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Prion diseases are fatal neurodegenerative infectious disorders for which no therapeutic or prophylactic regimens exist. Our work aims to eliminate PrP c as substrate for the conversion into PrP Sc and to increase the cellular clearance capacity of PrP Sc . In order to achieve the first objective, we used chemical compounds which interfere with the subcellular trafficking of PrP c , e.g. by intracellular re-routing. Recently, we found that PrP c requires cholesterol for cell surface localization. Treatment with mevinolin significantly reduced the amount of cell-surface PrP c and led to its accumulation in the Golgi compartment. These data show that cholesterol is essential for the cell surface localisation of PrP c , which is in turn known to be necessary for the formation of PrP Sc . Another anti-prion strategy uses RNA and peptide aptamers directed against PrP c . We have selected peptide aptamers using a constrained peptide library presented on the active-site loop of the E. coli protein TrxA in a Y2H screen. Several peptides reproducibly binding to PrP c in several assays were identified.

Preliminary data indicate that selected peptide aptamers are able to interfere with prion propagation in prion-infected cells. To obtain additive effects we have tried to clarify cellular mechanisms that enable cells to clear prion infectivity. This goal was achieved by selective interference in intracellular signalling pathways which apparently also increase the cellular autophagy machinery. Finally, we have tried to establish an active auto-vaccination approach directed against PrP, which gave some positive preliminary results in the mouse system. This might open the door to classical immunological interference techniques.

Introduction

The elucidation of the cellular metabolism and the trafficking of the cellular prion protein (PrP c ) remains a fundamental target for developing therapeutic and prophylactic strategies against prion diseases. Since the central nervous system suffers severe damage during the course of TSEs even in the early clinical phase of the disease, treatments become of value especially when prion infection arises from peripheral sites in the body. This is the case when accumulation and replication of the infectious agent are also seen before neuroinvasion, particularly in the lymphoreticular system. The recent studies assessing the role of the immune system in prion diseases [START_REF] Klein | A crucial role for B cells in neuroinvasive scrapie[END_REF][START_REF] Klein | Complement facilitates early prion pathogenesis[END_REF][START_REF] Mabbott | Temporary depletion of complement component C3 or genetic deficiency of C1q significantly delays onset of scrapie[END_REF] have led to promising vaccination strategies against prion infection (Gilch et al., 2003;[START_REF] Heppner | Prevention of scrapie pathogenesis by transgenic expression of anti-prion protein antibodies[END_REF][START_REF] Peretz | Antibodies inhibit prion propagation and clear cell cultures of prion infectivity[END_REF][START_REF] Weissmann | Prions and the lymphoreticular system[END_REF][START_REF] White | Monoclonal antibodies inhibit prion replication and delay the development of prion disease[END_REF].

Other anti-prion approaches have targeted the cellular prion protein with the aim of stabilising its conformation, thereby inhibiting initial conformational changes leading to conversion to its infectious isoform (PrP Sc ). Different strategies were designed to enhance PrP Sc degradation or to prevent interaction between the cellular and the pathogenic molecules, one of the key events in prion biogenesis. These substances should prolong the incubation time and decelerate the pace of the disease. Among them, Congo red [START_REF] Caughey | Potent inhibition of scrapie-associated PrP accumulation by congo red[END_REF][START_REF] Caughey | Sulfated polyanion inhibition of scrapie-associated PrP accumulation in cultured cells[END_REF], polyene antibiotics [START_REF] Adjou | Differential effects of a new amphotericin B derivative, MS-8209, on mouse BSE and scrapie: implications for the mechanism of action of polyene antibiotics[END_REF][START_REF] Adjou | MS-8209, a water-soluble amphotericin B derivative, affects both scrapie agent replication and PrPres accumulation in Syrian hamster scrapie[END_REF], anthracycline derivatives [START_REF] Tagliavini | Effectiveness of anthracycline against experimental prion disease in Syrian hamsters[END_REF], sulphated polyanions [START_REF] Caughey | Sulfated polyanion inhibition of scrapie-associated PrP accumulation in cultured cells[END_REF][START_REF] Shyng | Sulfated glycans stimulate endocytosis of the cellular isoform of the prion protein, PrPC, in cultured cells[END_REF], porphyrins [START_REF] Priola | Porphyrin and phthalocyanine antiscrapie compounds[END_REF] and branched polyamines [START_REF] Supattapone | Branched polyamines cure prion-infected neuroblastoma cells[END_REF] have been shown to prolong the survival time of scrapie-infected animals, to transiently reduce brain infectivity, or to inhibit PrP Sc accumulation in cell culture models. The effects of some of these agents result primarily from their ability to interfere with the trafficking of PrP c [START_REF] Shyng | Sulfated glycans stimulate endocytosis of the cellular isoform of the prion protein, PrPC, in cultured cells[END_REF]. 4

Targeting PrP c for inhibition of prion conversion: Suramin and its derivatives as antiprion compounds

In line with the above-mentioned studies, we worked with different classes of compounds that were shown to inhibit PrP Sc accumulation in cell culture and in in vivo models by targeting different moments in PrP Sc synthesis and metabolism. Among these compounds, the naphthylurea polysulphonated aromatic drug suramin, a urea derivative, and a number of related compounds were tested as a potential class of new anti-prion molecules, and the molecular mechanisms underlying these effects were analysed [START_REF] Gilch | Intracellular re-routing of prion protein prevents propagation of PrP(Sc) and delays onset of prion disease[END_REF][START_REF] Gilch | Recognition of lumenal prion protein aggregates by post-ER quality control mechanisms is mediated by the preoctarepeat region of PrP[END_REF][START_REF] Nunziante | Charged bipolar suramin derivatives induce aggregation of the prion protein at the cell surface and inhibit PrPSc replication[END_REF]. Suramin was initially developed to treat trypanosomiasis [START_REF] Dressel | Discovery of Germanin[END_REF] and has previously been tested in a hamster scrapie model for anti-prion effects [START_REF] Ladogana | Sulphate polyanions prolong the incubation period of scrapieinfected hamsters[END_REF]. The compound is known to downregulate surface proteins and to interfere with the oligomerisation state of certain proteins (for review see [START_REF] Stein | Cell surface binding and cellular internalization properties of suramin, a novel antineoplastic agent[END_REF]. We showed that suramin interferes with the folding of mature complex-glycosylated PrP c in a post-ER/Golgi compartment leading to its aggregation. The further trafficking of the misfolded, full-length PrP molecules to the outer leaflet of the plasma membrane is therefore prevented and the compartments of PrP Sc conversion bypassed.

Hence, PrP aggregates are efficiently re-targeted to acidic compartments for intracellular degradation. In contrast to PrP Sc in prion-infected cells, PrP aggregates formed in the presence of suramin do not accumulate, are sensitive to proteolytic digestion, and are not infectious.

The change in the folding state of PrP c induced by suramin and the consequent aggregation seems to activate a novel Golgi/TGN-based cellular quality control mechanism for the cellular prion protein [START_REF] Ellgaard | Setting the standards: quality control in the secretory pathway[END_REF]. Proteins that are labelled as "misfolded" are ready for lysosomal transport and are subsequently efficiently degraded. When tested in mice for its prophylactic effect after intraperitoneal infection with scrapie prions, peripheral application of suramin around the time of inoculation significantly delays the onset of prion disease.

Suramin-induced intracellular re-routing can therefore be used for prophylactic approaches 5 against prion diseases in vivo. The high and persistent blood concentrations that can be achieved by suramin application might result in a transient and therefore conditioned knockout of peripheral surface PrP c , thereby eventually preventing the replication and/or the transport of pathological prions to the central nervous system. Our data also demonstrate that insolubility of PrP in non-ionic detergents, its relative PK resistance and the formation of infectious PrP Sc are clearly distinct entities which can co-exist within a scrapie-infected cell and suggest that cellular quality control mechanisms can play a protective role against the formation of infectious prions. This might be of special interest for the pathogenesis of sporadic prion diseases and might also be relevant in a more general scenario for other cellular proteins that are hallmarks of the pathogenesis of a variety of neurodegenerative disorders.

Our findings raise the possibility that suramin alone or in combination with other drugs could be used for prophylactic purposes, especially in cases of unintentional or accidental exposure to prions. Further analysis using PrP deletion mutants highlighted that the intracellular re-routing phenotype, but not aggregation, is mediated by the N-terminal PrP (aa 23-90) and, more precisely, by the pre-octarepeat domain (aa 23-50) [START_REF] Gilch | Recognition of lumenal prion protein aggregates by post-ER quality control mechanisms is mediated by the preoctarepeat region of PrP[END_REF].

Chimeric proteins containing the N-terminus of PrP c do not aggregate and are not re-targeted upon treatment of cells with suramin, indicating that the N-terminus is only active in rerouting when prion protein aggregation occurs. Interestingly, the re-targeting phenotype can be re-established by inserting a region of similar primary structure contained in the PrP paralogue prnd/doppel (aa 27-50) into N-terminally deleted PrP c . These data reveal an important role for the conserved pre-octarepeat region of PrP, namely controlling the intracellular trafficking of misfolded PrP.

With the aim of better elucidating action mechanisms and molecular requirements underlying effective clearance of persistently prion infected cells by suramin, we undertook the screening of a larger number of polyanionic compounds with aromatic molecular structure 6 closely related to suramin [START_REF] Nunziante | Charged bipolar suramin derivatives induce aggregation of the prion protein at the cell surface and inhibit PrPSc replication[END_REF]. These derivatives have been studied for their anti-angiogenic activity [START_REF] Stein | Suramin: a novel antineoplastic agent with multiple potential mechanisms of action[END_REF], and are known to interfere with signal transduction pathways [START_REF] Kassack | Functional screening of G protein-coupled receptors by measuring intracellular calcium with a fluorescence microplate reader[END_REF][START_REF] Mccain | Suramin derivatives as inhibitors and activators of protein-tyrosine phosphatases[END_REF]. When applied on prion infected neuronal cells, only compounds containing symmetric aromatic sulfonic acid substitutions inhibited the de novo synthesis of PrP Sc and induced PrP molecules to form aggregates which were rapidly degraded by the cells. These effects correlated with direct binding to PrP at the cell surface (as seen in in vitro studies with recombinant PrP) and can be explained either by a cross-linking mechanism, as previously described for PrP-antibodies [START_REF] Enari | Scrapie prion protein accumulation by scrapieinfected neuroblastoma cells abrogated by exposure to a prion protein antibody[END_REF]Gilch et al., 2003;[START_REF] Peretz | Antibodies inhibit prion propagation and clear cell cultures of prion infectivity[END_REF], or by a change in the folding of PrP c . Binding of suramin derivatives to PrP molecules would thereby hinder the docking of PrP Sc or that of a cofactor critical for the conversion of PrP c to PrP Sc , deterring the essential substrate for prion propagation. Of note, plasma membrane localisation of PrP c seems to be mandatory for the inhibitory activity created by such drugs. Our data reveal an anti-prion effect mechanism different from those characterising other sulphated polyanions that depend on the presence of the symmetric anionic structure of these molecules.

It will be necessary to test their prophylactic and therapeutic potential in in vivo scenarios, especially taking into consideration the involvement of PrP c in signalling pathways and the fact that cross-linking PrP c in vivo was found to trigger apoptosis in hippocampal and cerebellar neurons [START_REF] Mouillet-Richard | Signal transduction through prion protein[END_REF][START_REF] Solforosi | Cross-Linking Cellular Prion Protein Triggers Neuronal Apoptosis in Vivo[END_REF]. The pronounced inhibitory effect of suramin derivatives on prion conversion seen in cell culture models and the availability of an enormous number of related substances make these compounds attractive candidates for further studies.

Studying cellular cholesterol metabolism to inhibit prion formation

Numerous studies have shown that both isoforms of the prion protein are associated with lipid rafts, membrane microdomains (DRMs) enriched in cholesterol and sphingolipids [START_REF] Gorodinsky | Glycolipid-anchored proteins in neuroblastoma cells form detergent-resistant complexes without caveolin[END_REF][START_REF] Taraboulos | Cholesterol depletion and modification of COOH-terminal targeting sequence of the prion protein inhibit formation of the scrapie isoform[END_REF][START_REF] Vey | Subcellular colocalization of the cellular and scrapie prion proteins in caveolae-like membranous domains[END_REF][START_REF] Sarnataro | PrPC is sorted to the basolateral membrane of epithelial cells independently of its association with rafts[END_REF]. Although the exact cellular compartment of prion synthesis remains to be established, localization of PrP at the plasma membrane seems to be mandatory for this process.

Numerous studies hint at lipid rafts as possible sites of prion conversion or interaction between PrP c and PrP Sc [START_REF] Borchelt | Scrapie and cellular prion proteins differ in their kinetics of synthesis and topology in cultured cells[END_REF][START_REF] Caughey | Prion protein biosynthesis in scrapie-infected and uninfected neuroblastoma cells[END_REF][START_REF] Caughey | The scrapie-associated form of PrP is made from a cell surface precursor that is both protease-and phospholipase-sensitive[END_REF] and [START_REF] Prusiner | Prion protein biology[END_REF]. Generally, GPI-anchored proteins localise within these microdomains. Association with raft is enabled by the interaction of the GPI-anchor with membrane lipids or by the binding of a non-raft protein to a raft-resident protein [START_REF] Conese | Alpha-(2)-macroglobulin meceptor Ldl-receptorrelated-protein (Lrp)-dependent internalization of the urokinase receptor[END_REF]. Of note for PrP c , it has also been put forward that the N-terminal domain may contain an exoplasmic raft localization signal [START_REF] Walmsley | The N-terminal region of the prion protein ectodomain contains a lipid raft targeting determinant[END_REF]. Based on the importance of elucidating factors that influence the trafficking and the subcellular localisation of PrP c for understanding prion conversion [START_REF] Caughey | Prion protein biosynthesis in scrapie-infected and uninfected neuroblastoma cells[END_REF][START_REF] Caughey | The scrapie-associated form of PrP is made from a cell surface precursor that is both protease-and phospholipase-sensitive[END_REF] and [START_REF] Borchelt | Scrapie and cellular prion proteins differ in their kinetics of synthesis and topology in cultured cells[END_REF] and for discovering novel therapeutic strategies [START_REF] Cashman | Prion diseases -Close to effective therapy?[END_REF], we investigated the effect of metabolic inhibition of cholesterol synthesis by the HMG-CoA-reductase inhibitor mevinolin on PrP trafficking in neuronal cells able to propagate prions [START_REF] Solassol | Prion propagation in cultured cells[END_REF].

In previous studies, interference with raft formation/association of PrP either pharmacologically, by perturbation of cholesterol synthesis [START_REF] Taraboulos | Cholesterol depletion and modification of COOH-terminal targeting sequence of the prion protein inhibit formation of the scrapie isoform[END_REF][START_REF] Mange | Amphotericin B inhibits the generation of the scrapie isoform of the prion protein in infected cultures[END_REF][START_REF] Bate | Squalestatin cures prion-infected neurons and protects against prion neurotoxicity[END_REF], or by expression of transmembrane PrPs (Kaneko et al., 1997a;[START_REF] Taraboulos | Cholesterol depletion and modification of COOH-terminal targeting sequence of the prion protein inhibit formation of the scrapie isoform[END_REF], counteracted PrP Sc formation. It was assumed that upon dissociation from rafts, PrP localises in non-raft membrane compartments not eligible for prion conversion. In contrast, reduced sphingolipid content supports prion conversion [START_REF] Naslavsky | Sphingolipid depletion increases formation of the scrapie prion protein in neuroblastoma cells infected with prions[END_REF]. In addition, manipulation of cells with the cholesterol-binding agent amphotericin B indicates the importance of cholesterol for the prion conversion process [START_REF] Mange | Amphotericin B inhibits the generation of the scrapie isoform of the prion protein in infected cultures[END_REF]. The fundamental role played by cholesterol and rafts in PrP c /PrP Sc metabolism and trafficking seems to be specific to neuronal cells [START_REF] Paquet | Prion infection of epithelial Rov cells is a polarized event[END_REF][START_REF] Sarnataro | PrPC is sorted to the basolateral membrane of epithelial cells independently of its association with rafts[END_REF][START_REF] Uelhoff | A pathogenic PrP mutation and Doppel interfere with polarized sorting of the prion protein[END_REF]. Taken together, these results underline the importance of cholesterol, which participates in the maintenance of lipid rafts in prion conversion.

In our study, cholesterol depletion by mevinolin treatment hampered the secretory transport of PrP c to the cell surface [START_REF] Gilch | The prion protein requires cholesterol for cell surface localization[END_REF]. This leads to PrP c accumulation in the Golgi compartment. These results provide a new explanation for inhibition of prion conversion in cholesterol-depleted neuronal cells, namely, the lack of surface-located PrP c [START_REF] Gilch | The prion protein requires cholesterol for cell surface localization[END_REF]. Analysis of mutant PrPs highlights the importance of the GPI-anchor for raft localization and provides information about domains implicated in lipid raft association of PrP in the secretory pathway. Our data show that cholesterol is essential for the cell surface localization of PrP c , known to be necessary for prion conversion. Further analysis of PrP trafficking employing different PrP-mutants revealed that the GPI-anchor acts as a dominant signal for recruiting PrP into lipid rafts along the secretory pathway. All these investigations provide us with evidence that cholesterol is absolutely essential for the transport of PrP c to the cell surface in neuronal cells. In terms of the anti-prion effect, this finding is extremely important, since it elucidates the underlying mechanism and sheds new light on the role of cholesterol for PrP trafficking.

Signal transduction pathways as potential anti-prion targets

We have screened almost 50 prototype substances known to inhibit various signal transduction pathways in prion-infected cells for a potential effect on the PrP Sc content [START_REF] Ertmer | The tyrosine kinase inhibitor STI571 induces cellular clearance of PrPSc in prion-infected cells[END_REF]. Only one substance appeared to interfere with PrP Sc propagation without exhibiting any effect on the amount, the trafficking or the subcellular localization of PrP c . The inhibitor we identified was the tyrosine kinase inhibitor STI571, also known as Gleevec or imatinib mesylate. In prion-infected cells, STI571 cured the cells in a dose-and timedependent manner with an IC 50 below 1 mM. When we analysed the amount and subcellular distribution of PrP c , we found no difference between mock-treated cells and cells treated with STI571. PrP c was still localized at the cell surface and, in contrast to many other anti-prion compounds, did not form insoluble aggregates. Surprisingly, STI571 treatment did not inhibit the PrP Sc de novo generation, as revealed by metabolic labelling and immunoprecipitation experiments. In contrast, STI571 treatment accelerated the cellular degradation of PrP Sc and decreased its half-life, from the usual span of more than 24 hours, to about 9 hours. By inhibiting lysosomal degradation using ammonium chloride we were able to prevent the intracellular PrP Sc digestion induced by STI571, indicating that this compound triggers the lysosomal degradation of PrP Sc . The known targets of STI571 are the tyrosine kinases c-Abl, the PDGF receptor and c-Kit [START_REF] Buchdunger | Inhibition of the Abl protein-tyrosine kinase in vitro and in vivo by a 2phenylaminopyrimidine derivative[END_REF][START_REF] Heinrich | Inhibition of c-kit receptor tyrosine kinase activity by STI 571, a selective tyrosine kinase inhibitor[END_REF]. In order to identify the target kinase involved in the induction of PrP Sc degradation, we employed an inhibitor of PDGF receptor and c-Kit autophosphorylation (CT52923) [START_REF] Yu | Efficacy of the novel selective platelet-derived growth factor receptor antagonist CT52923 on cellular proliferation, migration, and suppression of neointima following vascular injury[END_REF]. When ScN2a cells were incubated with this compound, no effect on the amount of PrP Sc could be observed. Moreover, when ScN2a cells were treated with STI571 and in parallel were transiently transfected with a trans-dominant negative mutant of c-Abl, the degradation of PrP Sc induced by STI571 could be partially prevented. Similar results were obtained when using c-Abl targeting siRNA. Taken altogether, these findings indicate that the target involved in the increased lysosomal degradation of PrP Sc was the tyrosine kinase c-Abl. With STI571 we describe an example for a new class of compounds with a significant effect on PrP Sc in prion-infected cells. The drug has been developed and is successfully used for the treatment of chronic myeloid leukaemia (CML). It has also been prescribed against gastrointestinal stromal tumours caused by deregulation of c-Kit activity [START_REF] Sawyers | The nuclear tyrosine kinase c-Abl negatively regulates cell growth[END_REF]. In addition, it has been shown that STI571 inhibits β-amyloid production, suggesting that STI571 might also be a useful tool for the development of novel therapies against Alzheimer's disease [START_REF] Netzer | Gleevec inhibits beta-amyloid production but not Notch cleavage[END_REF].

A huge variety of compounds with anti-prion activity have already been identified.

Unfortunately, only a few drugs are effective against prion disease in mice. One prerequisite 10 for a substance with therapeutic effects is that it has to reach the CNS and therefore must cross the blood-brain barrier (Gilch and Schätzl 2003). In mice, about 2.8 % of orally administered STI571 is found in the cerebrospinal fluid [START_REF] Petzer | Low concentrations of STI571 in the cerebrospinal fluid: a case report[END_REF] and additionally, the biological half-life of STI571 on oral application in mice is less than 4 hours [START_REF] Le Coutre | In vivo eradication of human BCR/ABL-positive leukemia cells with an ABL kinase inhibitor[END_REF]. Since these amounts might not be sufficient to elicit a therapeutic anti-prion effect, the screening for more applicable STI571 derivatives which might overcome these problems, is desirable.

Most of the described anti-prion compounds interfere with the de novo synthesis of prions. For branched polyamines, however, it has been reported that they affect pre-existing PrP Sc and that they act in lysosomes. These studies also raise the possibility that lysosomal proteases normally degrade PrP Sc in cultured cells. The authors claimed that branched polyamines could render PrP Sc molecules protease-sensitive by dissociating PrP Sc aggregates or that they could facilitate the transport of PrP Sc from the membrane into secondary lysosomes [START_REF] Supattapone | Elimination of prions by branched polyamines and implications for therapeutics[END_REF][START_REF] Supattapone | Branched polyamines cure prion-infected neuroblastoma cells[END_REF][START_REF] Winklhofer | Cationic lipopolyamines induce degradation of PrPSc in scrapie-infected mouse neuroblastoma cells[END_REF].

Similarly, the two anti-prion compounds quinacrine and chloroquine were reported to act in lysosomes, eventually by raising the lysosomal pH [START_REF] Doh-Ura | Lysosomotropic agents and cysteine protease inhibitors inhibit scrapie-associated prion protein accumulation[END_REF]. STI571 also induces the lysosomal degradation of PrP Sc , probably by inhibiting the tyrosine kinase c-Abl, notably without influencing quantity, distribution and biochemical features of PrP c . Although the exact signalling pathways involved in this process need to be clarified, our results confirmed that PrP Sc can be degraded by lysosomal proteases.

Vaccination approach against prion disease

One of the most powerful regimens against infectious diseases is active immunization employing for example recombinantly expressed proteins or attenuated viruses as antigens. In prion diseases, this approach is hampered by the pronounced auto-tolerance against the selfprotein PrP. Therefore, the design of improved immunogens is crucial for the development of an effective active immunization strategy. In our experimental vaccination studies (Gilch et al., 2003), a novel antigen consisting of two covalently linked murine PrP molecules not containing N-and C-terminal signal peptides was introduced. This protein was recombinantly expressed in E. coli and purified by metal affinity chromatography. Upon immunization of PrP-expressing wild-type mice, high antibody titres could be achieved. The best results were obtained when CpG-rich oligonucleotides (CpG) were used as adjuvant. In order to prove the efficacy of the obtained antisera against PrP Sc , we used them for the treatment of persistently prion-infected cultured cells. The rate of PrP Sc de novo synthesis was analysed as a read-out.

Under our experimental conditions, more than 40 % of all tested antisera raised against dimeric PrP inhibited PrP Sc generation. Interestingly, the effects exerted on PrP Sc biogenesis did not directly correlate with the anti-prion titres of the sera. In contrast, only ~5 % of antisera obtained by immunization with monomeric PrP interfered with PrP Sc synthesis. In addition, when cells were treated with polyclonal mouse serum for a period of 7 days, PrP Sc was completely abolished and did not reappear after further cultivation for 7 days without antiserum. These results indicated that it is possible to overcome auto-tolerance against PrP in wild-type mice by using dimeric PrP as immunogen. Although antibody titres were also observed when monomeric PrP was used for immunization, these sera exhibited almost no effect on the de novo generation of PrP Sc .

In further experiments, we compared the efficacy of full IgG molecules and Fab fragments thereof, raised against either dimeric or monomeric PrP, in respect of their antiprion activity. Due to the high amount of sera necessary for the preparation of Fab fragments, rabbit sera were used. Long-term treatment revealed that only treatment with IgG molecules raised against dimeric PrP led to cross-linking and reduction of PrP c and cleared ScN2a cells from PrP Sc . Neither IgG obtained upon immunization with monomeric PrP nor any Fab fragments exhibited any effect on PrP Sc . In summary, we could confirm that antibodies raised against dimeric PrP have a superior anti-prion effect compared to antibodies raised against monomeric PrP. Furthermore, only full IgG exerted a significant effect on PrP Sc levels due to cross-linking of PrP c . When the epitopes recognized by dimer-induced mouse and rabbit sera were mapped, we found that residues 159-178 were the main targets, comprising a PrP region involved in PrP-PrP interactions or the binding of a cellular protein that supports prion conversion (Kaneko et al., 1997b;[START_REF] Horiuchi | Inhibition of interactions and interconversions of prion protein isoforms by peptide fragments from the C-terminal folded domain[END_REF].

The aim of our work was to induce auto-antibodies targeting the cellular PrP, thereby increasing the possibility of developing an active immunization strategy against prion disorders. In mouse models for Alzheimer's disease (AD), a similar strategy, namely inducing auto-antibodies directed against βA4 peptide, has been successfully tested [START_REF] Ingram | Vaccine development for Alzheimer's disease: a shot of good news[END_REF][START_REF] Janus | A beta peptide immunization reduces behavioural impairment and plaques in a model of Alzheimer's disease[END_REF][START_REF] Morgan | A beta peptide vaccination prevents memory loss in an animal model of Alzheimer's disease[END_REF]. However, clinical trials in AD patients initially had to be stopped because of side effects. Of note, in our study employing PrP-expressing wild-type mice we did not observe any obvious side effects. Evidence that immunization in prion diseases might be successful has already been supplied by passive immunization and in transgenic mice expressing an IgM version of the anti-prion antibody 6H4 (Gilch and Schätzl 2003;[START_REF] Heppner | Prevention of scrapie pathogenesis by transgenic expression of anti-prion protein antibodies[END_REF][START_REF] White | Monoclonal antibodies inhibit prion replication and delay the development of prion disease[END_REF]. The latter was also used in cell culture studies, and, in common with other antibodies or Fab fragments, treatment could cure prioninfected cells of PrP Sc [START_REF] Enari | Scrapie prion protein accumulation by scrapieinfected neuroblastoma cells abrogated by exposure to a prion protein antibody[END_REF][START_REF] Peretz | Antibodies inhibit prion propagation and clear cell cultures of prion infectivity[END_REF][START_REF] Perrier | Anti-PrP antibodies block PrPSc replication in prion-infected cell cultures by accelerating PrP degradation[END_REF][START_REF] Pankiewicz | Clearance and prevention of prion infection in cell culture by anti-PrP antibodies[END_REF]. In contrast, we immunized wild-type mice and found auto-antibodies induced by dimeric PrP to inhibit PrP Sc replication. In many immunization approaches using, for example, recombinant PrP, PrP peptides or PrP displaying viral particles, antibody titres against PrP could be achieved [START_REF] Arbel | Generation of antibodies against prion protein in wild-type mice via helix 1 peptide immunization[END_REF][START_REF] Nikles | Induction of prion protein-specific antibody responses using PrP-retroparticles[END_REF][START_REF] Rosset | Breaking immune tolerance to the prion protein using prion protein peptides plus oligodeoxynucleotide-CpG in mice[END_REF][START_REF] Schwarz | Immunisation with a synthetic prion protein-derived peptide prolongs survival times of mice orally exposed to the scrapie agent[END_REF][START_REF] Sigurdsson | Immunization delays the onset of prion disease in mice[END_REF][START_REF] Goni | Mucosal vaccination delays or prevents prion infection via an oral route[END_REF], but only in a limited number of studies could a protective effect be produced upon intraperitoneal or oral prion infection [START_REF] Schwarz | Immunisation with a synthetic prion protein-derived peptide prolongs survival times of mice orally exposed to the scrapie agent[END_REF][START_REF] Sigurdsson | Immunization delays the onset of prion disease in mice[END_REF][START_REF] Goni | Mucosal vaccination delays or prevents prion infection via an oral route[END_REF]. When dimeric PrP was used for immunization in combination with an anti-OX40 antibody as auto-tolerance breaker, in most mice only a slight prolongation of incubation time was found, whereas two out of eight A c c e p t e d M a n u s c r i p t 13 13 mice were completely protected [START_REF] Polymenidou | Humoral immune response to native eukaryotic prion protein correlates with anti-prion protection[END_REF]. Although these results have to be confirmed, there is hope that with an improved antigen, immunisation against prion diseases will finally be effective.

Outlook

In recent years there has been a tremendous effort in research oriented towards therapy and/or prophylaxis against prion diseases. A huge number of compounds were tested in in vitro assays, cell culture-based systems, and in animal studies, with some drugs also being tested in humans. Problems encountered were not really unexpected: for example, nontolerable side effects and the often total lack of ability to cross the blood-brain barrier. There was a great deal of excitement some years ago when experimental approaches for active and passive immunisation were reported, although there is still no practical application. Very probably, a sophisticated combination of compounds and approaches will be necessary to solve the problem. According to the nucleation-dependent polymerisation model for prion synthesis [START_REF] Brown | Resistance of scrapie infectivity to steam autoclaving after formaldehyde fixation and limited survival after ashing at 360 degrees C: practical and theoretical implications[END_REF][START_REF] Caughey | Aggregates of scrapieassociated prion protein induce the cell-free conversion of protease-sensitive prion protein to the protease-resistant state[END_REF], the host cellular PrP (PrP c ) deposits on a polymerisation seed consisting of an infectious PrP Sc oligomer. Upon binding, PrP c adopts the specific conformation of the molecules forming the seed, leading to high molecular PrP Sc aggregates.

These can then fall apart and form new seeds.

Figure legends Figure 1 .
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