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Abstract 
Untreated phenylketonuria (PKU) results in severe neurodevelopmental disorders, which can be partially prevented by an early and rigorous limitation of phenylalanine (Phe) intake. Enzyme substitution therapy with recombinant Anabaena variabilis Phe Ammonia Lyase (rAvPAL) proved to be effective in reducing blood Phe levels in preclinical and clinical studies of adults with PKU. Aims of present study were: a) to gather proofs of clinical efficacy of rAvPAL treatment in preventing neurological impairment in an early treated murine model of PKU; b) to test the advantages of an alternative delivering system for rAvPAL such as autologous erythrocytes. BTBR-Pahenu2-/- mice were treated from 15 to 64 post-natal days with weekly infusions of erythrocytes loaded with rAvPAL. Behavioral, neurochemical, and brain histological markers denoting untreated PKU were examined in early treated adult mice in comparison with untreated and wild type animals. rAvPAL therapy normalized blood and brain Phe; prevented cognitive developmental failure, brain depletion of serotonin, dendritic spine abnormalities, and myelin basic protein reduction. No adverse events or inactivating immune reaction were observed. In conclusion present study testifies the clinical efficacy of rAvPAL treatment in a preclinical model of PKU and the advantages of erythrocytes as carrier of the enzyme in term of frequency of the administrations and prevention of immunological reactions.
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1. Introduction
Phenylketonuria (PKU; OMIM#261600) is a hereditary metabolic disorder due to the deficiency of the enzyme phenylalanine hydroxylase (PAH), which converts L-phenylalanine (Phe) into L-tyrosine (Tyr), resulting in the accumulation of neurotoxic levels of Phe and severe neurodevelopment impairment. The natural history of PKU has been dramatically improved by the discovery that dietary restriction of Phe intake can prevent mental disability in early treated patients [1]. However, although normal, in general term, early and continuously treated PKU patients reach lower intelligent quotients than expected [2], may show specific deficits in the higher-order cognitive processes [3,4], and report more frequently psychopathological symptoms [5]. In order to improve the outcome of the disease, a more restricted and lifelong diet has become mandatory [6], which implies a demanding, and sometimes exceeding, burden for many adult patients. With the exception of tetrahydrobiopterin (BH4) in BH4-responsive patients, no alternative treatment has been proved to be as effective as Phe-restricted diet in lowering blood Phe and in preventing mental disability and/or neurocognitive dysfunctions in early treated patients [6,7].
Proofs of pharmacological efficacy of the enzyme substitution therapy (EST) with recombinant enzyme Phenylalanine Ammonia Lyase from Anabaena variabilis (rAvPAL) [8] have been obtained and this treatment is currently under intensive preclinical [9,10] and clinical investigation [11]. However, proofs of the clinical efficacy of this treatment on immature brain are so far lacking. 
As for other parenteral administrations of recombinant enzymes, the occurrence of local adverse effects [11,12], the inactivating immunological reaction and the requirement of frequent treatments to maintain a stable metabolic control, are some of the constraints of this promising new approach. These criticalities could be overcome by using an alternative delivery system able to protect the enzyme from proteolytic degradation and immunogenic response. Erythrocytes (red blood cells, RBC) proved to be an excellent vehicle for a number of pharmaceutical compounds [13,14]. RBC are able to rapidly accumulate Phe by means of saturable transport according to a Michaelis-Menten kinetics [15]. Once inside RBC, Phe may be transformed to trans-cinnamic acid and trace amounts of ammonia by rAvPAL previously internalized into these cells. Preclinical proof of pharmacological efficacy of rAvPAL-loaded RBC have been obtained in vitro and in vivo in adult BTBR-Pahenu2-/- (ENU2) mice, the best mouse model of PKU [16].
With present study we aimed at a) gathering proofs of clinical efficacy of enzyme substitution therapy with rAvPAL in diverting the natural course of the disease in early treated adult ENU2 mice (ENU2-rAvPAL-RBC); b) testing clinical advantages and effectiveness of adopting erythrocytes as vehicle of the enzyme.
2. Methods
2.1 Animals
Developing homozygous Pahenu2-/- (ENU2) and Pahenu2+/+ (wild type; WT) male mice of BTBR background strain were issued from heterozygous mating Pahenu2+/-. Genetic characterization was performed as described [17]. Two groups of ENU2 mice (ENU2-rAvPAL-RBC, n=9; ENU2-veh, n=7) and one group of healthy genetic background (WT-veh, n=13) mice were used for behavioral, biochemical, 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.
2.2 Study Approval
All experiments were conducted 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).


2.3 rAvPAL
rAvPAL was prepared at 110 mg/mL in Tris-buffered saline containing 2 mM L-Phe and provided by the BioMarin Protein Sciences Research group. Specific Activity (SA) was 1.85 IU/mg.
2.4 Development of murine rAvPAL-RBC and treatment
Blood was collected by beheading anesthetized adult BTBR-WT and Pahenu2+/- mice in heparinized tubes and rAvPAL was loaded into murine RBC by means of hypotonic dialysis, isotonic resealing and “reannealing”, essentially according to Rossi et al. [16]. The amount of entrapped rAvPAL was quantified essentially by a kinetic assay as previously described [8,16]. Percent RBC recovery was calculated from the number of RBC submitted to the dialysis step and those recovered at the end of the loading procedure. Final packed rAvPAL-loaded RBC were re-suspended in Hepes solution at approx. 25% Ht and iv infusions of these suspensions, ranging 50-250 µl, were performed based on the weight gain of developing animals in order to administer 0.03 IU rAvPAL/g body weight. For the experiment, untreated ENU2 mice (ENU2-veh) (n=7) and untreated healthy mice (WT-veh) (n=13) were subjected to the same manipulations and received repeated iv injections of saline solution (NaCl 0.9% W/V) following the same schedule as the ENU2-rAvPAL-RBC mice (n=9).
Mice were aged 15 days at the beginning of the treatment. Briefly, ENU2-rAvPAL-RBC mice were treated with iv injections of rAvPAL-loaded RBC (0.03 IU/g BW) from PND 15 to PND 64. On the bases of a previous study [16], to obtain a stable value of blood Phe the time interval between subsequent infusions was 7 days.
2.5 Phe and Tyr evaluation in dried blood spot (DBS) 
Mouse whole blood was collected on Whatman TM 903, dried under ambient conditions and stored at 4-8°C in plastic bags. A 3-mm diameter dot was punched from the DBS into a single well of 96-well micro plate. The analysis of Phe and Tyr in the DBS was performed using a previously published method [18] with some modifications [16].
2.6 Behavior
The apparatus of Elevated Plus Maze (EPM) and the Object Recognition Test (ORT) were previously described [19] and behaviors were analyzed by Video-based EthoVision System (Noldus, The Netherlands). Three groups of male mice (WT-veh, n=12; ENU2-veh, n=7; ENU2-rAvPAL-RBC, n=9) were submitted to EPM and ORT, in this order.
2.6.1 Behavioral assay in EPM apparatus. 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), the percentage of entries in the open arms (open entries/ open closed x 100) were evaluated. One-way ANOVA, followed by post-hoc Duncan’s test for multiple comparisons, was used for statistical analysis of the effects of groups (WT-veh, ENU2-veh, ENU2-rAvPAL-RBC) on all parameters.
2.6.2 Behavioral assay in ORT apparatus. Each mouse was individually submitted to three successive 6-min sessions (Open Field, Pretest and Test sessions).
During the first session (Open Field) the distance moved and velocity were analyzed by one-way ANOVA, followed by post-hoc Duncan’s test for multiple comparisons (group: three levels = WT-veh, ENU2-veh and ENU2-rAvPAL-RBC as factor).
In the second session (Pretest) the total time spent exploring objects on pretest session was analyzed by one-way ANOVA (group: three levels = WT-veh, ENU2-veh and ENU2-rAvPAL-RBC as factor), followed by post-hoc Duncan’s test.
In the Test session the time exploring each object on the test session was evaluated by two-way ANOVA for repeated measure (“object” as within factor: two levels = familiar and novel, and group: three levels = WT-veh, ENU2-veh and ENU2-rAvPAL-RBC as between factor).

2.7 Neurochemistry
2.7.1 Analysis of biogenic amines and metabolites in brain areas. Frozen brains were sliced and punches of medial prefrontal cortex (pFC), Nucleus Accumbens (NAc), Caudate Putamen (CP) and Amygdala (Amy), were obtained and analyzed for amine metabolism by HPLC system (Alliance, Waters Corporation, Milford, MA) coupled with a colorimetric detector (model 5200 Coulochem II; ESA, Chelmsford, MA), as previously reported [20,21]. For any brain area, one-way ANOVA, followed by post-hoc Duncan’s test, was used for statistical analysis of the effect of groups (WT-veh, n=6; ENU2-veh, n=4 and ENU2-rAvPAL-RBC, n=6) on each amine (serotonin, 5-HT; norepinephrine, NE; dopamine, DA) and metabolite (3-4-Dihydroxyphenylacetic acid, DOPAC; homovanillic acid, HVA; 3-methoxy-4 hydroxyphenylethyleneglycol, MOPEG, and 5- hydroxyindoleacetic acid, 5-HIAA).
2.7.2 Phe and Tyr evaluation in brain. After punch sampling, the remaining brain tissue was weighed and homogenized in 0.05 M HClO4. The homogenates were centrifuged at 18000 g for 20 min at 4°C and Phe and Tyr in the supernatant were analyzed by HPLC as previously described [22]. Agilent Technologies HPLC 1200 Series coupled with a fluorescence detector was used.
2.8 Morphology
2.8.1 Golgi–Cox impregnation of brain tissue. Brains of mice from the different groups (WT-veh n=4, ENU2-veh n=4, ENU2-rAvPAL-RBC n=3) were impregnated with a standard Golgi–Cox solution (1% potassium dichromate/1% mercuric chloride/0.8% potassium chromate) as previously described [23]. 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 pFC (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 were selected, so that a total of 99 neurons were identified (WT-veh, n=36; ENU2-veh, n=36; ENU2-rAvPAL-RBC, n=27) and analyzed.
2.8.2 Analysis of dendritic morphology. 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 pFC, NAc and Hippocampus (Hipp), were performed by 3D reconstruction of the selected neurons, using the NeuroLucida image analysis system as previously reported [23].
One-way ANOVA was used for statistical analysis of the effect of group (three levels: WT-veh, ENU2-veh and ENU2-rAvPAL-RBC) on all parameters, followed by post-hoc Duncan’s test for multiple comparisons.
2.9 Immunohistochemical analyses
2.9.1 Protein isolation/Western blotting. The whole brains were collected, homogenized and treated as previously described [24]. Samples were incubated with the following primary antibodies: rat anti-Myelin Basic Protein (anti-MBP, 1:1000; MAB 386, Merck-Millipore); goat anti-Neurofilament L (anti-NFL, 1:2000; Santa Cruz Biotechnology, USA) mouse anti-Glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH, 1:10000, Calbiochem). Densities of protein bands in the Western blots were measured, and mean ratios between proteins and GAPDH were reported as percentage of control values.
2.9.2 Immunofluorescence and densitometric analysis of fluorescence images. Mice were perfused transcardially as previously described [24]. Brain sections were incubated overnight with a cocktail of primary antibodies, including rat anti-MBP, goat anti-NFL in a solution of PB and 0.3% Triton X-100, followed by a cocktail of secondary antibodies (1:200, Invitrogen), including Alexa Fluor 488 conjugated donkey anti-rat and Alexa Fluor 555 conjugated donkey anti-goat. Sections were examined under a confocal laser scanning microscope (Zeiss CLSM700, Germany). Densitometric analysis of the target proteins, namely Myelin Basic Protein (MBP) and Neurofilament Light Chain protein (NFL), was performed as previously described [24]. Specifically, MBP- and NFL-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). Quantification was performed on 5 mice per group.
3. Results
3.1 Biochemical results: early treatment of ENU2 mouse normalizes the biochemical phenotype 
We assessed the effect of repeated administrations of rAvPAL-loaded RBC on blood Phe in male homozygous ENU2 mice starting from PND 15 (Fig. 1). The procedures of hypotonic dialysis and isotonic resealing allowed the internalization of 21.49±4.73 IU rAvPAL/ml of packed RBC and an average percentage of cell recovery equal to 26.94±9.41%. Nine ENU2 mouse pups were treated from post-natal day 15 (PND 15) to PND 64 with weekly i.v. injections of 0.036±0.007 IU g/body weight rAvPAL-RBC and blood Phe levels were monitored during the first 70 days of life vs both ENU2-veh and WT-veh mice. Blood Phe level in ENU2-veh mouse pups was several folds the normal values and tends to decline in the mature mouse to 943.01±90.7 μM, according to the values previously reported in untreated adult ENU2 mice (1137.99±127.19 µM) [16]. The treatment restored physiological level of blood Phe already at the first scheduled assessment (PND 26), 4 days after the second infusion. Blood Phe remained significantly lower than in control ENU2-veh mice and overlapped the values of control WT-veh mice during the whole experimental period. At the last assessment (at PND 70) Phe value was lower than in WT-veh mice (Fig. 2).
Concomitant monitoring of blood Tyr revealed a lower than normal level of this aminoacid which was unaffected by rAvPAL-RBC treatment. An increase of Tyr was detected in the assessments at PND 58 and 70 (Fig. 3).
Brain Phe concentration in ENU2-rAvPAL-RBC and WT-veh mice was not significantly different (8.4±0.7 and 9.3±0.6 nmol/g wet weight, respectively), whereas brain Phe was markedly elevated in ENU2-veh brain (43.6±0.9 nmol/g wet weight). Even though higher in ENU2-rAvPAL-RBC than in ENU2-veh (4.9±0.3 vs 3.6±0.5 nmol/g wet weight), brain Tyr concentration remained significantly lower (p=0.0063) than in WT-veh mouse brain (6.0±0.2 nmol/g wet weight) (Fig. 4).
3.2 Behavioral assay: early and continuous rAvPAL-RBC treatment improves cognitive performances in adult ENU2 mice
3.2.1 Elevated Plus Maze (EPM). With respect to the locomotor parameters (moved distance and velocity) and emotional reactivity (total entries and % time in open arms) the performance of ENU2-rAvPAL-RBC mice was about 40% better than that of ENU2-veh, even though the difference did not attain statistical significance and they performed significantly worse than control mice.
3.2.2. Object Recognition Test (ORT) (Fig. 5A, B and C). Into empty Open Field, ENU2 mice receiving rAvPAL-RBC treatment exhibit no significant differences in the moved distance and velocity when compared to ENU2-veh mice.
In contrast, statistical analysis revealed significant difference among groups for the time spent exploring the objects during Pretest session, showing reduced time spent exploring the objects in ENU2-veh in comparison with the other groups (Fig. 5B). As expected, healthy mice presented with an object to which they were previously exposed and a novel one, spent more time exploring the novel object. In contrast, PKU mice spent equal time exploring the novel and the familiar object, confirming the well-known Phe-induced deficit in recognition memory. Early and continuous rAvPAL-RBC treatment greatly ameliorated spatial memory performance in ENU2 mice (Fig. 5C).
3.3 Neurochemistry: early and prolonged rAvPAL-RBC treatment corrects serotoninergic but not dopaminergic deficit in brain of adult ENU2 mice
To explore the effect of the treatment on brain biogenic amines, at the end of the trial animals were killed and monoamine neurotransmitters (5-HT; NE; DA) were assessed in several brain areas: pFC, NAc, CP and Amy (Fig. 6A). 
Results (Fig. 6B) confirmed that, with respect to WT, in untreated adult PKU mouse 5-HT, NE, and DA were reduced in all the examined areas (~65%, ~50% and ~40%, respectively). The treatment with rAvPAL-RBC prevented the depletion of 5-HT, improved, but did not normalize, NE levels, and did not alter DA concentration.
3.4 Morphology: rAvPAL-RBC extensively prevent morphology alterations in adult early-treated ENU2 mice
The effect of treatment on dendritic process morphology, including dendritic spine density and maturation, Golgi–impregnated neurons from pFC, NAc and Hipp of WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice, was analyzed (Fig. 7A, B, C, D and E). PKU mice displayed a significant decrease in cortical apical and basal dendritic length (~70%) and branching (~80%) compared with WT-veh mice. Moreover, in ENU2-veh mice significant reduction was also observed in 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. It is noteworthy that by early and continuous rAvPAL-RBC treatment all these values were completely normalized.
Morphological analysis of medium spiny neurons from NAc displayed significant differences between groups in dendritic length and branching, with ENU2-veh showing a significant reduction (~40%) of both parameters in comparison with healthy mice. Again, early and continuous rAvPAL-RBC treatment completely prevented morphological NAc abnormalities in ENU2 mice. About spine morphology in NAc, statistical analysis revealed similar levels in spine density between groups, whereas the maturation of spine was greatly reduced in untreated PKU mice (~55%) and comparable to WT-veh in mice under rAvPAL-RBC treatment. 
Finally, dendritic and spine morphological analysis in hippocampal CA1, CA2 and CA3 pyramidal neurons of ENU2-veh mice displayed a significant decrease in dendritic length (~35%), branching (~40%), spine density (~70%) and maturation (~80%) in comparison with WT-veh mice. All these morphological alterations were absent in ENU2-rAvPAL-RBC mouse. 
3.5 Immunofluorescence: rAvPAL-RBC extensively prevents hypomyelination in adult early-treated ENU2 mice
To determine the effect of treatment on myelination, which is severely impaired in ENU2 mice [25,26] we investigated the expression level of MBP on axonal fibers (marked by NFL protein) in WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mouse brain. Confocal analysis confirmed that MBP immunoreactivity was significantly different between the WT-veh and ENU2-veh (Fig. 8A). Specifically, densitometric analysis of MBP immunoreactivity of two brain structures containing many neural fiber bundles, such as the corpus callosum and the striatum, showed that MBP immunoreactivity in ENU2-veh was significantly lower than in WT-veh mice (~70%) (Fig. 48), whereas NFL immunoreactivity was not significantly different between the two groups (Fig. 8C). Interestingly, early and continuous rAvPAL-RBC treatment in the ENU2 mice prevented the hypomyelination and restored the MBP immunoreactivity to the WT-veh level (Fig. 8A and B) but did not affect the NFL immunoreactivity (Fig. 8A, B and C). Furthermore, immunohistochemical data on MBP and NFL were confirmed by western blotting analysis, which showed significant differences in the level of MBP expression (Fig. 8D), but not of NFL (Fig. 8E), between WT-veh and ENU-2 veh, and a huge increase of the level of MBP protein in the brain of ENU2-rAvPAL-RBC when compared with ENU2-veh (Fig. 8D).
4. Discussion
Present study gathered further evidence on the preclinical efficacy of enzymatic substitution therapy by rAvPAL in PKU and at the same time showed that erythrocytes may act as an effective and safe delivering system for the enzyme also during mouse development.
The first aim of the study was to test the clinical efficacy of the treatment we previously demonstrated effective in vivo in removing Phe from blood of PKU mouse and in vitro from human blood [16]. The trial was designed in order to mimic in a preclinical setting what happens for early treated PKU patients [1] and showed that early and repeated treatment with rAvPAL-RBC normalizes blood and brain Phe levels and prevents: cognitive impairment, brain neurotransmitter deficit, and neuropathological abnormalities which denote untreated ENU2 mice.
4.1 Treatment protocol. In order to avoid the end-dose fluctuations of blood Phe level [16], which are due to the relatively short half-life of mouse RBC (6-11 days for loaded murine RBC, slightly reduced in comparison with native cells, range 12-14 days) [27], infusions were repeated at 7 day-intervals starting from PND 15. Already at PND 25, blood Phe of ENU2-rAvPAL-RBC mice leveled under 200 µM and remained stable until the end of the trial except for the last PND time (PND 70) when Phe levels were significantly lower than in WT-veh mice. Accordingly, brain Phe concentration and Phe/Tyr ratio overlapped those found in WT-veh animal, even though brain Tyr level could not be restored by the therapy. The study also optimized the timetable of the infusions of RBC loaded with rAvPAL with respect the previous trial [16]. With respect to subcutaneous injections of rAvPAL-PEG [9], the delivery system we developed seems to result in a more stable control of blood Phe concentration.
Of note, the enzyme used in these studies was not PEGylated and the only immune response was limited to an induction of anti-PAL IgG (data not shown) whose levels, however, were almost undetectable compared with those observed after administration of the PEGylated PAL [9] or when RBC loaded with not PEGylated PAL loaded were injected in mature animals [16]. Additionally, no evidence of enzyme activity neutralization could be observed since RBC protected the enzyme from the recognition by serum antibodies. Further studies are needed to confirm this observation.
4.2 Clinical outcome. Under early treatment with rAvPAL-RBC, ENU2 mice developed a normal pattern of exploration of novel vs familiar objects. Normal mice cannot discriminate spatial novelty before the 6th– 8th postnatal week [28] and disturbances of spatial learning in adult rats are promoted by late (PND11-20) but not early (PND 1-10) pharmacological treatment [29]. This important adaptive ability, which denotes the emergence of the capability of coding and/or using either spatial and non-spatial information, is specifically and severely impaired in untreated mice, and may be alleged as a sort of cognitive biomarker of the disease in ENU2 mouse [19]. From an adaptive point of view, this is a relevant result of the treatment if we consider the selective advantage of this late emerging cognitive skill. In contrast, no relevant improvement in motor performance could be obtained by the treatment. This discrepancy between the outcome of motor and non-motor functions could be ascribed 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 [20]. Alternatively, the role of uncorrected Tyr and DA depletion should be considered (see below).
4.3 Neurochemical outcome. Early and continuous rAvPAL-RBC treatment prevents the reduction of 5-HT cerebral levels in ENU2 mice and partially improves NE brain metabolism, while DA alterations persist. In the brain of untreated ENU2 mouse the concentration of biogenic amines declines according to the concomitant level of Phe in the nervous tissues [30]. All the amines and all the brain areas are involved [21,31] with a gradient such that 5-HT is the most and DA the least affected among the amines, and pFC and Amy the most affected among the cerebral areas [30]. Several studies suggest that the most likely causes of brain amine deficiency in PKU are Phe-mediated inhibition of brain TH and TPH activities and decreased substrate availability [32]. With respect to brain DA depletion, some discrepancies among different studies may arise from unmatched procedures, such as assessing DA in the whole brain [33] rather than in distinct brain regions [21,30,31 and present study]. As regards mechanism by which high Phe levels induces severe deficits in 5-HT availability, this could depend by interference of Phe excess with tryptophan hydroxylase (TPH) activity, consistent with the observation of common structural and functional domains between PAH, Tyr hydroxylase (TH) and TPH enzymes [34,35], more than by Phe-induced inhibition of tryptophan transport across the blood–brain barrier [26,27]. Moreover, only the levels of 5-HT and the incremental response to restraint stress are restored by reduction of blood Phe levels [36], while DA levels [36 and present study] are not influenced by the treatment. While a direct inhibitory effect of Phe on TH as well as the rescuing effect restoration of normal Phe levels on TH activity have been demonstrated [36,37], the cause of the impaired dopaminergic transmission, and related motor functions, remains to be explicated. It persists under normal blood Phe levels [36] or rAvPAL-RBC treatment (present study) and improves remarkably by Tyr supplementation with the diet, despite Tyr supplementation normalizes blood but not brain levels of Tyr [38] and Tyr concentration in brain is not unequivocally reported reduced as in present study [39]. Hence, whereas a direct inhibitory effect of Phe on TH [37,40] seems questionable [41], other possible mechanisms such as a competitive effect of high Phe concentrations on Tyr transport at the level of LAT1 system [32] or at the level of neuronal Tyr uptake [41] as well as a downregulation of TH protein in dopaminergic neurons [10,37] would account for the impaired synthesis or turnover [37,40] of DA. We cannot confirm the partial rescuing of TH deficiency, irrespective of age, recently reported in ENU2 mice a few weeks after pegvaliase treatment [10]. A sexual difference in ENU2 mice has been recently reported regarding: the levels of blood and brain Phe (females > males), brain dopamine (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 [39]. Since the target of our study was to test the effectiveness of the treatment on early treated mice, rather than possible gender differences, we selected ENU2 males, whose behavioral and biochemical phenotype we had fully characterized in the past [16,19,21,23,30,31,37,42,43].
4.4 Neuropathological outcome (morphology). The first few weeks of life correspond in the normal rodents with the critical period for synapse formation, dendritic growth and remodeling, axonal refinement and columnarization [44]. During this time window, these processes are permanently affected by the exposure to high levels of Phe [23]. rAvPAL-RBC treatment prevents the emergence of the characteristic postnatal synaptogenetic alterations found in untreated ENU2 mice [23]. In present study, we confirm these 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. Early and continuous rAvPAL-RBC treatment proved to completely prevent these morphological alterations in all examined brain areas of ENU2 mice. While these observations confirm PKU as a postnatal developmental disorder [45] affecting the processes of linear growth, arborization, and shaping of cortical connections, and Phe as the main pathogenetic agent of the disease [1], the biological mechanisms linking the increase of Phe in nervous tissue with the resulting morphological alterations are unknown. The marked reduction and delay of the peak increase in brain 5-HT availability around week 3 of postnatal life [31] which occurs during a critical period for synapse formation in rodent cortices [46-48], the therapeutic effect of timely 5-hydroxytryptophan supplementation [23] or normalization of brain 5-HT levels under rAvPAL-RBC treatment (present study) suggest a specific pathogenic role of 5-HT depletion at least in BTBR mouse and during this specific developmental window.
4.5 Neuropathological outcome (myelin alterations). rAvPAL-RBC treatment prevents hypomyelination in adult early-treated ENU2 mice. Hypomyelination and gliosis are the predominant neuropathological findings in brain from untreated mice and patients with PKU [25,26,49].
In rodents, proliferation and maturation of oligodendrocytes occur mainly during early postnatal life [50,51] and myelination is virtually complete by 30 days of age [52]. In the same period the brain of PKU mouse is exposed to a relevant rise of blood Phe concentration. Oligodendrocytes seem to be specifically affected by high levels of Phe [53] with a relevant reduction of myelinated axons as observed in hypomyelinated areas of mutant animals [49]. MBP, a rate limiting constituent for central nervous system myelination, is essential for the assembly of a mature and functioning myelin membrane [54]. MBP is found reduced in frontal cortex and striatum of adult untreated PKU mice and restored by a 4-week Phe-free treatment [38]. Accordingly, in the present study mouse brain densitometry and western blotting analysis confirmed that MBP was severely reduced in untreated PKU mouse. In contrast, the expression of NFL, an axonal protein, was not affected by the disease. Moreover, early and continuous rAvPAL-RBC treatment restored a normal level of brain MBP in ENU2 mouse. White matter alteration is a frequent finding also in young early and continuously treated adult PKU patients [55,56]. While the functional consequences of this alteration, if any, have not been consistently proved in humans, the fact that they may be partially reversed by a stricter dietary control of Phe also in adult subjects [57], suggests they may be originated by a possible derangement of MBP or of other axonal proteins [38]. 

5. Conclusion
In conclusion, we performed the first preclinical longitudinal study exploring and demonstrating the efficacy of rAvPAL in preventing the emergence of clinical phenotype associated with untreated PKU. Secondly, we have developed and tested an innovative and effective delivery system for the enzyme substitution therapy, exploiting erythrocytes as vehicle, with the advantages of a more stable biochemical control; a possible reduction of the frequency of treatment; a lower cost of the treatment since RBC membrane protects the enzyme from immunological inactivation and PEGylated protein is not necessary. Considering that the same enzyme has been extensively investigated in preclinical studies, that a PEGylated derivative of the same is being employed in Phase III clinical trials, and also considering that the use of autologous RBC is already in the clinic in different trials from Phase I to Phase III, the results reported in this paper constitute the basis for the design of a clinical trial to prove safety and efficacy in PKU patients.
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Fig. 1. Scheme of the whole 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-RBC or saline solution at 7 day-intervals. During scheduled time points biochemical assay was performed whereas biochemical, morphological, molecular and behavioral tests were carried out at the end of the experiment.
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Fig. 2. Blood Phe concentrations after rAvPAL-RBC injections.
ENU2-rAvPAL-RBC mice (n=9) received 8 iv infusions of 0.036±0.007 IU rAvPAL g/body weight; control ENU2-veh (n=7) and WT-veh mice (n=13) received iv infusions of saline solution at the same volume and at the same times as the treated mice. The treatment started at PND 15, being performed at 7 day-intervals between infusions, and Phe levels in ENU2-rAvPAL-RBC, ENU2-veh and WT-veh mice were evaluated starting from PND 26 (4th° day after II infusion) to PND 70 at the planned time points (7 days after III, VI and VIII infusion). Significance has been observed at all post-treatment time points (####) for mice receiving rAvPAL-RBC vs ENU2-veh group, whereas there are no significant differences with WT-veh control group, except for the last PND time (**) (by two-ANOVA followed by Tukey’s test, p<0.05 vs control groups). Phe levels (mean±SD) in adult WT mice were 115.30±50.40 µM while in adult ENU2 mice were 1133.99±127.19 µM (16).
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Fig. 3. Blood Tyr concentrations after rAvPAL-RBCs injections.
ENU2-rAvPAL-RBC (n=9) mice received 8 infusions of 0.036±0.007 IU rAvPAL g/body weight. The treatment started at PND 15, being performed at 7 day-intervals between infusions and the Tyr levels in ENU2-rAvPAL-RBC, ENU2-veh (n=7) and WT-veh (n=13) mice were evaluated starting from PND 26 to PND 70 at planned time points (7 days after III, VI and VIII infusion). No significant difference was observed except for PND 58 and PND 70 (*) (by two-ANOVA followed by Tukey’s test, p<0.05 vs control ENU2-veh).
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Fig. 4. Brain Tyr and Phe concentrations under rAvPAL-RBC treatment.
Tyr and Phe levels (mean±SEM) and Phe/Tyr ratio in ENU2-rAvPAL-RBC (n=6), ENU2-veh (n=4) and WT-veh (n=6) mice revealed the efficacy of treatment to restore physiological Phe brain levels, whereas normalization of Tyr brain levels was 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).
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Fig. 5. Cognitive performances in adult ENU2 mice early and continuously treated with rAvPAL-RBC.
(A) Schematic representation of ORT. (B) Mean time (seconds) spent exploring the two identical objects during pre-test session is increased by rAvPAL-RBC in ENU2 mice (by one-way ANOVA, followed by Duncan’s test, ** p<0.01 vs WT-veh; ### p<0.001 vs ENU2-veh). (C) rAvPAL-RBC restores object recognition ability in ENU2 mice, which spend more time exploring the novel object that 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-RBC, n=9). Data are expressed as mean±SEM.
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Fig. 6. The effect of early treatment with rAvPAL-RBC on brain biogenic amine concentrations.
(A) Schematic representation of analyzed brain areas; prefrontal cortex (pFC), nucleus accumbens (NAc), caudate putamen (CP), amygdale (Amy). (B) 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-RBC, n=6). Data are expressed as mean±SEM.
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Fig. 7. rAvPAL-RBC prevent morphology alterations in adult early-treated ENU2 mice.
(A) Moving from left to right, photomicrographs of representative Golgi–Cox impregnated neurons from prefrontal cortex (pFC, layer V), hippocampus (Hipp, CA1, CA2 and CA3) and nucleus accumbens (NAc), and representative spine categorization. (B-E) Early and continuous rAvPAL-RBC treatment completely prevents morphological alterations in all investigated brain areas of 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, ### p<0.001 vs ENU2-veh; WT-veh, n=4; ENU2-veh, n=4 and ENU2-rAvPAL-RBC, n=3). Data are expressed as mean±SD.
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Fig. 8. rAvPAL-RBC prevents hypomyelination in adult early-treated ENU2 mice.
Confocal images of Myelin Basic Protein (MBP; green) and Neurofilament Light chain protein (NFL; red) immunostaining (A) in corpus callosum and striatum of WT-veh, ENU2-veh, ENU2-rAvPAL-RBC mice showing the different expression pattern of MBP, but not of NFL, in the three groups. Representative densitometric graph of the expression levels of MBP (B) and NFL (C) showing the expression level of the two proteins in WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice. The F/A ratio defines mean fluorescence of individual samples (F) normalized to total Area (A). Representative immunoblots and densitometric graphs of MBP (D) and NFL (E) showing the expression level of the two proteins in WT-veh, ENU2-veh and ENU2-rAvPAL-RBC mice. 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.
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