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SUMMARY

|. SUMMARY

|.A ENGLISH VERSION

The formation of an abnormally folded, proteaseistast isoform of the host-encoded
cellular prion protein (P is thought to be the responsible mechanism fampdiseases.
This disease-associated agent, designatetf,RsRderived from PrPby a post-translational
conformational change, and the presence ofiBssential for development of prion disease.
The exact physiological function of Pri unclear, although roles in copper transport and
neuroprotection are possible. Prominent exampleprmn diseases, also referred to as
transmissible spongiform encephalopathies (TSEsejnptise scrapie in sheep, bovine
spongiform encephalopathy (BSE) in cattle, and @feldt-Jakob disease (CJD) in humans.
Prion diseases are incurable, fatal neurodegewnerdiseases associated with neuronal cell
death, spongiform vacuolation and accumulationr®®In prion-infected cultured cells and
in neurons derived from brain biopsy samples of Té@tected humans and animals the
appearance of multi-vesicular bodies and autophagicuoles has been reported. In
macroautophagy (here referred to as autophagypphagosomes can engulf cytosolic
macromolecules and deliver them to lysosomes fgratkation. The clearance of aggregate-
prone proteins, such as mutant huntingtin fragmentsiutant forms ofi-synuclein causing
Huntington's and Parkinson's disease, respectiealy,be mediated by autophagy. Recently,
it has been seen that the drug Glivec (also knasnimatinib) is a potent anti-prion compound
that is also able to induce autophagosome formatimhautophagy.

Intrigued by this finding, in the first part of thiwork the potential of induced autophagy in
degrading Pr®® was examined. In persistently prion-infected mouseroblastoma (ScN2a)
and mouse fibroblast (ScL929) cell lines, treatmerth lithium induced autophagy and
provoked reduction of PF® Reduced PrP-levels were also observed for other autophagy-
inducing compounds. Pharmacological inhibition afophagy counter-acted the anti-prion
effect of lithium demonstrating for the first tinthat activated autophagy is mediating
reduction of Pr&. Moreover, lithium can reduce the level of PifPan autophagy-dependent
manner, probably leading to less conversion of B PrP* due to a decrease of substrate
for prion conversion. Treatment of prion-infectedcen with rapamycin, a widely used
autophagy-inducing compound, showed a small buifezggnt prolongation of survival times,

indicating that such drugs may have therapeutiergatl.
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Besides the potential of compound-induced autophiagglegrading Pr¥ in persistently
prion-infected cells, the role of basal constitati@utophagy in primary prion infection is
elusive, as both beneficial and deleterious rokespmssible. On the one hand it might be
conceivable that basal autophagy is inhibiting prynprion infection by elimination of
infectious PrYprions, on the other hand a vice versa scenarighintie the case in which
basal autophagy generates smaller >PsBeds, known to be more infectious, thereby
enhancing primary prion infection. Therefore, ie #econd part of this work, the role of basal
autophagy in primary prion infection was investaght In PrBP%susceptible N2a clones,
autophagosome formation was increased when newlyected PrP* was detected upon
primary prion infection. In contrast, increasedagitagosome formation was not observed in
a PrP%unsusceptible N2a clone (cells that do not conerdogenous Pffnto PrP% upon
primary prion infection, indicating that autophagoge formation accompanies and supports
primary prion infection. Furthermore, wild-type nssuembryonic fibroblasts (MEFwt) do
propagate Pr¥® much more efficiently upon primary prion infectionmpared to autophagy-
deficient MEFs (MEFATGS). In turn, reintroduction oAtg5in MEFATG5” rendered cells
more susceptible to primary prion infection, indicg that basal autophagy is subsidizing
primary prion infection.

Taken together, these data indicate that pharmgicaldy up-regulated autophagy results in
enhanced clearance of Bffn cells persistently infected with prions. Moreoyvconcerning
primary prion infection situation, a physiologichhsal activity of autophagy promotes
primary prion infection whereas disturbance of gnisophagy activity results in less efficient

primary prion infection.



SUMMARY

|.B DEUTSCHE VERSION

Die Bildung einer abnormal gefalteten, Proteasestasten Isoform des vom Wirt kodierten
zellularen Prion Proteins (P)Pwird als der verantwortliche Mechanismus fur Rrio
Erkrankungen betrachtet. Dieses krankheits-asstezifgens, welches PtPgenannt wird,
stammt durch eine post-translationale Konformatodgrung von PfPab und die
Anwesenheit von PfRst essentiell fuir die Entwicklung von Prion Enkkangen. Die genaue
physiologische Bedeutung von PiB unbekannt, mogliche Funktionen sind Kupfertpams
und Neuroprotektion. Bedeutende Beispiele fur Prrkrankungen, welche auch als
transmissible spongiforme Enzephalopathien (TSEgeichnet werden, umfassen Scrapie
bei Schafen, bovine spongiforme Enzephalopathi€EjB#i Rindern und Creutzfeldt-Jakob
Erkrankung (CJD) im Menschen. Prion Erkrankungerd sinheilbar, und daher tddliche,
neuronale Erkrankungen welche mit neuronalem Zkllgpongiformer Vakuolierung und
Akkumulation von Prf einhergehen. In mit Prionen infizierten kultiviemt Zellen und in
Neuronen, welche aus Hirn-Biopsie Materialien vd@ETerkrankten Menschen und Tieren
stammen, wurde das Auftreten von multi-vesikulardginschlul3kérperchen und
autophagischen Vakuolen berichtet. Wahrend deseBses der Makroautophagie (welche
hier als Autophagie bezeichnet wird), konnen zyliesbe Makromolekile durch
Autophagosomen aufgenommen werden und zum Abbaysmsomen transportiert werden.
Die Beseitigung von Proteinen welche zu Aggregatiddung neigen, wie beispielsweise
mutante Huntingtin Fragmente oder mutante Formenovsynuclein, die Huntington- bzw.
Parkinson-Erkrankungen auslésen konnen, kann dArwdbphagie bewerkstelligt werden.
Kirzlich konnte gezeigt werden, dal3 die Arznei €tiv(auch als imatinib bekannt) ein
potentes anti-Prionen Praparat ist, welches gleithzin der Lage ist die Bildung von
Autophagosomen und Autophagie zu induzieren.

Inspiriert durch diese Entdeckung wurde im erstail Tieser Arbeit das Potential von
induzierter Autophagie PPPzu degradieren untersucht. Behandlung mit Lithinduzierte
Autophagie und reduzierte PfP in persistent mit Prionen infizierten murinen
Neuroblastomzellen (ScN2a) und murinen Fibroblast#en (ScL929). Verringerte PP
Menge wurde auch nach Behandlung mit anderen Aatgiphinduzierenden Substanzen
festgestellt. Zum ersten Mal konnte gezeigt werdis aktivierte Autophagie den Abbau von
PrP>° bewerkstelligt, da pharmakologische Inhibierung) vdutophagie dem anti-Prionen
Effekt von Lithium entgegenwirkt. Des weiteren kamithium in einer Autophagie-

abhangigen Weise den Gehalt an“Re@luzieren, was vermutlich zu weniger Konversion v

3
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PrP® in PrP° fiihrt, da weniger Substrat fiir die Prionen-Konicersvorhanden ist.
Behandlung von Prionen-infizierten Mausen mit Raypam eine oft verwendete Autophagie
induzierende Substanz, bewirkte eine kleine abegnifgtante Verlangerung der
Uberlebenszeit, was ein Hinweis darauf ist daBhsoBubstanzen therapeutisches Potential
besitzen.

Neben dem Potential von pharmakologisch induziettetophagie Prf® in persistent mit
Prionen infizierten Zellen zu degradieren ist d@l® von basaler konstitutiver Autophagie
bei der primaren Prionen Infektion ungeldst, da aluweine fordernde als auch eine
inhibierende Rolle denkbar ist. Auf der einen Setees moglich dal basale Autophagie die
primare Prionen Infektion durch Eleminierung vorP¥iPrionen inhibiert, auf der anderen
Seite ist der umgekehrte Fall denkbar, daR basalephagie kleinere PP Keime
produziert, welche bekannt dafiir sind hoch infekzéi sein, und somit die primare Prionen
Infektion fordert. Deshalb wurde im zweiten Teilesler Arbeit die Rolle von basaler
Autophagie wahrend der primaren Prionen Infektiatersucht. In Pr® empfanglichen N2a
Klonen wurde vermehrte Autophagosomen Bildung belta# wenn neu konvertiertes PfP
nach priméarer Prionen Infektion detektiert wurda. Gegensatz dazu wurde in einem ®rP
unempfanglichen N2a Klon (Zellen die endogenes® Rieht in PrP° konvertieren) nach
primarer Prionen Infektion keine Autophagosomendiig beobachtet, was ein Hinweis
darauf ist dall Autophagosomen Bildung die primarenén Infektion begleitet und
unterstitzt. Des weiteren propagieren wild-typ merrembryonische Fibroblasten (MEFwt)
nach primarer Prionen Infektion PfRsehr viel effizienter als Autophagie-defiziente FE
(MEFATG5"). Die Wiedereinfilhrung vomtg5 in MEFATG5" veranderte die Zellen
hingehend zu gré3erer Empfanglichkeit fur die prem@rionen Infektion, was ein Anzeichen
daflr ist dal3 basale Autopahgie die primare Pridnfaktion fordert.

Zusammenfassend zeigen diese Daten dall? pharmalablegi Hochregulierung von
Autophagie in vermehrter Degradierung von iR persistent mit Prionen infizierten Zellen
resultiert. Dartiber hinaus, die Situation bei d@ngren Prionen Infektion betreffend, férdert
eine basale physiologische Autophagie-Aktivitat plinére Prionen Infektion wahrend eine
Veranderung dieser Autophagie-Aktivitat zu wenigéizienter primarer Prionen Infektion
fuhrt.



INTRODUCTION

Il. INTRODUCTION

[I.LA THE PRION PROTEIN

[I.LA.1 HISTORICAL BACKGROUND

First written descriptions of transmissible spoaogii encephalopathies (TSEs) or prion
diseases occurred in the middle of th& t@ntury. It was termed scrapie because this fatal
disease was observed in sheep which had the tenttescrape and to rub off their wool as a
result of the disease. In 1759 an interesting laréppeared in the German literature, from
which the following paragraph is quoted in its egt§y: “Some sheep also suffer from scrapie,
which can be identified by the fact that affectedheals lie down, bite at their feet and legs,
rub their backs against posts, fail to thrive, degding and finally become lame. They drag
themselves along, gradually become emaciated aed SBrapie is incurable. The best
solution, therefore, is for a shepherd who notited one of his animals is suffering from
scrapie, to dispose of it quickly and slaughteraway from the memorial lands, for
consumption by the servants of the nobleman. A srepmust isolate such an animal from
healthy stocks immediately because it is infectiansgl cause serious harm to the flock”
(Leopoldt 1759). In 1936 the French scientists I€udind Chelle successfully transmitted
scrapie to two healthy sheep by intraocular indeuhaof brain or spinal cord tissue from an
affected animal (Cuillé and Chelle 1936). The traissible nature of the scrapie agent was
thereby established without any doubt. In 1954 @igon suggested a “slow virus” as the
causative agent due to incubation times of theadisébeing as long as 20 years. Then in
1966, Gajdusek successfully transmitted Kuru tengi@inzees by injecting them brain tissue
from people who had died of Kuru (Gajdusek et 866, 1967). Kuru occurred in the Fore
homeland in Papua New Guinea where the Fore pempleiced ritual endo-cannibalism.
Transmission and epidemiological studies provetl tthe Fore people contracted the disease
through the act of cannibalism and that Kuru andg@e have neuropathological similarities.
One year later in 1968, Gibbs and Gajdusek shohedGreutzfeld-Jakob Disease (CJD) was
infectious in the same way as Kuru (Gibbs et ab&9CJD is a human neurodegenerative
disease similar to scrapie and was first descrije@erhard Creutzfeldt and Alfons Jakob in
the early 20’s of the Zbcentury.

In 1966 the British scientist Alper exposed saapfected brain material to radiation, which
usually destroys nucleic acids, and found thabuti@ still transmit scrapie (Alper et al. 1966).

This fact excluded the hypothesis that a virus d¢dad the causative agent of the disease. In
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line with these results, a British female matheomat named Griffith made the assumption
that the causative agent might be a protein foldemh abnormal way (Griffith 1967). Then
in 1982, Stanley B. Prusiner proclaimed that theyge agent contained no nucleic acid,
because he had subjected the extract of scrapeet@nf hamster brain to procedures that
destroy DNA and RNA with the result that the extrstill had the power to cause scrapie
(Prusiner 1982). In contrast, when the brain wams&d to agents known to destroy proteins,
it became less or not infectious. Prusiner propdeeddefinition “prion” as a proteinaceous
infectious particle that lacks nucleic acid and semuthe disease. Purification of infectious
brain material revealed a 27-30 kDa protein. Furstedies revealed the fact that the proteins
are produced normally in the brains of mammalshigyprion protein gend?RNB (Chesebro

et al. 1985; Robakis et al. 1986a; Sparkes eta@6)L This protein was called Prgellular
prion protein) (Prusiner et al. 1987). Further eesk revealed that disease-causing prions
(PrP°, for scrapie-associated prion protein) consistnigaif not entirely, of an abnormally
folded isoform of the normal, host-encoded Ri®ohen et al. 1994; Prusiner 1998; Collinge
2001; Aguzzi and Polymenidou 2004; Weissmann 2004)° and PrF° have the same

primary structure but have drastically differeridsiemical properties (Prusiner 1991).

[I.A.2 PRION DISEASES

Long incubation times, a short symptomatic phase atways fatal progression of the disease
and, usually, the lack of preclinical diagnostie anain features of prion diseases. Clinical
symptoms consist of progressive motor dysfunctioognitive impairment, and cerebral
ataxia. The brains of diseased individuals are lsigtbnormal and share the following
histopathological hallmarks: spongiform vacuolatiosevere neuronal loss, strong
astrogliosis, mild microglia activation, and accuatiwn of misfolded protein deposits
(DeArmond and Prusiner 1995; Prusiner 1998; Agaawd Polymenidou 2004; Weissmann
2004; Collinge 2005). In addition, amyloid plaqu@®nsisting of ordered proteinaceous
deposits with higi-sheet content) occure during prion disease (Glietoal. 1992; Bessen et
al. 1997), though cases of TSEs lacking such plduae been reported (Collinge et al.
1995a; Tateishi et al. 1995). Prion pathology shamveral profound similarities with other
protein misfolding and neurodegenerative diseadles Alzheimer’s, Huntington’s and
Parkinson’s disease (Aguzzi and Haass 2003; Chdi@obson 2006). Nevertheless, prions
are unique as they are not only able to replidag& tonformation but are also naturally and
experimentally transmissible within and to someesgt between species (Weissmann et al.

1996; Prusiner 1998). Below, human and animal pdiseases are discussed in detail.
6
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[I.A.2.1 HUMAN PRION DISEASES

This section summarizes the known human prion desavhich are characterized by a wide
range of clinical symptoms comprising weight lasspmnia, depression, memory problems,
confusion, headache, and general pain sensatioesrolgical features include ataxia,
extrapyrimidal signs, cortical blindness, and finalementia.

Human prion diseases can be divided into thredogiiwal categories: sporadic, acquired, and
inherited (Prusiner 1998; Collinge 2001). Inheripgtn diseases represent about 10 % of all
cases. Autosomal dominant pathogenic coding muisitioPRNP, of which over 30 distinct
types are recognized, are responsible for thesesc@3ollinge 2001; Kovacs et al. 2002;
Wadsworth et al. 2003; Mead 2006). In sporadio@®0 % of all cases) or acquired prion
diseases (very rare, less than 5 %) no such pattmwB&NP mutations are preseniable 1

gives an overview of the human prion diseases.

Table 1. Human prion diseases. Taken from (Gilch edl. 2008).

_ . Mechanism of
Etiology Disease and Frequency - _
Transmission / Infection

Kuru (pandemic in the 1950s, nowadays _
) o ) ) infection through
_ Virtually distinct); iatrogenic Creutzfeldt- )
Acquired . _ environmental exposure to
Jakob Disease (CJD) (< 5 %); variant CJD

prions; exogenous
(vCJD) (total so far > 215 cases)

- _ mutations in th&RNPgene
familiar or genetic CJD (~ 10 %); )
_ ) _ (more than 30 different
Genetic Gerstmann-Straussler-Scheinker (GSS) _
o . mutations are known);
syndrome; fatal familiar insomnia (FFI)
endogenous

_ o apparently spontaneous
. sporadic CJD (~ 1 case per million per yea _
Sporadic ) formation of Pri®
worldwide, ~ 90 %)
endogenous

Creutzfeldt-Jakob disease (CJD)was first described by Gerhard Creutzfeldt andoadf
Jakob in the early 1920s. Classical (sporadic) @I rapidly progressive, multifocal
dementia, usually with myoclonus, leading to deaithin 6-12 months of disease onset

(Gambetti et al. 2003) and occurs at a rate ofchses per million population per year across
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the world, with an equal incidence in men and won{Brown et al. 1987; Collins et al.
2006). The peak incidence is between 55 and 65 ydaage (Collins et al. 2006). latrogenic
CJD is acquired by prion exposure of individualsimy neurosurgical procedures such as
implantation of human dura matter, corneal crafplantation, or treatment with human
cadaveric pituitary extracts (Brown et al. 1992pWn et al. 2000b). Less than 300 cases of
latrogenic CJD are reported. Although there is athpgenicPRNP mutation in sporadic or
acquired CJD, a common PrP polymorphism at resid® where either methionine (M) or
valine (V) can be encoded, is regarded as a kegrm@tant of genetic susceptibility to
acquired and sporadic prion disease, the large rityajof which occur in homozygous
individuals (Collinge et al. 1991; Palmer et al919WindI et al. 1996). Familial CJD (fCJD)
belongs to inherited prion diseases which are basedutosomal dominant mutations of
PRNP

Fatal familial insomnia (FFI) was proposed in 1986 to describe an illness inaghfive
members of a large Italian family (Lugaresi et H986). Substitution of asparagine for
aspartic acid (D178N) at codon 178 and coexistieghionine at the polymorphic codon 129
of PRNP at the same allele are crucial for developing B¥edori et al. 1992), though
sporadic FFI with no causative mutation at codo@ a7/PRNPhas been reported (Montagna
et al. 2003). In contrast, fCJD segregates with Mi&8N mutation when combined with
valine at codon 129 (Zerr et al. 1998). Core chhieatures are profound disruption of the
normal sleep-wake cycle, with prominent insomnigmpgathetic over-activity, diverse
endocrine abnormalities and impaired attention.

The typical clinical features ofGerstmann-Straussler-Scheinker syndrome (GSSare
slowly progressive cerebellar ataxia, beginninghim fifth or sixth decade (but with onsets as
early as age 25 years reported), accompanied hyitosagdecline (Masters et al. 1981). GSS
share the distinctive and defining neuropatholdgifeature of widespread, multicentric
amyloid plaques, which are immunoreactive for RBtation P102L ofPRNPhas first been
reproducibly associated with disease developmesta@Het al. 1989). GSS is now linked to
sevenPRNPmutations and forms part of the phenotypic spettofiinherited prion diseases.
A well-known example of acquired prion disease mmians isKuru, transmitted by
cannibalism among the Fore linguistic group of Bastern Highlands in Papua New Guinea
(Gajdusek 1977). The disease mainly occurred in @oand young children (of both sexes)
due to the fact that they ate the brain and intesrgans of dead relatives. The epidemic of
Kuru is thought to have originated when a caseofadic CJD, known to occur at random in

all populations, occurred in a member of this papah and was, as were most deceased
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individuals, eaten. Besides dietary exposure ate rofutransmission, inoculation with brain or
other tissue via cuts or sores was also likely giper et al. 1982a). The central clinical
feature is progressive cerebellar ataxia but, mrest to CJD, dementia is often absent. The
Fore called the disease the “laughing death” beramsits later stages it caused fits of
giggling. The introduction of Christianity and selgsient prohibition of such ancient customs
resulted in virtual elimination of Kuru, albeit semases are still reported (Collinge 2001).
Variant CJD (vCJD) was first reported in the United Kingdom in 1998il{ et al. 1996).
This human prion disease is caused by the sama pti@in that causes BSE in cattle
(Collinge et al. 1996; Bruce et al. 1997; Hill ét 2997b; Asante et al. 2002). The disease
develops as a result of dietary exposure to cBSEE and therefore the possibility was raised
that a major epidemic will occur in the United Kdagm and in other countries (Cousens et al.
1997; Ghani et al. 1998; Collinge 1999). In vCJximclinical features are behavioural and
psychiatric disturbances, in some cases there akemh sensory phenomena (notably
dysaesthesia or pain in the limbs or face) (Zeigkerl. 1997; Hill et al. 1999). In detalil,
patients suffer of depression, anxiety, withdravelusions, emotional lability, aggression,
insomnia, and auditory and visual hallucinations.nhost of the patients, a progressive
cerebellar syndrome develops, with gait and lindxiat Dementia usually develops later in
the clinical course. By striking contrast with deesCJD, patients with variant disease are
much younger (median age at death 29 years) andebt® central nervous system (CNS),
PrP*is also found in the spinal cord and in immunéscel peripheral tissues (Spencer et al.
2002). lliness duration is usually longer than lassic CJD, with a median of 14 months
(Knight 2006). Death in an akinetic-mute state tgmacal outcome. All clinical cases to date
are homozygous for methionine RRNPcodon 129 (Hill et al. 1997a; Hill et al. 1999)dan
only recent findings revealed that susceptibility MCJID infection is not confined to the
methionine homozygouBRNP genotype (Llewelyn et al. 2004; Peden et al. 2004)date,
more than 215 cases of vCJD are reported. Anotinemacteristic of vCJD is the fact that the
infectious agent is abundant in the lymphoreticslgtem and many other organs beside the
CNS (Wadsworth et al. 2001), potentially increadimg risk of horizontal spread. Therefore,
vCJID transmission via blood transfusion (seconda@dD) was likely and appeared
(Llewelyn et al. 2004; Peden et al. 2004; Hewitalet2006; Wroe et al. 2006). In February
2009, the “Health Protection Agency” (HPA, LonddsK) confirmed the first case of vCJD

transmission via blood products (Factor VIII) ipatient with haemophilia.
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[I.LA.2.2 ANIMAL PRION DISEASE

The most familiar prion diseases in animals aragserin sheep and goat, bovine spongiform
encephalopathy (BSE) in cattle and chronic wastimpase (CWD) in deer and elk. In
addition, a few other animal prion diseases hawnbeported. This section summarizes the

known animal prion diseas€Bable 2 gives an overview of the animal prion diseases.

Table 2. Animal prion diseases.

Mechanism of Transmission /

Disease Species :
Infection
' vertical and horizontal
Scrapie sheep and goat o .
transmission; sporadic
BSE (bovine spongiform . ingestion of contaminated meat and
cattle
encephalopathy) bone meal; very rarely sporadic

. . vertical and horizontal
CWD (chronic wasting o o
_ deer and elk transmission; oral transmission (e.g.
disease) _
faeces, salivary)

o . apparently ingestion of
TME (transmissible mink ) i
mink contaminated food (produced from
encephalopathy)
sheep and cow)

FSE (feline spongiform

cat and big cat ingestion of BSE contaminated food
encephalopathy)
EUE (exotic ungulate exotic hoofed _ _ _
_ ingestion of BSE contaminated food
encephalopathy) animals

Scrapie was first described in the #8century. In 1936, scrapie was experimentally
transmitted to goats, providing prove for the imif@es nature of the agent according to the
Koch’s postulates (Cuillé J 1936). Affected sheed goat show the typical symptoms for
prion disease which are in general spongiosissigliand neuronal loss. Scrapie has a wide
spread distribution with a variable and generathpiecisely known prevalence in Europe,
North America and Japan.

The first case obovine spongiform encephalopathy (BSEpr “mad cow disease” was
recognized in the United Kingdom (UK) in 1986 byitBh veterinarians (Wells et al. 1987).
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Since the recognition of BSE more than 180,000ecative clinically developed the disease
in the UK with its epidemic peak in 1992. Ninetyraiper cent of known BSE cases were in
cattle born in the UK (Beghi et al. 2004). Besitle UK, BSE has been identified in cattle in
most European countries and more recently in sauatdes outside of Europe. In Germany
the first officially reported case of BSE was repdrin November 2000. Affected cattle show
diffuse cellular degeneration with spongiosis asttazytic gliosis, typical for TSEs. Death
occurs within six months from initial symptoms. it suggested that the reason for the
outbreak of the epidemic is the use of contaminatedt-and-bone-meal (MBM) as a high
protein supplement feed for cattle. MBM contaiasiong other things, brain material from
sheep and cattle. One possibility for the infectmincattle is feeding them with scrapie
containing MBM (Prusiner et al. 1991; Wilesmith anglls 1991). Another possibility is that
BSE occurs sporadically in very low frequency irtleaand tissue from such a case was
incorporated into MBM to seed the epidemic due bhanges in the rendering processes
introduced in the UK in the late 1970s (WilesmithdaWells 1991; Fraser 2000). As a
consequence of the epidemic, in 1988 feeding of MBMattle and sheep was banned in the
UK and reinforced in 1996 with a total ban on fegdmammalian proteins to any farmed
animals. This feed ban was introduced across thénE2001. Today only few BSE cases are
reported but because of the long incubation timiefdisease new epidemic peaks cannot be
fully excluded in other countries.

Chronic wasting disease (CWDJs a prion disease affecting deer and elk in Néutierica
(Williams and Young 1980). In some areas of Colorads suggested that the disease is a
common phenomenon in wild deer and elk (Sprakemalet1997). The mechanism of
transmission is not clearly revealed but lateraeag is unprecedented (Miller et al. 1998).
From initial symptoms (weight loss, behaviourakgdtions, lowered head, flaccid hypotonic
facial muscles), death occurs in deer after 7-8thw({Williams and Young 1980), elk may
survive longer.

Transmissible mink encephalopathy (TME)was initially recognized in Wisconsin and
Minnesota in 1947 and has sporadically appearecbumtries including Canada, Finland,
Russia and former East Germany (Marsh and Hadlo@2)19Transmission to mink is
probably caused by feeding them with scrapie-comtated meat (Marsh and Bessen 1993).
Initial symptoms are behavioural changes includingcreased aggressiveness and
hyperesthesia which progresses to ataxia, occdsidnamors or circling, and compulsive
biting of self or objects (Rhein et al. 1974). imitsymptoms to death last from one week to

several months (Marsh and Hadlow 1992).

11



INTRODUCTION

Feline spongiform encephalopathy (FSEhas been described in captive cheetahs, pumas, an
ocelot, and tigers from zoological collections ine@t Britain (Kirkwood and Cunningham
1994; Williams ES 2001). Histopathology revealedrspform degeneration in the neuropil

of the brain and spinal cord with the most sevestohs localized to the medial geniculate

nucleus of the thalamus and the basal nuclei (Rgtdal. 2001).

[I.A.3 PRION GENE STRUCTURE

PRNP (the PrP gene) is located on the short arm ofhtimean chromosome 20 and in the
same region in the mouse chromosome 2 (Robakis B2&6b; Sparkes et al. 1988®RNPis
highly conserved in evolution and so far it waslgred in more than 70 species (Schatzl et
al. 1995; Wopfner et al. 1999; Strumbo et al. 208a4zuki et al. 2002; Rivera-Milla et al.
2003). Besides mammaistnp is found in marsupials (Windl et al. 1995), bitarris et al.
1993), amphibians (Strumbo et al. 2001) and predated proteins have been identified in
fish (Premzl et al. 2003; Rivera-Milla et al. 2003he promoter region dPRNP has no
TATA-Box but it contains multiple copies of GC-riatepeats, potentially for binding of
transcription factors of the SP-family (e.g. SPahd AP-1 (McKnight and Tjian 1986). A
GC-rich domain near the promoter region is a tyipieature for so-called “house-keeping”
genes (Basler et al. 1986). All known PrP genessisbrof one (e.g. in hamster, humans,
tamar wallaby) or two ( e.g. in rat, mouse, bovisleeep) short exons at the 5-end and one
bigger exon at the 3’-end, the latter coding fag #ntire open reading frame (ORF) of the
prion protein (Hsiao et al. 1989; Gabriel et al929Schatzl et al. 1995). Therefore, since the
entire protein-coding region is contained withineoaxon, the possibility of generating
different proteins by alternative splicing of theRMA is excluded (Basler et al. 1986;
Westaway et al. 1994). PrP-mRNA is between 2.14kH in length and codes for a protein

of approximately 250 amino acids (aa), dependintherspecies.

[I.LA.4 FUNCTION OF THE PRION PROTEIN

Highest expression-levels of PrP are seen in thé&,GN particular in association with
synaptic membranes (Kretzschmar et al. 1986). M@edrP is also widely expressed in
cells of the immune system (Dodelet and Cashmag)19%e fact thaPRNHprnp is found

in a wide range of different species (s. Il.A.3)licates an obviously important biological
function of the protein (Schatzl et al. 1995; Shingret al. 1998; Wopfner et al. 1999).
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Nevertheless, thougRRNPis highly conserved, the function of the cellulaiop protein,
PrP, is still enigmatic. Hope was pinned on the usePd® knock-out mice to unveil the
function of the protein, but no clear phenotype wiaserved (Bueler et al. 1992). Importantly,
knock-out mice were completely resistant to priggedse following inoculation and did not
replicate prions (Bueler et al. 1993). However,tuphenotypical alterations of PrRnock-
out mice were in abnormalities in synaptic physygigCollinge et al. 1994) and in circadian
rhythms and sleep (Tobler et al. 1996). Reductiosiaw after-hyperpolarizations evoked by
trains of action potentials was reported as a &urphysiological phenotype for PrRnock-
out mice (Colling et al. 1996).

One possible role for Prmight be as a receptor for an extracellular ligaad® has been
shown to bind to laminin (Graner et al. 2000) ahd 87-kDa/67-kDa laminin receptor
precursor (LRP/LR) (Hundt et al. 2001). LRP miglt as the cellular receptor for the
recycling/catabolism of endogenous Prthd might also interact with Priolecules present
at the surface of other cells, thus contributing dell communication and survival.
Furthermore, more recent studies have reportedereel for direct interactions between
LRP/LR and Prf in mediating binding of exogenous Bffo enterocytes (Morel et al. 2005)
and baby hamster kidney (BHK) cells (Vana and W2B36), implying that LRP/LR might
have a role in the initial infection process. Othewportant intracellular PrP-interactors
include heat shock protein 60 (Hsp60) (Edenhofeal e1996), cochaperone Hsp70/Hsp90,
organizing protein/stress-induced protein 1 (hoplyT{Martins et al. 1997), neural cell
adhesion molecule (NCAM) (Schmitt-Ulms et al. 2Q@4l-2 (Kurschner and Morgan 1996),
and sub2 (Spielhaupter and Schatzl 2001). Zinc,gara@se and nickel cations also bind to
PrP, but with lower affinities than copper (Pan eti#92; Brown et al. 2000a; Jackson et al.
2001). The binding is co-operative and occurs Vséidines of the N-terminal region of PrP
The fact that mice devoid of PrRarbour 50% lower copper concentrations in syrsatul
fractions compared to their wild-type counterpastgygests that PfRcould regulate the
copper concentration in the synaptic region of nkearon (Brown et al. 1997). In addition,
PrP might play a role in the re-uptake of copper itite presynaptic cells (Kretzschmar et al.
2000). Antioxidant activity has also been attrilsite PrP, as it has been shown that PrP
features copper/zinc-dependent superoxide dismatéS®D1) activity (Brown et al. 1999).

In summary, though an exact function for PrRemains elusive, diverse potential
physiological functions of PfPhave been suggested in health and disease: Adtesain
circadian rhythm (Tobler et al. 1996), hippocampalironal function (Collinge et al. 1994),
spatial learning (Criado et al. 2005), brain copped cuproenzyme levels (Brown et al.
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1997), oxidative tissue damage (Shyu et al. 20@8) phagocytosis and inflammatory
response (de Almeida et al. 2005). Furthermoregtfan of Pr® has been implicated in
haematopoietic-stem-cell renewal (Zhang et al. 200€ural-stem-cell differentiation (Steele
et al. 2006), stress response (Nico et al. 200%),there have also been claims and counter-
claims regarding the modulation of cellular apojstdsy PrP (Roucou and LeBlanc 2005).
Extending the array of putative functions, PHas very recently been suggested to be a

mediator of amyloi@ (ApB)-oligomer-induced synaptic dysfunction (Lauremle2009).

II.LA.5 STRUCTURAL AND BIOCHEMICAL CHARACTERISTICS OEFPRP®
AND PRP™®

A wide body of data now supports the idea thatrmiconsist principally or entirely of an
abnormal isoform of the host-encoded prion protdiesignated P2 PrP°is derived from
PrP by a posttranslational mechanism (Borchelt ett@820; Caughey and Raymond 1991).
For many years, the idea that the aa sequencefispamne biologically active conformation
of a protein had been accepted (Anfinsen 1973).é¥ew when purified Prifand PrPwere
isolated, the secondary structure of the two PoRimis sharing the same aa sequence were
compared by applying circular dichroism and infdaspectroscopy and were found to be
different (Caughey et al. 1991; Safar et al. 1983F contains about 42% of-helices and
3% B-sheet, whereas PtHs composed of about 30&helices and 45%-sheet (Gasset et al.
1993; Pan et al. 1993; Pergami et al. 1996). Ther@inal domain (aa 121-231) of mouse
PrP was analyzed by nuclear magnetic resonance NRigk et al. 1996) and consists of
threea—helices (aa 144-154, 175-193 and 200-219) andstwall antiparalleB—sheets (aa
128-131 and 161-164JF{gure 1). When the structure of mature “full-length” Pid&(23-231)
was analyzed it was evident that the C-terminal pantained the complete globular part of
the structure, whereas the N-terminus (aa 23-1285 wmore or less flexible and had no
defined secondary structure (Riek et al. 1997)miammals the N-terminus is known to
contain a region normally formed by repetition ofef consecutive, eight residues long

peptides, rich in glycine, proline and histidinet@repeats).
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Figure 1. NMR structure of recombinant Syrian hamser PrP°® (aa 90-231)The color scheme is as follows:
threea-helices in pink, twd3-sheets in blue and green, disulfide bond in yello@nserved hydrophobic region

in red and loops in grey (Prusiner 1998).

When digested with proteinase K (PK), Pi$completely degraded. In contrast, ¥rieicks
only the N-terminal domain (up to aa 23-90) upogedtion with proteinase K, the rest of the
molecule is resistant (Prusiner et al. 1984; Oestclal. 1985) generating a well defined
resistant core of an apparent mass of 27-30 kDeetk PrP27-30 (Turk et al. 1988). A
further difference between the two isoforms is thetergent insolubility of Pr®, whereas
PrP is detergent solubleTable 3 summarizes the different structural and biochemica
properties of PrPand Pri°.

Table 3. Structural and biochemical properties of PP¢ and PrP™,

Characteristics Prp° Prp>

Infectivity no yes

Secondary structure mainly a-helical mainly B-helical

Half-life time 2-6 h 24 h or longer

PK-digestion sensitive partially resistant (PrP27-30)
Detergent solubility soluble insoluble

The insolubility of Pr® excludes a structural analysis by X-ray cristatphy or NMR
spectroscopy, thoughlectron diffraction data and two-dimensional castrevealed that
PrP>° might adopt left-handefl-helices that associate in turn to form trimerse Ehmeric
model accommodates the PrP sequence from resid4€s/8 in ap-helical conformation
with the C terminus (residues 176-227), retainlgdisulfide-linkedu-helical conformation
observed in the normal cellular isoform (Wille ddisiner 1999; Wille et al. 2002; Govaerts
et al. 2004). Another different model for the ongation of individual PrP molecules within
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amyloid fibrils was recently provided by analyzirecombinant human PrP90-231 with site-
directed spin labelling (SDSL), coupled with EPRegposcopy. Thereby, it seems that the
core of the amyloid maps to the C-terminal partha&f protein, and that residues within this
region form single-molecule layers that stack om &6 each other with parallel, in-register
alignment off—strandsKigure 2) (Cobb et al. 2007).

Figure 2. Model of PrP alignment in amyloid structues. (A) Nearly planar PrP monomers in the amyloid
with in-register stacking op-strands.(B) Intermolecular hydrogen bonding between fastrands shown in

rotated structure. The arrow indicates the long akithe fibril (Cobb et al. 2007).

[I.A.6 CELL BIOLOGY AND LIFE-CYCLE OFPRP

PrP is expressed in neurons with its highest conctatrgKretzschmar et al. 1986). The
protein follows an axonal pathway (Borchelt et #394) and localizes mainly at synaptic
(Fournier et al. 1995) or presynaptic ends (Hertred.€1999). Although the highest levels are
seen in the CNS, the protein is found in most @ssand is widely expressed in cells of the
immune system (Dodelet and Cashman 1998).

Translation of PrP-mRNA results in a primary pradat 254 aa in rodents and 253 aa in
humans. The first 22 aa function as a signal pegdtid translocation into the endoplasmatic
reticulum (ER) and are co-translationally cleavéid(@esch et al. 1985). In the C-terminal
end of the polypeptide, another signal peptide eplaced in the ER by a
glycosylphosphatidylinositol (GPI) anchor. For sliaing the conformation of the protein a
single disulphide bond is built between two cyste(@ys) residues (Cys-178 and Cys-213 in
mice and Cys-179 and Cys-214 in humans). A furgitst-translational modification results
in the possible addition of 2 N-linked carbohydralbains at asparagines (Asn)-180 and Asn-
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196 in mice and Asn-181 and Asn-197 in humans (¢lasiai et al. 1989). Therefore, the
prion protein can exist in non-, mono-, or di-glggtated forms in the cell. After cleavage of
the N- and C-terminal signal peptides, the matui@nprotein comprises 208-209 dadgure
3A).
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Figure 3. Primary structure of PrP¢, post-translational modifications and localizationof PrP° at the cell
surface. (A) The N- and C-terminal signal peptides are cleafen the translation product and a
glycosylphosphatidylinositol (GPI) anchor is attadto the C-terminal end of the protein. The mdieecan be
N-glycosylated twice (CHO), and a disulfide bondSBis built. The final product consists of 209 é8)

Mature PrPis attached to the extra-cellular surface of tasma membrane via its GPl-anchor.

Upon post-translational modifications, mature HdHows the secretory pathway through ER
and Golgi compartment and is attached to the datdlet of the cellular plasma membrane
by the GPIl-anchor (Borchelt et al. 1990; Taraboweloal. 1990; Caughey 1991; Taraboulos et
al. 1992) Figure 3B).

When PrPis not properly folded inside the ER, such “midfed PrP” gets degraded by the
ER-associated degradation (ERAD) (Ma and Lindg2@Q1) Eigure 4). In contrast, mature
PrP segregates to the cell surface where it is loedlin “lipid rafts” (Madore et al. 1999)
which are specialized and organized domains in rtiembrane rich in cholesterol and
sphingolipids (Simons and Ikonen 1997). From haternalization seems to occur through
clathrin-mediated endocytosis (Sunyach et al. 2008)ugh it might also be mediated by
caveolin-related endocytosis and transport (Prddal.e2004) or in rafts (Taraboulos et al.
1995). The localization of PRt the cell surface is thought to be essentialstdysequent
conversion into PrP (Taraboulos et al. 1990; Caughey 1991) as it iggssted that
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conversion of PrPto PrP° takes place in caveolae-like domains (CLDs) adlipfts close to
the plasma membrane along the endocytic pathwaycligti et al. 1992; Taraboulos et al.
1995; Vey et al. 1996; Kaneko et al. 1997). Afteteinalization, PrPis transported to
endosomes. Here, either it can be recycled (eagsported back to the cell surface) (Vey et
al. 1996) or it might be degraded in acidic comparits (lysosomes). Targeting Pr@
lysosomes for degradation might also be mediatedutygphagosomes which are thought to
fuse with endosomes or multi vesicular bodies (MVBsou et al. 1997; Berg et al. 1998).
Autophagosomes are cytosolic, double membrane lessichich are part of a process called
autophagy, an ubiquitous cellular bulk degradagiozcess which has been shown to mediate
several important functions in health and disease [1.B.3 and reviewed in (Mizushima et
al. 2008)].

Concerning conversion of PrR PrP° it has been shown that glycosaminoglycans (GAGs)
such as heperan sulfates, present on the outéetlehfthe plasma membrane, may bind to
PrP, associate with PRin vivo and support P formation and internalization (Wong et al.
2001; Ben-Zaken et al. 2003; Hijazi et al. 2005rdthahik et al. 2005). In addition, the low
pH-value of late endosomes or lysosomes may enhdecaturation and refolding of the
prion protein and therefore can also representgaotment for prion replication (Taraboulos
et al. 1992; Arnold et al. 1995; Marijanovic et 2009).

In regard to degradation and clearance of Ptz main compartment in the cell is thought to
be the lysosome (Taraboulos et al. 1992; Ertmat.2004) in which the amino terminus of
nascent Pr¥ is truncated by acidic proteases (Caughey and Bagrt991; Taraboulos et al.
1992). Furthermore, it seems possible that lealafgerP*containing late endosomes or
lysosomes cause PtRto accumulate in the cytosol forming aggresomesstiénsen et al.
2005) which have been shown to impair proteasomattion (Kristiansen et al. 2007).

Clearing aggresomes, and therebyPnight be accomplished by autophagy.
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Figure 4. The life-cycle of PrP and potential site$or PrP>° biogenesis and degradationPrP follows the
secretory pathway through ER and Golgi, is attathetle outer leaflet of the plasma membrane acalilces in
lipid rafts. Then PrPcan be internalized and either transported toi@admpartments for degradation or
recycled. Main sites for conversion of PtB Pri are the cell surface and during internalizatioefosomes
or in lysosomes. Clearance of PtRikes place in lysosomes or might be accomplislyedutophagy. Detailed

description is found in the main text and is alsgewed in (Krammer et al. 2009).

[I.LA.7 MECHANISMS OF PRION CONVERSION

The precise mechanism by which infectious ®rftoteins induce host Prfnolecules to
undergo conformational change and create new°PnBlecules is currently undetermined.
Most notably, it is unknown whether any moleculéseo than Prf® and PrP are required to
produce new prions vivo. The structural and chemical dynamics of the cosiga process
have also remained obscure. For instance, it hasbh@en fully determined whether the
intramolecular disulfide bridge in PrRemains intact during conformational change into
PrP*°, or whether this bond must break and reform tongtestructural rearrangement of the

protein.
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In PrP knock-out mice it could be shown that thistexice of PrPis essential for replication
of the causative agent PfRBueler et al. 1992; Bueler et al. 1993). Neitiiés possible to
infect PrP knock-out mice nor can they transmitdiszase (Bueler et al. 1993). The protein-
only hypothesis propagates that Pid>converted into the infectious isoform PtBy direct
interaction of PrPwith PrP°. Conversion of the two shopt-sheet structures and the fiost
helix into a large—sheet formation is the major event which is respaea for conversion of
PrP into the pathogenic isoform P¥P The remaining twa—helices and the disulfide bond
need to be preserved for Bffo be infectious (Hornemann et al. 1997; Prusir®98; Wille

et al. 2002).

A suggested, currently widely accepted model foP*Prbiogenesis is the nucleated
polymerization model, in which PfPaggregates are generated by a crystallization-like
process (Serio et al. 2000; Caughey 2003; Sotol.e2006) Figure 5). This so-called
“nucleation” step is very slow, the energy barrigrsupposed to be very high and the
equilibrium lies for thermodynamic reasons on thike ©f Pr®® (Cohen et al. 1994). P¥Pis
then able to generate nuclei (small oligomers) Bret al. 1990; Come et al. 1993; Jarrett
and Lansbury 1993; Caughey et al. 1995). In thersicmuch faster “seeding” step, P¥P
nuclei act as seeds to recruit native proteins timogrowing aggregates forming protofibrils.
These protofibril might break up forming new P¥Beeds resulting in an exponential rise in
amyloid formation. Currently it is unacquainted wiex certain cofactors are needed for each
or some steps in the Pffor amyloid formation, respectively.

To relate the above described model to the diffeferms of prion diseases, mutations in
PRNP render the prion protein more aggregate-proneirgatb genetic prion disease,
whereas spontaneous formation of ¥rffom normal, physiological PfRoccurs very rare
leading to sporadic forms of prion disease. Thegerous addition of PP seeds might

induce conversion of the host-encoded PeBulting in acquired prion disease.
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Figure 5. Prion replication according to the nucleted polymerization model.PrP* and amyloid formation
occurs in two steps. In the first step, the soechthucleation”, PrB-nuclei are formed which act as seeds in the
second step (seeding), recruiting new template®{RoPsubsequent conversion and amyloid formatidetailed

description is found in the main text and is alsgiewed in (Gilch et al. 2008).

[I.A.8 PRION STRAINS AND SPECIES BARRIER

The prion or protein-only hypothesis postulates frathogenic and infectious prions, P{P
are only made of protein and are derived from amabiprion protein isoform PFRPrusiner

et al. 1982). One of the biggest challenges fos thieory is to explain the existence of
multiple strains of the infectious agent Ptih the absence of informational nucleic acid.
Mammalian prion strains are classically defineddmms of their differing incubation times
and the different profiles of pathological lesiahsit they produce in the CNS of recipient
organisms. Differences in the glycosylation patternSDS-PAGE and different products
upon PK-digestion (Collinge et al. 1996) as wellsasin specific degrees of PK-resistance
(Safar et al. 1998) support the idea of the exéstesf different Prf¥ strains.

Prion strains cannot be encoded by differencesrih ftimary structure, as they can be
serially propagated in inbred mice with the sgmap genotype. Furthermore, strains can be
re-isolated in mice after passage in intermedipézies with different PrP primary structures
(Bruce et al. 1994). Serial propagation of two ididt strains of transmissible mink
encephalopathy prions (designated hyper [HY] andwdy [DY]) in hamsters showed
different physiochemical properties of the accurradaPrB¢ in the brains of affected
hamsters (Bessen and Marsh 1992, 1994). This sispiberidea that strain specificity may be
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encoded by PrP itself, since HY and DY show stsgaeific migration patterns on
polyacrylamide gels following limited proteolysiBurthermore, different phenotypes of CJD
have been identified and associated with diffefamhan Prf types (Collinge et al. 1996;
Parchi et al. 1996). In summary, different priorasts seem to be originated in different
three-dimensional conformations of PtRnd the different properties of the prion strains
likely encoded in different folds of PPP(Telling et al. 1996; Scott et al. 1997).

Transmission of prion diseases between differeninmalian species is restricted by a
“species barrier” (Pattison 1965). When passagianp from species A to species B, those
that develop the disease have much longer and waorable incubation periods than those
that are seen with transmission of prions withia #ame species. Additionally, an altered
neuropathological distribution is observed (Sch&@03). However, when the disease has
been established in the foreign host and is padsigeugh further individuals, an adaptation
to the new host is observed with a correspondirggedee in incubation times of the disease
(Kimberlin and Walker 1979). Transgenic mice expieg hamster PrP were, unlike wild-
type mice, highly susceptible to infection with S¢2hamster prions (Prusiner et al. 1990).
This led to the assumption that the species baaied thereby transmission of the disease, is
mainly encoded by the primary sequence (Scott.e1@89; Scott et al. 1992; Scott et al.
1993; Telling et al. 1994; Schatzl et al. 1995;0Rriet al. 2001). Another indication
supporting the hypothesis that prion propagationcgeds most efficiently when the
interacting Pr and PrP are of identical primary structure is that acogiice sporadic CJD
mostly occurs in individuals homozygous at polyntecpresidue 129 of PrP (Collinge et al.
1991; Palmer et al. 1991; Collinge 2001). Moreouetheterologous systems, that means in
systems in which two different strains of prion teins are co-expressed, only the prion
protein homologous to the pathogenic isoform isveoted into the PK-resistant, pathogenic
form. Studies with chimeric prion protein reveakbat a defined sequence region (aa 112-
187) is responsible for sequence specificity (Sebtal. 1992; Priola et al. 1995; Priola and
Chesebro 1995).

An interesting connection between the two phenomespecies barrier and different prion
strains was observed in human prion disease trasgimistudies. While classical CJD prions
could efficiently be transmitted to transgenic méeressing human PiRhey encounter a
significant barrier for transmission to wild-typeam (Collinge et al. 1995b; Hill et al. 1997b).
On the other hand, vCJD prions transmit readilyild-type mice, whereas their transmission
to transgenic mice expressing human °Pis relatively inefficient (Hill et al. 1997b).

Therefore, as prions comprised of PrP with ideht&a sequence but corresponding to
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different TSE strains may be characterized by puoced differences with respect to
transmissibility, the term “transmission barrierigmt be more appropriate than “species
barrier” (Collinge 1999).

[I.A.9 THERAPEUTIC APPROACHES

Long incubation times, a short symptomatic phase,fatal progression of the disease, and
the lack of a preclinical diagnostic are main feasuof prion diseases. These are reasons for
the fact that finding prion therapeutics is a togghllenge.

In various model systems, numerous substancesangarinds with anti-prion activity have
been identified [reviewed in (Gilch et al. 2008Fkominent representatives among these are
sulfated glycans like pentosan polysulfate or dadrsulfate 500 known to interfere with
binding of PrP to GAGs (Farquhar and Dickinson 19B&dogana et al. 1992), related
compounds like Congo Red (Caughey and Race 199Ppds0 et al. 1995) which induces
reduction of cell surface PrRCaspi et al. 1998), or suramin that has been seeause
aggregation of PiPand re-routing to lysosomes (Gilch et al. 2001the® potent anti-prion
compounds are polyene antibiotics like amphotergitnat bind to cholesterol (Mange et al.
2000) and tetracyclic compounds which may inducacsiral changes in proteins by direct
interaction (Caughey et al. 1998). In addition, gtworus containing dendrimers which are
known to induce proteolytic digestion of PfFby causing disaggregation at acidic pH
(Solassol et al. 2004) and lysosomotropic agekesduinacrine (Doh-Ura et al. 2000; Korth
et al. 2001) have been elucidated as anti-prionpoamds. On nucleic acid level, the use of
small interfering RNAs (siRNA) targeting PrP mRNAve been observed to abrogatePrP
accumulation in cell culture (Daude et al. 2003) asuccessful knock-down of PrP
expression in livestock has been demonstrated (@pldt al. 2006). In line with this,
prolonged incubation times were detected in pridedted chimeric mice expressing short
hairpin RNA (shRNA) in neural cells directed agaifsP mRNA (Pfeifer et al. 2006).
Another approach to reduce levels of the infectiagent is targeting the tertiary structure of
PrP° Thereby, beta-sheet breaker peptides have besntsereverse structural transitions
occurring in misfolded PP (Soto et al. 2000). Furthermore, direct bindindRdfA aptamers

to PrP has been seen to interfere with BrBiogenesis (Proske et al. 2002) which has also
been demonstrated for peptide aptamers (Gilch 208ai7).

Considering immunology, although there is no obgibumoral immune response stimulated
in prion disease due to autotolerance (Porter.e1@3), various elements of the immune

system have been manipulated and these experitawssuggested potential strategies for
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prion therapeutics. Early experiments assesseeffleacy of both immunostimulation and
Immunosupression, but since the experimental detradio that antibodies can be raised to
the prion protein, efforts have been focused onthkeapeutic application of antibodies or of
stimulating an antibody response. Initial attemjptgproduce anti-prion antibodies included
immunization with purified prions (Bendheim et 8884) or scrapie-associated fibrils (SAFs)
(Kascsak et al. 1987), with a greater responsereéden prion knock-out mice (Prusiner et
al. 1993) compared to wild-type mice. With apprafgiadjuvants, it is also possible to use
recombinant cellular prion protein as an immunogerooth knock-out (Krasemann et al.
1996; Williamson et al. 1996; Korth et al. 1997 riBgue et al. 2003; White et al. 2003) and
wild-type mice (Souan et al. 2001; Sigurdsson e2@02; Gilch and Schatzl 2003; Schwarz
et al. 2003). Thén vivoimmunization experiments (active and passive) esgg possible use
of anti-PrP antibodies as a therapy for prion dissgHeppner et al. 2001; Sigurdsson et al.
2002; Gilch and Schatzl 2003; Gilch et al. 2003;iM/let al. 2003; Weissmann and Aguzzi
2005). Alternatively, antibodies raised against pgative cellular prion receptor LRP have
been seen to inhibit prion conversion in cell cdtmodels (Zuber et al. 2008).

In summary, as prion disease are fatal neurodegtverdiseases and up to now a striking
therapeutic intervention targeting TSEs are lackihg search for efficient therapy and/or
prophylaxis in prion disease is challenging andceesal. As TSEs manifest in the CNS,
compounds destined for therapy in prion disease hawvefficiently cross the blood-brain-
barrier (BBB). So far almost all anti-prion compasreffective inn vitro assays suffer from
rather ineffective crossing of the BBB vivo and subsequently fail in therapy. This main
problem might be suppressed by investigating progelivery of drugs based on
pharmacokinetics and through direct intracerebmlieation (Gilch and Schatzl 2003).
Additionally, the intelligent combination of diffent compounds with additive or even
synergistic effects may be useful in therapy. lagtnot least, due to the short symptomatic
phase of prion diseases, efforts have to be madapgmve earlier diagnosis and preclinical
diagnostics the basis to therapeutically intervesmty enough before disease manifests.
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[I.B AUTOPHAGY

[1.B.1 TYPES OF AUTOPHAGY

Autophagy is a cellular degradation process inwblveintracellular turnover of proteins and
cell organelles and is a highly conserved prockas @ccurs in all species and cell types
studied so far (Shintani and Klionsky 2004; Levat¥5). Currently, autophagy processes are
sub-divided into three main pathways: chaperonetated autophagy (CMA), micro- and
macroautophagyFjgure 6). Of these, CMA is as yet only described in mansmahd
degrades only soluble proteins in a selective mamigereas micro- and macroautophagy
have the potential to degrade large structuresugiireselective and non-selective processes

and occur in a wide range of different species.

Micro- oy
autophagy \

'
Solubl ~ e
pr?)tl:ein‘; L4 I_'w
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" 0 cochaperones
] _
Cytosolic
substrate
protein
Chaperone-
mediated
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structure

Isolation
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Figure 6. Different types of autophagyllustration of the three known main types of adtagy: chaperone-
mediated autophagy (cytosolic chaperones targeteipso destined for degradation to the lysosome),
microautophagy (lysosome deforms and engulfs cyfosalegradation), and macroautophagy (autophageso
containing substrate for degradation fuse with $ggnes). A detailed description of the differentetyps found

in the main text.

Protein degradation by CMA involves a protein ttaoation system through a proteinaceous

pore in the lysosomal membrane that is formed lspdpmal-associated membrane protein
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2A (LAMP-2A) (Dice 2007). In the cytosol, a memb#rthe family of chaperones, namely
heat shock cognate 70 (Hsc70), recognizes subgirateins by a specific motif (KFERQ)
and unfolds the substrate protein with the helpHep70 co-chaperones (like Hsp40 and
Hsp90) (Chiang and Dice 1988; Dice 1990). Hsc7@a@aomplex then binds to LAMP-2A
and Hsc73 in the lysosomal lumen which pull thgeamprotein into the lysosome where it
gets degraded (Agarraberes and Dice 2001; Bandihgpscet al. 2008). In contrast to CMA,
microautophagy is a rather unspecific process, liichvthe lysosome deforms and engulfs
whole areas of cytosol containing soluble protewisich are then degraded inside the
lysosome (Marzella et al. 1981; Ahlberg and Glaumaf85). Macroautophagy is a bulk
degradation pathway and the only known intracellod@chanism capable of degrading large
protein aggregates and/or damaged organelles. dninilial step of macroautophagy, an
isolation membrane of uncertain origin forms [rdcenidence suggest that it might be
derived from the ER (Axe et al. 2008)]. This menmaraelongates and forms a double
membrane vesicle, called autophagosome, which fngubstrate destined for degradation
(Mizushima et al. 2002; Wang and Klionsky 2003).eTéwtophagosome then fuses with
lysosomes and the content of the autophagosomelggtaded (Dunn 1990Db, a).

Besides the above described three main types ophagy, other specialized forms exist,
such as mitophagy (direct targeting of mitochondoalysosomes) (Kanki and Klionsky
2008), pexophagy (selective degradation of peromes) (Dunn et al. 2005), xenophagy
(degradation of intracellular bacteria and virusg€vine 2005), piecemeal microautophagy
of the nucleus (partial sequestration and degraaif the nucleus) (Roberts et al. 2003),
reticulophagy (selective autophagy of the ER) (B&rs et al. 2007), and macrolipophagy
(regulation of cellular lipid content by autophaggjngh et al. 2009).

This work will focus on macroautophagy and thereforacroautophagy will be referred to as

autophagy from here on.

11.B.2 AUTOPHAGIC SIGNAL TRANSDUCTION

11.B.2.1 MTOR-DEPENDENT AND-INDEPENDENT INDUCTION OF AUTOPHAGY

In mammalian cells, autophagy induction can belsggd by mammalian target of rapamycin
(mTOR). Under physiological nutrient-rich conditgrclass | phosphoinositide 3-kinase (Pl
3K) is stimulated in response to the binding ofigarid to a receptor (such as the insulin
receptor) Figure 7). Class | Pl 3K then allows membrane binding amolssquent activation

of Akt/protein kinase B (PKB) which inhibits tuber® sclerosis complex (TSC1/2) (Codogno
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and Meijer 2004). Inhibition of TSC1/2 in turn sil@es Rheb which stimulates mTOR, a
negative regulator of autophagy (Noda and Ohsur@BlL%Hence, inhibition of mMTOR (e.qg.

by rapamycin or lack of growth factors) result@ativation of autophagy.

Signaling ~—
e.g. Growth factors ——> | Class] ——> ﬁ‘PKB"“
Insulin receptor PI3K

Rapamycin

(sciz
Y

J— { Rheb
/
Autophagy «<— Ay |— | mTOR

Figure 7. mTOR-dependent induction of autophagyActivation of Akt/PKB by class | Pl 3K inhibits T&L/2
complex. Rheb is then able to activate mTOR, rewylin inhibition of autophagy. In contrast, intibin of
MTOR (e.g. by rapamycin) results in induction ofogulnagy. Detailed description is found in the niaixt.

Besides regulation of autophagy by mTOR, pathwagilating autophagy in an mTOR-
independent manner have been described. Beclinelnammalian ortholog of yeast Atg6)
was originally discovered as a Bcl-2-interactingtpm (Liang et al. 1998) and was the first
human protein shown to be indispensable for aupliBiang et al. 1999). Beclin 1 acts as
an obligatory allosteric activator of class Il gphoinositide 3-kinase (Pl 3K), which
phosphorylates phosphatidylinositol to generate sphatidylinositol 3-phosphate (PI3P)
(Kametaka et al. 1998)-igure 8). PI3P is involved in the nucleation of pre-autagbsomal

structures. Interactors of beclin 1 include UVRAKnbra-1 and Bif-1 (also called endophilin
B1) and knock-out studies performed on human andsencells indicate that UVRAG,

Ambra-1 and Bif-1 are essential for the activatadrautophagy (Liang et al. 2006; Fimia et
al. 2007; Takahashi et al. 2007). A binding partoérbeclin 1, which is inhibiting the

autophagy-inducing potential, represents Bcl-2 t{Rg@e et al. 2005). Proteins that contain
BH3 domains or small molecules that mimic BH3 damacan bind to the BH3-binding
groove of Bcl-2 and completely disrupt the intei@ttof Bcl-2 and beclin 1 (Maiuri et al.

2007b). Moreover, C-Jun-N'-terminal kinase 1 (JN¥dgdiated phosphorylation of Bcl-2
during starvation can disrupt its interaction witlclin 1 (Wei et al. 2008). Disrupting the

interaction of beclin 1 and Bcl-2 has been seearctivate autophagy.

27



INTRODUCTION

Activation [e.g. by co-activators

BH3 domains) |Ambm—1

[UVRAG ( Bif-1

Beclin 1 lass 1l Pl
l 3K
inhibitor

phosphatidylinositol

\

phosphatidylinositol-3-phosphate (PI3P)

v

Autophagy

Figure 8. Beclin 1-dependent induction of autophagyin concert with class 11l Pl 3K, beclin 1 can irgu
autophagy by generating PI3P. Beclin 1 interacth weveral co-activators including Ambra-1, UVRA@da
Bif-1, as well as with the inhibitor Bcl-2. Activiah of autophagy can be achieved by disruptingbihding of
Bcl-2 with beclin 1 (e.g. with molecules containiB¢d3 domains). Detailed description is found in thain

text.

Recently, a cyclical mTOR-independent pathway raiguy autophagy has been described
(Williams et al. 2008; Sarkar et al. 200®idure 9). Thereby, cyclic AMP (cAMP) can
activate phospholipase €activity through Epac which results in elevatedels of inositol
1,4,5-triphosphate (§p. IP; then increases intracytosolic devels, thereby regulating
calpain activity, which in turn regulates the clage and activity of g that subsequently
generates cAMP, forming a loop.

Activation of this cyclic pathway inhibits autophagnd thus pharmacological interference
(inhibition) results in induction of autophagy. lime with this, lithium has been seen to

activate autophagy by reducing intracellulag I8vels (Sarkar et al. 2005).
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Figure 9. Cyclical mTOR-independent regulation of atophagy. (A) Increased levels of cAMP results in
elevated levels of PPwhich increase intracytosolic €devels and activation of calpain. In turn, calparable

to induce adenylate cyclase with results in inaeddsvels of cAMP, forming a loop which negativedgulates
autophagy.(B) The cyclical autophagy pathway possesses muliipley targets for chemically inducing
autophagy. Decreased levels/activity of calpainyi@A IP;, and intracytosolic G4 has been seen to disrupt the

cyclical autophagy pathway, thereby inducing auégpgh Reviewed in (Sarkar et al. 2009).

[1.B.2.2 AUTOPHAGOSOME FORMATION

The core and unique event upon induction of autgpha autophagosome formation, in
which two ubiquitin-like (Ubl) proteins participatéicrotubule-associated protein 1 light
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chain 3 (LC3), the mammalian homolog of Atg8, isUal that undergoes proteolytic
processing by the Atg4 protease to reveal a glycastddue with the help of the El-like
enzyme Atg7, which is also activating the Ubl AtgKametaka et al. 1996; Kim et al. 1999;
Tanida et al. 1999; Yuan et al. 199%igure 10). Atg8 is then transferred to the E2-like
enzymes Atg3 and is conjugated to phosphatidyletlamne (PE) (Ichimura et al. 2000).

@—"

Chigh]) P

|

Autophagosome
formation

Figure 10. Autophagy-related (Atg) proteins induceautophagosome formation Activated Atgl2 covalently
binds to Atg5 and forms in concert with Atg16 adeteric complex. With the help of the E2-like enzyAtg3
and the tetrameric complex, Atg8 (LC3) is lipidatey addition of phosphatidylethanolamine (PE), Iegdo

autophagosome formation. Detailed description imébin the main text.

In parallel, activated Atg12 is covalently attachtedAtg5 by the action of another E2-like
enzyme, Atgl0 (Mizushima et al. 1998; Shintani bt 1®99). A third protein, Atgl6,
multimerizes and links the Atg12-Atg5 conjugatddon a tetrameric complex (Mizushima et
al. 1998; Kuma et al. 2002). This tetrameric complkecognizes the isolation membrane (or
its membrane source), leading finally to formatiaf autophagosomes, and Atgl2
functionally recruits Atg3, such that Atgl6 complagts as a scaffold for LC3 lipidation
(Fujita et al. 2008). Lipidated LC3 (also termed3:{T) then localizes on the membrane of
autophagosomes (Kabeya et al. 2000).

1I.B.3 ROLE OF AUTOPHAGY IN HEALTH AND DISEASE

Underlining the significance of autophagy as autatl bulk degradation process, a broad
spectrum of different functions and modulatory solef autophagy ranging from cellular

physiology to disease have been elucidated in tegmars. In several fields, both protective
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and detrimental functions have been obserfegure 11 summarizes the most prominent
roles of autophagy in health and disease. Theexainples are described in detail in the main

text below.

Infection and immunity
Pro:Bacteria and viruses can be
degraded in autophagosomes and
antigens can be processed for MHC
class Il presentation [reviewed in
(Virgin and Levine 2009)]
Autophagy might prevent
development of inflammatory
Bowel's disease [reviewed in
(Xavier et al. 2008)]

Con: Some microbes can utilize
compartments for processing autophagosomes for nutrient supply
o e amyi precusar  anoan v ACTA0OROTES 52 et at it fstes
protein in Alzheimer’s [reviewed in (Orvedahl and Levine gggg[;f viewed in (Vellai

disease [reviewed in
[ 2000)]
Lysosome\
Organelles,
cytosol and

Neurodegeneration
Pro: Autophagy can clear
aggregate-prone proteins
Con: Accumulating
autophagosomes can be

Ageing

Pro: Autophagy can
remove damaged
organelles and decelerate

(Mizushima et al. 2008)]

Liver disease

Pro: Autophagy can clear
misfolded/toxic proteins in
liver disease

Heart disease
Pro: Autophagy can be
helpful in ischemia

Con: Autophagy is noxious prorins ~ oot Con: Highly increased
during reperfusion PN HopReeeseTs autophagy may cause liver
[reviewed in (Gustafsson e damage

and Gottlieb 2008)] [reviewed in (Yin et al. 2008)

Cancer

Pro:Autophagy can act in Cell survival

tumor suppression by removing Pro: Autophagy can act as a
damaged organelles and Cellular homeostasis and pro-survival mechanism
possibly growth factors development Con: Autophagy is linked
Con: Autophagy can help Pro: Autophagy supplies cells o cell death [reviewed in
cancer cells to survive in with metabolic substrates, helps (Bossy et al. 2008)]
nutrient-limited environments bypass starvation periods and

[reviewed in (Mizushima et al. growth factor depletion and

2008)] contributes to normal cellular

development [reviewed in
(Levine and Kroemer 2008)]

Figure 11. Physiological and pathophysiological rels of autophagyBesides an important factor in regulating
cellular physiological functions, such as homeastametabolic stress and development, protective) (and
deleterious (con) functions of autophagy are aassediwith several diseases in higher eukaryotestr@eersial
roles of autophagy are observed in cancer andsaglival. Dysfunctional autophagy can lead to diseand in
some cases, such as infection with microbes, heaud- liver disease, autophagy can promote both-cyto

protective and cyto-toxic effects. Taken from (Mihima et al. 2008).
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[1.B.3.1 AUTOPHAGY IN CELLULAR HOMEOSTASIS STRESS INDUCED

DIFFERENTIATION AND DEVELOPMENT

Autophagy is physiologically activated as an adegptipro-survival catabolic process in
response to different forms of metabolic stressluiing nutrient deprivation, growth factor
depletion and hypoxia. Thereby, autophagy functiams recycling process generating free
amino and fatty acids. Yea#ttg22 recently has been identified as a vacuolar pereneas
required for the efflux of amino acids resultingrfr autophagic degradation, hinting at the
molecular basis for the recycling function of autagy (Mizushima and Klionsky 2007).
Autophagy-produced free amino acids can in turnnigerporated in the tricarboxylic acid
cycle (TCA) to maintain cellular ATP synthesis. Mover, in the absence of growth factors,
which are often required for nutrient uptake, abtgy can be activated and function as a
survival mechanism (Lum et al. 2005). Stress indwtiéferentiation and development is also
linked to autophagy. I€aenorhabditis elegan€. elegany for example, under condition of
limited food and autophagy inductio,. elegansreversibly arrest in an alternative third
larval stage (Riddle et al. 1997) and essentigsraf autophagy in early development in
Drosophilg C. elegansand mice have been suggested (Juhasz et al. R¥)8ndez et al.
2003; Qu et al. 2003; Yue et al. 2003).

[1.B.3.2 AUTOPHAGY IN CELL SURVIVAL AND CELL DEATH

The role of autophagy in cyto-protection and cyiwitity is a controversial matter.
Evidences are observed for both autophagy as a latodwf cell death and autophagy as a
pro-survival mechanism.

Arguing for a function of autophagy in cell deadlutophagosomes accumulate during a non-
apoptotic form of cell death known as type Il cdiath (Clarke 1990), which is also
described as autophagic cell death (Gozuacik amdcKi 2004; Yu et al. 2004). Non-
apoptotic cell death is blocked by siRNA-mediateddk-down of essential autophagy genes
(Yu et al. 2004) and in response to etoposide auresporine, Bak and BaK mouse
embryonic fibroblasts (MEFs) undergo non-apoptogtf death accompanied by large-scale
autophagosome formation, a process which can bekddoby siRNA targeting essential
members of the autophagic machinery (Shimizu et2@04). Several other studies have
shown altered cell death following§T G knock-downin vitro (Maiuri et al. 2007a) and a few
reports reveal similar findinga vivo (Berry and Baehrecke 2007; Koike et al. 2008; Sama

et al. 2008), supporting a role of autophagy i dehth. Moreover, autophagy can lead to

32



INTRODUCTION

cell death, possibly through activating apoptoSisoft et al. 2007). Despite these findings, no
model system exist so far which convincingly shdhet physiological or even pathological
cell loss in mammalian cells vivois executed by autophagy (Kroemer and Levine 2008)

In contrast to the above described hypothesis dbtiphagy is a modulator of cell death,
several facts hint at a pro-survival function ofaulnagy and suggest that increased levels of
autophagosomes found in dying or dead cells refolts a failed survival attempt by the cell.
Supporting a pro-survival role, autophagy conttbks number and quality of organelles and
manages elimination of superfluous, aged and dathagganelles, functions contributing to
cell survival. Moreover, autophagy is essential Keeping cellular homeostasis in balance
and acts as a pro-survival process in responséfevethit forms of stress, including growth
factor depletion, hypoxia, ER stress, microbialeation and disease characterized by the
accumulation of protein aggregates (s. 1.B.3.h)addition, several autophagy genes have
been identified in screens for mutants defectiveurvival on nitrogen-poor media (Tsukada
and Ohsumi 1993; Thumm et al. 1994; Harding etl@P5; Levine and Klionsky 2004),
autophagy has been seen to play a crucial roleliminating damaged proteins during
oxidative stress (Xiong et al. 2007), and autophla@y been observed to protect cells from
caspase-independent cell death (Colell et al. 208 @nimal model systems lacking essential
autophagy genes, increased numbers of apoptotis ast detected, arguing for a cyto-
protective role of autophagy (Takacs-Vellai et28l05; Qu et al. 2007).

In conclusion, not least for the fact that autoghagd apoptosis are strongly linked and can
regulate or modify the activity of each other iffelient ways (Pattingre et al. 2005; Yousefi
et al. 2006; Maiuri et al. 2007b; Maiuri et al. 2@, the exact role of autophagy in cell

survival and cell death remains elusive.

[1.B.3.3 AUTOPHAGY AND CANCER

Due to the uncertain role of autophagy in cell savand cell death (s. 11.B.3.2), it is
obviously a conflicting subject whether autophagg the potential to promote or prevent
cancer.

The fact that autophagy is able to recycle nutsigntmaintain cellular energy homeostasis
and to degrade toxic cytoplasmic constituents hedpkeep cells alive during nutrient and
growth factor deprivation and other stressful ctiods such as disturbed oxygen and redox
homeostasis (s. 11.B.3.1), supporting a pro-canmoée of autophagy. Recent studies have
shown that inhibition of autophagy enhances cykeity of cancer chemotherapeutic
compounds and, consequently, clinical trials anerogress to disrupt autophagic degradation
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to maximize the effects of cancer cyto-toxic aggiibedin et al. 2007; Amaravadi et al.
2007; Carew et al. 2007; Maiuri et al. 2009). Imtrast to the above described role of
autophagy in cancer development, overexpressioth@fautophagy protein beclin 1 can
induce autophagy in mice and inhibit tumour grovethd heterozygous deletion loéclin 1
makes mice more susceptible to development of apeonus tumours (Qu et al. 2003; Yue et
al. 2003; Liang et al. 2006). In line with thiseclin 1is monoallelically deleted in 40-75 % of
cases of human breast, ovarian and prostate c@lordo et al. 2005). In addition, several
commonly mutated or epigenetically silenced tumswppressor genes stimulate autophagy
and a couple of generally stimulated oncogenesbinlaiutophagy (Botti et al. 2006). A
proposed explanation for the anti-cancer potewfidutophagy is that autophagy genes (like
beclin 1 and Atg5 may prevent genotoxic stress and DNA damage t(lhighnichromosome
instability), including oncogenic mutations, andnbe may function as protectors of the
genome (Mathew et al. 2007; Levine and Kroemer ROD&st but not least, supporting a
protective function of autophagy in cancer, variausophagy-inducing drugs are used for
several years in cancer therapy, including rapamyamong other mTOR inhibitors) and
Glivec (Ertmer et al. 2007).

In summary, the exact role of autophagy in canemains to be determined, tightly
connected to the controversial functions of autgyhen cell survival and cell death (s.
[1.B.3.2). A recent hypothesis suggests that auagghthough a cyto-protective pro-survival
event, may disrupt and prevent tumour growth bywemnéng necrotic cell death, a process
that might aggravate local inflammation and therglzyeasing tumour growth rate (Mathew
et al. 2007; Mizushima et al. 2008).

[1.B.3.4 AUTOPHAGY IN INFECTION AND IMMUNITY
Several years ago, the autophagy protein beclirad identified as a protein with anti-viral
function in mice (Liang et al. 1998) and later artogphagy genes were shown to be critical
for successful innate immune response to fungaitebial and viral pathogens in plants (Liu
et al. 2005), demonstrating a significant role ofophagy in anti-microbial defense. im
vitro infection studies it was shown that direct degtiadaof invading pathogens (like
bacteria, protozoa, viruses and fungi) can be aptished by autophagy [reviewed in
(Orvedahl and Levine 2009)], a specific process tewwned xenophagy [s. 11.B.1 and (Levine
2005)]. Another important connection between audghand the immune system represent
toll-like receptors (TLRS), a front line of defenagainst invading pathogens (Akira et al.
2006). TLRs are able to induce autophagy, the duatgp machinery can be used to deliver
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viral genetic material to endosomal TLRs for effiti induction of type | interferon, and
TLRs may interact in the recruitment of autophagytgins to phagosomal membranes (Lee
et al. 2007; Sanjuan et al. 2007; Xu et al. 200&lgBdo et al. 2009). In terms of antigen
presentation by major histocompatibility complexH®), growing evidence suggests a role
of autophagy in the MHC class Il presentation ofiagenously synthesized peptides
(Lunemann and Munz 2009). Moreover, a recent staidg suggests involvement of the
autophagy proteiitg5 in MHC class | antigen presentation (English et28l09). Several
signals involved in the immune response positivedgulate autophagy (Munz 2009;
Orvedahl and Levine 2009), whereas on the othed lsmme cytokines have been seen to
negatively regulate autophagy (Harris et al. 206tixthermore, paradoxically to the above
described connection of TLRs and autophagy in mmtrobial defense, some studies have
revealed that absent or hypomorphic expressiorutphiagy genes in certain cell types can
result in enhanced production of type | interfemnpro-inflammatory molecules such as
interleukin (IL)-18 and IL-18 among others (Jounai et al. 2007; Saatoal. 2008; Tal et al.
2009). In line with this, a polymorphism in the eplhagy genéAtgl6L1is associated with
susceptibility to inflammatory bowel disease (sashCrohn's disease) (Massey and Parkes
2007; Barrett et al. 2008), and mice with genelycahgineered mutations iAtgl6L1have
identified critically important functions of thisutbphagy protein in innate immunity
(Cadwell et al. 2008; Saitoh et al. 2008).

Besides the above described role of autophagy tinn@orobial defense (e.g. in pathogen
recognition by TLRs or antigen presentation by MHG»me pathogens have evolved
strategies to outsmart autophagy. It was repotted intracellular pathogens can modulate
signaling pathways of autophagy or block membraradfitking events required for
autophagy-mediated pathogen delivery to lysosorhesirfe and Deretic 2007). Moreover,
autophagy-dependent dynamic membrane rearrangetawntsbeen seen to be co-opted by
pathogens for replicative advantages (Kirkegaaral.e2004). Notably, microbial evasion of
autophagy may be essential for microbial pathogenaphenomenon that has been seen for
example for encephalitis induced by herpes simplaxs (HSV), which specifically inhibits

beclin 1 by a virus neurovirulence factor (Orvedethél. 2007).

[1.B.3.5 AUTOPHAGY AND NEURODEGENERATION

In several neurodegenerative diseases, includingkirBan's disease, polyglutamine

expansion disease (such as Huntington's diseasgpt@phic lateral sclerosis (ALS), and

some forms of frontotemporal dementia (FTiD)vitro andin vivo studies revealed that up-
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regulated autophagy acts as a cellular defense aneth by degrading aggregate-prone
proteins causing disease (Berger et al. 2006; Ratem 2006; Fornai et al. 2008b; Winslow
and Rubinsztein 2008). Emphasizing the physioldgicaportance of the autophagic
machinery in preventing neurodegeneration, autopladjciency (impaired autophagic flux)
and consequential accumulation of autophagosonmed®den seen to increase levels of toxic
aggregate-prone proteins and has therefore beenlukxs as a secondary disease mechanism
contributing to development of neurodegenerativeeales such as motor neuron disease
(MND) and lysosomal storage disorders (RavikumaaleR005; Settembre et al. 2008). In
line with the above described beneficial role ofophagy in preventing neurodegeneration,
mice with neural-tissue specific autophagy deficierfknock-out of essential autophagy
genes) develop symptoms of neurodegeneration witlsquression of any disease-associated
mutant proteins (Hara et al. 2006; Komatsu et @D62. The exact mechanism by which
autophagy is targeting aggregate-prone proteingldgradation is uncertain and the question
whether autophagy specifically recognizes toxidqins or is degrading such proteins in an
undirected bulk degradation process remains to dsolvred. One hypothesis suggests
p62/sequestosome-1 (SQSTM1) as a possible adapitecuate targeting aggregate-prone
proteins to autophagosomes, as almost all aggrebgatdeins are decorated with ubiquitin
and SQSTM1 has binding domains for both LC3 (latate autophagosomes) and ubiquitin
(Bjorkoy et al. 2005; Pankiv et al. 2007). Anotlséundy recently suggested a posttranslational
modification process which actively targets pragefor degradation by autophagy. Thereby,
autophagic clearance of mutant huntingtin can beesed by acetylation at lysine residue
444 (K444) (Jeong et al. 2009).

Concerning Alzheimer's disease, the role of autgpls@ems to be more conflicting. On the
one hand, it has been seen that the autophagicimeagiplays a neuroprotective role against
Ap-induced neurotoxicity (Hung et al. 2009), on tliken hand studies have linked elevated
levels of autophagy with increased amyloid preaungtein (APP) processing andBA
peptide generation, and PApeptide production has been seen to take placeleins
autophagosomes (Yu et al. 2005). Therefore, iymthesized that impaired autophagic flux

provides a novel and significant site fop peptide production.

[1.B.4 AUTOPHAGY AND PRIONS

Two decades ago, autophagic vacuoles were for itke time identified in neurons in
experimental models of TSEs in mice and hamsteczl({@ard et al. 1989; Boellaard et al.

1991) and the appearance of multi-vesicular bodiesautophagic vacuoles was observed in
36



INTRODUCTION

prion-infected cultured cells (Schatzl et al. 199¥pre recently it has been reported that
autophagic vacuoles are not only formed in neurgalkarya but also in neurites and
synapses in experimentally induced scrapie, CJD@88 syndrome (Liberski et al. 2004)
and autophagic vacuoles have been identified inynsgnapses in all categories of human
transmissible encephalopathies (Sikorska et al4R0An interesting correlation between
TSEs and autophagy was observed in studies on §scedpie responsive gene 1), which has
been seen to be up-regulated in brains of micetedewith scrapie and BSE, as well as in the
brain of a patient with sporadic CJD (Dandoy-Drarak 1998; Dron et al. 1998; Dandoy-
Dron et al. 2000). In the CNS of scrapie-infectedenup-regulated scrgl is associated with
autophagic vacuoles, which are observed at theinatatage of disease (Dron et al. 2005),
and, as a consequence, it was suggested that sugiit be used as a marker to identify
neuronal autophagy in TSEs (Dron et al. 2006). desautophagy in TSEs, the involvement
of the physiological form of the prion protein (Prih the autophagy pathway has recently
been described. Increased expression level of LLG8als observed in Zirich Prnp”
hippocampal neuronal cells compared to wild-typetiad cells under serum deprivation and
this up-regulation of LC3-Il was retarded by reamuction of PrRinto Prnp’ cells (Oh et al.
2008). As such retardation was not detectable fBf Rcking the octapeptide region, it was
suggested that the octapeptide region of Pi&y play a crucial role in control of autophagy
in neuronal cells mediated by Proncerning the role of autophagy in prion disgéssas
proposed that autophagy may contribute in the ftonaof spongiform change, a
pathological hallmark in TSE affected brains, armyrbe activated by apoptosis (Liberski et
al. 2002; Liberski et al. 2004; Liberski et al. 3)0In contrast, support for a protective role of
autophagy in prion disease was described in stutheserning a member of the galactin
family of proteins, namely galactin-3. Reduced Isvef the lysosomal activation marker
LAMP-2 was observed in prion-infected galactifi-Bice and, interestingly, in brain tissue of
prion-infected wild-type and galactin“amice, lower mRNA levels of autophagy markers
beclin-1 and Atg5 have been detected compared to mock-infected aldmtains (Mok et al.
2007). Therefore, it was suggested that endo-/ywat dysfunction in combination with
reduced autophagy may contribute to developmentrimin disease. Previously we could
show that Glivec (STI571, imatinib), a drug usedreat chronic myelogenous leukemia, is
activating lysosomal degradation of PfRErtmer et al. 2004) and is a potent inducer of
autophagosome formation (Ertmer et al. 2007). scapie-infected mouse model, Glivec
treatment at an early phase of peripheral scraypeetion delayed both the neuroinvasion of

pathological Prf¥ and the onset of clinical disease (Yun et al. 2088t, drug application,
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either intraperitoneally or intracerebroventriculprovoked no Pr¥ clearance effects in the
CNS, probably due to problems crossing the BBB.

[1.C OBJECTIVE

For several years it is known that autophagy playsprotective role in many
neurodegenerative diseases, including Parkinsonds Huntington's disease, by clearing
aggregate-prone proteins causing disease. Besiddmting that Glivec, a potent anti-prion
compound, is able to induce autophagosome formatiohmuch is known about the role of
autophagy in clearing PTP Therefore, in this study it should be analyzedethbr
autophagy-inducing compounds are able to reduckofuafical Pr® (and levels of PfP
respectively) in persistently prion-infected celisid whether activated autophagy is directly
mediating reduction of PF® Moreover,in vivo studies with prion-infected mice should
reveal whether autophagy-inducing compounds mighiehtherapeutic potential in prion
disease.

Besides the role of autophagy in persistent priofection scenarios, the role of basal
autophagy in primary prion infection is subject-taatof this study. Concerning primary
prion infection, different roles of basal autophayg possible. On the one hand autophagy
might inhibit primary prion infection by clearing®°, on the other hand it is conceivable
that autophagy might support primary prion infestlny breaking up larger PtPaggregates
forming smaller PrP-seeds, which are known to be more efficient templdor prion
conversion. To elucidate the role of autophagy rimary prion infection, different P2
susceptible and —unsusceptible mouse neuroblas{di®a) cells should be analyzed for
autophagosome formation upon inoculation with ioRurthermore, mouse embryonic
fibroblasts (MEF), either wild-type (MEFwt) or aploagy-deficient (MEFATGB), should
be prion-infected to shed light into the role ofaahagy in primary prion infection.
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[1l. MATERIALS AND METHODS

[II.LA MATERIALS

lII.LA.1 CHEMICALS

7-AminoActinomycin D (7-AAD)
Error! Hyperlink reference not valid.
Ammonium peroxodisulfate (APS)
Ammonium chloride (NHCI)
Bacillol Plus

Bacto Agar

Bacto Trypton

Bacto Yeast extract

Bromphenole Blue

Calcium chloride (CaGg)
Dimethhylsulfoxide (DMSOQO)
Ethanol p. a. 99 %

Ethylen diamine tetraacetate, sodium salt (EDTA)

Gelatine 40 % solution

Glucose

Glycerol

Glycine

HCI 37 % (w/w)

Hexadimethrine bromide (Polybrene)
Hoechst 33342, trihydrochloride, trihydrate
Isopropanol p. a.

Lithium acetate (LICHCOO)

Lithium bromide (LiBr)

Lithium carbonate (LICOs)

Lithium chloride (LiCl)

Magnesium chloride (MgG)
Magnesium sulfate (MgS£p

Methanol p. a.

N,N,N",N -Tetramethylenediamine (TEMED)
39

Becton Dickinson, Heatberg
Sigma-Aldrich, Munich
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Becton Dickinson, Heidelberg
Becton Dickinson, Heidelberg
Becton Dickinson, Heidelberg
Sigma-Aldrich, Munich
Roth, Karlsruh
Sigma-Aldrich, Munich
Roth, Karlsruh
thREarlsruh
Sigma-Aldrich, Munich
Roth, Karlsruh
Roth, Karlsruh
Roth, Karlsruh
Roth, Karlsruh
Sigma-Aldrichyrieh
Sigmlavieh, Munich
Roth, Karlsruh
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Sigma-Aldrich, Munich
Roth, Karlsruh
Sigma-Alzhij Munich



MATERIALS AND METHODS

N-Lauryl-sarcosine (Sarcosyl) Sigma-Aldrich, Munich

Pefabloc SC (AEBSF) Roche, Mannheim

Permafluor Beckman Coulter, Marseille, France

Phosphate buffered saline (PBS) Invitrogen, Kahsru

Protogel Ultra Pure 30 %; Acrylamide National Diagtics, Atlanta, GA,
USA

Potassium chloride (KCI) Sigma-Aldrich, Munich

Re-Blot Plus Strong Solution Millipore, Temecula,GJSA

Roti-Histofix Roth, Karlsruh

Saponin Sigma-Aldrich, Munich

Skim Milk Powder Roth, Karlsruh

Sodium azide (Nah) Sigma-Aldrich, Munich

Sodium chloride (NaCl) Roth, Karlsruh

Sodium deoxycholate (DOC) Roth, Karlsruh

Sodium Dodecylsulfate (SDS) Roth, Karlsruh

Sodium hydroxide (NaOH) Sigma-Aldrich, Munich

Trehalose Sigma-Aldrich, Munich

Tris-hydroxy-methyl-aminomethan (Tris) Roth, Kadlsr

Triton X-100 Roth, Karlsruh

Trypan Blue Sigma-Aldrich, Munich

Tween-20 Roth, Karlsruh

[11.A.2 BUFFERS AND SOLUTIONS

Buffers and solutions are listed in their applied@entration in the context of the described

methods.

[11.LA.3 ANTIBIOTICS AND BACTERIA

Ampicillin (Amp) Sigma-Aldrich, Munic
E. coliXL1 Blue strain Stratagene, Amsterdam, Netherlands
Penicillin/Streptomycin (Pen/Strep) Invitrogen, Isanhe
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[11.LA.4 ENZYMES

Proteinase K (PK) Roth, Karlsruh
RNase A (for Maxiprep) Qiagen, Hilden
RNase-free DNase set Qiagen, Hilden
Trypsin-EDTA Invitrogen, Karlsruhe

[I11.LA.5 INHIBITORS

Table 4. Inhibitors used in this work.

Substance Description

_ Purchased from Sigma (Munich, Germany); stored@inr
3-methyladenine

(3-MA) temperature; dissolved in cell culture medium fmal concentration

of 10 mM;

Purchased from Sigma (Munich, Germany); 10 uM stmlktion in
H.0; stored at -20 °C;

Purchased from Sigma (Munich, Germany); 1 mM stealktion in
DMSO; stored at -20 °C;

Purchased from Novartis (Zirich, Switzerland); 10 stock-
solution in DMSO; stored at -20 °C;

Bafilomycin Al

Rapamycin

Glivec

[I1LA.6 ANTIBODIES

Table 5. Antibodies used in this work (IF: immunoflorescence; WB: Western blot; FACS: fluorescence-

activated cell sorting; HRP: horseradish peroxidasg

Primary . _
_ Source and reference Specificity Application Dilution
antibody

Mouse monoclonal (Sigma:
Anti-3-actin Aldrich Chemie GmbH, Actin wWB 1:10000
Steinheim, Germany)
Mouse monoclonal _
_ LC3 (microtubule-
(nanoTools Antikorper-

Anti-LC3 _ associated protein WB 1:1500
technik GmbH & Co. KG,

_ light chain 3)
Teningen, Germany)
_ Mouse monoclonal ATGS5 (Autophagy
Anti-ATG5 ) WB 1:800
(nanoTools Antikorper- related gene 5),
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technik GmbH & Co. KG, ATG5/ATG12
Teningen, Germany) protein complex
Host species: rat; reactive

with mouse (Santa Cruz

Anti-lamp-1 ) Lamp-1 IF 1:100
Biotechnolgy; Santa Cruz,
CA, USA)
PrP of various
AH1L Mouse monoclonal (Ertmer species (including WB 1:1000
et al. 2004) mouse); no linear FACS 1:10
epitope defined
Mouse monoclonal (Barry
et al. 1986; Barry and ' . _
) Epitope in Syrian
Prusiner 1986; Kascsak et
hamster and huma
3F4 al. 1987; Rogers et al. WB 1:5000
) . PrP; aa 109-112
1991); Kindly provided by
. . (MKHM)
Michael Baier (Robert Koct
Institut, Berlin, Germany)
Rabbit polyclonal (Santa
. ; Green fluorescent
Anti-GFP Cruz Biotechnology; Santa . WB 1:5000
protein (GFP)
Cruz, CA, USA)
Secondary - - -
: Source Specificity Application Dilution
antibody
HRP-conj. Sheep (GE Healthcare,
_ _ Mouse 1gG WB 1:7500
anti-lgG Freiburg)
HRP-con. Sheep (GE Healthcare, .
_ . Rabbit 19G WB 1:7500
anti-lgG Freiburg, Germany)
Cy2-con. Donkey (Dianova,
_ Mouse 1gG FACS 1:100
anti-lgG Hamburg, Germany)
Cy3-conj. Donkey (Dianova,
_ Rat IgG IF 1:200
anti-lgG Hamburg, Germany)
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[I1.LA.7 OLIGODESOXYNUCLEOTIDES

Primers (PrP-forward primer and PrP-reverse prirparchased from Roth, Karlsruhe) and
probe (TagMan probe, purchased from MWG, Ebersb&g)RT-PCR were VIC- and
TAMRA-labeled. Oligodesoxynucleotides were purified HPLC (high performance liquid

chromatography) and sent in lyophilized form.

Table 6. Oligodesoxynucleotides used in this work.

Name Sequence

PrP-forward primer GCGGTACATGTTTTCACGGTAGTA
PrP-reverse primer GAGCAGGCCCATGATCCA
TaqMan probe CGGTCCTCCCAGTCGTTGCCAAAA
[11.A.8 PLASMIDS

Table 7. Plasmids used in this work.

Plasmid Description and source

Mammalian expression vector (Invitrogen, Karlsruimeyhich the
pcDNAS.1-wtPrP open reading frame of wild-type murine PrP (wtHsHhserted

(under the control of the CMV promoter)

LC3 cDNA inserted into th&glll andEcoRlIsites of pEGFP-C1, a

GFP-LC3 _ _ _
GFP fusion protein expression vector (Kabeya €2@00)
Lentiviral GFP fusion protein expression vectorr(iiased from
GFP-pWPT
addgene; www.addgene.org)
Lentiviral expression vector encoding for ATG5; Gonct was
obtained by replacing GFP of the plasmid GFP-pWHRh ATG5
ATG5-pWPT

(kindly provided by Prof. Hans-Uwe Simon; Departiineh
Pharmacology, University of Bern, CH-3010 Bern, Reiland)

Packaging vector for producing lentiviral partic(esirchased from
pCMV-dR8.2 dvpr
addgene; www.addgene.org)

ERE Envelope vector for producing lentiviral particigsirchased from
PAES addgene; www.addgene.org)
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[11.LA.9 EUCARYOTIC CELL LINES

Table 8. Cell lines used in this work.

Cell line Description Source
. . ATCC CCL-131 (Butler et al.
N2a Murine neuroblastoma cell line
1988)

N2a cells both persistently infected witt

ScN2a RML prion strain and overexpressing (Scott et al. 1992)
3F4-epitope-tagged murine PrP
Murine fibroblast cell line persistently ATCC CCL-1 (Vorberg et al.
infected with 22L prion strain 2004)
Wild-type (wt) mouse embryonic

MEFwt _ ) (Kuma et al. 2004)
fibroblast cell line

SclL929

. ATG5 knock-out (autophagy-deficient)
MEFATG5™ o . (Kuma et al. 2004)
mouse embryonic fibroblast cell line

Cell line based on the 293T cell line (a
human embryonic kidney line

. _ (Graham et al. 1977; Harrison et
HEK293FT transformed with adenovirus Ela and o
al. 1977; Naldini et al. 1996)

carrying a temperature sensitive T
antigen co-selected with neomycin)

PrP*-susceptible N2a clones (cells wer .
. _ o Kindly provided by Dr. Ina
obtained by curing prion-infected ScN2 . .
' Vorberg (Institute of Virology,
KI17; KI21 cells using pentosan polysulphate; _ _ _
Technical University of
subsequently cells were sub-cloned an )
Munich)

tested for Pr-susceptibility)

PrP>-unsusceptible N2a clone (cells _ .
. _ - Kindly provided by Dr. Ina
were obtained by curing prion-infected . .
_ Vorberg (Institute of Virology,
KI35 ScN2a cells using pentosan polysulphe ) _ _
Technical University of
subsequently cells were sub-cloned an )
Munich)

tested for PrE-unsusceptibility)
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[11.LA.10 CELL CULTURE MEDIA AND SUPPLEMENTS

OptiMEM with Glutamax
D-MEM with Glutamax
Fetal calf serum

Penicillin/Streptomycin (Pen/Strep)

I.A.11 KITS
ECL Plus

Fugene 6 Transfection Kit
Lipofectamine 2000
NucleoSpin RNA Il Kit
Plasmid Maxi Kit

QuantiTect Probe TR-PCR Kit

Invitrogen, Karlsruhe
Invitrogen, Karlsruhe
Invitrogen, Karlsruhe

Invitrogen, Isanhe

GE Healthcare, Freiburg
Roche, Mannheim
Invitrogen, Karlsruhe

Macherey-Nagel, Duren

Qiagen, Hilden
Qiagen, Hilden

[11.LA.12 INSTRUMENTS ANDACCESSORIES

Autoclave V95
Blotting transfer units:
ECL Semi-Dry Transfer Unit
Semi-Dry PowerPac 200
Centrifuges:
Beckman Avanti
Beckman TL-100 ultracentrifuge
Eppendorf 5417R
Sigma 4K15
CO;, Incubator
Cover slips and slides
Cryotubes
Developer (Typon Medical)
Elektrophoresis power supplies:
Consort E835
EPS 3500 XL
Eppendorf tubes (1.5 or 2 ml)
FACS-polystyrene tubes

Systec, Wettenberg

GE Healthcare, Freiburg

Biorad Laboratories, Munich

Beckman Coulter, Krefeld
Beckman Coulterefiéid
Eppendorf-Nethaler-Hinz, Kéln

Sigma-Aldrich, Munich

Heraeus, Hanau
Marienfeld, Bad Mergentheim

Corning Inc., Corning, NY, USA

Protec Medizintechnik Gini®berstenfeld

Consort, Turnhout, Belgium

Pharmacia Biotech, Upsala, Sweden

Eppendorf-Nethalerz1Kaln
Becton Dickinson, Heidelberg
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Falcon tubes (15 or 50 ml)
Filters:
0.22 um
0.45 um
Flow cytometer EPICBXL
Fuchs-Rosenthal hemocytometer
Gloves:
SemperCare powder free
SemperCare nitrile
Hybond-P PVDF membrane
Microscopes:
Axiovert 40C
Olympus CKX41
LSM510 confocal laser microscope
Minitron incubator
Perfect blue double gelsystem
pH-Meter
Pipets (0.5-10pul, 10-100 pl, 100-1000pul)
Pipet tips:
SafeSeal-Tips (20 ul, 100 ul, 1000ul)
Stripette (5 ml, 10 ml, 25 ml)
Pipetus
ScanJet 4100C scanner
Spectrophotometer
TagMan machine
Thermomixer compact
Tissue culture dishes and plates
Vortex mixer
Waterbath
Whatman paper
X-ray films Kodak Biomax MS
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Falcon, Le Pont de CRiance

Millipore, Temecula, CA, USA
Millipore, Temecula, CA, USA
Beckman Coulter, Krefeld
Roth, Karlsruhe

Semperit Austria, Vienneira
Semperit Austria, Vienna, Alastr
GE Healthcare, Freiburg

Carl Zeiss Jena, Géttingen
Olympus Deutschland GmbH, Hamburg
Carl Zeiss J&idtingen
Infors AG, Bottmingen
Peglab BiotechnolGgrdH, Erlangen
WTW, Weilheim
Eppendethaler-Hinz, Koln

Biozym, Hids Oldendorf
Corning Inc., Corgj NY, USA
Hirschmann Laborgeréte, Eberstadt
Hewlett-Packard GmbH, Bdhiing
GE Healthcare, Freiburg
Applied Biosystems, Darmstadt
Eppendorf-Nethaler-Hinz, Koéln
Falcon, Le Potlai®, France
Neolab Migge, Heidelberg
GFL, Burgewede
Schleicher & Schiull, Dassel
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[11.LA.13 COMPUTING PROGRAMS

Abobe Photoshop 7.0 Abobe Systems Inc., USA

Abobe Acrobat 7.0 Abobe Systems Inc., USA
ImageQuant TL GE Healthcare, Freiburg

Prism 4 software Graphpad Software, San Diego, T34
Zeiss LSM Image Viewer Carl Zeiss Jena GmbH, Ggéeim
[11.B METHODS

[11.B.1 BIOLOGICAL SAFETY

Genetical engineering of organisms was accompligheter biosafety level 2 according to
the Genoa genetic engineering law of 01.01.2004loBically contaminated materials and
solutions were collected separately and inactivatambrding to the lab operating instructions.
Inactivation of prions is subject to special regolas. Solutions were incubated with 1 M
NaOH for 24 hours. Both liquid and solid prion weastere autoclaved for 60 min at 134 °C
and 3 bar.

[11.B.2 MOLECULAR BIOLOGICAL METHODS

[11.B.2.1 QUANTIFICATION OF NUCLEIC ACID

Concentration of DNA or RNA was determined by mesguthe absorbance at a wave
length of 260 nm using a spectrophotometer (GE tHeate). If diluted in HOgest, an
absorbance of 1 for a double-stranded (ds) DNA aaon corresponds to 5@/ml DNA,
for RNA an absorbance of 1 corresponds to 40 ugliné amount of DNA or RNA in a
sample was calculated according to the Beer-Landugration:

A=¢g-cl A = absorbance (OD unit)
&= molar extinction coefficient fig/ml)™* cm]
e@sonay = 0.020 g/mlytem?]
¢ = concentrationu@/ml)

| = path length (cm)
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As aromatic aa, especially tryptophan, have thesogption maximum at Olg,, the values at
280 nm were determined to estimate the proteinecdrin the solution. The DNA or RNA

sample was considered pure if the ratio of,@D,go was 1.8 or higher.

[11.B.2.2 AMPLIFICATION OF PLASMID DNA

[11.B.2.2.1 PREPARATION OF CHEMICALLY COMPETENT BACTERIA

Buffers and Solutions:

Luria-Bertani-(LB) medium 1 % (w/v) (10 g/l) Bacloypton
0.5 % (w/v) (5 g/l) Bacto Yeast extract
1 % (10 g/l) NaCl
ad 1000 ml HOgest.

MgCI, solution 100 mM in BOgest.

CaCl solution 100 mM in BOgest.

A single colony ofE. coli XL1 Blue strain (lll.A.3) was transferred to 5 mBLmedium
without antibiotics and incubated over night at°87with constant shaking (180 rpm). The
next day, 1 ml of this culture was transferred @ Inl LB medium and further cultivated at
37 °C with constant shaking. After the solution madched an optical density measured at a
wavelength X) of 600 nm (O[dyy) of 0.6-0.8, cells were cooled on ice for 10 minopto
sedimentation at 2600 (Sigma 4K15 centrifuge) at 4°C. The pellet wasispended in 50
ml ice cold sterile MgGl solution (100 mM) and incubated for 30 min on =fore the
centrifugation step was repeated. The supernataas wdiscarded and bacteria were
resuspended in ice cold sterile Ca&blution, chilled on ice for 30 min and centrifdgas
described above. The cell pellet was resuspended ml ice cold CaGl solution and
incubated for 24 h on ice. Finally, after additimn2.5 ml sterile ice cold Cag&solution and
0.5 ml glycerol, 10Qul aliquots in 1.5 ml Eppendorf tubes were prepaaed immediately
frozen at -80 °C.

[11.B.2.2.2 HEAT SHOCK TRANSFORMATION OF E. coLI WiITH PLASMID DNA
Buffers and Solutions:
SOC-Medium 2 % (w/v) (20 g/l) Bacto Trypton
0.5 % (w/v) (5 g/l) Bacto Yeast extract
10 mM NacCl
2.5 mM KCI
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2 mM MgChb
10 mM MgSQ
20 mM Glucose
iN HaOgest.
LB-agar 1 % (w/v) (10 g/l) Bacto Trypton
0.5 % (w/v) (5 g/l) Bacto Yeast extract
1 % (w/v) (10 g/l) NaCl
1.5 % (w/v) (15 g/l) Bacto Agar
ad 1000 ml HOgest.

An aliquot (50 — 100 ul) of chemically competéntcoli (111.B.2.2.1) was thawed on ice and
1 ul plasmid DNA (l1l.A.8) was added and incubatedioa for 30 min. Bacterial cells were
then warmed to 42 °C for 90 sec and immediatelyezbon ice for 2 min. Addition of 400l
pre-warmed SOC medium was followed by an incubadtep at 37 °C with constant shaking
(180 rpm) for 45 min. An aliquot of the bacteriasathen transferred to 100 ml LB medium
supplemented with 50 pg/ml ampicillin and grown rorigght at 37 °C in a shaking incubator
(minitron incubator). Another aliquot of the bacdewas plated on an agar plate containing 50

png/ml ampicillin and incubated over night at 37&@l subsequently stored at 4 °C.

[11.B.2.2.3 | SOLATION OF PLASMID DNA

To isolate high-copy plasmid DNA in a preparativals the Qiagen Plasmid Maxi Kit was
used according to the manufacturers™ instructidflsted DNA was precipitated in 0.7
volumes of isopropanol and desalted with 70 % athaAir-dried DNA pellets were

redissolved in sterile 200 - 40 H,Oq4estand the concentration was determined (l11.B.2.1).

[11.B.2.3 ISOLATION OF TOTAL CELLULAR RNA

Cells were grown on 6 cm culture dishes. For isohaof total cellular RNA the NucleoSpin
RNA 11 Kit was used according to the manufactureénstructions. All extraction steps were
carried out in an RNase free environment with EtdRiNase-free pipet tips and test tubes and
in a PrP-DNA free laminar flow in order to avoidyatontaminations. As TagMan real-time
(RT)-PCR is very sensitive to small DNA amountsdiidnal DNase digestion was
performed in order to eliminate any genomic DNA temnminations. Extracted RNA was
eluted in 50 pul RNase-free water and the conceatratas determined (111.B.2.1). For RT-
PCR (lll.B.2.4), volume of each sample was adjustetiD0 ng RNA/ul.
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[11.B.2.4 REAL-TIME (RT)-PCR

RT-PCR was carried out in a TagMan machine (AppBidsystems, Darmstadt) using
isolated total cellular RNA (111.B.2.3) in order &mnalyze cellular PrP-mRNA copy numbers.
For RT-PCR the QuantiTect Probe TR-PCR Kit (Qiagdiiden) was used. Primers and
probe are described elsewhere (11l.A.7).

RT-PCR reaction mix was as follows:

RT-Mastermix 16 pl

RNase free water 6.3 pl

PrP-forward primer 0.9 ul (20 pmol/ul)
PrP-reverse primer 0.9 ul (10 pmol/ul)
TagMan probe 0.6 pul (10 pmol/ul)
RT-mix 0.3 ul

RNA 5 ul (200 ng/ul)
Total volume 30 ul

For quantification of mMRNA copy number, dilutiorries of pcDNA3.1-wtPrP (Ill.A.8) were
prepared in sterile ¥Dqes:. Starting from 16 copies and ending at 1@opies (power series)
and served as a standard for RT-PCR. Copy numbenmRNA were determined by

comparison with the standard curve.

[11.B.3 PROTEIN BIOCHEMICAL METHODS

[11.B.3.1 PREPARATION OF POSTNUCLEAR LYSATES

Buffers and Solutions:

3 x SDS sample buffer 90 mM Tris-HCI (pH 6.8 ad)
7 % (w/v) SDS
30 % (v/v) glycerol

20 % (v/v) R-mercaptoethanol
0.01% (w/v) bromphenol blue
iN HoOgest.

Lysis buffer 100 mM NacCl
10 mM Tris-HCI (pH 7.5 ad)

10 mM EDTA
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0.5 % Triton X-100

0.5 % DOC

iN HaOgest.
Pefabloc SC 1 % stock solution in®les:.
TNE 50 mM Tris-HCI (pH 7.5 ad)

150 mM NacCl

5 mM EDTA

iN HaOgest.

Adherent cells were washed once with PBS and wébsegjuently covered with 1 ml lysis
buffer at room temperature (RT) for 10 min. Totaddtes were transferred to 1.5 ml reaction
tubes for separation of cell debris by centrifugatior 1 min at 20800 g at RT (Eppendorf
5417R centrifuge). The supernatants were transfam® a fresh 1.5 ml reaction tube and
20 ul of 1 % Pefabloc stock solution were added befoezipitation with 5-10 vol. methanol
over night at -20 °C. Samples were then centrifuge@600 xg for 25 min (Sigma 4K15
centrifuge) at 4 °C and the resulting pellet wesuspended in adjusted volume of TNE and
3 x SDS sample buffer (1/2 x volume) was added. (Besnwere heated to 95 °C for 5 min
and placed on ice for Western blot analysis.

[11.B.3.2 PROTEINASE K(PK)-DIGESTION

Buffers and Solutions:
Pefabloc SC 1 % stock solution in®}est.

Proteinase K (PK) 1 mg/ml stock solution ipQgest

Aliquots of post-nuclear lysates (I11.B.3.1) wereubated for 30 min at 37 °C with 2@/ml
PK. The digestion was stopped by addition of tr@gase inhibitor Pefabloc. Samples were
precipitated with methanol (5 x volume) over nigiit -20 °C or subjected to detergent
solubility assay (111.B.3.3). When precipitated witmethanol, samples were centrifuged for
25 min at 2600 xg (Sigma 4K15 centrifuge) at 4 °C and pellets wenbsequently
resuspended in an adjusted volume of TNE. 3 x Sid§pke buffer (1/2 x volume) was added

and samples were heated to 95 °C for 5 min anct@lan ice for Western blot analysis.
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[11.B.3.3 DETERGENT SOLUBILITY ASSAY

Buffers and Solutions:

N-Lauryl sarcosine 10 % stock solution inGest.

Detergent solubility assay was performed for déeadf PrP® upon inoculation of cells with
prion-infected brain homogenate (111.B.4.8). Alidsoof PK-digested, postnuclear lysates
(111.B.3.2) were supplied with N-Lauryl sarcosine 1 % and ultracentrifuged at 10000@ x
for 1 h at 4 °C (Beckman TL-100 ultracentrifugeubSequently, insoluble fraction (pellet)
was resuspended in an adjusted volume of TNE axd&BS sample buffer (1/2 x volume)
was added. Then, samples were heated to 95 °Crfon &and placed on ice for Western blot

analysis.

[11.B.3.4 SODIUM DODECYL SULFATE-POLYACRYLAMIDE GEL ELECTROPHORESIS

(SDSPAGE)

Buffers and Solutions:

4 x Lower gel solution 1.5 M Tris-HCI (pH 8.8 ad)
0.4 % (w/v) SDS
in H2Ogest.

4 x Upper gel solution 0.5 M Tris-HCI (pH 6.8 ad)
0.4 % (w/v) SDS
in H,Odest.

APS stock solution 10 % (W/V) iNoByest.

3 x SDS sample buffer 90 mM Tris-HCI (pH 6.8 ad)

7 % (w/v) SDS
30 % (v/v) glycerol
20 % (v/v) B-mercaptoethanol
0.01% (w/v) bromphenol blue
in HaOest.
10 x SDS electrophoresis buffer 250 mM Tris
2.5 M Glycine
1 % (w/v) SDS
iN HaOgest.
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Protocol for SDS-PAGE gels (for 4 gels):
Resolving gel (12.5 %) Protogel acrylamide soludn8 mi

Lower gel solution 30.8 ml
H2Ogest. 40.6 ml
TEMED 180yl
APS 384yl
Stacking gel (5 %) Protogel acrylamide solutionfl6
Upper gel solution 8.4 mi
H2Ogest. 19.8 ml
TEMED 60ul
APS 336ul

High range protein molecular weight marker ~ GE Headte, Freiburg

Before SDS-PAGE analysis, samples were boiled &C9for 5 min and subsequently placed
short-term on ice for cooling. Proteins were sefgaran denaturing SDS gels containing
12.5 % acrylamide according to their molecular ma3se amount of postnuclear lysate
(111.B.3.1) loaded on gel (volume ranging betweer 50 pl) depended on the concentration
of the protein(s) which shall be detected. A molacweight marker (3.5 pl) was additionally
loaded on gel. Electrophoresis was accomplisheémutmhstant current (30 mA per gel) until

the tracking dye reached the bottom of the resglgel.

111.B.3.5 WESTERN BLOT(IMMUNOBLOT)

Buffers and Solutions:

Blotting buffer 20 % (v/v) Methanol
3 gTris
14.4 g Glycine
ad 1000 ml HOgyest.

10 x Tris-buffered saline Tween-20 (TBST) 100 mMsTHICI (pH 8.0 ad)
100 mM NacCl
0.5 % (v/v) Tween-20
in H2Ogest.

Blocking buffer 5 % Skim milk powder
in1x TBST
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The Western blot technique allows the detectionpafteins separated by SDS-PAGE
(111.B.3.4) by specific antibodies (lll.A.6). Trafes of proteins from the polyacrylamide gel
onto a PVDF membrane was accomplished by an efduiretic, semi-dry method. The
membrane was activated by a short incubation irhametl and equilibrated in Bges;. before
being placed on three layers of Whatman paper soekelotting buffer. The gel was then
transferred on the membrane and covered with tadetional Whatman papers soaked in
blotting buffer. When the “Semi-Dry transfer un{iGE Healthcare) was used, a current of
approx. 101 mA per gel (calculated as follows: siz¢he gel in crix 0.8 mA) was applied
for a period of 1 hour. When the “Semi-Dry PowerR@0” (Biorad Laboratories) was used,
proteins from the gel were transferred on the mambdby constant voltage (18 V) for 30 min
(60 min for two gels). Afterwards, the membrane wasibated in blocking buffer at RT for
30 min. The primary antibody (I1l.A.6) was thenuwéd in 1 x TBST buffer, added to the
membrane and incubated on a horizontal shakerr@ta@ver night. After seven rinsing steps
with 1 x TBST for 5 min each, the secondary antib@il.A.6) in 1 x TBST was added for
30 min at RT. After additional seven washing steps min each, the membrane was rinsed
in HoOgest. FOr detection of antibody-protein complexes,ittembrane was covered for 3 min
with an appropriate mixture of ECL solutions, pnegzaaccording to the manufacturers
instructions. Subsequently, the membrane was quidked between two Whatman papers

before exposition to X-ray films for signal detecti

[11.B.3.6 BAND INTENSITY QUANTIFICATION BY IMAGEQUANT TL

Intensities of signals detected by Western blotysmawere quantified using a ScanJet 4100C
scanner (Hewlett-Packard) and the Image Quant ftlvace (GE Healthcare).

[11.B.3.7 STATISTICAL ANALYSIS

Statistical analysis was performed with Prism Safev(Graphpad Software, San Diego, CA,
USA) using either the unpaired two-tailedest for pairwise comparisons or the One-way
ANovA analysis with Tukey post-test for multiple comparns. Statistical significance was

expressed as follows: ns: not significant,<0.05, **p < 0.01, **p < 0.001.
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[11.B.4 CELL BIOLOGICAL METHODS

[11.B.4.1 THAWING OF CELLS

Thawing of frozen cells (stored in cryovials indid nitrogen) was achieved in a water bath at
37 °C. Cells were then resuspended in 10 ml apjateprpre-warmed culture medium and

subsequently centrifuged for 10 min at 209 at 20 °C (Sigma 4K15 centrifuge) in order to

remove toxic DMSO in the cryoconservation mediurne Bupernatant was discarded and the
cell pellet was resuspended in 10 ml fresh cultoeglium and then plated on a 10 cm cell

culture dish.

[11.B.4.2 CULTIVATION AND PASSAGING OF CELLS

Cells were cultivated on appropriate culture disimea humidified 5 % C@atmosphere at
37 °C. The cell lines N2a, ScN2a, KI17, KI21 and3¥lwere maintained in Opti-MEM
(II.A.10), ScL929, MEFwt, MEFATG5 and HEK293FT cell lines were maintained in
D-MEM (lll.A.10). If not otherwise stated, cell dure medium was always supplemented
with 10 % fetal calf serum (FCS) and 1 % Pen/S{iBA.3). Passaging of cells was carried
out using 10 cm culture dishes. Confluent adherel$ were rinsed once with 5 ml PBS and
then detached using 500 ul Trypsin/EDTA solutioell€were subsequently suspended in
10 ml appropriate culture medium and a desired neluof this cell suspension was
transferred to a new 10 cm culture dish supplengentiéh 10 ml appropriate cell culture

medium.

[11.B.4.3 CRYOCONSERVATION OF CELLS

For storage of cells, 75-80 % confluent adheretis aeere detached from the culture dish
(111.B.4.2) and suspended in 10 ml appropriate eeltmedium. Then cell suspension was
centrifuged for 5 min at 200 g (Sigma 4K15 centrifuge) at 4 °C and cell pelletswa
resuspended in 3-4 ml cryoconservation medium yJicalltmedium (Opti-MEM/D-MEM
supplemented with 10 % FCS and 1 % Pen/Strep) adidition of 10 % FCS and 10 %
DMSO]. Aliquots in cryotubes (1 ml) were then immnaddly placed at -80 °C for at least 24 h

before being transferred to liquid nitrogen fordeterm storage.

[11.B.4.4 DETERMINATION OF CELL NUMBERS

Cultivated cells were detached from cell culturshdfll.B.4.2) and resuspended in 10 ml new

culture medium. Subsequently cells were transfetoed 15 ml Falcon tube. From this cell-
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suspension a 1:10 dilution was prepared in apm@pculture medium and 20 were analyzed

in a Fuchs-Rosenthal hemocytometer. The countiaghbler consists of cubes with a defined total
volume. The number of cells in 4 diagonally lyinguares was counted. The following equation
was used to determine the total number of ¢dliga)) per mi:

N — Ce”Scounted X F X F
total diltuion volume?
Square&unted

with Fdilution representing the dilution factor (here 10) anelulerepresenting the volume factor
(here 5000).

[11.B.4.5 TREATMENT OF CELLS WITH CHEMICAL COMPOUNDS

To guarantee equal distribution of chemical comsuim cell culture medium, compounds
destined for treatment of cells (Il.LA.1 and IlI5. were foremost diluted to desired
concentration in the appropriate cell culture mediuThen cells were directly plated and
cultivated in such modified medium.

If not otherwise stated, the following concentra@f chemical compounds were applied for
treatment of cells:

3-MA 10 mM
Bafilomycin Al 200 nM
Glivec 10 uM
LICH3;COO 10 mM
LiBr 10 mM
Li,COs 10 mM
LiCl 10 mM
NaCl 10 mM
Rapamycin 200 nM
Trehalose 100 mM

[11.B.4.6 TRANSIENT TRANSFECTION OF CELLS

For ScN2a cells, transient transfections of recomufi plasmids were carried out using the
FUGENE transfection Kit (Roche), for HEK293FT cetlse Lipofectamine 2000 transfection
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reagent (Invitrogen) was used. Transient transiastiwere carried out according to the

manufacturers’ directions.

[11.B.4.7 TRANSDUCTION OF CELLS

[11.B.4.7.1 PRODUCTION OF RECOMBINANT LENTIVIRUS

In order to produce recombinant lentiviral particleé x 16 HEK293FT cells (11l.A.9) were
plated in a 6 cm culture dish. The next day, cekse transiently co-transfected (111.B.4.6)
with 3 pg each lentiviral envelope vector, len@ipackaging vector and either the lentiviral
plasmid ATG5-pWPT or GFP-pWPT (lll.A.8). Further 48later, medium of HEK293FT
cells containing lentiviral particles was filteré@al45 pum) to remove cellular debris and either
stored at -80 °C or immediately used for transaunctif cells (111.B.4.7.2).

[11.B.4.7.2 TRANSDUCTION OF CELLS WITH RECOMBINANT LENTIVIRUS

For lentiviral transduction of MEFATG5cells (111.A.9), 1 x 18 cells were plated in a 6-well
culture dish. The next day, cells were incubatetth Wi g/ml Polybrene (Sigma, Munich) for
2 h before exposure to 2 ml medium containing \enati particles over night (l11.B.4.7.1).
Then, normal cell culture medium was added. Whels ceached confluency, an aliquot of
cells was transferred to a 10 cm dish for analyargression of the recombinant protein by
Western blot (111.B.3.5) and another aliquot of tbels was transferred to a further 10 cm

culture dish for cryoconservation (111.B.4.3).

[11.B.4.8 PRION INFECTION OF CELL LINES

[11.B.4.8.1 PREPARATION OF BRAIN HOMOGENATE

The mouse-adapted scrapie strain 22L was a kindof®Prof. Dr. M. Groschup [Friedrich-
Loeffler-Institut, Bundesforschungsinstitut fur fgesundheit (FLI), Insel Riems] and was
propagated in CD1 or C57B1/6 mice. Brains of urabéd animals (mock) were used as a
negative control. To prepare brain-homogenatesjndravere homogenized in PBS.
Homogenate [10 % (wt/vol)] was stored at -80 °CGaiBs were stored at -80 °C.

[11.B.4.8.2 INOCULATION OF CELLS WITH BRAIN HOMOGENATE

For prion infection of cells, 1 x £@ells (111.B.4.4) were cultivated in a 12-well cule dish.
24 h later, medium was removed and cells were im®db with brain homogenate (1 %
dilution) of 22L prion-infected mice or mock-brajan-infected). Therefore, culture medium

was removed and cells were overlaid with 450 prappate serum free culture medium and
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50 ul of 10 % brain homogenate. After 5 h incubatimesh culture medium was added and
further 24 h later, medium was removed and celleeweshed once with PBS before fresh
culture medium was added to the cells. Conflueli$ egere then detached from the 12-well
culture dish (Ill.B.4.2) and all cells were transéel to a 6-well plate. This procedure was
continued as far as cells reached 10 cm dishesn Fnes scale forth, confluent cells were
transferred in a 1:16 dilution to a new 10 cm adtdish.

For detection of PrP upon prion infection, cells were lysed and anuwalioof the cell lysate
was subjected to PK-digestion (111.B.3.2) followbg detergent solubility assay (111.B.3.3).
Then samples were analyzed by Western blot analijkB.3.5) using anti-PrP monoclonal
antibody (mAb) 4H11, or 3F4 mAb respectively (116), for detection of PrP.

[11.B.4.9 TRYPAN BLUE ASSAY

To assess viability of cells upon 10 mM lithiumatment, trypan blue assay was performed.
Thereby, treatment of cells with trypan blue allategection of the number of viable cells by
staining unviable cells. Cells were cultured for 48 or 96 h in medium containing 10 mM
lithium or no lithium treatment was performed. Theglls were mixed in a 1:2 ratio with
trypan blue and subsequently stained and unsta@ieksiwere counted. Percentage of viable
cells was calculated by determining the ratio adtaimed (viable) cells to stained (not viable)

plus unstained cells. In each experiment at |e@8tc@lls were counted.

[11.B.4.10 CONFOCAL LASER MICROSCOPY ANALYSISIMMUNOFLUORESCENCH

Buffers and Solutions:

Blocking solution 0.2 % Gelatine in PBS
Hoechst staining solution 2 pug/ml Hoechst in PBS
Permeabilizing solution 0.3 % Triton X-100 in PBS
Quenching solution 50 mM Nj&I

20 mM Glycine in PBS
Roti-Histofix 10 % solution

Immunofluorescence is a technique allowing the lloadon of specific proteins in cells by
specifically binding antibodies. There are two maypes of immunofluorescence staining
methods: 1) direct immunofluorescence staining lctv the primary antibody is labeled with
fluorescence dye, and 2) indirect immunofluoreseestaining in which a secondary antibody

is labeled with a fluorescence dye and is useckteatl a primary antibody. Besides staining
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with  antibodies, proteins exhibiting auto-fluoresce can be detected by
immunofluorescence per se without any antibodyngjaje.g. GFP (green fluorescent
protein)].

Cells were plated on a 6 cm dish supplemented stétile glass cover slips. After 24 h, cells
were transfected (111.B.4.6) with GFP-LC3 (lll.A.8nd either left untreated or treated with
specific substances (111.B.4.5) for 24 h. Then, eoslips were removed and transferred into a
12-well plate, washed three times with PBS, anédixn 500ul Roti-Histofix (10 %) for
30 min at RT. Subsequently, cells were quenchechgudNH,Cl/glycine solution,
permeabilized with 0.3 % Triton X-100 and blockey ibcubation with blocking solution.
Each step was performed for 10 min at RT and teatath by three times rinsing steps with
PBS. Then, cells were incubated with the primarybady anti-lamp-1 (l1l.A.6) in a humid
chamber for 45 min at RT, washed three times wBl$ Rnd incubated with the secondary
antibody Cy3 (I1l.A.6) in a dark, humid chamber 80 min at RT. Again, cells were rinsed
three times with PBS and nuclei were stained byibation with Hoechst DNA staining
solution for 10 min at RT in the dark. Finally, @vslips were overlaid with mounting
medium (Permafluore) on the slides and dried owghtrat 4 °C. Analysis was carried out
using a LSM 510 confocal laser microscope (Zeiss).

For determination of the ratio of GFP-LC3 expregstells which show induction of
autophagosome formation upon lithium treatmentyfeg 13 and 22), a total number of 300
GFP-LC3-positive cells were counted in each expenimMean number of lithium-treated
cells showing autophagosome formation was expressegercentage of untreated cells

showing autophagosome formation.

111.B.4.11 FLUORESCENCEACTIVATED CELL SORTING (FACS)

Buffers and Solutions:

EDTA solution 1 mMin PBS

FACS buffer 2.5 % fetal calf serum (FCS)
0.05 % NaNin PBS

Quenching solution 50 mM NI
20 mM Glycine in PBS

Roti-Histofix 10 % solution

Saponin solution 5 % stock solution

Saponin buffer 0.1 % saponin in FACS buffer
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Flow cytometry allows the analysis of single cetissuspension with respect to their size,
granularity or fluorescence. In order to detecalt®rP expression, cells were plated in a
6 cm dish over specific periods and detached UBIBGA solution. Approximately 4 x 0
cells were transferred to FACS tube and sedimeate2D0 xg (Sigma 4K15 centrifuge) at
4 °C for 2 min. After sequential treatment for 1@nneach at RT with Roti-Histofix and
guenching solution, cells were resuspended in sapbaoffer. Subsequently, cells were
incubated with the primary antibody 4H11 (lll.A.&®r 45 min on ice (diluted in saponin
buffer). Cells were washed three times with sapdmifier and the secondary antibody Cy2
(Ill.A.6) was added for 45 min in the dark (dilutéd saponin buffer). Cells were washed
again for three times using saponin buffer and tlesnspended in 500 pl FACS-buffer. Flow

cytometry was performed on a flow cytometer EFIG& (Beckman Coulter, Krefeld).

[11.C ANIMAL EXPERIMENTS

Mice were intracerebrally infected using a braimlogenate obtained from a terminally ill
scrapie strain 139A-infected mouse as inoculumrasiqusly described (Mok et al. 2006;
Riemer et al. 2008). Rapamycin and lithium treath@mmenced 100 days post infection.
Both drugs were administered via the chow pelletdogaages of 0.2 % (w/w) for lithium and
25 mg per kg body weight per day for rapamycin.mali experiments were carried out in
collaboration with Dr. Michael Baier (Project Nedemenerative Diseases, Robert-Koch-

Institut, Berlin, Germany).
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V. RESULTS

IV.A AUTOPHAGY INDUCTION MEDIATES REDUCTION OFPRP™

In several neurodegenerative diseases, includingkiBan's disease, polyglutamine
expansion disease (such as Huntington's diseasgpt@phic lateral sclerosis (ALS), and
some forms of frontotemporal dementia (FTiD)vitro andin vivo studies revealed that up-
regulated autophagy acts as a cellular defense anerth by degrading aggregate-prone
proteins causing disease (Berger et al. 2006; Rat#m 2006; Fornai et al. 2008b; Winslow
and Rubinsztein 2008). In this part of the studywds analyzed whether induction of

autophagy can mediate reduction of ¥rP

IV.A.1 LITHIUM INDUCES AUTOPHAGY IN PRIONINFECTED CELLS

Lithium has been shown to induce autophagy, thereboycingo—synucleins and mutant
forms of huntingtin in experimental systems (Samaal. 2005; Sarkar et al. 2008). In order
to analyze whether lithium chloride (LiCl) is indag autophagy in prion-infected cells,
murine neuroblastoma cells persistently infecteth ML (Rocky Mountain Laboratories)
prions (ScN2a) were utilized. Used LiCl concentnatifor treatment of cultured cells was
10 mM as such concentration has been seen to fieienif for autophagy induction and
reduction of mutant aggregate-prone proteins (S$adtaal. 2005). Upon induction of
autophagy, post-translationally processed micrdatbgsociated protein 1 light chain 3
(LC3-1) is converted into LC3-1l. An increase inetlevel of LC3-Il can be used as a marker
for autophagy induction, as the amount of LC3-Hasated with autophagosome membranes
correlates with the extent of autophagosome foongtkabeya et al. 2000).

ScN2a cells were either untreated or treated wi@l for 24 h and analyzed for endogenous
levels of LC3-Il Figure 12A). An increased amount of LC3-Il (relative to actignals) was
observed in cells treated with LiCFigure 12B). To exclude that the observed increase in
LC3-II upon lithium treatment does result from inmpd autophagosome-lysosome fusion
(also leading to an increased level of LC3-Il), #maounts of LC3-1l were measured in the
presence and absence of bafilomycin Al, which ldoaktophagosome-lysosome fusion
(Yamamoto et al. 1998). Cells were either untreatetteated with LiCl in the presence and
absence of bafilomycin A1 and analyzed for LC3{Higlre 12C). The used dose of
bafilomycin Al had achieved a ceiling effect innbsrof its ability to induce LC3-II (data not

shown). Cells co-treated with LiCl and bafilomycki showed an increased amount of
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LC3-1l (relative to actin signals) compared to sdheated with bafilomycin Al alon&igure
12D), indicating that LiCl treatment results in indiact of autophagic flux in ScN2a cells.
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Figure 12. Lithium chloride (LiCl) induces autophagy in ScN2a cells. (A)To measure induction of
autophagy upon LiCl treatment, ScN2a cells werkeeiuntreated or treated with 10 mM LiCl for 24 ida
analyzed by immunoblotting using anti-LC3 monocloaatibody (mAb).(B) An increased amount of LC3-II
was observed upon lithium treatment. Values reptetbe mean + SEM of three independent experiméa@is.
To confirm induction of autophagy by lithium, ScNe@ells were treated with or without 10 mM LIiCl fa4 h
with simultaneous bafilomycin A1l (Baf Al; 200 nMdeatment for 4 h prior to lysis of cells. Cells wer
subsequently probed using anti-LC3 mAD) Higher amounts of endogenous LC3-1l were detegieScN2a
cells co-treated with LiCl and Baf A1 compared t@fB1 alone, indicating induction of autophagy upitmum

treatment. Values represent the mean + SEM of tindpendent experiments.

To further investigate the above described inductbautophagy by lithium, confocal laser
microscopy was performed. In immunofluorescencdyarainduction of autophagy can be
monitored by appearance of auto-fluorescing GFP-pGBcta, representing autophagosome
formation. Compared to electron microscopy, LC3edasssessment of autophagosome

number by immunofluorescence appeared to be botle sensitive and specific (Kabeya et
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al. 2000). ScN2a cells were transfected with GFB;Lieeated for 24 h with LiCl, Glivec, or
left untreated, and subsequently analyzed by cahfoacroscopy. Glivec is a tyrosine kinase
inhibitor that has been shown by us to activatehagosome formation and to induce

autophagy (Ertmer et al. 2007).
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Figure 13. Autophagosome formation is induced upomiCl treatment. (A) ScN2a cells were transfected
with GFP-LC3 and treated with 10 mM LiCl for 24 A&s a control, cells were treated with 10 uM Glivfec

24 h. Cells were stained with anti-lamp-1 and CgBjagated secondary antibody and analyzed by cahfoc
microscopy. Bar on the lower right of each panelidates 10 um(B) The ratio of GFP-LC3 expressing cells
showing autophagosome formation was determineditfoum-treated and untreated cells and the nundfer
lithium-treated cells is expressed as percentagentrkated cells. Values represent the mean = SEree

independent experiments.

In Figure 13A (upper panels) LiCl- and Glivec-treated cells WBRP-LC3 puncta are shown,
indicating autophagosome formation. The overl&gire 13A, lower panels) provides
evidence for co-localization of lysosomes (staineih lamp-1) and autophagosomes,

probably representing autophago-lysosomes. Upon Li€atment, the number of cells
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showing autophagosome formation, indicating autggheduction, was increased when
compared to untreated cellSigure 13B). This observation correlates with data obtained i

immunoblot analysis (compare Figures 12A and B.

IV.A.2 LITHIUM ENHANCES CLEARANCE OFPRP™ IN NEURONAL AND
NON-NEURONAL CULTURED CELLS

In order to analyze whether LiCl is affecting thevdl of cellular Prf¥, ScN2a cells were
either untreated or treated with LiCl for 24 h, 4872 h, and 96 hF{gure 14A). A time-
dependent reduction of P¥Rvas observed in LiCl-treated celBigure 14B). Similar results
were obtained in N2a cells persistently infectedhw22L prions (data not shown). As a
control, ScN2a cells were either untreated or égtatith 10 mM NacCl for 96 hHjgure 15A).

In contrast to LiCl, NaCl was not affecting the ébwf PrP° (Figure 15B). Of note, toxic

effects were not observed when cells were treatéd MCl under these conditiong-igure
150).
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B Figure 14. Time-dependent reduction of Prf in
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Figure 15. NaCl is not affecting cellular PrP° level and LiCl treatment is not toxic for cells.(A) ScN2a
cells were treated with or without 10 mM NacCl fd& 8 and probed with mAb 4H1(B) NaCl did not affect the
level of PrP° Values represent the mean + SEM of three indegrenexperiments(C) Trypan blue assay to
analyze whether 10 mM LiCl is toxic for cells. Thercentage of viable cells treated with 10 mM L(for 48 h,

72 h, or 96 h) was calculated and is expresse@&@emtage of viable, mock-treated cells (controt)dach time
point. Values represent the mean + SEM of threepeddent experiments.

To analyze the effect of lithium in long-term tneeint, ScN2a cells were either untreated or

treated with 10 mM LiCl for 10 days (d) or 15 dspectively. Enhanced clearance of ¥rP
was observed both after 10 and 1%-dj(re 16).
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Figure 16. Long-term LiCl treatment enhances redudbn of PrP*¢, (A) ScN2a cells were either untreated or

treated with 10 mM LiCl for 10 days (d) or 15 d aamhlyzed by immunoblotting using mAb 4H11.

65



RESULTS

Next, we investigated the effect of LiCl on Ptfn non-neuronal mouse fibroblast cells,
persistently infected with 22L prions (ScL929). Li€nhanced the clearance of Pthn
SclL929 cells, as observed after 48 h, 96 h, 1(0hd,1® d Figure 17), yet the reduction of
PrP° upon LiCl treatment was slightly less pronouncethpared to that in ScN2a cells

(compare td-igures 14A, B and 16.
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Figure 17. LiCl reduces PrP° in non-neuronal cells. (A)Non-neuronal prion-infected cells (ScL929) were
either untreated or treated with 10 mM LiCl for 4896 h, 10 d, or 15 d, and analyzed by immunoilgttising
mAb 4H11.(B) A time-dependent reduction of FfRvas observed in ScL929 cells. Values representtsn +
SEM of three independent experiments.

Previously it has been shown that Bréan be released into cell culture medium by ex@som
(Fevrier et al. 2004; Vella et al. 2008). In orderanalyze whether the observed reduction of
PrP° in LiCl-treated cells is based on such exportatiénPrP°, we looked for Pr¥ in
serum-depleted medium of ScN2a cells treated wii@. [Slightly less Pr* was detected in

medium of LiCl-treated cells compared to contrdlsc@igure 18), supporting the idea that
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the observed LiCl-induced cellular reduction of ¥ris rather based on intracellular
degradation than on exportation into the cell geltmedium. Taken together, our results
show that treatment of prion-infected neuronal and-neuronal cells with LiCl enhances

degradation and clearance of PrP
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Figure 18. LiCl-induced reduction of PrP*is not due to exportation of Pri¢into the medium. (A) ScN2a
cells were treated with or without LiCl for 48 h serum-depleted conditioned medium [CM]. PrP in lyslate
and medium was detected in immunoblot using mAb #HR) PrP*° in media is compared in lithium-treated

and untreated cells (control). Values representrtban + SEM of three independent experiments.

IV.A.3 LITHIUM-INDUCED AUTOPHAGY MEDIATES REDUCTION OF

PrRP>

Next, we analyzed whether the above described trauof autophagy by lithium is indeed
responsible for reduction of P¥PFor this purpose 3-methyladenine (3-MA), widebed to
inhibit autophagy, was used (Blommaart et al. 19%6N2a cells were either untreated,
treated with 3-MA or LiCl alone, or co-treated wBHVIA and LiCl for 24 h and analyzed for
PrP>° levels Figure 19A). Reduction of PrP was alleviated in cells co-treated with 3-MA
and LiCl compared to cells treated with LiCl alqikégure 19B), indicating that induction of
autophagy by LiCl is mediating enhanced degradaifdprP°.

Lithium has been shown to mediate induction of ploégy in an mTOR- independent manner
although it has also been seen to possess inhjilatt@cts on autophagy by activating mTOR
(Sarkar et al. 2008). In order to counteract the@hagy-inhibitory effect of lithium, we
applied co-treatment of cells with LiCl and rapamy@a known activator of autophagy by
inhibiting mTOR. Cells were either untreated, teghtvith rapamycin or LiCl alone, or co-
treated with rapamycin and LiCl for 48 h and subsedly analyzed for Pr® (Figure 19C
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and D). A significantly increased reduction of PfPwas detected in co-treated cells
compared to cells treated with rapamycin alone, thatreduction was less pronounced in

comparison to treatment with LiCl only. Similar uéts were obtained with ScL929 cells (data

not shown).
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Figure 19. Reduction of PrP°is mediated by lithium-induced autophagy. (A)ScN2a cells were either
untreated, treated with 10 mM 3-MA or 10 mM LiCl, eo-treated with 3-MA and LiCl for 24 h and anadyz
by immunoblotting using mAb 4H11B) Less reduction of PfPwas observed in cells co-treated with 3-MA
and LiCl compared to cells treated with LiCl alon&lues represent the mean + SEM of three indepgnde
experiments(C) ScN2a cells were either untreated, treated w2lu®4 rapamycin or 10 mM LiCl, or co-treated
with rapamycin and LiCl for 48 h and analyzed byricmoblotting using mAb 4H11D) Co-treatment of cells
with rapamycin and LiCl enhanced clearance ofPtBmpared to either compound alone. Values représen

mean = SEM of three independent experiments.
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IV.A.4 AUTOPHAGY-INDUCING COMPOUNDS REDUCEPRP™

To verify whether the ability of reducing cellulevels of PrB°is a general phenomenon of
autophagy-inducing compounds, several autophagycerd were utilized. Besides LiCl, the
autophagy activators Glivec (Ertmer et al. 200@pamycin (Noda and Ohsumi 1998) and
trehalose were applied. Trehalose has been sethe irecent past to enhance clearance of
mutant forms of huntingtin and-synucleins by inducing autophagy (Sarkar et a0720
ScN2a cells were either left untreated or treatgld @livec, rapamycin, trehalose, or LiCl for
48 h and subsequently analyzed for Pibvels. All autophagy-inducing compounds used in
this study reduced cellular levels of BfRFigure 20). Furthermore, as was the case for
lithium, we could demonstrate in another study thauction of autophagy by trehalose is
responsible for reduction of PfPunderlining that induction of autophagy mediatesuced
levels of cellular Prf (data not shown) (Aguib*, Heiseke* et al. 2009;ctntributed

equally).
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Figure 20. Reduction of Pri¥° upon treatment of cells with different autophagy-nducing compounds. (A)
ScN2a cells were either left untreated or treatégd %0 uM Glivec, 200 nM rapamycin, 100 mM trehaper
10 mM lithium for 48 h and cell lysates subsequeatialyzed by SDS-PAGE using anti-PrP mAb 4HH)).
Less Prf°is observed in compound-treated cells comparethtieated control cells. Values represent the mean

+ SEM of three independent experiments.

IV.A.5 SEVERAL LITHIUM SALTS REDUCE PRP™ AND INDUCE

AUTOPHAGY

Next we tested whether other lithium salts, besithesclassically administered drug LiCl,
also have the potential to reduce ¥r&nd to induce autophagy. ScN2a cells were either
untreated or treated with LiCl, lithium carbonalt&,COs), lithium bromide (LiBr), or lithium
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acetate (LICHCOO) for 96 hFigure 21A shows that all lithium salts used here possess the
ability to reduce Pr¥.

To analyze whether these lithium salts also indug®phagy, cells were either untreated or
treated with LiCO;, LiBr, or LICH3COO in the presence and absence of bafilomycinrill a
analyzed for endogenous levels of LC3-Higure 21B). All used lithium salts induced

autophagy similar to the level of induction obserupon LiCl treatmentHigure 21C).
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These results were confirmed by confocal microscapych revealed that treatment with

lithium salts increased the number of cells showegtophagosome formation when
compared to untreated cellsdure 22).

LiCH;COO

Lamp-1

Figure 22. Autophagosome formation induced by
different lithium salts. (A) ScN2a cells were transfected

with GFP-LC3 and subsequently either untreatedreated

B with 10 mM LL,COs;, 10 mM LiBr, or 10 mM LICHCOO for
200 - s 24 h. Cells were stained with anti-lamp-1 and Cy2-
- - * ok
§ ): 150 4 L conjugated secondary antibody and analyzed by cahfo
g» g microscopy. Bar on the lower right of each panelidates
2 .2 . . .
% %_ — 10 pm.(B) The ratio of GFP-LC3 expressing cells showing
autophagosome formation was determined for untlezeés

O and cells treated with the different lithium saliad the

R number of lithium-treated cells is expressed asqraage of
untreated cells. Values represent the mean + SERkhree

independent experiments.
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IV.A.6 LITHIUM REDUCES THE LEVEL OFPRP®

To analyze whether LiCl treatment affects PriR2a cells were either untreated or treated
with LiCl for 96 h or 15 d, respectively. Subsedigrcells were subjected to FACS analysis
(Figures 23A and B. Slightly lower levels (20% reduction) of Prfor both 96 h and 15 d
LiCl treatments compared to untreated cultures wbserved. Next we investigated whether
the observed reduction of Pr8 regulated at the mRNA level and performed qtatite
real-time (RT)-PCR. Total mRNA was isolated froma\Zlls which were either untreated or
treated with LiCl for 96 h and the number of PrPM#Rcopies was compareéifure 23C).

As a control, mMRNA was analyzed without precedindf Reaction to exclude DNA

contaminations (data not shown).
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Figure 23. Lithium reduces the level of PrP. (A) N2a cells were either untreated or treated withmh@ LiCl

for 96 h (left-hand panel) or 15 d (right-hand gan@spectively. Expression of PriRas investigated by FACS
analysis using mAb 4H11 and Cy2-conjugated secgnalatibody. FL1 represents the fluorescence intgmsi
untreated (gray peak) and lithium-treated (blacdkdi peak) cells, plotted against the number ofdelvents).
For each experiment 15000 events were meas(B@®Reduced levels of PtRvere detected in cells treated with
10 mM LiCl for 96 h or 15 d, respectively. Valuepresent the mean + SEM of three independent erpats.

(C) Real-time RT-PCR was performed with RNA preparsminf N2a cells either untreated or treated with
10 mM LIiCl for 96 h. Copy numbers of PrP mRNA atewn and represent the mean + SEM of three

independent experiments.
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To further shed light on the mechanism underlying teduction of PfPwe used mouse
embryonic fibroblasts (MEF). Wild-type MEF (MEFwtdr autophagy-deficient MEF
(MEFATG5") were either untreated or treated for 15 d witBILiSubsequently, cells were
investigated for endogenous Prievels by FACS analysisFigure 24A). In contrast to
MEFwt, which reveal reduction of PrRpon LiCl treatment, no reduced level of Prias
obtained in LiCl-treated MEFATGS (Figure 24B). In summary, these results indicate that

LiCl mediates reduction of Ptih an autophagy-dependent manner.
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Figure 24. Lithium reduces the level of PrPin an autophagy-dependent manner. (AMEFwt (left-hand
panel) and MEFATGS (right-hand panel) were either untreated or tebatéth 10 mM LiCl for 15 d.
Expression of PrPwas investigated by FACS analysis using mAb 4Hhtl £y2-conjugated secondary
antibody. FL1 represents the fluorescence intengityntreated (gray peak) and lithium-treated (bléned
peak) cells, plotted against the number of ceNeiies). For each experiment 15000 events were mexhgB)
No reduction of PrPwas detected in LiCl-treated MEFATG5whereas MEFwt exhibit less Frighen treated
with LiCl. Values represent the mean + SEM of threkependent experiments.
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IV.A.7 THERAPEUTIC POTENTIAL OF AUTOPHAGY INDUCTION IN PRI®

DISEASE AS ASSAYED IN BIOASSAY

In order to assess the therapeutic anti-prion a&fficof autophagy-inducing compounds,
lithium and rapamycin were utilized im vivo experiments. Mice were intracerebrally
infected with prions and lithium or rapamycin waslly given to mice starting at day 100
post infection, mimicking a preclinical therapeuiitervention situation (Mok et al. 2006;

Riemer et al. 2008). Treatment of prion-infecteccenwith rapamycin showed a small but
significant therapeutic effect (p<0.05). In contraso significant prolongation of survival

times was observed upon administration of lithitfig@re 25). However, survival times in

the lithium group showed an increased spread caedptr controls (53 versus 25 days),
which may have masked a therapeutic effect ofuithiln summary, results obtained with

rapamycin indicate that such drugs may have thetapgotential.
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Figure 25. Survival times of lithium- and rapamycintreated mice. Oral treatment with either lithium or
rapamycin was initiated at day 100 post intracexeimfection with prion strain 139A. Solid line dets
rapamycin-treated mice (mean 183.1+10.8 days, p<0e0sus controls); thin broken line, lithium-tredtmice
(mean 174.1+£18.8 days, p>0.05 versus controlsy bobken line, untreated controls (mean 170.6+ags)
Group sizes were n=7. Of note, survival times ia lithium group showed for unknown reasons an esed

spread compared to controls (53 versus 25 daysghwhay have masked a small therapeutic effegttaéim.
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IV.B ROLE OF BASAL AUTOPHAGY IN PRIMARY PRION

INFECTION

In the first part of the study it could be demoatdd that pharmacologically induced
autophagy results in reduced levels of cellular’Pri the following part of the study, the
role of basal, physiological autophagy in primaryp infection is subject matter of analysis.
Several different roles of autophagy in primaryoprinfection are conceivable. First, it might
be possible that autophagy inhibits primary priafection. Second, a vice versa scenario
might be true, which means that autophagy promuatiesary prion infection. And last but not
least a dual role of autophagy seems to be possiblaoderate basal rate of autophagy
promotes primary prion infection and a strong abh#gy activation results in reduced

susceptibility to primary prion infection.

IV.B.1 AUTOPHAGOSOME FORMATION IS ACTIVATED UPON PRIMARY
PRION INFECTION

In order to analyze the role of basal autophaggrimary prion infection, PrB-susceptible
(KI17 and KI21) and PrB-unsusceptible (KI35) N2a clones were utilized amibated with
brain homogenate either infected with 22L prionsnarck, as a control. Used N2a clones are
overexpressing mouse PrRith the 3F4 epitope. Therefore the endogenoustagded PrP
acts as a substrate and is incorporated into newtyhesized Pf® upon incubation with
prion-infected brain homogenate. Only this newlynfed endogenous PiPis selectively
detected in immunoblot analysis by mAb 3F4, whidesinot bind to PrP molecules derived
from the brain homogenate in the inoculum.

Upon inoculation with brain homogenate (either mack22L prion-infected), cells were
lysed and analyzed 5, 8, 14, and 20 days posttiofecAn aliquot of the lysate was PK-
digested, ultracentrifuged, and analyzed by immiotbbg using mAb 3F4 for detection of
newly formed Prf* (111.B.4.8). Another aliquot of the same lysatesnaft undigested and
analyzed by immunoblotting using anti-LC3 mAb fatektion of autophagosome formation.
In Figures 26, 27 and 28nmunoblotting signals obtained with mAb 3F4 amti-£C3 mAb
are depicted for P2susceptible (KI17 and KI21) and PfRinsusceptible (KI35) N2a
clones. In PrP-susceptible clones a significantly increased arhofin.C3-11 was observed
when newly converted PP was detected compared to mock treated cells, afidig
autophagosome formation upon primary prion infec{iéigures 26 and 2J. In contrast, in
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the PrB%unsusceptible clone (KI35), neither such signifitaincreased amount of LC3-I
nor newly converted PP was detected Figure 28), indicating that autophagosome
formation supports primary prion infection.
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Figure 26. Increase in autophagosome formation upoprimary prion infection in PrP S“-susceptible clone.
(A-D) PrP"susceptible N2a clone (KI17) was either inoculateith 22L prion-infected or mock brain
homogenate. After 5, 8, 14, and 20 days post iidle¢tipi) cells were lysed and an aliquot of theale was PK-
digested, ultracentrifuged, and analyzed by immiottbg using mAb 3F4 for detection of newly contest
PrP™ Lysate from N2a cells propagating 3F4-tagged®PwRs used as a positive control (pos.C) forPmRn
aliquot of the same lysate was left undigested @nothed with anti-LC3 mAb for detection of autophagme

formation. (E) Increased amount of LC3-ll, indicating autophagosoformation, was observed in cells
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inoculated with 22L prions when newly converted ¥rias detected for the first time (8 dpi). Valuesrespnt

the mean + SEM of three independent experiments.
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Figure 27. Increase in autophagosome formation upoprimary prion infection in PrP S“-susceptible clone.
(A-D) PrP%susceptible N2a clone (KI21) was either inoculateith 22L prion-infected or mock brain
homogenate. After 5, 8, 14, and 20 days post iidie¢tipi) cells were lysed and an aliquot of theale was PK-
digested, ultracentrifuged, and analyzed by immiottbg using mAb 3F4 for detection of newly contest

PrP™. Lysate from N2a cells propagating 3F4-tagged®PwRs used as a positive control (pos.C) forPmRn
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aliquot of the same lysate was left undigested @nothed with anti-LC3 mAb for detection of autophagme
formation. (E) Increased amount of LC3-ll, indicating autophagosoformation, was observed in cells
inoculated with 22L prions when newly converted ¥wras detected for the first time (14 dpi). Valugsresent

the mean + SEM of three independent experiments.
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Figure 28. Absence of increased autophagosome fortitm when cells are not generating newly converted
PrP*. (A-D) PrP*-unsusceptible N2a clone (KI35) was either ino@dawith 22L prion-infected or mock brain
homogenate. After 5, 8, 14, and 20 days post iidie¢tipi) cells were lysed and an aliquot of theale was PK-
digested, ultracentrifuged, and analyzed by immiottbg using mAb 3F4 for detection of newly contest
PrP° Lysate from N2a cells propagating 3F4-tagged®Pms used as a positive control (pos.C) forPrn
aliquot of the same lysate was left undigested @othed with anti-LC3 mAb for detection of autophagme
formation. To verify that Pri® was present in the used 22L prion-infected braimdgenate, a lysate of cells (5
dpi) was additionally stained using anti-PrP mAbl4Hwhich detects PrPin the inoculum). Neither newly
converted Pr® nor increased amount of LC3-Il, indicating autogdsome formation, was detected in 22L
prion-infected cells at each time point analyz@d) Significantly increased amount of LC3-Il, indiasdi
autophagosome formation, was not observed in ma#-22L prion-infected cells (PfRunsusceptible KI35) at

each time point analyzed. Values represent the meé&EM of three independent experiments.

Figure 29 summarizes data describedRigyures 26, 27 and 28In PrP%unsusceptible N2a
clone (KI35), which is not able to convert endogen®rP into PrP¢, significantly increased
amounts of LC3-1l were not observed. In contrastiP%susceptible N2a clones (KI17 and
KlI21) significantly increased amounts of LC3-lldinating autophagosome formation, were
detected when newly converted PiiRas detected for the first time. This finding ralsethat
autophagosome formation is up-regulated upon pyinpaion infection and might be an

important cellular factor regulating susceptibilioyprimary prion infection.
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Figure 29. Increased autophagosome formation uporrimary prion infection. Upon primary prion infection
of PrP%susceptible N2a clones, KI17 (red circle) and K(@teen triangle), increased amounts of LC3-I,
indicating autophagosome formation, were obserwecklls inoculated with 22L prions when newly coried
PrP*° was detected for the first time. In contrast, Rtmsusceptible N2a clone, KI35 (blue square), vasable

to convert endogenous Frito PrP upon inoculation with 22L prions and did not sheignificantly increased

amounts of LC3-1l when compared to mock treatetscel
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IV.B.2 AUTOPHAGY-DEFICIENT MOUSE EMBRYONIC FIBROBLASTS

(MEFS) ARE LESS SUSCEPTIBLE TO PRIMARY PRION INFECTION
COMPARED TO WILD-TYPE MEFS

To analyze the role of basal autophagy in primaigrpinfection in more detail, mouse
embryonic fibroblasts (MEFs), either wild-type (M&f or autophagy-deficient
(MEFATG5"), were utilized. When MEFwt and MEFATGEells were inoculated with 22L
prion-infected brain homogenate, or mock brain asrarol, significantly less susceptibility
to primary prion infection was observed for autapprdeficient MEFATGS cells compared
to their autophagy-competent counterparts MEFwtjclvhpropagate Pi® much more

efficiently upon primary prion infectiori-{gure 30).
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Figure 30. MEFATG5™ cells are much less susceptibility to primary pria infection compared toMEFwt
cells. (A) MEFwt and MEFATGS  cells were infected with 22L prions, or mock asoatrol, and analyzed at
passage 3 (P3) and P5 by immunoblotting usingRimAb 4H11. Lower amount of P¥Pand accordingly
less susceptibility to primary prion infection, wastected in MEFATG5 compared to MEFwt cells at P3 and
P5 (compare lanes 8, 9 and 16, 17). Lysate of grifatted cells was used as positive control fd?*Pfpos.C).
(B) PK-undigested lysates (-PK) from P3 and P5 of peibn-infected MEFwt and MEFATG5cells were
probed with anti-LC3 mAb. LC3-Il signals were de&stin MEFwt whereas MEFATG5cells are not able to
convert LC3-l into LC3-Il, verifying autophagy-deiéncy.
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IV.B.3 BASAL AUTOPHAGY ENHANCES PRIMARY PRION INFECTION

Indicative for a role of basal autophagy in enhaggprimary prion infection, autophagy-
deficient MEFATGS™ are less susceptible to primary prion infectiompared toMEFwt
cells (IV.B.2). For this reason, in order to sheght into the role of basal constitutive
autophagy in primary prion infection, MEFATG5cells were transduced with lentivirus
coding for Atg5 to restore autophagy-competence (MEFATGS). Sulmdhu cells were
tested for susceptibility to primary prion infectio

IV.B.3.1 REINTRODUCTION OFATG5 IN MEFATG5" CELLS

MEFATG5" cells were transduced with lentivirus coding fof @5 in order to restore
autophagy-competence. Transduced cells were nanBeAVIGS. InFigure 31A, expression

of ATG5 is detected by immunoblotting in MEFATGS5IlIse demonstrating successful
transduction of cells withAtg5 Furthermore, in contrast to their autophagy-defic
progenitor cells MEFATG5, MEFATG5 cells possess the ability to convert LICBto
LC3-1l, representing restored ability to form autagosomes and autophagy competence,

observed upon serial passaging of cdtigijre 31B).
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Figure 31. Autophagy-competence of MEFATG5 cells.A) Upon lentiviral reintroduction ofAtg5 in
MEFATG5", cells were analyzed for ATG5 expression by imnhloting using anti-Atg5 mAb. Whereas
ATG5 signals are lacking in MEFATG5cells, ATG5-ATG8 complex is detected both in MEFad in
lentivirally transduced MEFATGS cells. Single AT®@and (33kDa) is detected in MEFATGS cells only dan
3). (B) MEFATGS cells were serially passaged and lyseer gfassage (P) 2, 3, 4, 5, 6, and 8 and analyzed by
immunoblotting using anti-LC3 mAb. In contrast tEMATG5", both MEFwt and MEFATG5 cells are able to
convert LC3-1 into LC3-l, indicating autophagosoifeemation and autophagy competence.

To analyze the ability of autophagosome formatiommiore detail, transduced MEFATGS5,
MEFwt, and MEFATGS cells were transfected with the plasmid GFP-LG8ated with
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Glivec in order to induce autophagosome formataimg analyzed by confocal microscopy
(Figure 32). GFP-LC3 puncta were observed in high amountheéncytosol of MEFwt and

MEFATG5 cells, representing autophagosome formatmel autophagy-competence. In
contrast, autophagy-deficient MEFATGRells exhibit mainly diffuse expression of GFP-

LC3 in the cytosol and are therefore not able tsmifautophagosomes.

MEFwt MEFATGS5"- MEFATGS

Figure 32. MEFATGS5 cells are able to induce autophgosome formation. MEFwt, MEFATG5", and
transduced MEFATGS cells were transfected with GER; treated with Glivec to induce autophagosome
formation, and analyzed by confocal microscopy. GER puncta in the cytosol, representing autophages
formation and autophagy-competence, was observéEiIRwt and MEFATGS cells. In contrast, MEFATG5

cells showed mainly diffuse GFP-LC3 expressiorha¢ytosol.
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IV.B.3.2 INCREASED SUSCEPTIBILITY TO PRIMARY PRION INFECTIONUPON

REINTRODUCTION OFATGS IN MEFATGS/' CELLS

As MEFwt are more prone to primary prion infectittan MEFATGS" cells, transduced
autophagy-competent MEFATG5 cells (IV.B.3.1) wenedulated with 22L prion-infected
brain homogenate, or mock brain as a control, talyae weather reintroduction of
autophagy-competence renders cells more suscegbblgrimary prion infection. As a
control, MEFATGS" cells were transduced with lentivirus coding foFRGto exclude
influence of lentivirus on primary prion infectioells were named MEFGFIFigure 33
demonstrates that up to 100 % of MEFATGEells transduced with lentivirus coding for

GFP express the recombinant protein.
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Figure 33. GFP-expression in transduced MEFGFP call MEFATG5" cells were transduced with lentivirus
coding for GFP (MEFGFP). MEFGFP cells served asrrol in primary prion infection. GFP expressiaon i
MEFGFP cells was analyzed in a fluorescence miops@nd is shown in the right hand panel. Left haautel
depicts transmitted light. Up to 100 % of MEFGFRscexpress GFP.

Subsequently, MEFwt, MEFATG5 MEFGFP, and MEFATG5 cells were inoculated with
22L prion-infected brain homogenate, or mock besira control, and analyzed for BBt P3
and P5 Figures 34A and B. Additionally, lysates were probed with anti-G&Rd anti-LC3
mADb’s to control GFP expression and autophagy-ctenpe Figures 34C and D. At both
time points analyzed, the amount of Bras significantly increased in MEFATG5 cells
when compared to either MEFATG50or MEFGFP control cellsFigures 34E and B,

indicating that basal autophagy promotes primaignpinfection.
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Figure 34. Basal autophagy promotes primary prionrifection. (A, B) MEFwt, MEFATG5", MEFGFP, and
MEFATGS cells were infected with 22L prions, or rkags a control, and analyzed at passage 3 (P3pary
immunoblotting using anti-PrP mAb 4H11. Increasewbants of Pr¥ were detected in MEFATG5 compared
to both MEFATGS™ and MEFGFP cells at P3 and P5 (compare lanes2llarid 13 of each panel). Lysate of
prion-infected cells was used as positive conwolHrP* (pos.C).(C, D) PK-undigested lysates (-PK) from P3
and P5 of 22L prion-infected MEFwt, MEFATGSMEFGFP, and MEFATGS5 cells were probed with anti-LC3
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mAb. LC3-II signals were detected in autophagy-cetapt MEFwt and MEFATG5 whereas MEFATGANd
MEFGFP cells are not able to convert LC3-I into LIG3verifying autophagy-deficiency. Additionallyysates
were probed with anti-GFP polyclonal Ab to veriffFB expression in MEFGFP cellE, F) Significantly
increased amounts of PfRvere detected in autophagy-competent MEFATG5 coetpto both MEFATGS
and MEFGFP cells at P3 and P5 upon primary pri¢ection, indicating that basal autophagy promotasiary

prion infection. Values represent the mean + SEkhode independent experiments.
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V. DISCUSSION

V.A. AUTOPHAGY INDUCTION MEDIATES REDUCTION OFPRP™

In the recent past, induction of autophagy has lseen to accelerate reduction of aggregate-
prone proteins causing several neurodegeneratseasies. Therefore, the first part of this
study focused on whether induction of autophagyhmige a potential new pathway for
degradation of P, the pathogenic agent thought to be responsilbldeeelopment of prion
disease. In order to induce autophagy, the compditindm was utilized which has been
shown to mediate reduction of mutant forms oefsynucleins and huntingtin fragments
causing Parkinson's and Huntington's disease, cogpky .

Lithium treatment of prion-infected neuronal andnsreeuronal cells revealed an intense
reduction of Prf. Immunoblot analysis and confocal laser microscsipywed that lithium is
inducing autophagy in prion-infected cells. Evidenor the first time that induction of
autophagy is responsible for enhanced degradatioRr&™ was obtained by use of 3-
methyladenine (3-MA), a known potent inhibitor eftephagy, which blocked the anti-prion
effect of lithium. Simultaneous application of litin and rapamycin, a drug widely used to
induce autophagy, enhanced the anti-prion effechpamed to either compound alone.
Furthermore, several lithium salts possess bothpaion effects and the ability to induce
autophagy. To a minor extent as compared to theadagon of Pr¥, FACS analysis
revealed that lithium treatment also slightly, bigmificantly, reduced the levels of PR an
autophagy-dependent manner. This provides evidénae besides direct degradation of
cellular PrB%aggregates by induction of autophagy, lithium rassp limit the substrate for
conversion into Pr¥, which in addition contributes to the observed-gribn effect. Besides,
several other autophagy-inducing agents were etiliior treatment of prion-infected cells.
Thereby, it could be demonstrated that all thesepmunds used in this study possess potent
anti-prion effects, verifying that induction of aphagy in general results in reduced levels of
cellular PrP® in persistently prion-infected cells. Finaly, traent of prion-infected mice
with rapamycin prolonged survival times, demonsigathat autophagy-inducing drugs may

have therapeutic potential in treatment of pricsedse.

V.A.1. LITHIUM REDUCESPRP™®

Fifty years ago the clinical studies by Mogens Schevealed the effectiveness of lithium

chloride in treatment of manic-depressive illnes@ébl, bipolar affective disorder). Since
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that time a variety of benefits in the treatmentrafod disorders, including acute anti-manic
and anti-depressant effects, anti-depressant patiegt effects, long term prophylactic
effects, and probably also anti-suicidal effect®@@vin and Jamison 1990; Baldessarini et
al. 1999) were attributed to lithium. Several nguatective effects of lithium have been
describedin vitro andin vivo. In primary neuronal cultures and in neuroblastoreds,
lithium significantly decreased prion peptide-inddcell death (Perez et al. 2003). Moreover,
cell death induced by the pathogenic amylpigAB) peptide, which is deposited in the brain
of Alzheimer’s disease patients (Haass 2004), gaifitantly reduced in cultured neurons
treated with lithium (Alvarez et al. 1999). Withgaad to levels of neuroprotective bcl-2 in rat
cerebellar granule cells (Chen and Chuang 199%yotein found to inhibit neuronal cell
death by decreasing the generation of reactive @xygpecies has been demonstrated to be
increased upon lithium administration (Kane et H)93). Recently,in vivo studies of
Amyotrophic Lateral Sclerosis (ALS) have revealkdttlithium stimulates the biogenesis of
mitochondria in both the central nervous system$Land the spinal cord and, furthermore,
induces neurogenesis and neuronal differentiati@nn@i et al. 2008a). Furthermore, lithium
has been seen both to slow progression of ALS mamupatients and to induce autophagy
(Fornai et al. 2008b).

In line with the above described neuroprotectiviea$ of lithium, the study here reveals for
the first time that lithium is significantly enhang the cellular clearance of the pathological
isoform of the prion protein (PT® in neuronal and non-neuronal cell lines in a time
dependent manneFigures 14, 16 and 1) Of note, viability of lithium treated cells wast
affected under the used conditioRsglure 15).

V.A.2. INDUCTION OF AUTOPHAGY BY LITHIUM MEDIATES REDUCTION

OF PRP™ IN CELLS PERSISTENTLY INFECTED WITH PRIONS

Induction of autophagy, mediated by lithium, hagrbeseen to accelerate the clearance of
mutant huntingtin and-synucleins (Sarkar et al. 2005). The beneficitdafof up-regulated
autophagy has also been described for other diseassociated with aggregate-prone
proteins, such as Alzheimer’s disease, forms obmmturon disease caused by mutations in
superoxide dismutase 1 (SOD1), and forms of pergdheeuropathy caused by mutations in
peripheral myelin protein 22 (PMP22) (Fortun et2003; Berger et al. 2006; Kabuta et al.
2006). Evidence for the neuroprotective effectutbphagy was observed in mice deficient in
autophagy specifically in the CNS (Hara et al. 20B6matsu et al. 2006). These mice
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spontaneously developed symptoms of neurodegevediiease without any disease causing
agent.

Concerning prion disease we could show in the tepast that the drug Glivec is a potent
inducer of autophagosome formation (Ertmer et @D72. Furthermore, Glivec has potent
anti-prion activity (Ertmer et al. 2004), althoudinect correlation of autophagy and reduction
of PrP® was lacking. This study here provides evidence diéophagy is induced in lithium
treated prion-infected cell§igures 12 and 13 Moreover, by co-treatment of prion-infected
cells with 3-MA, a widely used inhibitor of autogha it could be demonstrated for the first
time that lithium-induced autophagy is mediatingathnce of prion-disease associatedPrP
(Figure 19).

The mechanism of lithium-induced autophagy has ts&wn to be based on inhibition of
inositol monophosphatase (IMPase) in an mTOR-indépet manner. Down-regulation of
IMPase activity results in decreased levels of fressitol, leading to lowered myo-inositol-
1,4,5-triphosphate (Hp levels (Sarkar et al. 2005). slRnd the stimulation of its receptor
(IPsR) have been seen to suppress autophagy (Cricdlo 2007). Another target of lithium is
glycogen synthase kinas@-8GSK-33) which, in contrast to the above described autgpha
inducing properties of lithium, results in inhiloti of autophagy, as GSK33s inhibiting
MTOR under physiological conditions (Sarkar et 2008). As a consequence of these
antithetic influences of lithium on the level oftaphagy activity,n vivo co-treatment with
lithium and rapamycin in a Huntington's diseasenilydel revealed enhanced neuroprotective
effects than treatment with either compound ald®darKar et al. 2008). In line with these
results this study here demonstrates that enharieacance of Pr¥ is obtained when prion-
infected cells are co-treated with lithium and ragein compared to either drug alone
(Figure 19).

Multi-vesicular bodies (MVBs) are known to fuse lwiautophagosomes (Liou et al. 1997;
Berg et al. 1998) and MVBs have also the abilityfuse with the plasma membrane to be
released as exosomes into the extracellular mediotmstone 1992). Exosomes have been
seen to deliver prions into cell culture mediumvfier et al. 2004). In this study, less BTP
was detected in serum-depleted medium of lithiueated cells compared to control cells,
excluding that induction of autophagy might resmnlincreased exportation of PfRnto the
extracellular space by induced release of exosaroe&ining Pr (Figure 18). Reduced
cellular levels of Pr®® upon lithium treatment are therefore rather basedntracellular
clearance mediated by the autophagic degradati@himery than on exportation into the cell

culture medium.
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Besides the classically administered drug lithiuntodde, a pilot clinical study recently

revealed that lithium carbonate treatment slowgm@ssion of ALS in human patients and
induces autophagy (Fornai et al. 2008b). Our studyides evidence that several lithium
salts are able to induce autophagy in prion-infitatell lines and possess prion clearing
effects Figure 21). Whether this is also the case for other aggeegaine proteins, such as

mutant huntingtin oe-synucleins, remains to be established.

V.A.3. LITHIUM REDUCES THE AMOUNT OFPRP"

It has been shown that PMfpmice remain healthy upon prion inoculation and e is
absolutely required for susceptibility to prionenfion (Bueler et al. 1993). In line with this,
Mallucci and colleagues demonstrated that also-paisti PrP knockout does not result in
neurodegeneration, ruling out loss of PrP functsna primary pathogenic mechanism in
prion disease and validating therapeutic approatchegeting PrP (Mallucci et al. 2002;
Mallucci et al. 2007). Our FACS analysis showed tiao the level of PfAs reduced upon
lithium treatment in an autophagy-dependent ma(figures 23 and 24. In lithium-treated,
autophagy-deficient fibroblasts (MEFATGP reduction of PrPwas not observed, whereas
the level of PrPwas reduced in wild-type fibroblasts upon lithisreatment. PrPlocalizes
via a glycosylphosphatidylinositol (GPI)-anchortla¢ outer leaflet of the plasma membrane
in cholesterol- and sphingolipid-rich microdomaifi@raboulos et al. 1995) and can move
laterally to detergent-soluble domains within théasma-membrane for subsequent
internalization (Sunyach et al. 2003). Autophagossiare thought to fuse with endosomes or
MVBs among other compartments (Liou et al. 1997rgBet al. 1998). Therefore, it is
possible that upon internalization Pi®in reach of the autophagic degradation mackirer
the recent past it has been shown that reducti®rifoy either shedding of the protein from
the membrane or by down-regulation of Préduces conversion of Printo its pathogenic
isoform PrP° by limiting the amount of Pfubstrate available for conversion (Marella et al.
2002; Parkin et al. 2004; Aguib et al. 2008; Heések al. 2008). Thus, reduction of Pty
lithium-induced autophagy may indirectly contribtwereduction of Pr¥® by autophagy. As a
note of caution, reduced levels of Ptpon treatment of cells with other autophagy-iridgc
compounds were not observed indicating that thesnpmenon may be compound-specific
and that the exact molecular mechanism remaing tdeloiphered (Yasmine Aguib, personal

communication).
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V.A.4. SEVERAL AUTOPHAGY INDUCERS REDUCEPRP™ IN CELLS
PERSISTENTLY INFECTED WITH PRIONS

Rapamycin, which is a lipophilic, macrolide antitiap induces autophagy by inactivating
MTOR, and as such serves as an autophagy enh@wargel et al. 2006). It has been seen
that rapamycin attenuated toxicity of mutant hugtiim fragments in cells (Ravikumar et al.
2002), transgenibrosophilag and mouse models (Ravikumar et al. 2004). Besalgsphagy
induction mediated by rapamycin decreased toxinifyies expressing both wild-type tau and
mutant tau that cause FTD and also reduced agegrpgame proteins with polyalanine
expansion mutations causing diseases like oculypgaal muscular dystrophy (Berger et al.
2006). In line with these neuroprotective effectgapamycin in several neurodegenerative
diseases, lower amounts of pathogenic’Pwere detected in ScN2a cells when treated with
the autophagy inducer rapamycifigure 20). Another autophagy-inducing compound used
in this study was trehalose which has been seerperimental systems to mediate clearance
of mutant Huntingin and—synuclein by induction of autophagy (Sarkar e28D7). Similar
reduction of Pr levels was observed in ScN2a cells treated withaiose when compared
with rapamycin treated cell§igure 20). Furthermore, in a different study we were alle t
demonstrate by both pharmacological and genetitabition of autophagy that induction of
autophagy mediated by trehalose is responsiblerdduction of Prf These findings
underline that clearance of disease-associated® Beems to be a general phenomenon of
activated autophagy in persistently prion-infectetls in a compound independent manner.
Moreover, treatment of prion-infected cells witliM& or wortmannin, drugs widely used to
inhibit autophagy, resulted in increased levelsPdP* suggesting a physiological role of
autophagy in degradation of PfPThis increased Prlevel might result in an enhanced
conversion of PrPinto PrP*, subsequently leading to more cellular BifAguib*, Heiseke*

et al. 2009; * contributed equally). This phenomemmwes in line with other studies which
demonstrated that interruption of autophagy byeei8tMA treatment or siRNA knock-down
of autophagy genes increased polyglutamine aggdoegaissociated with Huntington's
disease (Ravikumar et al. 2002; Iwata et al. 2@Itbata et al. 2006). Of note, previous
studies which demonstrated clearance of aggregateeproteins as mediated by induction
of autophagy exclusively concerned cytosolic tgxioteins. Therefore, the exact molecular
mechanisms how induced autophagy accelerates teduat PrP° are still incompletely

understood, in particular as the very vast majooityPrP7prions reside within endosomal
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and lysosomal vesicles. On the other hand thiglglshows that not only cytosolic materials
are prone to autophagic degradation.

V.A.5. MTOR-DEPENDENT VERSUSNTORINDEPENDENT AUTOPHAGY

INDUCTION

Recently, a cyclical mTOR-independent pathway raigug autophagy has been described
(Williams et al. 2008). With regard to the therapeefficacy of pharmacologically induced
autophagy in prion disease scenarios, the factlmaynportant by which pathway induction
is mediated, i.e. mMTOR-dependent or -independergatiment of prion-infected cells with
either lithium, Glivec or trehalose, compounds icidg autophagy in an mTOR-independent
manner, all revealed significantly reduced levelsPoP>® (Figure 20). With respect to
rapamycin, which specifically blocks mTOR and there induces autophagy in an mTOR-
dependent manner, clearance of wRas also observed in prion-infected neuronal cells
verifying that both pathways can be involved inugtibn of Pr. Moreover, rapamycin let
to a small but significant prolongation of survitahes in prion-infected mice~{gure 25).

On the other hand, in preliminary cell culture s#3d we observed that an analogon of
rapamycin (kindly provided by Novartis Pharma AGJ-8002, Basel, Switzerland) is lacking
anti-prion efficacy in concentrations which are fignt to induce autophagy (Yasmine
Aguib, personal communication), pointing to a lefficient PrP° degradation potential for
mTOR-dependent induction of autophagy. Differingpauat on prion clearance efficacy might
also be true for different drugs inducing autophaggn mTOR-independent manner as such
induction of autophagy might be mediated througfedint non-overlapping pathways with
unequal Pr# clearance properties. Furthermore, to combine tin®@ major routes for
autophagy induction, co-treatment with lithium arapamycin enhanced neuroprotective
effects in a Huntington's disease fly model (Sarkaal. 2008) and co-treatment here of
prion-infected cells with both substances increasstuiction of Prf® compared to either
compound aloneRjgure 19). Combining mTOR-dependent and —independent congmin
order to amplify anti-prion efficacy of autophagyduction might represent a powerful
strategy in treatment of prion diseases and willshbject of furthenn vitro andin vivo
studies. In summary, further analysis will shediignto the possible therapeutic potential
and efficacy of the different autophagy-inducinghpeays. Overall, the anti-prion efficiency
of drugs inducing autophagy in an mTOR-dependemim@aremains to be compared to drugs
inducing autophagy mTOR-independently in order @geal similarities, differences, and
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additive or even deleterious effects of both pagsvavith respect to Pr® clearance

properties.

V.A.6. |S THERE THERAPEUTIC POTENTIAL OF AUTOPHAGY INDUCTI®

IN TREATMENT OF PRION DISEASR

In recent yeardn vivo studies in animals and even in humans demonsttiastdnduction of
autophagy results in reduction and attenuated itgxaf aggregate-prone proteins causing
neurodegenerative disease, accompanied by expasuedsal time of disease-affected
organisms. Moreover, in contrast to activated gy, neural-tissue specific loss of
autophagy in mice (knock-out of essential autophggpes) has been seen to result in
development of neurodegenerative disease withoytdesease-associated mutant proteins,
suggesting a neuroprotective role of autophagyspdHara et al. 2006; Komatsu et al. 2006).
In line with this, a recent study showed that fkiertspecific knock-out oAtg7, an essential
autophagy-related gene, leads to an increase iprtyensity of protein aggregation in the
liver of mice (Komatsu et al. 2005). Concerning moguotection mediated by induced
autophagy, in a genetical ALS animal model markedroprotection accompanied by both
delayed disease onset and duration with augmeifiéedpan was observed when mice were
treated with lithium. These effects were concontitaith activated autophagy, attenuated
astrogliosis and elevated amount of mitochondrianiotor neurons. Furthermore, lithium
treatment delayed disease progression in humaenpataffected with ALS (Fornai et al.
2008b; Fornai et al. 2008a). With regard to rapamgs a potential drug in therapy against
neurodegeneration, rapamycin attenuated toxicity nofitant huntingtin fragments in
transgenidrosophilaand mouse models (Ravikumar et al. 2004), decdet@msecity in flies
expressing both wild-type tau and mutant tau tlzatse FTD, and enhanced clearance of
aggregate-prone proteins with polyalanine expansiatationsin vivo (Berger et al. 2006).
The protective effects of rapamycin in these situnet appeared to be autophagy-dependent,
as its protective ability was abolished when auégghactivity was interrupted, either by
SsiRNA knock-down ofAtg12 or when mutant proteins causing disease were ss@ieon a
genetic background with 50 % loss of the key autgghgeneAtgl (Berger et al. 2006;
Pandey et al. 2007).

In order to assess the therapeutic potential afpd#tgy-inducing compounds in prion disease
scenarios, mice were intracerebrally infected witlons and lithium or rapamycin was orally

given to mice starting at day 100 post infectionimioking a preclinical therapeutic
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intervention situation (Mok et al. 2006; Riemeiakt2008). Treatment of prion-infected mice
with rapamycin showed a small but significant tipexatic effect (p<0.05). In contrast, we
observed no significant prolongation of survivatéis upon administration of lithiunkigure

25). However, survival times in the lithium group shem of unknown reasons an increased
spread compared to controls (53 versus 25 daysghwhay have masked a small therapeutic
effect of lithium. The lack of significantly prolged survival time in prion-infected mice
treated with lithium might also be due to the fHwht the anti-prion effect of lithium was
observed in quite high concentrations in cell aa@t(i0 mM), which might not be obtained in
the CNS in then vivo situation. Furthermore, for both drugs it is pbksihat treatment was
initiated not early enough to have a clearer effmttdisease progression. Besides,aas
rational combination treatment approach with lithivand rapamycin revealed greater
protection against neurodegeneration in a Huntmgtalisease fly model compared with
either compound alone (Sarkar et al. 2008), it semrasonable to combine these two drugs
for treatment of prion disease in order to enhanreival times of mice.

Previously, our group showed that Glivec, a drug@duso treat chronic myelogenous
leukemia, is activating lysosomal degradation dFP(Ertmer et al. 2004) and is at the same
time a potent inducer of autophagy and/or autopb@age formation (Ertmer et al. 2007). In
prion-infected mice, Glivec treatment at an eatiyage of peripheral infection delayed both
the neuroinvasion of PPPand the onset of clinical disease (Yun et al. 200Rfortunately,
drug application at time points when neuroinvasias already accomplished provoked no
clear PrP° clearance effects in the CNS, probably due tofénti’e BBB crossing of the
drug.

In another study, we were utilizing trehalose, whias been seen to accelerate clearance of
mutant forms of huntingtin and-synucleins in experimental systems (Sarkar eR@0.7).
Our studies revealed that treatment of prion-irgeécinice with trehalose did not prolong
incubation times, but clearly showed effects onappearance of PtPin spleens (Aguib*,
Heiseke* et al. 2009; * contributed equally). Degheag on when trehalose treatment was
started, peripheral accumulation of PrRas delayed. As was the case with Glivec treatment
this probably also reflects that the process ofmiauasion was decelerated. Noteworthy, in
terms of trehalose this finding was not unexpeet®dhe anti-prion effect in cell culture was
highly dose-dependent and the effective anti-pdoncentration of 100 mM is probably not
achievable in brain tissue.

Furtherin vivo studies using compounds which induce autophadgvatoncentrations and

are at the same time able to cross the BBB wilehavreveal the effectiveness of autophagy
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induction in treatment of prion disease. Nevertbgldghe results obtained with rapamycin
indicate that such drugs might represent a novahae for therapy in prion disease.

V.B. ROLE OF BASAL AUTOPHAGY IN PRIMARY PRION

INFECTION

In neuronal and non-neuronal cultured cells peastlt infected with prions, reduced levels
of PrP°® were observed when autophagy was pharmacologidadlyced (see V.A.). In
contrast to the role of activated autophagy iniptast infection situations, the second part of
this study focused on the role of basal, physiaalgautophagy in primary prion infection.
When PrB%susceptible N2a clones were primary prion-infeciedreased amounts of the
autophagosomal marker protein LC3-1l were deteuwthen cells propagated newly converted
PrP>° for the first time. In contrast, in a PfRunsusceptible N2a clone, which is unable to
convert and propagate PfPautophagosome formation was not observed upomapyi prion
infection. This phenomenon indicates that autopbage formation is induced when cells
are able to convert endogenous Ao PrE° upon primary prion infection.

To further shed light into the role of basal cansive autophagy in primary prion infection,
autophagy-incompetent MEFs (MEFATGBand their wild-type counterparts (MEFwt) were
freshly prion-infected. Much less efficient susdeifity to prions was observed in
MEFATG5" when compared to MEFwt cells. In turn, reintrodoet of ATGS5 into
MEFATG5" rendered cells more susceptible to prions, intligathat basal autophagy

enhances primary prion infection.

V.B.1. MULTIPLE ROLES OF AUTOPHAGY IN PRIMARY PRION

INFECTION?

The first part of this study gave evidence thautttbn of autophagy accelerates reduction of
PrP>°in cells persistently infected with prions. Howeveoncerning primary prion infection,
several different functions of autophagy are coratde which will be discussed in this
chapter Table 9).

Under physiological conditions, when cells are rtaimng a basal constitutive rate of
autophagy, which is present ubiquitously, differenpacts on primary prion infection are
possible. On the one hand, basal autophagy migithqie primary prion infection due to
breakdown of large aggregates forming smaller"PsPeds, which are known to be more
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efficient templates for prion conversion (Silvegtal. 2005). On the other hand, a vice versa
scenario might be true, meaning that basal autgpl@gomplishes degradation of such
highly infectious Prf-seeds, thereby inhibiting primary prion infecti@esides constitutive
autophagy, alterations of autophagy activity (iasexl or decreased activity), e.g. by
compounds inducing or inhibiting autophagy or kndokvn and knock-out of essential
autophagy genes, might influence primary prionatia. Similar to the different possibilities
of basal autophagy, induction of autophagy mighiegi result in enhanced or inhibited
primary prion infection, depending on whether ineldl@utophagy is producing higher levels
of infectious PrB%-seeds or mediates elimination of such seeds. B&osgof autophagy
activity by either inhibition or loss of autophadynction (knock-down or knock-out of
autophagy genes) also might have different outcomesreased autophagy activity might
promote primary prion infection, because autophagya putative defense mechanism is
lacking and therefore might not function in elintioa of PrB°. In contrary, inhibition or loss
of autophagy might also counter-act primary priofection as autophagy might be unable to
produce highly infectious PrRseeds.

Table 9. Putative different functions of autophagyin primary prion infection

Persistent prion . . . .
! pri Primary prion infection

infection
. Basal, constitutive autopha Altered autophagy activi
Induction of autophagy sal, constitutive autophagy e
(e.g. by lithium,
trehalose, 1m?.t1n1b, —> Promoting prion infection? (breakdown Induction of autophagy
Tapamycin) of large aggregates, forming seeds) (e.g. by lithium, trehalose, imatinib, rapamycin)
, & & /\
—
1 S "o
i i Promoting prion infection? Inhibiting prion infection?
Reduction of prions (breakdown of large (elemination of seeds)

aggregates, forming seeds)

C -3 B
-> Inhibiting prion infection? (elemination , & &

of seeds)
,, —> @ Inhibition/loss of autophagy
Promoting prion infection? Inhibiting prion infection?
(due to loss of autophagy (as autophagy is not able to
as a defense mechanism) generate smaller PrPSc-seeds)

et 43

95



DISCUSSION

V.B.2. AUTOPHAGOSOME FORMATION IS ACTIVATED UPON PRIMARY
PRION INFECTION

Since quite recently, proof for existence of basalnstitutive autophagy in neurons has
mainly been elusive because, in contrast to oteks,@autophagosomes are barely detectable
in neurons by electron microscopy or by confocatroscopy using fluorescent labeled
protein reporters (Mizushima et al. 2004; Nixorakt2005). However, attesting the existence
of autophagy as a basal constitutive process imahdissue, it has been demonstrated a
couple of years ago that autophagy is an essgmbasurvival process in neurons (Hara et al.
2006; Komatsu et al. 2006). Moreover, in contraghe assumption that autophagy is present
in neurons only in quite low activity due to curdseof observed autophagosomes in healthy
brain, studies with primary cortical neurons reeead relatively active role of autophagy with
a quick turn-over of autophagosomes (Boland €2G08).

In neurodegenerative diseases, lysosomes and agilopbmes have been seen to proliferate
in striatal neurons expressing mutant huntingtied& et al. 2000) and in Huntington's (Sapp
et al. 1997) and Alzheimer's disease brains (Nixoal. 2000), although such morphological
studies in neurodegenerative disease cannot dissingoetween a role for autophagy in
cytoprotection or cell death. Concerning Alzheirsedisease it has been reported that
autophagy is induced and impaired leading to actation of autophagosomes in diseased
brains of affected organisms. Furthermore it wagpgpsed that autophagosomes represent a
novel site for toxic & peptide production because purified autophagosdrogssuch brains
contain APPp-cleaved APP, and are highly enriched in presedilinicrastin, and presenilin
1-dependent-secretase activity (Yu et al. 2005). On the otiaend, in contrary to the above
described role of autophagy in Alzheimer's disedtsbas been seen that the autophagic
machinery plays a neuroprotective role agairfsirluced neurotoxicity (Hung et al. 2009).

In prion disease, the appearance of autophagosom@ains of disease affected organisms
and also in cultured cells persistently infectethvarions has been reported in several studies
(Boellaard et al. 1989; Boellaard et al. 1991; $dhet al. 1997; Liberski et al. 2004; Sikorska
et al. 2004). Concerning the role of autophagy fom disease, it was proposed that
autophagy may contribute in the formation of sptorgn change, a pathological hallmark in
TSE affected brains, and may be activated by agapttiberski et al. 2002; Liberski et al.
2004; Liberski et al. 2008). However, in contrasthe assumption that autophagy in general
may play a disease-promoting role, it is also qodaceivable that the observed increase in
autophagic vacuoles in TSEs is due to cellularvatin of the autophagic machinery as a
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defense mechanism, leading to degradation of priNesertheless, proof of evidence for a
beneficial or deleterious role of basal autophaggrion disease is still missing.

In contrast to previous studies which focused omitoang autophagy, or appearance of
autophagic vacuoles, respectively, in persisteptign-infected cells or in model organisms
in which disease already is manifested, this stldg focused on monitoring autophagy in
primary prion infection situations. An increase i@3-11, the autophagosomal marker protein,
was observed in PPRsusceptible neuronal cells upon primary prion dtiten (Figures 26,
27 and 2§. Such increase in autophagosome formation wasdetected when cells initially
propagated newly converted Bfnd was not a constant phenomenon as at laterptinés
the level of LC3-II seceded back to normal levéreover, in cells which are not able to
convert endogenous Prito PrP° (i.e. PrB%unsusceptible cells) increased levels of LC3-II
were not detected~{gures 28 and 29. This phenomenon indicates that autophagy, twast
autophagosome formation, enhances primary priceciin. A potential explanation for this
might be that autophagosomes/the autophagic maghiise breaking up larger PTR
aggregates forming smaller PfReeds which are known to be more efficient tenegldor
prion conversion (Silveira et al. 2005). Therebytophagosomes/autophagy might enhance
the process of primary prion infection. In turn,niight also be conceivable that PP
unsusceptible cells do possess such ability lessopnced and might therefore be less
susceptible to primary prion infection compared RiP%susceptible cells. Of note, the
observed increase in autophagosome formation uporagy prion infection cannot originate
as a mere cellular response to inoculation witfP{®raggregates as PtRunsusceptible cells
(which are autophagy competent) do not show aneas® in autophagosome formation,
though also incubated with prions. It will be subj®f further analysis whether cells in
general exhibit an increase in autophagosome faomautophagy activity when inoculated
with PrP%-aggregates. For this purpose, however, time poing shortly after inoculation of
cells with PrP%aggregates containing material have to be anajyaethe time points which
were used in this study are probably too late tmhsanalysis.

From the above described results it is not posdibleiscriminate whether the detected
increase in autophagosome formation upon primapngnfection is due to autophagosome
accumulation or increase in autophagy activity. Duehe fact that in Alzheimer's disease
accumulation of autophagosomes has been reporch@ophagosomes are suggested to
represent a compartment for toxi@ Adeptide generation (Yu et al. 2005), it might atso
possible that increased levels of autophagosommeation upon primary prion infection are

caused by impaired autophagic flux which might potenprion infection. Arguing for the
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opposite, that the observed autophagosome formapon primary prion infection points to
an activation of the autophagic machinery as a s/ihaiact process, in preliminary data we
could observe that cells treated with bafilomyciri, Aa widely used drug to inhibit
autophagosome-lysosome fusion resulting in accuimunlaof autophagosomes, are less
susceptible to primary prion infection comparedctmtrol cells (Yasmine Aguib, personal
communication). This finding indicates that meréoghagosome accumulation might not be
responsible for increased susceptibility to primarion infection. Therefore, the detected
increase in autophagosome formation in SReRsceptible cells can be interpreted as an
increase in autophagic activity in general andastmpaired autophagy or autophagic flux,

respectively.

V.B.3.BASAL AUTOPHAGY PROMOTES PRIMARY PRION INFECTION

Neural tissue specific knock-out of autophagy inceniresults in development of
neurodegenerative symptoms without expression gfraatant protein (Hara et al. 2006;
Komatsu et al. 2006). In botAtg5 and Atg7 knock-outs, considerable accumulation of
polyubiquitylated proteins, which appeared as isicn bodies whose size and number
increased with aging, was observed among otheplbgtal alterations. Another study
demonstrated that inactivation of autophagy in dgemic C. elegans(expressing polyQ
expansion tracts) increased the accumulation adadis associated protein aggregates and
enhanced their toxicity, indicating protective effe of autophagy in preventing disease
caused by polyQ expansion proteins (Jia et al. 2007

In contrast to the above described protective tffed autophagy in preventing protein
aggregation causing neurodegenerative diseaseptagy-deficient MEFATGS cells were
much less susceptibility to primary prion infectias compared to MEFwt cellEigure 30).
Furthermore, to verify whether this phenomenonaseda on autophagy deficien@tg5 was
stably reintroduced into MEFATG5cells to restore autophagy competerfégyres 31 and
32). Strikingly, such reconstituted MEFATGS5 cells éited significantly increased
susceptibility to primary prion infection comparem their autophagy-deficient counterparts
(Figure 34), indicating that basal autophagy promotes prinpaign infection. Due to the fact
that prions are infectious and in primary prionectfon cells are exposed to infectious
aggregates derived from the extracellular space,jchwhis in contrast to other
neurodegenerative disease mainly characterized¢dynaulation and formation of aggregates
consisting of mutant proteins expressed from thie ttee role of autophagy in prion disease

might be different compared to other neurodegeiveraliseases. Furthermore, in the above
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mentioned Atg5 and Atg7 conditional knock-outs, the level of ubiquitin-jtose
proteinaceous aggregates increased over time. diogby, we cannot exclude that at later
stages of prion disease, basal autophagy mighthalge beneficial effects in protein quality
control by preventing PrRaggregate formation, like obviously is the caser fo
polyubiquitylated proteins that accumulate in isotun bodies. We rather show here that the
initial infection process is enhanced by a basabktitutive autophagy rate.

The first part of this discussion describes thatrptacological induction of autophagy is
mediating reduction of PFPin persistently prion-infected cells (see V.A.)itki\wegard to the
primary prion infection process, preliminary reswdhowed that cells treated with autophagy-
inducing drugs are much less susceptible to prinpaign infection compared to untreated
controls that exhibit a basal constitutive autophagte (Yasmine Aguib, personal
communication). This phenomenon indicates thatudisince of the physiological basal
autophagy rate, both by knock-out and by pharmaocdd induction, results in alleviated
susceptibility to primary prion infection. It seemsnceivable that absence of autophagy
might result in less ability of cells to generateatler PrB%seeds, whereas strong induction
of autophagy might lead to degradation of such ljiginfectious PrP%seeds, both
phenomenon leading to less efficient primary prigiection. In line with these results, the
temporary increase in autophagosome formation (evitgn newly converted PTPwas
detected) observed in P¥susceptible cells upon primary prion infection B\2), might
therefore reflect a short-time moderate physiolalggtevation of autophagy in order to break
up larger PrP-aggregates forming smaller PfReeds.

Concerning again primary prion infection of MEF Isglreconstituted MEFATGS5 cells
exhibited increased amounts of PrBpon primary prion infection when compared to ithei
autophagy-deficient MEFATG5 counterparts. Though, MEFATG5 cells were not as
susceptible to primary prion infection when compate MEFwt cells Figure 34). A
possible explanation for this phenomenon mighthae slightly increased amounts of ATG5
were detected in reconstituted MEFATGS5 comparddEd-wt cells (single ATG5 band at 33
kDa is lacking in MEFwt) Figure 31A), indicating slight overexpression of ATG5 in
MEFATGS cells. Overexpression of ATG5 has been deencrease autophagy (Yousefi et
al. 2006). As mentioned above, pharmacological@hagy induction results in less efficient
primary prion infection. Therefore, this slightlyeeated autophagy activity in MEFATG5
cells might be the reason that reconstituted MEFBTEB not propagate as much Bripon
primary prion infection compared to MEFwEi§ure 34). A further reason for the different
amounts of Pr¥ in reconstituted MEFATG5 and MEFwt cells might e fact that MEFwt
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and MEFATGS" cells are derived from different mice and thus mhigossess different
cellular factors influencing primary prion infeatiaside from autophagy. Nonetheless, data
presented here verify that reconstituted MEFATGHBsoexhibit a sufficient level of basal
autophagy rate to provide enhanced susceptibiitprimary prion infection compared to
autophagy-deficient MEFATGS cells. Further studies in which ATG5 is overexpegsin
reconstituted MEFATGS5 cells in higher levels, stiffint to clearly induce autophagy beyond
a basal constitutive autophagy rate, will haveaweeal whether this results in inhibition of
primary prion infection, as was the case for phawiagical autophagy induction during
primary prion infection.

In summary, a basal moderate rate of autophagy séemromote primary prion infection,
whereas alterations of autophagy activity (eitheodk-out or pharmacological induction)
have inhibitory effects on primary prion infectioho elucidate the exact mechanism of how
basal autophagy promotes primary prion infectiory.(dy break down of large PiP
aggregates forming smaller PfReeds) remains to be determined and will be stigjec
further analysis. Another challenge will be to bsth reliablein vivo models for studying
prion infection and autophagy side by side. Faceéd early lethality inAtg knock-out mice
(Hara et al. 2006; Komatsu et al. 2006), one waygdomight be crossing the available
conditional knock-out mice, which are neuron-spealfy floxed, with alternative Cre deleter
mice to gain both postnatal knock-out and prolonigedtime which then allows performing

standard prion incubation time assays.
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ABBREVIATIONS

V1. Abbreviations

3-MA
A

aa

Ap
ALS
APP
APS
Asn
Atg
Baf Al
BBB
BSE

C

°C
CJD
CLD
cm
CMA
CNS
CwWD
Cys

d

Da
Dest.
DNA
DNAase
DOC
dpi
DY
EDTA
ER
ERAD
et al.
EUE
FACS
fCJD
FCS
FFI
FITC
FTD
FSE

g

3-methyladenine
Ampere

Amino acids
Amyloid
Amyotrophic Lateral Sclerosis
Amyloid precursor protein
Ammoniumpersulfate
Asparagine

Autophagy related proteins
Bafilomycin Al
Blood-brain-barrier

Bovine spongiform encephalopathy
Concentration

Degree Celsius
Creutzfeldt-Jakob disease
Caveolae-like domains
Centimeter
Chaperone-mediated autophagy
Central nervous system
Chronic wasting disease
Cysteine

Day

Dalton

Destilled

Desoxyribonucleic acid
Desoxyribonuclease

Sodium deoxycholate

Days post infection

Drowsy
Ethylenediamine-N,N,N",N"-Tetraacetate
Endoplasmatic reticulum
ER-associated degradation

And others ("et alii)

Exotic ungulate encephalopathy
Fluorescence activated cell sorting
Familiar CJD

Fetal calf serum

Fatal familiar insomnia
Fluoresceine isothiocyanate
Frontotemporal dementia

Feline spongiform encephalopathy
Gram; acceleration of gravity
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GAG
GFP
GPI

GSS

Hsc
Hsp
HY

g

k

Kb
kDa

I
LAMP
LB
LC3
LiBr
LICH3COO
LiCl
Li,COs3
LR
LRP

m

M

mAb
MBM
MEF
MEFwt

MEFATG5"

MEM
MRNA
mMTOR
MVB

n

N2a
NaCl
NaN;
NH4CI
NMR
oD
ORF

p

P
PAGE

Glycosaminoglycan

Green fluorescent protein
Glycosylphosphatidylinositol
Gerstmann-Straussler-Scheinker
Hour

Heat shock cognate

Heat shock protein

Hyper

Immune globuline

Kilo

Kilo base pairs

Kilodalton

Liter

Lysosomal-associated membrane protein

Luria-Bertani

Microtubule-associated protein 1 light chain

Lithium bromide

Lithium acetate

Lithium chloride

Lithium carbonate

Laminin receptor

Laminin receptor precursor
Meter, mili

Methionine; molar

Monoclonal antibody
Meat-and-bone-meal

Mouse embryonic fibroblast cell line
Wild-type MEF
Autophagy-deficient MEF
Minimal essential medium
Messenger RNA

Mammalian target of rapamycin
Multi vesicular body

Nano

Mouse neuroblastoma cell line
Sodium chloride

Sodium azide
Ammoniumchloride

Nuclear magnetic resonance
Optical density

Open reading frame

Piko

Passage

Polyacrylamide gel electrophoresis
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PBS Phosphate buffered saline

P1 3K Class | phosphoinositide 3-kinase

PK Proteinase K

PRNP Prion protein gene

PrP Prion protein

Prp’° PrP knock-out

PrP Cellular non-pathogenic form of thegpriprotein
PrP>° Pathogenic form of the prion protein
PVDF Polyvinyl difluoride

RNA Ribonucleic acid

RNAase Ribonuclease

rpm Rounds per minute

RT Room temperature

RT-PCR Real-time polymerase chain reaction
SclL929 Prion-infected mouse fibroblast celélin
ScN2a Prion-infected mouse neuroblastoma el li
SEM Standard error of the mean

SDS Sodium dodecyle sulfate

SIRNA Small interfering RNA

SOD1 Superoxide dismutase

TBST Tris buffered saline tween-20

TEMED N,N,N",N"-Tetramethylethylendiamin
TME Transmissible mink encephalopathy
Tris Tris-(hydroxymethyl-)aminomethan
TSE Transmissible spongiform encephalopathy
U Micro

UK United Kingdom

\% Valine; Volt

vCJD Variant CJD

wt/vol Weight by volume

% (V/Iv) Volume percentage

% (w/v) Weight percentage
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