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SUMMARY

Prion diseases, also known as transmissible spongiform encephalopathies E®Eg)toa
class of fatal neurodegenerative disorders characterized by vacualatioeuronal losin the
brain paralleled bgognitive and motor impairments.

Themainpathological event at the basis oésledisorders is the conformational conversion of
the phyiological cellular prion protein (P¥Pinto the misfolded and pathological isoform,
called Pri¢, whichacts as a corruptive seed, initiating a chaiacton of Pri-misfolding and
aggregation

So far,several studies have focused on the abilitysrofll molecules to interfere with the
conversionmechanismby either binding and stabilizing Pr@r blocking PrP° aggregation
and accumulation.

However, we & still quite far fromfinding acure, thus new therapeutic strategies and targets
are required

Mounting evidence suggeshat in addition to gene coding for the PERNP other genes may
contribute to the genetic susceptibility of TSSE

Indeed, recenyl several studies reported th&ERPINA3 (also known asalphal-
antichymotrypsih and its orthologue in mou§erpinA3), is strongly upregulated in different
model of prion diseases, both at mMRNA and protein level.
Moreover,ncreaseaverexpression dhis serpin iis found inprion-infectedhuman pecimen
suggesting its possible involvement in the pathogenesis and progression of these disorders.
Since serpins are serine protease inhibitorshymothesizedhat SERPINABSerpinAd are
involved in pron progressiomwia inhibition of the protease, or the proteases, involved in prions
clearance.

Thus,given thatall of the PrPtargeted therapeutic strategies developed until now have not been
successful inheclinical practice one of the aims of thaesis is to proposenoveldrug strategy

to clear prions interfering neither with PrRor with PrP°<.

Therefore, we decided to test,nmodels of prion diseasehe activity of aniSERPINA3small
molecules to evaluate possible changes in prion acctiorula

Moreover, wehaveinvestigatel how this serine protease inhibitor is upregulated during prion
infection, focusing on the signaling cascade involved in this process.

In the second part othe PhD project, we tried to identify pathway correlating prion
accumulation and SERPINA3/Serpind\@pregulationwith a special focus on the role of the

JAK/STAT3 pathway.
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1.INTRODUCTION

Neurodegenerative diseases are devastating dis@ffiecing million people worldwideThe
incidence of these diaseds high, and approximatelg5 million of peopleworldwide are
affected. Nowadays, neurodegeneration represgrgof the main threats to public health and
oneof the majorcauses of death.
Indeed, thaVorld Health OrganizatiofWHO) reported that this maber ispredicted tdurther
increase, reaching more than 100 million people affected 5§ @WHO) (Figurel).
This group of diseases inclupge i on di seases, Parkinsonds di
( AD) , Hunt i ngt on @&myotrdphis batedh 8cler¢sid QALS) ammodg others
(Benetti, Gustincich, & Legname, 2012)
These disorderaffectthe nervous system determining the progressive loss of function and death
of nerve cellscausing seere motor symptoms (such as ataxia, tremors and balance impairment)
and a deleterious and fatal cognitive declsiech asnsomnia, memory losandapatly).
Among them erurainfections constitute the sixth cause of neurological consultation in primary
care services worldwide and, even with the advent of effective antibiotics and vaccines, remain
a major challenge in many parts of the w@idHO neurologichdisorders report web).
Among these maladiesripn diseasesepresenfatal nreurodegenerative disterswith a still
uncertain mechanism of action.
Prion diseaseaffect both humans and animalsd di r i ng t h ¢he ca®se® ahe BSEr e
pandemicand from that momenbn, the entire scientific community focuses attentioninto
finding a possible cte.
Even though the spreading of these maladidisited, manyefforts aretrying to explain the
mechanism at thiebasis
Indeed, prion diseases have the unigagure of being transmissééven though the infectious
material lacks a genetic component
In fact, according to the prion paradigthe main event that leads the development of prion
pathology is the conformatiohaonversion of thehysiologicalcellular prion protein (PrB
into the pathological misfolded isoform (PfPwhere Sc stands fscrapie).
Noteworthy, in the last decadsgveraktudies highlighted relatiorshipbetweerprion disease
pathogenesis artiemechanismat the basis abther neurodegenerative disordigke AD, PD
making the research in prion diseases still appealing
Neurodegenerative disordeshare the presence pfathologicalprotein aggregates as the
hallmark of the tbeasewhich are responsible for the typical pathological lesiansyloid-b

7l Page



(A mepositsandtau inclusions sineurofibrillary tangles (NFTs) iAD (Goedert, Spillantini,
& Crowther, 1991; Hardy & Higgins, 1992)+synuclein( 4dyn)inclusionsin Lewy bodiesn
PD (Spillantini et al., 1997)huntingtinaggregates in HVonsdtel & DiFiglia, 1998) Cu/Zn
superoxide dismutase (SOD1) and TAR Dididding protein 43 (TDR3) in ALS (Neumann
et al., 2006; Rosen, 1993nd prios in human and animatransmissible spongiform
encephalopath®(Prusiner, Scott, DeArmond, & Cohen, B)9Tablel).

Theseproteins are characterized by the alieraof ther folding: basically, what happen is a
conformational change in the secondary or tertiary structuiiee proteinwhich leadsit to be
toxic and/orto alossof its biological activity.

The mairfeature of nisfolded proteings the enrichmetrin b-sheesstructures instead afhelix
ones, determiningthe stabilization of oligomerand making the aggregatéssoluble and
infectious.This conformational change can be induced by mutations, chemachficatiors,
and environmental changes, hut the majority of casesinknown causes determine this

changing, like in sporadic prion diseases.

Neady 10 millicn new
CIBEY Every year

One every

3 seconds @

The global

® 5
public health 50 milion pecple . $

werldwide

threat

Set to triple
by 2050

3 Majorty of people who will
geve'op dementia wil be in
low- and middle-income
countries

Figure 1. DementiaWorld Health Organization report

NEUROLOGICAL DISEASES PROTEIN AGGREGATES
ALZHEI MERGS DI St Ab and tau
PARKI NSON&6S DI SI | -synuclein
HUNGTI NTONG6S DI S Hungtintin

AMYOTRPHIC LATERAL SCLEROSIS SOD-1 and TDP-43
PRION DISEASES Prions

Table 1. Schematic illustration of typical misfolded proteins for different neurological diseases.
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1.1 PRION DISEASES

Prion diseaseslso knowras transmissible spongiform encephalopathies (TSES) are a group of
fatal neurodegenerative disorders thif¢ct both animals and humans.

Among animad canbefoundb ovi ne spongi form encephal opath
cow di seaseo6, dsease QWD in maoset anch deer, feline spongiform
encephalopathgg FSE) in cat@and Scrapie in sheep agdat among others.

In humars they include Creutzfeldfackob disease (CJD), Kur@erstnannStraussler
Scheinkediseas€éGSS)and fatal familial inemnia(FFI) amang others.

Human prion diseasasan be classified into three different classes, basateinaetiology:
sporadic, inherited and acquired.

The prevalence of these diseases in human population is rather ldavZ€dses per million
populaton per year, mostly among aged populatiangthe incubation periodnay be quite
long from as little as5 yearsto up to40 yearsin Kuru. Oncefirst symptoms arisehe disease
progression is very rapid.

From a histological point ofiew, theyareall characterized by similar featuressthe presence

of spongiform vacuolation, astrogliosis adyloid plaques depogin even though the clinical
profiles can differ among the distinct prion diseg&asika, 2003)

They have been discovered as infectious malaatiesnd 1930whentwo reseachersof the
Toulouse natioal veterinary schoadtudyJ. Cuillé andP. L. Chelle in 1938 demonstrated the
transmissibility of scrapie to sheep

Moreover, thirty years lated. C. Gajduseldemonstrategbrion diseasesfectivity through
chimpanzeenoculationwith Kuru and CreutzfeldJackob diseadarains(Gajdugk, Gibbs, &
Alpers, 1966; Gibbs et al., 196®)espitethis convincingevidence, the cause of the infectivity
of these diseases remained unexplaioegdometime

Only into 1982 Stanley B. Prusinerdefined theprion diseasesausing agent, calling it

0 PRI Ostamding for"PRoteinaceous rifectious ONIly particles’, lacking nucleic acids
(Bolton, McKinley, & Prusiner, 1982; Prusiner, 198E)gure 2).

Additional studies were carried out to find the molecular and biochemical structures of these
particles, to explain the mechanism of infectimich is based on the conformational
conversion of the cellular prion protein ()yfnto the secalledprion, or scrapie fion protein
(PrP9).

During these attempts, it was discovered that-8@KDaprotein was the major protein present
in the brain homogenate extract from scrapfected hamstersfter partial digestion with
proteasg however the samproteinhas beeralsoidentified in the brains of infected animals
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prior to the appearance of dkial signs, excluding it from the possibility to be the pathological
isoform, even if it was identified as a part ofBolton, McKinley, & Prusiner, 1984)

Hereafter, the isolation of the infective particle proceeded to identify the specific pathological
particle. By the mean of immunoblois,3335kDa PrP was found in brain homogenates of
scrapieinfected hamsters (335 PrP9 and a similar protein was also found into healthy brains
(33-35 PrP¥). Only thanks to the action of Proteinasedigestion it has been possible to
discriminate the te of them, shedding light on the properties of the infectious patrticle.

Indeed, after th enzymatic digestion it has been shown thaB3®rP° was degraded to PrP
27-30, while 3335 PrP® was totally degrade(Meyer et al., 1986)

Expansion of the
prion concept to
yeast peoteins.
PrP

A hereditary human
disease (G5S) is Propagation of Infectivity neutralized
transmitied to animals | | infoctivity in celis | | by anti-PrP antibodies

1988 1989 1996 2000 2001 2004

Gene First mutation in PrP PrP knockout mice
encoding PrP. fone assoclated with found to be resistant to
cloned familial TSE

scrapie

Figure 2. Timeline ofthe events related to the discover of T$&sto & Castilla, 2004)
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1.1.1Prion protein

The prion proteircan exist in two different formshe cellular prion proteifPrP) and the
scrapie priorprotein (PrP?9. As mentioned above, the first one represents the normal cellular
form of the causative agent of PfP

PrP is the hostencoded isoformit is a cellmembrane glycoproteiancoded byrhe PRNP
gene located on thehort arm of thehromosome 2th humars andthe Prnp genelocated on

the chromosome 2 in mice

PRNPgene is highly conserved among different spg@and depending on the species, it can
contain either 2 or 3 exons, with tletire coding regiohmited tothe last exon, thus excluding
possible alternative splicingolby & Prusiner, 2011)and it can transcribe an mRNA of 2.1
2.5kb in length(Prusiner, 199; Wulf, Senatore, & Aguzzi, 2017)

Mutations in thePRNP gene are associated witlthe development oflifferent clinical
phenotypes oprion diseasesncluding CJD, GSS and FRWlore than40 mutations are known
and they can be classified: g®int mutatons {.e., single nucleotide substitutions), which can
cause an amino change (misse mutation)or be silent (do not cause alteration in the amino
acid sequence), or less commonly can cause the coding to prematurely terminate (stop or
nonsense mutatiorndmutations ofnsertions and deletions, whitlave beemssociated with
prion dseasegAcevedeMorantes & Wille, 2014; Lloyd, Mead, & Collinge, 2013)

PrP°¢ hasthe peculiarity of beingnfectious itself, whib makeit different fromall the other
proteirs.

In particular,it posseseghe unique feature of beingfectiouseven if devoid of informational
nucleic acidinducing the normal PFAnto a likeness of itseffPrusiner, 1982)

Importantly, numerous experiments provide evidence for’RcPbe a key player in prion
replication inducedheurodegenetion: it was demonstrated that mice lacking the prion gene
are resistant to the disease and Bv&° alone is not enough to cause the dis¢&seMallucci

et al., 2003)
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1.1.2 PrP€ structure

PrP is a sialoglycoprotein linked to the outeaflet of the cell membranga a C-terminal
glycosylphosphatidytiositol (GPI}anchor

It is synthesised as a precursor protein of 253 amino é&ajsvith a molecular weight of 35

36 kDa (Figure 3). The Nterminal domain functions as a sigraeptide needed for its
translocatiorto the endoplasmiaeticulum (ER)

However, not all the precursors can be transferred to the ER, probably due to a fail into the
translation of the code from the signal peptide, remaining into the cytopzastie & Gill,
2017).

Generally, the majority of the PrPrecursor moleculesanslocate properly intthe ER, where
they undergoto the cleavage of a @erminal signal peptide and the addition of a
glycophosphatidylinositol (GPI) anchagiving rise to he mature form of the protein of about
208 aa (from the aa 23 to the 28Bgnetti & Legname, 2015; Castle & Gill, 2017)

The tridimensional structur@igure 4) is well conserved among the mammals and it consists
of two main domains: the-@rminal domain, which is the most structured part of the protein,
and theN-terminal domain, which is mostly unstructured, even if it has been shown to possess
some stable regions that can allow the protein to interact witr admponent¢Taubner,
Bienkiewicz, Copie, & Caughey, 2010)

In fact, the unstructured-drminal donain consists ofinusual glycingich repeatsvhich are
known agthe octarepeat regions (ORYhis segment seems to findamentafor the binding

to different cations, like copper, zinc, and iron among otfResetti & Legname2015) even

if the roleof those bndingis still not completely understood.

Conversely the Gterminal domain presena globular structure consisting of 3 alphelices,

2 short antiparallelbetastrands and loop®8enetti & Legname, 2015; Castle & Gill, 2017)
Moreover, a disulfide links present between the alphalix 2 (H2) and the alphaelix 3 (H3),
where twoN-linked glycosylation siteare also preent Figure 3) (AcevedeMorantes & Wille,
2014; Wulf et al., 2017)

When the PrP movesfrom the ER to the Golgi, the-hlycans can be attached to the protein
and at that momentthe protein is readjo be targetd tothe cell membranehere it can be
exposed on the extracellular space through thea@Bthor bondCastle & Gill, 2017)

However, some PfPmolecules can be found retained into the inner part of the cell, meaning
that Prf trafficking consists of different recyclingrocesseqBallmer et al., 2017; Magalhaes
et al, 2002; Sunyach et al., 2003)
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Following these recycling pathways, Pidan be found into differemtracellularcompartments
which become other sites of prion cension, as well as the plasma membréfigure 5)
(Beranger, Mange, Goud, & Lehmann, 2002; Goold et al.,, 2011; Marijanovic, Caputo,
Campana, & Zurzolo, 2009)

Unravelling the structure of a protein is a fundamesstalp to understand its function.
Concerning prion protejrdiscovering the structure of Pris particularly needed since its
destabilization causes the corsien into the pathological isoform, PfP

In fact, in the physiological condition, Pri&s prevalently folded in alphdielices, while in
pathological conditions it acquires a bsteeet foldingFigure 6).

In this scenario, different studies put the attention to find the structural determinants involved
in the folding and stability of thisrptein Particularly, it has been shown that theédxminal
domain of the PrPis necessary to maintain the folding of the globular domain, through its
stabilization, and also it seems that the OR region is involved in this pr{@esstti &
Legname 2015) probably due to the presenakthe metal binding sites on ([Benetti et al.,
2014)

Moreover even if the structure of PPFis known(Glynn et al., 2020and different prions share
the sameconformationand biochemical featureike proteaseresistance corensolubility in
nondenatuing detergentshigh enrichment irbetasheets structure etcjlifferent forms of
resistant priorprotein (PrP9 possesdlifferent infectivity and give rise to different strains
(Tanaka, Chien, Naber, Cooke, & Weissman, 2004; Telling et al., .1996)

Thus a deep investigation of the PfRtructurecan allow to ked light also to better undgand

the existence of different prigtrains angbrion disorders.

Recently,the generation of synthetic priogave the opportunity to go into detadf prion
transmission and structu¢Bistaffa et al., 2019; Legname & Moda, 2017; Maet al., 2015)
Sincein vitro-generated prions can offer higher control over fibril polymorph distributions, they
may give more rapidly structural insights into prion assemfliegy et al., 2019)

In this scenarigthediscoveringof theatomic structures of both recombinant and tissotated
prionassembliesvould lead to a better understand alsstin specific featurg€lynn et al.,
2020)
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Figure 3. Schematic representations of the primary sequence of PfBh humans and mice
a) Schematic illustration of the primary sequencthefhumarPrP (AcevedeMorantes & Wille, 2014)
and themouse PrPb), showing protein domains, sites of poisinslational modification, and binding

sites for divalent cations and protein interactors of functional rele\(@vigk et al., 2017)
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230

Figure 4. Schematicrepresentation ofthe three-dimensional (3D) structure ofPrP¢ (Legname,
2017)
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-, Late endosomes (LE)/

Q Cellular prion peotein (Pr<) N Degraded Pr* () multivescicolar bodies (MVB) N\ Degraded Prp™

Figure 5. Misfolding of the cellular prion protein (PrP ) into the scrapie isoform (PrP9. Schematic
representation of the mechanisms and sites of prion convéGadimi Baldeschi,Vanni, Zattoni, &
Legname, 2020)
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Figure 6. Representation of the difference in the structure of PrPand PrPresa) Differences in the

structure of PrPand PrPresh,c) two different wvew of the three betaheets present in the structure of

PrPreqGlynn et al., 2020)

1.1.3 Proteolytic processing of Pri® and implication in health and disease

PrP can undergo to different pesanslational modificadns, among which proteolytic
processing. Thimodificationdiffers from the others for its character of irreversibility.

When a protein is subjected to this process it can be cleaved in different fragments, which can
have also different functions, thuejgmechanism could be the explanation for the atxsen

a specific function for sevar proteirs, as well as PfP(Linsenmeier et al., 2018)

As showed irFigure 3 (b), PrP presents thee different sites of cleage, ch | ed U, b a
which give rise to different fragemts of theprotein.

T h e-cleévage can occur between 1111 aaand it seems to be caused by the action of
members of the disintegrin and metalloproteinase doe@i@aining protein (ADAM) family
Therea e many reports about the membe-cleavagef t hi
and up to now not athe menbers hae been linked to this process.

Among those involved in this process, it has been shown a role fADIA® 8, 9, 10and 17
(Altmeppen et al., 2012; Liang & Kong, 2012; Linsegier et al., 2017)

T h ecleévagecan happenni acidic endosomal compartments or in the G(@gistle & Gill,
2017)and leads to the formatiaof two different fragments, called the-trmind fragment

(N1) and the @erminal fragment (C1)Figure 7).

The N1 fragment is released from the plasma membvamnts the C1 fragment is retained on
theplasmamembrandy thepresence of th&PI anchor

It has been reported that this event has a plygical relevance; in fact, the-términal part of

the protein is involved in a lot of functions, since it determine the stabilization of the globular
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domain andlso it contains the region where the interaction with copper and other cations takes
part(Altmeppen et al., 2012; Benetti et al., 2014)

Moreover, both isoforms produced, N1 and C1, seem to have different functions.

It has been shown that the N1 fragmh has a neuroprotective roRarticularly,it hasbeen
reported that this fragment can reduce de#thby reducing p53lependent cell deafiGuillot-
Sestier, Sunyach, Druon, Scarzello, & Checler, 2@@@probably stimulating the activity and
interaction ofmicroglial cells with the other cell types in the brdi@arroll et al., 202Q)
moreover, it has been shown thainsgenic mice expressing a Pt&cking of the Nterminal
displayedmore evidensigns ofneurodegeneration if compared with mice regsng a normal
PrP (A. Li et al., 2007)N1 isalsoabletocouh e r act t he tobgemersbytthe o f
inhibition of its assembly into fibriler reducingthe derived cell deattGuillot-Sestier et al.,
2012; NieznanskiChoi, Chen, Surewicz, & Surewicz, 2012)

Concering the C1 fragmentits role is a matter of debate, and controversial data are available.
It has been shown from one group that it exerts toxic affestro, by enhancinghe celtdeath
(Sunyach, Cisse, da Costdincent, & Checler, 2007)vhile another group ighlighted its
neuroprotective function against prion infecti®estergard, Turnbaugh, & Harris, 20&)d

a role inb myelin maintenance in the peripheral nervous sy¢Bramer et al., 2010)

The other proteolytic processes that can happen afe tha ftldavage: the first onstarts at
the end of the octarepeat region and give rise to the N2 afrd@@2ents, while the correct site
of the second one needs to be defined.

Theb-cleavagas made by thaction of calpains, lysosomal proteases anthbydirect action

of Reactive Oxygen SpecieRQS and it has been mainly linked to a pathophysiological
condition In particular,C2 fragment has been found bathprior+infectedcellsandin brains
from CD patients,and it also shares different featusewith the resistant core of the PP
(PrP27%30), like theinsolubility in nondenaturingdetergents anda peculiar pattern of
electrophoretic mobilityLiang & Kong, 2012; Linsenmeier et al., 2017)

Recently,the o-cleavagehas been proposeth 2016 Lewis and collaboratsrfound another
fragment of PrB, smallerthan 10kDacalled C3to which they referredsthe producof another
proteolytic procesthat they named ascleavage

The prevalence of thiprotedytic event is nosohigh, even if ithas been found in CJD brains,
leaving the possibility of a pathological role of this ev@htLewis et al., 2016)

The precise site of cleavage is not yet knownibseemso happen at the €&rminal of the

protein, possibly through the action of sevenaltrix metalloproteases (MMPSs) addringthe
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endocytic recycling and/or retrograde transportPof~ to the GolgiTransGolgi-Network
(TGN) (V. Lewis et al., 2016)

Lastly, PrP can be subjected to another cleavage, which give rise tsotbaled shedPrP-
(Stahl, Borchelt, & Prusiner, 1990; Tagliavini et al., 1992fesemblesa full-length PrP,
lacking only few ainoacidtogether withthe GPtanchor and it derives from the action of the
ADAMSs, especially the ADAM1{Taylor et al., 2009)The function of this cleavage is not yet
clear,but it hasbeen proposed to be implicated i ttegulation of the Prevembrane levels
and functiongLinsenmeier et al., 201.7However, it has been recently shown that the soluble
form of the PrP can influence the neurite outgrowth by interactirgth@membrane anchored
PrP, as demonstrated by Amin and colleagues in ¢&héh et al., 2016)Moreover,it hasalso
been correlated with the establishment of prion patholbgleed, therare different sidies
that claimshedPrP asa neureprotector against PFPaccumulationAltmeppen et al., 2015;
Chesebro etl., 2010; McNally, Ward, & Priola, 2009yhile otherstudiesclaim that the
presence of a GRinchorless Prixould allow the spreading of the patholoffy. A. Lewis et

al., 2006)

Since PrP is subjected to several proteolytic processes, it is plausible that these events are

involved in thevariousPrPfunctions and roledothin health andn disease.
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Figure 7. Representation of the PrP® proteolytic cleavage A) Representation of the cleavage sites on
the Prf® sequenceB) Representation of the differeRtPfragmentsderived from the different cleavage
processeflinsenmeier et al., 2017)
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1.1.4 PrP€ expression and functions

PrP is expressed throughout the entire lifean organismstarting from the embryogenesis
and during the adulthood it réees very high expression levels.

It is an endogenous, celurfaceglycoprotein with a wide expression in the organisnt;is
presentin different organs and tissydsit mainly in periphed and central nervous systems
(PNS andCNS).

However its physiological role is not yet well understoaad a lot ofstudies, bdt in vivoand

in vitro, reporedseveral discrepanci€gvulf et al.,2017)

In the CNS PrP* is present both in neurons and in glia calisreurons is prevalently localized
at the synapti level(Mironov et al., 2003yvhere it seems to be targeted by the presence of the
sialic aed on the GPlanchor(Bate, Nolan, McHal®©wen, & Williams, 2016)

Due to thidocalization,it has been correlated with the regulatiorsyafaptic activity. In fact,ti
has been shown that mice devoid of PsRowa reduced longerm potentiation (LTP) in the
hippocampus and a weaker inhibitory GABAergic synaptic transmigSiolfinge et al., 1994)
LTP is engageth synaptic platicity andin learning ananemory capacitand it has been shown
thatPrnp KO mice presendeficiencies in spatial learning and memory, due to the reduced LTP
activity (Coitinho et al., 2007)

Moreover, PrP can & alsoinvolved in sleep homeostasi# fact, somerion disorderssuch
asfatal familial insomnigLugaresi et al., 1986presenthe disruption of the sleepake cycle
as the principalsymptom(Khan & Bollu, 2020) Indeed it hasbeen shown that mice devoid of
Prnp genepresented an altation of the ciradian rhythm with sleep interrupti@mobler et al.,
1996)

These roles can be explained by the fact that PaR interact wh different playerstthe cell
membraneactivating different molecular responses into the cell.

Particularly it has been shown th&rP can interact withN-methytD-aspartate receptors
(NMDAR), inducing its postranslationalmodification, like the Shitrosylation (Gasperini,
Meneghetti Pastore, Benetti, & Legname, 2015)

As mentioned before, the-términal region of PrPseems to be involved in the interaction with
different cations, lik copper, which seems to be a key playgh@modulation of th&iMDA
receptor through -8itrosylation(Benetti & Legname, 2015; Khosravani et al., 2008)

The dteration of the NMDAR regulationausexcitotoxicity and neuronal cell death following
amassive calcium influx, which determghe produiton and release ofitnic oxide (NO) and

copper (Cu) into synaptic slot.
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The S-nitrosylationcan impact on the NMDA receptonhibiting it by the modification ofwo
residues othe subuniGluN1 and thee residues otie subuniGIuN2A and it seems thatrP©
hasarole in this procesthrough the coppesinding.

Since PrP* has ahigh affinity to @pper ionsand it shows ahigh expression levels in
hippocampal synaps it is likely to bind copper when it is released in the synaptic slot

When PrB® bindsto Cu (Il), it can determine oxidizatioof NO to NO+through a reduction of

Cu (1) in Cu(l). At this pointNO+ is able to bindo the subunit&GluN2A and GluN1jnducing

the Snitrosylaion of NMDAR, fundamental to rededhe calcium influx and the subsequent
neurotoxic effect¢Gasperini et al., 2015)

Thus,copper, Preand NO seem to act synergistically to regulate NNRDactivating a process

of neuroprotectionyhich seems to biostin prion diseasedI his neuroprotective role seems to
be lost also in ADsincei t  h as b e e ncars diter thenavdildbibtyt of thefcopper for
the NMDAR, disrupting its function of neuroprotectiProu et al., 2012)

PrP has also been associated with the regulation of cell stress. Indeed, it has been proposed to
directly interactwith the stressinducible protein 1 (STI1)nducing the activation of the pro
survival proteinase kinase A (PKA) pathw@ypes et al., 2005)

Moreover, it has been related with the regulation of ROS and lipid peroxidation; it has been
shown that cells transfected with Pyifesent laver ROSlevels @mpared tdhenottransfected
controls(Rachidi et al., 2003)

It seems alsthat Prf® is ableto protect against the exposure to oxidative toxins, maybe acting
on the antioxidant enzymdie SOD1,that converROS into less toxic speciéb. R. Brown
SchulzSchaeffer, Schmidt, & Kretzschmar, 1997; Paterson, Curtis, & Macleod, ;2008)
howevernotall the ewdence agree with this hypothgébteinacker et al., 2010)

Moreover, t has been proposed that Pdan impact on thergoplasmidReticulum (ER)stress
induced by the accumulation of misfoldedunfoldedproteinwithin theER itself. In that case

it has been observed tHRNP gene expression can elucedby the ERstressin fact, it has
been demonstrated thRtP levelsare increaseih cellstreatedwith compounds able to induce
this kind of stresgDery et al., 2013)

Since Prf is a GPJanchored protein present on the plasma membrane, inteadt with a
variety of proteis and it can be involved irhé transmembrane signallipgthway(Mouillet-
Richard et al., 2000)

Indeed, it has been reported that Bi&67kDa laminin receptor(LR), involved in cell
migration, extacellular matrix remodellingndinvasion(Khumalo et al., 2013)an interact

also with PrP (Rieger, Edenhofer, Lasmezas, & Weiss, 198%ng as aell surfacereceptor
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(Gauczynski et al., 2001 favour of this hypothesist has been showthat this interaction
can be interrupted by using a 37&Pa LR inhibitor, that aststabilizing Prf® on the cell
membrane and inducing the recycling into the cytoplasm of the 37/67 kitadlRSarnataro
et al, 2016)

Interestingly PrP- has been shown tateract not only with the receptor but also with laminin,
determining the induction of neuritogene@®aner et al., 2000)

Moreover, PrP can promote the neuritaitrowth also through the interaction witkuronal
cell adhesion molecule (NCAM)in fact, through crosslinking experimentg has been
demorstrated that PfPforms complexes with NCANMeven thouglthe exact function of these
complexes hanot been eludated(SchmittUIms et al., 2001)

In 2005, it has been proposed thatPaRd NCAM colocalizeat the neuronal cell surface and
that ther interaction leads to the tecalization of the latter into lipid raftgletermining the
activation of the Fyn tyrosine kingsehich mediates neurite outgrowg8antuccione, Sytnyk,
Leshchyns'ka, & Schachner, 200Becently, structural studies revealed the surfatsractng
epitopes at the basis of this interaction. Indeed, it has been shatviinetiNterminal part of the
prion protein takes painto the binding of the extcallular domain of NCAM, specifically with
the fibronectin type(FNIII1, 2) domain(Slapsak et al., 2016)

Moreover, in 2016 ougroup studied the involvement or PrP in the neurite outgrevetithe
focal neurite stimulation; indeeih this study theylemonstrated that recPcBn nduceneurite
outgrowthalsointeracting with membrananchored PrP(Amin et al., 2016)

The Nterminal region of the cellular prion protein has also been related to interact with G
protein coupled receptor 8XGPR126) on the surface of Schwann caligggestinga PrF-
involvement of in the myelin maintenanc&the peripheral nervous systdPNS) (Bremer et
al., 2010; Kufferet al., 2016)

Lastly, even if PrPis prevalently expressed into the CNS and PNS, it has been found also in
immune cells, like natural killers,-lymphocytes, mast cells and macropha@tsddon et al.,
2009; R. Li et al., 2001; Mattei et al., 2004 )seems that PfRean take part in the inflammatory
response, since it has been shown thi#tiredand activéed mast cellsamong the release of
many inflammatory mediatorsshowed an increasePrP shedding(Haddon et al., 2009)
Moreover, it has been shown that knockitgvn PrP can increas¢he development of pro
inflammatory plenotype by the Tells (Hu et al., 201Q)Recently,it hasalsobeen proposed
that Prf® contributes to immunological quieszee, modulating the inflammatory response of
immune cells and protecting parenchymal <élbm inflammation insult§Bakkebo et al.,
2015)
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1.1.5 PrPC€ to PrPScconversion

After the discovery of the TSEs transmissibility in T98ountlessvorks were carried out to

find the responsible agent pfion diseasemfectivity.

Due to the long incubation tinad these disorders, it was thought that the causative agent of the
infectionshouldbe afl s | w@ineshbutit has been shown @l the etiologicalagentwas totally
different from a virugCho, 1976)

Moreover, due to & small dimension and the resistance to UV and radiation, it has proposed to
be a virino, encapsaled into a veryight protein coat which would be able to protect it from
degradatior{Kimberlin, 1982)

However, no one was able to fiady nucleic acids responsible for the TSEs transmisson

the scientific community started to believe that the facteponsible for disease transmission
mightbe a proteirwith theability to replicate in the bodyssuggesteth 1967 byJ.S. Griffith

To understand the real naturghuf agent it was necessarygolate the proteasesistant prion
protein (called PrPres) from the infectious matdBallton et al. 1982; Prusiner, 1982 hanks

to these malyses it has been shown that PrP MR derived from a single host gene
highlighting that PrRRan exist in two different isoforms, called normal cellular priargin (or

PrP) and scrapie prioprotein (PrP¢o PrPres).

These two isoforms have the same chenpcealfile, and the conversion seems to involve only
conformational changeasthe shifting from alpha helices to besheets structures.

This eventgivesrise to the different biochemical features betwmntwo isoforms, as well as

the protease resistance, solitpiblteration and aggregates formation.

The confirmation of PrP infectivity has been proved in 1993 from Bueler H. et al. when they
demonstraté that mice devoid oPrnp gene were unable to ddgp prion diseases and to be
infected(Buele et al., 1993)

This evidence was also supported by other studies which again demonstrated that prion protein
was the only agent necessary to induce infect{tycisko et al., 1994; Saborio, Permanne, &
Soto, 2001)

Thus, &cordingt o  prdteinorily hypothesié PrP°Cis the infectious particle responsible for
prion propagation and it can replicate by inducing the autocatalytic conversionahferies
scrapie isoform(Prusiner et al., 1998)

The moleulardetailsat the basis of th conversion are natell understood. Upat now there
are two models that try to expnluacilne atthionn ip
(Figure 8b) andt h mplateassisted mode or r ef o Figure®a) model o0 (
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The firg onesupposeshat monomeric P exiss in equilibrium with Pr and it is stabilized

only when it aggregates in oligomers,igthcan act on other monomeric Pt be part of the
polymer The second one statthat PrP° itself contains the information of the refoldiagd

only when in contact with PFRean determia its conversion, passing through the presence of
an intermediate structurehi last model attesthat PrP° monomes are needed for prion
replication instead of larger aggregates. However, Caugimy coleaguesin 2005
demonstrated that small oligorsgemade of less than six subumitere not infectious in Syrian
hamstergSilveira et al., 2005)

Growing evidence supports the hypothesis that small aggregates’ofeftnBr than monomers

or large fibrillar structuresancatalysethe conversion of PfP

Recenty anot her model hnacteatdebssisted npodet{Higores 8e)dThis t h e
model postulatethat PrP° never exists as monomer but it requires two different intermediates
and cofactorso be converted intBrP* oligomers(Abid & Soto, 2006)

PrP¢ is the major component of the infectious agent, buttie last yearsne of the most
interesting and debated issue in prion biology regards the possible involvement of additional
factorsduring the conversion of Printo PrP¢. And the discovery of these possible factors can

amplify the understanding of this intricate mechanisroomiversion.

a The template-assisted model
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b The nucleation-polymerization model
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Figure 8. Scematic representation of the different models proposed for the PYAPrPse

conformational conversion(Abid & Soto, 2006)
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1.1.6 Prion strains and species barriers

Prion diseases are chaewzed by a moltitude ofclinical presentatios) different
neuropathtmgical profile and also diverse molecular subtyp¥l of these differences can be
explained by thexistance of many prion strajrgespite the absence of a nuclei@aas a part

of the infectiougrions(Soto & Castilla, 2004)

The firstdemonstration of prion strains existarg@esback tothe 1961, when Pattison and
Millson described the appearance of different syntoms in goatstedjevith sheep brain
homogenates. Indeethey observe that some goats developed t®wsy syndrome wha
others were affected by scratching syndr¢Pettison & Millson, 1961)

Later, in 1973, Dickinson and colleguegectedmice with five different strais of scapie,
observing different lesion pntés (H. Fraser & Dickinson, 1973)

It has been ghwn that when prions are isolated from onecggeand inoculated in another one,
they become less efficient intbet trasmission of the pathology, increasing the incubation time
and also inducing different neuropathological prsfi{1. E. Bruce & Fraser, 1991)he
difference in the infectivity of these strains when passeged from one species to anether
introduce the concept dépecieshariersd(M. Bruce et al., 1994)

Numerousstudies have been made regardinglibaier existing between hamsterdamice
indeed, it has been shown that hamster scrapie sB@R7 is not pathogenoito mice.
However, when injected into mice overexpressing the hamster PrP it becdew®us and
mice subjected to patholog$cott et al., 1989 hus, it seems that the speebesrier is caused
by thedifferences in the PrP primary sequence of the host and the inoculum.

Prion strains are chacterized by differentibchemical features of PtPas a different banding
pattern by western blot analysis and different rate of glycosiléfimure 9) (Collinge, Sidle,
Meads, Ironside, & Hill, 1996; Parchi at., 1996; Safar et al., 1998)hey can determine
different phenotypes, as the formation of differentPi$bforms, PK sensitive and resistant,
for examples as observedhen BSE prions are injected into mi{t@smezas et al., 1997)

The existence of different PiPconformations is in contrast with the idea that the primary
sequence of a protein enciphers for onesiggolding.

In this scenaripthe sequencénomology betweehostPrP and the inoculum is onbne of the
causes for the existence of the species barrier, since also the presence of different conformations
seems to take part in this process.

Regarding tk interspecies transissibility, one relevant case has beepresented byhe

transmission of BE prions to human@ill et al., 1997)but also in other anima(8ons et al.,
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1999;Kirkwood, Cunningham, Austin, Wells, & Sainsbury, 1994; G. A. H. Wells et al., 2003)
since it can inducthe generatiorof new prion strains potentially dangerous for human health.

In light of this scenario, major attention is now put on Chronic Waddisgase (CWD)a

recently discovered prion disordaffecting cervidgWilliams, 2005) since a lot of hunters are

used to consume cervid meat and scavenging animals have been found to be in contact with
cevids prions, possibly inducing the production of new prion sfrain

If the priononly hypothesis is put in doubt by the definition of scrapie as derivative of different
PrP°¢ conformatiors, the existence of different polymorphismsupported this hypothesi
(Westaway et al., 1987)Different animals present several polymorphisms and they are
connected with different rpenses to prion strains: for example in sheep the polymsnyti
residuesv136, R154 andQ171 (VRQ)has been relatei an higher susceptibility to scrapie
compared with others polymorphisiiiaylis & Goldmann, 2004 similarly, the polymorphism
atcodon129 in humans has been described to be involved in different susceptibilityto PrP
PrP°¢conversion, sice the presence of Mebnine, rather than Valineat this position has been
shown to facilitate the conversion pess(Palmer, DrydeniHughes, & Collinge, 1991; Tahiri

Alaoui, Gill, Disterer, & James, 2004)

Prion strainspossessery peculiar featuis in particular it has been shown that when they are
adaptedinto the hostand become more stabl¢hey can manifst and maintain their
characteristicéBartz, Bessen, McKenzie, Marsh, & Aiken, 2000)

Moreover, it has been shown that different prsbrains can c@xist nto the hostas reported

for subjectsheterozygous athe codonl129 (Schoch et al., 2006} astly, it has also been
demonstrated that some prions can increase their incubation time when injected with another
stran, phenomenon known as (Batp Alkeer & Besserg2004p f pr
Even if initially the existence of prions strains creates some debatehimligo f tohlye O pr
hypothesisd is now clear that this event i
featuures of prion diseases.

Moreover, since prion strains can represent a potential risk for public health, the awareness and

understandig of their existence can help to prevent from possible new panglemic
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Figure 9. Different PrPS¢western blot profiles after a PK digestion in different strains of human
prions (Morales, Abid, & Soto, 2007)

1.2 ANIMAL PRION DISEASES

Scrapie Sheep Infection in susceptible sheep

BSE Cartle Infection from contaminated food

Transmissible mink Mink Infection from sheep or cattle in food

encephalopathy (TME)

Chronic wasting disease Mule. Fecal/oral/aerosol routes of infection from other

(CWD) deer, elk affected cervids; arose spontaneously or possibly
from a scrapie source

Feline spongiform Cats Infection from BSE-contaminated food

encephalopathy

Exotic ungulate Nyala, Infection from BSE-contaminated food

encephalopathy oryx, kudu

Table 2. Classification of animal prion disease{modified fromT. Wisniewski and F. Gof#016).

Animal prion diseasesiclude scrapie in sheep and goats, transmissible mink encephalopathy
(TME) in mink, BSE in cattle, CWD in cervidBSE in cats and exoticigulate encephalopathy

in antelopes (Houston & Andreoletti, 2018) (Table 2).

The first one to belescribed was$crapie which is known from 1732Imran & Mahmood,
2011)evenif the transmission is ngetwell understood and remainsclear.

Clinical signs includéoehavoral modifications, ataxia, aggressiveness among others, but the
most peculiapnesis the appearance of an intense pruriRettison & Millson, 1961)

BSE or6 @ cow diseagrvas first described in 1986&. A. Wells et al., 1987h cattle and it

was initially attributed to the transmission of sheep scrapie to cattle via contaminated feed.
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It has beershown to be naturally transmitted to other aninf@igurdson & Miller, 2003)but

also to humans in the form of varia@iD (vCJD) by the consumption of beef products derived
from classical BSEnfected cattl€lronside et al., 1996)

TME was firstly discovered in 1947 in Mieaota and then described also in other counttges
origin is still unknown but it is mostly attributéd the consumption of infected feddran &
Mahmood, 2011)

CWD was first discovered in Colorado in 19@Williams & Young, 1980k ffectingwild and
captivecervidsin 25 US states and two Canadian provinces, as well as in South (Kotda

Lee et al., 2013)more recently, it was identified in wild reindeer and moose in Norway and
Finland too(Sigurdson, Bartz, & Glatzel, 2019)he origin is still unknown but the possibility

of a zoonot transmission of CWD prions via diet is of particular concern in North America
where hunting of cervids is a popular spblbwever,even ifup to date, no evidence of human
transmissiorhasbeen reportedSandberget al., 2010) recent studies reported the potential
infectivity of CWD al® to humans, making CWD a new potential BSE epidemic spsesa

et al., 2014)

FSE is a TSE affecting wild and captive cats; it apgeatthe same time of the BSE pandemic
leading to believe that the consumption of B&tHtaminated feed was the causative agent. In
fact, the biochemical analysis dfSEinfected brain revealed a similar pattern with the BSE
(Eiden et al., 2010)

Lastly, exotic ungulate encephalopathy (EUE) affeitte exotic zoo ruminantsof the family
Bovidae As for FSE first cases were reported during BSE period indicating contaminated food
as the causative agent of this type of TSkKurdson & Miller, 2003)
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1.3 HUMAN PRION DISEASES

Etiology Disease

1. ldiopathic (sporadic) Sporadic Creutzfeldt-Jakob disease (C]D)

Sporadic fatal insomnia

Variably protease-sensitive prionopathy

2. Genetic (inherited) Genetic CJD

Gerstmann—Straussler—Scheinker disease

Prion protein cerebral amyloid angiopathy
Fatal familial insomnia

3. Acquired (infectious) Kuru

Tatrogeme CJ1D
Vanant CJD

Table 3. Classification of human prion diseases according to theaielogy (Diane L. Ritchie, James
W. Ironside2017)

Human prion diseasdsave been di s c oThefirst ane o beaberdediwgs 9 0 06
CJD, by the name ofCreutzfeldtand Jakoh who firstly referred to thigpeculiar kind offatal
neurodegenerative disease.

Later,in 1936 Gerstmann, Straussler &theinkeidescribed another disorder denominated as
GSS whichhas been characteed by the presence of amyloid plaques in the cerebellum.

In 1957 a new fatal neurodegenerative disotts been identified in Papua New Guinka

has been called Akuruo and it has beisnm ass
among the loddribes, since when this practice has ceased number of cases decreased drastically
(Gajdusek & Zigas, 1957)

These disorderare de@astating and invariable diseagkat occur worldwidédut, fortunately,

they are veryarewith anincidenceof 1-2 cases per million of populatighmran & Mahmood,

2011) They can bedivided into threedifferent categoriesbased on the etiologydiopathic,

genetic andicquired

The idiopathic group, also known as sporadic, accounts #&580 of the cases among all
human prion disorders and includgmradicCJD (sCJD),sporadic fatal insomnia and variably
proteasesensitive prionopathy. The inherited or genetic group accountfb5% ofall the
casesncludinggeneticCJD (gCJD), GS$prion protein cerebral amyloid angiopatyd FFI
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The last group accounts for only the 5% of all cases and comprisesattwgenic CJD and
variant CJD Table 3).

These diseases have a long-g@lieical incubation period, which can extend from months to
several years, after which the affected individuals usually complain with vague sensory feelings,
such as depression, folled by progressive motor paralysis, derneend often cerebellar
ataxia. Other atypical characteristics of prion diseases are the apparent lack of obvious
inflammation and of diseaspecific immune respons@gel-Egalon, Beringue, Rezaei, &
Sibille, 2018)
Common histopathological feaag are spongiform degeneration of the CNS, formation of
amyloid plagues, reactive gliosis and neuronal loss.

For many decadebe diagnosis has been made by postmortem histopathological examination,
searching for the typitapongiform change occurringidely in the CNS(Budka et al., 195).

Other typical featuresf this group of maladies areeuronal lossgliosis, hyperplasia anthe
presencand accumulatioof PrP°¢ plaques in the brai(Budka, 2003)

1.3.11diopathic prion diseases

Sporadic prion diseas@xcludesporadicCJD (sCJD), sporadic fatal insomraadthe recently
identifiedvariably proteassensitive prionpathy (VPSP).

sCJDis the commonest among all human prion disorders and account? fasks per million
of populationper annun(Collinge, 2001) while VPSPr is very iare with an onset age usually
in the late sixties to sewnties(Puwoti et al., 2012)

All of them are mainly characterized by a rapid cognitive decline leading to dementia, ataxia
and often by myoclonus tq8elay, 1999)

Up to dae, the cause of sCJD and VPSPr are still unknéivtras been proposed that sCJD can
arise spontaneously, possibly for a somatic mutatiaine PRNPgeneor for a spontaneous
misfolding of the PrP into the scrapie isoform while RSPr has not been assoedh with
possiblePRNPmutations. However, none ofthesehas been proveyet (Aguzzi, Baumann, &
Bremer, 2008)
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1.3.2 Genetic prion diseases
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Figure 10. PRNPgene polymorphisms and mutationgLloyd et al., 2013)

Genetic prion diseaseseinherited disorders with high penetranae;ounting for the 1415%
of all prion diseases, aradtributable to the presence of amosomal dominant mutation of the
PRNPgene More than 4(Qpathogenianutationshave been identified: most of theare caused
by missense mutations, baisoinsertion, deletion, and amber mutatidres/e been described
(Lloyd et al., 2013)Figure 10).
It has been proposedtat muations can rendgPrP- more susceptlb to trarsformation into
PrP°¢and they can influence the wide variety of clipathological phenotypes reported for this
class ofdisease¢K. Brown & Mastrianni, 201Q)
Genetic CJD islte most commonone andmore tharb0% of cases have been reported without
a positivefamily history of the disaseln thesecasesPRNPsequencing can be useful to unravel
possible mutatioslinked to genetic CJD, as for E200K mutati@titchie & Ironside, 2017)it
typically begins wih rapidly progressive dementiataxa and different motor impairments
(Geschwind, 2015)
GSShas an incidence of 1 in 100lfmn of population per yeandusually begins as a siby
progressive ataxic or motoric disorder with a later dementia Ohsah et al., 2006; Kovacs et
al., 2002) P102L muationis thefirst one associated with thdisease but a lot of others
point mutations have been Ilinked to GS$Head et al., 2015) 2015).
FFlis a very rare form of genetic prion diseases, causedsiygle mutation in thERNRyene
termed D178NMedori et &, 1992) It typically affects the thalamus and, therefore, the main
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clinical features are progressive ansnia, endocrine abnormalities amachycardia, later
followed by motor and cognitive impairmeri@ollins, McLean, & Masters, 2001mportantly,
more thanthe 60% of patientswith genetic prion diseaseéhad nofamily history of prion
diseass, but, moe often, neurologic or psychiatric diseaseere observethatlikely had been

misattributed to other etiologi€Kovacs et al., 2005)

1.3.3 Acquired prion diseases

Acquired prion diseases count for less than 1% of all prion maladies and are attributed to the
transmission of the infectious agent from an affected indatithia healthy one.

They include Kuru, iatrogeni€JD (iCJD) andvCJD.

This group of diseases @®mmonly knowrbecause othe BSE oidmad cow diseagepidemy

in the UK and in other European countries, between 1980s and 90s, which was demonstrated to
be transmissible to humans, causing a new form of prion disease te@dBdleading to
enormous public and scientific concerfds Brown & Mastrianni, 2010; Maheshwari et al.,
2015) In particular,vCJD wastransnitted to humaavia meat consumptioof cattle infected

with prions(Aguzzi, 1996; Aguzzi & Weissmann, 1996; M. E. Bruce et al., 1997)

Kuru was the first discovered form of acquired priiseassin the Fore pedp of Papua New
Guinea, mainly invomen and young children of both sexiéa® cause was attributed to rituals

of cannibalism in particular to the consumption of prion infectadterial, such as brain and
viscera(Liberski, 2013) Although he incidenceof Kuru hasbeenstrongly reducedthrough
cessation of ermtannibalism practicessome rarecases still occur occasionalsince the
incubation period can be longer than 50 yé@dlinge et al., 2006yVhitfield, Pako, Collinge,

& Alpers, 2017)

iICJDwas first described in 1974 in a patient who developed CJD 18 months after transplantation
of a cadaveric corneal graft from a domdro had been later confirmed to have CIuffy et

al., 1974) Since then, several cases of human prion diseases have been associated with CJD
latrogenic transmission, mainly caused by the use ofounated neurosurgical instruments,

depth electroes, dura mater grafts and human pituitary hormones treat(Veitits2003).
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1.4 DIAGNOSIS

Prion diseases are maladies that affect the CNSaaridr other neurodenerative pathologies

the diagnosis is mainly based on the clinical examination, evaluaing it i symptom®fit

the standard guidelingdBudka et al., 1995)

However, thadiagnosis of TSEs iquitedifficult. First of all, clinical symptoms appear after a
long period of incubation and whémey becomeisiblethe pathology is already in an advanced
stage. Moreover, classical clinical symptoms are dementidbasdf movement coordination,
which aresimilar to those of other neurodegenerativ@rters, like ADandPD, leading to

often mistake them.

Differently from the other neurodegenerative disorders, prion diseaselBaeeterized by the
presence and the accumulation of misfolded ppootein which is peculiar for this illness.
However sincePrP¢lacks nucleic acid componeantdit is uneven distribwd in body tissues,

is difficult to be detected witetandard methodologlike PCR or serologyKubler, Oesch, &
Raeber, 2003)

Thus,since theneuropathological examinatioaveals the presence of spongiform vacuolation,
gliosis and PrF* depositsin the brainscurrently the definite diagnos@ems to be possible
only postmortem by histological analysis biopsyof brain tisse (Budka, 2003)

However, brain biopsy is invasive and expansive so recently less invasive biopsy methods have
been evaluated, using for exampléctory mucosaskeletalmuscle,or skin (Glatzel, Abela,
Maissen, & Aguzzi, 2003; Mammana et al., 202Zdjer the biopsy, the protocol provides the
use of Proteinase K (PK) treatment and the following Wedikrinanalysis to evahte the
presence othe Pri¢

Other methods used to diagnose prion disordexthe electroencephalograpliiZEG) and the
magnetic resonaeemaging (MRI). The first one was used since 1954 and seems to be useful
to diagnose sCJD cases thanks to periodicpshave complexesound in these patients.
However, this technique has a low sensitivigadingto high levels of falsgositive and
differences in sCJD subtypes complicaeen more the diagnosis(Hansen, Zschike,
Sturenburg, 8Kunze, 1998; Wieser, Schindler, & Zumsteg, 20@3) the other hand, the MRI

is used mainly to exclude other causes of pathology and it is useful to discriminate from vCJD
and sCJD. However, it strongly depends on the interpretation and the sxpéminicians
(Collins et al., 2000; Will et al., 2000)
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Unfortunately, all theseests are not suffient to diagnose TSHy/ themselvesthus in order

to perform a correct diagnoswinicians need to combirteemwith the observation of clinical
signs.

As mentioned above, generally the definite diagnosis of TSEs happersgtsinand the
development of a preymptomatic tests needed.

Recently, two techniques have been developed to detect even veamiountsof PrP>¢ in
different samples (urey blood, olfactory mucoyaamplifying them: the protein misfolding
cyclic amplificaton (PMCA) and the Redlime Quackinginduced ConversiofRT-QuIC)
(Figure 11 a,b).

The first one, developed in 2001, consists in thebation of a large excess of Prifom a
healtly brain homogenate with a very low amount of Pig@ming from infected samples to
promote its agggation Then thesample is sonicated to break Priggregates artd increae

the number o6 0 ¢ a&deth GSaborid et al., 200150, increasing the number af/cles of
PMCA it has be posslb to increaseexponentially the number of seedgving the possibility

to amplify a single molecule of PtRBarria, GonzaleRomero, & Sotp2012). The presence
of newly generated PFPcan be corifmed by biochemical assay, such as the resistance to PK
digestion or insolubility in nofonic detergents.

The second one, appears in 2008 and it differs from PMCA since the tested sampldgecan eit
contain or not the pathological form of prion protein. Basically, the sarapgasided to a large
excess of recombinant prion protein and if the tested samplaic®mqtrions it can induce the
aggregation of the recombinant protdimthis casethe presence of newly generated Pri
followed by using in the mixture a Thiofavihdye (ThT) able to bind only to tHesheets of
aggregated proteinghus, an increasin ThT fluorescence resembles an increase if°PrP
aggregates formation, meaning that tested sample contains priggarashi etal., 2008)
The efficiency of this methods is so high that evestQ@articles of Pr#® can be detected.
Moreover, since it has been shown to detect prions from CSF and olfactory rfAteoaahi et
al., 2011; Zanusso et al., 200B)as been suggested as a possible maitem for TSESs.
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Figure 11. Representative scheme of the protein misfolding cyclic amplification (PMCA) and the
RealTime Quacking-Induced Conversion (RTQuIC). a) Schematic representation of PMG&say
(Moda, 2017)b) schematic representation of RJulC assayCaughey et al., 2017)

1.5 THERAPY

To date, neeffectivetherapies have been developed for these fatal neurodegendistigers,
however a lot of efforts have bespentto find a possible cure.

As already mentioned, the only requirement to devéiepd diseases is the-existanceof the
two forms d prion protein PrP° and PrP¢. For this reasarblocking the conversion is the main
goal urder a therapeutic point gfew, and throughout yeaseveral apprache have been made
to hampetthis interadbon (Aguzzi, Glatzel Montrasio, Prinz, & Heppner, 2001)
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At the beginningthe majority of the effds have beespentto create moladesable to block
specificallyPrPC, since itrepresentshe pathological isoformesponsible for the misfolding of

PrP°. However,since not alwaythe appearance of PPPaggregates followthe development

or the sevety of the pathologyrecently different approachefocused their actioron the
inhibition of the cellular prion pttein with theidea of removing the only subate needed for

the conversioriBarreca, Iraci, BiggiCecchetti, & Biasini, 2018)

To do that, a lot of approaches have besmted as knoking-out or knockingdown of PRNP

gene, antisensaligonucleotidesand RNA interference techniqués. Mallucci et al., R03;
Raymond et al., 2019; White & Mallucci, 2009)

Unfortunately, even if different molecules have been tested so far also in clinical trials and a lot

of other strategies have been developed to inhibit prion conversion, no cure is still available.

1.5.1 3nall molecule approach

In the last thirty years a lot of molecules have been designed to blotkoP®F to try to
inhibit the conversion mechanisiFigure 12).

At the beginning, the majority of them have been directed towartf tRbition and, in his
scenariowe can mention betsheet breaker$Soto et al., 2000)

Betasheet breakers are short peptides which interact with PrP through sequence homology and
designed to unwind the beta she#tictures This mechanism was proved vitro, and then
tested in mice Wereit has been shown tower the appearance ofrakal symptoms.

Similarly, branched polyaminese designed to act on PfPmaking it more susceptible to the

PK treatmen{Supattapone et al., 2001)

However, asmentioned above, not always PtPresenceollows the development of the
diseasendthe existence of prion strains can create different extibthese molecule§hus,

a lot of molecules have been designed not to specifically bint. PrP

Particularly different molecules have been generated to stabilize the cellular isoform of prion
protein to prevent its misfoldingln this group ofmoleculeswe can find:Chlorpromazine,
GNS8, Fe (I} TMPyP, Methylene Blue and Quinacririeven if, they have beengied bothn

vitro andin vivo, except for Chlorpromazin@and the majority of them were able to decrease
prion loadonly Quinacrine has been used in clinical trials due to its capa@gsttyovercome

the BloodBrain Barrier (BBB) (Cavaliere et al., 2013; Collinge et al., 2009; Kocisko et al.,
2006; Kuwata et al., 2007; Stincardini et al., 2017)
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However, it has been shown to be not particularly beneficial to patients and also extremely
hepatotoxic.

Other compands used in clinical trials are: Doxycycline, Penotosan polysulfate (PPS) and
Amphotericin B. Among them only Doxycycline passes in phase Il trial, but even the
encouraging results other trials are nee@eatjou etal., 2000; Haik et al., 2014; Terada et al.,
2010)

Thus, despite all the effortpentto design or found molecules/drugs able taucedprion load

and slow down the pathology, up to now none of them has been demonstrated to be effective.

PrP
Prp>

Small
molecules

~R
¥
e [O

Figure 12. General scheme of the PHPrP¢ interaction inhibition using small molecules
(Colini Baldeschi et al., 2020)

1.5.2 Gene therapy and monoclonal antibodies

Using monoclonal antibodies to block B#PrPS¢ interaction has been demonstrated a lot of
years agdFigure 13). However,despite an initiaperiod of emphasjghis strategy has been
abandonedlue to thiffi culty to solve the problem afmmunotolerancelndeed, being PrP a
physiological protein, using antibodies against prion protein revealed a lot of seaiethough

the generation of PrP KO mice allows to overcome the proistymenidou et al., 2004,
Prusiner et al., 1993)

Respect to small molecules, antibodies possess a higher binding affinity due to the larger contact
surfaceand specific epitope recognition.

A lot of studies have begrerformedusing anti-PrP antibodiesshowingtheir ability b decrease

prion load however, ae of themainlimitationsin usingantibodiess that the majority of the

in vivo studies used fullength PrPantibodieswhich were difficult to manipulate.
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Later, theissue has beesxceeded when singtshain fragment$cFV has been created.
Anotherproblem concerning the n t | b stratagyeandists in theihigh susceptibility to be
degraded, limiting their bioavailabilityn thiscase, using viruses as carriemotibodiesor the
so cal |l ed their avdilabiity wad in@easedloreover, using AAVs it has been
shown an increased diffusion 8€Fv in the brainDonofrio, Heppner, Polymenidou, Musahl,
& Aguzzi, 2005; Moda et al.,(®.2)
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Figure 13. General scheme of the PePrP¢ interaction inhibition using antibodig€olini
Baldeschi eal., 2020)

1.5.3 Knockout and knock-down strategies

As already mentioned, PYPis the only substrate needéor PrP°¢ accumulation thus its
inhibition or deletioncan bea useful strategy to block prion conversion.

Following this directionseverahttempts have beearriedout to lower PrP expressionander

to block prion conversignsince it has also been shown that the ablation of Rrfot
detrimentalBueler et al., 1992; G. R. Mallucci et al., 2002)

In light of this, it has been shown that mice lackiPipp gene were effectively resistant to
develop prion disorderBueler et al., 1993)Later, also the knoeclown strategy has been
followed to decrease PYRrying to prevent prion accumulation and even in that case, lowering
PrP has beedemonstrated to efficiently decrease prion Ipadhite et al., 2008)Even if these
data point out that lowering PfPcan prevent prionaccumulatiorand it seems to be sufficient

to block prion replicationptherstudies reportedlightly different result (Pulford et al., 2010)
Moreover, all these results have been observed in neuronal population and since astrocytes seem
to be fundamental in sustaining prion replicatitrwould benecessary to lower Prin both

populations to obtaibetterresults(Raeber et al., 1997)
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1.5.4 RNA interference technique

In the context ofPrP knockdown stategy, RNA interference (RNAi)represents & gold
standard.

Basically, RNAiis a physiological mechanisthat is able to reduce the expression of a target
geneusing anexogenousioublestrandedRNA (dsRNA) able to bind to theorresponding

target mRNA(Figure 14) (Fire et al., 1998)

To do that, two different construaseused: small interfering RNAs (SiRNAs) and shioairpin

RNAs (shRNAs) SRNAs are dsRNAswi t h 2 nucl eoti des thet 30
degradation of the target mRNA insaquencespecific mannerwhile shRNAs act forming a
stemloop structure on the target mMRNBrummelkamp, Bernards, & Agami, 2002)

One of the limitatios of this strategy ishatPrPis mainly express into the braiand to block

prion replicationboth siRNAs and shRNAseed tgpasshe BBB.

In this scenario different strategies have been carried out to increase their diffusion in the brain
such as, lentival vectors for theshRNAs delivery andiposomesiRNA-peptide complexes
(LSPCs) strategyor siRNAs. However, all of these strategies have been used in animals and

are not efficient orafe enough to be used in mans(Bender et al.2019; Kumar et al., 2007)
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Figure 14. General scheme of the PrPrP* interaction inhibition usingRNAi technique
(Colini Baldeschi et al., 2020)
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1.5.5 Antisense oligonucleotides

In the same context of lowering PrRevels, Antisense Oligonucleotides (ASOs) appear as the
most promising strategy.

Basically, ASOs are synthetic oligonucleotides made e23risthat can bind to the target
MRNA, forming a heteroduplex, leading it to the degradation by the action of\NtAse=H.
Moreover, ASOs can be modified to inhibit the RNA translation inhibiting the protein synthesis.
In this scenario, they appear as an appegaitrategy for all of those neurodegenerative diseases
caused by the abnormal accumulation of misfoldecdeprst

In fact, ASOs have beatesigned and used to lower toxic proteins responsible for pathologies
like HD, where ASOs have been designed togaangRNA for HTT and have beelemonstrated

to be effective irdiseasd mouse modeléKordasiewicz et al., 2012)

Moreover ASOs can be used also to target specific region of mMRNA, modulating its splicing
and reducng protein expressiorgs it has been shown for spinal muscular atrophy (SMA)
Indeed, it has been demonstrated that A8&signed to promote the inclusion of exon 7 in
SMNZ2 gene were able to compensate the loss of the mutated Sktdulating the mRNA
splicing. This is also the first FDAapproved treatment for SMEhiriboga et al., 2016; Wurster

& Ludolph, 2018)

Due to their wide use, they were used also for prion diseasesrandnt studyevealedhat an

ASO designed against PrRvas able to increase prigmfectedmice survival time, actmin a
sequencespecific manne(Raymond et al., 2019)

However, despite all these encouraging resultdeteffective ASOs need tovercome the
problem of the ininsic instability of the phosphodiester linkage to nucleases. To do so, ASOs
have been subjected to two sequential modificatifirst of all, they have been modifiesing

a phosphmthioate (PS) instead of one nbndging phosphate oxygen aterto make the
backbonemore stable to the degradati@ A. Stein, 8ibasinghe, Shinozuka, & Cohen, 1988)
andt hen they have been modi f imeiety, iattoduding2€d- 2 6
methylnucleosides to increase their tolerabgibd the possibility to be used in hum#éGoel

et al., 2006)

Despite all these modificatiortbeir applicability for neurodegenerative disordegiislimited

by the presence of BBB and the problems derived from the delivery system.

Thus, further modificationand implementations are needed in order to be used in humans.
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1.6IN VITRO AND IN VIVO MODELS FOR PRION DISEASES

Cell lines and celbasedin vitro models for prion disorders are widely used to study these
pathologies.

Cell-lines represent a good modelstudy prion disorders; first of all, they are low costs, then
they represent a simple modelhie reproducd and standardizeand they aralso easilyto
manipulate. However, as a very simplified andiitro model not always corresponds to what
happes in humanbody.

Moreover it has been shown that very few cell lines are permissilpiedoinfection andt has
alsobeen demonstratetthat the infectiorsusceptibilityis exclusively limitedto the mouse
adated prion strainswith the only exceptiorof RK13 cells, in which the expression of the
ovine Prf® render them permissible sheep scrapie agent infectifvilette, 2008)

The first cell lineableto reproduce a stablegipn infectionwas the Scrapie Brain Model (SBM)
(Clarke & Haig, 1970¥erived from brain tissue of mice inoculated whie Chandler strain of
mouseadapted scrapie prioi€handler, 1961)

However, SBM laclof a control since it derives from infected tissue; thus, later on the goal was
to infect immortalized cell linewith prions.

After that moment different cell linelspth neuronal andot neuronalhave been successfully
infectedexposingthemto brain hanogenates from infected aniteéTable 4).

Until now, anymurine gliabased cell culture modsthave been generatei propagate mouse
adapted priondeaving a gap on the understandoigrion diseasegiventheimportant role
playedby brain nonneuroral cells in disease pathophysiology

However, ecently a new study revealetbr the first timethe stable prion infection in
immortalized mousastrocytegC8D) (Tahir et al., 2020)

Moreover, anotherecentstudy highlighted the possibility to stably infect an immortalized
human cell line (SKFSY5Y) with prions overcoming the risk of infection to humans. Basigally
in the studythe authorsleletel the PRNPgene andhen theysubstituted it with the ovine one,
whichis innocuous for humar{@&var et al., 202Q)

40| Page



Cell line Cell type Animal of origin Prion strain References
Neuron-like
SMB-PS Mesoderm-derived brain Mouse RML, 139A, 22F, 794 Birkett et al_, (2001) and Clarke and
cells Haig, (1970)
N2a (PK1, R33) Meuroblastorna Mouse RML, 221, 13%9A, Fukuoka-1 Butler et al_, (1988); Klohn et al_,
(2003) and Mahal et al, (2007)
GT1 Hypothalamus Mouse RML, 22L, 139A, Fukuoka-1 Nishida et al., (2000); Nishida,
Katamine, and Manuelidis, (2005)
and Schatzl et al_, (1997)
CADS Catecholaminergic Mouse RML, MET, 221, 301C, 1394, Berryet al_, (2013); Mahal et al_,
79A, RMLIIND24] (2007) and Qelschlegel et al., (2012)
SN546 Septum Mouse RML, 22L, ME7 Baron, Magalhaes, Prado, and
Caughey, (2004)
PC12 Pheochromocytoma Rat 1394, ME7 Rubenstein et al_, (1984), Rubenstein
etal, (1992)
CRBL Cerebellar (p53™) Mouse RML Mays et al, (2008)
1C11 Meuronal stem cell Mouse RML, 221, Fukuoka-1 Mouillet-Richard et al_, (2008)
Non-neuronal
1929 (LD9) Fibroblast Mouse RML, MET7 Mahal et al_, (2007); Vorberg, Raines,
Story, et al. (2004b)
NIH-3T3 Fibroblast Mouse RML, 221, ME7 Worberg, Raines, Story, et al. {2004b)
ca2C12 Myoblast Mouse RML, 221, ME7 Dilakic et al,, (2007) and Herbst et al,
(2013)
MSC 80 Schwann cell Mouse RML Follet et al_, (2002)
MG20 Microglia PrP-over-expressing  RML, ME7 Iwamaru et al_, (2007)

Genetically engineered cells

mouse

N2a#58 MN2a cells over-expressing Mouse RML, 221, 139A Mishida et al_, (2000)
MoPrP
HplL3-4 Hippocampal cells stably Mouse (PrP™) 221 Maas et al, (2007)
expressing MoPrP
CF10 Meural stem cells stably Mouse (PrP) 221 McMally, Ward, and Priola, (2009)
expressing MoPrP
NpL2 Hippocampal cells stably Mouse [PrP) RML, 22L Marshall et al_, (2017)
expressing MoPrP
RK13 Kidney epithelial cells stably Rabbit RML, 221, Fukuoka-1, M1000 Courageot et al., (2008) and Lawson

expressing MoPrP

Abbreviations: PK, proteinase K: RML, Rocky Mountain Laboratory.

etal, (2008)

Table 4. Summary of the cell lines usediasvitro models for prion disordef¥rance et al., 2020)

As already mentionedmmortalized ceHllines are a very simplified model to study prion
disorders, especially for the absence ofdiverse celpopulationgresenin the CNS.

Thus, primary ells, organotypic slices and neurospheres have been extensivelytoused
complete thguzzle since they aralso less expensive and easier to be manipulated respect to
in vivo mouse model$Cronier, Laude, & Peyrir004; Falsig et al., 2008; Giri et al., 2006;
Victoria, Arkhipenko, Zhu, Syan, & Zurzolo, 2016)

However, some limitations occur: first of all, the adimiding nature of neuronal celand the

nonproliferating natire oforganaypic slices impact on thelifespan inculture limiting also
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the time for prion replication. Indeed, it is not always easy to discriminate the newly generated
PrP>¢from the possible residual inoculum.

To overcome the problem of proliferation, neurosphezpsesentt good modelbut they are
extremely difficult to generatemanipulate, and reprode.

In this scenari@nimal models remain the best tool to stpdpn diseasg as only then permit

a complete and extensive overviewatihical phenotypes, neuropathologl charactestics,
transmission barriers, and the role of pathogenic mutatignamdner & Jaunmuktane, 2017)

At the beginningthe experiments have been conducted on-tyii@ and inbred micéAmong
these mice thenost widely used areC57BIl/6L, C57BI/6N, C57BL/10, FVB, and 129/Qla
while RIll, VM, NZW, and CD1 are less widely uséthey were used to transmit sheep scrapie
and adapt it to be propagat@tandner & aunmuktane, 2017)

However, with the advent of transgenic mouse nwtie research of prion disorders has been
drastically changed.

Indeed, immediately after the generatiorPafip null mice(Bueler et al., 1993jhey were used

to generate transgenic mouse modetessing them with ones exggng human PrP carrying
the desired mutation to study and giving a deep understanding of human prion d{gaietes,
Gowland, Linehan, Mahal, & Collinge, 2002)

However, differentmouse lines express different Pi&vels and differentreads-out on
incubdion time and prion replication, thus chimeric mouse modklsl2M) have been
developed to overcome these issueven if they poorly recapitulate othaspects of human
prion diseas€Telling et al., 1994)

To conclude, theppearancef the Crelox recombination system alled the generatioof
conditional knockout/knockin mouse modelt modify PrP expressigrandthe investigation

of the mechanism at the basispoion conversiorfG. Mallucci et al., 2003)
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1.7 SERPIN SUPERFAMILY

Serpinsarethe largest and mostidely distributed superfamily of protease inhibitgkaw et

al., 20®). They have been discovered in 1980 by Hunt and Dayhoff, viteynfound
similarities between ovalbumin and two human proteintithrombin andll-antitrypsin (Hunt

& Dayhoff, 1980)

The name of this superfamilg an acronym standing f&ERin ProteaseN hibitors, derived

from their main function; however, not all the members of this family act in the same way.

In fact,this family is composed by a multitudéproteins which are all similar from a structural
point of view, butthey exerdifferentfunctions (Irving, Pike, Lesk, & Whisstock, 2000)

Indeed,a lot of serpinglo not act asinhibitors but ratheaschapeones hormone transporters

or tumoursuppressorgNagata, 1996; Pemberton, Stein, Pepyter, & Carrell, 1988; Zou et

al., 1994)and they are involved in a lot of physiological ftions, like blood coagulation
immunity andinflammation(Heit et al., 2013)

Serpinshave been found in all tHave kingdomsof life andaround1500sequencebave been
identified (Silverman et al., 2001)

Serpin g¢nes are found in cluster in the same chromosqmeftecting gene duplications and a
potential common precursointerestingly despie their chromosomal proximitythey are
functionally divergen{Heit et al., 2013)

In Eukaryotes, according to their structural similarity, they are divided inteotballedclades,

from A to P Human serpins are grouped in the first nine cladeh ghdthirty out of thirty-
severact as inhibitorgGettins & Olson, 2016)

The two largest clades are extracellular clade A (13 members in chromosome 1, 14, X) and
intracellular clade B (13 memers on chromosome 18 a@p(Silverman et al., 2001)

Mouse serpigaccount for 60 functional genes, many of which are orthologbtise human
SERPIN gene and some have been expanded into multiple paralogoufHgnetsal., 2013)
Serpins are widely distributed throughout the body, even if liver represents the major site of
theirexpression and production.

The structure is well conserved among the memidfessrpns family; they consist of 35000aa

with a molecular weight variable from 40kDa to 100kDa, depending on the number of
glycosylatiors (Heit et al., 2013; Sanrattana, Maas, & de Maat, 2019)

From a structural poiraf view, theyare made of ® -hdlices( f r om h A tsbheeth | ) a
(A,B,C), but themost important paris theReactive Center Loop (RCL), which represghe

active site where the inhibition process takes p{haw et al., 2006)
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In fact, in the native statef serpinsthe R@C i s exposed to function
proteases, inhibiting their activity by the binding of their active site and the formatostathle
complex(Figure 15) (Gettins & Olson, 2016; Law et al., 2Q0Bilverman et al., 2001)

As inhibitors they are considered promiscuous proteins since they present more than a target
enzyme, even though it seems that all the target enzymes belong to the same $ancaitiana

et al., 2019)

1.7.1 Mechanism of inhibition

Serpins use t he-to-Retaxed (&d-R)e dt roaSnt srietsiscerdargett o i |
proteasesln fact, the native serpins are trapped into an intermediate, metastable state, which
results in a dramatic increase in thermal stabfligw et al., 2006)

In the native stateserpin®RCL is exposedandavailable to bind to their target proteases.
However,a more stable conformatiagncalled the latent statexists. In this conformatiothe

RCL is insertednto the centreof -sheet A, expanding it to a six stranded antiparahelet as

the fourth strand, with the concomitant extractionstfandC1 to permit thensertion of s4A
(Gettins & Olson, 2016)

However,the latent conformatiodoes not possess inhibitory activigo it has been suggested
thatthis transition to latencynight be useds an importat control mechanism in regulating
homeostasis in certain serglraw et al., 2006)

Concerningthe inhibition mechanispthe initial step expecthe formationof a norcovalent
complex between protease and serfgdmce the protease has been bound to serpm, t
subsguent cleavage allows the energetically faable RCL insertion intesheet A.

At this point, two different pathways can occur: on one hédnaghks to the $o-R transition, the
protease active site can be disrupted by the formation of a final covateptexowith serpin

and he energy required for this translocation it is thouglatme from the greater stability of

the cleaved conformation of serpi@ettins & Olson, 2016)on the other handserpins can
escap from the formation of the metastable state, remaining inactive with the RCL inserted into
the bsheet A, and the target protease free to be adiigeie 15) (Law et al., 2006)

44 Page



Cleaved Active protease
serpin

Figure 15. Serpins mechanism of inhibition(a) Representation afativeserpinstrudure with sheet
A (red), sheet B (green), sheet C (yellow), helices/iiXlight blue) and the reactive center loop (RCL)
(magenta)(b) Formation ofthe Michaelislike complexbetweenthe serpinand the target protease

(multicolors) docked onto the RClUpon docking two possible pathways can occthie serpincan

undergo the S to R transition, and the protease hangs distorted at the base of the molecule, resulting in

the final serpirenzyme complexc) or theserpin can escapthe conformational tragiructure forming
an inactive and cleaved serpin (with the Ri@erted into the structure as a foubtsheet A and an
active proteas@modified from(Law et al., 2006)

1.7.2 SERPINA3/SerpinA3n gene and structure

Human SERPINA3 (also known as ACT which stands fanfichymotrypsin)is a 66kDa
glycoprotein belonging tthe serine protease inhibitor family of acptease proteinst belongs

to the clade A and among the serpins of this group it is one of the dxleacproteins(C.

Baker, Belbin, Kalsheker, & Morgan, 2007; lannaét 2010)

It is encoded by a single ge presenbn chromosome 14qg32.and it has been shown that it
underg@s aconsiderable expansion in mouaewell as SERPINABS results of multiple gene
duplication eventdn fact, nouse clade A3 serpin is represented by a cluster of 14 genes (named

Serpina3an) located on chromosome 12fHorsyth, Horvath, & Coughlin, 2003)

45 Page



During this expansionprocess there is a high degree of overall sequence similarity in the
elemens surroundingthe divergent RCL,and this leaslto a variable specificity to different
target proteas@-orsyth et al., 2003)

It has beershown to inhibitseveral proteses likechymotrypsin cathepsin G mast cell
chymases, kallikrei2 and 3 enongothers(C. Baker et al., 2007; Kalsheker, 1996; Law et al.,
2006)

This serpin is normally found in blood, liver, kidney, and 1¢@gBaker et al., 200Hutit has
been shown to be present also in the brain, where the astroggtesenthe man sourceof
production(Gopalan, Wilczynska, Konik, Bryan, & Kordula, 2006)

Among the 14 different members present in maiiade A3 gene cluster, SerpinA3n has been
hypothesized to be the functional ofibgue of human antthymotrypsinand the two genes
share around 61% of homolo@torvath et al., 2005)

As SERPINAS, SerpiAA3n is widely distributed throughout the bodgth a high expression in
thymus, spleen, lug, testis but also in the brain, where asaséi$ orthologuein human,
astrocytes are the main site of product{btorvath, Forsy, & Coughlin, 2004; Pasternack,
Abraham, Van Dyke, Potter, & Younkin, 1989)

Regardlesshe sequence horagy, SepinrA3n presents a difference in the structure at the level
of the potease specificity determining regioRGL), where a Methionine is sultsited by a
Lysine (Horvath et al., 2005)

It inhibits a lot of proteases, like chymotrypsin, trypsin, Cathepsin G, and human leukocyte
elastase, taking part in the leukocyte inflammatory resp@mseGranzyme in Sertoli cels

inhibiting Granzyme -mediated apoptosi$lorvath et al., 2005; Sipione et al., 2006)

1.7 3 Pathophysiological roles of SERPINA3/SerpinAB

Both SerpinASHSERPINA3 are involved in the same glological processes as complement
cascade, apoptosis, wound healing, inflammatiand extracellular matrix remodeling.
Furthermore, together with their biological role, they also share other similarities as the
overexpression in some pathaleg(Aslam & Yuan, 2019)

In humans, serpin polymerization can cause different confornadtidisase called
serpinopathigsncludingangioedemahrombosis, emphysema, cirrhgsisd familial dementia

(Heit et al., 2013)Nonetheless, other serpialated diseases are causednijf mutation or

point mutations that altéheinhibitory function or specificityof serpingP. E. Steir& Carrell,

1995)
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SERPINAS has been shown to be dysregulated in different pathologiesid@c obstructive
pulmonary diseasé | z h e idiseasedreke, Parkinsas disease, cystic fibrosis and more
(C. Baker et al., 2007)

Its overexpressiohas also been related to the progressiod severityof multiple types of
cancer, asnelanoma, endometrial cancer, colon cancer, breast cghoenas(Kulesza et al.,
2019; Luo et al., 2017; G. D. Yang et al., 2014; Zhou, Cheng, Tang, Martinka, & Kalia; 2017)
in fact, it has been demonstrated that the silencing of SERPINA3 leads to the inhibition of the
migration and invasion of metasis in liver and colon canc@taoet al., 2018)

Moreover, in prostate canceomplexof SERPINA3 withProstateSpecific Antigen (PSA)is

used as clinical mark¢Btepharet al., 2002)

Conversely, in hepatocellular carcinoma (HCC) tissues and cells, it has been shown that
SERPINAS is downregulatke and its overexpression leads to hepatocellular proliferation
inhibition (Santamariat al., 2013; Zhu et al., 2017)

Moreover, being acute phase pro®irSERPINA/SerpinA3n can take part in several
inflammatory diseases; in facteaent studiesighlighted their involvement in retinal and
hypothalamic neuroinflammation, allergic airway inflammation, atherosclerosis and
myocarditis(Sergi et al., 2018; Wagsater et al., 2012)

An extensive part of research has also been focused on the role of SERPINA3 in AD; in
particular, it has been shown thastherine protease inhibitor is upregulated in the brain of AD
patients by the action of different inflammatory mediatorgyd&-1, TNF, OSM, IL-6/ soluble

IL-6 complexegC. Baker et al., 2007; Das & Potter 989 Kordula et al., 1998)

Moreover,other studies reported a strong association between SERPINAS afbraham,
Selkoe, & Potter, 1988as further investigated with vitro experiments where SERPINAS
complexes formation has been assed$®dE. Fraser, Nguyen, McLachlan, Abraham, &
Kirschner, 1993; Janciauskiene, Rubin, Lukacs, & Wright, 1998)

Also, in vivo experiments showetthat a great upregulation of this sergeads toAi peptide
deposition and cognitive impairmergtsilsson et al., 2004; Nilsson et £2001)

Dysregulated levels of SERPINA3 haakso been found in motor cortex of SALS patients and
frontal cortex of MSA braingMills, Ward, Kim, Halliday, & Janitz, 2016; Sanfilippo et al.,
2017)

Moreover, it las been reported that also individuals affected by schizophrenia or bipolar
disorders presented dysregulated levels of thisrseapia downstream activation of the immune

system infammatory responggillman, Sinclair, Fung, Webster, & Shannon Weickert, 2014)
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As already mentione@erpirA3n is capable to inhibiBranzymée in Setoli cells (Sipione ¢

al., 2006)and this function has been related with its ability to decrisgate of aortic rupture
and death in mouse model of abdominal aortic aneurysm, via inhibition gfraineyme-
mediated decorin degradation and enhancing collagen remo@&hgget al., 2011)
Moreover,since Granzymeé can induce cell mediated neurotoxicitandit has been also
found to be pregulated inMultiple Sclerosis lesions, it has been demonstrated that using
SerpinA3n it is possible to bloctéranzyme -mediatecheurotoxicity, inducing neuroprotection
for neuons(Haile et al, 2015; Haile et al., 2011ndeed,SerpinA3n treatment reduce axonal
and neuronal injury inraExperimentalAutoimmuneEncephalomyelitisnodel andmaintain

myelin integrity, reducing the seveyriof the diseas@Haile et al., 2015)

1.74 SERPINA3/SerpinA3n role in prion diseases

Concerningorion diseaseseveral studies revealed that SERPINA3/Serpindy@apregulated

in different models of prion disses.

Indeed,SerpinA3n mRNA levels have been reported to be highly expressed in different mouse
models of prion disorder€Campbell, Eddleston, Kemper, Oldstone, & Hobbs, 1994; Dandoy
Dron et al., 2000; Riemer et 22004; Xiang et al., 2004Yloreover, it has been shown that this
serine protease inhibitor seems to follow the progression of the pathology, increasing during the
course of the diseagganni et al., 2017)

Thesame upregulation has also been reported for the human form of this serpin, SERPINAS3.
Indeed, it has been shown tliais serpin was highly upregulatatsoin other models of prion
disorders, likeBSE-infected cynomolgus ntcaquesand rodent¢Barbisin et al., 2014; Chen et

al., 2017)

Note of worthy,the overexpression of SERPINA3 haso been reported in humans, indeed it
has been shown that SERPINA3 was upregulateddititie transcript and the protein leveis
prefrontal cortex of posthortem brais derived from different prion disorde{¥anni et al.,

2017) Moreover,analysis from CNS of sCJD patients revealed elevated levElERPINA3

RNA together with upregulatidevels of the protein in th@erebrospinal fluid@SH and urine

of the same patien{dliele et al., 2008)
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1.8 NEUROINFLAMMATION AND PRION DISEASES

Neuroinflammationhas not immediately been associated wyhon disorders.In fact, an
immune activation has been always relateddgorodegeerative disorders like AD, PD, ALS,
multiple sclerosigind HD, but also in schizophrenia, bipolar disorders and brain ifkuipan

et al., 2014; Y. Lee et al., 2014; Ransohoff, 2016; Wofford, Loane, & Cullen, 2019)

This was due to the fact that the CNS is an imnuméleged site, anés suchthe immune
responsects to limit bacterial and viral infectiof&mor et al., 2014)

However, one of the main hallma of prion diseasess the activation of glial cells upgsrion

infection with the consequent production of many inflammatory mediators, as cytokines and
chemoking (C. A. Baker, Lu, Zaitsev, & Manuelidis, 1999; Campbell et al., 198bpuillard-

Tanvier, Striebel, Peterson, & Chesebro, 2009; Van Everbroeck et al., 2002)

The exact role for glial cells in prion diseasestifi not completely understood, but it seems

that theytake part in the degeneratiohthese disorderC. A. Baker et al., 1999; C. A. Baker,
Martin, & Manuelidis, 2002; Campbell et al., 199B) fact, severastudies demonstrated that

when exposed taggregated PrP peptide pi0B6 bothastrocytes and microglia become
neurotoxic(D. R. Brown, Schmidt, & Kretzschmar, 1996; Song et al., 2012; Veerhuis et al.,
2002)

Moreover, glial cells are known to be involved manyotherdisorders affecting the CNS (like
ischemia, degenerative processes, infections among others) and it has also been shown that
activated glia is able to produbeth neurotrophic and neurotoxic factongyich could lead to

its role in these diseas@Rock et al., 2004)

To adivate glial cells, prions should interact with astrocytes or micro§everal studies
reporteda possible involvement dfifferent receptors, asat t er n recoomG ti on
protein coupled receptor formyl peptide rec
observed to take part in the cytokines induction after PrP peptidel2ZB0&nd Amyloidbeta
exposurgFassbender et al., 2004; Le et al., 2001)

Thus,it seems reasonable to believe that upon prion infesgoeral inflammatory responses

are activated via the activation of glial cells.
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1.8.1Neuroinflammation, SERPINA3/SerpinA3n and prion diseases

Glial cells play a key role in the establishment peuroinflammatory responses in several
diseasglike neurodegenerative disorders, ischemia, brain igargng others

Indeed, during the course of these disorders both micragtiaatrocytesare activated and
consequentlyhey produce differemgroinflammatory mediatorss chemokines and cytokines
which take part in neuroinflammation.

In fact, it has been shown that proinflammatory mediators produced by reactive astrocytes take
partin hippocampalheuroinflammatia, contributing to CNS diseas¢Burda & Sofroniew,
2014)

Importantly SERPINA3/SerpinA3n aremainly producedy reactiveastrocytesn the brainand

it has been shown that many cytokines, particulartg Bnd IL-6, induce a significant increase
in SERPINA3 expressiofC. Baker et al., 2007; Campbell et al., 2014)

Moreover, SERPINA3/SerpinA3are acute phase ges@and as such, they armvolved in
inflammatory responsg¢gamanian et al., 2012)

Thus, sinceSERPINA3/SerpinA3n have been found greatly upregulated during prion infection
and thus prion accumulation is associated with the activation of glial cells, ther@oisea
correlationbetween all these elemengsiggesting a possible implication oé$leserine protease

inhibitorsin prion pathogenesis.

1.9 THE JAK-STAT PATHWAY

TheJanus kinase/signal transducers and activators of transcription (JAK/STAT) pathway is one
of the many pathways in animals used to transduce signal from membrane into the cells.

It represents the principal target for cytokines and growth fafiteesman, Leung, Li, & Stark,
1996)as, CNTF, LIF, IL6 | dnd dihergKisseleva, Bhattacharya, Braunstein, & Schindler,
2002; Nicolas et al2013; Rajan, Symes, & Fink, 1996)

The pathway is activated when K are bound by the ligargl which induce the trans
phosphoylation of two JAK members located in proximity one to each other. Then
phosphorylated JAK can phosphorylate ST@gfdteinsthat can shift from the cytoplasm to the
nucleus, determining the transcription of several target géteslings, Rosler, & Harrison,
2004)

In mammals there arfour members of JAKs and sevaemberdor STATs(Darnell, 1997)
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Among the different signalling activated by this cagat has been reported that damonical
JAK/STAT3 signdling pathway ighe oneinvolved in a variety of processes of inflammatory
and antiinflammatory signding (Jung et al., 2015; Nabavi et al., 2019; Nicolas et al., 2013;
Porro, Cianciulli, Trotta, Lofrumento, & Panaro, 2019; X. Yatg@l., 2010)

Moreover it is known to be implicated iather pr@esses, likastrogliosifO'Callaghan, Kelly,
VanGilder, Sofroniew, & Miller, 2014)in particular, it has been shown that activated STAT3
is present in reactive astrocyt@sacute injury(Ceyzeriat, Abjean, Carrillde Sauvage, Ben
Haim, & Escartin, 2016put alsan neurodegenerative disorders like ABD (Ben Haim et al.,
2015)and prion disorder@Na et al., 2007)

Many inflammatory mediators produced during prion infection are also activators of the JAK
STAT pathway andt has been shown that scrapieinfected micehere waghe upregulation

of some players ofJAK-STAT pathwayat the potein and transcript leveJsin particular
phosphorylated Statp$tat) andpStat3(Carroll, Striebel, Racé?hillips, & Chesebro, 2015;
Na et al., 2007)Interestingly, functional STATs binding sites were foundhe regulatory
regons of SERPINA3 gen¢C. B&er et al., 2007and it has been shown to regulate its
expressior{Kulesza et al., 2019)

Several studies b§ampbell anatolleagues, highlighted the role of the IL6 in the activation of
the JAKSTAT pathway in the pathogenic braj@ampbell, 1998; Campbell et al., 1993;
Campbell, Hofer, & Pagenstecher, 2010)

IL6 can acdivate this pathwayia two different signaling: the classic and the traignding
(Scheller, Chalas, Stymidt-Arras, & RoseJohn, 2011)which differ only for the receptor.

In the first one, IL6 binglto IL6-r e cept or al pha (| Ldhétbipdstothd i | e
soluble form of the receptor (s)IL6RoseJohn, Scheller, Elson, & Jones, 2006)

However, in both casdblebinding induces the oligomerization of the gpl1@@ich gives rise

to thepathwayactivation(Heinrich et al, 2003)

In 2014 Campbell ad collaborators generatdrdgenic mice(termedGFAP-IL6/sgp130mice)
characterized by an astrocHewited production ofIL6 and the inhibitor of L6 trans
signalling They observed that miexpressindL6 transsignalling inhibitor, showedecreased
levels of pSTAT3and SerpinA3ntranscrips and decreased levels of gliogiGampbell et al.,
2014)

Thus, sinceprion disorders are characterized by a strong gliosis and, recentlyeat
upregulation of SERPINA3/SerpinA3n has been found, we can hypothesis signaling

via the JAK/STAT3 pathwayas the missing link in thEERPINA3/&rpinA3n overexpression

uponprion infection.
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2. AIM OF THE STUDY

Prion diseaseare rare and fatal neurodegenerative disordatsed by the conformational
conversion of the cellular prion protein (Fyfnto the pathological isoform (PPB, which has

the unique feature to be inteaus.

Throughout the yearsumerousattempts have bedriedto find a curewithout success

Until now, all the therapeutic strategidsvelopedhave been targeted to the inhibition of the
PrP°-to-PrP>¢ conversiorbut none of them was successful in icia practice.

Moreover, mounting edence highlighted the involvement of other genes in the development
of prion disordersand several studies reported the overexpressi@E&RPINA3/SerpinA3n
levels in different models of prion diseas€lsus, we triedo elucidate thenvolvement of tlese
serine protease inhibit®in prion pathogenesis

Indeed we hypothesized thaBERPINA3/SerpinA3n can determine the inhibition thé
protease, or proteases, generally involved in prion clearance.

So, we decided to tesur hypothesissing aniSERPINA3 small molecules to inhibit the action

of this serine protease inhibita@bservingwhat happen to prion accumulation

Here wewant topropo® a novel therapeutic strategy to treat prion disorders, without interfering
with PrP and/or PrFe.

Moreover, since little is known about the molecular mechanism at the basis of this upregulation,
we decided to investigate hdBERPINA3/SerpinA3n areupreguated upon prion infection.

In recent years, accumulating evidence repotedrivolvement oSERPINA3SerpinA3n in
different neuroinflammatory diseases, including prion diseases, but the mechanism controlling
theirexpression have not been elucidated ye

Thus, we decided to study the pathway involved in the upregulatioreségfrine protease
inhibitors uponPrP* deposition, focusingnthe JAK/STAT3 pathwg
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3. MATERIALS AND METHODS

3.1Immortalized cell lines

Mouseneuroblastoma cell line, eithertAnfected (N2a) and chronically infected with Rocky
Mountain Labeoatory ScN2aRML) or with 22L prion strain (ScN2a2L), were grown in

Minimal Essential Medium (MEML% L-glutamax complemented with 10% fetal bovine
serum(FBS), 1% noressential amino acids (NEAA), and 1% peniciitneptomycin.

Immortalized mouse hyplealamic neurons (GT1) and chronically infectefl&ells, with both

RML and 22L prion strainScGT1RML and S6&T122L), wer e grown i n Dul b
Eagl eds me d-1% GlutaMBXMdapplemented with 10% FBS and 1% penieillin
streptomycin. All cell lines were cultivated i10 andor 6 cn? Petri dishesat 37 °C under 5%

CO..

3.2 Mouse models

Age- and sexmatched CD1 mice (Crl:CD1(ICR) strain code 022, charles river) were used for
RT-gPCR WB analysisand as source of prions to infect de novo primaixed cell cultures

from FVB mice Rocky Mountain Laboratory (RL) prion infected brain homogate was
prepared at a 10% wi/v in phosphbtéfered saline (PBS). Z5Lof 10% brain homogenate was
stereetactically injected in the hippocampus ohtbnths b d out bred CD1 mi c ¢
inoculated ageand sexmatched CD1 mice were used as contrals (= 8symptorRatice

ani mal s ( n = 3monthgoest irocusadod3mpif white éetminal stage animals

(n = 4) wer e mo n isigrsnfegpdon disedsd and sheoficed atlthie end stage
(5mpi). Adult animals were sacrificed thi CO2, brains were extracted, immediately frozen in

l iquid nitrogen and s tiofacteddandsagenaicted corir@s werBr a i r
either homogeized for WB analysis or subjected to RNA extraction.

For the pharmacokinetic studyale C57BL/6 mice, weighing 224 g, were used (Charles

River). All procedures were performed in accordance with the Ethical Guidelines of European
Communities Council (Dective 2010/63/EU of 22 September 2010) and accepted by the Italian
Ministry of Health. Al efforts were made to minimize animal suffering and to use the minimal
number of animals required to produce selia

were groughoused in ventilated cages and had free access to food and water. They were
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maintained under a #2our light/dark cycle (lights on at 8:00 am) at controlled temperature
(21°C = 1°C) and relative humidity (55% % 10%).

3.3 Dissociated neurongrotocol

Primary cell cultures were prepared from hippocampal neurons ofri¢8 All procedures

were approved by the local veterinary authorities and performed in accordance with the Italian
law (decree 26/2014) and the EU guidelines (2007/526/CE &rtI&ZUE).

Hippocampi were dissected fromDday-old postnatal animals. The isolatedtie was quickly

sliced and digested in a digestion solution containing Trypsin (SAjdrach) and DNAse
(SigmaAldrich). The reaction was stopped with Trypsin infobi{SigmaAldrich) and cells

were mechanically dissociated in a dissection medium comgaPNAse. After centrifugation,

the cell pellet was resuspended in the culture medium and distributed in 6 well Multiwell
(Falcon), or on coverslips (12 mm diametergviously coated with polyornithine (50 mgL,
SigmaAldrich). Plating was carried oatt a density of 150.000 cells per wefl this case the

cells were concentrated in the central region of the weltpverslip.

Hippocampal neurons were cultured imrulture medium consisting of MEM (Gibco),
supplemented with 35 mM glucose (CarloErba Reagents), 1 mMTAgwsferrin, 15 mM
HEPES, 48 mM Insulin, 3 mM Biotin, 1 mM Vitamin B12 (Sigr&drich) and 500 nM
Gentamicin (Gibco) and-50% dialyzed FBS (Gibco). Tw days after ptatin
b-d-arabinofuranoside (Sigmaldrich) was added to the culture medium, to reduce the growth

of glial cells. The cells were maintained at 37°C, in a humidified atmosphere with 5% CO2.

3.4 De novoinfection protocol of immortalized cell linesand primary cell cultures

ScGT1 RVL cells were grown at confluence and lysed udiB@watt ultrasonic processor with
thumbactuated pulser for small volume applicati¢g@snic Material) The resulted lysates (coming
from threel0 cn? Petri disheswere added to the medium of GT1 cells, grown a2a% of
confluence. Medium wasrefreshed three days after infection aaiter sevendays of growing
cells were split for four times and atobgpassagtheywere lysed in order to be testied PrP>*
presenceFor primary cltures infectionbrain homogenates of CD1 mice infected withIR
prionswere usedo infect primary mixed culture$pllowing the protocopublished m 2016by
Victoria et al.(Victoria et al., 2016)
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3.5 Compounds

All the compound were dissolved in 100% ethanol (library® and dimethyl sulfoxide
(DMSO) (library 1-8), to a 200 mM stock solution. From these stock solstioriermediate
dilutions were prepared as needed. For cell treatment, stociosslutere further diluted in
PBS 1X to a final concentration of 10mM. Each compound was then diluted in cell culture
medium to reach a final concentration of 20 ®@MOIn thecell medium, the final concentration

of DMSO was never above 0.1%. Detailed treatment conditions are provided in following

methods. Mock controls were treated with vehicle pmhder the same conditions.

3.6 Structure-based Virtual Screening(SBVS) andsimilarity search

The X-ray structure of ERPINA3 (pdb: 1AS4)Lukacs, Rubin, & Christianson, 19983s used

as receptor for our SBVS campaign. The protein was prepared using the protein preparation
wizard protocol(Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 20ib3)lemented in
Maestro. Hydrogens were added and charges and protonatianvegageassigned titrating the
protein at pH 7. Short minimization stepen& performed to relieve the steric clashes. The grid,
used for subsequent docking cal cul atsheetas, w
B and -GelixaHh Suchookt, called sB/s@ocket, has been identified for plasminogen
activator irnhibitor 1 (pdb: 4G80) and it is deemed to be conserved also for other 4&pihs

Li et al., 2013) An in-house collection of ~15,000 naudundant and diverse drlige
molecules was employed as virtual library. The ligands were prepared using the LigPrep tool,
implemented in Maestro. Hydrogens were added and ionization states were generated at pH 7.
+ 0.5. The library was filteredtoretei onl y t he mol ecul e gLipinskiat ob
2004)and that do not bear reactive functional groups. The SBVS was performed through Glide
software(Friesner et al., 2004using Single Precision and retaining use for each ligand.

After a visual inspection of the best scored poses, a first set of compounds (f)evas select

for biological assay. Finally, based on the comnstructural features of the most active
compounds (i.e. G and H), a similarity ssawas performed on the virtual library using Canvas
(Duan, Dixon, Lowrie, & Sherman, 2010A\ second set of compounds (i.e8)1 bearing th&-
aminopyrazole scaffold, was selected for biological assays. Schrédinger suite versigh 2015

was used for our calculations.
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3.7 Assessment of cell viability and MTT asay

Both uninfected and chronically infectedith RML or 22L prion strainN2a andGT1 cells,

were maintained in culture and grown to 80% confluence. The medium was chamg¢e

cells were detached. Cell density was determined by cell counting using ScepterTM 2.0 Cell
Counter (Millipore) and adjusted to 1 x*d&Il/mL with MEM (N2a, ScN2a RIL and ScN2a

22L) or 2x 1@ with DMEM (GT1, ScGT1 RIL and ScGT1 22L). Cell suspension was added

to each well of a 98vell, tissue culturdreated, clear bottom, plate (Costar) and cells were
allowed to settle for 1 day at 37 °C under 5%@€0or to the treatment with compounds. Each
compound was diluted in the cell medi um to
cell culture medium was removed and replaced by compoanthining medium. The plate

was incubated at 37 °C unde%5CQ, for 5 days. The Thiazolyl Blue Tetrazolium Bromide
(MTT, SIGMA) was diluted in PBS 1X to a working dilution ofrig/mL. Cells were incubated

with 2Ce Lof MTT solution for 3 h at 37 °C. After incubation, 20Qof 1:1 DMSO/2Propanol
solution was added to eawell and the plate was kept at room temperature (RT) for 5 min
before reading. The emission intensity was quantified using the EnSpire Multimode Plate

Reader (Perkin EImery0% of viability was set as thshold of toxicity.

3.8 Acute and chronic treatmert

All the treatments were performed following the dilutions and concentrations described in the
compound sections€e paragraph 3.h After compounds preparatiorelts were treated for

four days in acut&reatment with only one dosage (at 20 or 40uM)aorane month in chronic
treatment with a dosage (at 20 uM) every waed# then lysed to perform the experimeMeck

controls were treated with vehicle ofMSO and ETOH)under the same conditions.

3.9 Collection of conditioned media(CM), cell lysis PNGase F and Proteinase K (PK)

Digestion

For extracellular SerpinA3n detectia@onditioned media of umfected and prion infected N2a
and GT1 cell lines were collectetleared,and concentrated following Gueugneau et al., 2018
protocol After 24 h inabation in serunfree mediumthe CM was cleared by centrifugation
(10 min at 300g followed by 20 min at 2000 g) to discard cell debris. Cleared CM were
subsequently concentrated using an Amicon Ut@0 kDa cupff spin Column (Millipore,
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Watford, UK). For intracellulaproteindetectionafter removing the medium, cells wevashed

with PBS and lysed on ice in lysisffer (10 mM Tri$ HCI pH 8.0, 150 mM NacCl, 0.5% nonidet P

40, 0.5% deoxycholic acid sodium salt). Nuclei and large debris were remabea e@ntrifugation at

13000 rpm for3 min at 4 °C in abench microfuge (Emmndorf, Hamburg, Germany). Protein
concentration of cleared cell lysate and conditioned media was determined using the
bicinchoninic acid(BCA) protein quantification kit (Thermo igher Scientific, Waltham,
Massachusetts, USA). For intracellular or extiata SerpinA3n detection, 108g of cell

lysate or50 g of conditioned medium, respectively, were added into 5X-F2&E loading

buffer in a 1.5 ratio6 hPNGaseHNew England Biolabs) treatment of conditioned medium
was performed starting fron50 €g of protein, following manufacterr 6 s Il nstruc:
denaturing reaction conditioRor PrP detection, cell lysates were split into two parts. One part
was treated with g of PK (Roche Diagnostics Corp., Mannheim, Germany) at 37 °C for 1 h.
The reaction was arrested with 2 mM of pherstinylsulphonyl fluoride (PMSF, Sigma
Aldrich). The Pkdigested samples were precipitated by centrifugation at 55,000 rpm for 75
min at4 °C in an ultracentrifuge (Beckman Coulter, Brea, California, USA) and the pellet was
resuspended in 1X SDAGE loadimg buffer. The nofPK-digested samples were added into

2X SDSPAGE loading buffer in a 1:1 ratio. All samples were boiled for 10 midat°C. All
samples were stored-&0 °C until further processing or analysis.

3.10 Western blot

Samples were loadedhtm 8%, 10% or 12%Bis/Tris Acrylamide gels (NUPAGE, Invitrogen),
separated by SDBage and transferred to PVDF membrane.mbémbranes were blocked with
5% nonfat milk in TBST (Tris 200 mM, NaCl 1.5 mM, 1% Twe&9, SigmaAldrich). For
extracellular SelipA3n Ponceau S staining of the membrane, before milk blockiag, w
performed to verify the accuracy of sample loading. FopiBA3n detection, membraneas
incubated with polyclonal SerpinA3n antibody (1:500 R&D Systems) followed by a rabbit anti
goat HRP secondary antibody (1:1000). For PrP detection-Rufti Fab W226 1(5000,
recogniing residues 144152) antibody was usedpllowed by a goat amtnouse HRP
secondary antibody (1:1000fror Gfap detection, antfap monoclonal antibody Sigma
Aldrich 1:1000) andyoat antimouse HRP secondary antibody (1:108@)ye used. pStat3 and
total StaB were detected with monoclonal aptat3 (Tyr705) antibody (Cell Signaling
1:1000) and polyclonal ar8tat3 (Sigma&Aldrich 1:1000) followed bygoat antimouseand
goat antirabbit HRP secondary antibody (1:1000), respectiwlylear fractions were tiected
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using monoclonalmouse monoclonabntFNup62 antibody (SigmaAldrich 1:1000) and
cytosolic fraction was detected using polyclonal -artiubulin3 (1:3000, Theno Fisher)
followed by goat antimouse and goat amrabbit HRP secondarantibody (1:1000),
respectively Monoclonal antib-actinperoxidase antibody(1:10,000 Sigms&Aldrich) and
monoclonal antVinculin antibody SigmaAldrich 1:10000)were used to nanalize results

The membrane a&s visualized by chemiluminescence using Amersham ECL Prime (GE
Healthcare Life Sciences). Densitometric analysis was carried out using UVIBand software.
Data are expressed as mean + SD, and the values of the controls stedaidjul00%. Each

experiment wa performed iriechnicalduplicates or triples

3.11 Recombinant full-length mouse PrP production and purification

The mouse construct was expressed in competent BL21 Rosetta2 (DE3) cells Escherichia coli
(Stratagene)Freshly transformed overnight culture was inoculated into Luria Bertani (LB)
medi um amlblampPDce b/t imLclanachph8nizol. AtgD/8 OD600 expression

was induced with isopropyl-D galactopyranoside (IPTG) to a final concentration of 1 mM.
Cels were grown in a BioStaéB plus fermentor (Sartorius). The cells were lysed by a
homogenizer (PandaPLUS 2000) and the inclusion bodies were suspended in buffer containing
25 mM TrisHCI, 5 mM EDTA, 0.8% TritonX100, pH 8, and then indstilled water seeral

times. Inclusion bodies containing MoPrP (231) were dissolved in 5 volumes of 8 M
guanidine hydrochloride (GdnHCI), loaded onto-pgiilibrated HiLoad 26/60 Superdex 200

pg column, and eluted in 25 mM Tirl4Cl (pH 8.0), 5 mM ethylenediaminetetcadc acid, and

5 M GdnHClI at a flow/rate of 1.BL/min. Protein refolding was performed by dialysis against
refolding buffer [20 mM sodium acetate and 0.005% NaN3 (pH 5.5)] using a Spectrapor
membrane (molecular weight, 1000Da). Purified protein was ahazed by SDS
polyacrylamide gel electrophoresis under reducing conditions and Western blot.

3.12 RT-QuIC procedure

After purification, aliquots of the recombinant PrP (Full length MQR2B-231) were stored at
T80 AC in 10 mM ph o s peteach test, the drotem solutjop whs thaw&t) .
room temperature and filtered using MIH&¥ filter 0.22 um (Millipore).
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The final reaction volume was 1@0Uoaded into the plate (¢wPlate96 F TC/50x1B, Perkin
Elmer) and the reagents (Sigma) were concentrated as follow: 150 mM NacCl, 0.002% SDS, 1X
PBS, 1 mM EDTA, 10 6MngmbhT and FLMoPr?P

The seed consists of sonicated SCIRRAL cells. Before thsonicationthe cells wereallected

in 100 pl of PBS 1X, after the sonication the sample was quantified using the BCA assay, in
order to use it as a seed (1 pg of the protein).

After the addition of 1@ Lof seed, the plate was sealed with a sealing film (Perkin Elmer) and
insertednto a FLUOstar OPTIMA microplate reader (BMG Labtech). The plate was shaken for
1 minute at 600 rpm (double orbital) and incubated for 1 minute at 45 °C.

Fluorescence readingd80 nm) were taken every 30 minutes {ZZhes per well at 450 nm).

A samplewas considered positive @t least two out of three wells start the aggregation at the

same time of the positive control (moPrP+seed), around 12h of reaction.

3.13 shRNAs proauction

The shRNA design and production were carried out thanks to the cotlabaBDoctor Thah
Hoa Tran. Haused the backbone of pHiMuc_ZsGrenn plasmid to generdlibe shRNAsused
for our experiment of silencingThe shCTRLwas created usin@ short hairpinagainst
Luciferasein the structure, while thehSerpinA3n was createdising ashort hairpinagainst
SerpinA3nThe sequencing of boshRNAswas performedising LKO1 or U6 as primem=nd
after the midiprep (Qiagenthe shRNAswere quantified in order to be used for the further

experiment.

3.14 SerpinA3n shRNA transfection

For the shRNA transfection we plated ScN2®IR cells into 6¢cm Petri dishes and we
transfected them when tloells reached 50%f confluenceusing theEffecteneTransfection
Reagen{QIAGEN).
We prepared the mix by adding 160.of BUFFER EC and & of plasmids into 1.51L
Eppendorf andwe mixed them gently.Then we adled to the mixture 8X ENANCHER
(24 Umix), we mixed it 1Gse@ndsby vortexing, and we waitesiminutes
Then we added 309 Lof Effecteneand we mixedt gentlyby pipetting 5 times. We waite10
minutesand then we added 500.0f medium (Optimem)mixing gently by pipetting 2 times.
Then we added the mix to each platiop by dropand we left it in alture for 24h before
changing the medium. After 3 days cells were collected and analysed.
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3.15 Stable transfection with plasmid to generate SerpiA3n KO ScN2a cell line

In order to further investigate the role of Sefdm we generated KO cell lineshanks to the
collaboration of our postocs Silvia Vanni and TharHoa TranLipofectamine2000 was used

for all plasmid transfection experimentsaectorn g t o t he manuf acturerd
were plated in 9%vells plates for each experiment at a density of 100Qwellis Lipofectamine

and Optimem medium were mixed and incubated foirg then added to (plasmid + Optimem
medium) and keptor 15 mins at room temperature (RT). This solution was added stepwise to
cells and gently mixed. Cell s were incubate
by fresh complete mediunthen @lls were splita 1:50 into selective medium in the following

day. Plasmid for KO were pSPCasSERPINA3NA, pSPCasHSERPINA3SNB

3.16 RNA extraction and Reverse transcription quantitative polymerase chain reaction
(RT-gPCR)

After removing the medium, uimfected andgrion infectedcell lines were washed in PBS and

pellet at12000 rpm for 5 minutes. Cell pellets were resuspendednibh TRIzol reagent
(Ambion, Life Technologies) foll owi ng80@amiuf ac:t
further processingrotal RNA was extracted with PureLfARNA Mini Kit (Life Technologies)

and oncolumn DNA digestion was performed using PureLink DNase Set (Life Temlies).

RNA was checked for concentration and purity on a NanoDrop 2000 spectrophotometer
(Thermo Sciatific). For the total RNA from onBemisphere of mouse whole brain tissue, the

ti ssue was homogenized with St gQiagéngisa BRIz4t e e |
reagent (lIlnvitrogen) following manufacturer
RNA Mini Kit (Life Technologies) and oitolumn DNA digestion was performed using
PureLink DNase Set (Life Technologies).

cDNA was obtainedstartng from 3eg of total RNA with 50:
5X First Strand Buffer, 0.1M DTT, 40 U RNAse inhibitor and 200 U SupepSclil Reverse
Transcriptase (Life Technologies). A negative control was performed for each sample by
omitting the rgerse transcriptaseRT control).

Gene expression assays were performed using gPCR primer seq@&fape£d86, ILL | II-

6, Stat3 SepinA3n, Gapdh, Tubb&ndActB)and protocol as reported Yfanni et al 201'and

the relative expression ratio (fold change, FC) was calculated u§ifd @ethod(Livak &
Schmittgen, 20013s reported ivVanni et al., 2018.
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gCr were calculated subtracting the & the reference genes to thedE thetarget genedoth

for Atesto (pri on i n f-iefectedecdlls).cThem @t werenothtairfed a | i k
wi t h Citoheach sample (both of calibrator and test)jungn t h e 7 af the popuksion

of calibrator samples. Fold change valsawller than 1 were converted using the equation

1/FC, for representation.

3.17 Pharmacokinetic

Pharmacokineticin vivo studies

C o mp oSmwaghdministered orally (PO) and iatrenously (IV) to C57BL/6 male mice at 10

and 3 mg/kg. Vehicle was: PEG400/Tween 80/Saline solution at 10/10/80 % in volume
respectively. Three animals per each time point were treated. Blood samples and brains at 0, 15,
30, 60, 120, and 240 min after admsiration were collected for PO arm. Blood samples and
brains at 0, 5, 15, 30, 60, 120 and 240 min after administration were collected for IV arm.
Plasma was separated from blood by centrifugation for 15 min at 15004p@) eollected in

an Eppendorf tibe and frozen-80°C). Brain samples were homogenized in Phosphate buffered
saline and then split in two aliquots kept-&0 °C until analysis. An aliquot was used for
compound brain level evaluation, following the samecpdure described below for plasm
samples. The second aliquot was kept for protein content evaluation by bicinchoninic acid assay
(BCA). Control animals treated with vehicle only were also included in the experimental

protocol.

Pharmacokinetic measurenents

Plasma samples were centriegat 21.100 x g for 15min at 4°C, while homogenized brain
samples were vigourously whirled. An aliquot of each sample was extracted (1:3) with cold
CHsCN containing 200nM of an appropiate internal standard. A calibration curve was prepared
in both naive muse plasma and naive mouse brain homogenate over 4 1OMM range.

Three quality control samples were prepared by spiking the parent compound iraivaeth n
mouse plasma and naive brain homogenate to 20, 200 and 2000nM as final concentrations. The
calibrators and quality control samples were extracted (1:3) with the same extraction solution as
the plasma and brain samples. The plasma and brain samfilest@s and quality control

samples were centrifuged at 3.270 x g for 15min at 4°C. The superna&atfurther diluted

61l Page






