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3 Abstract

Throughout the course of evolution, cells have developed various forms of
communication, which are based on speci ¢ molecular interactions and tai-
lored to convey specic messages. The primary cellular communication
strategies are mediated through receptor binding or direct contact with the
target cell's membrane. Communication based on the exchange of Extra-
cellular Vesicles (EVs) has emerged as a focal point in the research of the
scienti c community due to the important stability and versatility of the
vesicular structure, but also as a possible use in innovative and e ective ther-
apeutic therapies protocols. EVs are essentially information-rich "packages”
containing DNA, RNA, proteins, and various molecules. They play a critical
role in stimulating and regulating molecular pathways within target cells.
In this doctoral work, various strategies are introduced, in which a model
based on Ordinary Di erential Equations (ODE) assesses the enhanced e -
ciency of cell-cell communication through EVs when compared to traditional
ligand-receptor strategies. These ndings have the potential to revolutionize
drug delivery systems, especially for complex diseases. This interdisciplinary
approach treats the biological entity of the cell as both transmitter and re-
ceiver, emphasizing the internalization of EVs through fusion with the plasma
membrane of the target cell. However, the paucity of information regarding
these processes hinders the full potential of EV-based therapies. To bridge
this knowledge gap, this thesis work presents a mathematical methodology,
marking a fundamental rst step towards making a signi cant contribution

to the study of EV-mediated communication.

Parallel to this, a mirror approach can be imagined in which the infor-
mation is no longer the content of the single EV but the vesicle itself. The
arti cial vesicle (liposome) can then be marked with a dye and follow its path
over time. This strategy is applied in the eld of micro uidics where a new
approach is introduced that involves the instant manipulation of dye droplets
within a continuous oil phase, forming small droplets, to induce changes in
ow properties. Applications range from medicine to biodefense and drug
delivery. This thesis not only presents a new coding methodology, but also
establishes a model to better understand and predict the dynamics within
micro uidic channels, with the potential to revolutionize various elds.

The thesis begins with an introductory section that addresses the topic of
general Molecular Communication (Section 5.1), its applications in biology
(Section 6.1), and in micro uidics (Section 5.2). A background paragraph is




also reported in Section 6, in order to help understand the works reported in
the thesis.

The purpose of the research is reported in Section 7, while the section ded-
icated to the results of the research work is structured into two independent
parts. The section dedicated to the results of the research work is structured
into two independent parts. Part | in Section 8 addresses the rst issue,
i.e. di erent modeling approaches of cellular communication based on real
experimental data in which it is demonstrated that EVs can have a crucial
and important role in the recovery of neuronal degeneration in Parkinson's
disease. This strategy is performed through the use of linear and nonlinear
models, which reconstruct and describe the main internalization strategies
of EVs by a target cell. Furthermore, it focuses on mathematical strategies
to derive the necessary parameters for such models starting from laboratory
experimental data orin silico simulations. Part Il in Section 9 introduces
the possibility of transmitting information in a di erent way, since the infor-
mation of interest is no longer the content of the EV but the lipid envelope
of which it is formed. A micro uidic system is used to transmit useful infor-
mation by varying the "sliding" speed of these arti cial EVs.

Finally, Section 10 reports the conclusions and future perspectives of this
research work and Section 11 contains acknowledgments.




4 Sommario

Nel corso dell'evoluzione, le cellule hanno sviluppato diverse forme di comu-
nicazione basate su speciche interazioni molecolari e mirate a trasmettere
messaggi specici. Le strategie principali di comunicazione cellulare avven-
gono mediante il legame con recettori o il contatto diretto con la membrana
delle cellule bersaglio. La comunicazione basata sullo scambio di Vescicole
Extracellulari (EVs)e emersa come punto focale nella ricerca della comunit
scienti ca, grazie alla stabilitn e versatilit della struttura delle vescicole e alla
possibilia di utilizzarle in terapie innovative ed e caci. Le EVs sono essen-
zialmente "pacchetti” ricchi di informazioni contenenti DNA, RNA, proteine

e diverse molecole, e svolgono un ruolo critico nella stimolazione e regolazione
delle vie molecolari nelle cellule bersaglio.

In questa tesi di dottorato vengono presentate diverse strategie in cui un
modello basato su Equazioni Di erenziali Ordinarie (ODE) valuta I'e cienza
superiore della comunicazione cellula-cellula attraverso le EVs rispetto alle
tradizionali strategie ligando-recettore. Questi risultati hanno il potenziale
per rivoluzionare i sistemi di somministrazione di farmaci, specialmente per le
malattie complesse. Questo approccio interdisciplinare considera I'entifa bio-
logica della cellula come mittente e ricevente, enfatizzando l'internalizzazione
delle EVs tramite fusione con la membrana plasmatica della cellula bersaglio.
Tuttavia, la scarsitn di informazioni su questi processi ostacola il pieno poten-
ziale delle terapie basate sulle EVs. Per colmare questa lacuna di conoscenza,
guesta tesi presenta una metodologia matematica, rappresentando un primo
passo fondamentale verso un signi cativo contributo allo studio della comu-
nicazione mediata dalle EVs.

Parallelamente a cb, e possibile immaginare un approccio speculare in
cui l'informazione none pu il contenuto singolo delle EVs, ma la vescicola
stessa. La vescicola arti ciale (liposoma) pw essere quindi contrassegnata
con un colore e seguire il suo percorso nel tempo. Questa strategiae ap-
plicata nel campo della micro uidica, dove si introduce un nuovo approccio
che coinvolge la manipolazione istantanea di gocce di colorante all'interno
di una fase oleosa continua, formando piccole gocce, per indurre variazioni
nelle propried del usso. Le applicazioni spaziano dalla medicina alla bio-
tutela e alla somministrazione di farmaci. Questa tesi non solo presenta una
nuova metodologia di codi ca, ma stabilisce anche un modello per compren-
dere e prevedere meglio le dinamiche all'interno dei canali micro uidici, con
il potenziale di rivoluzionare vari campi.
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La tesi inizia con una sezione introduttiva che tratta dell'argomento della
Comunicazione Molecolare generale (Sezione 5.1), delle sue applicazioni in
biologia (Sezione 6.1) e in micro uidica (Sezione 5.2). Viene inoltre fornito
un paragrafo di contesto nella Sezione 6, per aiutare a comprendere i lavori
riportati nella tesi.

Nella Sezione 7 viene riportato lo scopo della ricerca, mentre la sezione
dedicata ai risultati del lavoro di ricercae strutturata in due parti indipen-
denti. La Parte | nella Sezione 8 aronta la prima problematica, ossia le
diverse strategie di modellazione della comunicazione cellulare basata su dati
sperimentali reali in cui si dimostra che le EVs possono svolgere un ruolo cru-
ciale e importante nel recupero della degenerazione neuronale nella malattia
di Parkinson. Questa strategia viene realizzata attraverso l'uso di modelli
lineari e non lineari che ricostruiscono e descrivono le principali strategie di
internalizzazione delle EVs da parte di una cellula bersaglio. Inoltre, si con-
centra sulle strategie matematiche per derivare i parametri necessari per tal
modelli a partire dai dati sperimentali di laboratorio o dalle simulazionin
silico. La Parte Il nella Sezione 9 introduce la possibilia di trasmettere in-
formazioni in un modo diverso, poicle l'interesse none pu il contenuto delle
EVs, ma l'involucro lipidico di cui sono composte. Un sistema micro uidico
viene utilizzato per trasmettere informazioni utili variando la "velocit di
scorrimento” di queste EVs arti ciali.

In ne, la Sezione 10 riporta le conclusioni e le prospettive future di questo
lavoro di ricerca, mentre la Sezione 11 contiene gli ringraziamenti.
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5 Introduction

5.1 Molecular Communication

In the 21st century, modern technology and telecommunication systems en-
able us to simplify our lives and maintain constant communication through
the use of computers, telephones, and the internet [2]. One might ponder
whether human innovation in designing antennas and receivers was inspired
by nature, as the underlying mechanism bears similarities to the communi-
cation methods employed by Prokaryotic and Eukaryotic cells. The key dis-
tinction lies in the transmission of information through chemical molecules
rather than bits or bytes, with cell receptors serving as the equivalent of
receivers [3].

Molecular Communication constitutes a branch of science that seeks to
explore how cells communicate with one another, employing an ‘engineering’
approach to model and predict potential cellular responses to prior inputs
[4]; in Fig. 1, depicts the main milestones in the eld of Molecular Com-
munication. Chemical molecules are employed for communication on both
microscopic and macroscopic scales. Depending on the nature of the chem-
ical molecules involved, Molecular Communication can be categorized into
three classes: i) hydrophilic [5], ii) hydrophobic [6] and vesicular [7]. Various
modeling applications aim to calculate transmitted information [8], "molec-
ular noise" [9] or the regulation of metabolism [2]. These distinct strategies
will be further elucidated in the following paragraphs. One of the primary
goals of Molecular Communication is to transmit information encoded within
‘information packets." These packets travel within the extracellular matrix
or the bloodstream through free di usion. It is essential to underline that
it is often complex to con rm that the sending and/or reception of specic
"information packets" by the target cell has occurred or is responsible for
the biological response under examination. This inherent limitation results
in a high probability of errors. Furthermore, the understanding of the var-
ious molecular pathways is not always clear or comprehensible. Thus, at
present, it is not possible to decode the transmitted information; instead,
we can only calculate the extent of "molecular noise" or the disturbance
in received information created during this process [9]. These signals are
biocompatible and demand minimal energy for generation and transmission,
rendering them ideal for various applications where the use of electromagnetic
signals is impractical or undesirable. While chemical signals occur naturally
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Figure 1: Main Concepts in Molecular Communication. This diagram
illustrates the key milestones in the concept of Molecular Communication.
Information packets, which are organic molecules containing information, are
secreted by a cell (the transmitter). They travel through the extracellular space
(the channel) and reach the target cell (the receiver). To facilitate their study
and predict their e ects, researchers can create mathematical models or design

versatile tools with various applications.

and are used by microorganisms, such as bacteria, for communication and
detecting other microorganisms, it has only recently been proposed to en-
gineer a microscopic-scale communication system based on chemical signals
[10, 11]. Another potential application of Molecular Communication involves
simulating the transmission, di usion, and reception of 'information packets'
through the creation of computer simulations and mathematical models [12].
In addition to the 'biological’ application of Molecular Communication,
it can nd applications in the eld of chemistry. This includes the use of u-
orescent molecules as information carriers [13], or arti cial vesicles known as
liposomes, which can transport speci ¢ molecules or trigger controlled chem-
ical reactions [14]. Molecular Communication is a resource that is garnering
signi cant interest within the scienti c community due to its substantial po-
tential for applications in diagnosis, pharmacology, and the study of cellular

physiology.
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5.2 Biological System Modeling

The modeling of biological systems can be traced back to the 17th century
with the publication of the rst physical laws by Isaac Newton. However, it
was only with the advent of modern computers that this discipline began to
develop signi cantly. In the 1950s and 1960s, many researchers started using
the rst computers to create mathematical models of biological systems, such
as neural networks or physiological systems [15].

5.2.1 System Modeling

To date, the importance of modeling biological systems has signi cantly in-
creased, representing an interdisciplinary discipline involving biology, math-
ematics, computer science, and engineering [16]. The advance of computer
technology and the increase in the availability of biological data, thanks to
the advent of the new "-omics" sciences [17], have contributed to an expo-
nential growth in the applications of modeling biological systems in vari-
ous elds, including medicine [18, 19], agriculture [20] and environment [21].
Bioinformatics tools are useful for deepening our understanding of organism
physiology at the molecular level, shifting the research focus to the analysis
of molecular networks [22]. From this line of research, Molecular Commu-
nication was born and evolved as a science that studies biological networks
using mathematical tools and models [23].

Thus, a new de nition of the concept of a biological system emerged,
representing the subject of study and the context in which it exists [24].
Depending on the subject to be analyzed, it can be described as i) a linear
dynamical system [25], ii) a nonlinear dynamical system [26] or iii) population
dynamics [27].

In reality, all biological systems are complex and unpredictable. Mod-
eling requires signi cant IT resources and knowledge of all parameters that
regulate molecular processes involved. While many of these parameters are
impossible to measure directly, they can be calculated indirectly througim
silico simulations [12, 28].

Unlike classic laboratory strategies where the study of physiological or
pathological phenomena can be explored in depth using cell culturesvitro
or animal modelsin vivo, models based on biological systems introduce a
new frontier of study. It is possible to use digital simulations or mathematical
reconstructions based on previous data and/or knowledge from the literature;
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Figure 2: Methodology. This is an example of a biological system modeling

approach in which we begin with a culture of cells (depicted in green), and we

concentrate on a cellular communication method, attempting to model it using
non-linear di erential equations.

this approach is calledn silico [29]. Thanks to this strategy, large quantities

of data can be obtained, reducing costs and the waste of energy and materials
used in experiments, and often being the only feasible approach in complex
research.

In addition to the parameters and modeling dynamics, a component of
"molecular noise" must be included; it describes the randomness of events
in biological systems and their intrinsic non-linear properties [30]. "Molec-
ular noise" is found in the variation of the concentration of molecules, the
variation in the synthesis or reception of these molecules, or even in the
arrangement of cellular receptors.

This thesis work will present di erent examples of biological system mod-
eling in Section 8, as shown in Fig. 2, and discuss the role of "molecular noise"
in these contexts. Moreover, several strategies for evaluating the parameters
involved in the model and how to extrapolate extrapolate parameters from
experimental data will be presented.

5.3 Micro uidics applied to biology

In parallel to the modeling of the biological system there is another strategy
to study molecular communication which is micro uidics. Micro uidics and
its applications introduce the possibility of transmitting information in a
di erent way, not through electrical pulses or simple di usion in the matrix
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but by exploiting the ow variation in the system, deriving from one or more
external pumps [31, 32].

Such a strategy can be applied to biology using dye-labeled liposomes or
dye droplets that can emulate them [33]. The information of interest is no
longer the content of the single EV but becomes the lipid envelope from which
it is composed, transmitting precious information as the "scrolling” speed of
these arti cial EVs varies. The core of such an approach could help track the
movement of EVs in the body, study their e ects in detail, and obtain the
parameters involved in the secretion, di usion, and internalization of such
EVs, so that clinical trials or drug treatments can be planned and improved.

5.3.1 Micro uidics System

Micro uidics enables the manipulation of uids and the study of specic
reactions in controlled environments. Consequently, a new research eld
has emerged that combines micro uidics with clinical biology, medicine, and
physics [34].

The small size of chambers and channels, on the order of micrometers,
along with the physical properties resulting from uid con nement in such
narrow spaces, allows numerous chemical and biological processes to be con-
ducted using minimal volumes of liquids [35]. Moreover, at these dimen-
sions, molecular consumption is signi cantly reduced compared to traditional
macroscale experiments.

Microscale experiments o er several advantages. Due to their small size,
they maintain low values of the Reynolds number (Re) [36]. In micro uidic
devices (102 > Re> 10 °), this value allows for the creation and stability of
laminar ow, which has a signi cant impact on the precise control of critical
reaction parameters, including temperature, uid mixing speed, and reactant
and product concentrations [37, 38]. Capillary forces enable uid movement
within the channels, but one or more pumps are necessary to generate and
maintain speci ¢ pressures or replace reagents in the devices [39, 40].

The primary classes of micro uidic devices can be categorized as follows:
paper, silicon, glass, polymer, and more recently, ber. Paper devices, which
use paper substrates (including nitrocellulose), are employed in medical clin-
ical analyses and diagnoses through colorimetric assays [41, 42]. Silicon and
glass are the original substrates for 3D micro uidic device development, cre-
ating micro uidic designs (microchannels, microchambers, etc.) [43, 44, 45].

Three-dimensional chips manufactured from polymers like polydimethyl-
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siloxane (PDMS) through photolithography, or transparent resin using 3D
printers, have become prevalent in recent years [46, 47]. 3D printing allows
for the creation of micro uidic chips through a single fabrication process,
eliminating potential errors or misalignments present in PDMS-based fabri-
cation processes, which could a ect their performance. Recent advancements
have achieved excellent printing resolutions on the order of micrometers, and
the plasticity of materials allows for the production of micrometric channels,
T-junctions, and housing chambers for the study of cell or organ pathologies
and testing new drugs [48, 49], as illustrated in Fig 3.

The geometry and design structure of a three-dimensional chip, along
with printing resolution StereoLithography Apparatus (SLA) de ned by the
laser beam or pixel size in the case of Digital Light Processing (DLP) SLA
technology, signi cantly a ect fabrication [50]. However, current 3D printing
methods are limited in modeling complex and "empty" micrometric channels,
as they tend to collapse or deform [51]. Strategies to overcome these issues
include the use of DLP projection resins, removal with high-pressure air or
water jets, or the use of polymethyl methacrylate (PMMA) or glass substrates
[52].

Fiber devices are utilized for the colorimetric detection of biomarkers
in urine and arti cial plasma samples, eliminating the need for hydrophobic
barriers and possessing a natural microchannel structure with good exibility.
Networks can be easily formed into knots and tangles, creating micro uidic
loops [53].

In this thesis work, in Section 9 an example of the application of micro u-
idics for the coding of information will be presented through the perception
of speed variations of color droplets, which simulate liposomes circulating in
a blood capillary.
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Figure 3: Micro uidic Experimental Set-up.

6 Biological Background and Methodology

This section will brie y introduce some fundamental concepts of molecular
communication in the biological context in 6.1, we will also introduce cell

cultures in 6.2 and methods in 6.3 used in all the experiments that were the
basis and the refutation of the models that will be discussed in my work and
will help to understand the motivations mentioned in the previous section.

For further speci cations and insights see [54, 55].

6.1 Communication in Biology through the exchange
of Extracellular Vesicles

To better understand the potential of Molecular Communication, it is neces-
sary to introduce some concepts related to cell biology and their communi-
cation strategies. The cell is the simplest unit capable of sustaining its own
life and reproducing completely independently. Based on their cellular struc-
ture, all organisms can be classi ed into two large categories: Prokaryotes,
in which we nd Bacteria and Archea, and Eukaryotes, divided into Plants,
Animals, Fungi, Protozoa and Monera. Both cell types share the presence of
a double-layer lipid membrane, di erent in protein, carbohydrate and lipid
components based on the speci ¢ organism in question, which separates the
external environment from the internal environment of the cell [56, 57]. Al-
though their structures are speci cally di erent, the cell membrane is highly
amphipathic with very narrow pores and serves as a sieve for molecules that
could transmit information to the cell.

As introduced in the preceding paragraph, evolution has driven organ-
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isms to develop diverse communication strategies based on the nature of the
molecules involved and the type of information that needs to be transmitted.
If the "information packet" is a protein or a hydrophilic vitamin, it requires

a receptor, typically a protein, capable of triggering the required cellular re-
sponse [5]. When the "information package" is a lipid or a hydrophilic drug,

it can independently cross the cell membrane, thereby transferring the infor-
mation directly to the target cell [6]. Additionally, these individual molecules
can be enclosed and protected within a single spherical structure known as
a vesicle [58].

Extracellular vesicles (EVs), as shown in Fig. 4, are nanometer-sized
spherical structures enclosed by a double lipid membrane. They can trans-
port various molecules, including proteins, hormones, genetic material (RNA/
DNA), or metabolites between cells [59]. EVs are secreted by all cell types
in vivo and in vitro and can be found in all body compartments [60]. EVs
have emerged as a signi cant strategy for intercellular communication, and
researchers have classi ed them based on their size and biogenesis. Although
they constitute a heterogeneous group of vesicles with di erent functions,
properties and origins, they can be classi ed into three main groups based
on biogenesis: exosomes (30-150 nm), microvesicles (50 nm tond, and
apoptotic bodies £50nm) [61]. Unfortunately, current technologies make it
di cult to comprehensively isolate and separate the aforementioned groups
of vesicles, which is why they are more generically classi ed intmall vesi-
cles(<200nm) and medium-large vesicless00 nm)[62].small vesicleshave
garnered increased attention due to their potential applications and unique
characteristics supported by substantial scienti ¢ evidence in recent years
[63].

Liposomes are arti cial vesicles recreated in the laboratory, enriched only
with the molecules intended for transport, often used in planning clinical
trials [64]. Some anti-tumor therapies, based on the use of liposomes, are
already on the market [65, 66].

6.1.1 EV biogenesis

The biogenesis of EVs is a highly complex and dynamic process that is crucial
for intercellular communication. These vesicles are released by cells into the
extracellular space and play fundamental roles in various physiological and
pathological processes. The process of EV formation typically begins with
the inward budding of the endosomal membrane, leading to the formation
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Figure 4: Structure of a Generic EV: An EV is composed of a membrane
with a phospholipid bilayer and multiple membrane proteins involved in
internalization processes. Inside, one can nd various types of molecules,

including DNA, RNA, proteins, metabolites, etc. (source: [1]).

of multivesicular bodies (MVBs). Within MVBs, proteins, lipids, and nu-
cleic acids are packaged into small vesicles called intraluminal vesicles (ILVS)
through a process involving the Endosomal Sorting Complex Required for
Transport (ESCRT) protein family [67].

The EV formation process is di erent depending on the type of vesicle,
whethersmall or large. The biogenesis osmall vesicles typically begins with
inward budding of the endosomal membrane, leading to the formation of mul-
tivesicular bodies (MVBSs). Inside MVBs, proteins, lipids, and nucleic acids
are packaged into small vesicles called intraluminal vesicles (ILVs) through a
process involving the endosomal sorting complex required for transport (ES-
CRT) family of proteins [67] , there are also independent ESCRT biogenesis
processes [68].

MVBs can then migrate to the plasma membrane and fuse with it, releas-
ing their contents into the extracellular uid as small vesicles. Thesesmall
vesicles contain a variety of biologically active molecules, including proteins,
lipids and nucleic acids, which can be taken up by target cells and in u-
ence their function. Alternatively, other types of EVs, such as microvesicles,
can form directly through outward budding of the plasma membrane [69], as
shown in Figure 5.
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The biogenesis oflarge vesicles involves cytoskeletal components, the
oppase ATP binding cassette transporter 1 (ABCA1) plays a key role by
facilitating the translocation of phosphatidylserine (PS) to the outer side
of the membrane, inducing an asymmetrical distribution of phospholipids
[70, 71, 72]. Moreover, the binding of GTP to a member of the small GT-
Pase family, ARF6, triggers a downstream signaling cascade that leads to
the contraction of actin-myosin, enabling the scission of ectosomes from the
plasma membrane. Specically, GTP binding to ARF6 activates phospho-
lipase D (PLD), facilitating the recruitment and activation of extracellular
signal-regulated kinase (ERK) at the plasma membrane. ERK then phospho-
rylates myosin light chain kinase (MLCK), which, upon activation, phospho-
rylates myosin light chain (MLC), inducing actin-myosin contraction [73].
Notably, the machinery involved in the formation of exosomes, known as
the ESCRT (endosomal sorting complexes required for transport), also con-
tributes to ectosome biogenesis. In the case of arrestin domain-containing
protein 1 (ARRDC1)-mediated ectosome formation, TSG101 of ESCRT-I
and apoptosis-linked gene 2 interacting protein (ALIX) associate with AR-
RDC1 through its PSAP and PPXY maotifs, respectively. ARRDC1 also in-
teracts with neural precursor cell expressed, developmentally downregulated
4 (NEDD4) via the PPXY motif during ectosome biogenesis, suggesting a
mechanism based on ubiquitin for cargo sorting [74]. Subsequently, ALIX in-
teracts with the ESCRT-III complex to facilitate membrane scission, leading
to the secretion of ectosomes into the extracellular matrix [75].

The biogenesis of EVs is highly regulated and involves multiple proteins
and protein complexes. A detailed understanding of these mechanisms is
still the subject of active research, as it plays a fundamental role in numerous
physiological and pathological processes, including development, the immune
system, and the transmission of cellular signals [67, 69].

6.1.2 EVs uptaking strategies

Once generated and released from donor cells, EVs follow di erent fates.
Some EVs release their cargo into the extracellular space due to the disso-
lution of their membrane. Another fraction of EVs undergo long-term navi-
gation in extracellular uids, and can establish various types of interactions
with target cells. Three noteworthy types of interactions include endocytosis
in various forms, juxtacrine signaling, and fusion with the plasma membrane
of the target cell [76, 77, 78], as illustrated in Figure 5.

20



Fusion is a well-known natural phenomenon that occurs when two sepa-
rated membrane portions come into close contact and merge. Factors such
as temperature, environmental acidity, speci c lipids like cholesterol, mem-
brane curvature, and the presence of proteins or receptors can activate this
process [79]. The fusion between the membranes of EVs and cells appears to
be activated by speci ¢ Fusogenic Proteins (FPs). High-a nity binding of
at least two pairs of surface FPs (one from the EVs and the other from the
target cell's plasma membrane) is expected to be required for this process
[77]. However, the identity of the FPs involved in the fusion process is still
under investigation. These surface binding and fusion processes, similar to
the fusion between two cells, are mainly understood from the study of virus-
cell fusion, which involves four classes of proteins [80]. Proteins from two of
these classes, such as syncytin-1, syncytin-2, the receptor Major facilitator
superfamily domain-containing protein 2 (MSFD2a), and the neutral amino
acid transporter ASCT-2, have been discovered on the plasma membrane
of various cell types, such as placental cells, human gametes, blood cells,
and tumor cells. These proteins participate in the cell-to-cell fusion process
[81, 82, 83, 82, 84, 85]. Notably, these proteins were also found on placen-
tal trophoblast exosomes (a speci ¢ type of EV) destined to bind and fuse
with blood cells, suggesting their possible involvement in the binding process
preceding EV fusion with target cells [82, 77].

It"s important to note that this process should not be confused with
intracellular fusion between vesicles and membrane-bound cell compartments
and organelles, such as lysosomes. Intracellular fusion has been extensively
studied and documented in the literature[86, 87, 76]. In contrast, evidence of
surface binding and fusion of EVs with target cells has only been described
recently [77, 88], and many details remain to be clari ed.

After the bond between the FPs is established, their hydrophobic seg-
ments begin to merge into the plasma membrane, followed by the molecular
rearrangement (pre-folding and post-folding) of the bound proteins and the
reorganization of the closely attached membrane portions of both the EV
and the target cell. This process continues until dissolution occurs at the fu-
sion site, with the EV membrane being inserted into the plasma membrane,
creating a continuous membrane.

Unlike other simultaneous internalization processes that occur across the
cell membrane, such as receptor-mediated endocytosis, in which EVs are in-
ternalized with their membrane and then broken down to metabolize their
contents, fusion between the EV and the membrane cell or endosome mem-
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brane, releases the contents of the vesicle directly into the cytosol.

Another possible interaction between EVs and target cells is mainly based
on protein interactions, involving receptors, tetraspanins, integrins, clathrin,
caveolin, etc. [89]. These interactions mediate both juxtacrine signaling
and EV internalization, which includes mechanisms classi ed as (i) endocy-
tosis (clathrin dependent and independent), (ii) macropinocytosis, and (iii)
phagocytosis [89, 90, 91, 92].

In more detalil, all these strategies follow a similar sequence of events, dis-
tinguished by the types of proteins involved and the response of the target
cell membrane, leading to EV internalization. The process begins with the
high-a nity binding of one or two pairs of surface proteins (one from the
EVs and the other from the target cell"s plasma membrane), triggering cas-
cading reactions that alter the target cell membrane. This leads to complete
envelopment and internalization of the EV in an endosome, where it may
undergo various fates [76, 93].

Juxtacrine signaling is a di erent strategy in which the target cell pro-
cesses information bound to the EV. The main di erence between endocytosis
and juxtacrine signaling is that EVs bind with high a nity to the cell's sur-
face, initiating a speci ¢ molecular process [94]. This strategy is not included
in our model, as the experimental data we have do not show an accumulation
of EVs on the surface of the target cell, but only their internalization over
time. We will explore this possibility further in future experiments.

The identity of the proteins involved in all of these processes is only
partially known (caveolins, clathrins, receptors), and several proteins and
mechanisms are still under investigation. This complexity poses challenges
in developing e cient pharmacological treatments for long-term inhibition or
selective uptake pathways inn vitro experiments, as inhibiting these path-
ways may also a ect the uptake of other molecules, resulting in side e ects
on cell viability. Therefore, current experimental measures of the EV inter-
nalization rate in target cells do not distinguish among the possible uptake
mechanisms.

6.2 Caell cultures used
6.2.1 Cells cultures

For this thesis project, we utilized the SH-SY5Y neuroblastoma cell line as
the target for EV treatment, with primary Astrocytes (AS) cultures serving
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Figure 5: EVs Uptake Strategies:  This gure illustrates the most well-known
strategies for EVs internalization by target cells, alongside new EVs synthesis.

as the EV donors, as shown in Figure 6. Both cell types were maintained in
culture within an incubator at a constant temperature of 37C, in a humidi-
ed atmosphere with 5% CO?. The culture medium was replaced every 2-3
days.

6.2.2 SH-SY5Y cell line

The SH-SY5Y cell line is widely used cellular model for research in Parkin-
son's disease due to its characteristic features of dopaminergic neurons. Fur-
thermore, di erentiation of this cell line can be induced by using retinoic
acid (RA) and gradually depleting fetal bovine serum (FBS), leading to a
dopaminergic neuronal phenotype. After di erentiation, SH-SY5Y cells cease
to proliferate, and the cell number remains constant [95]. Undi erentiated
SH-SY5Y cells were cultured using a mixed culture medium of MEM/F12
(Minimum Essential Media + F-12) in a 1:1 ratio, supplemented with 1%
glutamine and 10% FBS. To prevent bacterial contamination, 1% Penicillin
and Streptomycin antibiotics (PEN/STREP) were added. Once the cell con-
uence reached 80%, the cells were detached and diluted to maintain them in
culture. Cell splitting was performed by aspirating and preserving the super-
natant (SNT), followed by a wash with 1X PBS (phosphate-bu ered saline)
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to remove cellular debris and any remaining medium residues, following the
protocol reported in [54].

6.2.3 Primary cultures of murine midbrain AS

Primary cultures of AS and the corresponding treatments were conducted
using wild-type C57BL/6 mice obtained from Charles River (animal experi-
mentation approved by the Italian Ministry of Health, authorization number
442/2020-PR). The primary astroglial cell cultures were prepared accord-
ing to the method described in [54]. Briey, AS were derived from mice at
postnatal days P2{P4 and isolated from the ventral midbrain (VMB) and
striatum (STR) brain regions, as well as from brains lacking these two re-
gions (VS). These brain regions are involved in Parkinson"s pathology, in
particular. The substantia nigrais a gray laminar region, so called due to
the presence of neurons rich in the pigment neuromelanin, which gives it its
typical dark color. It is composed of a region dedicated to the inhibition
of movement (pars reticulata) and a region that facilitates movement (pars
compacta) [96]. The loss of pigmentation is mainly due to the degeneration
of the cell bodies of the dopaminergic neurons in the SNpc in the ventral
region of the midbrain, of their axons that a erent to the region of the stria-
tum and of the noradrenergic neurons in the locus coeruleus [97], responsible
for the origin of muscle movement.

The AS were cultured in DMEM (Sigma Aldrich, D6046) supplemented
with 10% fetal bovine serum (FBS) (Biowest, S1810), 2 mm L-glutamine
(Sigma Aldrich, G7513), 2.5 g/mL amphotericin B (Sigma Aldrich, A2942),
and 1% penicillin/streptomycin (Sigma Aldrich, P0O781) at 37C with 5% CO2
for a period of 13-17 days in 10 cm dishes speci cally designed for primary
cultures (Corning, 353 803), following the protocol reported in [54].

Subsequently, cells were treated with CCL3 at a concentration of 300
ng/mL (R&D, 450MAO050) or left untreated, in DMEM medium supple-
mented with 10% exosome-depleted FBS (System Biosciences, EXO-FBS
-250A-1), following the protocol reported in [54]. Cells were maintained in
this medium for 24 hours before collecting the supernatant for extracellular
vesicle (EV) puri cation, described in detail in [54].

The choice of the CCL3 protein is not random, because several studies
have highlighted a signi cant increase in the chemokine CCL3 (chemokine
(C-C motif) ligand 3), in Parkinson"s disease, as an index of acute in am-
mation. However, a high level was also observed in recovery processes both
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(a) Undi erentiated SH-SY5Y (b) Di erentiated SH-SY5Y

(c) Astrocytes

Figure 6: Microscope cells images. a) Undi erentiated human SH-SY5Y cell
line observed using optical microscopy; b) Di erentiated human SH-SY5Y cell
line exposed to 10 mol of retinoic acid as seen through optical microscopy;
C)AS captured under uorescence microscopy with cell bodies shown in green,
cell nuclei in blue, and microglia cells in red.

in in vitro and in in vivo models of Parkinson"s disease. For example, AS
treated in vitro with CCL3 increase their intrinsic protective action against
dopaminergic neurons subjected to oxidative damage, and stimulate the dif-
ferentiation of Neuronal Stem Cells [98].

6.3 Methodology

For immuno uorescence (IF) analyses, AS were labelled with rabbit anti-
GFAP antibody (Dako, Z0334), while microglial cells were stained with goat
anti-lbal antibody (Novus, NB100-1028). AS proliferation was evaluated by
5-Bromo-2"- deoxyuridine (BrdU) incorporation assay. The day before xa-
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tion, BrdU 5 m (Sigma Aldrich, 19{160) was added to cells for 24 h. Pro-
liferative cells were stained with mouse anti-BrdU antibody (Sigma Aldrich,
B8434). Donkey Alexa uor secondary antibodies were used, and nuclei
were stained with DAPI (Sigma Aldrich, 32670{56MG-F). IF images were ac-
quired using a Leica microscope (DM5500) and analyzed with Fiji Image J
software 1.51n. For cytotoxicity analysis, 10 L of AS supernatants were col-
lected and analyzed by LDH-Cytotoxicity Assay Kit (Fluorometric) (Abcam,
ab197004), following the instruction provided by the kit. For viability analy-
sis, CellTiter Blue reagent (Promega, G8080) (diluted 1:4 with PBSQ) was
added to each well of 96 well plates and incubated at 3T for 4 h. Then,
for both kits, the uorescent signal was measured by Varioskan ash plate
reader (Thermo Fisher). RNA was isolated from AS using the miRNeasy
Mini Kit (Qiagen, 217 004). Total RNA quantity and purity were assessed
with the NanoDrop ND-1000 instrument (Thermo Scienti ¢) and cDNA syn-
thesis was performed using the High-capacity cDNA reverse transcription kit
(Applied Biosystem, 4 368 814). Gene expression was studied via gPCR with
PowerUp SYBR Green Master Mix (Applied Biosystem, A25742), using the
following primers:

Ccrl-forward: 5"-AGGTTGGGACCTTGAACCTTG-3",

Ccrl-reverse: 5"-ACAGTGAGTCTGTGTTTCCAGA,;

and Ccr5-forward: 5"-TGAGACATCCGTTCCCCCTA -3",

Ccr5-reverse: 5"-GCTGAGCCGCAATTTGTTTC-3".

MRNA levels were normalized relative to Gusb:

Gusb-forward: 5"-CCGACCTCTCGAACAACCG-3",

Gusb-reverse: 5"- GCTTCCCGTTCATACCACACC-3".

Samples were tested in triplicate on a QuantStudio 3 Real-Time PCR
System (Applied Biosystem) and expressed as Ct.

6.3.1 Scanning Electron Microscopy (SEM) Processing

Cells were xed in 3% Glutaraldehyde (Sigma Aldrich, G5882) for 1 h. Sam-
ples were then post xed in 1% osmium tetroxide for 45 min at 4C. Samples
were washed with deionized water and partially dehydrated in increasing
concentrations of ethanol up to 100% ethanol. Subsequently, critical point
drying and sputtering with gold/palladium alloy was performed at the Cen-
tral Service for Experimental Research of the University of Valencia. SEM
images were obtained on a Hitachi S4800 microscope.
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6.3.2 Histological Processing

Cells were xed in 3% glutaraldehyde for 1 h, then they were post xed with
2% osmium tetroxide (Electron Microscopy Sciences) for 2 h. Sections were
then washed in deionized water, and partially dehydrated in 70% ethanol.
Afterward, the samples were contrasted in 2% uranyl acetate (Electron Mi-
croscopy Sciences) in 70% ethanol for 2 h at°’@. The samples were further
dehydrated and in ltrated in Durcupan ACM epoxy resin (Sigma) at room
temperature overnight, and then at 60°C for 72 h. 1.5 m sections were ob-
tained using an Ultracut UC7 ultramicrotome (Leica Biosystems). Sections
were stained with 1% Toluidine Blue. Images were taken with an i80 Nikon
Microscope.

6.3.3 EVs Isolation and Characterization

AS supernatants were collected and immediately centrifuged at 10@D g

at 4 °C for 15 min in order to pull down residual cells/cell debris. Next,
the supernatants were subjected to ultracentrifugation in a Sorvall WX100
(Thermo Scienti c). The rst ultracentrifugation was performed at 100 000

g at 4 °C for 75 min, in ultra-cone polyclear centrifuge tubes, each contain-
ing the supernatant deriving from 150 1 astrocytes (Seton, 7067), using
the swing-out rotor SureSpin 630 (k-factor: 216, RPM: 23 200). Then the
pellet was washed with cold PBS @ and ultracentrifuged again at the same
speed for 40 min in thick wall polycarbonate tubes (Seton, 2002), using the
xed-angle rotor T-8100 (k-factor: 106, RPM: 41 000). The resulting pellets,
containing AS-EVs, were resuspended in PBSOL(for NTA, EM and func-
tional experiments), in RIPA bu er (for WB characterization), or in Diluent

C (for PKH26 staining). Nanoparticle Tracking Analysis (NTA): AS-EVs
were diluted in PBS 1O and analyzed for particle size distribution and con-
centration on a Nanosight NS500 (Malvern Instruments Ltd, UK) tted with

an Electron Multiplication-Couple Device camera and a 532 nm laser. The
sample concentration was adjusted to 108{109 particles/mL and measure-
ments were performed in static mode (no ow) at an average temperature of
21+ 1°C. Atotal of 3 to 5 videos of 60 s were recorded for each independent
replicate, loading a fresh sample for each measurement. Videos were pro-
cessed on NTA software v3.2 and a detection threshold of 8 was used. The
remaining settings were set to automatic. Total particle concentration for
each EV sample was determined by NTA and used to calculate the number
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of EVs released per 10cells.

6.3.4 EV Negative Staining for Transmission Electron Microscopy
(TEM)

ASEVs were xed with 2% paraformaldehyde (PFA) (Sigma Aldrich, P6148)
in PBS 10 for 30 min. 200 mesh formvar and carbon coated nickel grids
were glow-discharged to make the surface grid hydrophilic. Fixed samples
were placed on the grids for 7 min, samples were washed with ultrapure
water and stained with 2% uranyl acetate for 7 min and examined at 80
kV on a FEI Tecnai G2 Spirit (FEI Company, Hillsboro, OR) transmission
electron microscope equipped with a Morada CCD digital camera (Olympus,
Tokyo, Japan). To obtain the number of vesicles in EM, 10 random elds
(from 60 0000 magni cation) were counted, each from a di erent square
of the 200-mesh grid, per each condition [99]. The results were normalized
taking into account the following parameters: the number of starting cells,
the resuspension volume after ultracentrifugation, the volume used in the
microscope grid, and the area in 2) of each eld in the grid.

6.3.5 EV Immunogold Labelling for Transmission Electron Mi-
croscopy (TEM)

To increase the hydrophobic properties of the grids 200 mesh formvar and
carbon coated nickel grids were glow-discharged. Grids were placed on a 10
L drop of each sample for 7 min and washed with PBSOL Nonspeci ¢
reactions were avoided using blocking solution containing 0.3% BSA for 30
min. Then, samples were washed in 0.1% BSAc (Aurion, Wageningen, the
Netherlands) in PBS 1. The samples were incubated in 10L of 1:50 pri-
mary antibody (rat anti-CD9 or rat anti-CD63, see Table 1) in 0.1% BSAc
(Electron Microscopy Sciences) for 1 h. After, the samples were washed in
0.1% BSAc and incubated in 1:20 goat anti-rat 6 nm gold particles (Abcam,
ab105300) in 0.1% BSAc for 1 h in the dark. Grids were rinsed with 0.1%
BSAc and xed with 2% glutaraldehyde for 5 min and washed with ultrapure
water. Finally, negative staining with 2% uranyl acetate was performed for
5 min. The samples were examined at 80 kV on a FEI Tecnai G2 Spirit (FEI
Company, Hillsboro, OR) transmission electron microscope equipped with a
Morada CCD digital camera (Olympus, Tokyo, Japan). Western Blotting:
AS and EVs extracts were processed as in [100, 101]. Briey, AS and EVs
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Table 1: List of antibodies used in WB.

Antibody Diluition | Brand Catalog number
Rat monoclonal anti-CD63 1:5000 MBL D263-3
Rat monoclonal anti-CD9 1:5000 Pharmigen 553758
Mouse monoclonal anti-Pdcd6ip 1:5000 | BD transduction lab | 611620
Mouse monoclonal anti-SDHA 1:1000 | Abcam ab14715
Rabbit polyclonal anti-Canx 1:10 000 | Abcam ab22595
Mouse monoclonal anti-GM130 1:1000 | BD transduction lab | 610823
Mouse monoclonal anti--actin 1:10 000 | Sigma Aldrich A1978
HRP-conjugated anti-mouse secondary antibody 1:10 000 | Dako P0447
HRP-conjugated anti-rabbit secondary antibody| 1:10 000 | Invitrogen 31460
HRP-conjugated anti-rat secondary antibody 1:10 000 | Invitrogen 31470

were lysed in RIPA bu er (10 mm Tris HCI pH 7.2 (Fisher Scienti ¢, BP152);
1% sodium deoxycholate (Sigma Aldrich, 30 970); 1% Triton X-100 (Sigma
Aldrich, T8787); 0,1% (for cells) or 3% (for EVs) SDS (Sigma Aldrich, 71
736); 150 mm NaCl (Sigma Aldrich, S7653); 1 mm EDTA pH 8 (VWR chem-
icals, E177-100ML); 1 mm phenylmethanesulfonyl uoride solution (PMSF,
Sigma Aldrich, 93 482); © Complete Protease inhibitor cocktail (Roche, 0
469 311 6001), @ Halt Phosphatase inhibitor cocktail (Thermo Fisher Sci-
enti c, 78 420), and protein concentration was measured with DC Protein
Assay (Biorad, 500- 0116), using BSA (Pierce, 23 210) as standard (AS-EV
protein yield: 0.5{ 1.5 g/106 cells). The same amount of cell or EV lysates
was then loaded into 4{12% Bis-Tris plus gels (Invitrogen, NW04125BOX)
in reducing or non-reducing conditions. Afterward, proteins were transferred
onto PVDF membrane. All primary and secondary antibodies are listed in
Table 1.

6.3.6 SH-SY5Y Culture, Di erentiation, and Treatments

SH-SY5Y cells were purchased from ICLC (Interlab Cell Line Collection,
accession number ICLC HTL95013; obtained from depositor European Col-
lection of Authenticated Cell Cultures [ECACC]) and cultured and di er-
entiated as described in [102]. Briey, cells were maintained in MEM/F12
medium (Biochrom GmbH, F0325 and Sigma Aldrich, N4888). For cell dif-
ferentiation, MEM/F12 was replaced with DMEM/F12 and 10 m retinoic
acid (Sigma Aldrich, R2625), and cultivated for 8 days with gradual serum
deprivation until 0.5% FBS. At the end of di erentiation, cells were detached
and seeded at the density of ® 10° cells/cm2 in 12-well (for IFC analysis,
see Section 5.10 for EV labeling), 96-well (for dose response curve), 24-well
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(for c-Casp-3 IF staining), or 6-well (for HRR analysis, see Section 5.11 in
[54]) plates. For all the experiments where EVs were applied on target cells,
the authors used the ratio 5:1 (i.e., EVs derived from ve AS used to treat
one SH-SY5Y cell). For IFC analysis, labelled AS-EVs were applied on dif-
ferentiated and undi erentiated SH-SY5Y cells (see below) seeded on 12 well
plates. Internalization was evaluated at di erent time points (i.e., 2, 6, and
24 h) at 200 magni cation by using the Amnis FlowSight Imaging Flow Cy-
tometer (Luminex). At the end of each time point, cells were trypsinized
and collected in 1 mm EDTA + 1% BSA. For all passages cells were kept on
ice. Fluorescence intensity of PKH26 was measured by using 488 nm laser.
Flow cytometric gating was used to select focused single cells and the mean
uorescence intensity of treated cells was compared with that of untreated
cells. For normalization, the authors analyzed the rst 1000 single cells, in
order of acquisition, with an optimal focus, using IDEAS software version 6.2
183.0 (Amnis, part of Luminex). Two dose-response curves, one 1850,
(Sigma Aldrich, H1009) and one for MPP+ (Sigma Aldrich, D048), were
performed at 24 h, using CellTiter Blue (Promega, G8080), as described
in the Primary Astrocyte Cultures and Treatments section. For IF, cells
were seeded on poly-L-lysine coated glass coverslips. After two days, EVs
were applied on target cells. As a control, the vesicles eventually present
as contaminants in the medium used to culture AS (cont-EVs) were also
tested following the same experimental steps used for AS-EVs. Following
ultracentrifugation, cont-EVs were resuspended in PBSQ and used to treat
SH-SY5Y maintaining the same ratio with the starting volume of medium,
as for the puri cation of AS-EVs. 6 h later, cells were treated with 35 m
H,0, for a further 24 h. Coverslips were xed with 4% PFA and stained with
rabbit polyclonal anti-c-Caspase-3 (Cell Signaling, 9664) primary antibody
and with mouse monoclonal anti-map2 primary antibody (Merck Millipore,
MAB3418). The secondary antibodies used were the anti-Rabbit Alexa Fluor
546 (Thermo Fisher Scienti ¢, A10040), and the anti-Mouse Alexa uor 488
secondary antibodies (Thermo Fisher Scienti ¢, R37114). Nuclei were coun-
terstained with DAPI. IF images were acquired using a Leica microscope
(DM5500) and analyzed with Fiji Image J software. The intensity of the c-
Casp-3 signal was measured by using the following steps in ImageJ software:
i) analyze; ii) measure; and iii) integrated density, as in [103]. Integrated
density was normalized for the number of DAPI+ nuclei. As a further con-
trol, the chemokine CCL3 (at 30 and 300 ng mL1) was added directly to
SH-SY5Y cell cultures on 96-well plate 6 h beford,0, exposure. Cell vi-
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ability/death was evaluated 24 h after theH,0O, treatment with CellTiter
Blue and Caspase-Glo 3/7 Assay (Promega, G8091). Undi erentiated SH-
SY5Y cells were seeded at a density ofQ 10° cells/cm2 in 96, 12 and 6-well
plates. For apoptosis analysis, cells were seeded in 96-well plates. Two days
after, cells were treated with AS-EVs, then after 6 h with 35 m H,0, and
nally analyzed with the Caspase-Glo 3/7 Assay after a further 24 h. For
IFC and HRR analysis (see below), cells were seeded in 12 and 6-well plates,
respectively, and processed like di erentiated SH-SY5Y cells.

6.3.7 EV Labelling

EV internalization was analyzed with two di erent approaches of labelling.
First, AS were treated with the lipophilic dye PKH26 (Sigma Aldrich, MINI26-
1KT), following the protocol suggested by the manufacturer. After 3 days
cells were washed, and medium changed with DMEM supplemented with 10%
FBS depleted of exosomes. EVs were isolated from AS supernatants after 24
h by ultracentrifugation. The resulting EVs were applied on di erentiated
SH-SY5Y cells seeded onto polyL-lysine (Sigma Aldrich, P9155) coated glass
coverslips in 24 well plates. Target cells were stained with-TH primary
antibody (Millipore, AB152) as in [102]. Imaging was performed using the
confocal laser scanning microscope Leica TCS SP8. Image acquisitions were
performed through LAS X software (Leica Microsystems). Image analyses
were done using the open-source Java image processing program Fiji is Just
Imaged (Fiji). 3D reconstruction was done with the Fiji 3D Viewer dedi-
cated plugin. For the second approach, EVs were directly labelled with the
same lipophilic dye, following the protocol suggested by the manufacturer,
with some modi cation. Brie y, EVs derived from 90 mL of AS supernatant
were ultracentrifuged, and the resulting pellets were resuspended in 0.3 mL
of Diluent C plus 4 L of dye, and incubated at room temperature for 5 min,
mixing every 30 s. The labeling was quenched by adding 1% BSA in PBS 1
and again ultracentrifuged. The resulting pellet, containing the labelled EVs,
were resuspended in 100L PBS 10. Residual PKH26 was eliminated into
the Exosome Spin Column (Thermo Fisher Scienti c, 4 484 449) according
to the manufacturer's recommendations. Again, eluted EVs were applied on
di erentiated SH-SY5Y cells seeded onto glass coverslips in 24 well plates.
At the end of the treatment cells were xed with 4% PFA. As a control, PBS
10 with the same concentration of PKH26 dye was centrifuged under the
same conditions and added to target cells. IF images were acquired using a
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Leica microscope (DM5500) and analyzed with Fiji Image J software 1.51n.
For IFC analysis see the SH-SY5Y Culture, Di erentiation, and Treatments
section.

6.3.8 High-Resolution Respirometry (HRR)

The capacity of di erent respiratory states in di erentiated or undi erenti-
ated SH-SY5Y cells was assayed by High-Resolution Respirometry (HRR)
using the O,k-FluoRespirometer (Oroboros Instruments). Cells were seeded
in 6-well plates and, after two days, AS-EVs were applied on the top of SH-
SY5Y cells, as before. As control, 30% of ACM or supernatant (ACM after
ultracentrifugation, SNT) were applied on target cells. 6 h later, cells were
treated with MPP+ 1 mm and analyzed after further 24 h. All the exper-
iments were performed in mitochondrial respiration bu er Mir05 (Oroboros
Instrument, 60101-01) at 37°C under constant stirring (750 RPM). A spe-
ci ¢ Substrate-Uncouplerinhibitor Titration (SUIT) protocol was used for
the determination of the O, consumption in each speci c respiratory state,
as detailed in [102]. Briey, respiration in the presence of endogenous sub-
strates or ROUTINE was measured in intact cells. The mild-detergent digi-
tonin (Sigma Aldrich, D5628) was added at the nal concentration of 4 min
order to obtain the permeabilization of plasma membrane without compro-
mising the mitochondrial membranes' integrity. TheO, consumption after
permeabilization or LEAK was determined in the presence of 5 mm pyruvate
(Sigma Aldrich, P2256) and 2 mm malate (Sigma Aldrich, M1000), but not
adenylates. The contribution of complex | to the OXPHOS respiration was
achieved by the addition of 10 mm glutamate (Sigma Aldrich, G1626) in
the presence of a saturating concentration of ADP (2.5 mm, Sigma Aldrich,
117 105). The OXPHOS respiration was then stimulated with the addition
of 10 mm succinate (Sigma Aldrich, S2378). The uncoupled maximal ca-
pacity of the electron transport system (ETS) was obtained after titration
with 0.5 m of uncoupler carbonyl cyanide 3 chlorophenylhydrazone (CCCP,
Sigma Aldrich, C2759) up to the complete dissipation of the proton gradient.
Finally, the residual O, consumption or ROX was obtained upon addition
of 2 m rotenone (Sigma Aldrich, R8875) and 2.5 m antimycin A (Sigma
Aldrich, A8674). The O, consumption in ROUTINE, LEAK, OXPHOS, and
ETS capacity was corrected for the ROX. Values were then expressed as Flux
Control Ratio (FCR) of the maximal respiration, using ETS capacity as a
reference state.[161] Th&®, ux related to ATP synthesis was determined
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by correcting ROUTINE and OXPHOS for the LEAK respiration. Coupling

e ciencies were calculated by correcting each state for LEAK respiration

and expressing it as a percentage of the capacity in that speci c state [104].
Instrumental and chemical background uxes were calibrated as a function
of the O, concentration using DatLab software (version 7.4.0.1, Oroboros
Instruments).

6.3.9 Statistical Analysis

Pre-processing of data are described in each gure legend. The statistical
analyses were performed with GraphPad Prism software (version 9.2.0). For
all the analyses, di erences among groups were analyzed by one-way ANOVA
followed by a Tukey's multiple comparisons test. The values are expressed as
mean & SD) and a p< 0.05 was accepted as signi cant. For IF on AS, data
were obtained from n = 4 (for VMB- and STR-AS) or n = 3 (for VS-AS)
independent biological replicates (from 4 to 10 images for each replicate). For
cell viability/cytotoxicity on AS, data were obtained from n = 3 independent
replicates. For NTA, data were obtained from n = 3 independent biological
replicates (a total of 3 to 5 videos of 60 s recorded for each biological repli-
cate). For EM, data were obtained from n = 5 (for VMB=and STR-AS)

or n = 3 (for VS-AS) independent biological replicates (10 elds for each
replicate). For gPCR, data were obtained from n = 3 independent biological
replicates. For IFC analysis on SH-SY5Y cells data were obtained from n
= 3 independent biological replicates. For the dose-response curve of H202
and MPP+, data were obtained from n = 3 independent biological replicates
were analyzed by nonlinear regression, dose-response-inhibition ([Inhibitor]
versus response|variable slope [four parameters]). For IF on SH-SY5Y,
data were obtained from n = 3 independent biological replicates (from 4 to
8 images for each biological replicate). For cell viability and apoptosis on
di erentiated and undi erentiated SH-SY5Y cells, data were obtained from
at least n = 2 independent biological replicates. For HRR measurement on
di erentiated SH-SY5Y treated with AS-EVs, the following independent bi-
ological replicates have been performed: n = 4 for CTRL and MPP+, n =3
for +/ =VMB-AS-EVs, n = 2 for +/ = STR-AS-EVs. For HRR measurement
on di erentiated SH-SY5Y treated with ACM/SNT, the following indepen-
dent biological replicates have been performed: n = 3 for CTRL and n = 2
for MPP+, VMB-ACM/SNT, STR-ACM/SNT. For HRR measurement on
undi erentiated SH-SY5Y treated with AS-EVs, the following independent
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biological replicates have been performed: n = 3 for CTRL and n = 2 for
MPP+, VMB-AS-EVs, and STR-AS-EVs. All relevant data of the exper-
iments are available at the EV-TRACK knowledgebase (EV-TRACK ID:
EV220106).
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7 Work propose

The aim of this research is to study and characterize cellular molecular com-
munication based on the exchange of EVs between two di erent cells, using an
approach rooted in mathematical modeling, typical of engineering applied to
biology. The aim of this research is to study and characterize cellular molecu-
lar communication based on the exchange of EVs between two di erent cells,
using an approach rooted in mathematical modeling, typical of engineering
applied to biology.

The work presented here is based on my master's thesis research con-
ducted under the guidance of Prof. N. Iraci and Dr. L. Leggio, as cited in
[105] and [54]. In these studies, EVs derived from murine astrocytes were
isolated and characterized, with detailed descriptions available in [54].

These investigations have revealed the nature of EVs and their neuropro-
tective e ects in the context of Parkinson's disease, along with their potential
use as biomarkers for this pathology.

Once released from a donor cell, these EVs di use into the extracellular
space and are taken up by some target cells through various potential uptake
mechanisms [89]. These attributes make natural or synthetically engineered
EVs suitable for use as carriers in the treatment of speci c diseases by deliv-
ering drugs to a ected cells [105, 106]. To this end, formalizing the exchange
of EVs between donor cells and target cells, in accordance with informa-
tion and communication theory paradigms, improves our understanding of
the dynamics and characteristics of such cellular communication. This, in
turn, provides precise support for the development of innovative and e ective
therapeutic protocols.

Based on these results and hypotheses, Part | of this thesis attempts to
model the mechanisms by which target cells (neurons) absorb EVs. Initially,
we will explore receptor-mediated entry through endocytosis and fusion, as
detailed in Section 8. The main hypothesis is to formally describe the main
internalization mechanisms of electric vehicles and experimentally verify that
our models are e cient for future applications. Our goal is therefore to cal-
culate the parameters involved in these processes to develop models that can
be applied to real data. Through the use of cell culture and EV treatments,
we have created several models and strategies to describe EV endocytosis and
fusion, quanti ed uptake, and worked on possible therapeutic applications.

Part 1l focuses on a strategy that leverages micro uidics for innovative
therapies involving arti cial EVs, known as liposomes, as discussed in Section

35



9. In more detail, in Part I, we focused on the natural interactions between
EVs and target cell with particular emphasis on the possible content. In Part

Il the focus becomes the lipid envelope of the EVs themselves, which can be
phosphorescently labeled and follow its path within a micro uidic system
that can mimic blood capillaries and could even carry pharmacologically
useful molecules. The information is then transmitted by the very movement
of the liposomes in the micro uidic chip and by the variation in their speed.
We developed a system capable of creating colored drops, as if they were
liposomes, and calculated the probability of error in attempting to transmit
information by varying the speed of the drops. Let's therefore try to exploit

a new micro uidic system to transmit information on an individual's health
status, using drops inside a capillary.
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8 Part | - Study and characterization of a
cellular communication channel through an
exchange of EVs

In this section, we delve into the communication between cells through the
exchange of EVs. We initiated our exploration with a study which goes
deeper into the nature of EVs isolated from murine Astrocytes (AS), inves-
tigating their neuroprotective e ects when applied to human neuronal cells
where Parkinson's disease has been induced. The results are reported in
Section 8.1.

This study served as the basis for our approach to characterizing cellular
communication from an engineering perspective, understood in terms of in-
formation theory. We considered individual vesicles as information packets
containing bits or bytes. Consequently, our objective was to quantify the
information loss when an EV is internalized through spontaneous fusion in
confront of a free molecule internalized through receptor-mediated endocy-
tosis, as detailed in Section 8.2.

Subsequently, we aimed to construct a more realistic internalization model,
distinctively focusing on the two primary pathways for EV internalization:
fusion and protein-dependent endocytosis by target cells. We started with
real data and estimated the required parameters through an inverse engineer-
ing process, as described in Sections 8.3.1, 8.3.5, 8.3.13. We also formulated
a therapeutic protocol for potential EV treatments.

Another approach to modeling EV exchange involves virtual simulations
and parameters derived from existing literature, outlined in Sections 8.4.1,
8.5.1, 8.4.4.

Our goal is to support the scienti c community in optimizing experimen-
tal protocols and to provide insights into how cells might respond to specic
EV treatments.

8.1 |5 Key Study: Extracellular Vesicles Communica-
tion in neuronal context

EVs have been demonstrated to play several roles in physiopathological con-
ditions [67]. In fact, recently envisioned that natural or synthetic-engineered

EVs can be engaged for the treatment of diseases to deliver drugs to target
ill cells. As an example, in particular brain diseases where the success rate of
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existing drug delivery technologies in deep located cells is still low, EV-based
therapeutic protocols may result to be a more e cient solution [107, 12].

8.1.1 Small Extracellular Vesicles secreted by Nigrostriatal AS
preserve vitality and mitochondrial function in Parkinson's
Disease

In the context of neurodegenerative diseases, including Parkinson's disease
(PD), EVs were initially identi ed as vehicles of misfolded proteins [108,
109], but in line with the dual role played by glial cells, EVs have been
demonstrated to play also important neuroprotective functions [110, 111].
Parkinson's disease is the second most common neurodegenerative disease

for which there is currently no cure to halt or reverse its progression [112, 113].
It is characterized by the selective and uncontrolled death of dopaminergic
(DAergic) cell bodies located in the substantia nigra pars compacta (SNpc) in
the ventral midbrain (VMB) [114, 115]. As a result, the DAergic terminals
in the striatum (STR) gradually deteriorate, leading to the typical motor
symptoms of PD, such as slow movements (bradykinesia), resting tremor,
muscle rigidity, and postural instability. The disease's major pathological
hallmarks include the chronic age-dependent degeneration of the nigrostriatal
pathway [114, 116], the accumulation of abnormal intracellular aggregates of

-synuclein ( -syn) called Lewy bodies (LBs) and Lewy neurites (LNs), and
extensive astrogliosis [116, 117]. The causes and mechanisms of DAergic neu-
ron death in PD are still not fully understood, but current evidence suggests a
complex interplay between multiple genes and environmental factors, partic-
ularly aging, in ammation, and oxidative stress, all of which strongly impact
the astroglial cell population [112, 118, 111]. Mitochondrial dysfunction has
been identi ed as a crucial nal pathway in PD neurodegeneration, closely
linked to the speci c vulnerability of nigrostriatal neurons and the unique
characteristics of the astroglial microenvironment [119, 120, 121]. AS are
active contributors to both bene cial and detrimental functions during neu-
ronal degeneration by producing various proin ammatory/anti-in ammatory
molecules and neurotoxic/neuroprotective mediators [118, 111]. The delicate
balance between these signaling molecules, as well as their bidirectional com-
munication with microglial cells, ultimately determines whether the outcome
will be a reparative process or neuronal failure.

Increasing evidence suggests that AS exhibit regional heterogeneity, both

in terms of molecular composition and functional characteristics, which has
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important implications for neuronal function and vulnerability [122, 123].
Speci cally, the VMB and STR regions within the central nervous system
(CNS) show unique features and are highly susceptible to oxidative stress,
environmental toxins, in ammation, and aging [124, 125]. Chemokines have
emerged as crucial mediators of communication between glial cells and neu-
rons during neuroin ammation and neurodegeneration [126, 127].

Within the VMB, AS play a signi cant role in protecting vulnerable sub-
stantia nigra pars compacta (SNpc) dopaminergic (DAergic) neurons. Reac-
tive AS in the VMB have been identi ed as key contributors to neuroin am-
mation associated DAergic neuroprotection and repair in animal models of
basal ganglia injury. In particular, reactive VMB-AS were identi ed as main
actors linking neuroin ammation to DAergic neuroprotection and repair in
the 1-methyl, 4-phenyl, 1,2,3,6 tetrahydropyridine (MPTP) mouse model of
basal ganglia injury [128].

In this context, the upregulation of certain chemokines, such as CC
chemokine ligand 3 (CCL3), has been implicated in promoting DAergic neu-
rogenesis, survival, and immunomodulation [129, 130j vitro studies have
demonstrated that the interaction between CCL3-activated AS and neurons
is critical for neuroprotection and neurogenesis of adult neural stem cells
[111, 128].

8.1.2 AS from the Nigrostriatal System Secrete Small EVs in a
Region-Speci ¢ Manner

To investigate potential di erences in astrocyte-derived extracellular vesicles
(AS-EVSs) between the two main brain regions a ected in PD, primary as-
trocyte cultures were established from the VMB and STR. Additionally, AS
were grown from brains lacking these two regions, referred to as VS-AS,
serving as control cells external to the nigrostriatal system. The AS were
characterized under basal conditions and after 24 hours of treatment with
CCL3 to examine whether the treatment conferred additional protective ef-
fects on AS-EVs [54]. All primary cultures yielded highly pure AS without
any di erences in proliferation rates following CCL3 treatment. Moreover,
to assess the health of AS during EV isolation, cell viability and death lev-
els were evaluated, revealing no signi cant di erences between experimental
groups. This indicates that these factors do not in uence the production rate
of AS-EVs from di erent brain regions.

Subsequently, EVs were isolated from the supernatants of astrocyte cul-
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tures using di erential centrifugation [54] and analyzed through a combina-
tion of techniques to evaluate their size, secretion rates, and speci ¢ markers.
Nanoparticle tracking analysis (NTA) was initially performed on all EV sam-
ples, revealing an enriched population of vesicles with a peak size of approx-
imately 100 nm, corresponding to small extracellular vesicles (SEVS) (Figure
7A). Interestingly, the origin of the brain region a ected the EV secretion
rate of AS. VMB-AS released 2 to 4 times more vesicles per million cells
compared to STR and VS-AS, with an increased trend observed following
CCL3 treatment (Figure 7B).

To further investigate this nding, transmission electron microscopy (TEM)
analysis was performed on the same EV samples. The images displayed the
presence of sEVs with cup-shaped structures, which is a typical result of the
ultracentrifugation process (Figure 7C), with an average diameter ranging
from 60 to 70 nm (Figure 7D). Once again, it was observed that VMB-AS
released more vesicles compared to AS from STR and VS-AS (Figure 7D),
supporting the results obtained from NTA. Interestingly, the treatment with
CCL3 stimulated VMB-AS to secrete more EVs (Figure 7 1E), while the
other two brain regions did not show a signi cant change in secretion rate
following CCL3 treatment (Figure 7E).

Overall, these ndings demonstrate that the secretion characteristics of
AS-EVs are determined by the brain region of their origin.
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Figure 7: Brain region in uences the rate of secretion of AS-sEVs and
responsiveness to CCL3 treatment. A) NTA analysis for size distribution
displays a peak' 100 nm. Error bars represent SD from n = 3 independent
replicates. B) EV concentration, determined by NTA, was normalized over the
number of cells. The mean of particles/16 cells shows that AS from VMB
region secrete more EVs than STR and VS regions. Data are presented as
oating bars with line at mean from n = 3 independent replicates, indicated
with di erent symbols. One-way ANOVA with Tukey's multiple comparison p
< 0.05 (VMB-AS-EVs versus STR-AS-EVs; VMB-AS-EVs versus
VS-AS-EVs). C) TEM ultrastructural analysis reveals the presence of SEVs
secreted by AS in every condition. Scale bars: 100 nm. D) In all AS-EV
samples the average diameter i§ 60/70 nm. Raw data (diameter values) are
presented as scatter dot plots with line at median SD from n = 5 (for VMB-
and STR-AS-EVs) and n = 3 (for VS-AS-EVs) independent experiments. E)
Quantitative analysis from TEM showed that AS from VMB secrete more EVs
than STR and VS regions; the treatment with CCL3 stimulates VMB-AS to
release more EVs. Data are normalized considering the number of starting cells,
the resuspension volume after ultracentrifugation, the volume used in the
microscope grid, and the area (n 2) of each eld in the grid. Data are
presented as oating bars with line at mean plus individual data points based
on 50 images over 5 independent replicates (for VMB- and STR-AS-EVs) and
on 30 images over 3 independent replicates (for VS-AS-EVs), indicated with
di erent symbols. One-way ANOVA with Tukey's multiple comparison: in (B)
p < 0.05 (VMB-AS-EVs versus STR-AS-EVs and versus VS-AS-EVs; in (E)
p < 0.05 (VMB-AS-EVs versus VMB-CCL3-AS-EVs), p < 0.0001
(VMB-AS-EVs versus STR-AS-EVs and VS-AS-EVs), ns: not signi cant.

8.1.3 Both VMB- and STR-AS-Derived Vesicles Are Enriched in
sEV Markers

Subsequently, we examined the protein pro les of AS-EVs derived from the
nigrostriatal system. Immunogold-labelling transmission electron microscopy
(IG-TEM) was employed to assess the presence of tetraspanins CD63 and
CD9, which serve as markers for seVs. The images in Figure 8A and 8B
clearly displayed well-de ned 6 nm gold nanopatrticles localized on the surface
of EVs, indicating the presence of CD63 and CD9. To expand our analysis
to other sEV markers and ensure the absence of contamination from other
cellular components, we performed western blotting (WB) (Figure 8C and
8D). Consistent with the IG-TEM ndings, we observed a distinct enrichment
of tetraspanins CD63/CD9 and Pdcd6ip (Alix), this is an important marker

to identify and discriminate the small vesicles from thelarge vesicles, in
all EV samples compared to the donor AS. In contrast, cellular markers
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such as Golga2 (for Golgi), calnexin (for endoplasmic reticulum), SDHA (for
mitochondria), and actin (for cytoplasm) were predominantly retained within
the cells (Figure 8C and 8D). These results provide further con rmation that
our vesicular preparations are indeed enriched in SEVSs.

Figure 8: AS secrete vesicles enriched in sEV markers. A,B) IG-TEM on
EV samples with -CD63 (A) and -CD9 (B). Scale bars: 100 nm. C,D) WB
analyses on EV lysates and corresponding AS donor cells. WBs
for -CD63/CD9 ((C), in non-reducing conditions) and for Pdcd6ip ((D), in
reducing conditions) show an enrichment in the EV samples versus donor AS.
On the contrary, the cellular markers (i.e., Golga, Calnexin, SDHA, and Actin)
are mostly enriched in AS (D). All panels are representative of n = 3
independent experiments showing the same trend.
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8.1.4 Both VMB- and STR-AS-Derived Vesicles Are Internalized
by SH-SY5Y Cells

Before examining the e ects of SEVs on target neurons, we evaluated their
internalization using retinoic acid (RA)-di erentiated SH-SY5Y human neu-
roblastoma cells as a model of tyrosine hydroxylase (TH)-positive neuronal
target cells. To track the AS-EVs, we used two di erent labeling approaches:
i) both the AS of the VMB and the STR were treated with the membrane dye
PKH26, followed by ultracentrifugation to isolate the labeled EVs (Figure 9
3A); and ii) PKH26 was directly applied to AS-EVs after ultracentrifuga-
tion. Both approaches produced PKH26-labelled AS-EVs, which were then
administered to target cells in a 5:1 ratio (EVs derived from ve AS used
to treat one target cell), consistent with the local brain tissue architecture.
Initially, the ability of di erentiated SH-SY5Y cells to internalize AS-EVs
was assessed by confocal microscopy.

As shown by the orthogonal view analyzes reported in Figure 9A, the
PKH26-labelled AS-EVs were e ciently incorporated by cells and partially
colocalized with TH, which has a high a nity for phospholipid membranes.
A 3D volumetric reconstruction of the intracellular distribution of AS-EVs
con rms the e ective enrichment of vesicles in the cytoplasmic compartment.
Furthermore, the combined bright eld/IF view suggests that AS-EVs are
distributed throughout the cytoplasm, including neurite protrusions. Thus,
AS-EVs can be e ciently transferred to neuronal target cells. Next, in or-
der to quantify the internalization of di erent vesicle samples by target cells,
PKH26-labelled AS-EVs were administered to di erentiated SH-SY5Y cells
followed by imaging ow cytometry (IFC), and the intensity of uorescence
was measured after 2, 6 and 24 hours (Figure 9B). Fluorescence increased in
a time-dependent manner: i) at 2 hours there was no signi cant di erence
between untreated cells (CTRL) and treated cells; ii) at 6 hours the uores-
cence intensity increases signi cantly by 1.4-1.7 times compared to CTRL;
and iii) after 24 hours the intensity of PKH26 increased further (Figure 9C),
suggesting that AS-EVs continued to enter neurons, in line with previous
studies.

Although it cannot be ruled out that PKH26 may label some contaminat-
ing proteins in EV preparations, it is unlikely that autoaggregation of the dye
interfered with the vesicle internalization assay, as samples containing only
the dye failed to label SH cells -SY5Y at all times and with both techniques
(IFC and IF) (Figure 9C).
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