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CHAPTER 1
General introduction




1.1 ALZHEIMER'S DISEASE

1.1.1 Overview of the pathology

Alzheimer’s disease (AD) is the most common fornd@fmentia in the
elderly (> 65 years of age), accounting for up 5670f all dementia
cases. It is largely diffuse and its prevalencesigmated at 36 million
cases worldwide (Wimo et al., 2011; Huang and Mu2kd.2). Due to
the increase of lifespan, especially in develomagntries, prevalence
of AD is expected to rise reaching 65.7 millioneas 2030 and 115.4
million patients by 2050.

AD is a neurodegenerative disease characterizednbyreversible
deterioration of cognition, behavior and emotiofthAugh AD shows
a phenotypical heterogeneity between individuaigerd are many
common symptoms. Short-term memory loss is the ngjmptom in
the early stage of the disease (Salmon, 2012)r&ssiye deterioration
occurs with the advancement of the pathology aaddd¢o difficulties
with language, executive functions, perception (&), or execution
of movements (apraxia) (Weintraub et al., 2012).athg can be
observed at this stage, and remains the most f@rsigeuropsychiatric
symptom throughout the course of the disease (Rala, 014). In an
advanced stage of the pathology, memory problemisesmo and long-
term memory, which was previously intact, becomegaired, leading
to the inability of patients to recognize familiplace or faces
(Weintraub et al., 2012). In the final stage of ABnguage and other
cognitive skills fail and complete loss of autonoogcurs (Weintraub
et al., 2012). Death usually occurs within 10 ydarm the onset of the
first signs of the disease and it is typically dae to the disease itself,

but to external factors, mostly septicemia fromupnenia (Weintraub
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et al., 2012).
From the histological point of view, AD is charaited by senile

plagues and neurofibrillary tangles (NFT) (Figuje 1

Normal Alzheimer's

Neumofbrilan. | g
e tang[es f

Vi i

Figure 1. AD histological hallmarks: senile plaques and oébrillary tangles
(from www.ahaf.org).

Senile plaques are extracellular deposits congistina dense core
formed by the aggregation of different proteingjuning filaments of
B-amyloid peptide (B), proteoglycans and apolipoprotein E,
surrounded by dystrophic neuritic processes, miaand astrocytes
(Tuppo and Arias, 2005). They are characterized abg-sheet
conformation that enable them to bind to some bismical dyes, such
as Congo Red and Thioflavin. Senile plaques arespetific for AD.

In fact, they can be found in small amounts in Higpocampus,
amygdala and other limbic structures of healthyviddials over 60
years of age (Xekardaki et al., 2015). However,diseovery of these



structures in large amount and with a topograpisicidution including
not only the limbic cortex but also the associatwes constitutes the
only reliable marker for the diagnosis of ADp Arotein deposits, in
addition to be present in the brain parenchyma,aése commonly
observed (90% of AD cases) in in the media and=titieeof small and
mid-sized arteries (and, less frequently, veinshefcerebral cortex and
the leptomeninges, a feature known as Cerebral dichyAngiopathy
(CAA) (Rensink et al., 2003).

NFT, the other histological hallmark of AD, are eggptes of tau
protein in hyperphosphorylated form, which are fimthe cytoplasm
of neurons, especially of the pyramidal neurorthehippocampus and
cortex (Serrano-Pozo et al., 2011). Physiologicdhy tau protein is
abundant in neurons, where it binds to microtubstebilizing their
structure. The hyperphosphorylation of the protainses its separation
from such structures and its aggregation in anlufd® form, with
consequent destruction of microtubules and impaitnoé neuronal
functions. NFT are a less specific marker thanlegilaques. They, in
fact, can be found in the absence of amyloid plague wide range of
neurological diseases called tauopathies, such rastotemporal
dementia and Pick's disease (Delacourte, 1999)etMar, 10-15% of
AD cases show a large amount of senile plaquesenabsence, or
almost, of intracellular deposits.

The analysis of the deposition of senile plaques [dRT shows that
they first appear in the transentorhinal and embathregions of the
temporal lobe (Braak and Braak, 1991). The degérerprocess then

spreads into the hippocampus and finally reachesdhtex. This three-
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step progression (transentorhinal, limbic and cal}icorrelates with

the clinical picture (Figure 2) and the macroscdpatures of AD.

Early stage of AD:
Compromise areas
involved in learning = Mild to moderate AD:
and memory. L = Compromise areas
involved in learning and
memory, planning and
thinking.

Advance stage of AD:

The cortex is damaged. The
brain shrinks dramatically due to
widespread cell death.

Figure 2. Brain regions affected by AD (from www.alzorg.arg)

In fact, the formation of intracellular aggregassd senile plagues
leads to neuronal and synaptic degeneration anmtsequently, to
extensive cerebral atrophy, visible as enlargemantthe sulci,
flattening of thegyri and dilatation of lateral ventricles (Figure 3hig
causes a decrease in brain weight and volume, iafipgbose areas
that are significantly affected by the presencdisfological markers

(entorhinal cortex, hippocampus and neocortex).
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advanced
- alzheimer's
"

healthy
brain

Figure 3. Representation of a healthy (left) and AD (rightin (from
www.alzorg.org).

1.1.2 Etiology of AD

Despite remarkable improvements in understandiagé#thogenesis of
AD have been made over the last several decades,exact
mechanisms underlying the neuropathological chamgdd remain
unclear. AD is a multifactorial disease and conttiiiig to disease onset
and progression are many factors, including cogmtteserve, medical
and social support, genetics, environmental andebcevascular
pathologic conditions (Storandt et al., 2012). Ag¢he strongest risk
factor, suggesting that aging-related biologicabcesses may be
implicated in the pathogenesis of the diseasaditso been speculated
that late-onset AD, which represents about 90%I &2 cases, is the
result of unknown environmental factors acting orpradisposing

genetic background (Borenstein et al., 2006). Ssverdpendent
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hypothesis have been proposed, among which theoadrodscade one
has been so far the best accepted and most st@dsdge and
Sonawane, 2015). According to this hypothesis, alterated A&
peptide metabolism, due to either its increasedymtion or decresead
clearance, and subsequent aggregation are thergrawants driving
AD pathogenesis. High levels offAconsequently lead to a series of
downstream pathological events, including hyperphosylation of
tau with consequent NFT formation, inflammationjdative stress,
excitotoxicity, loss of synaptic connections antl death, which cause
the clinical manifestations of AD (Hardy and Higgjiri992; Dickson,
1997; Selkoe, 1999).

AP peptide is a 4 KDa peptide derived from the prigtencleavage of
the amyloid precursor protein (APP) (Selkoe, 20@6s composed of
37-43 amino acids, 28 of which are located at tkieaeellular N-
terminal of APP. The remaining amino acids are tiet¢an the trans-
membrane domain of APP (Verdile et al., 2004) aadfer to the
peptide hydrophobic properties that induce its aggtion (Harrington,
2012). APP is an integral membrane protein exptessmany tissues
and concentrated in the synapses of neurons.imt&pr function is not
yet known, though it has been implicated as a e#gulof synapse
formation, neural plasticity and iron export. AREhde proteolytically
processed in two different pathways: the non ardgigenic and the
amyloidogenic pathway (Figure 4). In the non angdgienic pathway,
APP is cleaved by the-secretase ang-secretase. The-secretase
cleavage occurs within the pAregion between Lys16 and Leul?,
precluding A peptide formation. The-secretase cleavage leads to the

formation of a soluble N-terminal fragment (sABRhat is secreted
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extracellularly and is thought to be involved irur@nal plasticity and
survival. The resulting C-terminal fragmertCTF or C83) remains
anchored to the membrane and undergoes to a selgavhge by the
y-secretase complex. This second cleavage produlces APP
intracellular domain (AICD) and the non amyloidogefragment p3,
which biological role is not yet clear (Selkoe, 4990n the contrary,

in the amyloidogenic pathway, APP is cleaved thitiigecretase and
y-secretase. Th@-secretase cleaves APP, releasing the ectodomain of
APP as a soluble fragment (sAPPsAPR differs from sAPIB by
lacking the A1-16 region at the carboxyl terminus and for tleigson

it loses the neuroprotective properties associdtedsAPR.. The
resulting C-terminal fragmenBCTF or C99) remains associated to the
membrane and undergoest@ecretase cleavage. This leads to the

formation of two fragments: the AICD and th@ peptide.

a-secretase

p-secretase

sAPPp  C99/CTFp ' sAPPo

C83/CTFa

y-secretase y-secretase

EN s
AICD AICD

amyloidogenic pathway non-amyloidogenic pathway

Figure 4. APP processing by secretases.
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The existence of differeny-secretase cutting sites leads to the
generation of A peptides of different length, which exhibit distin
physical properties and, in particular, show anregating behavior
that changes in accordance to the length (Lu ,€2@09). The two most
common variants are 0 and A42. Both type of peptides could be
found in amyloid plaques, butp42, being more hydrophobic, shows a
higher aggregation propensity thaf4® and is considered the primary
toxic peptide that begin the cascade of amyloidod#jon. Several
genetic and environmental factors have been agedcwith protein
misfolding and aggregation, such as mutations, ggsin metal ions,
pathological chaperone proteins, pH or oxidativesst and an increase
in the concentration of the misfolding protein &o2003). Many of
these alterations are associated with aging, demsiwith the late onset
of neurodegenerative diseases (Mrak et al., 19diigtic studies have
shown that aggregation offjApeptides follows a seeding/nucleation
mechanism (Bartolini et al., 2007). The key evdrthis mechanism is
the transition of the protein from arhelix secondary structure tg3a
sheet one. This conversion triggers the aggregaifoAB to form
soluble oligomers that act as nucleation centerstife subsequent
formation of protofilaments and mature fibrils, whiprecipitate in the

brain parenchyma (Figure 5).

Monomer Misfolded
monomer

Oligomers Mature fibrils

Protofibrils

Figure 5. Representation of the pathway leading to proteirsfatding an
aggregation (Kumar and Walter, 2011).
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Genetics, histopathology, cell biology and animabdels have
supported the amyloid cascade hypothesis. Theifdatibn of AB
peptide as the major constituent of senile plaqGdsnner and Wong,
1984a; Glenner and Wong, 1984b), the associatidDoivith Down'’s
syndrome (which results from trisomy 21, on whidAFAgene locus is
present), the demonstration off Aoxicity on cultured neuronal cells
and the generation of animal models developiry plaques and
exhibiting memory deficits, all established the ortance of A in AD
pathogenesis (Glenner and Wong, 1984b; Radde et2808).
Moreover, many human biomarker studies, have shtwat the
accumulation of B precede other AD-related changes (increased CSF
tau, brain atrophy, clinical dementia) by decad@=géman et al., 2012).
However, genetic studies of the rare cases of fal#iD (about 10%)
have provided the strongest evidence supporting dneyloid
hypothesis. In fact, mutations in the gene encodangAPP and the
genes for presenilins 1 and 2 (PSEN1 and PSEN2®uatdor all the
cases of familial AD and are all related t@ production/aggregation
(Van Broeck et al., 2007). Mutations in APP arealaed at or near the
cleavage sites that give rise tf,Although some mutations are mapped
in the middle of the B peptide and are thought to increase fibrillization
Mutations in PSEN1 and PSEN2, unlike those in A#B,distributed
throughout the molecule and alter the cleavageditesecretase, of
which presenilins are part (Migliore and Copped®9). In addition to
deterministic mutations, the4 allele of APOE gene was found to

markedly decrease brain clearance d3, Ancreasing the risk of
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developing sporadic and familial late-onset (ovér years) AD
(Castellano et al., 2011).

Although the amyloid cascade hypothesis is the destribed and it
has been supported by a large volume of data, tlgchere is growing
realization that the role offAin AD pathogenesis may be more limited
than previously thought. The presence of Alaques in normal
individuals and repeated disappointments wiflac&ntered therapeutic
clinical trials are more consistent with the vidvatt A3 is one of the
factors, and not the only factor, that causes ABis hew concept is
likely to give a more accurate, albeit complex, tymie of AD
pathogenesis and promote comprehensive and eBettierapeutic
strategies against AD (Sorrentino et al., 2014).

1.1.3 Current diagnosis and treatment

Currently, a definitive diagnosis of AD becomesgibke only after the
patient's death, when the presence of histolodiedimarks can be
revealed after pathological examination (Jelling®#®98). Current
diagnostic practices, using patient history anchdoge testing, such as
the Mini-Mental State Examination, have limited s&mity and
specificity and can be used only to screen patifemt§robable™ AD.
By the time signs and symptoms are sufficient forical diagnosis,
brain pathology is often quite advanced, limitirenbfits of treatment.
New techniques have been developed in recent ylanging more
definitive diagnosis while the patient is still\adi (Fraller, 2013). The
deposition of3-amyloid protein within cortical regions of the bras a
pathologic hallmark of AD that is believed to préeeclinical

symptoms by several years (Pike et al., 2007). Téadure of the
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disease makes vivo imaging ofp-amyloid in the brain of particular
interest for the identification of individuals ask for AD and in the
early stages of the pathology (Nordberg, 2007; lbengs et al., 2008).
The most used marker for optimal corticap Aurden detection is
Pittsburgh Compound B (PIB), used in conjunctiorthwpositron
emission tomography (PET) (Klunk et al., 2004). BIBding requires
an extended B pleated sheet structure found if§ Abrils and plagues
in order to bind with high affinity, so it does nbind to oligomeric
forms of AB nor to nonfibrillar plaques until they reach soongical
size. A number of high-resolution MRI-based methfmtsvisualizing
the structure of the whole brain, as well as spebifain regions, have
been also developed in recent years and adaptethéostudy of
Alzheimer disease (Teipel et al., 2008). Atrophytted hippocampus,
the most widely accepted marker for earlystage dilnler disease, is
readily detectable by high-resolution MRI. In adsht hippocampal
volume loss is predictive of conversion to Alzheindesease, with an
accuracy rate of approximately 80% (Wang et aD&0Measurements
of various other brain regions and structures Hasen proposed as
biomarkers for Alzheimer disease. However, thesesuements,
including volumetric analysis of the entorhinal teor and calculation
of cortical thickness, generally have the same Hemks as
hippocampal volumetric assessment, that is to ime-tiand labor-
intensive. Regarding biomarkers in biological fliithe concentrations
of several proteins in cerebrospinal fluid (CSFyehdeen associated
with increased risk and conversion to AD. Chief agnthese proteins
are A342, total tau protein, and phosphorylated tau pmota the case

of AB42, the correlation between protein concentratiod AD is
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negative, that is, increased risk for disease sp@ated with a lower
concentration of 42 in CSF (Fjell et al., 2010). Presumably, the
sequestration of the protein inside amyloid plagleesated throughout
the cortex, subsequently decrease the amounf efving in the CSF
after its clearance. The opposite is true for #lationships between
AD and tau proteins, which are positively corretatath risk (Hampel
et al., 2010). Although decreased CSIB4A levels are typically
observed in patients several years before clingyahptoms and
cognitive decline, increased concentrations of &mtd phosphorylated
tau in CSF occur later in the course of diseaseamadnore closely
aligned with the onset of disease symptoms. Sonueeee suggests
that CSF levels of total and phosphorylated tatemoas well as ratios
of Ap42 to other B isomers and to tau protein, can be used to
discriminate between Alzheimer disease and othendmf dementia
(Bibl et al., 2007). However, although advanced roenaging
techniques and assessment of protein concentratonSSF are
accurate diagnostic tools, these technologies airevidely available.

In contrast, the development of a blood-based bikenar biomarker
panel test would provide a screening method thaldcbe performed
in nearly any clinical setting, resulting in incsea access to proper care
for patients with AD. Recent studies using panélsl@od biomarkers
have been promising, but none of these studiebéd®s cross-validated
in independent samples of subjects yet, leavingideal biomarker
enabling early detection of AD to be still idergidi.

Regarding AD treatment, despite the high incideatD and all
scientific efforts, actually no cure exists. Allahable treatments are

only symptomatic and aim at modulating disease st
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neurotransmitter alterations. Since a decrease him levels of
acetylcholine (ACh) by degeneration of the basaleuws was shown in
AD and since ACh appears to play an important nolsnemory and
cognition, increasing cholinergic transmission wage of the first
therapeutic targets. Among different strategies leygul, blocking
ACh elimination from the synaptic space obtainedhsyinhibition of
acetylcholinesterase proved to be the most satisfain increasing the
cholinergic tone (Giacobini, 2000). Four acetylchesterase inhibitors
(AChE-I) have been approved by FDA: tacrine, doaépgalantamine
and rivastigmine. Tacrine was the first drug o ttlass to be approved,
but today its use has been largely replaced byr AHE-Is due to
their more favorable therapeutic profiles, greatenvenience and
absence of liver toxicity. In addition to cholinergransmission, the
excitatory neurotransmitter glutamate plays a roie the
pathophysiology of AD (Hynd et al., 2004). It islibged that an
increase in extracellular glutamate induces exegesactivation of
NMDA receptors resulting in the accumulation ofrawellular C&',
which triggers a cascade of events culminating énironal death.
Currently, the only available drug targeting coyaitsymptoms via a
putative glutamatergic mechanism is memantine lojdovide.
Memantine is the first drug approved by the FDAtfoe treatment of
moderate to severe AD, which confers significamtdfi on cognition,
global outcomes and behavior when administered ealon in
combination with donezepil (Rogawski and Wenk, 2008mantine
iIs a low-affinity noncompetitive NMDA (N-methyl-Dspartate)
receptor antagonist that blocks pathologic neusgicity associated

with prolonged glutamate release without interfgrimith the normal
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physiological actions of glutamate required forrhéag and memory
functions (Evans et al., 2004). In recent yearsy pbarmacological
approaches have been developed in order to tanjieimimation,
oxidative stress, B peptide or tau protein (Bonda et al., 2010). Of
interest are anti-Btherapies, which aim to reduc Fevels in the brain
parenchyma with three different strategies: blogk &ggregation,
modulate secretase enzymes and increaBecléarance. Anti-f
aggregation agents may be able to interfere wjiraggregation at an
early stage of the pathology, by competing with oraers or oligomers
or disrupting thep-sheet folding of A. Metal chelators, like
desferrioxamine, ethylenediaminetetracetic acid aalibquinol
(Sampson et al., 2008) can disrupt interaction pfwkh redox metal
(i.e. iron, copper or zinc) in the brain, therelygyenting aggregation
(Greenough et al., 2013). However, their use asafigeitic agents is
hindered by their inability to cross the blood brdoarrier (BBB).
Secretase enzyme modulators targefirgand y-secretase cleaving
enzymes have been design to redufepfoduction. Manyy-secretase
inhibitors have been designed and tested in clitiizds, but all failed
due to adverse effects originating from the invoteat of the enzyme
in a lot of cellular pathways (Mikulca et al., 201©On the contrary,
inhibition of B-secretase seems to be the most promising stratiegsg,
genetic ablation of the BACE1 gene in mice did moluce evident
problems (Luo et al., 2001). Currently, the onlgre¢ase inhibitor in
clinical trials is Verubecestat, a BACE inhibitavhich successfully
passed safety profile phase | studies and was stwreduce in a dose-
dependent manner the level of A the CSF in over 90% of patients
(Mikulca et al., 2014). Verubecestat is now beiegted in phase Il
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clinical trials in people with prodromal AD (Panegal., 2016). Since
active and passive immunotherapy to lower amyloids wfirst
conceptualized (Schenk et al., 1999; Bard et 8D0®, antibody trials
have taken the lead among putative disease-modithi@rapeutics for
AD. Immunotherapies are designed to use the badyaine system to
eliminate the deposition of existing pAsenile plagues. Passive
immunization is currently the most widely developapproach in
clinical trials. The advantage of this approachthat it involves
administration of a known amount of a specific aodly and, in the
case of side effects, rapid clearance of the adiloan be effected. On
the other hand,the therapy calls for repeatediomssof antibodies over
time, proper selection of antigen targets, bloaairbbarrier penetration
and development of an immune response to inject@tbaalies
(Lannfelt et al., 2014; Panza et al., 2014). Desthe excellent pre-
clinical premises, all clinical trials with antipfantibodies have failed.
No trial in AD patients have resulted in unequiviaogrovement, with
the addition of the demonstration of significanvexde effects, the
most dangerous of which were vasogenic edema amnacanebral
microhemorrhages detected by magnetic resonanagnméViRl) as
amyloid-related imaging abnormalities (ARIA) (Wiemiski and Goni,
2014). After the recent failure of Solanezumab, tmy anti-AB
antobody still in clinical trial is Aducanumab, arhan monoclonal
antibody. In patients with prodromal or mild AD,ewgear of monthly
intravenous infusions of aducanumab reduced br@imAa dose- and
time-dependent manner, together with a slowinglimical decline.

Although some cases of ARIA were reported, Aducasums
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undergoing phase lll clinical trial, where its eity on AD symptoms
and its safety will be more deeply evaluated (Seyigt al., 2016).

As already mentioned above, the failure of glt@entered therapeutic
strategies has recently lead to consider a more and complex picture
of AD, in which AD pathogenesis and progressiorulteBom the
interplay between Ab and the other involved factdtgs new concept
is likely to promote the development of more effesttherapeutic
strategies against the pathology.
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1.2 NANOMEDICINE

1.2.1 Nanoparticles for biomedical applications

The term nanotechnology refers to a scientific amrsalved in the
manipulation of atoms and molecules leading to gheduction of
materials and tunable devices with the size inattaker of billionth of
meters and that show peculiar properties (surfee @ volume ratio,
electrical, chemical, optical properties) (Moghehial., 2005; Holmes,
2013).

Nanomedicine is the application of nanotechnologyhtalthcare,
mainly in the field of diagnosis, drug delivery atigkue regeneration.
Among different devices, nanoparticles (NPs) tetbgw is gaining
increasing interest and is emerging as a powetfaltegyy for the
treatment of several pathologies.

NPs are colloidal objects sized between 1 and 10QYouns et al.,
2011) that work as a whole unit in terms of projsttThe reason why
NPs are attractive form medical purposes is malimked to the
possibility to multifunctionalize their surface,tathing one or more
targeting ligands to accomplish several functioms biological barrier
crossing, targeting of specific molecules/pathwaykg large surface-
area-to-volume ratio of NPs allows attaching mistigopies of a
ligand, dramatically increasing their binding aitynvia multivalent
interactions (Montet et al., 2006). Moreover, NRs be loaded with
drugs or contrast agents and the encapsulatiorowaprthe solubility,
pharmacokinetics and pharmacodynamic profiles ommamunds,
enhances their stability by reducing their degradain the systemic
circulation and increases their concentration & diseased tissue

through active targeting, reducing toxic side d@faa normal tissues

24



(Biswas and Torchilin, 2014).What makes NPs evereratiractive for
medical applications is the possibility to be adstered by a variety
of routes (including oral, inhalational, and paezat) (Petkar et al.,
2011) and the possibility of modulating NPs composiin order to

confer them specific features (Figure 6).

proteins, antibodies

o surface charge
peptides

nucleic acids (e.g. aptamers)

surface functionality
(e.g.-NH2, -OCH3,-COOH)
1

small molecules

polymers

mechanical

rigidity

O
.

polyrn particles

é iron oxtde
triangles quantum m\celles

viruses

O dendrimers

porosity metallic

roughness

Figure 6. Nanoparticles can be modularly assembled fromeuifit materials
composition with different physical and chemicabperties and functionalized with
a myriad of ligands for biological targeting. Sulelxibility in design freedom enables
researchers to tailor nanoparticle for specificligpfions as contrast agents, drug
delivery vehicles and therapeutics (Chou et all,120

Biocompatibility and biodegradability can be reading natural or
synthetic polymers or lipids to made NPs. Regardimg ability to
overcome biological barriers, it depends on paramsesuch as NP

shape, size, composition, surface charge and sufexctionalization
25



(Blanco et al., 2015). NPs size is critical for @Wog a rapid clearance.
Renal filtration is responsible for the eliminatioiNPs with a diameter
below 5 nm. On the contrary, reticuloendotheliagdteyn (RES), liver
and spleen account for the clearance of partieeget than 200 nm.
Therefore, 100 nm NPs have a prolonged circuldtiae. In addition,
the shape and the surface charge influence NPs ltateas been
demonstrated that neutral or negatively charged N&ge longer
circulation half-lives compared to positively chadgNPs because the
latter have a higher affinity for serum proteinsug promoting the
elimination by RES. Instead, NPs shape conditibas tmargination to
vessel walls, which is essential for NPs interactigith receptor
express on the endothelium (Blanco et al., 201Bodflow dynamic
simulations demonstrate that discoidal NPs are ipianee to marginate
to the vascular wall compared to spherical NPs {i&eat al., 2008;
Vahidkhah and Bagchi, 2015). Finally, NPs circuaatilifetime is
strongly affected by serum proteins absorptionhair tsurface and by
the formation of the so-called protein corona. Tgretein corona
assembly, and in particular the binding of opsoifig&, complement
components and fibrinogen) to the NPs surface, esaullPs
sequestration by RES, mainly located in liver goléen, thus reducing
their half-lives in the bloodstream. The compositiof the protein
corona depends on the route of administration arstrongly affected
by the surface properties of NPs (Masserini, 2@&l8nco et al., 2015).
The most common method to avoid the rapid clearahbé’s is to coat
their surface with polyethylene glycol (PEG), a lgghilic surfactant
that forms a tight association with water moleculesducing

opsonization and the consequent NPs eliminatiom. tRis reason,
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PEGyaltion of NPs strongly increases their ciraatatime (Blanco et
al., 2015). Alternative strategies to PEG are regméed by the coating
of NPs surface with cellular membranes purifieddukocytes (Parodi
et al., 2013) or with membranes isolated from redd cells (Hu et al.,
2011), both resulting in increased NPs retentiorthien bloodstream
(Blanco et al., 2015).

Research on NPs technology has progressed thrbugh generation
of nanovectors (Figure 7).

Figure 7. Schematic representation of first-generation flaftel), secondeneratio
(middle panel) and third-generation (right panelpovectors (Godin et al., 2010).

The first generation of nanovectors consists opseaolloidal particles
loaded with a therapeutic compound. They explasspe mechanisms
to deliver the drug to the target site. An exampegiven by
doxorubicin-loaded liposomes (FDA-approved and usediinic for
cancer therapy), which take advantage of the emthpermeability
and retention (EPR) properties of tumors to reaehiésion (Godin et
al., 2010). The surface modification of first-geateyn nanovectors
with PEG avoids immune system recognition and déagran.
Second-generation nanovectors are engineered wgands or

antibodies to allow an active targeting through hireding to specific
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receptors. The payload release can also be modulatepH- or
enzyme-sensitive polymers, as well as by extetivaud (for instance
the application of a magnetic field). Finally, thigeneration
nanoparticles are complex structures aiming to esafipi overcoming
of biological barriers and time-controlled releaenultiple payloads
(Godin 2010).

1.2.2 Liposomes

Currently several kinds of nanopatrticles with di¢iet phsyco-chemical
properties have been tested for biomedical appdicat(Figure 8).
Among all different types of NPs, liposomes haverbthe first ones to
be investigated (Budai and Szogyi, 2001). Theynaade up of one or
more phospholipid bilayers, called lamellae, congglosf amphiphilic
lipids, delimiting an internal aqueous core (Hilkgiu and Couvreur,
2009). According to their size and the number ¢dytars, liposomes
can be classified in multilamellar vesicles (MLW¥)at can reach a size
of severalum and made of many concentric lipid bilayers, large
unilamellar vesicles (LUV) made up of a single I#immand bigger than
100 nm, and small unilamellar vesicles (SUV) conggbsef a single

bilayer and with a size up to 100 nm (Masserini,30
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Figure 8. Different types of nanoparticles (NPs). Graphiegiresentation of the most
commonly used NPs for biomedical applications. N#Ps typically by a size
measuring not more than 100 nm. The size of quadiimis usually less than 10 nm
(Masserini, 2013).
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There are many different methods for the prepamnaifdiposomes. The
choice of the appropriate method depends on sefertirs: 1) the
physicochemical characteristics of the liposome ponments and those
of the drug to be entrapped; 2) the toxicity arel¢dbncentration of the
loaded substance; 3) additional processes involvéa
application/delivery of liposomes; 4) optimum sipelydispersity and
shelf-life of the liposomes for the intended apgicn and 5) batch-to-
batch reproducibility and possibility of large-ssaroduction and good
manufacturing practice-relevant issues (Wagner &todauer-Uhl
2011). They can be prepared using handshakingydetion and
reverse-phase evaporation methods, followed by cataon,
freeze/thawing cycles or extrusion to downsizegasicles produced
(Wagner and Vorauer-Uhl 2011).

Liposome research started in the 1960s and hasrgaseyd from
conventional vesicles (“first-generation liposomegb “second-
generation liposomes”, in which modulation of limdmposition, size
and charge of the vesicle and addition of surfaaiegs and ligands
has been investigated in order to improve effica@guce RES
clearance and minimize toxicity (Bozzuto and Malina2015;
Sercombe et al., 2015). Nowadays, liposomes aensixely used as
carriers for numerous molecules in cosmetic, fotatming and
pharmaceutical industries (Akbarzadeh et al., 20118)particular,
liposomes are attractive tools in biomedical agpians thanks to their
biocompatibility, non-immunogenicity, non-toxicitjodegradability
and high physical stability. In fact, liposomes aselially composed of
physiological lipids, mainly sphingomyelin, phosptalylcholine,

glycerophospholipids and cholesterol, frequentbfuded in liposome
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formulations in order to decrease bilayer permégbénd increase
liposome stabilityn vivo (Masserini, 2013).

Liposomes are used to improve the pharmacokinatidgrotect drugs
from the environment. As for others NPs, encapsrah liposomes
protects drugs against degradation and enhance<ittoellation half-
lives. Moreover, the surface of liposomes can ls\ye&unctionalized
in order to obtain a site specific targeting of pagyload, thus reducing
side effects (Sanvicens and Marco, 2008). Besidesrtore general
‘nanocarrier advantages’, liposomes have an additibenefit: thanks
to their amphiphilic nature, liposomes can be loatdh both
hydrophilic, entrapped in the aqueous core, orplipicc compounds,
dissolved in the lipid bilayer, without modificatie@f the encapsulated
molecules. This makes the liposomal approach &tteador the
delivery of biologicals like peptides, proteins aggpecially RNA or
DNA variants (Bozzuto and Molinari, 2015).

1.2.3 Clinically approved NP-based pharmaceuticals

A summary published in 2013 counted exactly 10@ypets, described
as nanopharmaceuticals, that are clinically appt@rel on the market,
including medical devices, such as implants or isatgnstruments,
and imaging and diagnostic agents (Etheridge e2@l3). So far, 43
products have been approved as nanodrugs, conplifsich-, polymer-
and protein-based NPs, reported in Figure 9 (Weisisal., 2014).
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PRODUCT COMPOSITION INDICATION APPROVED
Lipid-based Nanoparticles
Abelcet Lipid complex formulation of amphotericin B Invasive fungal infections 1995
Doxil/Caelyx ~ PEGylated liposomal formulation of doxorubicin  Various cancers 1995
DaunoXome  Liposomal preparation of daunorubicin HIV-related Kaposi’'s sarcoma 1996
AmBisome Lipsomal preparation of amphotericin B Fungal and protozoal infections 1997
Inflexal V Liposomal influenza vaccine Influenza 1997
DepoCyt Liposomal formulation of cytarabine Lymphomatous meningitis 1999
Visudyne Liposomal formulation of verteporfin Wet age-related macular degeneration 2000
Myocet Liposomal formulation of doxorubicin Metastatic breast cancer 2000
DepoDur Liposomal formulation of morphine sulfate Relief of postsurgical pain 2004
Mepact Liposomal formulation of mifamurtide Non-metastasizing resecatable 2009
osteosarcoma
Marqibo Liposomal formulation of vincristine Acute lymphoid leukemia 2012
Polymer-based Nanoparticles
Adagen PEGylated adenosine deaminase enzyme Severe combined immunodeficiency 1990
disease
Oncaspar PEGylated formulation of L-asparaginase Acute lymphoblastic leukemia 1994
Copaxone Polymer composed of L-glutamic acid, L- Multiple sclerosis 1996
alanine, L-lysine and L-tyrosine
Renagel Polyamine (polymer loaded with amine groups)  Chronic kidenty disease 2000
Pegintron PEGylated interferon alfa-2b Hepatitis C 2001
Eligard Leuprolide acetate and PLGH polymer Advanced prostate cancer 2002
formulation
Neulasta Conjugate of PEG and filgrastim Chemotherapy-induced neutropenia 2002
Pegasys PEGylated interferon alfa-2a Hepatitis C 2002
Somavert PEGylated human growth hormone receptor Acromegaly 2003
anatgonist
Macugen PEG-anti-VFGF aptamer Neovascular age-related macular 2004
degeneration
Mircera Chemically synthetised ESA, methoxy PEG- Symptomatic anemia associated with 2007
epoetin beta chronic kidney disease
Cimzia PEGylated Fab fragment of a humanized anti- Crohn’s disease, rheumatoid arthritis 2008
TNF-alpha antibody
Protein-based Nanoparticles
Abraxane Albumin-bound paclitaxel (nab-paclitazel) Breast cancer 2005

Figure 9. FDA-approved agents utilizing NPs.

The largest share of approved nanodrugs is intefadégdmour therapy,
but overall a wide range of applications is coveneduding infectious
diseases, pain treatment, diagnostic use, vacanssmmune diseases
and immunosuppression required for organ transplant

It takes about 10 years for a product to pass fitsndiscovery to its
approval as a commercial drug. For nanopharmaesitibis process
took, and takes, even longer for new exploited qyies to be
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specifically examined.

Due to their biocompatibility and biodegradabilitiposomes, in the
form of Doxil, were the first drug-delivery systeapproved for clinical
purposes by FDA in 1995 (Barenholz, 2012). In thiéoWing years,
additional liposome products were approved forrttaeket, achieving
familiar status with global health authorities diwethe number of
precedent products to guide regulatory decisioningak

However, the majority of lipid-based therapeuting,an general, NPs
approved is based on first-generation nanovecldrs.next phases of
development in nanomedicine are likely to take athge of combined
applications in the form of both multimodal treatrtse utilizing
nanomedicine in combination with current treatmgeatsl theranostic
platforms, single nanomedicine applications withltiple modes of
action. Second generation nanovectors are curratntgrious stages of
clinical and pre-clinical studies. These NPs fumaailized for the active
targeting struggle to reach the clinic and, subseetly, the market
mostly due to problems in large scale good manufaxg production,
costs and product evaluation. Multifunctionalize®Nare, indeed,
more complex to produce on large scale becauserdoeyre multiple
synthesis steps and formulation processes, thuesasiog the cost of
production. They also required more accunatevitro and in vivo
preclinical studies, thus lengthening the time ssaey for the
developmental process (Bozzuto and Molinari, 2Eé&rcombe et al.,
2015). Moreover, physicochemical modifications imsaoformulation
system, such as the use of synthetic coatingsigaads, makes further
evaluations to understand the interaction of thes MiRh biological

tissues and cells necessary (Sawant and TorcBOil?; Narang et al.,
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2013; Tinkle et al., 2014). This may account far tact that almost all
the products in development are pursuing a nanofmhbased
technology where success has already been es&blssich as lipid-,
polymer- and protein-based NPs, nanocrystals armtliai systems
(Weissig and Guzman-Villanueva, 2015).

Finally, clinical trials of NPs are generally mommplex than
conventional formulations, as a number of controugs are required

to account for different aspects of the drug dejisystem.

1.2.4 Nanotoxicity

Even if the use of engineered NPs represents otieahain hopes for
innovative pharmacological strategies, how theyavehnside the body
is still a major question that needs to be resolifesli et al., 2010;
Khanna et al., 2015). The first aspect to be camsitlis the material by
which NPs are constituted. Beyond biodegradabihityt determines
NPs retention in the body, the greater chemicattigty of some
nanomaterials, as in the case NPs made of metais,result in
increased production of reactive oxygen speciesSR@cluding free
radicals (Nel et al., 2006), resulting in oxidatsteess, inflammation
and consequent damage to proteins and membranesnatomal
fragmentation, DNA strand breakages, point mutatioridative DNA
adducts and alterations in gene expression (Singh, 2009).

The unique properties such as small size, relgtihedh surface-to-
volume ratio, quantum dot effect and reactivityN#ts are also a cause
of concern for their possible impact on human eat is not known
(Petrinca et al., 2009). Particle size and suri@ea are considered

important factors that contribute directly and #igantly to toxicity of
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NPs, with smaller sized NPs exhibiting higher toritects due to
increased surface area (Oberdorster et al., 200&jidition, some NPs
seem to be able to translocate from their siteegfodition to distant
sites such as the blood and the brain.

Apart from size, structure and shape of NPs alsotritmte to
nanotoxicity (Grabinski et al., 2007). Moreover, emhassessing the
possible neurotoxicity of NPs, also the surfaceitflinctionalization
needs to be taken into consideration becausetdtdgthe adsorption
of ions and biomolecules, thus influencing biol@jiprocesses and
inducing toxicity of otherwise safe particles (Rie¢al., 2012; Li et al.,
2015).

It should be pointed out that different types ofsiN&howing promising
features forin vivo applications at the beginning, were successively
discarded after having demonstrated their toxieten utilizedn vivo.
This is the case, for instance, of quantum dots@mton nanotubes
that proved to be toxio vivo (Win-Shwe and Fujimaki, 2011), and for
this reason, their prospective use in medicinelvdllikely limited toin
vitro diagnostics.

A better understanding of the mechanisms involvedanotoxicity
may provide clues for circumventing the toxicol@dieffects of NPs

and may help to improve NPs design in the fieldariomedicine.
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1.3 NANOMEDICINE FOR THE TREATMENT OF
ALZHEIMER'’S DISEASE

Maria Gregori, Massimo Masserini, Simona Mancini
Nanomedicine (London, Englan@015; 10(7):1203-18

Abstract

Alzheimer’s disease affects more than 35 millioagde worldwide and
this number is presumed to double by the year 20&€ently, there is
no efficient therapy for this disorder but a proimgs approach is
represented by nanotechnology, easily multifuneti@able devices
with size in the order of billionth of meter. Thisview provides a
concise survey on the nano-based strategies fdreitrer's disease
treatment, aiming at carrying drugs across the dtbeain barrier, in
particular to target the metabolism pfamyloid peptide, a pivotal

player in this pathology.

1.3.1 Introduction

Alzheimer’'s disease (AD) is the most common neugederative
disorder in the elderly. According to a recent mepbcurrently affects
about 36 million people worldwide, and that numisezxpected to rise
to over 115 million by 2050 (Gaugler et al., 2018p is clinically
characterized by a progressive decline in cogniéind histologically
by the presence in the brain of intracellular n&brdlary tangles and
extracellular amyloid plaques (Itther and Go6tz, PONeurofibrillary
tangles are consisting of intraneuronal pairedchtlfilaments of a
microtubule-associated protein (Tau), hyper-phosghted at

multiple sites. Amyloid plaques are extracellulgygeegates whose
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main component is a peptide called amy[b{@p) (40—42 amino acids
in length) generated by the sequential cleavatjfeecimyloid precursor
protein (APP) by BACE1[}-secretase) angtsecretase (Murphy and
LeVine, 2010). A spontaneously and progressively undergoes
aggregation, forming oligomers and fibrils and ewgdiwith the
depositionin vivo of senile plaques. oligomers ranging in size from
two to 12 subunits are now considered the mainoresiple for the
synaptic damage and memory deficit in AD (Haass@&l#oe, 2007).
During the past two decades, one of the primarylsgoa medical
research was to better understand the moleculananexns involved
in AD onset for the development of safe and effecpharmacological
treatments. However, successful treatment stratdgieAD have so far
been limited. The current available treatments dd Are only
symptomatic in nature, mainly trying to counteripgia the
neurotransmitter disturbance associated to theasks€Yiannopoulou
and Papageorgiou, 2013). However, establishednesds provide
only transitory symptomatic relief, temporarily inoping cognitive
function, but do not slow the long-term progressainthe disorder
(Bullock and Dengiz, 2005). Moreover, the treatmemt AD is
particularly complicated due to the presence oflleed—brain barrier
(BBB), a physical and biochemical barrier which tpats the brain
from potential hazardous substances in the blood fand which
prevents the passage, thus the activity, of 98% pofential
neuropharmaceuticals (Wolburg et al., 2009). Theesfthere is an
urgent need to develop strategies to improve theaefy, the transport
across the BBB, the bioavailability and simultargguo limit the

adverse effects of pharmaceutical compounds fotréament of AD.
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Moreover, it would be desirable that the advancenmethe elucidation
of AD aetiology would bring new therapeutic molezsibble to block
definitively the progression of the disorder.

Nanoparticles (NPs), submicron-sized (3—200-nmiigdas, devices or
systems made using a variety of materials inclughokymers, lipids,
viruses and organometallic compounds, represemipiog candidates
in this regard and may provide a possible contitlouto the treatment
of AD, carrying drug molecules by encapsulatiorcavalently linked
on their surface. Table 1 shows different NPs psegddor the treatment
of AD and considered in the present investigatdR:-mediated drug
delivery offers unique advantages over free drugiastration, such
as: increased drug concentration at the diseassdetithrough active
targeting, reducing toxic side effects in normakties; improve the
solubility, pharmacokinetics and pharmacodynamiofifgs of the
drugs; improve drug stability by reducing its deton in the
systemic circulation (Biswas and Torchilin, 2014).

The current state-of-the-art of nanotechnology-basegs intended for
AD diagnosis and therapy has been already discustszlvhere
(Brambilla et al., 2011; Sahni et al., 2011). Thepose of this article
is to focus on NPs devoted to AD therapy and pilggdanctionalized
to cross the BBB and to targetf3Aas a widely recognized pivotal
molecule in the etiology of the disease. It shdadgointed out that the
current nanomedicine approaches for AD therapystbelimited to
preclinical studies. In fact, although several iclh trials investigate
the suitability of NPs for CNS drug delivery (Sexj 2010), none of

them is concerning AD.
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Exosomes @

Type Size Drugs Refs.
Polymeric NP 40-240 nm Curcumin (Mathew et al, 2012; Cheng wtal, 2013)
Neuroprotective peptide (Liu etal, 2013)
Rivastigmine (Wilson et al., 2008)
Estradiol (Mittal etal, 2011)
$14G-humanin (Yuetal, 2014)
Anti AP antibody (Jaruszewski et al., 2012; Le Droumaguet et
al, 2012)
Fibriblast Growth Factor (Zhang et al, 2014b)
Ap-targeting peptide (Zhang et al., 2014a)
Iron chelator (Liu et al., 2009)
Selegiline (Baysaletal, 2013)
AB1-15 (Purasetal, 2011)
ROCKII-siRNA (Liu etal, 2013)
Liposomes {f_,\ 100-150 nm | Curcumin or curcumin (Mourtas et al, 2011; Reetal, 2011;
Q_V__*} derivatives Sancini et al.. 2013; Mourtas et al.. 2014;
. » . Taylor etal, 2011)
Phosphatidic Acid (Gobbi etal, 2010; Ahyayauchetal, 2012;
Salvati et al.. 2013; Balducci et al., 2014;
diolini Banaetal, 2014)
C—ar olpil (Gobbi etal, 2010; Ahyayauchetal, 2012)
XO4 (Tanifum et al. 2012)
Glycofused benzopyrane (Airoldi etal. 2014)
;_z\ni ‘*Ef‘ﬁi"ié (Canovi etal. 2011)
fAc, LA, T Mufamadi et al., 2012
Epigallocatechin-3-gallate E;m ctal. 201'0) )
Solid lipid NP ﬁ 250-350 nm | Piperine (Yusufetal., 2013)
Chitosan NP 15-200 nm Tacrine (Elmizadeh etal, 2013)
AP fragment (Songjiang and Lixiang, 2009)
Magnetite pP {rﬁ Sum Tacrine (Wilson et al, 2009)
.
e
Albumin NP . 150-250 nm | Tacrine (Luppi et al., 2011)
Gold NP o 10 nm AB-binding peptide (Kogan et al, 2006; Prades etal , 2012)
40-100 nm BACEl-siRNA (Alvarez-Erviti etal, 2011)

Table 1. Nanoparticles proposed for the treatment of Alzlezisdisease and cit
in the present review.

1.3.2 The BBB

The main component of the BBB is specialized brainrovascular
endothelial cells that regulate the flow of substminto and out of the

brain. In addition, the BBB is composed by the api basement
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membrane, astrocyte end-feet and pericytes. leiskmown that all the
components of the BBB are essential for its phggjichl function and
stability (Wolburg et al., 2009). The access of @soles to the brain is
difficult because paracellular diffusion is versnlted at the BBB, due
to the presence of ‘tight junctions’ between thelathelial cells.
Therefore, molecules in the circulation may gaiocess to the brain
only across endothelial cells by three main medmasi lipid-mediated
free diffusion; carrier- or receptor-mediated tg@o$;, absorptive-
mediated transport (Begley, 2004). Figure 10 shawsimplified
scheme of the passage of substances across theHBBtBese reasons,
transport of drug across the BBB is very limited gorecludes the

treatment of many brain disorders.
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Figure 10.Graphical representation of the main routes foramalar traffic across tl
blood—brain barrieA, Paracellular aqueous passage possible by opémingigh
junctions (occludin, claudin and JAMB, transcellular lipophilic pathwayz, carrier-
mediated transport), receptor-mediated transcytosis aBd adsorptivemediate:
transcytosis.

JAM: Junctional adhesion molecule.

Strategies proposed to enhance drug delivery to @dlescribed in
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Table 2. It is worth noting that various clinicalvestigations detected
functional alterations of the BBB in AD, in partlauan increase in the
permeability compared with healthy controls andkeration in the A
transport activity. Furthermore, it is reportedttAg is able to induce
monocytes infiltration through the BBB (Weiss et @009). Despite
the increased permeability, crossing the BBB remaikey obstacle in
the use of pharmaceuticals for the treatment of tbathology
(Pardridge, 2005).

Strategy

Advantages

Drawbacks

Osmotic opening of the
BEB by hypertonic
solutions.

Delivery of a variety of agents in a
wide range of sizes.

The permeability effect is largely
reversed within 10 min.

Neurons may be damaged from
blood components entering the
brain.

BEB disruption by
focused ultrasound.

Non invasive method

Cost of the system.

Risks of overheating the skull
Blood components entering the
brain.

Intrathecal
/mtracerebroventricular
administration.

Smaller dose can be used, potentially
minimizing systemic toxicity.
Longer drug half-life.

Difficult dose calculation.
Slow rate of drug distribution.
Possible increase in intracranial
pressure.

Possible CNS infections.

Intranasal administration.

Large smface area available for drug
absorption.

Rapid achievement of target drg
levels.

Avoidance of first-pass metabolism.

Clearance by mmcus layer and
cilia.
Poor drug amount delivered.

Use of brain targeted
nanoparticles (INP) as
drug carriers.

Properly finctionalized NP can
exploit the existing physiological
mechanisms of transport through the
BEB.

Possibility of controlled drug release.
NP available in a wide range of size
and composition to transport alarge
variety of drugs.

Possibility of diagnosis and therapy at
the same time (theranostics).

Non invasive method.

Only asmall part of the
administered dose will reach the
brain.

Clearance by reticuloendothelial
system.

Systemic side effects.

Table 2. Strategies for drug delivery to the CNS.
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1.3.3 NPs for AD treatment

1.3.3.1 BBB crossing

NPs have been proposed as intriguing tools potgndille to solve the
unmet problem of enhancing transports of drugs ftbm blood to

brain, in particular by the functionalization okth surface with BBB

targeting agents. Liposomes, solid lipid NPs (SlpdJymeric NPs and
gold NPs are the most studied NPs for brain drligety, due to their
common features of biocompatibility, stability, depradability,

nontoxicity, limited antigenicity and suitability of surface

functionalization. Moreover, they can incorporatghbhydrophobic
and hydrophilic drugs and a controlled drug releza® be achieved.
Liposomes are spherical vesicles (20 nm—p@0of size) in which an
aqueous inner volume is enclosed by a membrangebilasually

composed of naturally occurring phospholipids anublesterol

(Antimisiaris et al., 2007). SLN are nanospherés-(®00 nm of size)
composed by lipids that are solid at physiologitamperature,
stabilized by physiologically compatible emulsiferSLN are very
stable NPs that can be produced easily on a l@ae §Gastaldi et al.,
2014). Polymeric NPs are nanosized carriers (1-108) made of
natural or synthetic polymers (Patel et al., 20@&&)ld NPs (1-150 nm
of size) are the most stable metal NPs with unigjigcal, electronic
and magnetic properties exhibited at nanoscalé. |eterestingly, gold

NPs have been shown to reach the brain and acctemuolaeurons
even in the absence of any specific functionalmatwith a mechanism
that is still to be understood (Sousa et al., 2010)

NPs suitable for BBB crossing should carry speciéatures. For

example, they should have long half-life in cirdida since, following
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their entrance in the blood, they are rapidly aedarby the
reticuloendothelial system and mainly sequestendivér and spleen.
A great advance in this area was the finding these stabilization of
NPs with nonionic surfactants or polymeric macroseales can
prolong half-life up to 24 h in mice and rats arsl 4 in humans
(Moghimi and Szebeni, 2003). Concerning the sizis,suggested that
NPs for brain drug delivery should be kept belovd 20 diameter to
allow their diffusion within the brain, becauseistestimated that in
human brain tissue the extracellular spaces halyesome pores larger
than 200 nm and that more than one-quarter ofaattgpare>100 nm
(Masserini, 2013).

The most common approach to enhance the passagesofrom the
bloodstream to the brain is to exploit the existiplyysiological
mechanisms of transport, for example, receptor-atediendocytosis
and adsorptive-mediated endocytosis, even if inas completely
understood whether these mechanisms are alte/dd.iNoreover, we
have also to remind that alterations of microvaacpermeability and
disruption of the BBB, reported in the brains of ADbjects (Weiss,
2009), could lead to an increased permeabilithefiiarrier.

To enhance the BBB passage of AD drugs-loaded NPsising
receptor or adsorptive-mediated endocytosis, NP facar
multifunctionalization with proper ligands is caéil. Different coupling
reactions have been reported to link to NP peptidestibodies (Abs)
able to bind specific receptors on BBB cells swta¢Figure 11).
Peptides or Abs could be linked to NPs by a cotdlend between a
thiol present on the peptide or on Abs (alreadg@mneor generated by

thiolation on its primary amines) and a maleimideug present on NP
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surface (Re et al., 2011a). In particular casesh a3 that of gold NPs,
the thiol group may form a stable S-Au bond wite NP core (Prades
et al., 2012). Immunoliposomes can be preparedglswtivating free
carboxyl group on the NP surface with ethylcarbodie and N-
hydroxysuccinimide and then by covalently conjuggtAbs through
displacement of N-hydroxysuccinimide groups by laody amines
(Mathew et al., 2012). However, it is possible uadtionalize NPs by
means of a non-covalent bond, by taking advantageedigh affinity

between biotin and streptavidin (Figure 11).
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Figure 11. Strategies for the surface decoration of nanopestizith antibodies
peptidesA, Conjugationof thiol-containing peptide to maleilefunctionalized NP:
B, Thiolation of antibody using Traut's reageahd successive conjugation
maleimide-functionalized NP€&, Reaction between thialentaining peptide and ¢
NPs.D, Conjugation of antibody to COOH-functionalized $\dctivated by

44

(@]

o

m



ethylcarbodiimide/N-hydroxysuccinimide  treatment.E,  Biotin-streptavidii
conjugation strategy: (i) conjugation of biotingdtantibody to biotinylatetiPs vi:
streptavidin bridge; (ii) conjugation of biotinyéat-antibody to streptavidin
functionalized NPs.

EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide NHS: N
hydroxysuccinimide; NP: Nanopatrticle.

A widely investigated surface decoration is witbalnds triggering
receptor-mediated endocytosis. In particular, threeeptors on the
BBB have received more attention as targets mediaMP interaction:
transferrin receptor (TfR), low-density lipoprotegceptor (LDLr) and
lactoferrin receptor (LacR) (Krol, 2012). The mdiawback is that all
three receptors are not exclusively expressed erBBB, thus high
amounts of NPs engineered to target these moleawikksarrive
massively to other organs before reaching the btagands for TfR
range from peptides selected from a phage disjibagri, (Liu et al.,
2013) to anti-TfR Abs (Salvati et al., 2013; Mourtt al., 2014). It is
interesting to note that, concerning anti-TfR ABalvati et al. showed
the superior efficacy of covalent coupling to lipoges of RI7217, an
anti-TfR Abs, versus biotin/streptavidin ligatiom iovercoming a
human BBB cellular model (Salvati et al., 2013gands for LDLr are
ApoE (physiological ligand of the receptor) or pdps derived from it.
Re et al. showed that the functionalization witte tthonomeric
fragment 141-150 of human ApoE peptide (mApoE)jt®rtandem
dimer, enhances the permeabilityvitro across a BBB model and
vivo in healthy mice (Re et al.,, 2011a; Bana et al1420Finally,
lactoferrin, the endogenous ligand for LacR wasluse Yu et al. to
increase the brain delivery properties of PEG-aijtie-co-glycolide
(PEG-PLGA) polymersomes in mice (Yu et al., 2012).
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Utilizing the strategy of TfR targeting, Liu et akynthesized
poly(ethylene glycol)-poly(lactic acid) block copaier (PEG-PLA)
NPs functionalized with a peptide (CGHKAKGPRK), ledl B6,
selected from phage display and showing high ajfiro TiR.
Functionalization of PEG-PLA NPs with B6 peptidehances their
brain accumulatiom vivo in BALB/c nude mice compared with NPs
(Figure 12) (Liu et al., 2013).

Figure 12. Functionalization of PEG-PLA nanoparticlegth B6 peptide enhanc
their brain accumulationn vivo compared with nanoparticles. Distribution and
retention of NPs or B6-NPs in BALB/c nude mice wsssssed by am vivo
fluorescence imaging system 0.54),(1h @8), 2h C), 4h @), 12h E€) and 24h F)
after tail vein intravenous administration. Nedraned dyeDiR (1 mg/kg) was us

as probe.

NP: Nanoparticle

Reproduced with permission from Liu et al.,, 2013A@ericanChemical Socie
(2013)

Injection into the tail vein of AD mouse models &6-NPs
encapsulating a neuroprotective agent showed extelmelioration in

learning impairment, cholinergic disruption andslag hippocampal
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neurons even at low drug dose (Ou@2day). In contrast, the free agent
solution at concentrations up to 0.08/day failed to produce any
significant enhancement (Liu et al., 2013). Thisildoresult from a
slowdown of the agent degradation after encapsulati NPs, together
with the ability of NPs to cross the BBB. RecentMourtas et al.
prepared multifunctional liposomes decorated wiX26, an anti-TfR
Abs and incorporating a curcumin derivative, pragabss AD drug
candidate, which displayed significantly increasgdake by a BBB
cellular model made with immortalized human braiapitary
endothelial cells (hCMEC/D3) (Mourtas et al., 2014)

The approach involving LDLr ligands has been cosrgd by Re et al.,
showing that the permeability of curcumin acrosatdrain endothelial
cell line monolayer was increased after its entramimn mApoE-
functionalized liposomes (Re et al.,, 201la). Anotlapproach
indirectly exploiting ApoE, involves the coating diPs with
polysorbate 80 (P-80). In fact, according to sdveeports, after
injection into the blood stream, apolipoproteins adsorbed onto the
surface of P-80-coated NPs (Kreuter et al., 20D2¢n, the coated NPs
mimic natural LDL and interact with their receptan brain capillary
endothelial cells, being endocytosed. This apprdeshbeen used also
to increase the concentration of drugs intendedAfdrtherapy in the
brain. P-80 coated poly(n-butylcyanoacrylate) NRisamced the brain
concentration of embedded rivastigmine about fddrfompared with
the free drug, both intravenously injected in Healtats (Figure 13)
(Wilson et al., 2008).
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Figure 13. Coating of poly(n-butylcyanoacrylatepnoparticles with polysorbate
enhances the brain accumulation of incorporatedstigmine comparedith free
rivastigmine and rivastigmine incorporatedin unedahanoparticles. Rivastigm
concentrations (ng/ml) in different organs aftetramenous injectiorof differen
rivastigmine formulations (1 mg/kg) was determitgoHPLC.

NP: Nanoparticle; Riv: Rivastigmine solutii Riv—Np: Rivastigmine bound to N
Riv—Np-Ps80: Rivastigmine bound to Np coated wih dolysorbate 80.
Reproduced with permission fromWilson et al., 20@Bi€evier.

Orally administered P-80 coated PLGA estradiol-emh&Ps resulted
in significantly higher brain levels of the hormoater 24h (1.969 +
0.197 ng/g tissue) as compared with uncoated dn&6g + 0.136 ng/g
tissue) in a rat AD model (Mittal et al., 2011).&of the few examples
where SLN have been proposed as drug carriers rthierapy is
reported by Yusuf et al., using P-80 coating to ambrain specific
targeting to SLN containing piperine, the main &lcof black pepper,
which has been shown to possess antioxidant activit

(Chonpathompikunlert et al., 2010). These NPs sdomemising
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therapeutic effects in an experimentally induced rABdel suggesting
their ability to cross BBB (Yusuf et al., 2013).

Utilizing the strategy of LacR, Yu et al. propospdlymersomes
composed by PEG-PLGA, conjugated with lactoferand carrying
S14G-humanin, a neuroprotective peptide. These Bt®cted rats
treated with A from learning and memory impairment in a dose-
dependent response, while S14G-humanin solutiomaidYu et al.,
2014).

Several research groups supported the approachoaioting BBB
endocytosis by conjugation of positively charggatids to NP surface,
exploiting the so-called adsorptive-mediated enthmsy triggered by
electrostatic interactions of the ligand with thegatively charged
endothelial cell surface. Sancini et al. functiGred nanoliposomes
displaying high affinity for & made of sphingomyelin and cholesterol
with a modified cell-penetrating TAT-peptide to anlce BBB passage.
The results showed an increase in the permeahdityss a BBB model
made with hCMEC/D3 cells after the functionalizatizvith TAT
peptide (Sancini et al., 2013).

Some groups proposed NPs composed by or coated aith
biocompatible and biodegradable polymer, chitosamnch enhances
positive charge density on the NP surface at phlygical pH.
Jaruszewski et al. demonstrated that surface-agdorthitosan
promotes the transcytosis of PLGA NPs functionaléh an anti-4
Abs (IgG4.1) across the BBB in a polarized canindn&y cell
monolayer (Jaruszewski et al., 2012). ChitosanIbided with tacrine,
the first cholinesterase inhibitor approved for tite@tment of AD, have
been prepared by the group of EImizadeh (Elmizadeti., 2013) but
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not further tested. Am vivodemonstration of the suitability of chitosan
NPs to enhance BBB crossing has been reported bgji@ng et al.,
showing an increased brain uptake of NPs loadeld Mg fragment
compared with the free fragment in mice (Songjiamgl Lixiang,
2009). Current studies show that, in general, shitois a relatively
nontoxic, and biocompatible material (Keana andnblia 2010), but
the variety of existing forms, differing in size dandegree of
deacetylation, exponentially increases the numbd&iczompatibility
studies needed to ensure a safe use of this materia

An original delivery system to the brain is basedlte use of magnetic
NPs, which could be focused within the brain regmn using an
externally applied magnet. Wilson et al. used magnehitosan
microparticles, which were intravenously injectedhiealthy rats, to
deliver the drug tacrine to the brain, by keepingagnet at the target
region. This system increased more than fivefold dbncentration of
tacrine in the brain in comparison with the freagd{Wilson et al.,
2009).

As already mentioned, in search of alternativeesuthe nasal one has
been taken into account. Several compounds, sudydsdextrins,
phosphatidylcholines and fusidic acid derivativesave been
investigated as nasal absorption enhancers (Tetkadr, 2004). Luppi
et al. prepared albumin NPs carrying cyclodextril #acrine. This
nanodevice produced lower drug permeation thanne@dtself inex
Vivo permeation studies across sheep nasal mucosgotditadhesion
to nasal mucosan vitro (Luppi et al., 2011). For the same purpose,
Zhang et al. prepared PEG-PLGA NPs entrapping lilasi growth

factor, intended as drug for AD treatment, and dateal with Solanum
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tuberosum lectin, which selectively binds to N-gtgticosamine on
the nasal epithelial membrane. The brain contengrofvth factor
increased almost twice (1.79-folds) following imtesal administration
of targeted NPs compared with intravenous admatisin of the same
dose of free drug. Moreover, spatial learning arenmory of AD rats

were improved (Zhang et al., 2014).

1.3.3.2 NPsto target Ag

For the treatment of brain disorders, the overcgnoiithe BBB is not
the only requisite. A successful therapeutic strateshould be
addressed to specifically involved regions in orttelavoid adverse
effects and to allow higher drug accumulation omhere it is needed.
Moreover, drug diffusion throughout the brain patgyma reduces the
therapeutic effect due to the minor amount of szt reaching the
target. Therefore, the development of strategiesifipally directed to
the pathological sites into the brain parenchymather words, where
amyloid plagues are forming, is very important.ak®ady mentioned,
NPs with appropriate surface modifications can lobwaatageous
candidates for brain disorders treatment becausy tban be
functionalized to head toward specific moleculagéds.

Given the pivotal role played bypAin AD, strategies directly or
indirectly targeting the peptide are actively sdugfier. These may
include either modulation of (A production, by targeting enzymes
responsible for APP amyloidogenic cleavage, or idepbinding by
specific ligands. Moreover, direct interaction wip may interfere
with its aggregation/disaggregation features (Fagi4). In fact, neo-

formed A3 monomers undergo spontaneous aggregation to form
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oligomers and fibrils. Since oligomer formationtiught to be the
main toxic event in AD, leading to neuronal dysfumie and death, A
ligands may interfere at an early stage of thegagy, by disrupting

oligomers or preventing their formation.
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Figure 14. Strategies employed to reduce amyl@idevels in brain parenchyr
through nanoparticles. lthe amyloidogenic pathway, the amyloid precursatgir
is cleaved subsequentially By andy-secretases releasifigamyloid peptide. The
ApB monomers undergo aggregation processes leaditig tiormation ofoligomer:
and fibrils. Properly functionalized NPs can infige A3 production or clearanc
Moreover, properly functionalized NPs may affe @ggregation features, block
its aggregation or disgregating its assemblies.

AB: Amyloid B; APP: Amyloid precursor protein; NP: Nanopatrticle.

AB-binding molecules have been conjugated to NPsfootfiagnostic
(the development of plaque-staining probes) anchffeitic purposes
(the transport of drugs to the sites of lesion).olg different NPs,
liposomes and PEG-PLA NPs have been the most usedhéir
reported lack of toxicity, low immunogenicity andlfbiodegradability
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(Antimisiaris et al., 2007; Xiao et al., 2010). bgpmes decorated with
curcumin derivatives showed a very high affinity-%1nM) for A3
fibrils in vitro (Mourtas et al., 2011). The observation thgt éan
interact with GM1 ganglioside (Matsuzaki, 2007) ledinvestigate
whether other lipids may bindfA and eventually to the synthesis of
liposomes carrying phospatidic acid (PA) or caiigial (CL), binding
AP with great affinity (22-60 nM) (Gobbi et al., 201Molecular
dynamics simulations confirmed that the presencenedatively
charged PA or CL is pivotal to facilitate the irgtetion of liposomes
with positively charged amino acids offdveptide. However, sincefA
carries also negatively charged a.a, residues plmportions (5%) of
these lipids in the bilayer are advantageous toedse mutual repulsion
(Ahyayauch et al., 2012). Another ligand used tectionalize NPs was
X0O4, a Chrysamine G derivative arfidsheet binder. Liposomes
decorated with XO4 can target parenchyma plaques anyloid
associated with cerebral amyloid angiopathy, nbt onvitro but even
when intravenously injected in animal AD models r{ifam et al.,
2012). Moreover, Zhang et al. recently used a nefvtahgeting
peptide, QSH, screened using a mirror-image phé&g®ay selection
and using AB1-42 as the target. QSH-conjugated PEG-PLA NPs bound
AB in the sub-micromolar range and staineph-A deposits in the
brains of both AD model mice and humans (Zhanglgt2814).
Recently, also a tricyclic benzopyrane-glycofusaducture was
exploited as R peptide ligand and linked to liposomes. NMR
experiments revealed the ability of the liposonwesfficiently interact
with AB (Airoldi et al., 2014). However, despite the aahility of
many ligands, it should be said that those disptatie greatest affinity
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for AB are anti-A monoclonal Abs. Both liposomes and poly(alkyl
cyanoacrylate) NP surface decorated with aiftidds bind the peptide
with a KD as low as 0.5 nM and their affinity inases as a function of
Ab surface density (Canovi et al., 2011; Le Drouos#gt al., 2012).

An original information has been provided by Braltabet al., who
demonstrated that PEGylation of polymeric NPs, dessito prolong
their half-life in the circulation, favours intetean with the peptide
both in solution and in serum (Brambilla et al.12]

1.3.3.2.1 Targeting Aaggregation

Concerning the possible effect o8 Aggregation paradigm, curcumin,
previously used for its antioxidant and anti-inflaatory activity, has
been widely tested associated to NPs for this m&pén fact, this
naturally occurring phytochemical was reportedtalit amyloid A3:-

42 oligomer formation and peptide-induced cell toic@t micromolar
concentrations vitro (Yang et al., 2005). However, because of its low
water solubility, it has often been included in NP®rder to increase
its bioavailability. Cheng et al. have recentlywid the lack of effect
of curcumin-loaded PEG-PLA NPs on brain amyloidgpkes in arin
vivo model of AD: after oral administration of NPs tgZ676 mice,
plague density was not affected, although the rreat resulted in
significant improvements in working and cue mem(yeng et al.,
2013).

A strategy used to increase the binding affinitycafcumin for A
peptide has been its attachment onto the surfac®lRd by the
conjugation with a phospholipid. Lipid-curcumin dgomes actually

showed a stronger inhibition offffaggregation than curcumin-loaded
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liposomesin vitro, butin vivo experiments are still lacking (Taylor et
al., 2011).

Currently under development are also curcumin a@ueds with similar
biological activity to curcumin itself, but with jonoved
pharmacokinetics, water solubility and stabilitypasomes, covalently
conjugated to an alkyne derivative of curcumin ksing click-
chemistry reaction, showed good ability to inhiAf} aggregationn
vitro. These liposomes are supposed to be more effediaggregation
inhibitors because the curcumin-derivative molesulprotrude
completely from the liposome surface rather thaeramg the liposome
bilayer as the lipid-curcumin conjugates and sg #re more amenable
to the interaction with B species (Taylor et al., 2011).

As for liposomes functionalized with the tricyclioenzopyrane-
glycofused structure, mentioned above, they wewadao inhibit the
formation of A3 fibrils in vitro, even though their activity against
aggregation was much lower than that demonstratedippbsomes
decorated with curcumin (Airoldi et al., 2014).

Other molecules known to prevent aggregation ar&alnahelators,
which are able to disrupt the interaction d¥ with redox metal (i.e.,
iron, copper or zinc). However, their use as theudip agents is
hindered by their inability to cross the BBB and fhis reason they
have been included in NPs. Nanoliposomes functioe@lwith zinc
acetate, histidine residues or EDTA displayed thality to
disaggregate and resolubilize QA2 and ZnAB1-42 aggregatesn
vitro and to protect PC12 neuronal cells from toxicitgiuoed by A
aggregates (Mufamadi et al., 2012). Similarly, m@artcle-chelator

conjugates, developed by Liu et al. by reactiorwbent properly
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functionalized polystyrene NPs and the iron che)a@emethyl-N-(2’-
aminoethyl)-3-hydroxyl-4-pyridinone, protected humacortical
neurons from B-induced toxicity by inhibiting 8 aggregation (Liu et
al., 2009).

Concerning liposomes embedding acidic lipids (PA),Glthough
binding A3 with high affinity (Gobbi et al., 2010), they denstrated
poor anti-aggregation properties (Taylor et al.1D0 Nevertheless,
both inhibition of fibrillation and increased digaggation of 4
assembliesn vitro was found, when liposomes embedding PA were
further functionalized with mApoE (PA-mApoE) (Baea al., 2014).
This suggests the existence of a synergic actioRAfand mApoE
likely arising from their interaction with differéamino acids residues
on AB. Molecular dynamics simulation studies suggestemt PA
phosphate group, negatively charged, can interatit positively
charged residues onpApeptide, while mApoE, positively charged, is
likely to interact with negatively charged ones ijBaet al., 2014).
Perhaps, other ligands that, taken individually,nid destabilizeB-
amyloid aggregates could give rise to a similar mesm when
combined.

Amazing results have been recently obtaimedivo with PA-mApoE
double functionalized liposomes in two mouse AD eledAPP/PS1
or APP23). In fact, the intraperitoneal injectioh BA-MApoOE in
transgenic mice, three-times a week for 3 weeksult@d in an
improvement of their impaired memory, together wéthsignificant
reduction in the number of amyloid plagues, assksbeth
histologically and by PET (Figure 15).
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Figure 15. The treatment with liposomes functionalizeith phospatidic acid at
MApOE significantly reduced plaque load in the braf APP/PS1 and APP23
mice. Immunohistochemistry with antifA 6E10 monoclonal antibody o
representative cortical and hippocampedin sections of APP/PS1 Tg mice trei
with (A) PBS or B) mAPOE-PALIip at the end of the treatment.(Scale bar =
um).

AB: Amyloid B; mAPOE-PA-Lip: Liposomegunctionalized with phospatidic ac
and mApoE; PA: Phospatidic acid.

Noteworthy, at the end of the treatment also tha tomount of brain
AP was considerably decreased, in particular itsoatigric forms,
considered to be the most toxi@ Apecies, responsible for neuronal
dysfunction and death (Balducci et al., 2014).

Another drug, whose destabilizing properties dh assemblies have
recently emerged, is Selegiline, a selective MA@H®bitor, known to
have beneficial effects in brain regions rich inpdmine receptors.
Baysal et al. investigated inhibitory effects ofeggine-loaded PLGA-
PEG NPs and found out that these NPs are able HibitinAp
aggregation in a concentration and incubation til@pendent manner
(Baysal et al., 2013).

57



Also gold NPs conjugated with anBAinding peptide, coupled with
the use of weak microwave fields, have been usetbdally and
remotely heat up and dissolve amyloid depositsitro (Figure 16)
(Kogan et al., 2006). The rationale of this apphoiadased on affecting
the equilibrium between soluble monomers and aggesg The energy
provided by irradiation may reverse this equilibniand re-dissolve the
precipitates. Irradiation as a mean of remotelyihgdiological tissues
mediated by inorganic NPs has been extensivelyoex@l(Alexiou et
al., 2000) and results of the study (Kogan et281Q6) suggest it could
be also be used as a molecular surgery to safetpue toxic and

clogging aggregates.

Figure 16. Gold nanoparticles conjugated with anamyl@ibinding peptide ar
coupled with the use of weak microwave fields dre & dissolveamyloid deposi
in vitro. Electron microscopy oY) control amyloid3 (AB)i1-s2alone incubated fot8
h and irradiated for 8 h (bar is 500 nm) aBjl gold nanoparticles conjugated with
AB-binding peptide + 14> grown for 48 h after 10 min of irradiation (biar20(
nm).

Reproduced with permission fromKogan et al., 2008r@ericanChemical Societ
(2006).

1.3.3.2.2 Targeting Aclearance

Another approach to reduce the cerebral levels [ifiAcreasing its
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clearance, is immunotherapy. Immunotherapies asiguled to use the
body’s immune system to eliminate the depositioexa$ting A3 senile
plagues. Active immunization requires the introductof an antigen
that mimics 48, so that Abs targeting the antigen are producddard
AP facilitating its clearance from the CNS, while thpassive
immunization method involves the parenteral adnrai®n of a
specific antibody or pooled nonspecific Abs, thexjuiring less
contribution from the patient's immune response.wkeer, even
though immunization against pA showed promising results in
preclinical animal models, its translation to humdras faced severe
adverse effects, such as T-cell mediated meningeptralopathy,
vasogenic oedema or intracerebral microhemorrhégebieu et al.,
2012).

The use of NPs could have many advantages compatiedlassical
immunotherapy. For instance, NPs do not necessanlyire additional
adjuvants and can release the antigen graduatlycneg the number
of immunizations needed. Finally, NPs can stabilerecapsulated
vaccine antigens and deliver them to specific targeanks to surface
modifications. Regarding AD therapy, currently, NRave been
exploited only for active immunization in order talow BBB
permeation of fragments offAFor example, chitosan NPs were loaded
with an A3 fragment (IF-A) and their immunogenicity was telste
mice. The IF-A-NPs elicited favorable titers of iantyloid Abs in
plasma and in the brain of treated animals, acisg nano-vaccine
(Songjiang and Lixiang, 2009). In another study finst 15 amino
acids of the Ai-42 peptide (M1-15, were encapsulated in PLGA

microparticles. After immunization by subcutaneows intranasal

59



route, Balb/c mice displayed Abs levels elicitedaiagt full AB,
comparable to the ones induced by the potent Fieucmimplete
adjuvant, with the advantage of the lack of itsi¢y (Figure 17)
(Puras et al., 2011).
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Figure 17. ABi—isloaded polylactide-co-glycolidenicroparticles elicit antibodi
levels comparable to the ones induced by Freunalispéete adjuvant. Serum anti-
ApBi-s0 antibody levels were determinbgt ELISA in immunized mice. Values giv
are mean + standard deviation for ten mice permrbDifferences between Sol &
the groups immunized with PLGA microparticles loddeth ABi—15 (MP in. orMP
sc.) reached statistical significance at weeksb7dip < 0.05).

AB: Amyloid B; in.: Intranasal; MP: Microparticles; sc.: Subagaus; SolSolutior
group; PLGA: Polylactide-co-glycolide.

Reproduced with permission fromPuras et al., 201HIs@vier (2011).

These results indicate that immunotherapy wifhlédaded NPs could
be a promising approach for the future developnoéiat safe vaccine

against AD.
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1.3.3.2.3 Targeting Aproduction

As for modulation of & productionf3- andy-secretase, involved in the
amyloidogenic processing of APP, are the main phaalogical
targets. As a first consideration, it should beetaknto account that
targeting secreatases could affect also physiadbgathways, as those
relevant for differentiation and development in @¥hiy-secretase is
involved (Evinet al., 2006). From this point of wiethe inhibition of
[-secretase seems to be the most promising appraiack,deletion of
this enzyme in mice did not cause noticeable probléLuo et al.,
2001). siRNA have been widely used to hinder diyemtindirectly A3
production, even though they rose problems of §ipeteirgeting and
Immunogenicity when used vivo. To overcome these problems,
efficient delivery technologies have been soughafa NPs have been
used for their ability to deliver RNA to specifisgues or cell types,
while protecting it from degradation. Alvarez-Ervigt al. loaded
SsiRNA against BACEL into exosomes, naturally odogriNPs with a
diameter of 40-100 nm. Exosomes were prepared fromature
murine dendritic cells engineered to express afuprotein between
the exosomal membrane protein Lamp2b and the ndargating
peptide RVG (rabies viral glycoprotein). By thisategy RVG was
protruding from the membrane, mediating specificveey to neuronal
cells. These NPs were then administered botitro, in Neuro2A cells,
and in vivo, in normal C57BL/6 mice, and delivery efficiencpda
knockdown extent were evaluated. Results showedsa-dependent
knockdownin vitro and a strong decrease of BACE1 mRNA (60%) and
protein (62%) expression, together with a reductiothe total A1-42

levels (55%)jn vivo (Alvarez-Erviti et al., 2011). Another example of
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AB-production modulation by siRNA has been reportgd.in et al.,
who utilized NPs made of PEG-PEI co-polymer to ratathe delivery
of ROCK-II-siRNA into C17.2 neural stem ceifsvitro. ROCK-Il is a
Rho-associated serine/threonine kinase involvedAly since its
knockdown results in a decrease of amylpipFoduction (Herskowitz
et al., 2011). The results indicated that PEG—PEBCR-II-siRNA
complexes effectively suppressed ROCK-II mRNA egpi@n, making
it a promising candidate for the treatment of ADu(kt al., 2013).

A different strategy to modulatepfAproduction is the upregulation of
a-secretase, the enzyme involved in the non-amyt@dar processing
of APP. An attempt to pursue this route came framitls et al., who
used lipid-based NPs functionalized with epigaltechin-3-gallate
(EGCQG) to increase-secretase activity (Smith et al., 2010). EGCG is
a green tea polyphenol known for its antioxidawiparties and recently
shown to promote non-amyloidogenic processing ofPABy
upregulatingoa-secretase, thus preventing braifi plague formation.
Specifically, EGCG indirectly (via PI3K/Akt pathwpagnhances the
phosphorylation of the enzyme substrate, APP, fagosubstrate-
mediated enzyme activation (Fernandez et al., 20idyever, despite
these properties, EGCG use in clinic has been enadic, primarily as
a result of poor bioavailability and inefficient Inkery to the CNS,
attributed to its extensive gastrointestinal degti@at, poor membrane
permeability and transporter-mediated intestinfilef(Kanwar et al.,
2012). However, EGCG-NPs demonstrated to be aldleuble the oral
availability of EGCG in rats but also to prometsecretase activity in
a neuronal cell model of AD by up to 91% (Smitlaket 2010).
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1.3.4 Potential neurotoxicity of NPs

While there is a growing interest on the appligatiof NPs in
biomedical field, little is known about their poteah hazard for human
health, in particular their possible toxic effects CNS. Most of the
data in the literature demonstrated that size, digiibution, purity,
shape, crystal structure, composition, surfaceingasurface charge
and surface reactivity result in a different distition, accumulation
and transport of NPs to different organs, as welheross the BBB
(Win-Shwe and Fujimaki, 2011). Thus, it is difficub find general
rules about brain toxicity of NPs.

It has to be noted that most neurotoxicity stugesformed so far
focused on metal and carbon-based NPs. Signifeadences botin
vitro andin vivo indicate that these systems produce toxicity aagt m
be associated with neurodegeneration (Karmakar, @0d44). Thus, the
benefits of NPs must be weighed against their piatieioxic effects.
Polymeric NPs have been repeatedly used as biatkgepolymers
because of their reported safety, good biodegratjaland low
immunogenicity. As for example, Hu et al. showeat tREG-PLA NPs
did not present toxic effects on immortalized mobszsn endothelial
cells, confirming the gooth vitro safety of this system. However, its
long-termin vivo brain toxicity and immunogenicity should be furthe
investigated (Hu et al., 2009).

Concerning gold NPs, it is reported that this gyst@re able to cross
the BBB and accumulate in the neural tissue withemmence of
toxicity in mice at least after short periods (§s)aLasagna-Reeves et
al., 2010). Guerrero et al. showed that intrapedtd administration in

Sprague-Dawley rats of gold NPs (1.86 mg of golfdanjugated with
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an amphipathic peptide, increasing tinevivo penetration of these
particles to the rat brain, had no effect on BBEgnity (Guerrero et
al., 2010). Koch et al. demonstrated that gold-MRposure (2.84
ug/ml) for 24 h did not alter viability or induce togyoxicity in vitro in
murine microglial cells and human neuroblastomésadoch et al.,
2014). More deeply, Hutter et al. studied the ext&ons of gold NPs
of different morphologies (spherical, rod and ungtand coatings (PEG
or cetyl trimethylammonium bromide) with microgland neurons.
Activation of microglia can affect brain functioitgl Thus, studying
the response of microglia to NPs is of consider@hlgortance in the
development of nanotherapeutids. vitro experiments showed that
microglia cells internalized all gold NPs (<109 NRE without
cytotoxicity. In vivo, after intranasal administration in transgenicemnic
rod and urchin NPs caused transient microglialvation (Hutter et al.,
2010).

An important issue to be investigated is the atwaof complement
system (CS) triggered by NPs. Neurons and glid$ ¢elthe brain are
capable of producing the full range of complemeamnhponents, not
only as a response to injury or infection, but ata constant level in
order to maintain normal brain functioning (Letteet al., 2012).
Concerning AD brain, some works showed that C8&asgly activated
in senile plagues (Itagaki et al., 1994), and thatclassical pathway
components are upregulated in the cortex (Yasognal., 1999).
Therefore, it is critical that NPs delivered to thain do not induce
additional complement activation.

Donev et al. indicated that poly(acrylic acid)-psilgrene NPs and
PEG-b-poly(propylene oxide)-b-PEG NPs did not canuse
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neurogenesis and neurodevelopment in cultured humenral
progenitor cells, and did not activate CS (Donevaét 2011).
Concerning liposomes, several studies provide ecee that
liposomes could activate CS through two routesunadlyy occurring
Abs with high affinity for phospholipid headgroups cholesterol
binding to these vesicles (Alving, 1984) or the ipposly charged
molecule C1q interacts directly with anionic phasighids, such as CL,
phosphatidic acid, phosphatidylserine and phosgylatositol, in the
absence of specific Abs (Bradley et al., 1999)adtdition, in vitro
studies in rat serum have further demonstratedyarde for vesicle
size in complement activation. Indeed, larger Iposs (200 nm or
above) appeared to be stronger complement actsvetwan their
smaller counterpart of identical lipid compositiand equivalent total
surface area (Devine et al., 1994). Hypersengjtr@actions caused by
liposomal and micellar drugs have also been regdrtan time to time
and reviewed elsewhere (Szebeni et al., 2011).eSalicthese data
concern the CS activation in blood, further studdes liposomal
biocompatibility should be conducted in CNS to pdev further

insights on the risks associated with these promitrgeting systems.

1.3.5 Conclusion & future perspective

Over the last decade, the potential use of NPAbtherapy has been
widely explored and relevant strategies have endeti@eross the BBB
and manipulate the production, aggregation andratea of 4, a
putative main player in AD. However, many issuemam to be
considered before nanotechnologies can be countedn@ AD

remedies. For instance, the brain delivery of dlgisined with drug-
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loaded NPs is currently quantitatively limited iongparison with the
free drug, thus future emphasis should be addreésdbd development
of systems transporting pharmacologically relevamounts of AD

drugs into the brain. Another issue to be constliésethe safety of
developed nano-devices. As already mentioned cin taxicity of NPs

has not yet been fully understood, hence studiethisnsubject are
mandatory. In the meanwhile, a complete understanf the

molecular and pathogenic events of AD could suggest strategies
for specific targeting of diseased brain areasgtilig adverse effects to
bystanding healthy cells.

It is desirable that these improvements could laehred working on
already existing nano-devices rather than devetppew ones. This

would shorten the path to an effective therapyDt
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1.4 IN VITRO AND IN VIVO MODELS FOR DRUG DESIGN
AND TESTING

1.4.11n vitro models of the BBB

A significant number of potential drugs for theatment of CNS
disorders fail because of their inability to peatdrthrough the BBB.
Therefore, in order to evaluate the BBB permeahibperties of drug
targeting the CNSn vitro models of the BBB have been developed
(Wilhelm et al., 2014). Althougim vivo experiments represent the most
accurate way to measure the ability of a drug &hethe brain, these
experiments pose ethical and cost problems thatentaém poorly
suitable for medium or high throughput screeningnérsely, reduced
costs and greater reproducibility together with@iaity and versatility

of working conditions make vitro models useful tools that fulfil the
most important criteria required in early stage dofig discovery
(Reichel, 2006).

The most widely useith vitro models are based on the culture of rodent
or other non-human mammalian cells. However, ipEcEes
differences of tight junction proteins, transpaieenzymes and
specific receptors on endothelial cells must beschared because they
might influence BBB permeability. For this reasoansiderable effort
has been made to establish human cerebral endtoell lines. One
of the best characterized and most widely used hueerebral
endothelial cell lines is the hCMEC/D3 that phermes the normal
human BBB, in terms of polarized secretion anddpant, architectural
organization and protein expression (Weksler et24l05). Since its
development, about 150 studies on different aspettserebral

endothelial biology and pharmacology have beenigbd (Weksler
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et al., 2013). Therefore, this cell line represemtaidely validated
model of the human BBB that can be easily grown iargiitable for
drug screening.

In testing potential drugs for CNS disease, it lsoamportant to
consider that available BBB models mimic only healtonditions
without taking into account the BBB alterations asated with
neurodegenerative diseases. In AD for example, raevendings
suggest the existence of alterations at the BBBIJavhich may affect
drug performancen viva overexpression of RAGE (receptor for
advanced glycation end-products), that transpofisi@o the brain
from the blood (Bell, 2012); downregulation of LRRbw-density
lipoprotein-related protein-1) and P-glycoproteirgp), that transport
AP from the brain to the blood (Bell, 2012; van Asseet al., 2012);
overexpression of claudin-5, a TJ protein sealirggnbendothelium at
cell-cell junctions, suggesting reduced paracall@BB permeability
in AD patients (Romanitan et al., 2010).

Therefore, no truthful model for drug screeningsexi However, a
careful choice of thén vitro model, depending on the scope of the
experiments, can make different BBB models veryuldeols in drug
delivery studies.

The simplest models are based on a vertical digtab system, called
tranwell system, in which cerebral endothelial celte seeded on the
porous filter of an insert in order to separate twdferent
compartments: an upper one representing the bladodd side) and a
lower one representing the brain (brain side) (fedLB). The pores of
the membrane allow exchange of solutes betweenagheal and

basolateral compartments and, depending on thespmeeven cellular
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trafficking can be investigated.

insert
—— upper compartment
cells — oo [s]e]s]
A 41— lower compartment

microporous membrane

Figure 18.Graphical rapresentation of a transwell system.

The major advantage of this monoculture modeldésr tsimplicity,
which allows for relative high throughput screersiraj moderate costs
(Berezowski et al., 2004). The major disadvantdg@@model is that
the effects of other cellular components of theroeascular unit
(astrocytes, pericytes and neurons) is neglectedeftheless, this may
be sufficient for many applications investigatihg B8BB permeability
of potential drug candidates.

However, as cell culture techniques have advantéde last decade,
more-sophisticated models that better refiacvivo anatomy of the
neurovascular unit have begun to emerge. Theselmatebased on
cerebral endothelial cells cultured in the presentepericytes,
astrocytes, and/or neurons in different arrangesaeifhe major
disadvantages of these type of models are to bewely expensive and
time-consuming.

Since shear stress induced by blood flow has beemodstrated to

significantly influence endothelial properties inding barrier
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properties as well (Cucullo et al., 2011; Naik addcullo, 2012),
dynamic BBB models have been developed. These mogeb mimic
thein vivoblood flow by culturing endothelial cells in hoNdibers and
circulating culture media creating a tunable skstgrss. Despite the
numerous advantages of this system, it is not lsleitkor rapid, high
throughput studies and the establishment of thestmedjuires specific
technical skills. Furthermore, initially a large mber of cells are
needed to load the capillaries and the opticallynibooing of cell
morphology is not possible.

Last generation of BBB vitro models are represented by microfluidic
models (van der Helm et al., 2016), which allow sidarable
downsizing of BBB models with the advantage of lowexuired cell
number. In these models, cells of the neurovascuhdr are also
cultured on porous membranes but the membranearseglat the
interface of two microchannels, which allows flow the culture
medium. Again high costs and the lack of standattha are the main

disadvantages of this method.

1.4.2 Animal models of AD

Despite their low cost and simplicityy vitro models cannot resemble
the complicated physiological environment of a weharganism.
Although cell-based assays can provide some infoomacultured
cells do not mimic physiological conditions and qbex interactions
among different cell types and tissues, which areial in the evolution
of the most of disorders. For this reason, anintatiss remain
dominant in the current paradigm for drug developin#hough time-

consuming, costly and ethically problematic.
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Animal models aiming at studying human diseasesrgadein the
1800s and experienced a major boost during theléerstdes. In general,
animal models of human disease can be classified Spontaneous
models, presumed to develop their condition withexyperimental
manipulation, pharmacological models, in which anatal structures
or essential pathways involved in the pathologyadiered in order to
lead to the condition, and transgenic models, basedne or several
inserted human genes relevant to the disease.

All types of animal models aim at replicating thenptoms and the
lesions of AD have been produced in order to beitteterstand the
mechanisms leading to AD pathogenesis and progrressid to test
compounds for its treatment. However at the momerdanimal model
recapitulates all aspects of human AD, reflecting limitations of
using a non-humain vivo system to model a human condition that
takes decades to develop and mainly involves higtegnitive
functions (Van Dam and De Deyn, 2011).

Early-stage animal testing for AD research is tgflycperformed in
rodents, followed by drug safety testing and ceridiicacy evaluations
in larger mammals, such as rabbits and dogs. Rgceternative
small-animal models are emerging, enabling a mos¢-effective and
rapid screening of compounds. These new modelshamacterized by
small size, high fecundity and simpler experimetrattability and use
both vertebrates (zebrafisBanio rerio) and invertebrates (fruit fly,
Drosophila melanogasterand nematodeCaenorhabditis elegahs
(Langley, 2014). However, by far the dominant aimadels for AD
research have been transgenic (Tg) mice, mostlgdbas amyloid
hypothesis of AD causation (Elder et al., 2010; Hity2011).
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Modelling of AD in transgenic mouse models becamaity in the
mid-1990s with the development of the PDAPP moGeanes et al.,
1995), followed in subsequent years by the Tg25¥&60 et al., 1996)
and APP23 (Sturchler-Pierrat et al., 1997) mousdeatso currently the
most widely used amyloidosis models in AD-relatedearch. These
first transgenic models overexpress the gene engddr the human
APP carrying mutations that increased the prodoatioAf peptide. In
particular, both the Tg2576 and APP23 model exgrassan APP with
the Swedish mutation driven by the hamster PrP randne Thy-1
promoter, respectively. These mice show strikingstdibgical
similarities to features of AD at 12-15 months, hwideposition of
amyloid plaques in the cortex and hippocampus. Giegrdeficits are
also observed, before plaques deposition in thin lp@arenchyma, at
around 6-11 months, depending from the model (Dioelaal., 1999;
Van Dam et al., 2003; Van Dam et al., 2005) andipktat later stages
of the pathology.

The discovery of familial AD mutations in the prege genes, which
influence APP processing, opened the path for PEIP&2 transgenic
mouse models and double-cross APP/PS models (Mc@wval.,
2006). In particular, double-cross APP/PS mice shawearly onset if
compared to Tg2576 and APP23 and a more severelpgyh thereby
supporting the modifying role of PSEN. Among theARP/PS1,
overexpressing the Swedish mutation of APP togetiterPS1 deleted
in exon 9 (Jankowsky et al., 2004), are charaadrlzy early amyloid
deposition, detectable at 5 months of age, folloviegd cognitive
deficits, that appear at 9 months of age. Astraigtalevelops in

parallel with plaque deposition, with severe gkosiarting around six
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months, especially in the proximity of plaquesatidition, deficits in
synaptic plasticity have been observed. The majoitdtions of the
above-mentioned models are the lack of NeurofdoyllTangles (NFT)
formation and the absence of extensive neurondahdeharacteristics
that are both found in the human pathology. Thé& laic NFT was
partially counterbalanced with the developmenesksal (mutated) tau
models and the crossing of tau and amyloidosis tsoddis triple
mice, produced by the group of La Ferla (Oddo ¢t28l03a; Oddo et
al., 2003b) featured enhanced amyloid depositiolrpto NFT
pathology with a temporal and spatial profile ealent to AD
(McGowan et al., 2006) accompanied by tau phospatoon, NFT-like
formation and overt neuronal loss (Go6tz et al. 2Z®%¥rez et al., 2005).
In addition, they show early-stage synaptic dysfiemcand induction
of inflammatory processes (Oddo et al., 2003a; Oeldal., 2003b;
Janelsins et al., 2005).

The generation of transgenic rodent research molsislevelop some
of the pathological hallmarks of AD has given aabie boost to drug
discovery efforts and has also raised many intngwjuestions about
the underlying disease process. However, one shmaydr neglect the
potential dangers of uncritical extrapolating framuse to humans.
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1.5 PREMISES FOR THE PRESENT WORK

1.5.1 mApoE-PA-LIP

In the context of AD, liposomes composed of sphmygelin (Sm) and
cholesterol (Chol) and functionalized with phosjtiatacid (PA) and
with a modified peptide derived from the receptording domain of
Apolipoprotein E (mApoE) were designed (mMApoE-PA=LIin order
to cross the BBB and targepA

Liposomes composed of a matrix of Sm and Chol mraqglar ratio
have been repeatedly utilizesh vivo for therapeutic purposes,
displaying good circulation times in blood, biocaatipility, resistance
to hydrolysis, low ion permeability (Webb et al99b; Thomas et al.,
2006). Moreover, Sm/Chol bilayers are known to foraft-like or
liquid-ordered domains that are representative afative cellular
membrane where [A accumulates (Choucair et al., 2007) and the
presence of cholesterol was shown to strengthemAfhmmembrane
interaction (Qiu et al., 2009). In fact, the invetrent of membrane
lipids in AD had been extensively studied and a bem of
investigations reported their ability to interactittw the peptide
(Matsuzaki, 2007; Taylor and Hooper, 2007). Withims frame,
preliminary immunostaining studies identified anphospholipids,
such as PA, as suitablegBAigands. Molecular dynamics simulations
confirmed that the presence of negatively chargeospholipids is
pivotal to facilitate the interaction of liposom&gh positively charged
amino acids of f peptide. However, sincefAcarries also negatively
charged amino acids, residues, low proportions (6Pthese lipids in
the bilayer are advantageous to decrease mutuakrep (Ahyayauch

et al., 2012). For this reason, and to avoid compld activation, PA
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was integrated in the liposome bilayer at the cotradion of 5 mol%.
PA conferred liposomes a very high affinity fo & all its aggregation
forms, mostly oligomers and fibrils, as indicatgduttracentrifugation
and Surface Plasmon Resonance (SPR) experimemdhigh binding
affinity was likely due to the occurrence of mudtient interactions,
which also made the binding between liposomes afidpgeudo-
irreversible, with a very low dissociation rate stant (Gobbi et al.,
2010).

Subsequently, in the searching for a strategy tsscthe BBB, the
attention was focused on the low-density lipoproteiceptor (LDL)-
mediated pathway (Cerletti et al., 2000; Markowssal., 2011). LDLr
is present on capillary endothelial cells of selvesgecies and its
expression is upregulated in the BBB with respeatther endothelia
(Dehouck et al., 1994). Moreover, nanoparticlegrantting with the
LDLr via a specific apolipoprotein E (ApoE) amino acid ss=wpe
(corresponding to the binding domain of the Apo&, B41-150) were
shown to be transported across the BBB by transisytbypassing the
lysosomal degradation (Dehouck et al., 1997). Tpla@kthe LDL-r
pathway, the sequence corresponding to residuesl3@f human
ApoE peptide, modified with the attachment of th&/G sequence,
CWG-LRKLRKRLLR, was attached at high density (11861%) as a
monomer to Sm/Chol liposomes. As chemical linkagévben the
peptide and the NPs, the thiol-maleimide covalenpting was chosen
because of its ability to confer NPs the best parémce in terms of
permeability across an vitro model of the BBB (Salvati et al., 2013).
To allow the functionalization 2.5 mol% of 1,2-sted-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene dy2600)],
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mal-PEG-PE, was added to the Iliposome composition.
Functionalization with mApoE peptide increased tiptake of plain
NPs by endothelial cells and enhanced the trangih@rtdrug payload
through the BBBn vitro (Re et al., 2011a).

Joining the A binding ability of PA with the ability of mApoE toross
the BBB, mApoE-PA-LIP were developed. Experimenithvdually
radiolabelled liposomes showed that bifunctionairaenhanced the
passage of radioactivity across the BBBritro of 5-fold higher with
respect to PA-LIP (Bana et al., 2014). Moreovg@mdiomes containing
PA and decorated with the mApoE displayed the mnedfitient
targeting of hCMEC/D3 cells. The competition expernts, showing
a decreased mApoE-PA-LIP uptake in presence ohfii®eoE peptide,
suggest the involvement of saturable system inr thesllular
internalization, most likely a receptor-mediatethpay (Pinzon-Daza
et al., 2012), as already reported for other syitipeptides mimetic of
human ApoE (Datta et al., 2010). This speculatoosupported by the
experiments devoted to assess the intracellulaidison of mApoE-
PA-LIP, which showed that the uptake of these jposs is
presumably mediated by endocytosis (Garcia-Gataa ,2005; Re et
al., 2011b). Regarding the pAbinding ability, SPR showed that
bifunctionalized liposomes mantained the abilitystoongly bind 4
(K¢ = 0.6 uM) (Bana et al., 2014). SincepAaggregation process is
central in AD pathogenesis and progression, thiéyabf mApoE-PA-
LIP to affect A aggregation/disaggregation features was also atetiu
in vitro through Thioflavin-T and SDS-PAGE/WB assays. mAfio&k
LIP inhibited peptide aggregation (70% inhibitioftea 72 h) and
triggered the disaggregation of preformetlagregates (60% decrease
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after 120 h incubation) (Bana et al., 2014). Thet fdnat mono-
functionalized liposomes (PA-LIP or mApoE-LIP) weret able to do
the same suggest the existence of a synergic aaftiBA and mApoE.
The synergic action could arise from their inta@ctwith different
amino acids residues onBAaggregates. In fact, Molecular Dynamics
Simulation studies (Ahyayauch et al., 2012) sugtiedtPA phosphate
group, negatively charged, can interact with pesiyi charged residues
on AB peptide, while mApoE, positively charged (Dattalet2000), is
likely to interact with negatively charged residu@sesent on A
peptide at physiological pH (Martineau et al., 2014 for toxicity,
biocompatibility studies were carried ontvitro on different cells types
(endothelial and differentiated neuroblastoma tellsd showed that
MApOE-PA-LIP did not affect the cell viability, BBBnonolayer
integrity, nitric oxide production and did not irmk endoplasmic
reticulum stress (Bana et al., 2014). Finally, befinein vivo proof of
concept, a preliminary biodistribution study wasrieal out in Balb/c
mice. Results showed a higher brain accumulatioadibactivity after
peripheral administration of dually-radiolabeled pok-PA-LIP, with
respect to PA-LIP, suggesting that bifunctional@atis crucial to
enhance BBB crossing alsem vivo. The ratio between the two
radiotracers, comparable in the blood and in tlenbisuggested that
MApPOE-PA-LIP could reach the brain in an intactnfo(Bana et al.,
2014).

Taken all together, these results suggest that BAPA-LIP are
valuable nanodevices with a potential applicabilityvivo for the

treatment of AD.
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1.5.2 PINPs

In parallel with the development of mApoE-PA-LIPipdsomes
functionalized with a fusion peptide (RI-OR2-TATade by a retro-
inverted peptide (RI-OR2) attached to the HIV gahetrating
sequence (TAT), were also designed for AD therapy.

OR2 peptide (RGKLVFFGR-NE) was designed as a potentiap A
aggregation inhibitor using [Ahydrophobic residues 16-20 (KLVFF),
part of the binding region responsible fof Aelf-association and
consequent aggregation (Tjernberg et al.,, 1996)wds already
demonstrated that modified synthetic peptides bardbe sequence of
AP central region were able to prevent its conversmf-sheet-rich
aggregated structures (Ghanta et al., 1996; Sab, dt998; Findeis et
al., 1999; Gordon et al., 2001; Kokkoni et al., @0MHowever, these
reported inhibitors were designed to block the fation of the late
aggregates rather than the most toxic early agtgegaf A3 and
therefore, they were only able to partially revetise toxicity of A3
aggregates. To aid solubility and, at the same,ttm@revent it from
self-aggregating and so acting as a “seed” to pterAp aggregation,
an additional cationic Arg was added at its N- @&termini using a
Gly as a spacer. An amide group was also adddueaCiterminus to
render the peptide less charged.

As assessed by Th-T assay and electron micros€ip®,was able to
completely prevent B fibril formation and was also shown to be a
potent inhibitor of A oligomerization, as shown by size exclusion
chromatography and oligomer specific ELISA (Austdnal., 2008).
This latter effect was probably due to the bindifghe monomeric A

molecule and correlated with the ability of the fpdg@to protect human
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neuroblastoma SHSY5Y cells fronffAnduced toxicity (Austen et al.,
2008). However, peptides are short-lived molecufesivo and to
convert them into useful drugs it is usually neaeg$o transform them
into peptidomimetics. Many previous studies, witraaety of different
peptide ligands, showed that retro-inverso pepticis maintain a
topology, a potency, and a selectivity similar hoge of their native
“parent” molecules, but displaying a much improvedavailability
profile, following oral or intravenous administi@ti, because of their
greatly enhanced stability to proteolysis (Chored &oodman, 1993;
Chorev and Goodman, 1995). In fact, in a retro-isogeptide, all of
the natural L-amino acids are replaced with thenBréiomer and the
peptide bonds are also reversed, conferring prggeofesistance. For
these reasons, a “retro-inverso” version of OR2 wesigned (RI-
OR?2). Unlike OR2, RI-OR2 was highly stable to paodysis and
completely resisted breakdown in human plasma aaid kxtracts. In
SPR experiments, RI-OR2 was shown to bind to bgghmdnomers
and fibrils and maintained the OR2 ability to inhiAf oligomer and
fibril formation as well as to reversepAtoxicity toward SH-SY5Y
neuroblastoma cells (Taylor et al., 2010).

As a final step in the design of the fusion peptade linked on the
surface of PINPs liposomes, a retro-inverted versidhe HIV protein
transduction domain ‘TAT (Green and Loewensteir§88) was
attached to RI-OR2 in order to target the pepitddied RI-OR2-TAT,
to the brain and make it a suitable drug candiftatdD. RI-OR2-TAT
displayed similar properties to RI-OR2 as an irtoibiof AB
aggregation and induced toxicityin vitro and showed an increased

binding affinity to A3, probably due to the presence of several
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positively charged amino-acid residues on the TA®rtipn
(Parthsarathy et al., 2013). The retro-inverted T#dquence was
effective as a transit peptide, as demonstratethdyapid entry of the
fluorescent peptide into cultured SHSY-5Y cells.lldwing its
peripheral injection, a fluorescein-labelled vensid RI-OR2-TAT was
also found to cross the blood brain barrier and lim the amyloid
plaques and activated microglial cells presenhenderebral cortex of
17-months-old APP/PS1 transgenic mice (Parthsarathsl., 2013).
The interaction with amyloid plagues was in accawmawith the
relatively high binding affinity between RI-OR2-TAand AB fibrils,
as assessed by SPR. The finding that RI-OR2-TATraatates inside
activated microglial cells was also expected, bsedhey actively take
up amyloid by phagocytosis and are involved in dlearance of A
(Paresce et al., 1997). In order to determine &ffex brain pathology,
RI-OR2-TAT was injected peripherally into APP/PSicenevery day
for 21 days, at 100 nmol/kg. This dose was chogeause it is similar
to that used in a previous study with another pleptirug (McClean et
al., 2011). The treatment resulted in a marked taghly significant
reduction in amyloid plaque load, in the numberaativated microglial
cells and in the amount of oxidative damage. RI-dRT also reduced
the level of A8 oligomers in the cerebral cortex of the APP/PSgdemi
The inhibition of amyloid plaque load as well a® tfeduction of
oxidative stress were speculated to be a consequdiRl-OR2-TAT
ability to reduce microglial cell number, resulting fewer activated
microglial cells congregating around the amyloidreso of senile
plagues and releasing less free radicals and awekinvolved in

chronic inflammation and oxidation reactions (Hblksg 1998).
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However, the inhibition of oxidative damage couldoabe linked
directly with the effects of RI-OR2-TAT onfAaggregation. Reactive
oxygen species (ROS) have been shown to be gedelaiag the early
stages of B aggregation, via an interaction betweep #@nd redox-
active metal ions, and an early-stage aggregatibibitor would be
expected to block this source of ROS formation (Ealket al., 2005).
AP oligomers have also been reported to induce calam influx into
cells and, subsequently, oxidative damage, throlgin ability to form
ion-permeable ‘pores’ in cell membranes (Kagan Emanhdimadathil,
2010). The reduction of microglial cell load anddative stress seen
following treatment with RI-OR2-TAT could, there®r be a
‘downstream’ consequence of the ability of thisilomior to reduce A
oligomer and/or amyloid fibril formation. The pehigral administration
of RI-OR2-TAT had also a marked effect on stimaati of
neurogenesis. Inhibition of nerve stem cell proéif®on could be a
downstream consequence ofl Aaggregation (Monje et al., 2003;
Cunningham and Skelly, 2011). Thus, RI-OR2-TAT daescue brain
stem cells from the damaging pro-inflammatory dexf AB.
Together, the obtained results identify RI-OR2-TA$ a potential
disease-modifying treatment for AD.
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1.6 SCOPE OF THE THESIS

A consistent body of evidence establishes a centtalof A3 in the
pathogenesis of AD. This peptide, released fronscplogressively
aggregates and accumulates, depositing as extrdacelplaques
detectablgpost mortemn AD brains and causing a downstream series
of pathological events that finally lead to neurdoxageneration,
cognitive dysfunction and memory loss, main clihiieatures of the
disease. Focusing on braiifs As the target, the aim of the present work
was the design and testing of nanoliposomes fumalied to cross the
BBB and to interact with . Two different liposome preparations were
object of the present work: i) mMApoE-PA-LIP, liposes
bifunctionalized with mApoE, a peptide derived frorthe
apolipoprotein-E receptor-binding domain for BBBgeting, and with
PA, phosphatidic acid, for A binding; ii) PINPs, liposomes
functionalized with RI-OR2-TAT, a retro-invertedsion peptide made
by a combination of the haggregation inhibitor, RI-OR2, and the HIV
‘TAT’ cell penetrating peptide.

Based on previous observations obtaimedsitro, in Chapter Zhe
therapeutic efficacy of mApoE-PA-LIP was investeghtin Tg AD
mouse models, considering the effects of the treatnon memory

impairment and amyloid pathology.
In Chapter 3 the mechanism of action of mApoE-PR-iuas explored

and their ability to draw out A\from the brain (sink effect), previously

postulated, was evaluated using a transwell cellatzdel of the BBB.
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The possibility toprevent or delay AD progression by a long-term
treatment with mApoE-PA-LIP was analyzed in ChagtdBesides the
effects on memory impairment and amyloid patholadlgg,influence on
the onset of anatomical abnormalities linked to A2, modification of
molecular pathways involved infAproduction and clearance and the

toxicity of the treatment were considered.

Regarding PINPs, in Chapter 5 their effects dh aggregation and
toxicity as well as their ability to cross the BBEre assessed vitro.
Moreover, their efficiency in entering the brainhaalthy mice and in

affecting cognitive deficit in AD Tg mice was intgmted.
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Abstract

Alzheimer's disease is characterized by the accatiom and
deposition of plaques @gFamyloid (AB) peptide in the brain. Given its
pivotal role, new therapies targeting Are in demand. We rationally
designed liposomes targeting the brain and promotie
disaggregation of B assemblies and evaluated their efficiency in
reducing the 8 burden in Alzheimer’s disease mouse models.
Liposomes were bifunctionalized with a peptide dedi from the
apolipoprotein-E receptor-binding domain for blda@in barrier
targeting and with phosphatidic acid fop Ainding. Bifunctionalized
liposomes display the unique ability to hinder themation of, and
disaggregate, fassemblies vitro (EM experiments). Administration
of bifunctionalized liposomes to APP/presenilin rhnsgenic mice
(aged 10 months) for 3 weeks (three injectionsvpeek) decreased
total brain-insoluble Ai- 42 (-33%), assessed by ELISA, and the
number and total area of plaques (-34%) detectadlbgically. Also,
brain A3 oligomers were reduced (-70.5%), as assessed ByFHAGE.
Plague reduction was confirmed in APP23 transgemae (aged 15
months) either histologically or by PET imaging w[t'C]Pittsburgh
compound B (PIB). The reduction of braifs &vas associated with its
increase in liver (+18%) and spleen (+20%). Notatilg novel-object
recognition test showed that the treatment ameédrenouse impaired
memory. Finally, liposomes reached the brain inirgact form, as
determined by confocal microscopy experiments Witlorescently
labeled liposomes.

These data suggest that bifunctionalized liposaestabilize brain A

aggregates and promote peptide removal acrossabé-bbrain barrier

120



and its peripheral clearance. This all-in-one nmgk therapeutic
device can be considered as a candidate for thatntemt of

Alzheimer’s disease.
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2.1 INTRODUCTION

Alzheimer’'s disease (AD), the most common form amentia
afflicting (86 million people worldwide, is a neurodegeneratiisease
characterized by synaptic dysfunction, memory lassl, neuronal cell
death (Selkoe et al., 2012). It is mainly diffusedts sporadic form,
although in a minor population, it is of the farailiype, which is caused
by mutations in the amyloid precursor protein (ARP)oresenilin 1
(PS1) or 2 (PS2) genes (Bertram and Tanzi, 201P).bAains are
characterized by extracellular plagues, mainly cosegd off-amyloid
(AB), a 40-42 aa (Pu4s APi1-42 proteolytic fragment of the
membrane-associated APP (Verbeek et al., 199F)uAdergoes an
aggregation process leading to the formation of lisnsoluble
oligomeric species and large, insoluble fibrillpesies (Bruggink et al.,
2012) and ending with the deposition of plagquesvéied levels of A
and its neurotoxic aggregates, oligomers in pddrcun the brain are
believed to be associated with perturbations ofptin function and
neural network activity, leading to cognitive d&Bc and
neurodegeneration (Palop and Mucke, 2010).

Based on this knowledge, differenp-Alirected therapeutic strategies
attempting to reduce brainBAurden are currently under investigation,
including possibly drawing the[Rexcess out of the brain by peripheral
administration of A-binding agents: the so-called “sink effect”
(Matsuoka et al., 2003; Biscaro et al., 2009; $twckt al., 2011).
Nanotechnological devices, and in particular narnopes, have been
suggested as potential tools for the therapy of dN&8ases (Re et al.,
2012). Liposomes (LIPs), the best-known nanopagi¢lChang and

Yeh, 2012), are currently used in the clinic agydrahicles. However,
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the possibility of multifunctionalization may comfen them the ability
to perform multiple tasks at the same time. Foltaythis view, within
the present investigation, we have designed malttfanal LIPs for
AD therapy.

The objectives for their construction were to cowiethem the abilities
to (1) cross the blood-brain barrier (BBB), (2) den the formation of
and enhance the disruption of braifi &ggregates into smaller soluble
assemblies, and (3) enhance their clearance frenbridin. To reach
this goal, relying on previous observations obtaimevitro, we have
bifunctionalized LIPs composed of sphingomyelin §Smand
cholesterol (Chol) with phosphatidic acid (PA) witie task of binding
AP (Gobbi et al., 2010) and with a peptide (mApoE)w from the
receptor-binding domain of apolipoprotein E, witle task of targeting
and crossing the BBB (Re et al., 2010, 2011; Baral.£2013). The
present study reports the therapeutic effectivepéssfunctionalized
LIPs (mApoE-PA-LIP) in transgenic (Tg) AD mouse res]
demonstrating their effects on both the reducticemayloid burden and

memory improvement.
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2.2MATERIALS AND METHODS

Preparation and characterization of LIPs

Bifunctionalized LIPs (mApoE-PA-LIP) were preparad described
previously (Re et al., 2010; Bana et al., 2013aubextrusion procedure
using polycarbonate filters (100 nm pore size di@meand were
composed of a matrix of bovine brain Sm and Chdl: atmolar ratio,
mixed with 5% molar of dimyristoyl-PA and furtherurface
functionalized with 1.25% molar of mApoE peptideApoE peptide,
carrying the amino acid sequence CWG-LRKLRKRLLR
corresponding to residues 141-150 of human ApoHlifred with the
addition of a tryptophan, glycine, and cysteinedas at the C-terminal,
was synthesized and purified as described prewqis et al., 2010,
2011). As controls, monofunctionalized LIPs with RPRA-LIP) or
MApoOE (MApoE-LIP) were also prepared as describeviqgusly
(Gobbi et al., 2010; Re et al., 2011).

For pharmacokinetic and biodistribution experimeb®s contained
6X10° dpm of either *CJPA or PH]Sm (0.001-0.002 molar
percentage of total lipids) added as tracers tovolipid distribution
by radioactivity counting.

For confocal microscopy experiments, fluorescerPs were used
carrying BODIPY-FL C12-sphingomyelin in the lipidildyer and
Rhodamine B encapsulated in the aqueous core. BOBIPC12-
sphingomyelin (Invitrogen) was added to the lipicktore during the
preparation of LIPs, and the lipid film was rehyéchwith a solution
of 20 mM Rhodamine B (Sigma-Aldrich) and submittedsix cycles
of freezing and thawing before being extruded. Bonove any

unencapsulated material, LIPs were subjected teettuycles of

124



diafiltration through 30,000 molecular weight (MWJutoff
membranes.

LIP size and-potential were characterized as described preljidBe
et al.,, 2010; Bana et al., 2013) and were stahleafdeast 5 d, as
reported (Bana et al., 2013). However, LIPs fonalitreatment were

freshly prepared on the same day of each injection.

Electron microscopy

Electron microscopy (EM) was used to characteribenbtionalized
LIPs and to investigate their ability to either d¢hém the formation of
fibrils or disrupt preformed Be-42 aggregates. To verify the shape and
size, 400pM mApoE-PA-LIP in PBS were dropped onto nickel
Formvar—carbon-coated 300 mesh EM grids (Electranrddcopy
Science) for 3 min, successively stained for 5 mith a saturated
solution of uranyl acetate, washed to eliminateesgauranyl acetate,
and allowed to air dry. To study the ability of kIRo hinder the
formation of or to disaggregate preformed fibril§ Al 42, the
following procedure was used: in the former casslation of 25uM
AP1-42 was incubated alone or in the presence of a 1 wiktisn of
LIPs for 5 d at 37°C in PBS, and, in the latterecaafter peptide
aggregation, fibril suspension was incubated far Wwith 1 mM LIP
solution. At the end of the incubation in eitheseaall samples were
diluted to a final concentration oftBV AB1-s2and dropped onto nickel
Formvar-carbon grids. EM analyses was done withilaral 120
transmission electron microscope operating at A2@duipped with a

Proscan Slow Scan CCD camera (Carl Zeiss SMT).
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Pharmacokinetic and biodistribution experiments

Six- to 8-week-old BALB/c mice weighting 22-25 greaised for these
studies. One hundred microliters of 40 mM (totpldiconcentration)
PA-LIP or mApoE-PA-LIP, containing 13@ of PA and 6X18dpm

of [MCJPA and PH]Sm (in 1:1 ratio), were administered by three
intraperitoneal injections (48 h apart). Mice weiked 24 h after the
last injection (three mice per experimental groiod, liver, spleen,
kidneys, lungs, and brain were collected and sbadal by digestion as
described previously (Wan et al., 2007). Radio@gtiwas measured
by a Packard Tricarb 2200CA liquid scintillatioructer (PerkinElmer

Life and Analytical Sciences).

Animals

Forty APPswe/P31e9 (APP/PS1) 10-month-old Tg male mice [B6C3-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mice; The Jackson
Laboratory], mean weight of 33-34 g, and 20 non{WjI) age-
matched littermates were used. For some confirmajmositron
emission tomography (PET) experiments, three APPsingle Tg
(APP23) mice, 15 months old (Novartis Pharma), tmde non-Tg
(WT) C57/6N mice, 18 months old, were used. Allnaalis were
specific pathogen free (SPF) and were housed iSRiA facility in
groups of four in standard mouse cages contairamgisst with food
(2018S Harlan diet) and wateaid libitum under conventional
laboratory conditions (room temperature, 20 + 27@nidity, 60%) and

a 12 h light/dark cycle (7:00 A.M. to 7:00 P.M.)oNnvironmental
enrichment was used because it notably improvespaiology in

mouse models of AD (Lazarov et al., 2005; Valeralet2011). Mice

126



were all drug and behavioral test naive, and thgeaments were all
conducted during the light cycle. All proceduregalving animals and
their care were conducted according to EuropeaonrJfiEC Council
Directive 86/609, OJ L 358,1; December 12, 19871) ltadian (Decreto
legislativo 116, Gazzetta Ufficiale s40, Februa8y 1992) laws and
policies and in accordance with the United Stategpddtment of
Agriculture Animal Welfare Act and the National titgtes of Health
policy on Human Care and Use of Laboratory Animalsey were
reviewed and approved by the Mario Negri Instititemal Care and
Use Committee, which includes ad hoc members foicat issues
(1/04-D).

Animal treatment

All animals (Tg or WT) were intraperitoneally infjed with mApoE—
PA—-LIP (100ul, 73.5 mg of total lipids/kg) or with PBS as a @@
(100 ul) once every other day for 3 weeks. The weighthef animals
was recorded before each treatment. Two experithgndaips were
treated with mApoE—PA-LIP (APP/PS1 and WT mice,hfdr each),
two control groups were treated with PBS (APP/PSL\WT, n=19 for
each), and two more Tg groups received monofunalived PA-LIP
or mApoE-LIP (n=10 for each). To minimize the effe¢ subjective
bias, animals were allocated to treatment by anadpenot involved in
the study, and animal groups were named with nusnbBrug
treatments were performed in a blind manner by ngniihem with
alphabetic letters. Mice were treated always as#me time of the day

(9:00-10:00 A.M.) in a specific room inside the raal facility,
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following a randomized order. Each single mouseawaexperimental

unit.

Blood and tissue collection

Animals were deeply anesthetized with an overdosé o
ketamine/medetomidine (1.5 and 1.0 mg/kg, respelghy and the
blood was collected from the heart for plasma separ. Afterward,
liver, spleen, and brain were dissected and weigl@de brain
hemisphere was fixed and processed for immunofistodstry; the
other hemisphere, liver, spleen, and plasma weape 8ozen in dry ice
and stored at -80°C (Cramer et al., 2012) unfiilddsage by ELISA.

Brain immunohistochemistry

APP/PS1 plaque deposition was examined using thé étonoclonal
anti-A antibody (Covance), microglia with anti-ionized latam
binding adaptor molecule 1 (Ibal; DBA), and asttesywith anti-glial
fibrillary acidic protein (GFAP; Millipore) antibads. Brain coronal
cryostat sections (30@m; three slices per mouse) were incubated for 1
h at room temperature with blocking solutions [6EL@% normal goat
serum (NGS); Ibal: 0.3% Triton X-100 plus 10% N&FAP: 0.4%
Triton X-100 plus3%NGS] and then overnight at 4°tthvihe primary
antibodies (6E10, 1:500; Ibal, 1:1000; GFAP, 1:3508fter
incubation with the anti-mouse biotinylated secaogdatibody (1:200;
1 h at room temperature; Vector Laboratories) imost&ining was
developed using the avidin— biotin kit (Vector Ladories) and
diaminobenzidine (Sigma). Tissue analysis and inzaggiisition were

done using an Olympus image analyzer and the CedbfRware.
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Plaques were quantified by an operator blind taggre and treatment
using Fiji software, through the application of anfemade macro.
Plaque deposition was also examined on APP23 nsiicg) wither the
6E10 monoclonal anti-pantibody as described above or Thioflavin-S

as described previously (Snellman et al., 2013).

AP plaque imaging by PET in APP23 mice

APP23 mice were used for PET experiments becatiss ibeen shown
that the probe does not sufficiently bind to theqoles in the APP/PS1
mouse brain (Snellman et al., 2013)C]Pittsburgh compound B (PIB)
was synthesized as published previously (Snellmah,e2013). Mean
specific radioactivity of the batches was 536 + T3Rgjumol at the
end of synthesis.'{C]PIB (injected dose, 10.4 + 0.7 MBq) was
administered via the tail vain. PET/computed torapgy (CT) scans
were performed with Inveon Multimodality PET/CT dew (Siemens),
and dynamic 60 min scans (timeframes, 30X10, 15X6(B00, and
2X600 s) in 3-D list mode were initiated simultaosly with the
injection. Images were reconstructed with a 2-f2féd backprojection
algorithm. Animals were first imaged during the wéefore treatment
(scan 1 at 15 and 18 months of age), then duriagniek after the
treatment (scan 2 at 16 and 19 months of age)fiaally 3 months
after the treatment (scan 3 at 19 and 22 monthage). From the
dynamic PET images, time-radioactivity curves famib, frontal
cortex, and cerebellum were obtained from regidmsterest manually
drawn to the CT image and projected to the PET enBgund-to-free
ratios (B/F40-60) for the frontal cortex were detered from the late
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phase (40-60 min) of the time-radioactivity curvas described

recently using cerebellum as a reference regiosl({Ban et al., 2013).

Novel-object recognition test

The novel-object recognition (NOR) test is a mentest that relies on
spontaneous animal behavior without the need ekstul elements,
such as food or water deprivation or electric footk (Antunes and
Biala, 2012). In the NOR test, mice are introdudet an arena
containing two identical objects that they can explfreely. Twenty-
four hours later, mice are reintroduced into thenarcontaining two
different objects, one of which was presented sty (familiar) and
a new completely different one (novel). At the efdreatment, mice
were tested in an open-square gray arena (40 X030 cm high,
with the floor divided into 25 squares by blaclelnplaced in a specific
room dedicated to behavioral analysis and sepafiaecthe operator’s
room. The following objects were used: a black fatasylinder (4 X 5
cm), a glass vial with a white cup (3 X 6 cm), anthetal cube (3X5
cm). The task started with a habituation trial dgrwhich the animals
were placed in the empty arena for 5 min, and thieivements were
recorded as the number of line crossings, whickigeoan indication
of both WT and Tg mice motor activity. Mice wersted following a
predefined scheme (five mice for each treatmenumrand the
remaining mice by following the same scheme) gurégisely maintain
the 24 h of retest for each mouse. The next dage mere again placed
in the same arena containing two identical objdtasiliarization
phase). Exploration was recorded in a 10 min tnabkn investigator

blinded to the genotype and treatment. Sniffinguctong, and
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stretching the head toward the object at a distahne more than 2 cm
were scored as object investigation. Twenty-fouurbolater (test
phase), mice were again placed in the arena camgawo objects, one
of the objects presented during the familiarizatjgmase (familiar
object) and a new different one (novel object), &nel time spent
exploring the two objects was recorded for 10 nResults were
expressed as percentage time of investigation @cisper 10 min or
as discrimination index (DI), i.e., (seconds spamtnovel — seconds
spent on familiar)/(total time spent on objectshnirAals with no

memory impairment spent a longer time investigatirgnovel object,

giving a higher DI.

AP quantification in animal organs

Mouse brains were treated as described previo@ginerman et al.,
2008) with some modifications. Mouse brain hemispbewere
homogenized in a Tris buffer containing 50 mM THEH, pH 7.4, 150
mM NacCl, 50 mM EDTA, 1% Triton X-100, and 2% progeanhibitor.
After centrifugation (15,000 rpm, 21,000 X g, 4°@r 25 min), the
supernatant was retained as the Triton-solubldiragsoluble 7).
The pellet was homogenized a second time in theepoe of 70%
formic acid (FA) (10% v/w) and ultracentrifuged (660 rpm, 100,000
X g, 4°C, 1 h), and the resulting FA-extracted soptant was
neutralized with 1 M Tris buffer, pH 11, represegtihe FA-extracted
insoluble fraction. Levels of fy—40 and AB1-42 in each fraction were
quantified by sandwich ELISA (ELISA kit; IBL).

Liver and spleen were homogenized, and thefr lavels were

quantified as for the brain. Levels of plasmpiAo and A31-42 were
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quantified by ELISA (Wako Chemicals). Each sampbswvassayed in

triplicate.

Brain A B oligomer analysis

Aliquots of the Triton-soluble fractions (solublg)A containing 4fg

of total protein, were run on a precast NUPAGE 4413s-Tris gel
(Invitrogen), transferred to a nitrocellulose mean®, probed with the
6E10 anti-A8 antibody (1:1000 dilution), and visualized witthanced
chemiluminescence (ECL) by ImageQuant LAS4000. grie¢ein load
was controlled either by Ponceau S staininf-actin immunoblotting
using rabbit antp-actin antibody (1:1500 dilution; Invitrogen). The
content of soluble fassemblies was quantified by the intensity of the
chemiluminescent bands using NIH ImageJ Softwackreormalized
with respect to th@-actin content of the same sample.

Confocal microscopy
To investigate whether mApoE-PA-LIP entered thdrbm an intact
form, APP/PS1 mice (10Ql, 73.5 mg of total lipids/kg) were
intraperitoneally injected with fluorescently labéimApoE-PA-LIP or
with PBS as vehicle (10@), once a day for 3 consecutive days. Three
hours after the last injection, animals were killadd the brains were
fixed in 4% paraformaldehyde for 24 h, transfet@d0% sucrose until
the tissue sank, and frozen at -80°C. Brain coronylstat sections (30
pum) were washed three times in PBS, and the nudes stained with
DAPI (1:500 in PBS) for 10 min and then washed adaur times in
PBS. The sections were finally mounted with Fluees@Calbiochem)
and viewed under a laser-scan confocal microscapsg LSM 710)
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using a 20X objective in fluorescence and brigalefi combined
acquisition mode.

Images were acquired focusing on the hippocampung) @s 63X oil-
immersion objective, generating a 3-D reconstructiosing an
appropriate optical sectioning (Z-stack). The insagleown have been
obtained as the sum of several focal planes willickness of 0.68m
each, giving information related to the entire voiof the analyzed
sections. This procedure ensures a *“full-volumetadaollection.
Acquisition parameters were set to select the §peeavelength of the
fluorescent LIPs injected, reducing any possilierference from auto-
fluorescence, and were maintained constant fahalexperiments. In
detail, DAPI signals were recorded in the 406-4ibamission range
using a 405 nm laser wavelength, and mApoE-PA-liffpads were
detected in the 493-542 nm emission range usin@& rfm laser
wavelength for BODIPY-FL and in the 562-626 nm esiga range

using a 561 nm laser wavelength for Rhodamine B.

Statistical analysis

Data were expressed as mean + SEM. For ELISA a¥gagtern blot
and plague quantification data were analysed bge®its t test. For the
NOR test, data were analyzed by a two-way ANOVAthie presence
of a significant interaction between the factors Xdreatment, the
Tukey’s post hoc test was applied. p < 0.05 wasidemned significant.
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2.3 RESULTS

The physicochemical features of mApoE-PA-LIP aporéed in Table
1.

Table 1. Physicochemical features of LIPs used in the present investigation

Liposome Size (nm) POl ¢ potential (mV)
PA-LIP 1098 0.10 —136=4
mApoE-LIP ne+7 012 — 1533
mApoE-PA-LIP 1217 .15 —187 x4

Table 1. Size, polydispersity index (PDI), adgpotential of LIPs were measured by
the dynamic light scattering technique and interfieetric Doppler velocimetry.

An EM image of the LIP preparation is shown in FeguA. EM
experiments confirmed their ability to inhili, vitro, the formation of
amyloid aggregates and to disrupt preformed fiprds reported
previously using other techniques (Bana et al. 320k fact, as shown
in Figure 1B-D, the meshwork of the amyloid fibritsmed by A81-42
was significantly reduced when the peptide aggregatas performed
in the presence, or after incubation, of mApoE-RAR-Wwith preformed
fibrils.
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Figure 1. EM characterization of mApoE-PRP and their ability to hinder tl
formation and disaggregatepAassembliesn vitro. A, Electron micrograph c
mMApoE-PA-LIP used in the present investigatiBn Fibrillary assemblies of 28/
AB1-42formed after 5 d incubation at 37°C, Fibrillary assemblies of 2B/ AB1-42
formed after 5 d incubation with 1 mM mApoE-PA-LE 37°C.D, Fibrillary
assemblies of By 4,0btained as iB and then incubated with 1 mM mApoE-RAP.

Pharmacokinetic experiments, reported in Figungeze performed by
intraperitoneal administration of dually radiolad! (1*CJPA and
[*H]Sm) PA-LIP or mApoE-PA-LIP in BALB/c mice to assethe
radioactivity distribution in blood, liver, spleekidneys, lungs, and
brain. The results show that the amount of radie&gtreaching the
brainin vivois higher for mApoE-PA-LIP than for monofunctioizaid
PA-LIP. Furthermore, the data show that the ratimeen'“C and®*H
detected in the brain is comparable with the radween the two

isotopes [(1L:1) of the mApoE-PA-LIP injected.
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Figure 2. The additional functionalization with mApoE of ialhbeled PALIP
administered to healthy mice increases the amadlintain-associated radioaty.
Dually radiolabeled gH]Sm and {*C]PA) mApoE-PA-LIP or PA-LIP (100, 73.5
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mg of total lipids/kg) were administered intrapengally to BALB/c mice (n = 3;-6
8 weeks old), three injections (1 injection eve8yl). Mice were killed 3 h after t
injections, blood, liver, spleen, kidneys, lungsidabrain were collected, a
radioactivity was measured, Amount of [4C]JPA (expressed as percentag
injected dose) in mouse brain after one, two, mdlinjections of PA-LIP or mApoE
PA-LIP. B, Amount of PH]Sm (expressed as percentage of injected dose) in 1
brain after one, two, or three injections of PA-LdP mApoE-PA-LIP.C, [*C]PA
biodistribution (expressed as radioactivity peragptof injected dose) in blood, liv
spleen, kidney, lung, and brain. Studentasst , p < 0.05.

APP/PS1 Tg mice were treated with either bifunalaed mApoE-
PA-LIP or monofunctionalized LIP (PA-LIP or mApoBR) or with
PBS, as vehicle, for 3 weeks and submitted to aiR NE3t. Figure 3
shows that, although PBS-treated APP/PS1 mice weble to
discriminate between the familiar and the novekob{percentage time
of investigation per 10 min: familiar, 47.2 = 2r&yvel, 52.8 + 2.2; DI,
0.02 £ 0.04; n = 19), after treatment, only miceereing mApoE—PA—
LIP significantly recovered their long-term recagm memory
(percentage time of investigation per 10 min: f&aamnjl36.2 + 5.1; novel,
63.8 £ 5.1; DI, 0.28 £ 0.1; n = 10), close to tlaues of PBS-treated
WT mice (percentage time of investigation per 1@:rfamiliar, 37.0 £
2.4; novel, 63.0 £ 2.4; DI, 0.28 = 0.04; n = 19neé>way ANOVA for
the DI found a significant effect of treatmeR{j,72) = 3.5p = 0.006).
Interestingly, in contrast to bifunctionalized L|Rmly a slight, albeit
nonstatistically, significant memory improvementswabserved after
treatment with monofunctionalized LIP (percentagenet of
investigation per 10 min: PA-LIP, familiar, 41.34+2; novel, 59.0 +
4.2; DI, 0.18 £ 0.08; n = 10; mApoE-LIP, familia3.7 = 2.8; novel,
56.3 + 2.8; DI, 0.13 + 0.06; n = 10).
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Figure 3. Treatment with bifunctionalized mApoE-PA-LIP sifjcantly restores
long-term recognition memory in APP/PS1 Tg mice PAPS1 Tg or WT mice were
treated with mApoE-PA-LIP, PA-LIP, mApoE- LIP, oekicle, andat the end ¢
treatment, their memory was tested with the NOR tdistograms are meanSEM
of the corresponding DI. One-way ANOVA found a sfigant effect of treatment
(Fs72= 3.5, p = 0.006). Tukeylsost hoctest, 1 < 0.05,**p < 0.01.

In addition, we demonstrated that mApoE—PA-LIP tiret had no
negative effect on the memory of WT mice (perceatdigne of

investigation per 10 min: familiar, 37.3 £ 3.4; mbv62.7 £ 3.4; DI,

0.25 £ 0.07; n = 10) and did not affect mouse wieggid motor activity
(data not shown).

At the end of behavioral investigation by the N@Rtf APP/PS1 mice
were killed, and half of the brain was postfixedd assubsequently
immunostained for plaque quantification. As expeéctt the age
investigated (Balducci and Forloni, 2011), APP/P$ae treated with
PBS displayed important deposits of plaques thae vegynificantly

reduced in APP/PS1 mice treated with mApoE—PA-I® shown in
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Figure 4, we found that mApoE—-PA-LIP reduced theber and total
area of brain A plaques by~ 34% in both the cortex and the
hippocampus. Student's t test for the two treatngemtips, mMApoE—
PA-LIP (n = 10) versus PBS (n = 10), found a sigaiit reduction in
the number of plaques (t(17) = -3.0, p = 0.008) ianthe total plaque
area (t(17) = -2.5, p = 0.02). The treatment of AL Tg mice with
PA-LIP or mApoE-LIP, which did not significantly aever from
memory impairment, did not reduce brain plaguebeeit(data not
shown).
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Figure 4. mApoE-PA-LIP treatment significantly reduce@® plaque load in the bre
of APP/PS1 Tg mice. APP/PS1 Tg mice were treatéldl mvApoE-PALIP or vehicle
and, at the end of treatment, the brain3 Aurden was analyzed

immunohistochemistryA, Representative cortical and hippocampal braitices o
mice treated with PB$, Representative cortical ahippocampal brain sections
mice treated with mApoE-PA-LIP. Brain sections wst@ned with the anti-p6E1(
monoclonal antibodyC, Histograms report the percentage reduction (ree8BM)
of the total number of plaques in MApoE-PA-LIP-tezamice D, Histograms repc
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the percentage reduction (mean + SEM) of the ftue area in MApoE-PA-LIP
treated mice. Studenttdest, P < 0.05, **p < 0.01. Scale bar, 250m.

The plaque reduction induced by mApoE-PA-LIP treatimon
APP/PS1 mice was also confirmed on APP23 mice kheei
Thioflavin-S or 6E10 anti-A staining on brain sections (Figure 5). The
effect of decreasing the plaque load was alsovi@tbon APP23 mice
by PET using I'C]PIB (Snellman et al., 2013) as the plaque-datgcti
probe (Figure 5). Interestingly, PET imaging, perfed 3 months after
the completion of the treatment, suggested a stanckency to plaque
reconstitution, because APP23 mice showed low®dfratios (0.10;
0.13; -0.04) similar to WT mice (-0.09; -0.01).

TG, non-treated
Safor

PET

TG, non-treated

Ths

Figure 5. mApoE-PA-LIP treatment reduced3flaque load, detected b¥C]PIB
PET, in the brain of APP23 Tg mice. APP23 Tg or Wilce were treated wi
mMApoE-PA-LIP, and, at the end of treatment, animatse imaged repeatedly with
60 min dynamicy'C]PIB PET scans. Three months after completiometteatmen
animals were imaged and subsequently killed. Bégirdeposition waswaluated o
cortical cryosections. The figure displays summ&-60 min after injection) PET
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images (PET) or cortical sections stained with Taion-S (ThS) or 6E10 anti-g\
antibody (6E10) of Tg and WT mice 3 months after tompletion of théreatmer
with mApoE-PA-LIP (n =3 for each group). Additional images of untreateg
mouse present the expectefl deposition in this model at 18 months of age. ¢
bar, 20Qum.

The effect of mMApoE—PA-LIP-mediated plaque reductioAPP/PS1
mice was paralleled by a decrease in the total atrafubrain A3 levels,
assayed by ELISA (Figure 6). After treatment, theant of insoluble
and soluble brain By-40(1249.7 £ 259.8 and 50.2 + 12.1 pmol/g brain)
was 33 and 32%, respectively, which is lower thathe brain of PBS-
treated mice (p = 0.0000053, p = 0.00022 by Stuslé¢ntest). The
amount of insoluble and soluble braifi:24> (1001.7 £ 221.0 and 60.2
+ 10.7 pmol/g) was 26 and 11% lower (p = 0.007, ©.624 by
Student’s test), respectively.
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Figure 6. AB levels were significantly reduced in the braimofpoE-PA-LIP{reate(
APP/PS1 Tg mice. APP/PS1 Tg or WT mice were trewitld mApoE—PA-LIP or
vehicle, and, at the end dfeatment, brains were homogenized and solub
insoluble A1-s0and AB1-s2amounts were measured by ELIA Percentage chan
of insoluble brain R1_sand M1- 42 B, Percentage change of soluble brapi-Ao
and A3:-s.levels. Data are expressed as mean + SEM. Studeess P < 0.05, *p
<0.01

To assess whether the decrease of br@ibu#den was also involving
oligomers, recognized as the best correlate ofimeysfunction and
disease severity (Lue et al., 1999; McLean et1899), their content
was analyzed on brain homogenates of treated rtitenoteworthy
that the treatment strongly reduced (-70.5%, pGOD) the levels of
soluble A3 species with MW up to 90 kDa (Figure 7). This diedds
true for the band with an MW afL00 kDa, likely corresponding to full-
length APP (-33. 9%, p = 0.055).

PBS mApoE-PA-LIP
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Figure 7. mApoE-PA-LIP significantly reduced pAoligomers in the brain
APP/PS1 Tg mice. APP/PS1 Tg or WT mice were treatigid mApoE-PALIP or
vehicle, and, at the end of treatment, brains memogenized and solubleBAvas
submitted to SDS-PAGE or Western blot. Represestaiestern blot of brain-
soluble A3 probed with anti-8 6E10 and visualized by ECL is shown.
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Because of all this compelling evidence, highligbtthe ability of the
MApPOE-PA-LIP to induce a significant brain pAdecrease, we
wondered what happened to the disappeared peptide. attempt to
answer this question, we measurefti I&vels in organs and tissues of
APP/PS1 mice treated with mApoE-PA-LIP. We foundtttine levels
of AP in both the liver (Figure 8A) and the spleen (Feg&B) had
increased (liver, +18%, p = 0.038; spleen, +20%s ©.0057 by
Student’st test), whereas (A levels in plasma, at the end of the
treatment, did not significantly change with redpiedBS-treated mice
(1.47 £ 0.69 versus 1.27 £ 0.79 pmol/nfi)A
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Figure 8. AB levels in the liver and spleen of APP/PS1 Tg naice hcreased aft

treatment with mApoE-PA-LIP. APP/PS1 Tg or WT migere treated with mApoE

PA-LIP or vehicle, and, at the end of treatmenrgriand spleen were dissected and
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homogenized and totalpAwas extracted. By—s0and A31- s2amounts were measul
by ELISA. Data are expressed as a fold changepofesels.A, Histogram of live
AB1-s0and AB;-szlevels.B, Histogram of spleen B\- s0and AB1-s2levels. Data al
expressed as mean + SEM. Studentsst, 1 < 0.05.

The involvement of microglia and astrocytes i3 Alearance
(Agostinho et al., 2010) was ruled out through imstaining

experiments on APP/PS1 brains, which showed neased activation
in either the cortex or the hippocampus after mMABFELIP treatment
(data not shown).

Finally, experiments with dually fluorescently |led mApoE-PA-LIP

were performed to assess their ability to crossBB8 in an intact
form. After injection in APP/PS1 Tg mice, brain seos were imaged
by confocal microscopy. Thanks to the incorporatbrnwo different

fluorophores into mApoE-PA-LIP, specific punctuatedl and green
signals with high level of co-localization were ebged in the

hippocampus (Figure 9).
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mApoE-PA-LIP

MERGE

Figure 9. Dually fluorescently labeled mApoE-PAP administered to APP/P
mice are detected intact in the hippocampal regi@nsBrightfield and DAP
fluorescence of brain sections fréax®P/PS1 mice treated with PBS or LIPs, acqt
to focus the additional analysis on the hippocarapeh B, Representative images
brain hippocampal regions of mice treated with RBSluallyfluorescently labele
MApPOE-PA-LIP. The images shown haleen obtained as the sum of several -
planes with a thickness of 0j@& each, giving information related to the er
volume of the analyzed sectiots. Magnification of the framed areas®f
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2.4 DISCUSSION

Considering the demographic increase and the gldleid in
population aging, the influence of AD will be evaore pronounced in
the future: it is estimated that the number of Afieted individuals
will triple by the year 2050. Unfortunately, theage currently no
effective means to prevent or cure this diseaseteBhnological
devices, such as nanoparticles, represent a pedsibl to reach this
goal, relying on the possibility of conferring dretn multitask features.
Despite the fact that several nanoparticles haea lsgnthesized and
proposed for therapy and diagnosis of AD, evideidheir efficacyin
vivo has not yet been reached (Brambilla et al., 200Hgrefore, in the
present investigation, we designed multitask LIRg #&ested their
therapeutic efficacyin vivo in AD mouse models. Based on our
previousin vitro studies (Gobbi et al., 2010; Re et al., 2010, 28hha
et al., 2013), these tasks were assigned to LHesdiionalized with
PA, which binds A in different aggregation forms, and with mApoE,
obtained by modification of a decapeptide from AptaiEgets the BBB
and facilitates its crossing. This peptide sequetw®ains only the
receptor-binding domain of ApoE and not th@-Binding sequence.
The combination of the two ligands on the LIP scefaonfers to them
the unforeseen feature of disaggregatifigg&sembliesn vitro, as we
have reported recently (Bana et al., 2013) andimea@nfirmed. This
ability, not displayed by monofunctionalized LIRsith either PA or
MApOE), could arise from the synergic interactioh lwth the
negatively charged PA phosphate group and the ipelyitcharged
MApPOE amino acids with oppositely charged residuesent on A
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peptide at physiological pH (Datta et al., 2000yayauch et al., 2012;
Bana et al., 2013).

For thein vivo proof-of-principle, we used APP/PS1 as the AD neous
model. The APP/PS1 carry the human Swedish mutatidra deletion
of the exon 9 on PS1 and sho plaque deposition starting from 8—9
months of age (Lee et al., 1997; Jankowsky ef@Db]1). Therefore, it
represents a useful “early-onset” AD mouse moded. W'served that
the treatment with mApoE-PA-LIP induced an impotteduction in
the number of brain plaques. mApoE-PA-LIP-induckedjpe reduction
was also confirmed in some experiments on APP2&;#WPP23 mice
were used also for PET imaging of plaques WiE]PIB, because it
has been shown that this probe does not suffigidimid to the plaques
in the APP/PS1 mouse brain (Snellman et al., 2048diceably, PET
experiments showed that the plaque reduction widlspsésent 3
months after treatment. The comparison with moncifanalized LIPs
indicates that bifunctionalization is crucial tther affect the £ plaque
load or enhance the amount of radioactivity cragshne BBB after
injection of radiolabeled LIPs. Finally, an approd@sed on the use of
dually fluorescent LIPs coupled to confocal mickgsg imaging
(Tanifum et al., 2012) showed co-localization o¢ thwo fluorescent
probes in the hippocampus of treated mice, suggesiat mApoE-PA-
LIP reached the brain in an intact form. Considgrihe results
obtained, it is reasonable to speculate that mAPBAH:-IP exert their
activity by crossing the BBB interacting with, addstabilizing, brain
AP aggregates. Successively, the generated lower N\&pacies may
be facilitated to move from brain to blood and pegipherally cleared

in the liver and spleen through the so-called sfifct (Matsuoka et
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al., 2003; Biscaro et al., 2009; Sutcliffe et 2011), likely mediated by
circulating mApoE-PA-LIP. To this regard, the pé&mpal increment of
AP in the liver and spleen, detected at the endefratment, supports
this hypothesis.

However, the increased pArecovery in peripheral organs is not
sufficient to explain the total reduction of br#ip levels. Because we
did not observe activation of microglia and asttesyafter treatment,
we suggest that proteolytic degradation of bram#ight be integrated
by the sink effect. The relevant role of proteaydiegradation in B
clearance, with respect to its elimination acrdss BBB, has been
suggested recently (Ito et al., 2013).

In association with plaque reduction, the treatmeith mApoE-PA-
LIP also induced a significant recovery of Tg moumspaired memory,
at variance with monofunctionalized LIPs, which med a weaker
effect that did not reach statistical significance.

However, these findings suggest that monofunctined!| LIPs might
exert, when administered together, an effect coaiparwith that of
bifunctionalized LIPs. A deeper investigation waHharger number of
data will clarify this issue.

This observation, together with the fact that thépoE-PA-LIP also
induced a significant reduction offAoligomers, makes the treatment
even more compelling. [Aoligomers are indeed recognized as the main
species responsible of the neuropathological psocesierlying the
onset and progression of AD and the best correlatesynaptic
dysfunction and disease severity (Lue et al., 1889;ean et al., 1999;
Wilcox et al., 2011; Scopes et al., 2012). In ekpental models,

oligomers have been shown to specifically inhibdng-term
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potentiation and mediate memory impairment, wheAgasnonomer
and fibrils were inactive (Walsh et al., 2002; Cleat al., 2005;
Balducci et al., 2010). Because it is more likeatt different A8
species, rather than a unique molecular assemkiggt aneuronal
functions at multiple levels, another relevant otaagon is that the A
oligomer reduction, mediated by the treatment, simpeduce different
MW species. It is also worth noting that full-lehghPP is seemingly
reduced after treatment. This observation opensptssibility that
additional mechanisms are underlying the effectiéf. Of course,
more focused studies are necessary to clarify tbesgplex issues.
Together, our findings promote mApoE-PA-LIP as dladerated
valuable new nanotechnological means for AD ther#idg important
to point out that the treatment with mApoE-PA-LI&eg not eliminate
the cause of B overproduction but could slow down the
neurodegeneration process. Therefore, it is coab&vthat possible
therapeutic protocols could require chronic treatts¢o minimize the

progression of the disease.
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Abstract

We previously showed the ability of liposomes bdtionalized with
phosphatidic acid and an ApoE-derived peptide (mMAPA-LIP) to
reduce brain A in transgenic Alzheimer mice. Herein we invesighit
the efficacy of mApoE-PA-LIP to withdraw Apeptide in different
aggregation forms from the brain, using a transwellular model of
the blood-brain barrier and APP/PS1 mice. The sppattus efflux of
AP oligomers (40), but not of A fibrils, from the ‘brain’ side of the
transwell was strongly enhanced (5-fold) in preseat mApoE-PA-
LIP in the ‘blood’ compartment. This effect is digea withdrawal of
ApPo exerted by peripheral mApoE-PA-LIP by sink effeoecause,
when present in the brain side, they did not aétfiscarrier and limit
the oligomer effluxin vivo peripheral administration of mApoE-PA-
LIP significantly increased the plasm# Aevel, suggesting that A
binding particles exploiting the sink effect canused as a therapeutic
strategy for Alzheimer disease.
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3.1 INTRODUCTION

Alzheimer disease (AD) is the most common form efnéntia in the
elderly, with no current therapy or definite diagiso Brain
accumulation of amyloi@- (Ap) peptides, eventually deposited as
plaques, is one of the pathological hallmarks of (ardy and Selkoe,
2002). A3 accumulation has been hypothesized to result feom
imbalance betweenfAproduction and clearance; indeed, @earance
seems to be impaired in both early and late form&®» and may
contribute to the onset and progression of the adise(Bell and
Zlokovic, 2009). Moreover, additional evidence sesjg that about 80-
90% of AD patients show cerebral amyloid angiopa(iGAA),
characterized by faccumulation in brain blood vessel walls (Rensink
et al., 2003), altering the functionality of the BB(Attems and
Jellinger, 2014). Among the different aggregatiormfs of A3, a body
of evidence indicates that soluble Adligomers (40), rather than
insoluble deposits, such ag$ Aibrils (Apf) and plaques, are primarily
responsible for both neurodegeneration and synapgiairment in AD.
Therefore, in the last years, many efforts haveiged at preventing
Apo formation or disassembling existing aggregatesdRal., 2010a;
Herrmann et al., 2011; Bana et al., 2014). Recemtlyherapeutic
strategy based on lowering the levels of solubflea8semblies in the
brain and in the cerebral blood vessel exploiting peripheral-sink
effect has been proposed (Matsuoka et al., 20@3his purpose, it has
been postulated that brain and plasnfa pools are in equilibrium
through the BBB, and that the peripheral sequestraif AR may shift

this equilibrium toward the peripheral blood cimatibn, eventually
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drawing out the excess from the brain and/or frtwn ltrain vessels
(Matsuoka et al., 2003).

DeMattos et al. reported that peripheral adminiistineof a monoclonal
anti-AB antibody to transgenic AD mice models resultednrnncrease
of AP in the plasma, despite minimal entry of the ardijpinto the
brain, suggesting the equilibrium ofiAketween the brain and plasma
(DeMattos et al.,, 2001, 2002). Because there averakproblems
associated with immunotherapy of AD (Boche et2010), the use of
molecules that are unrelated to antibodies, suclyedsolin, GM1
ganglioside (Matsuoka et al., 2003) or an extraoif the root of
Withania somniferahas been proposed (Sehgal et al.,, 2012). The
peripheral administration of these compounds in &ibmal models
was suggested to reduce the level pfitthe brain because of the sink
effect. Therefore, it is conceivable that the desi compounds that
bind AB with high affinity could reduce or prevent braify Aeposition

in AD patients. In this context, nanoparticles@vasidered a promising
tool due to the possibility of multifunctionalizati of their surface with
several copies of fxspecific ligands, increasing the affinity fopAy
multivalent interactions (Gobbi et al., 2010). Theature makes them
good candidates as sink effect promoters.

We have previously described liposomes (LIP) embeddcidic
phospholipids (in particular phosphatidic acid, Pa)d surface-
decorated with a modified human ApoE-derived pep(dApoE), i.e.
MApOE-PA-LIP, which have very high binding affinity A (Bana et
al., 2014). In the present study, we investigatedefficacy of mApoE-
PA-LIP to withdraw A8 peptide in different aggregation forms from the
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brain, using a transwell cellular model of the lldwain barrier and
APP/PS1 mice.
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3.2 MATERIALS AND METHODS

Materials

All chemical reagents were from Sigma—Aldrich, Mita Italy. Bovine
brain sphingomyelin (Sm), cholesterol (Chol) an@-dtearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(-polyyitne
glycol)-2000)] (mal-PEG-PE) were purchased from wtvaPolar
Lipids (USA). Dimyristoyl phosphatidic acid (PA),fA42 peptide and
1,1,3,3,3-hexafluoro-2-propanol (HFIP) were puretaom Sigma—
Aldrich, Milano, Italy. PH]-propranolol and 3H]-Sm were purchased
from PerkinElmer. FITC-dextran and bovine serumualim (BSA)
were from Sigma Aldrich, Milano, Italy. Polycarbadeafilters for
extrusion procedure were purchased from Millipo@C, Bedford,
MA. Extruder was from Lipex Biomembranes, Vancoyanada. All
the media and supplements for cell cultures wepelged by Invitrogen
Srl, Milano, Italy. The hCMEC/D3 cell line was obtad under license
from Institut National de la Sante et de la Recherdvedicale
(INSERM, Paris, France). Rat type | collagen, 1/1d@Emically
defined lipid concentrated, and all the media angpements for cell
cultures were from Invitrogen Srl (Milano). For dehination of A8:-
42, humanf amyloid (1-42) ELISA kits (IBL) were used. Low-rg@
rainbow molecular weight marker, horseradish pefase¢ (HRP)-
conjugated goat IgG anti-mouse antibody and EClgeets were
purchased from Amersham Biosciences (Castle HBWN Australia).
Mouse monoclonal Be.42 antibody mA 6E10 was from Signet
(Dedham, MA).
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Preparation and characterization of liposomes

MApPOE-PA-LIP composed of a Sm/Chol matrix (1:1, M:Mnd
bifunctionalized with PA (5 mol%) and with the pielet NH2-CWG-
LRKLRKRLLR-CONH2 (MW 1698.18 g/mol, mApoE, 1.25 nd6)
derived from the receptor-binding domain (a.a.chess 141-150) of
human ApoE, modified by adding the tri-peptide C\&Ghe N-term,
were prepared as previously described (Bana €2Gil4) by extrusion
procedure using 100 nm diameter filter pores (lgddihe). To prepare
larger mApoE-PA-LIP, 400 nm diameter filter poresrev used. Non-
functionalized LIP (control LIP, composed by Sm/CHol), LIP
mono-functionalized with PA (PA-LIP) or mono-furamtialized with
mApPOE (mApoE-LIP), were used as a control. In sanséance, JH]-
sphingomyelin (less than 0.0001% of total lipidgisvadded as a tracer.
Size and polydispersity index (PDI) of diluted ldRBpersions (at a final
lipid concentration of 0.5 mg/ml in PBS pH 7.40)reveneasured by
dynamic light scattering (DLS) technique (Brookhavastruments
Corporation, Holtsville, NY, USA)(-Potential was measured for the
same samples by using an interferometic Dopplercugletry with the
same instrument equipped with ZetaPALS device. iBjabwvas
measured in PBS by following size and PDI by DLESalays (Bana
et al., 2014).

AP peptide preparation and characterization

AP1-42 peptide was solubilized in HFIP at 1 mg/ml concatndn. The
peptide was allowed to air dry in a chemical furnedhovernight. The
resulting clear film was stored at —20 °C. The pkptvas resuspended

before use in DMSO at a concentration of 5 mM aaith Isonicated for
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10 min to achieve a monomer-enriched preparatiofm)A This
preparation was diluted to 1@M in cell culture medium and incubated
24 h at 4 °C to obtain an oligomer-enriched prejpama(ABo).
Alternatively, the 5 mM A8 preparation was diluted to 1d/4 in 10
mM HCI and incubated at 37 °C for 24 h in ordemtmain a fibril-
enriched preparation () (Dahlgren et al., 2002). The aggregation
state of 8m and Ao (not A3f because too large to be resolved) was
assessed by SDS-PAGE gel electrophoresis on a 412B8%slycine
gel (Thermo Scientific, Milano), followed by immullotting analysis
using 6E10 anti-f1-42 antibody (1:1000 dilution, Covance, ltaly)BA
assemblies were visualized with enhanced chemilescence (ECL)
by ImageQuant LAS4000 (Bana et al., 2014). The maiqgy of Ao
and ABf (not ABm because below the AFM resolution limit) was
assessed by Atomic Force Microscopy as previowssgitbed (Gregori
et al., 2010).

Binding of mApoE-PA-LIP to ABo or Apf investigated by
ultracentrifugation density gradient

The binding of mApoE-PA-LIP to Bo or Af was investigated as
previously described (Gobbi et al., 2010). Brietp3 samples were
incubated with radiolabeled mApoE-PA-LIP (1:2.5ppée:lipids) in
PBS pH 7.4 at 37 °C from 15 min. After incubatibe peptide bound
to LIP was separated from free peptide by flotatioa discontinuous
sucrose density gradient performed as describetiGat al., 2010).
After ultracentrifugation in a Beckman MLS 50 ro&ir140.000 x g for
2 hin polycarbonate tubes, 10 fractions were ctéle from the top of

the gradient and assayed for lipid and peptidessunby measuring the
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lipid-associated radioactivity by liquid scintiliah and by dot-blot
procedure on a PVDF membrane, respectively. Thpaotion of A3

bound to LIP was expressed as the % ratio betweeramount of
peptide in the fractions 1-5 over the total peptmeount, digitally
semi-quantitatively estimating the chemiluminescgmbts on PVDF

membrane using ImageQuant LAS4000 software.

In vitro model of BBB

Human brain endothelial cells (hCMEC/D3) were afd from
Institut National de la Santé et de la Recherchditéde (INSERM,
Paris, France) and used as a representative hunish rBodel.
hCMEC/D3 cells were cultured at 37 °C, 5% £Xaturated humidity
in EBM-2 medium (Lonza, Basel, Switzerland) suppated with 5%
fetal bovine serum (FBS), 1% penicillin-streptommycil.4 uM
hydrocortisone, g/mL ascorbic acid, 1/100 chemically defined lipid
concentrate (Invitrogen), 10 mM HEPES and 1 ng/nasib FGF
(bFGF) (Re et al., 2010b; Bana et al., 2014). Tapehe BBB model,
hCMEC/D3 cells, between passage 25 and 35, werdedeat a
concentration of 60,000 cells/éronto collagen-coated (dg/cn¥ rat
tail collagen type 1 Invitrogen) transwell filtgggolycarbonate 12-well,
pore size 0.4m, translucent membrane insert 1.12cBuroclone) to
establish a polarized monolayer (Tai et al., 2009¢t al., 2009; Bana
et al., 2014). The layer of endothelial cells safis this system into an
apical (‘blood’ side; 0.5 ml of volume) and baselal (‘brain’ side; 1

ml of volume) compartment.
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Impact of Ap on cell monolayer properties

hCMEC/D3 cells were cultured on a transwell syst@sndescribed
above. Bioelectrical, morphological and functiopdperties of the cell
monolayers were checked both in the presence @nabsf 500 nM
AB in the basolateral compartment. Bioelectrical prtips of cell
monolayer were checked by measuring the transeelidtlelectrical
resistance (TEER) with STX2 electrode EpithelialltM@hm meter
(World Precision Instruments, Sarasota, Floridaprphological and
functional properties of cell monolayer were evétdaby examining
cells under microscope, by measuring the paraeeljpgrmeability of
250 uM FITC-dextran (MW 4 kDa) and the transcellularrpenbility
of 76 nM PH]-propranolol (0.5uCi), as previously described (Bana et
al., 2014). Cell viability was also assessed by MiBgay (Orlando et
al., 2013).

A cellular uptake and exchange across the BBB model presence
of liposomes

For AB exchange across the BBB model studies, hCMEC/D& we
cultured on a transwell system as described als®@.nM A3 was
added to the basolateral compartment, exposee totplete medium
and different doses (0-200 nmol total lipids) ofPL[alone or in
presence of different amounts off@) were added to the apical
compartment, exposed to PBS (Figure 1). In sontaniss, in order to
mimic in vivo-like conditions, PBS-BSA 4% (w/v) solution was add
to the apical compartment and PBS-BSA 0.015% (wolytion was
added to the basolateral compartment. After differémes of

incubation (up to 4 h), aliquots were collectednirthe apical and
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basolateral compartment and thp éontent was measured by ELISA
assay (IBL 96-well), following the manufacturertsstructions, and
absorbance was read at 450 nm using a spectropatoidictor
(Victor2 PerkinElmer). The concentration off Awas determined
according to the standard curve prepared, as staghby ELISA kit
protocol. The A endothelial permeability (EP) across the cell

monolayer was calculated as described (Cecchedli,e1999):

X 1 1

EP = —xx—
cd Surface area

where:

X = amount of drug (A in our case) in the receptor chamber (upper
compartment in our case) = nmol

Cd = AB concentration in the donor chamber (bottom connpanmt in
our case) = nmol/cin

At = time = min

Surface area = area of transwell inset filter 2 cm

Cells were collected with 20d of lysis buffer 2% Triton X-100 with
the addition of protease inhibitor cocktail (Signaad an aliquot was
used to measure the3Aontent by ELISA assay to determine thig A

cellular uptake.

Liposomes exchange across the BBB model

For LIP exchange across the BBB model, hCMEC/D3wettured on
transwell system as described above. mApoE-PA-RI® (nmol total
lipids), containing JH]-Sm (0.001 mol%) as a tracer, were added to the

basolateral compartment in a medium containing BB A and
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incubated at 37 °C for 2 h. The EP of LIP acrogsdéll monolayers
was estimated by measuring the radioactivity deckht times (up to 2
h) of PH]-Sm in the apical and basolateral compartmentidpuyid
scintillation counting, and calculated as descril§j€écchelli et al.,
1999).

Animal treatment

The double transgenic mice (APP/PS1) used in tlesemt study
incorporate a human APP construct bearing the Shediouble
mutation and the exon-9-deleted PSEN1 mutation: CBd.g
(APPSwe, PSEN1dE9) 85Dbo/J (Jackson Laboratory, Heabor:
stock no. 005864). The genotype of the mice wadircoed by PCR of
DNA isolated from tail biopsies (Ordofez-Gutiéredzal., 2015). All
animal care and handling strictly followed the emtritalian legislation
and guidelines, and those of the European Commis@iaective
2010/63/EUV).

APP/PS1 mice (n = 7 mice/group) were intraperittp€haP.) injected
once every other day with mApoE-PA-LIP (100 73.5 mg of total
lipids/kg) or with PBS as a control (1Q4), as already described
(Balducci et al., 2014) with changes concerningage of animals (16
months of age) and the duration of the treatmew (#eeks). At the
end of treatment, animals were sacrificed and blwad collected by
cardiac puncture and processed for plasma separdi@ins were
dissected, weighed and processed to extri¢Balducci et al., 2014).
AP levels in plasma and brain were quantified by B I&say, as
described (Steinerman et al., 2008; Balducci etall4).
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Statistical analysis
Data were expressed as mean +* standard deviatbraralyzed by

Student'st test. A P-value < 0.05 was considered statistically

significant.
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3.3 RESULTS

Characterization of liposomes

In the present study, we utilized previously ddssli mono-and
bifunctionalized liposomes: PA-LIP, mApoE-LIP and\poE-PA-LIP
(Reetal., 2010b, 2011; Bana et al., 2014). Naretionalized LIP have
been used as a control. Size, polydisperisity@pdtential values are

reported in Table 1.

Physicochemical features of liposomes.

Liposomes Diameter (nm + 5D) PDI ¢-Potential (mV + 5ID)
Control LIP 108.1 + 2 0.09% 25.51 = 0.82
PA-LIP 114.7 £+ 5 0.109 48.22 = 2.34
mApoE-LIP 1193+ 7 0.123 16.41 + 1.36

maApoE-PA-LIP 1394 = €

L=

0.143 18.32 = 2.(09

Table 1. Control LIP, control liposomes composed of Sm/Chdl M/M. PALIP,
liposomes functionalized with 5 mol% of phosphatidcid. mApoE-LIPJiposome
functionalized with 1.25 mol% of mApoE peptide. noipPALIP, liposome
bifunctionalized with 5 mol% of phosphatidic acitdd .25 mol% of mApoE peptid
PDI, polydispersity index. SD, standard deviation.

DLS analysis showed that LIP were monodispersed thed size
remained constant, within the experimental errmrup to 5 days (data
not shown). The yield of LIP surface functionalieat with mApoE
peptide ranged between 50% and 60%, according ta alacady
published (Re et al., 2010b, 2011).

Characterization of A samples
AP samples were prepared as described above anggregation state
was assessed by SDS-PAGE/WB and atomic force ncapyqAFM).

The results showed thapaA samples were enriched in small assemblies
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(MW < 20 kDa) (Figure 1, A, lane b; Figure 1, B) e@mpared to
monomer-enriched ones (Figure 1, A, lane a) usea @mntrol. AFM
observations indicated thatpé (Figure 1, B) had a spherical
morphology and that no fibrils were present in #@mnples. Size
distribution in AFM images appears to be cohererth wsDS-
PAGE/WB results. Af (Figure 1, C), as already reported in literature
(Stine et al., 2003), appeared unbranched, bowed, several
micrometers long, with an apparent height of 6 nm.

A B

Figure 1. A, ABi42 samples were analyzed by SPBGE electrophoresis gel ¢
immunoblotted with anti-B1.4> 6E10, followed by ECL detection.pApreparatio
enriched in monomers (lane a) or in small aggregdee b) are shown. Molecu
weights are indicated3, AFM analysis of & oligomers-enriched preparatio@,
AFM analysis of A fibrils-enriched preparation. Representative 4 yrd AFM
images of A& are shown. Bars: 500 nm.
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Binding of mApoE-PA-LIP to A
The ability of mApoE-PA-LIP to bind po or ABf was assessed by

ultracentrifugation on a discontinuous sucrose itfengradient
allowing separating B bound to LIP from the free peptide. Ten
fractions were collected from the gradient and yaread for lipid and
peptide content by radiochemical technique and btiut- assay,
respectively. The results (Figure 2) showed thapoB&PA-LIP were
able to bind both Bo (15.5% of Ao bound to LIP) and B (23.7% of
Apf bound to LIP), as compared to non-functionalizeeks (control
LIP). The binding to A induced a change in liposomes density
modifying the lipid distribution along the gradidrctions, as already

reported (Re et al., 2008).
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Figure 2. Binding of liposomes to A by ultracentrifugation assay. Mixtures of-A
42 (oligomers- or fibrils-enriched samples) with Igmmes (containingritiatec
sphingomyelin as a tracer) were purified by ultradégation on a discontinuo
sucrose density gradient and 10 fractions werectt from the topf the gradien
A, Representative distribution of the liposoassociated radioactivity in the gradi
fractions, before (dotted line) and after bindingthwAB (punctuated line)B,
Representative distribution ofdn the different fractions of the gradient deteldbg
dot-blot assay using antifi4, 6E10, followed byECL detection. The spot intens
associated with each fraction was determined usivegLAS4000 software. 3-
fractions represent the pAbound to liposomes; 60 fractions represent the f
peptide.

In vitro BBB transwell model

To investigate mApoE-PA-LIP capacity to hurfid\by peripheral-sink
effect, we set-up aim vitro BBB transwell model (Figure 3) composed
by a monolayer of polarized endothelial cells sdeda a porous
membrane, allowing an apical compartment (‘bloade}¥ physically

separated from a basolateral one (‘brain’ side).

APICAL
COMPARTMENT
(‘body’ side)
R -- NANOPARTICLES

[P ] .*. ‘ .!. HCMEC/D3 MONOLAYER
I "I “ m%_r}mﬁswu FILTER
BASOLATERAL

COMPARTMENT { “-’“}2‘
(‘brain’ side)
l T, Lrromommnn -- B-amyloid; 4

Figure 3. Graphical representation of the transwell sys
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Immortalized human brain capillary endothelial seglhCMEC/D3)
were used as representative of human BBB modeltlamdranswell
system was characterized by measuring bioelegtmalphological
and functional properties. Trans-electrical endatheresistance
(TEER) was monitored during cell monolayer's fororatand was
found to gradually increase from 125.19 + ®@&n¥ (at 12 daysn
vitro, DIV) to 149.90 + 7.92-cn¥ (at 15 DIV). At 15 DIV, endothelial
permeability (EP) values foPHi]-propranolol and FITC-dextran (MW
4000 Da) were in the order of 2.3 + 0.06 X3@n/min and 1.02 + 0.04
x 10°® cm/min, respectively, in agreement with the valtggsorted in
literature (Omidi et al., 2003). At 15 DIV, 500 nAPo were added to
the basolateral compartment of the transwell systechthe impact of
Apo on cell monolayer properties was checked. Thdtseeshowed that
the basolateral exposure of cell monolayer o Alid not significantly
affect TEER values (145.72 + 4.3%cn¥ after 2 h of incubation;
142.80 + 1.932-cn? after 4 h of incubation) nor EP of trans- and para
cellular probes (EP?H]-propranolol = 2.1 + 0.05 x 1®cm/min; EP
FITC-dextran = 1.55 + 0.03 x 10cm/min). Moreover, the treatment
did not affect cells viability (> 95% cells vialtilirespect to untreated
cells), as assessed by MTT assay. Similar resudte \&lso obtained
with the addition of 500 nM B¥ in the basolateral compartment (data

not shown).

AP clearance across then vitro BBB model by mApoE-PA-LIP
AP passage across the BBB model (from the basoldtethle apical
transwell compartment) was measured by ELISA assthe presence

or absence of LIP in the apical compartment.
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The results showed that the amount ¢foAmeasured in the apical
compartment increased over time (Figure 4), witleBnvalue of 2.62
+ 0.3 x 10° cm/min, in accordance with the literature (Bactemet al.,
2010). On the contrary, (& efflux from the basolateral compartment
was not detectable by ELISA assay.

AP in the apical compartment
(pmols)

] 30 60 90 120 150 180 210 240

Time (min)

Figure 4. Ap exchange across the BBB model. hCMEC/D3 cells wealtired o
transwell system and 500 nM oligomers-enricheftl gamplewas added to tl
medium in the basolateral compartment and the amofipeptide in the apic
compartment was measured by ELISA assay afterrdiffeancubation times (24C
min). The amount (pmol) of fA\recoveredn the apical compartment in the funci
of time is shown.

When different functionalized LIP (200 nmol totgditls) were present
in the apical compartment, the basolateral-to-afi@@ EP increased,
with respect to the EP off& alone (Figure 5, A). In particular, the
highest EP value (5-fold increase respect to ERAf® alone) was
registered when mApoOE-PA-LIP were present in theicap
compartment. Additionally, the basolateral-to-apilE® of A3o was
MApPOE-PA-LIP dose-dependent, increasing with thewam of LIP in
the apical compartment (Figure 5, B). On the cowptravhen the

experiments were carried out with3# after 2 h of incubation with
175



MApPOE-PA-LIP (200 nmol total lipids) in the apicampartment, no
peptide was detectable by ELISA assay in the samgartment.
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100 nmols total lipid 200 nmols total lipids 200 nmols total Lipids

Figure 5. Ap exchange across the BBB model in presence ofdipes. hCMEC/D
cells were cultured on transwell system and 50@fhMigomers-enrichedf sampl
was added to the medium in the basolateral compeattnrand differentl
functionalized liposomes were added to PBS in tliesh compartment. Thamoun
of AB in the apical compartment of the transwell systeas measured by ELIS
assay after different incubation times (0-240 min)Endotheliapermeability value
of AP alone or in presence of 200 nmol (total lipids)different liposomesB,
Endothelial permeability values ofpAin presence of differentodes or size
MApPOE-PA-LIP. P < 0.05; *p < 0.01.
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Additional experiments were carried to evaluate Alfi@ efflux from
the brain side out when different doses dfoAwere added, at the
beginning of the experiment, to mMApoE-PA-LIP (200ai total lipids)
present in the apical compartment. The results sthety under these
conditions, the EP of the peptide was strongly ceduFigure 6).

1,6E-04
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(em/min)

6,0E-05 4
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Basolateral to apical permeability of Ap

2,0E-05

0,0E+00 A
AP AB Ap AB "brain’ side exposure

mApoE-PA-LIP mApoE-PA-LIP mApoE-PA-LIP

‘blood' side exposure
+100nM AP +2500M AR

Figure 6. AB exchange across the BBB model in presence ofdipes/A0 in the
apical compartment. h\CMEC/D3 cells were culturedranswell system arDO0 niv
of oligomersenriched 4 sample was added to the medium in the basol
compartment and mApoE-PA-liposomes (200 nmol tiyéds) wereadded to PB
in the apical compartment alone or together wiffedént doses of fo. The amout
of AB in the apical compartment of the transwell systeas measured by ELIS
assay after different incubation timesZ80 min) and the endothelial permeab
values were calculated as described in the Metkedson. b < 0.05.

Since the ability of mApoE-PA-LIP to cross the BB®en if low, has
been shown botim vitro andin vivo (Balducci et al., 2014; Bana et al.,
2014), we took into account the possibility thgtolefflux is affected
by the presence of mApoE-PA-LIP in the basolateoahpartment. At
first, we evaluated the effect of mApoE-PA-LIP afder size (diameter
= 426.2 + 10 nm; PDI = 0.17@;potential = -16.33 £ 1.41 mV) with

respect to the pores size (400 nm diameter) ofrdreswell filters on
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the exchange of o across the BBB. Larger sized radiolabeféd]{
sphingomyelin-mApoE-PA-LIP were added (200 nmoaldipids) to
the apical compartment of the transwell and theoeadivity in the
basolateral compartment was measured by liquidikation counting
in order to verify their inability to reach the lodéateral compartment.
The results showed that after 2 h of incubatiors l#®n 0.1% of
radioactivity present in the apical compartment weovered in the
basolateral one, confirming that these larger mAP@ELIP were not
able to cross the BBB. Successively, the effluxAffo from the
basolateral compartment in the presence of thegerlalP in the apical
compartment was measured by ELISA assay. The sesluttwed that
the ABo EP was found to increase (+10%) in comparisorn &P
measured in the presence of smaller size mApoE-FPA-L

Secondly, we evaluated the effect of the presehoeApoE-PA-LIP in
the basolateral compartment, together witioAon peptide brain
efflux. Radiolabeled3H]-sphingomyelin-mApoE-PA-LIP were added
(200 nmol total lipids) to the basolateral compaminof the transwell
and the radioactivity in the apical compartment wasisured by liquid
scintillation counting. The results showed thatydhlD43% of the total
lipids was recovered in the apical compartment &tk of incubation
(EP = 3.23 + 0.4 x 16 cm/min), ruling out the possibility that LIP act

as conveyor of B.

Apo clearance across then vitro BBB model by mApoE-PA-LIP in
physiological conditions
The effect of mApoE-PA-LIP on o brain efflux was also evaluated

under conditions simulating the protein concertratiin blood
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(Mangas-Sanjuan et al., 2013) and CSF (Pisani,&t@l2), that are the
presence of 4% BSA (w/v) in the apical compartnfdhbod’ side) and
0.015% BSA (w/v) in the basolateral one (‘braindes. The results
(Figure 7) showed that also in these experimentaiditions the
basolateral-to-apical passage ofoAwas higher in the presence of
MApPOE-PA-LIP (EP = 4.30 + 0.3 x 10 cm/min) in the apical
compartment than in their absence (EP = 2.89 x@.a° cm/min).

= 1 *
8= 34 T
5 2 1
=8
252 g
< g
3 i 4
0 )
AB AB ‘brain’ side exposure
mApoE-PA-LIP ] = 5
200 nmols total lipids blood” side exposure

Figure 7. Ap exchange across the BBB modeirivivo-like conditionshCMEC/Dz
cells were seeded on a transwell system and 500ligdmersenriched A sampls
was added to a solution of PBS/0.01B%A in the basolateral compartment and
nmol (total lipids) of mApoE-PA-IP were added to PBS/4% BSA in the ag
compartment. After 2 h of incubation, the amounm@) of AB in the ajpcal
compartment of the transwell system was determinyellLISA assay. pj < 0.05.

Apo clearance from the endothelial cells by mApoE-PA{P

We investigated the ability of mApoE-PA-LIP to draut the peptide
uptaken by hCMEC/D3 cells. For this purpose, theoam of A3
uptaken by the cells from the basolateral compartmeas measured
by ELISA in the presence or absence of mApoE-PA-(260 nmol
total lipids) in the apical one. The results (Fg@&) showed that the

amount of cell-associated pA decreased over time and, more
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importantly, the decrease was more pronounced enptiesence of
MApPOE-PA-LIP in the apical compartment fAclearance = 0.93
pmol/h) with respect to the peptide along @earance = 0.27 pmol/h).
The results were also confirmed im vivo-like conditions (data not
shown) using PBS/BSA as described.
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Figure 8. A cellular uptake. hCMEC/D3 cells were cultured @mswellsystem an
500 nM of oligomers-enrichedpAsample was added to theedium in the basolate
compartment and 200 nmol (total lipids) of mApoE-PW was added to the PBS
the apical compartment. After 2(gray bars) or after 4 h (black bars) of incuba
cells were collected inlgsis buffer added with protease inhibitors andAleconten
was measured by ELISA assay to determine fheelular uptake. pj < 0.01.

In vivo proof-of-concept

In order to assess the vivo proof-of-principle, APP/PS1 mice (n =7
mice/group; 16 months of age) were I.P. treatedh w@0Opl, 40 mM
total lipids of mApoE-PA-LIP or with 100l of PBS (3 injections/week
for 2 weeks). After treatment, mice were sacrifie@d blood and brain
were collected. A levels in plasma and brain samples were quantified
by ELISA assay. The results showed that plasipdesels (Figure 9,

A) of mApoE-PA-LIP treated mice (1.62 + 0.66 pmdlnwere
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significantly increasedR < 0.05, by Studentstest) as compared to
PBS-treated mice (0.95 + 0.48 pmol/ml). A decrease,statistically

significant, of brain & levels (Figure 9, B) in mApoE-PA-LIP treated

mice (3.53 % 0.49 nmol/g brain) with respect to PBted mice was

detected (3.78 = 0.54 nmol/g brain). The differemgth respect to

results previously reported (Bladucci et al., 2G%4yrobably due to the

different treatment schedule used, as well as ¢odifferent age of

animals.

25 4

Plasma AP level (pmoliml)

0.0 4

3.0 4

Bran AP level (nmolig)

0,0 A

2,0 -

L5

1.0

* p=0.032

PBS-treated mApoE-PA-LIP treated

PBS-treated mApoE-PA-LIP treated

Figure 9. AB levels in APP/PS1 mice. APP/PS1 (16 months of agjiee were
intraperitoneally (1.P.) injected with mApoE-PA-LI& with PBS as a contraince
every other day for two weeks (n = 7 mice/group)th®e end of treatment, anim
were sacrificed and blood and brain were collectgfllevels were quantifiedby
ELISA assaysA, Plasma A levels.B, Brain A3 levels. P < 0.05.
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3.4 DISCUSSION

The clearance of o, the most culprit A assembly, from the brain
and/or from cerebral blood vessels is considerpdnaary therapeutic
target to counteract the onset/progression of AD.

As already suggested by Matzuoka et al. (Matsuakal.e2003), a
possible strategy to reduce@is to exploit the peripheral-sink effect
using AB-binding agents. In the present investigation wawated the
possibility to utilize nanoparticles (Balducci dt, 014; Bana et al.,
2014) for this purpose, using am vitro BBB transwell model and
APP/PS1 as animal model of AD.

We chose mApoE-PA-LIP, that were previously showedtrongly
reduce brain A burden (Balducci et al., 2014) when administeied t
AD mice. The further functionalization with mApolcreases the
binding affinity of PA-LIP to Ao, likely due to the existence of a
synergic action of PA and mApoE as already sugded@ana et al.,
2014) and, even though it increases PA-LIP ahitityeach the braim
Vvivo, this remains anyway low (Balducci et al., 2014nB et al., 2014).
Therefore, it is possible that mApoE-PA-LIP effigaa vivo is due
their ability to withdraw A peptide from the brain to the blood via sink
effect.

First of all, we demonstrated the ability of mApBE&-LIP to bind
either A3o or ABf and confirmed their already reported (Bana et al.
2014) ability to bind 4.

Sink effectin vitro investigations were performed on a BBB model
made by hCMEC/D3 monolayer that separates two campats: the
basolateral one, mimicking the brain, and the dpica, mimicking the

blood. A3 samples were added to the basolateral comparttoent
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resemble AD conditions. This model has been useeirhaot only as
a prototype to study the effect opAinding particles on B clearance
from the brain across the BBB, as already propdeed\B-binding
agents (Matsuoka et al., 2003), but also as atypdo test the ability
of AB-binding nanoparticles to removeBArom the endothelial cell
monolayer. This makes the model useful as a toaitudy potential
therapeutic agents not only for AD, but also forACA

Initially, we verified the hypothesis by whichBAs capable of moving
across the BBB model establishing an equilibriurtwieen ‘brain’ and
‘blood’ side (Zlokovic, 2004). Our results, show#tht only small
soluble A3 assemblies, po not A3f, are spontaneously able to cross
the endothelial monolayer. At the best of our krexge, this is the first
experimental demonstration of the assumption Hrgel A3 assemblies
are not able to cross the endothelial cell layedwss a model of BBB.
In order to verify the hypothesized sink effect mtsm of action of
MApPOE-PA-LIP, A3o efflux from the brain side was measured in
presence of these liposomes in the apical compattai¢he transwell
system. The results here reported showed thateisepce of mApoE-
PA-LIP in the apical compartment, the permeabitityAfo from the
basolateral compartment was strongly enhanced mpa@d to the
presence of non- or mono-functionalized liposomé&bke better
performance of mApoE-PA-LIP with respect to othé? s likely due
to their higher binding affinity to fo (Bana et al., 2014).

The effect of mApoE-PA-LIP on o brain efflux was also evaluated
under conditions simulating the different proteimcentration in blood
(Mangas-Sanjuan et al., 2013) and CSF (Pisani,&tGl2). Also under

these conditions, an increase g BP was detected, even in a lesser
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extent, probably due to the formation of the sdeckiprotein corona’,
that might influence the mApoE-PA-LIP performanckhis issue
deserves further investigations.

Successively we took into account the possibilitst tABo efflux is
affected by the presence of mMApoE-PA-LIP in the okasral
compartment, since their ability to cross the BBBen low, has been
shown bothn vitro andin vivo (Balducci et al., 2014; Bana et al., 2014).
Actually, some experiment carried out using lipossnof large size
unable to cross the vitro BBB model showed an increaseficfefflux.
This suggests that the passage of mApoE-PA-LIFhéobasolateral
compartment could limit A efflux, likely due to their binding avidity
for AB. Further experiments, showing that mApoE-PA-LIRgeal to
the basolateral compartment were not able to tack o the apical
one, ruled out also the possibility that they metyaes A3o carrier from
the brain to the blood.

In order to better clarify the mechanism underlythg increased A
efflux exerted by mMApoE-PA-LIP in the apical comjpaent,
experiments were carried out in the presence dfigeepogether with
LIP. A strong reduction of peptide efflux from thiain side under these
conditions was observed, likely due to the decrabdity of mApoE-
PA-LIP, already engaged with3& added to the blood side, to withdraw
new peptide arriving from the brain side.

All these results support the hypothesis that oligs spontaneously
cross the barrier model and, secondarily, theycaught by the LIP in
the apical compartment. Then, the removal gbAy LIP is likely
shifting the equilibrium of the peptide across tyaarier toward the

apical compartment, eliciting its efflux.
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Taken together, these results suggest that mApoE{PAould exert
the sink effect alson vivo. As a proof of this possibilityin vivo
investigation showed that peripheral administrabdbmApoE-PA-LIP
to transgenic APP/PS1 mice significantly incregsedma A levels.
Finally, we took into account another aspect ingibd in the
development and/or progression of AD (Sagare et2412): the
deposition and aggregation offAwithin the walls of the cerebral
vasculature. Thus, we investigated the ability dipoE-PA-LIP to
draw out the peptide uptaken by hCMEC/D3 cells. fidsailts showed
that in the presence of mApoE-PA-LIP the amounteaif-associated
AP decreased. This might open a parallel scenariceraing the
possible use of mMApoE-PA-LIP, not only for AD, lalso as a potential
treatment for CAA.

In conclusion, in the future outlook to design Aletapies, these results
highlight the importance of designing multifunctadmanoparticles
able to sequester peripheral bloofl Avithout the need to cross the
BBB), taking into account the necessity to disaggte brain A
aggregates to makepA available. It is also important to point out that
also the alterations reported at charge of the BBBD (Zlokovic,
2011) should be considered.
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Abstract

The contribution of Amyloid3 (Ap) peptide to Alzheimer’'s disease
(AD) pathogenesis is widely accepted, therefopet@geted treatment
strategies can be theoretically possible, if theytiated before
irreversible damage is present or after patholégiascades have been
initiated. We previously developed liposomes muitdtionalized for
crossing the blood-brain barrier and targetingg #at showed
therapeutic efficacy on AD-like transgenic miceptiging pathology
signatures. Herein, we further investigated on A/ mice the ability
of a long-term treatment started at young, pre-ggmptic age, to
prevent or slow down the onset of typical AD haltksa

Liposomes, administered weekly to 5-month-old ARF/nice for 7
months, prevented the onset of the recognition nmgrimopairment,
slowed down the deposition of brairpAAt a structural brain level,
both ventricle enlargement and entorhinal cortegktiess reduction
were prevented.

Strikingly, all these multi-level impressive effeavere maintained 3
months after treatment discontinuation, when ameese in the B
degrading enzymes in brain was observed togethramieduction of
the amyloid precursor protein level. Moreover, pkeral ‘sink’ effect
also contributed to maintain lowpAbrain content, as suggested by the
increase of B levels in the liver. Worth of note, the 7-montbaiment
seems not to be toxic for all the organs analyzedarticular for brain
as suggested by the lower brain TiXFevel and higher level of SOD
activity detected in treated mice.

Together, these findings promote multifunctionpbomes as a well-

tolerated nanomedicine-based approach, potentialijtable for
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delaying relevant features of AD seemingly fostgripersistent

neuroprotective effects.
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4.1 INTRODUCTION

Alzheimer disease (AD) is the most common form eiméntia,
accounting for 60 to 80 percent of dementia cass:{/www.alz.org).
Although the cause and progression of AD arerstillwell understood,
the central role of Amyloig- (AB) peptide in AD pathogenesis is
widely accepted, even if a variety of additionaitéas, either dependent
or independent from [ appears to contribute to cognitive decline and
progression of dementia (Palop and Mucke, 201kdeel2012). In
fact, AB is thought to directly damage the brain, disruptime synaptic
functionality, which strongly correlates with th@gnitive deficits
characteristic of the pathology. Given its pivatade, many A-centric
strategies have been attempted and are still ingress. A
accumulation and deposition in the brain is a \eagly pathological
process in AD and probably begins ~10-20 years poithe onset of
clinically detectable symptoms (Holtzman et al 120 This early stage
Is considered the most promising time frame tot stath disease-
modifying therapies (Sperling et al., 2013).

Nanomedicine has been suggested as a biotechnglogpntially
suitable for the treatment of Central Nervous Sys(€ENS) diseases,
exploiting the design of nanoparticles multifunoatized toward
specific targets (Re et al., 2012). Within thisnfieg we previously
designed liposomes for AD treatment, dually funwaiized with a
synthetic peptide (mApoE) containing the recepiodimg domain of
apolipoprotein-E, for blood-brain barrier targetiagd crossing, and
with phosphatidic acid (PA), for Abinding (Bana et al., 2014). Acute
treatment with these liposomes (MApoE-PA-LIP) halready shown
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the ability to decrease brainfAurden and ameliorate the memory
deficit in symptomatic APP/PS1 AD mice (Balducceét 2014).
Herein, we further investigated on APP/PS1 miceathibty of a long-
term treatment with liposomes, started at young;gymptomatic age,
to prevent or slow down the onset of typical ADIimarks, namely

brain A3 accumulation and memory impairment.
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4.2 MATERIALS AND METHODS

Liposomes preparation and characterization

Liposomes composed of sphingomyelin and cholestgrdl molar
ratio), mixed with 2,5 mol% of mal-PEG-PE and wBhmol% of
phosphatidic acid (PA), for Abinding, were prepared by extrusion
procedure using polycarbonate filters (100 nm pire diameter) (Re
etal., 2010; Bana et al., 2014). They were thactfonalized with 1,25
mol% of a modified peptide (mApoE) derived from theceptor-
binding domain of human apolipoprotein E, for bldwdin barrier
targeting (Re et al., 2010; Re et al., 2011), tglhooovalent coupling
with mal-PEG-PE, resulting in mApoE-PA-LIP. mApoRA-RIP were

freshly prepared on the same day of each injection.

Animals

Twenty APP/PS1 5-month-old Tg male mice (B6C3-TgPARe,

PSEN1dE9)85Dbo/Mmjax mice; The Jackson Laboratonggan

weight of 28-30g, and 20 non-Tg (WT) age-match#drinates were
used. Mice were all drug and behavioral test naarel no

environmental enrichment was used because it notaigroves AD

pathology in mouse models of AD (Lazarov et alQ20valero et al.,

2011). All procedures involving animals and theirecwere conducted
according to European Union (EEC Council Direct8&609, OJ L

358,1; December 12, 1987) and Italian (D.L. n.1G8)., Suppl. 40,

February 18, 1992) laws and policies, and in acaoed with the United
States Department of Agriculture Animal Welfare Aod the National
Institutes of Health (Bethesda, MA, USA) policy Hamane Care and

Use of Laboratory Animals. They were reviewed apgraved by the
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Mario Negri Institute Animal Care and Use Commiittieat includes ad

hoc members for ethical issues (1/04-D).

Animal treatment

All animals (Tg or WT) were intraperitoneally infjed with mApoE—
PA-LIP (100ul, 73.5 mg of total lipids/kg) or with vehicle (1Q0
PBS) once a week for 7 months. Therefore, two expsrtal groups
were treated with mApoE—PA-LIP (Tg and WT mice, hO=for each)
and two control groups were treated with PBS (Td) &, n = 10 for
each). The weight of the animals was recorded befach treatment.
To minimize the effect of subjective bias, the tneent was performed
in blind. Mice were treated always at the same tohthe day (9:00—
10:00 A.M.) in a specific room inside the animatifidy, following a
randomized order based on the draw of the aninealtification code.
At the end of treatment, five animals per groupensacrificed to assess
treatment effects. The rest of the animals was kepwther three
months without any kind of treatment and then $iged to analyze the

duration of the effects after treatment discontiimum

Novel Object Recognition test (NORT)

NORT is a memory test that relies on spontaneousarbehavior

without the need for stressful elements such agl foo water

deprivation or foot-shock (Antunes and Biala, 201R)the NORT,

mice are introduced into an arena containing tvemidtal objects that
they can explore freely. Twenty-four hours latbeyt are reintroduced
into the arena, with two objects one of which hdcbaaly been

presented (familiar) and the other new and comlyidiéferent (novel).
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The day before the beginning of the treatmenty dfteonths from its
start and at the end of treatment, mice were tasteth open-square
grey arena (40 x 40 cm), 30 cm high, with the fidiorded into twenty-
five squares by black lines, placed in a speciionn dedicated to
behavioral analysis and separate from the opesatmbm. The
following objects were used: a black plastic cyéin@ x 5 cm), a glass
vial with a white cap (3 x 6 cm), and a metal c(®e& 5 cm). The task
started with a habituation trial during which threraals were placed in
the empty arena for 5 min and their movements degbas the number
of line-crossings, which provide an indication @itho the WT and Tg
mouse motor activity. The next day, mice were agtaned in the same
arena containing two identical objects (familiatiga phase).
Exploration was recorded in a 10-min trial by aveistigator blinded to
genotype and treatment. Sniffing, touching, anétsling the head
toward the object at a distance of not more th@m2avere scored as
object investigation. Twenty-four hours later (tpbtase), mice were
again placed in the arena containing two objeate of the objects
presented during the familiarization phase (famiaject), and a new,
different one (novel object), and the time spenplexng the two
objects was recorded for 10 min. Mice were testellbwing a
predefined scheme (five mice for each treatmenumrand the
remaining mice by following the same scheme) gurégisely maintain
the 24 h re-test for each mouse. Results were ss@deas the
percentage of time spent investigating objectshen 10 min or as a
discrimination index (DI), i.e. (seconds spent owel — seconds spent

on familiar)/(total time spent on objects). Animalsth no memory
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impairment spent longer investigating the novekohjgiving a higher
DI.

MRI analysis

Animals were anesthetized with isoflurane in a omgtof O2 (30%)

and N20 (70%). Body temperature was maintaine@atc by a warm

water circulated heating cradle. Imaging was penét on a 7 T small
bore animal Scanner (Bruker Biospec, Ettlingen, nizgry). Two

actively decoupled radio frequency coils were usedolume coil of

7.2 cm diameter used as the transmitter and acsugail as the
receiver. A 3D RARE T2-weighted sequence was peméalto assess
anatomical changes. The morphological images wetareed with a

voxel size of 117x147x147um (matrix = 256x102x10@l d&ield of

View = 3x1.5x1.5 cm); TR = 2500 ms, effective TE5&@ ms and a
RARE factor of 16, for 1 average.

The volume measurements of structural MRI imageee vadtained

using Java-based custom made software. ROIs wemnaatia chosen

by a trained expert following the Paxinos’ atlasaftklin and Paxinos,
1997). Total intracranial volume, whole brain, esit hippocampus,
striatum and the ventricular system were measubatia from each
animal were obtained by the integration of averdg@d area for slice
thickness.

To measure thickness of the entorhinal cortex, agrenal slices were
selected at the level between Bregma -2.75 mm aedgni@a -3.80 mm
based on mouse brain atlases (Franklin and Paxir89¥), and the
thickness was measured below the rhinal fissuren@Yet al., 2010).

We visually inspected all the coronal acquisititmshoose a reference
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image. We then registered all the other imagekda¢ference one in
order to avoid bias due to bad head positioningnduhe acquisition.
For the image registration we used a 3D to 3D rimpdy registration
with 6 degrees of freedom (FLIRT) (Jenkinson andit®&n2001;

Jenkinson et al., 2002). The thickness of the &iral cortex was then
measured six times (three for left and three fyht)iby a trained expert

and the values were averaged to get the final galue

Blood and tissue collection

Animals were deeply anesthetized with an overdosé o
ketamine/medetomidine (1.5 and 1.0 mg/kg, respelglivThe blood
was collected from the heart for plasma separadiuh used for both
AP level quantification and serum chemistry proféstt The latter test
was performed using an automatic biochemistry aeal{Cobas 8000,
Roche Diagnostics GmbH, Mannheim, Germany). Aftedwaiver,
spleen, and brain were dissected, macroscopicalglyaed and
weighed. One brain hemisphere was fixed and prededer
immunohistochemistry; the other hemisphere, ligpteen and plasma
were snap frozen in dry ice and stored at -80°Gufe@r et al., 2012)
until AR, APP, proteolytic degrading enzyme activity arfthimmatory

and oxidative stress marker dosage.

Brain immunohistochemistry

APP/PS1 plaque deposition was examined using thé @&tonoclonal
anti-Af antibody (Covance). Brain coronal cryostat sesti@0 um;
three slices per mouse) were incubated for 1 bahrtemperature with
blocking solution [6E10: 10% normal goat serum (NJG&d then
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overnight at 4°C with the primary antibody (6E1Q500). After
incubation with the anti-mouse biotinylated secaogdatibody (1:200;
1 h at room temperature; Vector Laboratories) imostaining was
developed using the avidin-biotin kit (Vector Lahtmries) and
diaminobenzidine (Sigma). Tissue analysis and insagglisition were
done using an Olympus image analyzer and the CedbfRware.
Plaques were quantified by an operator blind tmgge and treatment
using Fiji software, through the application of@artemade macro.

AP quantification in animal organs

Mouse brains were treated as described previo&ginerman et al.,
2008) with some modifications. Mouse brain hemispbewere
homogenized in a Tris buffer containing 50mM Tri€HpH 7.4,
150mM NaCl, 50mM EDTA, 1% Triton X-100, and 2% prase
inhibitor. After centrifugation (15.000 rpm, 21.060g, 4°C for 25
min), the supernatant was retained as the Tritduiss® fraction
(soluble A3). The pellet was homogenized a second time iptbsence
of 70% formic acid (FA) (10% v/w) and ultracentgied (55.000 rpm,
100,000 % g, 4°C, 1 h), and the resulting FA-extdsupernatant was
neutralized with 1 M Tris buffer, pH 11, represegtihe FA-extracted
insoluble fraction (insoluble ). Levels of A1-40and AB1-42in each
fraction were quantified by sandwich ELISA (ELISA;KBL). Liver
and spleen were homogenized as the brain and Alfielevels were
guantified by ELISA in the Triton-soluble fraction.

Levels of plasma Bu-40 and A31-42 were quantified by ELISA (Wako

Chemicals). Each sample was assayed in triplicate.
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Active proteolytic degrading enzyme, inflammatory ad oxidative
stress marker dosage in mouse organs

The Triton-soluble fraction, obtained from braiivel and spleen as
described in the previous section, was also usgdaatify the amount
of active Neprilysin (NEP) and Insuline Degradingzigme (IDE)
(SensoLyte Activity Assay Kit; AnaSpec, Inc.), IIB-And TNFe level
(Quantikine ELISA kit; R&D Systems), the amountMDA adducts
(OxiSelect Competitive ELISA kit; Cell Biolabs, Incand SOD
activity (OxiSelect Activity Assay; Cell Biolabsnt). For active NEP
and IDE quantification, the non-interference of Hrmalyzed samples

with the activity of the enzymes was verify.

Brain APP, IDE, LRP-1 and RAGE levels analysis

Aliquots of the Triton-soluble factions obtainedrir brains were run
on a precast NUPAGE 4-12% bis-Tris gel (Invitrogsrporation,
Milano, Italy), transferred to a nitrocellulose manane, probed with
anti-APP antibody (1:1000 dilution, Chemicon), ditE antibody
(1:2000 dilution, Invitrogen), anti-LRP-1 antibod$:1000 dilution,
Thermo Fisher) or anti-RAGE antibody (1:1000 didati Thermo
Fisher) and visualized with enhanced chemilumineseg ECL) by
ImageQuant LAS4000. The protein load was controbgdB-actin
immunoblotting usingp-actin loading control antibody (1:2000
dilution, Invitrogen). The content of APP, IDE, LRPor RAGE were
quantified by intensity of the chemiluminescent d&msing ImageJ
Software.
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Statistical analysis

Data were expressed as mean + SEM. For westermAflatosage and
plaque gquantification, data were analyzed by Sttisleantest. For
NORT, MRI analysis, proteolytic degrading enzymdivity and

inflammatory and oxidative stress marker dosagty de&re analyzed
by a two-way ANOVA. In the presence of a significamteraction
between the factors Tg x treatment, the Tukeydst hoctest was

applied.p< 0.05 was considered significant.
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4.3 RESULTS

MApPOE-PA-LIP treatment prevented memory impairment in
APP/PS1 mice

5 month-old APP/PS1 Tg mice and age-matched Wariitates were
intraperitoneally (IP) treated with mApoE-PA-LIRgated mice; Tg n
=10, WT n = 10) or PBS (untreated mice; Tg n =\AJ, n = 10) once
a week for 7 months and periodically submittedhie Novel Object
Recognition memory test (NORT). The day before ftrs# injection
(Figure 1A and B), as assessed by NORT, 5 month¥éid were
indistinguishable from Tg mice in their memory menmhance, as
expected at this age (Lee et al., 1997). At 9 mmnirhich is after 4
months treatment, untreated Tg mice displayed mgnmmopairment
with respect to WT mice (Figure 1A and C). On tbatcary, Tg mice
receiving mApoE-PA-LIP showed a significant memprgservation,
since their performance was comparable to that df Whe same
pattern was observable at the end of treatmemt; @ftmonths (Figure
1A and D). As a further control, the treatment of Wice with mApoE-

PA-LIP exerted no negative effect on their memadrgrey age.
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Figure 1. Effect of mMApoE-PA-LIP treatment on lortgrm recognition memory.
month-old APP/PS1 Tg or WT mice were intraperitdiyetaeated with mApoE-PA-
LIP (100ul, 73.5 mg of total lipids/kg) or vehicle (10 PBS) once a week for
months and periodically submitted to NORY,.Histograms show the discriminat
index of the experimental groups the day befordfitseinjection (white bars), aft
4 months from beginning the treatment (checked)kzard at its end (black bar®,
Histograms show the time pertage of investigation of the familiar (black Haanac
novel (grey bars) objects of the experimental gsoigsted the aly before the fir:
injection. C, Histograms show the time percentage of investigatibthe familia
(black bars) and novel (grey isq objects of the experimental groups tested &
months from the beginning of the treatmdhtHistograms show the time percent
of investigation of the familiar (black bars) andvel (grey bars) objects of {
experimental groups tested at the end of treatrbexté are presented mean + SEN
One-way ANOVA, Tukey'spost hoctest, **p < 0.01 untreated Tg versus untre:
WT mice; 8% < 0.01 treated versus untreated Tg mice; n = 1Qfgro

MApOE-PA-LIP treatment prevented the occurrence of AD
cerebral anatomical abnormalities

At the end of treatment, a magnetic resonance mga@¥RI1) analysis
was carried out on treated and untreated micevestigate eventual
changes in volume or thickness of different braeaa. Representative
MRI brain images of controls and treated and uteed g mice are
reported in Figure 2.
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Figure 2. A, Representative MRI brain image of a control ahiBaRepresentatiy
MRI brain image of an untreated Tg mic&. Representative MRI brain image ¢
treated Tg mice. Scale bar, 2 mm.

The ventricle volume of treated Tg mice was smalaR%), while
entorhinal cortex thickness was higher (+10%) thaimeated Tg mice

and were comparable to WT (Figure 3A and B).
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Figure 3. Effect of mApoE-PALIP treatment on brain structures. At the en
treatment, a MRI analysis was performeéd B). After 3 months from treatme
interruption, the MRI analysis was repeated on iaimg animals and the same bi
structures quantified in volume or thickne&s D). A andC, Histograms show tt
change of ventricular volume in the brain of uniieeleor treated Tg mice witlespec
to untreated WT miceB andD, Histograms show the change of entorhicaite>
thickness in untreated or treafég mice with respect to untreated WT mice. Dat:
presented as mean = SEM. One-way ANOVA, Tuk@gst hocest, P < 0.05, **p
< 0.01 untreatedig versusuntreated WT mice; § p < 0.05 treatedtsusuntreated T
mice; n = 10/group i\ andB; n = 5/group inC andD.

The treatment did not exert any effect on wholarpraippocampus,

MApPOE-PA-LIP treatment slows down brain A accumulation in
APP/PS1 mice
At the end of treatment animals (n = 5 per groupjeasacrificed and
brains collected and analyzed to quantify plagwel land to measure

AB levels. As shown in Figure 4A, untreated Tg micénileited



important plaque load, as expected at 12 montlagef(Balducci and
Forloni, 2011). Notably, the brains of mApoE-PA-Liileated Tg mice
displayed a lower content of plaques, both in &22%) and in number
(-31%) in both the cortex and the hippocampus (fégiB and C).
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Figure 4. Effect of mApoE-PA-LIP treatment onpfplaque deposition. At the end
treatment, half of the animals was sacrificed aaid brain was immunostained with
the anti-A3 6E10 monoclonal antibody for plaque quantificatidnB, C). After three
months from treatment interruption, the rest of &némals was sacrificed and tt
brain processed for plague quantificatidh E, F). A andD, Representative bre
sections of untreated and treated Tg mice, stairigthe anti-A8 6E10 antibody, a
shown. Scale bar = 250n. B andE, Histograms report the percentage differen:
the total plaque area in treated and untreated itg mwith respect to untreated
mice at the end of treatmef@.andF, Histograms report the percegéadifference i
the number of plaques in treated and untreated itg mith respect to untreated
mice at the end of treatment. Data are presentatkas + SEM. Studenttstest,
< 0.05; n = 5/group.

In parallel, the content of insolublelAspecies in the brain of treated
mice was lower than in untreated ones (Figure 3A)contrast, no

difference was detected in solubl@ species (Figure 5B).
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Figure 5. Effect of mApoE-PA-LIP treatment on braingAurden. At the end
treatment, half of the animals was sacrificed, Haliin was homogenized ¢
insoluble and soluble B\ -40 and AB1-42 amounts were measured by ELISA, B).
After three months from treatment interruption, tbst of the animals was sacrific
and their brain analyzed forficontent C, D). A andC, Histograms display the le\
of insoluble A1-40 and B1-42 levels in the brain of treated and untreatgdhriice.
B andD, Histograms display the level of solublgA40 and A1-42 levels in th
brain of treated and untreated Tg mice. Data a@sgmted as mean + SEBtudent”
t test, < 0.05, **p < 0.001; n = 5/group.

MApOE-PA-LIP treatment increased peripheral A levels

At the end of treatment, we assessed the amoubtaai Neprilysin
(NEP) and Insulin degrading enzyme (IDE) (Nalivaeval., 2012). As
shown in Figure 6A and B, the amount of active N&#l IDE in
untreated Tg mice was lower (-60% and -35% respag)ithan in WT,

and was not affected by the treatment.
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Figure 6. Effect of mApoE-PALIP treatment on the amount of active proteo
degrading enzymes. At the end of treatment, halfi@fanimals was sacrificed, half
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brain was homogenized and the amount of active iNspr (NEP) and Insulin
degrading enzyme (IDE) measured, (B). After three months from treatm
interruption, the rest of the animals was sacrifiaed their brain analyzed for act
NEP and IDE quantification, D). A andC, Histograms report the level of act
NEP in the brain of treed and untreated WT or Tg mid&.andD, Histograms repa
the level of active IDE in the brain of treated amdreated WT or Tg mice. Data
presented as mean = SEM. One-way ANOVA, Tukegst hoctest, *p < 0.01
*** n < 0.001versusuntreated WT mice; &< 0.05, 88f < 0.001 treatedrersie
untreated Tg mice; n = 5/group).

As regards to brain APP, no difference betweendtear untreated Tg

mice was observed (Figure 7C dotted bars).
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Figure 7. Effect of mApoE-PA-LIP treatment on brain APP, IDRP-1 and RAGE
levels. At the end of treatment and three montley @f interruption, animals we
sacrificed and half brains homogenized and subthibteSDSPAGE and Weste
blot (A, B, C, D andE). A, Immunoblots of brain homogenates from untreatedS)
and treated (MApoE-PA-LIP) Tg mice. Lanes 1, atehd of the 7month treatmen
lanes 2, three months after treatment interrupt®riRelative quantification of tt
immunoblot bands of IDE ofs-actin. C, Relative quantification of the immunob
bands of APP ofi-actin.D, Relative quantification of the immunoblot band& BP-
1 onp-actin.E, Relative quantification of the immunoblot band RAGE onp-actin
Dotted bars, at the end of treategrey bars, 3 months after treatment interrup
Data are presented as mean + SEM. Studetest; n = 5/group.

Finally, after completion of the treatmentf Aevels were found
significantly increased (+36%) in the liver of tte& Tg mice with
respect to untreated Tg (data not shown).

MApOE-PA-LIP  treatment effects persisted after its

discontinuation

To investigate whether the effects exerted by teattment would
persist after its discontinuation, five animals gesup were kept for 3
further months after the end of treatment. The nrgrnest at the end
of this period was not performed, due to the smathber of animals,
not suitable for a statistically significant evaioa. Brain MRI analysis
showed that, after three months, both ventricleivm& and entorhinal
cortex thickness of treated Tg mice remained stabtecomparable to
WT, while untreated Tg mice still displayed enlatgentricle volume

(+23%) and thinner entorhinal cortex (-7%) (Fig@@ and D). No

changes were detected on the other brain areas.

After MRI, animals were sacrificed and organs apedy Tg mice

having received the mApo-PA-LIP treatment were carag with
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untreated Tg mice and the results, 3 months afteatrhent
discontinuation, can be summarized as follows:

1) the amount of plaques in both the cortex anchtppocampus as well
as the total amount of brain insoluble and soléflespecies were still
lower in treated Tg mice (Figure 4D, E and F arguFeé 5C and D);

i) AB levels in the liver remained significantly higl{e#3%) (data not
shown);

lii) The amount of NEP and IDE was higher (+21% ahd3%
respectively) (Figure 6C and D; Figure 7A and B);

iv) APP brain levels were significantly lower (-2)%&igure 7A and
C);

v) LRP-1 and RAGE brain levels were significantiffetent (+111%
and -41%, respectively) (Figure 7A, D and E).

MApOE-PA-LIP treatment did not induce toxic effectseither in the
brain or in peripheral organs

The potential toxicity of mApoE-PA-LIP treatment svanvestigated
both at the end of treatment and after its disooation. Body weight
and motor activity of all mice were monitored thgbout the 7 months
of treatment and no significant changes amongrieps was observed
(data not shown). The serum values of total chetekttriglycerides,
lipoproteins (high-density lipoproteins, HDL; lovemsity lipoproteins,
LDL) and transaminases (alanine transaminases, AadSpartate
transaminases, AST) were not statistically differebetween
experimental groups (data not shown), suggestingffiect of mApoE-
PA-LIP treatment on hepatic function. In additiomacroscopic

examination of livers, spleens and brains revealatbrmal aspect,
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without hyperplasia or necrosis, and the compartfoorgan weights
between treated and control groups did not show sigwificant
difference (data not shown). At a molecular lev®hins, livers and
spleens also underwent a biochemical analysisnfitemmation and
reactive oxygen species (ROS) production.

As first, the effects on CNS were evaluated. Reggrahflammation,
IL-1p3 and TNFe were chosen as representative inflammatory markers
(Wang et al., 2015). Brain TNédevels of treated Tg mice were lower
than untreated Tg, and comparable with those of M#ih at the end of
treatment (Figure 8B) and 3 months after its difoomtion (Figure
8D). The treatment of Tg mice, with respect to eated, did not induce
any change of brain ILfllevels, which were higher than in WT, both
at the end of treatment (Figure 8A) and 3 monthteraits

discontinuation (Figure 8C).
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Figure 8. Effect of mApoE-PALIP treatment on brain inflammation. At the en
treatment, half of the animals was sacrificed, Ha#in was homogenized ¢
inflammatory cytokine levels were measured, B). After three months fro
treatment interruption, the rest of the animals sa&gificed and their brain analy:
for inflammatory cytokine levelsq, D). A andC, Histograms indicate the level
IL-1p in the brain of treated and untreated WT or Tgemig and D, Histogram:
indicate the level of TNFe-in the brén of treated and untreated WT or Tg mice. [
are presented as mean + SEM. One-way ANOVA, Tukeg& hoctest, 1 < 0.05
*** n < 0.001versusuntreated WT mice; §%8< 0.001 treatedersusuntreated T
mice; n = 5/group).
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Concerning oxidative stress, MDA and SOD activigrevassumed as
indicators (Chen and Zhong, 2014). Brain SOD ofifige increased
after treatment with respect to untreated oneschirg values

comparable to WT, both at the end of treatmentuil@@®B) and after

its discontinuation (Figure 9D).
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Figure 9. Effect of mApoE-PALIP treatment on brain oxidative stress. At the ef
treatment, half of the animals was sacrificed, Ha#in was homogenized &
oxidative stress indicator levels were measured BA, After three months from
treatment interruption, the rest of the animals sa&gificed and their brain analy:
for oxidative stress indicator levels (C, D). A a@dHistograms show the level
MDA adducts in the brain of treated and untreated W Tg mice. B and D,
Histograms show the level of SOD activity in thaibrof treated and untreated \
or Tg mice. Data are presented as mean + SEM. GiyeAMOVA, Tukey’spost hoc
test, ’p < 0.05, *p < 0.01, ***p < 0.001versus untreated WT micgy; €0.05, §8§
< 0.001 treatedtersusuntreated Tg mice; n = 5/group.

Successively, peripheral organs were analyzed. d\the spleens
was higher (+69%) in Tg mice at the end of thetineat with respect
to untreated and WT, and decreased down to thewvaliiother groups
after treatment discontinuation (data not showm)tl@ contrary, MDA
adducts were found decreased (-28%) in the livetk bt the end of

treatment and after its discontinuation (data hoisn).
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4.4 DISCUSSION

It is nowadays recognized that braifi pathophysiological alterations
leading to AD take place decades before the appearaf the first
signs of dementia, providing a wide pre-symptomatne window for
intervention with AB-targeted therapies (Holtzman et al., 2011;
Sperling et al., 2013; Tian et al., 2014). Withirstframe, in the present
investigation we evaluated the possibility to usAp@mE-PA-LIP to
hinder the progression of brain Aaccumulation and memory
impairment. We tested this possibility on APP/PSitemstarting a
treatment at 5 months of age, when mice displatalnbrain AB
deposition but no memory impairment, and endintanonths of age,
when these features are clearly apparent (Lee,et37; Yan et al.,
2009; Vanltallie, 2015).

A remarkable outcome of the treatment herein desdrivith mApoE-
PA-LIP is that the cognitive performance, in terra6 memory
evaluation, of Tg animals remained comparable & ¢ WT for the
entire duration of the treatment, suggesting tipatsbmes could exert
a preventive activity on memory loss. In fact, eated Tg mice,
although cognitively comparable with WT at the loegng of the
treatment showed significant deficits at both 91#hchonths of age.
Another relevant result of this study is that braip deposition was
strongly delayed in treated Tg mice, clearly shgnarreduced number
and area of plaques and a lower amount of braolubse A3 levels.
Looking for a possible explanation of these stigkiasults on brain A
reduction, it should be pointed out that no differe in NEP, IDE and
APP brain levels were observed in treated Tg midé vespect to

untreated, thus ruling out an effect on CN®rAetabolism exerted by
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the treatment. Instead, the increase in livetevels of treated Tg mice
suggests that the peptide is hauled from the lodiinis organ. Thus, it
IS possible that mApoE-PA-LIP enter the brain afmvsdown A3
aggregation, as previously demonstrated (Balduai ,e2014; Bana et
al., 2014), maintaining solubleffspecies available for efflux to blood,
triggered by circulating liposomes - the so callsthk effect’
(Matsuoka et al., 2003; Ordo6fiez-Gutiérrez et 81152 Mancini et al.,
2016) - , and thus reducing the probability of brdeposition. This
hypothesis is supported by the observation thathanges in soluble
brain A3 levels were measured, together with a reduceduplaq
deposition.

One of the most compelling outcomes of the presemy is that the
reduced brain fburden detected in treated Tg mice was still dabde
three months after the end of treatment. In fastnaf the amount of
brain A3 increased over time, the lower burden in treateesovas
maintained, suggesting that the treatment couldv stown the
progression of the disease also for a given tirter @ discontinuation.
The long-lasting effect of treatment on braifi l&vels could be linked
to a later involvement of NEP/IDE and APP, whosels significantly
increased or decreased, respectively, after thetmdatment.

Taking into account the short half-life of mApoE-RAP in the blood
(Bana et al., 2014), the fact tha fevels were still high in the liver of
treated animals three months after discontinuatibrthe treatment
suggests that the treatment could affect the transport pathways
across the BBB. This possibility is partly suppdrby the observation

that the brain levels of the two main transporiersither direction of
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AP across the BBB, LRP-1 and RAGE (Deane et al., 20@&e found
increased and decreased, respectively, in thedaditteated Tg mice.
Concerning the positive effect induced by the tresatt on cognitive
impairment, this is reported to be strongly comedawith soluble A
levels (McLean et al., 1999); thus, it is questldeahat our treatment
induced memory recovery without changes in solbbéén AB levels.
A possible explanation could be found in the lovBiF-a level or in
the higher level of SOD activity detected in thaibrof treated Tg mice
with respect to untreated ones. These changes poevent damage at
synapses, which are considered as the primgiytakget in AD
pathogenesis (Selkoe, 2002). The hypothesis ofonaliprotection is
supported by the MRI analysis, showing that tredigadnice displayed
brain ventricle volume and entorhinal cortex thieks comparable to
WT.

Regarding possible toxicity, the treatment provethé apparently not
toxic for all the organs analysed, despite its Idaogation, except for a
possible toxicity on the spleen, indicated by tiéase of TNFelevel
observed at the end of treatment. On the other,lihadesults indicate
an anti-inflammatory action and a protective effagainst ROS of
liposomes in the brain, which persist after the ehleatment.

Taken together, all these findings indicate mApd&=LPP as a new all-
in-one multitask approach potentially suitable &arly treatment of
AD. To be pointed out that the long-term treatmeith mApoE-PA-
LIP could not cure AD, but could avoid the onsetofjnitive deficits
and brain structural changes and slow down therpssgn of 4

accumulation.
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Abstract

Aggregation of amyloig peptide (4) is a key event in the
pathogenesis of Alzheimer's disease (AD). We ingatdd the effects
of nanoliposomes decorated with the retro-inversptide RI-OR2-
TAT (Ac-rGffvlikGrrrrqrrkkrGy-NH2) on the aggregation and toxicity
of AB. Remarkably low concentrations of these peptideibitor
nanoparticles (PINPs) were required to inhibit tbemation of A3
oligomers and fibrilsn vitro, with 50% inhibition occurring at a molar
ratio of ~1:2000 of liposome-bound RI-OR2-TAT t@.APINPs also
bound to A with high affinity (Kd = 13.2-50 nM), rescued SHSY
cells from the toxic effect of pre-aggregatefl, A&rossed am vitro
blood-brain barrier model (hCMEC/D3 cell monolayesitered the
brains of C57/BL6 mice, and protected against meruss in APRwe
transgenic mice in a novel object recognition t&stthe most potent
aggregation inhibitor that we have tested so farpwpose to develop
PINPs as a potential disease-modifying treatmenA
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5.1 INTRODUCTION

There are currently ~36 million sufferers of Alaimeir's disease (AD)
worldwide, costing the world economy US$604 billion2010, and
these figures are set to rise dramatically in titere (Wimo and Prince,
2010). Current drug treatments only temporarilg\afite the symptoms
of AD. Characteristic pathological changes of thsedse are the
presence of abundant senile plaques, containintpaary peptide (48)
fibrils, and neurofibrillary tangles consisting byperphosphorylated
Tau protein. However, R oligomers are now thought to be the most
toxic form of this peptide, with a potent ability¢ause memory deficits
and inhibition of oligomer formation is a potentstategy for disease
modification therapy (Lambert et al., 1998; Walshle 2002; Wang et
al., 2002; Kim et al., 2003; Cleary et al., 200%ads and Selkoe, 2007;
Walsh and Selkoe, 2007). It is also generally timbuthat Tau
aggregation is a downstream consequencedagygregation (Ma et al.,
2009). The most advanced clinical trials aimedis¢ake modification
in AD are based on drugs targeting the productiodearance of A
(Howlett, 2011).

We have published data on a small peptide (OR2 sN-H
RGKLVFFGR-NR) that inhibits the formation of foligomers and
fibrils (Austen et al., 2008). RI-OR2 is a much mtable retro-
inverted version of this peptide (Taylor et al.,1@D The addition of
retro-inverted ‘TAT’ (HIV cell-penetrating peptidé) RI-OR2 allows
it to enter cells and cross the blood—brain ba(B8B) (Parthsarathy
et al., 2013). Treatment of APPswe/RE&® transgenic mice with RI-
OR2-TAT caused reduction of brairBAurden (oligomers included),

reduction of numbers of activated microglial celled an increase in
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the number of young neurons in the dentate gyragt{Parathy et al.,
2013). However, RI-OR2-TAT only inhibits fAaggregation when
present at relatively high concentrations (i.e. blar ratio of
inhibitor: A at best) (Parthsarathy et al., 2013).

In recent years, there has been a growing interés¢ use of liposomes
as carriers for therapeutic agents, because ofr th#ractive
characteristics, such as biocompatibility, bioddghlity, and
chemical and physical stability (Torchilin, 2008)oreover, liposomes
can be multifunctionalized on their surface, anltbis been shown that
multi-ligand-decorated nanosystems can be moreigifi (compared
to single ligand systems) at recognizing their roolar targets (Stukel
et al., 2010). In the present study, we have coviglattached RI-OR2-
TAT to nanoliposomes (NLs) using ‘click’ chemistiyte show that
very low concentrations of these peptide inhibitwanoparticles
(PINPs) were required to inhibit the aggregatiorA@fand to protect
cultured SHSY-5Y cells from the toxic effect of paggregated A
Moreover, they were efficient at crossing envitro BBB model,
entered the brains of healthy mice, and protectgdhat memory loss

in APPswetransgenic mice.
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5.2 MATERIALS AND METHODS

Materials

Chemical reagents and Sepharose 4B-CL were froom&#ldrich.
Bovine brain sphingomyelin (Sm), cholesterol (Chahd 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[inailde
(polyethylene glycol)-2000] (mal-PEG-PE) were frodwanti Polar
Lipids Inc., USA. PH]-Sm, PH]-propranolol, f*C]-sucrose, Ultima
Gold scintillation cocktail and solvable tissuedwnlizer were from
PerkinElmer (Waltham, MA, USA).{C]-Chol was provided by
Quotient Bioresearch Ltd. Polycarbonate filterslippsome extrusion
were from Millipore Corp., Bedford, MA, USA and tlextruder was
from Lipex Biomembranes, Vancouver, Canada. RecoamtiAB:.-42,
Ultrapure, was from rPeptide, Bogart, Georgia, USHl other

chemicals were reagent grade.

Production of NL decorated with RI-OR2-TAT (PINPs) by click
chemistry

NL were composed of Sm/Chol (1:1 molar ratio) mixeth 5 molar
% of mal-PEG-PE. Lipids were resuspended in chtorofmethanol
(2:1, v:v) and dried under a gentle stream of ge&ra The resulting film
was resuspended in PBS, pH 7.4, vortexed and edrdd® times
through a 100 nm pore polycarbonate filter underb2® nitrogen
pressure, at room temperature, to create UD (umdest) liposomes.
In order to covalently attach the peptide to thédpesomes, an
additional cysteine residue was incorporated atG@herminus. NL
were incubated with this peptide for 2 h at 37 t@d ¢ghen overnight at

4 °C to obtain PINPs. To remove unbound peptide, lthosome
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suspension was passed through a Sepharose 4B-@hre¢25 x 1 cm).
The elution of PINPs was assessed by dynamic $ighttering (DLS)
and the amount of peptide bound to liposomes wamntdied by
Bradford assay (Bradford, 1976). Phospholipid recgv was
determined by the method of Stewart (Stewart, 1980)

NL characterization

The size and polydispersity of NL were measure@:afC using a
ZetaPlus particle sizer (Brookhaven Instruments pGation,
Holtsville, NY, USA). The particle size was assesby DLS with a
652 nm laser, and polydispersity index was obtafnaa the intensity
autocorrelation function of the light scatteredditxed angle of 90°.
The NL were also analysed by use of a NanosighhmagNanoSight
Ltd., Minton Park, Amesbury, UK) with NL suspendadPBS, pH 7.4,
and measured at 25 °C.

Ap aggregation assays

These were performed using de-seedfd.A(Taylor et al., 2010).
ThT assays were conducted in 384-well, clear-bagtbmicrotitre
plates, with 25.M Ap1.42, 15uM ThT, and a range of concentrations
of PINPs, in 10 mM PBS, pH 7.4, with a total reactvolume of 60
uL. Aggregation was monitored using a BioTek Syneptpte reader
(Aex =442 nmiem =483 nm) over 48 h at 30 °C, with the plat@ei
shaken and read every 10 min. The results shovageeatata from one
of two experiments, each of which was performettiplicate. Control
assays involving incubation of pre-aggregatgd(ficubated at 25M
for 24 h) with ThT in the presence of each inhibitaled out the
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possibility that the inhibitors interfere with bimg of ThT to fibrils
(Taylor et al., 2010).

For the sandwich immunoassayf Aligomers were captured by
monoclonal antibody 6E10 and detected by a bicdieg form of the
same antibody (Taylor et al., 2010). Briefly, 96Hvptates (Maxisorb)
were coated with 6E10, diluted 1:1000 in assaydvuffris-buffered
saline (TBS) (pH 7.4), containing 0.059eglobulins and 0.005%
Tween 20). The incubated samples of peptide, withithout liposome
(12.5uM AP and a series of dilutions of PINPs in PBS, pH @45
°C), were diluted to 1M AP and incubated, in triplicate, in the 96-well
plates for 1 h at 37 °C. The plates were washetd Wt mM PBS,
containing 0.5% Tween 20 (PBS-T). Following thi®0LL of TBS
containing 1:1000 biotinylated 6E10 was added deddlates were
incubated for 1 h at 37 °C and washed. Europiulkebinstreptavidin
was added at 1:500 dilution in StrepE buffer (TBftaining 20uM
DTPA, 0.5% bovine serum albumin, and 0.0p%lobulins), incubated
for 1 h, and washed. Enhancer solution was addawebthe plates were
read on a Wallac Victor 2 plate reader. The reslitasvn are average
data from one of two experiments, each performetfipficate. Pre-
aggregated peptide controls ruled out the postsittiiat the inhibitors
block binding of 6E10 to A (Taylor et al., 2010).

Atomic force microscopy (AFM)

AP1-42 was incubated at 20M in the presence or absence of 1,25
PINPs (total lipids) in PBS, pH 7.4, for 24 h. Saespwvere diluted 1:10

in PBS and a 2L aliqguot was deposited onto a mica surface coated
with poly-L-lysine (PLL) (Tinker-Mill et al., 2014&and allowed to dry.
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Images were obtained in tapping mode using a Moliei¥ SPM
NanoScope llla microscope (Digital Instruments, NYSA). The
silicon cantilever tips were 138n long, 30um wide and had a radius
<10 nm (Budget Sensors, Bulgaria). The resonarcpiéncy was 300
kHz and force constants 40 N/m. All images werst farder flattened
and edited using WSxM 5.0 Develop 4.3 software ptech, Madrid,
Spain) (Horcas et al., 2007).

Electron microscopy (EM) studies of PINPs incubatedvith Ap
Negative stain EM was used to examine the strucitiuPéNPs with and
without incubation with 8. PINPS alone, or PINPs (28 total lipids)
incubated with R1-42 (25 uM) at 37 °C for 48 h, were pipetted ()
onto 300 mesh formvar and carbon coated coppers gffbar
Scientific, UK) and left for 1 min. The solvent waktted away and
the residue stained using 2% (w/v) phosphotungsiat (PTA), pH 7.4.
Immunogold labelling experiments were performedlamtify any A3
captured by PINPs. Here, the grids were blockedlfomin in goat
serum:PBS (1:10) and incubated at room temperdturd h with
primary anti-A3 antibody 6E10 (0.0gl/ml). After washing, they were
incubated with 10 nm colloidal gold-conjugated g@atti-mouse
secondary antibody (G7777, Sigma-Aldrich) dilutésiolin PBS, for 2
h. After washing, any liquid remaining on the griglas blotted away,
and the samples were stained with PTA. Grids weftetd dry and

examined by TEM.
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Surface plasmon resonance (SPR) spectroscopy

SPR experiments were conducted using a Sensi Qaédnrnatic SPR
machine (ICx Nomadics). This apparatus has twolleafiow cells;
one was used to immobilizepfAs> monomers, oligomers or fibrils,
while the other was used as “reference” (emptyasa) A COOH5
sensor chip (ICx Nomadics) was employed for thigppse and the
peptide was immobilized by amine coupling chemisByiefly, after
surface activation, the peptide was diluted toulDin acetate buffer
(pH 4.0) and injected for 5 min at a flow rate & @BL/min. Any
remaining activated groups were blocked with etlemme (pH 8.0).
The final immobilization level was ~5000 resonannés (1 RU =1 pg
of protein/mn3). The empty “reference” surface was prepared in
parallel using the same immobilization proceducg viithout addition
of peptide. Sensorgrams were obtained via injeabiofour different
concentrations of PINPs (0u34, 0.6 uM, 0.9 uM, 1.2 uM of exposed
peptide) in solution (PBS with 0.005% Tween 20),emwvthe
immobilized ligand or control surface, in parallat, the same time.
These SPR data can be interpreted to provide anagstfor affinity of
binding of liposomes to A (Taylor et al., 2010; Parthsarathy et al.,
2013).

MTS/LDH assay

Cultured SHSY-5Y human neuroblastoma cells werentaaied in
Dulbecco's modified eagle medium (DMEM, Gibco) @ning 10%
fetal calf serum, 100 U/mL penicillin, 5@/mL streptomycin, at 37 °C
and 5% CQin a humidified incubator. Cells were transfertedterile

96-well growth plates at 20,000 cells per well dodr wells per
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condition. For the effect of PINPs alone on cel® growth medium
was DMEM. Cells were left to adhere for 24 h beftre PINPs were
added and cell viability was assessed using thelTiGel
96AqueousOne Solution Cell Proliferation (MTS) Askd (Promega)
after further 24 h incubation. For the experimelusking at the
protective effect of PINPs, the growth medium wdsarged to
Optimem (Invitrogen) and v-42 that had been pre-aggregated (for 24
h at 25 °C in PBS) was added to a concentratidnd¥l. The plates
were returned to the incubator for 24 h and cetllifaration was

assessed as above.

Uptake and transcytosis of NL by human brain endotklial cells
Immortalized hCMEC/D3 was cultured as describediptesly (Re et
al., 2011a). 5 x 10cells/cnt were seeded on 12-well transwell inserts
coated with type | collagen and cultured with 0.5 end 1 mL of
culture medium in the upper and lower chamber, aetsgely. Cells
were treated with UD liposomes and PINPs when ridnesendothelial
electrical resistance (TEER) value (measured by I¥X@neter, STX2
electrode; World Precision Instruments, SarasdtalJSA) was found

to be the highest. The functional properties of oenolayers were
assessed by measuring the endothelial permeaki®) of [C]-
sucrose and®H]-propranolol (between 0 and 120 min) as described
previously (Cecchelli et al., 1999). Radiolabeled (0.5 mL; 400
nmol/mL of total lipids) were added to the uppeauciber and incubated
for 120 min. After these periods of incubation, thdioactivity in the
upper and lower chambers was measured by liquidtikaiion

counting to calculate the EP of NL across the galholayers, taking
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account of their passage through the filter withzalis (Cecchelli et al.,
1999). After 2 h, hCMEC/D3 cells were washed wiBSand detached
from the transwell inserts with trypsin/EDTA for iiin at 37 °C. Cell-
associated radioactivity was measured and the igial uptake

calculated.

Assessment of LIP cytotoxicity on hCMEC/D3 cells

hCMEC/D3 cells were grown on 12-well plates untinfituence.
Medium was replaced and NL (400 nmol/mL of totplds) suspended
in cell culture medium were incubated at 37 °C wiité cells for 24 h.
After treatment, the cell viability was assessed {3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode]) (MTT) assay,
as described previously (Re et al., 2011b). Eaoipkawas analyzed
at least in triplicate. Moreover, TEER and permkiginf [ “C]-sucrose
were also determined in the presence of NL to asbeseffect of NL

on monolayer integrity.

Biodistribution in healthy mice

Three C57/BL6 male mice were administered withrov (total lipid)
of C-labelled cholesterol PINPs, at ~2.22 > #ipm/kg, into a tail
vein. The amount of radioactivity that reached bh&in was assessed
by quantitative whole body analysis (QWBA), whiteetconcentration
in blood was measured by liquid scintillation camirom samples
taken prior to sacrifice. This work was performeg Quotient
Bioresearch (Rushden) Ltd., using mice supplie@barles Rivers UK
Ltd., Margate, Kent.
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Novel object recognition test in Tg mice

Drug and behavioral test naive 22-month-old Tg26XBPswe) and
WT age-matched littermates were used. All experisiewere
conducted during the light cycle. Animals (Tg or YM¥ere injected
intraperitoneally with PINPs (10@, 100 nmol of peptide/kg) or with
PBS (100ul) once a day for 21 days. The weight of the angwahs
monitored during treatment. Two experimental growsse treated
with PINPs (Tg2576 and WT mice, n = 10 for eachy tontrol groups
were treated with PBS (Tg2576 and WT, n = 10 fahg¢aln the NOR
test, mice are introduced into an arena contaitviregidentical objects
that they can explore freely. Twenty-four hoursetatmice are
reintroduced into the arena containing the famitibyect and a novel
object. Exploration was recorded in a 10 min thglan investigator
blinded to the genotype and treatment and the ttirateeach object was
explored recorded. Results are expressed as pageeritme of
investigation on objects per 10 min, or as disanation index (Dl), i.e.,
(seconds spent on novel — seconds spent on fayf{tidal time spent
on objects). Animals with no memory impairment gparionger time
investigating the novel object, giving a higher DI.

All procedures involving animals and their care evezonducted
according to EU laws and policies (EEC Council Diree 86/609, OJ
L 358,1; 12 December 1987), the USDA Animal Welfaot and NIH
(Bethesda, MA, USA) policy on Humane Care and Useaboratory
Animals. The procedures were reviewed and appriwethe Mario
Negri Institute Animal Care and Use Committee (1[04
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5.3 RESULTS

Preparation and characterization of peptide inhibitor
nanoparticles (PINPSs)

To attach RI-OR2-TAT (Figure 1A) covalently to tNé& surface, we
exploited a thiol-maleimide reaction employing aldigional cysteine
residue to provide the necessary thiol group (Netbal., 2004). This
thiol function at the C-terminus of RI-OR2-TAT reed with a
maleimide-functionalized phospholipid present ia L formulation
(mal-PEG-PE) (Figure 1B). The yield of coupling wa#$6-90% and,
consequently, PINPs contained 2%-2.5 mol% of pepiitie total lipid
recovery of NL, after the reaction with the peptate the purification
step, was about 65%. Final preparations of PINAs w®nodispersed,
with a mean size of 143 + 10 nm as determined b Diheir stability
was verified by DLS, which showed that the size aot/dispersity
index remained constant, in PBS, for up to 7 da&ysalysis by a
Nanosight instrument indicated an average siz€fPs of 131 + 43
nm (Figure 1C). AFM images showed NL particles wighmean
diameter of ~100 nm (Figure 1D), this slightly sleakize being most
likely due to some dehydration of the sample.
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A RI-OR2-TAT Ac-rGffvikGrrirqrrkkrGy-NH ,

Ac-rGifvlkGrrrrgrrkkrGye-SH
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Figure 1. Preparation and characterization of PINRsAmino acid sequence of Rl
OR2-TAT. Black letters indicate the RIR2 peptide and red letters the T
sequence, with D-amino acids in lower c&eConstruction of PINPs through ‘clic
chemistry involving a C-terminal cysteine resid@. Size distributon of PINP
measured on a Nanosight instrumé@tAFM image of PINPs with no f\present.

Effects of PINPs on A aggregation

RI-OR2-TAT alone was shown by ThT assay to inhiBifi-42
aggregation up to a molar ratio of 1:5 (inhibitoAB1-42), in agreement
with previous data for RI-OR2 and RI-OR2-TAT (Taykt al., 2010;
Parthsarathy et al., 2013). When RI-OR2-TAT wasachied to
liposomes there was a dramatic improvement intghdiinhibit AB1.42
fibril formation at low inhibitor concentrations iffure 2A). This
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finding is best illustrated in the dilution serissown in Figure 2B.
Here, it can be seen that 50% inhibition occuraratund 1:50 molar
ratio of lipid to A31-420r, as the inhibitory peptide is only ~2.5% ofiot
lipids, ~1:2000 of RI-OR2-TAT to Bu42 In contrast, when UD
liposomes (1:1) were tested for their ability tohilsit APi-a2
aggregation, we found a slight stimulatory effadtigher ratios of 1:1
and 1:2 (lipid:A1-42) but no effect below 1:10 (data not shown).

A sensitive immunoassay was used to detgcbhgomers present at
the earlier B1.42 incubation time points (at around 4 h under our
experimental conditions) (Taylor et al., 2010; Rsatrathy et al., 2013).
PINPs inhibited the generation of an immunoassggadiat all time
points examined, and at molar ratios down to asdew:100 lipid:f1-
42 or 1:4000 inhibitory peptidefy42> (Figure 2C). The slight
differences between ThT assay and ELISA resultida@diect the fact

that the former detects mainly fibrils, whereas ta#er detects

oligomers.
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Figure 2. PINPs are potent inhibitors offif\s> aggregation. All concentrations
PINPs refer to NL-linked inhibitory peptide, to@l comparison with free peptic
A, Time-course of fi-s2aggregation in the presence of non-linked RI-QRZ- (1:5
ratio of inhibitor to A1.42) or PINPs (1:400, 1:2000 ratio of Ninked inhibitory
peptide to A1-42), as determined by ThT ass#&y. Dilution series of PINPs agai
the ThT signal after 48 h incubation. Note that@anratio of 1:2000 of NLinked
inhibitory peptide to B:.42 (or 1:50 total lipids to Bi-47) gives ~50% inhibitionC,
Data from an immunoassay for oligomerif.ASamples weréken at 0, 2, 4, 8, .
and 24 h (consecutive bars) from incubations pf.A alone, or A1.42 with 1:40
1:400, 1:2000 and 1:4000 ratios of NL-linked intdloy peptide to 8.
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AFM images showed fibrils of x4z following 6 days of incubation in
PBS (Figure 3A) and when incubated with UD liposer{feégure 3B).
Few or no fibrils were detected when PINPs weresgmeat a molar
ratio of 1:10 of total lipids: ( Figure 3C), confirming that they inhibit
aggregation. However, some structures possiblynrbbeg small
aggregates could be seen, suggesting that PINPsnaiagntirely
inhibit aggregation. Negative stain EM revealed tha surface of the
PINPs was smooth and their shape was generallyisphéHowever,
when the PINPs were incubated witf:42they appeared to be covered
with a ‘furry’ coat of what are possibly pAmonomers or oligomers
(Figure 3D). Intriguingly, some PINPs were fountheled along the
length of AR fibrils, and at their free ends, suggesting tha¢ t
interaction of the PINPs had resulted in termiratid fibril growth
(Figure 3D). Further investigation with antBAmmunogold labelling
showed that the surface of the PINPs was decovatbdjold particles,

confirming capture of A (Figure 3E).

0nm
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Figure 3. AFM and EM images confirm that PINPs interact with and inhibit it:
aggregationA, ABi-s2at 25uM was incubated alorfer 144 h and examined by AF
B, AB with UD liposomes at a 1:20 ratio of lipidAC, Ap with PINPs at a 1:Z
ratio of lipids:AB. The presence of fibres (white arrowhead%) endB indicates the
UD liposomes do not interfere withpAaggregation, wheredaS shows the clei
absence of fibrils. PINPs are indicated by the avhitrow.D, ABi-42 incubated wit|
PINPs (4:1 ratio of lipids:B) and stained with PTA. The PINPs (white arrow)
bound along the length of an amyloid fibril (blaakow) and to its termini, 6E1(
immunogold labelling of a PINP (grey arrow) follawg incubation with f1.42. White
arrows show regions where3Avas detected. The black arrow shows §m#onome
(or small oligomer) labelled with immunogold.

Binding affinity between PINPs and A3

PINPs were injected over immobilized pAfibrils at different

concentrations of RI-OR2-TAT (0.3, 0.6, 0.9, 1M) and were shown

to bind in a concentration-dependent manner (Figdr€urves were

fitted separately using the simplest Langmuir htgraction model, and

the calculated apparent affinity {Kwas 36-50 nM. In addition, K
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values were 13.2 nM for Aoligomers (Figure 5A) and 22.5 nM for

monomers (5B).
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Figure 4. SPR data on binding of PINPs t@ Aibrils. PINPs were injectedt foul
different concentrations, for 5 min, at a flow rafe30 uL/min (from bottom to toy
0.3uM, 0.6uM, 0.9uM, 1.2uM of exposed Bi-42 peptide). The nospecific bindiny
obtained from the reference surface has been sbédrérom all data. Fittedurve:
are shown in black. The binding affinity {Kis calculated as 36-50 nM.
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Figure 5. Representative SPR sensorgrams showing the birafiiRj-OR2TAT
decorated liposomes (PINPs) to immobilizefgh 4 oligomers A) or monomersEg).
Liposomes were injected at differestincentrations (see figure), for 5 minutes
flow rate of 30 pl/min. The non-specific bindingtaimed fromthe reference surfa
has been automatically subtracted from all datéedrcurves are shown in black.

Effects of PINPs on the toxicity of 4

There was no loss in viability of SHSY-5Y cells,rasasured by MTS
assay, after 24 h incubation in the presence oPBI&t concentrations
as high as 1@M (total lipid) in normal (FCS supplemented DMEM)
growth medium (Figure 6A). A similar result wasafsund using the
LDH cell viability assay (data not shown). TreathehSHSY-5Y cells
with 5 uM AP for 24 h gave a 39% reduction in cell viabilitydathe
presence of PINPs rescued the cells frgbridicity at all doses tested
(Figure 6B). UD liposomes were not toxic to neuasttbma cells
(Figure 6A), and they did not rescue cells fromttiyac effect of pre-
aggregated B (Figure 6B).
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Figure 6. PINPs are not toxic and protect against the damgeefifects of A on cdls.
A, MTS assay data for SHS¥Y cells grown in the presence of vari
concentrations (total lipids) of PINPs or UD lipases.B, LDH assay data for ce
exposed to pre-aggregate@:A. (at 5uM) in the presence or absence of var
concentrations (total lipids) of PINRs UD liposomes. PINPs protected agains
damaging effects of \(* = p < 0.001). Error bars are too small to be seen.

Passage of PINPs across the blood-brain barrier
We measured the ability of PINPs to cross an eidifiBBB model

composed of a hCMEC/D3 cell monolayer (Poller et ap08).
253



hCMEC/D3 cells grown on transwell membrane insedse incubated
with UD liposomes or PINPs on day 12, when the maXi
transendothelial electrical resistance (TEER) valas registered (123
+ 6 Q - cn?). Transport of T*C]-sucrose andH]-propranolol was
measured, with paracellular EP values of 1.48 % ¢/min and 3.51

x 102 cm/min, respectively, in agreement with valuesoregal in the
literature (Summerfield et al., 2006). RadiolakellgD liposomes or
PINPs were added in the upper compartment anddihdar uptake
and EP were measured up to 2 h of incubation. dateactivity stably
associated with cells was 1.19% + 0.32% and 4.190@24% of the
administered dos@ & 0.05), respectively for UD liposomes and PINPs
(Figure 7A). Also the EP across the cell monolayees higher for
PINPs (1.08 + 0.13 x I&cm/min), compared to UD liposomes (2.25
+0.89 x 10° cm/min) p < 0.05) (Figure 7B). MTT assays showed that
all of the preparations tested were nontoxic. Mwveep after
hCMEC/D3 incubation with UD liposomes or PINPs, TieER value
and the permeability offC]-sucrose (119 + 8 - cn? and 1.62 x 1G

cm/min, respectively) did not change, within experntal error (<3%).
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Figure 7. PINPs can flux across the hCMEC/D3 cell monolayéF. cells wer
incubated with UD liposomes (NL) or PINPs radiolk#gewith *H-Sm, for 2 h at 3
°C, 5% CQ. A, Cellular uptake of nanoparticles (NP). After inctiba, the amoul
of ®3H-Sm incorporated into the cells was measured la@eimnol of total NP tagn uy
by the cells calculatedd, Transcytosis of NP through hCMEC/D3 cell monolay
Radiolabeled UD liposoes (NLs) or PINPs were added to the upper chaoftibe
transwell monolayers and incubated for 2 h at 35% CQ. The permeability acro
the cell monolayer was calculated. Each value ésrtiean (£SD) of at least th
independent experiments. *p=< 0.05 by Studentistest.
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Biodistribution of PINPs in healthy mice

QWBA measurements for biodistribution of PINPs dedailed in

Table 1. Fifteen minutes after administration, @@ of the total dose
was found in the brain and 0.952%/g in the bloduwbwsng evidence
for BBB penetration. However, the majority of thesé was found in
lungs (~92%), and other tissues associated witlygdhaosis by the
mononuclear phagocyte system (i.e. adipose tisisee, bone marrow
and spleen).

ug equivalents of [14C]—Cholesterol PEGylated nanoliposomes per
gram of tissue (% of total dose/g)
Sample time after injection
Tissue type 5 minutes 15 minutes 60 minutes

Brain 0.225 (0.415) 0.262 (0.490) 0.182 (0.362)

Liver 6.78 (12.5) 8.36 (15.6) 7.28 (14.5)

Kidney 1.52 (2.80) 1.19 (2.23) 0.889 (1.77)

Lung 32.1%(59.2) 49.41 (92.3) 22.8 (45.5)

Spleen 10.9 (20.0) 16 (29.8) 16 (31.8)

Blood 2.19 (4.04) 0.51(0.952) 0.36 (0.718)

Table 1.Tissue distribution in CL57/BI 6 mice using quéative whole body analysis
(QWBA).Mice were injected via a tail vein and séicad at 5, 15 and 60 minutes f
injection. The amount of radioactivity was assessed using QViBé converted
ug equivalents per gram of tissue (% of total dogehyackets).

T Above limit of accurate quantification (>231§ equivalents/g) extrapolated valt
reported.

NOR (memory) test

Figure 8 shows that, although PBS-treated Tg257%@ mvere unable to

discriminate between the familiar and the novekob{percentage time

of investigation per 10 min: familiar, 53.5 + 1rigvel, 46.5 + 1.5; DI,

-0.07 = 0.03; n = 19), after treatment mice recgVviPINPs
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significantly recovered their long-term recognitioomemory
(percentage time of investigation per 10 min: faanjk40.4 + 1.6; novel,
59.6 £ 1.6; DI, 0.19 £ 0.03; n = 10), close to tadues of PBS-treated
WT mice (percentage time of investigation per 1@:rfamiliar, 39.6
1.4; novel, 60.4 = 1.4; DI, 0.23 £ 0.02; n = 10phéeway ANOVA,
Tukey'spost hodest. p < 0.05).
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Figure 8. Treatment with PINPs significantly restores ladegmn recognition memo
in Tg2576 mice. WT or Tg2576 mice were treated WitNPs or vehicle and, at 1
end of treatment, their memory was tested withNfR testA, Histograms indica
the time percentage (mean + SEM) of investigatibthe familiar (grey) and nov
(black) objects of the experimental groups testBd.Histograms report tt
corresponding DI (mean + SEM). One-way ANOVA, Tuls@pst hodest. 1< 0.05
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In addition, we demonstrated that treatment withAF® had no negative
effect on the memory of WT mice (percentage timmweéstigation per
10 min: familiar, 37.5 £ 4.7; novel, 62.5 = 3.4;,D125 £+ 0.09; n = 10)

and did not affect mouse weight and motor acti(digta not shown).
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5.4 DISCUSSION

Here, we linked RI-OR2-TAT covalently to the sudaof NL
composed of sphingomyelin and cholesterol. Thid liprmulation has
been widely utilizedn vivo for therapeutic purposes and displays good
blood circulation times, good biocompatibility, ahayh resistance to
hydrolysis (Webb et al., 1995). In addition, th&®41310 nm diameter is
optimal for moving at an appreciable rate throughtirain extracellular
space (Nance et al., 2012). We found that the poesef the carrier
appears to increase the potency of RI-OR2-TAT as@gregation
inhibitor by 10-20 fold, where this is determinegthe molar ratio of
inhibitor:Ap required to block the aggregation o> under standard
experimental conditions. We did not observe thisrq@menon with
curcumin-NL (Taylor et al., 2011) and so it is sotnpletely clear why
there is this considerable jump in potency for FINBmpared to free
peptide. However, creating multivalent peptide-dendrs has been
shown to increase the efficacy of a KLVFF peptidgragation
inhibitor (Chafekar et al., 2007) and this may biacior in our study,
due to several inhibitory peptides being able tergrct simultaneously
with oligomeric AB.

We reported previously a large increase in thenigyfiof RI-OR2-TAT
for Ap (Kq = 58-125 nM) compared to RI-OR2 alone;#&9-12uM),
but this is not reflected in an equivalent jumpha ability of RI-OR2-
TAT to inhibit Ap aggregation at low concentrations of inhibitor
(Taylor et al., 2010; Parthsarathy et al., 2013& &&n conclude from
this that an increase in binding affinity does netessarily result in a
more potent aggregation inhibitor. Here, we foulmakt the affinity of
PINPs for A (Kq = 13.2-50 nM) is slightly higher than that obtaine
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previously for RI-OR2-TAT, but the ability of PINRs inhibit AB
aggregation at low concentrations of the inhibitpeptide was greatly
improved. In addition to multivalent interactiorstiveen RI-OR2-TAT
and A3, another possible explanation for the potencyl3 is based
on the fact that RI-OR2-TAT contains many posityvetharged amino
acid residues and the presence of multiple cogidspeptide on the
NL surface (each PINP has around 1600 moleculdRI-@R2-TAT
attached) would give a highly positively chargedeexal layer that
could attract and capturepAmonomers, or oligomers as they form
(Wang et al., 2011). Itis also feasible th@itis\captured by the peptides
exposed on the NL surface and is then incorporatea the lipid
component of the NL, so effectively removin@ &om solution. It is
well known that 4 oligomers insert into lipid membranes of cells and
form pores or ion channels (Arispe et al., 1993aspe et al., 1993b;
Fraser et al., 1997).

The TAT portion of RI-OR-TAT, with its positivelyharged amino acid
residues, also confers on the inhibitor an abilitgross the BBB and
reach the brain (Parthsarathy et al., 2013). Herstvow that this ability
is maintained for PINPs. The PE of NL, using itheitro BBB model,
was much higher for PINPs than for UD liposomegvpg the
effectiveness of the functionalized NL to flux agsothe cellular
monolayer. Moreover, some PINPs are transported fhé brain,
through the BBB of healthy mice, and they showatemtive effect on
memory loss in Tg2576 mice. It is also possiblé the is due to the
‘sink’ effect with the liposomes rapidly bindingBAin blood before

being removed, and this is driving export ¢f #kom the brain.
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Other NP-based treatments for AD are under invastig, including
antibody-coated NP and secretase inhibitors asagetlur previously
published curcumin and lipid-ligand linked NL (Golkdt al., 2010;
Canovi et al., 2011; Richman et al., 2011; Taykoale 2011; Yoo et
al., 2011; Bana et al., 2014). Despite promisingclmical data, no
secretase inhibitor has succeeded in any advatiogzhttrial (Anand

et al.,, 2014) and, considering the serious sidectdfreported for
immunisation with anti-f antibodies (Delrieu et al., 2012), anf-A
coated NP could be problematic. In contrast, PIXBge ‘stealth’
properties and so should not elicit any immuneaasp. Moreover, the
aggregation of A seems to be a purely pathological phenomenon, and
so inhibition of this process should not resultproblematic side
effects.

In addition to these therapeutic implications, PdN#s0 have potential
as a molecular imaging agent (Re et al., 2012).higle affinity of RI-
OR2-TAT for AB should allow specific labelling of amyloid plaques
and possibly A& oligomers, through addition of a relevant contrast
agent (CT/MRI) or radiolabel (PET/SPECT) to forrmaltifunctional

NP with ‘theranostic’ utility.
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Accordingly to the amyloid cascade hypothesis, aedation and
aggregation of the beta-amyloid [{A peptide in the brain are the
primary toxic events in Alzheimer's disease (ADdhpgenesis. These
occurrences cause a downstream series of pathalqgiacesses that
finally lead to neuronal degeneration, cognitivesfdypction and
memory loss, main clinical features of the disease.
Alteration/prevention of brain [\ aggregation, with consequent
influence on downstream pathological pathways, ¢aepresent a
possible way to halt the progression of the disgfasavhich a cure is
still needed. The main obstacle in the developn@ntherapeutic
strategies is the presence of the blood-brain dra(BBB), a highly
complex structure that tightly regulates the mowvetma molecules
from the blood to the brain, protecting it fromungs and diseases, but
also limiting the passage of the majority of phacendicals. Properly
designed nanopatrticles (NPs) represent a promisaido enhance the
CNS penetration of therapeutics, relying on thespwigy of their
multifunctionalization, allowing both BBB crossiragnd the targeting
of molecules of interest, such ag3.AAmong the different NPs,
liposomes are attractive tools for biomedical aggilons thanks to their
biocompatibility, non-immunogenicity, non-toxicitipjodegradability,
high physical stability and versatility in surfaitectionalization.
Focusing on brain Bas the target, the aim of the present work was the
design and testing of liposomes functionalizedrass the BBB and to
interact with A3. As herein reported, two different liposome
preparations were developed: i) mMApPoOE-PA-LIP, Ipogs
bifunctionalized with mApoE, a peptide derived frorthe

apolipoprotein-E receptor-binding domain for BBBgeting, and with
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PA, phosphatidic acid, for A binding; ii) PINPs, liposomes

functionalized with RI-OR2-TAT, a retro-invertedsion peptide made

by a combination of the haggregation inhibitor, RI-OR2, and the HIV
‘TAT’ cell penetrating peptide.

Considerations about NP design:

Both mApoE-PA-LIP and PINPs were composed of a imabf
sphingomyelin and cholesterol in equimolar ratibisTcompaosition
had already been utilizeéxl vivofor therapeutic purposes showing good
features in terms of circulation times, biocompiétipand resistance
to degradation (Webb et al., 1995; Thomas et @062 Moreover, with
respect to the targeting purposes of the preserk, W@ was shown to
bind Sm/Chol bilayers (Choucair et al., 2007) ahd presence of
cholesterol was proven to strengthen tifferAembrane interaction (Qiu
et al., 2009). Finally, liposome-based nanodrugdeng with the same
matrix had already been approved by FDA and extehsused in the
clinic (i.e. Margibo). This is important to spee@ the regulatory
process in view of a possible use in humans.

For surface functionalization, both mApoE and RIZORAT peptides
were attached to PA-LIP or LIP, respectively, bywalent coupling
between a maleimide-group on the NPs surface audffaydryl group
on the peptides. This type of coupling conferskibst performance in
terms of permeability across anvitro model of the BBB with respect
to other decoration strategies, such as biotiptxdin linkage
(Salvati et al., 2013).
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Considerations about NP targeting properties:

Regarding brain targeting, both liposome prepanatizvere able to
cross the BBBIn vivo, as first shown by biodistribution studies in
healthy mice. For both mApoE-PA-LIP and PINPs,dheunt of NPs
reaching the brain was higher (0.3% and 0.2% efcted dose/g brain,
respectively) with respect to other brain targetifes (usually < 0.1%
of injected dose/g brain) (Huang et al., 2011; @allet al., 2014).
Considering A targeting, both mApoE-PA-LIP and PINPs showed the
ability to bind A3 with high affinity and to interfere with its aggyation
processn vitro. The binding affinity of PA and RI-OR2-TAT tofA
was in the submicromolar range (Kd = 22-87 nM add=KL3.5-50 nM,
respectively, depending onBAaggregation state), higher with respect
to other A ligands, such as curcumin analogs (Rubagotti.e2@l6),
but far from those of antif\antibodies (Canovi et al., 2012). On the
basis of the failure of clinical trials performedthvanti-AB3 antibodies
able to bind only B in its monomeric form (Racke et al., 20@®0dy

et al., 2014), it is important to notice that béggfosome formulations
herein considered are able to bind also oligomedsfidrils, similarly

to those molecules still in clinical trials whicleesn to be partially
effective (http://www.alzforum.org). Regarding thbility to interfere
with AB aggregation/disaggregation process, our resutisvesth that
MApPOE-PA-LIP and PINPs were best performing in kg A3
aggregation with respect to other NPs functiondlizath anti-A3
aggregating drugs (i.e. curcumin) (Mourtas et 2014). Moreover,
MApPOE-PA-LIP displayed the ability to disaggregapeeformed
aggregates, which is the most important featureAdr therapeutic

purposes.
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Considerations about NP efficacy for AD treatment:

Both mApoE-PA-LIP and PINPs showed to be effectgainst AD
pathology when administered to AD Tg mice.

In the case of mMApoE-PA-LIP, two type of vivo treatment were
evaluated: an acute treatment, on symptomatic APP/Ry mice (10
months of age), showing evidenf Alaque deposition and cognitive
impairment, taken as a model of severe AD, andatrtrento evaluate
the possibility to delay the onset or the progssif the disease, on
pre-symptomatic APP/PS1 Tg mice (5-month-old), shgvan initial
brain A3 deposition in the absence of cognitive impairmaerd taken
as a model of mild/moderately severe AD. The raienfor the
performance of a preventive treatment is the ewddehat brain A
pathophysiological alterations leading to AD tak&cp decades before
the appearance of the first signs of dementia, igioy a wide pre-
symptomatic time window for intervention withBAargeted therapies
(Holtzman et al., 2011; Sperling et al.,, 2013; Tieinal., 2014).
Obviously, in humans this kind of treatment would burrently
possible only in the presence of a genetic diagnafsiamiliar AD, but
with several concerns on MCI individuals. Howevasnsidering the
recent advancement in AD diagnostic tools (Fral&13), an early
diagnosis of the pathology could be soon availabigs extending the
disease-modifying potential of a preventive treatm® the most
numerous cases of sporadic AD.

The acute therapeutic treatment (3 IP injectionskifer 3 weeks, 73.5
mg of total lipids/kg) with mApoE-PA-LIP ameliorate mouse

impaired memory and decreased total insoluble brgin(-33%),
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number and total area of brair dlaques (-34%) and the most toxic
AB oligomeric species (-70.5%). The comparison with
monofunctionalized liposomes indicated that bifio@lization is
crucial either to affect the Aplague load or to hinder the cognitive
deficit. Plaque reduction was also confirmed in piomatic APP23 Tg
mice (15 months of age) by PET imaging withCJPittsburgh
compound B (PIB). This animal model was necessaryET since it
has been shown thdt'C]PIB does not sufficiently bind to the plaques
in the APP/PS1 mouse brain (Snellman et al., 2013).

On the other side, the long-term treatment on youitg with a weekly
IP administration for 7 months of mApoE-PA-LIP (33ng of total
lipids/kg) slowed down brain f\deposition (-30%) and prevented the
onset of memory impairment and the occurrenceméa} AD cerebral
anatomical abnormalities, i.e. ventricle enlargetrard reduction of
entorhinal cortex thickness. Notably, these effeegse maintained up
to three months after treatment discontinuation.

Both in the acute and in the long-term treatmd&,reduction of brain
AP was associated with its increase in peripherahmsg liver and
spleen. On the basis of these results, a potendahanism of action of
MApPOE-PA-LIP was speculated: a small proportiohpafsomes would
cross the BBB, subsequently destabilizing, or hiimgg the deposition
of brain A3 aggregates. At this point, the generated lower M@V
species may be facilitated to move from brain twoblland would be
peripherally cleared in the liver and spleen thiotige so-called sink
effect (Matsuoka et al., 2003; Biscaro et al., 2(R%cliffe et al., 2011)
mediated by the major proportion of mApoE-PA-LIPnaned in the

circulation. Besides the sink effect action, thegderm effects of
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MApPOE-PA-LIP were likely due to a deferred increadebrain AB-
degrading enzymes levels, a decrease of amyloalipger protein level
and a change in®transporter (LRP1 and RAGE) levels on the BBB.
The hypothesis of the mApoE-PA-LIP ability to drawt AB from the
brain was further investigatea vitro, using a transwell cellular model
of the BBB. The spontaneous efflux off dligomers, but not of A
fibrils, from the ‘brain’ side of the transwell wagrongly enhanced (5-
fold) in presence of MApoE-PA-LIP in the ‘blood’ rapartment. Since
MApPOE-PA-LIP were not able to come back to ‘bloaitle once
entered the ‘brain’ side, the effect was not due twarrier action of
liposomes, but likely to a withdrawal offfexerted by sink effect. Of
course, further investigations are needed in dalelarify mApoE-PA-
LIP mechanism of action, particularly with regaodtheir influence on
molecular pathways involving (A and their ability to counteract
memory loss. Apart from decreasin@ sligomers, the most neurotoxic
species (Lue et al., 1999; McLean et al., 1999;c@#klet al., 2011;
Scopes et al., 2012), this latter ability could llmked to the anti-
inflammatory and anti-oxidant activity, seen, regpely, as a decrease
in TNF-a and an increase in SOD activity, exerted by mAB#ELIP

in the brain of treated Tg mice. These mApoE-PA-hiPdiated
actions could potentially prevent damage at syrgppamary A
targets in AD pathogenesis (Selkoe, 2002).

Regarding thén vivotesting of PINPs, their IP administration (once a
day for 21 days, 100 nmol of peptide/kg) to symmtmTg2576 mice
(22 months of age), showing evident3 Aolaque deposition and
cognitive impairment, improved mouse impaired mgmanr the case
of PINPs, the effects onpApathology have been less deepened and so
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further investigations are needed in order to dselwhat is the effect
on AB oligomers and plaques. In addition, the mechamisaction of

PINPs needs to be clarified.

Taken all together, these findings promote multietional liposomes
as a valuable all-in-one multitask nanomedicineptally suitable for
the treatment of AD. Unlike p-centered molecules recently tested, and
resulted unsuccessful, in clinical trials on maddtoderate AD, such as
anti-Ap antibodies (i.e. Bapinezumab and Solanezumab)B#@E
inhibitors (i.e. Verubecestat) (www.clinicaltriaisv;
www.alzforum.org;Doody et al., 2014; Salloway et al., 2014), the
liposome formulations herein considered slowed dtvenprogression
of AD at all stages, displaying effectiveness afs@advanced phases
and thus fitting the current scenario of therapewted, where an
accurate diagnosis, and consequently a specifiaplgeis possible only
in late stages. In comparison with antibodies aA€B inhibitors, for
which often the positive effects on cognition wetpposed from their
ability to act on brain A burden, but not directly tested (Bard et al.,
2000; Kastanenka et al., 2016; Kennedy et al., 2@8vigny et al.,
2016), should be noted that both mApoE-PA-LIP aidF? showed a
great ability to restore memory impairment in moosedels of AD. In
addition, as an added value, the treatment witseth@noliposomes
achieved amazing effects on cognition and brginnAa short period of
time (~ 3 weeks). Finally, both liposome formulato herein
considered, especially mApoE-PA-LIP, for which tiigestigation was
much more deepened, did not show any sign of carelorsystemic

toxicity, which is particularly important consideg that the majority
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of clinical trials with antibodies was halted du® lrain imaging
abnormalities caused by the treatments (Orgogozal.et2003;
Salloway et al., 2009).

Talking about future perspectives and consideriftg trecent
reassessment of the amyloid cascade hypothesisvidear and most
complex way, an important step towards the possilteessful clinical
development of mMApoE-PA-LIP and PINPs would beittvestigation
of their efficacy on other factors altered in Abetmost important of
which is tau protein. The implementation of mApoB&-PIP and PINPs
is another future possibility. Both liposome preg@ns could be
loaded with both hydrophilic, entrapped in the amee core, or
lipophilic compounds, dissolved in the lipid bilayeresulting in
multivalent therapeutic nanovectors. Moreover, eijlg the high
affinity of mApoE-PA-LIP and PINPs for & the addition of an
imaging tracer could combine therapy and speatelling of amyloid
plaques, forming multifunctional NPs with ‘theratiosutility.
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