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List of abbreviations

AB, B-amyloid;

a-syn, alpha-synuclein;

AuUNP, gold nanopatrticle;

BBB, blood-brain barrier;

BC, BiCappa;

BQ, 2,5-diamino-1,4-benzoquinones;

CoQ, coenzyme Q;

DKP, diketopiperazine;

GT1, mouse hypothalamus cells;

HOBLt, N-hydroxybenzotriazole;

MTDL , multi-target directed ligand;

N2a, mouse neuroblastoma cells;

NQO1, NAD(P)H/quinone oxidoreductase 1;

OS, oxidative stress;

PK, proteinase K;

PPIs, protein-protein interactions;

PrP, prion protein;

PrP¢, normal cellular prion protein;

PrPS¢ infectious conformational form of prion protein;
recMoPrP, recombinant mouse prion protein;

ROS, reactive oxygen species;

ScGTY, scrapie-infected mouse hypothalamus cells;
ScN23 scrapie-infected mouse neuroblastoma cells;
TBARS, thiobarbituric acid-reactive substances;

TSE, transmissible spongiform encephalopathy.



1. Introduction

1.1 Protein misfolding

In protein folding, the three-dimensional (3D) sture of a protein is determined
by its amino acid sequence and the biological fonobf a protein depends on its 3D
structure. However, the conformational changeshi@ $econdary and/or tertiary
structure of a normal protein may promote diseasesluding several
neurodegenerative diseases such as Alzheimer'sas#is§AD), transmissible
spongiform encephalopathies (TSEs), Hungtintorsgaée (HD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS) and othenyloidoses such as diabetes
type Il, etc!

The protein misfolding may be associated to disdasesither gain of a toxic
activity by the misfolded protein or by the lackkmblogical function of the natively
folded protein. The misfolded protein is rich fasheets which are formed of
alternating peptide pleated strands linked by hgeénobonding between the NH and
CO groups of the peptide bond. prsheets the bonds are between one strand and
another and formation ¢¥sheets is usually stabilized by protein oligometitn or
aggregation since the secopi$trand can come from a different region of the esam
protein or from a different molecule. In contrasthie misfolded protein, the natively
folded protein is rich im-helices with the hydrogen bonds are between graisn
the same strand® The role of protein misfolding in disease is pradd by
neuropathologic and genetic studies as well asi¢éivelopment of transgenic animal
models that the end point of protein misfoldingatserrant protein aggregation and
accumulation as amyloid-like deposits in diversgaos>**®

Three different hypotheses have been proposedeszrithe the relationship
between conformational changes and aggregation (Big The critical event in
protein conformational disease is the formatiopratein oligomers that act as seeds
to induce protein misfolding. In this model, thelymoerization hypothesis has been
shown that misfolding occurs as a consequenceotéipraggregation (Fig. 14).An
alternative conformational hypothesis is that thelarlying protein is stable in both
the folded and misfolded forms in solution (Fig.)1Bn this model, protein
misfolding is independent of aggregation, whichaismon-necessary end point of
conformational changes, can be an accompanyingeqgaesce rather than a direct

cause of the disead&® Moreover, the conformation/oligomerization hypatise



represents an intermediate view in which slight feonational changes trigger
oligomerization that is essential for the stabtima of protein misfolding (Fig. 1C).
In this model, an unstable amyloidogenic intermedidtgmed by slight
conformational changes is stabilized by intermd&cunteractions with other
molecules forming smalp-sheet oligomers, which by further produce amyloid
fibrils.2®%11  The  conformation/oligomerization hypothesis is thenost

comprehensive and accepted model of protein misfgldnd aggregation.

A Polymerization hypothesis
B Conformational hypothesis
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Figure 1. Models for the molecular mechanism of proteirmisfolding and aggregation.Three
diferent hypotheses have been proposed to describe thensgégtidoetween conformational changes
and aggregation(A) The polymerization hypothesis, aggregation induces the probeiiorenational
changes(B) The conformational hypothesis, protein misfolding is indejeat of aggregation, which
is a non-necessary end point of conformational char§@@she conformation/oligomerization model
represents an intermediate view in which slight conformnati changes trigger oligomerization that is
essential for the stabilization of protein misfolding. Squapresents the folded native conformation,
circles represent the disease-associated conformer anthgpe corresponds to an unstable
conformational intermediate. Adapted from Soto (2001).

Understanding molecular mechanism of protein mi#figy and aggregation is
useful to aim to inhibit or reverse the conforma#ibchanges as a therapy to protein
conformational disease. Soto and co-workers dedigreptides to prevent and to
reverse -sheet formation named bf-sheet breaker peptides for blocking the

conformational changes and aggregation undergometiyA3 and PrP* 3



1.2 Protein aggregation and fibrillation

The onset of aggregation may be triggered by amyofasuch as mutations,
environmental changes or chemical modificationsucety the conformational
stability of the protein. This results in a risetloé concentration of the amyloidogenic
precursors such as a shift of the equilibrium betweorrectly folded and partially
folded molecules. In Figure 2, under destabilizompditions, the equilibrium (1) is
shifted to the left thus increasing the populatadrpartly folded molecules. Under
normal conditions, these are refolded by the mdéeathaperones or cleared by the
ubiquitin-proteasome machinery. These machineriesuld be impaired or the
population of misfolded molecules overwhelm thaiffering possibility, disordered
aggregates arise or the aggregation path is umkeert&quilibrium (2) is intrinsically
shifted to the right and the nucleation of ordemgdregates is kinetically favoured by
mutations increasing the mean hydrophobicity orpprsity to beta structure or
reducing the net charge of the misfolded/unfoldeslecules. In equilibrium (3), the
formation of pre-fibrillar assemblies in the fornh amyloid pores could be directly
related to the cytotoxic effects of amyloids. Malkx chaperones (heat-shock
proteins and others) may suppress the appearangeedibrillar aggregates by
reducing the population of misfolded protein molesuassisting their correct folding
or favouring their complete misfolding for proteas® degradation. The chaperones
may also clear amyloid assemblies by detaching mens® and favouring their
clearance. Alternatively, specific mutations mayhamce aggregation simply by
favouring kinetically the assembly of the unfold®dpartly folded monomers into the
early oligomeric pre-fibrillar specié$.

The general physicochemical features such as mgnohobicity, net charge and
propensity to alpha and beta structure formatiéecathe tendency of an unfolded or
partially folded polypeptide chain to aggreghtd=or instancep-synuclein and tau
carrying specific mutations enhancing their meadrbghobicity or reducing their
mean net charge. Intracellular aggregates of thesteins are the pathologic hallmark
of the familial forms of synucleinopathies (Parkins disease and others) and
tauopathies (Alzheimer's disease and others), otispéy.'* In addition, the prion
diseases (Creutzfeld-Jacob disease and othersgwalggregates of the prion protein
(PrP recruit the natively folded PfPmolecules and thus propagating the PrP
aggregates, meet a suitable template favouring acifgp conformational

modification®
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Figure 2. The possible fates of newly synthesized polptide chains.Modifications of protein
structure or medium conditions may favour protein-proteiarautions into fibers or into crystalline
lattices. DANGER! indicates the processes generatingrddibrillar assemblies presently considered
mostly associated with cell impairmerthe question mark indicates that it is not known whether
amyloid pores (when formed) are on path or dead endchietiates of fibril formation. Adapted from
Stefani (2004).

Protein aggregation may be favoured under conditr@sulting in the impairment
or overwhelming of the molecular machineries. Theselecular machineries
comprise the molecular chaperones of the endoptassticulum (ER) such as Bip,
Grp94, calnexin and of the cytosol (heat-shockgingt, crystallins, prefoldin, Hsc70)
and the ubiquitin-proteasome pathway in ensuring guality control of protein
folding.'®*®

Under destabilized conditions, a protein or a pkptindergoes the path eventually
leading to the appearance of mature amyloid fibwilsich share basic structural
features found in the differing amyloidoses. Typicaamyloid fibrils are straight,
unbranched, 6-12 nm wide (but larger in some cdses)ed by a variable number of
elementary filaments (protofilaments) around 1®+2m in diameter, twisted around
each other in a rope-like structure (Fig.'3J° These structural features have been
studied by differing biophysical techniques sucht@msmission and cryoelectron
microscopy, atomic force microscopy and solid-sttdR. By X-ray diffraction

technique, the ordered core of the amyloid fitmdsa cross-beta structure, where each



protofilament results from a double row of betaetheprovided by each monomer,
has been descripted. The strands of the crosssteteture of the core of amyloid
aggregates run parallel to each other and perpdadito the main fibril axis (Fig.

3).14

Direction of
protofilament

Fibril Protofilament Cross beta

Figure 3. Close-up view of the structural organization ofan amyloid fibril. The four
protofilaments are wound around each other and their cordwstus a row of3-sheets where each
strand runs perpendicular to the fibril axis. Adapted f&iefani (2004).

The studies have been reported that the pathogemitein aggregates are the
destabilised monomeric, or the non-fibrillar oligemne species of distinct morphology
(protofibrils) preceding mature fibrils in the aggation pathway. The earliest
protofibrils typically appear as globular assen®li@.5-5.0 nm in diameter
spontaneously organizing into chains and variowssied rings comprising small
bdoughnutsQ with a central pore, further organisiiig ribbons, protofilaments and

mature fibrils?'%?

1.3 Prion proteins and diseases

Prion diseases, also known as transmissible spongiEncephalopathies (TSES)
are fatal and incurable neurodegenerative disomfeasimals and humarisThey can
manifest as genetic, infectious and sporadic i#eesand they include bovine
spongiform encephalopathy (BSE) of cattle, scrapigheep, chronic wasting disease
(CWD) of deer, moose and elk, Creutzfeldt-JakobD(Cdnd Gerstmann-Straussler-
Scheinker (GSS) diseases of hum&ns.

The prion hypothesis
In 1967, Alper and co-workers demonstrated thatitfiectious materials was not

destroyed under very high doses of ionizing radimatand ultraviolet (UV) which



obliterate nucleic acid®. And also in this year, Griffith demonstrated taaprotein

can act as the infectious agent causing scfapimwever, until 1982, Prusiner first
proposed the prion (proteinaceous infectious gasjchypothesi&® Over decades of
research, there have been crucial evidences ferhiypothesis by starting with the
initial indication that prion diseases can be traissible, owing to the accidental
transmission of scrapie in sheep and ending withdémonstration that infectious

materials can be generated in vitro using pureméiant prion protein (Fig. 4Y.
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Figure 4. A timeline representation of the major milestoes in the prion hypothesis Adapted
from Soto (2010).

Cellular prion protein and its biological functions

The cellular prion protein (PP is highly conserved protein in mammals and
paralogues, present in turffeamphibiang’ and fish®® PrB” expression is broad and
diverse in heart, kidney, pancreas, skeletal museletral nervous system (CNS) and
peripheral nervous system (PN'$§?
PrP is expressed in synaptic membranes of neurommdendrocytes, Schwann cells
and astrocytes in CNS and PRf9n addition, PrP presents in lymphocytes and a
stromal cell of the immune system as the follicalendritic celB*
PrP, a detergent-soluble and protease-sensitive ubiggiprotein, is located mainly
in lipid rafts of extracellular membrane and islycgsyl phosphatidyl inositol (GPI)-
linked glycoprotein which can be in three glycossthpatterns of either un-, mono-

or di- forms (Fig. 5B}* There are common features in the 3D structure ofige,



Syrian hamster, cattle and human mature”féluding a long, flexible N-terminal
(residue 23-121), three-helices and a two-stranded anti-parafiedheet that flanks
the firsta-helix.>® The C-terminal is stabilized by a disulfide boiking a-helices
two and three (Fig. 5A,B¥

A
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T 2 51 9195 110 144153 172 194 200 224 21 254
B
PK

F

CHO CHO GPI
CC HC N-181  N-197
1 22 | | [ 232
23 51 L s 231 254
90 111 134 179 214
disordered well ordered
NMR structure NMR structure

Figure 5. Structural features of cellular prion protein. (A) The human PrPprotein contains 208
amino acid residues. A secretory signal peptide resitléhe extreme N-terminus. CC, charged cluster;
HC, hydrophobic core; GPI, glycosyl phosphatidyl inositatheor; OR, octa-repeats; H1- H3: three
helices. The numbers describe the position of the respectiv® auids.(B) Scheme of the primary
structure of PrPand its posttranslational modifications. S-S, single darilbridge; MA, membrane
anchor region; the proteinase K (PK) resistant core of°By®lepicted in grey; the approximate cutting
site within PrBis indicated by the arrow. The size of the PK resisragment is variable, being cut
at various positions between amino acids 78-102. Adapted lfrdem et al. (2008) and Heikenwalder
et al. (2007).

PrP has many different functions such as neuropraiectynaptic transmission,
regulation of immune system, inducing apoptosisbeing anti-apoptotic, eft.
Cerebellar granule cell apoptosis was observedige mxpressing toxic N-terminal
deletion mutants of PrP. Pras often been reported to promote neuronal saipiiv
particular following apoptotic or oxidative streskleurite outgrowth, including
growth of axons and dendrites, was observed t@theced in neurons lacking Pr#¥
In addition, functions of Pffhave also been found in transmembrane signalidl, ce
adhension and trafficking of metal ions, e.g. copggading® A role in myelination
and involvement in synaptic activity which is oftafiected in the first stage of prion
diseases and whose formation was found to be rddaaseuronal cultures devoid of
PrP have been attributed to PrPThe transgenic mice show an impaired

maintenance of myelinated axons in the white mattdfurthermore,



electrophysiological studies indicate a role of PifPsynapse function, especially in

neurotransmitter releade.

The central role of PrP> and characteristics of prion diseases

Prion protein (PrP) is normally present in its wateonformation (Pr®, but in all
prion diseases the protein is in an abnormal comdtion (PrB9. PrP° can be
distinguished from PfPby its insolubility in detergent and partial reaisce to
protease digestion. PfPaccumulates and forms deposits around neuronsen Pri
diseases are infectious, sporadic and geneticefnff from other neurodegenerative
diseases and amyloidoses such as Alzheimer’s disgabkParkinson’s disease, prion
diseases have a unique feature is that they arentiasible among humans and across
species. Remarkably, the infectious agent in albrprdiseases is composed
exclusively of Pr& aggregates although other cellular factors maseheired in the
conversion process from PrRo PrP%*° The structure of PfPcorresponds to the
experimentally determined 3D conformation of thetein by nuclear magnetic
resonance (NMF?? and the structure of P?Pcorresponds to a model based on low
resolution technique®. Characteristics of PFPcompared with PfPare displayed in
Table 1.

Typical neuropathological changes for prion diseaselude vacuolation of the
neuropil in the gray matter, synaptic alteratiom@minent neuronal loss, exuberant
reactive astrogliosis and cerebral accumulatioprinin protein aggregatééThe loss
of a critical biological function of PfPis one possible mechanism by which ¥rP
formation might result in neurodegeneratidmnother possible mechanism by which
PrP>° formation might be linked to the disease is byedirtoxicity of the misfolded
protein. Moreover, synaptic damage and dendritiopdly, spongiform degeneration,
brain inflammation and neuronal death have beepqgs®d for prion diseases (Fig.
6).43



Table 1.Comparison of PfPwith PrP*°

Properties Prp¢

Prp™

Normal
No

Isoform
Protease resistance

Location in or on cells Plasma membrane

Solubility Soluble
PK-sensitivity Sensitive
Structure Extended
o-Helices 45%
p-Sheets 3%

Mixture of un-, mono and di-
glycosylated forms

Glycoforms

Pathogenic

Stable core containing residue
90-231

Cytoplasmic vesicles

Insoluble

Partially resistant

Globular

30%

45%

Mixture of un-, mono and di-
glycosylated forms

Infectivity No Yes

Turnover Hours Days

Sedimentation properties Consistent  with  monomeric Multimeric aggregated species
species

*Pri? denotes prion protein and Pri* the scrapie isoform of Pri*

Adapted fromPandeya et al. (2010).
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Figure 6. Multiple neurodegenerative pathways are imptated in TSEs.The conversion of the

natively folded PrP to PrP° triggers disease.

P¥P deposition was determined after

immunohistochemical staining with anti-PrP antibodieadklarrowheads). Dendrites were labeled by
Golgi-silver staining to illustrate the substantial @@se on dendrites and synaptic connections in
prion-infected animals. Spongiform degeneration was evaluaited hematoxylin and eosin staining.
Astrogliosis (brain inflammation) was detected by immurtolisemical staining of reactive astrocytes
with an anti-GFAP (glial fibrillary acidic protein) antibpdApoptosis was detected by staining with
caspase-3 antibody (red indicated by white arrowheads) @Rl P10,6-diamidino-2-phenylindole,
blue) staining of nucleus. Adapted from Soto et al. (2011).

In addition, the mechanisms for neurodegeneration of prion deseanclude
microglial activation, ER stress and oxidative s¢rgFig. 7). It is possible that
multiple mechanisms contribute to the pathologypdbn diseases. However, the

absolute mechanism still remains obsclire.
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Figure 7. Putative signaling pathways for PrB%induced neurodegeneration in prion diseases.
Several mechanisms have been proposed by whicH® RoP PrP® conversion results in
neurodegeneration. P¥Pmight produce mitochondrial stress, leading to apoptosis.alternative
model implicates sustained ER stress. Adapted from&atb (2011).

Recently, Soto and Satani proposed a model in wtiiehprimary abnormality is
PrP° formation and accumulation, from in peripherabtiss to in the brain. The
disease process starts with the formation of Prfeginning a long and clinically
silent presymptomatic phase, in which Brslowly but gradually accumulates in the
brain. PrB¢ accumulation triggers ER stress and activatiohef unfolded protein
response, which represents the first line of defeagainst protein misfolding. Other
early consequences of PfRaccumulation are brain inflammation (in the forh o
astrocytosis and microglial activation) and autaphaBoth inflammation and
autophagy might initially be defensive mechanisng,later could also contribute to
neuronal death and perhaps brain vacuolation. ifsiedamage leading to noticeable
clinical consequences is probably synaptic disamptiending the presymtomatic
phase and beginning the early clinical phase ofdisease. Synaptic dysfunction
produces loss of dendrites and finally neuronatideéBhe end and irreversible stages
of the disease are characterized by massive spongiflegeneration and neuronal
death, which are probably triggered by a variety inferconnecting cellular
pathways"?

1.4 Prion replication

Prion replication involves the direct interactibatween the Pr template and

the endogenous cellular FgrBriving the formation of nascent infectious pridfis.
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The central feature of prion pathogenesis is thevession of PrP to PrP° which
is thought to proceed via formation of a complexwsen PrP isoforms and an
unknown molecular chaperone "X" (Fig. ®).This conversion occurs post-
translationally and thought to involve conforma@bichange rather than covalent
modification. The mechanism by which the conversanPrP to PrP° takes

place and results in the distinct pathogenesigiohpdiseases remains unknown.

Prp=° .
..-““ Sc .
X PrP~" multimers

Figure 8. The conformational conversion of the Br® PrP°, which is thought to involve an
unknown molecular chaperone "X". Adapted from Treliet al. (1995).

Models for the conformational conversion of PrP® to Prp*

There are two models to explain the conversionPoF® to PrP° as the
“refolding” and the “seeding” models. In the firstodel, there is an interaction
between exogenously introduced PrBnd endogenous PrPwhich is induced to
transform itself into further P A high energy barrier may prevent spontaneous
conversion of PrPto PrP° (Fig. 9A). In the latter, by nucleation-polymeriizm,
PrP- and PrB°are in a reversible thermodynamic equilibrium. Beed formation
begins very slowly, then monomeric BfPcan be recruited and eventually
aggregate to amyloid. Fragmentation of Pr&ygregates increases the number of
nuclei, which can recruit further PtPand thus results in apparent replication of
the agent (Fig. 9B§°

12
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Figure 9. Models for the conformational conversion of PrP to PrP*. (A) the “refolding” or
template assistance modeB)(the “seeding” or nucleation-polymerization model. Adapfeam
Aguzzi et al. (2009).

Recently, the protein misfolding cyclic amplificati (PMCA) technique which is
designed to mimic PrP® autocatalytic replication has been developét.In the
PMCA, PrP° is amplified in a cyclic manner by incubating shmaimounts of
PrP%containing brain homogenate with BrBontaining brain homogenate.
Hence, PrP is recruited into growing aggregates of ®rRnd it undergoes
conformational conversion and becomes BrAhe growing Prf species are
disrupted by repeated sonication in the presenaetd@rgents to generate multiple
smaller units functioning as a seed for the corgthdormation of new P
aggregates. The whole procedure is repeated setraed (Fig. 10¥°

In addition, an important mechanism of prion regfion process is the
propagation of prions through fragmentation of @rgs fibrils verified for yeast

prions>® mammalian priott and non-prion related amyloid fibrif3.

13
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Figure 10. Schematic representation of the protein mislding cyclic amplification (PMCA)
reaction. PrP° is shown as light gray spheres. #1B shown as trapezium. The original seed is in dark
gray, and the newly formed P¥Rs in light gray. Adapted from Aguzzi et al. (2009).

Cell biology of PrP® and PrP* with potential sites of conversion

PrP is usually associated with detergent-resistant brame domains known as
rafts. The scrapie-associated conversion site fambtane-anchored wild-type PrP
seems to be on the cell surface and/or in endosdrteeever, PrPreleased from the
cell due to lack of a GPI anchor may be convertedxtracellular deposits such as
amyloid fibrils and plaque¥. In N2a cells, Pr® mainly accumulates in late
endosomes and lysosom&¥ and only very small amounts of Bfrare located at
plasma membrart@.In addition, some PP was also found in the Golgi apparatus
detected in N2a cells persistently infected with [IR®handler scrapie, but not in
hamster cells infected with a hamster scrapierstogiimmuno-EM study® Also in
this cell line infected with RML or 22L scrapie aitn, increased PrPlevels are along
with increased retrograde transport to Golgi and®ERurthermore, misfolded PYP
can be subject to the ER-associated degradatidnwpgt(ERAD). Under conditions
of proteosome inhibition, cytoplasmic forms of Pafgregates are associated with
neurotoxicity such as aggresomesExcessive levels of misfolded proteins in the
cytosol might impair proteosome function, eitheredily or after incorporation into
aggresomey.
Regarding the presence of co-factors in conformaficconvesion of PrP, the
laminin receptor or its precusor as crucial co-dastis important for Pri®

formation in GT1 cells infected with Chandler sdeapstrain. Although it is

14



unclear how glycosaminoglycans (GAGspntribute to Pr# biogenesis, cell
surface GAGs might bind to both PrBnd PrB°to generate conversion of Prio
PrP>°(Fig. 11)%°°
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Figure 11. Cell biology of PrP and PrP>° with potential sites of conversionThe conformational
refolding of PrB to PrP° is thought to take place at the cell surface and/or alongetlecytic

pathway, probably involving co-factors, e.g. glycosamincags (GAGs). Adapted from Krammer et
al. (2009).

I nvolvement of cellular co-factorsin prion replication

Conversion factor activity is not present in tloevér organisms such as yeast,
bacteria and flies, but is only present in mamm&ksveral evidences indicate that
co-factors might participate in prion replicatioAlthough “protein X” refers to
this factor coined by Prusiner as mentioned abthare is no formal proof that the
accessory molecule is indeed a protéifrurther evidence is from PMCA sudies
in which purified hamster PfAs converted when added brain homogenate to the
sample but not converted when mixed with highlyified PrP>¢%1%2These results
suggest that unknown factors in brain homogenate @ssential for prion
replication. Also there are evidences for nuclesada such as RNA involved in
prion replication”®®® Supattapone’s group has shown that natural orhsyiat
RNA can act as conversion factors and catalyzenpréplication in hamsters but

not in mice and the negative charge of RNA is resgde for the interaction with
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PrP°® In addition, synthetic anionic phospholipids arequired for PrP*
replicatiort” and higher infectivity was reported with lipid mbrane-associated
PrP>°®8 Surprisingly, treatments that eliminate nuclei@aglipids, or proteins do
not prevent prion replicatiom vitro. Indeed, the addition of various classes of
molecules (synthetic nucleic acids, heparin, albumi fatty acids) produces a
small but detectable effect on enhancing prionicagibnin vitro. These findings
suggest that various different compounds mightagca conversion factaen vitro,
that elimination of only some of them does not erewprion replicatior! %2

At least five different scenarios can be propokwdhe involvement of cellular
co-factors in prion propagation. (i) The co-factoright integrate into the
infectious agent, alter PTPfolding, and provide biological information to the
infectivity process, perhaps by determining streharacteristics(ii) The co-factor
might act as an essential catalyst for prion repian, perhaps by interacting with
PrP, altering its folding, and permitting its interast with PrP°. (iii) Through
binding and integration into the P¥Ppolymer, the co-factor might help to
stabilize the conformation of Pt (iv) The co-factor might participate in the key
process of fragmenting PP polymers to produce smaller structures, and
multiplying the number of seeds to allow the couaétion of prion replication. (v)
The co-factor might bind to PPP thus increasing its biological stability, redugin
its clearancein vivo, and increasing its chances to reach target orgHns
important to highlight that these possibilities aret mutually exclusive, and
indeed, it is likely that a co-factor could be itwead in several of these processes
simultaneously’
Therefore, in prion therapy, the molecules bindityy either Pr or PrP°
conformers at the binding interface may inhibit theeraction of PrP with PrP,
thus interrupting prion production. Additionallyhe compounds that bind to the
molecules supporting and participating in prionliegiion, such as chaperones or

other ligands, may also be good candidates forkigcprion replication.

1.5 Prion infectivity

In peripheral infection, prions silently accumulated replicate in peripheral organs
or reservoirs and transit through at least one@igtive (PrP) tissue before reaching
the CNS?° Prions replicate in lymphoid organs during theyesrages of infectioi’

Within the lymphoreticular system, follicular deridr cells (FDCs) are a prominent
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site of PrB® deposition’* In rodent scrapie models, prion replication isidgfly
detected first in the spleen and reaches plateaisl®efore detectable neuroinvasion
after peripheral inoculation was performed. Theairbidevels rise exponentially to
100-fold or more above splenic levels before chhidisease occurs. Infectivity can
be recovered from the spleen very early duringitioeibation period (Fig. 1245.
Infectivity is detectable on hamster and mouse dsag following inoculation of
wild-type CD-1 mice with 263K hamster prions. Omister bioassay, infectivity can
be recovered early in incubation period and at lewel of the original 263K
inoculum or new infectivity can be accumulated diowOn mouse bioassay,
infectivity appears after a lengthy period and t@mal dies of natural causes
following a normal lifespan. At this stage, on bdthmster and mouse bioassay,
infectivity can be recovered at high levels fromagé clinically normal animals (Fig.
12b)"?

(a) (b) Replication phase

—

Hamster

log infectivity —m=

Mouse

log infectivity as assayed in
either mouse or hamster

+ Time —a= * * + + Time ——= +

Inoculation Clinical Death Lifespan of Inoculation Lifespan of
symptoms animal animal

TRENDS in Microbioiogy

Figure 12. Prion infectionin vivo. Adapted from Hill et al. (2003).

Thus, neuroinvasion typically begins upon ingestioin the TSE agent. The
pathogen must first cross the intestinal epithelivnma process that still remains
elusive. Migratory dendritic cells are known toeditly capture antigens within the
intestinal lumen and could also be responsibleiddial uptake of the TSE agent.
After absorption through the intestinal epitheliutP® appears to be phagocytosed
by antigen-displaying cells such as macrophages deddritic cells. While
macrophages appear to serve a more protectivé rdndritic cells deliver the TSE
agent to FDCs located in the germinal centers ofeB-rich follicles present in
Payer's patches and other gut-associated lymphsstie (GALT) underlying the
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intestinal epithelium. After incubation in lymphoitssue such as the GALT and
spleen, the TSE agent spreads to CNS via the emenvous system (Fig. 1%).

Routes for neuroinvasion including tunneling nabet) exosomes and blood have
been studied. Tunneling nanotubes are importaninfimacellular transfer of prion
during neuroinvasiof! Prions gain access into and between neurons lbgkKiiig
tunneling nanotubes (for 12 hours of co-culture)iclwhis more effective than
transportation by exosomes (for 5 days of co-ce)tirRecently, for removing TSE
infectivity from whole blood, the removal of all vt cells reduced infectivity by
only 42%, suggesting that other blood componengdls cor plasma, could be

infectious®®"®

| Ceastrointestinal tract ‘

Ingested Pri
— 2 i PrPSC Pathology
~ —— * in the CNS

PrP+/Prp- J'
Blood Stream ? B
Plasminogen ‘!
Blood Stream ? i

Plasmi f?‘;
e Lymphotoxin B P 'ﬂ(‘
:}}' ——t ’
) Q A SNS neurons ¢ ;

el |

FDCs o Comieimit LFDCs. |
LI LTV SNS
Spleen and other

Paver’'s patches

Lymphoid organs

Figure 13. The route of prion neuroinvasion.After absorption through the intestinal epithelium,
prion reach the peyer's patches, via blood constituents (Plagem that bind to PfB. FDCs are
infected in the patches and in other lymphoid organs, intjuitie spleen. The prions reach the spleen
by a B-cell independent route involving complement fact@ther factors that are required for
spreading infection to the CNS are lymphotoxin (stimutrsHDCs), and at least one interposed PrP+
tissue. Adapted from Pandeya et al. (2010).

1.6 Therapies for prion diseases

Early treatment regimes, including various propbita compounds and
immunotherapies, have sought efficacy through adimaition of infectious sources,
blockade of infection via the most common peripheocates, and/or blockade of
neuroinvasion. Effective therapies targeting laieease, which are initiated after the
appearance of clinical signs, will most likely ifv® some combination of inhibiting

pathogenic PrP formation, destabilizing or enhamciearance of existing pathogenic
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PrP, blocking neurotoxic effects of the infecti@md/or promoting the recovery of
lost functions in the CNS.

1.6.1 Chemotherapy for prion diseases

Many compounds have been proposed for the treatroérpirion diseases,
including polysulfated anions, dextranes, and cytétrapyrroles®®' Recently,
some success has been achieved using pentosanulfate’d although this
compound seems to be unsuccessful in the treatafdntman prion diseasé&3In
addition, molecules targeting the different molecul steps involved in
pathological prion replication have also been itigeged®*° However, to date,
the use of these compounds in clinical applicatisnimited, due to their high
toxicity and poor crossing of the blood-brain barr(BBB). Thus, there is an
urgent need to develop systematic pharmacologiélnaechanistic studies for the
identification of a new class of compounds as thewtic agents capable of

inhibiting several pathways in prion conversion aeglication.

Strategies for developing new drugs

Three strategies are usually developed to idedtifiew drugs against a well-
characterized disease. (i) A rational approach wpecifically target the key
molecules responsible for the disease. The limifiacfor here is to possess the
structure of one or more proteins implicated in pa¢ghogenesis of the disease. (ii) A
blind screening on a large panel of drug alreadytlesized and commercially
available. The idea is to identify new moleculeshva chemical structure different
from those already existing and which can servelemd molecule for the
pharmaceutical chemistry. (iii) Synthesis of cheahiterivatives of recently identified
lead molecules that showed promising therapeutipgnties. The idea here is to
modify some chemical characteristics of the drugriher to make it more potent or to
facilitate its delivery, especially in the brainrfinstance. Various combinations
between these three strategies are possible ifrtigedevelopment field.
A common task in pharmaceutical research is theckefmr new lead compounds
against diseases that show a greater specificitfoafewer side effects than already-
known agents. Therefore, a widely used search mdedkdhigh throughput screening
(HTS) of large compound collections was establistéalvever, since this approach

is expensive and time consuming and futher on oaly be used once a suitable test
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assay is developed, the silico design and propaflsaew lead structures becomes
more important? Moreover, the nature of the prion agent as welitsseplication
cycle which are not yet completely understood, duatsfacilitate HTS* A central
origin of the strategy oin silico screening of drug database is the experience that
similarities in structures are indicative of similees in activities of drugs. Thus, a
structural search of large compound databases ggeait interest. Today, about two
million chemical compounds are available commety:ﬁil The use of SuperDrﬁAg
(http://bioinf.charite.de/superdrug), a new datasebaf essential WHO approved drugs
(2003), for 2D and 3D search for new lead struatgtarting from compounds against
prion diseases was performed by Lorenzen and ckes®f In this method, the
authors started with known lead compounds, a dase s searched to create a pool
of putative drugs. These compounds are comparekhosvn inhibitors and non-
inhibitors, and drugs with similarities to inactisguctures are removed from the list
of proposed inhibitors. Combining structural featuof ineffective substances with
property filtering rules allows the exclusion ofrther candidates. Drugs surpassing
this sieve are proposed as new TSE inhibitors.heamore, the first PrP(90-231)
NMR structure solved in 1996 provided some strutinformation to monomeric
structure of the PrP protein and opened a new afedrug research since PrP
constitutes an attractive therapeutic target witthia replication cycle of prions.
However, the surface of the PrP(90-231) NMR stmecforesented no crevasses, so
the classical docking program used for the strecha&rsed drug design was not
adapted in this casé For the rational approach, Perrier and co-work2890) found
two drugs Cp60 and Cp62 that could mimic a smajilore at the PrP surface to inhibit
prion replicatior?®

In addition, Korth and co-workers (2001) have perfed a blind screening on drugs
known to cross the BBB. They found that quinacrare chlorpromazine, both
tricyclic compounds with an aliphatic side chaintiveir middle ring, exhibited an
anti-prion activity with EGy of 0.3 and 3 uM respectively. Hence, Korth and co-
workers synthesized nine derivatives of quinacimerder to establish a structure-
activity relationship studj? Their results have revealed the importance of the

aliphatic side chain for the inhibition of Pfformation®*
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Models for studying chemotherapeutic candidates

In vivo tests provide the most rigorous evaluations of-&8& treatments, but are
slow, costly, and impractical for screening purmosa variety of relatively high
throughput, low cost, cell culture modé?s’ and some yeast modéfshave enabled
the identification of a number of different classésnti-prion compounds which then
have shown efficacy in animal models. Alsm vitro assays have allowed
investigation of the mechanisms of prion inhibitiolm many cases, anti-prion
compounds which bind to Prieause it to cluster and internalize, thus ren@elﬂrF‘;
inaccessible or incompatible for conversion to @aske-resistant prion protein
(PrP®9.3"9"9 Non-cellularin vitro assays have also been developed to assess a wide
range of potentially effective compounds. These hoe$ generally assess the
competitive binding of PP and PrB° or the prevention of PrP amyloid fibril
formation. Recent techniques include surface plasmesonanct® fluorescence
correlation spectroscopy* semiautomated cell-free conversiShand a fluorescence
polarization-based competitive binding as§8yComputer “in silico” modeling is
also being used to predict binding molecif$?
Ultimately, promising treatments discovergdvitro require testing in animals and
humans. Of the mangompounds studied in rodent models, few have miagie way
into human trials or case reports, and the effen@gs of treatment administered at
the onset of clinical symptoms, or when there ggigicant neuropathology, is low.
However, many compounds show some prophylacti@ady ¢reatment effect in TSE-
infected animals, and are therefore relevant tcodenination and early therapy
efforts. Thesedrugs need not be permeable to the BBB since tlagytarget the
peripheral replication of the agent, before newasion that arise following oral or
other peripheral exposures. The option for eadgtinent has been hindered by a lack
of early diagnosis, but with the recent developmehtnew sensitive detection
assay$°1%1%there is hope foearly preclinical TSE diagnostics, and more effexti
screening and testing of at risk individuals. Tluisyupled with the rising concern of
blood transmission of variant Creutzfeldt Jakokedse (vCJD), the occurrence of
BSE in livestock, and the spread of CWD, lends &edous relevance to such
chemoprophylaxis compounds and potential decontamsnin the management of

prion diseases.
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I dentification of prion drug targets

A major focus of drug screening efforts has beenRHP conversion reaction. Many
inhibitors prevent conversion by directly bindingdablocking interactions between
PrP and PrB° Others affect conversion by interfering with imamt accessory
molecules, or by altering PrRxpression and distributichMany different chemical
classes of compounds have been screened and testih, and additionaln vivo
data are available for some (Table 2), includindyear prophylactic treatments and
later stage therapié$.

Targeting PrP conversion of the compounds incluihelibg Pr® and/or Pri
redistribution or sequestration of BrRe.g. cholesterol-depleting agents such as the
statin drug simvastatf’ and polyene antibiotics such as amphotericii%B
suppressing PfPexpression by using small interfering RNA (siRN#%) the PrP
gene!!! targeting accessory molecules and pathways toersion with Laminin
receptor precursor protein (LRP/LR) antibodfiésr tyrosine kinase inhibitor STI571

3114 enhanced PP clearance with polycatiohS™’

(known as imatinib mesylaté
and other unknown mechanisms by using copper ahsi&t'°or dimethylsulfoxide
(DMSO)*?° or antivirals such as vidarabine (adenine aralideys**

For binding Prf and/or Prf® the compounds include polyanions (RR?
j;lZS

22,123
EH

126

sulfated glycosaminoglycans (GAGS};***pentosan polysulfate (PS%)fucoidan?

phosphorothioate oligonucleotid&¥é, copaxon&?), sulphonated dyes and similar

,129 30,131
: m

compounds (Congo réd!® surami curcumirt®**j, cyclic tetrapyrroles

(porphyrins, phthalocyanine®)***3%lysosomotropic factors (quinacrine, quinoline,

acridines,  phenothiazine$)*"**°  tetracyclic =~ compounds  (tetracycline,

14143 other amyloidophilic compound$} pyridine  dicarnitrile

doxycycline)
compounds?® peptide aptamers affidsheet breaker 8914

In addition, compounds without direct effects oPPrPrP®s or conversion may
have therapeutic potential as neuroprotective agemt symptomatic treatment
including analgesics such as flupirtine maléétesannabidiol (a nonpsychoactive
constituent of cannabiéf and antioxidants such as pyrazolone derivatiVg¢3able

2).
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Table 2.Chemical-based therapeutic and prophylactic agents

+ Effect demonstrated
- Effect not present

# Induces conversian vitro

= =
: = A =~ :
Compound = = 2 Comments
= = =
= =
=
POLYANIONS
Heteropolvanion-23 + + -
Dextran sulphate + + - Prolongs incubation afier ic inoculation if given within 2 hours
(hamsters)
Pentosan polysulphate (PPS) + + + Intraventricular infusion prolongs mcubation (127 mice).
Used in humans
Inhibits PrP™ formation in cell culture but can stimulate cell-lree
conversion
PPS + Fe-TSP has more than additive efTects in vivo
Heparan sulphate + + - Inhibits PrP™ formation in cell culture but can stimulate cell-free
conversion
Heparan sulphate mimetics, ¢.g + + -
HM2606, CR36
Fucoidan + + Non-toxic. Oral admimistration. Straimn dependent.
Phosphorothioate + +
oligonucleotides
RNA aptamers + - -
+ + -

Copaxone

SULPHONATED DYES AND RI

CLATED COMPOUNDS

Congo red + + - Only modest prophvlactic effects in vive
Subinhibitoery concentrations stimulate PrP™ in cell-free conversion
Passible teratogen and/or carcinogen
Suramin + + Only modest prophvlactic effects in vive
Curcumin + + + Low dose effective 100 dpi i intracerebrally inoculated mice
CYCLIC TETRAPYRROLES
PeTS. DPGa-Fe™* TMPP-Fe™ + + -
In-TsP +
Fe-TAP, Fe-TSP + + + Fe-TSP & PPS have more than additive effects i viva
OQUINACRINE, QUINOLINE, ACRIDIN INATHIAZINES
Quinacrine + - - Quinacrine + desipramine or simvastatin better than quinacrine alone
in cells
Quinacrine + rPrP-Q218K enhances inhibition in cells
No human benefit seen to date; trial ongoing
Inereases amount of PrP™ in the spleen
Crosses blood-brain barrier.
Chlorpromazine + +
Quinine and biguinoline + + -
+ _ -

Mefloguine
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Compound = ; 2 Comments
= = =
= =
OTHER AMYLOIDOPHILIC + + Oral administration.
COMPOUNDS
PYRIDINE +

DICARBONITRILES

PEPTIDE APTAMERS AND B-SHEET BREAKERS

Peptide aptamers +

[i-sheet breaker peptides + + lested by mixing with inoculum only

May be strain or cell model specilic.

CHOLESTEROL DEl r AGENTS
Lovastatin, squalestatin +
Simvastatin + + + Effect mav be unrelated o cholesterol lowering, brain cholesterol
levels do notdrop.
Amiodarone, progesterone +
Mevinolin Causes sequestration of Pri* in Golgi apparatus
No mfectivity experiments
T-dehydrocholesterol reductase + - - No effect even if given prior to inoculation.

and 24-dehydrocholesterol

reductase inhibitors

POLYENE ANTIBIOTICS

Amphotericin B, MS-8209 + + + Human treatments inefTective
Mepartricin + + -
Filipin +

COPPER/CHELATORS

Di-jpenicillamine + +
Clioguinol + Structurally similar to quinacring
Copper # + - Can promote or inhibit PrP conformational conversions.
Chrvsoidine + Mechanism of action may not relate to chelating properties
DMS0O + - Conflicting treatment outcomes,

ANTIVIRALS

Adenine arabinoside + + 2 out ol 3 CID patients had moderate temporary improvement if

treated early in course

Mouse studies failed o show elfect
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Compound

Invitro

In vive (early)

In vive (late)

Comments

INTRACELLULAR MECHANISMS

MEKY: inhibitors (SL327) +
Cwsteing-protease inhibitors +
(E64d)
Phospholipase inhibitors +
P53 inhibitors (Pifitrin-alpha) + - -
I'vrosine kinase nhibitors + + -
(STISTL, imatinib mesylate)
POLYCATIONS
Polypropyleneimine gen 4.0 +
polyetheyleneimine
polvamidoamide gen. 4.0
Phosphorus dendrimers + +
generation 4
Sperming, spermiding +
DOSPA +
NEUROPROTECTION
Flupirtine maleate + + Fested in human trials; some improvement in cognition
May be neuroprotective via up-regulation of bel-2 and normalization
ol glutathione levels.
Cannabidiol + + - No apparent interaction with Pri* or Pri™
May be protective via inhibition of PrP™-induced microglial cell
migration, or antagonism ol the NMDA receplor
+ Properties other than antioxidant ongs may be responsible Tor effect

Antioxidant pyrazolone

derivatives

Adapted from Sim et al. (2009)

From given the partial efficacies of treatmentsyésing PrP conversion, PP

clearance, PfPexpression, and neuroprotection, we could try domb therapies

and look for cooperative or synergistic effeCt§or instance, quinacrine enhanced

PrP®® inhibition in cell culture when used in combinatiavith the conversion-

resistant mutant rPrP-Q218R%**! Quinacrine also produced more than additive

inhibition when cells were co-treated with simvésteor desipramine. This latter

observation led to the creation of a more poteltocéture inhibitor of PrFs, called

quipramine, by covalently linking the acridine dodd of quinacrine with the

iminodibenzy! scaffold of desipramirte?
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1.6.2 Immunotherapy for prion diseases

Rational drug design strategies which are the lmdsisost modern drug discoveries
are difficult to set up for prion diseases, dud¢hi® absence of a well-defined tertiary
and/or quaternary structure of both PrP isoformd &tk of knowledge of the
replication cycle of the prion agent. Only antibexidirected against the prion protein
can set free from these barriers as they spedyficatognized PrP isoforms and bind
to their target with a high affinit}>® Treatment of cells with Fab fragments D18 and
D13, which recognized epitope 132-156 and 97-108réf protein respectively, has
been proven effective in clearing pre-existing ®rid ScN2a cell§® Monoclonal
anti-PrP antibody 6H4 which recognized epitope 182- of PrP protein, also
prevents infection of susceptible N24.Moreover, transgenic mice expressing anti-
PrP antibody 6H4 in their spleen, prevent scrapifiggenesif vivo, sustaining the
development of vaccination stratety.

For the roles of the lymphoid system and immunksde prion pathogenesis,
immunotherapeutic approaches to prion diseases heer studied. At least four
strategies including removal of functional FDCs atiterefore ablation of
lymphoid prion replication sites; stimulation of ethinnate immune system;
enhancement of elimination of PfRusing PrP-specific antibodies; or binding of
available PrP or PrP° so that they are unavailable for conversion haeenb
studied (Fig. 14). All of these approaches, whiobhlude both suppression and
stimulation of the immune system, are now beingeg$n suitablén vivo systems
using mice experimentally infected with mouse-addptscrapie. However,
because the lymphoid system has been found tovmdvied in almost all forms of
TSE, it is reasonable to presume that mouse-adeaguteapie provides a realistic

generic model for TSE theraf¥.
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Figure 14. Immunotherapeutic strategies for prion disease
(A) treatment with the lymphotoxipreceptor fusion protein (LBR)-Ig breaks up the FDC networks
and disrupts lymphoid follicles. The best protection is acldavieen the fusion protein is administered
immediately after exposure to prioifB) ablation of mature follicular dendritic cells (FDCs) daldhe
development of prion disease in mice. However, treatmétht mwultiple doses of CpG-containing
oligodeoxynucleotides (CpG ODNs) produces severe unwanted sifectse including
immunosuppression, liver necrosis, and thrombocytopé@ipvaccination against a self-protein is
difficult because of immune tolerance, and it has the mpialeto induce autoimmune disease.
Transgenic expression of an immunoglobulin p chain containingpitepe-interacting region of 6H4,
a high-affinity anti-PrP monoclonal antibody, assodatéth endogenous and chains, leads to high
anti-PrP titers inPrnp”°andPrnp”* mice. It suffices to block prion pathogenesis upon iwfriagneal
prion inoculation. After active immunization with full-lgth PrP in attenuatefalmonellavector, the
mice develop high PrP specific antibody titgi3) treatment with dimeric full-length PrP fused to the
Fc portion of human IgG1 (PrP-ffadelays the development of prion disease in mice, nrastaply
owing to its interaction with the disease-associated(PrP). LT-a1p2, LT heterotrimer; TLR, Toll-
like receptor. Adapted from Aguzzi et al. (2009).

1.6.3 Cell and gene therapies for prion diseases

Therapeutic use of RNA interference (RNAI) in prion diseases

RNA interference (RNAi) is a highly conserved, seqgce-specific
posttranscriptional gene-silencing mechanism, wherasmall interfering RNA
(SiRNA) targets homologous mRNA for degradatiorRNAs are generated from
endogenous or exogenous double-stranded RNAs (dsRN# the dsRNA
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endonuclease Dicer; subsequently, siRNA activates RNA-induced silencing
complex (RISC) to degrade the target mRNAs (Fig."45Rapid advancement in the
understanding of RNAi in general, and mammalian RkAparticulat®’, makes it
feasible to use RNAI to develop therapeutics feagety of human diseasé¥.

The first therapeutic use of lentivirally mediatBiNAI against prion protein was
demonstrated in scrapie-infected micéKnockdown of PrP by RNAi and resultant
inhibition of PrP° replication in cell culture have been describéd® virally
expressed RNAi has been used to reduce the lefd®sFS in goats, catth® and
micel®® Pfeifer and co-workers have shown that antiPgPort hairpin RNA
(shRNA) carried on a lentivector is transfected inéuronal or embryonic stem cells,
integrated into chromosomal DNA, and transcribedi-BrP” shRNA is released into
the cytoplasm, where it is processed by Dicer siIRNA. This in turn activates the
RISC to degrade PrP mRNAs, leading to reduced esjme of Prf and
consequently diminished PfRaccumulation and significantly improved surviviahe
after prion infection (Fig. 1582 These data indicate that RNAi has therapeutic
potential for prion disease, providing a novel weriar the search of an effective
prion disease treatmehif

In contrast to many previous candidate treatmeotspfion diseases, which have
suffered from inconsistent results dependant uperption strain involved, the RNAI
therapeutic approach has a significant advantagasapplicability to all known
strains of prion disease. Within any species timany sequence of PrRand PriCis
the same for all strains, thus RNAi should be drative treatment for all variants.
This should also apply to familial prion diseadest tarise from a coding mutation in
gene encoding PfP PRNP Genetic testing can identify these patients dyrtime
preclinical phase, so successful treatment of ¢htegory may be possible through
preventative silencing of the mutaPRNPallele expression prior to development of
pathology*®?
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Other promising strategies

Compounds and chemicals

PPS (polyanionic)

Porphyrins (cyclic tetrapyrroles)

Amphotericin B and MS8209 (polyene antibiotics)

Reagents and vaccines

Anti-PrP antibodies, PrP-dimers, dominant-
negative PrP mutants, DNA vaccines

Oral vaccination with PrP-expressing

Salmonella typhimurium

Copper
PP Phosphorothioate oligonucleotides
—r = == e
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Figure 15. RNAi and other strategies for prion disease tatment. Monomeric Prf (yellow
ovals) converts into multimeric P¥P(yellow rectangles) in the process of prion replication jmigin
pathogenesis. Reagents or strategies that effectivelya¢tadrP level or interfere with the PfRo-
PrP** conversion process have shown therapeutic potentiaprion disease. Adapted from Kong
(2006).

Cell grafting therapy for prion diseases

The transplantation of embryonic cells or tissueptotect against neuronal loss
could be a promising strategy for late stage treatnof prion diseases. Since PrP is
essential for prion replication, grafting of PrPokRk-out cells would prevent prion
replication in the transplanted cells. Thereforegvith and co-workers have used the
fetal cells from PrP knock-out mice (BffPto inject in hippocampal area 150 days
after scrapie infection in C57bl/6//VM mice and ebs&ed a neuron survival of 54%
greater than the control group despite no delaythiem incubation time of the

diseas€1%4

1.7 Therapies for other neurodegenerative diseases
1.7.1Therapies for Alzheimer’s disease
Alzheimer's disease (AD), the most common neurodegsive disorder, is

currently the focus of some of the most exciting aapidly progressing research on
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amyloid therapeutics. AD is a progressive neurodeg#ive disorder and the leading
cause of dementia in the elderly. As the incidesnog prevalence of AD rise steadily
with increasing longevity, AD threatens to becomeatastrophic burden on health
care, particularly in developed countries. AD paise typically present with
symptoms of global cognitive decline and loss ofmoey!®® AD pathology is
characterized by the formation of two types of emotaggregates in the brain:
amyloid plaques (Fig. 16a), which form an extradall lesion composed of thefA
peptide; and intracellular neurofibrillary tangl@sg. 16b), which are composed of
abnormal, hyperphosphorylated filaments of the atidsule-associated protein t4u.
Genetic evidence implicates deregulatefl homeostasis as an early event in AD
pathology'®® Indeed as all familial AD mutations lead to inced production of this
peptide or preferential production of a more floglenic A3 isoform (AB42).*®” For
this reason, most AD therapeutics have targetedfhpeptide although tau-targeted
therapies are also being pursd&t-*°

Figure 16. Characteristics of Alzheimer's disease (AD). (aA human cortical section from a
patient affected by AD, stained with an amyl@id:Ap)-specific antibody. One of the classical
hallmarks of AD histopathology is the appearance of ealiiar lesions known as senile or amyloid
plagues. I§) A human cortical section from a patient affectedAly, stained with a phospho-tau-
specific antibody. The second histopathological hallmark ofig\be presence of intraneuronal lesions
known as neurofibrillary tangles (indicated by an arrovgapted from Aguzzi et al. (2010).

Pharmacological inhibition of the enzymes respdesifor AB formation §-
secretase anfl-secretase) is a prime strategy for blocking production. They-
secretase complex is responsible for the carbaxgitel cleavage of amyloid
precursor protein (APP) to producg or ABs. Potent small-molecule inhibitors of
y-secretase can dramatically reduceBsA and ABs productiom’®' These
compounds either selectively inhibjtsecretase cleavage of APP, leaving Notch
cleavage unaffected, or alteisecretase cleavage of APP to favouyizg®dproduction

rather than B4, which seems to be more closely associated wittdéwvelopment of

3C



amyloid pathology than @By .*° Drugs that modulate-secretase activity in this
manner include non-steroidal anti-inflammatory dry§SAIDs). The NSAID R)-
flurbiprofen (also known as tarenflurbil), effeaily reduced amyloid plaque
formatiort’® and rescued memory defiditdin APP-transgenic mice. It also yielded
encouraging results in early human trigfst "

The amino-terminal cleavage of APP to form botfyfand A4, results fromp-
secretase activity. After the discovery tRadecretase cleavage of APP seemed to be
due to the activity of a single aspartic prote@isgecretase 1 (BACEL; also known as
memapsin 2 and ASP2), there was much interestanptissibility of targeting-
secretase for the treatment of Af5*® Inhibition of BACE1 activity can block the
production of 48, prevent the development of amyloid pathologyhe brain and
rescue AD-related memory deficits in mié&!®* The large BACEL active site
requires the identification of large compounds gotent BACEL1 inhibition that also
readily penetrate the BB® and are reasonably stable. Unfortunately, the slow
progress of the BACEL inhibitor field is a testatnenthe fact that such molecules
are relatively raré® Nevertheless, some BACE1 inhibitors have progckssesarly
clinical trials!®

An alternative approach to protein aggregation apeutics is to enhance the
degradation of the aggregating protein or the agges themselves. Manipulating the
immune system for the purpose of enhancirfyyclearance has been pursued as a
therapeutic approach for Af3. Several studies reported dramatically reduceéd A
levels and plague pathology and/or cognitive improents upon active
immunization of APP-transgenic mice with full-lehghp peptide’®’**® Ap peptide
fragment$® and passive transfer of pspecific antibodie$®**? Based on these
studies and encouraging results from Phase | tregdive A immunotherapy in
humans subsequently progressed to a widely puetid2hase Il clinical trial in 2001.
Unfortunately, this trial was halted in January 208wing to the development of
sterile meningoencephalitis in some patiéfts®

In addition, several compounds, such as Congo **fedanthracycliné®
rifampicin }°® anionic sulphonaté¥ or melatonint® can interact with A and prevent
its aggregation into fibrilén vitro, thereby reducing toxicity. Moreover, certain non-
fibrillogenic, AB homologous peptides can bind t§ And break the formation @

sheet structur&*®
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1.7.2 Therapies for Parkinson’s disease

Parkinson’s disease (PD) is the second most comnmogressive
neurodegenerative brain disorder of humans, aftézhedmer's disease. The
pathogenesis of the movement disorder PD and démeith Lewy bodies (DLB) is
associated with loss of dopaminergic neurons aedattcumulation of aggregated
forms of the alpha-synuclein-6yn) protein (Fig. 17A,Bj°***An early event in the
neuropathology of PD and DLB is the loss of synas®l a corresponding reduction
in the level of synaptic proteins. Loss of subsganigra neurons and the presence of
Lewy bodies and Lewy neurites in some remainingrores are the hallmark of

pathology seen in the final stages of the diséXse.
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Figure 17. The alpha-synuclein fi-syn) pathology of Parkinson’s disease (PDJA) Formation of
a-syn fibrils and the loss of dopaminergic neurons insthigstantia nigra are observed in patients with
PD. a-Syn (in grey) is normally a monomeric unstructuredtggrowhich undergoes conformational
changes upon interaction with lipids and also upon fibrillat{&).Lewy bodies and Lewwneurites in
the substantia nigra and several other brain regions ddliret Bneuropathological level. Here, these
entities are labelled bg-syn antibodies. (a) Two pigmented nerve cells, each ioomgaan a-syn-
positive Lewy body (red arrows). Lewy neurites (bladloas) are also immunopositive. Scale bar, 20
pum. (b) Pigmented nerve cell with two-syn-positive Lewy bodies. Scale bar, 8 um. gepyn-
positive extracellular Lewy body. Scale bar, 4 um. gtdd from Ruiperez et al.(2010) and Goedert
(2001).
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Alpha-synuclein, the main constituent of Lewy baglies a small soluble protein
expressed primarily at presynaptic terminals in @S. The function ofa-syn
remains unclear although several evidences sutjggst-syn is involved in synaptic
vesicle trafficking probably via lipid bindind®?**> Moreover, interactions with
cholesterol and lipids have been shown to be irelin a-syn aggregatio’® Not
only is a-syn found in Lewy bodies characteristic of PD, bigo mutations in the
gene fora-syn can cause an inherited form of PD and expressi normalki-syn can
increase the risk of developing PD in sporadic on-familial casesAlthough the
exact pathogenic mechanisms leading to cell deathel PD are not fully understood,
various pathways including aggregation of nativehfjoldedo-syn, oxidative stress,

or mitochondrial impairment can lead to cause @edith (Fig. 18%*
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Figure 18.a-Syn aggregation and toxic effects in dopaminergic neans. A hypothetical scheme
depicts various pathways that leading to aggregation ofahatinfoldeda-syn, oxidative stress, or
mitochondrial impairment, cause cell death. DA, dopemiDOPA, dihydroxyphenylalanine; LBs,
Lewy bodies; MAO, monoamine oxidase; ROS, reactive oxygeciss; TH, tyrosine hydroxylase;
THP, phosphorylated tyrosine hydroxylase; Tyr, tyrosine; URSquitin proteasome system. Adapted
from Recchia et al. (2004).

There have been therapeutic approaches for PDasidbpaminergic therapy, gene
therapy, stem cell therapy, drug therapy. Currezdtinent of PD is symptomatic and

the primary pharmacological therapies include ddpameplacement with levodopa,

33



synthetic dopamine agonists, and drugs which iseré@pamine supply by inhibiting
its metabolism (catechol-O-methyltransferase irtbilsi and monoamine oxidase B
inhibitors)?®® Though pharmacological treatment and brain stitedahave been
shown to reduce symptoms of PD, they are not cdres.controlled production of
dopaminergic cells in large amounts for cell reptaent (neurotransplantation) in PD
is technically possible. Embryonic stem cells miglive a great potential for cell
replacement strategies in PD, either concerningir thpeoliferative or their
differentiative capacity. The use of fetal tisspedfic neural stem cells seems to be
the safest and most likely the fastest way to distata transplantation protocol in
PD.206

To determine if statins, cholesterol synthesis bitbrs, might interfere withu-syn
accumulation in cellular models, Bar-on and co-veosk studied the effects of
lovastatin, simvastatin, and pravastatin on theummtdation of a-syn in a stably
transfected neuronal cell line (B103 neuroblastaelés) and in primary fetal human
neurons. Their results revealed that statins redltiee levels ofi-syn accumulation in
the detergent insoluble fraction of the transfectmdls and enhanced neurite
outgrowth while the contrastive results were oladiif the media supplemented with
cholesterol. These results suggest that regulafi@holesterol levels with cholesterol
inhibitors might be a novel approach for the tresitrof PD?%

In addition, several compounds, such as dopamiatg#’”**®can interact withu-

syn and prevent its aggregation into fibmsvitro.

1.8 Aim of the present work

One of the causes for neurodegenerative diseaskgliimg Alzheimer’'s disease,
Parkinson’s disease and prion diseases is protesfolding and aggregation. The
protein misfolding may be associated to the diseageeither gain of a toxic activity
by the misfolded protein or by the lack of biolagidunction of the natively folded
protein. Therefore, designed drugs aim to inhihitreverse the conformational
changes as a therapy to protein conformationalades® However, the effective
pharmacological tools for the diseases are notayatlable. Moreover, the recently
established interplay between prion and Alzheimdis&gases have led to an urgent
demand to develop systematic pharmacological andhamestic studies for the
identification of new classes of compounds as feutic agents capable of inhibiting

several pathways in prion conversion and replicatidhereby, the molecules binding
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to either PrP or PrP° conformers at the binding interface may interrypion
production by inhibiting the interaction betweene tPrP° template and the
endogenous cellular PrP Additionally, the compounds that bind molecules
supporting and participating in prion replicatisnch as chaperones or other ligands,
may also be good candidates for blocking prion icepbn. Most of the lead
compounds identified so far are derived from sdregrapproaches in established
cellular models.

Based on these considerations, it emerges thabnedtidesign of anti-prion
compounds is still a big challenge for medicinadclists. However, a favorable point
that could further motivate rational drug discoveny prion diseases, is thdhe
lessons we can learn from their investigation v@thall molecules might have an
impact on other conformational diseases, charae@rby a similar pathological
aggregation and accumulation of misfolded protéihdn this connection, it is
relevant to note the recent discovery that“AsPa mediator of A oligomer-induced
synaptic dysfunction, and hence Pupecific compounds may have therapeutic
potential for Alzheimer’s disead&®?!*

In the thesis, we discuss about therapeutic appexdcor prion diseases and
other neurodegenerative diseases from biologicaluation of four new libraries
of the compounds designed and synthesized on namutéogy, computational
study and chemistry as well as study their mecmanid action in inhibiting
prion replication. The most active anti-prion corapds may be therapeutic
agents for the diseases.
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2. Polyelectrolyte multilayer-coated gold nanopartiles as
multi-target compounds for treatment of prion diseases and
related neurodegenerative disorders

2.1 Introduction

The field of nanoparticle technology is rapidly exping and promises
revolutionary advances in the diagnosis and treatrné many devastating human
diseases. Nanoparticles have been developed tav albwgeted delivery and
sustained release of therapeutics. Such nanopatiaded drug formulations
interact with biological systems both at molecutard supra-molecular levels.
Nanoparticles can be tailored to respond to spec#il environments, and even to
induce desired physiological responses in cells)stviminimizing unwanted side
effects. Compared to conventional drugs, nanopasgibearing therapeutics
possess higher intrinsic pharmacological activitg aheir main advantage is their
small dosage that would not require the administnatof large amounts of
potentially toxic therapeutics?

Here, we report the preparation of coated goldoparticles (AuNP) exposing,
on their surface, functional groups that can sélebtt bind, inhibit or prevent the
formation of misfolded protein aggregates such a®ng. The build-up of
nanoparticles was carried out with gold nanopatichs core and a layer-wise
deposition of oppositely charged polyelectrolytesuch as polycation
polyallylamine hydrochloride (PAH) and polyanion lystyrenesulfonate (PSS).
To examine the structure-activity relationship, tested different numbers of
layers, as well as the nanoparticles’ outermoseiragurface charge, for their
possible role in inhibiting scrapie prion formation vitro and in vivo. Our
findings represent the first report of functionaliznanoparticles as novel potent

anti-prion drugs.
2.2 Materials and methods

2.2.1 Synthesis of gold nanoparticles

Monodisperse AuNPs were prepared as described ibnkeVich and co-
workers?*® For particles with a size of 15 + 1 nm, 5.3 mg\Na&AuCl,.2 H,O in 25
mL of Milli-Q grade water were boiled under reflu@ne milliliter of a 1%

trisodium citrate solution was rapidly added to thaling pale yellow solution,
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which resulted in a color change to deep red. Afi@iting for additional 20 min,
the solution was cooled down to room temperatui siared protected from light
at room temperature. All experiments described heeee performed with the
above colloidal gold nanoparticle stock solution.

The 46 nm gold particles were prepared using tmeesprocedure but with 10.6
mg of NaAuC} in 25 mL water and the fast addition of 750 pL ifsodium

citrate solution.
2.2.2 Polyelectrolyte coating

The polyelectrolyte coating was applied in accom#ato the method previously
described with a few modificatiorf$*2%° Briefly, 1 mL colloidal AuNPs were
added drop-wise under constant stirring to 200 fP®S solution (10 mg/mL) or
500 pL PAH solution (3 mg/mL). Both solutions argsrsaturated to allow for an
immediate coverage of the particles with polyelelgties. After incubation for 20
min in the dark, this solution was centrifuged 0 min at 20,000 >xg. The
supernatant was removed and the particles were eglasiwice by
centrifugation/resuspension in Milli-Q water. Priorthe next layer deposition the
coated AuNPs were stored in the dark for 1 houre Tbated particles were then

incubated with the oppositely charged polyelect®IfFig. 19).

- Polycation
depositiBn

Polyanion
deposition 3

Figure 19. Layer-by-Layer technique for oppositely charged polyelectrolye coating.
Polystyrenesulfonate (PSS) and polyallylamine hydrochéo(ildAH) are used as polyanion and
polycation, respectively.
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Each coating step was proved on a NS Zetasizerv@vial] Milan, Italy) with
dynamic light scattering (DLS) for size and polyghssity index (PDI) and zeta-
potential measurements for changes in the surfaaege. The concentration of the
AuNPs was determined at 580 nm in a UV/Vis specatamnapplying the Beer-
Lambert law Kaps= 518 nmg = 5.14x10 Mt cmt). 2’

2.2.3 Transmission electron microscopy of coated lgonanoparticles

High-resolution transmission electron microscopgfRTEM) measurements
were performed by diluting the coated AuNP solutiath Milli-Q water to a ratio
of 1:100. Then the solution was deposited on aaadpvered 200-mesh copper
grid and dried in air at room temperature. The iesmgvere acquired with
acceleration voltage ranging from 18.5 to 150 kWeTnon-digital images were
digitized and the data analyses of the images wedormed using ImageJ

software.
2.2.4 Cell culture, drug treatment and cell viabilty

Cell culture, drug treatment and cell viability weperformed in accordance to
protocols described previousi}?

Cell culture

ScGT1 cells were seeded in 10-cm plates contaitihgiL of Dulbecco’s modified
Eagle’s medium (DMEM) culture media, supplementetth k0% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. ScN2a cellerev cultivated in 10-cm plates,
containing 10 mL of minimal essential medium withrlg’s salt (EMEM) culture
media, supplemented with 10% FBS, 1% non-esseanti@ho acids, 1% L-glutamax,
1% penicillin-streptomycin. The cells were grown 3t°C in 5% CQ to 95%
confluence for 1 week before splitting at 1:10fiather cultivation.

Drug treatment

Quinacrine was dissolved in PBS at 1 mM. Imipramiwes dissolved in 100%
dimethyl sulfoxide (DMSO) to a solution with a cemtration of 100 mM. This
solution was then further diluted into the finabck solution of 10 mM with 10%
(v/v) DMSO/PBS. The final concentration of DMSO time cell medium was never
above 0.1%. The nanoparticles were diluted in PB%® media were refreshed and
drugs were added to the cultures 2 days aftetisplibf the cells and incubated for 5

days. Each experiment was performed using trigicattures.
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Cell viability

ScGT1 and ScN2a cells were maintained in DMEM aMEM, respectively, and
supplemented with 10% FBS. After 1 day of incubatimedia were aspirated from a
confluent 10-cm plate of cells, and cells were cle¢al by addition of 1 mL of 1X
trypsin-EDTA solution. Media were added, and cedinsity determined by cell
counting using a haemacytometer. The cell density adjusted to 2.5 x 1@8ells/mL
with DMEM for ScGT1cells and 3.0 x 1@ells/mL with EMEM for ScN2a cells. A
96-well, tissue culture-treated, clear bottom, blplate (Costar) wetted with 90 pL of
DMEM or EMEM, was incubated at 37°C, prior to uS€me hundred pL of the cell
suspension were added to each well and the celis allowed to settle for 2 hours,
prior to the addition of the test compound. Compmbliprary stocks were prepared as
described above and diluted 1/20 with sterile PBBrpto use at the required
concentrations in 96-well plates. Ten uL of the poomds were added to each well,
and the plates were incubated at 37°C in 5%.@hal DMSO concentration was
never above 0.1% (v/v). Media were aspirated afteubation of 5 days and cells
were washed twice with 200 pL of PBS. One hundriedf2.5 pM calcein-AM were
added, and the plates were incubated at 37°C fomBO Fluorescence emission
intensity was quantified using a SpectraMax GenfiM or SpectraMax M5

fluorescence plate reader, excitation/emission equal to 492/525 nm.
2.2.5PrP>°detection in cell lysates by Western blot

After 5 days of drug treatment, the accumulationRof° was detected by
proteinase K (PK) digestion followed by immunobiott of lysed cells as
described previousl§? One mL of lysis buffer (10 mM Tris-HCI pH 8.0, 150M
NacCl, 0.5 % nonidet P-40, 0.5 % deoxycholic acidism salt) was added to cell
plates and the cell lysates were collected aftetrdegation at 2,000 rpm for 5
min in a bench microfuge (Eppendorf). The totaltpino amount of the samples
was measured by the bicinchoninic acid assay (B@4grce). Five hundred uL of
1 mg/mL ScGT1 or 100 pL of 1 mg/mL ScN2a cell Iesatvere digested by 20
pg/mL of PK for 1 hour at 37°C. The reaction waspped with 2 mM
phenylmethylsulphonylfluoride (PMSF) and the PKeblted cell lysates
centrifuged at 48,000 rpm for 1 hour at 4°C in dtragentrifuge (Beckman
Coulter). The pellets were resuspended in 1X sangading buffer. For the non-

PK digested sample, 50 pg of cell lysates for Sc@T25 pg of cell lysates for
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ScN2a were used and 2X loading buffer (125 mM TSI, pH 6.8, 10% 2-
mercapethanol, 4 % SDS, 0.2 % bromophenol bluép2flycerol) was added in a
1:1 ratio. The samples were boiled for 5 min at®f@doaded onto either a 12% or
a 15% Tris-Glycine SDS- PAGE gel, and transferredroight onto Immobilon P
PVDF membranes (Millipore). Membranes were blocked 5% nonfat milk,
incubated with 1 pg/mL anti-PrP Fab D18 followedibgubation with goat anti-
human 1gG F(ab)2 fragment conjugated with horsetagieroxidase. Blots were
developed with the enhanced chemiluminescent sys{&@L, Amersham
Biosciences) and visualized on Hyperfilm (AmershRimsciences).

2.2.6 PrP°quantification by ELISA

The quantification of Pr® by ELISA followed a protocol described
previously.137 Briefly, PK digestion of cell lysates was as désed above. PK-
digested PrP® was selectively precipitated by the addition 05%. aqueous
phosphotungstic acid (PTA, Sigma-Aldrich) solutiaith continuous shaking at
37°C, 350 rpm for 1 hour, and centrifuged at roemperature, 14,000 gfor 30
min. Pellets were dissolved and denatured in 50 @fL 8M guanidine
hydrochloride (GdnHCI) in coating buffer (0.1 M soch bicarbonate, pH 8.2) for
1 hour and diluted into 500 pL of coating buffevdnty uL of the suspension
were transferred to 96-well MaxiSorp ELISA plateNufic), with each well
containing 180 pL coating buffer and the plates evsealed and incubated
overnight at 4°C. To increase the immunoreactiotyPrP° coated proteins were
denaturedn situ. Fifty pL of 8M GdnHCI were added to each well andubated
for 10 min at room temperature. The ELISA platesewwashed three times with
TBST (20 mM Tris-HCI, 137 mM NacCl, 0.05% Tween-3tH 7.5) and blocked
with 200 pL of 3% BSA, made up in TBS (20 mM Tri€H 137 mM NacCl, pH
7.5) sealed and incubated at 37°C. After 1 houe, phates were washed three
times with TBST, and incubated with 100 pL of aRtP antibody D18 (2 pg/mL)
in 1% BSA/TBS, at 37°C for 2 hours. They were tivemshed seven times with
TBST. One hundred pL of goat anti-human IgG Fabjugaied to HRP and
diluted 1:1000 with 1% BSA/TBS were added to thatgd and incubated at 37°C
for 1 hour. Again, plates were washed seven timigs WBST, and then developed
with 100 pL of 1-step TMB (3,3,5,5'- tetramethylzddine) Turbo ELISA HRP
substrate (Pierce). The reaction was stopped byatttgtion of 100 pL of 2 M

sulfuric acid to the plates. Absorbance at 450 nms weasured using a microplate
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reader (VersaMax, Molecular Devices). Dose-resporiseres and E& values
were computed using GraphPad Prism (version 4.0).

2.2.7 Coated nanogold uptake studies

GT1 and N2a neuronal cell lines (1.0 ¥ t@lls) were seeded on 24 x 24 mm cover
slips in 35 mm-plates with 2 mL of DMEM supplemeahtesith 10% FBS, 1%
penicillin-streptomycin and EMEM with 10% FBS, 1%messential amino acids,
1% L-glutamax, 1% penicillin-streptomycin, respeely, and were cultured for 24
hours at 37°C in 5% CO For the uptake 50 pL of a solution containindheit
nanogold particles coated with (PSS/FITC-PAH) tabges 2A, or coated with
(PSS/FITC-PAHYPSS called 5S were added, along with 30 uM of DPiAli-16-
ASP, (4-(4-dihexadecylamino)styryl)-N-methylpyridim iodide, Molecular Probes]
(labeling intracellular membranes) and incubated?{d6, 12, 24 or 48 hours at 37°C
in 5% CQ. After incubation, the culture media were aspitaded the adherent cells
were washed 2 times with 2 mL of respective medi#hhout antibiotics and sera.
Then, the cells were studied by confocal fluoreseemicroscopy. The experiments
were repeated at least 3 times for each cell Intktene.
Imaging acquisition was performed with Nikon Cldascanning confocal unit
(Nikon D-eclipse C1, Japan) attached to an inveigerescence microscope
(Nikon D-eclipse C8i, Japan) with 100 X/1.49 oil Apo TIRF objective Kdn,
Japan). Excitation was performed with an air-coodedon laser emitting at 488
nm for FITC Qex = 488 nm,Aem = 520 nm) and a diode laser at 561nm exciting
DiA (kex = 570 nm,Ae; = 630 nm), with appropriate filter sets to colldabe
fluorescence emission. Images were acquired andepsed using the operation
software EZ-C1.

2.2.8 Detection ofin vitro effect of the nanoparticles on prion fibril formation

and amyloid seeding assay (ASA)

Fibril formation was performed in accordance tce tmethod previously
described with a few modificatiorfs’ Briefly, 500 pL of 2 mg/mL ScN2a or
ScGT1 cell lysates was used for PTA precipitatignadding 500 pL of PBS/4%
Sarkosyl/protease inhibitor and 0.5% PTA with contus shaking at 37°C, 350
rpm for 1 hour, and centrifuged at room temperatde000 xg for 30 min. The
pellets were washed with 500 pL of PBS/2% Sarkpsgtease inhibitor,

centrifuged and resuspended in 150 pL of waterthad stored at -8C until use.
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In ASA, 4 pL of resuspended PTA pellets was diluted 400 pL of water and 20
puL of the diluted sample was added to each welltaiamg 180 pL of reaction
solution (50 pg/mL MoPrP(23-230), 0.4 M GdnHCI, i ThT in PBS 1X
buffer) in a 96-well black plate (BD Falcon). Thanoparticles added in different
concentrations to each well. Each sample was pmddrin four replicates. Each
well contained one 3-mm glass bead (Sigma). Theeplaas covered with sealing
tape (Fisher Scientific), incubated at 37°C witmitiouous shaking and read on
SpectraMax M5 or Gemini EM fluorescence plate regtiéolecular Devices) by
top fluorescence reading every 5 min at excitabbd44 nm and emission of 485
nm.

2.2.9 Detection ofin vitro effect of the nanoparticles ong-amyloid and a-
synuclein fibril formation

Twenty uL of the nanoparticles added in differenhcentrations to each well
containing 180 pL of reaction solution (10 pg/mBiAo wild-type, 10 uM ThT in
50 mM Tris-HCI pH 7.4 fo3-amyloid fibril formation; or 1 mg/mL recombinant
humana-synuclein, 100 mM NacCl, 10 pM ThT in 20 mM Tris-HEH 7.4 fora-
synuclein fibril formation) in a 96-well black p{BD Falcon). Each sample was
performed in four replicates. Each well containeg @-mm glass bead (Sigma).
The plate was covered with sealing tape (Fisheer8ific), incubated at 37°C with
continuous shaking and read on SpectraMax M5 flemerce plate reader
(Molecular Devices) by top fluorescence readingrg\e min at excitation of 444
nm and emission of 485 nm.

2.2.10 Binding activity of the nanoparticles to pilon proteins in cultured
cells

N2a, GT1, ScN2a, ScGT1 were cultured for 5 dagieshed media and added
100 pM of nanogold particles coated with (PSS/FIFRH) tagged as 2A, or
coated with (PSS/FITC-PARPSS called 5S, and then incubated for 2 more days.
The cells were washed by media without antibiotingl sera and the cell proteins
were extracted. Five hundred pg protein was used wi without 20 pg/mL of
PK, PTA-precipitated and pellets dissolved in 200 lysis buffer. The samples
were added in each well of 96-well black plate apthtive fluorescence unit
(RFU) values were measured by Gemini EM fluoresegplate reader (Molecular
Devices) at 488/525 nm.
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2.2.11 Preparation of the nanoparticles pre-treatetbrain homogenates

Ten % RML (Rocky Mountain Laboratories) infecterim homogenate (wt/vol)
was prepared from pools of brains of terminally REick CD-1® IGS mice
(Charles River Laboratories), while 10% mock homuge (wt/vol) was obtained
from pools of brains of healthy CD-1 mice. 2A an8 Boated AuNPs were
separately pre-incubated with both RML and mockirboreomogenates at 4°C for
24 hours. Even RML and mock brain homogenates atdgdewith nanoparticles
were subjected at the same pre-treatment. The fidal coated AuNPs
concentration in both RML and mock homogenates 2885 nM while that of
AuNPs 5S was 26.65 nM.

2.2.12 Analysis of the homogenates by transmissietectron microscopy

Mouse brain homogenates (both RML and mock) tceatith 2A or 5S particles
were dissolved in distilled water (1:2) then 5 ptthe final suspension were
applied to Formvar-carbon-200-mesh nickel grids &omin, negatively stained
with uranyl acetate and observed with an electraorascope (EM109 Zeiss,
Oberkoken, Germany) operated at 80 kV at a standegnification (X 30,000),
calibrated with an appropriate grid. The samplesewsvaluated for the presence

and amount of AUNP aggregates.
2.2.13 Animal inoculation

All mice were divided in six different groups, temd in ventilated cages and
identified by ear-tags. Each group was intracengbiaoculated with 30 pL of a
precise solution: i.e. (i) RML or (ii) mock brairomogenate pre-incubated with
AuNPs 2A; (iii) RML or (iv) mock brain homogenateepincubated with AUNPs
5S; (v) RML and (vi) mock brain homogenates untdatl0-15 mice for each
group were anesthetized with sevofluorane and iladed into the right caudatus
nucleus by using Hamilton syringes with 26G needeth preparations of the
inocula and their injection were carried out usisigrile instrumentation and
disposable equipment for each animal and each IlnptuGroups of mock-

inoculated and untreated mice were included asralmt
2.2.14 Behavioral monitoring

Behavioral monitoring was carried out weekly, megng at 16 weeks post-

inoculation, and included spontaneous locomotoiviagtin the open field, nest
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construction test, reactivity to external stimufidainverted screen te$t>?*! The
incubation time was calculated as the period betwtde day of inoculation and
the appearance of clinical signs of disease, cowfit by a subsequent assessment
at 3 days interval. At the terminal stage of digedsharacterized by ataxia,
hunched dorsal kyphosis, and suppressed rightifigxjeclinically affected mice
were sacrificed, while the other mice were monitbfer the entire predicted life

span and then culled and subjected to necroscopy.
2.2.15 Histological examinations

All mouse tissues were collected for the study.gd&ding CNS, the left
hemisphere of each mouse brain was fixed in Carsayution at 4°C for 24
hours?*? while the right hemisphere was frozen at -80°C\itestern blot analysis.
The same procedure was followed for the other ssg@ae. brain stem, muscle,
spleen, liver, kidney, Peyer’'s patch, etc.). Fixedin samples were cut in four
standard coronal levef§® dehydrated, and embedded in paraplast. 7 pm thick
serial sections from paraffin embedded tissues vgagned with hematoxylin-
eosin (HE) or probed with different antibodies (iG8¢14, GFAP, Caspase-3, etc.).
Spongiform profiles were determined on HE-stainedtions, by scoring the
vacuolar changes in nine standard grey matterasetescribed>

2.2.16 Immunohistochemical staining

Sections were immunostained with monoclonal amybto PrP (6H4 1:1000,
Prionics), monoclonal antibody to myelin proteilNBase 1:500, Sigma-Aldrich),
polyclonal antibody to glial fibrillary acidic prein (GFAP 1:1000, Dako),
monoclonal antibody to T-lymphocyte (CB3:500, Millipore) and a polyclonal
antibody to apoptotic cells (Caspase-3 1:100, Wulie). Before PrP
immunostaining, the sections were sequentially extled to PK digestion (10
Hg/mL, room temperature, 5 min) and guanidine isayanate treatment (3M,
room temperature, 20 min), and non-specific bindirag prevented using Animal
Research Kit Peroxidase (Dako). Immunoreactionsewasualized using 3-3’-

diaminobenzidine (DAB, Dako) chromogen.
2.2.17 PK immunoblot analysis of mouse brain homogates

Ten % (wt/vol) brain homogenates from frozen tesswere prepared in lysis
buffer (100 mM sodium chloride, 10 mM EDTA, 0.5% mNdet P40, 0.5% sodium
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deoxycholate in 10 mM Tris-HCI, pH 7.4). Aliqguot§ deared lysate equivalent to
100 pg were digested with 50 pg/mL of PK for 1 hatr37°C. Reactions were
terminated by the addition of phenylmethanesulfofivbride (PMSF, 5mM).
Treated homogenates were loaded on 12,5% polyanigéa gels, transferred to
polyvinylidene fluoride membranes and probed withti-#®rP antibody 6H4
(1:10000, Prionics), anti-CNPase antibody (1:10@0gma-Aldrich) and anti-
Caspase-3 antibody (1:100, Millipore). The immuramtéons were visualized by

enhanced chemiluminescence system (Amersham).
2.2.18 Magnetic resonance imaging (MRI)

MRI was performed in clinically symptomatic CD-liaa challenged with RML
and in non-infected control mice on a Brucker Bie§F0/30 USR Tesla scanner.
Mice were anesthetized with isofluorane at a dgser@imately of 2.5 L/min,
modulated according to the breathing frequency. dhienals were positioned on
apposite bed inside the magnet and were monitdremighout the procedure for
breathing frequency and body temperature with sjgeprobes. Twenty-six axial
slices were acquired for each mouse with T2 HiglsdRgion Turbo Spin Echo
sequences. The following parameters were employyackness 0.60 mm without
gap, TR 3000 ms, TE 27.1 ms, FOV 2.20/2.20 cm, 2Z6&Imatrix.

2.2.19 Statistical analysis

Statistical analyses were performed using the [Pap-Prism 4.0 software.
Kaplan-Meier survival curves were plotted, and eliéinces in survival between
groups of mice inoculated with RML (positive corjrand RML pre-incubated
with AuNPs 2A or AuNPs 5S were compared using tdgeriank test.

2.3 Results

2.3.1 Physical characteristics of polyelectrolyte nitilayer-coated gold

nanoparticles

The physical characteristics of the coated nartapes are given in Table 3. For
the experiments to inhibit P¥Preplicationin vitro, particles from 1 to 5 layers
were prepared, finishing with either a positive @Aor negative (PSS) charged
layer. All particle preparations finishing with P8&re tagged as nS (n = 1-5) and

each one with PAH was labeled mA (m = 1-5). Theetaywere deposited onto
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AuNPs with a hydrodynamic diameteDy) of 19.9 + 0.2 nm via a electrostatic
driven self-assembly process and their size wassuored by dynamic light
scattering (DLS). DLS usually gives a larger diaenghan electron microscopy,
because it also measures the ionic shell (citmtednd the hard core (gold). As an
example, in Figure 20 we show a high-resolutionngmission electron
microscopy (HRTEM) image of a coated (2A) AuNP. &e be noted, the particle
is around 15 nm in diameter and, in the dehydr&tenh in ultra-high vacuum, the
2 layers of the coating measures less than 1 nm. thiltkness is not perfectly
homogenous, but the coating is covering the parscirface completely.

The concentration was determined via UV-VIS abSormpspectrometry. It has
to be noted that with UV-VIS it was only possible guantify the AuNPs
concentration but not the concentration of thevactompounds which are the
polyelectrolyte. Experiments are under developmamtquantify directly the
polycation and polyanion concentration on the stefaTable 3 shows that the
particle diameter increases with every depositgérlain addition, the successful
deposition of the polyelectrolyte layers was cangd by the change in surface
charge (-potential measurements).

Finally, experiments were performed to investig#tethe curvature of the
AuNPs had an effect on functionality. To this pupp AuNPs with a bigger

diameter (45.7 £ 0.3 nm) were prepared and tested.

Figure 20.HRTEM image of a 2A coated nanogold particlelt was acquired with an acceleration
voltage of 200 kV.
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Table 3.Physical characteristics of the nanoparticles

Nanoparticles ((nDrIr;)) Z—p(?;t\e/r;tlal Conc(ﬁrlcltlgatlon Number of particles/mL
Mean + SD Mean = SD
NG-15nm 19.9+0.2 -40.0 0.4 33.0 1.99x105
1A* 105.1+2.9 52.8+0.9 18.7 1.12x105
2A 128.9+99 63.0+0.9 30.3 1.83x105
3A 112.8 +6.3 58.8+0.9 32.7 1.97x10'F
4A 1109 £+ 3.2 65.4+54 14.2 8.55x10"E
5A 110.1+1.4 56.4+3.2 14.2 8.55x10"E
1S* 59.0+1.7 -50.7 £1.3 37.9 2.28x10"
2S 88.7+5.4 -48.1+3.8 29.2 1.76x10F
3S 103.8 + 0.6 -56.0 £ 3.3 245 1.48x10F
4S 98.6 +5.0 -49.8 £6.1 16.1 9.72x10'%
5S 94.0+0.7 -53.6+0.5 14.2 8.55x10"°
NG-46nm 457+0.3 -32.4+32 82.9 4.99x10"°
2A 86.9+1.38 50.8+0.8 61.3 7.38x10"7
5S 155.4 + 8.3 -39.6 + 0.83 34.0 4.1(x10™2

*A - outermost layer PAH and S - outermost layer PSS

The mean particle size (P and zeta-potential ({potential) were obtained from cumulative
measurements (SD, n = 6).

2.3.2 Anti-prion potency and cytotoxicity of nanopaticles in cell lines

Potency of known drugs such as quinacrine and raniine was used as a
control for anti-prion activity in our cellular mets, two different types of
immortalized neuronal cells, GT1 and N2a. The poyemf quinacrine and
imipramine was similar to previous publicatioiss indicated in Table 4; namely
ECso of quinacrine was 0.4 = 0.1 and 0.3 £ 0.1 uM faGF1 and ScN2a,
respectively; whereas for imipramine &Gvas 6.2 + 0.4 and 5.5 £ 0.5 pM for
ScGT1 and ScN2a, respectively. In comparison, teitetiabilized AuNPs without
polyelectrolyte layers did not show any detectgie®n inhibitory activity. The
number of layers and the surface charge of the pemticles influenced survival of
the neuronal cells, ScGT1 and ScNZ2a. Cytotoxiciaswletermined by measuring
the number of cells surviving after incubation e tdrug-doped medium for five
days, assayed with calcein-AM in a fluorescencdepkeader. With positively
charged particles (1-5 A) a 92-100% cell viabilityas obtained and with
negatively charged particles (1-5 S) the 74-100%hefcells survived (Table 4).
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Table 4. PrP* inhibition and cellular toxicity of

nanoparticles in ScGT1 and ScN2a cells

quinacrine, ipramine and the

Compounds PrP° inhibition " % cell viability + SE'
ScGT1 ScN2a
Small molecules (ECsp* SE, uM) (ECs0+ SE, uM) ScGT1 ScN2g
Quinacrine 0.4+0.1 0.3 +0.1 100 + 4 100 + 2
Imipramime 6.2+ 0.« 5.5 £ 0.5 100 + 7 100 + ¢
ScGT1 ScN2a
Nanoparticles (EC50 £ SE, pM) (ECs0 = SE, pM) ScGT1 ScN2a
Positive surface
charge-PAH
(NG-15nm)
1A 8.3+0.f 8.4 + 0.€ 100 + € 100 + ¢
2A 8.8+0.¢ 245 +1.C 100 +1 97 +1
3A 10.1 +0.: 20.4 + 0.F 100 + 7 96 + ¢
4A 25.4+1.C 25.1 + 1.2 100 + € 100 + ¢
5A 20.1 +1.: 30.0 + 1.4 100 + ¢ 92+ 1
Negative surface
charge —PSS
(NG-15nm)
1S 121.4+65 248.7 £12.9 95 +2 92+5
2S 99.8+4.7 220.3 +11.8 97 + 1 87+3
3S 70.1+3.2 149.5+6.1 74 +£7 90+ 3
4S 50.3+2.0 130.1+5.4 100+ 2 90+ 7
5S 35.0+1.4 129.9+7.1 84 +8 93+ 4
NG-46nmr
2A 10.3+0.3 30.2 +1.7 100 + 4 94+ 2
5S 89.7 + 3.t 329.5 + 10. 90 + 1 91+¢€

*ECs, - Compound concentration required to reduce’HeRel 50% versus untreated cells.

tCell viability at EG, values was determined by calcein-AM cytotoxicity gsaad expressed as an
average percent of viable cells versus control untreatsd(8&, n = 3).

Moreover, the concentration at which complete bitton of PrP° formation in
ScGT1 and ScN2a cells is achieved was determinesnbyunoblotting. Particle

preparations were added at different concentrationscrapie-infected cells, and

the inhibitory activity was measured over five dapsP° levels were quantified

by ELISA. The resulting E of the particles with a positive outermost layer
(mA) was in the range of 8.3 £+ 0.5 - 25.4 + 1.3 pMScGT1 and 8.4 + 0.6 - 30.0

+ 1.4 pM in ScN2a cells (Table 4). In both casés, influence of size and number

of layers on efficacy was limited. However, priamhibition by particles with a

negative outermost layer (nS) showed an increaséficacy with a higher number
of layers. In particular, E4 of 1S was 121.4 + 6.5 pM and 5S was 35.0 = 1.4 pM
in ScGT1 while EGy of 1S was 248.7 £ 12.9 pM and 5S was 129.9 + Rlip
ScN2a cells (Table 4).
To investigate the influence of particle curvatuwye prion inhibition, bigger
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AuNPs were used. Regarding the AuNPs with a diam&ftel6 nm, efficacy and
cytotoxicity were only tested for 2A and 5S coatingoth tested cell types
showed cell viability in the range of 90-100% (Tedl). Prion inhibition of 2A-46
nm was similar to 2A, and 5S-46 nm was three titess effective than 5S (Fig.
21 and Table 4).

PK - PK + (b)

16 64 256 1 4 16 64 256 pM

- 50 — 50
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Figure 21. Western blot of cell lysate from ScGT1 cellgseated with nanoparticles. (a)2A, (b)
2A-46 nm, (c) 5S, (d) 5S-46 nm. After a two-day cell culture, the media wes&reshed, the
nanoparticles added at the indicated concentrations anceisen@re incubated for five more days.
Proteins from the cell lysate were quantified, treatéd or without PK and immunoblotted using anti-
PrP Fab D18.

2.3.3 Coated gold nanoparticles uptake studies

The uptake mechanism of AuNPs coated with 2A on&S monitored in the
two different types of immortalized neuronal celised in this study, GT1 and
N2a. Figure 22 shows the uptake of 5S nanopartlmyeGT1 (Fig. 22a,b) and N2a
cells (Fig. 22c) at 2 and 24 hours. This was deduag co-localization of two
fluorescent dyes evident from the yellow signal dire overlap of the red
fluorescence emitted by lipid dye DiA, incorporatedthe membrane encircling
the nanoparticles, and the green fluorescence frdRC-PAH bound to AuNP
(Fig. 22a, arrow in 7 image). In contrast if the particles are only etted to the
plasma membrane the fluorescence is green (Fig. 22z in 3d image). Images
were acquired 2 hours after incubation of GT1 ceiith the coated AuNPs. After
24 hours GT1 cells still show the yellow signalr&Enoparticles in vesicles (Fig.
22b). The same uptake mechanism was observed farcBI®s (Fig. 22c) imaged 2

hours after incubation with particles.
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Figure 22. Uptake of coated nanoparticles into immortalized neuronal dks. The particles were
labeled with FITC (green) and cell membranes werenathiwith DiA (red). Co-localization of
particles in vesicles gave a yellow sigr(@l) 3D optical sectioning of GT1 cells incubated for 2 hours
with 5S coated nanogold. The white circles in section 3 iteliceated gold nanoparticles attached to
the cell surface and therefore showing only green fhgenece. The arrow in section 7 indicates
membrane encircled structures filled with nanoparticleddl (b) 5S nanoparticles in GT1 cells
after 24 hours of incubatiofc) 5S nanoparticles in N2a cells after 2 hours of incubation.

2.3.41n vitro effect of the nanoparticles on prion fibril formation

Given 2A and 5S potent anti-prion activity in guexinfected cells, these two
particles were chosen to test their ability of biting recombinant PrP fibril
formation in an amyloid seeding assay (ASA)Using full-length recombinant
mouse (Mo) PrP(23-230) as template and ScN2a- a@T$-PTA precipitated
prions as seeds in a standard ASA assay, 2A an@ats&ncentrations of 50 pM
and 200 pM respectively, extended the lag phasBk-bg hours, hence showing a
much slower kinetics than the control (Fig. 23).eTpotency of 2A and 5S in
delaying PrP fibril formation suggests that thessnoparticles may directly
interact with PrP and prevent its conversion ifite pathogenic Pri2like form. In
light of these results, ASA could also be utilizedstudy the mechanistic steps
involved in the inhibitory effects of drugs scrednir prion diseases, and of

AuNPs in particular.
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Figure 23. Effect of the nanoparticles on prion fibril ormation and ASA. Lag phase of amyloid
formation kinetics are compared betwe@) SpectraMax M5 andb) Gemini EM instruments
(Molecular Devices) in the assays, using full-length MR{PB-230) and amyloid seeding with ScN2a-
and ScGT1-PTA precipitated protein in presence of cogtdd nanoparticles. Fifty pM of 2A
nanoparticles or 200 pM of 5S nanoparticles were added to eaktCikk control. The Student’s t-
test (two-tailed) was used to determine significantediinces among measurements (n=4). *P<0.05,
**P<0.01.

2.3.51n vitro effect of the nanoparticles or-amyloid and a-synuclein fibril
formation

To demonstrate if the nanoparticles may directlyeract with A and a-
synuclein to prevent the fibril formation of theopeins, 2A and 5S were chosen to
add to the reaction of .40 and a-synuclein fibril formation. In fact, 2A, at
concentrations of 100-1000 pM, extended the lagehzsy 1-3 hours in a 24 hour-
running assay ofp-amyloid fibril formation; and at 500-1000 pM, 2A
nanoparticles also extended the lag phase by &how 96 hour-running assay of
a-synuclein fibril formation when compared to thentrols (Fig. 24a,b). Although
5S did not show any delay @Famyloid fibril formation, 5S extended the lag
phase by 5-10 hours at 200-1000 pMaksynuclein fibril formation (Fig. 24a,b).
These results suggest that these nanoparticledimagtly interact with A and/or
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a-synuclein, hence slowing amyloid formation kinstif the proteins.

(@ s,
7 4
6 4
@ S 1
0 o2A
g3 4
o < m5S
4 34
2 4
1 4
0 4
0 20 100 200 500 1000
Concentration (pM)
b
b)
45 -
40 -
35
30 A
@ 2A

25 A
20 A
15 4
10 4

m5S

Lag phase
(hours)

0 200 500 1000

Concentration (pM)

Figure 24. Effect of the nanoparticles on fibril formdion of Ap and a-synuclein. (a)Lag phase
of AB amyloid formation kinetics(b) Lag phase ofi-synuclein amyloid formation kinetics in the
assays, using .40 peptide and recombinant humassynuclein protein in presence of coated gold
nanoparticles. Concentrations of 20-1000 pM of 2A and 5S naimesrwere added to each well.
Values are means + SD (n = 4).

2.3.6Binding activity of the nanoparticles to prion proteins in cultured cells
Labeling FITC green fluorescent marker for 2A aigiranoparticles tagged as 2A-

F and 5S-F respectively is to be able to measundirg activity of the nanoparticles
to prion proteins from the samples of cell lysatet@ins treated with or without PK
by a fluorescence microplate reader. Figure 25 shibnat 2A and 5S might bind to
both Pri® and Prf° and binding activity of 2A is stronger than 5%isth cell lines of
cultured N2a, ScN2a cells (Fig. 25a) and GT1, Sc@dllk (Fig. 25b). These results
suggest that the nanoparticles bound to prion pretehence inhibiting prion

replication in cellular model.
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Figure 25. Binding activity of the nanoparticles to prion poteins. The particles 2A and 5S were
labeled with FITC (green) as 2A-F and 5S-F respectivild) pM of 2A-F and 5S-F were added &)
N2a, ScN2a cells an) GT1, ScGT1 cells cultured for 5 days, and then the naticipartreated cells
were incubated for 2 more days. Proteins from the ceditéywere quantified, treated with or without
proteinase K (PK) an®TA-precipitated. Relative fluorescence unit (RFU)ueal were measured at
488/525 nm. The Student’s t-test (two-tailed) was used termiee significant differences among
measurements (n=3). *P<0.05, **P<0.01.

2.3.71n vivo application of the nanoparticles

Outbred CD-1 mice were intracerebrally inoculateith 30 pL of 10% RML
brain homogenates, pre-incubated with a nanomolamcentration of gold
nanoparticles 2A or 5S. Before the inoculation, TEMKalysis of nanoparticles-
treated homogenates confirmed the presence ofepadstributed particles. The
incubation period of mice treated with both 2A (meastandard error of the mean
SEM: 139 + 3 days) and 5S (mean = SEM: 135 + 2 fJesse significantly longer
(respectivelyp = 0.0021 ang = 0.023, log-rank test) than that of control ansna
infected with pure RML homogenate (mean + SEM: 8 days) (Fig. 26a).
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Only 2A-treated animals showed a modest, but stedisy significant, increase of
survival time compared with controls (163 + 3 v2153 daysp = 0.025 log-rank
test), whereas treatment with nanoparticles 5S moaseffective (151+ 1 vs 152 +
3 days,p = 0.075 log-rank test) (Fig. 26b). Histopatholali@assessment of
haematoxylin and eosin (H&E)-stained sections wasied out on all mice brains
(Fig. 26¢). Neuropathological results showed similmoderate spongiform
alterations in each group of mice, with a majoralvement of the hippocampus
(Fig. 26d-f), thalamus (Fig. 26g-i) and somatosensortex.

For PrP*® immuno-histochemical and biochemical analysis (F2y) brain
homogenates were treated with proteinase K (PKaJyaed by SDS-PAGE and
Western blotting, using anti-PrP monoclonal antypod 6H4.
Immunohistochemistry showed similar FfPimmunoreactivity in the form of
synaptic and diffuse deposits in the cerebral egrbasal ganglia, hypothalamus,
hippocampus, brainstem, cerebellum, and thalamigs @&7b-d), which was often
affected by coarse PP deposition (Fig. 27e-g). Glial immunoreaction (GPA
was mainly detected in the hippocampus, thalamugssemcephalic nuclei,
brainstem and the granular layer of the cerebellaitex. To summarize, all
immunohistochemical analysis (6H4, GFAP, CNPasea) dot underline any
difference between groups of mice challenged witiecent inocula. Kidneys,
spleens and livers of mice inoculated with both Rlslhd mock nanoparticles-
treated homogenates were analyzed, and indicatedlaitk of acute systemic
toxicity following the injection of the particle&ven the brains of mice inoculated
with mock pre-incubated with nanoparticles 2A or 88 not reveal specific
alterations correlated to a potential toxic effetthe particles on the CNS. These
results were also confirmed by periodical MRI as#&y (data not shown).
Immunoblot analysis of brain homogenates revediedsame Pr¥ profile for all
groups of mice (Fig. 27a).
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Figure 26. Incubation time, survival curves and vacuolatio profile. Coated 2A and 5S gold
nanoparticles were able to delay the incubation period of Riiécted mice if compared with
untreated control&), while only nanoparticles 2A treated animals showed a ratelbut statistically
significant increase in survival time compared with calstrwhereas treatment with nanoparticles 5S
was not effectivéb). Vacuolation profilgc) was scored on a scale of 0-5 in the following brain areas:
(1) dorsal medulla, (2) cerebellar cortex, (3) superidliaulus, (4) hypothalamus, (5) thalamus, (6)
hippocampus, (7) septum, (8) retrosplenial and adjacentrroottex, and (9) cingulated and adjacent
motor cortex. Data are mean + SEM. Micrographs werioed from areas of hippocampal and
thalamic regions (most affected by vacuolation) staindd héematoxylin-eosifd-i). Spongiosis in
mice inoculated with RML brain homogenates pre-incubatiéidl manogold 2A (d and g) or 5S (e and
h), and untreated (f and i) are shown. Scale bar: 200 pfjratdt 100 um (g-i).
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Figure 27. PrP"™* immunohistochemical and biochemical analysisVestern blot analysis of PK-
resistant mouse P2 Immunoblot data revealed the same®pRofile in all groups of micéa), while
immunohistochemical results showed the same synaptic-eliffastern of Pr¥ deposition for each
group of mice(b-g). Micrographs were obtained from areas of hippocampus (betd)ratamus (e-g).
Pyramidal cells layer and dentate gyrus of the hippocampue spared from P¥P accumulation.
Synaptic and coarse PfHmmunostaining was detected into the thalamus of every groupiasf.
Scale bar: 200 pm.

2.4 Discussion

Due to their intrinsic properties as being nonitpxnert to most chemical
reactions, coupled with easy and fast preparatmure AuNPs are excellent
candidates for use in both therapetificand diagnostic approaches. Citrate-
stabilized AuNPs maintain good long-term stabilitysolution. Gold nanoparticles
can be functionalized using Layer-by-Layer (LbL) pdsition?*>%®
Polyelectrolyte assembling on AuNPs is induced Wgcteostatic interactions
between the oppositely charged polyelectrolytessupersaturated concentration
of the polyelectrolytes was chosen for the LbL,order to guarantee fast and
complete surface coverage and good stahifity.

The range for the number of deposited layers whagsen to present the
precursor region described by Decher as modelhHerdeposition of a strong and
weak polyelectrolyté?* The first five to eight layers of deposited poletrolytes
differ from the following set of layers in terms obmposition and thickness, and
are called precursor layers. The attractive andilsdge forces of the underlying

layers as well as that of the core contribute te thelf-assembly of the
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polyelectrolyte. If the core is negatively chargedbe first positively charged
polyelectrolyte layer will be self-assembled exohety by attractive forces, and
by binding they will overcompensate the chargehef ¢ore. For the next layer, the
opposite charge of the first polyelectrolyte lay®present, but due to the vicinity
to the core also the repulsive forces by the likeewcharged core. This leads to a
less tight binding and a decreased amount of bquoigelectrolytes. Moreover,
the polyelectrolyte layers penetrate each othethm precursor layer, and are
thinner than the following set of layers, which amere distant from the cofé*
We used the intercalation of polycations and polyas, containing either
sulfonate or primary amine groups, to selectivalydband inhibit prion formation,
creating a surface exposing both moieties rand@ntyin varying ratios.

There is some reported evidence that polyaminesheare an effect on PTR
Indeed, Supattapone and co-workétgound that branched polyamines are able to
disintegrate aggregates of PfRo undetectable levels. For polysulfates, the
influence of their chemical structure on selectbiading to either PrP or PrP°
leading to prion inhibitory activity was also densorated®® In our work, both
functional groups were combined on the surfacenefAuNPs in varying ratios, to
obtain a platform of possible interactive sitesttoe misfolded PrP.

Two studies on the bio-distribution of citrate mteed AuNPs should also be
considered, though the results were somehow cantoag: De Jong and co-
worker€?’found that only 10 nm particles were crossing tiBBBwhile Sonavane
and co-worker€® found 50 nm particles in the brain. Our partickeare found to
have a hydrodynamic diameter 90 to 130 nm, andaaten microscopy the fully
dehydrated polyelectrolyte matrix was condensedl itntvas only 1-2 nm thick.
We assume that the polyelectrolyte shell loses sofries water molecules while
crossing the BBB.

From previous experiments on cells of the BBBsiknown that AuNPs coated
with different numbers of polyelectrolyte layerseacytotoxic (for example,
porcine brain capillary endothelial celfsf.Moreover, a strong dependency on the
number of layers and surface charge was observetic&ions were more
cytotoxic than polyanions and with lower numberlajers were more cytotoxic
than a higher number of layers. An additional birgdiof albumin to the final
polyelectrolyte layer should diminish the toxicityand animal experiments

confirmed that after intracranial inoculation nxitty leading to morphological
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changes in the brain was presé&t.

Preliminaryin vitro experiments showed the efficacy of both nanoplegi¢2A
and 5S) to interfere with prion propagation. Be@ao$ the limited information
available about the toxic effects of these parsiockhen injected in animals, we
started our experiments by using a dosage of comgpptawer than those generally
reported in the literature for other therapeuticprmaches?’ Whereas 5S
nanoparticles significantly increased only the in&tion time of treated mice, 2A
nanoparticles showed higher anti-prion activitydded, even when 2A were used
at nanomolar concentrations (25.35 nM), a modebatestatistically significant
increase in both incubation and survival time wéserved, thus indicating a
possible interaction between BfRind the nanoparticles. Even though the animals
were treated with just a single dose of nanopasithe increase of incubation and
survival time was statistically significant. Seviestudies are currently underway
to determine the best 2A concentration, able tdbiblor perhaps completely block
disease progression. To this end, several mice wéracerebrally infected with
RML brain homogenate pre-incubated with higher desaof 2A particles (53 nM
vs 25.35 nM). Groups of control mice were also uded to monitor the onset of
general toxic effects. Since the gold 2A, modifiedh the addition of albumin in
the outermost layer, were able to cross the BBBew therapeutic approaches
based on their injection into the tail vein of mibave already been scheduled.
Coated nanogold is not only a potential drug deliv&uttle through the BBB but
by itself it can be used as a drug for the treatntérprion disease and perhaps
other neurodegenerative diseases. With differetascopic techniques like near
infrared time domain (NIR-TD) imaging, X-ray tomagphy, confocal
fluorescence microscopy and standard cell staissalized by wide field light
microscopy combined with fluorescence stainingyédis possible to show that the
particles accumulate in regions of the brain clus@ossible target cells of prion,

Alzheimer's and Parkinson’s disea<és.

2.5 Conclusion

The polyelectrolyte multilayer-coated gold nandjzdes are a novel class of
potential anti-prion drugs. While they showedvitro very high efficacy at very
low concentration, their potentiah vivo to inhibit completely prion aggregation

needs further improvement. A slight increase irulmation time and survival time
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was observed for the 2A coated particles and attébed concentration. Further
concentrations as well as other coatings need tostbeliedin vivo as the
correlation between thien vitro experiments and thie vivo inoculation is not so
striking. Especially the extremely low concentrati@quired to suppress complete
the prion aggregation raise the expectations thiatdmall amount of particles will
pass the blood-brain barrier and will enter tharbpmrenchyma.
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3. Discovery of a class of diketopiperazines as arion

compounds

3.1 Introduction

Prion diseases, also known as transmissible spongiEncephalopathies (TSES),
are neurodegenerative and infectious disordersatiett both humans and animals,
and are not curable with drugs. Although relialbieop of principle was demonstrated
in a variety of experimental models, and severallsmolecules have been identified
as active against TSE, the mode of action and tarfge most of these molecules
remain largely unexplored. As a result, drugs ¢iffecagainst this process are still
years away from approval’ There are two main reasons why drug discoverytfer
treatment of prion diseases has not progressedpadly as in other pharmaceutical
fields. First, human prion diseases are very raeeh year, only approximately 300
people in the USA and approximately 100 peoplén@éWK succumb to various forms
of prion diseasé® Nevertheless, these disorders have come to pabficscientific
attention due to the fact that they can be trarsiblss among humans and, in
particular conditions, from animals to humans. €heergence of a CJD variant in the
1990s demonstrated the transmissibility of BSE unans and set the scene for a
hypothetical epidemic scenafit). Second, TSE is a conformational dise&3eyhere
the cellular form of the prion protein (PdHs converted to a misfolded variant ()P
through a nucleated polymerization procEsskFrom a medicinal chemistry
perspective, all conformational diseases are ‘blamkes’ because the knowledge of
the 3D structure and mechanistic properties otahget, fundamental prerequisites in
modern drug discovery, are mostly unknown. In gehdrigh-resolution structural
information on amyloid fibrils is very scarce argl gurrently almost exclusively
restricted to amyloid fibrils formed by small pejgs. This is mostly due to the
inability of X-ray crystallography and NMR spectcopy to address insoluble,
filamentous specimerfé® In the case of PrP, the partial structure of PaB been
solved to high resolutiof?* whereas for Pr® only models have been proposed,
including thep-helix fold** and the spiral modéf®
As a consequence, if we exclude the discovery ofaraeré®® and RNA
interference® most of the lead compounds identified so far aesivdd from

screening approaches in established cellular moBaked on these considerations, it
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emerges that rational design of anti-prion compsurgdstill a big challenge for
medicinal chemists.

3.2 Materials and methods

3.2.1 Design rationale

In an effort to identify anti-prion lead compoundgth unprecedented molecular
frameworks, we started from the following basicuasption. We noticed that most of
the anti-prion molecules possessed a symmetrié@hdtional structure consisting of
two moieties joined via an appropriate spacer. ihike case for the dye Congo%d
and its analogu€s! the polysulfonated aromatisrea derivative suramifi® the
natural product curcumiti? the bis-acridin€® and bis-quinoline analogué¥, and
the diphenylmethane derivative GN8(see Fig. 28 for structures). Notably, among
them, planar molecules with aromatic end groupgesitammon anti-aggregating
properties*® For all of these compounds, and for bivalent conmals in general, the
role of the spacer has been demonstrated to becriéipal 2**
Therefore, in our search of novel bifunctional ncoles, we looked for a spacer that
might have an active role in the molecular recagniprocess. In inhibiting protein-
protein interactions (PPIs), peptides mimicking timeracting zone have been
considered as relevant starting points in the matidlesign of effective moleculé¥.
Similarly, peptidomimetics have become effective dulators of a range of
biologically significant PP by orienting their side-chain substituents in atisly
defined manner. Furthermore, these compounds ablestto proteolysis and
consequently possess better drug-like properteas pleptides.
Among possible peptidomimetic fragments, we focusedhe 2,5-diketopiperazine
(DKP) scaffold for several reasons: (i) it is syatibally readily accessible and
amenable to compound library generation; (ii) DKdRivatives have been shown to
modulate PPI18* to possess neuroprotective activii€sand also to cross the blood-
brain barrier (BBBF*® (iii) it has been extensively explored in meditina
chemistry?*’ Therefore, it seemed conceivable that DKPs cagri@alkene units of
general structurd (Fig. 28) could serve as a template for a diveasay of
pharmacophores towards the identification of ndwélnctional structures for the
treatment of prion diseases. Building on this, empound library was generated by
appending several aromatic and heteroaromatic rmgesitions 3 and 6 of the 3,6-
dimethylenepiperazine-2,5-dione scaffold. The ail@romatic residues in molecular

recognition and self-assembly processes leadingatmus fibrillar aggregates has

61



been recognized as criticdf. Consequently, targeting these aromatic residuss ha
been proposed as an important strategy to inhibjiaid formation?*®

In the case of our DKP4&ac (see Table 5 for structures), we selected various
polymethoxylated benzenes as aromatic appendingpgron view of their structural
similarity with those of curcumif? The choice of pyridif®'®*and quinolin&*®2%
rings present irld-i was dictated by the fact that these ring systerasraquently
observed in anti-prion compounds. Indole, furagghene and benzene derivalgs

n were then also synthesized to enlarge the chendoadrsity of the library.
Heteroaromati@-carboline derivativedo and1p were purposely designed with the
aim to obtain potential fluorescent probes, owinghe excellent native fluorescence
found in carboline systerff§ that has led to their use as probes for biomogectfl
To study the importance, if any, of an appropr#nar conformation ofa-p, some
singly reduceddad, 2j-k, 2g) and a saturated derivatived) were also synthesized

(structures given in Table 6).
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Figure 28.Design strategy leading to novel DKP derivatives of gdrstnacturel .
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3.2.2 Library synthesis

The preparation of 3,6-bis(arylmethylene)-2,5-paaenedione compoundda-p
was achieved in a single step by means of aptBe three-component reactfoh
involving treatment of commercially available 1,&cktyl-2,5-piperazinedione with
two equivalents of the suitable aromatic aldehydesthe presence of a base
(triethylamine). As expected based on literaturecpdent® the double aldol
condensations were accompanied by nitrogen deatetyland were completely
diastereoselective, affording exclusively thZ-isomers. Selective reduction of one
of the double bonds in a selection of these comgefre-d, 1j-k, 1q) was achieved
by treatment with zinc in refluxing acetic aéfd. These conditions left all other
groups present in the starting materials unaffecteth the exception of formyl
groups, which were reduced to the hydroxymethytsuftund in2qg. The preparation
of the doubly saturated compouBd was achieved either by catalytic hydrogenation
of 1d or by prolonged treatment @ with zinc in acetic acid (Scheme 1, Tables 5
and 6).

o) o)

~Ac [
N 4+ A-CHO —> Ar”’ NH

Scheme 1. Library synthesisReagents and conditions: (i);8t DMF, room temperature (RT), 14
h or EgN, DMF, 150°C, 12-48 h; (ii) Zn, AcOH, reflux, 1-48 h; (ifJ, (30 psi), 30% Pd-C, CiDH,
RT, 24 h; (iv) Zn, AcOH, reflux, 24 h.

3.2.3 Screening methodology

A cell-screening assay was used to test anti-paictivity across the synthesized
compounds. Their ability to reduce BfRoncentrations in scrapie-infected mouse
hypothalamus (ScGT1) cells was determined by Westdotting followed by
densitometry of the PK-resistant BtPand PrB° levels were quantified by ELISA.
Library compounds were initially screened at 10 jad their ability to reduce PP
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levels for five days was evaluated by comparisothwhe untreated control. For
entriesld and lo the EGq values, which represent the effective concentnatifor
half-maximal inhibition, were also calculated (Ted). Two well-documented anti-
prion agents were investigated as positive contEls, values of 6.2 + 0.4 and 0.4 +
0.1 uM were obtained for imipramine and quinacrmespectively.

All assays for cell culture, drug treatment, ceiability, PrP° detection and
guantification were performed in accordance tograocols described in pargs2.4,
2.2.5and2.2.6

3.2.41n vitro effect of test compounds on prion fibril formation

Fibril formation of PrP was performed using a poegly described method with
minor modifications®® Briefly, 20 uL of test compound at the indicated
concentrations were added to each well containi@@ fiL of reaction solution,
including 50 pg/mL recMoPrP (23-230) or recMoPrRga®), 0.4 M GdnHCI and 10
UM ThT in PBS buffer (1X) in a 96-well black plaBD Falcon). Each sample was
performed in four replicates. Each well contained 8 mm glass bead (Sigma). The
plate was covered with sealing tape (Fisher Sdieptiincubated at 3T with
continuous shaking and read on SpectraMax Geminiflabtrescence plate reader
(Molecular Devices) by top fluorescence readingrg\e min (excitation, 444 nm;

emission, 485 nm).

3.3 Results and discussion

3.3.1 Biological activity

Firstly, the cytotoxic effects of serids 2, and3 compounds were determined by
calcein-AM assay in ScGT1 cell line. As reportedrables 5 and 6, the treatment of
ScGT1 cells with most test compounds (10 pM) ditlead to any significant change
in cell viability, with the exception ofa, 1c, 1p, 2aand2j, where the cell viability
was lower than 50%. Therefore, the latter were sweened for prion replication,
whereas the other library members were assayedan@ntration of 10 uM. From
an analysis of the results, it is possible to dethat, at this concentration, not all of
the tested DKPs displayed activity. The DKP fragmeray be a scaffold for anti-
prion activity; however, the appended substituéatee a crucial effect on biological
activity. In fact, among the selected aromatic sinderivatives bearing a benzene
(1n), furan (), thiophene Im) or quinoline {g-h) moiety had very low or no

activity. The most striking result of this investtgon was the remarkable activity
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displayed by the 2-pyridyl derivativid, which completely inhibits prion replication
at 10 uM (100.8 = 2.5 % inhibition). Intriguinglyhen the pyridine nitrogen was
moved to positions 31€) or 4 (lf), the activity decreased to 12.4% and 11.5%,
respectively. Similarly, the potent activity @l was reduced by fusing additional
aromatic rings, as in the 2-quinoliridy andp-carbolin-2-yl1o.

Significant preliminary structure-activity relatisimps can be gathered from this first
set of tested compounds. DKP bearing a 2-pyridifistituent was revealed as a strict
requirement for potency in the cellular assay.igningly, this result is in line with
that obtained in a recently reported series of-@mdin compounds, where a 2-
substituted pyridine conferred optimal activit§ The only exception to this trend was
the 4-quinolyl derivativeli, which was the only compound lacking the key moliac
feature and displaying an activity higher than 2096tably, several 4-substituted
quinolines have shown anti-prion activif:>*®* As a general comment, it should be
mentioned that in cellular assays changes in &gt@so correlate to physicochemical
parameters, such as solubility and permeabilityweéicer, the results obtained could
imply that a planar conformation, as 1ml, is as a basic requirement for activity.
Starting from this assumption, we were keen to emarthe effects of reduction on
the double bonds at positions 3 and 6 of the DKd®esy. To this end, a second library
was synthesize®é-d, 2j-k, 2q), generated from the singly reduced DKP scaffald i
combination with a subset of the aromatic subgtitsieeported in Table 5 (Scheme 1,
Table 6). As expected, even in this series the ctbte compound was the 2-pyridyl
derivative2d. Again, this can be rationalized by assumption #tdeast one half of
the molecule is able to assume the planar confoomatitical for activity. In line
with this speculation, the doubly saturated complo8d showed lower potency. In
this second library, an interesting profile was wghoby 1-tosylindole2k, which
exhibited 37.7% inhibition.

Given the high inhibitory activity old and the possible use &b as a fluorescent
probe, their anti-prion potential was studied inrendetail by calculating their &g
values. Forld, a remarkable single-digit micromolar &@alue (4.1 £ 0.2 puM; Table
7) was observed, comparable to that of imipramé2 £ 0.4 uM), a reference anti-
prion compound. Notablylo (EGo = 15.8 + 0.9 uM) was only fourfold less active

thanld, emerging as a promising fluorescent probe.
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Table 5.Reaction conditiongjields and screening results for the DKP Seties

(0]
R™ ™S NH
HN x_R
(0]
la-p
, PrP*
N ] Viable cells o
Cpd R Conditions | Yield [%] 6] inhibition
0
[%] ©
MeO
la RT, 16 h 97 32.2+1% ND¢
OMe
MeO
1b RT, 16 h 99 72.7 £ 3.3 1.4+6.1
MeO
OMe
1c RT, 16 h 74 20.6 1.7 ND
MeO Me
OMe
1d \ / reflux, 48 h 64 50.9+2.1 100.8 £ 2.5
N
le \ /) reflux, 16 h 41 102.7 £ 3.7 12.4+0.5
N
1f N\ / reflux, 24 h 68 108.5+4.2 11.5+0.5
=
19 | reflux, 20 h 80 71.7+3.1 51+0.1
N
=
1h ] reflux, 16 h 65 63.7+2.8 35+0.1
N\
N
1i l N reflux, 16 h 84 94.8+4.1 20.6 £ 0.8
—
N
1 @E@ reflux, 16 h 94 81.3+25 7.4+0.5
N
\
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Teg
4 N/S\\
1K S RT, 16 h 80 98.4+33 9.4+04
1l \ reflux, 16 h 68 83.0+2.9 0.14 + 0.02
\_0
im C{ii reflux, 16 h 61 73.6+3.5 18+0.1
S
1n @ reflux, 16 h 60 85.6+3.1 0.11 +0.01
10 \ N reflux, 16 h 52 77.0+3.2 104+12
N
H
NH
1p = reflux, 16 h 58 373+26 ND
\ N

2Values are mean * the standard deviation of three experif&a8T1 cells were cultured in DMEM
with 10% FBS and plated into 96-well plates (25000 cp#s each well). The compounds were
dissolved in DMSO (100%) and diluted in PBS (1X). Teshpound (1@M) was added and the cells
were incubated for five days at 37°C, 5% LThe results were developed by calcein-AM fluorescence
dye and read by microplate readdffect of test compounds on inhibition of scrapie prion opion.
ScGT1 cells were cultured in DMEM with 10% FBS, sflitO into Petri dishes and incubated for two
days at 37°C and 5% GOTest compound (10M), being non-cytotoxic, was added to the plated cells.
After five days incubation, the protein content of thescelas extracted, quantified, digested with PK,

and western blottedND: not determined. RT: room temperature.

Table 6.Reaction conditiongjields and screening results for the DKP Se?iaad3

0 O
R/\)kNH R | NH -
HN R
o O
2ad, 2j-k, 2q 3d
PrP*
. Yield Viable cells o
Cpd R Conditions b inhibition
(%] (%]
[%] ©
MeO
2a 125°C, 20 h 100 36.4+ 12 ND¢
OMe
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MeO
2b 125°C, 48h| 100 1032+ 4.2 5.9+0.2
MeO
OMe
2¢ 125°C, 83h| 98 96.9+3.8 6.8+0.3
MeO Me
OMe
2d N/ 125°C, 1h 52 100.1 + 4.4 18.1+0.7
N
2j N 125°C, 48h| 76 275+13 ND
N
\
Yoy
- N/S\\
2K 0 125°C, 16h| 96 90.9+3.6 377422
HO
2q \_®_§ 125°C, 16h| 20 110.5+5.3 13.8+ 0.4
3d N/ 125°C, 22h| 58 107.4+ 4.6 12.240.2
N

2Values are mean * the standard deviation of three experif&a8T1 cells were cultured in DMEM

with 10% FBS and plated into 96-well plates (25000scekr each well). The compounds were
dissolved in DMSO (100%) and diluted in PBS (1X). Tasnpound (1uM) was added and the cells
were incubated for five days at 37°C, 5% LThe results were developed by calcein-AM fluorescence

dye and read by microplate readdffect of test compounds on inhibition of scrapie prion opion.

ScGT1 cells were cultured in DMEM with 10% FBS, sflitO into Petri dishes and incubated for two
days at 37°C and 5% GOrest compound (10M), being non-cytotoxic, was added to the plated cells.
After five days incubation, the protein content of thescelés extracted, quantified, digested with PK,

and western blotteND: not determined.
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Table 7. Cell viability and inhibition of Pr¥ accumulation in ScGT1 cells grown
with 1d and10®

(o]

e ?\ H
S ONH NF Y WS S N NN
Compound LN HN\HJ%)\\V” LN N J%—\
o H 5 )
1d 1o
ECso” (M) 41+0.2 15.8+ 0.9
Viable cells® (%) 75.2+ 2.1 60.4+ 4.1
uM 0 0.1 0.5 1 5 10 uMm 0 0.1 1 5 10 15 20
Western blot »

3Values given are the mean * the standard deviation (SDye# experiment8. The concentration of
test compound required to reduce thePt&vel in cells to 50% versus untreated cells {fEC Cell
viability at the EGy concentration was determined by calcein-AM cytotoxieigay and expressed as
an average percentage of viable cells versus untreated cmltsol

3.3.2 Modeling Studies

To better elucidate the putative relationships ketwbioactivity and the planarity
of tested compounds, we modeled their structurafarmations. Initial structures of
molecules1d, 1g, 1l, 1m, 1n and 10 were drawn in Marvin version 5.0.1 from
ChemAxon®® 3D low-energy geometries were computed by meansiesfsity
functional theory using GAUSIAN 03 software sifité. The B3LYP function was
used in conjunction with a 6-31G** basis set. Beg@pmetry optimization procedure
was applied until the interatomic forces were be@@8 cal/A. The planarity of the
optimized geometries was measured as the valueeadihedral anglex() defined by
the atomsC=C—C- (C/ N/ O/ S) (see Table 8). All molecules turned out to benata
with the exception of the benzene-substituted OKPIn fact, the benzene rings are
rotated by 33.Bwith respect to the DKP plane im (Fig. 29). Molecular planarity
may be a necessary, but not sufficient, condition dnti-prion activity. In fact,
modeling results predict that compouridg 11, 1m andlo are equally as planar &d
(seew values in Table 8), but possessed lower activity.
The difference between plandmgy( 11, 1m, 10 and1d) and non-planarlf) molecules
is due to the presence or absence of an intramalelbydrogen bond between the R

substituents and the DKP ring. To clarify the rofethe intramolecular hydrogen
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bond in biological activity, the conformational &®as of moleculedld, 1g, 11, 1m,

1n andlo was extended to conformations with the substisientated by 1800of o.
New geometries were optimized following the abowentioned procedure. The
corresponding flipped conformers were unable tanf@n intramolecular hydrogen
bond. The loss of the hydrogen bond and the steindrance present between
adjacent groups broke the planarity of the compeurtisrupting ther-electron
conjugation (see Fig. 29). These flipped confornfeosn-planar) were less stable than
the planar ones. The energy difference betweerethegs conformers served as a
measure of the planarity strength (see Table 8. dlanar geometry dfd was the
most stable among the selected series, followetiglgnd1o, which could also form
a canonical intramolecular hydrogen bond. Notalhese data parallel those of
activity (see Table 8). Conversely, the planaritymrmleculesll and1m, which were
not active, is very weak. Taken altogether, thedeutations confirm that anti-prion
activity of this subset of molecules is directlyated to their capability to retain a

planar conformation.

1n

1d

R aadmme — = WO = S

Figure 29. 3D structure of a planad¢) and a non-planarl() DKP; the difference in geometry is
due to the presence or absence of intramolecular hyultogeds.
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Table 8. The putative relationships between biological\distiand the planarity of

tested compounds

RNy XNH
HN X _R
PrP* Planarity Planar Stability®
inhibition at 10 pM
Cpd R (%) (o degrees) (AE kcal/mol)
1d \ 7 100.8 +2.5 0.02 18.2
N
1g a 51+0.1 0.01 15.6
N
1 o 0.14 +£0.02 0.00 7.3
\_0
im o 1.8+0.1 0.00 1.8
\_s
1n @ 0.11 +0.01 33.60 0.0
1o \ N 10.4+1.2 0.07 17.2
N
H

A planar stability defined as the energy difference betvilggped conformers

3.3.3 Mechanism of action

The biological assay performed allows us to discaanpounds that are effective
at any of the several steps of the misfolding pathw the cell. Thus, compounds
that block PrP synthesis, stabilize PfPinhibit its conformational conversion and/or
stimulate cellular clearance can be identified.réfare, the mechanism of action of
the active compounds must be investigated. Baseth@rtonsideration that planar
aromatic molecules are reported as good inhibitdrdibril formation in several
neuronal amyloidoses! we decided to study the behaviorlaf in a PrP fibrillation
assay. We used as templates recombinant mousedydaNMlength PrP(23-230) and
truncated recMoPrP(89-230), which both form amyldiihrils.?*° The anti-
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aggregation potential ofd (50 pM) was quantitatively detected by observihg t
increase in the mean lag phase of the fibrillatieaction, compared with control
samples. Compoundid (50 uM) exhibited PrP amyloid fibril formation iiftitory
activity, showing a much slower kinetics than tlatcol, in which the lag phase was
57 hours and 15 hours for recMoPrP(23-230) and c#ai(89-230), respectively. In
particular,1d significantly extended the lag phase to 72 honrseecMoPrP(23-230)
and 48 hours in recMoPrP(89-230) fibrillation assa@iven the potency dld at
inhibiting recPrP fibril formation, we suggest thdéite compound might interact

directly with recPrP to prevent its conversionhe pathogenic Prilike form.

3.4 Conclusion

In conclusion, we have identified DKP as a novelffatd in anti-prion drug design.
Compoundld, thanks to its planar conformation, is able tahitiPrP amyloid fibril
formationin vitro. Moreover, it inhibits prion replication in thedomicromolar range
in a cellular context. For these reasaljs a lead candidate for further optimization
studies. While preliminary, these results represeinist step toward the discovery of
novel DKPs with therapeutic potential against pridiseases. Clearly, proof of
concept will involvein vivo investigation of the profile dfd.
A second major outcome of this work is the ideasifion of thep-carboline
derivative 10. Fluorescent probes that specifically target amdybyggregates are of
great relevance to advance our understanding of ritwdecular pathogenesis
underlying cerebral amyloidos&¥:?*® Derivative 10 might represent a valuable
starting point to design novel probes for the @timaging of amyloid plaques in
prion disease. Properly addressed studies aimie atvestigation of the fluorescent
profile of 10 and its labeling of amyloid fibrils are in progsesnd will be reported in

due course.
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4. Anti-prion activity and preliminary structure-ac tivity

relationship of benzoquinones

4.1 Introduction

Despite the numerous efforts aimed at identifyinghpounds useful against prion
diseases, there are still no therapies on the maikeerefore, it is of continued
importance to identify chemical scaffolds to be leipd for the design of novel
drugs®®® Most of the anti-prion molecules that have beemiified so far are derived
from screening approaches. Structurally, diversenibal compounds covering a
broad range of the chemical space have been ietfif Intriguingly, most of them
share a common bivalent structure. This is the o&ige natural product curcumtrf
the bis-acridine analogué¥*® the diphenyl-methane derivative (GN8J,
bebeerine€®  bisepigallocatechin  digallat8, 2,2-bisquinolines®®  4,5-
dianilinophthalimide?®* analogues of Congo r&d and diketopiperazines (DKP)
derivatives?®?

Although a structure-activity relationship is netsg to discern from such chemically
unrelated compounds, we envisaged that bivaleahtlg bearing lipophilic bi- or tri-
(hetero)-cyclic scaffolds connected by a centra¢ aoight possess anti-prion activity
Bivalency, and multivalency in general, is a welbkvn and efficient strategy widely
used by medicinal chemists to enhance binding afficin molecular recognition
processe$>® Multivalent chemical probes, featuring multiplepis of an amyloid
binding motif connected by a spacer, have been loped with the aim to
simultaneously bind to several binding sites oresalv amyloid peptides, thus
achieving higher potendy?2%*

In prion research, by joining two quinacrine mastihrough a piperazine spacer,
May and co-workers afforded the first bivalent gorion ligand BiCappaBC; Fig.
30), which was 10 times more potent than monometiciacrine'® Heterodimers
incorporating recognition elements taken from qorimee itself and imipramine with a
piperazine unit were shown to improve the anti4prédficacy of quinacrine up to a
low nanomolar rang&® Furthermore, assembling multiple acridine or coritu
moieties to a cyclopeptide scaffold has emerged ggomising strategy for the

development of inhibitors against amyloid formatiéh?®’
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Figure 30.BiCappa BC) structure.

Protein-protein interactions (PPIs) are cruciairedats in mediating diverse cellular
physiological and pathological eveit&.They are involved in fibrillation processes
and thus play a pivotal role in the pathogenesisseferal neurodegenerative
disease$®?"°Systematic analysis of PPI interfaces revealstdre@rogeneity, from
large and flat to narrow and structured interactfohHowever, the majority of PPIs
deal with protein surfacéé? where a complex network of weak interactions takes
place. Peptides may be good PPI blockéfdHowever, they are not optimal drug
candidates, due to problems with bioavailabilityd aenzymatic degradation. To
overcome this limitation, one could use combinalodhemical libraries based on
small molecules. However, the widely spaced intawas required for PPI blockers
are difficult to mimic with small molecules. Depithis challenge, the strategy holds
great potential for identifying novel lead composragainst PPIS* The extreme
attractiveness of PPIs as drug targets has leshportant progresses in this field in
the last decad&®?’>2?’® In particular, Janda and co-workers have recently
demonstrated the ability of what they have nameckedit card” libraries to disrupt
PPIs of biological relevanc@’ The chemical structures of these libraries arét bui
upon flat, rigid scaffolds, decorated with appendenups that span a wide range of
size, aromaticity, polarity, and hydrogen-bondirapability>’’ Their rationale was
based on the concept that the ‘hot spot’ regiormatein-protein interfaces are rich in
aromatic residues.

Building on the bivalent approach, we have recerglyorted that a 2,5-diamino-
1,4-benzoquinone (BQ) linked to two phenylalaniesidues displayed remarkable
anti-prion activity in a cellular model of prionpkcatior?’® (see part 4.2 in the
thesis) In this compound, because of a resonance effécth® BQ ring, a
hydrophobic and planar system is generated, whidghtminterfere, through
hydrophobic interactions, with aromatic hydropholiesidues critical to fibril

formation?”® This hypothesis is corroborated by the key rol@laharity as a major
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determinant for anti-prion activity in a recentiynghesized series of bivalent DKP
(see part 3 in the thesis)Altogether these results allowed us to propos¢ the
planar BQ scaffold might be considered as a pgeitemotif in modulating PPIs and
as a promising spacer in the search for more @ftedtivalent anti-prion chemical

probed® (see part 4.3 in the thesis)

4.2 Synthesis and evaluation of a library of 2,5-bdiamino-benzoquinone
derivatives as probes to modulate protein-proteinriteractions in prions

So far, several peptides have been developed hétlspecific aim of blocking PPIs
and reversing the aberrant conformational chamyeshort synthetic peptide (iPrP13,
DAPAAPAGPAVPV), designed by Soto and co-workerstha basis of sequence
homology with PrB, acted as 8-sheet breaker, inducing unfolding®pleated sheet
structure*®> More recently, Gilbert and co-worké¥s reported on a series of small
peptides active at levels of 100 uM in two priosedise models and in @mnvitro
anti-aggregation polymerization assay. Promptedhay advantages of using small
molecules as PPI inhibitors as opposed to pepthie® we propose the planar 2,5-
bisdiamino-benzoquinone scaffold as a privilegedifmo modulating PPIs. This is
based on (i) Janda’s criteria for credit card lites?’’ (i) the finding that a 2,5-
bisdiamino-benzoquinone derivative bindgtamyloid (AB), and interferes with the
native ability of A3 to self-assemble, by disrupting PBiSDue to a resonance effect,
a hydrophobic and planar system is generated Hbi2diamino-benzoquinones. This
should, in principle, perturb PPIs in the fibrilknesis processé®
Therefore, in our search for novel anti-prion coonpas, we decided to attach seven
amino acid methyl esters to two different benzogoe cores, generating a small
combinatorial library of fourteen 2,5-bisdiaminoAzequinones 1-7a and 1-7b),
reported in Figure 31. The selected amino acidrestalaOMe (), No-Nitro-
ArgOMe (2), Ne-BOC-LysOMe ), lleOMe @), MetOMe 6), PheOMe §), TrpOMe
(7)) act as capping groups, allowing us to enlarggelithrary’s chemical diversity by
exploiting differences in size, aromaticity, potgriand hydrogen-bonding capability.
Analysis of natural amino acids involved in PPlge@ed that Trp, Phe, Tyr, and lle
are the most important in driving aggregatith.Consequently, it is highly
conceivable that the novel derivatives bearingehmastifs might compete for binding

and, therefore, efficiently disrupt the assemblypdn protein.
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Figure 31.Chemical structures dF7aand1-7b.

To develop an efficient parallel synthesis approaed focused on the displacement
reaction of tetrahalo-substituted quinones (chlibranand bromanilp) with amino
acid methyl esters1¢7) to afford a library of fourteen 2,5-diamino-3,Byalo-
[1,4]benzoquinone derivatives. We carried out ajpotereaction at room temperature
that, in most cases, would achieve the quantitatoreversion of the starting reactant
within 3 hours (see Scheme 2). Moreover, we dewglggn operationally simple and
versatile work-up protocol, which involved recoveyihigh purity final products by

filtration upon addition of water to the reactionxtare.

R1
. \((NHJ Ifmji — ,ﬁ ﬁIH "

8]
X=C
X

Br

1-7a
1-Tb

b.

Scheme 2Library synthesis. Reagents and conditions: (a), EtOH, NBth, 30-45% yield.

A cell-screening assay was used to test anti-paictivity across the synthesized
library compounds. The ability df-7a and 1-7b to reduce Pr® concentrations in
ScGT1 cells was determined by Western blottingofedld by densitometry of the PK-
resistant Pr&%. PrP° levels were quantified by ELISA test. First, weedmined the

effects of library compounds on cell viability (Tlab9). Compound toxicity is
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expressed as an average percentage of viablevde#la treated with a compound
concentration of 1 pM, versus control cells treatgith no compound. For compound
6a, the LGo value(lethal concentration, 50%) for ScGT1 cells wa® atfentified.
Anti-prion activity is expressed as the averagec@etage of PK-resistant PP
remaining after incubation with compound at theegiconcentration, versus control
cells incubated with no compound. For entBas6b, and7a, we also calculated the

ECso values, which represent the effective concentnatfor half-maximal inhibition.

Table 9. Cell viability and anti-prion activity on ScGTelts of library compounds

% of viable bcells % of Prp° ECso (UM) | LCsg (UM)
atlpuM

Cpd inhibition at 1 uM °©

1la 71654 0.36 + 0.03

1b 91.:+6.8 0.2¢ £ 0.0F

2a 81.4%8.7 0.25+ 0.01

2b 741+ 43 0.31+0.03

3a 40.7 5.5 ND

3b 52.3+5.9 ND

4a 88.2+6.1 6.6 0.4

ab 91.2+ 8.8 281+ 1EF

5a 955+ 6.2 4.€+0.7

5b 96.1+75 11405

6a 68.4+7.3 73.2+33 0.87 + 0.1] 2.4 £0.
6b 80.2+5.8 18105 36+05

7a 96.0 £7.6 0.25 + 0.04 77+12

7b 65.C 3.4 0.42 £ 0.01

2Values are the mean of three experiments, standard desiatiergiven® ScGT1 cells were cultured
in DMEM with 10% FBS, plated 25000 cells in each well96fwell plates. The compounds were
dissolved in DMSO (100%) and diluted in PBS (1X) before addingpwsrconcentrations (1 nM - 10
uM) and the cells were incubated for five days at 37°C #%dCQ. The results were developed by
calcein-AM fluorescence dye and read by microplataedee ¢ Effect of library compounds on
inhibition of scrapie prion replication. ScGT1 cells werdtured in DMEM with 10% FBS, split 1:10
into Petri dishes and incubated for two days at 37°C and %4 Then, various compound
concentrations (0.1 nM - LM), being non-cytotoxic, were added to the plates. After a-diay
incubation, proteins of cells were extracted, quantjfidigested with PK, and western blott®8ID:
not determined.

Analyzing the results in Table 9, we note someregtng trends. The cytotoxic
effects ofl-7aand1-7b were first determined by a calcein-AM assay in §u&T1
cell line. As reported, treating ScGT1 with the gqmunds (1 pM) did not
significantly modify cell viability. However, treatent with the BOC-Lys derivatives
3a and 3b decreased cell viability by percentages of 40% 8R& respectively.

Because of the toxicity profile showi@a and 3b were not screened for prion
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replication, whereas the other library members vessayed at a concentration of 1
HM. Notably, despite this low concentration ranteee couples of library hits were
active against P accumulation. lleOMe4@a-b), MetOMe 6a-b) and PheOMe6a-

b) derivatives of both series at 1 uM displayedvéitis ranging from 4.8% to 73%.
Conversely, AlaOMe 1@a-b), No-Nitro-ArgOMe (2a-b), TrpOMe ({a-b) derivatives
had no effect at that concentration. Due to its ¢gtoxicity, 7a could also be tested at
higher concentrations, revealing a fair g®alue of 7.7 uM. Foba, we found a
remarkable submicromolar BELvalue (0.87 = 0.10 pM), comparable to that of
quinacrine (0.4 + 0.1 uM), a reference anti-priompound?®>?®*The high activity of
6a and6b was not unexpected, as it is in line with the vkelbwn central role of pi-
stacking interactions in self-assembly processeghi fields of chemistry and
biochemistry?®’

To better rationalize the obtained results, we iadph systematic procedure for
identifying key fragments responsible for a giventivaty.?®® We used an algorithm
which breaks down a structure into fragméﬁ?SSubsequently, all the obtained
substructures were related to biological activittesidentify hot fragments. The
analysis provides a score [100 — 0] for each fragmehich gives an indication of
how often a fragment occurs in the active and imadtructures (Fig. 32). From this
preliminary computational study, we have identifi¢gdat the 2,5-bisdiamino-
benzoquinone linked with two phenyl rings by a gpas a good anti-prion motif. In
addition, our analysis suggests the relevanceefitbmic size of the substituents in
position 3 and 6 at benzoquinone ring (Cl beingdvethan Br), with an inverse
relationship to van der Waals radius. Both itemsnédrmation can be exploited to

design further series of anti-prion small molecules

o 0
H
spveedsiivahee
A N NWA N}"L
o H o H

A= CI >Br A= Cl >Br
Score=100 Score=88
Amineq o
Amineq H A
N ke
> %
(0] ster o] Anhllne1
A= Cl >Br
Score=90 Score=0

Figure 32.Substructures identified from the synthesized library.
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Despite the small number of compounds synthestredresults suggest that some
are active against prion replication. Although thasiting derivatives were overall
quite cytotoxic toward ScGT1 cells, we identifiettries6a and6b as hit compounds
for further lead optimization studies. At a timeewhit remains challenging to design
chemical entities able to target PPIs, these studight shed light on the underlying
principles governing molecular recognition and tiemical basis for the inhibition

of quinone derivatives in prions.

4.3 Evaluation and preliminary structure-activity relationship of 2,5-diamino-
1,4-benzoquinones as a novel class of bivalent aption compound

4.3.1 Materials and methods

4.3.1.1 Design rationale

We have designed a small combinatorial library ighlent ligands whose general
structure is depicted in Figure 33. The ligandsuieathe BQ nucleus as central core,
with two linkers in positions 2 and 5 connectingttgrminal moieties. As linkers, we
selected three polyamine chaind4-@6, Scheme 3) that would allow exploring
different lengths and chemical composition for thiferent molecules. This is of
particular importance, since linker length has bgeown by May and co-workers to

be very critical against PTPformation for the bivalent acridines serfé%.

Central Terminal
Core Moiety
R1
Ar/AI
N
Ar/AI

Rz

Figure 33.General structure of the designed library compounds.

As terminal moieties, starting from the considematinat aromatic groups provided
the best activity in the previous series of BQ compls(see part 4.2 in the thesis)
we selected several aromatic prion recognition fsotisuch as 6-chloro-2-
methoxyacridine (as inl-3, Scheme 3), 7-chloroquinoline 4-6), and 1,2,3,4-
tetrahydroacridine (THA)79). Several acridine and quinoline derivatives hiagen

shown to inhibit Prf® formation in infected cells and to bind to prion
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proteins*®#*%%% Gjyen that the analogous THA-9-amine is activeirmjayeast
prion?®° derivatives7-9 were also designed. As a second step, on the baske
remarkable profile shown Wy, three other derivatived@12) were designed with the
aim of further optimizing activity in the existingeries of compounds. Herein, we
present a solution-phase parallel synthesis obmarly of bivalent BQ derivatives,
which were chosen for their anti-prion activity 8tGT1 cells, together with their

capability of inhibiting Pr&* aggregation and of reducing oxidative stress (OS).

4.3.1.2 Library synthesis

Disubstitution reaction of diamines with 2,5-dimetl-1,4-benzoquinone provides
an easy access to a variety of 2,5-diamino-1,4-dgrinones®?%! Encouraged by
the good yields and the straightforward work-upoagdged with this reaction, we
decided to synthesize the designed bivalent comg®inil using asolution phase
parallel synthesis approach. Eleven N-substitutdggmines {3-23, Scheme 3) were
loaded with 2,5-dimethoxy-1,4-benzoquinone intofedént vessels of a carousel
workstation. After heating at 50°C for 5 hours, tHesired products formed in
moderate to good yields (38-88%). MonovaléBtwas obtained by Michael reaction
starting fromnaftoquinone and amirt/ (40%).
The preparation of intermediatels3-23 was easily achieved treating in parallel
fashion commercially available polyamin@4-26 with heteroaryl halide27-31.
Compoundsl3-23 were obtained in 25-67% yield by reacting a laggeess of the
polyamine with the corresponding heteroaryl ha({@i&1) in phenol and using Nal as
a catalyst (Scheme 3). In these conditions we \abte to obtain selective mono-
substitution at the terminal primary amino groughe polyamine, obviating the need
for protection/deprotection of the other amino fiimwalities?®® Furthermore, we
overcame the low-yield of common/& reactions and the use of costly reagents of

Pd-catalyzed amination methodologfes.
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Scheme 3. Library synthesisReagents and conditions: (a) phenol, Nal, 120°C (1 h), fotdwe
addition of amine, 5 h, 120°C; (b) EtOH, 5 h, 60°C (38-88%dyj¢c) EtOH, 80°C (1 h), followed by
addition of amine, 5 h, 50°C (40%M= 6-chloro-2-methoxyacridine; B= 7-chloroquinoline; C=
1,2,3,4-tetrahydroacridine; D= 6-chloro-1,2,3,4-tetrahydiridine; E= 6-methoxyquinoline.

4.3.1.3 Screening methodology

A cell-screening assay was used to test anti-pactivity across the library of
synthesized compounds. Prior, we determined thectffof library compounds on
cell viability by calcein-AM assay, measuring vialcGT1 cells after incubation in
the drug-doped medium with various compound comadohs of 10 nM to 10 pM
for five days (Table 10). Then, their ability todtee Pre in ScGT1 cells was
determined by Western blotting followed by densigdm of the PK-resistant P*Pin
comparison with BiCappaBC), used as a reference compound.SPiévels were
quantified by ELISA test. For entri€&C, 2, 5, 6, and10, we also calculated the &L
values, which represent the effective concentration half-maximal inhibition. Cell
viability at EGso values were expressed as an average percentagdlef cells versus
untreated control (Table 10, Fig. 34, Fig. 35).
All assays for cell culture, drug treatment, celbbility, PrP* detection and
guantification were performed in accordance toptwocols described in pards2.4,
2.2.5and2.2.6
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4.3.1.4 Detection ofn vitro effect of the synthesized compounds on prion fildri
formation

For compoundsBC, 2, 5, 6, and 10, the capability of inhibiting prion fibril
formation was studieth vitro. Fibril formation was performed in accordancehe t
method previously described by Colby and co-workeits a few modification§:®
Briefly, 20 pL of the diluted compounds at indicghteoncentrations were added to
each well containing 180 pL of reaction solutiocluding 100 pg/mL recombinant
mouse (recMo) full-length PrP(23-230), 2 M GdnH@Hal0 puM ThT in PBS buffer
(1X) in a 96-well black plate (BOrFalcon). Each sample was performed in four
replicates. Each well contained one 3-mm glass K8mpna). The plate was covered
with sealing tape (Fisher Scientific), incubated3@tC with continuous shaking and
read on SpectraMax M5 fluorescence plate readeteddtar Devices) for 72 hours
by top fluorescence reading every 15 min at exoitadf 444 nm and emission of 485
nm.

4.3.1.5 Detection of antioxidant activity of the cmpounds by lipid peroxidation
assay

Lipid peroxidation is an indicator of oxidative es$s. The thiobarbituric acid
reactive substances (TBARS) assay measures lipidopgroxides and aldehydes,
such as malondialdehyde (MDA), in the cell medial dysates. The assay was
performed in accordance to the method previousscrieed®® Briefly, 1P ScGT1
cells were cultured in 1 mL of DMEM per each well@well-plates for 24 hours.
After 24 hours, the compounds with various con@mns were added to each well.
After 3 hours, the cell media were collected anel tklls were washed twice with
PBS and scraped off with 1 mL of 2.5% Trichloroareacid (TCA). After
centrifugation (13,000 g, 2 min), 125 pL the supernatant was added to @unaof
100 pL 15% TCA and 200 pL 0.67% (w/v) 2-thiobarhiacid (TBA) and heated at
95°C for 20 min. After cooling, 750 pL of 1-butanol svanixed thoroughly into the
solution and centrifuged. Two hundred pL was tramefl into 96-well plates. Each
sample was performed in three replicates. The désence in the butanol phase was
measured at excitation of 521 nm and emission &frsd by using M5 fluorescence
plate reader (Molecular Devices). A blank was penfed for each sample. Standard
curves specific for the assay was created using MDA

4.3.1.6 Detection of antioxidant activity of quinoe compounds by sulforaphan

(4-methylsulfinylbutyl isothiocyanate, SFP) assay
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The assay was performed in accordance to the maihedously describetf*
Briefly, ScGT1 cells were seeded in 96-well plaa¢s3 x 10 cells/well in DMEM.
Experiments were performed after 24 hours of intiohaat 37C in 5% CQ with
SFP (2.5 uM), a potent inducer of cytosolic NQOfteA 24 hours, the cells were
washed and treated for 24 hours with 1 pM of complsuThe antioxidant activity of
compounds was evaluated after 30 minutes of incubatith 10 uM fluorescent
probe (2’,7’-dichlorofluorescein diacetate, DCFH-PpM PBS. After removal of
DCFH-DA, the cells were incubated with 0.1 mM teutyl hydroperoxide t{
BuOOH) in PBS for 30 min. The fluorescence valuiethe cells from each well were
measured at excitation of 485 nm and emission &fr58 by using M5 fluorescence

plate reader (Molecular Devices). Each sample wea®pned in three replicates.

4.3.1.7 Docking studies

In Autodock?® a Lamarckian genetic search algorithm was useidemntify low
energy binding sites and orientations16f Binding modes were ranked by a scoring
function implemented in the Autodock. A point guidth a spacing 0.386 A and 106
x 82 x 66 points were used. A point grid was cetteo the center of mass of the
cellular prion protein (PDBentry: 1HJM). Gasteiggom charges were assigned to
the protein atoms using AutoDock tools. Water moles were excluded from the
protein before docking. One hundred randomly seed®d were performed. The

binding poses were identified by the ACIAP 1.0 tduimg proceduré®

4.3.2 Results and discussion

Preliminarily, the possible toxicity df-9 was assessed in ScGT1 cells. At 1 uM,
the toxicity profiles among the library membersiedrfrom 1.5% to 114.8% (Table
10). Treatment witll and3 decreased cell viability to 18.2% and 1.5%, respely.
Because of the toxicity showt,and3 were studied for their anti-prion activity at a
lower concentration (0.2 uM), whereas the othenalyp members were assayed at 1
uM. The synthesize@, 4-9 were found to cover a broad range of activity aghi
PrP* formation, with inhibition spanning from 3.4% t6.8% (Table 10).
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Table 10.Cell viability and anti-prion activity on ScGT1 ¢zbf library compounds

% of viable | % of PrP>¢ | % of viable | % of PrP> % of viable
Cpd cells at 1 inhibition cells at 0.2 | inhibition ECso (UM)© cells at EG?
pM® at 1 pM° pM® at 0.2 uM* 0
BC 75.6+7.% | 102.1+2.7 0.32+0.03 92.4+6.2
1 18.2+1.2 ND 80.1+6.3 3.1+0.3
2 65.5+5.6 89.7+5.1 0.68 £0.0b 75.2 £ 8.
3 1.5+0.2 ND 65.8 +4.6 54+04
4 114.8+7.9 6.2+0.6
5 100.4 £ 3.6 85.5+3.9 0.73+£0.08 99.6 £ 2.
6 105.0+ 7.4 49.1+£2.2 1.2+0.1 91.3+4.2
7 108.0+ 8.4 7.1+0.9
8 104.4£5.6 36+04
9 95.4+74 3.4+0.2
10 78.6 £+ 5.2 105.3 £5.5 0.17£0.00 101.5+3
11 87.2+58 4.7 +0.3
12 94.3+ 3.8 29+0.1

2Values are the mean of three experiments, standard desiatiergiven® ScGT1 cells were cultured
in DMEM with 10% FBS, plated 25000 cells in each well9éfwell plates. The compounds were
dissolved in DMSO (100%) and diluted in PBS (1X) befadeling various concentrations (10 nM - 10
uM) and the cells were incubated for five days at 37°C #%dCQ. The results were developed by
calcein-AM fluorescence dye and read by microplataedee ¢ Effect of library compounds on
inhibition of scrapie prion replication. ScGT1 cells werdtured in DMEM with 10% FBS, split 1:10
into Petri dishes and incubated for two days at 37°C and %4 Then, various compound
concentrations (10 nM - 2M), being non-cytotoxic, were added to the platese’f five-day
incubation, proteins of cells were extracted, quantiféidested with PK, and western blottédD:
not determined.

Compoundsl-3, bearing an acridine moiety, displayed a gendgiidr toxicity in the
cell viability assay.2 turned out to be the most active compound, with a
submicromolar E¢ (0.68 = 0.05 uM) and a percentage of viable cell&@, of
75.2% (Table 10, Fig. 34 A,B). A different toxicipyofile was observed for quinoline
derivatives4-6, which were not toxic to ScGTL1 cells (cell viatyiliof > 100% at 1
uM). Intriguingly, 5 and 6 showed also remarkable submicromolas@&@lues (0.73
+0.03 uM, and 1.2 £ 0.1 uM, respectively; Fig. 34amparable to that &C (0.32

+ 0.03 puM). To note, a series of bisquinolines wattpolyamine linker have been
already designed and tested in ScN2a cell lineshotved a lower activity against
prion infection (in the one-digit micromolar rang&j This might confirm the design
rationale, indicating that the presence of a BQecisr critical for activity. The

replacement of the 2,6-disubstituted acridine ohd-3 with the unsubstituted THA,
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as in7-9, resulted in a complete loss of activity, pointmg to a possible role for the
aromatic substituents in the recognition procas®réstingly, these latter compounds
did not show toxicity. For all the three serids3( 4-6, and7-9), data from the cell-
screening assay suggest that a linker length afethmethylenes is important for
optimal activity. Intriguingly, a similar trend wadserved by May and co-workers in
their series of analogous bivalent ligaftfsAltogether, these preliminary results
suggest that a specific length of the linker arel ghesence of a chlorine substituent
on the prion recognition motifs might contributeaoctivity against Pr® formation.
Regarding toxicity, the presence of the acridimg Seems to be a major determinant,
in line with the reported DNA intercalation propest of this heterocycle?®
Conversely, quinoline and THA moieties do not condgtotoxicity. Building on
these considerations, we decided to synthesize&@deset of compounds in which
the effect of the substituents on the heteroaramatig was investigated by
synthesizing the 6-chloro-THA1(Q) and the 6-methoxyquinolinell) derivatives.
Furthermore, to probe the bivalent mechanism ofoacof 5, its corresponding
monomeric derivativd2 was designed.

From the biological studies (Table 10), as expectpdnoline 11, lacking the
chlorine atom, was not toxic against ScGT1 celldevisplaying negligible activity
against prion replication (inhibition of 4.7%). ®eeresults again point out the critical
role played by the chlorine substituent of the abenring. This speculation was
further confirmed by the outstanding activity shoimwn 10. In contrast td8, which
does not carry the chlorine atom and is devoid raf-arion activity, 10 showed a
remarkable E€ of 0.17 uM, which is the lowest among the pressesties of
derivatives, even better than thatB. Remarkably,10 showed a concomitant low
toxicity (101.5% of viable cells at E@value) (Fig. 34A,B).

By comparing the dramatically different profilesosim by monovalentl2 and
bivalent5 (2.9% vs 85.5% of inhibition), we were able to\pde the definitive proof
of principle that two proper substituted aromatimp recognition motifs connected
by a BQ spacer are critical for activity.

To study the mechanism of action of the most act®poundsZ, 5, 6, and10) at
a molecular level, a prion fibrillation assay waed. Only5, 1Q andBC, at 2 uM,
exhibited significant PrP amyloid fibril formatioimhibitory activity. In fact, they
extended the lag phase*053 hours, showing significantly slower kineticauththe

control (45 hours, Fig. 35). These results, alttopigeliminary, are in agreement with
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the starting hypothesis that bivalent ligands migkeract directly with the recPrP to
prevent its conversion to the misfolded ®risoform. Furthermore, the idea that
hydrophobic and planar molecular features are attdior perturbing PPIs in the prion
fibrillogenesis processes seems confirf@d.In addition, a key molecular
determinant seems to be the presence of a chlsubstituent on the heteroaromatic

terminal moieties.
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Figure 34. (A) Western blot of protease-digested ScGT1 cell lysategtiaap the presence or
absence of Pr after treatment witl2, 5, 6, and10 before (up) or after (bottom) PK; Ctrl = control.
(B) Toxicity profile of compoundg, 5, 6, and10.
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Figure 35. Prion fibril formation inhibitory activityin vitro for BC, 2, 5, 6, and10; Ctrl = control.
Statistical analysis was done by analysis of Studétést (n=4); (*) p< 0.05, (**) p< 0.01.
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The PrP° infected cells are under OS, mainly caused by chitadrial
dysfunction?®”**® In light of this, antioxidants might be beneficiabainst prion
disease$” Indeed, benzoquinones, such as Coenzyme Q (Ca@)@venge ROS,
and CoQ treatment has been proposed for prion ahdr cmeurodegenerative
diseased®3% Thus, we tested the antioxidant potential of thestmactive BQ
derivatives 2, 5, 6, and 10) in ScGT1 cell line by using the thiobarbituricidac
reactive substances (TBARS) assay and the wateblsotlerivative of vitamin E (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicda@2) as a positive contrdf?
The assay measures lipid hydroperoxides and aléshgdpressed as an average
percentage of TBARS of treated cells versus urgteaells. As shown in Figure 36A,
2, 5, and6 displayed low antioxidant activity (83-87%) at Muwhile 10 behaves
similarly to 32 (69% vs 71%, respectively). As expectBd;, which does not carry a
BQ scaffold, did not show any antioxidant capa®$%o).

The antioxidant property of related BQ derivativbsve been previously
demonstrated***'and CoQ itself concerns mainly their reduced hgdioone forms.
NQO1, an inducible enzyme that catalyzes the reéaluctof quinones to
hydroquinones, was shown to be responsible foptbduction of the CoQ-reduced
antioxidant forms, as well as that of BQ derivasi¥&?* Therefore, sincg, 5, 6, and
10 share the same BQ nucleus, their antioxidantigctivas also evaluated in ScGT1,
following exposure ta¢-BuOOH, and in the absence or presence of pretezdtwith
sulforaphane (SFP), an inducer of NQOL1. Figure 8@arly shows tha2, 5, 6, and
10 (at 1 uM) in their oxidized form show a basal exitiant activity, but this activity
was increased in cells pretreated with SFP, coiiignthat NQO1 is involved in the
activation of BQ derivatives. As expected, the @itdant activity of BC is not

influenced by the overexpression of NQOL1.
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Figure 36. (A) Effect of 32, BiCappa,2, 5, 6, and10 (1 uM) on ScGT1, evaluated by TBARS
formation. Values are the means + SD (n =(B); Antioxidant activity of BiCappa2, 5, 6, and10in
ScGT1 cells against ROS formation inducedtdBuOOH. Experiments were performed with ScGT1
cells treated or not with 2,6M SFP; (*) p< 0.05 with respect t6BuOOH treated samples, (#)
0.05 with respect t6BuOOH + SFP treated samples.

With an aim to further unraveling the molecular imtism whereby the present
series of compounds can tackle prion-mediated fiafies, we carried out docking
simulations by means of the AutoDock software atgbtative binding region defined
by the H2 helix and the loop connectifigsheet S2 and helix H1 (Fig. 37§:3043%
Such computations did not provide a unique bindiragge for compoundO, in line
with our previous findings clearly demonstratingttlonly a combination of several
different techniques would allow to propose a reabte binding mode for the
molecule GN8 at the prion protéiff. Furthermore, different molecular mechanisms,

8¢



such as the simultaneous interaction with multjpien protein, might be envisaged.

For these reasons, results of the docking proceateraot shown here.

Figure 37.Predicted docking pose of compout@iin human PrP (PDBentry: 1HIM).

4.3.3 Conclusion

A library of 11 symmetrical bivalent compounds vegathesized by solution phase
parallel synthesis and tested against prion rebicaDespite the small number of
compounds, four of then2(5, 6, and10) were active against prion replication in the
submicromolar range, whereas monovalégt showed negligible activity. These
results confirmed the rationale for the design ofalent anti-prion ligands. 7-
chloroquinolines § and6) and 6-chloro-THA 10) derivativesshowed a concomitant
encouraging low toxicity. Notably, the E§£obf 10 was even lower than that displayed
by BiCappa, which is a reference compound for pdisease$™® Furthermore 10
showed the largest correlation between the cellaati-prion activity and the
capability of inhibiting PrP fibril formation. Intestingly, for10 we could also find
correspondence between anti-prion and antioxidetntiges, in contrast to the results
obtained by Miyata and co-workers in a series ofyv@otent pyrazolone
derivatives*®
Although its mechanism of action is not fully disséd $ee docking studies in part
4.3.2, we assume that the bivalent structurel@ffavors the interaction with prion

recognition domains, whereas the spacer acts simedusly as a disrupting element
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against PPIs and an effective antioxidant moietgmRrkably, the 6-chloro-THA
scaffold emerges as an effective and completelglinmon recognition motif.

In conclusion, the present series of molecules adremical probes that may
facilitate the exploration of the molecular mecilsamiunderlying prion disease. We
envisage that a better understanding of the maedtdmework of bivalent ligands
capable of inhibiting prion aggregation and OS wloidcilitate the creation of new

effective anti-prion agents.
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Figure 38.Summary of anti-prion potency of the designed BQ derivatives
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5. Synthesis and biological evaluation of lipoic &t hybrids

as novel compounds against prion diseases

5.1 Introduction

Prion diseases pathogenesis involves a complex asfaprocesses operating
simultaneously and synergistically. These inclugle:protein aggregatiof’>" (ii)
oxidative stress accompanied by lipid and protekidation?2%8-300:303.306.307 jjjy
reduced levels of potent free-radical scavengen siscpolyunsaturated fatty acids,

93% (iv) unbalance of metal iorf& and (v) brain

tocopherol, and glutathiorf
inflammation with activation of astrocytes and rogiia.*® Thus, the failures of drug
candidates developed accordingly to the traditiairalg discovery paradigm “one
molecule - one target” and the current challengdisdovering an efficacious therapy
are likely related to such a multifactorial natwé these diseases. Against this
backdrop, a polypharmacological approach, whictherathan consisting of a single
compound that interacts with a single target, iscancerted pharmacological
intervention of compound(s) that interact with riplé targets, offers promise for the
effective treatment of prion diseases. Althoughk #pproach is still in its infancy, two
different strategies have been already addressedhi@ve polypharmacology: drug
combination (DC) and multi-target directed liganfITDOL) approaches. In DC
approach multiple drugs (drug cocktail) are comdiie the therapeutic regimen. A
major drawback of DC therapy is the drug-drug iatéipons. Conversely, the MTDL
approach, where two pharmacophores with distincichmeism of action are
chemically merged in a single structure with a m§DMET (being an acronym for
absorption, distribution, metabolism, eliminatioand toxicology) profile, offers
advantages over DC therapy. Notably, this approakbady used in other complex
diseased?®3*might be envisaged as being optimal also in pdisrases.

For prion diseases, DC strategy has been appliediinerousin vitro andin vivo
approaches with the aim of exploiting synergistfteas. The several examples
reported in Table 11 suggest that inhibition ofoprireplication can be effectively
potentiated by DC treatment. As for MTDLs, therkieire contains cases where the
deliberate aim of creating an MTDL has not alwagsrbexplicitly stated. Instead, the
molecular hybridization strategy has been followks@dding to chimeric molecules
capable, in principle, of modulating multiple tatgE?#18238.289319he first anti-prion

chimeric ligand, Quinpramineyas designed on the basisinfvitro synergistic anti-
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prion effects of drugs Quinacrine and Imipramineir@ramine, obtained by linking
Quinacrine and Imipramine moieties through a pipeearing, showed an improved
anti-prion activity as much as 15-fold over quinaer and 250-fold over
imipramine®®?2%° Recently, we have reported a new class of aminpdompounds
obtained by linking the antioxidant nucleus of #j&mino-1,4-benzoquinone to
several heterocyclic scaffolds potentially ableparturb protein-protein interactions
in prion (6-chloro-2-methoxyacridin-9-amine, or @ao-7-chloroquinoline or 6-
chloro-1,2,3,4-tetrahydroacridin-9-amine). Thesenpounds displayed a multitarget
profile, effectively contrasting both prion fibfiormation and oxidative stress in a cell
culture model of prion replicatic?f°

Table 11.Drug combination strategy in anti-prion compounds

Two-drug cholesterol ester modulators (everolimus, Ref®™
pioglitazone, progesterone, and verapamil)
combination | and an antipsychotic drug (chlorpromazine) or

an antimalarial drug (quinacrine)
ant-inflammatory drug (pentosan polysulfal Ref>*
and an anticancer compound (Fe(lll)meso-
tetra(4-sulfonatophenyl)porphine)
polyphenolic antioxidant (epigallocatechin{3-  Ref3"
gallate) and 4,5-bis-(4
methoxyanilino)phthalimide

Three-drug antimalarial drug (quinacrine), a tricyclic Ref™
antidepressants (desipramine) and an inhibitor
combination | of cholesterol biosynthesis (simvastatin)

These encouraging results together with a solitdracind of MTDLs in the field of
Alzheimer’s disease led us to pursue in that dioectWe hypothesized that the
presence of a so-called prion-recognition motiRKB, key element for anti-prion
activity, along with a moiety endowed with an ait&ive mechanism of action

against prion diseases might lead to discover raffeetive compound&?

5.2 Materials and methods

5.2.1 Design rationale

As a first step, a 4-amino-7-chloroquinoline nuslevas linked by an alkylamino
chain to diverse antioxidant moieties. The choide aoN'-(7-chloroquinolin-4-
yl)propane-1,3-diaminel@) as PRM was supported by our previous re€ilend the

studies of Cordeiro and co-workers that demongtraibe direct binding ofL3 to
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PrP3 As a further strength, a 4-amino-7-chloroquinolimetif recurs in a broad
variety of biologically active compounds that hiferent targets and pathways. Thus,
it can be classified as a privileged sub-structwéh optimal pharmacokinetic
properties and a high degree of drug-likeness,emdty favorable features when
starting a drug discovery prografit:?*¢2%
Building on13, we selected different antioxidant fragments, sasktaffeic acidg
Schemed), trans-ferulic acid10), and lipoic acid 12), for several reasons: (i) all of
them are natural antioxidant; (ii) well toleratedvivo; (iii) effective against fibril
formation; (iv) chemically linkable to the amineogp of 13 by amide bond
formation. Several lines of evidence have showrt thand 10 act as a potent
scavenger of reactive species, including ROS amdtike nitrogen species, and
thereby reduce the chance of free radical attaclproteins and DNA and hence
preventing their oxidative modificatio®>*° Furthermore, both appeared to be
neuroprotective againsp-amyloid-induced cytotoxicity?*>?* 9 also inhibits 5-
lipoxygenase (5-LOX) enzyme, which is involved inetearly events of prion
diseasé?* 12 has been proposed as a lead structure for degigmifti-target directed
drugs for neurodegeneratidfi.More importantly, it was administered togetherhwit
other antioxidants to a patient affected by prioisedse, showing moderate
therapeutic effect®® and shown to inhibit the formation pfamyloid fibrils 32"*%|n
particular, 12 and its derivatives have been shown to have atyanf properties
which interfere with several pathological eventdtthemer’s disease (ADf>32732°

As a further application of the MTDL approach, wen@d at combinind.3 with the
molecular features of guanidinium chloride. Guamiigin chloride causes curing of
yeast prions by perturbing Hspl04, a molecular ehape essential for both
dissolving protein aggregates and inhibiting prwopagatior?>>**' This choice was
driven by previous results that guanidinium chleridnd Guanabenz, a guanidine
derivative, are anti-prion compounts. However, the guanidine group is nearly
guantitatively protonated under physiological cdiodis, which might result in a lack
of CNS penetration. To overcome this limitation,3r(Scheme 4) as guanidinium
motif we selected L-argininell). The availability of a transport system for arge
in humans means that a portal of entry to the bi@irirculating drugs is potentially
available.

In a second round of optimization, based on thengimg anti-prion profile o#

(Scheme 4), we decided to expand the alpha-lippatlaybrids series. Four additional
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derivatives $-8) were hence designed and tested. Derivdiigea structural analogue
of 4, whereas ir6-8 other PRMs were selected: 6-chloro-2-methoxy-aci@damine

and 8-chloro-1,2,3,4-tetrahydroacridin-9-amine.

5.2.2 Library synthesis

The synthesis of-2 was obtained by using dicyclohexyl carbodiimideC@) as a
coupling reagent. We have carried out the reaatibthe caffeic acid9q) or trans-
ferulic acid (0) with the polyaminel3 (Scheme 4) under reflux THF to give the
corresponding amide products in good yield (42-53¥)these conditions we were
able to obtain selective amide bond formation, atwg the need for
protection/deprotection of the hydroxyl functiotiais.
The synthesis of quinoline-arginine hybrid requekes protection of the guanidino
and amine groups of the arginine. In our casegmlups were protected kert-
butoxycarbonyl groups. Using this protected argniherivative 19, Scheme 4),
compound20 was prepared via standard peptide coupling praeed®emoval of the
protecting groups a20 with a solution of HCl/dioxane affordelin high yield.
A reaction of diamines with lipoic acidl?) provides easy access to a variety of
derivatives®®>%3? Thus, we decided to synthesize the designed conjsod-7
following the procedure described by Rosini andaaokers®*? 12 was loaded with
EDCI, HOBt and NE4 then N-substituted polyamin&3-16 Scheme 4) was added at
0°C for 2 hours. After stirring over night at rodemperature, the desired product was
obtained in good yields (67-96%).
The preparation of intermediafe3-16 was easily achieved by parallel synthesis as

described by Bongarzone and co-work&fs.
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Scheme 4. Library synthesisReagents and conditions: (a) DCC, THF, reflux 331{8B% yield);
(b) Di-tert-butyl dicarbonate, dioxane (RT, 39 h, 76% Yie{d) EDCI, HOBt, NE§, DMF, 0°C (1 h),
RT, overnight (47% yield); (d) HCl/dioxane (84% vyield); E)CI, HOBt, NEg, CH,Cl,, 0°C (0.5 h),
followed by addition of amin&3-17, RT, overnight (67-96% yield).

5.2.3 Screening methodology

A cell-screening assay was first used to test @A activity across the library of
synthesized compound&-8), and their corresponding fragment,(13, and 16).
Prior, we determined the effects of all compoundscell viability by calcein-AM
assay measuring viable ScGT1 cells after incubaticdhe drug-doped medium with
various compound concentrations of 10 nM - 10 uMfiiee days (Table 12). Then,
their ability to reduce Pf®concentrations in ScGT1 cells was determined bgtéra
blotting followed by densitometry of the PK-resisttPrP°, and Prf* levels were
quantified by ELISA test. For entrids8, 12, 13 and16, we also calculated the BC
values, which represent the effective concentration half-maximal inhibition. Cell
viability at EG; values was expressed as an average percentagblef eells versus
untreated control (Table 12, Fig. 40).
In addition, for compounds showing cellular aniiepractivity (L-8), the capability of
inhibiting prion fibril formation was studieth vitro by using a previously reported
PrP fibrillation assag*® Prion fibril formation inhibitory activity was elsated by
measuring the increase of the lag phase of PrPaaanfdrmation kinetics (Fig. 41).

Finally, we tested the antioxidant potential of thest active hybrid derivative$-9)
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in ScGT1 cell line by using the thiobarbituric acghctive substances (TBARS) assay
and the antioxidant Trolox as a positive contradj(B2).

All assays for cell culture, drug treatment, ceibbility, PrP° detection and
guantification were performed in accordance toptwocols described in pards2.4,
2.2.5and2.2.6

Detection ofin vitro effect of the synthesized compounds on prionIfforimation
was performed in accordance to the protocol desdrnib pari4.3.1.4

Detection of antioxidant activity of the compourimslipid peroxidation assay was

performed in accordance to the protocol describgzhrt4.3.1.5

5.3 Results and discussion

Preliminarily, the possible toxicity of the hybr@bmpoundsl-4 was assessed in
ScGT1 cells. At 1 uM, the toxicity profile amongigoline-based hybrid compounds
(1-4) was very low and therefore they were studiedtfair anti-prion activity at
same concentration (Table 12). All hybrid derivasil-4 turned out to have mild
anti-prion activity, with similar micromolar Bg values (2.7-9.5 uM), despite the
potential different mechanism of action. Howev&mnd4, carrying the ferulic and
lipoic acids moieties respectively, were slightlpna active thari and3 (Table 12).
To better investigate the multi-target activitytbe designed compounds, we tested
the anti-prion activity of their starting fragmer(®13). As expected, the PRNI3
showed a micromolar Egvalue (7.8 + 0.3 uM) with no toxicity in ScGT1 tselip to
10 pM. Regarding the three antioxidant fragme8isl(, and 12) and guanidinium
derivative (1), only lipoic acid 12) possessed an interesting activity againstPrP
formation (EGo = 5.3 £ 0.4 uM), together with a suitable toxicpyofile (no toxic
effects up to 100 puM). To our knowledge, this is tinst time that the proposed anti-
prion potential ofL2 has been demonstrated in a cellular model. Not&kly did not
show toxicity at 10 uM (see Fig. 39). Altogethdrese preliminary results suggested
us to link 12 with other PRMs (6-chloro-2-methoxy-acridin-9-amiand 8-chloro-
1,2,3,4-tetrahydroacridin-9-amine), already expldiby us and others in the search
for anti-prion ligands and drug-likeness similarttmt of 13#18265280289Th5 e
decided to synthesize and test a further subsapb-lipoic acid hybridss8).
From the biological studies (Table 12), this raibdesign was confirmed by the
outstanding activity shown Iy and7. In fact, both compounds did not show toxicity

against ScGT1 cells at 1 uM, while they displayadghhactivity against prion
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replication (107% and 102% inhibition, respectiyefy and7 showed a remarkable
ECso of 0.18 pM and 0.15 pM respectively, which are tbevest among the
synthesized derivatives and even better than tferemce drug Quinacrine. We
focused on7 because preliminary results showed that it was ¢gsotoxic tharb at
higher concentration (Table 12). Then, we analyZedorofile in comparison to its
starting fragmentsl@ and16, Table 12).7 showed an improved anti-prion activity as
much as 35-fold ovel2 and 2.3-fold overl6. As expectedl16 did inhibit prion
replication with a submicromolar activity (0.35 pMand thus it can be truly
considered a PRM. Notably, also compo@nd.ipocrine®) developed as a promising
drug candidate for the treatment of A3 ,showed a submicromolar E§value (0.85
+ 0.05 pM; Table 12 and Fig. 40) with a concomitamt toxicity.
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Figure 39.Toxicity profile of compound9-12

Table 12.Cell viability and anti-prion activity on ScGT1 ¢&zbf library compounds

Cpd % of viable in:ﬁb?tficl)arzpaicl ECSOb % of viablea
cells at 1 pM* uM® (UM) cells at EGy
Quinacrine | 95436 103.8+6.1 | 04+0f | 100.0+4.3

1 97.3+6.7 9.2+0.3 8.1+0.3 88.4 5.4

2 102.7 £5.8 12.8+0.7 27+02  105.1#5.

3 104.9 £5.8 4.4+05 95+05 95.7 £ 6.2

4 100.7 £2.2 8.7+05 56+0.1 95.8 + 3.5

° 101.6 +4.3 13.4+06 32+02  100.8+2.6




6 88.1+2.3 107.1+30 | 018+001 101.9+38
7 94.3+5.6 1025+58 | 015+001  92.1+5.
8 95.9 2.1 68.3+2.2 0.85+0.05 94.8+5.5
9 Not active up to d d
110.2+3.9 10 1M ND ND
10 Not active up to
104.7 +5.0 10 LM ND ND
11 Not active up to
109.1+5.7 10 LM ND ND
12 103.0 + 1.9 26+0.1 5.3+0.4 95.4 + 4.2
13 103.3 + 3.7 5.8+0.1 7.8+0.3 90.7+4.8
16 88.0 +5.7 98.5 + 5.4 035+0.02 954 +34

#ScGT1 cells were cultured in DMEM with 10% FBS, plated Z606lls in each well of 96-well
plates. The compounds were dissolved in DMSO (100%) and dliintd®BS (1X) before adding
various concentrations (10 nM - 1) and the cells were incubated for five days at 37°C,&E%.
The results were developed by calcein-AM fluoresceneeadiyl read by microplate readéfhe effect

of library compounds on inhibition of scrapie prion replicatiooG¥1 cells were cultured in DMEM
with 10% FBS, split 1:10 into Petri dishes and incubatedvior days at 37°C and 5% GOThen,
various compound concentrations (10 nMiN2), being non-cytotoxic, were added to the plates. After
a five-day incubation, proteins of cells were extractpehntified, digested with PK, and western-
blotted. ¢ Values are the mean of three experiments, standard idesiaare given® ND: not
determined.
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Figure 40. (A) Western blot of protease-digested ScGT1 cell lysatgictitey the presence or
absence of PrP after treatment witt6-8 before (up) or after (bottom) PKB) Toxicity profile of
compounds6-8.

To study at a molecular level the mechanism ofoactif the active compounds-(
8, 12, 13 and16), a PrP amyloid fibrillation assay was used. Allhmpounds were
capable of delaying fibril formation, with lag praspanning from 52 to 70 hours
(control 49 hours, Fig. 41). Intriguingly, tham vitro PrP amyloid fibril formation
inhibitory activity parallels the cellular anti-pn profile. In fact,6, 7, and8, which
were the most active in ScGT1 cell line, resultethie most active also in this assay.
6 and7 extended the lag phasexd8 hours, showing a significantly slower kinetics

than the control (Fig. 41). These results, althopgHiminary, are in agreement with
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the starting hypothesis that PRM might interacediy with PrP to prevent its

conversion to the misfolded PfRsoform. Furthermore, the low anti-amyloid actjvit

of 12 versus those of hybrids8 suggests that marked aggregation inhibition may be

achieved only whed2 and a suitable PRM are combined into the sametatejas

in 6 and?.
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Figure 41.Prion fibril formation inhibitory activityin vitro for 1-8, 12, 13, and16; Ctrl = control.
Statistical analysis was done by analysis of Studetést (n=4); (*) p< 0.05, (**) p< 0.01.

The PrP° infected cells are under OS, mainly caused by chitadrial

dysfunction®®”?%®In light of this, antioxidant fragments might beneficial against

prion disease®’ Indeed, lipoic acid hybrids scavenge ROS, and theye been

proposed for the treatment of other multifactorialirodegenerative diseasg

302,312

Thus, we tested the antioxidant potential of thestnaative derivative%¢8) in ScGT1

cell line by using TBARS assay and the antioxid&rtlox as a positive contrdf?

The assay measures lipid hydroperoxides and aléshgapressed as an average

percentage of TBARS of treated cells versus urdgckatlls. Figure 42 clearly shows

that6 and7 displayed antioxidant activity (78-82% of contraf)1 uM, while8 was

even better than Trolox (58% vs 71%, respectiveythough a perfect match with

cellular data is not evident, these results confinen design rationale, indicating that

the presence of a PRM (a lipophilic bi- or tri-@et)-cyclic scaffold) and an

antioxidant fragment (lipoic acid) is suitable ke tdiscovery of anti-prion hybrids.
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Figure 42. Effect of compounds Trolox, ang-8 (1 M) on ScGT1 cells, evaluated by TBARS
formation. Values are means + SD (n = 3); Ctrl = control

5.4 Conclusion

The goal of this communication is to provide a tstgr point against the
development of MTDLs for prion diseases treatm@stan example7, owing to the
presence of an antioxidant fragment, the lipoidaand a PRM, the acridine motif, is
able to simultaneously interact with at least twale multiple targets involved in
prion pathology: It inhibits Pr® accumulation, delays fibril formation and reduces
oxidative stress. Altogether thesevitro results make& an effective candidate to be
investigated in vivo for its multiple biological properties in prion s#iases.
Furthermore, given the promising cellular anti-priprofile of 12, further efforts

towards the design of novel lipoyl hybrids are \&ated.

Anti Ox.idanf Prion Recognition
Motif Motif .
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HoN—\ |
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Multi-Target Directed Ligand
EC,(7) = 150 nM

Cl

High Antioxidant Contrast PrPSc-like
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Figure 43.Summary of anti-prion potency of the designed lipoic aciditlyb
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6. Concluding remarks

In the thesis, we discuss about biological evabrawf four new libraries of
anti-prion compounds designed and synthesized onnoteahnology,

computational study and chemistry.

Firstly, in the first library, we discovered a ndwdass of anti-prion compounds
as polyelectrolyte multilayer-coated gold nanopades for their ability to interact
and reduce the accumulation of the disease-caugiian protein (PrP) in
scrapie prion-infected cell lines and mice. Goldnowarticles coated with
oppositely charged polyelectrolytes, such as pbofiehine hydrochloride and
polystyrenesulfonate, were tested for potentialibriton of prion protein
aggregation. Different coatings, finishing with asgtive or negative layer, were
tested, and different numbers of layers were irigastd for their ability to
interact and reduce the accumulation of ®riR scrapie prion-infected ScGT1
and ScN2a cells. The particles efficiently hampetteal accumulation of Prin
ScN2a cells and showed curing effects on ScGTlscedth a nanoparticle
concentration in the picomolar range. Moreover,ulmation periods of prion-
infected mice treated with nanomolar concentratiohghe nanoparticles were
significantly longer compared to untreated contrdhsaddition, the coated gold
nanoparticles may interact withpAand a-synuclein to inhibit3-amyloid anda-
synuclein fibril formation implicated in Alzheimes’and Parkinson’s diseases,

respectively.

Secondly, we have also developed possible peptid@té fragments in
inhibiting protein-protein interactions includingikdtopiperazines and 2,5-
diamino-1,4-benzoquinones for search of bivalerti-pnon compounds. In the
second library, we report the identification of aovel bifunctional
diketopiperazine (DKP) derivativdd, which exhibited activity in the low
micromolar range against prion replication in ScGdells, while showing low
toxicity. By properly addressed molecular modelgtgdies we hypothesized that
a planar conformation is the major determinant &mtivity in this class of
compounds. Moreover, studies aimed to assess thehanesm of action at a
molecular level showed thdd might interact directly with recPrP to prevent its

conversion to the pathogenic Pfike form. This investigation suggests that
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DKP based anti-prion compounds can serve as a giogilead scaffold in
developing new drugs to combat prion diseases. ha third library, the
compounds combining two different benzoquinone somdth seven (L) amino
acid methyl esters (alanine, ohhitro-arginine, N-BOC-lysine, isoleucine,
methionine, phenylalanine and tryptophan) were preg and tested for prion
replication inhibition in ScGT1 cells. The most ent hit,6a, displayed an E&
value of 0.87 uM, which is very close to that ofimpcrine (0.4 uM). From this
finding, a small library of twelve entries, featugi a 2,5-diamino-1,4-
benzoquinones nucleus as spacer connecting two aionprion recognition
motifs (PRMs): 6-chloro-2-methoxyacridin-9-amine, r o 4-amino-7-
chloroquinoline or 6-chloro-1,2,3,4-tetrahydroaani®-amine, was designed and
evaluated against prion infection. Notably, 6-cbkdr,2,3,4-tetrahydroacridinE0
showed an Eg of 0.17 uM, which was lower than that displayedrbference
compound BiCappa. More importantl¥0 possessed the capability of inhibiting
prion fibril formation and oxidative stress, togettwith a low cytotoxicity This
study further corroborates the bivalent strategyaasiable approach to the

rational design of anti-prion chemical probes.

Finally, in the fourth library, we have designedsimall library of multi-target
directed ligands (MTDLs) as the alpha-lipoic acybiids. Hybrid compound&-8 are
based on PRMs: 6-chloro-2-methoxyacridin-9-amine d am8-chloro-1,2,3,4-
tetrahydroacridin-9-amine, possessed anti-prioniviact and the capability of
inhibiting prion fibril formation and oxidative &ss.7 showed a remarkable B{of
0.15 puM, which is the lowest among lipoic acid datives.7, owing to the presence
of an antioxidant fragment, the lipoic acid, anBRM, the acridine motif, is able to
simultaneously interact with at least two of theltiple targets involved in prion
disease pathology. The development of MTDLs migladl to new pharmaceutical

treatments for the multifactorial pathology of pridiseases.
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