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ABSTRACT

The blood brain barrier (BBB) is a selective biotad barrier located at the brain
capillaries, that protects the central nervousesgstCNS) by monitoring exchanges between
blood and brain. The BBB controls and regulatesatmposition of the CNS environment
and it still constitutes the main obstacle for ddadjvery to the brain (Weiss N. et al., 2009).
The significant scientific and industrial inter@stthe physiology and pathology of the BBB
led to the development of vast numbeiro¥itro BBB models. Even though no “ideal” model
exists yet, some of the currently available ones\ary useful to investigate permeability,
transport mechanisms and cellular and moleculantswehich occur at the BBB level. New
strategies for brain targeted drug delivery expkmtdogenously expressed transporters to
elicit drug passage across the BBB. Among themoparticles represent a promising tool,
since they are biocompatible and biodegradable tlagy can be functionalized to target the
BBB (De Boer A.G. and Galillard P.J., 2007) (Beijad¥al., 2012; Caruthers S.D. et al.,
2007; Moghimi S.M. et al., 2005).

In this study we settled in vitro BBB models to ntiéy, with high-throughput
screening, the most promising nanoliposomes (NL)c@mbined BBB crossing and binding
of amyloid peptides, for joint therapy and diagsasi Alzheimer’s disease (AD).

Firstly, we characterized twia vitro models of BBB, based on immortalized cell lines
of human and rat origin, the hCMEC/D3 and RBE4s;a#spectively. We tested the trans-
endothelial electrical resistance (TEER) and theo#melial permeability (PE) of small
hydrophilic compounds: our results, in agreemerth wiata reported in literature, lead us to
conclude that these cellular models are suitabtetifeir employment as high-throughput
screening tools.

Subsequently, we tested NL mono-functionalized witiree different peptides, the
apolipoproteinE derived peptide (the ApoE monommeAgoE), amino acids 141-150), its
tandem dimer (dApoE) (141-150)and the Human Immunodeficency Virus type 1 (HIV-1
transactivator of transcription (TAT) peptide. Wiakiated their uptake and PE; we selected
the TAT functionalization as the best performingn@erning cellular uptake, and the mApoE
functionalization when considering both the intémaion and PE. Once assessed the
dynamics of mono-functionalized NL interactions twiéndothelial cells, we investigated
MApOE- and dApoE-NL loading a curcumin-derivatife(F. et al., 2011) to bindpAWe
clearly demonstrated that the mApoE-functional@atiallows a better drug cellular

internalization, whereas dApoE-NL enhances drugPtEe highest extent.



We then considered mApoE- and dApoE-NL exposingAfdargeting ligands phosphatidic
acid (PA) or cardiolipin (CL), demonstrating tha&-mApoE-NL showed the highest cellular
uptake and PE. We also studied TAT-NL exposing wmwia derivative3 (Airoldi C. et al.,
2011) for A3 binding, clearly indicating that TAT functionalizan increased cellular uptake
and PE of curcumin derivative3-NL. We also studiettacellular fate of NL double
functionalized, exposing [Atargeting ligands, and no co-localization was ctet# with acidic
cellular compartments, suggesting that NL may esd¢agm lysosomal degradative pathway.

Taken together, these results indicate that thadtations herein analyzed are suitable
tools for brain targeted drug and contrast agelvety. We suggest further development of
mMApoE and dApoE-NL entrapped with a drug payload tleeir employment as BBB
endothelial cell or brain targeted drug deliverpl$p respectively. We also selected PA-
MApOE-NL and curcumin derivative3-TAT-NL as prommgitools for their employment in
combination for AD therapy and diagnosis. Furthénd®s, based also on in vivo
experiments, are needed to evaluate NL suitalfditglinical exploitation.

Finally, we inquired the endocytic mechanisms tatdiates the entry of NL in the
endothelial cells of BBB. We employed RNA interfece technique to down-regulate
caveolinl expression. Our preliminary data sugtfest caveolinl and the related caveolae-
mediated endocytosis pathway may account for 40¥%ApoE-NL cellular uptake. Future
directions regard the down-regulation of other @rd specifically involved in different
endocytic mechanisms, i.e. clathrin-mediated arsbpightive endocytosis, in order to assess

which endocytic mechanisms may account for ApoEBAT-NL internalization.



1 - INTRODUCTION

The central nervous system (CNS) is the most atitend sensitive system in the
human body. Proper neuronal function necessitatefighly regulated extracellular
environment, wherein the concentrations of ionshsas N& K*, and C& must be
maintained within very narrow ranges. Furthermte,metabolic demands of nervous tissue
are considerable, with the CNS accounting for axprately 20% of oxygen consumption in
humans. The CNS is also extremely sensitive to gewange of chemicals; many of the
substances we consume in our diet, although readyabolized and excreted without harm
to peripheral organ systems, are in fact quite oteuic. It is therefore essential that the
interface between the CNS and the peripheral @tory system functions as a dynamic
regulator of ion balance, a facilitator of nutrieér&nsport, and a barrier to potentially harmful
molecules. This homeostatic aspect of the cerehiabcirculation, historically referred to as
the “blood brain barrier” (BBB), performs all ofeke functions. (Hawkins B.T. and Thomas
P.D., 2005)

The BBB has a total blood vessel length of about B® and an estimated surface area of
20nt, which is similar to the blood-cerebrospinal-fluidrrier (BCSFB). Because of the
BCSFB faces the cerebral spinal fluid (CSF) andthetblood, the BBB, with its total blood
flow and wide vascular bed, is considered the nmpbrtant global influx barrier to the CNS
(De Boer A.G. and Gaillard P.J., 2007).

1.1 - THE BLOOD BRAIN BARRIER
Due to its morphological and functional peculiasti the blood-brain barrier (BBB) is
the structure that prevalently controls the braieraenvironment. The BBB is localized at

the endothelial cells constituting the brain capils (Engelhardt B. and Sorokin L., 2009).
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Fig. 1: Schematic representation of the main diffeences between brain capillaries and peripheral
capillaries. Cornford E.M. and Cornford M.E., 2002

Compared to peripheral capillary endothelial cellee BBB endothelial cells show higher
number of mitochondria, associated to strong méiabotivity and the polarized expression
of membrane receptors and transporters. The completwork of tight junctions
interconnecting the cells prevents from free pdhalee diffusion of hydrophilic molecules.
The lack of fenestrations and the paucity of pinoty vesicles prevent from transcellular
free passage of solutes (Engelhardt B. and SolakiB009; Weiss N. et al., 2009; Cornford
E.M. and Cornford M.E., 2002).

The fully differentiated BBB consists of a complawrit comprising the endothelial
cells with their basement membrane, the pericydedyascular antigen presenting cells and
astrocytes endfeet with their associated parenchigasement membrane (Engelhardt B. and
Sorokin L., 2009).

The discovery of a barrier between the vasculateaysand the CNS dates back to
1880s, when Paul Erlich showed that if certain dyese injected into the vascular system,
they were rapidly taken up by the peripheral organth the exception of the brain and the
spinal cord. These results were interpreted askadACNS affinity for the dyes. A few years
later, an Erlich’s associate, Goldman, demonstraibed the same dyes, injected into the
cerebrospinal fluid, were able to stain nervousuis but not peripheral organs. These results
suggested that once within the CNS, the dyes wereepted to reach the vascular system.

Other studies demonstrated that neurotoxic agemitl de active on the CNS only when
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directly injected into the brain, suggesting thesence of a barrier between blood and brain.
It was the advancement of electron microscopy tedtto the correlation of the barrier
properties with the morphological features of thdahelial cells (Engelhardt B. and Sorokin
L., 2009).

Some areas of the brain, which are located in tltime of the ventricular system,
lack the BBB and constitute the circumventriculegams (CVOs). At these specific regions,
brain capillaries are fenestrated and they allommainication between brain and blood
through free diffusion of solutes and proteins, ahhis important for the proper function of
these areas (Engelhardt B. and Sorokin L., 2009).

1.1.1 - Intercellular junction

The intercellular tight junctions (TJs) in CNS nuigessels are the peculiar feature of
BBB endothelial cells. They are a complex networkransmembrane (claudins, occludins
and junctional adhesion molecules (JAM)-A, B and &y cytoplasmic proteins (zonula
occludens (Z0O)-1, ZO-2, cingulin, junction-assoethprotein AF-6 and junction-associated
antigen 7H6), linked to actin cytoskeleton (Engedthd@. and Sorokin L., 2009).
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Fig. 2: Components of tight junctions (TJs)Neuwelt E. et al., 2008

Occludins present two extracellular loops, whicbve the TJ “gate like” structure, four

trans-membrane and three cytoplasmic domains. @bednes comprise one intracellular
short turn, the N-terminal and the 150 amino-aoml C-terminus domain, which associates
with ZO proteins and interacts with regulatory pios (Redzic Z., 2011). Experiments of

occludin deletion in mice resulted in multiple aigons throughout the organism without
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apparent morphological and functional alterationtha TJs (Saitou M. et al., 2000). These
studies suggested that occludins could be not ggkéor proper TJ establishment in vivo.
However, other studies demonstrated that abnore@udin lacking the N-terminal domain
caused impaired TJ function in endothelial cell wiagers in vitro (Redzic Z., 2011).
Occludins appear thus to be more related to TXaloauhd regulation than to TJ establishment
(Wolburg H. et al., 2009). Occludin regulation asThas been demonstrated to depend on its
phosphorylation and on its specific recycling mestiaby two TJ associated proteins, Rab13,
a member of the Rab family G-proteins and MICAL-BZRab 13 binding protein (Terai T. et
el, 2006; Wolburg H. et al., 2009).

Claudin protein family comprises 24 members, shgwspecific distribution in cells and
tissues. The endothelial cell-specific claudin-3 &lso claudin-3 and claudin-12 have been
demonstrated to be localized at the CNS microvascehdothelial cells in mice and men
(Engelhardt B. and Sorokin L., 2009; Wolburg H. at 2009). All the protein family
members share the same structural pattern, whicbh@acterized by four membrane-
spanning regions, two extracellular loops and mtcacellular domains, the short N-terminus
and the long C-terminus sequences. The extracellidanains account for the TJ formation
through protein-protein homophilic interactions aomdvide paracellular charge selectivity, so
that each type of claudin regulates the diffusibéra specific range of solute size. The C-
terminus sequence is responsible for binding tolZ@-and 3. Proper claudin interactions are
essential for selective ion paracellular permeghijRedzic Z., 2011).

JAMs proteins A, B an C are integral membrane jmstevhich belong to the Ig superfamily.
Their structure is characterized by an extracellNaterminus domain, an extracellular
domain, a membrane-spanning domain and a cytoptaSrerminus tail. At the extracellular
side, they have different patterns of homophilia dreterophilic interactions with JAM
molecules. Their intracellular C-terminus mediatggractions with ZO-1, cingulin, AF-6,
7H6 and scaffold proteins, and it exposes sitephasphorylation, which could be substrates
for PKC (Redzic Z., 2011).

The membrane associated guanylate kinase protedGUK) family members ZO-1, 2 and
3, are localized at the peripheral cell cytoplasmd link the integral membrane protein to
actin cytoskeleton. They are also involved in tlemtml of claudin spatial distribution
(Redzic Z., 2011). The myosin-like protein cinguéirposes ZO protein binding sites at the
globular head, and it can bind to other cingulinlenoles at the tail. Known actin binding
sites are localized on the ZO proteins and on ithguéins, and also on claudins and occludins
(Redzic Z., 2011; Huber J.D. et al., 2001).



TJs in the CNS are dynamic structures that canhgough modifications, following cell
signalling pathways or as a consequence of prgatein interactions. Alterations in TJ
integrity and proper function have been clearlyvet in diseases. Moreover, variations in
occludin and claudin mRNA expression have beenctidein cultured cells, compared to
freshly isolated cells (Redzic Z., 2011).

Adherent junctions have been demonstrated to beortapt regulators of vessel
permeability outside the CNS. At the BBB, adhejjanttions do not directly regulate barrier
permeability, but their proper establishment isuregfl for the correct regulation of the TJ
function. The primary component of BBB adherentcpions is vascular endothelial (VE)-
cadherin, a Ca-regulated transmembrane protein which mediate$cell interaction
through homophilic binding. Stabilization of thengtional complex is achieved by the
linkage of VE-cadherin cytoplasmic tail to actintaskeleton mediated bf-catenin,a-
actinin and vinculin (Engelhardt B. and Sorokin 2009). Recent studies demonstrated that
adhesive interaction of VE-cadherin promotes clatidiexpression at the transcriptional
level, by inhibiting the transcription factor Fox@hd preventing nuclear accumulationBef
catenin (Taddei A. et al., 2008). The adherent tjonccomponentf-catenin is strictly
involved in TJ regulation and it is required for BBnaturation and function in vivo (Liebner
S. et al., 2008).

1.1.2 - Astrocytes, leptomeningeal cells and periwgs

In the functional BBB unit, the vascular endotheldius ensheathed by a layer of
astrocyte endfeet and associated leptomeningdaltbek coinvaginate with the endothelium
during development and contribute to induce andntaan BBB permeability properties.
Many studies on in vitro BBB models have demonsttdhat astrocytes play an essential role
in inducing BBB properties in endothelial cells.&io BBB anatomical architecture, cell-cell
communication is likely performed trough low mol&ouweight soluble factors (Engelhardt
B. and Sorokin L., 2009), which could include giitdrived neurotrophic factor (GDNF),
angiopoietin I and Il (Weiss N. et al., 2009).

The 99% of the abluminal side of CNS microvesssebzent membrane is covered by
pericytes, but their role in BBB development or meaimance has not been clarified yet. The
lack of investigations in this cell population lmgly is mainly due to the difficulty in isolating
pericytes from the extra-cellular matrix (EngeltteBdand Sorokin L., 2009).

Finally, neuronal innervation on brain capillary dethelial cells contributes in

maintaining and modulating barrier properties (eBA.G. and Gaillard P.J., 2007).



1.1.3 - The basal membranes

In most tissues, two types of extracellular ma(BxCM) have been characterized: the
basement membrane (BM) and the interstitial maffbe former is a separation membrane
and its function is to underlie polarized cells emsheath myogenic tissues, nerves and
adipocytes. It is a complex assembly of four mgjgrcoprotein families, laminins, collagen
type IV isoforms, heparan sulfate proteoglicans amtbgens. The latter is localized at the
stroma of tissues and it interconnects cell laykiis.made up of fibrillar extracellular matrix
proteins such as collagen types |, Ill, V and gjyodeins such as fibronectin or tenascins
(Engelhardt B. and Sorokin L., 2009).

At the CNS, the interstitial matrix is little remented, due to the lack of tensile or
elastic stress inside the CNS, and it contains lewels of fibrous proteins and of
glycosaminoglycans. The major constituent of CN8agellular matrix is thus the basement
membrane (Engelhardt B. and Sorokin L., 2009). Thasement membranes can be
distinguished at the CNS, the endothelial cell B\ #éhe astroglial BM. The latter, with the
addition of the leptomeningeal basement membraoestitutes the parenchymal basement
membrane. At CNS microvessels, where endotheliblacel parenchymal BM fuse4, a5
anda2 laminin chains but nail are expressed, and both perlecan and agrin hepaliate
proteoglycans can be detected (Engelhardt B. anok®oL., 2009).

Although the basement membrane contribution to PB&perties has not been deeply studied
yet, data showed that basement membrane comparanitfoute to microvessel integrity and
function (Engelhardt B. and Sorokin L., 2009).



1.1.4 - Transport of solutes
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Fig. 3: Transport processes at the BBBA.G. De Boer and P.J. Gaillard, 2007

Different transport mechanisms are representetheatBBB. Influx mechanisms
can be divided into passive and active transpdremscellular passive diffusion accounts for
few small lipophilic molecules crossing the BBB.r&=ellular diffusion of small hydrophilic
compounds is instead strictly limited by TJs intencecting endothelial cells and it is poorly
represented. Active transport systems can be sidedivinto adsorptive-, carrier-, and
transporter-mediated transcytosis. Adsorptive-mediarascytosis process is initiated by
polycationic compound binding to cell membrane tiggacharges, followed by endocytosis
and endosome formation. This process occurs witmwolvement of receptors. Due to the
low number of pinocytotic vescicles occurring a& 8BB, this mechanism does not appear to
be highly represented. Carrier-mediated transcytascounts for the delivery of nutrients,
such as glucose and amino acids. It is highly satesspecific and the transport rate strictly
depends on the degree of the carrier occupatiotefRer-mediated transcytosis elicits larger
molecules to enter the brain, and insulin recetansferring receptor, and the transporters
for insulin like growth factor and for low densilypoproteins (LDL) have been involved in
this process (Redzic Z., 2011; De Boer A.G. andl&di P.J., 2007). Despite their close
apposition and their contact with physiological centration of LDL, BBB endothelial cells
up-regulate LDL receptor (LDLr) compared to periieendothelium. LDLr expression is

modulated by astrocyte conditioning and it hasnbdemonstrated to account for LDL



transcytosis in am vitro model of BBB (Dehouck B. et al., 1997). Scavengeeptors SR-
Bl and SR-AIl have also been detected at the BBBED&r A.G. and Gaillard P.J., 2007).

Efflux mechanisms are highly represented at thenlrapillary endothelial cells,
and they are mediated by transporters belongirtheATP-binding cassette (ABC) protein
superfamily. These transporters couple compoundxeffigainst the concentration gradient to
ATP-hydrolisis and they are the main responsiblemfg and xenobiotics efflux from the
brain (Redzic Z., 2011; De Boer A.G. and Gaillard.P2007). Three transporter subfamilies
belong to the ATP-binding cassette (ABC) transpoftamily: the multidrug-resistance
proteins or P-glycoproteins (MRP, P-gp), the multgl resistance-related proteins (MRPS)
and the breast cancer-resistance protein (BCRRsd transporters show substrate specificity
but overlapping features have also been detectedz{RZ., 2011).

1.2 - DRUG DELIVERY TO CNS

The main obstacle in treating CNS disorders isctueve a proper drug concentration
inside the brain.

The net uptake of a drug by the brain through tiB8 Rlepends on the difference

between the influx and efflux processes, whichametrolled by several factors. The blood-
brain concentration gradient is determined by ttea ainder the blood-time curve and/or the
maximal systemic concentration. Drug binding tospia proteins or to blood cells defines the
unbound drug fraction and may modulate drug upt8kailar properties regulate drug efflux
from the brain, except for the binding to the plaspnoteins, which are not represented at the
brain extracellular fluid (Scherrmann J.M., 2002).
Only some small molecules with proper lipophiligitpolecular weight and charge diffuse
from blood to brain; it has been reported that apipnately 98% of the small molecules and
nearly all the large molecules cannot cross the BB&bathuler R., 2009).

Different approaches have been developed to overdiie BBB and increase drug

bioavailability at the CNS, invasive, pharmacol@diand physiological approaches.

1.2.1 - Invasive approaches
Intra-cerebro-ventricular infusion of drugs hasrbesported to lead to a very low drug
diffusion in the cerebral parenchyma, only 1 to @he injected drug being available at 1-2

mm from the injection site (Gabathuler R., 2009).
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Convection-enhanced delivery is based upon thedsstically guided insertion of a small-
caliber catheter into the brain parenchyma, thiwal drug injection and diffusion in the
interstitial space. This technique has been shawtiffuse drug until 2 cm from the site of
injection, however, some limitations occur, prendle related to difficulty in reaching and
infusing particular cerebral areas (Gabathule2R09).
Intra-cerebral injection of a drug bolus or placemef biodegradable, chemotherapeutic
impregnated devices into a tumor resection cawly on the diffusion principle to drive the
drug into the brain. However, diffusion at the hrdecreases exponentially with distance and
a precise site of injection has to be determineab@thuler R., 2009).
Direct injection of recombinant adeno-associatedusvi (rAAV) or Lentiviruses (LV)
expressing neurotrophins or carrying genetic matéor gene therapy have been developed.
However, this technique do not allow a global bri@ansduction, and a targeting efficiency.
Moreover, it is associated with risks of raisingnmiome response and of viral genome
integration in host cells (Gabathuler R., 2009;Bder A.G. and Gaillard P.J., 2007).
Disruption of BBB can be reached through osmotileitean injection, MRI-guided
focused ultrasound and through application of bkadg-analogue. The transient increase of
BBB permeability allows drug penetration into thBI€ (Gabathuler R., 2009). Opening the
paracellular pathways is, of course, nonselectinaeuthe above circumstances, and albumin
and excitatory neuro-transmitters and other paiptdamaging substances may gain entry
from blood to brain (Begley D. and Brightman M.\003).

1.2.2 - Physiological and pharmacological approacke

Pharmacological approaches are prevalently basechemical modification of the
drug structure to increase its penetration actos8BB (Gabathuler R., 2009).

Evidence of increased drug permeability acrossBB& following drug chemical
modification or its association with lipid carriehsis been provided (Gabathuler R., 2009).
However, drug modification often results in the slosf therapeutic activity. Moreover,
increasing molecule lipophilicity can also enharite affinity for BBB efflux pumps
(Gabathuler R., 2009).

Similar approaches have been developed using sp8&B receptors. Many studies
were performed on Transferrin (Tf) and Insulin @oes, and drug conjugated with specific
ligands, modified ligands or antibodies have beevetbped. The monoclonal antibody OX-
26, which specifically binds Tf receptor at a diéfet epitope from Tf, has been demonstrated
to be a useful strategy to deliver drugs to thénbfazhang Y. and Pardridge W.M., 2006). The
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monoclonal antibody 83-14 against human Insulindpemr has been created and it was
shown to deliver conjugated drugs to CNS (Boad@let2007). Low density lipoprotein
receptor related proteins 1 and 2 (LRP1, 2) which expressed at the BBB, have been
exploited to target drugs to CNS similarly to Tidaimsulin receptors. Recently, CRM197, a
non toxic mutant of Diphteria Toxin has been depetbas targeting vector to CNS. CRM197
goes through a well characterized and safe traticypoocess. This ability, along with its
evolved intrinsic endosomal escape mechanism, mak¥197 a promising tool for brain
targeted drug delivery (De Boer A.G. and Gaillard. P2007). However, its weak toxicity and
the presence of antibodies in vaccinated peopldiinged its employment (Gabathuler R. et
al., 2009). Adsorptive mediated endocytosis has lmmonstrated at the BBB, and it is
mediated by positively charged peptides interactiith negatively charged membrane
regions. Drugs conjugated to cell penetrating plegtiike TAT peptide have been utilized for
increase the delivery to the brain and encouragesults were achieved (Gabathuler R.,
2009).

Along with drug molecule modification, also drugcapsulation in delivery vectors

based on nanoparticle systems are currently urelesl@pment (Gabathuler R. et al., 2009).

1.3 - BBB IN CNS DISEASE

Many diseases affecting CNS, such as ischemic estrolaumatic brain injuries,
multiple sclerosis, infectious pathologies, primargr metastatic cancers and
neurodegenerative diseases are associated to BBBefaresulting in increased BBB
permeability (Hawkins B.T. and Davis T.P., 2005;i¥geN. et al., 2009).
A common feature associated to CNS pathology and® Biereased permeability is the
endothelium activation and the consequent expnessia@ytokines and adhesion molecules.
This induces an increased movement of immune eellsss the BBB, the secretion and
transport of neuroimmune compounds by the cells #@mprise the brain barriers,
developmental changes in the BBB induced by painaflammatory events and the traffic
of pathogens across the BBB (Neuwelt E. et al.3200
Recently, BBB alterations have been associatedetoaglegenerative diseases. Decreased
number of mitochondria, increased amount of pinatiytvesicles, collagen accumulation in
basal membrane and necrosis at BBB endothelias ¢ellAD patient post-mortem brain

biopsy had been already demonstrated (Weiss N., &089). More recently, functional BBB
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alterations have been detected in AD patients coadptd age-matched controls. Increased
permeability has been detected using gadoliniunaeodd MRI or biochemical methods
(Weiss N. et al., 2009). Recent studies correlgbeaftered clearance at the BBB and its
consequent accumulation at the CNS to both abemagtogenesis and endothelial cell
senescence. Indeed, alterations at the endotleelial are associated with low levels o A
clearance receptors and increased levels of itsixinfeceptors (Zlokovic B.V., 2005).
Moreover, increased expression of adhesion molscae senile plagues suggest an
inflammatory component involvement in the patholggggression (Weiss N. et al., 2009)
and T lymphocyte cerebral infiltration has beeredt&td in AD patients (Togo T. et al., 2002).
In conclusion, research and clinical findings sigjgleat BBB dysfunctions could be involved
in CNS pathology progression. Moreover, a bettenm@hension of BBB biology has led to
delineate a putative role for BBB in the pathoge&ned neurodegenerative diseases, in
particular following age-dependent alterations tsf transport properties, as suggested by
analysis performed on AD patients (Weiss N. et24109).

Despite the presence of such broadly demonstréter@ttons in CNS pathology, BBB
has long been considered the major obstacle fay dielivery to CNS (Weiss N. et al., 2009).

1.4 - ALZHEIMER’S DISEASE

The problem of drug and also of contrast agentvegli across the BBB is still a
challenge in treatment and diagnosis of AlzheimBisease (AD). Indeed, no therapies are
available for this pathology, up to now, and certdiagnosis can be performed only after
patient death. However, AD is becoming a world tie@roblem. Indeed, AD is the most
common form of dementia related to aging. It hasnbestimated that 24 million of people
suffer for AD related dementia today, and this nemk expected to double every 20 years,
up to 42 million in 2020 and 81 million by 2040 (ReC.P. et al., 2005).

The first histopathological features associatedA® were extracellular amyloid
plaques and intracellular neurofibrillary tanglegiich up to now constitute the hallmarks of
the pathology and the basis for post-mortem AD miais. Synaptic degeneration,
hippocamapal neuronal loss and aneuploidy are ¢tlatures related to AD (Swerdlow R.H.,
2007).

Amyloid plagues are accumulation of proteins in finen of 3-pleated sheet fibrils, mainly

composed of the 39-43 AA long peptide Amyl@dd(AB), which is produced by Amiloyd
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Precursor Protein (APP) proteolytic cleavage byetases. APP is encoded by APP gene
residing on chromosome 21. It is a type | transmamd protein with a large extracellular
domain, a membrane anchoring domain and a shoracgltular C-terminus tail. Its
physiological role has not been fully clarified,tyand it appears to be involved in
extracellular signal recognition, cell adhesion apoptosis. In neurons, APP is involved in
synaptogenesis, synaptic remodelling and neuritgrowth. APP proteolytic cleavage can be
performed through at least two different pathwagssecretase of-secretase cleavage
generates a large secreted N-terminal peptide (SA®PSAPH respectively) and a C-
terminal transmembrane peptide. This peptide istsate fory-secretase, which mediates an
intramembrane proteolytic cleavage and generatesrpB8p peptides followinga- or -
secretase activity, respectively. Along with thpsetides, a 57-59 AA long APP-intracellular
C-terminal peptide (AICP) is also released. Theusatjal - and y- secretase activity
constitute the so-called amyloidogenic pathway @ué&. et al., 2010). A degradation is
mediated by enzymes, such as neprilysin and insigigrading enzyme (IDE), which is down
regulated in AD. APP proteolytic products are gatest throughout the life, and increased
AB production along with its reduced degradation dogbnstitute the basis for its
accumulation (Swerdlow R.H., 2007).

Neurofibrillary tangles are aggregates of abnoryatinfigured, excessively phosphorylated
tau proteins. Tau protein is usually associatedhirotubule cytosckeleton and, opposing to
undifferentiated cells, it is not phosphorylatedlifierentiated cells (Swerdlow R.H., 2007).
Characteristic features associated to cell cyclentey, such as increase in cyclin-dependent
kinase (CDK) activity and DNA content, have beeted&d in AD patient brain, generating
aneuploid neuronal nuclei with replicated chromossitSwerdlow R.H., 2007).

Sporadic AD accounts for the great majority of @ais, and autosomal dominant
inherited AD forms have been reported, which fredlyeshow early onset. Except for the age
of onset, no other differences in the neuropathicddgand clinical phenotype have been
showed between the inherited and the sporadic ntariaf AD, thus suggesting shared
pathological mechanisms. Mutations in APP genengoresenilin 1 and 2 genes, which are
part of they-secretases complex, have been related to inhersteants of AD. APOE gene,
which encodes for apolipoproteinE show differentiasats (polymorphisms) which are
distributed throughout the population. APOE4 variaas been related to younger age AD
onset and with a related longer lifetime AD rislgmpared to APOE2 and 3 variants
(Swerdlow R.H., 2007; Selkoe D.J., 2001).
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AD origin has not been fully understood, and d#far hypothesis rose to explain
disease origin and evolution, the best known being amyloid cascade hypothesis.
According to this hypothesis, altered APP procegsinves A3 production and plaques
formation. This leads to neurodegeneration, nedrlosa and consequential clinical dementia
syndrome associated to AD (Swerdlow R.H., 2007).

AD therapeutic approaches aiming at reducirfiglévels in the brain have been taken
into consideration. Molecules with assessed proggerdf stabilizing soluble Band of
destabilizing its altered amyloidogenic conformeuld be candidate drugs for AD therapy
(Airoldi C.et al., 2011). Curcumin is a low moleaulweight molecule derived from the
perennial herb Curcuma Longa. Among its diverséolgioal effects, the ability of inhibiting
amyloid polimerization has been demonstrated (MataR. et al., 2008). However, its
clinical exploitation has been hampered by its yegr hydrosolubility and stability in water
solvents. Indeed, different studies have been pedd, and none succeeded in achieving
proper drug concentration at the brain tissue. TiRidlikely related to difficulties in
overcoming the BBB (Ray B. et al., 2011)3 Aas also been demonstrated to interact with
specific components of cell membrane (Matsuzaki ARQ07). Therefore, anionic
phospholipids, such as phosphatidic acid and cgpdichave been showed to interact with
amyloid peptide (Gobbi M. et al., 2010).

Nanoparticles (NPs) are promising tools for inciegdrug delivery to AD brain. Indeed,
they can be multiple functionalized to achieve eorent BBB crossing and amyloif
peptide binding (Gobbi M. et al., 2010)

1.5 - NANOTECHOLOGY AND NANOMEDICINE IN DRUG DELIVE RY

Nanotechnology is a scientific area involved in tmanipulation of atoms and
molecules leading to the production of structurethe nanometer scale range (Moghimi S.M.
et al, 2005).

Nanomedicine is the application of nanotechnologyhealthcare and holds great
promise for revolutionising several medical treats and therapies such as diagnosis, drug
delivery and tissue regeneration (Sanvicens N. Ritel Marco M., 2008). It is based on
nanoparticles constituted by different kinds of en@ls, which dimensions range between

one and few hundreads nanometers. The physicatladical properties of the materials can
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dramatically change when scaled down to nanométer and the new acquired properties

dominate the nanoparticle physics and chemistrygiai S.M. et al, 2005).
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Fig. 4: Nanosized structuresMcNeill et al., 2005

Three generations of nanovectors have already loleeloped. The early ones
belonging to the first generation are constitutédhe simple colloids and lead to passive
delivery; they can be modified on their surfaceatmid immune system recognition and
degradation. The second generation nanovectorergieeered to allow targeted delivery of
the payload through ligand-receptor binding. Thedtlgeneration nanoparticles aim at
crossing biological barrier and at organizing tisegjuential vector functions (Sanvinces N.

and Pilar Marco M., 2008).
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Nanoparticle (NP) employment in drug delivery shomasny advantages compared to
traditional therapeutic approaches. Biocompatipildnd biodegradability are important
features when considering a new drug delivery veckipid-based and polymer-based
nanoparticles, which fulfil these requirements,dbeen developed. Nanoparticle size, which
usually does not exceed 200nm, is critical for dwg filtration and clearance systems. Renal
filtration and rapid elimination is usually respdsie for clearance of particles below 10 nm
diameter, and reticulo-endothelial, along with tivend spleen filtration accounts for the
clearance of particles larger than 200 nm. Nanapest ranging between 10 and 200 nm,
show proper dimensional features to escape rapmdingltion and also to accumulate at
tumors, due to specific peculiarities of tumor assted blood vessels (Enhanced
Permeability and Retention effect). Nanoparticldaste modification plays an important role
in vector clearance, once injected in the bloodwfl6?EGylated nanoparticles (“stealth”
nanoparticles) show higher stability and retentiorthe blood circulation compared to non
PEGylated ones. Nanopatrticle increased surface @eeaolume allow their encapsulation
with relatively large amount of contrast agents atrdgs, which can greatly enhance
detection sensitivity in diagnostic and drug trasrspn drug delivery. Drug encapsulation
prevents from drug degradation in the blood cirtofaand, along with nanoparticle surface
functionalization, elicits targeted delivery andhtiolled released of intact drugs (Beija M et
al., 2012; Caruthers S.D. et al., 2007; Moghimi Seal., 2005).

Nanoparticles ranging from 1 to 20 nm, such asoadl gold, ironoxyde crystals and
guantum dots (QDs) semiconductor nanocrystals dyrdeave diagnostic application in
biology and medicine. Moreover, heterogeneous rased systems, such as polymeric
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micelles, dendrimers, poliplexes and liposomes lmean developed and different drugs and
contrast agents have been encapsulated, covabgtdighed or adsorbed onto their surface
(Moghimi S.M. et al, 2005).

Liposomes are phospholipid vesicles made up of onemore phospholipid bilayers
containing an aqueous core (Hillaireau H. and CeuwP., 2009). Due to their amphiphilic
nature, they can be loaded with both hydrophiliegdr entrapped in their aqueous core and
lipophilic drugs dissolved in the lipid bilayer (8ances N. and Pilar Marco M., 2008).
Liposomes have documented advantages comparetidodarug delivery systems developed
up to now. They showed increased drug loading ¢gpamnd versatile structural features that
elicits easy surface decoration, biodegradabildiygcompatibility and minimum toxicity
(Markoutsa E. et al., 2010).

Cancer therapy is one of the most promising fidltianoparticle application, due to
the increasing need of targeted drug delivey asfgeific site of action, and of reduced side
effect on healthy tissues. Some nanoparticle basgdancer drugs are already on the market,
and along with their equal or higher efficacy congolawith free drug formulations, reduced
side effects were detected (Beija M et al., 2012).

Even though nanoparticle employment in drug andresh agent targeted delivery
appears a promising strategy, toxicological featassociated to nanoparticle have to be
considered. Following treatments with polymeric operticles, alterated gene expression and
cell death due to apoptosis or necrosis pathways haen detected in few studies (Moghimi
S.M. et al., 2005).

Future perspective of nanomedicine is to improvgei®d drug delivery, with drug
accumulation at the site of action without sidesefi§, and the development of theragnostic
vectos, for combined diagnosis and therapy of dseéBeija M. et al., 2012).

The development of nanoparticles for combined neend diagnosis of AD is one of
the aims of the NAD project, a large scale EuropPamject supported by the European
Community’s Seventh Framework Programme. The ptesteny is part of the this project.
NP functionalized for both BBB targeting and amgi@i peptide binding, developed within
the NAD project, were herein tested.

As already described above, within BBB almost ordgecifically regulated
transcellular passage can occur, mainly by receptediated transcytosis. Thus, new
strategies for brain targeted drug delivery expBH#B endogenously expressed receptors to

elicit drug and carrier passage across the BBB. iL®{pression has been detected at BBB
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endothelial cells, and LDLr mediated- transcytosfslow density lipoproteins has been
demonstrated (Dehouck B. et al., 1997). Indeed ippploteinE-associated nanoparticles
have been demonstrated to overcome the BBB arehthbrain parenchyma (Zensi A. et al.,
2009), and ApolipoproteinE interaction with LDLr shdeen characterized. The specific
domain involved in LDLr binding has been localizeetween the amino acids 140 and 150,
and the tandem linear repeat sequence correspotadamgino acid residues 141-150 has been
demonstrated to retain receptor binding ability. ndmeric sequences corresponding to
amino acid residues 141-150 and to residues 141di5not show receptor binding
properties (Dyer C.A. et al., 1995).

Adsorptive-mediated endocytosis has been documentB&8B endothelial cells. This
mechanism has been demonstrated to be receptopeindent, and to be mediated by
positively charged molecule adsorption onto neg#ficharged regions on plasma membrane
(De Boer A.G. and Gaillard P.J., 2007).

Human Immunodeficency Virus type 1 (HIV-1) transeator of transcription (TAT) is a 101
amino-acid protein. Its entry appears to be prewblemediated by heparan sulphate
proteoglycans (HSPG), the major source of macrooutde polyanions at the cell surface.
Even though this mechanism is the broadly accegnieldcytosis pathway, recent studies have
demonstrated that also sterycal hindrance, and amty charge, can influence TAT
endocytosis pathway. Moreover, other endocytic raeidm have been suggested to account
for TAT internalization (Li G. et al., 2012).

Within the NAD project, the sequence correspondogmino acid residues 141-150 (ApoE
monomer), its tandem dimer (ApoE dimer) (141-250)d TAT petide were selected as BBB
targeting peptides. Chemically stabilized curcumdegivatives and anionic phospholipids
(phosphatidic acid and cardiolipin) were exploitsdA3 peptide binding compounds for NL

functionalization.

1.6 -IN VITRO BBB MODELS

The unique features characterizing BBB endothekdls are induced and maintained
through the interactions among the constituenth®ieurovascular unit. Along with in vivo
studies, which take into account its complexityljaide in vitro BBB models are strictly
required to study transport mechanisms and dynduamictions in both physiological and

pathological conditions in simplified settings (Ckelli R. et al., 2007).

19



Choosing the best BBB modelling approach is usualipmpromise among capacity,
cost, time and how closely the model is requiredetsemble in vivo features. An ideal
vitro BBB model is required to fulfil certain criterisuch as reproducible permeability of
reference compounds, restrictive paracellular pabiiey, good screening capacities, a
preserved physiological cell architecture, the fation of proper TJs, adequate expression of
BBB specific transporters and a stable phenotypagaivith cell doublings (Cecchelli R. et
al., 2007; Gumbleton M. and Audus K.L., 2001).

1.6.1 - Isolated brain capillaries

The main advantage of using isolated brain capiaas BBB models is their close
affinity to in vivo conditions, and this allowedse&archers to gain important insights into
BBB endothelial cell biology. Nevertheless, co-ibation experiments of isolated capillaries
and the tested compounds allow to inquire only tla@sport from the abluminal to the
luminal side of the BBB, lacking important infornaat in the develop of a new CNS targeted
drug (Cecchelli R. et al, 2007).

1.6.2 - Primary or low passage brain capillary endihelial cell culture

Primary endothelial cells are generally derivedrfrbovine or porcine tissue, mainly
because of their brain size and availability. Huralts are not considered a feasible option
prevalently for ethical reasons and for the consatjlack of material. The number of cells
that can be obtained from a rat brain is low, latitbased cell models are particularly useful if
they are combined with in vivo experiments in tlaene species. Moreover, the growing
number of mouse models of diseases increasedttéreshin developing in vitro BBB models
based on murine cells (Cecchelli R. et al., 2007).

Several protocols for cell extraction from brairsstie have been developed,
prevalently based on enzymatic digestion or on hgenization followed by filtration steps.
These cells can be used soon after their isolaifocan be stored and used at low culture
passages (generally comprised between 3 and 7¢l{€ER. et al., 2007).

The main advantage of these models is their aliditgnaintain many morphological
and biochemical features of the endothelial catisvivo, including endothelial specific
markers, expression of polarized enzymes, transgonteceptors and complex TJs (Cecchelli
R. et al., 2007; Gumbleton M. and Kenneth L.A., P00

As it is known that glial cells modulate BBB exm®s properties, different

approaches have been developed to establish mi@agleanodels. Co-cultures of endothelial
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cells and primary astrocytes have been settletieregeeding the two cell types in close
opposition at the two sides of a porous membranseeding the astrocytes at the bottom of a
well in which the membrane with the endotheliallceé$ inserted. Other approaches were
developed based on astrocyte-conditioned mediumadulate BBB properties expression at
the endothelial cells. Finally, primary endothelcall treatment with other factors such as
cAMP or glucocoticoids to modulate BBB expressioropgerties have received much
attention (Cecchelli R. et al., 2007).

These more complex models of course allow a betterprehension of BBB biology and
pathology compared to the simple ones, based omridethelial cells alone. However, the
introduction of new variables in the model should donsidered during data analysis. The
choice of the best model for each kind of studytbase evaluated accurately (Cecchelli R. et
al., 2007).

Beside the close resemblance with the in vivo 8iinaof this model, the lack of
guantification of intra-batch or inter-batch repuowbility in the isolated cell phenotypic
properties should be taken into account, when ugiege kinds of models (Gumbleton M.
and Audus K.L., 2001; Cestelli A. et al., 2001).

1.6.3 - Immortalized brain endothelial cells

Several immortalized cell lines, derived from b@siporcine, mouse, rat and human
cells, have been developed in the recent yearsdiGamally immortalized cell lines have also
been generated from transgenic rats and mice ase ttells show better retention of in vivo
function compared with traditionally immortalizedliclines (Terasaki T. et al., 2003). Up to
now, none of the immortalized cell lines shows tieeessary restrictive paracellular barrier
properties that are essential for their use in eatignal transendothelial permeability drug
screenings. However, genetically engineered brado#nelial cell lines are easy to culture.
They also provide a homogeneous and phenotypistdlyle population of cells and their use
improves the reproducibility of results. In additjahey provide large numbers of clonally
identical cells for master cell banking, and theg aeadily traceable for future genetic
manipulation (Uyttendaele H. et al., 2000; Gumbietb. and Audus K.L., 2001). Thus, they
can represent the best compromise for high-throuigbgreening of engineered nanopatrticles
(Roux F. and Couraud P.O., 2005).
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1.6.3a - RBE4 cell line

RBE4 cell line is the most characterized amongdifferent immortalized cell lines. It
was generated in 1994 by Roux and colleagues Imgferetion with the plasmid pE1A/neo
carrying the E1A region of Adenovirus 2 (Roux FdaB@ouraud P.O., 2005). Successive
selection was based upon the cell exhibition oba tnansformed phenotype, their expression
of endothelial cell markers and of BBB specific pedies (Roux F. and Couraud P.O., 2005).

RBE4 cells show an cobblestone morphology (Uyttetel&l. et al., 2000), without
foci formation, indicating a non transformed phepet Expression of Factor Vlli-related
antigen and adhesion molecules such as ICAM-1 awddBerin, along with nitric oxide
release following cytokine induction clearly demwate their endothelial origin (Roux F. and
Couraud P.O., 2005). RBE4 cells express the 55KB® Bpecific GLUT1 transporter,
although at significant lower levels, comparedriwivo situation. GLUT1 transporter affinity
for glucose is conserved in the immortalized dek,| but its down regulation is accompanied
by GLUT3 up-regulation, which is not specific foBB (Roux F. and Couraud P.O., 2005;
Regina A. et al., 2000). LAT1, a BBB specific trpoder for large neutral amino acids is
expressed at RBE4 cells, and its Km is similanteivo measurements (Roux F. and Couraud
P.O., 2005). RBE4 cells have been shown responsiastroglial conditioning. It has been
demonstrated that co-culturing with astrocytes aedli a reduction in paracellular
permeability to hydrophilic markers, and that asyte conditioned medium induced
increased enzymatic activity and increased expyessi E-cadherins. Neuronal induction of
occludin synthesis and localization to cell perighleas been also documented in RBE4 cells
(Roux F. and Couraud P.O., 2005). As mentioned3fioT1 transporter, reduction of other
specific transporters or enzymatic activities hagen documented in RBE4 celsglutamyl-
transpeptidase and alkaline phosphatase activisyraduced when compared to isolated brain
capillary measurements (Roux F. and Couraud P.0Q5)2 mdrla P-gp gene was
significantly down-regulated in RBE4 cells, alonghwan up-regulation of the non specific
mdrlb P-gp gene (Regina A. et al, 1998).

As already mentioned, RBE4 cells have been showint;n@enerate the restricted
paracellular barrier properties required for these in transendothelial free drug passage
screenings (Roux F. and Couraud P.O., 2005).

Nevertheless, RBE4 cells or other immortalized te#ts can be used as reliable in
vitro BBB models for the study of drug uptake ofilef mediated by specific transporters,

when they show conserved properties. Moreover, tdosgtitute suitable tools for screening
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engineered nanoparticles, and for studying immuwetleaclhesion and infiltration at the CNS
(Roux F. and Couraud P.O., 2005).

1.6.3b - hCMEC/D3 cell line

hCMEC/D3 is a new cell line developed by Weksled amlleagues in 2005 by
sequential lentiviral transduction of hTERT and 8Mdrge T antigen into primary culture
human adult brain endothelial cells. hCMEC/D3 ceh®wed a non transformed phenotype
over more that 100 population doublings without aign of senescence or dedifferentiation.
hCMEC/D3 cells express endothelial cell markershsas PECAM-1, VE-cadherin; and
y-catenins, in their proper junctional domains, agtbplasmic granules of von Willebrand
factor, which clearly demonstrate their endothetiagin. BBB specific features were also
tested in hCMEC/D3 cells. ZO-1, JAM-A and claudireXpression was detected at cell-cell
contacts, while claudin-3 and occludin expresswas detected but not localized at junctional
sites. Adhesion molecule expression was revealeBAYS analysis and hCMEC/D3 cells
were demonstrated to up-regulate these moleculessjponse to inflammatory cytochines.
Chemokine receptor, which are localized at the BBBothelial cells in vivo, were detected
at hCMEC/D3 cells (Weksler B.B. et al., 2005).
Along with the evaluation of endothelial and BBB ke expression, permeability studies
were performed to inquire hCMEC/D3 cell functio®BB properties. Higher permeability
to small paracellular hydrophilic markers, suchsasrose, were registered, compared to the
reference BBB models. Low levels of TEER (~ 40 Obn® were obtained and no increase
in TEER values were registered after cAMP or agt@medium conditioning. Nevertheless,
experiments of in vitro-in vivo correlation usingCMEC/D3 cells and adult rat or mouse
brain perfusion were performed with several compsuwith different physico-chemical
properties and increasing hydrophobicity. A goodaation score was obtained between in
vitro and in vivo BBB permeability (Weksler B.B. &, 2005).
The expression of functional P-gp, MRP1 and 5 a@&RB transporters and of transferrin (Tf)
receptor was demonstrated in hCMEC/D3 cells (WelkBIB. et al., 2005; Poller B. et al.,
2008). LDL receptor was detected in hCMEC/D3 cafidl its expression was increased after
treatment with statins (Pinzon-Daza M.L. et al..120 hCMEC/D3 cells were deeply
characterized for both morphological and functioBBB expression properties and no
alterations in the assessed phenotype were detdated) cell doubling (Weksler B.B. et al.,
2005).
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Although no significant response to astroglial ddoding was detected, hCMEC/D3 cells
appear to be a useful BBB model mimicking braintrireted permeability for several
compounds, except for small hydrophilic molecuM¥eksler B.B. et al., 2005).

Due to the expression of adhesion molecules anthackiee receptors, hCMEC/D3
cells can be also considered a useful BBB modsiudy immune system cell interaction with
brain endothelial cells (Weksler B.B. et al., 2005)

1.7 - ENDOCYTIC MECHANISMS

Endocytosis consists of the ex novo productionntfacellular membranes from the
plasma membrane, leading to internalization of nramd lipids, receptors, integral
membrane proteins and extracellular fluids. Throegdocytosis and exocytosis the plasma
membrane regulates cell interaction with externalirenment, but also cell internal
dynamics, such as mitosis, antigen presentatiorgration and intracellular signalling
cascades (Doherty G.J. and McMahon H.T., 2009)ef&éendocytosis pathways have been
described so far, but the specific mechanisms Ulyidgreach of them have not been fully

clarified, yet.
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Fig. 6: Endocytosis mechanismdoherty G.J. and McMahon H.T., 2009
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1.7.1 - Clathrin mediated endocytosis

Clathrin mediated endocyosis (CME) is the most bHeebparacterized among the
endocytic mechanisms and accounts for the inteat@din of myriad of cargos. After cargo-
receptor interaction, clathrin coated pits and alesi (CCPs and CCVs respectively) can bud
from plasma membrane. CCP/CCV budding is a complexess originated by cargo and
accessory proteins accumulating at the cell menghrahich coordinate clathrin nucleation
and polimerization into curved lattices. This pgenduces membrane curvature and
stabilization; clathrin polimerization, along withe action of accessory proteins, drives the
vesicle formation and brings the membranes surriogndhe vescicle neck into close
apposition. Vesicle fission from the membrane iglisted by the GTPase dynamin, through
GTP hydrolysis. Different accessory proteins amdived in CME endocytosis, such as AP2
adaptor and the epsin protein family, which linkgmato clathrin and bind directly to inositol
lipids helping in driving membrane curvature. Epgiroteins have been demonstrated to
induce membrane curvature through the insertiothefO helix in the outer leaflet of the
bilayer, and their role appears essential for dlatimediated endocytosis (Vanden Broeck D.
and De Wolf M.J.S., 2006; Ford M.G. et al., 200&)e Epsin N-terminal homology (ENTH)
domain, which mediates membrane curvature, has ée@onstrated to be highly conserved
and unique for clathrin mediated endocytosis apthema membrane (Vanden Broeck D. and
De Wolf M.J.S., 2006). Epsin proteins contain bngisites for both clathrin and AP2
proteins. At the C-terminus, three repeats of the @omain binding consensus NPF
(asparagine-proline-phenylalanine) mediate epsidlibg with Eps15 (Rosenthal J.A. et al.,
1999). Adaptor and accessory proteins show sharddogerlapping functions that account
for the flexibility of this mechanism (Doherty Gahd McMahon H.T., 2009).

Even though many efforts were done to unravel teehanisms leading to CCP/CCV
vesicle budding and cargo sorting, the completeiaece of events have not been completely
clarified, yet. Moreover, the regulation of the s size is still a debated issue. Different
CCPICCV sorting to different endosomes and to prap&acellular destination likely
depends on the cargo protein itself. Thus, diffeaémeceptor affinity for specific adaptor
protein could be responsible for this mechanismweiger, CCPs/CCVs carrying more than
one kind of cargo molecule and adaptor proteinsehbgen identified. The consequent
composition of these CCPs/CCVs would depend on @de wiariety of different factors
(Doherty G.J. and McMahon H.T., 2009).

Endocytic/recycling pathway following CCP/CCV merabe budding has been

deeply studied with the employment of transfersnciathrin mediated endocytosis marker.
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The small GTPases Rab4, Rab5 and Rabll have bewonsieated to be important
regulators of this pathway. Rab5 is localized othl®@CP/CCV and on the early endosomes.
These structures constitute the first “station’eaftargo/receptor complex internalization,
where also EEA1, a Rab5 effector protein, can deatied. Here, most cargoes dissociate
from their receptors and are delivered to late sndws and lysosomes for degradation, but
also recycling can occur. Receptor are often recyeb the cell surface. Rab4 and Rabll
localize on endosomal membranes in distinct domi@ora Rab5 and appear to be involved

in different stages of recycling process (SoenmnlB. et al., 2000).

1.7.2 - Caveolin-1 and flotilin associated endocyis

Caveolae are flask-shaped membrane invaginatiorchwize is generally between 50
and 80 nm. They are lined by caveolin proteins amliched with cholesterol and
sphingolipids, and they are highly representednitiothelial and smooth muscle cells and in
fibroblasts (Hillaireau H. And Couvreur P., 2009).

Caveolin3 is the isoform specifically expressedninscle cells, while caveolinl and 2
are ubiquitous. While the role of caveolin2 has lbeé¢n fully clarified yet, caveolinl appears
to be essential and sufficient for caveolae foramatiindeed, cells that do not express
caveolinl are devoid of morphologically evident@alae, and overexpression of caveolinl in
caveolae-deficient cells, is sufficient to indut¢e tformation of flask shape invaginations,
resembling caveolae (Doherty G.J. and McMahon HUQ9). Caveolae appear to undergo
formation in the Golgi complex, where they acquietergent insolubility and cholesterol
enrichment, along with partial Caveolin-1 oligonzation (Doherty G.J. and McMahon H.T.,
2009). Caveolinl is palmytoilated and binds the&yfatid tails of the glycosphingolipid GM1.
At cellular membranes it can co-localize with b@N1 and Gb3, which are enriched at lipid
rafts. Caveolinl has intracellular N- and C- termamd it forms an hairpin structure
embedded in the plasma membrane, which appeaesth through into the outer monolayer
of the plasma membrane. It is able to form oliganef 14-16 monomers, which are
stabilized by cholesterol and fatty acids (Doh&ty. and McMahon H.T., 2009).

Despite these structural findings, the precise mflecaveolinl, the specific lipid
composition of caveolae and the role of other cklageassociated protein have to be clarified.
Due to their abundance in many cell types, a rotechveolae in cell trafficking is certain.
Several markers have been shown to undergo inieatiah through this mechanism, like
SV40 virions and Cholera Toxin B (CTxB) (Kirkham Mnd Parton R.G., 2005; Parton R.G.

and Simons K., 2007), even though this is stillated. Currently, the most convincing role in
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cell trafficking associated to caveolae appeaitsetdranscytosis in endothelial cells (Doherty
G.J. and McMahon H.T., 2009). Caveolinl positiveiekes show a wide variance in their
structure, life cycle and ability to fuse with eawther or with other organelles. Both caveolae
and caveolae-aggreagates have been shown to untErgnembrane budding, but some of
them have also been shown to be linked to plasnmabrane. After internalization, caveolae
have been demonstrated to fuse with both clas®ealy endosomes and caveosomes.
However, in any membrane of the endocytic pathwapugh which they traffic, they
constitute structurally stable microdomains. Cawdokcaffolding function is responsible for
caveolae segregation, and likely also for theitisgr(Pelkmans L. et al., 2004; Parton R.G.
and Simons K., 2007).

Recent studies show that caveolae-mediated patlboald be more connected to
other endocytosis pathways than expected, andapasterlapping has emerged. Caveolinl
has also been postulated to be strongly relateggolatory function along with its role in
caveolae-mediated endocytosis pathway. It has Hesronstrated to specifically bind GDP-
bound cdc42, and caveolinl depletion results invaietd cdc42 increase at the cell
membrane, at least in specialized pancrgatells (Nevins A.K. and Thurmond D.C., 2006).
This suggests that relationships may exist betweaveolae-mediated endocytosis and
CLIC/GEEC pathway (clathrin independent carrier/@Rthored protein-enriched early
endosomal compartment, see below). Caveolinl nidenshow defects in vascular tone
regulation and in transcytosis, even though they rbt show reduced life span.
Overexpression of caveolinl can deeply inhibitdipnicrodomain associated endocytosis,
and caveolinl phosphorilation/dephosphorilation daterfere with lipid microdomain
formation at plasma membrane. Moreover, a new fmieaveolae have been suggested in
anterograde trafficking, surface protein protectimom internalization and competition with
other pathways for particular essential lipids. €#dse are also likely involved in cell
signalling. Indeed, several signalling proteins associated to these structures. Little is
known about other proteins involved in caveolae iated endocytosis. Recently, PTRF
(cavin) was shown to associate with caveolae andeorequired for their formation,
suggesting that caveolinl is not sufficient for eatar formation (Hill M.M. et al, 2008;
Doherty G.J. and McMahon H.T., 2009).

Flotilin proteins 1 and 2 have been shown to clustanembrane microdomains and
to form structures resembling caveolae. Nevertselesen transfected in caveolinl null
cells, lacking caveolae, they are not able to diineeformation of caveolae-like invagination.

Flotilin 1 and 2 have thus been associated to fiteke of cell surface proteoglycans through
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a clathrin and caveolinl indipendent endocytic naecm, that could be mediated by
CLIC/GEEC pathways (Doherty G.J. and McMahon HZDQ9).

1.7.3 - Clathrin and caveolin independent endocytas

Different endocytic mechanisms have been demosstriat be clathrin and caveolin
independent, cholesterol dependent and to requffereht lipid microdomains. Several
molecules rely on these endocytic pathways for gpémternalized, such as viruses, toxins,
GPI-linked proteins, receptors (Doherty G.J. anddbon H.T., 2009).

CLIC/GEEC pathway shows a prevalent tubular or -fikg morphology at EM
analysis and it seems to be regulated by the ggalfotein cdc42. Vesicle formation likely
depends on membrane curvature mediated by the raemlronstituents enriched in the
microdomains. This process recruit other cellulatgins, which drive the further membrane
curvature. This originate tubular/vescicular stawes that are delivered into GEEC and
determines vesicle scission from the plasma menebi@averal GPI-anchored proteins, such
as the folate receptor, have been demonstratedxpioie this mechanism for being
internalized. Following uptake, the cargo intragkall fate bypass conventional rab-5 positive
endocytic compartments, and likely differ amongl agpes. Despite these findings, the
physiological functions of these mechanism had #til be assessed (Doherty G.J. and
McMahon H.T., 2009).

A rhoA, racl, PAK1 and 2 dependent endocytosis vpayhhas been described,
accounting for the interleukin 2 recept®r(IL2RpB) internalization. This pathway is likely
distinct from the CLIC/GEEC pathway and appears b® dynamin dependent. The
internalized membranes appear to communicate ate sertent with the intracellular
compartments related to clathrin-mediated endogyt(i3oherty G.J. and McMahon H.T.,
2009). Recent studies unravelled an essential ®6l®AK1 in this mechanism. PAK1-
mediated phosphorilation of cortactin serine resgd#l05 and 418 is essential for its
interaction with N-WASP, the enhancer of actin pwrization, and IL2RB endocytosis
(Grassart A. et al., 2008; 2010).

A dynamin independent, Arf-6 dependent pathwaylbeen demonstrated to account
for the internalization of GPI-linked protein CD58he major histocompatibility complex
(MHC) class | proteins and the*kchannel kir3.4. Arf-6 endosomes appear to be rdiffe
from CLIC/GEEC endocytic structure, but they camkely communicate with both
transferrine-positive compartments and with the-@dependent recycling pathway (Doherty
G.J. and McMahon H.T., 2009).

28



1.7.4 - Macropinocytosis

Macropinocytosis is a clathrin and caveolin indefm, racl, actin, PAK1 and
cholesterol dependent endocytic mechanism. Compartek previously described pathways,
macropinocytosis is a larger-scale process. Ihaacterized by the formation of membrane
protrusions that subsequently fuse with themseleeshback with the plasma membrane,
resulting in the internalization of extracellulabngponents entrapped in this structure
(Doherty G.J. and McMahon H.T., 2009).
Cholesterol is required for activated racl recreiinand racl mediated PAK1 recruitment
and activation. PAK1 is a serine/threonine kinasel & has been demonstrated to be
specifically involved in clathrin and caveolin inpendent endocytosis pathways (Grassart A.
Et al., 2010) and to be necessary and sufficiemdace macropinocytosis (Dharmawardhane
S. Et al., 2000). In macropinocytosis, PAK1 hasrbshown to be involved in the formation
of membrane ruffles and the macropinocytic cuppulgh actin polimerization stimulation
mediated by the LIMK1-cofilin pathway. Recent segliunravelled a new role for PAK1 in
mediating CtBP1/BARS phosphorilation, which is edsg for the macropinosome fission
from plasma membrane (Liberali P. Et al., 2008heDtproteins have been demonstrated to
promote macropinocytosis, such as phosphatidyliole3tkinase (PI3K), ras, src, and, more
recently, also HDAC6 and hsp90, but their role i#l sinclear. Rab5 and its effector
rabanchyrin5, which are associated to conventi@radocytic compartments in clathrin
mediated endocytosis, have been demonstrated tonwdved in ruffle formation and
macropinocytosis. This process is generally induzgaell stimulation with growth factors
and it leads to endocytosis of the growth factoeptors. This suggests that macropinocytosis
could by involved in cell desensitization, but thias not been fully clarified, yet. The
formation of the so-called circular dorsal ruffl@DRSs) is cortactin and dynamin dependent,
and other several kinases and adhesion molecwdas\arived in this process, along with the
membrane specific lipid composition and receptdivaton (Doherty G.J. and McMahon
H.T., 2009).

1.7.5 - Other endocytic mechanisms

Podosomes and invadosomes are different kinds ailbrene ruffles, which can be
distinguished from CDRs prevalently because ofrthentral localization. Podosomes are
endogenously produced by macrophages and osteocdast are actin-rich and actin
dependent membrane protrusions involved in they eaglps of cell-matrix adhesion process.

They contain focal adhesion components, the sasiye kinase, Arp2/3 complex, and other
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actin regulatory proteins; dynamin, cortactin arite tBAR domain-containing protein
endophilin-2 are also required at these sites. 8wdes have a well established function in
cell adhesion. It is still to be clarified if thepuld also be involved in endocytosis processes
(Doherty G.J. and McMahon H.T., 2009).

Invadosomes are membrane ruffles produced by tumwading cells, and they are
able of endocytosing and degrading extracellulatrim@omponents, contributing to tumor
cell invasion. Invadopodia are actin-rich structutieat resemble podosomes for their protein
content and requirement (Doherty G.J. and McMahadn,2009).

Phagocytosis is a clathrin independent, small Gepre dependent internalization
mechanism of opsonised particles, performed byessibnal phagocytic cells. Following
antibody-opsonised particle interaction with memler&c receptor, filpodial protrusions are
formed in a cdc42 dependent manner. Internalizatmurs and it has been demonstrated to
be racl dependent. Actin polimerization and IQGARteraction with formin Dial are
required for phagocytosis. Actin regulatory prosgisuch as N-WASP and Arp2/3 complex
are recruited to the phagocytic membrane. Phagsisytof particle opsonised with the
complement effector fragment C3b occurs in respomske ligation of the modified integrin
CR3. Despite its similarities with the cdc42 departdnechanism, this pathway occurs in a
rhoA dependent manner. It does not depend on theatmn of membrane protrusions,
despite the recruitment of Arp2/3 complex. Adhesimmiecules, such as vinculin and paxilin,
are also required, suggesting a role of local adbesdructures in this process (Doherty G.J.
and McMahon H.T., 2009).

Recent studies have demonstrated that after ceHclment from matrix, that
generally induces cell death, a still living cedincbe internalized into another. This process is
dependent upon rhoA and actin and the internaltadidcan undergo degradation or release
from the host cell. Much work is needed to undexstshis process (Doherty G.J. and
McMahon H.T., 2009).
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1.8 - RNA INTERFERENCE

RNA interference is a physiological mechanism ragnf genes and genomes at
different levels of genome function. It is drivep $mall non coding RNA sequences, which
generally have an inhibitory effect (Carthew R.\Wd &ontheimer E.J., 2009).

Based upon their origins, structures, associatézttefr proteins and biological roles, three
main small interfering RNA classes have been reisegin short interfering RNAs (SiRNAS),
microRNAs (miRNA) and the piwi-interacting RNAs RNAs) (Carthew R.W. and
Sontheimer E.J., 2009).

Once clarified their mechanisms of action, shoteriering RNAs have unravelled
interesting features for their employment as rede#ools. Indeed, their specificity of action
allowed targeting and suppressing the expressi@petific genes. siRNA-based techniques
has thus been employed in the last few years #®rsthdy of gene function and regulation
(Wadhwa R. et al., 2004).

Gene suppression with siRNA technique shows relewsivantages compared to other
approaches for studying gene and protein functidre gene knock-down and over-

expression of mutated proteins. Opposing to knamkrdtechnique, RNAIi can be regulated
using different vectors and do not require genetion elimination at the embryo stage, so
that it can be adopted to study genes essentiatdibrviability (Wadhwa R. et al., 2004).

Compared to over-expression of dominant negativeatad proteins, siRNA technology is a
much more efficient protein down-regulation systemnsidering the translation efficiency,
which is approximately 5000 protein copies/mRNA ewnile for a typical mMRNA. Moreover,

it does not result in a high intracellular conteft mutated proteins, which could rise
secondary unkown effect (Vanden Broeck D. and Dd¢fWal.S., 2006).

RNAI driven by siRNA in mammalian cells can be penfied with transient transfection of
chemically sintetized or in vitro transcribed siRN#&r with transfection of vector based
siRNA, which provides stable target gene inhibitidrhe number of genes specifically
inhibited by siRNA is increasing along with theldgpes in which this technology has been
shown to lead to a 60-80% reduction of the targaegexpression (Wadhwa R. et al., 2004).

In the recent past mammalian genes involved in Dinage response, membrane
trafficking, DNA methylation, signalling and cellatabolism have been characterized using
siRNA technique (Wadhwa R. et al., 2004). In th& fFew years, RNAi has become a new

tool for the study of the endocytic mechanisms, @&ntlas been shown to have higher
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specificity and lower toxicity compared to the centional drug based strategy (Broeck V.D.
and De Wolf M.J.S., 2006).

1.8.1 - Short interfering RNAs (SiRNAS)

Short interfering RNAs (siRNAs) were originally agtd to genome defence activity,
they were thought to be of exogenous origin anddb as transgene- and virus-induced
silencer. In the recent years, endogenous sourfcefRBNAs were discovered, ranging from
repetitive sequences like transposons to trans@&iRNAS, which are diced from specific
genomic transcripts and that regulate discrete eéttarget genes (Carthew R.W. and

Sontheimer E.J., 2009; Lippman and Martiensserd 2@8zquez et al., 2004).
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Fig. 7: siRNA sources and mechanism of actio€arthew R.W. and Sontheimer E.J., 2009

siRNAs originate from long, linear, perfectly bgsmred, dsRNA precursors, which
are processed by Dicer, enter the RISC complexdaivé mRNA target recognition by
Watson-Crick base pairing leading to target degradgCarthew R.W. and Sontheimer E.J.,
2009).
Dicer belongs to a class of large RNase Il enzymde®NA-specific nucleases, which are
characterized by several domains in a specificrolten the amino-to-carboxy terminus: a
DEXD/H ATPase domain, a DUF283 domain, a PAZ domiawo tandem RNase Il domains
and a dsRNA-binding domain (dsRBD). Some membetkisffamily show slight differences

from this model, for instance in the apparent absef a functional ATPase domain or PAZ
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domain, or in the presence of a variable numbedsi®BD from two to zero at the C-
terminus. Different numbers of Dicer orthologuer ba found in different species. Mammals
have only a single Dicer which is involved in thedenesis of both siRNAs and miRNAs,
while Drosophila have two distinct Dicers, whichoshfunctional specialization (Carthew
R.W. and Sontheimer E.J., 2009).

According to the model developed from biochemigaietic and structural studies, the long
dsRNA molecule bind with one end the Dicer PAZ domand extend along the surface of
the protein until it reaches a processing centhés I made up of the two RNase Ill domains,
each of which cuts one of the molecule strands.réhetion leaves a molecule with ~ 2nt 3’
overhangs and a 5’ monophosphate, which is reqfareldter stages of the process (Carthew
R.W. and Sontheimer E.J., 2009).

RISC assembly pathway for the production of a sirgijfanded siRNA (siRISC) has
been well characterized in both Drosophila andumans. RISC assembly in humans starts
from the formation of the RISC-loading complex b tproteins Dicer, TRBP and Ago-2, a
member of the Argonaute protein family. This comptan be assembled even in the absence
of dsRNA trigger. RISC-loading complex can bind dgR dice it into sSiRNA, load siRNA
into the Ago-2 protein and discard the passengandtto generate functional RISC (Carthew
R.W. and Sontheimer E.J., 2009).

The mechanism leading to strand selection in stitlear in mammals. In vitro and in vivo
experiments showed that selection is driven byrétative thermodynamic stabilities of the
two duplex ends. The strand having its 5’ termiatishe less stably base-paired end is thus
favoured as the guide strand. However, no rules haen discovered for duplexes with equal
base-pairing stabilities at their ends, and thely mwcorporate either strand into RISC with
approximately the same frequency (Carthew R.W.Smatheimer E.J., 2009).

siRNA canonical silencing mechanism is charactérizg perfect sequence matching
with target mMRNA. The guide strand drives RISC ctaxpo the target which is degraded by
the PIWI domain of the Ago protein. The endonugfgol activity is directed to the
phosphodiester linkage between the target nuclestidat are base paired to siRNA residues
10 and 11 (counting from 5’), and the cleavage pobds then substrate for degrading
processes. Free RISC is then available for fughencing activity. Effector phases of sSiRNA
silencing seem to be localized in the cytoplasrtg subcellular foci called P-bodies, which
are enriched in mRNA degradation factors. HoweWwINA silencing activity has been
detected also in the nucleus (Carthew R.W. andrifeaner E.J., 2009).
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Other pathways involving siRNA activity have beastdmented, and they show differences
compared to the canonical one. When mismatchespesent near the centre of the
siRNA/target duplex or the Ago proteins lack enddealytic activity, post-transcriptional
silencing can be performed in a “miRNA-like” mannér the last ten years, siRNA driven
silencing has been shown to act not only at a fasscriptional level but also through
chromatine remodelling (Carthew R.W. and Sontheiidr, 2009).
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2 - AIM OF THE WORK

The aim of this work is to establish and develdabée in vitro models of blood brain
barrier (BBB), in order to test nanoliposomes (Nis) brain targeted drug and contrast agent
vectors for joint therapy and diagnosis of Alzheimd®isease (AD). This study is part of a
large-scale, fiver-year project, the NAD Projectfiédparticles for Therapy and Diagnosis of
Alzheimer Disease), supported by the European Camigisi Seventh Framework
Programme (FP7/2007-2013) under grant agreemezit2043.

Firstly, we settled two in vitro BBB models, based immortalized cell lines of
human and rat origin (hCMEC/D3 and RBE4 cells, eesipely), characterized by different
features, allowing an integrated evaluation of ibarpermeability. Indeed, genetically
engineered brain endothelial cell lines are easycutiure and they also provide a
homogeneous and phenotypically stable populatiooet§. These two characteristics make
these cells easy to use for high-throughput asaagsimprove the reproducibility of the
results. In addition, immortalized cell lines prdeilarge numbers of clonally identical cells
for master cell banking, and they are readily tadbe for future genetic manipulation
(Uyttendaele H. et al., 2000).

Subsequently, we analysed the interaction of Nlhliesein vitro BBB models. In
particular, we tested NL, which have been mono-ionalized for BBB targeting or double-
functionalized for BBB targeting and amyloftd peptide binding. We investigated cellular
internalization and intracellular fate of the twabsets of NL, and we assessed NL
permeability across cell monolayer.

Finally, we inquired the endocytic mechanisms tim&diate cellular uptake of NL
mono-functionalized for BBB targeting. To this aimue employed RNA interference
technique to down-regulate caveolinl, which hasnbassociated to caveolae-mediated
endocytosis (Doherty G.J. and McMahon M.T., 2008) evaluated the uptake of NL
differentially functionalized for BBB targeting, iarder to assess caveolinl involvement in

their uptake pathways.
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3 - MATERIALS AND METHODS

3.1- CELL CULTURES

Human brain endothelial cells (hCMEC/D3) were pdad by Institut National de la
Santé et de la Recherche Médicale (INSERM, Parande). hCMEC/D3 cells cultured
between passages 25 and 35 were used. For culttirengells were seeded at a concentration
of 27000cells/crhand grown in tissue culture flasks coated withm@yiml rat tail collagen
type | (Invitrogen, Italy), in the following mediumEBM-2 medium (Lonza, Basel,
Switzerland) supplemented with 5% foetal bovineuser(FBS) (M-Medical, ltaly), 1%
Penicillin-Streptomycin, 1.4uM hydrocortisone (SenMilan, Italy), 5pg/ml ascorbic acid
(Sigma, Milan, Italy), 1/100 chemically defineditipconcentrate (Invitrogen), 10mM HEPES
(M-Medical) and 1ng/ml basic FGF (bFGF) (Sigma, avil Italy). The cells were cultured at
37°C, 5% CQsaturated humidity. Cell culture medium was changeery 2-3 days.

Rat brain endothelial cell line (RBE4) was providasl a gift by Dr. M. Aschner
(Department of Pediatrics, Vanderbilt Kennedy Genitashville, Tennessee, USA). Cells at
passages 15-60 were grown on tissue culture flasted with 0.1mg/ml rat tail collagen
type 1, in the following medium: Ham’s F10 Nutriektix:aMEM (1:1 v/v) supplemented
with 10% foetal bovine serum (FBS), 1% Penicillimeptomycin, 1% L-glutamine and
300pg/ml Geneticin (Invitrogen). RBE4 cells wereded at a density of 13000cellsfcand
let to grow at 37°C, 5% Caturated humidity until confluence.

3.2 - NANOLIPOSOMES (NL)
3.2.1 - NL functionalized with human ApoE- derivedand TAT-1 peptides

Nanoliposomes (NL) were composed of Sphingomyehm) and Cholesterol (Chol)
at 1.1 molar ratio, mixed with 2.5 molar % of 1l{2aoylsnglycero-3-
phosphoethanolamine-N-[maleimide(poly(ethylene gly}2000)] (mal-PEG-PE) .

Double functionalized NL were provided after 5 mol& addition of
dimyristoylphosphatidic acid (PA) or cardiolipin (i

The sequence [CWG-(LRKLRKRLLR)-NH2 (M=1698.18 g/njotorresponding to
amino-acid residues 141-150 of the human ApoE pratewill be referred as to monomer
ApoE (mApoE). Its tandem dimer (141-150CWG-(LRKLRKRLLR)- (LRKLRKRLLR)-
NH2 (M=3030.94 g/mol)] it will be referred as tonutr ApoE (dApoE). The sequence
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[(GRKKRRQRRRPPQ)-GWC (M=2068 g/mol)] it was refaras to TAT-1 sequence.
MApOE, dApoE or TAT-1 peptide was added to the Nh &nal peptide : mal-PEG-PE ratio
1:5 (low density, LD) or 1.2:1 (high density, HD)/hen dealing with multiple BBB ligands
functionalization, equal molar amount of both TAT#id dApoE peptides have been located
at high densitiy (peptide : mal-PEG-PE ratio 1.ZtlINL surface.

NL for FACS analysis and CLSM experiments were fiasgently labelled using 0.5%
N (4,4-difluoro-5,7-dimethyl-4bora-3a,4a-diaza-gdacene-3-dodecanoyl) sphingosyl
phosphocholine, fluorescently labelled SphingormyéBODIPY-Sm). NL for radioactivity
assays were radioactively labelled with less th@@L% of the total lipids ofH]-DPPC or
[*H]-Sphingomyelin ({H]-Sm).

[*H]curcumin-4 loaded NL were provided after incoman of PH]curcumin-4 in the

initial phase of NL preparation.

3.2.2 - NL functionalized with TAT-1 peptide and wth curcumine derivative3

Nanoliposomes (NL) were composed of Sphingomyebm) and Cholesterol (Chol)
at 1.1 molar ratio, mixed with 2.5 molar % of m&®-PE and 10 molar % of a PEGylated
lipid containing an azido terminus (3-deoxy-1,2alipitoyl-3-(4’-methyl(O-(2-azidoethyl)-
heptaethylenglycol-2-yl)-ethylcarbamoylmethoxy dtlaybamoyl-1H-1',2’,3'-triazol-1’-yl)-
snglycerol) (azido-PEG-lipid), synthesized accordingprevious publication (Mourtas S. et
al., 2011).

A curcumin derivative with a terminal alkyne gro@p-propargyl 2-(3',5-di(4-
hydroxy-3-metoxystyryl)-1H-pyrazol-1'-yl)-acetamide (curcumin  derivative3)  was
synthesized as previously described (Airoldi Cakt 2011), and linked to NL by a click
chemistry reaction involving its alkyne triple bomadd the azido terminus on azido-PEG-
lipid. The amount of curcumin derivative3 (curcumiderivative3-PEG-lipid) associated to
NL was about 5% of total lipids, as quantified bsisa spectrometry.

TAT-1 peptide was linked to NL by a thiol-maleimideaction and was present on
liposome surface as 1.8-2.1 molar % of total ligadtent.

NL for CLSM experiments were fluorescently labellesing 0.5% BODIPY-Sm. NL
for radioactivity assays were radioactively laba&eith less than 0.001% of the total lipids of
[*H]-Sm.
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3.3 - UPTAKE EXPERIMENTS

hCMEC/D3 cells were seeded at a density of 400060®l in collagen-coated glass
coverslips (diameter 22mm, VWR International, LauvBelgium) positioned in 35mm Petri
dishes (Scientific Plastic Labware) for confocalcrascopy experiments and in collagen-
coated 12-well plates (Corning, USA) for FACS asa@yand radioactivity assays. RBE4 cells
were seeded at a density of 25000cellé/chi the experiments were performed on confluent
monolayers, at DIV 2.

Cells were rinsed with PBS and incubated with nigogbmes at the final lipid
concentration of 0.1mM. All the incubations werefpamed in serum free medium (SFM).
Incubations were performed for 30, 60, 180 andr@@tutes for time course experiments, and
they were performed for 3 hours or over night fdr Nptake and NL intracellular fate
investigations.

For experiments witf{H]-curcumin4, RBE4 cells were incubated with NLn¢aining
20000dpm/mF[H]-curcumin4 at the final lipid concentration ofilenM, or with comparable
radioactivity amount of fre§H]-curcumin4.

Cells were then processed for FACS analysis, ratioty assays or

immunofluorescence and confocal laser scanningastopy (CLSM) experiments.

3.4 - FACS ANALYSIS

After incubation, cells were rinsed three timedm®BS to remove NL which were not
associated to cells. Cells were detached with tnygbey were centrifuged at 130g for 5
minutes and the pellet was resuspended in PBS auppted with 10% FBS. Data
corresponding to 20000 events in a user-determiaegh were acquired for every
experimental condition with FACSCanto cytofluorimet(Becton Dickinson, San Jose,
California, USA). The analysis was performed usbtyA software on a FACSCantol
(Becton Dickinson, San Jose, California, USA).

3.5 - RADIOACTIVITY ASSAYS
After incubation, cells were rinsed with PBS arehted with 0.1% trypsin to remove
NL cell surface adsorbed radioactivity. Cells wdetached with trypsin and collected. The

cell suspension was mixed with 5 ml scintillatioocktail (Ultima Gold, Perkin Elmer) and
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the cell associated radioactivity was measured witfri-Carb 2200 CA Liquid Scintillation

Analyzer (Packard) (Perkin Elmer).

3.6 - IMMUNOFLUORESCENCE

After incubation, cells were rinsed three timeshwiBS and were fixed with 10%
formalin solution (Sigma-Aldrich, Milan, Italy) foRO minutes at room temperature. Cells
were rinsed sequentially in High Salts (HS)-PBSn{®0 phosphate buffer, 500mM NacCl)
and Low Salts (LS)-PBS (10mM phosphate buffer, 180NaCl) and permeabilized for 30
minutes in Gelatin Dilution Buffer (GDB) (0.4% gélee, 0.6% Tryton X-100, 40mM
phosphate buffer, 900mM NacCl). Cells were incubatét primary antibody diluted in GDB
or in 1% BSA for 4 hours at room temperature iruantd chamber. Following three washes
with HS-PBS, cells were incubated with fluorophommjugated-secondary antibody diluted
in GDB for 1 hour at room temperature in a humidrober. After subsequent washes with
HS-PBS LS-PBS and PBS, cells were incubated witlorfiphore-conjugated phalloidin,
diluted 1:100 in PBS, for 1 hour at room tempemtun a humid chamber and with 20uM
DAPI (Invitrogen) diluted in PBS. After three washeith PBS the samples were mounted
using ProLong Gold Antifade Reagent mounting med{lnwitrogen).

Primary antibodies:
Mouse anti-EEA1 (BD Biosciences) 1:250 in GDB
Rabbit anti-Lamp1 (Abcam, UK) 1:200 in 1% BSA
Secondary antibodies:
AlexaFluor561 nm-conjugated Goat anti-mouse Ig®ifitagen) 1:100
AlexaFluor561 nm-conjugated Goat anti-rabbit Ig@®v{trogen) 1:100
Fluorophore —conjugated Phalloidins:
Texas Red-conjugated Phalloidin (Invitrgen)

AlexaFluor633 nm-conjugated Phalloidin (Invitrogen)

3.7 - CONFOCAL MICROSCOPY

Images were acquired with a LSM710 inverted corfé&ser scanning microscope
equipped with a Plan —Neofluar 63x/1.4 oil objeet{Carl Zeiss, Oberkochen, Germany).
Excitation was performed using an Ar-laser 25mWBodipy (A = 488 nm), a DPSS 15mW
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for Rhodamine X = 561 nm), a diode 30mW for DAPA (= 405 nm) and an He-Ne laser
5mW for AlexaFluor 633nmA(= 633 nm). Acquisition parameters were unvarigdugh all

the samples we analyzed.

3.8 - PERMEABILITY ASSAYS

RBE4 cells were seeded in 12-well Transwell® irsé@torning, USA) coated with rat
tail collagen type | 0.1mg/ml at a concentratior260000cells/ctin a final volume of 0.5m
per insert. \CMEC/D3 cells were seeded at a finatentration of 60000cells/énn a final
volume of 0.5ml per insert. The filters (donor cloars) were inserted in the acceptor
chambers containing 1ml of cell culture medium.

TEER was monitored in the days following cell segdstarting from day 3, using an
EVOM Endohm chamber (World Precision InstrumentsraSota, FL, USA). All the
experiments were performed with confluent monolasteowing TEER values higher than
400hm*cnf, tipically after 6-7 DIV for RBE4 cells and 11-D1V for hCMEC/D3 cells.

Nanoliposomes labelled with radioactive probes veslged to the donor chamber at a
final lipid concentration of 200uM in serum freednen (SFM).

For *[H]-curcumin4 experiments, nanoliposomes contain@@00dpm/ml *[H]-
curcumind at the final concentration of 100uM, omparable radioactivity amount of free
3[H]-curcumin4 were added to the donor compartmerseirum free medium (SFM).

In the acceptor compartment, serum reduced medil#) for RBE4 cells, and
complete medium for hCMEC/D3 cells were uset.0A60 and 180 minutes, radioactivity
content was measured in the acceptor chamber thidangd scintillation counting.

Experiments with f'C]-sucrose, a hydrophilic paracellular passage erariere
performed to monitor the cell monolayer tightness.

Transendothelial permeability coefficient (PE) veadculated according to the Eq (1)
(Bickel U., 2005)

with PT the Total Permeability coefficient corresdmng to the porous membrane, the
collagen coating and the cell monolayer and PB Biank Permeability coefficient
corresponding to the porous membrane and the ewllagpating, which are calculated

according to the Eq (2)
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with VR the medium volume in the acceptor chambd;the compound concentration in the
acceptor chamber; A the porous membrane area; @Dcdmpound concentration in the

donor chamber.

3.9 - CELL VIABILITY
Cell viability was evaluated with MTT assayiTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] is uptaken by cellsdatransformed into formazan by
mitochondrial succinate dehydrogenase. Accumulatbnformazan directly reflects the
activity of mitochondria, an indirect measuremeintell viability. Cells were incubated with
nanoliposomes at the final lipid concentration 60AM in culture medium for up to 48
hours, corresponding to twice the cell doublingetirand MTT stock solution (5 mg/mL) was
added to each culture at a final concentration.®fmiM. After removing MTT solution, cells
were permeabilized with ethanol and centrifugefi(itg for 10 minutes. The absorbance was
measured with a spectrophotometer at waveleng860fnm and at reference wavelength of

690 nm. The percentage of cell vitality was caltedaaccording to the Eq (3)

[(OD 560nm — OD 690nm) sample / (OD 560nm — OD 68Pcontrol]*100

To monitor cell monolayer tightness following napokome incubation, we
performed co-incubation with un-labelled nanolippss and ['C]-sucrosein Transwell®
systems. At 0, 60, 180 mil‘C]-sucroserelated radioactivity was measured in the acceptor

chamber and PE was calculated as described above.

3.10 - PLASMID AMPLIFICATION AND PURIFICATION

JM109 competent cells (Promega, USA) were transdrmith SureSilencing shRNA
vectors (Qiagen, USA), according to the manifactanastructions, with little modifications.
Briefly, five aliquots of JIM109 cells were thawed e and 2ul of each plasmid was added
to the aliquots. After 10 minutes on ice, thernfadck was performed at 42°C for 45 seconds,

followed by 2 minutes on ice. 250ul of ice-cold S@@&dium was added to the cell
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suspension and they were let to grow for 1hour7&C3with shaking. Then cells were seeded
on LB AGAR plates (LB standard broth (10g NaCl, I0gptone, 5g yeast extract in 1L at
pH 7), supplemented with 20g AGAR/L) supplementetth wOpg/ml ampicillin at 37°C over
night.

Three isolated colonies for each plate were pickatiinoculated into 2.5ml of fresh LB broth
supplemented with 50pug/ml ampicillin, and let toygrat 37°C over night with shaking.

DNA was extracted and purified using QIlAfilter Rtad Mini kit (Qiagen, USA),
according to the manifacturer’s instructions. AlPsstriction enzyme (New England Biolabs,
NEB, USA) digestion was performed as follows toifyethat purified plasmids contained
ShRNA inserts:

H.O 38.5 ul
Buffer (10X) 5 ul

Pstl 20U (1 pl)
BSA (100X) 0.5 pl
DNA 5l

After 80 minutes incubation at 37°C, and 20 minwgaegyme inactivation at 80°C,
digestion products were separated on a 0.8% aggedsa TBE buffer (Tris Borate 90mM,
EDTA 20mM) supplemented with 0.5 pg/ml Ethidium Bride.

For each plasmid, one small culture, which contitie insert, was used to inoculate
250ml LB broth supplemented with 50pg/ml ampicillmd incubation with shaking was
performed at 37°C over night. Plasmid DNA was ested with EndoFree Plasmid Maxi kit
(Qiagen, USA), according to the manifacturer'snmstion and quantified with NANODROP
(Thermoscientific).

Pstl restriction enzyme digestion was performediescribed above on the purified
DNA to verify the shRNA insert presence.

3.11 - hCMEC/D3 CELL TRANSFECTION
hCMEC/D3 cells were seeded at the concentratiod2800cells/crh on a rat tail
collagen type | coated 6-well plate and left tovgrontill 70% confluent, tipically for 24

hours.
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Cells were transfected with purified SureSilencaidRNA vectors targeting caveolinl
using Lipofectine (Invitrogen) as transfection reiaig(1:4 DNA:Lipofectine), according to
the manifacturer’s instructions.

All the plasmids carrying targeting sequences (@l to 4) were transfected, and the
plasmid carrying the scramble sequence (C-) wad asea negative control. After 24 hours
cells were detached with trypsin and seeded inatdlire medium supplemented with G418
(Invitrogen) at the final concentration of 800ug/imt selection. This process was continued
until enough cells were available for generatingzén stocks. Successively, G418

concentration was reduced to 400ug/ml.

3.12 - WESTERN BLOT

Transfected cells were collected from 100mm Peshes and centrifuged at 45009 at
4°C for 5 minutes. The pellet was mechanically sesmded in PBS supplemented with
protease inhibitors (Leupeptin 1uM and PMSF 75 &Jmt in isopropanol) and sonicated.
The protein total content was measured by BCA ag§&igma-Aldrich, Milan, Italy),
according to the manifacturer’s instructions andaé@mount of proteins (20ug) were loaded.
Samples were resuspended in LAEMMLI buffer and dabifor 5 minutes. Proteins were
separated by SDS-gel electrophoresis on a 12% @dbmide gel and transferred to a
nitrocellulose membrane (GE Healthcare). The mensvreas saturated with 5% milk in PBS
supplemented with 0.2% Tween20 (blocking solutidgimary antibodies and horseradish
peroxidise-conjugated secondary antibody were @lilub blocking solution and the signal
was detected by chemiluminescence (ECL) (Piercéy)Ulghages were acquired with Kodak
dS Image Station 2000R and signal quantificatios performed with Kodak Image Station
2000. The amount of caveolinl protein was caledlafter normalization on actin protein

content for each sample.

Primary antibodies:
Rabbit anti-caveolinl (BD Biosciences, USA) 1:2000
Rabbit anti actin (Sigma-Aldrich, Milan, Italy) 1:1500
Secondary antibody:
Horseradish peroxidise conjugated-Goat anti-raffhérce, USA) 1:5000
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3.13 - INVESTIGATION OF NL CELL UPTAKE MECHANISMS

hCMEC/D3 cells (hCMEC/D3 WT) and transfected hCMEg/cells (h\CMEC/D3
shRNA) at the same culture passage were seedée abhcentration of 65000cells/tron
rat tail collagen type | coated 12-well plates F&xCS analysis and on collagen coated glass
coverslips (diameter 22mm) positioned in 35mm Rbstes for CLSM experiments.

Cells were rinsed with PBS, pre-treated with PBS3i@ minutes and incubated with
MApPOE-NL, dApoE-NL or TAT-NL in serum free mediurSBEM). hCMEC/D3 WT cells pre-
treated and incubated in presence of filipin 3uMengsed as a control.

For FACS analysis, cells were processed as descabeve. For CLSM experiments,
cells were fixed with 10% formalin solution for 20inutes, and permeabilized using 0.2%
Tryton X-100 in PBS. Actin cytoskeleton was staiwgth Texas Red-conjugated Phalloidin
(Invitrogen) and nuclei were counterstained witluRDDAPI. Samples were mounted using
ProLong Gold antifade reagent (Invitrogen) and iesagere acquired as described above.

hCMEC/D3 WT cells were also co-incubated with mApYE and AlexaFluor 594
nm-conjugated Cholera Toxin B subunit 0.2ug/ml ithmgen) in serum free medium (SFM)
for 3 hours at 37°C. Cells were fixed with 10% fatin solution and nuclei were
counterstained with 20uM DAPI. Samples were mountgdg using ProLong Gold antifade
reagent (Invitrogen) and images were acquired ssritieed above.

3.14 - STATISTICAL ANALYSIS
Each experiment was performed at least in triphicdhe differences were evaluated
for statistical significance using Student’s t-test
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4 - RESULTS

4.1 - EVALUATION OF CELL MONOLAYER PROPERTIES

Trans-epithelial/endothelial electrical resistaf€EER) is a measurement of the ion
passage across the cell monolayer, and TEER hasassemed as an indirect marker of cell
monolayer tightness related to BBB expression pt@se TEER increased in the days
following cell seeding on Transwell® systems anacheed a plateau after 6-7 DIV for RBE4
cells (tipically 45.1 + 3.8*cm?) and after 11-14 DIV for hCMEC/D3 cells (tipicaky7.1 +
4.2 O*cm?). We performed all the permeability experimentshattime points corresponding
to the maximum TEER values for both cell lines.

Permeability to small hydrophilic molecules is drt parameter indicating cell
monolayer tightness and BBB expression properii¢s.used I*C]-sucrose as paracellular
passage marker and we registered PE values of IOEf+8.54*10°° cm/min for RBE4 cells
and 1.68*10F+2.6*10 cm/min for hCMEC/D3 cells, in accordance to datporéed in
literature (Gumbleton M. and Audus K.L., 2001; Wek<sB.B. et al, 2005; Poller B. et al.,
2008).

4.2 - CELL VIABILITY

All the liposomes were tested for cell toxicity WitMTT assays. We incubated
hCMEC/D3 and RBE4 cells with NLs for 3h, and for wgp48h, corresponding to twice the
cell doubling time. At these time points all theparations we used were non-toxic, at least at
the concentrations herein utilized (data not shown)

In order to check if nanoliposomes might induceeralion in cell monolayer
paracellular permeability, hCMEC/D3 and RBE4 celisre seeded on Transwell® systems
and incubated with un-labelled nanoliposomes isgmee of I*C]-sucrose for 3 hours, which
is the maximum time point we considered within peafnility experiments.*{C]-sucrose
associated radioactivity was measured at 0, 60,ni&0n the acceptor chamber and PE was
calculated as described above. PE of sucrose aloaéier co-incubation with mApoE-HD-
NL, dApoE-HD-NL and TAT-HD-NL of RBE4 cells are reged in Table 1. Variations in PE

for [**C]-sucrose were not detected in RBE4 cells norGMEC/D3 cells (data not shown),
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thus indicating no alteration of the monolayer tiggss during liposome incubation, at least at
the concentration herein utilized. NL double fuanalized were also tested and no alterations
in the cell monolayer tightness were detected (datahown).

PE
SUCROSE 7.84*10E" + 5.44*10F°
SUCROSE + mApoE-HD-NL 8.67*10E" + 4.45*10F°
SUCROSE + dApoE-HD-NL 7.25*10E* + 3.23*10F°
SUCROSE + TAT-HD-NL 8.55*10E" + 2.12*10F°

Tab. 1: PE of sucrose co-incubated with mApoE-HD-NLdApoE-HD-NL and TAT-HD-NL, compared to
PE of sucrose alone in RBE4 cellsnApoE: ApoE monomer; dApoE: ApoE dimer; HD: highgity

4.3 - NL FUNCTIONALIZED FOR BBB TARGETING
4.3.1 - Uptake of BBB targeted NL
We investigated cellular uptake of fluorescentlpelled (Bodipy-Sm) NL without
functionalization and functionalized with ApoE maoner (aa 141-150), its tandem dimer
(141-150) and with TAT peptide in RBE4 cells by means of FA@nd CLSM techniques.
RBE4 cells were incubated with NLs for 30, 60, 8000 min, then detached with
trypsin and collected for FACS analysis. NL intdizetion increased over time, without
reachingplateay at least until the last time point we considefed. 8 and 9). NL without
functionalization showed the lowest cell assocratamd uptake (Fig. 8). Functionalization
with ApoE monomer or tandem dimer enhanced NL uptdkepending on the peptide density
located on the liposome surface. At any peptidesitienthe ApoE monomer (mApoE)

performed higher uptake compared to ApoE dimer @BQFig. 8).
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Fig. 8: Time dependent uptake of Bodipy-SM labelledunfunctionalized (NL) and differentially
functionalized NL by RBE4 cells.

Cells were incubated with NL, dApoE-LD-NL, mApoE-ERL, dApoE-HD-NL and mApoE-HD-NLs for 30,
60, 180 and 300 minutes and collected for FACSyaiml Cell associated fluorescence signal increased
time without reachinglateay until the last time point we considered. NL witiidunctionalization showed
slightly detectable cell associated fluorescengmadi (green line). mApoE-NL showed the highest utat
uptake when high density monomer ApoE were locatedlL surface (straight blue line). Lower cellulgstake
was achieved when dApoE at high density (straight line), mApoE at low density (dotted blue line)da
dApoE at low density (dotted red line) were located NL surface mApoE: ApoE monomer; dApoE: ApoE
dimer; LD: low density; HD: high density
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Functionalization with TAT peptide increased NLIgklr uptake at higher extent compared

to both ApoE monomer and tandem dimer at high sarfeeptide density (Fig. 9).
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Fig. 9: Time dependent uptake of Bodipy-SM labelledpoE-HD-NL and TAT-HD-NL by RBE4 cells.

Cells were incubated with dApoE-HD-NL, mApoE-HD-Nind TAT-NL for 30, 60, 180 and 300 minutes and
then collected for FACS analysis. Cell associatedréscence signal increased over time without hieac
plateay until the last time point we considered. As weeatly demonstrated, mApoE-HD-NL (blue line)
showed higher uptake compared to dApoE-HD-NL (riee)l TAT functionalization further enhanced NL

cellular uptake (yellow line).

We then analyzed NL internalization and intracelfubcalization with CLSM studies.

RBE4 cells were incubated with fluorescently label{Bodipy-Sm) NL for 180 minutes and
fixed with formalin solution. Again, NL without siace functionalization showed extremely
low membrane association and cellular uptake (E@A). Functionalization with ApoE
monomer or tandem dimer increased NL internaliratiepending on peptide density on
liposome surface. Again mApoE-NL promoted highdeinalization compared to dimer at
any peptide density we tested (Fig. 3B, C, D, B)3 of incubation, NL functionalized with
ApoE monomer at high density were internalized muathelial cells and NL associated
fluorescence signal is clearly detectable belowplasma membrane and in the perinuclear
region (Fig. 10E and G, arrowhead). Liposomes fonelized with ApoE tandem dimer
displayed lower cellular accumulation with NL assted fluorescence signal being
prevalently localized beneath the membrane (Fi@ 40d F, arrows), while accumulation in

the perinuclear region was much lower comparedgoEAmonomer functionalization.
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Fig. 10: CLSM of RBE4 cells incubated with ApoE fumtionalized NL

RBE4 cells were incubated for 3 hours with unfumatilized NL (A), dApoE-LD-NL (B), mApoE-LD-NL (C),
dApoE-HD-NL (D), mApoE-HD-NL (E). No cellular uptaknor membrane association was detectable with
unfunctionalized NL (A), and fluorescence signalkvedightly visible with dApoE and mApoE-LD-NL (B,)C
dApoE-HD and mApoE-HD-NL clearly showed cellulacamulation (D, E), with distinct staining patterhi.
associated fluorescence signal (green) is localisdow the plasma membrane and in the perinucézson (G,
arrowheads) when using mApoE-HD-NL, while it rensaiocated below the plasma membrane when incubating
with dApoE-HD-NL (F, arrows). Actin cytoskeleton stained with Texas red conjugated-phalloidin (reddl
nuclei are counterstained with DAPI (blue). BarGifn.
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TAT functionalization increased cellular uptakehggher extent compared to dApoE-HD and
mMApOE-HD functionalizations (Fig. 11). Similarly tmApoE-NL, at 3 hours of incubation
TAT-NL associated fluorescence signal is clearlsalzed below the plasma membrane and

in the cell perinuclear region (Fig. 11B, C arroatis).

Fig. 11: CLSM of RBE4 cells incubated for 3 hours wh fluorescently labelled (Bodipy-Sm) dApoE-HD-
NL, mApoE-HD-NL and TAT-HD-NL

RBE4 cells were incubated for 3 hours with Bodipy-8ApoE-HD-NL (A), mApoE-HD-NL (B) and TAT-HD-
NL (C) (green), fixed with formalin solution and onted for CLSM. TAT functionalization (C) further
increased cellular uptake compared to dApoE-HD amdpoE-HD functionalizations (A, B). As already
showed, dApoE-HD-NL associated fluorescence sigmdbcalized below the plasma membrane (A, arrow).
Similar staining patterns are clearly detectableehs incubated with mApoE-HD-NL and TAT-HD-NL, thi

NL associated fluorescence signal localized belmvlasma membrane and enriched in the pericnucgam

(B, C arrowheads). Actin cytoskeleton is stainethwiiexas red conjugated-phalloidin (red) and nuealere

counternstained with DAPI (blue). Bars: 10um.
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We then investigated the uptake within RBE4 cefld\b, labelled with*H-Sm and
double-functionalized with both dApoE and TAT peles. Cells were incubated for 3 hours
with NL, then detached with trypsin and collected fadioactivity assays. According with
our previous CLSM results, TAT-NL again displayedngicant higher uptake compared to
dApoE-NL (respectively 11.1+0.77% and 6.5£0.37%tloé administered dose, p<0.01).
Concurrent functionalization with TAT and dApoE tidps enhanced cellular uptake up to
14.6+0.4% of the administered radioactivity, furtihrereasing cellular uptake compared with
single TAT functionalization (p<0.05) (Fig. 12). nSlar results were achieved with
hCMEC/D3 cells (data not shown).
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Fig. 12: RBE4 uptake of*H-Sm labelled NL functionalized with both TAT and dApoE peptides, TAT
peptide or dApoE peptide.

RBE4 cells were incubated for 3 hours witDPPC labelled TAT+dApoE-NL, TAT-NL and dApoE-NLnd

cell associated radioactivity was counted. Sigatfie enhancement of cellular uptake was achieviét TAT-

NL compared to dApoE-NL (respectively 11.1+0.77%l &5+0.37% of the administered dose). NL uptake by
RBE4 cells was further increased when both TAT dAdoE peptides were located at the NL surface coetpa
to single functionalized TAT-NL (respectively 14®4% and 11.1+0.77% of the administered dose) {50.
**p<0.01

4.3.2 - Permeability of BBB targeting NL
As already described, BBB is a tight structure, rghenly specifically regulated

transcellular passage is allowed to occur. Cedirmdlization can thus be considered the first
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step for transcytosis process. We thus considepaEAand TAT functionalized NL, which
showed cellular uptake, but not NL without funchdmation, for further permeability
experiments.

We investigated the permeability, across the RBEH monolayer, of*H-DPPC
labelled NL, functionalized at the surface with #ApoE monomer or its tandem dimer at
different peptide densities.

RBEA4 cells were seeded on porous membrane of TEI®wystems and NL suspension was
added in the donor chamber. Radioactivity was nredsin the acceptor chamber after 0, 60
and 180 min of incubation and the endothelial mayet permeability coefficient (PE) was
calculated as described above. When RBE4 cells warebated with dApoE-NL no
enhancement of PE value was achieved increasingdpegensity on liposome surface (Fig.
6). On the contrary, incubation with mApoE-HD-NLdurced 2.5-fold increase of NL PE
across RBE4 cell monolayer compared to mApoE-LD¥ig. 13). Similar results were
achieved with hCMEC/D3 cells (data not shown).
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Fig. 13: PE of°H-DPPC labelled ApoE-NL across RBE4 cell monolayer

RBE4 cells were incubated with ApoE-NL for 3 hoors Transwell® systems and radioactivity in the atoe
chamber was measured at 0, 60, 180min. PE waslatduand expressed as the increment of LD-NL-P&. N
permeability increase was detected when using dASDENL compared to dApoE-LD-NL. Enhancement of

2.5—fold was achieved when cells were incubatel miApoE-HD-NL, compared to dApoE-LD-NL. *p<0.05.
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We then investigated the permeability®sSm labelled NL functionalized with TAT
peptide, dApoE peptide or both TAT and dApoE peggtidcross RBE4 cell monolayer with
radioactivity assays.

RBE4 cells were seeded on porous membrane on Ted@saystems and NL suspension was
added in the donor chamber. Radioactivity was nredsin the acceptor chamber after 0, 60
and 180 min of incubation and PE was calculatedpide significant increase in NL cellular
uptake when using TAT-NL compared to dApoE-NL, nfiedences in PE were detected
(4.13*10%+1.98*10* and 3.64*10+4.03*10° respectively) and no increase was achieved
after double functionalization with both peptidds0f*10%+3.58+10° ). These results were
confirmed in hCMEC/D3 cells (data not shown).

44 - UPTAKE AND PERMEABILITY STUDIES OF [ *H]-curcumin4
INCORPORATED INTO mApoE AND dApoE-NL

Once assessed the internalization and permeatfahtyires of functionalized NL, we
examined the cellular uptake and PE of a drug @alykentrapped in functionalized vectors.
We tested NL functionalized for BBB targeting wiipoE peptides (monomer and tandem
dimer) and loaded with a tritiated curcumin derivat([*H]-curcumin4) for A8 peptide
binding.

[*H]-curcumin4 was added to the donor chambers ofTlamswell® system as free
drug or after its entrapment into mApoE-HD-NL, mApaD-NL, dApoE-HD-NL, or
dApoE-LD-NL, (2000dpm 3H]-curcumin4/0.fimoles of lipids). At 0, 60, 180 min
radioactivity was measured in the acceptor chamaedsPE was calculated. At the end of
incubation, cells were collected for measuring asiociated radioactivity.

A small amount of radioactivity was found assodate cells when incubated with fre#]-
curcumind (<2% of the radioactivity administeredjile drug uptake was increased after its
entrapment in dApo-LD, mApoE-LD and dApoE-HD-NL (2600.6%, 11.1+0.99%,
8.68+0,36%, respectively, p<0.05). The highest aase was achieved when drug was
entrapped in mApoE-HD-NL (13.74+0,53%, p<0.01) (Hig).
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Fig. 14: Cellular uptake of PH]-curcumin4 by RBE4 cells

RBEA4 cells were seeded on Transwell systems anated for 3 hours with equal amounts %f]fcurcumin4

alone or entrapped into dApoE-LD-NL, mApoE-LD-NLApoE-HD-NL and mApoE-HD-NL and cell

associated radioactivity was measured. Less thanfabie administered radioactivity was detectedeissed to

cells when they were incubated wiflt[-curcumin4 alone. Higher uptake was achieved WRBE4 cells were
incubated with JH]-curcumin4-loaded dApoE-LD, mApoE-LD and dApoE-HIL (11.1+0.99%, 10.9+0.6%
and 8.7+0.36% respectively), and the highest irtié&ation was detected with mApoE-HD-NL (13.7+0.53%

*p<0.05; *p<0.01.mApoE: ApoE monomer; dApoE: ApoE tandem dimer; kih density; LD: low density
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Permeability studies showed a slight increase ug d?E when it was entrapped in
MAPpPOE-LD and dApoE-LD-liposomes (+16.8% and +27.38éspectively) and a higher
increase when it was entrapped in mApoE-HD-liposor&8.3%, p<0.05). Surprisingly, the
highest enhancement was achieved with drug entnatpmelApoE-HD-liposomes (+83.1%,
p<0.01) (Fig. 15).
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Fig. 15: PE of PH]-curcumin4 across RBE4 cell monolayer

RBE4 cells were seeded on Transwell® system andbiated for 3 hours with equal amounts %f]fcurcumin4
alone or entrapped into mApoE-LD-NL, dApoE-LD-NL,ApoE-HD-NL and dApoE-HD-NL. Radioactivity
was measured at 0, 60, 180 min in the acceptor lohaand PE was calculated and expressed as inct@men
values compared toHi]-curcumin4 alone. Slight increase was achieve@mwfiH]-curcumin4 was entrapped
into mApoE-LD and dApoE-LD-NL (16.8% and 27.3% resfively). Higher increased was achieved with

loading into mApoE-HD-NL (38.3%) and the highestriease was achieved with dApoE-HD-NL (83.1%).
*p<0.05; **p<0.01.
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4.5 - NL DOUBLE FUNCTIONALIZED FOR BBB TARGETING AN D Ap BINDING

4.5.1 - Uptake of double functionalized NL

Once assessed the internalization and permeafsbiiyires of NL functionalized for
BBB targeting, we then investigated cellular uptake\L functionalized for BBB targeting
with ApoE peptides or TAT peptide at high dens#tggd exposing A targeting ligands on the
outer leaflet or anchored to NL surface.

We tested NL double functionalized with phosphatigcid (PA) or cardiolipin (CL),
for AB peptide binding, and with ApoE peptides, for BBBgeting, on hCMEC/D3 cells,
with CLSM studies and radioactivity assays.
hCMEC/D3 cells were incubated for 3h with fluoresite labelled (Bodipy-Sm) PA/CL-NL,
PA/CL-mApoE-NL or PA/CL-dApoE-NL, fixed with formai solution and mounted for CLS
microscopy. PA/CL-NL without BBB targeting functialization showed no cellular
association nor uptake (Fig. 16A, B), and highaake was achieved with PA/CL-ApoE-NL
(Fig. 16C, D, E, F). The highest internalizationsveehieved with PA-mApoE-NL (Fig. 16E).
Progressively lower uptake was detected with CL-wAgFig. 16F), PA-dApoE (Fig. 16C)
and CL-dApoE-NL (Fig. 16D). NL associated fluoresoce was prevalently localized below
the plasma membrane and in the perinuclear regioenwcells were incubated with PA-
mApoE-NL (Fig. 16E). The amount of the green spatalized around the nucleus decreased
with PA-dApoE-NL, being the NL staining prevalentbcalized beneath the cell membrane
(Fig. 16C).
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Fig. 16: CLSM of hCMEC/D3 cells incubated with Bodpy-Sm labelled PA/CL- NL PA/CL-mApoE-NL
and PA/CL-dApoE-NL

hCMEC/D3 cells were incubated for 3 hours with PEL, mApoE-PA/CL-NL and dApoE-PA/CL-NL, fixed
with formalin solution and mounted for CLSM. PA/@- without BBB functionalization showed no cellular
uptake nor membrane association (A, B), and ApgciEtfanalization enhanced cellular internalizati@h D, E,
F). mApoE-NL showed higher cellular uptake compai@dApoE-NL when NL were functionalized with PA
(E, C, respectively) as well as with CL (F, D, restively). NL associated fluorescence signal (gyéewclearly
localized below the plasma membrane and in thenpelear region when cells were incubated with PApoB-
NL. When cells were incubated with PA-dApoE-NL, Mksociated fluorescence signal was clearly detiectab
beneath the plasma membrane but not in the peeauckgion. Actin cytoskeleton was stained with aered
conjugated-phallodin (red) and nuclei were coutaémed with DAPI (blue). Bars: 10unPA: phosphatidic

acid; CL: cardiolipin
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Radioactivity assays were performed to confirm quantify CLSM results. hCMEC/D3 cells

were incubated for 3 hours withl-DPPC-labelled PA/CL-NL or PA/CL-mApoE-NL, which

displayed higher uptake. Cell associated radioégtivas measured after NL removal and
mild trypsin treatment to remove membrane surfatsseed radioactivity. Only 5% of the
administered radioactivity was found associatedelts incubated with PA/CL-NL, while an

increase of 60% of cell associated radioactivitys vaahieved when hCMEC/D3 cells were
incubated with PA-mApoE-NL (p<0.05). A mild increag5%) was obtained with CL-

mMApOE-NL (Fig. 17). Similar results were achieveddmRBE4 cells (data not shown).
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Fig. 17: Cellular uptake of®H-DPPC labelled PA/CL-NL and PA/CL-mApoE-NL

hCMEC/D3 cells were incubated for 3 hours with PA;ICL-NL, PA-mApoE-NL and CL-mApoE-NL and cell
associated radioactivity was measured. Cellulaakegtwas expressed as the increment of cell asedciat
radioactivity after further introduction of mApoHrfctionalization compared to PA or CL-NL. A statatly
significant increase in cellular uptake was deketben cells were incubated with PA-mApoE-NL congghto
PA-NL (+60%). Only slight enhancement of cellulgtake was reached with CL-mApoE-NL compared to CL-
NL (+5%). *p<0.05
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We tested NL double functionalized with curcumirnridgative3 (Airoldi C. et al.,
2011) to target B peptide and with TAT peptide to target BBB. hCMBEG/cells were
incubated for 3 hours with fluorescently labell&bdipy-Sm) curcumin derivative3-NL and
curcumin derivative3-TAT-NL. No fluorescence wadadtable with curcumin derivative3-
NL (Fig. 18A), and TAT functionalization enhanced. Mellular uptake (Fig. 18B). NL
associated fluorescence is clearly detectable enctil cytoplasm and in the perinuclear
region (Fig. 18B).

Fig. 18: CLSM of hCMEC/D3 cells incubated for 3 hows with Bodipy-Sm labelled curcumin derivative3-
NL and curcumin derivative3-TAT-NL

hCMEC/D3 cells were incubated with Bodipy-Sm labdl(green) curcumin derivative3-NL (A) and curcumin
derivative3-TAT-NL (B) for 3 hours, fixed with foratin solution and mounted for CLSM studies. No wel
uptake nor membrane association was detectable auitbumin derivative3-NL (A), and enhanced cellular
uptake was clearly visible after further TAT fumetalization (B). NL associated fluorescence sigsébcalized

in the cytoplasm and in the perinuclear region.icytoskeleton was stained with Texas red conpdjat

phalloidin (red) and nuclei were counterstainechidAPI (blue). Bars: 10um

Radioactivity assays were performed to quantititiv®nfirm CLSM studies. hCMEC/D3
cells were incubated for 3 hours witH-Sm-labelled curcumin derivative3-NL or curcumin
derivative3-TAT-NL and collected for cell assoc@t@dioactivity measurements. Only 0.52
+ 0.08 % of the administered radioactivity was fousssociated to cells incubated with
curcumin derivative3-NL. TAT functionalization ireased the amount of cell associated
radioactivity up to 1.39 + 0.27 % of the administtdose (p<0.05) (Fig. 19).
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Fig. 19: Cellular uptake of 3H-Sm labelled curcuminderivative3-NL and curcumin derivative3-TAT-NL

by hCMEC/D3 cells.

hCMEC/D3 cells were incubated for 3 hours with-Sm labelled curcumin derivative3-NL and curcumin
derivative3-TAT-NL, and collected for cell assoeidtradioactivity measurements. Further functiodilin

with TAT peptide induced about 2.5—fold increaseuncumin derivative3-NL cellular uptake. * p<0.05

4.5.2 - Intracellular fate of double functionalizedNL

Once assessed cellular internalization, we invattyby CLSM the intracellular fate
within hCMEC/D3 cells of NL double functionalizedrfboth BBB targeting and Apeptide
binding.

We incubated hCMEC/D3 cells for 3 hours or overhiftiata not shown) with
fluorescently labelled (Bodipy-Sm) PA-dApoE-NL, RAApoE-NL, CL-dApoE-NL and CL-
mMApoE-NL and we performed an immunostaining agathst late endosomes and early
lysosomes marker LAMP1. In agreement with our gresiresults, mApoE functionalization
increased cellular uptake at higher extent comp&wedApoE functionalization of PA-NL
(Fig. 20C, A, respectively) as well as of CL-NL ¢Fi20D, B, respectively). No co-
localization was detected between fluorescencecaged to NL and LAMP1, at any

incubation time we considered (Fig. 20).
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Fig. 20: CLSM of hCMEC/D3 cells incubated for 3 hous with fluorescently labelled (Bodipy-Sm) PA-
dApoE, PA-mApoE, CL-dApoE and CL-mApoE-NL and immunostained for late endosome and lysosome
marker LAMP1

hCMEC/D3 cells were incubated for 3 hours with flegcently labelled (Bodipy-Sm) (green) PA-dApoE,-PA
MApOoE, CL-dApoE and CL-mApoE-NL, immunostained witAMP1 (red) for detection of late endosomes and
lysosomes and mounted for CLSM. As previously destrated, PA-dApoE (A) and CL-dApoE-NL (B)
showed lower cellular uptake compared to PA-mAp@E énd CL-mApoE-NL (D) respectively, with PA-
MApoOE-NL showing highest cellular accumulation. 8tdecalization of NL and LAMP1 associated
fluorescence was detected in any sample we anabmédt any incubation time we considered (A, BPE,
Actin cytoskeleton was stained with AlexaFluor 688rtonjugated-phalloidin (magenta) and nuclei were

counterstained with DAPI. Bars: 10pum.

We then incubated hCMEC/D3 cells for 3 hours anéroight (not shown) with
fluorescently labelled (Bodipy-Sm) curcumin derivaB-TAT-NL, and we performed an
immunostaining against the early endosome markéylE&#t against LAMP1. NL did not co-
localized with the early endosome marker EEA1 nath whe late endosome and early
lysosome marker LAMP1 (Fig. 21A, B).
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Fig. 21: CLSM of hCMEC/D3 cells incubated for 3 hours with Bodipy-Sm) curcumine derivative3-TAT-

NL and immunostained for early endosome and late @losome and early lysosome markers

hCMEC/D3 cells were incubated for 3 hours with flescently labelled (Bodipy-Sm) (green) curcumin
derivative3-TAT-NL, immunostained against EEA1 (f&ed) or LAMP1 (B) (red) for detection of early
endosomes or late endosomes and early lysosomsegctavely, and mounted for CLSM. No-colocalizatieas
detected with the intracellular compartments wesatgred (A, B). Actin cytoskeleton was stained with
AlexaFluor 633nm conjugated-phalloidin (magenta)l anuclei were counterstained with DAPI (blu). Bars:

10um.

4.5.3 - Permeability of double functionalized NL amss endothelial cell monolayer

We demonstrated that mApoE and TAT functionalizagioncreased cellular uptake of
PA/CL-NL, and curcumin derivative3-NL respectivelyithout interfering with NL ability of
binding AB peptide (Re F. et al., 2011). Moreover, increadeduptake did not induce co-
localization with the acidic cellular compartment¥Ve thus investigated double
functionalized NL permeability across the endotidetell monolayer.

We studied PA/CL-NL and PA/CL-mApoE-NL permeabiliacross the RBE4 cell
monolayer, by means of radioactivity assays.
*H-DPPC labelled NL were added to the donor chandlbéfranswell® system at the final
concentration of 0.1mM as total lipids and radioaigt was measured in the acceptor
chamber at 0, 60, 180 min. PA-mApoE-NL PE was 8H-imicreased compared to PA-NL.
Only slight enhancement was detected when CL-NLlevierther functionalized with mApoE
(+2%) (Fig. 22).
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Fig. 22: ®*H-DPPC labelled PA/CL-NL and PA/CL-mApoE-NL endothdlial permeability across RBE4 cell
monolayer (incremental PE).

RBE4 were seeded on Transwell® systems and incdibaith *H-DPPC labelled PA/CL-NL and PA/CL-
mApoE-NL for 3 hours. Radioactivity in the acceptmmpartment was measured at 0, 60, 180 min. mApoE
functionalization induced 3-fold increase in PA-WE. No significative differences were detected wik#n

NLs were further functionalized with mApoE pepti@®%). * p<0.05

We studied curcumin derivative3-NL and curcuminiciive3-TAT-NL permeability
across hCMEC/D3 cell monolayer, with readioactiasgays.
®H-Sm-labelled curcumin derivative3-NL or curcumieridative3-TAT-NL were added to the
donor chamber of Transwell® systems at a final eatration of 0.1mM, for 3h. After 0, 60
and 180 min of incubation radioactivity was meadurethe acceptor chamber and PE was
calculated. The PE of curcumin derivative3-NL wascréased with further TAT
functionalization (+75%, p<0.05) (Fig. 23).
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Fig 23: *H-Sm labelled curcumin derivative3-NL and curcumin derivative3-TAT-NL endothelial
permeability across hCMEC/D3 cell monolayer (increrental PE)

hCMEC/D3 cells were seeded on Transwell systemsiramubated for 3 hours with 3H-Sm labelled curcumin
derivative3-NL and curcumin derivative3-TAT-NL. Radctivity was measured after 0, 60, 180 min and PE
was calculated. 75% increase in curcumin deriv8tiMé PE was achieved after further TAT functionalization
*p<0.05

4.6 - UPTAKE MECHANISMS OF NL BY hCMEC/D3 CELLS

Once assessed NL cellular uptake, intracellula &autd PE, we inquired NL endocytic
mechanism to entry endothelial cells, employinghNsdRtechnique to stably down-regulate
caveolinl expression in hCMEC/D3 cells. NL internaion in down-regulated and WT cells
was evaluated with FACS analysis and CLS microscstpgies, and the involvement of
caveolinl and its related endocytic mechanism wssessed. We performed all these
experiments with NL mono-functionalized for BBB dating with ApoE and TAT peptides
located at low density on NL surface.
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4.6.1 - Amplification and purification of SureSilercing shRNA Plasmids

We considered four shRNA plasmids targeting Camda(clones 1, 2, 3, 4), according
to manifacturer’s instructions. A plasmid contami non targeting sequence was provided as
negative control. An E. Coli JM109 strand was tfamaed with SureSilencing shRNA
Plasmids, using thermal shock technique. DNA wasaeted, amplified and purified using
EndoFree Plasmid Maxi kit. After quantification, BNwvas digested with Pstl restriction
enzyme and the digestion products were controlfedgarose gel. The two diagnostic bands
indicating the presence of the shRNA insert wereeated in all the digestion products we
analyzed (data not shown). The tested plasmids weme utilized for further transfection

experiments.

4.6.2 - h\CMEC/D3 cells transfection and Western Bto

hCMEC/D3 cells were seeded and left to grow umtdyt reached 70% confluence,
typically after 1 DIV. Transfection with SureSileng shRNA targeted to caveolinl was
performed using Lipofectin as transfection reag@titthe four plasmids containing targeting
sequences and the negative control (C-) were usieek. 24h from transfection, cells were
trypsinized and seeded in selection medium. Dusklgction process, cell morphology was
monitored and no alterations were detectable ithalltransfected cells compared to negative
control and un-transfected cells (data not shown).

Cells transfected with all the clones were seeded eollected for western blot
analysis to quantify caveolinl protein. Clone 2 alwhe 4 registered a slight reduction of the
protein levels (18%), compared to negative contibiije a greater reduction was detected in
clone 1 (42%) and clone 3 (43%), which was usedalidhe further experiments (Fig. 24).
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Fig. 24: Western Blot analysis and quantification b residual caveolinl expression in hCMEC/D3 cells
transfected with shRNA vector

hCMEC/D3 cells were collected and analyzed by wadiot assay to evaluate residual expression wéaanl
(B). Residual amount of caveolinl was calculatadraiormalization on actin protein content for eaaimple
(A). Reduction ranging from 20% (clone 2 and 431836 (clone 1) and 43% (clone 3) was detected cosaipiar
negative control, and the clone expressing the $ovaenount of caveolinl (clone 3) was selected fthéer

experimentsC-; negative control

4.6.3 - Assessment of caveolinl involvement in Niptake by FACS

NL uptake was investigated in hCMEC/D3 clone 3blistdransfected with shRNA
targeting caveolinl (hCMEC/D3 shRNA) and in un-gfaected cells (Wild Type, hCMEC/D3
WT).
hCMEC/D3 shRNA and WT were incubated with fluoredbe labelled (Bodipy-Sm)
MApOE-NL, dApoE-NL and TAT-NL for 3h and collectddr FACS analysis. The same
experiments were performed on hCMEC/D3 WT cellated with filipin 3uM (hCMEC/D3
Fil), a drug known to interfere with caveolae-meeiih endocytosis. Preliminary results
showed that the internalization of mApoE-NL wasngfigantly reduced in hCMEC/D3
ShRNA cells, while it was not affected in hCMEC/BiB cells (Fig. 25). dApoE and TAT-NL

66



internalization was not affected in hCMEC/D3 shRNaAlls nor in hCMEC/D3 Fil cells,
compared to hCMEC/D3 WT cells (Fig. 25).
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Fig. 25: Uptake of mApoE, dApoE and TAT-NL by untransfected hCMEC/D3 cells (WT), hCMEC/D3
cells treated with Filipin 3uM (Fil), or hCMEC/D3 cells stably transfected with shRNA targeting caveatl
(shRNA).

hCMEC/D3 WT and hCMEC/D3 shRNA cells were inculdafier 3 hours with mApoE, dApoE or TAT-NL and
collected for FACS analysis. Cells treated withpfit 3uM were used as control. Significant reductiof
MApOE-NL cell associated fluorescence was deteictdtCMEC/D3 cells down-regulated for the expressibn
caveolinl (-40%). No significative reduction wasigwed with cells treated with filipin 3uM comparedWT
cells. dApoE and TAT-NL internalization was not eaffed by caveolinl down-regulation nor by filipin
treatment. * p<0.05WT: hCMEC/D3 untransfected cells; Fil: hCMEC/D3 lsereated with Filipin; ShRNA:
hCMEC/D3 cells stably down-regulated for caveolaxpression

4.6.4 - Assessment of caveolinl involvement in Niptake by CLSM

CLSM was employed to support FACS analysis anditihvér disclose the mechanism
of mMApoE-NL endocytosishCMEC/D3 shRNA, WT and Fil cells were incubated hwit
fluorescent (Bodipy-Sm) mApoE-NL for 3h, fixed witbrmalin solution and mounted for
CLSM.
MApOE-NL were clearly internalized by hCMEC/D3 Weélls, as previously demonstrated,
and NL associated fluorescence was clearly visiblde cell perinuclear region (Fig. 26A).
In hCMEC/D3 shRNA cells NL associated fluorescesigmal was reduced (Fig. 26C), while
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in Fil cells no modification in NL internalizatioocould be detected compared to WT cells
(Fig. 26B).

Fig. 26: Uptake of mApoE-NL by hCMEC/D3 WT cells, CMEC/D3 WT cells treated with filipin 3uM

and hCMEC/D3 cells stably transfected with shRNA tegeting caveolinl

hCMEC/D3 WT, Fil and shRNA cells were incubated Bthours with fluorescently labelled (Bodipy-Sm)
MApoOE-NL (green), fixed with formalin solution anshounted for CLSM. As we already demonstrated
previously, mApoE-NL are internalized by hCMEC/D3TWells and NL associated fluorescence signal is
clearly detectable in the cytoplasm, below the psnembrane and in the perinuclear region (A). ffimeat
with filipin 3uM showed no alteration in cell momlogy and did not decrease mApoE-NL cellular upté&e

A clear reduction of mApoE-NL associated fluoreszers detectable in the perinuclear region of hCNEC
shRNA cells, down-regulated for caveolinl (C). Actiytoskeleton was stained with Texas red conjugate

phalloidin (red) and nuclei were counterstainechidAPI (blu). Bars: 10um.
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hCMEC/D3 WT cells were then co-incubated for 3hhwitoth mApoE-NL and
Cholera Toxin B (CTB), a marker for caveolae-mestlaendocytosis, fixed with formalin
solution and mounted for CLSM.
CTB associated staining was detected in the ceihpeear region, as expected (Schnitzer
J.E. et al., 1996; Kirkham M. et al., 2005), (F&YA) and NL associated fluorescence was
prevalently localized in the cell perinuclear regias already shown. Partial co-localization
of NL and CTB positive vesicles was detected (BidB).

Fig. 27: CLSM of hCMEC/D3 WT cells co-incubated for3 hours with AlexaFluor 594nm conjugated-
Cholera Toxin B and Bodipy-Sm labelled mApoE-NL

hCMEC/D3 WT cells were co-incubated for 3 hourshwilexaFluor 594nm conjugated-Cholera Toxin B
(CTB) (red) and Bodipy-Sm labelled mApoE-NL (greefed with formalin solution and mounted for CLSM
CTB staining is localized in the cell perinucleasl@-like region, as already demonstrated (A) ahave partial
co-loalization (B, arrows) with mApoE-NL associatgignal, thus indicating a likely partial shareso€ommon

endocytosis pathway. Nuclei were counterstained @API. Bars: 10um.
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5 - DISCUSSION

Alzheimer’s Disease (AD) is the most common fornagé related dementia and it is
predicted to affect 1 in 85 people globally by 2068 to now no therapies are available for
AD and certain diagnosis is performed only aftetigrat death. Thus, new diagnostic tools
and therapies are needed for early detection aatntent of AD (Dartigues J.F., 2009).
Sporadic AD is the most common form, accountingdf®¥ of AD patients, and its origin has
not been clarified yet. Among the different thesrithat have been formulated, the
amyloidogenic cascade hypothesis has acquired @gsensus over the past two decades.
According to it, the increasedpAproduction and its decreased clearance from tam bead
to AB accumulation and its aggregation within the sepiégjues, the main hallmarks of AD
(Swerdlow R.H., 2007). In the late stage of disedsain A3 is in equilibrium with the
circulating A3. Strategies to removepAfrom the blood, thus favouring its clearance (Ksin
effect”) are under developing (Wang Y.J. et alQ&0 Moreover, tools to overcome the blood

brain barrier and to reach the braifi &nd limiting its aggregation are needed.

To this aim, within nanoparticles, nanoliposomes)(lsre promising tools since they
are biocompatible and biodegradable, they can bigled to avoid degradation, and they can
be functionalized to overcome the BBB and binl (Beija M et al., 2012; Caruthers S.D. et
al., 2007; Moghimi S.M. et al., 2005).

5.1 - CHARACTERIZATION OF IN VITRO BBB MODELS

In this study we settled in vitro BBB models based immortalized cell lines, to
assess nanoliposomes (NL) as potential tools tocowse the BBB and to deliver drugs and
contrast agents within the brain, for joint AD thpy and diagnosis. Many efforts were made
in the past years to develop reliable in vitro BB®dels. However, no models perfectly
resembling in vivo features have been developedigehortalized cell lines usually do not
have the required permeability restriction progarfior studying free drug passage across the
BBB. However, they have been demonstrated to maithair characteristics along with cell
doublings, allowing comparison among different ekpents (Cecchelli R. et al., 2007;
Gumbleton M. and Kenneth L.A., 2001). Up to now, vitro BBB models based on
immortalized cell lines seem to be a good choigedfEaling with engineered nanoparticles
high throughput screenings (Roux F. and Couraud, R@D5).
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First of all, we tested our models for barrier eeggion features through TEER measurements
and evaluation of endothelial permeability (PElotrose, a well-known hydrophilic marker
of the paracellular transport. The sucrose PE aBHR measurements were in agreement
with data previously reported (Gumbleton M. and AsiK.L., 2001; 2011; Weksler B.B. et
al, 2005; Poller B. et al., 2008). We investigatied NL internalization and permeability on
both hCMEC/D3 and RBE4 cell based in vitro BBB mied®espite their different features,
the two in vitro BBB models showed a significanpneducibility concerning NL cellular
uptake or permeability. This clearly indicates tlwair models can be suitable tools for

achieving an integrated evaluation of NL cell ugtakd permeability.

5.2 - NL MONO-FUNCTIONALIZED FOR BBB TARGETING

At the BBB, almost only specifically regulated tsapllular passage can occur,
prevalently by receptor mediated transcytosis. Thesv approaches for drug delivery to the
brain exploit BBB endogenous transporters to achidiug and carrier passage. The low
density lipoprotein receptor (LDLr) is expressed tae BBB and accounts for LDL
transcytosis (Dehouck B. et al., 1997). Indeed,réggon localized between the amino acids
140 and 150 of the ApolipoproteinE is requiredriEezeptor binding. The tandem linear repeat
sequence corresponding to amino acid residues 3@1has been shown to retain receptor
binding ability, while monomeric sequence corresping to amino acid residues 141-150 has
not (Dyer C.A. et al., 1995). Moreover, adsorptimediated endocytosis has been
documented at BBB endothelial cells (De Boer A.@d &aillard P.J., 2007), and it is likely
involved in the uptake of TAT peptide.

Taken into accounts these considerations, we sedeldh functionalized to target the
BBB with human ApoE-derived peptides, the ApoE nmaro (MApoE), (amino-acids 141-
150) and its tandem dimer (141-150JdApoE); subsequently, we considered NL
functionalized with TAT derived peptide. TAT catio charges facilitate interaction with the
normally negatively charged BBB, triggering permbadition of the cell membrane via a
receptor/transporter independent pathway (Der@siget al., 1996)We demonstrated that
NL without BBB targeting functionalization did shaweither cell membrane association nor
uptake. In particular, ApoE and TAT peptides insezhcellular uptake. TAT peptide showed
the highest cellular internalization, and mApoE amded cellular uptake at higher extent

compared to dApoE, both at low and at high peptsleface density. Time course
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experiments and FACS analysis revealed that eaattifunalization increased NL cellular
uptake over time, without reachitige steady statafter up to 5 hours of incubation.

No clear evidences of receptor-mediated uptake gené&nom these results, since
receptor-mediated endocytosis requires the presehdeee and available receptor and it
generally undergoes saturation. In accordance wuthdata, mApoE peptide sequence has
been reported to contain many positively chargedthamcids. An endocytic mechanism,
mediated by unspecific adsorption onto cellular meme heparan sulphate proteoglycans,
has thus been proposed for mApoE as well as for pédtide (Sauer I. et al., 2005). Previous
studies showed that dApoE sequence retains reebipiding ability, even though it displays
1000-time reduced binding affinity as compared &ural ligand. According to our results,
receptor-mediated uptake accounts only in partdfpoE-NL cellular internalization. Our
data can be explained by the lack of amino acidiues involved in stabilizing and aligning
the receptor-binding region, which have been laeaibetween amino acid residues 170 and
180 (Sauer I. et al., 2005).

CLSM studies are in agreement with FACS results, ey showed differences in
staining patterns related to specific NL functioraiion. dApoE peptide NL functionalization
originated a punctuate staining pattern prevaldotiglized just below the plasma membrane.
MApoE and TAT functionalized NL localized in theripderal region of cell cytoplasm
below the plasma membrane, and a clear stainingaisasdetectable within the perinuclear
region. Punctuate staining and the perinuclear lilatgon of both mApoE and TAT
functionalized NL suggest that an endocytic medranmay be responsible for NL uptake,
leading to the formation of endocytotic vesiclehieTabsence of internalization with un-
functionalized NL and the evinced direct relatidpsibetween cellular uptake and the
peptides density located on liposome surface detradasthat endocytosis process clearly
depends on the peptides presence. Distinctionseiriatal amount of fluorescence signal and
in the intracellular localization of NL suggest thiifferent uptake mechanisms may account
for specific functionalized NL. Further support tois hypothesis was achieved through
concurrent functionalization with dApoE and TAT pidps. dApoE-NL cellular uptake was
significantly increased after further TAT functidization. This demonstrates that NL cellular
interaction is driven by both peptides locatechatNL surface.

We then investigated permeability across endothedith monolayer of BBB targeted
functionalized NL. Un-functionalized NL were notradered within these experiments, due
to their extremely low interaction with cerebralamvascular endothelial cells. Due to BBB

permeability restriction properties, 100-200nm dizdjects cannnot freely diffuse through
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paracellular passage. Their interaction with enelah cells is thus required for further
transport across the BBB, likely the first stefadfanscytosis process.

We demonstrated that only mApoE functionalizatibihigh density increased NL PE
compared to low density. On the contrary, dApoEcfiomalization did not show significant
enhancement of NL PE when the peptide densitypmstime surface increased. TAT peptide
functionalization, alone or in combination with d#¥ peptide, did not increase NL PE
compared to dApoE NL single functionalization, despsignificant increase in cellular
uptake. We can hypothesize that TAT-NL and TAT-dBENL could be retained for long
time into cell cytoplasm, thus limiting their traxedlular flow rate. Longer incubation time
during permeability experiments would be requiredassess this issue. We cannot exclude
that a fraction of the administered TAT-NL and TAApoE-NL could be stably entrapped
into cell cytoplasm and metabolized.

Moreover, toxicity features were evaluated at bsitigle cell and cell monolayer
level, through MTT assays and measurements of secRE, respectively. Our results
indicated that neither toxicity nor alteration obnolayer tightness were associated to NL
interaction with brain microvascular endothelialc¢hCMEC/D3 and RBE4). Our data thus
indicate that transcellular passage may have toroic achieve NL crossing of the BBB,
since the paracellular passage is strongly intdbiy preserved endothelial monolayer
tightness.

Finally, we detected specificities in the relatioipsbetween NL uptake and PE when
different functionalizations were employed. Distimaternalization mechanisms and related
specific intracellular fate and metabolism coulglain our results, and our experiments were
aimed at investigating these issues.

Taken together, our results demonstrated thaturmnovitro experimental conditions,
TAT-NL show the best cellular uptake, when dealimgth mono-functionalized NL.
However, mApoE functionalization at high densitythe best performing when considering
combined internalization and PE across in vitro BB&del.

5.3 - NL DOUBLE FUNCTIONALIZED FOR BBB TARGETING AN D AMYLOID B
PEPTIDE BINDING

Once assessed the dynamics of BBB targeted NL wBBB endothelial cells, we
moved towards double functionalized NL, carryingBBRirgeting peptides andpAargeting

ligands in order to investigate possible toolsjéant AD therapy and diagnosis. In one set of
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experiments, NL were loaded with a tritiated curmerderivative, {H]-curcumine4, whereas
in another set of experiments NL were designedxfmse A targeting ligands on the NL
outer surface.

Curcumin is a low molecular weight molecule deriviedm the perennial herb
Curcuma Longa and it has been reported to haveralebmlogical effects, such as anti-
inflammatory and anti-oxidant properties (Airoldi €t al., 2011). Recently, its ability in
inhibiting amyloid polimerization has been demoatead (Narlawar R. et al., 2008), but its
poor solubility and stability in water solvents ledimited its clinical employment. Therefore,
its chemical stabilization and association to Nle aequired in order to increase its

bioavailability at the site of action.

5.3.1 - NL functionalized for BBB targeting and loaed with a tritiated curcumin
derivative for amyloid p peptide binding

We tested NL functionalized with ApoE derived pdps and loaded with a
chemically stabilized curcumin-derivative3+(|]-curcumin4) (Re F. et al., 2011), and we
measured drug cellular uptake and permeability sscio vitro BBB model, through
radiochemical assays.

We demonstrated thatH]-curcumin4 alone was not internalized by endaéhelells.
ApoE functionalized NL, loaded witt’Hl]-curcumin4, increased the drug cellular uptake. |
particular, mApoE functionalization at high densstyowed the highest internalization. Direct
relationship between peptide density on liposonasa and drug cellular internalization
was demonstrated with mApoE, but not with dApoE ctionalization. The highest
enhancement in PE was achieved after drug encajosulato dApoE functionalized NL at
high density, suggesting their greatest abilityinoreasing the drug flux across the cell
monolayer.
Since these results are partially contradictorhwitir previous data, we might speculate that
different dynamics could regulate NL interactionsthwcellular membrane and NL
intracellular fate when NL entrapped a drug payloBlis could favour drug passage with
dApoE-NL and drug retention by endothelial cellshamApoE-NL. Further investigation are

required to assess these issues.
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5.3.2 -NL functionalized for BBB targeting and exposing lgands for amyloid  peptide
binding

We then considered NL double functionalized for BEigeting and exposing }A
binding ligands. Phosphatidic acid (PA) and caidiol(CL) have already been demonstrated
to bind A3 peptide with high affinity, and NL carrying thepbospholipids were shown to
retain this ability (Gobbi M. et al., 2010).

We investigated the internalization and permeahbdit NL double functionalized for
BBB targeting with ApoE peptides (monomer or itsdam dimer) at high density and fop A
binding with PA and CL phospholipids, by means &8M and radiochemical assays.

We demonstrated that mApoE functionalization inseshcellular uptake of PA/CL-
NL at higher extent compared to dApoE. When congidemApoE functionalized NL, PA-
mMApOoE-NL showed higher uptake compared to CL-mANIE-We also demonstrated that
the PE of PA-NL was increased after further mApaBctionalization, but the same did not
occur in case of CL-NL.

We might hypothesize that the higher content ofatigg charges in CL phospholipids
could mask positive charges of mApoE peptides, thtexfering with its adsorption onto
cellular membrane. It is important to highlight thelong with cellular uptake, also NL
passage across in vitro BBB models is strictlytezlao NL-cell interactions. In agreement
with our previous data concerning mono-functioredizNL, direct relationship between
cellular uptake and PE was again clearly demorstraith double functionalized NL.

When considering PA-mApoE and PA-dApoE NL, CLSMds#s confirmed the
staining pattern of those of mono-functionalized pp& and dApoE-NL. This observation
further supports the hypothesis that peptide fonetization regulates NL cellular interaction
and, likely, also NL intracellular fate. To furthemestigate the intracellular fate of double
functionalized NL, we performed immunofluorescemssays direct to late endosomes and
early lysosomes. No co-localization was detectad miApoE nor with dApoE functionalized
PA/CL-NL within these intracellular compartmentshig evidence suggests a possible NL
escaping mechanism from cellular degradation, fikelvards a transcytosis pathway.

Our results related to ApoE and PA/CL double funmiized NL confirm that mApoE
functionalization show the best performances, comieg cellular uptake and PE across wur
vitro BBB models. CL phopsholipid but not PA can integfevith mApoE-mediated cellular
interactions, suggesting that positive charge ntediadsorption onto cellular membrane
could be responsible for mApoE-NL uptake and trgtosis. Direct relationship between

increased NL cellular internalization and PE, alavith likely lysosomal escaping and the
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absence of cytotoxicity (evaluated by MTT test anttrose permeability assay) clearly
suggest that transcytosis mechanism could accaamNE crossing the endothelial cell
monolayer.

Finally, we considered a different NL formulatiocarrying TAT peptide for BBB
targeting and functionalized at the surface witlcamin derivative3 for A binding (Airoldi
C.etal., 2011).

We demonstrated that TAT peptide increased cellypéake and PE of curcumin derivative3-
NL, and that no co-localization occurred with theid&c cellular compartments. Cell
cytoplasm and perinuclear staining was detectel both single functionalized TAT-NL and
double functionalized curcumin derivative3-TAT-NAgain, no toxicity was detected neither
at the cellular nor at the monolayer level.

Taken together, our results concerning curcuminivdéve3-TAT-NL suggest that a
transcytotic mechanism may occur and account fair frassage across cell monolayers. The
total amount of internalized NL appeared lower withircumin derivative3-TAT-NL
compared to mono-functionalized TAT-NL. Thus, thendtionalization with curcumin
derivative3 compound appeared to reduce cellultakepmediated by TAT peptide. We can
speculate that steric hindrance may be respondimethis mechanism, and further

experiments will be aimed at disclosing this issue.

5.4 - INVESTIGATION OF THE ENDOCYTIC MECHANISMS LEA DING TO NL
INTERNALIZATION

In the last part of this study, we investigated émelocytic mechanism mediating NL entry
into endothelial cells. Indeed, the endocytic mecdra is strictly related to the intracellular
fate of internalized cargoes. Therefore, invesingathe uptake mechanism is important when
dealing with promising drug and contrast agentveeli vectors, and drug delivery at the
specific site of action is fundamental for theses tieerapeutic approaches.

We started to investigate caveolinl role, sinceeolnl is the major constituent of
caveolae, 50-80 nm sized membrane invaginatiorisatieanvolved in transcytosis process at
the endothelial cells (Candela P. et al., 2008).stébly down-regulated caveolinl protein in
hCMEC/D3 cells by shRNA interfering technique, amd achieved a protein reduction of
about 40%. The low efficiency we observed couldetepon the selection procedure, since
we selected all the transfected cells without pemfog single clone isolation. We thus

achieved a polyclonal population, expressing shRAyeting caveolinl at different extent
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among different cellular clones. The reduction mtein content is thus the average of
caveolinl content in the mixed population. Furttlene isolation will be required to achieve
monoclonal populations with the expected less uggigrotein content (Wadhwa R. et al.,
2004).

Preliminary uptake experiments were performed oRBC/D3 WT cells and on hCMEC/D3
cells stably down-regulated for caveolinl proteipression. Cells were incubated with single
functionalized mApoE, dApoE and TAT-NL at low pegsi density on liposome surface.
FACS and CLSM analysis were done to detect NL t@llinternalization. hCMEC/D3 WT
cells treated with filipin, a cholesterol sequesigragent, were used as control. Since lipid
rafts and their associated caveolae are enrichathotesterol content, filipin is commonly
used as specific pharmacological inhibitor of cdaeenediated endocytosis (Ryoung Kim H.
et al., 2007). However, recent studies questioniealrmpacological agent employment as
specific inhibitors of endocytosis pathways, andoggms concerning specificity and cellular
toxicity have been raised (Vanden Broeck D. and\Ndf M.J.S., 2006).

Our preliminary results showed about 40% reductbmApoE-NL cellular uptake
after caveolinl down-regulation. No significant wuetion was detected after cell treatment
with filipin, at least at the concentration hereirtilized. Because of higher filipin
concentration displayed cellular toxicity, our réswdemonstrated that, in our experimental
conditions, siRNA technique showed better spetyfi@nd less toxicity compared to the
common drug based strategy to interfere with caeeatediated uptake. No variations in the
uptake of dApoE and TAT functionalized NL were ad¢el after caveolinl down-regulation,
nor filipin treatment.

Our preliminary results suggest that caveolinl ddpat endocytic mechanism might
account for mApoE-NL entry into brain capillary enidelial cells. We can thus speculate that
caveolae-mediated endocytosis could be in partwedoin mApoE-NL uptake pathway.

To further assess this hypothesis we co-incubadEC/D3 WT cells with mApoE-
NL and Cholera toxin B subunit (CTB), which hasddmeen considered a caveolae-mediated
endocytosis marker (Schnitzer J.A. et al., 1996j&tan A.N. et al., 2004). We detected
partial co-localization between NL and CTB assadaiuorescence signals, thus suggesting
a common endocytic mechanism accounting for at [g@s$ial NL and CTB internalization.

Recent studies demonstrated that different mecmasnisould be involved in CTB
uptake, such as clathrin mediated endocytosis dathrin and caveolin independent
endocytosis pathways (CLIC/GEEC pathways), andttt@CTB uptake mechanism can vary
in different cell type (Kirkham M. et al., 2005). a\achieved 40% reduction in mApoE-NL
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uptake following caveolinl down-regulation. It remsato be clarified if the residual amount
of caveolinl protein or if other endocytic mechamsaccount for the residual 60% of
internalized mApoE-NL. Indeed, we detected a plhdmlocalization between mApoE-NL
and CTB and thus we cannot exclude that multipléoeytosis pathways are involved in
mMApOE-NL uptake. For example, caveolinl has longnbeonsidered necessary and
sufficient for caveolae formation but recent stgdargue that caveolinl association with
caveolae is not strictly related to caveolinl imeshent in the endocytosis process. Thus, the
relationship between caveolinl and caveolae matietelocytosis has still to be completely
assessed (Doherty G.J. and McMahon H.T., 2009)allginendocytosis is a redundant
process, and blockade of one pathway can leadetauphregulation of the others (Doherty
G.J. and McMahon H.T., 2009).

Further work will be aimed at reducing caveolinlsideal protein content in
hCMEC/D3 cells and at achieving concurrent downilaiipn of combinations of proteins
specifically involved in distinct endocytosis patws. Thus, cells concurrently inhibited for
mixed combinations of pathways would be develo@=dteries of experiments in these cells
might allow a better understanding of the contitutof each single pathway in the

internalization of differentially functionalized NL
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6 - CONCLUSIONS

Our results suggest that both PA-mApoE-NL and amiouderivative3-TAT-NL
might offer an attractive mean for both therapy ahagnosis of AD, due to their high
capability to bind & and permeability across cerebral microvascularotdial cell
monolayer. PA-mApoE-NL and curcumine deirvative3TFNL might be thus considered
promising tools for implementing further strategiesdrug and contrast agent delivery to the
AD-brain. Moreover, we studied the ability of ApdH- to enhance the transport of a drug
payload through endothelial brain capillary cellmotayer. The permeability of a tritiated
curcumin derivative was enhanced after its entragpnm@o ApoE-NL, in particular those
functionalized with the dimer (dApoE). dApoE-NL &gy particularly suitable for
implementing further strategies for drug brain &ding.

Due to the limitations of oumn vitro approaches, further studies, based on in vivo
experiments, will be required to evaluate our eegied NL suitability for future clinical
exploitation.

Within this study we also investigated the NL clliwptake mechanisms within BBB
derived endothelial cells. According to our prehany results, caveolae-mediated
endocytosis pathway likely account for 40% of mARSE cellular uptake. Further
experiments will be required to confirm these data to assess the involvement of other

endocytic mechanisms in the uptake of ApoE and TuikiCtionalized NL.
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