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Neurodegeneration with Brain Iron Accumulation (NBIA) is a heterogeneous group of progressive neurodegenerative diseases characterized by iron deposition in the globus pallidus and the substantia nigra. As of today, 15 distinct monogenetic disease entities have been identified. The four most common forms are pantothenate kinase-associated neurodegeneration (PKAN), phospholipase A2 group VI (PLA2G6)-associated neurodegeneration (PLAN), beta-propeller protein-associated neurodegeneration (BPAN) and mitochondrial membrane protein-associated neurodegeneration (MPAN). Neurodegeneration with Brain Iron Accumulation disorders present with a wide spectrum of clinical symptoms such as movement disorder signs (dystonia, parkinsonism, chorea), pyramidal involvement (e.g., spasticity), speech disorders, cognitive decline, psychomotor retardation, and ocular abnormalities. Treatment remains largely symptomatic but new drugs are in the pipeline. In this review, we discuss the rationale of new compounds, summarize results from clinical trials, provide an overview of important results in cell lines and animal models and discuss the future development of disease-modifying therapies for NBIA disorders. A general mechanistic approach for treatment of NBIA disorders is with iron chelators which bind and remove iron. Few studies investigated the effect of deferiprone in PKAN, including a recent placebo-controlled double-blind multicenter trial, demonstrating radiological improvement with reduction of iron load in the basal ganglia and a trend to slowing of disease progression. Disease-modifying strategies address the specific metabolic pathways of the affected enzyme. Such tailor-made approaches include provision of an alternative substrate (e.g., fosmetpantotenate or 4′-phosphopantetheine for PKAN) in order to bypass the defective enzyme. A recent randomized controlled trial of fosmetpantotenate, however, did not show any significant benefit of the drug as compared to placebo, leading to early termination of the trials' extension phase. 4′-phosphopantetheine showed promising results in animal models and a clinical study in patients is currently underway. Another approach is the activation of other enzyme isoforms using small molecules (e.g., PZ-2891 in PKAN). There are also compounds which counteract downstream cellular effects. For example, deuterated polyunsaturated fatty acids (D-PUFA) may reduce mitochondrial lipid peroxidation in PLAN. In infantile neuroaxonal dystrophy (a subtype of PLAN), desipramine may be repurposed as it blocks ceramide accumulation. Gene replacement therapy is still in a preclinical stage.
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INTRODUCTION

Neurodegeneration with Brain Iron Accumulation (NBIA) comprises a heterogeneous group of disorders characterized by iron accumulation mainly in the globus pallidus and the substantia nigra, visible on MR imaging. These disorders present mostly with complex clinical syndromes defined primarily through extrapyramidal movement disorders (such as dystonia, chorea, parkinsonism), pyramidal symptoms, cognitive, optic and psychiatric abnormalities. The disease course is progressive, with early disability and decreasing quality of life.

NBIA disorders can show an autosomal recessive, autosomal dominant or X-linked inheritance pattern. They are considered ultrarare with a combined estimated prevalence of 1–9 per 1,000,000 (1). Currently, 15 genes have been identified underlying NBIA disorders. The four most common NBIA forms are pantothenate kinase-associated neurodegeneration (PKAN), phospholipase A2 group VI (PLA2G6)-associated neurodegeneration (PLAN), beta-propeller protein-associated neurodegeneration (BPAN) and mitochondrial membrane protein-associated neurodegeneration (MPAN). Dysfunctions in several pathophysiological pathways have been identified to be involved in NBIA disorders, including (1) coenzyme A biosynthesis, (2) lipid metabolism, (3) iron homeostasis, (4) autophagy and (5) other pathways of yet unknown function (2). This diversity in etiology and pathogenesis calls for different therapeutic approaches for the individual NBIA disorders. Currently only symptomatic therapies are available. Development of disease-modifying therapies is thus of great importance.

In this review, we summarize the current development of different mechanistic approaches for disease-modifying treatments. The emphasis is on iron chelation as a general approach. Disease-specific approaches are also discussed including (1) provision of alternative substrates downstream of the defect enzyme, (2) activation of isoenzymes, (3) counteracting downstream cellular effects, (4) gene therapies and (5) enzyme replacement therapies.


Iron and Iron Chelation Therapies

Iron is a redox-active metal indispensable for cellular function. It is an essential cofactor for enzymes such as pyruvate dehydrogenase, helicases, ribonucleotide reductase and many more (3). Together with sulfur it builds iron-sulfur clusters, which are important components of metalloproteins such as Complex I, II, and III of the respiratory chain, which explains the crucial role iron plays in oxidative phosphorylation and energy production. It is furthermore essential for DNA synthesis and repair, phospholipid metabolism, and neurotransmitter synthesis (3).

Iron depositions in the brain are the eponymous feature and an important diagnostic biomarker for NBIA disorders. Despite that, only two NBIA forms—aceruloplasminemia and neuroferritinopathy—are caused by mutations in genes directly involved in iron homeostasis. Increased cellular iron in the brain has been described not only in NBIA disorders but also in normal aging and in multiple neurodegenerative diseases such as Parkinson's disease and Alzheimer's dementia (4–6). Iron dyshomeostasis with iron overload is associated with increased production of radical oxygen species and oxidative stress, protein misfolding and aggregation, dysfunction of the autophagy-lysosomal pathway, neuroinflammation and ferroptosis (iron-dependent apoptosis) (7).

In this context, Drecourt et al. recently presented compelling results from fibroblast cell lines derived from NBIA patients suggesting a uniform pathomechanism for the emergence of brain iron depositions (8). They ascribed the latter to post-translational abnormalities in the recycling of the transferrin receptor (TfR1) and the impairment of TfR1 palmitoylation. This offers new treatment targets (see below).

The origin and the role of iron depositions, however, in neurodegenerative diseases (NBIA and beyond) continue to be not fully understood. An important question remains unanswered: is iron only an epiphenomenon of disease pathogenesis or does it also accelerate neuronal death? In any case, brain iron depositions currently comprise an important target for potential disease-modifying therapies using iron chelators. Iron chelators are substances with a high affinity for iron, which aim to bind and remove the metal from different tissues in order to prevent or counteract iron accumulation. These have been used for the treatment of hematological diseases such as sickle-cell disease and thalassemia (9). NBIA disorders pose a challenge for iron chelating therapies. For successful iron removal from the brain, a substance ought to be able to cross the blood-brain barrier and to bind iron depositions in the basal ganglia without causing iron depletion in other brain areas or extraneural tissues.

Several iron chelators are available, the three main being deferiprone, deferasirox and desferrioxamine (also referred to as: deferoxamine). They differ in their chemical properties, pharmacokinetics and pharmacodynamics (10). Of these, deferiprone and deferasirox are administered orally. Deferasirox, however, has not shown sufficient reduction of brain iron depositions—potentially because of inefficient crossing of the blood-brain barrier (11), while deferiprone, thanks to the low molecular weight, favorable octanol-water partition coefficient and lipophilic properties, can successfully cross the blood-brain barrier and reach brain iron depositions (12, 13). The third chelator, desferrioxamine, has suboptimal oral pharmacokinetics and has to be administered subcutaneously or intravenously (10, 14). This leads to increased toxicity and reduced compliance of patients. Of the three mentioned substances, deferiprone is thus considered to be most potent and best suited for the treatment of NBIA syndromes.


Iron Chelation
 
Iron Chelation for PKAN

In the last decades, there have been several proof-of-concept case reports using chelating therapies in NBIA, which ultimately led to structured clinical trials. In the following, we briefly summarize the first exemplary case series and the main findings of the largest double-blind, placebo-controlled trial.

The first report was published in 1968 when Gallyas and Kornyey used desferrioxamine for the treatment of an NBIA disorder not further molecularly characterized (as prior to the genetic era) (15). There was no clinical improvement. Over the subsequent 40 years, case reports showed mixed and inconclusive results (7).

A milestone publication came from Zorzi et al. in 2011 who presented a phase-II trial in 9 PKAN patients treated with deferiprone. While there was no clinical benefit, the authors reported improvement of radiological markers (16). A similar trial included 6 NBIA patients (5 with genetically confirmed PKAN and 1 with idiopathic NBIA), treated for 36–48 months. Findings were heterogenous, including radiological improvement combined with clinical worsening or stabilization (17). In summary, still no definite conclusions could be drawn regarding the efficacy in NBIA.

This led us to do a placebo-controlled, double-blind, multicenter trial to study the efficacy and safety of deferiprone in PKAN patients; the results of which were recently presented (18). The study consisted of an 18-month treatment phase (deferiprone 30 mg/kg per day or placebo for 18 months) followed by a single-arm open-label extension phase (for another 18 months). In total, 86 gene-proven patients were included into the analysis. Iron concentration in the globus pallidus on MR imaging was significantly decreased in the deferiprone group. Clinically, during the double-blind phase, the study showed significant slowing of clinical progression by deferiprone in atypical PKAN patients compared to placebo. In classical PKAN, however, no significant slowing during the first treatment phase was observed. During the extension phase, patients from the deferiprone-deferiprone group showed no change in the rate of disease progression in comparison to the randomized clinical trial phase, while a significant slowing of progression was observed in patients who were switched from placebo to deferiprone.

Overall, this suggests that chelating therapy may be beneficial, at least in a subset of patients.



Iron Chelation in Other NBIA Subtypes

Most therapeutic studies on iron chelators in NBIA concentrate on PKAN, given it is the most frequent NBIA subtype. Individual treatment attempts in other NBIA subtypes will be reviewed separately in the following:

For BPAN, two patients treated with deferiprone have been published (19, 20). The clinical phenotype was typical in one and atypical in the other. Treatment for 4 months at a dose of 2,000 mg/day (30 mg/kg) and 12 months at a dose of 250 mg/day (3.85 mg/kg) failed to produce clinical benefit. In fact, it led to worsening in one case (with improvement after drug withdrawal) and both studies reported side effects (worsening of parkinsonism, abdominal pain, insomnia, restlessness, and agitation), so treatment was suspended. Comparative MRI imaging before and after iron chelation therapy was not performed in either of the two cases.

In MPAN, 2-year treatment in a 13-year-old led to reduction of iron content in the substantia nigra, while pallidal iron depositions remained unchanged and there was no clinical change (21). Another MPAN patient received deferiprone treatment which had to be discontinued because of gastrointestinal side effects (22).

In PLAN, treatment with deferiprone (at a dose of 30 mg/kg/d) led to increase of markers of iron metabolism such as transferrin, haptoglobin and hemopexin. However, clinical results were not reported (23).

In neuroferritinopathy, iron chelation therapy (desferrioxamine or deferiprone) in three patients which was combined with monthly venesections resulted in iron depletion in all. Clinically, there was worsening in one and no clinical change in the other two patients (24).

Aceruloplasminemia is a noteworthy example for the use of iron chelation treatment because there is systemic iron accumulation affecting the brain and visceral organs, e.g., liver and pancreas. The latter distinguishes aceruloplasminemia from other NBIA disorders, which present with pure brain iron overload.

Altogether, iron chelation in aceruloplasminemia has been reported in 51 cases in the literature (11, 25–66). Because of systemic iron overload, iron chelation substances were combined with other chelation strategies such as phlebotomy or fresh frozen plasma. A recent review discussed the use of different therapeutic approaches, i.e., monotherapy, combination of two types of iron chelation therapies, combination of iron chelation with zinc, vitamin C, vitamin E or consecutive use of iron chelation therapies (66). Overall, neurological effects of iron chelation therapies in aceruloplasminemia patients have been variable ranging from absent to moderate or good clinical improvement (7).

A valuable characteristic of this disorder is that systemic manifestations such as anemia and diabetes mellitus usually occur a decade prior to the onset of neurological symptoms (64). This allows pre-neurological diagnosis and long-term evaluation of potential preventive effects with respect to the development of brain iron accumulation and neurological symptoms. However, because of interindividual and intrafamilial variability precise prediction of the age at onset of brain-related symptoms is not possible. This makes interpretation of neuroprotective treatment effects challenging as a delayed or absent development of neurological features cannot be interpreted with certainty as result of preventive interventions.

According to our search, 26 cases of patients who were neurologically asymptomatic at the beginning of iron chelation treatment have been reported. Mixed results have been observed with some patients remaining asymptomatic. Relevant variations between type of chelation therapy, treatment and observation period should be noted. From the patients who remained neurologically asymptomatic at the end of the observation period, many were still in an age where neurological symptoms were not necessarily expected. Large studies with long-term follow-up would be needed.

One case with promising outcome was a male who presented in his mid-forties with mild resting tremor and brain iron accumulation on MR imaging (65). After 13 years of treatment with deferoxamine the patient had not developed further neurological symptoms or progression of radiological features. A second remarkable example is a neurologically asymptomatic woman diagnosed with aceruloplasminemia at the age of 62 because of anemia and a positive family history (65). She underwent intermittent phlebotomy over a period of 2 years, followed by 4 years of treatment with deferasirox. Over this time no development of neurological symptoms was observed. In summary, while reports about iron chelation treatment in neurologically asymptomatic patients with aceruloplasminemia need to be interpreted with caution, they support the idea of the potential application as a preventive measure in NBIA disorders.

As a further comment it needs to be added that many cases of aceruloplasminemia patients received deferoxamine (or sometimes deferasirox) rather than deferiprone, commonly used in PKAN, to treat the systemic iron overload. Furthermore, the chosen dose of deferiprone in aceruloplasminemia patients is usually higher—i.e., in other NBIA disorders deferiprone is administered at 20–30 mg/kg/day while in aceruoplasmienia the usual dose is more than twice as high, e.g., between 70 and 80 mg/kg/day (7).

In the aforementioned NBIA subtypes, besides PKAN, only individual treatment attempts with iron chelation have been described. No therapeutic trials with defined outcome measures have been performed and no quantitative data on treatment-related effects are available.

There are no reports of any iron chelation treatment attempts in patients with the other NBIA subtypes CoPAN, FAHN, Kufor-Rakeb disease, Woodhouse-Sakati syndrome, NBIA disorders caused by mutations in the genes SCP2, CRAT, AP4M1, REPS1, and GTPBP2.



What Conclusions Can Be Drawn for Iron Chelation as Treatment for NBIA?

(1) Negative predictive factors for the outcome of iron chelation treatment may be an early age of onset and advanced neurological abnormalities at the beginning of therapy. Patients with milder phenotypes and later onset tend to show better responses. (2) Despite the frequent lack of clinical improvement, slowing of progression and stabilization of the clinical condition have been observed in NBIA patients treated with deferiprone. (3) A discrepancy between radiological improvement (i.e., reduction of iron depositions on MR imaging) and the absence of clinical benefit is observed in many cases. One reason for this mismatch may be that in most of the patients neuronal damage was too far advanced and irreversible. Another explanation may be that iron is a secondary bystander, an epiphenomenon and not the cause of neurodegeneration. (4) Finally, studies in aceruloplasminema suggest a neuroprotective effect of iron chelation treatment when given early. However, this is difficult to implement for other NBIA subtypes (unless there is a positive family history leading to presymptomatic genetic testing) where CNS-related symptoms are already present at the time of diagnosis.




Activation of TfR1 Palmitoylation to Reduce Iron Overload

Transferrin receptor protein 1 (TfR1) is a transmembrane glycoprotein required for the endocytotic import of transferrin-bound iron into cells. Palmitoylation of TfR1 is a post-translational mechanism in healthy cells which inhibits TfR1-mediated endocytosis and thus reduces cellular iron intake. In NBIA cell lines (including PANK2-, CRAT-, C19orf12-, PLA2G6-mutant fibroblasts), a uniform impairment of TfR1 palmitoylation leading to disinhibition of iron import into cells was demonstrated as a key mechanism underlying brain iron accumulation (8).

Artesunate activates palmitoylation, facilitates internalization of TfR1 and thereby decreases iron uptake. Notably, it also reduces total iron content making it a drug candidate with potentially disease-modifying effects in NBIA.

To elaborate, artesunate is a first generation semisynthetic artemisinin derivate. Artemisinin is widely used in combination with other drugs to treat malaria, especially severe, multidrug-resistant forms (67). It also appears to have antineoplastic properties (68–70). Currently, artemisinin and its derivatives are being tested in different types of cancer (including breast cancer, renal cancer etc.). It has been suggested that the mechanism of action is based on increased iron content and increased TfR1 density on the surface of cancer cells which enable intracellular selective antineoplastic activation of artemisinin (71, 72).

Artemisinin and its derivates are characterized by an endoperoxid bond (ROOR'). Iron, heme or heme-bound proteins lead to splitting of this bond and the formation of radicals and reactive oxygen species with subsequent cell damage and apoptosis (71, 72).

It has been debated whether an increase of artemisinin-induced oxidative stress and cytotoxicity in cells with increased iron metabolism is indeed the right approach for NBIA disorders where neuronal cell damage must be prevented and not accelerated.

Furthermore, some of the functional mechanisms of artemisinin and its derivatives overlap with the pathophysiological abnormalities already seen in NBIA disorders which may reinforce cellular damage. For example, they induce lipid peroxidation and increase oxidative stress which is an important part of the pathomechanism in PLAN (71). They also increase ER stress, an important mechanism in BPAN (71, 73).

To date, there are no data of the use of artesunate in NBIA patients. Prior to its use further preclinical studies are needed.




Disease-Specific Treatments Based on Molecular Mechanisms of the NBIA Subtype

In recent years, disease-specific treatments have been developed which will be reviewed and discussed in the following (see Table 1).


Table 1. Therapeutic strategies beyond iron chelation.
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PKAN

PKAN is caused by a mutation in the PANK2 gene on chromosome 20 which encodes the pantothenate kinase 2 enzyme. This is the only enzyme isoform located in mitochondria. It catalyzes the first step in the biosynthesis of coenzyme A (CoA), namely the phosphorylation of pantothenate to 4′-phosphopantothenate. CoA plays a key role in multiple metabolic processes such as but not limited to the citric acid cycle, fatty acid oxidation, aminoacid metabolism and neurotransmitter synthesis.

In PKAN, two clinical phenotypes are often distinguished—classic and atypical (74, 75). Dystonia is an important clinical feature, typically affecting the lower limbs, but orolingual involvement is also common and points away from many other dystonic disorders (such as DYT1 dystonia). The atypical phenotype differs from the classic variant by later onset, slower progression and a milder phenotype.

Because of its relative frequency among the NBIA disorders, most clinical trials were conducted in PKAN. Likewise, PKAN has been the main focus of research for the development of disease-modifying therapies in cell cultures, animal models and humans.

An important therapeutic strategy for PKAN is the utilization of alternative substrates to bypass the PANK2 enzymatic defect and enable CoA biosynthesis. Intermediate substances – such as but not limited to fosmetpantotenate and 4′-phosphopantetheine—as well as direct CoA supplementation have been tested.


Coenzyme A—The Direct Supplementation Approach

CoA administration demonstrated several beneficial effects in preclinical NBIA models: Thus, CoA supplementation improved neuronal viability, neuronal excitability and firing activity, decreased ROS levels and recovered mitochondrial function in human-derived pluripotent stem cells converted to PKAN neurons (76). CoA rescued phenotypes caused by CoA depletion in cultured cells, as well as in Caenorhabditis elegans and Drosophila melanogaster models (77). CoA also restored the cell count of PANK-depleted cells in a PKAN D. melanogaster model, albeit it was less effective and more toxic than pantethine (78). Interestingly, CoA supplementation increased TfR1 palmitoylation (the role of which was discussed above) in cultured fibroblasts with PANK2 mutations (8).

However, CoA was found to be unstable (77): After 30 min, 90% of CoA was degraded in serum-containing medium. Furthermore, CoA is incapable of passing through membranes. Instead, CoA is quickly converted into its precursor substrate, i.e., 4′-phosphopantetheine, which is stable, can be measured in plasma hours after the supplementation and passes through cell membranes of cultured cells (77).

An NBIA variant metabolically closely related to PKAN is CoA synthase (COASY) protein-associated neurodegeneration (CoPAN) due to a defect in the biosynthesis of CoA, caused by mutations in the COASY gene. In the metabolic cascade, the encoded COASY protein is located downstream of PANK2 and catalyzes the last two steps of CoA biosynthesis. Preclinical studies in COASY mutant flies and cultured cells showed that there is no significant improvement by CoA supplementation (77). The above-mentioned problems of CoA instability are particularly limiting in the case of CoPAN because for the intracellular conversion of the precursor substrate into CoA the defect enzyme COASY would still be needed.

In summary, exogenously supplemented CoA is unstable in human serum and gets hydrolyzed and converted to the precursor substrate. CoA supplementation itself is thus not helpful for the treatment of CoPAN. With regard to PKAN the following question arises: If CoA supplementation can rescue the clinical phenotype of PKAN but is unstable and gets converted to its precursor substrate in order to enter the cells, would a therapy with CoA still be useful or is a direct approach with 4′-phosphopantetheine (section 4′-Phosphopantetheine—Another Alternative Substrate) a superior option?



Pantothenate—To Increase the Physiological Substrate

Pantothenate is the substrate of the PANK2 enzyme. Cultured fibroblasts derived from patients with different PANK2 mutations show altered cell morphology, accumulation of iron and lipofuscin, increased oxidative stress as well as increased mitochondrial lipid peroxidation (78). In a cell experiment, PKAN and control fibroblasts were treated with pantothenate in increasing concentrations (79). Two mutant fibroblast cell lines with residual PANK2 enzyme activity were responsive to pantothenate which was able to stabilize PANK2 enzyme expression, recover all pathological abnormalities and protect against induced cell death. On the contrary, pantothenate did not produce positive effects in a cell line with practically absent PANK2 enzyme expression levels. This is in line with studies in PKAN Drosophila melanogaster and mouse models with absent PANK2 enzyme activity: In these, pantothenate also did not produce any benefit (78, 80).

These results suggest that high dose pantothenate may be potentially useful in PKAN patients with residual PANK2 enzyme activity. However, there is scarce data from pantothenate in patients. In a patient with HARP syndrome (hypoprebetalipoproteinemia, acanthocytosis, retinitis pigmentosa, and pallidal degeneration) due to PANK2 mutations, administration of pantothenic acid at a dose of 2 g a day did not lead to any clinical or laboratory change (81). However, it was not clear from the report in how far the mutations were associated with residual enzyme activity. Similarly, in our own experience pantothenate as a dietary supplement does not produce clinically relevant effects.



Fosmetpantotenate—An Alternative Substrate

As mentioned above, PANK2 converts pantothenate to 4′-phosphopantothenate. Attempts to substitute 4′-phosphopantothenate failed because of an insufficient ability to pass through cell membranes (82). Consequently, fosmetpantotenate (also known as RE-024, Retrophin, Inc.) was developed which crosses the blood-brain barrier and neuronal cell membranes (83). Intracellularly, it is metabolized to 4′-phosphopantothenate thus providing a substrate for the CoA biosynthesis and bypassing the defect of the PANK2 enzyme.

In 2017, some clinical improvement (reflected by various clinical measures) was reported in case reports of an atypical PKAN patient treated with 2.64 mg/kg/day fosmetpantotenate for 12 months (84) and of two PKAN siblings treated at a dose of 3 mg/kg/day for 47 weeks (85).

This led to the initiation of a randomized, double-blind, placebo-controlled phase III clinical trial testing the efficacy and safety of fosmetpantotenate in PKAN (86). In total, 84 patients were randomized to receive the active drug or placebo three times daily for 24 weeks. However, there was no difference between the two groups in meeting the primary (change in PKAN-ADL) or secondary (UPDRS part III score) outcome measures (87). Accordingly, the open-label extension phase was terminated early and the sponsor discontinued the drug development program for this compound (88).



4′-Phosphopantetheine—Another Alternative Substrate

4′-Phosphopantetheine is another substrate which bypasses the PANK2 enzyme defect and can be catalyzed by COASY to 4′-dephospho-CoA and subsequently to CoA.

Experiments in PANK2 knockout cell and mouse models demonstrated positive effects (80). In fibroblasts derived from PKAN patients, 24 hours of treatment with 4′-phosphopantetheine led to recovery of the expression of COASY and Tfrc (80). In mice, 14-day treatment with 4′-phosphopantetheine was able to normalize the expression of COASY, iron homeostasis genes (Tfrc, Ireb2, Drd1) and dopamine markers and led to recovery of protein activity of pyruvate dehydrogenase and complex I of the respiratory chain (80). An important limitation of this experiment was, however, that PANK2 knockout mice displayed mild late-onset retinopathy as the only feature, without any neurological symptoms. Thus, the model does not fully recapture the clinical picture seen in PKAN patients, so the effects on neurological features remain unclear.

To test the effect in humans, a compound called CoA-Z (not to be mistaken with the enzyme COASY) was developed. It contains 4′-phosphopantetheine as the active ingredient. A first in-human study was performed to examine the safety and tolerability of the drug as well as the pharmacodynamic profile of COASY mRNA exression (89). Six PKAN patients (three with atypical and three with classic PKAN) were enrolled and received a 14-day treatment followed by a 14-day washout phase. No adverse events and side effects were reported. An increase in COASY mRNA expression in blood was observed in both groups of PKAN patients.

Recently, a clinical trial investigating CoA-Z was initiated at Oregon Health and Science University, USA. The study is planned as a 6-month dose-ranging, randomized, double-blind, placebo-controlled trial. Patients will be randomized into one of four groups treated with high, medium or low dose CoA-Z or placebo. The protocol entails a single-arm open-label extension phase currently expanded to 30 months at the medium assigned dose of CoA-Z.

The trial is actively recruiting. Currently, 60 patients are expected to be enrolled (89). Northern American PKAN patients (from the US or Canada) from all age groups (3 months−89 years) are eligible to participate in the study. Further details can be found on https://clinicaltrials.gov/ct2/show/NCT04182763. Efforts to expand the clinical trial to the Netherlands and the United Kingdom are currently underway.



Pantethine—Another Alternative Substrate

Pantethine is a derivative of pantothenic acid. Enzymatically it can be broken down into two pantetheine molecules which can subsequently be phosphorylated to 4′-phosphopantetheine thus providing a substrate for CoA biosynthesis. Preclinical work on PANK2 knockout models showed the compound can rescue the clinical phenotype in mice (90) and recover CoA levels and mitochondrial function in Drosophila melanogaster (78). An instability of pantetheine in serum due to pantetheinase activity has been discussed as a limiting factor in previous work (91).

Pantethine is currently used as a nutritional supplement in patients with hyperlipidemia. A single-arm open-label clinical trial with pantethine was performed in 15 patients with PKAN (92). A 24-week treatment with a dose of 60 mg/kg per day did not lead to improvement of the motor symptoms. A possible delay of motor function worsening was discussed.



S- Acetyl-4′-Phosphopantetheine—Another Alternative Substrate

Another compound under development is s-acetyl-4′-phosphopantetheine, an acylated form of 4′-phosphopantetheine. In preclinical studies, it was found to be stable in serum and to have the ability to rescue phenotypes associated with PANK deficiency (91).

No studies on patients have been conducted.



Pantazines—Activation of Isoenzymes

Another disease-specific approach being tested in PKAN is the activation of PANK enzyme isoforms using small compounds called pantazines (93). A potent pantazine is PZ-2891 which functions as an allosteric activator of PANK3 by occupying the pantothenate pocket.

Physiologically, the PANK3 enzyme can be found in two different conformations—an active one, stabilized by an ATP-Mg2+ complex, and an inactive one, stabilized by acetyl-CoA. The latter operates as a physiological feedback inhibitor. When PZ-2891 binds PANK3, it stabilizes the active form and prevents it from binding acetyl-CoA so that the PANK3 activity becomes refractory to acetyl-CoA inhibition.

Administration of PZ-2891 increased CoA levels in cultured cells and in mouse liver and brain (93). A knockout mouse model of brain CoA deficiency which exhibited weight loss, severe locomotor impairment and early death improved following PZ-2891 therapy. Treated mice showed weight gain, significant increase in median survival from 52 to 150 days, improved locomotor activity and elevation of CoA levels in the brain.

There are no studies in patients so far.



VTAC 1-9—Activation of Isoenzymes

Further compounds called VTAC 1-9 have been found to activate a PANK isoenzyme (94). Their further development is underway. No preclinical data have been published yet.



PANK2 Gene Therapy

At this year's International Symposium on NBIA and related disorders, Hayflick and colleagues announced that they are working on a gene therapy for PKAN using AAV9 constructs containing the full-length human PANK2 gene (95). In their preclinical studies, mice receive stereotactic injections targeting the globus pallidus. Results were not presented, as the project is still in its early stages.



What Have We Learned From Research Efforts in PKAN?

Clinical research to find disease-modifying treatment approaches for PKAN has been quite active in the last decade. It concentrated on two main strategies—(1) the use of iron chelators (discussed in section Iron and iron chelation therapies) and (2) the use of alternative substrates bypassing the PANK2 enzyme defect. Increase of the physiological substrate pantothenate, showed no positive results in single case reports. Direct supplementation of Coenzyme A had shown promising results in preclinical models despite its instability in human serum. Fosmetpantotenate failed to produce a significant effect in a placebo-controlled clinical trial in patients. Currently, 4′-phosphopantetheine is being tested in patients with PKAN. A pilot study with pantethine did not show any clinical improvement. S-Acetyl-4′-Phosphopantetheine is another compound under development. The activation of isoenzymes is a further strategy used in preclinical models. Further studies are needed. The development of PANK2 gene therapy is in its early stages.




PLAN

PLAN comprises a group of disorders caused by mutations in the PLA2G6 gene on chromosome 22, which encodes an intracellular, calcium-independent phospholipase A2 group VI. This enzyme plays a key role in phospholipid metabolism and selectively hydrolyses the sn2 ester bond in glycerophospholipids (96). This results in the release of free polyunsaturated fatty acids and lysophospholipids. Studies in preclinical models have shown disturbances in phospholipid metabolism as well as damage in the mitochondrial inner membrane (97). In an iPLA2-VIA-deficient Drosophila melanogaster model, reduction of phospholipid acyl chains length was observed which led to ER stress and facilitated alpha-synuclein aggregation (98).

PLA2G6-associated neurodegeneration (PLAN) comprises different clinical phenotypes—infantile neuroaxonal dystrophy (INAD), atypical neuroaxonal dystrophy (ANAD) and dystonia-parkinsonism (99). Neuroaxonal dystrophy refers to the neuropathological finding of focal granular enlargements within axons (so-called axonal spheroids), seen in biopsies from INAD and ANAD patients (100).

As the name suggests, INAD presents early in life, mostly in the 1st year of life. A recent natural history study showed developmental delay in 67% of patients (101). In total, 37% of patients never learned to walk independently. All patients experienced consecutive psychomotor regression.

Further symptoms of INAD are ataxia, early truncal hypotonia followed by spastic tetraparesis, neuroophthalmologic abnormalities with rapid progression, and loss of ambulation within 5 years. The most frequent imaging finding is cerebellar atrophy. In addition, 14 of 29 (48%) INAD patients presented with brain iron accumulation on MR imaging (102). Further imaging findings have also been described (103).

ANAD is broadly considered as a varying phenotype, which diverges from the classical INAD phenotype in terms of age of onset and disease progression presenting with later onset (median 4 years) and slower progression. Symptoms reported in ANAD include ataxia, gait disability, dystonia, dysarthria and spastic paresis.

A subset of PLAN patients presents with early-onset (before age 40 years) parkinsonism which can be combined with dystonia, gait abnormalities, neuropsychiatric abnormalities and cognitive decline (dystonia-parkinsonism variant, PARK14).

In all these phenotypes, brain iron accumulation in the basal ganglia may be present but is no obligatory feature. Thus, strictly speaking, not all PLAN patients fulfill the criteria of NBIA.

Regarding the development of disease-modifying therapies for PLAN, scientists have concentrated mostly on INAD. Here we present recent highlights in drug development:


Deuterated Polyunsaturated Fatty Acids—Slowing Down Lipid Peroxidation

The brain is rich in polyunsaturated fatty acids (PUFAs) which are part of lipid membrane layers and help reduce oxidative stress (104, 105) by preventing the accumulation of lipid peroxides and reducing the accumulation of ROS.

Deuterated PUFAs were found to restore mitochondrial membrane potentials in cultured fibroblasts (97). In a Drosophila melanogaster PLA2G6 knockout model D-PUFAs were able to partially restore locomotor function (97).

The effect of D-PUFAs is currently being tested in patients with a variety of neurodegenerative and neuromuscular disorders such as Friedreich's ataxia, late-onset Tay-Sachs and progressive supranuclear palsy. In a recent phase I/II, double-blind, placebo-controlled clinical trial in Friedreich's ataxia, the drug RT001 was well-tolerated with diarrhea being the only treatment-related adverse event (106).

The use of D-PUFAs, i.e., RT001, in NBIA has also been reported: A 2-year-old INAD patient improved on 3.6 g/day RT001 (107) demonstrating overall improvement, especially of bulbar and ocular functions, and disease stabilization after 1 year of treatment (108). A second case, a 5-year-old boy, showed initial improvement of fine motor skills, attention and social interaction, however, effects did not last, so treatment was discontinued after 6 months (108).

Currently, a prospective, single-arm, open-label clinical study is being conducted in two centers in the United States—one in California and one in New Jersey—to test the efficacy and safety of RT001 in patients with INAD (109). Patients are treated with RT001 3.84 g/day for a period of 12 months with a possible 12-month extension phase. In total, 19 patients were enrolled. (Clinical Trials No: NCT03570931) Completion of the 12-month extension phase is expected for August 2021 (110). No results or other details have yet been published.



Desipramine—Reduction of Ceramide Accumulation

Phospholipids such as sphingomyelin and ceramide are crucial elements of the plasma membrane and play an important role in cell signaling. The conversion of ceramide phosphoethanolamines (CPE) and sphingomyelin to ceramide is catalyzed by the acidic sphingomyelinase (111). This step is inhibited by desipramine which is widely used as a tricyclic antidepressant.

Reduced levels of CPE were found in a PLAN loss-of-function fly model. This was accompanied by increase in ceramide with lysosomal accumulation (111) with subsequent cell membrane defects and disturbances in endocytosis. Desipramine treatment resulted in reduction of ceramides and alleviation of lysosomal stress and suppression of neurodegeneration.

A clinical trial at Duke University examining the off-label use of desipramine in INAD patients was completed in August 2019 (112). Four patients were enrolled. No results are yet available.



Gene Replacement Therapy

Adeno-associated viruses can be used as vectors for delivery of a gene. Somatic gene replacement therapy was recently tested in a knock-in mouse model of PLAN (113). The phenotype of the untreated PLA2G6-INAD mouse was characterized by early motor incoordination, muscle atrophy with weakness and gait impairment, and reduced lifespan. Pathological examination revealed widespread neuronal loss, gliosis and microglial activation in brain and spinal cord.

A single dose of AAV9.hSyn1.hPLA2G6 (an AAV-vector with a healthy PLA2G6 gene copy), administered pre-symptomatically, led to significant weight gain, prevention of motor decline and extension of lifespan. Significant improvement of neuronal viability as well as amelioration of neurodegeneration in the brain were also reported. Neuronal cell counts, however, remained significantly lower than in wild-type mice and the level of neuroinflammation (astrocytosis and microglial activation) remained unchanged.

A study in patients with PLA2G6 mutations is in preparation.



Pharmacological Chaperons—Stabilizing Protein Folding of Mutant PLA2G6 Proteins

Preclinical work on the development of therapies aiming at improving the function of mutant PLA2G6 proteins is being carried out (114). The goal is to identify compounds functioning as pharmacological chaperons by stabilizing protein folding in mutant PLA2G6 proteins. Compound library screens are planned.



Overexpression of C19orf12

Recently, a close relationship in the pathogenesis of PLAN and MPAN was proposed when neuronal overexpression of the MPAN-associated C19orf12 gene homolog CG3740 improved markers of disease in an iPLA2-VIA-deficient Drosophila melanogaster model. In detail, C19orf12 overexpression rescued motor abnormalities, reduced bang-sensitivity and improved the viability of dopaminergic neurons (98). Furthermore, it suppressed brain vacuolar formation, decreased the proportion of phospholipids with shortened acyl-chain length and ameliorated ER stress and alpha-synuclein aggregation.

There is no clinical application of this yet.



What Have We Learned From Research Efforts on PLAN?

A general approach for complex neurodegenerative disorders is to understand the cascade of neurodegeneration and to identify cellular targets. The approach has long been to interfere with downstream mechanisms which ideally act as a one-size-fits all ailment. In the context of PLAN, most compounds indeed are not disease-specific but tackle targets rather downstream in the cascade of neurodegeneration. In addition, a gene therapy program is in the pipeline for patients with PLA2G6 mutations. However, challenges regarding the ideal route of administration have to be overcome.




BPAN

BPAN is characterized by childhood-onset seizures and developmental delay with loss of expressive language skills, stereotypies, behavioral abnormalities and intellectual disabilities. As the disease progresses, in adulthood, patients develop movement disorders (e.g., dystonia and parkinsonism).

Neuropathological examination in BPAN revealed mixed pathology with significant nigral neuronal loss and gliosis, and iron accumulation. Wide-spread hyperphosphorylated tau depositions in form of neurofibrillary tangles, pre-tangles and neuropil threads containing both 3-R and 4-R tau isoforms have been observed (115). Alpha-synuclein depositions have not been reported.

BPAN is caused by de novo mutations in the WDR45 gene located on the X chromosome. It encodes a WD40 repeat-containing phosphoinositide-interacting protein 4 (WIPI4) which is involved in the early stages of autophagy (116). Numerous genes are involved in autophagy regulation. This includes WIPI4, one of the four mammalian homologs of the autophagy-related protein Atg18 found in yeast. Decreased autophagy activity and accumulation of ATG9A-positive structures have been reported in lymphoblastoid cell lines derived from BPAN patients suggesting impairment of the autophagosome formation (117).

Different knockout mouse models reflecting the BPAN phenotype have been developed (118), including a recently presented model generated by a germline mutation (119). These exhibit poor motor coordination, greatly impaired learning and memory, and extensive axon swelling with numerous axon spheroids.

Pharmaceutical rescue attempts for BPAN are based on the activation of autophagy and the inhibition of ER stress.


Activation of Autophagy

Mechanistic Target Of Rapamycin (mTOR) is a protein kinase which inhibits autophagy by phosphorylating Ulk1, a kinase required for the initiation of autophagy (120). mTOR plays an important role in the regulation of cell growth, lipid and nucleotide synthesis and biogenesis of organelles (such as lysosomes and ribosomes) (121). It regulates the adaptation of the organism to feeding and fasting and is sensitive to multiple upstream factors including nutrients, growth factors and stressors. Anti-aging properties have also been hypothesized.

Rapamycin inhibits mTOR and leads to disinhibition of autophagy. It is utilized as an immunosuppressant after organ transplantation. Current studies explore potential effects for different types of cancer (122, 123). For neurodegenerative diseases, rapamycin is also a potential candidate after preclinical studies showed neuroprotective effects in animals with decreased dopaminergic cell death in the substantia nigra in a model of Parkinson's disease and improvement of cognitive deficits in models of Alzheimer's dementia (124). Improved autophagic clearance is thought to be the mechanism of action.

In a BPAN mouse model, rapamycin was able to reduce ER stress, partially restore autophagy and alleviate neuronal death. No effect on ER expansion was observed (119).

The efficacy of mTOR inhibition is being currently tested in patients with (genetic) Parkinson's disease (125, 126). We are not aware of trials in BPAN.

Independently, Dr. R. Ketteler and his team at UCL have performed screening of compounds in BPAN cell lines and have identified potential molecules able to restore autophagy (127). Further testing of these potential therapies in a BPAN tissue model is currently planned.

Furthermore, Dr. H. Zhang recently reported results on the role of the WDR45 gene product in autophagosome-lysosomal fusion (128). He discussed activation of autophagosome-lysosomal fusion (e.g., through the inhibition of O-GlcNAcylation of the SNARE protein SNAP-29) as a potential therapeutic strategy for restoring autophagic defects in BPAN.



ER Stress Inhibitor

Tauroursodeoxycholic acid (TUDCA) is in very early stages of development. The compound is an ER stress inhibitor which reduced ER stress and rescued cellular death in WDR45-deficient cells. However, no improvement of apoptosis in neurons and ER expansion was observed (119).



What Have We Learned From Research Efforts on BPAN?

Compared to PKAN, research in BPAN is still in early stages. Thus, there are no trials in patients yet. Preclinical research suggests the potential use of mTORC1 inhibitors such as rapamycin, which is likely to be a non-specific approach. The induction of autophagic flux has been hypothesized to be a crucial mechanism of counteracting neurodegeneration and if beneficial, could also be implemented in other neurodegenerative disorders.




MPAN

MPAN is a monogenic NBIA disorder caused by mutations in the C19orf12 gene on chromosome 19. The clinical picture is characterized by pyramidal involvement (e.g. spasticity), extrapyramidal symptoms (e.g. dystonia), cognitive and psychiatric abnormalities as well as neuroophthalmologic involvement (129).

The C19orf12 gene is thought to encode a mitochondrial membrane protein which is located in mitochondria, in the ER and in the contact zones, respectively, so called mitochondria-ER associated membranes (MAM) (130). MAMs are crucial for the regulation of calcium, lipid transfer, mitochondrial fission and autophagosome assembly. MAMs have also been associated with other neurodegenerative disorders such as Alzheimer's dementia (131, 132).

In MPAN, mis-localization of the C19orf12 protein leads to increase of Ca2+ in mitochondria with increased susceptibility to oxidative stress as shown in fibroblasts derived from MPAN patients (130). While the exact function of the C19orf12 gene product is not known, it has been hypothesized that it may play an important role in autophagy of defect mitochondria.

Animal models have been developed to further investigate the underlying pathophysiology. A Drosophila melanogaster model with downregulation of both orthologous genes of C19orf12—CG3740 and CG11671 recapitulates the human phenotype, i.e., flies show climbing abnormalities, reduced survival and vacuolation in brain (133). Further preclinical studies including testing potential therapies in flies and in patient cell lines are underway.


What Have We Learned From Research Efforts on MPAN?

The development of disease-modifying treatment strategies for MPAN is in very early stages. Interesting preclinical models have enabled to gain more insight into the function of the C19orf12 protein and its importance for mitochondria-ER associated membranes. A connection between the pathophysiology of PLAN and MPAN was also demonstrated which is an important step in understanding these subforms and may set the ground for development of related therapies.




Aceruloplasminemia

Aceruloplasminemia due to mutations in the ceruloplasmin (CP) gene on chromosome 3 is characterized by, as mentioned above, iron accumulation not only in the brain, but also in other organs including liver and pancreas. Key symptoms are diabetes mellitus, retinal degeneration, anemia, and neurological symptoms such as cerebellar ataxia, movement disorders and behavioral changes.

The encoded protein, ceruloplasmin, is a metalloprotein with copper-dependent ferroxidase activity which catalyzes the oxidation of Fe2+ to Fe3+. Ceruloplasmin carries the large majority of the total copper in plasma. It also enables transportation of iron in plasma.

Results from iron chelation therapies in patients with aceruloplasminemia are discussed above in section Iron and iron chelation therapies. A disease-specific therapeutic approach may be the use of enzyme replacement therapy. Treatment of a ceruloplasmin-knockout mouse model with ceruloplasmin (administered intraperitoneally) led to significant improvement of motor coordination, complete recovery of the CP-associated ferroxidase activity in the brain and rescue of Purkinje cells. Iron content was reduced in the brain and the choroid plexus but not in the liver (134).

There are no data of the use in patients. Gene therapy has not been addressed so far.


What Have We Learned From Research Efforts on Aceruloplasminemia?

Given the nature of the disease with onset in adulthood, aceruloplasminemia has enabled researchers to test the role of iron chelators in neurologically presymptomatic patients (see section Iron Chelation in Other NBIA Subtypes), albeit it cannot be proven in how far a mild disease course is causally linked to potentially preventive interventions. Preclinical experiments suggest that enzyme replacement therapy may be another therapeutic strategy but there is no data from patients.






DISCUSSION

With increasing insights into rare genetic disorders, precision medicine becomes increasingly realistic. In this review, we summarized emerging disease-modifying therapies for NBIA disorders.

Generally, the major challenge in the development of disease-specific treatments for complex diseases is the lack of understanding the pathogenesis. In the last decade, basic research has provided valuable insights into some of the NBIA disorders, which have paved the way for new treatment avenues. Yet, further work to unravel the function of the defined gene products is still needed. In this regard development of suitable animal models which reflect the biochemical, neuropathological and clinical abnormalities of each disorder have been another challenge. Thus, while a mouse model is now available for PKAN, PLAN, and BPAN, there is no rodent model for MPAN where research is limited to fly models.

As summarized in this review, treatment of NBIA now goes beyond symptomatic removal of iron and now includes compounds to bypass the effected metabolic pathways (by using alternative substrates), activation of isoenzymes, overexpression of the affected gene or activation of autophagy.

One study is currently actively recruiting: for PKAN testing 4′-phosphopantetheine-containing CoA-Z. Other compounds are still in the preclinical phase of development.

It will be interesting to see what other approaches will emerge from the better insight into the pathophysiology of NBIA subtypes. For example, our field has recently seen exciting new therapies for related inherited rare disorders such as spinal muscular atrophy and Huntington's disease using antisense oligonucleotides (135, 136). Of these, work in SMA patients has highlighted the role of ASOs in restoring protein expression by modulating splicing (135, 137). This may be helpful in disorders where the majority of genetic defects are splice site mutations. For the moment, however, this does not apply in most NBIA cases, although splice site mutations have been described in individual cases. In HD, ASOs act by reducing the toxic gain of function caused by the autosomal dominant mutation. Again, while this approach may not be feasible for the autosomal recessively inherited NBIA disorders it may be an option for autosomal dominant NBIA subtypes (e.g., neuroferritinopathy) where a healthy allele of the specific gene is present. Currently, a feasible approach for genetic therapy in NBIA disorders seems to be AAV-assisted gene supplementation.

Until the new mechanistic treatments are available for patients, iron removal remains a sensible option. As summarized above, iron chelators have shown the ability to reduce brain iron accumulation and slow disease progression in certain subsets of NBIA patients (i.e., atypical PKAN patients). The induction of TfR1 palmitoylation is another potential uniform therapeutic strategy that, if beneficial, may be helpful in many or some of the NBIA disorders.

Given the neurodegenerative nature of the disorders, it will be pivotal to recruit patients early in the disease course before neuronal damage has led to irreversible functional deficits. With the improvement of diagnostic possibilities for detection of gene mutations, more patients can be successfully diagnosed early but also presymptomatic mutation carriers can be correctly identified. Thus, screening of people at risk (e.g., relatives of an NBIA patient) may open a therapeutic window for preventive interventions. New trial designs which are suitable for small cohorts (of rare disorders) may also help to gain the most information from the available data (138).



AUTHOR CONTRIBUTIONS

VI wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was carried out in the framework of TIRCON (Treat Iron-Related Childhood-Onset Neurodegeneration), an international collaborative project which has been funded by the European Commission 7th Framework Programme (FP7/2007-2013, HEALTHF2-2011; Grant Agreement No. 277984, TIRCON) from 2011 to 2015. TIRCON has been sustained from 2015 through continuous donations from international patient advocacies (NBIA Alliance and its members, www.nbiaalliance.org) as well as and through by single donations from pharmaceutical companies including ApoPharma Inc. (Toronto, Canada), CoA Therapeutics (San Francisco, CA; USA) and Retrophin, Inc. (San Diego, CA; USA).



REFERENCES

 1. Orphanet. Neurodegeneration With Brain Iron Accumulation. (2010). Available online at: https://www.orpha.net/consor/cgi-bin/OC_Exp.php?Lng=EN&Expert=385 (accessed November 12, 2020).

 2. Levi S, Tiranti V. Neurodegeneration with brain iron accumulation disorders: valuable models aimed at understanding the pathogenesis of iron deposition. Pharmaceuticals (Basel). (2019) 12:27. doi: 10.3390/ph12010027

 3. Puig S, Ramos-Alonso L, Romero AM, Martinez-Pastor M. The elemental role of iron in DNA synthesis and repair. Metallomics. (2017) 9:1483. doi: 10.1039/c7mt00116a

 4. Xu J, Jia Z, Knutson MD, Leeuwenburgh C. Impaired iron status in aging research. Int J Mol Sci. (2012) 13:2368–86. doi: 10.3390/ijms13022368

 5. Ward RJ, Zucca FA, Duyn JH, Crichton RR, Zecca L. The role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. (2014) 13:1045–60. doi: 10.1016/S1474-4422(14)70117-6

 6. Roberts BR, Ryan TM, Bush AI, Masters CL, Duce JA. The role of metallobiology and amyloid-β peptides in Alzheimer's disease. J Neurochem. (2012) 120(Suppl. 1):149–66. doi: 10.1111/j.1471-4159.2011.07500.x

 7. Dusek P, Schneider SA, Aaseth J. Iron chelation in the treatment of neurodegenerative diseases. J Trace Elem Med Biol. (2016) 38:81–92. doi: 10.1016/j.jtemb.2016.03.010

 8. Drecourt A, Babdor J, Dussiot M, Petit F, Goudin N, Garfa-Traoré M, et al. Impaired transferrin receptor palmitoylation and recycling in neurodegeneration with brain iron accumulation. Am J Hum Genet. (2018) 102:266–77. doi: 10.1016/j.ajhg.2018.01.003

 9. Kwiatkowski JL, Cohen AR. Iron chelation therapy in sickle-cell disease and other transfusion-dependent anemias. Hematol Oncol Clin North Am. (2004) 18:1355–77, ix. doi: 10.1016/j.hoc.2004.06.019

 10. Cohen AR. New advances in iron chelation therapy. Hematology Am Soc Hematol Educ Program. (2006) 42–7. doi: 10.1182/asheducation-2006.1.42

 11. Finkenstedt A, Wolf E, Höfner E, Gasser BI, Bosch S, Bakry R, et al. Hepatic but not brain iron is rapidly chelated by deferasirox in aceruloplasminemia due to a novel gene mutation. J Hepatol. (2010) 53:1101–7. doi: 10.1016/j.jhep.2010.04.039

 12. Fredenburg AM, Sethi RK, Allen DD, Yokel RA. The pharmacokinetics and blood-brain barrier permeation of the chelators 1,2 dimethly-, 1,2 diethyl-, and 1-[ethan-1'ol]-2-methyl-3-hydroxypyridin-4-one in the rat. Toxicology. (1996) 108:191–9. doi: 10.1016/0300-483x(95)03301-u

 13. Habgood MD, Liu ZD, Dehkordi LS, Khodr HH, Abbott J, Hider RC. Investigation into the correlation between the structure of hydroxypyridinones and blood-brain barrier permeability. Biochem Pharmacol. (1999) 57:1305–10. doi: 10.1016/s0006-2952(99)00031-3

 14. Hamilton KO, Stallibrass L, Hassan I, Jin Y, Halleux C, Mackay M. The transport of two iron chelators, desferrioxamine B and L1, across Caco-2 monolayers. Br J Haematol. (1994) 86:851–7. doi: 10.1111/j.1365-2141.1994.tb04841.x

 15. Gallyas F, Környey S. Weiterer Beitrag zur Kenntnis der Hallervorden-Spatzschen Krankheit [A further contribution to the knowledge of the Hallervorden-Spatz disease]. Arch Psychiatr Nervenkr. (1968) 212:33–45. doi: 10.1007/BF00341968

 16. Zorzi G, Zibordi F, Chiapparini L, Bertini E, Russo L, Piga A, et al. Iron-related MRI images in patients with pantothenate kinase-associated neurodegeneration (PKAN) treated with deferiprone: results of a phase II pilot trial. Mov Disord. (2011) 26:1756–9. doi: 10.1002/mds.23751

 17. Cossu G, Abbruzzese G, Matta G, Murgia D, Melis M, Ricchi V, et al. Efficacy and safety of deferiprone for the treatment of pantothenate kinase-associated neurodegeneration (PKAN) and neurodegeneration with brain iron accumulation (NBIA): results from a four years follow-up. Parkinsonism Relat Disord. (2014) 20:651–4. doi: 10.1016/j.parkreldis.2014.03.002

 18. Klopstock T, Tricta F, Neumayr L, Karin I, Zorzi G, Fradette C, et al. Safety and efficacy of deferiprone for pantothenate kinase-associated neurodegeneration: a randomised, double-blind, controlled trial and an open-label extension study. Lancet Neurol. (2019) 18:631–42. doi: 10.1016/S1474-4422(19)30142-5

 19. Fonderico M, Laudisi M, Andreasi NG, Bigoni S, Lamperti C, Panteghini C, et al. Patient affected by beta-propeller protein-associated neurodegeneration: a therapeutic attempt with iron chelation therapy. Front Neurol. (2017) 8:385. doi: 10.3389/fneur.2017.00385

 20. Lim SY, Tan AH, Ahmad-Annuar A, Schneider SA, Bee PC, Lim JL, et al. A patient with beta-propeller protein-associated neurodegeneration: treatment with iron chelation therapy. J Mov Disord. (2018) 11:89–92. doi: 10.14802/jmd.17082

 21. Löbel U, Schweser F, Nickel M, Deistung A, Grosse R, Hagel C, et al. Brain iron quantification by MRI in mitochondrial membrane protein-associated neurodegeneration under iron-chelating therapy. Ann Clin Transl Neurol. (2014) 1:1041–6. doi: 10.1002/acn3.116

 22. Gore E, Appleby BS, Cohen ML, DeBrosse SD, Leverenz JB, Miller BL, et al. Clinical and imaging characteristics of late onset mitochondrial membrane protein-associated neurodegeneration (MPAN). Neurocase. (2016) 22:476–83. doi: 10.1080/13554794.2016.1247458

 23. Praschberger M, Minkley M, Jackson A, Smith D, Borchers C, Vichinsky E, et al. Using proteomics to assess potential biomarkers of systemic iron trafficking, inflammation and oxidative stress in a patient with PLA2G6 associated neurodegeneration (PLAN) being treated with deferiprone. Mov Disord. (2014) 29:27. doi: 10.1002/mds.25914

 24. Chinnery PF, Crompton DE, Birchall D, Jackson MJ, Coulthard A, Lombès A, et al. Clinical features and natural history of neuroferritinopathy caused by the FTL1 460InsA mutation. Brain. (2007) 130:110–9. doi: 10.1093/brain/awl319

 25. Ondrejkovičová M, DraŽilová S, Drakulová M, Siles JL, Zemjarová Mezenská R, Jungová P, et al. New mutation of the ceruloplasmin gene in the case of a neurologically asymptomatic patient with microcytic anaemia, obesity and supposed Wilson's disease. BMC Gastroenterol. (2020) 20:95. doi: 10.1186/s12876-020-01237-8

 26. Miyake Z, Nakamagoe K, Yoshida K, Kondo T, Tamaoka A. Deferasirox might be effective for microcytic anemia and neurological symptoms associated with aceruloplasminemia: a case report and review of the literature. Intern Med. (2020) 59:1755–61. doi: 10.2169/internalmedicine.4178-19

 27. Van Gelder M, Moris W, Rombout-Sestrienkova E, Van Deursen C, Koek G. Erytrocytapheresis in aceruloplasminemia prevents progression of cerebral iron accumulation after chelator-induced normalization of iron stores. HemaSphere. (2019) 3:592. doi: 10.1097/01.HS9.0000563464.25528.31

 28. Hayashida M, Hashioka S, Miki H, Nagahama M, Wake R, Miyaoka T, et al. Aceruloplasminemia with psychomotor excitement and neurological sign was improved by minocycline (case report). Medicine (Baltimore). (2016) 95:e3594. doi: 10.1097/MD.0000000000003594

 29. Skidmore FM, Drago V, Foster P, Schmalfuss IM, Heilman KM, Streiff RR. Aceruloplasminaemia with progressive atrophy without brain iron overload: treatment with oral chelation. J Neurol Neurosurg Psychiatry. (2008) 79:467–70. doi: 10.1136/jnnp.2007.120568

 30. Tai M, Matsuhashi N, Ichii O, Suzuki T, Ejiri Y, Kono S, et al. Case of presymptomatic aceruloplasminemia treated with deferasirox. Hepatol Res. (2014) 44:1253–8. doi: 10.1111/hepr.12292

 31. Roberti Mdo R, Borges Filho HM, Gonçalves CH, Lima FL. Aceruloplasminemia: a rare disease—diagnosis and treatment of two cases. Rev Bras Hematol Hemoter. (2011) 33:389–92. doi: 10.5581/1516-8484.20110104

 32. Bethlehem C, van Harten B, Hoogendoorn M. Central nervous system involvement in a rare genetic iron overload disorder. Neth J Med. (2010) 68:316–8.

 33. Suzuki Y, Yoshida K, Aburakawa Y, Kuroda K, Kimura T, Terada T, et al. Effectiveness of oral iron chelator treatment with deferasirox in an aceruloplasminemia patient with a novel ceruloplasmin gene mutation. Intern Med. (2013) 52:1527–30. doi: 10.2169/internalmedicine.52.0102

 34. Rusticeanu M, Zimmer V, Schleithoff L, Wonney K, Viera J, Zimmer A, et al. Novel ceruloplasmin mutation causing aceruloplasminemia with hepatic iron overload and diabetes without neurological symptoms. Clin Genet. (2014) 85:300–1. doi: 10.1111/cge.12145

 35. Lindner U, Schuppan D, Schleithoff L, Habeck JO, Grodde T, Kirchhof K, et al. Aceruloplasminaemia: a family with a novel mutation and long-term therapy with deferasirox. Horm Metab Res. (2015) 47:303–8. doi: 10.1055/s-0034-1383650

 36. Doyle A, Rusli F, Bhathal P. Aceruloplasminaemia: a rare but important cause of iron overload. BMJ Case Rep. (2015) 2015:bcr2014207541. doi: 10.1136/bcr-2014-207541

 37. Pelucchi S, Mariani R, Ravasi G, Pelloni I, Marano M, Tremolizzo L, et al. Phenotypic heterogeneity in seven Italian cases of aceruloplasminemia. Parkinsonism Relat Disord. (2018) 51:36–42. doi: 10.1016/j.parkreldis.2018.02.036

 38. Pelucchi S, Pelloni I, Arosio C, Mariani R, Piperno A. Does aceruloplasminemia modulate iron phenotype in thalassemia intermedia? Blood Cells Mol Dis. (2016) 57:112–4. doi: 10.1016/j.bcmd.2015.12.011

 39. Miyajima H, Takahashi Y, Kamata T, Shimizu H, Sakai N, Gitlin JD. Use of desferrioxamine in the treatment of aceruloplasminemia. Ann Neurol. (1997) 41:404–7. doi: 10.1002/ana.410410318

 40. Yonekawa M, Okabe T, Asamoto Y, Ohta M. A case of hereditary ceruloplasmin deficiency with iron deposition in the brain associated with chorea, dementia, diabetes mellitus and retinal pigmentation: administration of fresh-frozen human plasma. Eur Neurol. (1999) 42:157–62. doi: 10.1159/000008091

 41. Loréal O, Turlin B, Pigeon C, Moisan A, Ropert M, Morice P, et al. Aceruloplasminemia: new clinical, pathophysiological and therapeutic insights. J Hepatol. (2002) 36:851–6. doi: 10.1016/s0168-8278(02)00042-9

 42. Haemers I, Kono S, Goldman S, Gitlin JD, Pandolfo M. Clinical, molecular, and PET study of a case of aceruloplasminaemia presenting with focal cranial dyskinesia. J Neurol Neurosurg Psychiatry. (2004) 75:334–7. doi: 10.1136/jnnp.2003.017434

 43. Hida A, Kowa H, Iwata A, Tanaka M, Kwak S, Tsuji S. Aceruloplasminemia in a Japanese woman with a novel mutation of CP gene: clinical presentations and analysis of genetic and molecular pathogenesis. J Neurol Sci. (2010) 298:136–9. doi: 10.1016/j.jns.2010.08.019

 44. Pan PL, Tang HH, Chen Q, Song W, Shang HF. Desferrioxamine treatment of aceruloplasminemia: long-term follow-up. Mov Disord. (2011) 26:2142–4. doi: 10.1002/mds.23797

 45. Fasano A, Colosimo C, Miyajima H, Tonali PA, Re TJ, Bentivoglio AR. Aceruloplasminemia: a novel mutation in a family with marked phenotypic variability. Mov Disord. (2008) 23:751–5. doi: 10.1002/mds.21938

 46. Mariani R, Arosio C, Pelucchi S, Grisoli M, Piga A, Trombini P, et al. Iron chelation therapy in aceruloplasminaemia: study of a patient with a novel missense mutation. Gut. (2004) 53:756–8. doi: 10.1136/gut.2003.030429

 47. Bove F, Fasano A. Iron chelation therapy to prevent the manifestations of aceruloplasminemia. Neurology. (2015) 85:1085–6. doi: 10.1212/WNL.0000000000001956

 48. Poli L, Alberici A, Buzzi P, Marchina E, Lanari A, Arosio C, et al. Is aceruloplasminemia treatable? Combining iron chelation and fresh-frozen plasma treatment. Neurol Sci. (2017) 38:357–60. doi: 10.1007/s10072-016-2756-x

 49. Calder GL, Lee MH, Sachithanandan N, Bell S, Zeimer H, MacIsaac RJ. Aceruloplasminaemia: a disorder of diabetes and neurodegeneration. Intern Med J. (2017) 47:115–8. doi: 10.1111/imj.13309

 50. Kuhn J, Bewermeyer H, Miyajima H, Takahashi Y, Kuhn KF, Hoogenraad TU. Treatment of symptomatic heterozygous aceruloplasminemia with oral zinc sulphate. Brain Dev. (2007) 29:450–3. doi: 10.1016/j.braindev.2007.01.001

 51. Logan JI, Harveyson KB, Wisdom GB, Hughes AE, Archbold GP. Hereditary caeruloplasmin deficiency, dementia and diabetes mellitus. QJM. (1994) 87:663–70.

 52. Hellman NE, Schaefer M, Gehrke S, Stegen P, Hoffman WJ, Gitlin JD, et al. Hepatic iron overload in aceruloplasminaemia. Gut. (2000) 47:858–60. doi: 10.1136/gut.47.6.858

 53. Badat M, Kaya B, Telfer P. Combination-therapy with concurrent deferoxamine and deferiprone is effective in treating resistant cardiac iron-loading in aceruloplasminaemia. Br J Haematol. (2015) 171:430–2. doi: 10.1111/bjh.13401

 54. Morita H, Ikeda S, Yamamoto K, Morita S, Yoshida K, Nomoto S, et al. Hereditary ceruloplasmin deficiency with hemosiderosis: a clinicopathological study of a Japanese family. Ann Neurol. (1995) 37:646–56. doi: 10.1002/ana.410370515

 55. Kaneko K, Yoshida K, Arima K, Ohara S, Miyajima H, Kato T, et al. Astrocytic deformity and globular structures are characteristic of the brains of patients with aceruloplasminemia. J Neuropathol Exp Neurol. (2002) 61:1069–77. doi: 10.1093/jnen/61.12.1069

 56. Brugger F, Kägi G, Pandolfo M, Mencacci NE, Batla A, Wiethoff S, et al. Neurodegeneration with brain iron accumulation (NBIA) syndromes presenting with late-onset craniocervical dystonia: an illustrative case series. Mov Disord Clin Pract. (2016) 4:254–7. doi: 10.1002/mdc3.12393

 57. Pérez-Aguilar F, Burguera JA, Benlloch S, Berenguer M, Rayón JM. Aceruloplasminemia in an asymptomatic patient with a new mutation. Diagnosis and family genetic analysis. J Hepatol. (2005) 42:947–9. doi: 10.1016/j.jhep.2005.02.013

 58. Ogimoto M, Anzai K, Takenoshita H, Kogawa K, Akehi Y, Yoshida R, et al. Criteria for early identification of aceruloplasminemia. Intern Med. (2011) 50:1415–8. doi: 10.2169/internalmedicine.50.5108

 59. Matsushima A, Yoshida T, Yoshida K, Ohara S, Toyoshima Y, Kakita A, et al. Superficial siderosis associated with aceruloplasminemia. Case report. J Neurol Sci. (2014) 339:231–4. doi: 10.1016/j.jns.2014.02.014

 60. Riboldi GM, Anstett K, Jain R, Lau H, Swope D. Aceruloplasminemia and putaminal cavitation. Parkinsonism Relat Disord. (2018) 51:121–3. doi: 10.1016/j.parkreldis.2018.03.003

 61. Bjørk MH, Gjerde IO, Tzoulis C, Ulvik RJ, Bindoff LA. A man in his 50s with high ferritin levels and increasing cognitive impairment. Tidsskr Nor Laegeforen. (2015) 135:1369–72. doi: 10.4045/tidsskr.14.1115

 62. Watanabe M, Ohyama K, Suzuki M, Nosaki Y, Hara T, Iwai K, et al. Aceruloplasminemia with abnormal compound heterozygous mutations developed neurological dysfunction during phlebotomy therapy. Intern Med. (2018) 57:2713–8. doi: 10.2169/internalmedicine.9855-17

 63. Hines MC Jr, Bonkovsky HL, Rudnick SR, Mhoon JT. Peripheral neuropathy and the ceruloplasmin gene. Ann Intern Med. (2018) 168:894–5. doi: 10.7326/L17-0621

 64. Vroegindeweij LH, van der Beek EH, Boon AJ, Hoogendoorn M, Kievit JA, Wilson JH, et al. Aceruloplasminemia presents as type 1 diabetes in non-obese adults: a detailed case series. Diabet Med. (2015) 32:993–1000. doi: 10.1111/dme.12712

 65. Vroegindeweij LHP, Langendonk JG, Langeveld M, Hoogendoorn M, Kievit AJA, Di Raimondo D, et al. New insights in the neurological phenotype of aceruloplasminemia in Caucasian patients. Parkinsonism Relat Disord. (2017) 36:33–40. doi: 10.1016/j.parkreldis.2016.12.010

 66. Vroegindeweij LHP, Boon AJW, Wilson JHP, Langendonk JG. Effects of iron chelation therapy on the clinical course of aceruloplasminemia: an analysis of aggregated case reports. Orphanet J Rare Dis. (2020) 15:105. doi: 10.1186/s13023-020-01385-w

 67. World Health Organization. Overview of Malaria Treatment. (2018). Available online at: https://www.who.int/malaria/areas/treatment/overview/en/ (accessed November 12, 2020).

 68. Zhang Y, Xu G, Zhang S, Wang D, Saravana Prabha P, Zuo Z. Antitumor research on artemisinin and its bioactive derivatives. Nat Prod Bioprospect. (2018) 8:303–19. doi: 10.1007/s13659-018-0162-1

 69. Våtsveen TK, Myhre MR, Steen CB, Wälchli S, Lingjærde OC, Bai B, et al. Artesunate shows potent anti-tumor activity in B-cell lymphoma. J Hematol Oncol. (2018) 11:23. doi: 10.1186/s13045-018-0561-0

 70. Zheng L, Pan J. The anti-malarial drug artesunate blocks Wnt/β-catenin pathway and inhibits growth, migration and invasion of uveal melanoma cells. Curr Cancer Drug Targets. (2018) 18:988–98. doi: 10.2174/1568009618666180425142653

 71. Das AK. Anticancer effect of antimalarial artemisinin compounds. Ann Med Health Sci Res. (2015) 5:93–102. doi: 10.4103/2141-9248.153609

 72. Ba Q, Zhou N, Duan J, Chen T, Hao M, Yang X, et al. Dihydroartemisinin exerts its anticancer activity through depleting cellular iron via transferrin receptor-1. PLoS ONE. (2012) 7:e42703. doi: 10.1371/journal.pone.0042703

 73. Lu JJ, Chen SM, Zhang XW, Ding J, Meng LH. The anti-cancer activity of dihydroartemisinin is associated with induction of iron-dependent endoplasmic reticulum stress in colorectal carcinoma HCT116 cells. Invest New Drugs. (2011) 29:1276–83. doi: 10.1007/s10637-010-9481-8

 74. Hogarth P. Neurodegeneration with brain iron accumulation: diagnosis and management. J Mov Disord. (2015) 8:1–13. doi: 10.14802/jmd.14034

 75. Hayflick SJ, Westaway SK, Levinson B, Zhou B, Johnson MA, Ching KH, et al. Genetic, clinical, and radiographic delineation of Hallervorden-Spatz syndrome. N Engl J Med. (2003) 348:33–40. doi: 10.1056/NEJMoa020817

 76. Orellana DI, Santambrogio P, Rubio A, Yekhlef L, Cancellieri C, Dusi S, et al. Coenzyme A corrects pathological defects in human neurons of PANK2-associated neurodegeneration. EMBO Mol Med. (2016) 8:1197–211. doi: 10.15252/emmm.201606391

 77. Srinivasan B, Baratashvili M, van der Zwaag M, Kanon B, Colombelli C, Lambrechts RA, et al. Extracellular 4'-phosphopantetheine is a source for intracellular coenzyme A synthesis. Nat Chem Biol. (2015) 11:784–92. doi: 10.1038/nchembio.1906

 78. Rana A, Seinen E, Siudeja K, Muntendam R, Srinivasan B, van der Want JJ, et al. Pantethine rescues a Drosophila model for pantothenate kinase-associated neurodegeneration. Proc Natl Acad Sci USA. (2010) 107:6988–93. doi: 10.1073/pnas.0912105107

 79. Álvarez-Córdoba M, Fernández Khoury A, Villanueva-Paz M, Gómez-Navarro C, Villalón-García I, Suárez-Rivero JM, et al. Pantothenate rescues iron accumulation in pantothenate kinase-associated neurodegeneration depending on the type of mutation. Mol Neurobiol. (2019) 56:3638–56. doi: 10.1007/s12035-018-1333-0

 80. Jeong SY, Hogarth P, Placzek A, Gregory AM, Fox R, Zhen D, et al. 4′-Phosphopantetheine corrects CoA, iron, and dopamine metabolic defects in mammalian models of PKAN. EMBO Mol Med. (2019) 11:e10489. doi: 10.15252/emmm.201910489

 81. Orrell RW. Hypoprebetalipoproteinemia, acanthocytosis, retinitis pigmentosa, and pallidal degeneration (HARP syndrome). In: Kompoliti K, Verhagen L, editors. Encyclopedia of Movement Disorders. 1st ed. Academic Press (2010). p. 59–61.

 82. Balibar CJ, Hollis-Symynkywicz MF, Tao J. Pantethine rescues phosphopantothenoylcysteine synthetase and phosphopantothenoylcysteine decarboxylase deficiency in Escherichia coli but not in Pseudomonas aeruginosa. J Bacteriol. (2011) 193:3304–12. doi: 10.1128/JB.00334-11

 83. Elbaum D, Beconi MG, Monteagudo E, Di Marco A, Quinton MS, Lyons KA, et al. Fosmetpantotenate (RE-024), a phosphopantothenate replacement therapy for pantothenate kinase-associated neurodegeneration: mechanism of action and efficacy in nonclinical models. PLoS ONE. (2018) 13:e0192028. doi: 10.1371/journal.pone.0192028

 84. Christou YP, Tanteles GA, Kkolou E, Ormiston A, Konstantopoulos K, Beconi M, et al. Open-label fosmetpantotenate, a phosphopantothenate replacement therapy in a single patient with atypical PKAN. Case Rep Neurol Med. (2017) 2017:3247034. doi: 10.1155/2017/3247034

 85. Roa P, Stoeter P, Perez-Then E, Santana M. A pilot study of a potential phosphopantothenate replacement therapy in 2 patients with pantothenate kinase-associated neurodegeneration. Int J Rare Dis Orphan Drugs. (2017) 2:1006.

 86. Klopstock T, Escolar ML, Marshall RD, Perez-Dueñas B, Tuller S, Videnovic A, et al. The fosmetpantotenate replacement therapy (FORT) randomized, double-blind, placebo-controlled pivotal trial: study design and development methodology of a novel primary efficacy outcome in patients with pantothenate kinase-associated neurodegeneration. Clin Trials. (2019) 16:410–8. doi: 10.1177/1740774519845673

 87. Klopstock T, Videnovic A, Bischoff AT, Bonnet C, Cif L, Comella C, et al. Fosmetpantotenate randomized controlled trial in pantothenate kinase associated neurodegeneration. Mov Disord. (2020). doi: 10.1002/mds.28392. [Epub ahead of print].

 88. Retrophin. Retrophin Announces Topline Results from Phase 3 FORT Study of Fosmetpantotenate in Patients with PKAN. (2019). Available online at: http://ir.retrophin.com/news-releases/news-release-details/retrophin-announces-topline-results-phase-3-fort-study (accessed November 12, 2020).

 89. 7th International Symposium on NBIA & Related Disorders. Update on the CoA-Z Clinical Trial. (2020). Available online at: https://nbiascientificsymposium.org/04-hogarth (accessed November 12, 2020).

 90. Brunetti D, Dusi S, Giordano C, Lamperti C, Morbin M, Fugnanesi V, et al. Pantethine treatment is effective in recovering the disease phenotype induced by ketogenic diet in a pantothenate kinase-associated neurodegeneration mouse model. Brain. (2014) 137:57–68. doi: 10.1093/brain/awt325

 91. Di Meo I, Colombelli C, Srinivasan B, de Villiers M, Hamada J, Jeong SY, et al. Acetyl-4′-phosphopantetheine is stable in serum and prevents phenotypes induced by pantothenate kinase deficiency. Sci Rep. (2017) 7:11260. doi: 10.1038/s41598-017-11564-8

 92. Chang X, Zhang J, Jiang Y, Yao B, Wang J, Wu Y. Pilot trial on the efficacy and safety of pantethine in children with pantothenate kinase-associated neurodegeneration: a single-arm, open-label study. Orphanet J Rare Dis. (2020) 15:248. doi: 10.1186/s13023-020-01530-5

 93. Sharma LK, Subramanian C, Yun MK, Frank MW, White SW, Rock CO, et al. A therapeutic approach to pantothenate kinase associated neurodegeneration. Nat Commun. (2018) 9:4399. doi: 10.1038/s41467-018-06703-2

 94. Yale School of Medicine. Choukri Ben Mamoun, PhD, Wins Best Presentation in Yale Lifesciences Pitchfest 2020. (2021). Available online at: https://medicine.yale.edu/news-article/30235/ (accessed February 11, 2021).

 95. 7th International Symposium on NBIA & Related Disorders. Status of PKAN Gene Therapy. (2020). Available online at: https://nbiascientificsymposium.org/08-hayflick (accessed November 12, 2020).

 96. Burke JE, Dennis EA. Phospholipase A2 biochemistry. Cardiovasc Drugs Ther. (2009) 23:49–59. doi: 10.1007/s10557-008-6132-9

 97. Kinghorn KJ, Castillo-Quan JI. Mitochondrial dysfunction and defects in lipid homeostasis as therapeutic targets in neurodegeneration with brain iron accumulation. Rare Dis. (2016) 4:e1128616. doi: 10.1080/21675511.2015.1128616

 98. Mori A, Hatano T, Inoshita T, Shiba-Fukushima K, Koinuma T, Meng H, et al. Parkinson's disease-associated iPLA2-VIA/PLA2G6 regulates neuronal functions and α-synuclein stability through membrane remodeling. Proc Natl Acad Sci USA. (2019) 116:20689–99. doi: 10.1073/pnas.1902958116

 99. Guo YP, Tang BS, Guo JF. PLA2G6-Associated Neurodegeneration (PLAN): review of clinical phenotypes and genotypes. Front Neurol. (2018) 9:1100. doi: 10.3389/fneur.2018.01100

 100. Walkley SU, Baker HJ, Rattazzi MC, Haskins ME, Wu JY. Neuroaxonal dystrophy in neuronal storage disorders: evidence for major GABAergic neuron involvement. J Neurol Sci. (1991) 104:1–8. doi: 10.1016/0022-510x(91)90208-o

 101. Altuame FD, Foskett G, Atwal PS, Endemann S, Midei M, Milner P, et al. The natural history of infantile neuroaxonal dystrophy. Orphanet J Rare Dis. (2020) 15:109. doi: 10.1186/s13023-020-01355-2

 102. Gregory A, Westaway SK, Holm IE, Kotzbauer PT, Hogarth P, Sonek S, et al. Neurodegeneration associated with genetic defects in phospholipase A(2). Neurology. (2008) 71:1402–9. doi: 10.1212/01.wnl.0000327094.67726.28

 103. Gregory A, Kurian MA, Maher ER, Hogarth P, Hayflick SJ. PLA2G6-associated neurodegeneration. 2008 Jun 19 [Updated 2017 Mar 23]. In: Adam MP, Ardinger HH, Pagon RA, et al., editors. GeneReviews®. Seattle, WA: University of Washington (1993–2020).

 104. Repetto M, Semprine J, Boveris A. Lipid peroxidation: chemical mechanism, biological implications and analytical determination. In: Catala A, editor. Lipid Peroxidation. IntechOpen (2012). Available online at: https://www.intechopen.com/books/lipid-peroxidation/lipid-peroxidation-chemical-mechanism-biological-implications-and-analytical-determination (accessed November 12, 2020).

 105. Beaudoin-Chabot C, Wang L, Smarun AV, Vidović D, Shchepinov MS, Thibault G. Deuterated polyunsaturated fatty acids reduce oxidative stress and extend the lifespan of C. elegans. Front Physiol. (2019) 10:641. doi: 10.3389/fphys.2019.00641

 106. Zesiewicz T, Heerinckx F, De Jager R, Omidvar O, Kilpatrick M, Shaw J, et al. Randomized, clinical trial of RT001: early signals of efficacy in Friedreich's ataxia. Mov Disord. (2018) 33:1000–5. doi: 10.1002/mds.27353

 107. Adams D, Dastgir J, Flora C, Molinari RJ, Heerinckx F, Milner PG, et al. Case Report: Expanded Access Treatment of an Infantile Neuroaxonal Dystrophy (INAD) Patient with a Novel, Stabilized Polyunsaturated Fatty Acid Drug. Poster. Available online at: https://static1.squarespace.com/static/549af14ae4b004237f7bb71a/t/5aecd02c1ae6cfc4a5e63273/1525469235665/AAN+2018+INAD+poster+4-24-2018.pdf (accessed November 12, 2020).

 108. Adams D, Midei M, Dastgir J, Flora C, Molinari RJ, Heerinckx F, et al. Treatment of Infantile Neuroaxonal Dystrophy with RT001: A di-Deuterated Ethyl Ester of Linoleic Acid: Report of Two Cases. IMD Reports (2020). p. 1–7. doi: 10.1002/jmd2.12116

 109. Clinical Trials. A Study to Assess Efficacy and Safety of RT001 in Subjects With Infantile Neuroaxonal Dystrophy. (2019). Available online at: https://clinicaltrials.gov/ct2/show/NCT03570931?cond=INAD&draw=2&rank=3 (accessed November 12, 2020).

 110. 7th International Symposium on NBIA & Related Disorders. Development and Progress of a Treatment Trial for Infantile Neuroaxonal Dystrophy with RT001D. (2020). Available online at: https://nbiascientificsymposium.org/25-fay (accessed November 12, 2020).

 111. Lin G, Lee PT, Chen K, Mao D, Tan KL, Zuo Z, et al. Phospholipase PLA2G6, a parkinsonism-associated gene, affects Vps26 and Vps35, retromer function, and ceramide levels, similar to α-synuclein gain. Cell Metab. (2018) 28:605–18.e6. doi: 10.1016/j.cmet.2018.05.019

 112. Clinical Trials. Desipramine in Infantile Neuroaxonal Dystrophy (INAD). (2018). Available online at: https://clinicaltrials.gov/ct2/show/NCT03726996?cond=INAD&draw=2&rank=2 (accessed November 12, 2020)

 113. Whaler S. Novel Therapeutic Strategies in NBIA: A Gene Therapy Approach for PLA2G6-Associated Neurodegeneration (dissertation). London: University College London (2018).

 114. 7th International Symposium on NBIA & Related Disorders. Therapeutic Approaches to Restore PLA2G6 Enzyme Function in INAD. (2020). Available online at: https://nbiascientificsymposium.org/24-kotzbauer (accessed November 12, 2020).

 115. Paudel R, Li A, Wiethoff S, Bandopadhyay R, Bhatia K, de Silva R, et al. Neuropathology of Beta-propeller protein associated neurodegeneration (BPAN): a new tauopathy. Acta Neuropathol Commun. (2015) 3:39. doi: 10.1186/s40478-015-0221-3

 116. Parzych KR, Klionsky DJ. An overview of autophagy: morphology, mechanism, and regulation. Antioxid Redox Signal. (2014) 20:460–73. doi: 10.1089/ars.2013.5371

 117. Saitsu H, Nishimura T, Muramatsu K, Kodera H, Kumada S, Sugai K, et al. De novo mutations in the autophagy gene WDR45 cause static encephalopathy of childhood with neurodegeneration in adulthood. Nat Genet. (2013) 45:445-9–449e1. doi: 10.1038/ng.2562

 118. Zhao YG, Sun L, Miao G, Ji C, Zhao H, Sun H, et al. The autophagy gene Wdr45/Wipi4 regulates learning and memory function and axonal homeostasis. Autophagy. (2015) 11:881–90. doi: 10.1080/15548627.2015.1047127

 119. Wan H, Wang Q, Chen X, Zeng Q, Shao Y, Fang H, et al. WDR45 contributes to neurodegeneration through regulation of ER homeostasis and neuronal death. Autophagy. (2020) 16:531–47. doi: 10.1080/15548627.2019.1630224

 120. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat Cell Biol. (2011) 13:132–41. doi: 10.1038/ncb2152

 121. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell. (2017) 168:960–76. doi: 10.1016/j.cell.2017.02.004

 122. Yoo YJ, Kim H, Park SR, Yoon YJ. An overview of rapamycin: from discovery to future perspectives. J Ind Microbiol Biotechnol. (2017) 44:537–53. doi: 10.1007/s10295-016-1834-7

 123. Arriola Apelo SI, Lamming DW. Rapamycin: an InhibiTOR of aging emerges from the soil of Easter Island. J Gerontol A Biol Sci Med Sci. (2016) 71:841–9. doi: 10.1093/gerona/glw090

 124. Bové J, Martínez-Vicente M, Vila M. Fighting neurodegeneration with rapamycin: mechanistic insights. Nat Rev Neurosci. (2011) 12:437–52. doi: 10.1038/nrn3068

 125. resTORbio. resTORbio Announces Initiation of Phase 1b/2a Trial of RTB101 in Parkinson's Disease. (2019). Available online at: https://ir.restorbio.com/news-releases/news-release-details/restorbio-announces-initiation-phase-1b2a-trial-rtb101/ (accessed July 20, 2020)

 126. Intrado Globe Newswire. resTORbio Announces Initiation of Phase 1b/2a Trial of RTB101 in Parkinson's Disease. (2019). Available online at: https://www.globenewswire.com/news-release/2019/04/02/1795088/0/en/resTORbio-Announces-Initiation-of-Phase-1b-2a-Trial-of-RTB101-in-Parkinson-s-Disease.html (accessed November 12, 2020).

 127. NBIA Disorders Association. Research Identifies Several Possible Drug Candidates for Treating BPAN. (2020). Available online at: https://www.nbiadisorders.org/images/newsletters/2020-oct-news.pdf (accessed November 12, 2020).

 128. NBIA Disorders Association. Study Sparks New Approach to BPAN Understanding and Treatment. (2020). Available online at: https://nbiadisorders.org/news-events/406-bpan-research-zhang (accessed November 12, 2020).

 129. Hartig MB, Iuso A, Haack T, Kmiec T, Jurkiewicz E, Heim K, et al. Absence of an orphan mitochondrial protein, c19orf12, causes a distinct clinical subtype of neurodegeneration with brain iron accumulation. Am J Hum Genet. (2011) 89:543–50. doi: 10.1016/j.ajhg.2011.09.007

 130. Venco P, Bonora M, Giorgi C, Papaleo E, Iuso A, Prokisch H, et al. Mutations of C19orf12, coding for a transmembrane glycine zipper containing mitochondrial protein, cause mis-localization of the protein, inability to respond to oxidative stress and increased mitochondrial Ca2+. Front Genet. (2015) 6:185. doi: 10.3389/fgene.2015.00185

 131. Marchi S, Patergnani S, Pinton P. The endoplasmic reticulum-mitochondria connection: one touch, multiple functions. Biochim Biophys Acta. (2014) 1837:461–9. doi: 10.1016/j.bbabio.2013.10.015

 132. Area-Gomez E, Schon EA. Mitochondria-associated ER membranes and Alzheimer disease. Curr Opin Genet Dev. (2016) 38:90–6. doi: 10.1016/j.gde.2016.04.006

 133. Iuso A, Sibon OC, Gorza M, Heim K, Organisti C, Meitinger T, et al. Impairment of Drosophila orthologs of the human orphan protein C19orf12 induces bang sensitivity and neurodegeneration. PLoS ONE. (2014) 9:e89439. doi: 10.1371/journal.pone.0089439

 134. Zanardi A, Conti A, Cremonesi M, D'Adamo P, Gilberti E, Apostoli P, et al. Ceruloplasmin replacement therapy ameliorates neurological symptoms in a preclinical model of aceruloplasminemia. EMBO Mol Med. (2018) 10:91–106. doi: 10.15252/emmm.201708361

 135. Darras BT, Chiriboga CA, Iannaccone ST, Swoboda KJ, Montes J, Mignon L, et al. Nusinersen in later-onset spinal muscular atrophy: long-term results from the phase 1/2 studies. Neurology. (2019) 92:e2492–506. doi: 10.1212/WNL.0000000000007527

 136. Leavitt BR, Tabrizi SJ. Antisense oligonucleotides for neurodegeneration. Science. (2020) 367:1428–9. doi: 10.1126/science.aba4624

 137. Wan L, Dreyfuss G. Splicing-correcting therapy for SMA. Cell. (2017) 170:5. doi: 10.1016/j.cell.2017.06.028

 138. Day S, Jonker AH, Lau LPL, Hilgers RD, Irony I, Larsson K, et al. Recommendations for the design of small population clinical trials. Orphanet J Rare Dis. (2018) 13:195. doi: 10.1186/s13023-018-0931-2

 139. Beconi MG, Di Marco A, Monteagudo E, et al. RE-024, a phosphopantothenate replacement therapy for PKAN: mechanism of action and efficacy in nonclinical models. In: Proceedings of the ACMG Annual Clinical Genetics Meeting, March 2016. Tampa, FL (2016).

Conflict of Interest: TK served as coordinating investigator of the FORT trial; received research funding from Retrophin, Inc.; served as coordinating investigator of the deferiprone in PKAN randomized and extension trial; received research funding from ApoPharma Inc.; received support from the European Commission 7th Framework Programme (FP7/2007-2013, HEALTHF2-2011; Grant Agreement No. 277984, TIRCON) and from the European Reference Network for Rare Neurological Diseases (ERN-RND), co-funded by the European Commission (ERN-RND: 3HP 767231); provided consulting services to CoA Therapeutics, Comet Therapeutics, and Retrophin, Inc.; received travel support from ApoPharma Inc. SS was supported by the LMU Excellence Initiative, Braun Stiftung, Ara Parseghian Medical Research Foundation, and Stiftung Verum.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Iankova, Karin, Klopstock and Schneider. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Emerging Disease-Modifying Therapies in Neurodegeneration With Brain Iron Accumulation (NBIA) Disorders



		Introduction



		Iron and Iron Chelation Therapies



		Iron Chelation



		Iron Chelation for PKAN



		Iron Chelation in Other NBIA Subtypes



		What Conclusions Can Be Drawn for Iron Chelation as Treatment for NBIA?









		Activation of TfR1 Palmitoylation to Reduce Iron Overload









		Disease-Specific Treatments Based on Molecular Mechanisms of the NBIA Subtype



		PKAN



		Coenzyme A—The Direct Supplementation Approach



		Pantothenate—To Increase the Physiological Substrate



		Fosmetpantotenate—An Alternative Substrate



		4′-Phosphopantetheine—Another Alternative Substrate



		Pantethine—Another Alternative Substrate



		S- Acetyl-4′-Phosphopantetheine—Another Alternative Substrate



		Pantazines—Activation of Isoenzymes



		VTAC 1-9—Activation of Isoenzymes



		PANK2 Gene Therapy



		What Have We Learned From Research Efforts in PKAN?









		PLAN



		Deuterated Polyunsaturated Fatty Acids—Slowing Down Lipid Peroxidation



		Desipramine—Reduction of Ceramide Accumulation



		Gene Replacement Therapy



		Pharmacological Chaperons—Stabilizing Protein Folding of Mutant PLA2G6 Proteins



		Overexpression of C19orf12



		What Have We Learned From Research Efforts on PLAN?









		BPAN



		Activation of Autophagy



		ER Stress Inhibitor



		What Have We Learned From Research Efforts on BPAN?









		MPAN



		What Have We Learned From Research Efforts on MPAN?









		Aceruloplasminemia



		What Have We Learned From Research Efforts on Aceruloplasminemia?



















		Discussion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Emerging Disease-Modifying
Therapies in Neurodegeneration With
Brain Iron Accumulation (NBIA)
Disorders





OPS/images/fneur-12-629414-t001.jpg
Substance

All NBlAs
PKAN

Artesunate
Coenzyme A

Pantothenate

Fosmetpantothenate

4'-Phosphopantetheine

Pantethine

S-Acetyl-4'-

Phosphopantetheine

Pantazine
VIAC 1-9

AAVO-mediated gene

therapy

PLAN D-PUFAs

Desipramine

AAVQ.hSyn1.hPLA2GE

C19orf12

Overexpression (no

substance)
BPAN
inhibitor)
TUDGA
MPAN
compounds is
underway

Aceruloplasminemia  Ceruloplasmin

Rapamycin (MTOR

Testing of potential

Mechanism of action

Activation of TR1 palmitoylation

Direct supplementation

Increase of physiological substrate

Alternative substrate

Alternative substrate

Alternative substrate

Alternative substrate

Isoenzyme activation
Isoenzyme activation

Gene supplementation therapy

Inhibition of lipid peroxidation

Reduction of ceramide accumulation

Gene supplementation therapy
Overexpression of mitochondrial
membrane-associated protein

Autophagy activation

ER stress inhibition

Enzyme replacement therapy

Stage of development

Preclinical phase

Cell cuiture (8)
Cell culture, Drosophila
melanogaster, Caenorhabaitis
elegans (8, 76-78)

Cell cuiture, Drosophila
melanogaster, mouse model (78-80)
Cell culture (139)

Mouse model (80)

Mouse model (¢0), Drosophia
melanogaster (78)

Cell culture, Drosophia
melanogaster (91)

Cell uiture, mouse model (93)
Announced. No data published yet
©4

Mouse model. Announced. No data
published yet (25)

Cell culture, Drosophia
nmelanogaster model (97)

Drosophila melanogaster model
(111)

Mouse model (113)
Drosophila melanogaster model (98)
Mouse model (119)

Mouse model (119)

Mouse model (134)

Clinical study, RCT Number, main
outcome

Phase Ill (86-88)
RCT Number: NCT03041116

No difference in mesting the primary
and secondary outcome measures
between the treatment and the placebo
group, extension phase

terminated early

Phase Il (89)

RCT Number: NCT04182763

currently recruiting

Phase Il (92)

No improvement of motor symptoms.

Phase II/lll (109, 110)

RCT Number: NCT03570931
Still active, no resuts yet
Phase IV (112)

RCT Number: NCT03726996
Still active, no resuls yet

RCT, registered cliical trial number; RCT, registered clinical trial number; NBIA, Neurodegeneration with brain iron accumulation; PKAN, Pantothenate kinase-associated
neurodegeneration; PLAN, Phospholipase A2 group VI (PLA2G6)-associated neurodegeneration; BPAN, Beta-propeller protein-associated neurodegeneration; MPAN, Mitochondial
membrane protein-associated neurodegeneration; TiR1, Transferrin receptor protein 1; D-PUFA, Deuterated polyunsaturated fatty acids; AAVO.hSyn1.hPLA2G, Adeno-associated
virus vector with a healthy PLA2G6 copy; mTOR, mammalian target of rapamycin; TUDCA, Tauroursodeoxycholic acid.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





