (Werner et al., 2011). 

The population incidence of BH4 deficient forms of PKU is 1 out of 1 million births (Thöny and 

Blau, 2006) but even if primary disorders of BH4 metabolism are rare, they must be identified 

during a positive newborn screening test in order to start an appropriate and accurate 

treatment for the patients. More and comprehensive information about these genes and 

enzymes could be obtain on a dedicate website (www.bh4.org). 

It is therefore clear that the identification of the correct etiologic agent allows the 

development of a specific treatment aimed at limiting the phenotypic effects of the disease: 

phenylketonuric patients show a different tolerance with respect to the daily amount of L-Phe 

intake, and on these basis, a dietary therapy has been proposed in the 1950s, with first positive 

results published in 1953 (Woolf et al., 1951; Bickel, 1953, 1954). In addition, a correlation 

between genotype-phenotype does not always exist.  

Indeed, PKU has often been defined as a disease born from the discordance between nature 

and nurture (Scriver, 2007; Donlon et al., 2010), where the nurture component is the essential 

amino acid L-Phe and the nature is represented by the mutation in the PAH gene. The result 

of this discordance is HPA, the PKU metabolic phenotype, which leads to the clinical 

phenotype of impaired cognitive development and function. The possibility to act externally 

on the metabolic manifestation of the disease makes PKU the first genetic disease to have a 
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pharmacological treatment, thus smoothing the negative effects of the gene alterations 

(Scriver, 2007). 

CLASSIFICATION 

Until the late 1980s ”phenylalanine loading test” was applied for the detection of 

heterozygote in PKU families (Driscoll et al., 1956) when molecular analysis of PAH gene and 

mutations replaced it. This test was developed by Blaskovics (2006) in the mid-1960s and 

gained further interest when Guthrie card mass screening allowed to identify not only classic 

PKU but also some variants. The test consists of three-day loading of natural protein at 6 

months age. Through the loading test was possible to distinguish three types of response. 

Type 1 response corresponds to the classic PKU and was characterized by a 72h L-Phe beyond 

1200 µmol/L; type 2 response was characterized by a decline of L-Phe levels - despite 

continuation of protein loading - from 1200 µmol/L after 2 days to 1200-600 µmol/L after 72h; 

in the type three response, L-Phe levels was <600 µmol/L after 72h and corresponds to mild 

HPA. About 10% of the patients belong in type 2 response. Despite the success, the Blaskovics 

test do not predict the current and future dietary requirements and some patients manifested 

signs of intoxication during the test: the test has been thus replaced in practice (Blau et al., 

2011).  

Various forms of clinical phenotypes associated with HPA state have been described, so it is 

possible to establish different classifications for PKU considering different aspects: the first is 

based on the severity of HPA due to the type and position of the PAH mutation, which 

determines the rate of enzymatic activity; the second is based on the tolerance to dietary L-

Phe intake and last but not least on the clinical course of the disease and BH4 responsiveness 

(Blau et al., 2010). Hence, the classification is primarily made on the basis of the severity of 

HPA, considering that the normal L-Phe concentration in the blood of healthy individuals 

ranges from 50 to 110 µM (Kure et al., 1999; Blau et al., 2010).  

Classification according to blood L-Phe 

This classification is primarily made on the basis of the severity of HPA, considering that the 

normal L-Phe concentration in the blood of healthy individuals ranges from 50 to 110 µM (Blau 

et al., 2010). Known pretreatment L-Phe levels is important but this values are influenced by 

some factors such as: the timing of blood L-Phe detection and the diet that the patients have 

been received before that time but also from the neonatal catabolism. In addition, the current 

practice of blood L-Phe screening in newborns within the third day of life can result in a 

negative conclusion (false negative), if L-Phe has no time to reach its maximal concentration 

(Blau et al., 2010). However, these parameters have been shown to be used for phenotyping 

patients with PKU in about 80% of the treatment centers (Blau et al., 2011). 

The phenotyping of patient according to amino acidic pre-treatment levels was introduced in 

1980 by Güttler et al. (1980) and defines the following phenotypes: 

 Classical PKU: pre-treatment L-Phe >1200 µM. This is the most severe form and the 

subjects exhibit high risk of suffering from cognitive impairment without treatment 
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 Variant PKU: pre-treatment L-Phe between 600 and 1200 µM 

 Mild HPA or non-PKU HPA: pre-treatment L-Phe between 120 and 600 µM 

The class named “variant PKU” was later divided into two subcategories (Guldberg and 

Guttler, 1994; Guldberg et al., 1998), resulting in: 

 Classical PKU: L-Phe >1200 µM (>20 mg/dL) 

 Moderate PKU: L-Phe between 900 and 1200 µM (15-20 mg/dL) 

 Mild PKU: L-Phe between 600 and 900 µM (10-15 mg/dL) 

 Mild HPA: L-Phe above 110 µM but <600 µM 

A further classification has been made for the values below 600 µM (Camp et al., 2014). In 

particular, we can distinguish, “Mild HPA-gray zone” to describe blood L-Phe levels between 

360 and 600 μmol/L (6-10 mg/dL) and “Mild HPA-NT zone” to describe blood L-Phe levels 

between 120 and 360 μmol/L (2-6 mg/dL). The difference between the two zones has been 

made because the NT zone doesn’t require a treatment while for the gray zone it remain 

unclear if a treatment to avoid negative influence on cognitive and executive functioning is 

required or not (Hanley, 2011; van Spronsen, 2011).  

However, the picture is now more clear thanks to the new Key European guidelines, which 

suggest that no intervention is required if the blood L-Phe concentration is less than 360 

µmol/L but is recommended when this value is between 360 µmol/L and 600 µmol/L up to 

age of 12 years and lifelong treatment is strongly recommended when the concentration is 

more than 600 µmol/L (van Spronsen et al., 2017). 

Phenylalanine tolerance 

Using L-Phe tolerance we can identify three different phenotypes: 

 Classic PKU: L-Phe tolerance <20 mg/kg body weight/day 

 Variant PKU: L-Phe tolerance between 20 and 50 mg/kg body weight/day 

 Mild HPA: L-Phe tolerance >50 mg/kg body weight/day 

Subsequently, a subdivision with four phenotypes has been adopted (Guldberg and Guttler, 

1994; Guldberg et al., 1998): 

 Classic PKU: L-Phe tolerance <20 mg/kg/day, corresponding to 250-300 mg L-Phe/day 

 Moderate PKU: L-Phe tolerance of 20-25 mg/kg/day (350-400 mg/day) 

 Mild PKU: L-Phe tolerance of 25-50 mg/kg/day (400-600 mg/day) 

 Mild HPA: patients not requiring dietary restriction 

This evaluation is determined with the amount of daily L-Phe intake that a patient can tolerate 

without L-Phe reaches the maximum level. L-Phe tolerance is usually determined at the age 

of 5 years (Guldberg et al., 1998), but recently has been shown that also at 2 years old it is 

possible a reliable determination because the tolerance at 2, 3 and 5 years correlates with 

that observed at 10 years age (van Spronsen et al., 2009). On the contrary, L-Phe tolerance 

must be reassessed in adulthood in relation to body weight in order to satisfy as much as 
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possible the criterion of 9.1 mg L-Phe/kg ideal body weight/day (MacLeod et al., 2009). This 

kind of classification is currently used by 70% of medical centers (Zurfluh et al., 2008). 

Clinical course of the disease 

Another possibility that allows to discriminate the different phenotypes of PKU, is based on 

its clinical course (Blau et al., 2011). In particular, it includes parameters such as the 

intellectual outcome, in terms of patient education and IQ, the maximum L-Phe concentration 

reached in particular conditions or periods of life (such as non-compliance to the restricted 

diet or the occurrence of infectious diseases) and, most importantly, the variations in blood L-

Phe levels and L-Phe/L-Tyr ratio (Luciana et al., 2001; Anastasoaie et al., 2008; Humphrey et 

al., 2011). The classification is based on the need for treatment as reported: 

 PKU: patients who need a strict dietary control of L-Phe levels 

 Non-PKU HPA: patient who do not need any dietary treatment to keep L-Phe under 

control 

 BH4-responsive PKU: patients who may take advantage from BH4 supplementation. 

This type of classification is applied only in 31% of the medical centers (Blau et al., 2011).  

An additional classification based on BH4-responsiveness has been proposed by Blau and 

Muntau (2002) and consists in BH4-non-responsive HPA and BH4-responsive HPA, the latter 

further divided into BH4-responsive PAH deficiency and HPA due to defects in the BH4 

pathway. Deficiencies in the BH4 synthesis or recycling enzymes are inherited similarly to the 

PAH mutations as autosomic recessive traits, and account for approximately 2% of HPAs 

detected in babies by newborn screening (Harding, 2010). 

The definition of PKU phenotypes is fundamental for establish the best treatments options, in 

counseling, in the outcome prediction and during pregnancy. 

The three different systems of classification above reported may help to discriminate the PKU 

phenotype but they are not precise parameters (Blau et al., 2011). 

SCREENING AND DIAGNOSIS 

Hereditary metabolic diseases (HMDs), such as PKU, are rare diseases that if ascertained are 

treatable, thus preventing intellectual and general disability (Morrissey et al., 2013). In fact, 

an improved and rapid detection and treatment in pediatric practice of HPA has resulted in 

increased survival up to adult life. 

For this reason, in developed countries all newborns are routinely tested for PKU/HPA soon 

after birth according to national screening programs (Dhondt, 2006), since 1960s. Blood 

samples are drawn for analysis between the 2nd and the 5th day of life in most centers 

(Zaffanello et al., 2003). Today, it is accepted that the best results in terms of sensitivity of 

screening tests are obtained in healthy neonate when performed before 24h of life, especially 

when L-Phe/L-Tyr ratio is monitored for the diagnosis (Chace et al., 1998; Eastman et al., 2000; 

Zaffanello et al., 2003). However, results of early PKU screening should be carefully analyzed 

in sick neonate or in neonate under parenteral nutrition or blood transfusion to avoid wrong 
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results (false negatives). Nevertheless, false positives may also origin from an improper 

sample preparation or an excessive blood spot thickness, or a combination of two or more of 

these factors (Mitchell at al., 2011). In addition, temporarily higher levels of L-Phe might be 

due to heterozygosity for PAH deficiency (Hennermann et al., 2004), to maternal PKU or to 

other non-PKU disorders but also in prematurely infants which display an immaturity of the 

enzymes involved in amino acid metabolism. In all these cases, generally, a second test on 

dried blood spot should be performed in order to confirm the first result (Williams et al., 

2008). 

Diagnosis mainly consists therefore in the biochemical assessment of blood L-Phe and L-Tyr, 

biopterin and neopterin content in blood or urine, and the measurement of specific enzymatic 

activities (Blau et al., 2011). The measurement of L-Phe metabolites (phenylpyruvate, 

phenylacetate, phenylactate) in urine is not accepted as PKU screening method because their 

levels vary considerably between blood and urine and excretion depends upon transaminase 

activity which can be low in neonates (Knox, 1970). All the forms of this disease reveal upon 

neonatal screening a common pattern of blood L-Phe, which is higher than 120 µM, normal or 

reduced L-Tyr concentrations (with a L-Phe/L-Tyr ratio >2) and normal values for the 

remaining amino acids (Blau et al., 2010). The analytical methods employed to assess blood L-

Phe are briefly described below. 

Guthrie test 

The first efficient test for the detection of HPA by newborn screening, was developed in 1960s 

by Robert Guthrie (Guthrie and Susi, 1963). The test was based on Bacillus subtilis activity 

which requires L-Phe for its grow. This test is very useful for neonatal screening and is 

performed by a rapid withdrawal, generally carried out in the hospital or in the doctor's office, 

of a small amount of peripheral blood from the heel prick which is then put onto filter paper 

cards (Guthrie card). The dried blood spot (DBS) obtained is then submitted to the analysis. 

This system has become an accepted facet of newborn care throughout the modern world 

(AAP Newborn Screening Task Force) also considering the elevated conservation time of the 

cards. Nevertheless, nowadays it is being increasingly replaced by more modern techniques 

(e.g. tandem mass spectrometry) characterized by an improved precision, sensitivity, 

practicability, and faster time of analysis. However, in recent years several positive aspects 

have been emerged on the use of DBS (Demirev, 2013): for this technique a small volumes (µl) 

of blood are required and the stability of the compounds (amino acids) remain over a long 

period of time (15 years), thus allowing storage and shipping at room temperature (Strnadovà 

et al., 2007). For all these reasons, a study carried out by Pecce and colleagues (2013) 

demonstrated the effectiveness of the determination of L-Phe and L-Tyr from blood spots 

rather than from blood samples normally used to perform analysis in HPLC, indicating this 

method as a viable alternative to follow patients with PKU; 

Fluorimetric assay: 

The fluorimetric assay is a simplified and automated method yielding a lower rate of false 

positive results compared to the Guthrie’s test (Blau, 1983; Gerasimova et al., 1989); 
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Reverse-phase liquid chromatography 

Analysis by reverse-phase liquid chromatography (Vollmer et al., 1990; Pecce et al., 2013); 

Tandem mass-spectrometry (TMS) assay 

TMS was recently developed as a fast method to obtain quantitative determination of amino 

acids concentrations in small volumes of blood or plasma (Chace et al., 1998). This method 

has been also used to simultaneously identify small amounts of amino acids (L-Phe and L-Tyr) 

in dried blood spots collected on Guthrie’s cards, providing the L-Phe/L-Tyr ratio and yielding 

a low rate of false-positive results (Schulze et al., 1999; Chace et al., 1993, 1998, 2003). In 

addition, using TMS it is possible to identify many other inborn errors of metabolism; 

Molecular diagnosis 

Using molecular diagnosis of PAH locus we can identify mutations and associated polymorphic 

haplotypes revealing the number and the nature of the alterations and hence allowing an 

evaluation of the potential residual enzymatic activity. For prenatal diagnosis, this system is 

really useful since it allows to identify babies with aberrant gene but also to recognize those 

genotypes resulting in a milder phenotype and thus presenting a higher probability of BH4-

responsiveness (Blau et al., 2011); 

After the identification of a neonates with HPA it is very important to carry out a differential 

diagnosis in order to discriminate patients with defect in BH4 synthesis or recycling from those 

with a defect on PAH enzyme (Blau, 2011). About 2% of all HPA are due to disorder of BH4 

metabolism and their frequency is higher in some countries, such as Turkey or Saudi Arabia, 

where the rate of consanguineous marriages tends to maintain the presence of genetic 

disorder (Blau et al., 2011).  

The discrimination between the two types of disorders should be obtained by the analysis of 

urinary neopterin and biopterin, as well as the activity of the enzymes of BH4 metabolism in 

blood, with particular attention to DHPR (Scriver and Kaufman, 2001; Blau and Thöny, 2008; 

Blau et al., 2011; Mitchell et al., 2011; Blau et al., 2003). In addition, the quantification of 

neurotransmitter metabolites (5-hydroxyindoleacetic acid and homovanillic acid), pterins and 

folate in cerebrospinal fluid, in association with the execution of the “BH4 loading test”, 

provides further information about the disease, thus enabling a correct differentiation among 

the various severe forms of PAH or BH4 deficiency (Blau et al., 2003; Blau and Thöny, 2008; 

Longo, 2009).  

All the determinations requiring blood samples can be performed on a single dried blood spot 

by means of tandem mass spectrometry (Blau et al., 2003; Chace et al., 2003). 

The BH4 loading test 

Today, the BH4 loading test is an important tool not only for the discrimination between HPA 

due to PAH deficiency or to BH4 deficiency, but also for the identification of PKU patients 

responsive to BH4 administration. An international online survey reported that in the 62% of 

the metabolic centers this test is an integral part of the diagnosis. In Figure 7 is reported the 

flow-chart commonly followed to perform the differential diagnosis of PKU or BH4 

deficiencies, once HPA has been detected. 
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Figure 7. Differential diagnosis of PKU or BH4 deficiencies. Flow-chart employed to distinguish the different 
disorders of PAH and BH4 metabolism that can result in HPA. Blood L-Phe reduction less than 20% implies that 
the patient is a non-responder to BH4 treatment; if blood L-Phe reduced by 20-30 % treatment is continued for 
a further 1-3 weeks with daily monitoring of L-Phe; if blood L-Phe reduction is greater than 85%, BH4 deficiency 
is present and the patient can take advantage by BH4 treatment. In the box on the bottom right are reported 
BH4 loading test protocols in Europe and USA (adapted from Blau et al., 2010). DBS= Dried blood spot; n= normal; 
Neo= neopterin; Bio= biopterin; Pri= primapterin. *BH4 can be either tetrahydrobiopterin or sapropterin 
(Kuvan®).  

This test was used in Europe for almost 30 years and nowadays is an integral part of the 

neonatal screening tests. The positive effect of BH4 treatment on PKU patients was described 

for the first time on Japanese patients and then confirmed in prospective studies with large 

cohorts of patients (Bernegger and Blau, 2002; Fiege and Blau, 2007; Levy et al., 2007). It is 

therefore clear that the rapid detection of BH4 responsive PKU patients is absolutely 

important for a quick treatment with oral administration of sapropterin dihydrochloride-6R-

BH4- (Kuvan®, BioMarin Pharmaceutical Inc), in order to obtain decreases of blood L-Phe levels. 

The frequency of BH4 responsiveness is higher in patients with non-PKU HPA or mild PKU 

because of the residual enzyme activity of PAH gene; on the other hand, patients with classical 

PKU, which typically display absent or very low PAH activity, unlikely respond to BH4 

treatment.  

There are some differences about the application criteria of the test between different 

metabolic centers: for instance, about 78% of the centers use the test in all age groups and 

only 11% of centers on pregnant PKU woman. At the same time a dosage of 20 mg/kg is used 

in 92% of the centers and the duration of the test can vary from 24 h (33%), 48 h (24%), 72 h 
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(16%) and, in some centers - especially from US - from 1 to 4 weeks while in Europe shorter 

tests were favorite.  

The test should be performed early after birth and before the introduction of the low L-Phe 

diet, so as blood L-Phe variations upon BH4 treatment are more evident. Blood L-Phe must be 

over 400 µM in order to avoid false negative or false positive results (Belanger-Quintana et 

al., 2011). Thus, older patient who are already on dietary regimen must increase the protein 

intake before and during the testing period, or should undergo a concomitant L-Phe load, 

consisting in a single administration of 100 mg L-Phe/kg BW (Blau, 2008; Blau et al., 2010). In 

European centers, a reduction of 30% of L-Phe after a twice administration of 20 mg/kg BH4 

is considered a positive response while a decrease under the 20% as negative response. For a 

reduction in the range between 20% and 30% a daily monitoring of L-Phe for about 3 weeks is 

recommended (Belanger-Quintana et al., 2011). Although the test is effective at all ages, its 

sensitivity in newborns has been questioned due to liver immaturity and because only 24h 

protocols can be employed at this age (Belanger-Quintana et al., 2011). Performing the 

analysis as soon as possible allows the early introduction of the restricted diet in non-

responders, favoring breastfeeding or natural protein intake in responder patients but, at the 

same time, implies the possibility to miss slow responders (who are mistakenly considered 

negative to the test). Moreover, the association between genotype and responsiveness to BH4 

is not really true because if on one side it can identify classic PKU, in all the other situations, 

above mentioned, it difficulty predict who will respond to the treatment (Blau et al., 2010). 

Therefore, it is advised to repeat the test according to longer protocols after 3 months of life, 

that is when the liver has reached complete maturity and longer testing protocols can be 

applied (Belanger-Quintana et al., 2011). The BIOPKU database (www.biopku.org) reports all 

mutations that are correlated with BH4 responsiveness.  

PATHOGENIC MECHANISMS OF HPA 

Brain development and behavioral outcomes 

The main clinical manifestations are due to the disruption of PAH metabolism that causes 

accumulation of high levels of L-Phe in the blood, its excessive and toxic concentration in the 

brain together with low levels of L-Tyr and its metabolites, which lastly affect different aspects 

of brain functioning. The effects of liver PAH mutations on the ability to maintain L-Phe 

homeostasis have been well described and the main clinical effects are related to the normal 

development of the brain and the physiological development of cognitive functions (Kayaalp 

et al., 1997). Untreated HPA is the most common biochemical cause of mental retardation 

(intelligence quotient, IQ <30), seizures, microcephaly, epilepsy, motor deficits, severe 

intellectual disability and behavioral disturbances, including psychotic, autistic, and aggressive 

disorders (Mitchell et al., 2011; Bone et al., 2012). Thus, patients with PKU have lower IQ 

scores than normal subjects and they present other deficits in various neuropsychological 

functions such as working memory, cognitive and executive functions (Blau et al., 2010; Feillet 

et al., 2010). All these conditions are due to both aminergic neurotransmitters depletion, i.e. 

dopamine (DA), serotonin (5-HT), and myelin impairment. As extensively reviewed by several 

authors (Surtees and Blau, 2000; Bone et al., 2012), many of which use PKU mouse models 
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(Fiori et al., 2017; Pascucci et al., 2002, 2008), the excessive L-Phe exposure is responsible for 

the altered development of the brain architecture which include abnormal myelination, 

cortical plate width and altered dendritic arborization together with a reduced number of 

synaptic spines. In addition, the exposure to high concentration of L-Phe makes the already 

formed myelin unstable, thus demyelinated axons undergo a reverse maturation, with 

consequent neuronal dysfunction (Cleary et al., 1995). Myelin is a metabolic active membrane 

produced by oligodendrocytes and it plays an important role for the fast transmission of action 

potentials. White matter pathology characterizes the brain of untreated PKU patients where 

neurological deterioration is evident and the impact of metabolic control on impairment of 

myelination process is related to specific brain areas. Therefore, in childhood the injury of 

visuospatial processing is more evident because occipital regions are the first myelinated area 

during development while the frontal regions are myelinated later, so the damage of complex 

executive functions is more evident during adolescence and adulthood (Klingberg et al., 1999; 

Gogtay et al., 2004; Best and Miller, 2010). In addition, the development of the cerebral cortex 

occurs following a precise sequence of events, well defined in time and space, especially as 

regards the synapses and dendrites formation in the prefrontal cortex. As reported in a study 

conducted on mouse model of PKU (Pascucci et al., 2008), during the critical developmental 

period (PND 14-21), different availability of brain amines, with an initial increase of 

catecholamines and serotonin which then decrease and return to adult levels, has been 

observed. This period represents the most susceptible phase to L-Phe-induced damages, as 

extensively demonstrated by studies on animal models (Goldman-Rakic and Brown, 1982; 

Thomas et al., 1995; Zhou et al., 1995; Berger-Sweeney and Hohmann, 1997; Chugani et al., 

1999; Puglisi-Allegra et al., 2000; Herlenius and Lagercrantz, 2001, 2004; Cabib et al., 2003; 

Pascucci et al., 2008, 2009, 2012; Andolina et al., 2011). 

Indeed, before acting as neurotransmitters, biogenic amines represent fundamental signals 

for the correct early development of the brain (Lauder, 1993) suggesting that a deficit in the 

availability of these amines during the critical periods of development, particularly around the 

third week of life in the murine models of PKU, is associated with cognitive dysfunction 

(Pascucci et al., 2008). These observations have been confirmed by several studies that 

highlight how development of the synapses, the growth of the dendritic tree and its 

remodeling (Van Eden and Uylings, 1985; Huttenlocher, 1991; Vitalis and Parnavelas, 2003) 

are dramatically affected by the decrease of amines levels in the critical period. In particular, 

5-HT was the first neurotransmitter for which the role in brain development, dendritic spines 

formation and maintenance and amelioration of synaptic connectivity during postnatal life, 

has been demonstrated (Mazer et al., 1997; Whitaker-Azmitia, 2001; Sodhi and Sanders-Bush, 

2004). 

On the other hand, the decreased levels of neurotransmitters, including dopamine, are related 

to cognitive and behavioral disabilities (Diamond, 1996; Puglisi-Allegra et al., 2000; Pascucci 

et al., 2002; Joseph and Dyer, 2003). L-Phe belongs to the group of the Large Neutral Amino 

Acids (LNAAs), with valine, leucine, isoleucine, threonine, histidine, tryptophan, methionine 

and tyrosine. All these amino acids share a common selectively predominant carrier system, 

the L-amino acid transporter-1 (LAT-1), to cross the blood-brain barrier (BBB) and enter into 
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the brain (Blau et al., 2010). Binding of LNAA to this transporter is a dynamic and competitive 

process (Pardrige, 1998; Boado et al., 1999; Smith, 2000), in fact for each LNAA taken into the 

brain another one is excreting (Zielke et al., 2002). Across species LAT-1 appeared to have a 

higher affinity for L-Phe than the other LNAAs, and this is particularly marked for the human 

species, making it more susceptible to the negative effects of HPA. In fact, an excessive 

circulating amount of L-Phe has the ability to saturate the LAT-1 transporter, thanks to its 

lowest km value for the carrier respect the other LNAAs, resulting in a L-Phe overload and 

decreased amount of the other LNAAs, particularly L-Tyr and L-Trp, in the brain (Surtees and 

Blau, 2000; Blau et al., 2010). At the same time, non-L-Phe LNAA export from the brain in 

exchange for blood L-Phe is increased (de Groot et al., 2010), carrying a reduction in cerebral 

protein synthesis for reduced availability of these non L-Phe aminoacids (Pardridge, 1998; van 

Vliet et al., 2015). All this evidence explains why the brain is vulnerable to HPA.  

The LNAAs L-Tyr and L-Trp besides their role in protein synthesis, are also precursors for 

neurotransmitters, namely dopamine (DA), norepinephrine (NE), epinephrine and serotonin 

(5-hydroxytryptamine, 5-HT) respectively (Figure 8) (Surtees and Blau, 2000). Dopamine plays 

an important role in motor and cognitive functioning; norepinephrine is involved in learning 

and memorization processes, in the arousal of attention, fear and anxiety, and in the 

development of the maternal behaviour in females; serotonin is important for neuronal 

proliferation, synaptogenesis and morphogenesis (Herlenius and Lagercrantz, 2001, 2004). 

Thus, there are two possible mechanisms by which L-Phe alters brain functioning: if on the 

one hand the increased L-Phe concentration in brain results in a decreased level of the other 

LNAAs including L-Tyr and L-Trp, as described above, on the other hand it acts as a competitive 

inhibitor of the other two amino acid hydroxylases, TyrOH and TrpOH (McKean, 1972; Curtius 

et al., 1981; Surtees and Blau, 2000; Ogawa and Ichinose, 2006; Pascucci et al., 2008), 

generating a lack of their products. In fact, high brain L-Phe was reported to negatively affect 

the activity of the other hydroxylases (Surtees and Blau, 2000).  

The idea that a deficiency of 5-HT neurotransmitter plays an important role in neurological 

disorders due to HPA (Shimada et al., 1993) is supported by the fact that it is also the most 

reduced amine in the brain - about 50% - compared with 40% reduction of NE and 30% of DA 

(Pascucci et al., 2008). In particular, in a study of Pascucci et al. (2008) it has been 

demonstrated that the reduction of 5-HT around 3 postnatal week overlaps with a critical 

period for synaptogenesis and dendritic development, thus compromising maturation of 

prefrontal cortex (PFC) neurons with the subsequent alteration of the cognitive performance. 

Severe lack of whole brain 5-HT during critical post-natal periods and deficits in the level of its 

immediate and limiting precursor 5-hydroxytryptophan (5-HTP), is not connected to a 

decrease in its initial amino acidic precursor L-Trp; this evidence support the hypothesis of 

TrpOH activity inhibition exerted by L-Phe excess, rather than a hampered access of L-Trp 

across the BBB (Ogawa and Ichinose, 2006; Pascucci et al., 2009), thus confirming a minor 

involvement of L-Trp in the L-Phe induced alterations (Pascucci et al., 2002). On the contrary, 

dopamine and its precursor L-3,4-dihydroxyphenylalanine (L-DOPA) are the less affected by 

HPA because, when L-Tyr levels are abnormally low and L-Phe is extremely high, the latter can 

serve as TyrOH substrate for the production of L-DOPA (Joseph and Dyer, 2003; Fernstrom 
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and Fernstrom, 2007). Nonetheless, the reduction of dopamine synthesis in prefrontal cortex 

often coexists with depressive symptoms which in turn worsen with an increase of L-Phe level, 

as observed in the study by Sharman and colleagues (2012).  

 
Figure 8. Biosynthetic pathways of neurotransmitters lacking in PKU patients’ brain. (A) Synthesis of 
catecholamines (dopamine, DA, norepinephrine, NE, and epinephrine); (B) synthesis of serotonin (5-
hydroxytryptamine, 5-HT). Adapted from http://www.hdri-usa.com/. 

All the neurological alterations encountered in PKU patients ultimately account for deficits 

commonly belonging to the field of the executive functioning, including also response speed, 

academic abilities, language-related tasks (including reading and arithmetic), problem solving 

ability, attention, interhemispheric transfer of information, and visuo-spatial and visual-motor 

abilities, as observed by Scriver et al. (1995) and then extensively reviewed in the works by 

Bone et al. (2012) and by Huijbregts et al. (2013). In a meta-analysis study, processes such as 

planning, working memory, inhibition, processing speed, and cognitive flexibility were found 

impaired in early diet-treated patients, compared to controls (DeRoche et al., 2008). 

The psychological and psychiatric problems documented in adolescent patients concern the 

area of social life, with negative findings in terms of autonomy, self-esteem, frustration 

threshold, school achievements, attention, mood disturbances, depression and anxiety 

(Weglage et al., 1992), even in early treated children (Brumm et al., 2010). An intermittent 

dietary therapy as well as high levels of L-Phe are associated with a higher incidence of 

behavioral problems. Untreated individuals show more severe symptoms such as autism, 

hyperactivity, aggression, social withdrawal, anxiety, depression, psychosis, and profound 

intellectual disability (Brumm et al., 2010), whereas adult patients early treated in childhood 
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display generalized depressed and anxious mood, lack of autonomy, low self-esteem and a 

tendency to social isolation; phobias are also typical and the most common one is agoraphobia 

(Waisbren and Levy, 1991; Pietz et al., 1997; Brumm et al., 2010).  

Adequate control of blood L-Phe concentration is therefore very important for the prevention 

of brain deficit. Children with poor metabolic control (L-Phe >400 µM) have reduced executive 

functions while children with PKU have behavioral abnormalities, motor dysfunction (Arnold 

et al., 1998) and memory impairment (White et al., 2002). In addition, even if several 

publications showed a correlation between blood L-Phe fluctuations and intellectual 

outcomes, cognition or executive functions, no correlation has been found between this 

fluctuation and patients IQ (intelligence quotient) even if it has been identified an influence 

on these parameters (Cleary et al., 2013). However, some studies have shown that high blood 

L-Phe fluctuation in patients with PKU are associated with lower neurocognitive outcome. 

Crucial for the improvement of cognitive function is the metabolic control; indeed, a meta-

analysis of five studies on PKU patients and control showed a significant inverse correlation 

between the IQ score and L-Phe levels. This correlation is especially clear during the critical 

developmental period (age 0-12 years), even in early treated children: each 100 µM rise in L-

Phe concentration corresponded to a 1.3-3.1 IQ point decline (Burgard, 2000). This result has 

been confirmed by a meta-analysis study on children treated since the neonatal age where 

the IQ decreases of about 1.9-4.1 point for each 100 µM increase in L-Phe (Blau et al., 2010); 

a similar correlation was also found between lifetime L-Phe levels and IQ scores in early-

treated individuals (Waisbren et al., 2007). This condition is due to both dopamine depletion 

and myelin impairment. 

In addition, HPA includes the reduction of pyruvate kinase activity in the brain (Hörster et al., 

2006), the alteration of glutamatergic neurotransmission (Martynyuk et al., 2005), the 

reduction of enzyme 3-hydroxy-3-methyl coenzyme A reductase (HMG-CoA reductase) 

(Shefer et al., 2000) as well as the impairment of monoamine oxidase B activity (Ghozlan et 

al., 2004). 

L-Phe influence on cholesterol biosynthesis and obesity 

L-Phe levels play an important role in the inhibition of the rate-limiting enzyme of the 

cholesterol biosynthetic pathway in liver and brain, namely 3-hydroxy-3-methylglutaryl-CoA 

reductase (HMG-CoA reductase; EC 1.1.1.88), reducing the synthesis of mevalonic acid 

(Castillo et al., 1988). The resulting hypocholesterolemia is hypothesized to have a protective 

effect against cardiovascular diseases in adults (Williams et al., 2008), but even if PKU children 

have lower blood total cholesterol and LDL levels with respect to healthy subjects, 

cardiovascular risk has been reported to be the same (Verduci et al., 2016). Elevated levels of 

L-Phe have been showed to decrease coenzyme Q10 (ubiquinone-10; CoQ10) concentrations 

both in plasma and in lymphocytes. This coenzyme is involved in many functions i.e. acting as 

a cofactor in the mitochondrial electron transport chain, preventing LDL oxidation and 

representing an antioxidant molecule in mitochondria and lipid membranes (Colomé et al., 

2002). 
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The PKU patients, in particular female, represent those with the highest incidence of obesity 

but the correlation is not clear yet (Belanger-Quintana and Martínez-Pardo, 2011; Burrage et 

al., 2012; Rocha et al., 2012; Robertson et al., 2013). 

MATERNAL PKU 

Non-controlled levels of L-Phe during pregnancy are teratogenic for the fetus and can increase 

the risk of miscarriage (American Academy of Pediatrics: Committee on Genetics, 2001; Blau 

et al., 2010). This condition, called maternal phenylketonuria syndrome or maternal PKU 

(MPKU), was firstly described over 60 years ago (Pinto et al., 2017) and is responsible for 

intrauterine growth retardation, spontaneous abortion, intrauterine fetal death (IUFD), 

congenital heart disease, developmental delay and other important fetal alterations (Levy and 

Ghavami, 1996; Rouse et al., 1997; Williams et al., 2008; Prick et al., 2012). Babies delivered 

by mothers under MPKU condition show microcephaly, congenital heart disease (CHD), 

intellectual or developmental disabilities (IDDs), and facial dysmorphism (FD) together with 

low birth weight (defined as small for gestational age, SGA) (Lenke and Levy, 1980; Levy and 

Ghavami, 1996; Rouse et al., 1997). Adequate control of L-Phe levels is important not only 

during pregnancy but also before conception because the toxic effect of this amino acid is 

dangerous in early stages of pregnancy, especially during the first weeks of embryogenesis. 

To this purpose, it is essential that affected women follow a strict low L-Phe diet for several 

months before conception, in order to stabilize the levels of this amino acid between 100 and 

360 μmol/L, thus preventing teratogenic effects on the fetus (Lee et al., 2005); moreover, it is 

essential to maintain an optimal blood L-Phe level throughout the all pregnancy. 

Despite during pregnancy the phenylalanine tolerance is slightly increased thanks to the 

activity of fetal PAH - as has been observed during the second trimester of pregnancy when L-

Phe levels decrease and tolerance of proteins intake increased (Prick et al., 2012) - weekly or 

biweekly controls of L-Phe blood levels remain fundamental to avoid fetal impairments 

(Australian Society for Inborn Errors of Metabolism). At the same time is important that these 

women receive an adequate energy intake, in terms of proteins, fats, carbohydrates and 

multivitamin complexes, vitamin B12 and folic acid, in order to guarantee the best conditions 

for fetal growth (Koch et al., 2000).  

Although some studies have shown that children born by women with untreated 

concentrations of L-Phe lewer than 400 μmol/L, may be normal, the "Maternal PKU 

Collaborative Study" (MPKUCS) reports that between children born from women with levels 

of L-Phe between 120 and 360 μmol/L, 6% showed microcephaly and 4% showed a delay in 

post-natal growth. If the concentration of L-Phe exceeds 900 μmol/L, the risk of microcephaly 

rises to 85%, post-natal growth delay rises to 51% and intrauterine growth retardation to 26%. 

For all these reasons, strictly controlled plasma L-Phe levels should be necessary (Rouse and 

Azen, 2004). However, a common problem is the difficulty of sick women in adhering to the 

strict diet for poor intellectual and social skills (Koch et al., 2000). For this reason, a pilot 

project has been developed to provide a special support and education about the importance 

of diet control during pregnancy with the aim of guaranteeing a good health for the newborn 
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child (Waisbren et al., 2000). PKU mothers bearing non-PKU babies (i.e. healthy carriers of a 

single mutated allele) are encouraged to breastfeed their children without restriction, since 

the single non mutated copy of the PAH gene is sufficient to metabolize the amount of L-Phe 

introduced with breast milk (NIH consensus panel, 2001), also because breast milk contains 

only 43 mg L-Phe/dl compared to 59-73 mg/dl of infant formulas and 164 mg/dl of cow’s milk 

(Berlin et al., 1995). 

Following all such recommendations it is possible for PKU mothers to have children with the 

same expectancy of cognitive development as non-PKU people (Levy and Ghavami, 1996). 

THERAPEUTIC STRATEGIES 

Prognosis and outcome depend on time of diagnosis, type of mutations and quickness of 

intervention. In fact, the goal of the various therapeutic strategies is to rapidly restoring the 

normal levels of L-Phe and L-Tyr in the circulation, in order to eliminate biochemical 

abnormalities, improve neurological and psychological performance, and prevent the 

syndrome of maternal PKU (Williams et al., 2008). Clinical goals are not only aimed to reduce 

L-Phe levels in blood but also to limit its negative effect on other brain aminoacid 

concentrations. Nevertheless, there is great discrepancy between the different European 

countries and clinical centers in defining the level of L-Phe beyond which it would be 

appropriated to intervene (Table 1), especially during the first decade of life, the most 

important period of development (van Spronsen et al., 2009; Blau et al., 2010). 

This discrepancy further increases beyond the first decade of life, where the gap between 

Europe and U.S.A. becomes more pronounced (van Spronsen et al., 2009; Blau et al., 2010). 

The most common concentrations identified to this purpose are 360 µM, 400 µM and 600 µM 

(Blau et al., 2010) and the L-Phe level considered safe is in the range between 120 and 360 

µM, at least until 12 years of age (Koch et al., 1996; NIH consensus, 2001), with the upper 

limits rising up to 900 µM after the 12th year of life (NIH consensus, 2001). However, there is 

great inconsistency about the target range to be reached in adolescence and adulthood, 

resulting in a wide spectrum of disease management and outcomes (Ahring et al., 2009; Blau 

et al., 2010) and some studies highlighted the greater importance of considering L-Phe/L-Tyr 

ratio rather than the concentration of L-Phe alone, since is considered more involved in the 

impairment of executive functions (Sharman et al., 2010). 
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Table 1. Age at which treatment is required. The table shows the difference in defining the intervention 
threshold for the various age groups between the various countries (adapted from Blau et al., 2010).  

Dietary treatment 

Dietary intervention remains the mainstay of PKU therapy and it was introduced about 60 

years ago (Woolf, 1951) showing the first effects in 1953 (Bickel et al., 1953). The diet consists 

in reducing the uptake of food rich in L-Phe (phenylalanine-free formula) such as meat, chicken 

and fish, eggs, common bread, seeds, nuts, flour, soy, beer or cream liqueurs, most of the 

cheeses as well as food and drinks containing aspartame (L-aspartyl-L-Phe methyl esther), 

which releases L-Phe, L-aspartic acid and methanol when metabolized (Williams et al., 2008). 

At the same time, supplementation with special medical formulas that supply the body of 

essential aminoacids, i.e. L-Tyr, that derived for 90% from L-Phe, vitamins and mineral 

(Belanger-Quintana et al., 2011) is very important. Optimal blood L-Phe levels should be 

ranged between 120-360 µmol/l in all patients. In fact, low concentrations of L-Phe (<30 µM) 

must be avoided in order to not impair development (Rouse, 1966; Casey, 2013), but levels 

between 60 and 120 µM are advised in patients with more relaxed adherence to the diet 

(Vockley et al., 2014). At the same time, this severely restricted diet should be responsible for 

nutritional deficits as reported in some studies where growth retardation and nutritional 

imbalance in terms of calcium, iron, selenium, zinc or two important vitamins, D and B12 have 

been observed (Arnold et al., 2002; Acosta et al., 2003; Dobbelaere et al., 2003). Two 

systematic reviews by Singh et al. (2014) and Demirkol et al. (2011) reported that the most 

frequent nutrient deficiencies experienced by PKU patients on-diet concern essential long-

chain polyunsaturated fatty acids (particularly arachidonic acid and docosahexanoic acid, 

DHA), micronutrients, such as minerals (zinc, copper, manganese, selenium, calcium, iron) and 

vitamins (A, C, E, B2, B6, B12, D), as well as other metabolically important compounds (i.e. 

CoQ10, carnitine) (Feillet and Agostoni, 2010). 

At the opposite, foods with low protein content such as potatoes, some vegetables, fruits and 

most cereals can be consumed in very small quantities (Blau et al., 2010) while only products 
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without proteins such as pure sugar, butter, oil and low-protein versions of some foods, such 

as bread and pasta, can be eaten without the need to be weighed (Zimmermann et al., 2012). 

In order to guarantee the effectiveness of this approach, a rigorous diet control should start 

shortly after birth (Blau et al., 2010), better if in the first weeks of age, confirming the 

importance of screening programs. In fact, initiation of diet later in life cannot reverse the 

brain damage. Moreover, it should be maintained for the entire lifetime in order to avoid any 

problem in the adult because recent studies have shown that myelination does not terminate 

in adolescence (Romani et al., 2017): this advice denies what done by a large number of clinics 

in North America that choose to end the treatment after the first decade of life because they 

believed that the process of myelination ended after this period of time (Azen et al., 1991). 

Although many people believe that non-executive functions are not negatively affected if L-

Phe levels are maintained less than 1200 μmol/L during adolescence and adulthood without 

need to follow a dietary control (Griffiths et al., 2000), this relation is not correct. Some studies 

have shown that a less rigorous diet after 12 years, does not negatively influence the IQ score 

but is able to compromise other functions i.e. decreasing the cognitive performance and 

motor functions in PKU patients compared to healthy subjects (Griffiths et al., 1995). Anyway, 

the diet must be carefully monitored, in order to adapt it to individual L-Phe tolerance, age 

and growth requirement, illnesses, physical activity and pregnancy in females (Mitchell et al., 

2011; Vockley et al., 2014). Breastfeeding is encouraged in infants in combination with the 

medical formula (Blau et al., 2010). Today, the need for a “diet-for-life” is generally accepted, 

since if mental disability does not occur when patients have been well controlled during 

infancy, many adverse manifestations can develop upon diet relaxation (Smith and Knowles, 

2000). 

Although dietary treatment has been very effective in prevent severe mental retardation, it 

introduces also a large number of problems. First of all, the poor nutritional quality (as shown 

above), poor palatability and heavy burden, both economic and social, upon the PKU patients 

and their families (Simon et al., 2008). Diet adherence is particularly poor in adolescents and 

adults (MacDonald et al., 2010; Ahring et al., 2011) because if during infancy the diet control 

is easier because the child’s parents control nutritional intake, during adolescence adherence 

to the diet becomes socially demanding due to the impossibility for the children to eat the 

food consumed by their peers, inducing them to leave this dietary program. Suboptimal 

dietary compliance is also due to psychosocial and emotional factors, commitment required 

to parents, lack of reimbursement for food supplements and a low degree of knowledge about 

the disease by the families (Crone et al., 2005; Olsson et al., 2007). At the same time, many 

adults discontinue the diet during their life or refuse to come back to it after a period of 

unrestricted diet. Moreover, strictly treated PKU patients not always eliminate the 

neurological defects due to elevated L-Phe level (Belanger-Quintana et al., 2011): thus, 

emotional distress, mood disturbances, slow reaction time and impaired social skill continue 

to be reported (Pietz et al., 1993; Gassiò et al., 2003; Bik-Multanowski et al., 2008; Dawson et 

al., 2011; Jahja et al., 2016). 

Current efforts are focused on the development of a dietary treatment which ultimately 

results not only in L-Phe control but also in the preservation of patients’ quality of life (Vockley 
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et al., 2014). New dietary treatment includes more palatable foods, large neutral aminoacids 

supplementations (LNAAs) (Matalon et al., 2007) and the use of a naturally low-Phe protein, 

named glycomacropeptide. In a study of MacDonald et al. (2003) it has been suggested that a 

free use of fruit and vegetables containing 51-75mg/100g of L-Phe and poor portions of 

potatoes, rice and corn should be safe for children with PKU, making the dietary more 

tolerable. 

Furthermore, the increased knowledge of the genetic basis of PKU and enzymology has 

allowed to develop new intervention approaches aimed to improve the activity of the mutant 

enzyme: a clear example is represented by the administration of the BH4 cofactor in 

association with the diet (Belanger-Quintana et al., 2011). Orthotropic liver transplantation 

(Scriver and Kaufman, 2001), preclinical gene therapy studies and new enzymatic substitution 

therapy, are other therapeutic approaches currently under investigation. 

Glycomacropeptide 

Glycomacropeptide (GMP) is a low-Phe protein of 65 amino acids, representing a minor 

fraction of cheese whey, particularly rich in essential amino acids but without Tyr, Phe and Trp 

(Laclair et al., 2009) making it useful for the treatment of PKU. This protein comes from the 

cheesemaking process, when the bovine k-casein is cut from the chymosin to para-k-casein, 

which remains with the curdle, and into GMP, which remains in the cheese whey (Doultani et 

al., 2003). The glycomacropeptide can be used in the classical diet when it is extracted in high 

purity but if used as a primary source of protein for individuals with PKU, it must be 

supplemented with other essential amino acids (Tyr, Trp, His and Leu), vitamins and minerals 

(Ney et al., 2009) even if its LNAA content is 3 times higher than other natural proteins (Etzel, 

2004). Studies performed on patients that assumed this protein have observed an improved 

compliance with the diet, higher metabolic control and better quality of life thanks to the 

greater palatability of foods (Lim et al., 2007; Ney et al., 2009). 

Large neutral aminoacids (LNAAs) supplementation 

LNAAs supplementation has been suggested as valid alternative approach to classical dietary 

restriction to avoid disturbances caused by high L-Phe concentrations in early 1948 

(Christensen et al., 1948) and was for the first time studied in rats in 1976 (Andersen and 

Avins, 1976). This class of amino acids includes tyrosine, tryptophan, threonine, methionine, 

valine, isoleucine, leucine and histidine (van Spronsen et al., 2010). All of them are essential 

except for tyrosine that, however, becomes essential in PKU patients. Since the first 

employment, different combinations of LNAA strategy, including only supplementation with 

tyrosine and tryptophan have been investigated. LAT1 transporter has been known having 

major affinity for L-Phe instead of LNAAs, so this treatment has the intention to restore the 

altered LNAAs transport across the BBB in order to decrease brain L-Phe level (Berry et al., 

1982; Jordan et al., 1985; Pietz et al., 1999), increase the levels of non-Phe LNAAs in the brain 

(van Spronsen et al., 2009), increase monoaminergic neurotransmitters concentration (Lou, 

1985; Lykkelund et al., 1988; van Vliet et al., 2015, 2016) and, at the same time, reduce blood 

L-Phe level (Matalon et al., 2006). This goal is achieved because when LNAAs level increase, 

these aminoacids compete with L-Phe for LAT1, reducing the entry of this compound through 
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the BBB and, at the same time, increasing their concentration inside the brain. Besides, has 

been hypothesized that LNAAs can reduce L-Phe level competing with its uptake at the gut-

blood barrier and/or increasing protein synthesis and thus L-Phe utilization (Matalon et al., 

2003). This hypothesis has been proven by various studies performed on patients with PKU, 

in which a reduction up to 50% of the blood concentration of this amino acid was observed 

following the administration of 0.5-1.0 g/Kg/day of LNAA (Matalon et al., 2006, 2007). 

Different combinations of LNAAs have been developed and some of these contain arginine 

and/or lysine, which don’t belong to LNAAs. In a study of van Vliet et al. (2015) has been 

observed that after LNAAs supplementations, in PKU mice brain L-Phe concentrations were 

significantly reduced by 26%: this result is perfectly in line with previous study performed on 

both PKU patients and mice (van Spronsen et al., 2010; van Vliet et al., 2015) where a 

reduction of about 20% and 46%, respectively, were reported. LNAAs supplementation has 

been also shown able to increase cerebral serotonin and norepinephrine concentrations, as 

also indirectly suggested by the increased blood and urine melatonine concentrations induced 

by the treatment, probably by both decreasing brain L-Phe and increasing brain tyrosine and 

tryptophan levels (Berry et al., 1982; van Vliet et al., 2015). 

LNAAs treatment should represent an alternative strategy to diet control but it is currently 

limited to adolescent and adult patients and is not advised during pregnancy, due to the 

limited knowledge about the effect on fetal development (Vockley et al., 2014). However, a 

recent study (van Vliet et al., 2018) suggests that LNAAs treatment without any L-Phe-

restricted diet in adult PKU mice was able to restore brain monoamine concentration equally 

to the severe L-Phe-restricted diet. To this end, this strategy is a promising alternative for all 

adult PKU patients with suboptimal compliance to the diet. In order to increase adherence to 

LNAAs supplementation, studies to improve taste, tolerability and correct LNAAs doses and 

composition would be beneficial (van Vliet et al., 2018).  

Tetrahydrobiopterin (BH4) treatment 

As reported in the diagnosis section, a little percentage of patients has mutations associated 

with a BH4-responsive phenotype. This aspect was remained unexplored until 1999 when Kure 

et al (Kure et al., 1999) demonstrated that after a treatment with 20 mg/kg of BH4, in some 

patients blood levels of L-Phe was reduced. Since then from 20 to 60% of patients was found 

to be BH4 responsive. Generally, in these patients mutations on PAH gene are located in the 

entire region but allow to maintain residual activity of the enzyme which can interact with 

BH4 as showed in figure 9. 
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Figure 9. Three-dimensional crystalline structure of the human PAH monomer, in which most of the mutations 
responsive to BH4 are represented. Most of the mutations (70%) are present in the catalytic domain, a smaller 
percentage in the regulatory domain (16%) and the least frequent are located in correspondence with the 
tetramerization domain (adapted from Blau et al., 2010). 

Today, among the two synthetic pharmacological formulations of BH4, 6R-BH4 

dihydrochloride (Schircks Laboratories, Jona, Switzerland) and sapropterin ((6R)-2-amino-6-

[(1R, 2S)-1,2-dihydroxypropyl]-5,6,7,8-tetrahydro-4(3H)-pteridinone) dihydrochloride, 

(Kuvan®, BioMarin Pharmaceutical Inc, Novato, CA), only Kuvan® has been approved for the 

therapeutic use by the US Food and Drug Administration and by European Medicine Agency. 

This compound, after the regulatory approval in 2007, was commercialized since 2008 in 

numerous European countries and afterward worldwide. The responsivity to BH4 increases as 

the severity of the phenotype decrease (milder forms of mutations vs null mutations) 

(Bernegger and Blau, 2002) and between all patients the type of response is very different. 

This evidence is related to the capacity of BH4 to act as molecular chaperone increasing the 

stability and the residual activity of the protein preventing its misfolding and the consequent 

early degradation (Erlandsen et al., 2004; Pey et al., 2004; Pérez et al., 2005; Gersting et al., 

2010). The dosage to treat each patient for the best results can be different and related to the 

phenotype-genotype even if the US guidelines suggest a dosage of 20 mg/kg/day (Feillet et 

al., 2008).  

The treatment with this cofactor is well tolerated and improve the quality of patients’ life since 

the correct adherence, allowing the increase in L-Phe tolerance, enables patients to introduce 

larger amounts of natural proteins and, at the same time, improves neuropsychiatric 

symptom, justifying the continuation of the treatment (Vockley et al., 2014). In addition, the 

early treatment, between birth and 6 years, can prevent neurocognitive delay (Blau and 

Longo, 2015). 
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Only light adverse events of the treatment have been reported: typically, headache followed 

by vomiting, diarrhea or irritation of the respiratory tract. However, since there are no data 

about the safety of the treatment on children under 4 years, even if the early administration 

has the ability to maintain low blood L-Phe levels, it remains not recommended for this class 

of patients. 

Despite the advantages above reported and although the treatment with BH4 allows the 

possibility of oral administration, it is important to consider the short half-life of sapropterin, 

which is about 6.5 hours (3-17 h), its rapid sequestration by the liver or elimination through 

urine in the case of oral administration (Harding et al., 2004). In addition, it should be 

considered the high costs of the daily therapy, if compared to those of the dietary regimen 

(Harding, 2010), and the insufficient L-Phe lowering that sometimes can be observed in 

responsive patients. 

Gene therapy and liver transplantation 

The increasing knowledge in many different scientific fields and the ability of cloning human 

and murine PAH cDNA (Woo et al., 1983) have opened the way to gene therapy. Gene therapy 

is based on the insertion, by different vectors, of PAH cDNA in organs or tissues, such as the 

liver, in order to restore its functionality. Nowadays, gene therapy represents a very promising 

approach as alternative therapy to restrictive diet (Kim et al., 2004), also considering that even 

just a 10% of PAH activity in mice it is enough to establish a normal metabolism of L-Phe 

(Ledley et al., 1985). Various approaches have been tested for this treatment. Among these, 

the first was based on in vitro transfer of the PAH gene inside the hepatocytes by its 

complementation with a protein recognized by the hepatic receptors allowing its 

internalization (Ding et al., 2004). As this system showed some limitations in transduction 

efficiency, it was hypothesized to use viral vectors. The first tested vector able to transfer PAH 

cDNA to liver was recombinant Adenoviruses. However, although its ability to promote L-Phe 

stabilization at the recommended therapeutic range, it was soon abandoned due to the high 

immune response developed, which limited the duration of the therapeutic effect and the 

possibility of repeated administrations (Eisensmith and Woo, 1996). Recently, the Adeno-

associated recombinant virus (rAAV) has attracted great attention because of its advantages 

of being poorly immunogenic, its ability to infect cells that do not divide, its low tissues 

specificity and the absence of liver damage (Thomas et al., 2003; Oh et al., 2004). However, 

this strategy does not allow long-term effects because rAAV does not integrate its genome 

into the infected cells but it remains in episomal form, been lost during the cell regeneration 

process. The skeletal muscle, however, thanks to its slower regeneration and its easier 

accessibility, represents a very interesting target (Rebuffat et al., 2010). In keeping with 

muscle potential role as target, the intramuscular injection of a vector containing the PAH 

gene has the ability to protect small children born from sick mice from the teratogenic effects 

of HPA (Jung et al., 2008). The transduction of the muscle with only PAH cDNA is not however 

sufficient to induce an effective hydroxylation of L-Phe: indeed, in order to obtain the 

therapeutic effects, it become necessary the simultaneous expression of the enzymes 

involved in the synthesis of BH4 (Ding et al., 2008). 
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The strategy of cell therapy has been proven in several preclinical studies on animal models 

of inborn errors of metabolism, such as defects in the urea cycle, in glycogen storage and in 

the α1 antitrypsin deficiency. Conversely, the transplantation of hepatocytes with the 

functionality PAH/BH4 system, has not been tested in PKU patients yet because the donor 

cells have to growth over the autochthonous cells (Harding, 2008). In addition, liver 

transplantation makes necessary the administration of immunosuppressant agents and the 

high risk of major surgery precludes its routine use. 

Enzyme replacement therapy (ERT) 

Despite BH4 treatment represents a promising strategy to reduce L-Phe level, patients with a 

classical form of PKU can’t benefit of this solution probably for the complete absence of PAH 

residual activity and even if the nutritional control or supplementation with LNAAs help to 

reduce brain L-Phe levels, enzyme replacement therapy (ERT) represents a valid alternative to 

all the different types of intervention today available. ERT consists in restoring a lacking or 

non-functioning enzyme with its native counterpart or with an enzyme able to degrade toxic 

metabolites or secondary compounds of the reaction catalyzed by the deficient enzyme. ERT 

was first proposed by de Duve in 1964 (de Duve, 1964) expressly for lysosomal storage 

diseases (LSDs). However, the administration of various active substances by conventional 

systems and dosage forms may involve intrinsic difficulties such as a rapid clearance by 

premature degradation, inactivation or elimination from the body, resulting in short plasma 

half-life and low bioavailability in the desired site of action at the proper concentration. These 

problems concern the most therapeutic agents and are commonly due to their susceptibility 

to degradation by liver and kidney enzymes, to rapid renal clearance by glomerular filtration, 

to their recognition and processing by the reticuloendothelial system and/or to their potential 

immunogenicity. In particular, concerning the immune activation, this occurs not only with a 

non-human origin of the protein but also against a human enzyme that is absent in the patient 

(Schellekens, 2010). The main drawbacks for the enzymes are their suboptimal 

physicochemical and pharmacokinetic (PK) properties. Thus, their systemic use by intravenous 

administration are limited by their inadequate solubility, physicochemical instability, tissues 

toxicity, iper-sensitivity reactions and proteolytic inactivation. These complications generally 

lead to the necessity of employing repeated and high dose administration to achieve and 

maintain a therapeutic in vivo activity which in turn involves reduced quality and compliance 

of patient’s life, inconvenient economic burden and a reduction of the benefit to risk ratio 

that, ultimately, results in decreased clinical applications of several drug therapies (Rossi et 

al., 2016).  

In order to overcome these limitations, several strategies have been adopted over time with 

the aim of improving enzyme pharmacokinetics and/or pharmacodynamics properties. The 

possible strategies include both amino acid manipulation to mask or remove cleavage sites or 

structural interventions on the protein such as conjugation with serum proteins or with 

synthetic polymers (e.g. polyethylene glycol, PEG), which are able to reduce immunogenicity 

and proteolytic instability, thus extending the therapeutic protein half-life.  
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Among the various strategies, PEG conjugation (the so-called PEGylation process) is one of the 

most successful approach to improve half-life by increasing molecular mass allowing the 

decrease of the clearance rate by the kidney (Zündorf and Dingermann, 2014), the reticulo-

endothelial system (RES) of liver, spleen and bone marrow uptake and improving enzymatic 

stability by a steric hindrance of proteolytic enzymes. The first PEGylated protein drug, 

Pegadase, for the treatment of severe combined immunodeficiency was approved in 1990. 

Since then, many other PEG-conjugated drugs have been used for the treatment of different 

pathologies (Alconcel et al., 2011).  

ENZYME REPLACEMENT THERAPY IN PKU 

Enzyme therapy for PKU could be performed by substituting the non-functional PAH enzyme 

with a functional form or with a substitute enzyme able to metabolize L-Phe, both with the 

aim to reduce the elevated levels of this aminoacid. Restoring the native form of PAH gives 

rise to a series of problems. Indeed, this enzyme is unstable and very sensitive to protease 

activity, it is difficult to isolate and purify on a large scale, its activity is complex and requires 

the presence of the BH4 cofactor to perform its activity and lastly, it is able to develop a strong 

immune response in subjects lacking the native enzyme. Furthermore, for its activity the multi-

protein complex must be intact (Scriver and Kaufman, 2001; Donlon et al., 2010). For all these 

reasons the use of PAH for therapeutic purposes requires a series of modifications, including 

the conjugation with chemical compounds, such as polyethylene glycol molecules (PEG, MW 

= 20000), in order to make it more stable and less immunogenic. A better approach involves 

the use of an alternative L-Phe-metabolizing enzyme, named phenylalanine ammonia lyase 

(PAL; E.C.4.3.1.5). This tetrameric and autocatalytic protein of 240kD with plant, yeast and 

bacterial origin, is able to convert L-Phe to trans-cinnamic acid and low quantities of ammonia, 

without the necessity of cofactor (MacDonald and D'Cunha, 2007). The products of the 

enzymatic reaction are not toxic for the organisms being rapidly metabolized: indeed, 

ammonia is rapidly metabolized via the urea cycle and trans-cinnamate is rapidly converted 

in liver into benzoic acid then excreted in urine as hippuric acid (Hoskins et al., 1984) (Figure 

10).  

 
Figure 10. Enzymatic activity of PAL enzyme and degradation of reaction product. PAL enzyme catalyze the 
conversion of L-Phe to trans-cinnamic acid, without the necessity of cofactor. The trans-cinnamic acid is then 
converted to hippuric acid through a mechanism not well described yet which imply glycine participation. 
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No toxic effect of trans-cinnamate has been confirmed from studies carried out on laboratory 

animals in which no embryotoxic effect has been observed (Hoskins and Gray, 1982). While in 

bacteria cells, PAL catalyzes the non-oxidative deamination of L-Phe to trans-cinnamic acid 

and trace amounts of ammonia (Anson et al., 1987), in plants it plays a biosynthetic role, 

catalyzing the first reaction for the synthesis of a variety of polyphenyl compounds (Appert et 

al., 1994). The advantages of using this enzyme instead of PAH are related to the absence of 

any cofactor request, its simpler structure and catalytic activity and its better physical stability.  

Studies aimed at treating subjects with PKU using PAL have started about 20 years ago and 

were first proposed in the 1970s to treat PKU with PAL by using enteral administration 

(Hoskins and Gray, 1982; Hoskins et al., 1980, 1984). Despite the advantages, there are two 

problems related to this use of PAL enzyme: the first concerns the proteolytic degradation 

that it undergoes into the intestinal lumen when supplied as free enzyme (Gilbert and Jack, 

1981) or its sensitivity to the acidic pH (optimal pH for PAL activity is >8) of the upper 

gastrointestinal tract (pH between 6 and 7.4) (Kim et al., 2004); the second, concerns the 

immune activation triggered after the injection via the parenteral route, especially after 

repeated injections (Wieder et al., 1979; Gámez et al., 2005) inducing short half-life in 

circulation. In order to overcome these problems and increase the activity for a long time, 

different formulations and strategies have been tested (Gilbert and Tully, 1985). The first was 

based on the administration of PAL in gelatinous capsules (Hoskins et al., 1980; Bourget and 

Chang, 1985, 1986, 1989): despite the good results, this research line has stopped because of 

its inability to produce sufficient quantities of PAL at acceptable costs and after poor results 

obtained with ENU2 mice, in terms of plasma L-Phe reduction (Safos and Chang, 1995). This 

led to the development of alternative systems based on the binding, at a particular ratio, of 

PEG to lysine residues of the side chains present on the surface of the enzyme in order to 

modify the protein surface. To this end, it is important to identify the principal sites involved 

in the process of degradation and immune activation, in order to mask them through the 

mutation of the DNA sequence or derivatizing the protein with PEG or other chemical 

molecules. This last approach allows to evade the immune response and therefore the 

premature elimination of the circulating enzyme (Gàmez et al., 2007) thus permitting its oral 

administration. The PAL enzyme is expressed by different species of bacteria, fungi and plants. 

However, only PAL extracted from the blue-green algae Anabaena variabilis (AvPAL) has been 

proven the one with the best characteristics in terms of catalytic activity (Km for L-Phe 0.045 

mM) and resistance to proteolytic degradation (Sarkissian et al., 1999, 2008; Moffitt et al., 

2007; Bell et al., 2017). Currently, the best results have been obtained with C503S/C565S 

double mutant rAvPAL - modified with PEG – since it displays elevated specific activity and 

protease resistance, good thermal stability and lower Km value respect the other. In this 

variant the double mutation involved no significant alteration in the catalytic activity and 

reduced the aggregation upon purification (Wang et al., 2008), while the PEG modifications 

masked the antigenic epitopes reducing immune response (Gamez et al., 2007; Sarkissian et 

al., 2008). This enzyme (AvPAL, Figure 11) is a homotetrameric protein (each monomer being 

64 kDa, consisting in alpha-helices and it is subdivided into three domains: central catalytic 

domain, N-terminal and C-terminal domains) composed of 567 amino acids; its catalytic 
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activity requires the electrophilic prosthetic group 4-methylideneimidazole-5-one (MIO) and 

does not require any external additional cofactor (Moffitt et al., 2007).  

 

  
Figure 11. A) Side view and B) Top view of the crystal structure of wild-type phenylalanine ammonia lyase from 
Anabaena variabilis (adapted from Moffitt et al., 2007). The spheres represent the atoms of the four MIO 
prosthetic groups.  

Based on these results, the BioMarin Corp., Novato, introduced the PEGylated form of double-

mutant rAvPAL-PEG enzyme in clinical trials for the ERT of PKU after its applied to the U.S. 

Food and Drug Administration (FDA). In the phase I trial (NCT00634660 Government 

Identification Code), aimed at evaluating the safety and tolerability of subcutaneous injection 

of rAvPAL-PEG in patients with PKU, 35 participants with L-Phe concentration lower than 600 

μM, were divided in 7 different cohorts receiving an increasing concentrations of rAvPAL-PEG 

formulation. In the high-dose treated cohort, the L-Phe level decreased after a single 

inoculation without the development of major adverse events, with the exception of some 

injection-site reactions of mild intensity, as recently published by Longo et al. (2014). A phase 

II clinical trial (NCT00925054, NCT01560286, NCT00924703, NCT01212744), aimed to 

evaluating the efficacy and safety of multiple enzyme injections, has been recently concluded 

(Bélanger-Quintana et al., 2011) while, a phase III clinical trial (NCT01819727, NCT01889862) 

has been started to assess, through a multicenter study, the safety and tolerability of rAvPAL-

PEG administration and improvements in attention scores compared to pretreatment 

baseline. In May 2018, the FDA approved PalynziqTM (pegvaliase-pqpz) in the USA as enzyme 

therapy for PKU (ww.fda.gov) and on March 2018 the European Medicines Agency 

(www.ema.europa.eu) accepted BioMarine’s submission of a Marketing Authorization 

Application (MAA) for pegvaliase. Although PEG system has some important features that 

make it suitable for pharmaceutical use such as lack of toxicity and high solubility, this 

molecule itself can be immunogenic, especially upon repeated and continuous treatments 

(Schellekens et al., 2013; Longo et al., 2014) and it also can modify enzyme activity 

compromising the therapeutic effect (Gaberc-Porekar et al., 2008) besides the rather high 

costs of the PEGylation process (Hershfield, 1995). Indeed, PALYNZIQ may cause serious side 

effects, including, joint pain, hypersensitivity reactions due to formation of antibodies against 

A B 



INTRODUCTION 

 

34 
 

the product, headache, nausea, dizziness, abdominal pain, throat pain, fatigue, vomiting, 

cough and diarrhea as well as anaphylaxis events which require the patients to have auto-

injectable epinephrine available at all times of Palynziq treatment. Therefore, developing a 

secure and non-invasive delivery system such as an oral formulation of the therapeutic 

enzyme, would be a key milestone (Kang et al., 2010).  

In the study by Kang and colleagues (2010), aimed at developing an oral administrable PAL 

form, the enzyme AvPAL was engineered by site-direct mutagenesis of residues recognized by 

chymotrypsin to make it more resistant to intestinal proteolytic digestion. However, the 

different strategies to make the enzyme less degradable by the protease after oral 

administration are responsible of reducing its specific activity, making a greater dose of 

recombinant PAL and a longer time of contact with its substrate to the gut which is needed to 

reduce L-Phe level (Sarkissian and Gamez, 2005). More recently, literature (Isabella et al., 

2018) reported a study in which a synthetic live bacterial strain, SYNB1618, was able to inhibit 

increases of serum L-Phe, but nowadays clinical trials to evaluate SYNB1618 safety and efficacy 

are underway. At the same time, we must consider that the oral administration of PAL is 

limited to patients with mild PKU and the diet control is still recommended to obtain the best 

L-Phe control (Bourget and Chang, 1989; Chang et al., 1995): consequently, subcutaneous 

administration of the therapeutic enzyme represents the most promising therapeutic 

approach  

The above mentioned concerns led to an increasing interest in drug delivery systems able to 

target the therapeutic agent to the desired site of action with minimal side effects (Pierigè et 

al., 2017; De Jong et al., 2008).  

Many carriers have been proposed (Allen and Cullis, 2004), including either simple soluble 

molecules, such as monoclonal antibodies and biodegradable polymers, or more complex 

structures, such as microcapsules and particles, cells, liposomes and erythrocytes (Chiarantini 

et al., 1995; Pierigè et al., 2008; Biagiotti et al., 2011; Villa et al., 2015).  

Among all possibilities, erythrocytes (red blood cells, RBCs) are the most promising ones 

thanks to their unique characteristics and their ability to accumulate L-Phe through a saturable 

transport that obeys to Michaelis-Menten kinetics (Pico et al., 1993), which makes them an 

ideal carrier system. The first application of RBCs as ERT in PKU system has been performed 

by Yew et al. (2013) whom entrapped the prokaryotic PAH, obtained from Chromobacterium 

violaceum, a monomeric enzyme of 33 kD more stable and active than mammalian PAH. 

Although the system was able to reduce L-Phe level, its efficacy in PKU mice was probably low 

due to the lower in vivo vs in vitro enzymatic activity. Better results have been obtained in a 

study of Rossi et al. (2014) that demonstrated the ability of RBCs loaded with rAvPAL to act as 

circulating bioreactors able to reduce L-Phe levels and confirmed the efficacy of the 

treatment, which was able to maintain L-Phe levels between 100-900 µM also after repeated 

infusions of 9-10 day-intervals each other. In addition, even though an immune response 

against rAvPAL was observed, the ability of the system to metabolize L-Phe has not been 

compromised thanks to the protective action carried out by RBCs towards the enzyme (Rossi 

et al., 2014). More details about RBCs as delivery system are reported in the section below. 
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DRUG DELIVERY SYSTEMS: RED BLOOD CELLS AS THE BEST CHOICE  

RBCs have been identified as the most useful natural carriers for drug delivery since 1960s 

(Villa et al., 2016). In the last decades RBCs are being employed for delivery of a variety of 

therapeutics, contrast agents and for many other clinical uses. They are considered the ideal 

candidates as delivery system because they have unique biological characteristics. Such 

qualities include (Beutler et al., 1995; Gutiérrez Millàn et al., 2004; Rossi et al., 2003, 2005; 

Hamidi et al., 2007; Pierigè et al., 2008; Muzykantov, 2010; Biagiotti et al., 2011; Leuzzi et al., 

2016; Pierigè et al., 2017): 

- Biocompatibility, especially if autologous RBCs are used; 

- Biodegradability, without formation of toxic by-products; 

- RBCs represent the most abundant cell types in blood (the human body normally 

possess 2-3 x 1013 RBCs continuously produced at a rate of 2 million per second), they 

comprise one quarter of the total number of body cells and are the main component 

of blood; 

- A long in vivo life-span of 100-120 days, the longest among delivery systems, which has 

influence on the encapsulated agent availability; 

- An average cellular volume of approximately 90 fL being mostly available for large 

amounts of drugs to be encapsulated, since mature RBCs lack nucleus and organelles; 

- The biconcave shape, which enables great flexibility and membrane deformability, 

making RBCs able to travel across small undamaged capillaries (until 2-3 μm in 

diameter) avoiding unwanted extravasation; 

- Easiness of ex vivo handling by means of several already existing procedures allowing 

the reversible opening of pores on cell membrane (from 10 nm up to 500 nm diameter) 

by exploiting RBC ability to behave like an osmometer, shrinking or swelling according 

to the salt content of the external medium, thus permitting many non-diffusible large 

compounds (such as proteins and peptides) to be loaded inside the cell, maintaining 

morphological, biochemical and immunological properties similar to those of native 

cells; 

- Ability to protect the encapsulated agent from the premature degradation or 

inactivation by the host immune system thanks to their biocompatibility (in contrast 

with most of the other delivery systems) (Ponder, 2008; Benichou et al., 2009) 

promoting a longer persistence of the drug in the body; 

- Possibility to modulate the drug pharmacokinetics thus enabling a sustained release of 

the therapeutic agent in circulation while providing protection to the organism from 

the potential negative effects of peak concentrations of drugs; 

- Possibility to use erythrocytes not only as passive carriers but also as active bioreactors 

thanks to the presence of the intrinsic pool of enzymes able to process entrapped pro-

drugs and to convert them into active drugs (Hoffman, 1992; Rossi et al., 2001, 2004); 

- Possibility to selectively target macrophage cells and the reticulo-endothelial system 

(RES) by exploiting the natural mode of macrophage-mediated erythrocyte removal 
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from circulation, thus eliminating drug toxicity to other body districts (Chiarantini et 

al., 1995; Serafini et al., 2004; Rossi et al., 2005; Sabatino et al., 2014). 

Despite the benefits of RBCs as delivery system, these cells exhibit some drawbacks (Hamidi 

et al., 2007): the macrophage-mediated removal of senescent or damaged RBCs might 

represent an undesired side-effect, shortening the half-life of the encapsulated drug. In 

addition, some molecules may alter RBCs physiology or rapidly leak from them, thus being lost 

in the bloodstream. Given their natural origin, RBCs are characterized by an intrinsic variability 

that may lead to different rates of success in the loading procedures. Besides, RBCs are viable 

cells that need special attention during storage to avoid any alteration of their therapeutic 

action once reinfused in vivo. Many strategies have been adopted to overcome this problem, 

such as isotonic buffers containing essential nutrients and low temperatures. Furthermore, a 

major concern is the potential contamination due to blood origin, the loading equipment used 

and the environment where the procedure is carried out. In keeping with this issue, strict 

controls are needed to guarantee a correct collection and handling of the erythrocytes, as well 

as the safety of the final product. 

Despite all, the above mentioned positive features still overcome the negative drawbacks and 

RBCs as drug carriers have been studied since the mid-1970s (Updike et al., 1976) and 

employed for different purposes, as extensively reviewed by many authors (Hamidi et al., 

2007; Biagiotti et al., 2011; Magnani and Rossi, 2014; Pierigè et al., 2008, 2017; Bhateria et al., 

2014; Zarrin et al., 2014; Rossi et al., 2016). These carriers have been shown to be able to carry 

many different agents including antiviral and antineoplastic drugs, therapeutic proteins and 

peptides (i.e. vaccines and enzymes), cytokines, oligosaccharides, nucleic acids, anti-

inflammatory drugs (like the glucocorticoid dexamethasone, DEXA) and contrasting agents for 

diagnostic purposes (Antonelli et al., 2013; Pierigè et al., 2017). These cells can be also used 

as transport systems to obtain a slow release of the pro-drug in the circulation or to selectively 

direct a drug in the specific cells responsible and/or capable of erythrophagocytosis. In 

addition, their use as circulating bioreactors for ERT makes these cells an extremely versatile 

system for the treatment of various pathological conditions. 

Several techniques have been developed to produce engineered erythrocytes able to perform 

as carrier system (Zolla et al., 1991; Rossi et al., 2003). To this aim, we can identify two 

principal groups of techniques: encapsulation within the inner volume of RBCs or drug 

attachment on cell surface. The most common procedures for the first purpose include 

electroporation (Lizano et al., 2001) or hypotonic hemolysis (Green et al., 1981; Ropars et al., 

1985; Ihler and Tsang, 1987; Ihler and Chi-Wan Tsang, 1987). The second group involve 

different covalent or non-covalent cross-linkers able to couple molecules to the RBC surface 

(Muzykantov, 2010; Villa, 2016). The most widely used method to load protein into RBCs are 

based on hypotonic haemolysis which, in turn, can be divided into hypotonic dilution (Ihler et 

al., 1973; DeLoach and Ihler, 1977; Talwar and Jain, 1992), hypotonic dialysis, that is the most 

widespread method to load protein into RBCs, (DeLoach and Ihler, 1977; Alvarez et al., 1988; 

Gutiérrez Millàn et al., 2004) and hypotonic pre-swelling dilution (Jenner et al., 1981; Tamura 

et al., 1988; Ito et al., 1989; Tajerzadeh and Hamidi, 2000). Briefly, all of them consist in 
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causing erythrocytes to swell by putting them into a hypotonic medium that permits the 

formation of reversible pores (200-500 Å diameter); after a period of equilibration with a 

solution of the molecule to be entrapped, which can cross the pores, RBCs are resealed by 

adding a hypertonic solution, which restores the physiologic isotonic environment thus 

permitting the pores to close and the membrane to restore its physiological structure. 

In order to act as carriers for enzyme, RBC membrane has to be permeable to the target 

metabolite, the entrapped enzyme should not alter the physiology of the RBCs and it must not 

leak through RBC membrane (Leuzzi et al., 2016). The target of the delivery system is related 

to the disease. Indeed, for instance in blood malignancies, the target is the blood depletion of 

any metabolite that represents a substrate of the pathological tissue. On the other hand, in a 

different group of diseases the enzyme inside RBCs remove toxic endogenous or exogenous 

compounds which are a consequence of an inherited disorder of metabolism. The first 

attempt was made by Beutler and colleagues (1977), who aimed at treating Gaucher’s disease 

by means of RBCs loaded with glucocerebrosidase. Up to now, RBCs loaded with L-

asparaginase have been employed in clinical trials (ClinicalTrials.gov ID NCT01523782) to 

remove L-asparagine, a non-essential amino acid necessary for lymphoblastic proliferation in 

acute lymphoblastic leukemia (ALL) (Kravtzoff et al., 1990; Kwon et al., 2009; Domenech et al., 

2011; Agrawal et al., 2013); adenosine deaminase (ADA) is another therapeutic enzyme 

encapsulated both in its native and PEGylateg form for the treatment of ADA deficiency (Bax 

et al., 1996, 2000a-b, 2007). Thymidine phosphorylase has been studied in animal models and 

also in patient as enzyme replacement therapy for the rare disease MNGIE (mitochondrial 

neurogastrointestinal encephalomyopathy) (Moran et al., 2008; Bax et al., 2013; Levene et al., 

2013). 

My PhD EUREKA project, has been involved in analyzing phenylketonuria (PKU), an inherited 

metabolic disease that can take advantage from ERT.  

For all its possible and promising applications, this carrier system during the years have moved 

from academia to industry and is at the moment investigated in several clinical trials by two 

major biopharmaceutical companies, ERYTECH pharma (http://erytech.com/) and EryDel 

S.p.A (http://www.erydel.com/). The first is the proprietary of an apparatus created in 2006 

by Godfrin for industrial applications (Godfrin, 2006), named ERYcaps. The company has used 

its technology for the treatment of ALL, currently in Phase 3 clinical trial (NCT01523782), as a 

valid alternative to free form of enzyme, with positive results (Godfrin and Bertrand, 2006; 

Domenech et al., 2011). At the same time the second biotechnology company EryDel S.p.A 

(www.erydel.com) is the proprietary of a non-invasive electromechanical device named Red 

Cell loader® (RCL). The RCL is a fully automated apparatus with a dedicated software, 

conceived to function with disposable and CE marked kit, designed to reproducibly load 

human autologous erythrocytes with different drugs, in safe, sterile and apyrogenic 

conditions, as required for the performance of clinical studies so as to yield a final product 

suitable for the reinfusion into patients with several pathologic disturbances (Magnani et al., 

1998; Mambrini et al., 2017). Up to now the apparatus has undergone a process of upgrading, 

leading to the full-optional machine currently available, which is able to complete the 

procedure in about 90 minutes directly in the clinical centers. The device has been included in 
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several clinical studies (ClinicalTrials.gov) both with healthy volunteers (IDs NCT01925859, 

NCT02380924) and patients, where it was employed to load DEXA-21-P for the treatment of 

inflammatory diseases such as chronic obstructive pulmonary disease (Rossi et al., 2001), 

cystic fibrosis (Rossi et al., 2004), Crohn’s disease (Castro et al., 2007) (ID NCT01277289) and 

ulcerative colitis (Bossa et al., 2013). The so-called EryDex system has been used in Phase 2 

clinical trials for the treatment of ataxia-teleangiectasia (ID NCT01255358; EU Clinical Trial 

Register number 2010-022315-19), that it has received the Orphan Drug designation by 

European and US Authorities and is now entering a pivotal phase III study 

(http://www.erydel.com/en/erydex). Moreover, EryDex system using autologous RBCs allows 

a rapid administration of loaded cells to patients avoiding problems of immunological impact 

on the host as happens with Erytech technology that employs homologous RBCs. Indeed, 

while in autologous approach blood is collected from the patient, in the homologous system 

blood is provided by blood banks (Pierigè et al., 2017). 
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AIM OF THE WORK 

 
In a previous 2014 study of Rossi et al., we demonstrated the ability of rAvPAL-RBCs to act as 

an efficacious carrier system able to reduce L-Phe levels at safety values. In particular, in the 

dose finding study aimed at evaluating the effectiveness of the strategy on a PKU murine 

model, two different doses of enzyme (0.5 and 1 IU rAvPAL/mouse) were proven to 

dramatically decrease blood L-Phe levels in ENU2 mice, peaking 24 h after treatment with no 

difference among doses and slight differences above the range of normal concentrations (50-

110 µM) (Blau et al., 2010), after 8-9 days from the infusion.  

In the study of repeated administrations, seven injections of the same dose of rAvPAL-RBCs 

suggested by the dose finding study were performed at 9-10 days. Treated mice showed a 

reduction in blood L-Phe, whose level remained between healthy control and PKU mice values, 

never reaching back their respective pre-treatment level for the entire experimental period 

(70 days). 

Considering these interesting results, with this new experiment we aim to prove that early 

(starting at 15 post natal day) and continuous administration of this carrier system, at 7 day-

intervals between each infusion, normalizing blood and brain L-Phe levels, is able to prevent 

the abnormalities found in untreated ENU2 mice: cognitive impairment, brain 

neurotransmitter deficit, and neuropathological abnormalities disease. At the same time, we 

aim to demonstrate that erythrocytes may act as an effective and safe delivering system for 

the enzyme during mouse development as well. 

To this purpose we employed the best performing variant of PAL enzyme currently available, 

i.e. C503S/C565S double mutant recombinant PAL from the cyanobacterium Anabaena 

variabilis (rAvPAL) (Wang et al., 2008), kindly provided by BioMarin Pharmaceutical Inc. 

(Novato, CA) in its chemically unmodified (non PEGylated) form. 

The trial was designed, as reported below (Figure 12), in order to mimic in a preclinical setting 

what happens for early treated PKU patients (Blau et al., 2010): 

1. One group of ENU2 mice (n=9) were treated with 8 subsequent intra-venus injections of 

rAvPAL-RBCs at 7 day-intervals between infusions. Two other groups (WT mice, n=13 

and ENU2 mice n=7) were used as control. At scheduled intervals of time (4 days after II 

infusion, 7 days after III, VI and VIII infusion), blood L-Phe and L-Tyr levels were 

monitored. 

2. At the end of the infusions (PND 68-71), all animals have been evaluated with behavioral 

tests and one aliquot of plasma sample has been assessed for anti-rAvPAL IgG response.  

3. At the end of behavioral experiments, all animal groups were sacrificed and brains and 

blood have been processed for biochemical, morphological and molecular assays. 
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Figure 12. Schematic representation of the experimental design. ENU2-RBC (n=9), ENU2-veh (n=7) and WT-veh 
(n=13) mice were treated from PND 15 to PND 64 with rAvPAL-RBCs or vehicle at 7 day-intervals. During 
scheduled time-points, L-Phe and L-Tyr levels were evaluated whereas neurochemical, morphological, molecular 
and behavioral tests were carried out at the end of the experiment. 

Overall, this project will desirably lead to the reduction of the typically clinical manifestation 

observed in PKU patients. Once verified the in vivo validity and viability of this therapeutic 

approach, we will prove the safety and efficacy of this strategy for long-term repeated 

treatment of hyperphenylalaninemic patients taking advantage of the Red Cell Loader® device

PND 15 22 29 36 43 50 57 64 68-71

TIME 0
1° infusion

rAvPAL-RBCs
or

veichle

2° infusion 3° infusion 4° infusion 5° infusion 6° infusion 7° infusion 8° infusion

L-Phe and L-Tyr assessment

Behavioral testsr

Sacrifice

Brain Blood

-Biochemical assay
-Morphological analyses
-Molecular assay

-L-Phe and L-Tyr assessment
-Evaluation of plasma anti-
rAvPAL IgG titres



MATERIALS AND METHODS 

 

41 
 

MATERIALS AND METHODS 

 
ENZYMES 

Recombinant AvPAL 

Recombinant Phenylalanine Ammonia Lyase from Anabaena variabilis (rAvPAL) was prepared 

by BioMarin Pharmaceutical Inc. (Novato, CA) clinical manufacturing group. Briefly, the 

protein was cloned in a pIBEX7 plasmid, expressed in the E. coli strain BLR (Novagen) and 

purified by anion exchange chromatography followed by hydrophobic interacting 

chromatography. It contains two point mutations, Cys503        Ser and Cys565     Ser in order 

to prevent aggregation. Purified rAvPAL was concentrated and buffer exchanged by 

ultrafiltration/diafiltration to a final concentration of approximately 200 International Units 

(IU)/ml. Final concentration was determined by bicinchoninic acid assay (BCA) and activity was 

assayed as previously described by Wang et al. (2008). This protein was provided in vials of 

200 μl in a Tris-buffered saline solution each containing 2 mM L-Phe. According to the data 

provided by the company, the protein had a molecular weight of 61.9 KDa and concentration 

equal to 109 mg/ml, equivalent to an enzymatic activity of 203 IU/ml; the specific activity (S.A.) 

was 1.86 IU/mg. However, all the parameters have been re-evaluated. Protein concentration 

was estimated by Bradford colorimetric assay, as previously reported (Bradford, 1976). This 

test is based on the ability of the Coomassie® brilliant Blue G-250 dye to bind arginine, 

tryptophan, Tyr, histidine and Phe residues of the protein samples. After the dye bond, the 

displacement of the wavelength at which it absorbs, from 465 nm to 595 nm, can be observed. 

The increase of absorbance at 595 nm (intensity of the blue color that develops) is 

proportional to the amount of protein in the sample. The preparation showed an enzymatic 

activity of 104.4 IU/ml and a S.A. of 1.66 IU/mg protein. 

ANIMALS 

Developing homozygous Pahenu2-/- (ENU2) and Pahenu2+/+ (Wild Type; WT) male mice of the 

BTBR background strain, employed in this study, were issued from heterozygous mating 

Pahenu2+/-. Genetic characterization was performed starting from little tail tissue. The genetic 

ENU2 modification is chemically induced after treatment of BTBR WT mice with N-ethyl-N-

nitrosurea (hence the name). The treatment causes an A>T835C missense mutation at 

nucleotide position 835 in exon 7, resulting in a phenylalanine-to-serine amino acid 

substitution in position 263 of the protein chain (F263S) (McDonald and Charlton, 1997). Exon 

7, the most frequent site for PKU mutations in human (Dworniczak et al., 1992; Scriver et al., 

1996), is a region that encodes the active site of the PAH enzyme (Jennings et al., 1991) and 

its mutation affects a Bbs I restriction site creating a Bsm AI recognition site. The homozygous 

mice were considered the most appropriate mouse model because the mutation is 

responsible for the appearance of a biochemical and neurological phenotype very similar to 

human classic PKU disease, with plasma L-Phe levels 10- to 20-fold higher than those of 

healthy animals, and reduced PAH enzyme activity (McDonald et al., 1990). At the same time, 
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increased L-Phe concentration in the cerebral cortex induces a concomitant 70% reduction in 

brain serotonin levels, microcephaly at birth and hypopigmentation (Figure 13) (Shedlovsky et 

al., 1993; McDonald and Charlton, 1997) together with hypomyelination of forebrain 

structures, including subcortical white matter and corpus callosum in frontal cortex (Dyer et 

al., 1996). 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. WT and ENU2 (-/-) mice. In this picture we can easily notice the different color of the fur of mice which 
is lighter and less dense in the diseased mouse (picture B) and darker and thicker in the healthy mouse (picture 
A). (A) Pahenu2 Wild type (+/+) mice. (B) Pahenu2 (-/-) mouse. 

Two groups of developing ENU2 male mice (ENU2-treated mice, n=9; ENU2-control, n=7) and 

one group of healthy genetic background mice (WT-control, n=13) were used for biochemical, 

behavioral, morphological and molecular analyses as described below. Animals were housed 

in standard cages, 3 to 6 mice per cage, on a 12 h light: dark cycle and in controlled conditions 

(temperature +22±1°C, humidity 60%, air change every 12 h); all mice were fed on Teklad 

global 18% protein rodent diet (Harlan Laboratories Inc., Madison, WI) and water ad libitum. 

The experiments were carried out in accordance with European legislation (2010/63/UE), with 

Italian national legislation (DL26/2014) governing the use of animals for research and with the 

guidelines of the National Institute of Health on the use and the care of laboratory animals 

(Authorization n° 486/2017-PR). 

GENETIC CHARACTERIZATION OF ENU2 MICE BY PCR ANALYSIS 

PKU mice pups were easily distinguished from littermates for their small size that is about one-

half the size of heterozygote siblings (McDonald, 2000) and for their gray-brown coat instead 

of the typical dark brown coat (Figure 14). Genetic characterization aimed to confirm the visual 

identification was performed as reported by McDonald and Charlton (1997). The mutation 

induced by N-ethyl-N-nitrosurea is responsible for the creation of a site recognized by Bsm AI 

restriction enzyme from nucleotide positioning at 831 through 835, at exon 7 of the mouse 

PAH cDNA. In particular, the sequence was modified from GTCTT to GTCTC. The detail of the 

procedure from DNA extraction to genetic characterization is described below. 

 

A B 
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Figure 14. ENU2 mice pups. The ENU2 mice pups can easily distinguished from littermates for its small size and 
for its gray-brown coat, as we can observe from the two pictures. 

DNA extraction protocol 

DNA was obtained from a little tail tissue which was stored at -20°C until the day of the 

analysis. Briefly, 250 µl of Lyses Mix containing 2.5 µl of Proteinase K (12.5 mg/ml) 

resuspended with 50 mM Tris-HCl pH 8.0 and 10 mM CaCl2 and 247.5 µl of lysis buffer 

containing 2.5 M NaCl, 1 M Tris-HCl pH 8.0, 0.5 M EDTA, 10% SDS, were added at each tail 

tissues and the vials were put at +54°C overnight (O.N.). The day after, the vials were vortexed 

and 200 µl of a solution 1:1 phenol/chloroform were added to each sample. The samples were 

centrifuged at 18659 g for 10 min at +4°C and then 100 µl of supernatant were put into new 

vials. 10 µl of 3M Sodium Acetate (pH 6) and 200 µl of cold ethanol were added into each vials 

which were subsequently kept at -80°C for about 10 min. Afterward, the vials were centrifuged 

again at 18659 g for 30 min at +4°C, and the pellet was recovered. After drying the pellets by 

air, 30 µl of nuclease-free PCR-grade water were added, the samples were incubated 10 min 

at +55°C and the extracted DNA were stored overnight at -20°C. 

PCR analysis 

The ENU2 mutation was detected after a preliminary PCR amplification of the mouse PAH 

gene region flanking the mutation site. In order to perform PCR analysis, 2 µl of each DNA 

template were added with 23 µl of PCR mix containing: 100 mM of dATP, dCTP, dGTP and 

dTTP, 1 M Tris-Hcl pH 9.0, 1 M KCl, 25 mM MgCL2, 10 mg/ml of BSA 100X and 0.3 µM of a 

primer mix 5’ (up) forward (5’-ACTTGTACTGGTTTCCGCCT) and primer 3’ (down) reverse (5’- 

AGGTGTGTACATGGGCTTAG). Each reaction was catalyzed by 0.25 µl Hot-Rescue DNA 

Polymerase (0.625 Units/reaction). The reaction was performed in the PCR 2700 Thermal 

Cycler, following the protocol for touchdown PCR reported in Table 2. 
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Cycle name 
Temperature 

(°C) 
Time Number of cycles 

Activation +95 1 min 1 

Denaturation +95 15 sec 
2 cycles (for the first 

two annealing 

temperature) 

20 cycles for +58°C 

annealing 

temperature 

10 cycles for +55°C 

annealing 

temperature 

Annealing +64/+61/+58/+55 15 sec 

Extension +72 1.30 min 

Final Extension and 

Ligation 
+72 10 min 1 

Hold +4   

Table 2. Thermocycle parameters. The sequence of denaturation, annealing and extension, has been repeated 

for 4 time varying annealing temperature from +64°C for the first step to +55°C for the last step, in order to 

increased reaction specificity. 

At the end of PCR, the 132-bp amplification product was digested by 3 µl of restriction enzyme 

Bsm AI (5 U/µl) with the addition of the specific enzyme reaction buffer and by incubation 

O.N. at +55°C, allowing a complete PCR product digestion. Bsm AI digestion yielded a 

distribution of fragments with a distinct banding pattern for each of three possible genotypes 

as observed by gel analysis. 

GEL analysis 

The restriction fragments were separated by electrophoresis through a 4-15 % polyacrylamide 

gel (Mini-Protean TGX Gels) in presence of TBE buffer 1X at 80 V. To each sample, 2 µl of 

Bromophenol Blue (1X) were added. At the end of the electrophoresis process, the gel was 

stained with ethidium bromide (0.6 nM) and photographed. The gel image was acquired by 

Bio-Rad Gel Doc 1000 System. For each of the three possible genotypes, different pattern of 

fragments was detected. In particular, WT displayed two fragments of 82 and 50 bp, 

heterozygotes generated four fragments of 82, 50, 48 and 34 bp and homozygous mutants 

three fragments of 50, 48 and 34 bp (Figure 15). 
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Figure 15. Genetic characterization by GEL analysis. 1) In this two lines we can observe the three fragments of 
50, 48 and 34 bp, typically found in homozygous mutants; 2) Here we can observe the four fragments of 82, 50, 
48 and 34 bp typically found in heterozygotes mutants; 3) Finally, in this two lines we can observe the two 
fragments of 82 and 50 bp displayed in WT mice. The first shows the migration of M23 molecular weight marker. 

DEVELOPMENT OF MURINE rAvPAL-RBCs AND IN VIVO EFFICACY OF REPEATED 

ADMINISTRATIONS 

The repeated administrations of rAvPAL-RBCs were performed on 15-day old mice at the 

beginning of the treatment. Briefly, ENU2-rAvPAL-RBC mice were treated with i.v. injections 

of rAvPAL-loaded RBCs (0.03 IU/g BW) from PND 15 to PND 64. Considering the data obtained 

on a previous study (Rossi et al., 2014), the time interval between subsequent infusions in 

order to obtain a stable value of blood L-Phe, was 7 days. 

Briefly, blood was collected by beheading anesthetized adult BTBR-WT and Pahenu2+/- mice in 

heparinized tubes and rAvPAL was loaded into murine RBCs by means of hypotonic dialysis, 

isotonic resealing and “reannealing”, according to Magnani et al. (1988) (Figure 16). 

 
Figure 16. Schematic of the erythrocyte loading process. The steps that lead to the loading of the RBCs with the 
enzyme rAvPAL are shown. The first phase consists in a hypotonic dialysis, which allows the opening of pores on 
the membrane of the erythrocyte thus allowing the entry of the enzyme rAvPAL. The second step is represented 
by an isotonic resealing phase, which allows the entrapment of the enzyme inside the erythrocytes. The last 
phase consists in a final washing to remove the residues of hypertonic solution, the lysated RBCs and the 
unloaded enzyme. (   ), rAvPAL. (   ), Hypotonic solution. (   ), Hypertonic solution. 
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Whole blood was centrifuged to remove plasma by 10 min centrifugation at +4°C and 900 g 

and then washed twice by 10 min centrifugations at +4°C, at 900 g and 1500 g respectively, in 

a physiological saline solution containing: 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]-

ethanesulfonic acid (HEPES, pH 7.4), 154 mM NaCl and 5 mM glucose. The procedure was 

carried out with about 46 IU of enzyme (400 µl of protein solution with SA 1.66 IU/mg) added 

to RBCs suspended in Hepes solution at 50% haematocrit (Ht). The condition (1 ml final 

volume) was dialyzed for 75 min at +4°C in a cellulose tube (14 kDa MWCO, Roth, Karlsruhe, 

Germany) placed in a rotating plate vs 50 ml of hypotonic dialysis buffer optimized for murine 

RBCs loading, containing 15 mM NaH2PO4, 15 mM NaHCO3 (pH 7.4), 20 mM glucose, 4 mM 

MgCl2, 3 mM glutathione and 2 mM ATP. The final osmolarity of the hypotonic solution was 

88±7.3 mOsm, measured by Osmometer Fiske Associates, Model 210 (Norwood, MA, USA). 

After dialysis, the cells reached about 89±6.2 mOsm (the opening of membrane pores in 

murine RBC starts at values ≤150 mOsm). Subsequent resealing and re-annealing steps were 

carried out by incubating the pooled dialyzed RBC suspension 5 min at +37°C. Then, PIGPA 

solution (100 mM inosine, 20 mM ATP, 10 mM anhydrous glucose, 100 mM sodium pyruvate, 

4 mM MgCl2, 190 mM NaCl, 1666 mM KCl and 33 mM NaH2PO4) was added to the RBCs (10% 

v/v) to restore isotonicity (300 mOsm) and the suspension was incubated another 25 min at 

+37°C under gentle stirring, to allow pore closure. Final washing phase was divided in two 

steps. The first washing step was carried out centrifuging 10 min at 360 g and +4°C, to avoid 

cell lyses, and the second by 10 min centrifugation at 615 g and +4°C. The amount of 

entrapped rAvPAL was quantified by means of a kinetic assay according to Wang et al. (2008) 

as briefly summarized below. Hematological parameters were measured by an automatic ABX 

Micros® 60 cell counter (Horiba Medical, Irvine, CA) and the percentage of RBC recovery was 

calculated between the number of RBCs that underwent the dialysis step and those recovered 

at the end of the loading procedure. 

Final packed rAvPAL-loaded RBCs were re-suspended in Hepes solution at about 25% Ht and 

i.v. infusions of these suspensions, ranging from 50 to 250 µl, were performed based on the 

weight gain of developing animals in order to administer 0.03 IU rAvPAL/g BW. For the 

experiment, untreated ENU2 mice (ENU2-veh) (n=7) and untreated healthy mice (WT-veh) 

(n=13) underwent the same manipulations and received repeated i.v. injections of saline 

solution (NaCl 0.9% W/V) following the same schedule as the ENU2 mice treated with loaded 

RBCs (ENU2-rAvPAL-RBC mice (n=9)). 

Biochemical monitoring of the blood L-Phe and L-Tyr levels, evaluated starting from PND 26 

(4 days after II infusion) to PND 70 at the planned time points (7 days after III, VI and VIII 

infusion) as showed in Figure 12, were used as an indicator of treatment efficacy.  

PHENYLALANINE AMMONIA LYASE ACTIVITY ASSAY 

The kinetic assay was performed as reported by Wang et al. (2008), monitoring the formation 

of trans-cinnamic acid (tCA) at 290 nm wavelength for 20 min at +30°C (tCA molar extinction 

coefficient: 10.238 μmol-1 cm-1 ml-1) (Figure 17).  
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Figure 17. Kinetic assay for the evaluation of phenylalanine ammonium lyase activity. PAL catalyzes the 
conversion of L-Phe into trans-cinnamic acid without the use of the BH4 cofactor.  

rAvPAL activity was determined spectrophotometrically on an RBC aliquot (diluted 1:500 in 

distilled water, dH2O) taken from the dialyzed suspension before washing steps to measure 

the actual total amount of enzyme units added to the dialysis step. The assay was also 

performed on an aliquot of final loaded RBCs (1:100 in dH2O) to evaluate the quantity of 

encapsulated rAvPAL. 

A sample volume in the range 5 – 50 µl was added to 950 µl of a 100 mM Tris-HCl solution (pH 

8.5) containing 22.5 mM L-Phe. A proper volume of 100 mM Tris-HCl (pH 8.5) without L-Phe 

was added when needed to reach a final volume of 1 ml.  

L-PHE AND L-TYR EVALUATION IN DRIED BLOOD SPOT (DBS) BY TANDEM MASS 

SPECTROMETRY (MS/MS) 

Mouse whole blood was collected on Whatman TM 903, air-dried and stored at +4/+8°C in 

plastic bags (Figure 18). A 3-mm diameter dot was punched from the DBS into a single well of 

96-well micro plate. The analysis of L-Phe and L-Tyr in the DBS was performed using a 

previously published method (Chace et al., 1993) with some modifications (Rossi et al., 2014): 

3 mm diameter dots were punched out from DBS and eluted in 100 μl of methanol/water 

(80:20) solution spiked with labeled amino acid internal standards (CIL, Andover, MA, USA). 

The samples were shaken 30 min at +30°C and then, 65 μl of supernatant was dried under 

nitrogen flow at +45°C using an EvapArray Sample Concentrator (Porvair Advanced Materials, 

UK). The residues were derivatized by treatment with 50 μl of 3 M HCl in n-butanol solution 

at +60°C for 30 min. After the derivatization, the samples were dried under nitrogen flow at 

+45°C and recovered in 70 μl of acetonitrile/water (80:20) containing 0.1% formic acid. Twenty 

microliters were injected into a LC-MS/MS system (API 2000, Sciex, Toronto, Canada) 

equipped with a Series 200 micro pump (PerkinElmer, Norwalk, CT, USA) and a Series 200 

autosampler (PerkinElmer) for solvent delivery and automated sample loading. The mobile 

phase was acetonitrile/water (80:20) pumped at a flow rate of 50 μl/min. Neutral loss scan of 

102 Da fragment and a total acquisition time of 2 min were used to detect L-Phe. 

290 nm 
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Figure 18. Dried blood spots for L-Phe and L-Tyr evaluation. The sample collection area of the Whatman TM 903 
contains five half-inch sample area circles. Each sample area circle holds 75 to 80 µL of sample or blood. Wrap-
around cover has spaces for name and date of collection. 

BEHAVIORAL ANALYSIS 

The behavior analysis was performed testing the animals with the Elevated Plus Maze (EPM), 

Open Field Test (OFT) and the Object Recognition Test (ORT). These tests were chosen because 

they take advantage of the spontaneous preference that rodents display for novel stimuli and 

environments, avoiding the use of explicit (positive or negative) reinforcement or the effects 

of lengthy trainings (Cabib et al., 2003). All tests were performed in a sound-attenuated 

cubicle, and videotaped by means of a camera placed within the cubicle and connected to a 

recorder placed outside the cubicle. Three groups of male mice (WT-veh, n=13; ENU2-veh, 

n=7; ENU2-rAvPAL-RBCs, n=9) were submitted to EPM, OFT and ORT and behaviors were 

analyzed by Video-based EthoVision System (Noldus, The Netherlands) to record, collect and 

analyze data. 

Behavioral assay in EPM apparatus 

This test measure anxiety in laboratory animals, by exploring their reluctance to explore open 

and raised areas. The maze consisted of a gray plexiglass apparatus with two open arms (27 x 

5 cm) and two enclosed arms (27 x 5 x 15 cm). Arms extended from a central platform (5 x 5 

cm) and the apparatus rise to the height of 38.5 cm (Figure 19). At the beginning of each test 

session, mouse was placed on the center facing an open arm and individually tested in a single 

5-min session. Between different mice the apparatus was carefully cleaned. The analyzes 

carried out allowed to obtain results to: the moved distance in the apparatus (cm), the velocity 

(cm/sec), the number of total entries in the arms (sec), the percentage of time spent in open 

arms (time in open/open closed x 100) and the percentage of entries in the open arms (open 

entries/open closed x 100). Anxiety reduction is indicated by an increase in the proportion of 

time spent in the open arms (time in open arms/total time in open or closed arms) and an 

increase in the proportion of entries into the open arms (entries into open arms/total entries 

into open or closed arms).  
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Figure 19. Representation of EPM apparatus. The test uses an elevated, apparatus with two open and two 
enclosed arms that extended from a central platform. 

Behavioral assay in OFT apparatus 

The open field test (OFT) is an experiment used to evaluate general motor skills development 

and anxiety state in mice. The open field apparatus, 60 cm in diameter and 20 cm in height, is 

the same used for the ORT test and it is marked with a grid and square crossings (Figure 20). 

During the OFT the mouse was introduced in a specific sector of the empty open arena and 

left to explore the apparatus for sessions of 6 min during which moved distance and velocity 

were videotaped.  

 
Figure 20. Representation of OFT apparatus. The apparatus is a circular open field, 60 cm in diameter and 20 cm 
in height, with a grid and square crossings. 

Behavioral assay in ORT apparatus 

This is a non-associative test that doesn’t use positive or negative reinforcement and avoids 

the effects of a lengthy training but allows the evaluation of mice spontaneous preference for 

novel stimuli. In detail, each mouse was individually submitted to two successive 6-min 

sessions, Pretest and Test sessions, using the same apparatus described for the OFT. At the 

end of each session, the subject was replaced in its home cage for 3 min and the apparatus 

was cleaned with a solution of water and ethanol. All sessions were videotaped. 

In the first session (Pretest) the mouse was introduced in the same sector of the open field 

containing two identical objects (A1 and A2) and left to explore it for 6 min (Figure 21).  
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Figure 21. Representation of pre-test session of ORT. In pre-test session mouse was introduced in the same 
sector of the open field containing two identical black plastic cylinders of 8 cm in height and 4 cm in diameter, 
horizontally fixed to a rectangular base. 

 

In the second session (Test session) both objects were substituted, one with object A3, 

identical to the previous ones, and the other with the new object B and the mouse is left to 

explore for 6 min (Figure 22). The amount of time that the mouse took to explore the new 

object respect the old, provides an index of its cognitive process.  

  
Figure 22. Representation of test session of ORT. In this session one object (A3) is identical to that of the pre-
test session, and the other one is a new red and gray plastic spool (B), 8 cm in height and 5 cm in diameter.  

 

 

 

 

 



MATERIALS AND METHODS 

 

51 
 

NEUROCHEMICAL AND MORPHOLOGICAL ANALYSES 

At the end of behavioral study, all animals were sacrificed in order to perform neurochemical 

and morphological analysis of specific brain area: medial prefrontal cortex (mpFC), Nucleus 

Accumbens (NAc), Caudate Putamen (CP) and Amygdala (Amy).  

Neurochemistry 

Slices of frozen brain, stored in liquid nitrogen until the day of the analysis were analyzed for 

biogenic amines (serotonin, 5-HT; norepinephrine, NE and dopamine, DA) and their 

metabolite (3-4-Dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA; 3-methoxy-4 

hydroxyphenylethyleneglycol, MOPEG, and 5-hydroxyindoleacetic acid, 5-HIAA) by HPLC 

system (Alliance, Waters Corporation, Milford, MA) coupled with a colorimetric detector 

(model 5200 Coulochem II; ESA, Chelmsford, MA). Briefly, for the analysis, punches were 

weighed and homogenized in 0.05 M HClO4. The homogenates were centrifuged at 18000 g 

for 20 min at +4°C and supernatants were transferred to HPLC system combined with a Nova-

Pack Phenyl column (3.9 x 150 mm) and a sentry Guard Nova-Pack Phenyl (3.9 x 20 mm) 

purchased from Waters Corporation and maintained at +29°C with the flow pack rate of 1.2 

ml/min. The mobile Phase consisted in 3% methanol in 0.1 M Na-phosphate buffer, pH 3.0, 

0.1 mM, Na2 EDTA and 0.5 mM 1-octane sulphonic acid Na salt (Aldrich) and the potentials 

were set at +450 mV and +100 mV at the analytical and conditioning cell, respectively.  

At the same time the remaining brain tissue was weighed and homogenized in 0.05 M HClO4 

in order to evaluated L-Phe and L-Tyr levels. The homogenates were centrifuged at 18000 g 

for 20 min at +4°C and the supernatants were analyzed by Agilent Technologies HPLC 1200 

Series coupled with a fluorescence detector, as previously described (Schuster, 1988).  

Morphology 

One brain hemisphere of mice from the different groups (WT-veh n=4, ENU2-veh n=4, ENU2-

rAvPAL-RBCs n=3), were immersed in the Golgi–Cox solution (1% potassium dichromate/1% 

mercuric chloride/0.8% potassium chromate) (Glaser and Var der Loos, 1981), stored at room 

temperature for 6 days and transferred to a sucrose solution (30%) for 5 days. Three pyramidal 

cortex neurons with the soma in layer V and apical dendrites reaching layers II and IV in the 

prelimbic and infralimbic regions of the mpFC (Bregma 1.98/1.78 mm), three medium spiny 

neurons of NAc (Bregma 198/0,62 mm) and three hippocampus neurons randomized in CA1, 

CA2 and CA3 (Bregma -2,18/-3,08 mm) of each mouse (WT-veh, n=36; ENU2-veh, n=36; ENU2-

rAvPAL-RBCs, n=27) were selected and analyzed, under low magnification (20X/0.4 NA), for a 

total of 99 neurons. Coronal sections of 120 µm of impregnated neurons, obtained using a 

vibratome, were mounted on gelatinized slides, stained and covered with Eukitt1.  

The analyses of neuron total length, number of nodes (branching), spine density and the 

percentage of mature spines (number of mature spines/number of counted spines x 100) from 

neurons from mpFC, NAc and Hippocampus (Hipp), were performed by 3D reconstruction of 

the selected neurons, using the NeuroLucida image analysis system (mbf, Bioscience) 

connected to an Olympus BX53 microscope (100X/1.25 numerical aperture). The length and 

the number of branch nodes of the dendrites were quantified by tracing the apical shaft and 
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basal dendritic trees. All protrusions with a clearly recognizable neck were considered as 

spines and were classified as stubby, mushroom or thin types and grouped as mature (stubby 

and mushroom) and immature (thin) (Figure 23) according to the categories proposed by 

Peters and Kaiserman-Abramof (1969). “Stubby spines” protrude from spiny dendrites with 

no neck visible, they have a length similar to the diameter of the neck and to the head width; 

“mushroom spines” have a neck diameter much smaller than the diameter of the head, head 

width >2 neck width; “thin spines” have a head width <2 neck width. The level of spine 

maturation is expressed as percentage of mature spines on all counted spines.  

 
Figure 23. Photomicrographs of representative Golgi–Cox impregnated neurons and representative spine 
categorization. Neurons from (A) mpFC (layer V); (B) Hipp and (C) NAc. (D) Spine categorization: 1- Stubby spines; 
2- Thin spines; 3-Mushroom spines.  

IMMUNOHISTOCHEMICAL AND BIOCHEMICAL ANALYSES 

To determine the effect of treatment on myelination, densitometric and confocal analyses 

were performed. 

Western blot analyses 

The whole brains were collected, homogenized and proteins were extracted in Ripa buffer 

(Milli-Q Water, 0.05 M pH 7.4 Tris-HCl, 0.001 M KCl, 0.0015 M MgCl2, 0.001 M EDTA, 0.001 M 

DTT, 0.005 M NaF, 0.001 M NaVO3, 0.1% SDS, 10% Na-DOC,1 % Triton X-100, 1X Protease 

Inhibitor Cocktail (Sigma, P8340)), for 20 min on ice, and then centrifuged at 18000 g for 15 

min at +4°C. The total protein content of the resulting supernatants was quantified by 

Bradford’s colorimetric assay (Bradford, 1976). Each protein sample was separated by SDS-

polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. 

Membranes were saturated with 5% dried no-fat milk and incubated overnight with rat anti-

Myelin Basic Protein (1:1000; MAB 386, Merck-Millipore) and mouse anti-GAPDH (1:10000, 

Calbiochem), specific primary antibodies. Membranes were then incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibodies. Immunoreactive bands 

were detected by using an enhanced chemiluminescence kit (ECL; Amersham Biosciences). 

The relative levels of immunoreactivity were determined by densitometry using the software 

ImageQuant 5.0 and mean ratios between proteins and GAPDH were reported as percentage 

of control values. 

A B C D 
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Immunofluorescence analyses 

Five mice per group were perfused transcardially with 50 ml of saline solution followed by 50 

ml of 4% paraformaldehyde in a 0.1 M phosphate buffer (PB; pH 7.4) under anesthesia. Each 

brain was removed immediately, post-fixed in the same fixative for 2 h and, after three washes 

in PB, transferred to 30% sucrose in PB solution at +4°C until they sank. Four series of 30 μm-

thick transverse brain sections obtained by means of a freezing microtome were collected in 

PB and then incubated O.N. with primary antibody solution, rat anti-MBP (1:1000; MAB 386, 

Merck-Millipore), prepared in PB and 0.3% Triton X-100. Each incubation step was followed 

by three 5-min rinses in PB. Afterwards, sections were incubated 2 h at RT with a cocktail of 

1:200 secondary antibodies (Alexa Fluor 488 conjugated donkey anti-rat and Alexa Fluor 555 

conjugated donkey anti-goat). Sections of two brain structures containing many neural fiber 

bundles, such as the corpus callosum and the striatum, were examined under a confocal laser 

scanning microscope (Zeiss CLSM700, Germany) equipped with two laser lines: argon emitting 

at 488 nm, and helium/neon emitting at 543 nm and 633 nm. Confocal settings for image 

capture were maintained constant throughout the acquisition of sections from the different 

experimental groups of mice in order to avoid staining variability among sections and 

experimental groups. Images were exported in TIFF format and analyzed with ImageJ software 

(http://rsb. info.nih.gov/ij/; National Institutes of Health). MBP-associated signal was 

quantified by manually outlining the areas of interest. Mean signal intensity (F) of the marker 

of interest was performed on two squared frames (42 μm per side) on 5 sections sampled to 

cover the rostro-caudal extent of the areas of interest (striatum and corpus callosum) entirely 

(n=10 samples per mouse). The F/A ratio defines mean fluorescence of individual samples (F) 

normalized to total cellular surface (A).  

EVALUATION OF PLASMA ANTI-rAvPAL IgG TITER 

The immune response against rAvPAL administered through erythrocytes was evaluated by 

standard indirect ELISA on the samples collected at the end of behavioral tests (Figure 24). 

Blood samples (100 µl) collected in heparin were centrifuged 5 min at 1050 g, plasma was 

harvested and frozen until use. ELISA analysis was performed as follows: 2HB flat bottom 96-

well plates (Immulon® microtiter plates, Thermo Scientific, Rochester, NY) were coated 

overnight at +4°C with 100 μl of rAvPAL dissolved 1 μg/ml in 50 mM carbonate buffer (15 mM 

Na2CO3 and 33.7 mM NaHCO3, pH 9.7). Plates were washed four times with 400 μl/well of PBS 

solution (1.37 mM NaCl, 26.8 mM KCl, 32.1 mM Na2HPO4, 14.7 mM KH2PO4) added with 0.05% 

(v/v) Tween 20 (TPBS), blocked with 100 μl/well of TPBS plus 2% (w/v) fat free dry milk 

(blocking solution) and maintained 1 h at +37°C. Plates were finally washed four times with 

TPBS solution. Plasma was thawed, serially diluted in blocking solution in the range of 1:25 – 

1:1600 for treated ENU2-rAvPAL-RBC mice, in the range of 1:25 – 1:200 for WT-veh animals, 

and dispensed 100 µl/well in duplicate. Plasma antibody binding was obtained incubating the 

plates 90 min at +37°C. After four washes with TPBS solution, 100 µl/well of goat anti-mouse 

IgG-HRP (Bio-Rad, Hercules, CA), diluted 1:1000 in blocking solution, were added and plates 

incubated 60 min at +37°C. After another four washes in TPBS solution, the immune 

complexes were revealed adding 100 μl/well of 2,2'-azino-bis (3-ethylbenzothiazoline-6-
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sulphonic acid) (ABTS, Roche, Indianapolis, IN) as a chromogenic substrate dissolved in 50 mM 

sodium citrate solution, pH 3.0, containing 1 μl/ml of H2O2 (35 wt. -% in H2O, Sigma-Aldrich, 

Milan, Italy). Plates were incubated 30 min at RT protected from light; then the absorbance at 

405 nm was read by an automated Microplate reader (Bio-Rad, Hercules, CA).  

 

Figure 24. Indirect ELISA assay. The different phases of the ELISA test starting from the coating to the detection 
are summarized. The test allows the quantification of the antibodies produced against the enzyme rAvPAL. 

Antibody titer determination 

Plasma samples of treated ENU2-rAvPAL-RBC mice were screened in the range of 1:25 – 

1:1600 dilution while plasma samples of WT-veh animals in the range of 1:25 – 1:200. Then, 

the mean absorbance values of 1:50 dilution of WT-veh were chosen as cutpoint as reported 

by Bell et al., 2017. The antibody titer was determined considering the highest dilution that 

had the absorbance value significantly above this cutpoint. All absorbance values below it has 

been reported as negative. 

STATISTICAL ANALYSES 

Behavioral study 

One-way ANOVA, followed by post-hoc Duncan’s test for multiple comparisons has been used 

in EPM test and OFT behavioral assay. In brief for EPM test, moved distance (cm), velocity 

(cm/sec), number of total entries in the arms (sec), percentage of time spent in open arms 

(time in open/open closed x 100), percentage of entries in the open arms (open entries/open 

closed x 100) of all groups (WT-veh, ENU2-veh, ENU2-rAvPAL-RBCs) were evaluated; for OFT, 

moved distance (cm) and velocity (cm/sec) were analyzed. For ORT the statistical analysis in 

the pre-test session was conducted by one-way ANOVA (group: three levels = WT-veh, ENU2-

veh and ENU2-rAvPAL-RBCs as factor), followed by post-hoc Duncan’s test, while in the test 

session the analysis was evaluated by two-way ANOVA for repeated measures (“object” as 

within factor: two levels = familiar and novel, and group: three levels = WT-veh, ENU2-veh and 

ENU2-rAvPAL-RBCs as between factor). 

Neurochemical and Morphological analyses  

For neurochemical and morphological analysis of every analyzed brain area, one-way ANOVA, 

followed by post-hoc Duncan’s test for multiple comparisons, was used for statistical analysis 

of the effect of groups (WT-veh, n=6; ENU2-veh, n=4 and ENU2-rAvPAL-RBCs, n=6) on each 

amine (serotonin, 5-HT; norepinephrine, NE; dopamine, DA) and metabolite (5-
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Antigen coating Antibodies-antigen
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Secondary
antibodies bind to 
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hydroxyindoleacetic acid, 5-HIAA; 3-methoxy-4 hydroxyphenylethyleneglycol, MOPEG; 3-4-

Dihydroxyphenylacetic acid, DOPAC and homovanillic acid, HVA). 

Antibody titer determination 

The statistical determination of antibody titer was performed applying the T-Test on the 

absorbance values of the different plasma diluitions of all experimental groups.  
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RESULTS 

 
DEVELOPMENT OF MURINE rAvPAL-RBCs 

Through the hypotonic dialysis and isotonic resealing of RBC suspensions with an initial 

amount of 41 IU of rAvPAL, the internalization of 21.49±4.73 IU rAvPAL/ml of packed RBCs 

was obtained: at the end of loading procedure, a percentage of protein encapsulation of 

7.21±3.12 % and a cell recovery of 26.94±9.41 % were reached. Nine ENU2 mouse pups were 

treated with rAvPAL-loaded-RBCs from post-natal day 15 (PND 15) to PND 64 throughout 

weekly i.v. injections of 0.036±0.007 IU g/body weight. This time interval was chosen on the 

bases of data gathered from a previous pharmacodynamics investigation (Rossi et al., 2014) 

which showed that L-Phe levels returned to an elevated value starting from the 9th day post 

each injection (Figure 25). The evaluation of corpuscular indices of murine rAvPAL-RBCs and 

the evaluation of percentage of annexin V binding were not performed because for dialysis 

condition at 50% Ht, the corpuscular indices were not significantly different from reference 

values and the increased percentage of positively stained was a broadly acceptable value 

(Rossi et al., 2014). 

 

Figure 25. Blood L-Phe levels in BTBR-Pahenu2 mice treated with rAvPAL-loaded RBCs at 9-10 day-time intervals 
(Rossi et al., 2014). Time-course representation of mean L-Phe values±SEM of control and treated adult mice. 
We can observe that from the 9th day post injection L-Phe levels have a tendency to go back to pretreatment 
values. 

 

 

 

0

200

400

600

800

1000

1200

1400

1600

1800

B
lo

o
d

 L
-P

h
e 

(µ
M

, 
m

ea
n

 ±
SE

M
)

WT-veh

ENU2-veh

ENU2-rAvPAL-RBCs

I 
infusion

II 
infusion

III 
infusion

IV 
infusion

V 
infusion

VI
infusion

VII 
infusion



RESULTS 

 

57 
 

BIOCHEMICAL RESULTS 

Blood L-Phe and L-Tyr concentrations 

With this study, we aimed to assess if repeated infusions of rAvPAL-RBCs in developing male 

homozygous ENU2 mice were able to reduce blood L-Phe level at a stable and safe 

concentration. To this purpose, 7 day-intervals infusions of 0.036±0.007 IU g/body weight, 

starting from PND 15 to 64, were performed. Blood L-Phe level was monitored during the first 

70 days of life comparing values among 9 ENU2 rAvPAL-RBC treated mice, 7 ENU2 vehicle 

treated mice and 13 WT vehicle treated mice. The results showed that the treatment was 

already able to restore physiological level of blood L-Phe in ENU2 rAvPAL-RBC treated mice 4 

days after the second infusion (280.6±53.3 µM vs 170.89±18.51 µM); in addition, it maintained 

L-Phe blood level at a value significantly lower than what found in ENU2-veh mice, overlapping 

WT-veh mice trend during the whole experimental period. At the last assessment time (PND 

70) L-Phe value in ENU2 rAvPAL-RBC treated mice was lower than in WT-veh mice (7.56±2.26 

µM vs 178.85±16.46 µM, respectively). Blood L-Phe level in ENU2-veh mouse pups was several 

folds the normal WT values (1515.69±133.07 µM vs 166.65±8.40 µM) and tended to decline 

in the mature mouse to 943.01±34.29 μM, according to the values previously reported in 

untreated adult ENU2 mice (1137.99±30.85) (Rossi et al., 2014) (Figure 26).  

 

Figure 26. Blood L-Phe concentration (mean±SEM) after repeated rAvPAL-RBC injections. ENU2-rAvPAL-RBC 
mice (n=9) received 8 i.v. infusions of 0.036±0.007 IU rAvPAL g/body weight; control ENU2-veh (n=7) and WT-
veh mice (n=13) received i.v. infusions of saline solution at the same volume and at the same times of the treated 
mice. L-Phe levels in ENU2-rAvPAL-RBC, ENU2-veh and WT-veh mice were evaluated starting from 26 PND (4 
days after II infusion) to 70 PND at the planned time points (7 days after III, VI and VIII infusion). Significance has 
been observed at all times post-treatment (####) for mice receiving rAvPAL-RBCs respect ENU2-veh group but 
there are no significant differences with WT-veh control group except in the last PND time (**) (by two-ANOVA 
followed by Tukey’s test, p<0.05 vs control groups).  
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At the same time, on the same DBS used for L-Phe evaluation, blood L-Tyr levels were assessed 

by tandem mass spectrometry, in order to verify if RBC administrations have also the ability 

to increase blood level of this aminoacid. The results revealed that rAvPAL-RBC treatment was 

unable to restore normal level of L-Tyr that tended to remain lower than normal WT level with 

only a significant increase in the two last assessments, PND 58 (32.2±3.45 vs 53.6±2.57) and 

70 (34.8±3.6 vs 68.95±2.83) (Figure 27).  

 

Figure 27. Blood L-Tyr concentration (mean±SEM) after repeated rAvPAL-RBC injections. ENU2-rAvPAL-RBC 
(n=9) mice received 8 i.v. infusions of 0.036±0.007 IU rAvPAL g/body weight. The treatment started at 15 PND 
with 7 day-intervals between each infusion and the L-Tyr levels in ENU2-rAvPAL-RBCs, ENU2-veh and WT-veh 
mice were evaluated starting from 26 PND to 70 PND at planned time points (4 days after II infusion and 7 days 
after III, VI and VIII infusion). No significance difference was observed except to 58 and 70 PND (**) between 
mice receiving rAvPAL-RBCs respect ENU2-veh group (by two-ANOVA followed by Tukey’s test, p<0.05 vs control 
ENU2-veh).  

Brain L-Phe and L-Tyr concentrations 

In order to verify treatment efficacy, we have also analyzed L-Phe and L-Tyr levels in mice brain 

because an excessive circulating amount of L-Phe, saturating the LNAAs transporter, could be 

responsible for L-Phe overload and decreased amount of the other LNAAs, particularly L-Tyr 

and L-Trp as suggested by Blau et al. (2010) and Surtees and Blau (2000). The assessment of 

L-Phe in the brain confirmed the efficacy of the treatment (Figure 28): indeed, L-Phe levels in 

ENU2-rAvPAL-RBCs were not significantly different from WT-veh mice (8.4±0.7 and 9.3±0.6 

nmol/g wet weight, respectively) whereas L-Phe was markedly elevated in ENU2-veh brain 

(43.6±0.9 nmol/g wet weight). At the same time, brain L-Tyr concentration in ENU2-rAvPAL-

RBCs was higher than in ENU2-veh (4.9±0.3 vs 3.6±0.5 nmol/g wet weight), but significantly 

lower (p<0.01) than in WT-veh mouse brain (6.0±0.2 nmol/g wet weight). L-Phe/L-Tyr ratio in 

ENU2-rAvPAL-RBCs was significantly lower (p<0.01) than in ENU2-veh mice (1.8±0.2 vs 

12.7±1.6 nmol/g wet weight) and not significantly different versus WT-veh mice. These results 
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are closely correlated with blood ones, in which no complete normalization of L-Tyr levels 

have been observed (Figure 28). 

Figure 28. Brain L-Tyr and L-Phe concentrations under rAvPAL-RBC treatment. L-Tyr and L-Phe levels 

(mean±SEM) and L-Phe/L-Tyr ratio in ENU2-rAvPAL-RBC (n=6), ENU2-veh (n=4) and WT-veh (n=6) mice revealed 

the efficacy of the treatment to restore physiological L-Phe brain levels, whereas normalization of L-Tyr brain 

levels was only partial (by one-way ANOVA followed by Tukey’s test, ** p<0.01, *** p<0.001 vs WT-veh; ### 

p<0.001 vs ENU2-veh). 

BEHAVIORAL RESULTS 

In order to determine if early and continuous treatment with rAvPAL-RBCs leads to an 

improvement of the behavioral deficits associated with PKU, we used three different 

behavioral tests. The first is the Elevated Plus Maze, a test typically used to examine anxiety-

like behavior; the second is the Open Field Test, used to assay general locomotor activity, 

anxiety levels and the motivation at exploration; the last one, the Object Recognition Test, is 

a recognition memory task that relies on the propensity of mice to explore novel objects more 

than familiar ones. 

Elevated Plus Maze (EPM) results 

Mice were tested individually in a single 5-min session of the EPM test. Results showed that 

treatment does not affect emotional reactivity and locomotor parameters in PKU mice. 

Indeed, despite the performance of ENU2-rAvPAL-RBC mice was better than that of ENU2-veh 

mice, when compared to healthy group treated mice showed a decrease of all locomotor 

parameters (i.e. moved distance and velocity) and emotional reactivity parameters (i.e. total 

entries and % time spent in open arms), as reported in Table 3. 
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Moved distance 

(cm) 

Velocity 

(cm/sec) 

Total 

entries 

% time spent in 

open arms 

WT-veh (n=13) 2112.08±164.19 8.07±1.04 54.76±9.96 18.51±2.82 

ENU2-veh (n=7) 1097.57±41.46C 3.70±0.29B 12.21±0.99B 3.06±1.15C 

ENU2-rAvPAL-RBCs 
(n=9) 

1456.72±123.06B 5.73±0.94 28.72±6.41A 7.05±1.89B 

Table 3. Behavioral responses in the EPM by adult WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice. The table 
reported locomotor parameters (moved distance and velocity) and emotional reactivity (total entries and % time 
in open arms). AP<0.05, BP<0.01 and CP<0.001 compared with WT-veh values. Data are expressed as mean±SEM. 

Open Field Test (OFT) results 

ENU2 mice receiving rAvPAL-RBC treatment exhibit no significant differences in the moved 

distance and velocity into empty Open Field, when compared to ENU2 untreated mice, thus 

they maintain motor impairment when compared with WT-veh mice as shown in Table 4. 

 
Moved distance 

(cm) 

Velocity 

(cm/sec) 
Grooming Rearing 

WT-veh (n=13) 2638.59±180.45 9.35±0.56 7.62±3.28 13.21±1.99 

ENU2-veh (n=7) 2420.12±294.55 8.02±0.98 22.25±3.72B 0.39±2.26C 

ENU2-rAvPAL-RBCs 
(n=9) 

1908.53±268.10A 6.67±0.75A 19.78±3.28A 2.22±1.99C 

Table 4. Behavioral responses in the Open Field by adult WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice. 
AP<0.05, BP<0.01 and CP<0.001 compared with WT-veh values. Data are expressed as mean±SEM. 

Object Recognition Test (ORT) results 

ORT is a variant for rodents of the delayed non-matching to sample task that does not require 

reinforcement, exploiting spontaneous preference of mice for novelty (Cabib et al., 2003). 

During pre-test session, statistical analysis revealed a significant difference among groups for 

the time spent exploring the objects. ENU2-veh mice showed a decrease in the time spent 

exploring the objects in comparison with the other groups while ENU2-rAvPAL-RBC behaved 

similarly to WT-veh mice (Figure 29A). In addition, during the test session, both treated PKU 

and healty mice spent more time than ENU2-veh mice exploring a novel object (Figure 29B). 
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Figure 29. Schematic representation of ORT and improvement of cognitive performances in adult ENU2 mice 
early and continuously treated with rAvPAL-RBCs. (Picture A) rAvPAL-RBC treatment increase the mean time 
(seconds) spent exploring two objects during pre-test session in ENU2 mice (by one-way ANOVA, followed by 
Duncan’s test, ** p<0.01 vs WT-veh; ### p<0.001 vs ENU2-veh). (Picture B) During test session, object recognition 
ability is restored by rAvPAL-RBC treatment in ENU2 mice since this group spend more time exploring the novel 
object compared to the familiar one (by two-way ANOVA, followed by Duncan’s test, *** p<0.001 vs familiar 
object; WT-veh, n=12; ENU2-veh, n=7; ENU2-rAvPAL-RBCs, n=9). Data are expressed as mean±SEM.  

Thus, early and continuous rAvPAL-RBC treatment improves spatial memory performance 
despite the maintenance of a reduced motor performance in adult ENU2 mice as reported by 
the results of OFT (Table 4).  

NEUROCHEMICAL RESULTS 

The neurochemical results (Table 5) showed that in adult ENU2-veh mice 5-HT, NE, and DA 

were reduced in all the examined areas (~65%, ~50% and ~40%, respectively), with respect to 

WT-veh mice (Figure 30). These evidences were also demonstrated in a number of clinical 

(Surtees and Blau, 2000) and preclinical (Martynyuk et al., 2010) studies, which confirmed that 

a high level of L-Phe induces severe deficits in brain biogenic amine levels. On the contrary, 

early and prolonged rAvPAL-RBC treatment was able to correct serotoninergic depletion but 

did not normalize NE levels and was not able to restore dopaminergic deficit in adult ENU2 

mouse brain (Figure 30 and Table 5). Perhaps this condition is related to the failure of the 

treatment to restore normal L-Tyr levels in blood. 
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N
A

c 
WT-

veh 

13063.9 

+ 

2168.75 

1075.8 

+ 

142.7 

1529.9 

+ 

254.1 

538.4 

+ 

154.04 

32.2 

+ 

12.93 

1641  

+ 

248.24 

1176.1 

+ 

167.1 

ENU2-

veh 

5199.5 

+ 
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332.7 

+ 

99.4 A 

452.1  

+ 

152.6 A 
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+ 

103.07 

19.1 
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5.08 
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+  
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+ 
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rAvPAL

-RBCs 

7404 

+ 

1196.04 A 

657.1 

+ 

174.8 

871.3 

+  

240.6 

511.3  

+ 

96.91 

32.2 

+ 

8.42 

1299.8  

+ 

192.7 

753.3  

+  

166.55 

C
P

 

WT-

veh 

15318.8  

+ 

2631.3 

1011.7

3 

+ 

117 

1513.5 

+ 

167.9 

526.2  

+ 

113.56 

27.5 

+ 

1.73 

619  

+ 

73.87 

301.6  

+  

71.49 

ENU2-

veh 

11020.1 

+ 

805.5 

577.06  

+ 

69.4 A 

824.8 

+ 

277.5 A 

547.5 

+ 

100.33 

15 

+ 

0.94 B 

250.9 

+ 

45.95 A 

44.1  

+  

4.86 A 

ENU2-

rAvPAL

-RBCs 

11287.1 

+ 

1261.5 

688.28  

+ 

153 

1055.5  

+ 

193.8 

405.3  

+ 

47.87 

22.6  

+ 

2.74 D 

674.6  

+ 

144.39 D 

249.7  

+  

48.26 D 

A
M

Y
 

WT-

veh 

400.7  

+ 

49.94 

257.9  

+ 

50.5 

126.8 

+ 

24.2 
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Table 5. Tissue levels of biogenic amines (in bold) and their metabolites (ng/g wet weight) in different analyzed 
brain areas. Only 5-HT value was restored by the treatment (data in bold), while NE and DA levels were not 
normalized in brain of adult ENU2 mice. AP<0.05, BP<0.01 and CP<0.001 compared with WT-veh values; DP<0.05, 

EP<0.01 and FP<0.001 compared with ENU2-veh values. Data are expressed as mean±SEM. 
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Figure 30. rAvPAL-RBC treatment prevents the majority of neurochemical alterations in several brain areas of 
adult ENU2 mice. Early and continuous rAvPAL-RBC treatment completely prevents reduced 5-HT cerebral levels 
in ENU2 mice and partially improves NE brain metabolism; on the contrary DA metabolic alterations persist in 
ENU2-rAvPAL-RBC mice (by one-ANOVA, followed by Duncan’s test, * p<0.05, ** p<0.01 vs WT-veh; # p<0.05 vs 
ENU2-veh; WT-veh, n=6; ENU2-veh, n=4 and ENU2-rAvPAL-RBCs, n=6). Data are expressed as mean±SEM. At the 
top are shown the schematic representation of analyzed brain areas: prefrontal cortex (pFC), nucleus accumbens 
(NAc), caudate putamen (CP), amygdale (Amy). NE: norepinephrine; HT: serotonin; DA: dopamine. 

MORPHOLOGICAL RESULTS 

Prefrontal cortex analysis 

The morphological analysis of neurons from pyramidal cortex in the prelimbic and infralimbic 

regions of the mpFC highlighted in ENU2-veh mice a significant decrease of apical and basal 

dendritic length (~70%), of dendritic branching (~80%), of apical (~60%) and basal (~80%) 

dendritic spine density as well as in the index of maturation in apical (~50%) and basal (~85%) 

dendritic spines in comparison to healthy mice. At the same time, early and continuous 

rAvPAL-RBC treatment completely normalized all these values, as reported in Figure 31. 
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Figure 31. rAvPAL-RBC treatment prevent morphology alterations in adult early-treated ENU2 mice. Early and 
continuous treatment completely prevents morphological alterations in prefrontal cortex region of early-treated 
ENU2 mice (by one-way ANOVA, followed by Duncan’s test, * p<0.05, ** p<0.01, *** p<0.001 vs WT-veh; # 

p<0.05, ## p<0.01 vs ENU2-veh; WT-veh, n=4; ENU2-veh, n=4 and ENU2-rAvPAL-RBCs, n=3). Data are expressed 
as mean±SEM. 

Nucleus accumbens analysis 

From the morphological analysis of medium spiny neurons in NAc, no differences were found 

between the analyzed groups concerning spine density. However, ENU2-veh mice showed a 

significant reduction (~40%) in dendritic length and branching as well as in the maturation of 

spine (~55%), in comparison with healthy mice. Nevertheless, is of particular interest to note 

that the treatment was able to prevent all the morphological alterations in NAc of ENU2 mice 

(Figure 32).  
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Figure 32. rAvPAL-RBC treatment prevent morphology alterations in adult early-treated ENU2 mice. 
Early and continuous treatment completely prevents morphological alterations in nucleus accumbens of early-
treated ENU2 mice (by one-way ANOVA, followed by Duncan’s test, * p<0.05, ** p<0.01 vs WT-veh; # p<0.05 vs 
ENU2-veh; WT-veh, n=4; ENU2-veh, n=4 and ENU2-rAvPAL-RBCs, n=3). Data are expressed as mean±SEM. 

Hippocampal analysis 

From the analysis of hippocampal pyramidal neurons of CA area, significant decrease in ENU2-

veh mice dendritic length (~35%), branching (~40%), spine density (~70%) and maturation 

(~80%) in comparison with WT-veh mice, was found. All these morphological alterations were 

prevented in adult early treated ENU2 mice as shown in Figure 33.  
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Figure 33. rAvPAL-RBC treatment prevent morphology alterations in adult early-treated ENU2 mice. 
Early and continuous treatment completely prevents morphological alterations in hippocampus region of early-
treated ENU2 mice (by one-way ANOVA, followed by Duncan’s test, * p<0.05, ** p<0.001 vs WT-veh; # p<0.05, ## 

p<0.001 vs ENU2-veh; WT-veh, n=4; ENU2-veh, n=4 and ENU2-rAvPAL-RBCs, n=3). Data are expressed as 
mean±SEM. 

IMMUNOHISTOCHEMICAL AND BIOCHEMICAL ANALYSES 

MBP immunoreactivity 

Early rAvPAL-RBC treatment extensively prevents hypomyelination in adult ENU2 mice as 

observed in the expression level of MBP on axonal fibers (marked by NFL protein). Myelin is 

essential for the rapid conduction of action potentials and, in the brain, its formation is 

supported by oligodendrocytes. Confocal and densitometric analysis of the corpus callosum 

and the striatum for MBP immunoreactivity showed that the fluorescent intensity was 

significantly lower in ENU2-veh mice than in WT-veh mice (~70%), while in the early and 

continuous rAvPAL-RBC treated ENU2 mice, MBP immunoreactivity was restored and 

hypomyelination prevented (Figure 34).  
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Figure 34. Confocal images of Myelin Basic Protein (MBP; green) in corpus callosum and striatum. ENU2-veh, 
ENU2-rAvPAL-RBC and WT-veh mice showing different expression patterns of MBP. Treatment was able to 
restore MBP immunoreactivity and hypomyelination in ENU2-rAvPAL-RBC mice at WT-veh level. 

 

These observations were confirmed by immunohistochemical data obtained through western 

blotting analysis which showed a significant difference (p<0.001) in the expression levels of 

MBP protein in the brain of early treated ENU2 mice with respect to control ENU2-veh mice 

and a complete normalization versus WT-veh mice (Figure 35). 

 

Figure 35. Densitometric results of the expression levels of MBP in three groups of mice. Expression levels of 
the MBP protein in WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice show significant differences (p<0.001) in the 
brain of early treated ENU2 mice vs control ENU2-veh mice and a complete normalization versus WT-veh mice. 
The F/A ratio defines mean fluorescence of individual samples (F) normalized to total Area (A). Data are 
expressed as mean±SD (n=5/group). One-way ANOVA followed by Bonferroni multiple comparison test, ** 
p<0.001; *** p<0.0001. Scale bar: A = 200 μm. 
 

sENU2-veh ENU2-rAvPAL-RBCs WT-veh
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EVALUATION OF ANTI-rAvPAL PLASMA IgG TITER 

The evaluation of anti-rAvPAL plasma IgG titer at the end of behavioral tests (for details see 

“materials and methods” at page 54) 7 days after the last infusion, revealed a low presence of 

antibodies following the repeated injections. Indeed, only a 1:25 dilution provided absorbance 

values significantly different from those of healthy control mice (p<0.001) thus suggesting the 

very low immune response developed in adult early treated ENU2 mice. This observation 

suggests the efficacy of the early treatment when compared with the data obtained in the last 

study (Rossi et al., 2014) in which a significant difference (p<0.05) have been observed with 

much higher dilution, 1:25600 (Figure 36). However, as reported by Rossi et al., 2014, this 

higher IgG titer was not able to affect the efficacy of loaded erythrocytes to lower blood L-

Phe, confirming the ability of engineered RBCs to protect the enzyme from the immune 

system.  

 

Figure 36. Antibody response comparison between developing and adult BTBR-Pahenu2 mice treated with 

rAvPAL-RBC infusions. As can be observed from the graph, early treatment has the ability to strongly reduce 

immune response in ENU2 mice. With a dilution of 1:50 (chosen cutpoint) is not possible to appreciate any 

significant difference between WT-veh and ENU2 treated animal (red bins) in mice pups: nevertheless, a 

significant absorbance difference between groups can be observed with a dilution lower than 1:50 (1:25). On 

the contrary, treatment performed on adult ENU2 mice induces a strong and increasing boost in the immune 

response (green bins): thus, only with higher samples dilution (1:51200) the significance can be eliminated. d.f.: 

dilution factor.  
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DISCUSSION 

 
Phenylketonuria has been the first inborn error of metabolism, described for the first time in 

1934 by Asbjørn Følling, to have been recognized as having a precise chemical etiology, i.e. 

hyperphenylalaninemia and the presence of phenylpiruvic acid in the urine (Williams et al., 

2008). This genetic disease is due to a lack of activity of the hepatic enzyme phenylalanine 

hydroxylase (PAH, EC 1.14.16.1), who catalyzes conversion of L-Phe to L-Tyr, which can then 

be used to synthesize other biologically important molecules (such as neurotransmitters) 

preventing, at the same time, toxic accumulation of L-Phe in body fluids. The majority of PAH 

mutations, hampering its tetramerization, alters the enzymatic activity (Pey et al., 2003). The 

severity of the clinical neurological manifestations characterizing untreated patients, the 

widespread diffusion of the disease itself (with its broad phenotypic variety), as well as the 

discovery of the etiologic agent have been altogether led to encouraging efforts in the field of 

therapy research and development since the first years after PKU discovery in the mid-1930s. 

Among the different intervention approaches that have been proposed over the years, a 

severe L-Phe-restricted diet still represented today the golden standard of PKU treatments to 

lower the blood levels of this aminoacid to the range of 120-360 µmol/L, as recommended by 

the American College of Medical Genetics and Genomics (ACMG) guidelines (Vockley et al., 

2014). This approach, aimed at introducing low protein diet with only the amino acid amount 

necessary for normal development and functioning of the organism, according to each 

patient’s age and specific needs, brings with it numerous negative aspects for patients and 

families: poor palatability of foods, high economic cost, possible nutritional deficits that 

require adequate dietary supply, social discomfort. All these difficulties are responsible for the 

reduced compliance that the patient disclose for this dietary approach, especially in 

adolescence and adulthood where from 60 to 80% of the patients partially or totally 

abandoned the treatment, with negative neurological consequences. The problems related to 

a life-long selective reduction of L-Phe intake have led to the development of alternative 

strategies aimed at maintaining physiological blood level of this aminoacid in a way as much 

as possible independent from the diet. Among all the different forms of therapy that have 

been explored, treatments currently employed in clinical use include the glycomacropeptides 

(GMP), a medical food formulas able to overcome some problems related to the classical diet, 

large neutral amino acids (LNAA) supplementation and treatment with catalytic cofactor (BH4) 

in its pharmacological analog sapropterin dihydrochloride (Kuvan™). BH4 supplementation, 

which has been extensively tested in clinical trials, reaching Phase IV in Europe 

(ClinicalTrials.gov ID NCT01082328), have been proved to be effective only in patients with 

the milder forms of the disease which still maintain a residual PAH activity; thus, for the more 

severe forms of PKU, diet and diet-related treatments continue to be the only feasible choice 

able to properly reduce blood L-Phe. 

Particular interest has emerged for the enzyme replacement therapy with the aim to provide 

a long-lasting enzymatic activity able to reduce the accumulation of toxic metabolite without 
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adverse events. In particular, this strategy may include both the restoration of the native form 

of PAH and the use of an alternative enzyme. This last possibility involves the use of the non-

mammalian enzyme phenylalanine ammonia lyase (PAL, E.C. 4.3.1.24), which is not 

structurally and catalytically complex, is physically stable and does not require a cofactor to 

carry out its catalytic function (Sarkissian and Gámez, 2005) making this enzyme easier to 

employ if compared to PAH. PAL converts L-Phe to trans-cinnamic acid with trace amounts of 

ammonia without embryotoxic effects (Hoskins et al., 1984; Liu et al., 2002). Despite positive 

results obtained in short-term preclinical studies in which PAL has been administered orally 

(Safos and Chang, 1995) or subcutaneously (Sarkissian et al., 1999), some drawbacks were 

observed. Among these, the more significant is the host immune reaction against the foreign 

enzyme, due to the far phylogenetic distance between PAL’s origin organisms and mammals, 

leading to its inactivation especially upon multiple administrations. Several strategies have 

been investigated in order to improve enzyme stability and to mask antigenic epitopes to host 

immune system. Between these, PAL engineering by site-directed mutagenesis to improve 

stability (Wang et al., 2005, 2008) have ultimately led to a double mutant form of recombinant 

PAL from the cyanobacterium Anabaena variabilis, which currently represents the best 

performing available variant (Sarkissian et al., 2008; Wang et al., 2008). Moreover, PEGylation 

process of this modified PAL has been under clinical investigation by the company Biomarin 

Pharmaceutical Inc. (Novato, CA) which was engaged in a Phase III multi-center clinical 

program, consisting of two studies, PRISM-1 and PRISM-2 (NCT01819727, NCT01889862), 

aimed at evaluating the safety and long-term efficacy and tolerability of the rAvPAL-PEG 

administration. Very recently, on May 2018, the FDA approved PalynziqTM (composed of 

rAvPAL conjugated to PEG) in the USA for the treatment of PKU. Unfortunately, the presence 

of PEG in the therapeutic enzyme induces several serious side effect including anaphylaxis 

events that require the patients to have auto-injectable epinephrine. 

Indeed, although PEG has been used to modify several therapeutic molecules (mostly 

enzymes) thanks to its ability to attenuate the immune response against the therapeutic agent 

and to improve pharmacodynamic stability (Delgado et al., 1992), the results of previous 

Phase I clinical study with rAvPAL-PEG (NCT00634660) had already demonstrated the 

production of specific antibodies against the PEG moiety itself, which can result in allergic 

manifestations or even in more severe forms of intolerance in already sensitized patients 

(Longo, 2014). As reported by many Authors (Shimizu et al., 2012; August et al., 2013; Ishida 

and Kiwada, 2013; Schellekens, 2013; Longo et al., 2014; Petersen et al., 2014; Heinriksen et 

al., 2015), the production of anti-PEG antibodies could alter the PEG-conjugate biodistribution 

and bioavailability by acting on the complex clearance rate (Abu Lila et al., 2013). Because of 

these problems, administration through an opportune delivery system could therefore 

represent a valid and viable alternative to reduce the antibody response and at the same time 

ensure adequate therapeutic efficacy. 

There are several useful delivery system but particular interest has been paid to red blood 

cells thanks to the best advantages that these cells offer such as biodegradability, non-toxicity 

and immunogenicity, the easiness of obtaining them in elevated quantities and the high cell 

volume that allows the loading of a relatively large amount of protein (Ihler et al., 1973; Rossi 
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et al., 2005; Hamidi et al., 2007; Pierigè et al., 2008; Muzykantov et al., 2010; Biagiotti et al., 

2011; Magnani et al., 2011; Zarrin et al., 2014), making RBCs the ideal carriers for enzymes. 

Among the numerous methods proposed for loading proteins into the erythrocytes, hypotonic 

dialysis appears the best one, allowing the preservation of biochemical and physiological 

characteristics of these cells. Inside RBCs the enzyme is protect from premature inactivation 

both by plasma proteases and by neutralizing antibodies, particularly when repeated 

administrations are needed (Bax et al., 2000a/b, 2007; Domenech et al., 2011; Agrawal et al., 

2013; Levene et al., 2013). Indeed, a study of Rossi et al. (2014) demonstrated in vivo on adult 

ENU2 mice that RBCs might act as effective delivery system for the enzyme rAvPAL protecting 

the therapeutic molecule from the immune system and proteases degradation. 

It is on these bases that our work recently published (Pascucci et al., 2018) collected more 

evidence on the preclinical efficacy of a RBCs-mediated delivery system for the recombinant 

enzyme AvPAL confirming the protecting action of these carriers also on developing mice.  

The first aim of the present study is to optimize the timetable of rAvPAL-RBCs infusions in 

order to improve the efficacy of the treatment in controlling blood L-Phe level. At the same 

time, we aim to prove that early (starting at 15 post natal day) and continuous administration 

through this carrier system, at 7 day-intervals, normalizing blood and brain L-Phe levels, could 

be able to prevent the typically abnormalities found in untreated ENU2 mice: cognitive 

impairment, brain neurotransmitter deficit and neuropathological abnormalities. 

The trial was conducted using three groups of male ENU2 mice pups, genetic murine model of 

PKU fully characterized in the past for both behavioral and biochemical phenotype (Puglisi-

Allegra et al., 2000; Cabib et al., 2003; Pascucci et al., 2008, 2009, 2012, 2013; Andolina et al., 

2011; Rossi et al., 2014; De Jaco et al., 2017): ENU2-rAvPAL-RBC mice (n=9), ENU2-veh mice 

(n=7) and WT-veh mice (n=13). This mouse model helps to understand why an elevated level 

of L-Phe damages brain functions and could lead to the development of alternative strategies 

of therapy. Females mice were not used in the experiment because sexual difference in ENU2 

mice has been recently reported regarding the levels of blood and brain L-Phe levels 

(females>males), brain dopamine levels (females<males), and cumulative distance to the 

visible platform at water maze testing (females>males) denoting a greater cognitive 

impairment in females than in males (Winn et al., 2018). In addition, older studies (Broening 

et al., 2001; Sarkissian et al., 2008) observed that gender effect on treatment efficacy may be 

related to estrogen influence that potentially affects dosing regimen. 

We evaluated the efficacy of 8 repeated intra-venus infusions (0.036±0.007 IU g/body weight) 

of rAvPAL-RBCs to reduce blood L-Phe level at stable low concentration in male homozygous 

ENU2 mice starting from PND 15 to PND 70 at 7 day-intervals. This time interval has been 

chosen to optimize the data obtained in the previous study by Rossi et al. (2014) in order to 

avoid the end-dose fluctuations of blood L-Phe levels due to the relatively short half-life of 

mouse RBCs (6-11 days for loaded murine RBCs, slightly reduced in comparison with native 

cells which last for 12-14 days) (Pierigè et al., 2017). Our delivery system results in a more 

stable control of blood L-Phe concentration if compared with subcutaneous injections of 

rAvPAL-PEG (Bell et al., 2017). Indeed, already at PND 25, blood L-Phe of ENU2-rAvPAL-RBC 

mice leveled under 200 μM and remained stable until the end of the trial (PND 70) when L-
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Phe levels were significantly lower than in WT-veh mice. These results were confirmed also 

through biochemical analysis of brain L-Phe concentration and L-Phe/L-Tyr ratio which both 

levels overlapped those found in WT-veh animals. However, brain L-Tyr level could not be 

restored at a physiological value by the therapy, as observed in a study of Joseph and Dyer 

(2003) following the supplementation of this aminoacid. A possible reason could lie in the 

inability of PAL enzyme to synthesize L-Tyr and/or in the insufficient L-Tyr diet intake. 

Preliminary IgG evaluation showed a very slight induction of anti-PAL IgG antibody production 

compared with those observed after the administration of the PEGylated PAL (Bell et al., 2017) 

or RBCs loaded with not PEGylated PAL in adult animals (Rossi et al., 2014), suggesting the 

efficacy of the early treatment in preventing antibody production. However, these results will 

be confirmed in future experiments through the evaluation of the immune response not only 

at the end of the infusions but also at defined time intervals during the whole experimental 

period. Additionally, no evidence of enzyme activity neutralization by increasing IgG titers 

could be observed: even though we have analyzed only the last time point, the eight infusions 

were all able to act on L-Phe level to the same extent, with no remarkable differences between 

the last administrations and the first ones. These results confirm the validity of erythrocytes 

as protecting delivery system from immune response as previously demonstrated by Rossi et 

al. (2014) and, at same time, they suggest the significance of an early treatment: in fact, during 

neonatal period the developing immune system is particularly susceptible to induction of 

tolerance (Wu et al., 2011). 

To evaluate if early treatment with rAvPAL-RBCs was able to ameliorate performances of adult 

ENU2 mice, preventing motor and cognitive impairment typically found in untreated mice 

(Cabib et al., 2003; Fiori et al., 2017), some behavioral tests were performed. Generally, 

disturbances of spatial learning in adult rats are promoted by late (PND 11-20) but not early 

(PND 1-10) pharmacological treatment (Broening et al., 2001). In fact, under early treatment 

with rAvPAL-RBCs (PND 15), ENU2 mice developed a normal pattern of exploration of novel vs 

familiar objects while elevated levels of L-Phe negatively affected recognition memory and 

motor performance in ENU2-veh mice. On the other hand, however, the treatment does not 

improve emotional reactivity and locomotors parameters. Indeed, both elevated pluze maze 

test and open field test demonstrated that ENU2 mice receiving rAvPAL-RBC treatment exhibit 

decrease in all locomotors (distance moved and velocity) and emotional (total entries and % 

time in open arms) parameters when compared with healthy mice confirming a maintenance 

of the anxiety profile typically found in these animals (Winn et al., 2018). These discrepancies 

between the outcome of motor and non-motor functions could be related to the delay in the 

beginning of the treatment (PND 15) with respect to the developmental window (PND 11-17) 

of motor functions in BTBR mouse (Fiori et al., 2017). At the same time, as mentioned above, 

the unimproved reduced levels of brain L-Tyr and DA should be responsible for these results. 

All the brain areas analyzed of untreated ENU2 mouse are involved in the declines of biogenic 

amines with a gradient such that 5-HT is the most and DA the least affected among the 

analyzed amines (Puglisi-Allegra et al., 2000; Pascucci et al., 2008), and mpFC and Amy the 

most affected among the cerebral areas (Pascucci et al., 2013). Several studies suggest two 

hypotheses that cause brain amine deficiency in PKU. The first is that L-Phe induces the 
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inhibition of transport across the blood-brain barrier of the two substrates for dopamine and 

serotonin synthesis, tyrosine and tryptophan respectively (Dyer et al., 1996; Pietz et al., 1999) 

the second is the interference of L-Phe excess on the enzymes involved in the rate-limiting 

steps for dopamine and serotonin synthesis, tryptophan hydroxylase (TPH) and Tyr 

hydroxylase (TH) (Kaufman, 1985; Fitzpatrick, 2003).  

While early and continuous rAvPAL-RBC treatment was able to restore normal levels of 5-HT 

in all analyzed brain area, at value that overlapped with those of healthy control mice, it was 

found unable to avoid DA alteration and only partially improved NE brain metabolism. The 

cause of the impaired dopaminergic transmission, and related motor functions, remains to be 

explicated because, as demonstrated by the present study and by Van Vliet et al. (2016), it 

persists under normal blood L-Phe levels. On the contrary, the restoration of normal TH 

activity by reduction of blood L-Phe levels have been demonstrated (Pascucci et al., 2012; Van 

Vliet et al., 2016). We can also speculate that L-Tyr diet intake, since PAL enzyme is not able 

to synthesize this amino acid, was not sufficient to normalize brain L-Tyr levels. Other possible 

mechanisms such as a competitive effect of high L-Phe concentration at the level of neuronal 

L-Tyr uptake (Fernstrom and Fernstrom, 2007) as well as a downregulation of TH protein in 

dopaminergic neurons (Pascucci et al., 2012; Goldfinger et al., 2017) could account for the 

impaired synthesis or turnover of DA (Pascucci et al., 2012; Harding et al., 2014). 

The ability of rAvPAL-RBC treatment to avoid 5-HT depletion and partially restoration of NE, 

prevents the emergence of the characteristic postnatal synaptogenetic alterations found in 

untreated ENU2 mice (Andolina et al., 2011). In fact, biogenic amines function as 

neurotransmitters but have also an important role in brain development (Herklenius and 

Lagercrantz, 2001). In particular, the marked reduction and delay of the peak increase in brain 

5-HT availability around week 3 of postnatal life (Pascucci et al., 2008), which occurs during a 

critical period for brain maturation (Bennett-Clarke et al., 1994; Cases et al., 1996; Persico et 

al., 2001), is responsible for uncorrected synapse formation, dendritic growth and remodeling, 

axonal refinement and columnarization (Bhatt et al., 2009). In present study, ENU2-veh mice 

present alterations which include: a relevant decrease in apical and basal dendritic length and 

branching; a significant reduction in apical and basal dendritic spine density as well as in the 

index of spine maturation, and a great decrease in apical and basal dendritic spines due to the 

exposure to high levels of L-Phe. On the other end, early and continuous rAvPAL-RBC 

treatment completely prevents these morphological alterations in all examined brain areas, 

leading to a brain development similar to those of WT-veh mice and confirming a specific 

pathogenic role of 5-HT depletion in BTBR mice during this specific developmental window. 

This important role of 5-HT as regulator for functions related to brain development, 

maintenance of dendritic spines and synaptic connectivity, has already been observed in a 

study of Andolina et al. (2011) after supplementation of a precursor of 5-HT, 5-

hydroxytryptophan. 

Another important result obtained after rAvPAL-RBC treatment was the preventing 

hypomyelination in adult early-treated ENU2 mice that together with gliosis are the 

predominant neuropathological findings in brain from untreated mice and patients with PKU 

(Malamud, 1966; Dyer et al., 1996; Shefer et al., 2000). High L-Phe level is responsible for 
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altered oligodendrocyes ability to form myelin (Dyer et al., 1999) with a relevant reduction of 

myelinated axons as observed in hypomyelinated areas of mutant animals (Shefer et al., 

2000). In rodents, proliferation and maturation of oligodendrocytes occur mainly during early 

postnatal life (Baumann, 2001; Miller, 2002) and myelination is virtually complete by 30 days 

of age (Norton and Poduslo, 1973). An important role is played by MBP that is essential for 

the assembly of a mature and functioning myelin membrane (Nave and Werner, 2014) and, 

as observed in this study through brain densitometry and western blotting analysis, after 8 

repeated infusions of rAvPAL-RBCs its level was restored in brain of treated mice while it 

remained severely reduced in untreated PKU mouse. Dysmyelination is responsible for 

impaired cognitive and motor functions (Filley, 1998) since these two activities are both 

dependent on the integrity of specific brain regions and on the tracts that connect these brain 

structures. As demonstrated from previous studies (Cleary et al., 1995), a stricter dietary 

control of L-Phe can partially reverse white matter alteration, suggesting that it might be 

originated by a derangement of MBP or other axonal proteins (Joseph and Dyer, 2003). 
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CONCLUSION AND FUTURE PERSPECTIVES 

 
We performed the first preclinical longitudinal study exploring and demonstrating that murine 

RBCs loaded with recombinant AvPAL are able to act as bioreactors to decrease blood L-Phe 

in BTBR-Pahenu2 mice, the most widely used animal model of human PKU and at the same time 

we have demonstrated the efficacy of rAvPAL-RBC treatment in preventing the emergence of 

clinical phenotype associated with untreated PKU. We have also confirmed the efficacy of RBC 

membrane to protect the loaded enzyme from immunological inactivation and their ability to 

induce tolerance when the treatment started early.  

Considering that the usage of erythrocytes as vehicle has many noticeable advantages and 

permits a stable biochemical control, a possible reduction of the frequency of treatment, a 

lower cost of the treatment and the avoidance of PEGylation, the results reported in this paper 

constitute the basis for the design of a clinical trial to prove safety and efficacy in PKU patients. 

Besides, the therapy here proposed might take advantage of Red Cell Loader©, an 

electromedical device specifically developed by EryDel S.p.A. for safe and reproducible RBCs 

drug loading. This apparatus would be the ideal since it works in sterility and apirogenic 

condition, which are a requirement for clinical study (Magnani et al., 1998; Mambrini et al., 

2017). 

Our future objective is now to verify if tyrosine supplementation could have the ability to 

ameliorate locomotor and emotional parameters and, at the same time, verify the ability of 

early treatment to induce immune tolerance through the monitoring of the immune response 

during the whole experimental period.  

Thanks to the great potential of RBCs for enzymatic replacement therapy, many other 

disorders involving enzyme deficiencies, which share with PKU a similar mechanism with 

progressive blood accumulation of toxic compounds, could therefore benefit from the 

therapeutic approach here described. In addition, the availability of the treatment would 

therefore mean for all patients and their families a great improvement of everyday quality of 

life if considering that such patients are usually bound to life-long therapy. 
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History - The World of PKU 
http://www.pkuworld.org/home/history.asp 

PAHdb – Phenylalanine Hydroxylase Locus Knowledgebase 
http://www.pahdb.mcgill.ca 

GeneCards® - Human Gene Database, Weizmann Institute of Science 

http://www.genecards.org/cgi-bin/carddisp.pl?gc_id=PAH 

Nucleotide database - National Center for Biotechnology Information, U.S. National Library of 

Medicine  

http://www.ncbi.nlm.nih.gov/nuccore/U49897.1 

BIOPKU database, Blau N, Yue W, Perez B 

http://www.biopku.org/biopku/ 

Health Diagnostics and Research Institute, South Amboy, NJ, USA 

http://www.hdri-usa.com/ 

BioMarin Pharmaceutical Inc. 

https://www.bmrn.com/about-us/history.php#2008 

U S Food and Drug Administration Home Page 
ww.fda.gov  

European Medicines Agency 
http://www.ema.europa.eu/ema/ 

ClinicalTrials.gov 

https://clinicaltrials.gov/ct2/home 

ERYTECH pharma 
http://erytech.com 

EryDel SpA 
http://www.erydel.com/ 

ImageJ processing program 
http://rsb. info.nih.gov/ij/; National Institutes of Health 
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