1. Publishable final executive summary
X-ALD is the most common (1:18,000) monogenetic disorder affecting the myelin within the central nervous system (CNS). It affects boys (between 5-12 years), adult males (20-50 years), and women (> 40 years). All forms of X-ALD are characterised by neurological abnormalities, which in the severe variant result in early death. X-ALD is characterised biochemically by the accumulation of fatty acids with more than 22 carbon atoms (very long-chain fatty acids; VLCFA); but the role of VLCFA accumulation in the pathophysiology of the disease remains unknown.
The gene affected in X-ALD, ALD (ABCD1, current nomenclature), codes for a protein that is probably involved in the transport of VLCFA into a specific intracellular organelle, called the peroxisome. The ALD protein (ALDP) is an ATP-binding-cassette (ABC ) half-transporter, which forms homodimers or possibly heterodimers with either of two other peroxisomal ABC half-transporters, ALD-related protein (ALDRP, ABCD2) and PMP70 (ABCD3). Like other ABC transporters, ALDP binds and hydrolyses ATP to drive transport. VLCFA are considered good candidate substrates for transport across the peroxisomal membrane by the ALD protein, but proof of such transport has yet to be demonstrated. To this end, the group of Prof. Ron Wanders at the Academic Medical Center in Amsterdam has developed a new system in which the properties of ALDP can be studied under in vivo conditions making use of baker’s yeast (S. cerevisiae) as well as an in vitro system in which the properties of ALDP can be studied in artificial proteoliposomes.
Using a new strategy based on the notion that the preferred codon usage of S. cerevisiae is different from that of higher eukaryotes like H. sapiens, we were finally successful in expressing human ALDP in S. cerevisiae. Expression of the HsABCD1 cDNA in Δpxa1/pxa2 cells, which are disturbed in oleate β-oxidation, led to correction of both oleate β-oxidation per se as well as growth on oleate-containing medium. These data imply that homodimeric (ALDP-ALDP) ALDP is able to catalyze the transport of oleoyl-CoA across the peroxisomal membrane, just like the Pxa1p/Pxa2p heterodimer. The finding that the Δpxa1/pxa2-HsABCD1 strain is not only able to oxidize oleate but also a range of other fatty acids, implies that the ALDP homodimer accepts a broad range of acyl-CoA esters. In order to generate definitive evidence for the postulation that ALDP transports acyl-CoA esters, liposome experiments have been performed using peroxisomes, either isolated from different yeast mutants or from tissues taken from different mutant mice including the Abcd1(-/-) mouse. The experiments have shown that proteoliposomes prepared from peroxisomes prepared from wild type S. cerevisiae are able to transport acyl-CoA esters as shown for lauroylCoA (C12:CoA). Importantly, transport was deficient when proteoliposomes were prepared from peroxisomes isolated from the Δpxa1/pxa2 strain. Taken together, the data, generated by Prof. Wander’s group, give credit to the idea that ALDP in its homodimeric form is able to transport acyl-CoA esters across the peroxisomal membrane, although the precise substrate specificity remains to be clarified.
Although being a monogenic disorder, X-ALD shows wide phenotypic variation even within families. There is no obvious correlation between the phenotype and the levels of VLCFA in fibroblasts or plasma of X-ALD patients. This phenotypic variability ranges from severe cerebral forms that lead to death in 5 to12-year-old boys (CCER) to mild paraparesis (adrenomyeloneuropathy, AMN) in adults at 25-50 years of age. It is hypothesised that the expression of "modifier" genes and/or epigenetic factors
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contributes to the susceptibility or resistance to develop cerebral demyelination in X-ALD patients. Under the direction guidance of Prof. Patrick Aubourg (INSERM U745, Paris, France), a database of 377 well phenotyped ALD patients comprising 140 CCER (< 12 y), 92 AMN (> 45 y), 65 AMN-Cer and 80 AMN (20-45 y) has been constituted. DNA samples from 82 CCER and 84 AMN (unrelated ALD patients with “extreme phenotype”) have been used to perform association studies against selected candidate genes and 317,000 single nucleotide polymorphisms (SNPs) covering the whole genome. For the candidate gene approach, ABCD4, which belongs to the same gene family as ABCD1 (ALD), was identified as a gene whose expression is correlated with phenotype/disease severity in the normal white matter of X-ALD patients. Seven TagSNPs (0.5%, r2 > 0.85) of the ABCD4 gene were used for association studies. No individual variant of the ABCD4 gene was found to be associated with a particular phenotype. However, the combination of 2 haplotypes (combinatory test, Famhap) was associated with risk to develop cerebral CNS demyelination (p < 0.005). A 68-bp insertion in the coding region of the cystathionine beta-synthase gene (CBS) was reported to be associated with the absence of CCER and AMN-Cer in a population of 86 German ALD patients (Linnebank et al, Mutation in brief 2006). Our data obtained in a larger population of ALD patients did not confirm that this variant of the CBS gene protects against CNS demyelination. The delta 32 variant of the chemokine receptor 5 (CCR5) gene was found to be associated with CNS demyelination in a distinct population of ALD patients by contractor 1 and is currently being studied in our ALD population. Also the variants of GRIN2C (NMDAR2C), ELOVL1 and CX3CR1 are currently being studied using the same strategy as for ABCD4. In addition, a whole genome scan using 317,000 SNPs is being done in 166 unrelated ALD patients with “extreme phenotype”, in collaboration with Prof. Mark Lathrop (Centre National de Génotypage, France). The results of these studies should be available in July 2007. If successful, the identification of modifier genes would allow preventive and phenotype-adapted treatments for individual X-ALD patients and would constitute a rationale for proposing genetic screening at birth.
Among the neurometabolic diseases, X-ALD is unique by the occurrence of a striking brain inflammatory response that resembles, but is distinct from, that observed in multiple sclerosis. This immunological response is the main neuropathological factor that seems to differentiate the severe cerebral forms of X-ALD from AMN. To gain additional insights in the pathomechanism of X-ALD, we investigated dysregulation at the transcriptomic level in X-ALD patients presenting a wide spectrum of severity (from CCER to AMN) and in the mouse model of the disease. Indeed, we have performed microarray experiments with spinal cords of X-ALD mice at two different time points, 12 months of age, just prior to disease onset, and at 22 months of age, when disease is well established. Several pathways have been identified, including Oxidative phosphorylation, Chemokine signaling, IL-6 signaling and B cell receptor. Validating these data, we have demonstrated that components of the five complexes of the electron transport chain are downregulated at the protein level, and that oxidative lesion is present in mouse spinal cords. Also, the VLCFA C26:0 is able to induce free radical release in human fibroblasts, thus indicating a toxic effect of the metabolite that accumulates due to defective function of ABCD1.
In human ALD patients, 265 genes belonging to 28 networks were found to be differentially expressed at the same levels in CCER and AMN-Cer; 60 genes belonging to 8 networks were
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differentially expressed in CCER and AMC-C; 93 genes were differentially expressed in CCER but not in AMN-Cer, while 56 genes were differentially expressed in AMN-Cer but not in CCER. With reference to studies performed in spinal cord of the Abcd1-deficient mouse (by Aurora Pujol’s group), 24/144 genes involved in the oxidative phosphorylation pathway were also down-regulated in human ALD. Most of the genes that are differentially expressed in human and murine X-ALD are involved in oxidative stress, inflammatory-immunologic processes, chemokines, cholesterol/ lipid metabolism, glutamate-mediated exitotoxicity and signal transduction. These results have allowed to identify new pathways relevant to disease pathogenesis and to identify new candidate modifier genes or prognostic markers for the disease that may prove to be useful as diagnostic tools.
Targeted inactivation of the Abcd1 (Ald) gene in mice leads to the characteristic accumulation of VLCFA seen in human X-ALD patients but only partly replicates the clinical symptoms. Features of cerebral ALD (inflammation and demyelination of the brain) are not observed in these mice. However, late in life they develop neurodegenerative changes in spinal cord and sciatic nerve with resemblance to AMN, thus providing a valuable model for exploring the pathogenesis of this variant of X-ALD. Studies by the groups around Prof. Aurora Pujol (Centre de Genetica Medica i Molecular, Barcelona, Spain) and Prof. Johannes Berger (Center for Brain Research, Medical University of Vienna, Austria) on the mechanisms eventually leading to axonal degeneration and myelin instability in the spinal cord have revealed microglia activation and slow burning axonopathy, possibly due to defective axonal transport, detectable prior to myelin degeneration. However, studies of mice with targeted inactivation of both Abcd1 and myelin-associated glycoprotein (Mag) revealed that Abcd1-deficiency contribute to some rather early myelin abnormalities. In addition, evidence of dysregulated cholesterol metabolism were obtained in peripheral tissue of Abcd1-deficient mice.
We also attempted to expand the phenotypic spectrum and increase the utility of mice as a model for X-ALD. Addressing whether functional back-up by the Aldr protein accounts for the mild phenotype in the Abcd1-deficient mouse, Abcd2 (Aldr) and Abcd1/Abcd2 double-deficient mice were generated in the laboratories of Prof. Aurora Pujol and Prof. Johannes Berger in collaboration with Prof. Klaus Nave (Max-Plank Institute for Experimental Medicine, Göttingen, Germany). While transgenic overexpression of Abcd2 compensates for loss of Aldp, targeted inactivation of Abcd2 does not cause VLCFA accumulation in the brain and double mutants exhibit similar levels of VLCFA as Abcd1-deficient mice. Nevertheless, the Abcd1/Abcd2 double mutants develop a more severe AMN-like neurological phenotype at the histological, behavioural and electro-physiological levels, but no signs of cerebral demyelination and inflammation. Thus, Abcd2 is not a protective modifier of the cerebral inflammatory phenotype in mice, but its inactivation causes sensory motor deficits and accelerated neurodegeneration in the spinal cord and dorsal root ganglia. For evaluation of therapeutic approaches for X-ALD, the Abcd1/Abcd2 double mutant represents a valuable addition because of the earlier onset and more severe disease phenotype. So far, all attempts to induce spontaneous cerebral demyelination in Abcd1-deficient mice have failed. Neither elimination of potential compensation by Abcd2, nor the switch of background strain (C57BL/6, BALB/c, SJL or Swiss OF1), nor constitutively increased expression of TNFα in oligodendrocytes of X-ALD mice precipitated this condition. Taken together, these observations indicate that mice are resistant to develop inflammatory demyelination in the context of Abcd1-deficiency, implicating species differences
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in some intrinsic factor that is involved in the destructive cascade that operates in the cerebral forms of human X-ALD.
The only therapeutic approach proven to be beneficial in X-ALD is allogenic hematopoietic stem cell (HSC) transplantation, which can reverse or stabilise cerebral demyelination when the procedure is performed in boys at an early stage. However, this procedure is associated with a significant mortality risk (10-25% in children and 30% in adults) and can only be offered to a limited number of X-ALD patients. Thus, there is no treatment for the majority of X-ALD patients, in particular those with the severe cerebral form of X-ALD or adults with AMN. Three different novel therapeutic approaches are targeted within this project: gene therapy using lentiviral vectors by the group around Prof. Patrick Aubourg (INSERM U745, Paris, France); autologous mesenchymal stem cell therapy by CellMed AG (Alzenau, Germany) and pharmacological gene therapy based on the transcriptional induction of the ABCD2 gene as a substitute for ABCD1 by Prof. Johannes Berger and coworkers (Center for Brain Research, Medical University Vienna, Austria). For all three approaches significant progress has been made. One therapeutic approach developed by Prof. Patrick Aubourg relies on the auto-transplantation of HSC that have been genetically corrected ex vivo using a lentiviral vector derived from HIV1 virus and expressing the ALD gene. Replicating competent lentivirus (RCL) tests have been developed and validated for clinical application to demonstrate the safety of genetically modified HSCs prior to injection. A procedure allowing to transfer the ALD gene into human X-ALD HSCs under conditions that will be used for the clinical trial has been developed. These conditions includes a limitation of vector MOI (multiplicity of infection) to limit the risk of insertion mutagenesis The approval to start a HSC gene therapy trial in the cerebral form of ALD was obtained in January 2006 from AFSSAPS (the French Health Products Safety Agency). Up to now, 2 ALD patients have been enrolled in this trial and treated. In both cases, transduced HSC from the ALD patients showed the absence of RCL and were therefore re-injected into the patients who underwent full myeloablation. Up to now (6 months for the first treated patient, 2 months for the second treated patient), RCL are negative in the peripheral mononuclear white blood cells attesting for the safety of the lentiviral vector used in this trial.
Mesenchymal stem cells (MSCs) are multipotent cells, which can be isolated from bone marrow or fat tissue. They have the potential to differentiate into mesodermal (bone, cartilage, tendon, fat, muscle and marrow stroma) and also neuroectodermal cell types. For X-ALD patients ex vivo gene correction of their autologous MSCs and reinfusion seems to be a promising cell-based therapeutic strategy. For ex vivo gene correction of the ABCD1 defect a humanized plasmid vector has been constructed. This vector is depleted of viral sequences, known to be targets of gene silencing in vivo, and contains a mammalian ubiquitin promoter for long-term gene expression. Key specifications for clinical use of mesenchymal stem cells are GMP compliance for the isolation and cultivation process. Media and ancillary materials have been found, which are free of animal-derived components to avoid viral contamination of the transplant. Isolation procedures and culture conditions have been established using autologous platelet concentrate and plasma in combination with a commercial low protein medium. This medium is an ideal alternative for state of the art procedures based on the fetal calf serum to support MSC expansion. Standard operation procedures are in place for the isolation and expansion of the cells in a clean room environment according to GMP guidelines.
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Overexpression of the ALD-related (ABCD2) gene has been shown to normalise the biochemical defect both in X-ALD fibroblasts and in Abcd1-deficient mice, where it also rescues the late-onset neurological phenotype. However, at the intrinsic level of expression, ABCD2 apparently does not compensate for ABCD1-deficiency in X-ALD patients. The reason for this might be the complementary expression patterns of ABCD1 and ABCD2 and that a low level of ABCD2 expression is insufficient to compensate for the loss of ALD protein in disease-relevant cell types. Thus, induction of ABCD2 expression could represent a novel therapeutic strategy for X-ALD. Detailed studies of the human and murine ABCD2 promoters as well as of the expression patterns of ABCD1 and ABCD2 in different human tissues have led to the identification and characterisation of several regulatory elements in the ABCD2 promoter. Selected compounds have been identified that could potentially relieve repression of the ABCD2 gene, and a first pilot clinical trial has been started for valproic acid, which acts as a histone deacetylase inhibitor. Valproic acid is a well characterized drug that crosses the blood-brain-barrier and is active in the CNS with limited and well-known secondary effects.
To summarize, we have made substantial progress in the understanding of the pathogenic mechanisms leading to X-ALD, in the identification of candidates for modifier genes that could account for the phenotypic variability, in the expansion and characterization of the X-ALD mouse models, and most importantly, in the further development of novel therapeutic approaches for X-ALD. With respect to gene therapy, this project has moved even beyond the original scope to the first clinical application of gene therapy in X-ALD. We expect a major impact of the work carried out in this project with regard to future therapeutic treatment of X-ALD patients within the next 10 years.
The EU-project X-ALD (LSHM-CT2004-502987) was coordinated by Prof. Dr. Johannes Berger, Medical University Vienna, Center for Brain Research, Spitalgasse 4, A-1090 Vienna, Austria. More information on X-ALD can be found at the internet site www.x-ald.nl maintained by Stephan Kemp at the Academic Medical Center in Amsterdam, Netherlands.
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