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CHAPTER 1

General introduction



1.1 Glioblastoma Multiforme

1.1.1 Overview of the pathology

Glioblastoma multiforme (GBM) represents the masthmon type of
glioma, a group of brain cancers that mainly afiem glial cells of the
central nervous system (CNS) [Perrin SL. et al120Unlike other
cancers, it remains contained in its organ of angithout any systemic
spread [Westphal M and Lamszus K, 2011].

Gliomas are classified according to the glial cetlzat they
morphologically most closely resemble, such as oagtes
(astrocytomas) oligodendrocytes (oligodendroglionaas ependymal
cells (ependymomas). Considering this categorinat®BM is an
astrocytoma [Westphal M and Lamszus K, 2011].

GBM is considered a rare disease: there are 10a060L00 000 new
cases of glioblastoma diagnosed each year in tifednd in the world,
respectively. The highest rates of incidence arthénUSA, Canada,
Australia, and Northern Europe, with a very low éay survival rate
(about 5%JAlexander BM and Cloughesy TF, 2017]. Epidemiobtadi
studies revealed that the disease affects malewltl.Ghore frequently
than females [Hanif F et al., 2017; Xu H et al.120Tamimi AF and
Juweid M, 2017; Ostrom QT, et 2015].

The morbidity, mortality, and recurrence of braimburs are heavily
dependent on their location and invasive growthepas. The 40% of
gliomas were located in the frontal lobe; other dumlocations are: the
temporal lobe 29%, the parietal lobe 14%, and t@pdal lobe 3%
[Larjavaara S et al., 2007]. Nowadays, strong ewés suggested that



glioblastoma arises from neural stem cells withia subventricular
zone of the brain, rather than mature glia [Pestiret al., 2019].
GBMs commonly occude novoand in these cases they are called
primary GBMs, but they may also evolve from a pxeséng lower
grade tumour, and thus defined assecondary tumBureary GBMs
represent the 90% of total GBM cases worldwidetaeg are the ones
with the worse prognosis compared to their secgncdaunterpart.
Moreover, primary GBM affects elderly patients atmaich higher
occurrence, with a peak incidence beyond 65 yeérage, often
showing no symptoms before gaining malignancy [@stQT, et al
2015].
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Y

Key stochastic * Genetic instability, copy number
transforming event alterations and mutations
* Environmental-transcriptional
and epigenetic changes

¥ * Invading cells (for example, microglia)
* Transcriptional regulatory

Modifying influences < background
* Secreted and extracellular matrix

components
*» Neighbourhood relations

\ 4

Glioma cells Varying characteristics

* Lineage relationship (astrocytic or
oligodenrocytic)

* Tumour cell invasiveness

* Variable secretion of immuno-
suppressive mediators

* Variable chemoresistance to
anti-cancer drugs

» Recruitment of cells from other
brain areas

Fig. 1 Sequential events that cause glioma diversitythatiare relevant to clinical



tumour characteristics. Depending on the type df afeorigin of a tumour (for
example, a neuroglial cell, glial progenitor orroefifferentiating cell), particular
transforming molecular events must occur to irgttéiat cell along an oncogenic path,
the final direction of which is then partly detemad by stochastic events such as
genomic instability and mutations. There is inciegsevidence for additional
opportunities for epigenetic regulation of alterelular gene function, either by
regional microenvironmental conditions (secreted extracellular matrix
components) or invading host cells such as micapgfimphocytes or bone marrow-
derived mesenchymal stem cells. Given the diverseahgenetic and epigenetic
factors in determining tumour cell fate, the emeggvariety of (gene expression)
tumour types with different clinical behaviour istrsurprising. From Westphal M
2011.

Common clinical manifestations of GBM include presggive
headaches, fatigue, seizures, dizziness, increagadranial pressure,
focal neurological deficits or changes in mentakis. However, the
symptoms are also related to the tumour-involvezh af the brain:
tumours in certain areas determine persistent wesskn mood
disorders, numbness, loss of vision or languagation [Alexander
BM and Cloughesy TF, 2017].

1.1.2 Histopathological and molecular features

In the last decades, the improvement of high-thihpugy genetic,
genomic, and epigenetic techniques has providedeegpat and
comprehensive understanding of histopathologicall amolecular
mechanisms underlying GBM oncogenesis and prognessi
Verhaak et al., classified GBM into four differanblecular subtypes,
namely classical, mesenchymal, proneural and nebasked on gene

expression levels [Verhaak RGW et al., 2010].
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Fig. 2 Integrated view of gene expression and genomécalbns across
glioblastoma subtypes. Gene expression data (gestaadardized (mean equal to
zero, standard deviation equal to 1) across thedafiset, data are shown for the
116 samples with both mutation and copy number. déitgations (mut) are
indicated by a red cell, a white pipe indicates loEheterozygosity, and a yellow
cell indicates the presence of an EGFRvIII mutatf@opy number events (cn) are
illustrated by bright green for homozygous delesiogreen for hemizygous
deletions, black for copy number neutral, red fav level amplification, and bright
red for high level amplifications. A black cell iicdtes no detected alteration. From
Roel G.W. Verhaak et al, 2010.

The classical subtype was characterized by epidegnoavth factor
receptor (EGFR) amplification, the lack of tumouotein 53 (TP53)
mutations and cyclin-dependent kinase Inhibitor PBDKN2A)
deletion, while the mesenchymal subtype was endidbe mutation
and/or loss of neurofibromin 1 (NF1). On the othend, the proneural
subtype was defined by alterations of plateletsaetigrowth factor
receptor alpha (PDGFRA) and point mutation in isabte
dehydrogenase 1 (IDH1), and the neural subtypetyyaed by the
expression of neuronal markers such as neurofilahgdr polypeptide
(NEFL), synaptotagmin-1 (SYT1), gamma-aminobutyaad type A
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receptor alpha 1 subunit (GABRA1) and solute car&C12A5
[Verhaak RGW et al., 2010; Burton EC et al., 2002;]

Tumors of the proneural subtype were associatela batter survival
than other subtypes. HoweveBBM patients with the proneural
subtype rarely benefit from aggressive therapidsichivwere more
effective for patients with the classic and the emetiymal subtypes
[Sasmita AO et al., 2017; Maher EA et al., 2006].

Moreover, from the molecular point of view an aduial distinction
between primary and secondary GBM have been domeafy GBM,
also defined IDH-wild-type, often shows moleculaeexpression and
amplification of EGFR, loss of heterozygosity (LOHOq and
phosphatase and tensin homolog (PTEN) mutationsh@©ather hand,
the most common molecular biomarkers of secondaBMGare
represented by TP53 and IDH mutations, which are fremuently
observed in primary tumours [Quan AL et al., 2088antyev AS et
al., 2019; Rich JN et al., 2005; Maher EA et &00@].

The Cancer Genome Atlas (TCGA) Research Networkiged a
comprehensive catalogue of genomic abnormalitiegindr GBM
tumorigenesis, considering a large cohort contginB06 patient
samples. Data showed that the majority of GBM pésiepresent
abnormalities in receptor tyrosine kinase, TP53 &Ml pathways,
suggesting that these alterations are a core mgamt for GBM
pathogenesis [Verhaak RGW et al., 2010].

A grading system developed by the World Health @izgtion (WHO)
takes into account the histopathology, the cytasgcture and the

immunohistological marker profile of the cells atidtinguishes four
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grades (I, Il, lll and IV) for astrocytomas and tgi@des (Il and 111) for
oligodendrogliomas and oligoastrocytomas [DeWittel@l., 2017].

WHO grade | WHO gradell = WHO grade lll WHO grade IV

Grade | . > | € >
Circumscript Diffuse
Type < > < — e
Astrocytoma Bllocytic Lovtade Anaplstc Glioblastoma
astrocytoma astrocytoma C
Low-grade Anaplastic
Oligodendroglioma oligodendro- oligodendro-
glioma ‘
Low-grade Anaplastic
Oligo-astrocytoma oligo- oligo
astrocytoma

Table 1. The 2016 WHO classification of central nervougeystumors

Lower grade tumours (grade | and IlI) contain specgenetic
alterations, tend to be well differentiated, haneréased cell density
and some cellular anomalies or atypia, but in garnibiese resemble
their non-neoplastic counterparts. Tumours of higirade (grade Il
tumours) are anaplastic, show signs of increassseVelensity, cellular
atypia, elevated mitotic activity and a high cedindity. Accordingly,
GBM also known as grade IV astrocytoma, is the namgjressive,
anaplastic and invading tumour, showing vasculado#relial
proliferation, necrosis, a very high cell densitydaatypia [Cancer
Genome Atlas Research, 2008].

Moreover, the WHO classification system divided GBMo three
categories according to the key genetic prognosacker isocitrate
dehydrogenase (IDH) in: i) GBM IDH-wildtype, ii) QB IDH-mutant

12



and iii) GBM NOS. IDH-wildtype (about 90% of caje®rresponds
most frequently to primary ate novaGBM and occurs in patients over
55 years of age [Louis DN et al., 2016; Silantyey. At al., 2019]. IDH
mutations (about 10% of cases) characterize theabed secondary
GBM which preferentially arises in younger patief@hgaki H and
Kleihues P, 2013]. The NOS definition is reservedaBM with an
inconclusive or not fully investigated IDH expremsiMiyai M et al.,
2017].

Furthermore, GBM presents a high tumour heteroggneoth inter-
tumoral and intra-tumoral. Recent single cell segueg analysis of
GBM patient's samples suggest that intra-tumoralllulce
heterogeneity can be partially due to the tumolrhzerarchy arising
from GBM stem cells (GSCs5SCs as other cancer stem cells, are
characterized by self-renewal, multipotency, specifell marker
expression, and the ability to generate tumaussvo. [Ohgaki H and
Kleihues P, 2013; Brennan CW et al., 2013]. Usyallyen implanted
into the cortex of rodents, the tumours producethbkge cells presented
the molecular profile and signature of the pare@BM-derived cells
[Furnari FB et al., 2007]. Importantly, one of theost challenging
feature of GSCs is their resistance to radio- drehwtherapy, which
led to tumour recurrence.

The recurrence rate after surgery is about 80%,tduke infiltrative
nature of cells, and usually a new tumour grow$iwi2-3 cm of the
margins of the original tumour [D’Alessio A et aR019; Lara-
Velazquez M et al., 2017].

13



1.1.3 Intercellular communication

The awareness of the presence of different comratiait modalities
in GBM boosted the scientific community to deeptyastigate their
role in tumorigenesis.

Among communication types, the homotypic commurmcatakes
place between same cells (e.g. cancer cells), whéeerotypic
communication occurs between cancer cells and strdrhis is an
useful way to recruit normal cells to promote growgustenance and
invasion of the tumour into the brain [Lou E et 2D18].

The GBM recruitment involves multiple communicatiooutes and
directive exchanged between tumour cells and sodiog cells in the

tumour microenvironment [Lou E, 2017].
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cytokine and chemokine
gradisnt
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remodelling and induce
angiogenssiz

Microglia
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Fig. 3 Glioblastoma microenvironment. The glioblastomgien consists of tumour
cells, extracellular matrix (ECM), blood vesselsnate immune cells (monocytes,
macrophages, mast cells, microglia and neutrophilskells and non-tumorous
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neurons, astrocytes and oligodendrocytes. +, pratuniunction; —, antitumour
function; £, mixed pro-tumour and anti-tumour funos; SDF1, stromal cell- derived
factor 1; WIF1, WNT inhibitory factor 1.

The communication wayeclude secreted proteins and molecules, gap
junctions, extracellular vesicles (EVs), tunnellingnotubes (TnTs)
and microtubes (TmTs) [Broekman ML et al., 2018].

Although cell-secreted soluble factors, including6l transforming
growth factorp (TGH3), platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), vascular endothegjedwth factor
(VEGF) and stromal cell-derived factor 1 (SDF1) al known as
signalling molecules between cells, recent evidest®wed that EVs,
TmTs and TnTs play a key role in the inter- andraicgllular
communication [Rustom A et al., 2004; Broekman Mlale, 2018].
TmTs and TnTs are transient transcellular protnsiwith different
length, thickness and lifetime that determine dearcand cytoplasmic
continuum with neighbouring cells. In particular, these ngwl
recognized transit routes mediate the exchange oofsecretable
molecules, including transcription factors, mithnodoa, RNAs and
DNA [Ahmad et al., 2014; Thayanithy et al., 2014hH8er et al., 2013,
Onfelt et al., 2006].

In GBM and other tumours, TnTs channels allow thagfer of genetic
elements, mitochondria, lysosomes and proteinsotmal cells with
the aim to change their phenotype, or to other @aanells in order to
rescue them when in trouble, for example as a trefutadio- or
chemotherapy [Lou E, 2017].

However, non-secretable proteins, transcriptiotof@dancluded, RNA,
DNA, lipids and metabolites can be also transferttedugh EVs
released from tumour ceNsga fusion of multivesicular bodies with the
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cell membrane. As TnTs, these tumour-derived EVs daange the
phenotype of normal cells to promote angiogenesisjour cell
invasion, immune suppression, and a different nodi@byegulation
[Fonseca P. et al., 2016; D'Asti E et al., 2016¢Re et al., 2014].
Gap junctions between adjacent cells are mainlglired in the transfer
of small molecules such as TaATP, metabolites and microRNAs
(miRNAS) [Thuringer D et al., 2016; Hong X et &Q15].

Connexins, which represents a structural compaofehese junctions,
usually result upregulated in tumour initiatinglseind are associated
with increased invasiveness of gliomas [Hong Xlet2015; Balca-
Silva J et al., 2017; Sinyuk M et al., 2018].

‘ @G_E.-.o some

Fig. 4 Routes of communication between tumour cells alld i their environsa)
Gap junctions (24 nm in diameter) form across tje@nt membranes of cells that
are in physical contact, enabling the passage aflamolecules. Cells also release
exosomes (50-10@m) from multivesicular bodies that fuse with theagha
membrane. In addition, microvesicles (100-20d) and even large oncosomes (1—
10 um) bud off from the plasma membrane and can inteviah and be taken up by
other cellsb) Tunnelling nanotubes (50-200 nm in width and up fon in length)
extend out from cells and can either bud off vesidt their tips or form gap junctions
with other cells. Microtubes extend out from tumoalls (1-2um in width and >500
um in length) and can form gap junctions with otbelts.
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Therefore, a continuously growing body of eviderseggests that the
different communication modalities in GBM microeronments are
responsible for the recruitment and activation afiaus cells of the
innate immune system [Broekman ML et al., 2018].

Moreover, damages to the blood—brain barrier (BBB) the
neighbourhood of the the tumour mass, enables boaerow
haematopoietic stem cell- derived monocytes androphages to
infiltrate the tumour by crossing the BBB [Bowmah Bt al., 2016;
Muller A et al., 2015].

The tumour environs contain brain-resident micigind infiltrating
monocytes, often grouped together under the temotw-associated
macrophages or myeloid cells (TAMs). The interactietween GBM
cells and TAMs is multifactorial and the recruitthen TAMs to GBM
is mostly mediated by chemokine and cytokine gradieeleased by
tumour cells and by cell-cell contacts [Hambardzam@ et al., 2016].
This interplay between GBM cells and TAMSs is espkgiapparent in
extracellular matrix (ECM) remodelling and in tunnquoliferation and
invasiveness. A group of proteins that are maionradn this scenario
are matrix metalloproteinases (MMPs) [Kassenbroek Kl., 2010]. In
particular, in GBM the MMP2 has a crucial role i€ degradation,
which facilitates GBM cells migration and spreadiiu R. et al.,
2008].

In conclusion, a comprehensive understanding of @l the
communication routes and these complex interactimteeen GBM
cells and innate immune system cells could impritne therapeutic

approach to this disease.
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1.1.4 Current GBM diagnosis and treatment

Despite recent advances in diagnostics techniqueésancer biology,
treatment outcomes have not changed significantgr dhe past
decades and high-grade gliomas, such as GBM refatah with a
median survival timeline of about 15 months aftegdosis [Westphal
M and Lamszus K, 2011; Soomro SH et al., 2017; 5Riet al., 2005].
Moreover, no significant changes in the standarccare of GBM

patients have been made in the last 20 years.

Two GBM prognostic biomarkers are mutations in isate

dehydrogenase (IDH) and O6-methylguanine-methydfexase
(MGMT) promoter methylation, but the high heterogigyn of this

tumour limits their clinical application [Karsy M al.,2015; Alexander
BM and Cloughesy TF, 2017].

Nowadays, no early detection of GBM is available #me magnetic
resonance imaging (MRI) represents the most seesitiol for the
detection of GBM. However, once a GBM definabledass identified

with imaging, the tumour is already at an advarstate.
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Fig 5 MRI of a GBM during the time. The images show thpid evolution of the
tumour in only 20 days.

The typical imaging of GBM shows ring-shaped lesiaith a
hypodense center due to necrosis and a surrounaypgpdense
peritumoral area due to edema [Lima FR et al., 26Ria J et al.,
2006]. However, some GBM MRI showed the so-calletdsfly shape
that refers to the symmetric wing-like extensiohshe tumour across
the midline of the corpus callosum.

A B

Fig. 6 GBM MRI images. Aying-shaped GBM with a hypodense center due to
necrosis and a surrounding hypodense peritumoeal dne to oedema. Butterfly
shaped GBM due to tumour infiltration across thdlme of the corpus callosum.

The diagnosis of GBM is commonly made with formafired,
paraffin-embedded tissue from resected or biopsietbur.

The microscopy observation of immunostained santgfasally show
an infiltrating glial fibrillary acidic protein immnopositive tumor with
marked pleomorphism, brisk mitotic activity, micescular
proliferation, and necrosis [Wood M D et al., 20A%xander BM and
Cloughesy TF, 2017].

The current standard of care for GBM patientspsesented by surgical
resection, followed by radiation therapy (RT) ankdemotherapy
[Alexander BM and Cloughesy TF, 2017].
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Temozolomide (TMZ) and Bevacizumab represent thg 0rS. Food
and Drug Administration (FDA) approved medicatiémssystemically
administration for primary and recurrent GBM, respely [Mooney
J et al., 2019; M.H. Cohen, et al., 2012].

Moreover, the therapy for GBM is heterogeneous @iog to the age
of patients. For patients younger than age 70ctheent standard of
care is surgical resection, followed by RT and conitant TMZ and
then, in the following weeks, adjuvant TMZ. For eidatients who
cannot receive combined therapy with RT and TMZ, ZTidlone
remains the unique reasonable option [Alexanderd@i Cloughesy
TF, 2017; Okada M et al., 2017].

TMZ is an orally administered cytotoxic alkylatiagent with modest
efficacy in patients with recurrent high-grade gims, GBM included
[Ramirez YP et al.,, 2013; Omar Al and Mason WP, 900t is
relatively well-tolerated with low side effects aitichas an acceptable
safety profile [Groves, MD, et al. 2007; Osoba Dale 2000].Due to
its biochemical features, TMZ is rapidly and conglg absorbed after
oral administration and binds minimally to plasnmatpins, resulting in
limited interactions with concurrently administerédigs. Moreover,
being a small lipophilic molecule, TMZ penetratbe BBB and is
therefore one of the few drugs effective on CN®akes [Karisa CS
andStuart A, 2018].

The action of TMZ is determined by its conversianthe active
metabolite 5-(3-methyltriazen-1-yl) imidazole-44gsaxamide (MTIC)
in the human body. Among the effects on DNA prodiag MTIC, the
methylation of guanine at O6 (0O6-MeG) is the maitoal, generating
an altered DNA replication and cell apoptosis [Tlagm et al., 2017].
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Fig. 7 Chemical structure of TMZ.

Although nowadays TMZ remains the main used drug Gi8M
treatment, many studies documented cell mechanfsrascstance to
TMZ mediated by the DNA repair protein MGMWhich removes
methyl groups from O6-MeG, thus limiting its use.

Moreover, preliminary studies during clinical tealraised the
hypothesis that TMZ induced hypermutation in lovadg gliomas,
contributing to their malignant transformation wheimey recur,
worsening the prognosis of patients [Choi S e28l18].

The most of GBM tumours are characterized by iregdaVEGF
expression and its over-expression activates th&RHE pathway,
promoting the proliferation, migration, and surtigbendothelial cells,
resulting in the formation of tumour blood vessdlke first FDA
approved human monoclonal antibody Bevacizumab deasloped to
act on this pathway, inactivating other processes @etermining a
decrease in angiogenesis, edema, and tumour burd®BM patients
[Pope WB et al.,, 2012]. Bevacizumab was initiallsogosed as a

second-line treatment for patients with recurreBMs and a phase I
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study revealed an increased six-month progressem<gurvival from
9%-15% to 25% when patients were treated with th@oclonal
antibody. Unfortunately, a further study showed taBM tumour cells
become resistant to the antibody through the aaivaf alternative
angiogenic pathways that are VEGF independent [&rbdrgh JJ et
al.,2007; Friedman HS et al. 2009; Reardon DA etéi11].
Moreover, MRIs indicated that the Bevacizumab-tasis tumours
were highly infiltrative than the untreated onebeSe adverse effects
together with no significant improvement in lifeensurvival of GBM
patients led to the scarce use of this antibodgdhatrug for GBM
treatment.

Randomized clinical trials evaluated the use ofdisg2-chloroethyl)-|
nitrosourea (BCNU) wafers, followed by standard R'he BCNU
wafer is a biodegradable polymer that is implastier surgical tumour
removal and determine a controlled release of thg.dJnfortunately,
the median survival for patients treated with BCNW&fers was only
2.1 months higher than the one of patients treatgd RT alone
[Grossman SA et al., 1992; Kleinberg LR et al.,£20AcGirt MJ et al.,
2009].

1.2 Nanomedicine for brain therapy

1.2.1 Nanoparticles for biomedical applications

The term nanomedicine indicates the medical application of
nanotechnology to healthcare. Nanomedicine cambsidered a pillar
in personalized medicine because it refers to kigiplecific medic

intervention for curing and/or diagnose disease®iotissue repairing
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and regeneration.

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

In this context nanostructures such as nanopast{bl€s), are the main
actors.

NPs are colloidal objects ranging from 1 to 100inmsize as defined
by the International Union of Pure and Applied Cistrg (IUPAC),
with different shapes, charge and composition. Desthis size
restriction, the term nanoparticles commonly referstructures that
are up to several hundred nanometers in size ugjthkey is that design
of the nanostructure produces a unique functionpaogerty [Shi J et
al., 2017].

NPs are very popular and attractive form biomedpaposes due to
the possibility to multi-functionalize their surfasvith one or more
targeting ligands like peptides, antibodies and Ismalecules, to
accomplish several functions (i.e. biological bargrossing, targeting
of specific molecules/pathways). To this aim, tagé NPs surface-
area-to-volume ratio allows the coupling of mukiglpies of a ligand,
strongly increasing the desired effect [Montet Xalet 2006].

NPs can be divided into organic and inorganic ddenon the
material they are made of. The most common typesgsnic NPs are
lipid-based NPs (i.e. liposomes, solid lipid namtipkes (SLNs) and

polymer-based NPs, while silica, metallic, iron des NPs and
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guantum dots are the most used in the inorganintegpart (see table

2).

Examples of various types of nanopartickes being developed for intracellular applications

Type of nanopartick:

Typical swee range nm

Structure and properties

Inorganic
Metals (Aw. Ag, Cu) 5-250 B Easy to synthesize over a brosd range of sizes and shapes (#.g. spheres, rods,
core-shells); robust and functionalzmble viz thiol-metal chemistry
B Surface plasmon resonance; surface cnhanced Raman scattering
1ron oxides 5204 B Typically magnetite (M. Fea .04, M = Mo, Ni. Co, Fe) or maghemite (Fez05)
B Ferromagnetic or superparamagnetic propertics
Quantum dots 330 B Typically 1I-V1 or 111-V chalcogenides synthesized as core—shell or alloy nano-
crystalline colloids (e.g. CdSe/ZnS. CdTe,_ Se,)
B Bright, photostabie fiuorophores with broad absorption and narrow emission;
larpe two-photon cross section; FRET-donors
Silica 3-10d) B Biodegradable; available also in micro- or mesoporous form for encapsulation of
dyes and drugs; eastly derivatizable with different surface chemistrics using silancs
Layered double hydroxide 502041 B Mg AlL{CO)OH) 4H.0
B Biocompatible and biodegradable in mildly actdic environments; high drug loading
capacity
Calcium phosphate 10100 W Ca.PO,),0H

Organic
Liposomes

Polymer micelles

Polymer nanoparticles

Dendnmers

Carbon nanotubes

Virul nanoparticles

Multilayer: 500-50{4)

Unilayer: 100-500

20-200

S0-300

210

d = 0.5-3
{ = 10 om to several
centimetres

25-150

B Biodegradable and biocompatible; can be doped with lanthanides or organic
fluorophores

B Sphenical self-closed structures composed of one of more concentric phospholipid
hi-layers

B Biocompatible, can entrap both hydrophobic and hydrophilic moietics; protects
payload from external environment

B Size and surface functionality can be tuned by adding new ingredients to the ipid
mixture prior to synthesis

B Scli-assembled spherical micelles composed of amphiphilic block co- or tri-
polvmers contuning a hydrophobic core and a hydrophilic corona

B Hydrophobic payioad can be entrapped in the core

B Geometry and functionality can be modularly controlled vig the length and
composition of the polymer Mocks; can be biodegradable

B Lincar polymers with payload conjugated to the sidechain; precipitated into
colloidal nanoparticles in sofution

B Controllable size. surface functionality by adjusting polymer length, compesition,
and synthesis conditions; can be hiodegradable

B Radially hyperbranched polymers with regular repeat units

B High structural and chemical homogeneity; high hgand density and payload
capacity per particle; controlled biodegradation

B Common dendrimers for biological spplications: polyether, polyester, PAMAM

B Single or multi-kevered graphene sheets rolled into concentric cylinders

B NIR-photoluminescence, strong resonance Raman scatiering effects; directional
conductivity, high tensibe strength

B Water-soluble throngh covalent chemical modification or non-covalent adsorp-
tion; ability to translocate cellular membranes via non-endocytosis mechanisms

B Sclf-asscmbled protein cages with multivalent surface functionalities

B Natural ability to internalize and unpack payload within cells

Table 2 The most common types of NPs for biomedical apgbns.

Moreover, NPs can be loaded with drugs, other NREoa contrast
agents and usually the entrapment: i) improves sihlebility, the
pharmacokinetics and pharmacodynamic profiles ofeséh
drugs/compounds, ii) enhances their half-life atadbitity by reducing
their degradation in the systemic circulation aidincreases their
concentration at the diseased tissue through ataigeting, reducing
toxic side effects [Biswas and Torchilin, 2014].

Another feature that makes NPs even more integestinbiomedical
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applications is the possibility to be administeogdsarious routes: oral,
inhalational, and parenteral included [Petkar K@lgt2011].

The three physicochemical features that mainlycaffd>s applicability
in clinics are: size, shape and charge of NPs [®&ldnet al., 2015].
The size of NPs, which with the nanotechnology adeanents can be
tailored according to the final purpose, plays & kae in the NPs
application. This is due to the fact that size esiseveral biological
phenomena with discrete cut-off size ranges thelude circulation
half-lives, extravasation through leaky vasculatanel macrophages
uptake. For instance, NPs with <~5 nm diametedigpindergo renal
clearance, upon intravenous administration, whektculoendothelial
system (RES), liver and spleen determine the abearaf particles
>200 nm, due to the size range of inter-endothedliislits (about 200—
500 nm) [Choi HS et al. 2007; Chen LT and Weis$973].

Taking into account these and other evidences, WiBsan average
size of 100 nm NPs generally have a prolonged laticen time,
resulting as the best candidates for these purposes

The NPs architecture and shape strongly affect thegractions with
biological entities. For example, studies showeak tiscoidal NPs
exhibit a better vessel wall interaction than splaérones, with
implications for particle binding and adhesion talethelium [Gentile
F et al., 2008; Dal Magro R et al., 2019]. Moregtke shape strongly
influences the circulation half-life, cellular uggaand barrier crossing
of NPs [Geng Y et al., 2007; Champion JA and MibtagS 2009;
Champion JA and Mitragotri S 2006].

NPs surface charge represents another design detttat can be

tailored to prolong circulation lifetimes and sdéieely enhance and
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accumulation at specific sites of interest [Blakcet al., 2015]. It has
been demonstrated that NPs with a neutral or nepatirface charge
have longer circulation half-lives compared to pesly charged ones,
because the latter have a higher rate of nonspegpgtake in the
majority of cells and a higher affinity for serunroteins, thus
promoting the elimination by RES [Alexis F et &008].

Finally, NPs circulation lifetime is strongly affed by the formation
of the so-called “protein corona”, consisting ireteerum proteins
absorption on the NPs surface.

The composition of the protein corona depends om shrface
properties of NPs and it is also related to theéeaf administration
[Masserini M, 2013; Blanco E et al., 2015]. The tm@a@mmon way to
overcome or at least reduce the NPs protein coforraation is
represented by the coating of NPs surface withiBp@eolecules such
as polyethylene glycol (PEG), a hydrophilic suréattthat forms a tight
association with water molecules, reducing opsdimzaand the
consequent NPs clearance [Saraiva C et al., 20h6]improvement of
NPs blood circulation time is also obtained byrali¢ive strategies to
the use of PEG, such as the coating of NPs sumnfatte cellular
membranes purified from leukocytes [Parodi A et 2013] or with
membranes isolated from red blood cells [Hu CM kt 2011].
However, in some circumstances the protein coranae exploited as

natural target delivery of NPs [Cox A et al., 2018]
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Fig. 8 The variety of NPs types, their features and fionetlization ligands. NPs can
be modularly assembled from different materials position with different physical
and chemical properties and functionalized with yaiad of ligands for biological
targeting. Such flexibility in design freedom erebiesearchers to tailor nanoparticle
for specific applications as contrast agents, dtelivery vehicles and therapeutics.
From Chou et al., 2011.

1.2.2 Liposomes

Firstly described by Bangham and colleagues mae 80 years ago
[Bangham AD, 1964; Bangham AD, 1974], liposomes thee first

generation of nanocarriers used as drug delivesyesys. The name
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liposome derives from two Greek worddipbs’ meaning fat and
“somd meaning body.

Liposomes are spherical vesicles, composed by onemore
phospholipid bilayers that surround an inner ageesauie. Due to their
amphiphilic nature, lipids are arranged with thgmrophobic facing
each other fatty acid chains tails buried in theerior, and the
hydrophilic phosphate head group oriented to therior and the
exterior aqueous phases [Akbarzadeh A et al., 2013]

Lipids commonly included in liposomes compositionre a
sphingomyelin, phosphatidylcholine, and other gtgplospholipids.
Moreover, cholesterol, an important component dfroembranes, is
frequently present in liposome formulations becatistecreases the
bilayer mobility and increases the stability of dgmmesin vivo
[Masserini M, 2013; da Cruz MT et al., 2004]. THeice of bilayer
components makes the structure more or less atgd,influencing the
charge of the entire liposome. The saturated plagtis with long
acyl chains (for example, dipalmitoylphosphatidyithe) determine a
more rigidity and a rather impermeable bilayer ctite, whereas
unsaturated phosphatidylcholine species give muate rfluidity and
permeability to the structure.

According to the size and the number of layerso(alsported as
lamellag, liposomes can be classified as: i) small unildeneesicles
(SUV) with one bilayer and a size up to 100 nm|arge unilamellar
vesicles (LUV) with one bilayer and a size gre#tan 100 nm, and iii)
multilamellar vesicles (MLV) made of concentric gipbolipid spheres

separated by layers of water, like an onion stmectusually MLV are
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the biggest ones and can reach a size of seuardMasserini M,
2013].

suv Luv Guv
< 200 nm 200 - 1000 nm = 1000 nm My e

' Cholesterol () Negatively Positively
charged lipid charged lipid
[E Polyethylene T .
Glycol (PEG) A Targeting ligand Imaging agent

(nanocrystal, NC)

*' & Protein ‘ir’amibody éPepﬁde i Hydrophabic

lipid bilayer O g ®® drug

Fig. 9 Schematic representation of lipid-based vesi¢ksClassification of vesicles
regarding their size and lamellarity; (b) structafehe vesicle bilayer (left side) and
examples of (bio)-actives to be physically encagisd or chemically conjugated.

The vesicle size is a crucial characteristic tffacathe circulation half-
life of liposomes, and both size and number ofylita influence the
amount of drug encapsulation in the NPs.

Different methods have been described to synthépasomes. All the
methods involve some basic steps consisting ire@pval of organic
solvents from lipids, in order to obtain a dry ¢idilm, b) lipid film re-
hydration in aqueous media.

Liposomes can be prepared using handshaking, nextigad and
reverse-phase evaporation methods, followed by cataon,
freezel/thawing cycles or extrusion to downsizeghsdicles produced
[Wagner A and Vorauer-Uhl K, 2011].
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The choice of the appropriate preparation methqubés on several
factors, such as: 1) the physicochemical charatiesiof the liposome
components and those of the drug to be entrappetipZoxicity and

the concentration of the loaded substance; 3) iaddit processes
involved in application/delivery of liposomes; 4)ptomum size,

polydispersity and shelf-life of the liposomes ftine intended

application and 5) batch-to-batch reproducibilitydapossibility of

large-scale production and good manufacturing s$uagner A and
Vorauer-Uhl K, 2011].

The lipid bilayer of liposomes is composed of bigdelable and
biocompatible lipids, usually present in biologioa¢mbranes. For this
reason, liposomes are also used as plasma menthoateds.

Due to their amphiphilic nature, liposomes can esel both

hydrophobic and hydrophilic compounds. Additionallyhese

nanoparticles are extensively used as carrieradorerous molecules
in cosmetic, food and farming industries, and they approved by
FDA.

Liposomes have been widely investigated for systedalivery of

therapeutics. Many studies have been conductedposomal drug

formulations with the goal of decreasing drug tayiand improve the

drug stability in the bloodstream and/or the targgof specific cells.

1.2.3 Clinically approved NPs-based pharmaceuticals

To date, about 50 NPs-based pharmaceuticals, ceimgpriipid-,
polymer- and protein-based NPs have been approyéidebFDA and
are available for use in clinical practice. Moregvseveral other
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nanoformulations are under clinical trials investign [Weissig V et
al., 2014; Caster JM et al., 2016; Ventola CL, 4017

However, although the most of nanodrugs approveddaected to
tumour treatment, they are also applied to a waahgye of pathologies,

from infections to autoimmune diseases.
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Chemotherapy:
non-targeted

Chemotherapy:
targeted delivery

Table 3 List of some clinical-stage nanomedicines for eartherapy from Shi et al.,

2017.

The clinical approval of pharmaceuticals is a vlenyg and expensive

process: it takes about 10 years for a product;h2ed ones included,

andfor proprietary
name

Lipooomal
doxorubicin (Do)
Liposomal
deunonubscin
(DraunoXome]
Lipooomal vincristine
(Margital

Liposomal irinotecan
{Onivyde or MM-335)
Liposomal
doxorubicin (Myocet]

Mifamurtide (Mepact)

Mab-paclitasel
(Abraxansl

SMANCE

Polymeric
micelle paclitaxel
(Genexc-Ph)

Liposomal cizplatin
{Lipoplatin}
ME-105

Liposomeal paclitaxs|
(EndaTAG-13

Mab-rapamyzin
{ABHHS

CRLX-101

MM-301
BIND-014

MEP4I6

immuncliposomes
toadadwith
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Liposomal
oytarabine—

daunorubscin
{CPX-351 or Vyxeas)
CPX-1

MNanotechnology
platform

Pegyleted
lipozome

Lipozome

Lipozome
Pegleted
lipozome
Liposoms

Lipazome

Albumin NP
Pobymaric micells
Pegylatad
liposome

Pobymeric micells

Liposoms

Albumin NP

Polymeric NP

HERZ-targeting
lipozome

PSMA-targeting
polymeric NP
TrR-targsting
liposome
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Liposoms

Lipozome

Lipozome
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Wincristine sulfate
frinot=can
Daxorubicin
Muramyd tripeptide
phosphatidy-

sthanslamins
Paclitae]

Mecoarzinastatin

Paclitaxel

Cicplatin
Fnclitmscel

Paclitaxel

Daxorubicin

Cyterabine and
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frinotecan and
Aoswridine {1:1)

HlV-relat=d Kspozizarcoms,
‘ovarian cancer, and multipls
mysloma

Hl\erelated Kaposi zarcoms

Acute ymphoblastic levkeermia

Poct-gemaitebine metactatic
pancreatic cancer

Metaztatic breast cancer

Nonime taztatic, resectable
osteosarcoma

Breast, lung and penorestic

canoer

Liver and renal cancer

Breastcancer and NICLC

NECIC

Metastatic or recurrent breast
cancer

Pancrestic cancer, liver
metactases and HER 2-negative
cancer

Advanced malignant PEComa
and advanced cancer with mTOR

mutationz

NSCLC, metastatic renal cell
carcinome and recurrent ovaran,

tubel or paritoneal cancer
HERZ-pogitive breast cancer

NSCLC and mCRPC
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and gastro-oesophagesl
adenocarcinoma

Solid turmours

Hepetocellular carcinome

High-rizk scute myeloid
lsukssmia

Advenced colorectal cancer

o4
Approved by
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FDA
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Europe end
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to pass from its discovery to its approval and camaialization.
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Furthermore, for NPs-based drugs this process someis longer for
some of the intrinsic features of NPs formulations.

Among others, their production on large scale caralvery limiting
step, especially for multifunctionalized NPs, thelltiple synthesis
phases require continuous optimization, takingt @fdime.

Then many accuraie vitro andin vivo preclinical studies are needed
to exclude the toxicity of the nanoformulation aadinvestigate its
interaction with organs and tissues [Bozzuto G latinari A, 2015;
Sercombe L et al., 2015].

Due to their biocompatibility and biodegradabilityposomes, in the
form of Doxil®, a PEGylated liposomal doxorubicorimulation, were
the first NPs-based drug approved by FDA in 1986tHe treatment of
Kaposi's sarcoma in AIDS patients [James ND efil8P4; Udhrain As
et al., 2007].

Later, Myocet, a non-PEGylated liposomal formulatod doxorubicin,
in combination with cyclophosphamide was approwedte treatment
of metastatic breast cancer in Europe in 2000.

The driving force in the approval by FDA of druggosomal
formulation is the reduction of side effects tomat tissues and the
improvement of therapeutics bioavailability andbdity.
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1.2.4 Smart NPs for BBB crossing

The efficacy of therapies for CNS disorders is ryalimited by the
presence of the BBB, but also by the dynamic faiceerebrospinal
fluid (CSF) flow in the brainnterstitiumand by the complex cerebral
cellular organization. These obstacles stronglytrimute to the failure
of targeted treatments for brain disorders.

The BBB is one of the most specialized biologicatrier in the human
body and represents a semipermeable structure styadrates the
circulating blood from the brain, guaranteeing M®meostasis
[Daneman R et al., 2015].

The main components of this structure are: speedlmicrovascular
endothelial cells, astrocytes end-feet, basememhbrene, neurons,
and pericytes. Some authors define the structumstitoted by the set
of these elements and microglia aseurovascular unit (NVU)
[Keaney J et al, 2015].

The BBB endothelial cells (BECs), that maintain ery delicate
equilibrium in the brain, differ from endotheliatlts in the rest of the
body by the absence of fenestrations, more exterigyt junctions
(TJs), high expression of efflux transporters aparse pinocytic
vesicular transport [Ballabh P et al., 2004]. Imlasr to ensure the
integrity and tightness of the BBB, the brain clapyl endothelial cells
express specific proteins that form tight Junctiphd¥s) and adherens
junctions (AJs). The presence of TJs and AJs ininterconnected
endothelial cells also prevent the passage of umedesnolecules,
neurotoxins and circulating cells [Luissint, AC at, 2012]. TJs are
complex units formed by different types of protesmgh as claudins (1,
3, 5and 12), occludin, zonula occludens protaich s Z01, ZO2 and
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Z03, and accessory proteins. AJs are constitutezhbierins, platelet
endothelial cell adhesion molecule (PECAM1), anckéhjunctional
adhesion molecules JAMA, JAMB, JAMC [Masserini M2Q13;
Saraiva, C. et al., 2016]. Many studies demonsttatalterations in
the structure and/or in the function of any of thpsoteins compromise
the integrity and the functionality of the BBB, farxample by
facilitating paracellular diffusion through enddibecells [Sweeney,
MD et al., 2018; Zhou et al., 2018].
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Fig. 10 (A) The neurovascular unit (NVU) is made up of nurnereell types
including neurons, astrocytes, microglia, pericytesl endothelial cells with the cells
being arranged around cerebral blood vessels. TBB B a complex involving
endothelial cells, pericytes, endfoot processem fastrocytes, and the basement
membrane. It allows for essential nutrients to patsthe cerebral parenchyma (e.g.

35



oxygen and glucose), removal of unwanted mateeigl. Carbon dioxide), and limits
access to the brain of potentially damaging moksxuh the bloodstream (e.qg.
albumin, fibrinogen, and 98 % of drugép) Transport across the BBB is limited by
a number of mechanisms; active transcellular trarsis controlled by specific

transporter proteins in the endothelial cell membrge.g. glucose transporter-1,
GLUT1) or endocytotic processes, but passive diffusf lipophilic molecules is also

possible, particularly at low molecular weightstallular transport is limited by the
protein complexes composing the tight and adhejemstions found between the
endothelial cells. AQP4=Aquaporin- 4; ESAMs=endtithecell-selective adhesion

molecules; GLUT1=Glucose transporter-1; JAMs=Jumzl Adhesion Molecules;

PECAM=Platelet Endothelial Cell Adhesion Molecul¥’E-Cadherin=Vascular

Endothelial Cadherin; ZO=Zonula Occludens. FromliKda 2018.

In spite of this well organized fenced structure, some selected
molecules is given the chance of crossing by pdidae or
transcellular mechanisms. The latter is finer ratgd and includes: i)
simple diffusion, ii) carrier-mediated transportMT), iii) adsorptive-
mediated transcytosis (AMT), iv) active efflux and receptor-

mediated transcytosis (RMT) as shown in figure 10.
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Fig. 11 Transport pathways of endothelial cells in the BBBYm N. Poovaiah et al.,
2018



It is well known that hydrophobic compounds witmalecular weight
around 400-600 Da and with at most 8-10 hydrogemd$acan

passively diffuse across the BECs membrane lipidyér. This

dimension limit is lower for hydrophilic moleculeshich can only
cross the BBB if they are <150 Da [Pardridge WN01%]. On the other
hand, most anticancer drugs, proteins, antibodnek amtibiotics are
normally excluded unless their transport is mediaby channels,
transporters or membrane receptors.

The CMT is the route for vitamins, hormones, casuvhtes, fatty
acids, organic anions/cations, and nucleotidesdsscthe BBB. CMT
also facilitates CNS-to blood clearance of excitataminoacids as
aspartate and glutamate [Cefia V and Jativa P, 2018]

AMT is one of the strategies used for brain druivdey, which is

triggered by electrostatic interaction betweenorati molecules and
anionic microdomains on the membrane of the BEICthis context, a
lot of research was focused on the use of basgopdéptides and
cationic proteins, such as cell-penetrating aggfiged C and Nielsen
HM, 2008].

At the BBB level, the delivery of several drugsrésluced by efflux
pumps like glycoprotein-P (PgP), ATP-binding cassétansporters
(ABC), and multidrug resistance proteins. Wheneheflux pumps are
physiologically impaired, due to either aging or pathological

condition, brain influx of certain drugs can ingeapotentially leading
to CNS toxicity.

Noteworthy, also selected large MW molecules cassthe BBB by
RMT or caveolar-based internalization. Proteins hsuas

apolipoproteins, insulin, transferrin an@-macroglobulin cross the
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BBB by RMT in both directions, while some virusesegaveolaeto
enter cells.

It should be pointed out that RMT and caveolarficking are able to
carry large entities across the BBB, differenthonfr the other
mechanisms above described. This feature makes gaeticularly
interesting for pharmacology and nanomedicine, thiusy have
received much attention in the last years [BroadRBl, 1989; Muro S
et al., 2004].

As a consequence, an arsenal of nanostructuresidgffor chemical
composition, size, shape and physicochemical featuras been
generated to cross the BBB and to target differemdlecular

mechanisms.

Drug-loadad

nanoparticla

nanoparticle

DMA Nanomicelle Aptamar
nanoparticle

Fig. 12 Types of nanostructures commonly used for BBB simgs From Srikanth,
M. & Kessler, 2012.

Among others, polymer based NPs (poly (lactidedgoaiides) PLGA
NPs, dendrimers), lipid-based NPs (solid lipid NRiposomes,
niosomes) and naturally circulating NPs (extradatluvesicles,
exosomes) are the most intriguing tools, potentiable to solve the
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unmet problem of enhancing drug transport acros88B [Masserini
M, 2013].

Polymeric NPs, solid carrier vehicles made fromurator synthetic
polymers that form a core in which pharmaceuticaEn be
incorporated, have been widely investigated andl dsedrugs BBB
crossing and CNS pathologies treatment, for thenldgradability and
their extended half-life in the bloodstream [Cruhd.C. et al., 2017].
To this purpose, Falanga et al. produced a PLGAgtloylene glycol
(PEG) co-polymer (PELGA) nanosystem functionalizeith a cell
penetrating peptide gH625 and a cyclic iron-mimgkipeptide
CRTIGPSVC (CRT) used as RMT-targeting liganth vitro
experiments demonstrated that these bi-functioe@dliZNPs are
potentially able to cross the BBB, escaping endo$pmal entrapment
[Falanga AP et al., 2018].

In another work from Sanchez-Lopez et al., memantia drug
approved for moderate to severe AD has been incatgubinto PLGA
NPs surface-coated with PEG. These NPs were alum$s the BBB
in vitro andin vivo without exerting toxicity on BBB cells [Sanchez-
Lopez et al., 2018].

One of the most recent study directed by investg#te role of novel
mixed surface dendrimers in vivo BBB crossing of C57BL/6J mice
when injected through the carotid artery, sugggdtieir potential use
to deliver drugs and/or biomolecules and to selebtitarget neurons
[Srinageshwar B et al., 2017].

Moreover, tukasiewicz S. and co-workers investiglagsinteraction of
100 nm clozapine-loaded polymeric nano capsule$@ICs) with the
BBB in vitro model hCMEC/D3. Results indicate that these peggla
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clozapine-loaded NCs were the most efficient in thenscytosis
experiments and the less toxic to hCMEC/D3 cellskfisiewicz S. et
al., 2017].

In a work of Song H. and colleagues, borneol-medifsolid lipid
nanoparticle (SLNs) to target brain have been megdn vitro andin
vivo studies demonstrated that the chemical modifinadfdSLNs with
borneaol improved the BBB permeability while maintag a lower
cytotoxicity, a higher cell uptake and a good térggeability [Song H.
et al., 2018].

Similar findings have been obtained by Dal Magre BL. In their work,
SLNs modified with a fragment of the human apolimein E (namely
SLN-mApoE) were able to cross intact a BBBitro model, exploiting
different administration routes to reach the brfial Magro R et al.,
2017]

Liposomes have been extensively proposed for teatrrent of
neurodegenerative disorders like AD and differgpes of cancers.

In anin vivostudy performed by Papadia K. et al. 2017, muittional
liposomes, decorated for BBB ang fargeting, resulted very effective
on APP/PS1 mice. Moreover, the incorporation ofarnR fluorescent
probe, gave the possibility to condircvivolive imaging, highlighting
the BBB crossing and the theranostic potentiaheé nanoparticles.
Moreover, in a previous work, Mancini S. et al.owled the ability of
liposomes bi-functionalized with phosphatidic aart with an ApoE-
derived peptide to withdraw amyloid peptides fréwa brain, after BBB

crossing bothn vitro andin vivo[Mancini S. et al., 2016].
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Regarding extracellular vesicles and exosomesyallyt all brain cells
are able to secrete them, including neurons, agegscmicroglia and
oligodendrocytes. They contribute to intercellldammunication into
the brain through their basal release and uptalsubpunding cells, or
release into the CSF and blood, both in physioklgiand in

pathological conditions. Moreover, several studisowed that
exosomes are endowed of a good capability to ¢hesBBB [Rufino-

Ramos D et al., 2017]. For instance, the group afigrT. proved that
exosomes released from BECs are able to deliveordbicin and

paclitaxel into the brain after BBB crossing imebrafish model [Yang
T et al., 2015].

However, further investigations are needed to bettelerstand the

exosome targets and exchange mechanisms betweercalsU

1.3 Nanomedicine for the treatment of Glioblastoma
Multiforme

1.3.1 Drug delivery strategies for GBM

In order to obtain a more efficient delivery of gs.for GBM treatment,
many strategies have been proposed over the years:

One of these involved the TJs opening, by usingneteds or physical
modalities such as mannitol, sodium dodecyl sukphad polysorbate
80, or electromagnetic waves and ultrasounds réspbc Although
the temporarily and reversibly disruption of the BBy opening the
TJs resulted a promising method to increase drligedg to GBM and
other brain disorders, many drawbacks associatisttechnique have

been reported. Some of them involve the possibitity tumour
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spreading to the periphery and/or the exposure hef lbrain to
neurotoxins present in bloodstream. For these #éner seasons, this
technique remain poorly exploited [Reatul Karimiedle, 2016].
Another strategy to improve drug delivery to GBMeanto account
the inhibition of efflux transporters such as Papd ABC family
members [Kabanov AV et al., 2008untner C et al., 2010]. Since they
are directly involved in avoiding drug entranceoithe brain, some
studies focused their attention on their inhibitionorder to improve
the drugs concentration into the brain, withouteetiihg the BBB
integrity. However, this strategy is very challangiand further
investigations are needed to obtain clinical treaifée results.

On the other hand, the chemical modification ofdhgg to produce a
more lipophilic prodrug can be used to increaseBBB crossing and
the tumour delivery [Gabathuler R, 2010]. Despaes evidences, it
is important to consider that increase the lipithture of the drug may
also enhance the nonspecific uptake of the phanmiaaémolecule by
other tissues, thus reducing its specificity anerefore increase its
toxic effects.

A brain drug delivery strategy that allows the lodsstribution of a
significant amount of highly concentrated theramentolecules with
very low systemic effects is the convection-enhdnaielivery
technique. In this delivery modality, a cathetemmected to a syringe
pump, is placed in the tumour tissue and the dargsadministered
continuously under positive pressure through isfide the advantages
of this technique, its use is limited for the ridfldrug release in healthy
brain tissue and the consequent reduction of teeafly effectiveness
[Allard E et al., 2009].
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The drug delivery strategy that has gained hugearel attention for
the treatment of GBM, over the last few decadegires the use of

nanocarriers.

1.3.2 NPs for GBM treatment

Despite the efforts to develop innovative therapsutor GBM, the
complexity and heterogeneity of this pathology sty contribute to
the failure of the desired outcomes.

The raising search of new strategies for enhantimg treatment
efficiency and the prognosis of the disease indugomedicine and
the use of NPs and various nanocarriers.

Moreover, the advancements in nanotechnology dételecades may
contribute to the development of new treatments tine improvement
of existing therapies [Ortiz R et al., 2019].

In the case of GBM, it is also necessary to sefocharget molecules
to cross the BBB and the blood-brain tumor bar(@B8TB) for the

selectively reaching of the tumour mass and GSCs.

Among all the NPs, lipid based, polymer-based, demgts, albumin,
chitosan and silica NPs have been the most widélgied as
therapeutic agents carriers for GBM. Herein belome examples of
recent applications of these types of nanoparticles

Considering the lipid-based NPs, liposomes hava badely used to
achieve targeted drug delivery to GMB cell linesnbur-bearing mice

and human tumour-derived neurospheres. On the bémet, lipid nano
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capsules have been used to interfere with GBM Higggpathways
[Jativa P and Ceia V, 2017].

In this context, the most common approach consgistiecorating the
liposomes surface with targeting peptides in otdencrease selective
uptake and to enhance their targeted deliverytgbili

Functionalized liposomes have been also used:tgrget compounds
of the extracellular tumor environment [Zhao Y let2016], ii) to target
overexpressed proteins and receptors [Shein SA,e2#6], iii) as
SiRNA vectors [Yang ZZ et al., 2014].

For example, in the study proposed by Ying M. amavorkers, a more
sophisticated drug delivery system to target BBBp#-brain tumour
barrier (BBTB), and glioma cells has been descridadthis work
PEGylated liposomes were modified on the surfacth wivo D-
peptides (DCDX and DA7R-LS) and the efficacy of D&Dand
DA7R-LS-liposomes in crossing the BBB/BBTB and &tgg glioma
cells, were assessed batlvitro andin vivo. Furthermore, when loaded
with DOX, a high anti-tumour effect of these D-pdps modified
liposomes was observed in nude mice bearing irsnéar U887 glioma
cells, indicating these NPs as a promising strategyadvance
chemotherapy [Ying M et al., 2016].

Moreover, some groups investigate the simultangause of different
strategies. To this purpose Yang F.Y. et al.,, coebi focused
ultrasounds and interleukin-4 receptor-targeted D&adled liposomes
for the treatment of GBM8401 cell-derived tumouateg mice, and
the results showed an increased survival rateeofrdated mice. [Yang
FY et al., 2012].
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The other type of lipid-based NPs, developed andnskely used to
deliver both antitumor drugs and nucleic acids BMzells, with quite
promising results, is represented by SLNs [Battagliet al., 2014
Battaglia L et al., 201%uo YC et al., 2016].

In this context the work of Jin J. et al., presdrttee high therapeutic
potential of c-Met siRNA loaded SLNs to target affict the tumour
in vivo[Jin J et al., 2011].

Another promising approach has been proposed biy\Wét al., for the
dual delivery of two chemotherapeutic drugs, vistone and TMZ,
with SLNs [Wu M et al., 2016].

PLGA NPs are another type of synthetic NPs thaeHasen widely
used in the fields of tissue engineering, medivalging, diagnosis and
drug delivery, as carriers for both hydrophobic and lipophilic
pharmaceuticals.

Due to their biocompatibility and biodegradabilayhigh number of
studies have outlined the usefulness of PLGA NP&BIM treatment.

In this context monomethoxy-PEG (mMPEG)-PLGA NPsHaeen used
for co-delivery of paclitaxel and TMZ to U87 and @Boma cells,
achieving better results in inhibiting growth amalucing apoptosis,
bothin vitro andin vivo, when compared to the use of the free drugs
[XuY etal., 2016].

Moreover, DTX-loaded PLGA NPs have shown an inedas
penetration ability into C6 GBM cell spheroids angproved survival
rates in C6 glioma-bearing nude mice, as comparid free DTX
[Kang T et al., 2015].

In another work Tamborini et aproposed a nanovehicle composed of

silver NPs entrapped in PLGA NPs conjugated torcidxin, a peptide
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reported to selectively target glioma cells. Conrgn these
functionalized PLGA NPs wittX-ray irradiation, they obtained an
efficient antitumor synergistic effect able to ibhiin vivo tumor
growth [Tamborini M et al., 2016].

Albumin NPs have been considered useful drug carfae their high
biocompatibility and the lack of toxicity and immuagpenicity.

Recently, Ruan et al. developed effective albunaseol NPs loaded
with paclitaxel and functionalized with a ligand feeurokinin-1, which
is overexpressed in tumours like GBM. Tihesivoresults showed that
these NPs display a greater accumulation at theudusite, associated
with a higher antitumor effect and a low systenoixidity [Ruan C et
al., 2018].

Moreover, Byeon HJ et al., have been reportedrttzatnose-modified
albumin NPs markedly reduce (more than 15 fold)I@&0 for DOX
in U87-MG cells [Byeon HJ et al. 2016].

Several studies on GBM focused their attention enddmers-based
NPs. Although some of them showed a lower tumoowdr in treated
animals as compared with non-treated ones, seisgaés on their
cytotoxicity are still open [Tomalia DA et al., ZBIKannan RM, et al.,
2014; Mukherjee SP et al., 2010].

In an attempt to achieve an improvement of drugstimne and a
successful targeted delivery, the use of NPs coethbo§biopolymers
such as chitosan has been investigated. For exar@gl¥ coated
chitosan NPs have been used to deliver TMZ to GB#isc

significantly increasing its half-life at a physagiical pH, as compared
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with the free drug, and achieving at least a twabfelduction in the IC50
as compared with the NPs not containing CTX [Fareg &2015].

Another type of NPs used to deliver antitumor driag&BM cells both
in vitro and in xenograft models, are silica-based NPs.

In this context the work of Li ZY et al., demonsé@ an almost 80%
decrease in cell viability in U87-MG treated withingptothecin-loaded
and DOX-conjugated mesoporous silica NPs (MSNs)4Yi et al.
2013].

In another paper Goel et al., used an anti-VEGERnl loaded into
PEGylated MSNs to effectively treat U87-MG GBM-beagr mice.
[Goel S et al., 2014].

However, more research is needed in this areattertunderstand the
behaviour and the toxic effect of silica NPs wiélgard to tumour and
healthy CNS cells.

1.4.1 |In vitro model of the BBB

In the early 1970s the isolation of endotheliallscdiom brain

capillaries started [Jo6 F and Karnushina |, 19738jese intact and
almost pure brain capillaries endothelial cells E&3) were firstly
obtained through a combination of mechanical homgdion of brain

tissue and sucrose gradient centrifugations. Thea isolation

techniques were modified including filtration stepsich guaranteed
improvements in the final product.

BCECs were widely used to study the BBB propersiesh as tight
junction integrity, transport mechanisms and mdicipathways
[Czupalla CJ et al., 2014].
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Different BBBin vitro models are available from decades and are based
both on animals (mouse, pig, bovine, rat) and omdru endothelial
cells [Dehouck MP, et al., 1990; Patabendige Al.e2813; Burek M
et al., 2012; Cecchelli R,i et al., 1999; Helms ¢t@l., 2016; Cecchelli
R et al., 2014].

BCECs from non-human origin have provided manyrimfation on the
physiology and pathophysiology of the BBB and hallewed very
valuable cross-validation between models.

Instead, the human brain tissue is difficult toamtt thus limiting the
development of primary cultures of human brain ¢nelal cells
However, some different groups established and acienized
immortalized human brain capillary endothelial sglVeksler BB et
al., 2005; Stins MF et ak001] allowing a deeper understanding of the
cellular and molecular mechanisms underlying BBRlggshment and
functions.

The Risau group published the first work using nedusin endothelial
cell lines, generated by immortalization with Pohe middle T
antigen. bEND.5 and bEND.3 are commercially avédlatell lines
based on this immortalization strategy [Wagner BdFRisau W, 1994].
Forster et al. produced alternative cell lines, elgmcEND and
cerebEND, from mouse cerebral and cerebellar caig,
respectively. Both cell lines form monolayers ahdw spindle-shaped
morphology [Burek M et al., 2012; Forster C et aD05; Silwedel C
and Forster C, 2006].

Considering monolayer integrity parameters, bENBArsl bEND.3
generally display low TEER (around &0Xxnv), while cEND and
cerebEND cell lines showed TEER varying from 308006 cn?and
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strong occludin and claudin-5 expression at thiet fignctions [Omidi
Y et al., 2003; Steiner O et al., 2011].

Since rat brains were the first source of BCECsdevelopment of
BBB models [Jo6 F and Karnushina |, 1973] many issidvere
conducted on these cells, but their use were alvauddsoon due to the
impossibility to remove contaminating pericytesbpdtt NJ et al 1992;
Szabo CA et al., 1997]. Rat models generally disfdav to medium
TEER (around 100-30Qcn?) depending on the culture method.
Moreover, the rat models have been shown to exfitesaost common
tight junction proteins such as claudin-5, occluaimd ZO-1 [Calabria
AR, et al., 2006; Cardoso FL et al., 2012].

During the years, efforts have been made to crattenative models
based on human immortalized brain endothelial cellluman-derived
stem cells [Weksler BB et al., 2005; Lippmann E&let2012; Boyer-
Di Ponio J et al., 2014].

The most widespread and well characterized of thgighed human
immortalized brain endothelial cell lines is thenfan Cerebral
Microvascular Endothelial (hCMEC/D3) cell line [Wa&r B, et al.,
2013].

More than 150 publications have applied and furtharacterized the
hCMEC/D3 cell line: in the first passage, thesdsoekre sequentially
immortalized by lentiviral vector transduction witke catalytic subunit
of human telomerase (hTERT) and SV40 large T antige

The hTERT/SV40-immortalized hCMEC/D3 clonal cefidiis derived
from human temporal lobe microvessels isolated ftmsue resected

during surgery for epilepsy [Helms HC et al., 2016]
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This cell line shows a spindle-shaped, elongatephwogy similar to
primary cultures of brain endothelial cells, anthie contact-inhibited
monolayer of elongated cells on collagen typetype IV.

Moreover, hCMEC/D3 expresses junction-associatédlike proteins
such as PECAM-1 and JAM-A, adherens and tight joncstructural
proteins such as VE-cadherin, claudin-3, claudiasi®l occludin,
scaffolding proteins such gscatenin, ZO-1 and ZO-2 as well as the
cell polarity complex Par-3/Par-6/PKCz, which fuatlcontributes to
the control of tight junction integrity and apidadsal polarity [Kroll S
et al., 2009; Wedel-Parlow MV and Galla H. 2020tus C, et al.,
2014].

Since the expression level of claudin-5, which msportant for
junctional tightness, has been reported to be lowbCMEC/D3 than
in intact microvessels, the TEER of this cell lisen the range of 30—
50Q cm?[Urich E et al., 2012].

For its characteristics, the hCMEC/D3 cell lineregents an easy to
use, thoroughly characterized model of human originich appears
particularly well suited for drug uptake studiesefBard SC et al.,
2014]. However, an optimization in culture conditito improve the
tightness of the monolayers formed by the hCMEGZBIS to perform
mechanistic studies, represents a still open aigdieén this field.
Recently, human brain endothelial cells have bésm @btained from
stem cell sources, including human pluripotent statls (hPSCs)
[Lippmann ES et al2012]. These renewable sources for human BBB
models offer the opportunity to study the signalpathways involved

in the interacting cells of the neurovascular (KWU) and the dynamic
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changes that may occur during the BBB developnjBoizer-Di Ponio
J et al., 2014Cecchelli R et al., 2014jppmann ES et al., 2014]
Moreover, with the hPSC system it would also besjids to recreate a
more realistic model of a diseased NVU, using emel@l and neural

cells derived from patients.

1.4.2 In vitro models of GBM

Considering the already widely explained GBM interd intra-tumoral
heterogeneity, the seek for a model that refléesiain characteristics
of the disease is a still open need [Da Hora C@l.e2019; Robertson
FL, et al., 2019].

In the last 30 years, the high demand for readibjlable and relevant
cell models of GBM generated several GC lines,uidiclg U87-MG,
which is the most popular one with about 2000 icitest in PubMed, but
also U251, T98G, LN18nd A172, among others.

These cell lines have been employed extensivdbpthin vitro andin
vivo research on GBM, providing valuable knowledge ahbis type
of tumour [Le Mercier M et al., 2009].

The invasive potential of U87-MG cells is highercasnpared to other
GBM cell lines such as U-118, and for this and otheasons
researchers focused their attention on it.

The U87-MG cell line is a morphologically heterogens line, which
contains two different cell types: adherent celid amall spherical cells

forming aggregates [Urbanska K and Mandal CC, 20IHis cell line
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was originally derived from a Caucasian man tumoesected and
characterized by Ponten et al in 1975.

The U87-MG is a hypodiploid cell line, with the nadcchromosome
number of 44 occurring in 48% of cells and genomalysis have
identified different classes of genetic mutationsicluding
insertions/deletions, translocations and singldeuile variations
[http://www.lgcstandards-atcc.org].

Moreover, U87-MG cells express a wild-type TP53 ayudthesize the
mutant form of the tumour suppressor PTEN proteimich play a key
role in proliferation, angiogenesis and resistaiocapoptosis [Cerrato
JA et al., 2001; Jacobs VL et al., 2011].

Glioma cell lines derived from human counterpastssh as U87-MG
cells, are widely used as pre-clinical modehinitro studies, to test the
cytotoxic activity of antitumor agents, nanopad&lklnd plant extracts
included. On the other hand, many studies focusegroliferation,
migration, invasion, chemoresistance or radiorasst of this cell line
[Agrawala PK et al., 2009; Xin H et al., 2012; Yestal., 2014].
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Fig 13U87MG cells

An in vivo mature GBM tumour has a very complexisture, generally
consisting of regions of regularly dividing cellsypoxic cells, and
necrosis, at increasing distances from blood vegz#iang X et al
2005; Becher OJ et al., 2006].

Since the high complexity of GBM, models reflectiitg structural,
morphological and physiological heterogeneity aeeded. In this
context, many efforts have been done to createe timensional
models such as spheroids to better mimic the tumour
microenvironment, the 3D cells architecture and templex
interactions that exist between the tumour anthatst [Dufau | et al.,
2012].

U87-MG cells usually generate tight spheroids, wikcellent
reproducibility and a quite long lifetime (up to-tldys) [Urbanska K
and Mandal CC, 2014].

However, a halo of mystery surround the U87-MG lied.
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The authors, whose laboratory developed the cedl dlmost 50 years
ago, compared the genetics of this cell line (olg@ifrom ATCC) with
those of the original tumour, and the DNA profiletioe current cell
line worldwide used for research on gliomas isatéght from that of
the original cells. Therefore, the genomic analgsisfirmed that the
U87-MG is likely to be a human glioblastoma celéibut with
unknown origins [Allen M et al., 2016].

There are several non-human GBM cell lines avalakbthich are
derived from animals such as rats and mice. The aomsmon ones are
the CNS-1 and C6 from rat and GL261 from mice, thdse are
chemical induced glial tumours, not spontaneous.

However, all the human-derived and the non-humaiveld GBM
models are imperfect for several reasons and preseme drawbacks.
The first drawback is due to the fact that the seoontaining medium
in which these cell lines are grown alters bothrttranscriptomes and
genomes and determines a depletion of stem-liketurmells [Lee J et
al., 2006]. Secondly, intracranial injections oésk cell lines into the
brains of mice rarely develop tumours with the GBMrphological
features [Lee et al., 2006; Mahesparan R et ab3RT he third issue is
the lack of a clinical characterization of the twrederived from these
cell lines, that makes impossible a correlationMeen these models
and patients-derived tumours [Yuan Xie et al., 3015

In this context, glioblastoma stem-like cells (GH@wmy represent a
solution to overcome all the issues presented by@8ll models.
GSCs have been recognized as tumor-initiating,catld are the main
actors in the mechanisms of tumour invasion/migratiecurrence, and

therapeutic resistance [Balvers RK et al., 2017].
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During the years, different GSCs have been charaetk For example,
some patient-derived GSCs, such as GBM8 and GBM6éwsd a
butterfly-like growth pattern, a well-known charagstic of GBM,
spreading from one brain hemisphere to the opposiegia the corpus
callosum. Moreover, the GBM8-based model also temdexpand
alongside the subventricular areas, leading to rapcession of the
lateral ventricles.

All GSCs lines were able to show histological hatks of the original
tumours, including necrosis, invasiveness, anceamed angiogenesis,
thus representing the most suitable models to tigade the effect of
novel therapies [Bao S et al., 2006; Wakimoto ldlgt2009].

1.4.3 Animal models of GBM

Preclinical mouse models are essential for mangomsa such as
analysing the biology of GBM, identifying new moldar targets, and
evaluating the effectiveness of new therapeutiatagies. Nowadays
the preclinical GBM models are classified into threategories:
xenografts, genetically engineered mouse (GEM) nspdad syngenic
murine models.

Moreover, GBM xenografts are also divided into twategories:
glioblastoma cell line-derived xenografts (CDX) apaltient-derived
xenografts (PDX). [Kijima N and Kanemura Y, 2017]

GBM CDX were usually obtained after intracranialjection of

commercially available human GBM cell lines (such @87-MG,

U251, T98G, among others) into immunodeficient mitke
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NOD/SCID mice and NOD/SCID gamma mice, or with@#& glioma
cells in Wistar rats or in C57BL/6 mice (allografiodels) [Babu PP,
and Deshpande RP, 2018].

Many studies revealed high engraftment rate, geptbducibility, and
reliable disease growth and progression of GBM (B¥szthy PC et
al., 2012]. On the other hand, some evidences stegjghat GBM
CDX do not properly reflect the clinical characstigs of the original
patient tumour [Martens T et al., 2008]. In parfacuthese tumours are
usually circumscribed and do not show single-eelasion. Moreover,
some differences were observed in the major histpedibility
complex (MHC) expression and in the immune respossggesting
that the xenografted tumours were not phenotypiddintic to the
original patient tumour [Anderson RC et al., 2002].

These disadvantages raise the doubt on the useBbf GDX in
preclinical trials.

For these reasons GBM research recently focuseddf, a model
with the advantage of retain both the genetic dastblogical features
of the primary tumour from which it was derivednX et al., 2010;
Hidalgo M et al., 2014]. Moreover, the cells of skemodels did not
show stresses signs than normally arise in CDX isd@aniel VC et
al., 2009; Fichtner | et al., 2008].

PDX models are generally obtained by ortothopicedtipn of
glioblastoma tumour spheres, produced under sereen-tulture
conditions, into immunodeficient mice brain. Theshnique allow the
maintenance of the patient’s original tumour feasumolecular profile
and tumorigenicity included [Chen R et al., 2010ther studies also

revealed the preservation of single-cell invasitilitg and tumour
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angiogenesis in PDX models [GlUnther HS et al., 200&imoto H et
al., 2012]. For its wide range suitability, PDX net&lare expected to
be a pillar in the future of translational GBM rasgh, from studies on
signalling pathways to innovative therapies tests.

GEM models are usually obtained by gene expressianipulation

using Tet-regulation or Cre-inducible gene alldiesoverexpress or
inactivate specific genes in defined cells. Morep@EM models can
be established by somatic-cell gene transfectismguretroviral or

adenoviral vectors, as in the RCAS/Tva system [Fmiel MJ et al.,

1994].

GBM GEM models play a pivotal role in the studygehetic alterations
involved in tumour initiation and progression amd this reason are

also useful for targeted pharmaceuticals testing.

Syngenic GBM mouse models have long been useddeaspansable
tools for research on this disease.

GL261 models among others are the most extensisdyg syngenic
GBM mouse model. These models are reported to itetatpe the main
GBM histologic and biological features. Furthermosince these
models require the use of immunocompetent micey, tilined out to
be very suitable for analysing GBM tumour immungiognd for
immunotherapeutic research [Kijima N and Kanemur2017].
Despite the benefits coming from the use of alkthienal models above
mentioned, it is important to highlight that thedregeneity of GBM
and the intrinsic differences between humans andas could

sometimes limits their use.
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In table 4 a summary of the characteristics ofentiy available mouse
models of glioblastoma, underlying their advantagesd

disadvantages.

Characteristics of Each Glioblastoma
Mouse Model

Model Advantage Disadvantage
Cell-line High engraftment and growth rates Does not recapitulate genetic and
xenograft Good reproducibility phenotypical feature of original tumor

Reliable discase growth and progression  Need to use immunodeficient mice

Patient-derived Recapitulate genetic and phenotypical Relatively low engraftment and
xenogralt feature of original tumor growth rates
Need to use immunodeficient mice

Genetically Identify the molecular events Does not completely reflect the
engineered responsible for tumor initiation intratumoral genomic and
mouse model and progression phenotypic heterogeneity
Analyze the role of the Tumor initiation cannot be controlled

microenvironment

Syngenic mouse Suitable for tumor immunity and Might be different from human

model immunotherapeutic rescarch glioblastoma

Table 4 Different types of GBM mouse models.

15 Premises for the thesis

1.5.1 mApoE modified liposomes for BBB crossing

In the context of GBM treatment, the main hurdlesovercome are
represented by the presence of the BBB that istintahe brain region
where GSCs are infiltrating and by all the drivifagces of tumour
formation and progression, like the high invasiwsnand proliferation
rates and resistance to radiation and chemotherapy.

To potentially answer these issues, liposomes (ld&nposed of
sphingomyelin  (Sm) and cholesterol (Chol), embegldithe
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chemotherapeutic drug doxorubicin (DOX) and funcalized with a
modified peptide derived from the receptor-bindinigmain of
Apolipoprotein E (mApoE) were proposed.

Liposomes composed of a matrix of Sm and Chol mraqglar ratio
have been widely used bathvitro andin vivofor therapeutic purposes,
displaying good circulation times in blood, biocaatipility, resistance
to hydrolysis, low ion permeability [Webb MS et d1995; Thomas DA
et al., 2006; Re F et al., 2011].

In the searching for a strategy to cross the BB, attention was
focused on the low-density lipoprotein receptor (Pmediated
pathway (Cerletti et al., 2000; Markoutsa et @1P). LDLr is present
on capillary endothelial cells of several specied ds expression is
upregulated in the BBB with respect to other endidh[Dehouck et
al., 1994; Malcor JD et al., 2012]. Moreover, thegence of LDLr was
also reported on GBM cells indicating the potentifathis receptor to
be exploited for both BBB crossing and tumour tange[Joo KM et
al., 2013,villa GR et al., 2016; Guo D; et al., 2411

In particular, NPs interacting with the LDLr via apecific
apolipoprotein E (ApoE) amino acid sequence (cpording to the
binding domain of the ApoE, aa. 141-150) were shtawe transported
across the BBB by transcytosis, bypassing the breas degradation
[Dehouck et al., 1997].

In order to exploit the LDL-r pathway, the sequenoeresponding to
residues 141-150 of human ApoE, modified with ttiadament of the
three aminoacid residues (CWG sequence), CWG-LRKRRKR,
was attached at high density (2.5 mol%) as a monam&m/Chol

liposomes. The mApoE binding on LIP surface wasioled by using
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the thiol-maleimide covalent coupling by exploititige cys of the
peptide and a maleimide-modified lipid (DSPE-PEGRBOAL) as
already reported [Salvati E et al., 2013].

The functionalization of LIP with mApoE increasée tuptake of non-
functionalized NPs by endothelial cells and enhdrthe transport of a
drug payload through the BBB vitro as already demonstrated [Re F.
et al., 2011].

Taken together, the results obtained by other rekees of the group |
belong to, laid the foundations for the use of mBpalP for thein

vivo BBB crossing and pave the way to test them for GBMtment.

1.6  Scope of the thesis

GBM is one of the most challenging malignancietréat in the entire
oncology field.

Despite advances in cancer therapies, nanomediapg@oaches
included, the treatment of GBM remains inefficiehhese failures are
likely attributable to a) the complex, and not geimpletely know,
biology of this tumour, which is responsible f& gtrong invasiveness,
high proliferation rates and resistance to radmtaod chemotherapy,
and b) the presence of the BBB that limit the dregsance into the
brain.

Moreover, the intimate connection through which thells
communicate between them plays an important rolbase biological
processes. In this scenario, tunneling nanotube3 q)Tare recently
gaining importance as a key features in tumor @egjon and in

particular in the re-growth of GBM after surgery.
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GBM Stem-like Cells (GSCs) represent a subpopulaid cells

characterized by increased resistance to chemoraaiwtherapy (RT).
Due to their intrinsic tumor-initiating potentialné@ invasiveness,
residual resistant GSCs lead to GBM recurrencepragdression and
represent a crucial target for effective therapldswever targeting
GSCs is hardly difficult and complex, due to thegamce of the BBB
and for GSCs infiltrative nature arousing theirpdision within the
brain parenchyma.

In this context, we design and prepared doxorudmaded liposomes
(LIPs) functionalized to cross the BBB, to targ&@@ targeting and to

promote anti-tumor immune response activation.

In Chapter 2, the efficacy of mApoE-DOX LIP in &mvivo GBM
model has been proved. The encapsulation of DOXnmApoE-LIPs
prevents its toxicity on BBB cells and enhanceadsumulation within
the mouse braimn vivo. The presence of mApoE confers to LIP a
specific activity on GSCs through the engagemeth®t DL receptor.
When administered to GSC patient-derived xenogitaN©D/SCID
mouse, MApoE-DOX-LIPs triggered GSC apoptosis tagulin a
remarkable reduction of tumour growth and invasitm the
contralateral hemisphere. Importantly, the concantibdministration
of radiation enhanced the anti-tumour effects ofpopB-DOX-LIP by
altering BBB permeability and promoting the expi@ssf LDLr on
both BBB and GSCs. RT and adjuvant administratibdrag-loaded

targeted LIPs represent an effective strategy tlivete cytotoxic
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molecules, circumventing BBB hurdles and target®§Cs at the
tumour burden, the forefront of GBM recurrence.

In order to improve the tumor selectivity of mAp@EX-LIP, LIPs
were further functionalized with chlorotoxin (CIT>g peptide derived
from the venom of the giant Israeli yellow scorpioacently studied

for its intriguing anti-cancer activity [Cohen-Inb@ et al., 2016].

In chapter 3, the synergistic activity of CITx-mApm boosting DOX-
loaded liposomes across the BBB, keeping the anistir activity of

the drug loaded have been demonstrated: mApoE mcimoting

cellular uptake, while CITx promotes exocytosidipbsomes from the
basolateral side of brain endothelial cells.

The paper reported in Chapter 4 investigate therpiail of TnTs as
drug-delivery channels for cancer therapy, fadihigthe intercellular
redistribution of the drug in close and far awajlscehus reaching
isolated tumour niches that are hardly targetesimple drug diffusion
in the brain parenchyma. In this work, the differemidentified in TnTs
formed by GBM cells and normal human astrocytesehaeen
exploited to increase treatments precision andisgec
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ABSTRACT

Main prognostic factor for GBM survival is the emteof surgical
resection. However, due to the infiltrative capaaif GBM cells
complete eradication is most of the time impossitieachieve.
Therefore, to control tumor growth, and ultimatelyre patients, it is
essential to develop treatment strategies totdidpy refractory cells
and to mount robust immunosurveillance to prevésgake recurrence.
The radio- and chemo- resistance of GSCs togethrtheir innate
tumor-initiating aptitude, make this cell populatia crucial target for
effective therapies. However targeting GSCs is Igadifficult and
complex, due to the presence of the BBB and for &8iltrative
nature arousing their dispersion within the braangmchyma.
Methods: To enable BBB crossing, selective GSCs targetirtyaanti-
tumor immune response activation, doxorubicin asagigm of
cytotoxic drug triggering ICD, was encapsulated ihiPs surface-
functionalized with an ApoE-derived peptide (mApoE)

Results: Our results indicate that encapsulation into mAphOEs
prevents DOXO toxicity on BBB cells and enhancesaitcumulation
within mouse brainn vivo. mApoE confers GSC specificity through
the engagement of the Low-Density Lipoprotein RémepWhen
administered to patient-derived GSC NOD/SCID mowuseograft
MAPpPOE-DOXO-LIPs, but not DOXO-LIPs, triggered GS@oatosis
resulting in a remarkable reduction of tumor groasa invasion of the
contralateral hemisphere through commissural fib&p®ptotic GSCs
prompted microglia/macrophage phagocytic activipumled to the
activation of the antigen-presenting machinery peafeutic to T cell

priming. Importantly, the concomitant administrati@f radiation
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(2Gy) enhanced the anti-tumor effects by alterir@BBpermeability
and promoting the expression of LDLR on both BBB &5Cs.
Conclusion: Our results advocate for RT and adjuvant admirtistia
of drug-loaded targeted nanovector as an effedtirseegy to deliver
cytotoxic molecules, immune cell death inducers tipaarly,
circumventing BBB hurdles and targeting GSCs atttimeor burden,
the forefront of GBM recurrence. The proposed carabiapproach
responds to the need of selective targeting of GBM stem cells
remaining after surgery within the irradiated fiehdile preserving

healthy brain by harmful side effects.
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1. INTRODUCTION

Glioblastoma (GBM) is the most common and aggressiv
primary human brain tumor, associated with veryrgmognosis and
survival (5-year survival rate less than 5%) [1gn@tic heterogeneity,
angiogenesis, high invasive potential and stemmeeperties are
crucial factors concurring to GBM recurrence anghhinortality rates.
Additionally, the presence of the BBB, which cotgrthe passage of
substances from the blood to the brain, contribtdethe therapeutic
failure. Indeed, while the core of large and adeahlorain tumors are
associated with disrupted BBB integrity, the peerah area hosting the
invading cells contains regions with intact BBB [#hich favors the
creation of microenvironmental niches suitabledancer cell growth
and spreading.

Glioma Stem-like Cells (GSCs) represent a subpadioulaof
cells characterized by increased resistance to chand radiotherapy.
Due to their intrinsic tumor-initiating potentialn@ invasiveness,
residual resistant GSCs lead GBM recurrence andyression.
Therefore, GSCs are a relevant target for anti-GBiMrapeutic
strategies, and GSC-xenografts represent the GRidrarental model
closest to the clinical scenario [3].

Thanks to an extensively reprogrammed cellular badism,
tumor cells survive and proliferate under nutrieemdd oxygen
deprivation. In this context, GBM cells are hightiependent on
cholesterol supply for survival [4]. Recently Vilind colleagues [5]
showed that GBM relies on the uptake of exogendudesterol
mediated by Low-Density Lipoprotein Receptor (LDLRhdeed,
LDLR is highly expressed in GBM patient, tumor xgrefts and cell
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lines and its upregulation correlates with tumargpession and drug
resistance [4,6,7]. LDLR is also expressed at tBB Evel [8] and has
been already exploited to improve delivery of tpexatics by

transcytosis [9] across the BBB into the brain [T0jus, LDLR can be
profited to develop new drug delivery systems, wdinal-targeting

capability for both the BBB and the glioma cells.

A strategy either to target cancer cells and tovdebtherwise
impermeant drugs across the BBB is representeteogxploitation of
nano-based drug delivery systems [11]. Several ddegjvery
nanosystems, in particular nanoparticles, are otlyreundergoing
advanced clinical trials or, as in the case of | lirs/e been approved

for clinical applications in oncology [12,13].

Here we utilized LIPs functionalized with the Apalérived
peptide (amino acid residues 141-150; mApoE), sty shown to
cross the BBB bothn vitro andin vivo in the Alzheimer Disease
experimental model [14,15], as carriers of DOXG@hi brain (mApoE-
DOXO-LIPS).

Cancer cells exposed to certain chemotherapeuticidimg
DOXO and radiotherapy (RT) undergo to immunogered death
(ICD). ICD refers to a functionally unique formaéll death that occurs
when apoptotic cells trigger an antigen-specificnuame response able
to reactivate an antitumour immune response [16¢riical step for
ICD is the engulfment of dying cancer cells by pssional
macrophages and the activation of a variety ofscefl the innate
immunity leading to the priming of the adaptive inmme response
involving T cells [17,18].
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Using Patient-Derived Xenografts (PDXs), obtaineg b
intracranial injection of patient-derived GSCs i@D/SCID mice, we
provide evidence for mApoE-DOXO-LIP therapeutic gudtal by
causing GSC apoptosis and ICD triggering. DOXO-adfninistration
elicits no effects. Importantly, concomitant mApBEXO-
LIP/radiation administration achieves an improvedcome thanks to
increased MApPOE-DOXO-LIP diffusion and GSC cellulaptake
within the irradiated field.

2. METHODS

In vitro transwell BBB model

Human brain endothelial hCMEC/D3 cells (72 1@lls/cnf, passages
25-35) were seeded on 12-well transwell insertd(PEwell, pore size
0.4pum, translucent membrane insert 1.12cRuroclone) coated with
type | collagen and cultured with 0.5 ml or 1 mloodture medium in
the upper and in the lower chamber. Monolayer fdiona
(approximately 14 days after seeding) was monitbyetheasuring EP
of [**C]-sucrose andH]-propranolol and TEER measured by EVOMX
meter, STX2 electrode (World Precision Instrumerks) permeability
experiments, after 3 h of incubation with 2.5 or 2yml of DOXO,
free or embedded into LIPs, the amount of DOXOhi& basolateral
compartment was measured by fluorescence and Pheo DOXO
calculated as described [19]. LIP integrity aftdBBB crossing was
evaluated by Nanoparticle Tracking Analysis (Nagb$iNS300,
Malvern Panalytical). Impact of free-DOXO or DOXQHs on cell
monolayers was checked by measuring TEER and ERuoifer
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Yellow (50 uM) after hCMEC/D3 incubation. For cytotoxicity
experiments, hCMEC/D3 were co-culture with U87-M&L,72 cells
(5.4x10 cells/well) adherent to the bottom of the basokite
compartment. 25 pg/ml of DOXO, free or embeddddih were added
to apical compartment and incubated for 3h. The@pgeuinserts were
removed and GBM cells cultured for additional 48hthe lower

chambers. Viability was evaluated by MTT assay.

Patient-derived GSCs

Patient-derived GSC cultures were obtained from GPpitients
undergoing surgery for brain tumor remov@alirgical specimens were
collected from consenting patients in the DepartneéiNeurosurgery

at Neurological Institute “C. Besta” (Italy) und&Z. Besta” research
ethics committee approvalumor samples were processed as by Gritti
et al. [20].

MAPOE-LIP biodistribution

All procedures involving animals were conductedoadmg to Italian
laws and the Animal Utilization Protocols approvied the Italian
Ministry of Health. 6-8 weeks old male Balb/c mi@&mice/group;
Charles-River Laboratories) were injected via #ikviein with 100 pL
of radiolabelled mApoE-DOXO-LIP (10mM total lipid§ mg/kg
DOXO, 0.5 pCi/mouse®H]-Sm, 0.3 pCi/mouse{C]-DOXO0) or free
DOXO (5 mg/kg, 0.3 pCi/mousé“C]-DOXO0) in PBS. After mice
were sacrificed a total of 0.1 g of each tissud @0 pul of blood, in
triplicate, were solubilized at 35 for 2h and cooled to room
temperature. Radioactivity was measured by liquantslation
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counting. Data were expressed as percentage atedjelose on total
organ weight/volume + SD. The possible radioactiderived from the
blood was subtracted from the radioactivity valmesasured in the
brain (-5% of measured radioactivity).

GSC orthotopic xenografts and treatments

To study mApoE-DOXO-LIP antitumor activity, lucifese transfected
GSClluc cells (4 x 1) were stereotactically injected into the right
striatum of 4-week-old male NOD/SCID mice (NOD.CB-1
Prkdcscid/J, Charles-River). Luciferase stable esgion was obtained
using the pRRL.sin.PPT.CMV.Luciferase.iresEMCVwtréGpre
lentiviral vector engineered by Dr E.Vigna and Kindrovided by Dr.
C.Boccaccio (Candiolo Cancer Institute, Candiolorifio, Italy) [21].
From 6 weeks after intracranial inoculation, tumeese monitored by
BLI imaging (IVIS® Il Imaging, Caliper Life SciensePerkinElmer)
once a week. Treatments started at 8 weeks aft@rtinjection (D60)
when tumors were detectable by BLI. In order toaosbttomparable
results, animals were randomized according to Bidgines into four
groups homogeneous for tumor dimension (at leasti®als/group).
All treated mice received 37,5 mg/dose/mouse of BQO¥livered by
DOXO-LIPs or mApoE-DOXO-LIPs administered intrapienieal.
Whole-brain radiation (2Gy) was performed usingXaray irradiator
operating at 12 mA/190kV (RADGIL, Gilardoni). mApdBEOXO-
LIPs were administered 18h after radiation.
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Statistical Analysis

Data of in vitro assays were expressed as mean values + standard
deviation (SD) or standard error (SE) of at ledste independent
experiments performed in replicates. Statisticaniicance was
evaluated with GraphPad Prism software. Data wer@yaed by
Studentt-test. Differences were considered significant Pevalue <

0.05.

3. RESULTS

MApPOE-DOXO-LIP are able to cross the BBBIn vitro and affect
GBM cell viability

Liposome FigurelA) preparation and characterization are detailed
in the Supplementary Methods. The physiochemicarastterization
showed that, under physiological conditions (pH),7.the final
preparations were formed by LIPs < 130 nm, monatsgd and
negatively charged. Release kinetic from mApoE-DOX® showed
a DOXO release rate of 0.11%/h at pH 5 and 0.0%%6fH 6.5 and
7.4 Supplementary Figure 1.

MApPOE-DOXO-LIP ability to cross the BBB and tar@&BM cells
was investigatedh vitro using a transwell system combined with a
human brain capillary endothelial cell monolaye€CMEC/D3), as a
model of BBB Figure 1B), and, when required, with adherent GBM
cells cultured in the basolateral chamid&g@re 1F). hCMEC/D3 cell
monolayer were used when TEER values were £46¥ and the
endothelial permeability to LY was < 2x3@m/min, accordingly to

previous data [22].
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MAPOE-DOXO-LIPs, DOXO-LIPs or free-DOXO were added
the apical compartment and BBB integrity was measuafter
treatment. A lower toxicity, in terms of Transerustal Electrical
Resistance (TEER) and Endothelial Permeability (E#)Lucifer
Yellow, was detected in hCMEC/D3 cells exposed tOXD
encapsulated into LIPs compared to free-DOXO, sstyyg that the
drug incorporation reduces its cytotoxicifigure 1C). EP of DOXO,
free or incorporated into LIPS, was measured bynsez DOXO
fluorescence in the basolateral compartment ovee.tiA significant
improvement (approximately 5-fold) in DOXO permeatthrough the
BBB was observed for mApoE-DOXO-LIPs compared toX@BbLIPs
(Figure 1D). Measurement of LIP size after BBB crossing réa@#he
lack of significant differences in LIP dimension nfioming the
preserved integrity of mMApoE-DOXO-LIP Figure 1E;
Supplementary Figure 1Q.

To assess if encapsulated DOXO is able to exert@mnbr activity
after BBB crossing, the BBB transwell model wasegrated with
U87MG and A172 GBM cellsHigure 1F) and GBM cell viability was
evaluated by MTT assay. The resufgy(ire 1D) showed that mApoE-
DOXO-LIPs added in the upper chamber was able daifstantly
reduce, after BBB crossing, the viability of botlBTMG and A172
cells by approximately 53% and 60%, respectively.

To confirm that mApoE-DOXO-LIPs cytotoxicity wakie to
specific LIP intracellular uptake, DOXO fluorescemas measured by
microscopy image analysis. Results indicated @ 8-fold increase of
nuclear DOXO triggered by mApoE surface LIP functbzation
(Figure 1H; Supplementary Figure 2. Incubation with the clathrin-
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mediated endocytosis inhibitor Chlorpromazine oe tbdynamin
inhibitor Dynasore significantly reduced mApoE-DOX@P
intracellular uptake compatible with a receptor-ragst recognition of
the mApoE peptide responsible for the cellular kptgigure 11).
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Figure 1.In vitro DOXO-LIP BBB crossing and GBM cell viability.

(A) Schematic representation of Sphingomyelin (Snjl€dterol (Chol) LIPs
functionalized with mApoE peptide and embedding OWXB) Schematic
representation of thie vitro BBB model prepared using hCMEC/D3 cells seeded on
the transwell filter.C) TEER and EP to LY of endothelial monolayers a#eDOXO
(25C1g/ml), free or embedded, incubatioB) EP to embedded DOXO determined by
adding samples in the apical compartment and mami®OXO fluorescence in the
basolateral one after 3tEY MApoE-DOXO-LIP size after BBB crossing determined
by nanoparticle tracking analysis of LIPs presarthe basolateral compartmer) (
Schematic representation of the integrated transystiem prepared seeding adherent
GBM cells in the basolateral compartmen®) 6fCMEC/D3 cells, in co-culture with
U87MG or A172, were incubated with DOXO-LIPs or m#pDOXO-LIPs added

in the apical compartment (DOXO 25g/ml). After 3h incubation, the transwell
insert was removed and GBM cells viability was deieed by MTT assay after
additional 72h of culture.H) Nuclear DOXO quantification in U87MG cells
incubated with indicated LIPs anb) vith mApoE-DOXO-LIPs alone (CTRL) or in
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the presence of chlorpromazine (CPZ) and dynasoY&j. All data are reported as
the mean of at least three independent experirte8i3. *P< 0.05, **P< 0.01, ****
P<0.0001

MApPOE-DOXO-LIP intracellular uptake and cytotoxicity in
patient-derived GSCs

To investigate whether mApoE-LIPs could be expbbite target
GSCs, we established primary cell lines from swiggamples of
patients at first diagnosis. Patients charactedgstre provided in
Supplementary Table 1 Three GSC linesHgure 2A and2B) were
selected based on their different degree of regpmBOXO including
cells with high (GSC1, proneural subtype) and mater(GSC2,
proneural subtype) sensitivity to DOXO and non-oesjer cells
(GSC3, mesenchymal subtyp&ufpplementary Figure 3. Using the
extreme limiting dilution assay [23], the selectal lines displayed
self-renewal capacity at the following frequenci&&3,74 for GSC1,
1/5,21 for GSC2 and 1/4,22 for GSC3 cell lines.

MApPOE-DOXO-LIP intracellular uptake was evaluatdgdotugh
nuclear DOXO fluorescence quantification. DOXO-LdBnjugation
with mApoE significantly augmented nuclear DOXO @oailation in
all GSC cultures, particularly in GSC3 cellsdure 2C and2D). To
verify if DOXO carried by mApoE-LIPs was functionahd effective,
cell viability was assessed. Non-targeted DOXO-LIBi&l not
significantly affect GSC viability, even at the hagst DOXO dosage,
excluding cellular adverse responses to endotoantamninants
possibly present in the LIP preparations. Convgrsetiose-dependent
inhibition of cell viability was observed when GS@sre exposed to
mMApoE-targeted DOXO-LIPSHgure 2E).
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Interestingly, the higher level of nuclear DOXOples/ed in GSC3
does not correlate with a decreased cell viabibity it is consistent
with GSC3 intrinsic drug-resistance to DOXO. Theéo 1Gso values
of free-DOXO Gupplementary Figure 3 compared to mApoE-
DOXO-LIPs Figure 2 D and 2B confirms that mApoE-DOXO-LIPs
are internalized through active, energy dependetb&ytosis whereas

free-DOXO promptly enters the cells by passiveutifdn.

106



m

% living cells

125

100

N o N
o o o o

o

N LD
¥ 2 N VS
S @ P
P

" DOXO-LIP

mApoE-DOXO-LIP

CD133 SOX2
= 0.010 = 06
3 . 3
£ 0.008- g .
< I < 0.4
< 0.006 5 =
(4 L o I .
£ 0.001+ £ O
K 02
N N Y
s i s
€ £ +.
S pa w O
€ 0.000 L —ap———o—v <

1)
i
‘J]

107

10

GSC1 GSC2 GSC3
8 8 HAKK
Lo
g8 6 ° 6
Q0
>3 4
O £ 4 Hokokok 4
X — *ok KK
F all D all
, N o N o N
Il DOXO-LIP [ mApoE-DOXO-LIP
GSC1 GSC2 GSC3
A DOXO-LIP @ mApoE-DOXO-LIP
125 125
100 " : 100 *
* *

75 75

50 50

25 25

0 0
125 25 5 10 0 925 25 & 10 0 125 25 65
DOXO pg/ml



Figure 2. LIP internalization and cytotoxicity in patient-derived GSC lines.
Established GSC lines were investigated for stemin@3 Representative confocal
images of staminal markers nestin (green) and CIERB. In blue is the DAPI signal
for nucleus detectionB]) Real-time PCR detection &fROM1and SOX2genes in
GSC lines and human astrocyte cell lines (NHA ax&£12) included as controls.
Expression data were normalized @GAPDH. Results are shown as mean values +
SEM of triplicates. €C) Representative images of DOXO, DAPI and brigbtefi
differential interference contrast merged signals@CS3 cells incubated with
MApPOE-DOXO-LIP or DOXO-LIP. D) Nuclear DOXO quantification expressed as
mean fluorescence intensity (MFI) + SE normalizef| detected in cells incubated
with DOXO-LIPs (4h, DOXO 4mg/ml).K) Cell viability after 48h incubation with
LIPs at the indicated increasing DOXO concentratidfalues are expressed as mean
percentage survival (six replicates + SE) normdlite corresponding untreated.
*P<0.05, ***P<0.0001.

Effect of radiations on LDLR expression and mApoE-XO-LIP
uptake

Although RT is a GBM standard of care, it is knotwrpromote the
expression of several mediators of tumor growthyasion and
metastasis [24]. In this context, we evaluateddiation, by enhancing
LDLR expression on GSCs, could increase mApoE-DOXP-
therapeutic potential. Results showed a varialspaese among GSCs.
Upon irradiation, GSC1 and GSC2 exhibited an apprate 2-fold and
4-fold increase of LDLR expression respectively. N®LR
modulation was observed in GSC3 cultur€iggre 3A and
Supplementary Figure 4. Radiation-induced LDLR expression
paralleled with higher levels of mApoE-DOXO-LIP age by GSC1
and GSC2 cells. Consistently, no difference in mA@OXO-LIP
uptake was observed in irradiated GSC3 céligure 3B).

To verify the possibility to boost mApoE-DOXO-LIPytotoxic
effect, GSC viability was investigated upon mApoBXO-
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LIPs/radiations combined treatment. An increasedtoyic effect was
achieved only in GSC2 cell&igure 3C), which are characterized by
low/moderate responsiveness to DOXO. Notably, #diditive effect
was observed only when cells were exposed to mAPOXO-LIPs
but not to free-DOXOKigure 3D). This is consistent with a radiation-
dependent higher intracellular DOXO accumulatioe do increased
MApPOE-DOXO-LIP uptake mediated by ligand (mApoEgeptor
(LDLR) interaction, which appears essential for sggergic effect. As
expected, despite the higher amount of intracell&®XO, the
combined treatment did not affect GSC1 and GSCRBilitia (Figure
3C). This could be explained by the already high ety to DOXO

of GSC1 Gupplementary Figure 3, and by GSC3 low DOXO
sensitivity together with the lack of LDLR induatio
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Figure 3. Effect of radiations on LDL-R expressionand mApoE-DOXO-LIP
intracellular uptake.

(A) LDLR level of expression in GSCs 24h after iradtin (2Gy). The results are
expressed as mean LDLR fluorescent area (Supplanyefigure 4) respect to non-
irradiated (0Gy) samples + SBB)(Intracellular DOXO quantification in irradiated
and non-irradiated GSCs incubated with mApoE-DONX®s. Results are expressed
as MFI normalized to MFI of non-irradiated cellSE. C, D) Cell viability after 48h
incubation with mApoE-DOXO-LIPsQ) or free-DOXO D) of irradiated and non-
irradiated cells. *P < 0.05, **P<0.01, ***P<0.001.
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MApPOE-DOXO-LIP biodistribution in healthy mice

Dually radiolabelled mApoE-DOXO-LIPs or radiolalsel free-
DOXO were administered intravenously to BALB/c middree and
24 hours after injection, radioactivity was meadur@esults Figure
4A) showed that DOXO incorporation into mApoE-LIPsr@ases its
circulation half-life, as indicated by the highadroactivity levels in
the peripheral blood 3h after injection of mApoEd]-DOXO-[H]-
SmLIPs compared to freé¥]-DOXO. Moreover, }*C]-DOXO
incapsulation significantly reduced its accumulatio liver, kidneys,
lungs and heart compared to fréég]-DOXO. Consistent with the
observation that nanoparticles accumulate in thalover time [25], a
progressive increase of radioactivity was deteatpdn mApOE-
DOXO-LIP delivery. Results indicated that 24h aftejection the
radioactivity of free-f*C]-DOXO in the brain was reduced by 2.7 folds
whereas it was 4.4-fold higher after the adminiiireof mApoE-£‘C]-
DOXO-[*H]-LIP. Furthermore, the ratio betwee#]-DOXO and
[3H]-Sm detected in the brain (1:12¢:*H) was comparable to that of
injected MApPOE-DOXO-LIPs, consistent with mApoE-DOXLIP
intact BBB crossing.

The observed moderate/low amount of MApoE-DOXO-tribssing
undamaged BBB advocates for dull therapeutic effeGhus, we
investigated whether the presence of tumor cellddcaffect BBB
permeability and consequently mApoE-DOXO-LIP braativery. Our
results Figure 4B and 4Q indicated that the incubation of the
transwell BBB model with GSC1 conditioned medialdoaiter BBB
properties. In particular, CM from irradiated GS{Dsreased BBB
permeability and CM from non-irradiated and irradchGSCs induced
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an upregulation of LDLR expression on endothel@MEC/D3 cells
(Figure 4C).
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Figure 4. mApoE-DOXO-LIP biodistribution of in peripheral org ans and

across intact BBB.

(A) Dually radiolabelled mApoE-DOXO-LIP ¥]-Sm/[**C]-DOXO) or free-}*Cl-
DOXO were intravenously injected in healthy Balmfice. Mice were sacrificed 3h
or 24h after the injection. Radioactivity preripheral organs was measured by liquid
scintillation counting. The amount ofH]-Sm or F4C]-DOXO is expressed as
percentage of injected dose (ID) + SB) (TEER values of BBB transwell model
untreated (CTR) or incubated with GSC1 conditiomextiia (CM) before (0Gy) and
after radiation (2Gy).Q) LDLR protein level in hCMEC/D3 cells (CTR) andtexf
12h-incubation with CM from GSC1 untreated and rafésliation. *P< 0.05, **P<
0.01.
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MApPOE-DOXO-LIP antitumor activity in orthotopic GSC -PDX

To prove possible therapeutic potential, mApoE-MDKXIPs were
administrated as single or radiation-combined {ner luciferase-
transfected GSC1 (GSClluc)-PDXd-idure 5A). BLI analyses
performed at 8 weeks after intracranial xenogi2a@Q) and at the end
of treatment (D75) indicated a low tumor growtheratonsistent with
GSC1 stemness features. Tumor growth inhibition elzserved only
in mice receiving mMApoE-DOXO-LIPs both alone or etger with
radiation. Mice receiving combined treatment showeate manifest
tumor reduction (~31%) compared to mice treatech witApoE-
DOXO-LIPs only (~25%). No tumor growth inhibitionas observed in
mice treated with DOXO-LIPg{gure 5B and5C).

Histological analyses of GSC1lluc xenografts conédmtumor
shrinkage in mice receiving mApoE-DOXO-LIPs. MoreovGSC1
cells detection by HU immunohistochemistry reveadeckduction of
tumor cell spreading across the brain upon combinedtment as
indicated by the considerably lower number of Hipee cells
migrating in the contralateral hemisphere along mssural fibers
(Figure 5D, Supplementary Figure 5andFigure 6).
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Figure 5. Tumor growth in mApoE-DOXO-LIP/radiation treated GSC1lluc
xenografts

(A) Treatment scheduleB] Representative BLI imagines: mice untreated (CTR)
treated with DOXO-LIPs (DOXO-LIP), mApoE-DOXO-LIP&s single agent
(MApPOE-DOXO-LIP) or concomitant with radiation (2@ByApoE-DOXO-LIP).
Treatments started 60 days (D60) after intracranjaction of GSC1lluc cells.Q)
Tumor growth quantification after 2-weeks treatm@?5) measured by BLI area
detected with fixed ROI. Results are expressedesmnaverage values normalized to
D60 + SE. D) Representative coronal cryosections from untcbd@TR) and
2Gy/mApoE-DOXO-LIP treated mice. GSC1 cells werdeded by anti-human
nuclei (HU) immunofluorescence. GSC1 quantificatiortontralateral, not-injected
hemisphere was calculated as number of single HAPIB nuclei and a fixed area
range of 12-50 mf The analysis was carried out using the FIJI saféwon 3
sections/brain (Supplementary Figure 5). Results arpressed as mean of
HU+/DAPI+ nuclei/cells £ SE.
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GAMM phagocytosis of apoptotic GSCs and immune cetleath

Apoptosis analysis byn situ TUNEL assay indicated a co-
localization between TUNEL and HU stainingupplementary
Figure 7). A significative increase of apoptotic GSC1 cellss
detected in mice injected with mApoE-DOXO-LIPs, bas single
agent (0Gy) or concomitant with radiation (2Gy),ngared to
untreated (CTR) or DOXO-LIP treated mice. Importgra low level
of TUNEL staining was observed in HU-negative nu@teurine cells)
(Figure 6A).

Apoptotic cells are normally removed from tissuesefferocytosis
by phagocytes to maintain tissue homeostasis. Ndaages are the
most common professional efferocytes [26]. Gliorasegiated
microglia/macrophages (GAMMSs) heavily infiltrate GB [27].
Therefore, GAMM infiltration was evaluated by imnafluorescence
using the myeloid marker Ibal. Results showed ftevamt difference
in GAMM infiltration extent Gupplementary Figure 8A.
Conversely, a profound difference in the morphologybal-positive
cells was observedS(pplementary Figure 8B. Infiltrating Ibal-
positive cells in untreated tumors displayed a figahj highly branched
shape disclosing a resting status. In contrast]-fassitive cells in
MApPOE-DOXO-LIP treated tumors had an amoeboid maolqy
revealing a phagocytic/activated phenotype. Coasilst, HU-positive
fragments were visible inside Ibal-positive celtsttApoE-DOXO-
LIP-treated miceKigure 6B andSupplementary Figure 88. Of note,
GAMM amoeboid morphology and HU-positive fragmetdslocalize
with  TUNEL staining Figure 6C and 6E), indicating GAMM-

mediated phagocytosis of cellular/nuclear debiisased by apoptotic
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GSC1 cells. As a further support, Ibal-positivéscassociated to vital
TUNEL-negative GSC1 cells had a branched morphosogyan intact
nucleus Figure 6D and6E).

In line with the knowledge that DOXO can trigg€&D0 and that
CD11c-positive myeloid phagocytes are required fantigen
presentation [28], we investigated CD11c in Ibaagutytic cells
(Figure 6F). No CD11c induction was detected in resting
microglia/macrophages from both untreated and ietad mApoE-
DOXO-LIP-treated mice, whereas CD11c was upregdletectivated
GAMM upon mApoE-DOXO-LIP/radiation combined treatmte
(Figure 6F andSupplementary Figure 9.
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Figure 6. Apoptosis and immune activation in GSClenografts

(A) Quantification of apoptotic cells defined by reed HU, DAPI and TUNEL co-
localization (Supplementary Fig. S7). Results aqgressed as mean values + SE of
HU-positive (human) and HU-negative (murine) in toatralateral hemispherd3)(
Representative 3D images of Iba-positive, tumdttiafing microglia/macrophage in
untreated (CTR) and mApoE-DOXO-LIP, without (0Gyldawith (2Gy) radiation,
treated mice. Yellow staining indicates HU and lbadlocalization. C andE) In situ
TUNEL detection within Ibal-positive cells at tumborder. D) 3D rendering of
panel C; F) CD11lc immunohistochemical detection in Ibal-pesitcells in
untreated and 2Gy/mApoE-DOXO-LIPs treated mice. rBegntative confocal
images. Yellow staining indicates CD11c and Ibadowalization.
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3. DISCUSSION
Current standard of care is not successful in delig effective and

persistent treatments to GBM. Several elements wotx therapy
failure, including the high amount of chemo-, radégistant tumor-
initiating GSCs and the presence of intact BBB amigtheral niches
[29]. To approach these issues, we used liposome$acse-
functionalized with the mApoE peptide, known to anbte LIP passage
across the BBB [30], as nanovehicles to deliver [@OX the brain and
to target GSCs.

In vitro characterization of mMApPoE-DOXO-LIPs showed that
liposome preparations were homogeneous and stalel 6.5 the
typical value of tumor environment. DOXO encapsolatinto LIPs
strongly reduced its toxicity on endothelial cellad, as expected,
MApOE surface functionalization significantly enbad DOXO-LIPs
passage across the BBB. LDLR expression on BBB teetal cells
would ensure for receptor-mediated transcytosisn8fpoE-DOXO-
LIPs. Indeed, we observed that after BBB crossmgpoE-DOXO-
LIPs stayed intact and able to impact on the viigoif GBM cells by
targeted delivery rather than passive intracelldifusion of DOXO.
MApOE-specific, receptor-mediated intracellularaket was confirmed
by (i) incubation with endocytosis inhibitors preventD@XO nuclear
accumulation in cells incubated with mApoE-DOXO-k]jRi) mApoE
functionalization significantly augments DOXO nuaieccumulation
and GSC cell deathiji() radiation-induced LDLR upregulation in GSCs
correlating with increased DOXO cellular internatibn. Overall,

these data point out the fundamental role of mApoEonferring
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efficacy to non-functionalized DOXO-LIPs and strongupport the

indication of MApoOE as a valuable targeting mofetyGSCs.

In vivo biodistribution indicated that healthy BBB allowadnodest
accumulation of mApoE-DOXO-LIPs into the brain. Hower, parallel
experimentsin vitro provided evidence that GSCs, particularly
irradiated GSCs, have the capacity to modify neagimg BBB in term
of induction of LDLR expression on endothelial sedhd compromised
permeability that could ease mApoE-DOXO-LIP delivdndeed, we
observed apoptosis of HU-negative (murine) celldy on mice
receiving whole brain irradiation together with mo¥pDOXO-LIPs,
which suggests an increased LIP accumulation intaororal brain
areas due to impaired permeability of irradiatedBBB low crossing
rate through intact BBB combined to a greater ciéyp&a cross tumor
adjacent and irradiated BBB, would confer selettitbo mApoE-
DOXO-LIPs delivery within the tumor area protectihgalthy brain
parenchyma from off-target effects. This is relévemnsidering that
GBM patients receive a localized RT limited to thegical margins

where most of the recurrences originate [31].

MApPOE-DOXO-LIP anti-tumor activity was evaluated ®BM-
PDXs obtained by intracranial injection of GSCIN@®D/SCID mice,
thein vivo experimental model that ensure stemness mainterjaag
This model generated slow-growing, diffused tumaith elevated
invasion capacity, proved by the migration of thgected GSC1lluc
cells into the non-transplanted hemisphere thraoghmissural fibers.
This emphasizes the high experimental value ofGBE€-NOD/SCID
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model that allowed mApoE-DOXO-LIR vivoassessment in a faithful
pre-clinical setting [33]. In this context, mMApoEaXO-LIPs severely
affected GSC viability causing specific tumor grbwinhibition,
besides, noteworthy, reducing cell migration. Ugééed DOXO-LIPs
did not affect tumor growth and invasion, thus oagain pointing out
the pivotal role exerted by mApoE functionalizatidost importantly,
MApPOE-DOXO-LIPs, but not DOXO-LIPs, triggered arsigcant level
of apoptosis in GSC xenografts.

It could be questioned the mechanism by which mApPaEXO-
LIPs limit the invasion of the contralateral hentspe. Although a
direct effect on mobility cannot be excluded, iimere reasonable to
believe that it would be consequential to cellufath caused by
intracellular DOXO accumulation. Nevertheless, thsult is highly
remarkable given that cell migration and invasisromne of the major
GBM pathognomonic features that contributes topth@ prognosis in
patients (34).

We recently described that radiations improve theacellular
uptake and tumor accumulation of chlorotoxin-taggenanovectors in
GBM [2]. Here, we confirmed that a combined strgtegigments
MAPpPOE-DOXO-LIP anti-tumor effects. One explanatwould be the
LDLR overexpression in irradiated GSC1 cells thattances DOXO
cellular internalization. However, as GSC1 dispthgestrong cytotoxic
response to DOXO, the synergistic effect due taeased DOXO
accumulation could most likely be neutralized by thigh drug

sensitivity. Thus, additional mechanisms, other nthaDLR
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overexpression, should be advocated. It is conb&that extracellular
matrix degradation by matrix metalloproteinaseghlyi activated in
irradiated tumors [24], would facilitate LIP diffies in the tumor
microenvironment after extravasation. In additianis known that
radiation can increase BBB permeability [35,36] eniding the

importance of the combined use of RT and mApoE-DEAXRs to

reach effective anti-tumor effects and target seli¢y.

A boost of drug internalization would be particlyarelevant for
those cells, such as GSC2, characterized by a lodérate response to
cytotoxic drugs. In irradiated GSC2 cells, the @aged mApoOE-
DOXO-LIP internalization was associated with a #igative dose-
response reduction of cell viability. This did wattur when GSC2 cells

were exposed to free-DOXO in combination with rédiss.

Interestingly, mApoE-DOXO-LIPs did not affect GAMMability
and phagocytic activity, demonstrating mApoE specifptake by
GSCs. This was observed also at the tumor burdggesting the
absence of brain off-target effects. Clearance pafptotic cells and
debris by phagocytic cells is of fundamental imaoce for restoring
tissue homeostasis and for situ shaping and restoring anti-tumor
immuneresponse [37]. As consequence of the phaggisyt we
observed the induction of CD11c, marker of antigegsenting cells,
in activated GAMMSs. Despite further investigatiore aeeded, CD11c
induction is reminiscent of DOXO-driven immunoge@8&C cell death
known to induce and/or enhance cancer cells immemody and to

trigger T cell priming [38]. This further suppotise use of mApoE-
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DOXO-LIP for GSC targeting and re-activation ofigmmor immune

response.

DOXO is one of the most commonly used chemothetapagent
for the treatment of a broad range of cancers. MeBBM it is known
to display excellent antineoplastic activityvitro but poor efficacyn
vivo due to extrusion by multidrug resistance-relatemtgins present
on both BBB and GBM cells [39]. To constrain DOX€vsre adverse
effects such as cardiotoxicity and myelosuppressifierent FDA-
approved liposomal DOXO formulations are curreirtlyse in clinic.
However, they are untargeted with no surface fonetization [40].
This preclude their use for GBM due to their abseetficient BBB
crossing. As we demonstrated that mApoE-LIPs caeffitiently
deliver DOXO to the brain, we propose the adjuvssd of mApoE-
functionalized nanovector combined to RT as a psorgiapproach to
overcome the impediments handed by the BBB incddrug
resistance by molecular extrusion and to deliveugdoaded

nanovectors to GBM particularly those known toielicD.

Finally yet importantly, differently from other agaches involving
temporary BBB perturbation to facilitate nanovectwslivery [41],
patients undergoing RT and adjuvant nanomedicineldvaot need

additional procedures to deliver drug-loaded nantors.

122



4. CONCLUSIONS

In this report, we provide proof of concept for Rifd adjuvant
MApOE-functionalized, drug-loaded LIPs combinedatngent as an
effective precision strategy to deliver anti-tunmoolecules limited to
the irradiated area surrounding the GBM invasivgesd This is of
relevance considering that healthy brain parenchynwld be
preserved from off-target effects and that theragsystant GSCs reside
at burden, are responsible for tumor invasion a&udinrence. mApoE
functionalization would guarantee selective crogsihirradiated BBB
and targeting of GSCs that ultimately lead to apsigtand anti-tumor
Immune response activation. Therefore, in additimnnhibit tumor
viability, DOXO-loaded mApoE-nanovectors can betrmsiental for

immunotherapeutic approaches.

Abbreviations

ApoE: Apolipoprotein E; BBB: Blood Brain Barrier; LB
bioluminescence; Chol: Cholesterol; CM: conditionaedia; CPZ:
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permeability; GAMM: Glioma-associated microglia/maghages;
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Nuclei; ICD: immunogenic cell death; LDLR: Low-Detys
Lipoprotein Receptor; LIPs: liposomes; LY: Lucif&ellow; PDX:
patient-derived xenograft; RT: radiotherapy; Sm:hi8gomyelin;
TEER: transendothelial electrical resistance; TUNElerminal
deoxynucleotidyl transferase dUTP nick end labeling
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Supplementary Figure 1.Characterization of mApoE-DOXO-LIPs.

(A)Representative  TEM image of mApoE-DOXO-LIP. Scabar: 200nm.
Transmission electron microscopy analyses demdadtthat mApoE-DOXO-LIPs
are predominantly unilamellar structures with a méiameter of 113.33 + 22.88 nm.
(B) Cumulative DOXO release (percentage) over tiraen mApoE-DOXO-LIPs at
pH 5.0, 6.50r pH 7.4, at 37 °C. The reported date¢he mean of at least five different
measurements + SD. (D)Physicochemical parametersyathetized LIPs: mean
diameter (size), polydispersion index(PDI) by dymalight scattering(DLS); Zeta-
potential ¢-pot) by Zeta-potential analyzer. All liposome paegtions maintained a
constant size angpotential for up to 10 days within the experimémtaor (<2.6%
of variation). The yield of DOXO encapsulation ifttP was 95+3% and the final
preparation contained 220-+18 of DOXOjumol of lipids. The yield of LIP surface
functionalization with mApoE peptide ranged betw&&f% and 65% corresponding
to 1.25% of total lipids.
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Supplementary Figure 2 LIP internalization in GBM cells.

(A)Maximum projections of DOXO and Syto/DAPI mergs@ynals acquired by
means of confocal microscopy in U87MG cells incebatvith liposomes (DOXO-
LIP or mApoE-DOXO-LIP) or free-DOXO. (B)Maximum pextions of DOXO
signals in U87MG cells incubated with mApoE-DOXORPLalone (CTRL) or in the
presence of the endocytosis inhibitors chlorpromaZiCPZ) and dynasore (DYN).
(D)Nuclear DOXO quantification in the sample inctéghwith mApoE-DOXO-LIP
in the presence/absence of endocytosis inhibitScale bar 10um. (C)Nuclear
fluorescence quantification (DOXO uptake) in Al72lle incubated with the
indicated liposomes. Refers to the mean fluorescgaties were normalize d by the
sample incubated with DOXO-LIPs. ****P<0.0001. GBkIts(U87-MG, Al72)
were seeded on glass coverslips at a concentr@t®B00 cell/cri. The day after the
cells were incubated with liposomes (DOXO-LIP or po&k-DOXO-LIP) or free-
DOXO (DOXO0, 4ig/ml in every condition) for 4h in complete mediwith 5% FBS.

In the experiments with the endocytosis inhibit@BZ (1QM) or DYN (80uM) were
added to the cell medium one hour before the intobawith liposomes. The
inhibitors were kept into the cell medium duringe tivhole experiment (5-hour
incubation). During the last 45 min of liposomegubation (with or without
endocytosis inhibitors) the cellsere loaded with Syto45 (Molecular Probe) then
washed with PBS, fixed in PFA4% in PBS for 15miiR (Sigma-Aldrich) stained
(10ug/ml in PBS, 30min) and mounted in 90% glycerdPBS. The Z-stack series of
the cells in different experimental conditions werguired by means of a confocal
microscope (TCSSP5, Leica Microsystems GmbH) viehtHCXPLAPO 63x/1.40I1L
objective. The DAPI (ex/em:405/415-450nm), Sytoés/ém:458/470-500nm) and
DOXO autofluorescence (488/570-700) signals werguimed sequentially at high
scan rate. Images were processed using Image h@\Rgsband, National Institute
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of Mental Health, Bethesda, Maryland, USA) using BAPI signal to segment the

nucleus and the Syto45 signal to identify the celitour. The DOXO fluorescence

was quantified in the nuclei as mean grey valudiséroptical section were the nucleus
area were maximized.

Supplementary Table 1. Patient Characteristics

oH  MCMT  eGrrum ps3 PTEN
met
Gest  owt focaly - + +
Ges2  wt - - - -
GCS3 wt na na + na

wi: wild type; met: methylation; na: not available; + mutated; - wild type.

Supplementary Table 1.
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Supplementary Figure 3.GSC line characterization.

(A) Proneural (PN)vs Mesenchymal (MES) molecular subtyping. The PN/MES
metagene calculation was performed as previoudgrideed (Bhat KPL et al., 2013).
Briefly, metagene score was calculated for eaclpmand compared to others after
Z-score correction, being +1.00 value indicatirgpmplete MES culture and a -1.00a
pure PN subtype. Given the score obtained, analyskures displayed a PN (GSC1
and GSC2) or MES (GSC3) signature.

(B) Effect of free-DOXO on GSC culture viability,aasured by MTT assay. Cells
were exposed to increased concentrations of DOXQI8h. The obtained relative
values were normalized to the values from the epweding untreated cells and are
shown as percentage of survival. Results are espdeas mean percentage of 4
indipendent experiments performed in triplicatex S
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Supplementary Figure 4.LDLR expression on GSCs before and after radiation
Representative confocal images of irradiated (2@ non-irradiated (0Gy) GSC2
cells immunostained for human LDL-R (red).In blsethie nuclear staining (DAPI).
The cell border s were defined by Phalloidin stagnigreen).

Supplementary Figure 5 GSC1 luc xenograft histological analysis

GSCL1 luc cells were injected into the right strataf NOD/SCID mice. Treatments
started approximately 8 weeks after tumor injecti®®0). After 2 weeks (D75),
animals were euthanized with intracardiac perfusibealine solution, followed by
4% paraformaldehyde. Three coronal brain cryosest{@dOmm) were analysed for
each single treated and untreated mouse. Cryossdiidhe intersection of the tumor
injections ite and serial anterior/posterior sawi¢60Omm distance) were considered.
Coronal images were acquired using a DM i8 fluoeesanicroscope and a Leica
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Application SuiteX (LASX) Imaging system (LeicaMasystems). DAPI signal
(blue) for nuclei detection was used to delimitatain section contour (white lane).

Supplementary Figure 6.GSC1 luc cell migration.

Enlargement of Fig. 7D showing in more details GSGd cell migration into
contralateral hemisphere through commissural fibetmtreated (CTR) and treated
(MApPOE-DOXO-LIPs and 2G y radiation) mice.
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Supplementary Figure 7 In situ apoptposis detection in GSC1 xenogrdtsin
cryosections were co-stained with anti-HU, TUNEI &API. Higher magnification
(63X) of selected regions (box1 and 2) within caiasections described in Fig.7 and
reported here for clarity.
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Supplementary Figure 8 Microglia/macrophage infiltration in GSC1 xenofgsa
Brain cryosections were co-stained with anti-HU, ti-tmal and DAPI.
(A)Quantification of microglia/macrophages in braiyosections by Ibal and DAPI
staining detected using a DM i8 fluorescent micopsc (Leica Microsystems).
Ibal/DAPI-positive cells present in the tumor-inggt hemisphere were counted in
three serial section for each brain (see Suppleangiitigure 5). Quantification was
carried out by imaging analysis (FIJI software).siles are expressed as mean
valuestSE of at least nine sections of the indtateeatment group.
(B)Representative images of cryosectons in the tahwrea from untreated mice
(CTR) and animals treated with DOXO-LIPs or mApoBXXO-LIPs alone (0Gy) or
in combination with radiation (2Gy).
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Supplementary Figure 9. Microglia/macrophage immune activation in GSC1
xenografts. Brain cryosections were co-stained waitti-HU, anti-lbal, anti-CD11c
and DAPI. Representative images of cryosectons fomtneated mice (CTR) and
animals treated with mApoE-DOXO-LIPs in combinatisith radiation (2Gy).
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Supplementary Methods

Preparation and characterization of mApoE-DOXO-LIPs

LIP composed of Sm/Chol/PE-PEG-mal (48.75:48.75@d%ar ratio)
in ammonium sulphate (500 mM, pH 5.5) were prepéngéxtrusion

procedure. LIPs (umolstotal lipids) were incubated with 1 mg/ml
DOXO for 1 h at 65°C to obtain DOXO-LIP. DOXO-LIRegere then
functionalized with mApoE as described previouslybtain mApoE-
DOXO-LIPs. mApoE (CWGLRKLRKRLLR-NH2) was purchased
from DBA lItalia (Segrate, Italy).

LIPs were purified by gel filtration (Sephadex Gfitte resin). DOXO
loading was quantified by measuring the DOXO flsoence Xex =
495 nm;rem =592 nm) after liposomes disruption with 0.1%0fr X-
100. Phospholipids content was quantified by Steweasay. The
amount of mApoE attached on LIP surface was detediby

measuring the shift of tryptophan fluorescencensity (lex = 280
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nm). Non-functionalized LIP and DOXO-LIP were usasl controls.
Stability was measured in PBS by following size gqudlydispersity
index (PDI) by DLS for 10 days. The reported datathe mean of at
least five different measurements. For transmissielectron
microscopic (TEM) evaluation, mMApoE-DOXO-LIP werembsited on
formvar and carbon coated 300 mesh copper gridsS(ENatfield—
PA) and negatively stained with a solution of 2%t Acetate. After
drying, the grids were examined under a Philips OMEM (FEI,
Eindhoven, NL) with an accelerating voltage of 80dnd images were
acquired with a Morada camera and iTEM softwargf@lus, Tokyo,
JP).

In vitro DOXO release
Release of DOXO from loaded LIP was monitored 4C3h phosphate

buffered saline (PBS) at pH 7.4, 6.5 or 5.0. Aimas time points up to
14 days, an aliquot was withdrawn from LIP suspamsind filtered
using a 10 kDaMWCO spin filter, at 4000 rpm. Thirdie, which
contained DOXO released from the LIP, was analyloedDOXO
content as described above by spectrofluorimeti@XDelease was
calculated using Eq. (1):

DOXO release (%) = ([DOXOQY]filtrate / [DOXOQ]initisdample) * 100

Evaluation of LIP internalization in GSCs

GSCs were seeded on glass coverslips (5x104 ceallsl&@mm
coverslips) and incubated with DOXO-LIP or mApoE-RO-LIP for
4 h (DOXO, 4ug/ml in every condition). Irradiated GSCs were

incubated with LIPs 20h after radiation treatm€&lls were irradiated

133



with a single dose of 2Gy using an X-ray biologiiceddiator operating
at 12 mA/190kV (RADGIL, Gilardoni, Lecco, Italy) at dose rate of
0.65 Gy/min. The Z-stack series of the cells ifedént experimental
conditions were acquired by means of a confocatoseope (fv1000
TIRF, Olympus) with 63X1.35 OIL objective. The DAstgnal (ex/em:
405/450 nm) and DOXO autofluorescence were acqueegentially
at high scan rate. Images were processed usingelhagtware using
the DAPI signal to segment the nucleus and brighd {Nomanski) to
identify the cell contour. At least 30 cells/expeental group from 10

microscopy fields were analyzed.

Immunofluorescence

LDLR level of expression in GSC cultures was detdctby
immunostaining incubating the cells (5x104 cellsl8mm coverslips)
with primary antibody against human LDLR (1:100gr&a-Aldrich)
over night at 4°C. After primary antibody, samplese incubated with
anti-mouse secondary antibody conjugated with AlEkzor® 488
(1:200, Thermo Fisher) and anti-Phalloidin conjedatvith Alexa
Fluor® 647 (1:100, Thermo Fisher) for 1h at roomperature. Glasses
were mounted with a PBS/glycerol mixture (1:1) wixAPI (1:40.000)
(Sigma-Aldrich, St. Louis, MO). LDLR level of exmsion was
quantified by confocal images processed using Ihagéware. The
central, upper, and lower sections @il z-stack were analyzed for
each image and the LDLR threshold, determined @n rtbgative
control, was kept constant in each experimentatitioms. LDLR level
was calculated as LDLR-positive fluorescent areamatized to the

cellular cytoplasmatic area demarcated by the ol staining.
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In vitro viability assay
GSCs (104 cells/well) and endothelial hCMEC/D3 <e(6000

cells/well) were plated in 96-well plates in a fimalume of 200ul of

medium in the absence/presence of increasing ddsdifferent LIPs
at the indicated doses of DOXO. Only in the experits using the
GBM integrated BBB model, LIPs were removed 3 lerafteatment.
48-72 h after treatment, GSCs and/or GBM cell liresspectively, the
mitochondrial enzymatic activity, index an indicatdf cell viability,

was assessed by MTT assay.

Histopathology analysis and TUNEL assay

Animals were euthanized with intracardiac perfusibsaline solution,
followed by 4% paraformaldehyde fixation. Harvestagins were
frozen, and serial cryosections (10m thick) weegppred and stored at
-80C°. Three coronal sections (one at the inteiseatf the tumor
injection site plus one anterior and one postesections at 50 m
distance, (Supplementary Fig. S5) were analyzeddoh single treated
and untreated mouse.

Frozen brain sections were immunostained with mameHuman
Nuclei (clone 235-1, Sigma), rabbit anti-lbal (Wpkprimary
antibodies followed by anti-mouse Alexa Fluor 488 aanti-rabbit
Alexa Fluor 555 secondary antibodies (Thermo Fishigre Click-iT
Plus Alexa Fluor 647 TUNEL Assay (Thermo Fisher)swased to
detect in situ apoptosis and DAPI for nuclei stagniCoronal images
were acquired using a DMi8 fluorescent microscomel deica
Application Suite X (LAS X) imaging system (Leicaidvbsystems).

Confocal microscopy was performed using a Leica BP8 confocal
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microscope. Maximum projections were obtained f&9¥85 Z-stacks.
Image analysis was carried out by FIJI (Schindekrdanda-Carreras
I; FriseE; et al. Fiji: an open-source platform faiblogical-image
analysis. Nature methods 2012;9(7):676-682) or isnéBitplane,

Zurich, Switzerland) for 3D rendering.
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Abstract

We designed liposomes dually functionalized withoEgderived peptide
(mApoE) and chlorotoxin (CITx) to improve their bid-brain barrier (BBB)
crossing. Our results demonstrated the synergistigity of CITX-mApoE in

boosting doxorubicin-loaded liposomes across thd3 BBeeping the anti-
tumour activity of the drug loaded: mApoE acts podimy cellular uptake,

while CITx promotes exocytosis of liposomes.

Main text

The blood-brain barrier (BBB) penetration of drugsone of the biggest
challenges in the development of therapeutics @ntral nervous system
(CNS) disorders [1].

The complexity of the BBB hampers the CNS drugweel;: it is formed by
specialized brain capillary endothelial cells imedt communication with
other cells of the CNS, with the circulating immucells, and with the
peripheral tissuegia macromolecules exchange with the blood [2].
However, the BBB targeting and crossing, exploitififferent mechanisms,
remains the most promising strategy to deliver grt@ythe brain without
distrupting the barrier [3].

In this context, the incorporation of drugs in npaxicles allowed the
enhancement of drug permeation across the BBB,evdiclj a more
favourable drug pharmacokinetics. Moreover, throutite multiple
functionalization of nanoparticles surface, a mtagjeted delivery can be
attained [4].

We have reported that liposomes functionalized wah modified
Apolipoprotein E-derived peptide (CWG-LRKLRKRLLR;ApoE) are able
to cross intact the BBB and to deliver the drugyoanto the brain, using both
in vitro andin vivo models [5-8]. However, in animal models, the antain
MAPpPOE-LIP reaching the brain after peripheral adstration is 0.2-0.3 % of

injected dose [7,8]. This order of magnitude shdagdhot enough to achieve
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a therapeutic effect of carried drugs for the treatt of CNS diseases.
Moreover, it should be pointed out that also theBBiterations, in aging or
disease, could limits the drug delivery [9]. Tostburpose, we have reported
on the reduction of brain penetration of mApoE-LiPanimal models of
Alzheimer’s disease, respect to healthy controlenl®].

In the present work, we aim to improve the perfaragaof mApoE-LIP in
BBB crossing by adding the neurotoxin, chlorotof@frx), as second surface
functionalization of LIP. CITx is a 36-amino aciégiide isolated from the
venom of Giant Yellow Israeli scorpion. Since thstfisolation, about 25
years ago to date, CITx has awakened strong intgrescology due to its
high binding affinity to cancer cells, brain tumsuncluded [11-13]. It has
been shown that CITx is able to overcome the BB wivo models without
damaging it, but the mechanism by which CITx credbe BBB is not fully
understood [14,15].

We designed, synthesized and characterized LIRydfuaictionalized with
MAPpPOE peptide and with a lipid-modified CITx. Fuetimore, we studied the
ability of these nanovectors to cross the BiBRitro, carrying doxorubicin
(DOX) payload as a drug model.

The CITx was chemically modified by attaching 1,Bt®aroyl-sn-Glycero-
3-Phosphoethanolamine-polyethylene glycol 2000 \waittive succinimidyl
ester (DSPE-PEG-NHS)ia the amide bond formation reaction on Lys15,
Lys23 and Lys27 of the peptide (Fig. 1A), followithge procedure previously
described [16].

Liposomes, composed of cholesterol/sphingomyeliRBREG-maleimide
(48.75/48.75/2.5 molar ratio), [5] were prepared dxtrusion procedure
through 100-nm filter pores at 60+4°C (Tc sphingefmz54°C; Tc
DSPE=74°C) in 500 mM ammonium sulphate pH 5.5. &he®n-
functionalized liposomes were defined as LIP. LEtethen dialyzed against
10 mM Hepes, 150 mM NaCl pH 7.4 in order to obtapH gradient between

inner and outer lipid bilayer. DOX was incorporatad_IP core by remote-
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loading (DOX-LIP) [16]. Subsequently, mApoE peptidéh a C-terminal
cysteine (Cys) was conjugated to the LIP surfageugih the maleimide-thiol
coupling reaction using an excess of the peptige].[3hese mApoE-LIP
embedding DOX have been named as ADOX-LIP. Thes&les, or DOX-
LIP, were functionalized with lipid-CITx by postsertion procedure,
generating CDOX-LIP (CITx-DOX-LIP) and CADOX-LIP-BI (CITx-
MApoE-DOX-LIP) (Fig. 1B). LIP were purified by skexclusion
chromatography and physico-chemically characterizéw yield of DOX
encapsulation into LIP was 72+10 % and the fina@parations contained
210415 pg of DOX/umol of lipids. The yield of LIRiace functionalization
with mApoE peptide was 63+3 %, according to presipyublished data
[5,6]. The post-insertion yield of lipid-CITx wa®0¥6 %. Since the post-
insertion of a new lipid is expected to alter thennbrane of the LIP, [17]
which may cause leakage of the entrapped drug, DX release after
functionalization with CITx was measured. No sigraht leakage of DOX
was observed after lipid-CITx post-insertion. Cil@M results (Fig. 1C)
showed particles with a mean diameter in the cofl@00 nm, predominantly
unilamellar structure (>80%). The morphological rees of CADOX-LIP-
LIP, compared to empty LIP, are due to the encagisnl of the drug,
generating the previously reported “coffee-bean”apgh [18], with
DOX/sulfate co-crystals inside LIP core. All sampliisplayed a size < 200
nm, were monodispersed (polydispersity index, P).2) and negatively
charged (Fig. 1D). These parameters remained gunfia up to 15 days
within the experimental error (<3.1% of variatioronsidering that, ~
100.000 lipids are in the outer layer of a 200-namgeter LIP, which contain
2.5 mol % of DSPE-PEG-maleimide, the mApoE denaitgr incubation is
of ~ 1200 peptide molecules per single LIP. ThexGi€énsity ranging from
200 to 300 peptide molecules per single LIP.
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Fig. 1 (A) Conjugation reaction of CITx to DSPE-PEG-NH®) Graphical
representation of CADOX-LIP-LIP. (C) Cryo-TEM imagef non-functionalized LIP
and CADOX-LIP-LIP. Image inset is a magnificatiohaosingle liposome carrying
DOX. (D) Characterization of LIP by Dynamic Lightagtering and_l-potential
analyser. Data are expressed as a mean + SD efast three independent LIP
preparation, each of them in triplicates.

The capacity of CADOX-LIP to translocate acrossirbrendothelial cells,
carrying drug payload, was assessed inirawvitro human BBB model.
Immortalized human brain capillary endothelial se{hCMEC/D3) were
cultured on semipermeable membrane filters of @strall system (Fig. 2A).
First, the effect of liposomes treatment on hCME&Batures was assessed
by measuring: i) transendothelial electrical resise (TEER), ii) endothelial
permeability (EP) to the paracellular probe Lucitéllow (LY); iii) cell
viability by MTT assay; iv) morphological cell feats by optical microscopy
[7,19]. Free DOX showed an important toxic effect BBB model, as
reflected by alterations of bioelectrical (TEER=3&2-cn¥, compared to
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29+3Q-cnt of untreated cells), functional (EP to LY=3.06+A.@% cm/min,
respect to 1.87+0.6- £&cm/min of untreated cells) and structural propsrti
(<20% of viable cells) of hCMEC/D3 monolayer. TheeHfects were
prevented by incorporation of DOX in the LIP cargjicating that the BBB
integrity can be preserved. Moreover, the surfagetfonalization of LIP
with mApoE and CITx did not shown significant toxééfect on the BBB
model features (Fig. 2, B-D).

A) Q)

12000
®cnt
Transwellinsert 10000 2 DOX-UP
‘blood’ side 3
s 4 CADOX-UP
_ hCMEC/D3 monolayer Y 8000
=
‘brain’ side £ s000
& .
% a0 2o
5
* 2000
0w . - .
0 20 40 60
Time (min)
B) D)
35 -
100
80
=
S 3
¢ L
« z
- =
= g 40
]
o
20
0
cnt DOX-LIP CADOX-UP

cnt DOX-LIP CADOX-LIP

Fig. 2 (A) Graphical representation of the transwell sgstused to mimic the BBB.
(B) TEER values; (C) fluorescence intensity of Lrvthe ‘brain’ side of the transwell
system before and after 1 h of incubation with DOR-or CADOX-LIP-LIP. (D)
hCMEC/D3 cell viability assessed by MTT assay a2t of incubation with DOX-
LIP or CADOX-LIP-LIP. Data are expressed as a meaB8D of at least three
independent LIP preparation, each of them in taibs.

Afterwards, the EP to the different LIP formulatomvas calculated by
measuring over time the amount of DOX in the ap{talbod’ side) and in
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the basolateral (‘brain’ side) compartment of tamswell system, as reported
[20]. Non—functionalized LIP were not able to trpod DOX across the BBB
model in a significant amount, while ADOX-LIP alled a 10-fold increase
of EP to DOX, as expected and already reportedyusidifferent drug [6].
Unexpectedly, CDOX-LIP did not shown a substargighancement of DOX
passage across the cells monolayer, suggestinghthatpability of CITx to
permeate the BBB is too weak. This is in agreemhtpreviously published
data, showing that CITx is able to cross human #mtial cells by active
transcytosis, but this passage is probably not giméo deliver drugs across
the BBB [21]. Interestingly, CADOX-LIP were able tmoost (~30-fold
increase) DOX passage across the BBB, respect d-IDBP. Moreover, the
increase of DOX passage was 3-times and 10-tinggehivhen incorporated
in CADOX-LIP, compared to ADOX-LIP and CDOX-LIP,spectively (Fig.
3A). This suggests the existence of a synergidtiece between the two
ligands: CITx and mApoE. Nanosight analysis of pgsed through the cells
monolayers (i.e. in the basolateral compartmenthef transwell system)
suggested that LIP remain intact after BBB crosghig. 3B), thus excluding
the possibility to have follow only the passag®afX released from LIP. The
EP to free DOX was 1.27+0.2x3¥@m/min, a lot greater than when it was
incorporated in LIP. This is almost certainly due its toxic effect on
hCMEC/D3 monolayer, as described above. It is ingrdrto point out that
these results were obtained using endothelial getien in a monoculture
that does not properly represent the in vivo BRfitiness. Unfortunately, we
could not performed these experiments in advanadticgllular BBB models
because of the liposomes uptake by astrocytes,hwihidurn affects the

calculation of EP.
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Fig. 3Permeability of LIP across human in vitro BBB o&dr model. (A) Endothelial
permeability to DOX in different LIP formulation@) Analysis of CADOX-LIP-LIP
size and quantity in the basolateral compartmenh@firanswell system, after BBB
crossing, measured by nanosight. Data are exprassadnean = SD of at least five
independent LIP preparation, each of them in taiks

In order to investigate the CITx-mApoE synergy @nhancing the LIP
passage across the BBB, we evaluated the mApoE-Qifding by
spectrofluorimetry, the type of interaction by cartgiional docking and
molecular modelling analysis and the cellular uptak DOX. Following the
tryptophan (Trp) fluorescence shift of mApoE afémding with increasing
amounts of CITx, we observed that mApoE-CITx are &binteract between
them, with a calculated affinity constant ofsK.65+0.3x1¢ nM (Fig. 4A,
B). Molecular dynamics simulations (MDS) confirmit the two proteins
are able to interact (Fig. 4C) and the residuesnipanvolved in the
interaction are M1, F6, P31 of CITx and L9, R1ImApoE (Fig. 4D), which
are not engaged in reactions for LIP functionairat However, the
interaction is fleeting and not very stable. Inf#as possible to observe many
protein-protein breakdown events in the movie (radvil, Additional File).
This is probably due to the strong electrostatjpulgon between the two
ligands, since they are both positively chargedierges.

Finally, comparing the cellular internalization@OX, its uptake was ~30%
higher when incorporated in ADOX or CADOX-LIP (i.8.80+1.29% and

10.64+0.74% of administered DOX was measured indide cells,
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respectively), respect to DOX-LIP and CDOX-LIP (F&E). The increased
DOX uptake in ADOX-LIP and CADOX-LIP-LIP supportke higher BBB
permeability of these two formulations. Most intnegly, considering that
the extent of DOX uptake between ADOX-LIP and CADQIR-LIP is
similar, and the functionalization of LIP only wi@lTx (CDOX-LIP) did not
improve the DOX uptake, we can speculate that @Tixot involved in the
cellular internalization. Rather it is possibleasssert that CITx is involved in

the LIP egress from the basolateral side of endiatteells.
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protein residue to be part of the protein-prot@intact surface. (E) Cellular uptake of
DOX in different LIP formulations. Data are expredsas a mean + SD of triplicates.

Taken together these results suggest that theret ia cooperative action of
CITx and mApoE in entering the endothelial cellst there is a synergistic
activity in BBB crossing. In particular, mApoE agiomoting the interaction
of CADOX-LIP with the apical side of human endothktells, probablyia
LDL-receptor mediated endocytosis as already detretes [5-7], whereas
CITx acts by boosting CADOX-LIP-LIP outside of tlemdothelial cells,
promoting their exocytosis though the basolatéda ef cell monolayers.

If we consider that the amount of DOX internalizethCMEC/D3 is similar
between ADOX and CADOX-LIP, we can propose diffees in the
exocytosis process. In this case, a more effeeteeytosis would explain the
enhanced transcytosis properties of CADOX-LIP-LWhen compared to
CDOX-LIP and ADOX-LIP.

The mechanism by which CITx is able to promote gtasis of CADOX-
LIP-LIP will deserves further investigation. Howeyelata from literature
suggest an interaction of CITx with Annexin A2, wainiis expressed in
vascular endothelial cells, BBB included [22,23¢dRntly, it has been shown
that Annexin A2 is involved in the BBB transcytogsocesses of CNS
pathogens, but not in their cellular adhesion grtdke, suggesting a role of
Annexin A2 in the exocytosis pathway across the BB&25]. Then, CITx
may promote the LIP exocytosis interacting with Arim A2. This
mechanism of action is speculative and the dematimtr needs further
research to deep this issue, for example by teattegnatives to CITx known
for their interaction with Annexin A2.

Finally, we tested if the drug embedded in CADORLLIP was able to retain
its ability to target and to suppress the growttaafellular model of brain

tumour. To this purpose, a co-culture transweltesyswith hCMEC/D3 cells
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seeded on filter and human U87 glioblastoma ceksled in the basolateral
compartment (Fig. 5A) was prepared. The resultg. (88) showed that after
BBB crossing, CADOX-LIP-LIP were able to reduceq:G%) the viability

of U87 cells seeded in the basolateral compartnaasniyell as free DOX, but

DOX-LIP CADOX-UP Free DOX

without damaging the endothelial monolayer.
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Fig. 5 (A) Graphical representation of co-culture transwell model utilized to test the
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% cell viability (MTT

efficacy of LIP after BBB crossing on human glioblastoma U87 cells. (B) Cell viability
assessed by MTT assay on U87 cells seeded in the basolateral compartment of the
transwell system. Data are expressed as a mean + SD of triplicates and analysed with

unpaired one-tailed Student’s t test. *** p<0.001.

This proofs the capability of CADOX-LIP-LIP to cgractive DOX to cancer
cellsin vitro.

In conclusion, our results reveal the synergistiece of CITx-mApoE in
improving the permeability of drug-loaded LIP acas human cell-based
BBB model. These data suggest that the alreadytegpability of mMApoE to
cross the BBB can be improved by CITx, which enkartbe exocytosis from
hCMEC/D3 cell monolayers. On the other side, mApm improve the
already reported ability of CITx to translocate the BBBIn vitro,
enhancing its penetration in endothelial cells.thdlse data support the use of
MApOE-CITx as a dual-targeting ligands to functiaeaparticles to facilitate
the brain delivery of different drug cargoes acribesBBB.
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List of abbreviations

BBB= Blood—Brain Barrier

CNS= Central Nervous System

mApoE= modified Apolipoprotein E-derived peptide

Cys= cysteine

CITx= Chlorotoxin

LIP= Liposomes

DOX= Doxorubicin

Lys= Lysine
DSPE-PEG=1,2-distearoyl-sn-glycero-3-phosphoetfzamnioie-N-
[(polyethylene glycol)-2000]

DOX-LIP= liposomes embedding doxorubicin

ADOX-LIP=liposomes functionalized with mApoE and ntaining
doxorubicin

CDOX-LIP=liposomes functionalized with chlorotoxiand containing
doxorubicin

CADOX-LIP= liposomes bi-functionalized with chlomtin and mApoe, and
containing doxorubicin

TEM= Transmission Electron Microscope

hCMEC/D3= Human Cerebral Microvascular Endothelialls/ Human brain
capillary endothelial cells

TEER= Transendothelial Electrical Resistance
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EP= Endothelial Permeability

LY= Lucifer Yellow

PDI= Polydispersity Index

MTT= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetralium bromide
MDS= Molecular Dynamics Simulations

Trp= Tryptophan
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Abstract

Despite advances in cancer therapies, nanomediapg@oaches
included, the treatment of glioblastoma (GBM), thest common,
aggressive brain tumour, remains inefficient. Thiaderes are likely

attributable to the complex, and not yet completalgw, biology of

this tumour, which is responsible for its strongasiveness, high
degree of metastasis, high proliferation potenéiatl resistance to
radiation and chemotherapy. The intimate connedtiwough which

the cells communicate between them plays an impbortde in these
biological processes. In this scenario, tunneliagatubes (TnTs) are
recently gaining importance as a key featuresnmotuprogression and

in particular in the re-growth of GBM after surgery

In this context, we firstly identified structuraifférences of TnTs
formed by U87-MG cells, as model of GBM cells, iongparison to
those formed by normal human astrocytes (NHA), wsed model of
healthy cells. Successively, we have studied trssiptity to exploit
U87-MG TnTs as drug-delivery channels in cancerapyg using
liposomes composed of cholesterol/sphingomyelin awface
functionalized with mApoE and chlorotoxin peptid@df-LIP) as
nanovehicle model. The results showed that U87-Mfs dormed
almost exclusively thick and long protrusions, wiNHA formed more
thin and short TnTs. Considering that thick TnTe gore efficient in
transport of vesicles and organelles, we showed flnarescent-
labelled Mf-LIP can be transported via TnTs betw&&@7-MG cells,
and with less extent through the protrusions fortmg®IHA cells. Our

results demonstrate that nanotubes are potentisgful as drug-
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delivery channels for cancer therapy, facilitatittge intercellular
redistribution of this drug in close and far awalls; thus reaching
isolated tumour niches that are hardly targetesiimple drug diffusion
in the brain parenchyma. Moreover, the differendestified in TnTs
formed by GBM and NHA cells can be exploited tar@ase treatments

precision and specificity.

1 Introduction

The limits of conventional therapies against tumspun terms of
effectiveness/damage ratio, lead to the developruethtapplication in
clinics of different nanotechnological drugs in thst 25 years (Stupp
et al., 2009). Many advancements have been achievbd field, but
different issues, such as the complexities andrbgémeity of tumour
biology still remain unsolved. Gliomas, intrinsicain tumours, are a
dissimilar group of oncological diseases for whigére is currently no
cure, and only very limited progress has been nrattee control of the
disease course over the past three decades (Westphh, 2011).
Among gliomas, glioblastoma multiforme (GBM, alsalled grade IV
astrocytoma) is one of the most deadly brain tumaith a short
median patient survival and a very limited respdostherapies (Louis
et al., 2016). In this context, many efforts arelemvay towards the
development of new therapeutic approaches and nediome seems
to be one of the most promising. Nevertheless, nadisyacles have not
been overcome yet. GBM has a very complex path@iendat
involves alterations of several key cellular patiisva diffuse

invasiveness and capacity to escape therapiesnportant component
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of tumour growth is communication within cancerng@nd with other
cells in the microenvironments, which strengthemdur progression

and resistance to radio- and chemotherapy (Broelahah, 2018).

Normal and tumour cells exploit different communiica modalities
and one of them is represented by the physicaleximon via tunnelling
nanotubes (TnTs) and microtubes (TmTs), which fargytoplasmic
continuum between cells and allow the transpornof-secretable
molecules and organelles. In particular, TnTs cadliate the transfer
of cellular vesicles (Rustom et al., 2004; Onfett &., 2006),
mitochondria (Ahmad et al., 2014), lysosomes (Abbenal., 2016),
mMiRNAs (Thayanithy et al., 2014), single protei8sliller et al., 2013)
and viral particles (Sowinski et al., 2008) betweamils, also very
distant from each other (>100 um of distance). Taffes transient
transcellular channels with a diameter of 50-20Q antength up to
several cell diameters with variable lifetimes raggrom less than 60

min up to many hours. (Carone et al., 2015).

Lou et al. (2012a, 2012b) firstly described thespreee of TnTs in
human primary tumors and in many cancer cell lihngghlighting the
key role of these membranous structures in camtigpathogenesis and
invasion. The involvement of TnTs and TmTs has aksen indicated
in the re-growth of GBM after surgery and in confeg resistance to
chemotherapy (Weil et al., 2017; Moschoi et al1@0Although TnTs
are not apparent in some glioma cellular modelsh(¥er Vos et al.,
2016), they may represent a new tool for bidirelointercellular

transfer of drug-loaded nanopatrticles.

163



In this context, there are some data supportingditext cell-to-cell

transfer of nanoparticles through TnTs and thistsgy may be
exploited to increase the range of drug deliveryvben cancer cells
(Epperla et al., 2015; Sisakhtnezhad et al., 2MEng et al., 2018).
One of the peculiarity of GBM is the presence admgla stem cells both
within the tumour bulk, which are able to recong#@ta whole tumour
after surgical resection (Fan et al, 2010; Linlgt2010), and in other
brain regions, where minor stem-cell niches represe pool from

which new tumour cells originate (Gould et al., 2P0rhen, targeting
primary GBM with nanotherapeutics may allow thegiosity to reach

via TnTs isolated, infiltrating tumor cells (stemlls included) that are
hardly reached by drug diffusion in the brain patgma.

This study aims to evaluate in vitro the possibtericellular transport
of multifunctional liposomes via TnTs between humprimary
glioblastoma cell line. We have recently desigripddomes carrying
doxorubicin, as an anti-cancer drug model, andlgifiahctionalized
with apoE-derived peptide and with chlorotoxin (€T as GBM
targeting ligands (DeBin et al., 1993; Maletinskale 2000; Lyons et
al., 2002; Ojeda et al., 2016; Xiang et al. 20Thk ability of liposomes
functionalized with apoE-derived peptide (namelypok) to cross the
blood-brain barrier both in vitro and in vivo, walseady reported (Re
et al., 2011; Bana et al., 2014; Balducci et &14£ Dal Magro et al.,
2018).

Liposomes trafficking via TnTs in GBM cells has heen reported yet.
Moreover, we compared the heterogeneity of TnTsterms of
structure, morphology, size and abundance betwdgi Gells and
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human healthy astrocytes, with the aim to increhseprecision and

specificity of treatments.

2 Materials and Methods
2.1 Materials

Cholesterol (Chol), Doxorubicin (DOX), Thiazolyl & Tetrazolium
Bromide, 4-(2-Hydroxyethyl)piperazine-1-ethanesnifo  acid
(HEPES), Triton X-100, Ultra-low Range Molecular \y& Marker
(M.W. 1.060-26.600), EZBlue Gel Staining Reagert’-Dioctadecyl-
3,3,3,3-tetramethylindocarbocyanine perchlorate (Dil ppoB&ITC-
phalloidin, mouse monoclonal afitubulin antibody were purchased
from Sigma-Aldrich (Milano, Italy). 1,2-Distearogh-glycero-3-
phospho-ethanolamine-N[maleimide(polyethylenegly@8100](mal-
PEG-DSPE) and sphingomyelin from bovine brain (Swgre
purchased from Avanti Polar Lipids, Inc (Alabastéd., USA).
BODIPY™ FL C 12 -Sphingomyelin (BODIPY-Sm) was plased
from ThermoFisher Scientific. 1,2-Distearoyl-sn-ggyo-3-phospho-
ethanolamine-N[(polyethyleneglycol)-2000]  n-hydrsxgcinimide
ester (NHS-PEG-DSPE) was purchased from NanocsdBoESA).
Ultrapure and deionized water were obtained frome@+Q5 system
(Millipore, Italy). mApoE peptide (CWG-LRKLRKRLLR, MW
1698.18 g/mol) and chlorotoxin (CITx, MW 4004 g/molere
synthetized by Karebay Biochem (Monmouth JunctiNd, USA).
Dialysis membranes (cut-off 12000-14000 Da) wereclpased from
Medicell International Ltd, (London, UK). Peniciilistreptomycin
(P/S) solution 100X was purchased from EuroclongaiM Italy); PBS
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1X, collagen, trypsin/EDTA solution and NUPAGE Higs (4-12%)
were from Invitrogen. All other chemicals were obdtical grade and
were obtained from either Sigma—Aldrich or Merchexa Fluor 488
goat anti-mouse IgG and CellTrace Far Red Dye (@re from Life
Technologies. 3,3'-Dioctadecyloxacarbocyanine Rerate (DiO) was

from Sigma Aldrich (Milan, Italy).
2.2  Preparation of CITx-PEG-DSPE

CITx-lipid was prepared as described in (XiangletZz®11) with small
modifications. Briefly, 0.1 pmol NHS-PEG-DSPE in CB/MeOH
(2:1, vol/vol) was dried under N2 to remove orgasotvents. Then 5
eq (0.5 umol) of CITx dissolved in 10 mM Hepes, 180 NaCl pH
7.4, was added to the dried lipid. The reaction s@sducted under
gentle stirring for 90 min at room temperature. Tésulting solution
was dialyzed against MilliQ water for two days indalysis tube
(MWCO=3500 Da) to remove unreacted CITx and thesplylized

overnight.
2.3 Preparation multifunctional liposomes (Mf-LIP)

Liposomes (LIP) were composed of sphingomyelin,lesterol (1:1,
mol/mol) added with 2.5 mol % of mal-PEG-PE, foe thovalent
binding of mApoE peptide, and with 0.5 mol % of B(PY-Sm as
fluorescent probe (Re et al., 2010; Re et al., 201/P were prepared
in 10 mM Hepes, 150 mM NaCl pH 7.4 by extrusiongaaure through
polycarbonate membranes of 100 nm diameter porederuN2.
MApPOE peptide was covalently attached on LIP serfag thiol-
maleimide coupling, as previously described (Ral.e2010; Re et al.,
2011). CITx-lipid was added to mMApoOE-LIP by possention

166



technique, following the procedure previously démd (Mare et al.,
2018). This sample will be referred as Mf-LIP. Aentrols, LIP

composed of sphingomyelin, cholesterol (1:1, moljme@re prepared
in ammonium sulphate (500 mM, pH 5.5) by extrugiwacedure as
described above. LIP were dialyzed against 10 mMdde150 mM
NaCl pH 7.4, overnight, and then incubated with DQ pmol DOX/
10 pumol total lipids) for 1 h at 65°C to allow timeorporation of DOX
in the LIP core. This sample will be referred as>X0P. Mf-LIP and

DOX-LIP were purified with a Sepharose G-25 finduoon (25x1cm)

to remove unbounded and unincorporated materials.
2.4  Characterization of Mf-LIP

After purification, the amount recovered for eaabmpound was
determined by different techniques. Briefly, phasighids content was
guantified by Stewart Assay (Stewart, 1980); the@am of CITx and
MAPpOE on LIP surface was assessed by SDS-PAGE. baing was
quantified spectrofluorometricallyugx = 495 nmjiem =592 nm) after
vesicle disruption with 0.1% Triton X-100. The DGetcapsulation
yield in liposomes was calculated by comparingriésgence intensities
with a previously established calibration curvefree DOX in 10mM
Hepes, 150 mM NaCl pH 7.4. Size and polydispersdgx (PDI) were
analyzed by dynamic light scattering (DLS) techeiqBrookhaven
Instruments Corporation, Holtsville, NY, USAX-potential was
determined by using an interferometric doppler ggh@try with the
same instrument equipped with ZetaPALS device. $thbility was
measured in 10 mM Hepes, 150 mM NaCl pH 7.4 byfaihg size and
PDI by DLS for 1 week.
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2.5 Cell cultures

U87-MG glioblastoma cells were purchased from Awgwari Type
Culture Collection (ATCC, VA, USA) and were grownDMEM High
Glucose, 10% FBS, 1% P/S, 1% glutamine (Tambotirdl.e 2016).
Normal Human Astrocytes (NHA), purchased from Lonza
(Walkersville, Maryland, USA), were maintained irstPocytes Basal
Medium supplemented with AGM BulletKitTM. All celines were
cultured at 37 °C under a humidified atmospherdainmg 5% CO2.

2.6  TnTs analysis by confocal microscopy

NHA and U87-MG cells were seeded at a density di03xcells/cm2
or 1.5x104 cells/cm2 respectively on porcine gelagiretreated
coverslips. One day after seeding, cells weredreftr 1 h or 24 h with
free DOX (15 or 25 pg/ml) or with DOX-LIP (15 pg/mf DOX, 200
nmols of total lipids) or with fluorescent-labell@&df-LIP (200 nmols
of total lipids) at 37°C in 5% CO2. Untreated celsre used as a
control. After treatment, cells were then left forh in each culture
complete medium and then stained for 20 min wighill/ml of Dil in
PBS (membrane/endocytic vesicles), or with 5 pfridiO in PBS, to
label cell membranes, TnTs included, accordingheorhanufacturer's
instructions. Cells were then fixed for 8 min with.7%
paraformaldehyde in phosphate-buffered saline (PB&jorescence
images were examined with a 40x magnification oRAlikon (Nikon,
Tokyo, Japan) laser scanning confocal microscoplts @ere carefully
scored for the presence of TnTs. About #200 cell®&ch experiment
were analyzed. TnTs were counted. Experiments \perormed in

triplicate. Images were analyzed by Image J so&twar
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2.7  Cellular uptake of DOX-LIP and Mf-LIP

U87-MG cells were seeded on a 6-well plate (5x16Bs/cm?2) and
after two days of culture, cells were treated viide DOX (15ug/ml)
or LIP formulations (DOX 15ug/ml) for 1 h and 3At.the two different
time points free DOX and LIP formulations were re/mad, the cells
were washed with PBS, detached and treated wiih liygfer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Tritot+100, 0.1%
SDS, 1 mM DTT). Samples were centrifuged at 12@®0 for 15 min
at 4°C and the DOX fluorescendex=495 nmiem=592 nm) in the
pellets was measured by Jasco FP-8500 spectrofieben. Results
were expressed as DOX fluorescence in pellets / El@tescence in
initial sample x100 and indicated as cell uptake. (%

High-throughput images of living U87-MG cells on9&-well plate
(3x104 cells/cm2) were acquired automatically vaithOperetta® High
Content Imaging System (PerkinElmer, UK). After tdays of culture,
cells were treated with free DOX (1§/ml) or LIP formulations (DOX
15ug/ml) and the uptake was evaluated by acquirmgpes at three
different time points (0, 1 h, 3h). Before imagimglls were washed
three times with PBS. Images were acquired in tBX[2hannel and
in the brightfield channel, using a 40x air objeetiens and standard
instrument filters. Ten different fields were imdgea each well. The
image were then analysed by the Harmony® analysibvare
(PerkinElmer, UK).
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2.8 Actin, tubulin and DAPI staining

NHA and U87-MG cells were plated at a density aI@X cells/cm2 or
1.5x104 cells/Icm2, respectively, on porcine gelapnetreated
coverslips. One day after seeding cells were fired® min with 3.7%
paraformaldehyde in phosphate buffered saline (PB&)meabilized
for 4 min with 0.1% Triton X-100/ PBS and finallyamed with
different antibodies. In particular, cells wereated with TRITC-
phalloidin (1:40 in 1% BSA/PBS) for actin stainings described
previously (Ceriani et al., 2007). For tubulin siag, cells were
incubated with mouse monoclonal apttubulin primary antibody
(1:150 in 1% BSA/PBS) for 1h at 37°C. Then cellseveashed and
incubated with the secondary antibody Alexa FluBB 4oat anti-
mouse IgG (1:200 in 1% BSA/ PBS) for 45 min at 37°C

For nuclei staining U87-MG and NHA cells were pthien gelatine
pre-treated coverslips. Cells were leaved in caltomplete medium
for 48 h and then incubated with 15 pg/ml of fre@Xfor 1 h. Cells
were then stained for 20 min with DiO (5 pl/mlxdd, permeabilized
and colored with DAPI (Sigma) (1pg/ml) for 10 miestat room

temperature.

2.9 Fluorescence-activated cell sorting analgs{FACS) of cell-

to-cell LIP transfer

U87-MG cells and NHA cells were seeded on 12-wkltgs at a cell
density of 6.5x 103 and 15x104 cells/cm2, respebtivThree days
after seeding “donor” cells were incubated with BO®-Sm Mf-LIP
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(200 nmol total lipids) for 1h at 37°C while “actep cells were
treated with CellTrace Far Red Dye (CT) aMLfor NHA and 1QuM
for U87-MG cells for 30 min. Cells were detachedl &ne following
co-culture between “donor” and “acceptor” cells gvset-up: US7-MG
(donor)— NHA (acceptor); U87-MG (donor)— U87-MG (acceptor);
NHA (donor) — NHA (acceptor); NHA (dolor) — U87-MG
(acceptor). Co-culture were maintained for 24h #C3 Cell-to-cell
transfer of Mf-LIP was assessed by FACS (FACSCarid
Biosciences) analysis. At least 50.000 events vemguired in an
operator-defined gate designed on a physical pdaearnieSC vs SSC)
dot plot. The fluorescence intensity analysis o G-I(to detect
BODIPY) and APC (to detect CT) histogram was penfed on a single
cell gate defined on a FSC-H vs FSC-A dot plot. idported data refer
only to the double FITC/APC positive events amahmg population,

representing the Mf-LIP transfer to “acceptor” sell
2.10 Statistical analysis

For TnTs quantification data were analyzed by Stutleest. Data were
expressed as a mean + standard error (S.E.). Faergage distribution
of thin and thick TnTs, data were analyzed by twayver one-way
ANOVA followed rispectively by Sidak’s multiple cgmarisons test or

Dunnett’s post-hoc test.

All experiments were conducted at least in trigkcaAll the analyses
were performed with GraphPad Prism 8 software rifsee number:
GP8-1519368-RFQS-B8CB4). Differences were conseisignificant
atp <0.05 (*); p<0.01 (**); p<0.001 (***).
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3 Results
3.1 Characterization of LIP

The results showed that DOX-LIP displayed a diametd.21 + 6 nm
with a PDI value of 0.098 + 0.01; tgotential was -19.32 + 0.58 mV.
Mf-LIP showed a diameter of 187 = 5 nm with a PRlue of 0.087 +
0.05; thel-potential was -14.5 + 0.43 mV. These parameteraneed
constant for 1 week within the experimental err&.{ % of variation).
For both preparations, the total lipid recoveryeafpurification was
79.5 £ 8 %. For Mf-LIP the yield of functionalizati with mApoE and
CITx was 88.5 £ 10 % (corresponding to 2.2 mol %rdfpoE/total
lipids) and 71.2 £ 3 % (corresponding to 1.42 ma¥¥%ClITx/total
lipids), respectively. For DOX-LIP, the incorpomaiti yield of DOX
was 70 + 6 %, corresponding to 80 + 5 pg of DOX/jhofdipids. These
results derived from at least five different bathe

3.2 U87-MG cells forms TnTs with different thicknes,
compared to NHA

To investigate if U87-MG cells (model of GBM tumcells) are able
to form in vitro intercellular connections with chateristics of TnTs,
and if they are different from those formed by Nldélls (model of
normal healthy astrocytes), we use confocal mi@pgdechnique and
3D reconstruction. Both cell types form protrusi@esinecting distant
cells with characteristics of TnTs (Fig. 1), whiaskere not in contact
with the substratum (Supplementary Fig. S1 and $@)allow for a
quantitative determination, the observed membrararysions of
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about 200 cells were scored for each cell line. fHsalts showed that
the number of cells forming TnTs is comparable leetwU87-MG and
NHA (44 £ 6.6 % and 57 + 3.5 % respectively) (Seppéntary Fig.S3).
Confocal images show the presence of TnTs of diffethickness, very
thin (<0.7 um, measuring a minimum of 100-200 nm) andktt®.7
um, up to 1 um) (Gerdes et al., 2007).

Figure 1. U87-MG and NHA cells forms thin and thick TnTsS8TJMG cells (A) or

NHA cells (B) were plated on gelatin pre-treatedearslips, fixed and stained with
Dil (1.9 pl/ml) to detect TnTs. Fluorescence imagesre acquired by a 40x
magnification on A1R Nikon laser scanning confotétroscope. The images show
the maximum projection obtained from the z-projatsi shown in figure S1 and S2.
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White arrows indicate thin TnTs, while white trid@gindicate thick TnTs. Scale bar:
10 pm. Optical images captured with an invertedn@ys CKX41 microscope were
also shown. Black triangles indicate thick TnTsal8dar: 100 pm. Magnified views
of protrusions are shown.

More interestingly, we detected significant diffieces in both, thin and
thick of TnTs: U87-MG cells formed almost exclusiethick

protrusions, while NHA formed either thin and thitkTs (Fig. 2). The
measuring of TnTs diameter by light microscopy wasaccurate due
to the resolution limit. Confocal microscopy showbdt some TnTs
reach thicknesses of over 700 nm, which could leetduncorporation
of additional components inside the TnTs, such agatubules, as

previously suggested (Onfelt et al., 2006).

U87-MG
TRITC-phalloidin Tubulin Merge Merge TRITC-phalloidin

Tubulin

Figure 2. Characterization of TnTs in U87-MG cells. U87-Mé€lls were plated on
gelatine pre-treated coverslips. Cells were fixetmeabilized and immunostained
either with the antp-tubulin antibody (1:150) and TRITC-phalloidin (D)}to detect
microtubules and actin filaments. Fluorescence imagere captured by confocal
microscopy. White triangles indicate thick TnTs avidte arrows indicate thin TnTs.
Magnified views of protrusions are shown for eabrmel. Scale bar: 10pm.
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To evaluate the presence of tubulin, typical maf&ethick TnTs, and
of actin, typical marker for thin TnTs (D’Aloia et., 2018), U87-GM
and NHA cells were stained with anti-tubulin fluscent antibody and
fluorescent phalloidin.

The results showed that U87-MG were able to foricktinTs, which
contained both actin and tubulin (Fig. 3). NHA sellere able to form
thick TnTs made of actin and tubulin, but they adstablished thin

TnTs, which were positive only to actin stainingg(F).

NHA
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Figure 3. Characterization of TnTs in NHA cells. NHA cellere plated on gelatine
pre-treated coverslips. Cells were fixed, permeadiiland immunostained either with
the anti-tubulin antibody (1:150) and TRITC-phalloidin (0} to detect
microtubules and actin filaments. Fluorescence imagere captured by confocal
microscopy. White triangles indicate thick TnTs avidte arrows indicate thin TnTs.
Magnified views of protrusions are shown for eablrmel. Scale bar: 10pm.
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Figure 4. Percentage distribution of thin and thick TnT&J87-MG and NHA cells.
Percentage of U87-MG cells and NHA cells forminipthr thick TnTs on total cells
is shown. At least 200 cells were analyzed per grau three independent
experiments. Data are expressed as mean * S.Elfirem independent experiments.
Data were analyzed by two-way ANOVA followed by & multiple comparisons
test; *p< 0.05

3.3  Doxorubicin treatment induced changes in the Ths
thickness of U87-MG cells

To evaluate the ability of U87-MG and NHA to excganDOX via
TnTs, cells were treated with two different dosdsfree DOX.
Treatments with 25 pg/ml of DOX for 24 h inducesti@ng toxic effect
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on both cell types, hindering the images analydata not shown).

Then, all the subsequent experiments were carngdy incubating

cells with 15 pg/ml of DOX for 1 h. Analysis perfoed at confocal

microscope showed that DOXex = 495 nmjem =592 nm) localizes
principally at the nucleus in both cell lines (Fsg.Supplementary Fig.
S4), as expected (de Lange et al., 1992), butstivea detectable along
TnTs structures.

UST-MG

Figure 5. Doxorubicin localize into the nucleus of U87-M@&daNHA cells. U87-MG
cells (A) and NHA cells (B) were plated on gelatpre-treated coverslips, incubated
with 15 pg/ml of DOX for 1 h and then stained widiD (5 pl/ml) to detect TnTs.
Cells were fixed and fluorescence images were caghtwith a 40x magnification on
A1R Nikon laser scanning confocal microscope. Wiritengles indicate thin TnTs.
Magnified views of Thin TnTs protrusions are shov@tale bar: 10um. DOX =
doxorubicin.

The quantitative determination of TnTs revealed tha % of cells
forming TnTs was not affected by the treatment Viide DOX (Fig.
6A,B), for both the cell types used.

Comparing the thickness of TnTs, the DOX treatnoent/87-MG cells

induced the formation of about 80% of thin TnTsthwa strong
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reduction of thick TnTs (Fig. 6C). Prolonging timeubation time up to
24 h, TnTs disappeared and U87-GM cells died (Sampehtary Fig.

S5).

No significant changes in TnTs thickness were detedor NHA,

which remained comparable to untreated NHA (Fig).6D
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Figure 6. Percentage of cells forming TnTs after DOX treatmPercentage of U87-
MG cells (A) and NHA cells (B) forming TnTs on tbtzells is shown. At least 200
cells were analyzed per group in three indepeneepériments. Data are expressed
as mean + S.E from three independent experimensts Were analyzed by Student t
test; n.s.= not significant. DOX = doxorubicin; CERontrol untreated cells .n.s.=
not significant. (C, D) Percentage distributiorttoh and thick TnTs in U87-MG (C)
and NHA (D) cells on total cells, after treatmenthaDOX. At least 200 cells were
analyzed per group in three independent experim®atsa are expressed as mean +
S.E from three independent experiments. Data weaé/zed by two-way ANOVA
followed by Sidak’s multiple comparisons test; fa.80t significant; ***p< 0.001
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3.4  MIf-LIP were differentially exchanged via TA's in U87-MG
compared to NHA.

The cellular uptake of Mf-LIP (LIP bi-functionalidevith mApoE and
CITX) by U87-MG was evaluated by confocal microsgopnd
fluorescence measurements. The results showeMtHaP displayed
a 3-fold increase of cellular uptake, compared @XELIP used as a
control (Supplementary Fig. S6). Both DOX-LIP and-IMP were
localized only in thickest TnTs (Fig. 7, 8).
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Figure 7. Localization of DOX-LIP in U87-MG TnTs. U87-MGtlis were plated on
gelatine pre-treated coverslips. Cells were leftuiture complete medium for 48 h
and then incubated with DOX-LIP (15 pg/ml of DOX)®@nmols of total lipids) for
1 h. Cells were later stained for 20 min with Di®(l/ml), fixed and fluorescence
images were captured with a 40x magnification orRAllikon laser scanning
confocal microscope. Black triangles indicate tf@BLIP in thick TnTs. Magnified
views of protrusions and black-and-white imagessai@vn. Scale bar: 10pum. DOX-
LIP = liposomes embedding doxorubicin.

U87-MG

Figure 8. Localization of Mf-LIP in U87-MG TnTs. U87-MG dslwere plated on
gelatine pre-treated coverslips. Cells were leftuiture complete medium for 48 h
and then cells were incubated with Mf-LIP (200 tenaf total lipids) for 1 h. Cells
were later stained for 20 min with Dil (1.9 pl/m@ells were fixed and fluorescence
images were captured with a 40x magnification orRANlikon laser scanning
confocal microscope. Black-and-white image is alsown. Scale bar: 10pm. Mf-LIP
= multi-functionalized liposomes.

Contrarily, NHA cells were able to uptake only aadiramount of
DOX-LIP and Mf-LIP. Also in these cells LIP werecllized only in
thick TnTs (Fig. 9, 10).
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DOX LIP Merge

Figure 9. Localization of DOX-LIP in NHA TnTs. NHA cells ere seeded on
gelatine pre-treated coverslips. Cells were leftuiture complete medium for 48 h
and then incubated with DOX-LIP (15 pg/ml of DOX)®@nmols of total lipids) for

1 h. Cells were later stained for 20 min with Di®(l/ml), fixed and fluorescence
images were captured with a 40x magnification orRANlikon laser scanning
confocal microscope. Scale bar: 10pum. DOX-LIP =odipmes embedding
doxorubicin.

NHA
Dil

Mf-LIP L o

Merge

Figure 10. Localization of Mf-LIP in NHA TnTs. NHA cells werplated on gelatine
pre-treated coverslips. Cells were left in cultooenplete medium for 48 h and then
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incubating cells with Mf-LIP (200 nmols of totaplds) for 1 h. Cells were later
stained for 20 min with Dil (1.9 pl/ml). Cells wefixed and fluorescence images
were captured with a 40x magnification on A1R Nikiaser scanning confocal
microscope. Black triangles indicate the presefiddfd IP in thick TnTs. Magnified

views of protrusions and black-and-white imagessim@wn. Scale bar: 10um. Mf-

LIP = multi-functionalized liposomes

The treatment of U87-MG cells with DOX-LIP did raftects the % of
cells forming TnTs (Supplementary Fig. S7A), bubsgly increased
thin TnTs, with a significant reduction of thick Ts (Fig.11A, B),
similarly to the effect exerted by free DOX.

The treatment of U87-MG and NHA cells with Mf-LIRdd’t change
the percentage of thin and thick TnTs comparedtceated cells (Fig.
11C, D). Also the treatment with Mf-LIP did not efts the % of cells
forming TnTs (Supplementary Fig. S7A); neither itago between thin
and thick TnTs (Fig. 11C, D). No differences werdedted in TnTs
formed by NHA cells after incubation with DOX-LIPr dMf-LIP
(Supplementary Fig. S7B; Fig. 6; Fig. 11C, D).
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Figura 11. Percentage distribution of thin and thick TnT&JB7-MG and NHA cells
after treatment with DOX-LIP or Mf-LIP. Percentadistribution of thin and thick
TnTs in UB7-MG (A) and NHA (B) cells after treatmemith DOX-LIP. Percentage
distribution of thin and thick TnTs in U87-MG (Ch@NHA (D) cells after treatment
with Mf-LIP. At least 200 cells were analyzed peaoup in three independent
experiments. Data are expressed as mean * S.Elfirem independent experiments.
Data were analyzed by two-way ANOVA followed by &t multiple comparisons
test; n.s.= not significant; **p< 0.01.

Finally, to evaluate the integrity of LIP insideTnTs, double labelled
Mf-LIP (containing BODIPY-Sm and DOX) were used. iAts shown
in Fig. 12, the co-localization of both fluoresceignals was detected
in TnTs from both U87-MG and NHA cells.
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U87-MG MI{-LIP embedding DOX

Merge

B BODIPY Sm DOX

Figure 12 Mf-LIP embedding DOX localized in TnTs formed b87-MG and NHA
cells. U87-MG (A) and NHA (B) cells were plated gelatine pre-treated coverslips.
Cells were left in culture complete medium for 48rd then incubated with Mf-LIP
embedding DOX (15ug/ml of DOX, 200 nmols of totplds) for 1h. Cells were fixed
and fluorescence images were captured with a 4@nifieation on ALR Nikon laser
scanning confocal microscope. Scale bar: 10um. BOYB&EmM=Sphingomyelin
present in Mf-LIP conjugate with fluorophore BODIPY
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3.5 Mf-LIP were preferentially exchanged via TnTs letween
U87-MG cells.

Cell-to-cell transfer of Mf-LIP between differenb-culture mixtures
was assessed by FACS analysis. The results shdvaetf-LIP were
transferred via TnTs between NHA cells with a loater as
demonstrated by the detection of 5+0.6% Mf-LIP pesi“acceptor”
cells. Interestingly, the rate of Mf-LIP exchangenm U87-MG to NHA
was 2-fold lower (3.8£0.2% of Mf-LIP positive “aqu®r’ NHA) than

U87-MG to U87-MG transfer (8.2+1.5 % of Mf-LIP ptse

“acceptor” U87-MG).

4 Discussion

In the context of searching more effective theramgainst GBM,

which remains an incurable brain tumour, we foawsattention on the
cells communication. Intercellular communicatioayd an important
role in tumour progression, invasiveness and @st&t to conventional
treatments (Broekman et al., 2018). Among the diffeways that cells
used to exchange non-secretable messages, tugnelénotubes
(TnTs) and microtubes (TmTs) are involved in thgrewth of GBM

after surgery and in conferring resistance to radiad chemotherapy
(Weil et al., 2017; Moschoi et al., 2016). Startirgm our expertise in
the design of nanopatrticles, we synthesized andctaized LIP carry
doxorubicin, as an anti-cancer drug model, andlghfiahctionalized

with mApoE and with CITx, as GBM targeting ligan@d#aletinska et
al., 2000; DeBin et al., 1993; Ojeda et al., 20i¢ons et al., 2002;

Formicola et al. 2019). The ability of human primglioblastoma cell
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line (U87-MG), in comparison to normal human asgtes (NHA), to
exchange Mf-LIP via TnTs has been investigated. LI-
characterization shown that the different batchergih prepared were
highly reproducible and stable over time, with yiedd of the reactions
comparable to previously reported ones (Re e2@l.0; Re et al., 2011;
Formicola et al. 2019).

Since it is reported in literature that TnTs aré¢ abserved in some
glioma cellular models (Van der Vos et al., 2013,checked if U87-
MG cells and NHA cells herein used were able tonf@nTs in vitro.

The results showed that both types of cells wele @bcommunicate
between them by TnTs, as already reported (Reirall,£2019; Zhang
et al., 2015; Rostami et al., 2017) and the peaggnbf cells forming

TnTs was similar between U87-MG and NHA cells.

Since TnTs have been grouped into two main classeg,thin €0.7
um, measuring a minimum of 100—200 nm) and thicB.7 um, up to
1 um) (Gerdes et al., 2007), we analyzed the hgeeety of TnTs
formed by U87-MG and NHA.

Structural analysis and the comparison of the tiesk of TnTs formed
by these cells, shown that U87-MG cells formed almexclusively
thick protrusions, while NHA formed either thin atidck TnTs.

Considering that thick TnTs are more efficientramisport of molecules
and organelles (Veranic et al., 2008; Mittal R.&t 2019), this
difference could may be exploited to increase #imge of drug delivery
between cancer cells. Moreover, TnTs are alsoifkegsccording to
their different morphology/function in TnTs type short dynamic
structures, containing actin filament and engagedxploring the
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surrounding microenvironment, and TnTs type Il tthee longer and
more stable processes, containing actin and tulkfiaments and

apparently involved in organelles shuttle (Veragial., 2008). Here
reported immunofluorescence experiments stainirig @and tubulin,

showed that U87-MG mainly formed TnTs type Il, cargd to NHA,

which formed mostly TnTs type I. Accordingly, U876&Wvere able to
better exchange Mf-LIP, as shown by the detectibrippsomes-

associated fluorescence in thick TnTs. Moreovershvaved that the
LIP surface functionalization with mApoE and ClTikangly increased
the cell uptake by U87-MG, while no differences aveetected with
NHA in terms of LIP uptake. This suggest that thespnce of these
two ligands may promote a more specific targetihgancer cells,

probably due to the overexpression of LDL-receptpi)87-MG cells

(Maletinska et al., 2000; DeBin et al., 1993), whig the target ligand
of mMApoE peptide, and CITx, which has been showsetectively bind

a specific chloride channel on glioma cell surf@©gda et al., 2016;
Lyons et al., 2002; Xiang et al. 2011).

Moreover, the encapsulation of DOX in LIP facil@atits passage
through TnTs, respect to free DOX, that remainsoalnexclusively
localized in the nuclear region. Considering thaltscphysiologically
produced TnTs under stress conditions (e.g. hypmaaitions, drugs,
oxidative stress), we assessed the effect of D@Xtment on TnTs
formed by U87-MG cells. The results showed thag X and DOX-
LIP induced the formation of thin TnTs, with a stgoreduction of thick
TnTs and prolonging the incubation time, TnTs dgred and U87-
MG cells died as also showed for other cells tyff&sstom, 2016).
Comparing these results to those obtained in NHK,def-LIP were
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localized in TnTs with a little extent and the f&WP inside in NHA's
TnTs were again localized in the thick ones. Tlhigaborate the fact
that thick TnTs are mainly involved in the intetatr trafficking of

drug-loaded liposomes.

More appealing, the structural difference betweerTsl formed by
GBM cells and NHA could be useful to design preasel specific
nanotherapeutics.

As a proof-of-concept, the ability of cells to mally exchange Mf-LIP
was evaluated in different co-culture mixturesetastingly, the results
showed that U87-MG were more inclined to transféfLMP to other

cancer cells, than to healthy astrocytes.

The opportunity to exploit TnTs as drug-deliveranhels can improve
the cancer therapy, by reaching isolated, infitigatumor cells that are
hardly targeted by drug diffusion in the brain pesteyma. Nowadays,
few papers are available showing the involvementmofs-mediated
intercellular transport of nanoparticles (Kristladt, 2013; Epperla et
al., 2015; Deng et al., 2018) and none of themediahted to the
comparison between healthy and tumour cells in paricles
trafficking. It is important to highlight that he results herein reported
were obtained using one GBM-derived cell line, vahare not fully
representative of human GBM. For this reason, Higlation of these
results will be further performed on patient-dedgioblastoma cells,

stem cells included.

In conclusion, the understanding of the possibleraellular delivery
of nanotherapeutics cargo via TnTs can signifigairifluence the

approaches to treat specific diseases.
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Supplementary materials and figures

Figure S1. Series of confocal z-slide&l87-MG cells were plated on gelatine pre-
treated coverslips. Cells were stained with the brame dye Dil, fixed, and imaged
via confocal microscopy. Series of Dil-stained amal z-slides and maximum
intensity projection of z-slides from U87-MG cel\&/hite triangles indicate TnTs.
Scale bar: 1¢m. The step size is 0.628n and the number of optical section is 16.
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Figure S2. Series of confocal z-slideBIHA cells were plated on gelatine pre-treated
coverslips. Cells were stained with the membrane Bil, fixed, and imaged via

190



confocal microscopy. Series of Dil-stained confacalides and maximum intensity
projection of z-slides from NHA cells. White trideg indicate TnTs. Scale bar: 10
um. The step size is 0.454n and the number of optical section is 22.

100 -

80 -

% of cell forming TnTs

&

Figure S3. Percentage of cells forming TnTsPercentage of U87-MG cells and

NHA cells forming TnTs on total cells is shown. l&&ast 200 cells were analyzed per
group in three independent experiments. Data greesged as mean + S.E from three
independent experiments. Data were analyzed byeSttitest; n.s.= not significant.
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Figure S4. Doxorubicin (DOX) localizes principallyat the nucleus in U87-MG
and NHA cell lines. U87-MG and NHA cells were plated on gelatine pested
coverslips. Cells were leaved in culture complegslimm for 48 h and then incubated
with 15 pg/ml of free DOX for 1 h. Cells were latgained for 20 min with DiO (5
pul/ml), fixed, permeabilized and colored with DAR1pg/ml) for 10 minutes.
Fluorescence images were captured with a 40x miagtidn on A1R Nikon laser
scanning confocal microscope. Scale bar: 10um. BQ@xorubicin.
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DiO DOX

Dil Dil

Control

Figure S5. Free doxorubicin induces the TnTs disamarance and death of U87-

GM cells.

U87-MG cells were plated on gelatine pre-treatedecdips. Cells were leaved in
culture complete medium for 48 h and then incubatithd 15 pug/ml of free DOX for

24 h. Cells were later stained for 20 min with E&ul/ml) or Dil (5uM), fixed and

fluorescence images were captured with a 40x miagtidn on A1R Nikon laser
scanning confocal microscope. Scale bar: 10pum. B@Xxorubicin

193



CTR DOX-LIP Mf{-LIP Free DOX

L YD)

S0

—o—free DOX —e—DOX-LIP ——Mf-LIP

10
C
_ 8 —
26 F
St
\)2—
0 &
0 1 2 3
Time (h)

Figure S6. Cellular uptake of DOX by U87-MG cellsU87-MG cells were seeded
on a 96-well plate (¥xells/well). After two days of culture, cells wereated with
free DOX (15ug/ml) or DOX-LIP or Mf-LIP (15 pg/ml of DOX, 200 nats of total
lipids) and the uptake was evaluated by acquinmages at three different time points
(0, 1 h, 3 h). Representative images at 1h are shobmages were acquired in the
brightfield channel A) and in the DOX channeh¢x=495 nm;Aem=592 nm) B)
using a 40x air objective lens and standard inséntnfilters. Time course DOX
uptake by U87-MG was measured by Jasco FP-850@rsfiecrometer C).
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Figure S7. Percentage of cells forming TnTs after OX-LIP or Mf-LIP
treatment. Percentage of U87-MG cell&) and NHA cells B) forming TnTs on total
cells is shown. At least 200 cells were analyzed greup in three independent
experiments. Data are expressed as mean * S.Elfirem independent experiments.
Data were analysed by one-way ANOVA followed by Dett's post-hoc test; n.s.=
not significant. DOX-LIP = liposomes carrying doxbitin; Mf-LIP = multi-
functionalized liposomes; CTR = control untreatetlsc
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CHAPTER 5

Summary, conclusions and future perspectives
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Glioblastoma multiforme (GBM, WHO grade IV tumous)the most
frequently occurring malignant CNS tumour. It igazhterized by:
high aggressiveness and invasiveness, a very timésponse to
therapies, and it is associated with poor prognesta a median patient
survival of 12—15 months from diagnosis. Moreo¥&BM presents a
high rate of recurrence after surgical recectioithva new tumour
occurring in 80% of patients [Pearson JRD and Rkgar 2017;
D’Alessio A et al., 2019].

Currently, no cure is available for this diseasakimg the identification
of new strategies an urgent need.

The failure of currently available approaches isntyadue: to the
complex biology of the tumour, to the presence s blood-brain
barrier (BBB) that limit the drugs entrance inte thrain, and to the
existence of GBM Stem-like Cells (GSCs), a subpatoh of cells
endowed of an intrinsic tumour-initiating potented invasiveness
and responsible for the increased tumour resistéamoghemo- and
radiotherapy (RT) [Ohgaki H et al., 2013; Brennaalg 2013]. GSCs
represent a crucial target for effective GBM thézap

Moreover, the intimate connection through which tlells
communicate between them plays an important rodd the biological
processes involved in tumour formation and sprepfBnoekman ML
et al., 2018]. In this scenario, tunneling nanotufenTs) are recently
gaining importance as a key features in tumor @egjon and in
particular in the re-growth of GBM after surgery ¢Wet al., 2017;
Moschoi et al., 2016].

Among all the possibilities, nanomedicine represeat promising

approach for the treatment of GBM.
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In this context, liposomes (LIP) are the most atitve NPs for
biomedical applications thanks to their biocompghtih non-
Immunogenicity, non-toxicity, biodegradability, higphysical stability
and versatility in surface functionalization. Fohist reason,
doxorubicin-loaded multifunctionalized LIP have bgeoposed in this
thesis work. LIP were dually functionalized with m@E, a modified
fragment of the human apolipoprotein E, which bithesLDL receptor,
overexpressed both on BBB and on GBM cells, androtdxin (CITx)
to improve the tumour targeting [Salvati E et2013; Re F et al., 2011
Lyons SA et al., 2002; Cohen-Inbar O et al., 2016].

Our results demonstrated the synergistic activitfC'x-mApoE in
boosting doxorubicin-loaded LIP across the BBB vitro model,
keeping the anti-tumour activity of the drug loadéa particular,
MApOE acts promoting cellular uptake, while CITxomotes
exocytosis of liposomes. The encapsulation into oB&hIPs prevents
DOX toxicity on BBB cells and enhances its accurtiafa within
mouse brairin vivo. Moreover, when administered to patient-derived
GSCs-derived NOD/SCID xenograft mouse, MmApoE-DOX®4.
triggered GSCs apoptosis resulting in a remarkiagalaction of tumour
growth and invasion of the contralateral hemisphere

Importantly, the concomitant administration of tdn enhanced the
anti-tumour effects by altering BBB permeabilitydapromoting the
expression of LDLr on both BBB and GSCs. RT anduwealt
administration of drug-loaded targeted LIPs repmesan effective
strategy to treat GBM, circumventing the BBB husdénd targeting
GSCs.
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On the other hand, our results demonstrate thatsTar@ potentially
useful as drug-delivery channels for cancer therdagilitating the
intercellular redistribution of drugs in close afadt away cells, thus
reaching isolated tumour niches that are hardbyetad by simple drug
diffusion in the brain parenchyma. The differenmintified in TnTs
formed by GBM cells and normal human astrocytesbeaexploited to
increase treatments precision and specificity.

Taken together, the data reported in the thesik Wwerein presented,
strengthen the possibility to exploit anomedicioiethe therapy of CNS
tumours. However, further efforts are needed tadaéd the results
obtained in other cellular and animal models, vilik final aim to
translate them into the clinics.

The future of nanomedicine is represented by thecafied
“personalized” nanomedicine. In this context, tpeartunity to exploit
multiple NPs functionalization strategies playswotal role. A recently
founded project to our research group, aimed tauseltidisciplinary
approach for the treatment of different CNS dissasenours included.
This project require the use of NPs loaded witliedént drugs and
modified on the surface with various ligands, adowgly to the
pathology needs. Moreover, since a common featlisewere brain
disorders is the impairment of the immune systeththe presence of
a chronic inflammatory condition, a bioactive lipidith anti-

inflammatory properties, will be added to the namofulations.
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Publications outside the thesis topic

1. Nanomedicine for the Treatment of Alzheimer'sdaiase

Beatrice Formicola, Alysia Cox, Roberta dal Magrdvassimo

Masserini, and Francesca Reurnal of Biomedical Nanotechnology,
Vol. 15,20109.

Abstract

Alzheimer’s disease affects millions of people warde and this
figure is continuously increasing. Currently, theseo resolutive cure
for this disorder, but a valid contribution coule Iprovided by
nanomedicine, utilizing multi-functionalized nanedss as drug
vehicles with additional features of specific braitargeting.

Nanomedicine may represent also a practicable eglyafor the

pharmaceutical industry that moved from small MWaiphaceuticals
to larger biologicals, such as antibodies and micles, as the next
generation of drugs, leading to the challenge fefotive drug delivery.
This review provides a survey on the nano-basedtegfies for
Alzheimer’s disease diagnosis and treatment, airatrgnhancing the
passage of candidate pharmaceuticals across the, BBB at

supporting the evaluation of new therapeutic ageatgeting this

disease.
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2. The Extent of Human Apolipoprotein A-l Lipidatio Strongly
Affects thep-Amyloid Efflux Across the Blood-Brain Barrier in iro.
Roberta Dal Magro, Sara Simonelli, Alysia Cox, Bieat Formicola,
Roberta Corti, Valeria Cassina, Luca Nardo, Fracmddantegazza,
Domenico Salerno, Gianvito Grasso, Marco Agostiresild) Andrea
Danani, Laura Calabresi and FrancescaHRrentiers in Neuroscienge
Vol. 13,2019

Abstract

Much evidence suggests a protective role of highsiig lipoprotein
(HDL) and its major apolipoprotein apoA-l, in Alzaheer's disease
(AD). The biogenesis of nascent HDL derived frofirst lipidation of
apoA-1, which is synthesized by the liver and itites but not in the
brain, in a process mediated by ABCA1l. The matonatf nascent
HDL in mature spherical HDL is due to a subsequipndation step,
LCAT-mediated cholesterol esterification, and tlmargge of apoA-I
conformation. Therefore, different subclasses ofofapHDL
simultaneously exist in the blood circulation. Hane investigated if
and how the lipidation state affects the abilityapbA-I-HDL to target
and modulate the cerebifazlamyloid (A3) content from the periphery,
that is thus far unclear. In particular, differenbclasses of HDL, each
with different apoA-I lipidation state, were puefl from human plasma
and their ability to cross the blood-brain bar(i@BB), to interact with
Ab aggregates, and to affect Ab efflux across tB& Bvas assessed in
vitro using a transwell system. The results shothet discoidal HDL
displayed a superior capability to promotp éfflux in vitro (9 x 10°

cm/min), when compared to apoA-l in other lipidatistates. In
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particular, no effect on R efflux was detected when apoA-I was in
mature spherical HDL, suggesting that apoA-I comfation, and
lipidation could play a role in j clearance from the brain. Finally,
when apoA-I folded its structure in discoidal HDigther than in
spherical ones, it was able to cross the BBB imovand strongly
destabilize the conformation of3Aibrils by decreasing the order of the
fibril structure (-24%) and th@-sheet content (-14%). These data
suggest that the extent of apoA-l lipidation, ar@hsequently its
conformation, may represent crucial features tlatldc exert their

protective role in AD pathogenesis.
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