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Introduction

More than 40 years ago, vesicle structures, similar to “cytoplasmic fragments” physiologically
released, were identified in the cellular matrix. Their peculiarity was their ability to contain various
materials, including ribosomes, which are involved in several pathological and physiological
activities. After being initially considered as part of the lysosomal degradation pathway [1] through
which the cell ejected its waste, they are now recognized as important messengers involved in
proximal and distal intercellular communication. These systems were defined as extracellular vesicles
(EVs), and they include a wide variety of vesicles (from 30 nm to 5 um) released from the plasma
membrane (PM) of many different cell types into several bodily fluids, including plasma, milk, saliva,
sweat, tears, semen, and urine [2, 3].

All EVs present a lipid bilayer membrane that surrounds a pool of genetic material, cytosolic proteins,
or cellular debris [4]. However, they significantly differ in terms of size, biogenesis, mechanisms,
and function. For this reason, they are generally categorized into three subtypes: exosomes (Exos),
ectosomes, or Shedding MicroVesicles (SMVs) and apoptotic bodies [5, 6].

Exos have sizes ranging between 30 and 150 nm and represent a homogenous population of EVs
released from cells when multivesicular bodies (MVBs) are fused with the membrane through inward
budding in a highly regulated process [7].

In contrast, SMVs are a more heterogeneous population of EVs, with a size ranging from 50 nm to 1
um, which are formed under specific physiological stimuli, such as calcium-dependent signaling, by
the budding and shedding of PM [5, 6].

Consequently, Exos and SMVs are currently believed to have endosomal and PM origins,
respectively [8].

Finally, apoptotic bodies, composed of cytoplasmic organelles and fragmented nuclei, are EVs 1-5
um in diameter. They are formed when a cell is dying via apoptosis. After the disruption of PM, the
cytoplasmic content is divided into different membrane-enclosed vesicles [9].

Among these membrane vesicles, the role of Exos in cancer research has been rapidly growing over
the last two decades. Cancer cells release a high number of Exos containing many functional
biomolecules in the extracellular space. EVs transfer proteins, receptors, and small RNAs that
regulate both physiological and pathological processes. Moreover, the lipid bilayer membrane
protects the exosome cargo from degradation in the bloodstream, allowing crossing different
physiological barriers, such as the Blood—Brain Barrier (BBB) [10].

BBB is one of the most complex and selective barriers in the human organism. Its principal role is to
preserve the homeostasis of the central nervous system and protect the brain parenchyma against the
invasion of inflammatory mediators, which may interrupt its critical function [11]. The BBB, together
with pericytes, perivascular astrocytes, microglia, and neurons, forms a functional unit called the
neurovascular unit. Interestingly, EVs regulate the communication between cells in short or long
distances within the neurovascular unit [ 12]. Furthermore, Exos cargo such as miRNAs, proteins, and
other physiological compounds reflect different brain disease progression stages, allowing their use
as a “window to the brain” [11].

As natural carrier systems, EVs present low immunogenicity, low toxicity, stability in the
bloodstream, and efficient cell uptake due to their endogenous cellular tropism [13]. Their ability to



mediate intercellular communication, especially in tumor progression, allows their use as a promising
therapeutic and diagnostic tool [14-21].

Biogenesis of Exos: A Spontaneous Formation

The biogenesis and release of Exos in the extracellular space initiate an endocytic pathway at the PM
[9]. Even though this event is not entirely clarified, it begins with the formation and progressive
accumulation of intraluminal vesicles (ILVs) in MVBs. These late vesicles elude the lysosomal
digestive system and, after the fusion with the PM, are finally secreted into the extracellular space
[22].

The physiological mechanism related to exosome formation and secretion is mediated via an
Endosomal Sorting Complex Required for Transport (ESCRT)-dependent and/or ESCRT-
independent pathway [23] (Figure 1).
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Figure 1. Biogenesis and secretion of Exos. After the endocytosis of the plasma membrane, the transmembrane proteins
are sorted into the vesicles that bud from the cellular membrane into “early endosomes” (I). The biogenesis of the Exos
begins with the progressive formation and accumulation of ILVs inside MVBs (I). This process is mediated via an
ESCRT-dependent (IT*) and/or independent (II**) pathway. Then, the MVBs may follow a degradation pathway fusing

with lysosomes or are destined to release the ILVs as Exos to the extracellular space by exocytosis (III).

ESCRT-Dependent Pathway

ESCRT machinery, conserved throughout eukaryotic and yeast cells, consists of four complexes—
ESCRT-0, -1, -II, and -III—which act sequentially to bind and cluster ubiquitinylated proteins in the
late endosome [24]. In particular, ESCRT-O0 is involved in cargo clustering, ESCRT-I and ESCRT-II
induce bud formation, and ESCRT-III drives vesicle scission. ILVs formation begins with the



interaction between ESCRT-0—in particular, the two subunits hepatocyte growth-factor-regulated
tyrosine kinase substrate (Hrs) and Signal Transducing Adaptor Molecule (STAM) in eukaryotic
cells—and the region of the FYVE domain [25, 26] of the endosomal lipid PhosphatidylInositol 3-
Phosphate (PtdIns(3)P). Subsequently, the PSAP sequence (residues 348-351) in Hrs interacts with
the Ubiquitin E2 Variant (UEV domains) of TsglO1 and Vps23 expressed in ESCRT-I, making
possible both the formation of the ESCRT-0/ESCRT-I complex and the recruitment of ESCRT-I to
endosomal membranes [27].

Then, the Vps36 subunit of ESCRT-II binds the ESCRT-I Vps28 C-terminal domain [28] through its
GLUE N-terminal domain. ESCRT-III, the most ancient and preserved of the ESCRTs [29], consists
of'a core complex that contains the subunits Vps20, Vps32, Vps24, and Vps2, assembled in a highly
ordered manner. However, these metastable subunits are present as inactive monomeric forms and,
only after their conformational changes, the autoinhibition mechanism allows interactions with other
ESCRT-III subunits. However, even though the activation of the assembly is not fully understood,it
might happen in a directional order, so, one activated, the ESCRT-III subunit activates the next one
[30, 31]. The subunit that nucleates the ESCRT-III assembly on membranes is a N-terminally
myristoylated subunit (Vps20). Vps20 from ESCRT-III binds to the Vps25 subunit of ESCRT-II.
Finally, through the formation of this new complex, nascent ILVs results in the closing of the cargo-
containing vesicle and the pinching off of the vesicles, even though how ESCRT-III oligomerization
induces membrane curvature remains still elusive [30].

ESCRT-Independent Pathway

Conversely, a recent study of mammalian cells [32] showed, through the depletion of all four ESCRT
key subunits, that, despite a dramatic alteration in the morphology of cellular components, early and
late endosomes remain unaffected. Evidence of an ESCRT-independent pathway was shown also for
melanosomes [33], lysosome-related organelles that contain melanin-producing enzymes and
produce melanin. They are assembled within melanocytes, and their biogenesis involves a series of
protein sorting and vesicular trafficking events: melanosomal protein Pmell7 is sorted into ILVs by
a mechanism independent of lumenal determinants, and it is not affected by the functional inhibition
of Hrs and ESCRT complexes [34]. These observations led to the conclusion that eukaryotes utilize
mostly the established ESCRT system, as is already understood in yeast, and, probably, additional
ESCRT-independent pathways to form ILVs. Indeed, an unconventional pathway seems to be driven
by the presence of certain lipids such as ceramides, as confirmed in the membrane trafficking of the
proteolipid content in the oligodendroglial murine cell line [35]. These data provided evidence for an
alternative pathway depending on raft-based microdomains that may contain high concentrations of
sphingomyelina (SM). Therefore, the hydrolytic removal of the phosphocholine moiety of SM by
sphingomyelinases (SMases) induces ceramide formation that sequentially allows the coalescence of
the small microdomains into larger ones. Finally, another protein that has been suggested to play a
role in exosome formation is the Small Integral Membrane Protein of the Lysosome/late Endosome
(SIMPLE, also called lipopolysaccharide-induced TNF factor, LITAF) [36]. After the transfection of
cells with SIMPLE, an increased secretion of Exos was observed, while SIMPLE mutation causes
the loss of MVBs’ proper formation and exosome biogenesis [37].



Currently, it is possible to confirm that exosome biogenesis is a complex mechanism in which several
compounds are involved. Structural and biochemical analyses of the upstream components and
detailed studies of all the steps involved in the assembly and disassembly of the ESCRT complex
contributed to its consideration as the main one implicated in EV biogenesis and clarified insights
about EV formation and function. However, several studies have proved that biogenesis was not
inhibited by the depletion of ESCRT subunits. This result increased evidence that other lipids and
proteins play a key role in the membrane-invagination process.

Reinforcing this point, some features have to be considered. To date, it is legitimate to describe the
presence of these two distinct processes as ESCRT-dependent or ESCRT-independent mechanisms.
However, the activation of these alternative pathways is not fully elucidated and some aberrant ILV
morphologies were observed while the early and late endosome remained differentiated [22]. Thus,
we may hypothesize that the pathways are not entirely separated. They might work synergistically or
influence each other. The cell type and/or cellular homeostasis could be an essential factor in
controlling Exos secretion [38].

Isolation Techniques for the Collection of the Exos

To date, Exos purification is essentially based on size exclusion [39], polymeric precipitation [40,
41], ultracentrifugation [42], and microfluidics [43, 44] techniques. An ideal purification method
should isolate Exos from various biological sources in appreciable quantity and purity, but, due to
their small size and heterogeneity, their isolation from interfering components, such as cellular debris
and aggregated proteins, can be challenging.

Centrifugation-Based Isolation Techniques

Ultracentrifugation (UC)-based isolation is the most commonly used technique [42, 45-50] according
to a worldwide International Society for Extracellular Vesicles (ISEV) survey [51].

Currently, there is a standard protocol that includes several cleaning steps before the recovery of the
exosomal sample [44], despite the fact that the final purity and concentration are extremely variable
(Table 1).

Generally, 3 x 10'? particles per mg (p/mg) of protein has to be considered as a high purity value.
Preparations with lower ratios, around three times lower (1 x 10'° p/mg), can be achieved readily by
simple pellet and wash protocols. These are naturally inferior purifications containing significantly
higher levels of contaminating proteins [52].

Isolati
Cell Source Source Amount ;;e:;?; Exosome Yield Reference
Non-Small-Lung Cancer (SK- 150 mL Cell culture ucC 1.3 x 10" particles/mL [42]
MES-1) medium (CCM) UF 2 x 1012 particles/mL
Human colon carcinoma 5 . uc . 375 ug prote.m
(LIM186) 2 x 109 cells Density gradient 75 ug protein [45]
Immunoaffinity 195 ug protein
Murine melanoma (B16BL6) - ucC 6 x 10" particles/mL [46]
Mouse mammary carcinoma
4T1
(4T1) 2 x 108 cells Density gradient - [47]

Human mammary
adenocarcinoma (MCF-7)



Human prostate
adenocarcinoma (PC3)
1011-102 Exosome/flask—-1 mg/mL total

8
Macrophages (Raw 264.7) 2 x 108 cells ucC protein [48]
i B -87
Human prml\l/?g; GBM (U-8 280 mL CCM ucC 1012 particles/mL [49]
2.04 x 101 £ 3.9 x 1012 p/mL 451.15 + 71.5
Melanoma (B16F10) 72 mL CCM ucC ug/mL 452 x 1010 £ 126 x 1010 p/jug [50]
Raw264.7 5 x 108 cells ucC 1mg [48, 53]
Mice Blood 10 mL CCM ucC 18 ug/mL protein 7.49 x 10 particles/mL [54]
Mesenchymal stem cells 2 x 106 cells 10 mL
ucC 10 L 55
(MSC) cCcM Hg/m [55]

Table 1. Exos quantification in term of particles and pg of protein per mL significantly changes according to the isolation
method, cell source, and source amount. This highlights the absence of a standardized method to obtain a homogeneous

sample.

The initial centrifugations of a culture supernatant or a biological fluid at lower speeds allows, first,
the removal of larger contaminants, generally at 300x g for 10 min, then of dead cells at 2000x g 10
min, and finally of cell debris at 10,000x g 30 min. In some cases, these passages are followed by
supernatant filtering using a 0.2 um syringe filter [48] to remove all particles larger than 200 nm,
including residual apoptotic bodies and biological aggregates. These first pre-processing steps of
culture medium are followed by proper Exos isolation. Exos pellet recovery is performed after
treatments at a high speed (in a range from 100,000 to 120,000x g), resuspending it in phosphate-
buffered saline (PBS). All the centrifugation steps are always performed at 4 °C to avoid the
aggregation of proteins.

A valid alternative to standard UC is the density gradient UC (DG). In this case, the separation of
Exos is based on their size, mass, and density in medium with a progressively decreased density from
the bottom to the top of the tube. Samples are layered as a narrow band on the top of the density
gradient medium and are subjected to an extended round of UC [44]. A discontinuous iodixanol
gradient consisting of 40% w/v, 20% w/v, 10% w/v, and 5% w/v solutions is prepared by diluting a
stock solution of OptiPrep™ in 0.25 M of sucrose/10 mM of Tris at pH 7.5. The gradient is set up in
a polyallomer tube by the subsequent layering of 3 mL fractions of 40%, 20%, and 10% iodixanol
solution, and 2.8 mL of 5% iodixanol solution. DG fractions of 1 mL each are collected from the top
of the gradient and resuspended in PBS for a further 90 min of UC at 100,000 g [42].

The comparison of dUC, immunoaffinity, and OptiPrep TM DG revealed that this method isolated the
pure population of Exos from blood plasma [4]. It allowed the elimination of contaminants and
enhanced the quality of EVs analysis [56], despite the fact that it may co-isolate EVs and certain
lipoproteins [57]. However, DG is a laborious and time-consuming method. Unlike differential
ultracentrifugation, a downside of density gradient ultracentrifugation is that its capacity is largely
limited by the narrow load zone [58] density gradients.

Polymer-Based Precipitation

The isolation of Exos by a polymer solution is relatively new, indeed, its principle was applied for
the first time more than 50 years ago by Hebert [59] to isolate viruses. Prevalent results in exosome



purification mainly ensue from the use of a less time-consuming commercial kit (ExoQuickt from
System Bioscience or the Total Exosome Isolation Kit from Life Technologies). This method is based
on the formation of a polymer network—generally consisting of polyethylene glycol (PEG) with a
molecular weight of 8000 Da—that extracts water and forces less soluble components out of the
solution. Although this method has a high scalability, it requires pre and post-cleanup. Indeed, the
recovery of the precipitated sample is performed after incubation at 4 °C overnight, but the final
collection in PBS [44, 60] requires low-speed centrifugation or filtration.

A recent study from Chang et al. [61] presented a novel method for exosome isolation using Fe3;O4
magnetic nanoparticles (MNPs) coated with polyethylene glycol (PEG). PEG chains can form
reticular structures that allow the entrapping of proteins, aggregates, and impurities in the holes of
MNP. Therefore, Exos can be purified by removing the proteins using a permanent magnet.
Unfortunately, the presence of residual magnetic material can cause the necessity of a time-
consuming post-purification procedure.

Indeed, most studies [62] demonstrated that polymer-based precipitation is not a specific method
because of the recovery of contaminants as protein aggregates, lipoproteins, and small cellular debris.
Secondly, once isolated, the presence of the polymer material may not be compatible with
downstream analyses. Nevertheless, the use of polymer-based precipitation may be appropriate to
achieve an initial enrichment of Exos, where the presence of contaminating non-exosomal materials

can be problematic [63].

Size-Based Isolation Technique

The separation of Exos based on size exclusion can be realized using ultrafiltration (UF) membranes
and/or size exclusion chromatography (SEC).

UF allows the separation of Exos from other soluble proteins and aggregates using matrices with
defined molecular weight or size exclusion limits (Vivaspins® or Amicons®). These vesicles can, for
example, be selectively isolated based on a molecular weight greater than 200 kDa, followed by
isolation with a diameter less than 200 nm [64, 65].

UF is faster than UC and does not require special equipment. Furthermore, one or multistep
concentrations can be efficient for large volume samples. However, a potential drawback could be
the clogging and particle trapping due to the use of mechanical forces [44].

In SEC, the separation of Exos is due to their small dimensions compared to other cellular debris and
residual impurity or protein aggregates. A sample is loaded onto a packed column and passes through
a selective porous resin: larger molecules are entrapped in the network structure while small
molecules can pass faster through the pores and are eluted earlier [42]. Thus, in SEC separation, it is
possible to underline several advantages such as the low contamination and high purity of the final
sample, whose biological activity is preserved with superior reproducibility. Nevertheless, the
procedure requires a long run time, and it is not simple to scale up.

Microfluidic Technology for the Separation of the Exos



Although the development is still at an early stage, microfluidic technology is emerging as an efficient
and rapid alternative to conventional isolation methods.

The techniques developed for microfluidic-based exosomal purification can be classified into two
categories: chips with or without the application of external sources. The first ones allow an active
sorting of the final sample due to the application of external sources such as an electric or magnetic
field. Chips with no external forces achieve a passive sorting of nano-size objects through the
integration of microfluidic components that drive Exos into specific streamlines and
immunoaffinity/size exclusion entrapping principles [66].

Immunoaffinity isolation exploits a specific interaction between characteristic surface proteins,
membrane-bound antigens expressed by a specific subtype of EV, and immobilized antibodies. The
isolation of the desired EV population could be obtained with an immuno-enrichment positive
trapping or a negative selection of the unwanted exosome population (immuno-depletion) [67]. In
2010, Chen et al. demonstrated the rapid recovery of small EVs from both serum and conditioned
culture medium with a microfluidic device containing antibody-coated surfaces [43].

The first example of size-based separation was reported by Davies et al. [68]. They sieved EVs
directly from mouse blood through a pressure-driven filtration process on a membrane. Porous
polymer monoliths were integrated into poly (methyl methacrylate) microfluidic chips as membranes
with a proper size for the extraction of vesicles [68].

Wang and colleagues [69] designed a ciliated micropillar structure forming a microporous silicon
nanowire. This nanowire-on-micropillar structure was able to trap particles selectively in the range
of 40—100 nm. Silicon pillars were designed to have a distance too narrow (900 nm) to allow the
passage of cells larger than 1 pm; at the same time, smaller cell debris can enter the micropillar area
but is excluded by the ciliated nanostructure, which forms pores with diameters ranging between 30
and 200 nm in order to trap Exos and small EVs selectively [70]. This method allows the selective
sorting of vesicles with dimensions of less than 100 nm. However, even though the trapping step is
relatively fast (10 min), the final recovery of the exosomal sample requires dissolving the ciliated
part of the silicon nanowire in PBS buffer overnight. Furthermore, active sorting mechanisms, such
as acoustic separation and electromagnetic activation, could represent a valid alternative to usual
microfluidics approaches. An acoustic nanofilter, as shown by Lee at al. [71] could use ultrasound
standing waves to exert radiation forces on the biological fluid and allow the vesicles’ separation
according to their mechanical properties such as their size and density.

All microfluidic technologies present important advantages compared to standard isolation
techniques: they are not very time consuming, have high reproducibility, and allow the sorting of an
EV subtype population. Nevertheless, generally, further off-chip additional steps for sample
preparation are required, such as plasma extraction or reagent mixing [70], and these techniques are
restricted to low sample volumes.

For this reason, all the mentioned techniques are not always mutually exclusive, and it is possible to
combine them or apply slight variations to the protocols within each group in order to overcome
limitations in the purification processes.

It seems evident that technologies for the quality control and mass production of Exos are desperately
needed to achieve fast, highly efficient extraction procedures. Indeed, to overcome this invalidating
drawback, recent studies seem to address more the molecular engineering of EVs.



Architectures of Exos and Their Biological Composition

An enormous heterogeneity characterizes the Exos architecture in terms of proteins, lipids, and
genetic material, including messenger RNAs (mRNAs), microRNAs (miRNAs), other small non-
coding RNAs, and genomic DNA (gDNA) expressed on the EV surface [72]. Regarding their
biological composition, to date, a few studies have been conducted on specific cell lines highlighting
this complex aspect. Among these studies, the highest cholesterol concentration (41-46%) was
interestingly found in Exos obtained from reticulocytes and human prostate cancer cells (PC-3). Even
though Exos secreted from oligodendrocytes only contain 2.2% cholesterol, they are highly enriched
in phosphatidylcholine (40%), phosphatidylserine (25%), and phosphatidylethanolamine (20%). In
contrast, 50% of the lipids found in B-cell-derived Exos are ceramides [73].

The lipidomes of Huh7 Exos showed a marked enriching of cardiolipins and lyso-derivatives (where
one fatty acid tail is removed by hydrolysis) of phosphatidylserines, phosphatidylglycerols, and
phosphatidylinositols. Meanwhile, lyso-phosphatidylethanolamines are rather enriched in U-87 MG
Exos. These lyso-derivatives are also enriched in Marrow Stromal Cell MVs but depleted from U-87
MG and Huh7 MVs [74]. Thus, the variety of the lipidic composition characterizes not only the EVs
derived from different progenitor cells but also those derived from the same population.

Likewise, EVs’ proteome data suggests that the exosomal and MV proteomes of the same source-cell
type are not directly comparable. Traditional Exos markers CD81 and CD9 are present both in MSC
Exos and MVs, but the level of enrichment seems to be higher in Exos, while the PLP2 enrichment
is unique to MVs.

Secondly, also the proteome profile of Exos obtained from different source-cell types seems to be
quite different. For example, Exos isolated from cerebrospinal fluid (CSF) have specific proteins
related to their tissue of origin. Tissue expression mapping according to the Database for Annotation,
Visualization and Integrated Discovery (DAVID) knowledge base showed the presence of 373 brain-
derived proteins; several markers of specific brain cell types, such as the typical microglia marker
integrin alpha-M (ITGAM) and the receptor-type tyrosine-protein phosphatase C (PTPRC); and also
neuron-specific markers such as enolase 2 (ENO2), dihydropyrimidinase-related protein 2
(DPYSL2), and vesicle-associated membrane protein 2 (VAMP2), which is a component of the
soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex [75].
Otherwise, Tsg101, PDCD6IP (Alix), and CDS82 are only enriched in U-87 MG Exos, while Flotillin-
1 and tetraspanin-4 are highly enriched in all U-87 MG and Huh7 EVs [74]. Despite the variable
composition, Immuno-Electron Microscopy localization studies, Western blot analysis, and the
mapping of exosomal proteins have identified some common proteins located on the surface or in the
lumen of nearly all Exos (exosomal markers). Notably, Exos are highly enriched in cytoplasmic
proteins with various functions. Most Exos contain MHC class I molecules and heat-shock proteins
such as Hsp70 and Hsp90 as part of the stress response [76]. A significant number of proteins, such
as tetraspanins (CD9, CD63, CD81) and Rab proteins (Rab11, Rab27a, Rab27b), are involved in their
biogenesis process [77], while tubulin, actin, actin-binding proteins, and annexins proteins are
responsible for membrane transport and fusion. Signal transduction and exosome release are instead
mediated by protein kinases, heterotrimeric G-proteins, and molecules such as Alix and TSG101 [78].



Since Exos have been discovered in almost all body fluids, including blood, urine, saliva, breast milk,
cerebrospinal fluid, semen, amniotic fluid, and ascites [79], their specific profile (miRs, proteins, and
lipids) can mirror the cellular origin and its physiological state as a “fingerprint” [80].

The application of Exos in liquid biopsy could represent a valid alternative to traditional invasive
methods in clinical diagnosis. However, although these markers are often enriched in specific Exos,
they are also present in EVs released by other progenitor cells.

Mechanism of Interaction in the Biological Environment

The rising interest in EVs is due to their capacity to induce phenotypic changes in acceptor cells [81].
Exos play a key role in the systemic propagation of patho-physiological mechanisms, including
development, homeostasis, and immune surveillance/pathogen response [82]. EVs’ internalization
and regulatory properties depend on factors such as the maturation, physiological and environmental
conditions of target cells, or even on the vesicular proteomic and lipidomic profile generally
determined by the progenitor cell type [83]. The fact that EVs’ cargo reflects their tissue of origin is
relevant, since cancer cells are known to produce greater numbers of EVs containing signaling
molecules compared to healthy cells.

First of all, tumor-derived EVs at hypoxic conditions stimulate the neo-vascularization and
propagation of the angiogenic phenotype to endothelial cells [84]. EVs’ angiogenic cargo includes a
wide range of molecules such as tissue factors, cytokines, tetraspanin, oncoproteins, sphingomyelin,
and miRNAs [85]. As an example, a recent mass spectrometry analysis of GBM Exos identified over
1000 proteins that exert angiogenic and tumor-invasive characteristics [85]. Pro-angiogenic factors
include angiogenin, IL-6, IL-8, TIMP-1,and TIMP-2 that stimulate an angiogenic phenotype in
normal brain endothelial cells and increase malignancy in a hypoxia-dependent manner [86].
Furthermore, tumor-derived EVs modulate the extracellular matrix through the proteolytic
degradation of collagens, LNs, and fibronectin [87]. Matrix degradation has severe consequences on
the tumor microenvironment, such as promoting host cell adhesion, motility, invasiveness, and
apoptosis resistance. As an example, malignant ovarian ascites samples from patients with stage-I to
-IV ovarian cancer contain matrix metalloproteases MMP-2-, MMP-9-, and uPA-loaded EVs with
highly invasive properties [88]. Hallal et al. [89] reported increased podosome formation and
extracellular matrix degradation in astrocytes cultured with GBM Exos. Interestingly, this
phenomenon seems to strongly correlate with tumorigenesis through decreased p53 levels. As
consequence, EVs modify neighboring astrocytes to induce tumor-supportive functions and,
moreover, drive peritumoral astrocytes to become tumorigenic themselves.

Conversely, in normal circumstances EVs are important in tissue homeostasis and organogenesis
[90].

For example, platelet-derived EVs induce angiogenesis in vivo by facilitating the formation of
endothelial capillaries [91]. Relevant studies show that Exos produced by neurons, oligodendrocytes,
astrocytes, and microglia have a key role in the protection and repair of brain tissue [92]. They could
protect neurons by inhibiting neuronal apoptosis, modulate axon reconstruction and neurogenesis
through vascular regeneration, and increase synaptic vesicle release [90]. For example, microglia-
derived EVs can alleviate acute inflammatory responses by converting immature IL-1b into a



biologically active molecule; regulate the excitation inhibition balance via the endocannabinoids
content; and reduce the levels of amyloid-f, a neurotoxic peptide linked to Alzheimer’s disease [93].
Once released in the extracellular space, Exos internalization in a recipient cell occurs via two
different mechanisms: direct interaction resulting in EV fusion with PM or endocytic uptake.
Endocytosis seems the principal pathway. It can involve multiple routes: the clathrin-dependent or
independent pathway, the caveolin-mediated mechanism, micropinocytosis, phagocytosis, or lipid
raft-mediated uptake [94]. Lipid composition is heavily involved in intracellular trafficking. The
phosphatidylserine enrichment of oligodendrocyte-derived Exos activated pinocytosis in a subset of
microglia macrophages without antigen-presenting capability [95]. Additionally, the sphingolipids
within the EV have an important role in binding and endocytosis, possibly through cholesterol-rich
microdomains in dendritic cells [94]. Additionally, surface and cytoplasmic proteins anchored to the
vesicle lipid bilayer membrane are involved in specific ligand-receptor type interactions. They
include tetraspanins, TNF, TRAIL, FasL, integrins, or T cell immunoglobulin [96]. For example,
tetraspanins are highly abundant on Exos’ surfaces and notably have been shown to be involved in
several processes, including vesicular and cellular fusion. The treatment of recipient cells with
antibodies against the tetraspanins CD81 or CD9 can reduce the uptake of EVs by dendritic cells [97].
Cells over-expressing Tspan8 released EVs bearing a Tspan8-CD49d complex, the presence of which
contributed to EV uptake by rat aortic endothelial cells [98].

Although there are several types of proteins capable of interacting specifically with a cellular target,
none have been established as sufficient and necessary for EV internalization. Many EV subtypes
share common surface proteins, and it is possible that one of them acts as a general ligand for a
receptor, enabling vesicle internalization.

One unresolved question currently vexing the EV field is whether EV uptake is a cell type—specific
process or whether the process is unspecific. The mechanisms of EV uptake into the cytosol of the
recipient cell are still unclear and seem to act both in a generic and a specific manner.

Applications of Exos for Diagnosis and the Therapy

In the last few decades, evidence about the role that Exos secreted by healthy and tumor cells have in
the growth and spread of such a complex environment suggested their use as a diagnostic and
prognostic indicator of tumor progression [75], even for brain malignancies such as glioma (Table 2).
Unmodified Exos can cross BBB thanks to their small size, flexibility, and the presence of adhesive
proteins on their surface, while their endogenous origin and the presence of a cellular lipidic bilayer
minimize immunogenicity and toxicity, supporting their stabilization in blood circulation [99].
Furthermore, the application of Exos both as diagnostic and therapeutic tools is deeply correlated to
their long in vivo blood circulation and biodistribution [100]. Exogenous blood circulating Exos are
enriched in proteins and genetic material, which should allow an earlier and more accurate diagnosis.
On the other hand, EVs artificially introduced into circulation with a prolonged half-life at the target
site could achieve a lower and more efficient therapeutic dosage of the active substance carried.
Unfortunately, to the best of our knowledge, Exos in vivo biodistribution studies seem to be very
controversial. Establishing a unique biodistribution mechanism seems to be impossible due to the
numerous variables involved; the route of administration, the progress of the disease, the exosomal



parent cell source, as well as the different target cell types available to internalize the circulating EVs
are just the main parameters to keep in consideration.

Direct intravenous, intraperitoneal, or subcutaneous injection of breast 4T1, MCF-7, and prostatic
PC3 tumoral Exos, for example, result in rapid clearance from the blood circulation and accumulation
in the liver, spleen, lung, and gastrointestinal tract [47]. The intravenous injection of blood cell-
derived EVs showed an uptake by the liver (44.9%), bone (22.5%), skin (9.7%), muscle (5.8%),
spleen (3.4%), kidney (2.7%), and lung (1.8%) [101]. In contrast, B16 melanoma-derived EVs were
mainly taken up by lungs and spleen [102]. Regardless of the delivery route and cell source, the half-
life of the majority of systemically injected Exos seems often to be very short due to the macrophage
uptake in the reticuloendothelial system [103], and this could lead to a rapid clearance. However,
their hemodynamic is still debated. Indeed, differently derived Exos exhibit different circulation,
biodistribution, and clearance properties compared to their normal counterparts, with additional
changes associated with tumor progression and response to treatment [102].

As for traditional nanovectors, it seems clear that even for Exos, the engineering of nanovesicular
structures through post-isolation modifications can be helpful for diagnostic and moreover
therapeutic application [104]. For example, in addition to naturally expressed protein, the conjugation
of specific targeting ligands, such as antibodies and peptides, may enable specific interactions with
target cells. Further advantages can be achieved through the pre- or post-isolation loading of
unmodified EVs with molecules of interest [105].

Cell Source Cargo Application Models Reference
. . . In vitro (U251)
SPIONSs/Curcumin/RGE Imaging and anti-tumor . . .
Raw264.7 . In vivo glioma mice model [53]
peptide therapy
xenograft
. . In vitro (U-87 MG)
Anti- RNA th
MSC miRNA-584 nti .tu.rfmor m,l NA therapy In vivo U-87 MG xenograft nude [106]
Inhibition glioma growth
mouse mode
- . In vitro (U251)
MSC miR-199 Inhibition ghon.1a. growth Ex vivo immunohistochemistry [107]
Chemosensitivity . .
tumor-bearing nude mice
. . In vitro (9L glioma)
MSC miR-146b Antl—.tu.rT\or m.1RNA therapy Ex vivo rodent model [55]
Inhibition glioma growth .
(9L glioma) xenograft
In vi 7 X12 GBM
U-87 MG X12 . Anti-tumor miRNA therapy 8 Yltro (U87 and GBM)
miR-1 o . In vivo xenograft nude mouse [108]
cells Inhibition glioma growth
model
MSC anti-miR-9 Chemosensitivity In vitro (U-87 MG T98G) [109]
U-87 MG In vitro (U-87 MG)
Brain endothelial PTX/DXR Delivery anticancer drugs In vivo brain imaging of [110]
cell (hEND.3) embryos zebrafish model
. Delivery of anticancer drug .
f 1 I -87
Mous.e ibroblast KLA peptide LDL/MTX and therapeutic targeted . n V¥tro (U 8 MG) [18]
cell line (L929) . In vivo glioma mice xenograft
peptides
Anti-tumor miRNA therapy .
MSC miR-124 Dysregulation of cellular In Yltro (.GSC26_,28 G5C6-27) [111]
. In vivo glioma mice xenograft
metabolism
. Immunotherapy .
Natural killer- - Inhibition Glioblastoma . In V%tI'O (U_§7 MG) [112]
92MI In vivo glioma mice xenograft
growth
CSF miR-21 Diagnostic biomarker - [113]
iR-21/miR-222/miR-124-
Serum m fmi 3p fmi Diagnostic biomarker - [114]
iR-21 miR-1 iR-24,
CSF mt miR-108, miR-24, Diagnostic biomarker - [115]

and miR-125



miR-320/miR-574-3p/RNU6- Diagnostic biomarker

- 116

Serum 1 Tumorigenesis factors [116]
Serum miR-301a Diagnostic biomarker In vitro (H4) [117]
T98G cell line L1CAM Tumorigenesis factor Chick embryo brain tumor model [118]

H .
Plasma CAV1IL-8 ypoxia-induced, In vivo glioma mice xenograft [119]
proangiogenic proteins
Blood EGFR/EGFRVIII Diagnostic biomarker uNMR [120]
In vitro
Blood PTRF Diagnostic biomarker (LN229 U-87 MG U251) [121]

In vivo mouse model xenograft

Table 2. Summary of the literature assessing Exos as a drug delivery system and diagnostic biomarkers in in vitro and in

vivo glioma models.

Encapsulation Techniques
For the encapsulation of exosomal carriers with therapeutic cargo, several methods can be utilized.
These may be divided in two main categories:

e loading/transfecting parental cells with DNA encoding therapeutically active compounds which are
then released in Exos, thus before Exos isolation;
e loading naive Exos isolated from parental cells ex vitro, so after Exos isolation.

Each methodology has its advantages and limitations and may be dictated by the type of therapeutic
cargo, conditions suitable for a specific type of Exos-encapsulated cargo, and site of the disease.

Loading before Exos isolation

This approach consists into loading of therapeutics into cells from which the Exos are derived, that,
using the endogenous loading machinery of the cells, may result in subsequent Exos loading with the
drug, protein or oligonucleotide of interest.

More specifically, in order to attain the encapsulation with genetic material such as siRNAs and
microRNAs miRNAs, transfection-based strategies that employ vector induced expression in cells
have been proposed [61, 62].

Alternatively, siRNAs or a drug may be used directly to transfect Exos donor cells by incubation at
37 °C. For example, Shtam, Tatyana A., et al. [122] showed that transfection of HeLLa and HT1080
human fibrosarcoma cells with a vector for expression of two different siRNAs against RADS51 and
RADS2 resulted effective at causing post-transcriptional gene silencing in recipient cells. Pascucci et
al. [123] showed that MSCs-secreted Exos were loaded with paclitaxel (PTX) by incubating the
parental cells with the drug.

However, the main drawback of these strategies is that the amount of RNA/drug incorporated into
Exos by transfection depends on drug characteristics and RNA sequence.

Loading after Exos isolation

Regarding ex vitro loading of naive Exos, several techniques have been suggested.



In most cases, Exos encapsulation of small hydrophobic molecules is achieved through direct mixing.
Indeed, in several studies anticancer agents, Doxorubicin and Paclitaxel (PTX) [124], a model drug
Rhodamine 123 [125], and low molecular antioxidant, curcumin [126, 127], were passively loaded
into Exos by simple incubation at room temperature (RT). However, this method suffers from very
low encapsulation efficacy — from 7.2% for PTX to 11.7% for Dox [8].

For the encapsulation of hydrophilic compounds, such as exogenous RNAs, the major hurdle is
represented by the vesicle membrane, restricting the possibility of passive loading.

One utilized strategy is electroporation after Exos isolation. This approach relies on the spontaneous
pore formation in membranes to compensate for variations in voltage after stimulation with an
electrical signal. The first to report apparent successful siRNA loading into EVs by electroporation
were Alvarez-Erviti et al. [128]. Successively, several other studies have confirmed the possibility of
loading Exos by electroporation without affecting Exos integrity and function. Nevertheless, it should
be considered that, when loading Exos with siRNAs by this technique, extensive siRNA aggregate
formation was reported [129] and suggested to cause overestimation of the amount of siRNA actually
loaded into Exos. Moreover, electroporation might cause aggregation or fusion of Exos themselves.
In attempt to encapsulate large molecules, as catalase, as well as other therapeutics and imaging
agents, methods as saponin-mediated permeabilization, extrusion, freeze-thaw cycles were compared
[130, 131] or explored singularly in distinct studies. More precisely, extrusion and sonication are
techniques creating extensive reshaping and reformation of Exos, thus aiding the diffusion across the
vesicle lipid bilayer. These strategies result in higher loading efficacy than the aforementioned ones
(20%—26% loading capacity [130]).

However, it is worth noting that neither of these strategies is a satisfactory, scalable and cost-effective
procedure for the efficient encapsulation of Exos.

Cellular membrane: dynamic of the lipidic bilayer

Cell membranes are highly dynamic, fluid structures, which are made functional by lipid-lipid, lipid—
protein, and protein—protein interactions [132]. The first insight into the general structural
organization of biological membranes was proposed in the early 1970s [133]. In its initial form, the
celebrated Singer—Nicolson fluid mosaic model considers the cell membrane as a two-dimensional
sea of lipid molecules with integral proteins, floating in it [ 134]. It is now admitted that the membrane
constituents do not diffuse freely in the two-dimensional lipid matrix but are structured in 3D domains
[135].

So, the cell lipid bilayer could be considered as a 3D assembly with a rich variety of physical features
that modulate cell signaling and protein function.

Cell membrane tends to maintain a specific lipid packaging density and therefore an optimal surface
pressure on the order of 30 mN m! [136]. This is principally due to some relevant physical features
of proteins and lipids present in the PM.

The local shape of a membrane depends on which lipids are present and on how they are spatially
distributed. Insertion or removal of lipids into the inner or outer leaflet leads to area mismatches that
also alter curvature.



Most of the lipid species have not a cylindrical structure and contribute to a spontaneous curvature to
the membrane [137]. An example detergent molecule, lysophospholipids and polyphosphoinositides,
form structures with a positive curvature, such as micelles [136]. Cylindrical-shaped lipid molecules,
such as phosphatidylcholine and sphingomyelin, preferentially form flat bilayer structures [138].
Lipid molecules that have an overall conical shape, such as diacylglycerol, with a small hydrophilic
cross-section, form structures with a negative curvature, such as the inverted hexagonal phase of tubes
with headgroups inside and hydrophobic tails outside [139]. So, lateral Pressure stress depends
sensitively on lipid composition.

Furthermore, cell membrane packaging is based on equilibrium between its hydrophobic and
hydrophilic parts (Figure 2). Even though the bilayer as a whole might be stable, each part of it is
highly stressed and the maintenance of the entropy in the system is allowed by interfacial tension.
Indeed, in cell membrane the hydrophobic and hydrophilic parts are in a very high energy
configuration due to their chemical incompatibility.. The hydrophilic headgroups at the surface of the
membrane are crowded together more tightly than they would be if free in solution [140].
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Figure 2. The forces that act within the bilayer and how they act on the corresponding lateral pressure, p(z), at different

distances (z) across the bilayer thickness.

In this scenario, the lipidic bilayer of nanovesicles could behave as cell membrane on small scale.

A vesicle is a viscous droplet enclosed by a lipid bilayer. The bilayer membrane could be considered
as an incompressible fluid in that it admits relative in-plane shear motion between lipid molecules
without incurring any static shear stress [141].

Within the lipid bilayer, disorder is introduced by differences in chain length and saturation of the
hydrophobic chains in the membrane interior and the lateral distribution of different lipids within
each leaflet, which can alter the biophysical properties of the membrane. Proteins also constitute 50%
of the cross-sectional area of the membrane, and peripheral proteins interact with both extracellular
and cytoplasmic lipid [142].

If a lipid bilayer is discussed only in its liquid crystal state, it can be considered as a two-dimensional
liquid. Consequently, the mechanical properties of such an object are characterized by its stretching
and bending elastic moduli, lipid molecules can freely slide one to another and the shear elastic
modulus is equal to zero. Evidently, in the case of natural membranes, containing a cytoskeleton,
shear deformations cannot be neglected [135].

In order to understand the response of lipid membranes to an external force as Pressure stimuli several
studies were conducted.



Weiner et al. [143] employed fully atomistic molecular dynamics simulations to investigate the
effects of a high external Pressure of 1000 bar by comparing monounsaturated 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC) and unsaturated dioleoyl-phosphatidylcholine (DOPC) bilayers.

In line with literature [144], they find out that increased unsaturation results in a stronger resistance
to structural change in response to high pressure.

Thus, it can be hypothesized that a change in external Pressure as simulated in this work will induce
a conformational change in specific proteins embedded in a monounsaturated POPC bilayer, while a
unsaturated DOPC bilayer would represent a control system where no conformational shift is
expected. Peters, Judith, et al. [145] compared the effect of cholesterol at different concentrations on
the phase behavior of DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) multilamellar vesicles.
They used Pressure perturbation differential scanning calorimetry (PPC). Applying Pressure up to
600 bar they find out that the membrane order is increased and therefore the phase transition
temperatures altered accordingly. Furthermore, the calorimetry data reveal a subsequent broadening
of the heat capacity and the volume expansion with increasing amount of cholesterol.

Even though at date several studies involve simulations of lipidic multilamellar system, further
experimental analysis is needed, aimed to quantifying high Pressure effects on specific biological
processes in relation to lipid and protein membrane diversity in cellular and sub-cellular complex
structures.

Aim of the work

Since the identification of EVs as exogenous intercellular communication tools, in the last few years
the field of Exos-based drug delivery has greatly expanded because of their interesting properties:
nanosized and specific compositions minimize recognition by the mononuclear phagocyte system;
patient self-derived nature eludes immune system activation; low immunogenicity potentially
delivers Exos in a cell type-specific manner; surface composed of GM3, sphingomyelin, and
cholesterol supports the stabilization of the vesicles in the blood circulation and stimulates membrane
fusion; surface proteins have likewise been linked to membrane fusion in cell-cell and virus—cell
interactions; proteo-lipid architecture protects the encapsulated cargo.

Moreover, additional targeted functions have been developed arising from the engineering of the
donor cells or the post-isolation modification of Exos’ surfaces, always preserving their inherent
properties. Furthermore, as Exos are structures encased in a lipid bilayer membrane with an aqueous
core, they are capable of housing both hydrophilic and lipophilic drugs.

Despite early promising experimental results, the application of Exos for therapeutic drug delivery,
for the treatment of several diseases is far from a clinical translation. First, a major limitation is the
lack of standardized techniques for the isolation of Exos because of time-consuming procedures, poor
reproducibility, and low production yield. Notably, protein aggregates and other cell debris can also
affect Exos’ purity. Once extracted from biological fluids, several distinct approaches could be
applied for the loading of exosomal carriers with therapeutic cargo. However, it is worth noting that
neither of these strategies is a satisfactory, scalable, and cost- effective procedure for the efficient
encapsulation of nanovesicles.



With the present work we will investigate the high shear rates in turbulent flow to promote mixing
by a high-pressure system as ground-breaking method for Exos production and encapsulation (Figure
3). The latter will be obtained through Microfluidizer, a lab-scale homogenizer, by exploiting the
unique fixed-geometry interaction chamber technology capable of processing a wide variety of fluids
in as few as one or two passes. This High-Pressure system works at the highest homogenization
pressures possible and, consequently, in an extremely turbulent flow situation, thus creating very high
shear forces on the fluid sample in the interaction chamber. It delivers a repeatable process that is
guaranteed to scale up to pilot and/or production volumes. To date, biological applications of
microfluidization are only aimed at cell lysis for the extraction of proteins or lipids of interest.

The rationale behind this whole new approach is to exploit pressure gradients along with both high
shear and elongational stresses acting on cellular and vesicles membranes to induce the formation of
transient pores or even the reformation of Exos without disrupting them, thus allowing inward
diffusion of cargos from the surrounding media.

The goal will be the achievement of the desired stability and reproducibility for engineered Exos by
optimizing the process parameters for both Exos’ production and encapsulation with different
compounds. So, aim of this work is the creation of a new platform for theranostic application through
the improvement of production and loading capability of Exos.
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Chapter 1

High-Pressure Homogenization in microfluidics
for large-scale generation of Exosomes from cell
lines



Introduction

In the last decades, EVs like Exos have emerged as a promising carrier for therapeutics [1, 2]. Exos are lipidic
bilayer enclosed nanovesicles, measure 30—150 nm in diameter, naturally released by a variety of cells [3-5].
They are biocompatible, low immunogenic and intrinsically express many signal molecules as genetic
materials, lipids, transmembrane and membrane-anchored proteins [6]. The presence of these natural
compound prolongs their blood circulation, promotes the crossing of biological barriers and allows cellular
uptake and release of inner exosomal contents [7]. Despite EVs hold immense promise for therapeutic drug
delivery, the clinical application is still complex because of their heterogeneity and low productivity [8, 9].

Indeed, the production of sufficient quantities of Exos for in vivo use is still a rate-limiting step. A dose of
10°-10'"" Exos administered per mouse is typically used to achieve biological outcomes [10-12] but living cells
in nature secrete only few Exos and the final recovery of a suitable amount requires large numbers of cell
cultures incubated for several days to just one treatment. Furthermore, up to date, the current processes have
not addressed a scalable methodology for purification and loading of therapeutics before their final recovery.
So, also after natural release in the biological fluids, the procedures to isolate and collect them are still laborious

and time-consuming.

Nonetheless, molecular engineering has offered recent improvements on such complex issues to make Exos
versatile beyond their native functions [13]. Generally, engineering of Exos is adapted from well-established
cell manipulation technologies considering that Exos are nanosized structure with a higher degree of membrane
curvature and a less surface area.

An example, electroporation, sonication, extrusion and freeze-thawing are just some of the most traditional
methods used for the manipulation and lysis of the cell membrane, recently adapted for the encapsulation of
Exos with exogenous molecules [14]. Interestingly, among all these techniques, extrusion combine the ex-
novo production of nanovesicles from cellular membrane, the so-called vesicles-like” or “exosomes-mimetic”
structures [15, 16], and the entrapment in the inner space of a specific compound. Indeed, extrusion is a
physical manipulation during which cells are squeezed through 100-400 nm pore size membrane filters. These
repeated steps allow the cell break up and recombination into small vesicles-like structures [17].

For instance, this technique was used for the first time by Krishnamurthy, Sangeetha, et al. [18] to produce
Core—shell type ‘nanoghosts’. These vesicles were synthesized with a drug-loaded biodegradable PLGA core
and a monocyte cell membrane-derived shell. To obtain a vesicles-like structures, cell membranes from
monocytes were purified by hypotonic lysis of the cells, homogenization, and subsequent isolation of the
membrane fraction by serial UC. The purified cell membranes were coated onto Doxorubicin-loaded PLGA
NPs by serial extrusion through polycarbonate membranes to form nanoghosts.

Interestingly, also Toledano Furman, Naama E., et al. [19] reported nanoghosts reconstructed from the whole
cell membrane of mesenchymal stem cells (MSCs). MSC-NGs are manufactured in a reproducible process by
isolating intact MSC cell membranes (ghost cells) and homogenizing them into nanosized vesicles while
entrapping a therapeutic of choice. Conversely, Jo et al. [20] reported extrusion thought a microfluidic
approach. They developed constriction microchannels with small dimensions that allow the application of
elongational and shear force on the surface of the membrane leading to a mechanical breakdown of cells into

Exos mimetics with shapes and contents like those of Exos secreted by cells.



Vesicles-like structures were also produced by slicing living cell membrane with micro-fabricated silicon
nitride blades [21]. Living cells entered the flow were fragmented by the sharp edge of the silicon blade. Then,
the cell fragments can reassemble into Exos mimetics due to the minimization of the free energy of lipid
bilayers.

Nonetheless, some reports demonstrated that an improvement in membrane vesicles production could be
performed not only through engineering of artificial Exos-like structures but also by applying different stimuli
on Exos-producing cells.

For example, Watson et al. [22] used a hollow-fiber bioreactor for the efficient production of bioactive EV.
Interestingly they find out a yield reactor ~40- fold higher of EV per mL conditioned medium, as compared to
conventional cell culture. However, the obtained sample showed a more heterogeneous population with an
increased size range (200—800 nm). Haraszti, Reka Agnes, et al. [23] combined the 3D cultures in bioreactors
with tangential flow filtration to produce and concentrate Exos showing a cumulative extent yield of 140-fold
compared to 2D culture and dUC.

Conversely, Wang et al. [24] examined the secretion of Exos from PDL cells thought application of mechanical
force (cyclic stretch). Interestingly they detected ~4,000 ng/mL of Exos for cyclic stretch-exposed PDL cells
within 36 hrs compared to 120 ng/mL in a normal culture of PDL cells at 24 hrs.

Other methods such as low pH [25], hypoxia [26], thermal, oxidative [27], photodynamic [28] stress, have
therefore been proposed with promising evidence. An example, Parolini et al. [25] investigate the role of low
pH in favoring Exos release from melanoma cells. Interestingly they found out that acid condition enhanced
Exos yield by 7.5-fold in 4 days without affecting viability and structural stability of cell.

Despite the potential advantages related to all these methods, few of these, if any, are also able to avoid Exos
contamination with apoptotic bodies and cellular debris, size heterogeneity and proteomic alteration.

In our work we show that it is possible to increase Exos production in mammalian cells by exposing them to
Pressure stimuli. The rationale behind this study is to favor the natural release of EVs, which generally occurs
in specific physio-pathological condition, thought the control of physical parameter as Pressure applied on cell
surface.

In the past years several studies were conducted on the cellular structure characterization, cellular deformation
and response behavior to mechanical stimuli. However, few studies focused on the effect of high pressures
system on cell membrane, giving us only information about cell lysis procedures.

Here we use an industrial opposed stream homogenizer to evaluate the effect of hydrostatic pressure on cell

suspension without disrupting them. Our final goal is to provide a scaled-up system for Exos production.

Materials and Methods

Human glioblastoma cell line U87 (passages 15-28) was purchased from ATCC. The cell line was cultured in
DMEM supplemented with 10% foetal bovine serum (FBS), 0,1% penicillin—streptomycin and 0,1% L-
glutamine (growth medium). All media and reagents for cell culture were purchased by Sigma Aldrich (St.
Louis, Missouri, USA) and all cells were incubated at 37°C in 5% CO2/ 95% air.

Standard Exos Isolation



4 x 10° cells per 150T culture Flask have been seeded and let grow until 70-80% confluency. At this stage,
adherent cells were washed in PBS (1x) twice, the culture media (CM) was removed and replaced with
complete culture media containing Exosome-Depleted Foetal Bovine Serum growth (ThermoFisher Scientific
Waltham, Massachusetts, USA). After 48 hrs incubation, 50 mL CM was collected under sterile conditions
and transferred to 50 mL polypropylene centrifuge tubes for Exos isolation.

Exos were isolated by dUC. Cell culture supernatants were harvested and centrifuged for 10 min at 300 x g
(F15-6x 100y ROTOR) using a SL 16R Centrifuge to get rid of dead cells, then at 2000 x g for 10 min and
other 30 min at 10000 x g to eliminate cell debris. Exos were pelleted by dUC of supernatant in 8 mL
polycarbonate tubes (Beckman Coulter, Brea, CA, USA) at ~110,000 x g (70,000 RPM — MLA-80 ROTOR)
for 70 min using an Optima™ MAX-XP Ultracentrifuge (Beckman Coulter, Brea, CA, USA) and the
supernatant was discarded. Finally, pellet resuspended in PBS was washed twice. All procedures were carried

out at 4° C. The purified Exos were resuspended in 200 uL. of PBS and stored at -20° C prior to use.
Generation of EVs thought High-Pressure-Homogenizer stimuli on cell membrane

Exos were extracted from the cytoplasmatic membranes of U87 cell line. Cell source (7 x 10° cells) was
harvested, washed with PBS and re-suspended in cold PBS buffer, pH 7.4, (Sigma-AldrichTM). Cells were
homogenized using a bench-top microfluidizer (Model M-110P MicrofluidizerTM Materials Processor,
Microfluidics, USA) (94 x 71 X 56 mm, w X d x h). To evaluate the effects of the Pressures and Cycles on cell
membrane, three different points at 500-1000-1500 bar, 10 Cycles were tested. The Microfluidic device divides
the suspension feed into two opposing microchannels in a Y fixed-geometry interaction chamber (diamond
F20 Y-75 um chamber). Then the two jets of liquid suspension are forced to collide with each other at high
Pressure, creating extreme shears, along with cavitation and impact.

A thermocouple was placed in the reservoir close to the discharge port to monitor temperature fluctuations
during High Pressure Homogenization.

Isolation of Exos from cell and protein aggregates was performed by dUC. The homogenized cells were
centrifuged for 20 min at 300 x g (F15-6x 100y ROTOR) using a SL 16R Centrifuge to get rid of dead cells,
then at 2000 x g for 10 min and other 30 min at 10000 x g to eliminate cell debris. Exos were pelleted by dUC
of supernatant in 8 mL polycarbonate tubes (Beckman Coulter, Brea, CA, USA) at ~110,000 x g (70,000 RPM
— MLA-80 ROTOR) for 70 minutes using an Optima™ MAX-XP Ultracentrifuge (Beckman Coulter, Brea,
CA, USA) and the supernatant was discarded. Finally, pellet resuspended in PBS was washed twice. All
procedures were carried out at 4° C. The purified Exos were resuspended in 200 uLL of PBS and stored at -20°

C prior to use.
Exos Characterization

Size, morphology and purity of Standard Exos and Exos produced after HPH cells treatment was assessed to
validate their stability.

For Scanning Electron Microscopy (SEM), 100 pl. of Exos was poured onto a 0,05 pum Millipore
polycarbonate membrane, positioned on a vacuum pump system. Specifically, to retain the Exos, the separation
of the solid-liquid mixture was performed by means of a Localized Vacuum/Suction Filtration. Subsequently,

the samples were dry at room temperature for 24 hrs. Then, sample was metallized by depositing 7 nm of gold



powder through a 208HR High Resolution Sputter Coater (Cressington Scientific; Watford, UK). Exos
morphology was analyzed by an Ultraplus Field Emission SEM, Carl Zeiss; Oberkochen, Germany) with an
accelerating voltage of 5 kV, using an InLens detector.

For Transmission Electron Microscopy (TEM) analysis briefly, 5 uL aliquots of isolated Exos (pellet
resuspended in 200 pL of water) has been adsorbed till a final amount of 10 or 20 puL onto Formvar/Carbon
200 mesh Cu Agar® grids and fixed in 5% glutaraldehyde for 1 hr. Then, the grids have been washed four
times with deionized water drops. Exos have been incubated with Osmium tetroxide (OsO4), a widely used
staining agent used in transmission electron microscopy to provide contrast to the image, for 10 minutes at 4
°C. In the staining of the membrane, OsO4 binds phospholipid head regions, thus creating contrast with the
neighboring protoplasm (cytoplasm), as well, in the case of Exos membranes. Following three washes with
water of 5 minutes each, the samples have been contrasted for 10 minutes in 1% uranyl acetate (wt/vol) and
eventually dehydrated with an ascending sequence of ethanol (30%, 70%, 90%).

Samples were observed in a Tecnai FEI® transmission electron Microscope operated at 120 kV accelerating
voltage.

For Cryo-TEM analysis 3 pL of sample were directly dropped onto Formvar/Carbon 200 mesh Cu Agar®
grids. Samples were observed in a Tecnai FEI® TEM operated at 80 kV accelerating voltage.

The concentration and mean size of Exos were determined by recording and analyzing the Brownian motion
of particles using a NanoSight NS300 system and NPs Tracking Analysis (NTA) 3.3 - Sample Assistant Dev
Build 3.3.203- Analytical Software (Malvern, Worcestershire, United Kingdom) according to the
'manufacturer's protocol. The recorded videos were analyzed using a NPs Tracking Analysis software. The
samples are injected in the sample chamber with a sterile syringe until the liquid reached the tip of the nozzle.
All measurements are performed at room temperature. Purified Exos were diluted 1:100 in 1 mL PBS at RT
and monitored for 260 seconds with manual shutter and gain adjustments. Three measurements of the same

sample are performed for all samples.

Mean size of Exos diluted in water (0,8% wt/vol) was analyzed at 25 °C, using a Zetasizer Nano ZS (Model
ZEN3600, Malvern Instruments Ltd., UK) equipped with a solid-state laser (A = 633 nm) at a scattering angle
of 173°. The cuvettes used are the 12 mm square glass cuvettes with square aperture for 90° sizing (Malvern;
#PCS1115).

Proteomic Analysis

The recovery of Exos was first estimated by measuring the surface protein quantitation using the BCA assay.
The Total protein amount was quantified with QuantiPro™ BCA Assay Kit (Sigma Aldrich; St. Louis,

Missouri, USA) in each vesicle preparation.

Exosomal Protein Lysis and Digestion

Briefly, Exos from two sample groups PEV-10 and Standard Exos at a final protein concentration of 30 pg/mL
were first mixed with SDS and DTT, boiled, cooled to room temperature, and then alkylated with
iodoacetamide in the dark for 30 min. Afterward, to the samples was added a final concentration of 1.2%
phosphoric acid and six volumes of binding buffer. After gentle mixing, the protein solution was loaded to an

S-Trap filter, spun at 2000 rpm, and the flow-through collected and reloaded onto a filter. This step was



repeated three times, and then the filter was washed with binding buffer 3 times. Finally, digestion buffer
containing trypsine at 1:10 wt:wt were added into the filter and digested. The peptides solution ware pooled,

lyophilized, and resuspend in Formic acid 0.2%.

Peptide Fractionation

After loading, the peptide mixture was first concentrated and desalted on the pre-column (C18 Easy Column
L02 cm, ID=100MM). Each peptide sample was fractioned on a C18 reverse phase capillary column (C18
Easy Column L020cm, ID= 7,5Mm,3um) working at a flow rate of 250 nL/min.

The gradient used for peptide elution ranged from 5% to 95% of buffer B (ACN LC-MS Grade and HCOOH)

in 287 minutes.

Liquid Chromatography Coupled to Tandem Mass Spectrometry (LC-MS/MS)

Peptide mixtures were analyzed by an LTQ Orbitrap XL (ThermoScientific, Waltham, MA) coupled to a
nanoLC system (nanoEasy II). Samples were fractionated onto a C18 capillary reverse-phase column (100
mm, 75 um, 5 pm) working at a flow rate of 250 nl/min, using a linear gradient of eluent B (0.2% formic acid
in 95% acetonitrile) in A (0.2% formic acid and 2% acetonitrile in LC-MS/MS grade water, Merck) from 5%
to 50% in 285 minutes was run.

The mass spectrometer was operated in positive polarity mode with capillary temperature of 275°C. MS/MS
analyses were performed using Data-Dependent Acquisition (DDA) mode: one MS scan (mass range from 400
to 1800 m/z) was followed by MS/MS scans of the 10 most abundant ions in each MS scan, applying a dynamic

exclusion window of 40 seconds.

Data Processing

Raw data obtained from nanoLC-MS/MS were analyzed with MaxQuant (1.5.2.8) integrated with the
Andromeda search engine. The selected parameters for protein identification were the following. Fixed
Modification was Carbamidomhetyl ©, the Trypsin/P was specified as the cleavage enzyme, and up to two

missed cleavages were allowed. The FDR was set to <1%.

Bioinformatics Analysis

LFQ is an Extracted lon Chromatogram method that has been developed for use within MaxQuant software
and it is one of the most used approaches in label-free quantification.

The algorithm on which it founds allows almost all the operations needed in a label-free workflow, (feature
detection, peptides and proteins identification, data normalization), and results in a quantitative value known
as "LFQ Intensity" for each sample, whose ratios are used for relative fold change calculations of the proteins

through different samples.



Statistical Analysis

Statistical significant proteins were evaluated by MeV software using an unpaired t-test with a p-value
threshold of 0.05. Fold Changes (FCs) of statistical significant proteins were calculated by LFQ intensity ratio

between Standard Exos average and PEV-10 average.

Results

Isolation and Characterization of U87-MG Exos

To optimize Exos production, U87-MG cells were cultured according to literature with some modifications.
The following parameters were tested:

e the cellular confluence, working in a range between 8*10° and 16*10° cells,

e the incubation time once reached the cell confluence, varying between 24 and 48 hours (hrs),

e the absence or presence in the culture medium of the Exos depleted FBS during the 24-48 hrs of

incubation.

This study was done to verify if in a nutrient-free environment, the greater cellular stress could affect the
release of vesicles.
It turned out that a good compromise between the quality of the cell culture and the quantity of released Exos
resulted by incubating 4 x 10° cells for 24 hrs with complete culture media containing Exos depleted FBS
growth supplement.
Once vesicles were isolated by dUC, electron microscopy and NTA were performed to validate the presence
and purity of intact Exos and if they are more suitable for onward development. Imaging with SEM, Cryo-
TEM and TEM (Figure 1 a-c) shows intact Exos with a very heterogeneous morphology and size, ranging
between 30 and 150 nm. NTA is a powerful characterization technique, particularly valuable for analyzing
polydisperse nanosized particles. The mean size and SD values obtained by the NTA software correspond to
the arithmetic values calculated with the size of the nanoparticles analyzed by the software. NTA showed that

the Exos had a narrow size distribution, with a mean particle diameter of 123.5 nm.
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Figure 1. Exos characterization. (a-c) SEM, Cryo-TEM and TEM images of U87 Exos respectively show ovoidal-shaped
vesicles with sizes mostly ranging between 30 and 150 nm. (d) particles/mL concentration and (¢) distribution by NTA.

Standard Exos vs EVs generated by Pressure cell stimuli: Characterization and
Quantification

Here we investigate for the first time the effects of Pressure on cell suspensions to stimulate production and
release of Exos from mammalian tumoral cell line.

High-pressure Homogenization is a simple and scalable technique applied for a highly efficient recovery of
intercellular materials such as DNA, RNA, proteins or organelles after cell disruption [29-33]. This practice is
mostly applied for dense microbial cultures as bacteria, fungi and algae with successful results. However, it
often requires pH, chemical, thermal and hypotonic pretreatment along with homogenization. Furthermore,
depending on the cell types, Pressure values between 500-2500 bar up to 30 Cycles are applied [34-36].
Such hard conditions are principally due to the recalcitrant prokaryotic cell wall structure and organization.
Indeed, Bacteria are multiple layers enclosing cells and the number of layers varies by cell types. An example,
gram-positive bacteria have a plasma membrane surrounded by the peptidoglycan layer, whereas gram-
negative bacteria, such as E. coli, consist of a cytoplasmic membrane, cell wall and an outer membrane.
Conversely, mammalian cells as U87-MG tumoral cells, have just a single boundary, the cytoplasmic

membrane that encloses the inner contents.



So, with our approach we decided to investigate the effects of relatively mild Pressure condition, between 500
and 1500 bar up to 10 Cycles, applied on U87-MG cell suspension in a physiologic buffer without any kind of
pretreatment.

A fixed concentration of 7x10° cell suspension is forced to flow through the Y chamber at three different
Pressure values for 10 Cycles. After treatment we performed serial centrifugation ad dUC steps for the final

recovery of our Pressured-Cell EVs (PEVs).

Morphology and Size

In Figure 2 are reported results of PEVs stability in terms of morphology (a-d) and average size (e) after
Pressure stimuli on cell membrane compared to standard Exos.

Cryo-TEM images show that nanovesicles obtained by treating the cells at 500 (PEV-5) and 1000 bar (PEV-
10) are comparable to the standard ones. Indeed, both have a spherical shape and were delimited by a contrasted
lipidic bilayer while Exos obtained by treatment at 1500 bar (PEV-15) are elliptical in shape.

Figure 2e shows the effect of Pressure on Exos' average size at 10 Cycles. The Z-Average size by DLS of
Standard Exos was 179 nm, EV-5 has a mean size of 160 nm with a polydispersity index (PDI) 0f 0,382, PEVs-
10 has dimension of 95 nm and a PDI of 0,315 while PEVs-15 has dimension of 150 nm and higher PDI
(0,500).
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Figure 2. (a-d) Cryo-TEM observation of Exos released by cell in standard condition and under 500-1000-1500 Pressure
stimuli after dUC isolation; (a) Standard Exos, (b) PEV-5, (¢c) PEV-10 and (d) PEV-15; (¢) Comparison of Z-Average
size by DLS of Standard Exos and PEV.

Among all samples, PEV-10 has a smaller size and higher homogeneity, instead PEV-5 and PEV-15 have a
slightly higher dimension but still comparable with standard Exos.
Despite the almost complete overlap of average size between PEV-5 and 15 we can hypothesize two different

phenomena during cellular production. The higher PEV-5 polydispersity maybe is due to the coexistence of



smaller sized vesicles and other enclosed structures. Conversely, PEVs-15 Cryo-TEM images show elliptical
nanovesicles, so we can hypothesize that stimulation at higher Pressures affects the production of vesicles

determining a permanent deformation of their lipidic bilayer.

Nanovesicles Quantification and Biological Stability

Thus, to assess the surface properties and biological stability of PEV-5, PEV-10 and PEV-15, we furthermore
analyzed Protein, RNA Content and Zeta Potential (ZP) comparing them with Standard vesicles. Results are
reported in Figure 3 (a-c). Figure 3a shows that protein content is almost comparable for Standard Exos and
PEV-10. Interestingly, PEV-5 showed a surface protein amount 55% higher than standard Exos while PEV-
15 showed 44% less proteins than control vesicles. Figure 3b shows an RNA amount 5 and 3-fold higher in
PEV-5 and PEV-10 respectively than Standard Exos while PEV-15 had quite the same concentration.

We can suggest a direct correlation between the biological content of nanovesicles and the applied Pressure:
the higher concentration the lower Pressure. Thus, we can speculate that increased Pressure value allows higher
instability of biological content and morphology of produced vesicles. Indeed, this hypothesis confirmed by
morphological deformation of PEV-15 observed by CRYO-TEM, is in line with ZP data that shows a
decreased value in PEV-15 while PEV-5 and 10 have a stable surface charge if compared to control vesicles
(Figure 3c). Finally, to confirm our hypothesis we compared NTA particles concentration of PEV-15 with

Standard Exos and found out a drastically decrease in PEV-15 particles concentration (Figure 3d).
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Figure 3. (a) Surface protein, (b) RNA amount after Exos lysis, (c) ZP of Standard Exos and PEV; comparison of NTA
analysis of Standard Exos and PEV-15.



Comprehensive Proteomic Analysis of Exos

To further investigate the proteomic stability of our engineered vesicles we compare the proteomic profile of
PEV-10, taken as our gold standard, and Standard Exos.

A total of 804 unique proteins were identified in our EVs generated by Pressure cell stimuli. All the proteins
identified in our study were compared to those known vesicular proteins in the Exocarta and Vesiclepedia
databases. Among the identified proteins, 783 (97%) proteins were common, including some exosomal
markers as CD-44 and TGS101 (Appendix). In addition, 21 probable exosomal proteins were also newly
identified, which are not present in the Exocarta and Vesiclepedia database (Figure 4a). These data suggested
that Pressure stimuli could promote a protein enrichment during Exos biogenesis.

Finally, we compare EV protein contents of PEV-10 and standard Exos. We found a total of 13 statistically
significant proteins, among them, 13 were Up-regulated and 0 Down-regulated (Appendix). Volcano plot
shows the global proteome changes in PEVs-10 samples vs. control samples (Figure 4b).

Interestingly, many of these 13 Over-expressed proteins are involved in some relevant mechanisms that could
favor intercellular communication and fusion of our engineered vesicles with cellular membrane. An example
SCAMP3 is a secretory membrane protein that acts as a carrier to the cell surface in post-Golgi recycling
pathways during vesicular transport [37]. Another over-expressed protein is VAMP3. This is a vesicle-
associated membrane protein and acts as one of the main components of a protein complex involved in the

docking and/or fusion of synaptic vesicles with the presynaptic membrane [38].
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Figure 4. Proteomic analysis of Exos. (a) The Venn diagram displays the overlap of proteins identified in the present
study with those in the Exocarta and Vesiclepedia databases (ExoCarta Version 5, Release date: 29 July 2015;
Vesiclepedia Version 4.1, Release date: 15 August 2018). (b) Volcano plot showing the global proteome changes in PEVs
samples vs. control samples. Individual proteins are represented by red points. The proteins with non-significant

differences between the PEVs-10 and control samples are shown in grey.
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Discussion

Exos have recently emerged as a promising delivery system to treat malignant tumours. However, the ability
to produce large quantities of Exos containing an abundance of endogenous biological material remains a
major challenge.

At date a wide range of techniques have been applied to control and increase the biological release of EVs
from cells source [22-27].

However, most of these techniques require a long-time incubation in complex bioreactor structures while
others stress inducing strategies involve structural damages on cell source membrane. Furthermore, in any case
it seems impossible to avoid contamination with cellular debris, and purification methods at date do not allow
a complete discrimination between the heterogeneous subpopulation of EVs.

In the present work we proposed the application of Pressure stimuli on cellular membrane as a background
method to increase the biological release of EVs from mammalian cell source. The rationale of our work is a
controlled manipulation of cell curvature through generation of transient membrane pores to stimulate cellular
release of Exos. To achieve a scale-up production of EVs we exploit the application of High-Hydrostatic-
Pressure through a High-Pressure-Homogenizer system (HPH). HPH is a wide used technique for cell lysis
and isolation of specific cellular components [39]. Indeed, in HPH the liquid stream of suspended cells is
forced at high pressure down a narrow channel or across the small gap of a valve. This accelerates its speed,
thereby shearing the cells by liquid flow and exploding them by pressure differences between inside and
outside of cell. Here we decided to apply mild Pressure condition over 200 bar [40] to induce a nanosecond
transient pore formation on cellular membrane without rupture.

Although the precise molecular and cellular mechanisms involved in heightened exosomal production is still
a topic of investigation, our results suggest a mechanism by which cellular intrinsic processes can promote
Exos generation and subsequent secretion in response to external Pressure stress. Indeed, at three different
Pressure condition we obtained EVs different in size, shape, and biological content. Interestingly between 500
and 1000 bar we found out an enrichment in protein and RNA content while at 1500 bar, Pressure seems to
have negative effect on EVs release in term of protein assessment and number of particles. Furthermore, it
seems also evident that such a high Pressure condition induces a permanent deformation on the lipidic bilayer
of released vesicles, elliptic in shape. Once we identified our gold standard procedure for EVs production at
1000 bar 10 Cycles, we further investigated the proteomic expression of PEVs-10. Interestingly proteomic
profiling reveled an enrichment with some proteins strongly involved in intercellular communication
mechanisms. So further studies are needed to better understand the mechanism related to Exos release under
Pressure stimuli and moreover if our engineered nanovehicles could enhance the intercellular communication

with targeted cell.
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Chapter 2

Study of Exosomes stability and application of
temporary deformability through High Pressure
Homogenizer to improve therapeutic application



Introduction

Exos are cell-derived membrane particles that present various advantages over traditional delivery vehicles [1-
3]. Their intrinsic cell targeting properties regulates endogenous mechanism for intercellular communication
[4, 5]. However, Exos therapeutic applications as drug delivery systems have been limited due to a lack of
efficient drug loading methods [6]. At date several approaches are involved but anyway they can be
summarized in two different processes, pre and post isolation loading [7].

Generally, loading of small molecules into Exos in a pre-formation approach can be accomplished by
transfection of the producer cell with the respective cargo by lipofection [8]. For hydrophobic drugs, Exos
loading may be achieved through co-incubation and direct mixing, a practice applicable both before isolation,
generally at 37°C combined with an apoptotic UV treatment, and after isolation. For example, Pascucci et al.
[9] found that MSCs can acquire strong anti-tumor activity after incubation with a high dosage of Paclitaxel
(PTX). Wei et al. [10] recently explored the effect of mesenchymal Exos combined with doxorubicin (DOX)
on osteosarcoma in vitro. Loading was achieved by mixing Exos and DOX with a final encapsulation
efficiency (EE) of about 12%. Despite these methods do not affect Exos integrity, there is a very low EE due
to the lipid bilayer membrane, which restricts passive loading [11]. Moreover, hydrophilic drugs or vectors as
nucleic acids cannot incorporate spontaneously into Exos since the drugs have to cross lipophilic Exos bilayer
to reach the aqueous core. Generally post-isolation methods are preferred [12].

These processes could involve electroporation, saponin treatment, sonication, extrusion or freeze-thaw cycles
[13]. Overall, saponin treatment and electroporation are the most useful methods to load Exos internally with
hydrophilic cargo such as siRNA. As example, purified Exos were loaded with approximately 25% of
exogenous GAPDH siRNA by electroporation [14]. Momen-Heravi et al. [ 15] showed that B cell-derived Exos
can function as vehicles to deliver exogenous miRNA-155 mimic or inhibitor to primary mouse hepatocytes
and RAW 264.7 macrophages, respectively. They optimized electroporation conditions in terms of voltage,
capacitance, EVs concentration, and re-isolation method for effective miRNA-155 loading and recovery of B
cell Exos. Using optimal settings, 55% of miRNA-155 mimic were loaded successfully into the Exos.

So, electroporation could lead to encapsulation of small molecules in EVs with quite high EE without affecting
their integrity and function. Nevertheless, it is a long procedure that can also induce strong aggregation of
siRNA even in the absence of Exos leading to possible overestimation of the EE [16]. In addition, it might
cause aggregation or fusion of Exos themselves [1].

Surfactants can also be applied to generate pores on exosomal surface, thus increasing membrane
permeabilization. For example, saponin and triton have been used to dissolve membrane molecules (e.g.
cholesterol) of cell membranes. [17]. Saponin significantly enhances the loading capacity of various types of
molecules into Exos, like natural antioxidant [ 18] or chemotherapeutics [19]. In a recent study DOX and PTX
were successfully loaded into SF7761 stem cell-like GMs-derived Exos by microfluidic device in the presence
of saponin and shear stress in microfluidic channels [20]. Loading efficiency of DOX and PTX was around
16% and 17.7% respectively. However, there are issues regarding the in vivo hemolytic activity of saponin.
Therefore, the concentration of saponin used for drug loading should be limited, and the Exos should be
washed and purified immediately after co-incubation.

A valid alternative is represented by sonication. This physical strategy applies an extra mechanical shear force
by using a homogenizer probe [21]. The mechanical shear force compromises permanently and temporarily

the membrane integrity of the Exos and allows the diffusion of drugs, proteins or other nanomaterials inside



the vesicles during this membrane deformation. Sonication is a spread use loading method especially for
hydrophobic drugs. For example, a loading capacity of 11.68 + 3.68% was demonstrated for Gemcitabine-
loaded Exos treated with sonication compared to the incubated sample (2.79 +0.72%) [22]. Similarly,
Salarpour et al. [23] investigated the effects of 37 °C co-incubation and sonication on EE of PTX and found
that the loading of sonication (9.21 £ 0.41 ngprx/lgEx0s) Was higher than that of co-incubation (7.40 £+ 0.37
ng/ng). However, in some cases, drugs are not only encapsulated inside the Exos but also attached to the outer
layer. Furthermore, this method may lead to aggregation of nanovesicles and damage of their plasma
membrane. Nevertheless, Kim et al. [24] demonstrated that this membrane deformation process does not
significantly affect the membrane-bound proteins or the lipid contents of the Exos. Indeed, the membrane
integrity at some conditions has been found to be restored within an hour after incubation at 37 °C.

During Extrusion, Exos and cargo mixture are forced into a lipid-based syringe with 100400 nm porous
membranes under a controlled temperature. Repeated passages induce the vesicles membrane bilayer collapse
and recombination with the drug [3]. Through this method a very high loading efficiency (22.2 £+ 3.1%) was
achieved for catalase-loaded Exos [25]. Conversely Fuhrmann et al. [26] reported that the loading efficiency
of porphyrin into MDA-EVs was dramatically increased by co-incubation with 0.01% (w/v) saponin or by
hypotonic dialysis but not by extrusion. Furthermore, they found out that the extrusion method alters the Zeta
Potential of the original Exos and causes cytotoxicity. So, whether the harsh mechanical force used in this
method changes the membrane properties need further investigations.

However, this strategy offers alluring prospect for the engineering of the so called “vesicles-like” or
“exosomes-mimetic” structures [27]. Cells could directly be treated with chemotherapeutic trough a serial
extrusion filters with diminishing pore sizes, thus allowing the production of Exos-Mimetic Nanovesicles
(EMNVs) [28]. EMNVs showed the same Exos characteristics but a 100-fold higher production yield.
Similarly, Naama et al. [29] reported a novel targeted delivery platform based on mesenchymal stem cells
nanoghosts (MSC-NGs). These nanosized vesicles. are manufactured in a reproducible process by combination
of a homogenizer pretreatment of intact MSC cell membranes (ghost cells) and extrusion of them through 0.4
pum polycarbonate membranes into MSC-NGs.

So together, all these reports demonstrate considerable advanced and improvements for the delicate loading
procedure. Nonetheless there is no consensus on which technique results more advantageous and there are still
relevant obstacles to overcome before deployment of EVs in large clinical trials. Indeed, the purification of
Exos remains laborious, the integrity and biological activity is often compromised, and low EE is still a critical
issue. Furthermore, up to date, the current processes have not addressed an industrial application of the Exos
Loading and provided a methodology that can guarantee a high and reliable EE in a cost effective and scalable
methodology avoiding a time-consuming approach.

In our study we propose High-Pressure Homogenization as the methodology to improve the cargo loading of
Exos. This High-Pressure Homogenization works in a turbulent flow situation, thus inducing very high shear
forces on the fluid sample in the interaction chamber. It delivers a repeatable process that is guaranteed to scale
up to pilot and/or production volumes. At date, biological applications of High-Pressure Homogenizer (HPH)
are only aimed at cell lysis for the extraction of proteins or lipids of interest [30-32].

Here, we analyze the dynamic of vesicles in turbulent flow that promotes mixing by a High-Pressure system
and take advantage by this system to improve the loading of drug molecules within the Exos. Indeed, Exos, as
all vesicle types, are a viscous droplet enclosed by a lipid bilayer. A classical lipid bilayer can be considered

as a two-dimensional liquid with its own membrane fluidity and mechanical properties [33].



So, the rationale behind this whole new encapsulation approach is to exploit pressure gradients along with both
high shear and elongational stresses acting on vesicles to induce the formation of transient pores or
permeabilization of Exos without disrupting them, thus allowing inward diffusion of cargos from the
surrounding media.

The goal will be the achievement of the desired stability and reproducibility for loaded Exos treated by HPH
and the application of this methodology to obtain a high EE comparable to that of the other drug delivery
systems.

To validate our approach, we tested the EE of U87-Exos with different compounds focusing on

neurodegenerative and cardiovascular application.

Recently, Exos earned interest in the cardiovascular field due to the fact that, in a multicellular system, such
as the heart, communication between different and not always close cells plays a fundamental role in the
maintenance of physiological cardiac homeostasis and in the adaptive response to stress [34]. It was
demonstrated that EVs are involved in a wide range of cardiovascular processes, both physiological and
pathological: Exos are released practically from all cells in the cardiovascular system, and it was shown that
stress conditions such as hypoxia or inflammation modulated their cargos and their release in conjunction with
the target cells, contributing to improving or to impairing heart function [34].

In particular, atherosclerosis (AS) is the leading cause of coronary atherosclerotic heart disease (CAD),
cerebral infarction, and peripheral vascular disease. Currently, treatment in the field of AS is mainly focused
on drugs that control blood lipids (such as statins), which do not significantly reduce the prevalence of the
disease [35]. Anti-inflammatory strategies have not been confirmed, however Exos application in the field
seems an ideal option.

Indeed, emerging evidence suggests that Exos released from endothelial cells, smooth muscle cells, adipose
cells, platelets, cardiomyocytes, and stem cells play crucial roles in the development and progression of
coronary artery disease [36]. Exos can participate in intercellular communication in a paracrine manner or an
endocrine manner, in order to maintain the homeostasis and respond to stress adaptively [37].

Lai et al. [38] first showed that human mesenchymal stem cells (MSCs) secreted 50- to 100 nm membrane
vesicles. Using an ex-vivo Langendorff model of ischemia/reperfusion injury, they observed that these purified
Exos were able to reduce infarct size in mouse hearts. Arslan et al. [39] further demonstrated that a single
intravenous bolus of Exos 5 min prior to reperfusion reduced infarct size by 45% in mice. Importantly, they
found that Exos treatment restored energy depletion and redox state in mouse hearts within 30 min after I/R,
evidenced by elevation of ATP and NADH levels, and reduction of oxidative stress.

Exos released by cardiac progenitors have been shown to prevent ischemic myocardium against acute
ischemia/reperfusion injury through miR-451 [40]. Cardiac progenitor cell-derived Exos could also protect
cardiomyocytes against oxidative stress-related apoptosis via exosomal miR-21 by targeting programmed cell
death 4 (PDCD4) [41]. Moreover, the exosomal transfer of miR-126 and miR-210 from host cells to
transplanted cells could improve the survival of transplanted cardiac progenitor cells into the ischemic
myocardium [42].

Bouchareychas et al. [43] in a recent study show that Exos produced by naive bone marrow-derived
macrophages (BMDM-exo0) contain anti-inflammatory microRNA-99a/146b/378a that are further increased in
Exos produced by BMDM polarized with IL-4 (BMDM-IL-4-exo0). Repeated infusions of BMDM-IL-4-exo

into Apoe/ mice fed a Western diet reduce excessive hematopoiesis in the bone marrow and thereby the number



of myeloid cells in the circulation and macrophages in aortic root lesions. This also leads to a reduction in

necrotic lesion areas that collectively stabilize atheroma.

Also in the neurodegenerative field, with a particular focus on glioma treatment and diagnosis, promising
experiments showed Exos application as an ideal delivery system.

Exos ability as signaling in local and remote intercellular crosstalk enables them to deliver more efficiently
macromolecular drugs, lipids, proteins, and genetic material such as miRNA siRNA to the brain [44].

Further benefits can be achieved through exogenous or endogenous modification strategies.

Exogenous modification occurs after cell culture production through the surface conjugation of specific
receptors or encapsulation with hydrophilic/hydrophobic compounds. Exos might be modified endogenously
through manipulation at the cellular level. In this case, the modification of progenitor cells can occur by the
incubation of drug molecules or by transfection or transduction with expression vectors that lead to the
secretion of EVs containing drug molecules, viral proteins, nucleic acids, RNA, and proteins [12].

At date, Exos derived from MSCs transfected with anti-tumor miRNAs have been found to be promising
therapeutic tools for glioma therapy [45].

An example, Kim et al. [46] used Exos derived from MSCs transfected with miRNA-584. miRNA-584 acts as
a tumor suppressor in some cancers and inhibits specifically glioma cells activity by binding to the 3'-UTR of
CYP2J2. Interestingly, they demonstrated that MSCs exosomal miRNA-584 affects invasive ability of U-87
MG cells in vitro and decrease tumor mass weights in U87 MG xenograft nude mouse model.

The glioma development could also be prevented by down-regulation of Arf GTPase- activating protein-2
(AGAP2), a target gene of microRNA-199a (miR-199a). In lines with this finding, Yu et al. [47] showed that
miR-199a when delivered via MSCs-derived Exos inhibiting in vitro U251 glioma cell proliferation, migration
and invasion. Additionally, Katakowski et al. [48] tested MSC Exos as a miRNA delivery vehicle in malignant
glioma. Over-expressed miR-146b in MSC Exos (M146-ex0) were tested both in vitro and in vivo. Initially,
they conducted an in vitro study on 9L cells and found out that, after 7 days, in vitro growth of M146-exotreated
9L cells was significantly less than normal MSC Exos-treated control. Finally, to determine if M146-Exo had
an anti-tumor effect in vivo, they administered M146-exo or M67-exo to Fischer rats bearing 9L gliosarcoma.
One intra-tumor injection of M146-exo, 5 days after intracranial tumor xenograft implantation, led to a
significant reduction in tumor volume at 10 days post-implant compared to control.

Although MSC Exos are the most used therapeutic tool for miRNA transfection in glioma treatment, also
tumoral Exos could be applied. Indeed, it can not be excluded that the overexpression of specific tumoral
biomolecules may further favor cellular Exos communication with receiving cell and selectivity to the tumoral
microenvironment. In this regard, Bronisz et al. [49] identified miR-1 deficiency as a contributor to glioma
invasiveness and neovascularization and demonstrated that reintroduction of miR-1 into GBM Exos through
transfection of U-87 MG and X12 cells reverted paracrine-stimulated malignancy and microenvironmental
remodeling by tumor. These findings support the hypothesis that miRNA replacement approaches have strong
therapeutic potential and can be mediated by EVs. In addition, they raise the possibility that modified tumor
Exos might be employed as biological Trojan horses to suppress tumor cells and their effect upon the brain
microenvironment.

Reinforcing this point, it seems clear that miRNAs are often involved in the inhibition of tumor developmental

processes. On the other hand, miRNA can behave not exclusively as tumor suppressors but also as oncogenes.



Indeed, deregulation of microRNA expression has been observed in several cancers’ progression mechanisms,
including GBM.

Among these, Munoz et al. [50] focused on miR-9 molecules that have been shown to suppress the
mesenchymal differentiation of GBM cells. They identified an increase of miR-9 concentration in TMZ-
resistant GBM cells, involved in the expression of the drug efflux transporter P-glycoprotein. On this basis,
they showed that reversed chemoresistance of GBM cells to TMZ occurred by targeting of anti-miR through
MSC:s. To block miR-9, they tested anti-miR-9-Exos obtained from transfection with MSC cells. Cell viability
assay showed that the anti-miR-9-Exos treatment enhances TMZ-induced cell death in U87 MG and T98G.
Furthermore, transwell studies indicated that MSCs could communicate with cancer cells through gap
junctional intercellular communication (GJIC) and through secreted Exos. Although further investigations
have to be performed, this finding is relevant in the comprehension of Exos and in vivo studies could confirm
that the release of Exos can affect GBM at a considerable distance from the MSCs.

Finally, several studies exploited drug-loaded Exos as a novel drug delivery systems. Although cellular
packaging during EV biogenesis is a common and simple strategy, it involves the use of large amount of
material and often has inefficient loading outcomes. The loading of EVs with therapeutic products after their
isolation could represent a valid alternative. The simplest method is the passive incubation of isolated EVs
with the therapeutic molecule, as reported by Yang et al. [S1].

First of all, they highlighted the effect of the molecular characteristics of Exos derived from the human brain
neuronal glioblastoma-astrocytoma U-87 MG and the brain endothelial bEND.3 on their ability of interaction
and the crossing of biological barriers. Their results demonstrated that bEND.3-derived Exos allowed a higher
internalization of the fluorescent marker in bEND.3 cells via an energy-dependent internalization process (cell
uptake studies were performed both at 37 °C and 4 °C). Moreover, this active process was assumed to be
receptor-mediated endocytosis by CD63 tetraspanins transmembrane proteins that are overexpressed in brain
endothelial cells. Reinforcing this point, they reported the use of both U-87 MG and bEND.3 Exos to deliver
paclitaxel (PTX) or doxorubicin (DXR) across the BBB in a zebrafish model of brain tumor employing U-87
MG glioma. Freely administered DXR and PTX are not able to cross the BBB while the vesicles-packaged
tool facilitated drug delivery across the BBB, reducing tumor progression.

Promising experiments showed the possibility of simultaneous Exos engineering through surface modification
and drug loading for imaging and therapy in vitro and in vivo. Jia et al. [52] firstly loaded superparamagnetic
iron oxide nanoparticles (SPIONs) and curcumin (Cur) into Exos and then conjugated the Exos membrane
with neuropilin-1-targeted peptide (RGERPPR, RGE) by click chemistry to obtain glioma-targeting Exos with
imaging and therapeutic functions.

Furthermore, the engineering of Exos by both drug loading and surface functionalization was also recently
performed by Ye et al. [S3]. They reported a double functionalization of methotrexate (MTX)-loaded EVs with
both the targeting pro-apoptotic peptide, KL A, and the targeted low-density lipoprotein, LDL, for selective
binding to the LDL receptor (LDLR) overexpressed on the BBB and GBM cell lines. Indeed, the role of KLA
was highlighted by observation under confocal microscopy. EVs decorated with KLA and LDL (EVs-KLA-
LDL) were incubated with U-87 MG glioma spheroids for 12 h to assess their penetrating ability. EVs modified
with the targeting peptide had an increased uptake by U-87 MG cells as well as an augmented permeation
capacity into tumor cells. Furthermore, ex vivo fluorescence studies of the brain performed after intravenous
injections of DiR-labeled EVs or EVs-KLA-LDL confirmed that EVs-KLA-LDL crosses the BBB and



penetrates the brain more efficiently than blank-EVs, which might be attributed to the interaction between the
LDL peptide and the LDLR over-expressed at the BBB.

Thus, the engineering of the EV surface prompts the process of membrane receptor-mediated internalization
both in vitro and in vivo and provides a unique opportunity to deliver KLA and MTX to the U-87 MG glioma.
To improve the BBB permeation, studies have focused not only on chemical modifications and genetic
engineering. The application of a focused ultrasound system (FUS) produce a reversible and local disruption
of BBB; Bai et al. [54] designed a drug delivery system that combines doxorubicin (Dox)-loaded Exos derived
from macrophages (R-Exos) and blood serum (B-Exos) for glioma diagnostics and therapy with two FUS
treatments. Importantly, through this combination, they demonstrated a visible regression of tumor growth in
orthotopic gliomas and an extended survival time, leading to a significant improvement over free Dox and

Exos-Dox treatments.

Aim of our work is the creation of a new theranostic platform for the Atherosclerosis Plaque (AP) and glioma
treatments. To validate the feasibility of our system we will exploit Exos interaction with different active
substance, small hydrophilic molecules, lipophilic drug, and more complex structures.

In detail we choose:

e prodrug Irinotecan (IRI) a chemotherapy agent used in the treatment of a variety of solid tumors,
such as colorectal, pancreatic, ovarian, and lung cancers with promising activity against a wide
spectrum of malignancies, including GBM [55]. It causes S-phase-specific cell killing by poisoning
topoisomerase I in the cell and, as a prodrug, it needs to be converted in the active SN-38 a
competitive analogue of topoisomerase-I inhibitor [56]. To the best of our knowledge, at date no
study on interaction between IRI and Exos has yet been conducted for the treatment of glioblastoma
(GBM).

e (Gd-diethylenetriamine penta-acetic acid (Gd-DTPA) a positive contrast agent for MRI, currently
adopted in clinical practice [57].

e Cerium oxide nanoparticles (CeO>NPs) novel synthetic antioxidant agents proposed for treating
oxidative stress-related diseases. Owing to their antiradical activity, different studies have shown
that CeO,NPs help reducing symptoms of many oxidative stress-related diseases, including
neurodegenerations, retinitis, chronic inflammation, diabetes, and cancer and significantly improves

endothelial-dependent vasodilation in cardiovascular system [58-61].

So first, we applied our novel procedure to encapsulate U87-MG Exos with two small molecules as Gd-DTPA
and IRI. After the optimization of Exos loading, we validate their nanobiointeraction, uptake mechanisms and
cytotoxic effect in a 2D model of glioma tumoral microenvironment.

Then, we conducted preliminary analysis in a more complex environment such as the human AP removed by
surgical endarterectomy. First, we optimized synthesis of CeO,NPs to improve their structural stability, then
we observed their cytotoxicity and uptake in vitro and ex vivo.

Furthermore, to confirm the pathophysiological production of Exos within the AP we evaluated their

localization in such a complex environment.



Next step will be the Co-encapsulation of small active compounds and more complex structures as Ce;ONPs

for the creation of a complete theranostic platform.
Materials and Methods

Cerium (III) nitrate hexahydrate (Ce((NO3);6H20)), ethylene glycol (EG), were purchased from Sigma-
Aldrich, USA. Ammonium hydroxide (NH4OH) (29.44%) was purchased from Fisher Scientific, USA.
Millipore water was used for all experiments.

Glutaraldehyde (25% aqueous solution; EM Grade, molecular formula OCHCH,CH,CH,CHO, CAS no. 111-
30-8) paraformaldehyde (16% aqueous solution, EM Grade, methanol-free solution, specific gravity: 1.09,
molecular formula: HCHO), sodium cacodylate buffer (prepared from sodium cacodylate trihydrate, F.W.
214.02), potassium ferrocyanide (ACS reagent, molecular formula K3Fe(CN)6, F.W. 329.25), osmium
tetroxide (4% aqueous solution, molecular formula OsO4, F.W. 254.20), uranyl acetate (4% aqueous solution
ACS reagent, molecular formula UO,(OCOCH;3),-2H>0, F.W. 424.14), Spurr epoxy resin (low-viscosity kit:
Nonenyl Succinic Anhydride (NSA), EM grade, DER 736, specific gravity: 1.14, ERL 4221 Cycloaliphatic
Epoxide Resin specific gravity (H.O=1), DMAE 2-dimethylaminoethanol C4H;;NO, F.W. 89.14, specific
gravity: 0.883-0.888) were purchased from Electron Microscopy Sciences. The Milli-Q Water (Milli-Q Plus)
was used for synthesis and characterization.

Human glioblastoma cell line U87 (passages 15-28) was purchased from ATCC. The cell line was cultured in
DMEM supplemented with 10% foetal bovine serum (FBS), 0,1% penicillin—streptomycin and 0,1% L-
glutamine (growth medium). All media and reagents for cell culture were purchased by Sigma Aldrich (St.
Louis, Missouri, USA) and all cells were incubated at 37°C in 5% CO,/ 95% air.

Cell viability was assessed by Trypan Blue stain 0.4% (Invitrogen™, ThermoFisher Scientific; Waltham,
Massachusetts, USA) and determined using a Countess II FL Automated Cell Counter (ThermoFisher
Scientific; Waltham, Massachusetts, USA).

Irinotecan HCI Trihydrate-CPT 11 (molecular formula C33H39CIN4Os, Mw = 677.18 g/mol) was purchased
from Selleckchem (Houston, USA).

The selected cell line for the NPs in vitro study was the Panc-1, human epithelioid carcinoma of pancreatic
tissue. The A549 cells, human epithelial carcinoma of lung tissue, were used as a control cell line. Panc-1 and
AS549 cells were cultured in (DMEM), supplemented with 2mM Glutamine and 10% Fetal Bovine Serum
(FBS) and 1% penicillin/ streptomycin (Gibco, Invitrogen, Belgium). A549 cells were passaged every 48 h
and split 1/5, while Panc-1 cells were passaged every 48 h and split 1/3. Cells were passaged when reaching
near 80% confluency by lifting the cells with 0.05% trypsin and were plated (1/5 or 1/3) onto flasks.

Exos production and Isolation

4 x 10° cells per 150T culture Flask have been seeded and let grow until 70-80% confluency. At this stage,
adherent cells were washed in PBS (1x) twice, the CM was removed and replaced with complete CM
containing Exosome-Depleted Foetal Bovine Serum growth (ThermoFisher Scientific Waltham,
Massachusetts, USA). After 48 hrs incubation, 50 mL CM was collected under sterile conditions and

transferred to 50 mL polypropylene centrifuge tubes for Exos isolation.



Exos were isolated by dUC. Cell culture supernatants were harvested and centrifuged for 10 min at 300 xg
(F15-6x 100y ROTOR) using a SL 16R Centrifuge to get rid of dead cells, then at 2000 xg for 10 min and
other 30 min at 10000 xg to eliminate cell debris. Exos were pelleted by dUC of supernatant in 8§ mL
polycarbonate tubes (Beckman Coulter, Brea, CA, USA) at ~110,000 x g (70,000 RPM — MLA-80 ROTOR)
for 70 minutes using an Optima™ MAX-XP Ultracentrifuge (Beckman Coulter, Brea, CA, USA) and the
supernatant was discarded. Finally, pellet resuspended in PBS was washed twice. All procedures were carried

out at 4° C. The purified Exos were resuspended in 200 uL. of PBS and stored at -20° C prior to use.
Exos Characterization

Size, morphology and purity of Exos were observed before and after HPH treatment to validate the stability of

vesicles.

For Cryo-TEM analysis 3 pL of sample were directly dropped onto Formvar/Carbon 200 mesh Cu Agar®
grids. Samples were observed in a Tecnai FEI® TEM operated at 80 kV accelerating voltage.

The concentration and mean size of Exos were determined by recording and analyzing the Brownian motion
of particles using a NanoSight NS300 system and NPs Tracking Analysis (NTA) 3.3 - Sample Assistant Dev
Build 3.3.203- Analytical Software (Malvern, Worcestershire, United Kingdom) according to the
manufacturer's protocol. Purified Exos were diluted 1:100 in 1 mL PBS at RT and monitored for 260 seconds
with manual shutter and gain adjustments. The recorded videos were analyzed using a NPs Tracking Analysis
software. Mean size of Exos diluted in water (0,8% wt/vol) was analyzed at 25 °C, using a Zetasizer Nano ZS
(Model ZEN3600, Malvern Instruments Ltd., UK) equipped with a solid-state laser (A = 633 nm) at a scattering
angle of 173°. The cuvettes used are the 12 mm square glass cuvettes with square aperture for 90° sizing
(Malvern; # PCS1115). The recovery of Exos was indirectly estimated by measuring the surface protein
quantitation using the BCA assay. Total protein amount was quantified with QuantiPro™ BCA Assay Kit
(Sigma Aldrich; St. Louis, Missouri, USA) in each vesicle preparation.

Exos stability to HPH Treatment

To assess the stability of Exos subjected to HPH, samples were processed using a bench-top microfluidizer
(Model M-110P Microfluidizer™ Materials Processor, Microfluidics, USA) (94 x 71 x 56 mm, w x d X h).
To evaluate the effects of the Pressures and Cycles, three different points at 500-1000-1500 bar and from 1 up
to 10 Cycles were tested. The Microfluidic device divides the suspension feed into two opposing
microchannels in a Y fixed-geometry interaction chamber (diamond F20 Y-75 um chamber). Then the two
jets of liquid suspension are forced to collide with each other at high Pressure, creating extreme shears, along
with cavitation and impact.

A thermocouple was placed in the reservoir close to the discharge port to monitor temperature fluctuations
during HPH. An ice bath to cool the cooling external coil was used to keep the temperature in a range from 4-
10 °C.

HPH treatment as a novel encapsulation method



IRI was incorporated into Exos through HPH. For high drug-loading efficiency, a series of ratios were
assessed. Three different Molar concentrations (50-75-100 uM) were pre-mixed with naive Exos at a fixed
concentration of 3.24 x 10* particles/mL in PBS and fed to the system through a stainless-steel feed reservoir.
HPH was carried out at fixed Pressures and Cycles (500 bar-9 Cycles, 1000 bar-5 Cycles, 1500 bar-2 Cycles).
Then, the collected sample was purified through Spin-X corning Centrifugation 3KDa Cut-off performed at
3000 xg 60 minutes 4° C.

Finally, EE was determined. The Exos bilayer was disrupted with 0,075 % v/v Triton X-100 to release the
encapsulated drug. The concentration of drug in the solution was determined using a UV-—vis
spectrophotometer at a wavelength of 364 nm.

The loading capability of Gd-DTPA is calculated by Inductively Coupled Plasma (ICP-MS) NexION 350
measurements. All data are collected and processed using the Syngistix Nano Application Module. Gd-DTPA
is measured at m/z 157 using a 100 ps dwell time with no settling time.

In vitro MR of loaded Exos were compared to control water solutions at a known concentration of Gd-DTPA.
After vigorous stirring, 300 ul of the sample are put in glass tubes and changes in relaxation time (T1) were
evaluated at 1.5 Tesla by Minispec Bench Top Relaxometer (Bruker Corporation). The relaxation time
distribution is obtained by a CONTIN Algorithm and the relaxation spectrum is normalized by its processing
parameters. The integral of a peak corresponds to the contribution of the species exhibiting this peculiar

relaxation to the relaxation time spectrum. Experiments were repeated at least ten times.
In vitro preliminary study

Release profile and cytotoxicity in vitro

In order to measure the in-vitro drug release profile, 5 mL of IRI-Exos-15 were transferred into dialysis tubes
with 3 KDa cut-off immersed in PBS at pH 7.4 or pH 4.2. The drug release study was performed at 37°C and
at different time intervals, up to 48 hrs.

The antitumor effect of engineered Exos loaded with IRI was evaluated by the standard MTT assay on U87-
MG cells. Briefly, tumor cells (15x10° cells/well) were seeded in 200 uL of media in a 96-well plate overnight.
Tumor cells were treated with concentrations of Free-IRI and IRI-Exos-15 ranging between 0.25 and 10 uM
for 24 and 48 hrs at 37°C and 5% CO,. After incubation, CM was removed, and cells were incubated with
MTT reagent for 3—4 hrs. Subsequently, 100 uL. of DMSO was added to solubilize purple formazan crystals.
Cytotoxic activity of Free-IRI and IRI-Exo-15 was then evaluated by standard MTT assay. Absorbance was
measured by spectrophotometer at 545—630 nm. Survival rates were assessed compared to the negative control

(wells containing only Untreated Exos). All experiments were repeated 3 times.

Exos uptake flow cytometry study

1x10° U87 MG cells/well were seeded in 48-well plates (Falcon®) and incubated for 24 hrs. Afterwards, cells
were incubated with CM supplemented with IRI-Exos-15 or Free-IRI for 30 min, 2 hrs, 4 hrs, 6 hrs, 8 hrs, 24
hrs and 48 hrs at a final concentration of 10 uM. Negative control consisted in the complete medium condition

(medium, FBS, L-glutamine and penicillin/streptomycin) with an equal amount of PBS.



After different time points contacts, CM was removed, and the samples were washed three times with PBS
(1x) to ensure particle removal from the outer cell membrane. Cells were then trypsinized for 5 minutes at 37°
C. After cell detachment confirmation at optical microscope, CM was added to neutralize the trypsin and all
the content transferred to polystyrene round-bottomed tubes (Falcon®), before samples were immediately
analyzed by flow cytometry.

Every flow cytometry study has been conducted in triplicate, and the average of the three samples is considered
for Forward Scattering (FSC), Side Scattering (SSC) and Fluorescence Intensity Mean in order to obtain
reliable results in terms of viability and internalization information. All the analyses have been conducted on
BD FACSMelodyTM.

Results are reported as the mean of the distribution of cell fluorescence intensity obtained by measuring 10000
events averaged between 3 independent replicas. Error bars correspond to the standard deviation between the

triplicates.

Exos Confocal microscopy analysis

8x10* U87 MG cells were seeded in 8-well p-slide (inverted for high-end microscopy) (Ibidi®) and incubated
at 37°C for 24 hrs. Afterwards, cells were incubated 24 hrs with IRI-Exos-15 previously stained with PKH67
according to the manufacturer's protocol.

At different timepoints, CM was removed, samples were washed three time with PBS (1x) and fixed with 4%
paraformaldehyde (PFA) for 15 minutes. Cells were stored at 4°C until confocal microscopy was performed.
After fixation cellular nucleus was stained with Hoechst dye 1:1000.

The sample was then observed using an TCS SP5 Confocal Laser Microscope (Leica Microsystems©).

Two lasers with different wavelengths were used for excitation of PKH67 and Hoechst dyes, respectively at
488 nm and 543 nm excitation and 500-530 nm and 560-610 nm emission wavelengths. HCX PL APO CS

63x1.40 Oil objective was used; laser intensities were between 5 and 20%.
CeO; NPs synthesis and characterization

7,8 mL of EG was slowly dissolved in 92,2 mL of Milli-Q water in a round-bottom flask. After the complete
dissolution, 5,16 g of cerium nitrate (0.012 mol) (1:10 ethylene glycol) was added to the mix. Solution was
then stirred 5 minutes and 4,5 ml of NH,OH was added to reach pH 9.6.

The round-bottom flask containing the sample was put into the oil bath and the reaction was conducted for 50
minutes at 50° C. After heating, 0,001% of Tween 80 was added to the solution under mild stirring. Samples
was than washed three times by centrifugation and the pellet obtained was freeze-dried to obtain a powder.
For TEM analysis 0,1 mg of powder were suspended in 1 mL of water. 5 pL. of sample was also analyzed with
a Tecnai FEI® transmission electron Microscope with a Formvar/Carbon 200 mesh Cu Agar® filter.

SEM observation was performed after 100 uLL were deposited on a polycarbonate Isopore Membrane Filter
(0.05 pum) by ultrafiltration vacuum system. The deposited particles were gold palladium coated, and an
ULTRA PLUS field emission scanning electron microscope (FE-SEM Carl Zeiss, Oberkochen, Germany) was
used to observe particles morphology. The samples for FT-IR analysis were pelletized using KB at 0.25%

W/W.



CeO; NPs Cell viability, Oxidative stress and mitochondrial health

Panc-1 were seeded in a concentration of 2000 cells/ well in the 96 well Plate. The cells were incubated with
NPs at a maximum concentration of 100 pg/mL for 24 hrs.

After cell labeling, cells were washed twice with 100 pL. PBS/well to remove any remaining NPs. It was added
to each well (100 pL/well) the medium with 200nM of MitoTracker and 100 nM of Image- iT DEAD Green
and the cells were incubated for 30 min at 37°C in a 5% CO2 atmosphere. Cells were then washed twice with
PBS and fixed with 4% paraformaldehyde for 15 min at RT in dark conditions.

The fixative was then washed with 100 uL. PBS/well and treated with 4',6- diamidino-2-phenylindole (DAPI)
at 300 nM in PBS for 10 min in the dark. Each well was aliquoted with 100 uL. of PBS and plates were analyzed
on the InCell 2000 analyzer (GE Healthcare Life Sciences, Belgium) where phase contrast and fluorescence-
based images for the red, green and blue channel were collected at minimum 2000 cells/well.

The level of cell viability was calculated as follows:

First, cells were segmented based on the phase contrast images and cell cytoplasm was then segmented based
on the green channel using the segmented phase contrast images as seed images. Then, the total number of
cells minus the number of dead cells (red channel; dead cells are defined as clear red dots, with intensity levels
minimally 3-fold above noise level and size of minimally 2 um within the cytoplasmic area of a single cell,
where multiple red dots can be colocalized with a single cytoplasmic area). These values are then normalized
to the control values (= 1) to indicate the degree of cell viability.

The level of oxidative stress was calculated as follows:

First, cells were segmented based on the phase contrast images and cell nuclei was segmented based on the
green channel (upon oxidation, the CellROX probe will localize to the nucleus). The intensity of every nucleus
was then calculated and normalized to the intensity level of untreated control cells (100%). Mitochondrial
health was evaluated similarly, where the intensity of the MitoTracker Red CMXRos probe depends on the
mitochondrial membrane potential and thus is lost in nonfunctional mitochondria. All red spots localized
within a single cytoplasm (based on phase contrast images using the green channel as seed images for the
nucleus) were counted and the average intensity of all mitochondria per cell was then measured. This value

was then normalized to the intensity level of untreated control cells (100%).

Morphological Characterization of AP by Electron Microscopy

APs are harvested by carotid endarterectomy from subjects with severe atherosclerotic disease (>70%
stenosis or 50% to 70% stenosis with clinical symptoms—according to the American Heart
Association guidelines) and donated for research with the written consent by 6 male patients recruited
by the Department of Public Health (Vascular Surgery Unit) of the University of Naples Federico II
(Ethical Committee of the University of Naples Federico II-Number 157/13, September 9, 2013).
APs are collected and transported in saline solution at 4°C, within 2 hrs of explantation. If not used
right after the removal, APs are stored in liquid nitrogen and progressively defrosted in 24 h prior to
use.

The morphology of APs is investigated by both SEM and TEM. After macroscopic analysis and
classification, atherosclerotic plaques containing some adherent intima and media are dissected and
subsequently treated for electron microscopy imaging. For the TEM observation, samples are cut into



pieces less than 1 mm? and fixed with 0.5% glutaraldehyde plus 4% PFAin 0.1 M sodium cacodylate
overnight at 4°C then washed three times with 0.1 M sodium cacodylate buffer. APs are then
postfixed with 1% osmium tetroxide /1% potassium ferrocyanide mixing in 0.1 M sodium cacodylate,
for 1 hour in ice, in the dark, and washed in a chilled buffer. The en-bloc staining is performed with
4% uranyl acetate aqueous solution overnight at 4°C followed by washing in chilled water. The
dissected pieces are dehydrated with an ascendant series of ethanol (30%-50%-70%-95%-absolute)
on ice. Dehydrated samples for TEM imaging are embedded in Spurr epoxy resin and after
polymerization at 60°C for 72 h were sectioned by Ultramicrotome (FC7-UC7, Leica). The 70 nm
slices obtained are seeded on 200 mesh copper grids, and imaging is carried out by using a Tecnai
G2-20 (FEI, USA) at a 120kV, in a range of magnification between 2 um and 500 nm. Dehydrated
samples intended for SEM imaging are subjected to Critical Point Drying (CPD) process before the
imaging. A layer of 20 nm of gold is sputtered (HR 208, Cressington) before imaging with a Field
emission SEM (Ultraplus, Zeiss, Germany). The secondary electron detector is used, and the images
were acquired at 10 kV in a range of magnification between 2 um and 200 pm.

Results

High Pressure effect on Exos stability

Exos isolated by U87 cell line were treated by HPH to evaluate their stability at different Pressures and Cycles.
The process parameters that were intended to be fine-tuned are the Pressure and Cycles, to ensure the structural
stability of Exos, Temperature, to avoid protein denaturation, Dilution ratio, by implementing the protocol, to

prevent excessive material losses.

In Figure 1 are reported results in terms of average size (a) and morphology (b) obtained at three Pressure
values, 500, 1000 and 1500 bar, by increasing the number Cycles up to 10.

Hydrodynamic radius (Rh) of Exos was calculated by DLS measurements. DLS data of Untreated Exos (No
HPH treatment) as control are also reported in Figure 1 (a-c). The Z-average size by DLS of the control was
170 nm with a polydispersity index (PDI) of 0.22. In particular, PDI indicated a relative variability in particle
size distribution for all the controls (Figure 1).

In details, Figure 1 (a-c) analyzes the effect of the number of Cycles on Exos' average size at constant Pressure.
In the samples treated at 500 bar (Exos-5), Figure 1a, three different regions/phases were identified. In the first
one, a constant average size was observed up to 3 Cycles (phase 1), then, a decrease in the range 3-5 Cycles
(phase 2) and, finally size remains constant up to 9 Cycles (phase 3). After Cycle 9, size was not changing, but
the instability and permanent changes in the morphology of the samples were observed (phase 4).

A similar phenomenon was also observed for Exos treated at 1000 bar (Exos-10) as showed in Figure 1b.
However, at this condition, the region/phase 1 at constant size was reduced to only 1 Cycle while the average
size of Exos promptly decreases between 2-4 Cycles (phase 2) and remains constant up to 6 Cycles (phase 3).
After 6 Cycles, however, instability and changes in morphologies were again detected (phase 4). Finally, for
Exos treated at 1500 bar (Exos-15) a shortening/overlapping of the phases was reported (Figure 1c). Indeed, a

similar prompt reduction was observed up to 2 Cycles (phase 2) but also direct transition to phase 4 was



detected. DLS results obtained at numbers of Cycles beyond phase 4 for all the samples are not reported due
to the measurement's instability.

In Figure 1 (d-f), CRYO-TEM images of the Exos corresponding to the identified phases are reported at the
different conditions. The images were used to evaluate relation between size, at different Pressure and Cycles,
and coalescence, breaking and deformation phenomena affecting the Exos membrane and stability. A further

explanation of these phenomena will be reported in the Discussion section.

As shown in figure 1d, even though DLS reported a decrease in size, Exos-5'morphology remains spherical up
to 9 Cycles while, after 9 Cycles, elongated Exos-5 are detected. Starting with these observations, we can
hypothesize the overlapping of several phenomena in the regions/phases. As previously reported on liposomes
and oil-in-water emulsions treated by HPH [62-67], we may suppose that in the first phase/region, shear forces
cut the bilayer membrane only of larger vesicles reducing the polydispersity and, therefore, the principal peak
value of PSD. Moreover, we have to consider that a small amount of amphiphiles in aqueous solution could
re-assembly to reduce their thermodynamic energy forming smaller bilayer structures without compromising
the role of naive Exos. However, in the second phase, the nanovesicles seems to be subjected to temporary

deformations that become permanent only at 10 Cycles.

The same phenomena of break up and size reduction seemed visible also at 1000 bar, Exos-10, where smallest
particles and reassembled vesicles in turbulent flow are probably subjected to a dynamic deformation of lipidic
bilayer that become permanent only at 6 Cycles (Figure 2 b-left).

Moreover, it was possible to notice in both Exos-10 and Exos-15 an almost complete overlap of average size
behavior up to 3 Cycles. Nevertheless, Figure 2-f-left demonstrated a combination of size decrease and
permanent elongation of the particle membrane. So, for Exos-15, we may hypothesize that overlapping of
breaking and permanent deformation phenomena is occurring. In such High-Pressure conditions they directly
become non-convex, thus maintaining the characteristic minimum energy shape in a quiescent flow. In this
situation, the vesicle membrane serves as a geometrical constraint maintaining the conservation of surface area
and the enclosed volume.

Finally, the conducted experiments highlighted that morphology of Exos drastically changed while
approaching phase 4, where a permanent deformation induced by the combination of Pressure and the number
of Cycles is observed for all the treatments.

Moreover, it has been possible to identify for each Pressure a specific Cycle leading to breaking, coalescence

or permanent deformation of lipidic bilayers.

To assess the surface properties and biological stability of Exos-5, Exos-10 and Exos-15 just before and after
the transition between phase 3 and 4, we analyzed Protein Content and ZP comparing Untreated vesicles.

Results are reported in Figure 1 (g-h) for the Protein Content and surface charge, respectively.

BCA assay was performed to confirm the total Protein Content and the absence of protein denaturation and
degradation phenomena, possibly due to shear and elongational forces and high temperatures encountered in
HPH valve (Figure 1f). Protein denaturation can be defined as an alteration in the biological, chemical, and
physical properties of the protein by mild disruption of its structure [68]. It consists in the irreversible loss of

the three dimensional structure due to the breakage of non-covalent bonds brought by using various chemical



denaturants or by changing temperature or pH [68]. Most bio-functional proteins, such as enzymes with
specific bioactivities, are very sensitive to denaturation; even slight changes may cause inactivation and result
in the loss of their biological function [69]. In our case, for all the treatments, a reduction from 10 to 30% of
total Protein Content is observed only for the achieving of the permanent deformation region, phase 4, while
a stable amount of surface proteins with respect to the control is reported for the other phases. We believe that
the stability of protein at high Pressure and Cycle is supported by the operative choice to perform the process
under mild Pressure conditions keeping the Temperature in a range of 5-10 °C. Indeed, several studies reported
the use of microfluidization for bio-funtional protein recovery, due to its ability to rupture cells under mild
temperature and without solvents [30, 70]. Besides that, it is also scalable with the possibility of treating large
amounts of biomass. Interestingly, it was reported that to secure the solubility and functionality of water-
soluble proteins, temperatures above 35 °C should be avoided, as proved in treatment of green microalgae
Chlorella vulgaris [71]. Furthermore, another study demonstrated that the effects of Pressure below 5000 bar
on an aqueous solvent do not contribute significantly to the phenomenon of protein compressibility and
unfolding [72].

A similar behavior is also reported by ZP analysis in Figure 1g for all the samples. Indeed, it has already been
proved that Exos spontaneously acquire surface electrical charge when brought into contact with a polar
medium, such as a PBS buffer, and, like the plasma membrane of cells, their surface is generally negatively
charged [73]. So, also our Untreated Exos showed usually a surface charge of about -15¢V while a reduction
up to 30% of the negative values was only detected in phase 4. Indeed, for all the treated Exos approaching to
phase 4, this change can be attributed to the partial denaturation of protein, aggregation and breaking of the
Exos but also to the deformation altering the charge distribution and detection on the surface, thus interfering

with the stability of the colloidal system of Exos and reflected in a less negative ZP value [73].
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Figure 1. (a-c) Z-average size by DLS of (a) Exos-5 at Cycles ranging from 0 to 10, (b) Exos-10 at Cycles ranging from
1 to 6; and (c) Exos-15 at different Cycles ranging from 0 to 3; (d-f) Cryo-TEM observations before and after the
achievement of permanent deformation for relevant Pressure value: (d) Exos 5 at Cycles 9 and 10, (d) Exos 10 at Cycles
5 and 6, (d) Exos 15 at Cycles 2 and 3; (g) Protein Concentration and (h) and ZP of Untreated and Treated Exos before

and after the achievement of permanent deformation for relevant Pressure values and Cycles.

Exos Encapsulation

Here, we present how our studies on the effect of High-Pressure Homogenization on the Exos’morphology
can be utilized to control the drug-loading capacity of bilayer/natural vesicles (Figure 2). In the previous
paragraph, we reported that Exos treated by HPH undergoes to a temporary or permanent deformation of the
membrane and that the temporary deformation happens without destabilizing their proteo-lipidic architecture,
surface charge and total protein cargo. For all the next experiments, therefore, conditions at which we
hypothesize Exos are subjected to temporary deformation will be used. In detail, in the next experiments, we
will always refer at Exos-5 at 9 Cycles, as Exos-5, Exos-10 at 5 Cycles as Exos-10 and Exos-15 at 2 Cycles as
Exos-15 and will refer to them as gold standard conditions. In Figure 2a, we report EE% of the HPH approach
for Exos treated at standard conditions Exos-5, 10 and 15 starting at three different theoretical concentrations
of IRI. In detail, the same amount of Exos was put in contact with each solution containing 50, 75 and 100 uM

of IRI (IRI-Exos). The obtained suspensions were treated at the standard conditions Exos-5, Exos-10 and Exos-



15. Results showed that the entrapment of chemotherapeutic agent was promoted through a Pressure-
dependent manner: the higher Pressure value, the higher EE%, increasing from about 15 to 40% at different
Pressure by keeping the IRI concentration constant (Figure 2b). In particular, for the condition of IRI-Exos-15
a stable and average EE of 40% was reported at all the IRI concentrations. The EE results of co-incubated
Exos obtained at different IRI concentration and treated at 37 °C for 2 hrs are reported in Figure 2a and showed
a constant EE of about §%.

As already stated, therapeutic agents have been encapsulated into Exos using various passive and active
methods, including incubation at RT with or without saponin permeabilization, electroporation, freeze—thaw
cycles, sonication, extrusion and dialysis [26, 74]. Usually, as previously described, these methodologies for
the encapsulation of drug in Exos are time-consuming, resulting in poor stabilities of the drugs in Exos and a
variable and very low loading efficiencies up to 10%.

Up to date, no similar EE has never been achieved with other encapsulation methods and, moreover, obtained
in a fast, highly effective, easy to make and reproducible process that could really change the application of
Exos in the treatment of diseases. Indeed, the proposed approach can allow the stable encapsulation also of
low soluble drugs, such as IRI, used also for GBM [75], and pave the way to their repositioning on other
diseases, such as brain tumors, where their pharmacodynamics can be effective, but they are rejected due to

their poor delivery properties.
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Figure 2. EE% of Co-incubated and HPH-treated Exos with IRI at three different concentrations of 50, 75 and 100 uM;
(a) Co-incubation 2 hrs at 37°C (b) IRI-Exos treated at gold standard conditions Exos-5, Exos-10, Exos-15.

To validate the reproducibility of our system we used the gold standard of Exos-15 for the encapsulation of a
small molecule with a molecular weight as low as the IRI one but with a high hydrophilicity, the contrast agent
Gd-DTPA.

As shown in Figure 3 we performed in vitro MRI and ICP-MS analysis of Gd-DTPA EE at three different
concentrations. Interestingly as for IRI also Gd-DTPA show a maximum EE% of 40%.
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Figure 3. EE% of Exos at three different concentration Exos-15 encapsulated with 0,25, 0,5 and 1 mg/mL of Gd-DTPA.
Drug Delivery Behavior and Biological interactions of Exos-15

The exploitation of stability, release behavior of Exos-15 with Irinotecan (IRI Exos-15)

To evaluate the cargo ability, release behavior and biological interactions of IRI-Exos-15 obtained with HPH
with respect to the traditional encapsulation by co-incubation, we investigated their release profile, surface

charge and biological specificity by DLS, ZP, Surface Protein and RNA amount. (Figure 4 a-d).

Since the EE of IRI was higher for the Exos-15 condition, and the therapeutic dosage of IRI reported clinically
is between 1 and 100 uM [76] we investigated the nano-bio interactions and drug delivery ability for IRI-Exos-
15. In particular, DLS and ZP results in Figure 3a and 3b showed a regular particles size distribution and also
stable surface charge, respectively, compared to Untreated Exos. Also, the surface protein analysis and RNA
extraction after vesicles lysis (Figure 4c¢) further demonstrated that the encapsulation did not affect the
transport of their naive biological content in the outer and inner side of lipidic layer.

Finally, to investigate the in-vitro drug release profile of IRI-Exos-15, we mimicked the physiological
environment and endolysosomal compartment respectively at pH of 7.4 or 4.2, 37°C up to 48 hrs (Figure 4d).
In PBS dialysate at pH 7.4, the release of Exo-IRI was about 25% after 24 hrs, while in PBS dialysate at pH
4.2 the release rate achieved was about 40%. This result suggested that acidic environment, such as late
endosomes and lysosomes of cancer cells, accelerates its activation and release. The observed behavior can be
considered relevant in the ability of Exos to escape the intracellular barriers allowing the release, activation
and pharmacodynamics of the drug, in our case allowing the esterification of IRI prodrug in its metabolite SN-
38.
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Figure 4. (a) PSD, (b) ZP (c) Surface protein and RNA amount of Untreated Exos and IRI-Exos-15; (d) Drug release
profile of IRI-Exos-15 up to 48 hrs in PBS at 37° C and pH 4.2 and pH 7.4.

Cytotoxicity, Cytofluorimetry study and Uptake behavior of Exos 15 with u87 cells.

According to literature, Free-IRI shows benefits in attaining a lower cell viability or equivalently, higher
cytotoxicity at very high concentration of 100 uM [77, 78]. As IRI inhibited cell proliferation mainly by
arresting cells in the G2-S phases of the cell cycle, in the present study, IRI-Exos-15 in vitro behavior on U87
cells was recorded up to 48 hrs to allow complete cells proliferation. Cytotoxicity analysis (Figure 5 a-b) was
performed ranging the IRI concentration from 0.25 to 10 uM. Cell viability decreased for both Free-IRI and
IRI-Exos-15 after 24 and 48 hrs, reaching the minimum viability of 70% and 20% respectively, in 48 hrs.
Results confirmed the enhanced cargo ability of IRI Exos-15 in terms of faster uptake and improved
cytotoxicity at lower concentration with respect to the Free-IRI, holding the great promise to look at Exos as
a safe and efficient means of advanced delivery system.

Furthermore, to evaluate the interaction between cells and IRI-Exos-15, quantitative measurement of
nanoparticle uptake by flow cytometry was performed (Figure 5 c-¢). FSC is a parameter representative of cell
size. Changes in FSC intensity reflect the swelling or shrinking of cells [79] and provide an indirect indication
of cell viability [80]. IRI Exos-15 and Free-IRI were tested at 10 uM up to 48 hrs. Figure 4c showed a slight

reduction of cell viability after 24 hrs for both IRI samples compared to negative control. However, as



expected, IRI-Exos-15 at 48 hrs had higher cytotoxicity if compared to Free-IRI. This data was also confirmed
by SSC intensity (Figure 5d). Indeed, SSC is related to the number and type of organelles present in the cell
[81]. This inner granularity value has been often used to show differences in the physical state of the cell,
including mitosis and particle uptake [60, 79]. Interestingly in our case SSC increase just at 24 hrs up to 48
hrs. As a confirm, also the Mean Fluorescence Intensity, reported as internalization value in Figure 4e, showed
an increasing trend with a maximum value up to 24 hrs of cell coincubation. However, the signal remains high
also up to 48 hrs highlighting a competition between the number of cells replicating and the amount of treated
Exos available in the system that could hide the cytotoxic and internalization phenomena.

Taking together all these considerations, we can speculate that at 24 hrs we reached the maximum peak of
internalization of vesicles inside cells. This contextually allows an increase in granulometry and decrease in
size of tumoral cells leading to the cytotoxic activity of IRI.

Furthermore, the ability of cells to internalize Exos was assessed with confocal microscopy (Figure 5 f-h).
Nanovesicles were distributed throughout the cytoplasm, especially in the perinuclear region. Moreover, the

brightest signals were observed after 24 hrs of incubation, confirming cytofluorimetric analysis.
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Figure 5 (a) Cytotoxicity of IRI-Exos-15 and Free-IRI cultured on U87-MG cells at 24 hr and 48 hrs; (b) Flowcytometry
of IRI-Exos-15 up to 48 hrs of incubation with U87-MG cells: (c¢) FSC signal, (d) SSC analysis and (¢)Mean Fluorescence
Intensity. All data are presented as mean#s.d (n=3). Images of Exos internalization at 24 hrs of incubation with U87-MG

cells (f) IRI-Exos-15 stained with PKH67; (g) U87-MG cells nuclei stained with Hoechst and (h) merged channels.



CeO; NPs size and morphology

CeO, NPs were prepared using an ammonia-induced EG-assisted precipitation method, which was carried out
in two distinct steps of a single synthetic procedure. TEM images of CeO, NPs (Figure 6a) revealed the
production of square-shaped nanoparticles in a range of 20-30 nm in size.

SEM images of CeO, NPs were shown in Figure 5b. It has been emphasized in the literature that, the average
size of the CeO, NPs should be less than 30 nm, to have maximum oxidase like activity [58]. Thus, the particle
size of the CeO, NPs used in this study is appropriate.

A

Figure 6. Characterization of CeO2NPs. (a) Representative TEM and (b) SEM images of NPs with Crystalline Structure

and dimension mostly ranging between 30 and 50 nm.

The FTIR spectrum (Figure 7) was recorder in the wave number range of 500-4000 cm ™. The prominent peaks
at the region 1600 cm represents the amine (N—H) bending due to the reagents (ammonium hydroxide) used
for the preparation of the NPs. The bands at 3375 cm™ the hydroxyl stretches. The absorption band starting at

wavenumber of 500 cm -1 confirm the presence of Ce-O stretch.
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Figure 7. CeO, NPs FTIR spectrum.

In vitro CeOz NPs analysis

The effect of CeO, NPs on cell proliferation and viability was analyzed with Panc-1 cells at concentrations of
10-25-50-75-100 pg/mL over 24 hrs (Figure 8). NPs at the highest concentration were found to not reduce cell
proliferation within the first 24 hrs if compared to the negative control (Figure 8a) as also confirmed by optical

microscopy observation (Figure 8b).
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Figure 8. 24 hrs Cell viability of CeO2NPs; (a) cell viability assay performed at different NPs concentration, (b) optical

microscopy observation of stained-cell viability.

The antioxidant properties of the CeO, NPs were investigated by exposing Panc-1 cells to NPs for 24 hrs
(Figure 9) Mitochondrial area and intracellular ROS levels were measured by InCell 2000 analyzer. As shown
in Figure 9a NPs, irrespective of concentration, did not affect the physiological mitochondrial structure, indeed

as confirmation also intracellular ROS production did not increase (Figure 9b).
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Figure 9. 24 hrs cellular stress analysis of CeO2NPs; (a) Mitochondria Area and (b) ROS% evaluation at different NPs

concentration.

Nevertheless, further studies must be conducted in order to validate not only the cell viability but also the
decrease of cellular oxidative stress and consequentially the antioxidant activity that, as reported in the
literature, occurs for concentrations of NPs above 200 pg/mL and for a period of cellular exposure not less
than 48 hrs.

Electron Microscopy Characterization of Human AP

Atherosclerosis is activated by alterations of the endothelial layer of blood vessels [82]. For this reason, the
characterization of endothelium alterations is particularly relevant to understand both the physiopathology of
the disease and the composition of the tissue interacting with the imaging probe during the diagnostic
investigation when injected into blood circulation. In this work, both scanning and transmission electron
microscopy (SEM and TEM) are used to characterize human carotid APs and in particular their luminal wall.
Figure 9 shows SEM images of a transversal section of a human AP. Each sample analyzed has disrupted
endothelial lining and presents delamination in different layers. Indeed, as shown in Figures 10(a) and 10(b),
the endothelium of tunica intima is detached from the basal lamina (red arrow head), and in some areas, the
endothelial lining appears to be interrupted and damaged (black arrow head). In some points, the endothelial
layer is completely absent showing only the fibrinous reticulum, as presented in Figure 10(c). Also, in the
areas covered by the endothelial layer, there are cells showing pseudopodia (white arrow head in Figure 10d)
and microvilli. The formation of microvilli may indicate diffuse endo/exocytosis phenomena, confirming that
dysfunctional endothelium is characterized by altered permeability.

After ultrastructural analysis of APs we further investigate the interaction of our CeO2 NPs with such a complex
environment applying scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDS).
Briefly we analyzed the energy dispersive spectra of the samples obtained after an over-night adsorption of
our CeO,NPs at a final concentration of 200 pug/mL on the upper endothelial layers of APs.

Notably, we detected a diffusion of CeO,NPs from the endothelial structure to the fibrinous reticulum.

Moreover, NPs tend to aggregate forming some cluster areas.
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Figure 10. SEM of transversal sections of a human AP and EDS analysis of CeO2 NPs injected in AP; (a) tunica intima
with detached basal lamina (red arrow head), (b) Interrupted or damaged endothelial layer (black arrow head), (c)
Fibrinous reticulum in the area with absent endothelial lining, (d) Cells in the endothelial layer showing pseudopodia
(white arrow head) and microvilli, (e-f) SEM-EDS analysis of CeO2 NPs with Carbon, oxygen and Cerium identification

and localization.

TEM imaging is showed in Figure 11. Figure 11a shows a cross section of human carotid AP particularly
abundant in lipid droplets of different sizes and surrounded by calcium deposits (red arrow) which are mixed
in the fibrinous reticulum. In Figure 11b, the matrix reveals also the presence of interspersed cholesterol
crystals which Grebe and Latz [83] defined as a hallmark of advanced atherosclerotic plaques. In Figure 11c,

the cross section of the tunica intima shows the absence of endothelial cells and thus the complete damage of



the endothelial lining, as observed by SEM imaging. To further understand if in this complex environment
cardiovascular cells can release Exos in a pathological condition we further investigate their presence on the
endothelial layer of the AP. Interestingly the electron microscopy of the tissue confirmed the biogenesis and
release of Exos (Figure 11 d-f). Indeed, we observed the formation of early endosomes in MVB (Figure 11d),
their budding through the PM (figure 11¢) and a robust release in the extracellular space (Figure 11f). So,
before proceeding with the encapsulation of CeO, NPs in engineered Exos and their interaction with AP,
further analyzes must be carried out in order to discriminate specifically their localization in the extracellular

matrix.

A

Figure 11. TEM of a cross section of a human AP showing (a) lipid droplets of different sizes, surrounded by calcium
deposits (red arrows) and dispersed in the fibrinous reticulum; (b) interspersed cholesterol crystals (C and black lines);
(c) Damaged tunica intima (yellow arrow heads) showing the absence of endothelial cells, as observed in SEM imaging;
(d) Early endosomes in the MVB (white arrows) (¢) Budding of the cellular wall to release the Exos into the lumen (white

arrows); (f) Exos in the extracellular space (white arrows).

Discussion

Exos are small endosomal derived membrane nanovesicles that have observed increasing attention over the
past decade as a novel model of intercellular communication, impacting many cellular processes, such as

signaling, antigen presentation and T cell stimulation, and immune response.



Moreover, only recently, these EVs have been investigated as functional vehicles that carry an endogenous
and exogenous cargo of proteins, lipids, and nucleic acids, capable of delivering these cargos to specific target
cells.

However, the use of their promising properties in the nanobiotheranostic field to deliver active compounds
such as tracers or drugs has been limited by the lack of efficient drug loading methods [7].

In the current study, we propose High-Pressure Homogenization to improve the cargo loading of Exos. At
date, HPH has been applied as an efficient means of cellular disruption extracting intracellular products such
as DNA, ribosomes and mitochondria; moreover, it has been industrially used in the food engineering field to
improve microbial safety and extend the product shelf life of liquid foods, enhance emulsion stability, stabilize
proteins in solutions, reduce particle size distributions, and increase the accessibility of health-promoting
compounds.

Currently, methodologies used for the encapsulation of Exos obtaining an Encapsulation Efficiency (EE)
maximum value of 10% while the use of HPH for the treatment of Exos, that we propose, allows for the first
time an increase of the EE up to 45%, reaching the best values of EE obtained for the traditional encapsulation
of nanoparticles and making the cargo properties of Exos comparable with polymer and lipid-based vectors
and useful in the precision nanomedicine field.

In our procedure, Exos samples are subjected to high Pressures and are forced through a narrow static valve,
undergoing to stress forces such as cavitation and shear are generated. In details, the operative parameters such
as the valve geometry, Pressure level, inlet Temperature, and the number of homogenization cycles are
analyzed to affect the thermodynamic of the lipid bilayer by controlling Turbulence, High Shear, Cavitation,
and Temperature increase to enhance the stability of Exos, stabilize the surface protein and increase the loading
of active compounds.

It has already been reported [84] for bilayer of living cells that various kinds of environmental stress, such as
Temperature stress and osmotic stress, cause alterations in the physical properties of the membrane lipids due
to the presence of proteins and cholesterol on their surface.

Here, the above HPH parameters have been investigated to tune the loading capability of the Exos taking
advantages by the control of the fluidity of their bilayer membrane.

Indeed, as previously reported [85], cholesterol and proteins are also essential components of exosomal
membranes and, among the biomolecules, the responsible of the membrane fluidity and most sensitive to high
Pressure. Furthermore, it is well-known that specific lipids are enriched in Exos compared to their parent cells
and that lipid class enrichment in EVs depends on vesicle type and source cell type [86]. Our results started
from U7, originated by Human glioblastoma astrocytoma, for the isolation of Exos. From literature, it is
reported that Glycolipid, free fatty acid and phosphatidylserine enrichment is generally observed in all U87,
mainly used in this work, while Lyso derivatives and structural membrane lipid are usually depleted in Exos
[84]. Therefore, the role of these lipid components could also interfere with the fluidity of the of the membrane
and, therefore the stiffness and flexibility, influencing the thermodynamic state under viscous stresses at high
pressure conditions.

Furthermore, the effects induced by the Temperature have to be necessarily taken into account in HPH, where
the high velocity of the fluid flow, which is then impinging on the zirconium valve of the homogenizer, leads
to the dissipation of a significant fraction of the mechanical energy as heat in the fluid temperature increase.
Indeed, during homogenization, a rise of the Temperature (about 2.5°C per 10MPa), related to the fluid

employed, is generally observed in the fluid downstream of the valve. We decide not to take advantage by the



high Temperature to protect the stability of the proteins. However, at low temperatures, phospholipids tend to
cluster together, but steroids in the phospholipid bilayer fill in between the phospholipids, disrupting their
intermolecular interactions and increasing fluidity. Therefore, we took advantage by this temperature-
sensitivity behavior of the intracellular components, it has been crucial to control and limit the product
exposure to temperature increase by a cooled jacket at 10°C at the inlet of the instrument and through a heat-
exchanging cooling coils to extract heat quickly, and nullify the temperature increase, affecting the

permeabilization only by the high pressure effect.

So, in the current study, we successfully improved and shortened to less than 1 hr the encapsulation process of
the Exos through HPH, preserving their morphological integrity and biological identity, repositioning the Exos
in the first line for the exploitation of their use in the nanobiotheranostic field. To validate our approach, we
selected the prodrug IRI currently under investigation for the treatment of GBM due to its ability to cytotoxic
activity against central nervous system tumor xenografts and against glioblastoma cells with multi-drug
resistance [87]. The operative parameters, Pressure and number of Cycles were studied to control the
Encapsulation Efficiency (EE) % of the HPH approach for Exos treated at constant Temperature. Three
different theoretical concentrations of IRI were testes for all Pressures and at selected number of Cycles that
had not preliminary showed instability of Exos or protein denaturation. A constant EE of 45% was reported
for the gold standard condition Exos-15 (Exos treated at 1500 bars and 2 cycles), obtained in about 45 minutes,
much shorter than the usual methodology several hrs or days longer with an ineffective EE of about 10%. We
also investigated the cargo ability, release behavior and biological interactions of the IRI- Exos-15 comparing
them with traditional encapsulation by co-incubation. The synthetic identity of the Exos, such as their release
profile, surface charge and biological specificity, were studied by DLS, Zeta Potential, and Surface Protein
and RNA amount and results showed a constant release behavior of IRI Exos-15 at 48 hrs. Furthermore, in
vitro tests on U87 cells, obtained by flow cytometry and confocal microscopy, proved the effect of their
biological identity showing a maximum peak of internalization of vesicles inside cells at 24 hr and higher
cytotoxicity at 48 hrs with respect to the free-IRI.

In conclusion, we established a feasible approach based on High-Pressure Homogenization to improve and
shorten the loading of Exos at effective therapeutic concentrations. Indeed, as already stated, up to date, the
current application and translation of Exos to clinics were limited by a series of key factors, among them the
stable and adequate loading methods, that should be over crossed. In this perspective, our results confirm Exos'
high sensitivity and specificity that remain ideal candidates for early diagnosis and effective therapy. We
proved that an approach based on High-Pressure Homogenization could potentially speed up their translation
in the clinical practice, being a repeatable process guaranteed to scale up to pilot and/or production volumes.
Moreover, we optimize the synthesis of inorganic CeO>NPs and performed preliminary analysis on their
cytotoxicity and uptake behavior in the complex biological environment of APs.

However, further work is needed to allow the simultaneous encapsulation through our novel system of these
inorganic NPs and other active compounds in EVs. and moreover, to evaluate their stability in body circulation

after loading.
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Chapter 3

Engineered Mesenchymal Exosomes as a
Promising tool for the Treatment of
Chondrosarcoma in a Spheroid-Based 3D model



Introduction

Chondrosarcomas (CHS) are malignant bone tumor composed of cartilage-producing cells [1]. This
heterogeneous group of tumors is the third most common primary malignancy of bone after myeloma and
osteosarcoma, constituting 20—27% of all primary malignant osseous neoplasms [2].

The disease course and prognosis depend on many variables, one of the most important is the tumor grade.
Indeed, high-grade tumors (II and III) may progress with the development of lung metastases having a worse
prognosis compared to low-grade tumors [3].

Despite during recent decades the survival rate of cancer patients has been improved due to the development
of potent anticancer drugs, at date surgery is the main treatment for most types of CHS while conventional
chemotherapeutics are not an attractive option. Indeed, CHS are highly chemo and radiotherapy resistant due
to their extracellular matrix, low percentage of dividing cells, and poor vascularity [4].

In this scenario, nanovectors, including liposomes, micelles, and polymeric nanoparticles, are emerging
treatment options for CHS, given many advantages specialized for targeted drug delivery to cancer [5]. These
nanovehicles have the potential to improve the stability, the safety and efficacy of encapsulated cargos,
promoting their transport across membranes and prolonging their circulation times.

In a recent study [6], Poly-lactic acid (PLA) nanoparticles were designed for the targeted delivery of
palovarotene to CHS lesion. Palovarotene is an anticancer drug currently investigated in phase 3 clinical trials
for the treatment of fibrodysplasia ossificans progressiva and multiple osteochondromas [7]. As an agonist of
RARy, a nuclear Retinoic Acid (RA) receptor, it has effects on cartilage biology and has been demonstrated
to play a critical role in the inhibition of heterotopic ossification [8]. Notably, the subcutaneous application of
PLA nanoparticles reduced the weight of mice CHS tumors by 90% with no cancer growth for 9 weeks [6].
Sahin et al. [9] synthesized N-acetyl-d-glucosamine (GA) carrying hyaluronic acid nanoparticles [GA-
PEG@nano(HA)]. These engineered nanoparticles showed not only a controlled release pattern of GA but an
improved cellular penetration efficiency reducing the CHS cells proliferation. However, although
GA@nanoHA exhibited no significant effect in the generation of ECM and elevation of chondrogenic markers,
those nanoparticles promoted the chondrogenic differentiation of bone marrow-derived mesenchymal stem
cells (MSC).

Interestingly, pegylated liposomes encapsulating Doxorubicin (Doxil) have also been used in a recent work
[10]. Trucco et al. [10] conducted a Phase I/II study on the combination of Doxil with temsirolimus (Torisel),
an intravenous mTOR inhibitor that is rapidly converted to sirolimus in vivo, for patients with recurrent and
refractory bone and soft tissue sarcomas. Thus, this nanoscale therapeutics combination allows improved
localization of drug to tumors and cell sensitization to chemotherapeutics.

Despite the promising results in efficacy and targeting of these nanocarriers, immunogenicity and toxicity are
still some of the main issues related to traditional delivery system [5]. Thus, in recent decades, nanoparticles
naturally released by cells, have been exploited as a novel biological nanoplatform for diagnosis and therapy
[11]. Among all EVs, Exos are the most promising for their small size, ranging between 30-200 nm, and their
homing features [12]. Furthermore, those nanosized secreted vesicles contain complex cargo, both in their
lumen and the lipid membrane, that regulate the intercellular communication. Their natural composition and
unique architecture allow, through the crossing of various natural barriers, a selective interaction with a target
cell and protect Exos cargo from degradation in the bloodstream [13]. Many types of cells such as epithelial,

hematopoietic, tumor and MSCs are known to secrete Exos [14]. Among these, MSCs are recognized as an



ideal cell candidate for the mass production of Exos because of the large ex vivo expansion capacity, the
tropism toward tumor tissue, the high tumor-matrix crosstalk, low immunogenicity and side effect [15].
Indeed, many miRNAs have been found in MSC-derived Exos and are reportedly involved in both
physiological and pathological processes such as organism development, epigenetic regulation,
immunoregulation (miR-155 and miR-146) [16], tumorigenesis and tumor progression (miR-23b, miR-451,
miR-223, miR-24, miR-125b, miR-31, miR-214, and miR-122) [17]. Over 900 species of proteins have been
collected from MSC-Exos according to ExoCarta [18]. Several studies have also shown that MSC-Exos harbor
cytokines and growth factors, such as TGF1, interleukin-6 (IL-6), IL-10, and hepatocyte growth factor (HGF),
which have been proven to contribute to immunoregulation [19].

So, MSC-Exos may have the versatility and capacity to interact with multiple cell types within the immediate
vicinity and remote areas to elicit appropriate cellular responses. MSCs through their secreted Exos target
housekeeping processes to restore tissue homeostasis and enable cells within the tissue to recover, repair and
regenerate [20].

This hypothesis provides a rationale for their therapeutic efficacy in a wide spectrum of diseases and
rationalizes their additional use as an adjuvant to support and complement other therapeutic modalities.
Promising results demonstrated that MSC-EVs can inhibit angiogenesis and maintain vascular homeostasis in
activated endothelial cells [21]. However, most studies focus on the application of EVs as potential
therapeutical assets against tumoral cells. Li et al. [22] found that Exos derived from human umbilical cord
MSCs (hucMSC) ameliorate liver fibrosis by inhibiting both the epithelial-mesenchymal transition of
hepatocytes and collagen production, significantly restore the serum aspartate aminotransferase activity and
inactivate the TGF-B1/Smad2 signaling pathway by decreasing collagen type I/IIl and TGF-f1 and the
phosphorylation of Smad2. Tan et al. [23] found that HUES9.E1 MSC-Exos elicit hepatoprotective effects
through an increase in hepatocyte proliferation, as demonstrated by high expression of proliferation proteins
(proliferating cell nuclear antigen and Cyclin D1), the anti-apoptotic gene Bcl-xL and the signal transducer
and activator of transcription 3 (STAT3).

The study of the interaction between the vesicles and the tumoral biological environment can be carried out
on both 2D and 3D models. The arrangement of cells in tridimensional conformations often offers a better
physiological model of drug therapy. The popularization of 3D culturing has come with the observation that
this type of cell cultures often retains heterogeneity. Moreover, 3D cultures offer advantages over conventional
monolayered cell cultures including preservation of the topology and cell-to-matrix interactions [24]. This
feature allows the study of tumor evolution. On the other hand, the application of 3D cultures is also
challenging, given the difficulties to stabilize the cultures, and the requirement of specific material to perform
the culture [24].

Motivated by this rationale, we explored the feasibility of delivering the chemotherapeutic Doxorubicin (DXR)
to tumor tissue using our engineered Exos. In a previous study [25] it was demonstrated that DXR and cisplatin,
that are widely employed in CHS, were less effective on 3D-CHS spheroids when compared to standard
monolayer models. In our work, using SW1353 cells, we developed a 3D in vitro culture model to mimic in
vivo features of CHS microenvironment and evaluated the enhanced cytotoxicity effect both on 2D and 3D-
cultures of our engineered DXR-MSC-Exos.

One of the major challenges associated with EVs as a promising drug delivery system is their capability for
efficient drug loading. Here we applied our innovative technique of encapsulation through a HPH system to

further assess the reproducibility of the entrapping mechanisms of active compounds in Exos originated from



different cell sources. In line with our previous study on tumoral Exos, we find out an EE up to 30% also in
MSC-Exos with a hydrophobic small molecule as DXR. Thus, we demonstrate that the phenomena of
temporary deformation applied through our HPH system on lipidic bilayer are suitable for many types of EVs,

with a different proteo-lipid arrangement.

Materials and Methods

The murine bone marrow MSC and Chondrosarcoma SW1353 cell line were purchased from the American
Type Culture Collection (ATCC). All media and reagents for cell culture were purchased by Sigma Aldrich
(St. Louis, Missouri, USA). Cell viability was assessed by Trypan Blue stain 0.4% (Invitrogen™,
ThermoFisher Scientific; Waltham, Massachusetts, USA) and determined using a Countess 11 FL. Automated
Cell Counter (ThermoFisher Scientific; Waltham, Massachusetts, USA). Doxorubicin HCI (molecular formula
C»H2NO; HCI Mw = 579.98 g/mol) was purchased from Selleckchem (Houston, USA).

Cell culture

Chondrosarcoma SW1353 cell line was purchased from ATCC. The cell line was cultured in IMDM
supplemented with 10% foetal bovine serum (FBS). All media and reagents for cell culture were purchased by
Sigma Aldrich (St. Louis, Missouri, USA) and all cells were incubated at 37°C in 5% C0»/95% air.

To obtain 3D spheroids by the hanging-drop method, 5,000 SW1353 cells were plated in 96-well Round
Bottom Ultra-low attachment plate (Costar) in 200 mL of IMDM. Additional 200 mL of filtered IMDM were
added to each well and the lid placed over the plate, with specific supports fixed at every corner. Then, the
plate was turned and incubated in gentle stirring at 37 C and 5% CO o/n. The next day, the plate was flipped
again, 200 mL of medium were removed, and the formed spheroids were let grow, monitoring them constantly

by using a Nikon Eclipse-TE 2000-S microscope (Nikon, Tokyo, Japan).
Exos Isolation by dUC

After growing to 70-80% confluency, murine MSCs cells at passage 4 were cultured in DMEM medium
without FBS for 48 hrs. Then, the conditioned medium was collected, and Exos were isolated with dUC
method. Briefly, the conditioned medium was centrifuged at 300 xg for 10 min to dislodge cells and debris
then at 2000 xg for 10 min and other 30 min at 10000 xg to eliminate cell debris. Exos were pelleted by dUC
of supernatant in 8 mL polycarbonate tubes (Beckman Coulter, Brea, CA, USA) at ~110,000 x g (70,000 RPM
— MLA-80 ROTOR) for 70 minutes using an OptimaTM MAX-XP Ultracentrifuge (Beckman Coulter, Brea,
CA, USA) and the supernatant was discarded. Finally, pellet resuspended in PBS was washed twice. All
procedures were carried out at 4° C. The purified Exos were resuspended in 200 uL. of PBS and stored at -20°

C prior to use.



Efficient Loading of therapeutic cargo in MSC-Exos by High Pressure Homogenization

DXR was incorporated into Exos through HPH treatment. Three different concentrations of DXR (6-12-24
ng/mL) were pre-mixed with naive Exos at a fixed concentration of 11,61* 10" particles/mL in PBS and fed
to the system through a stainless-steel feed reservoir. HPH was carried out at 1500 bar-2 Cycles. Then, the
collected samples were purified through Spin-X corning Centrifugation 3KDa Cut-off performed at 3000 xg
60 minutes 4° C.

The amount of DXR loaded into Exos was calculated from a standard curve obtained by detecting the

absorbance value at the wavelength of 480 nm.
MSC-Exos Characterization: size, morphology and biological content

After purification of naive Exos and engineering with DXR (DXR-MSC-Exos) the hydrodynamic size,
particles concentration, protein content, surface charge of samples and morphology were analyzed. Purified
Exos were diluted 1:5 in 1 mL PBS, the concentration was determined by recording and analyzing the
Brownian motion of particles using a qNano System. Mean size of Exos diluted in water (0,8% wt/vol) was
analyzed at 25 °C, using a Zetasizer Nano ZS (Model ZEN3600, Malvern Instruments Ltd., UK) equipped
with a solid-state laser (A = 633 nm) at a scattering angle of 173°. The cuvettes used are the 12 mm square
glass cuvettes with square aperture for 90° sizing (Malvern; # PCS1115). For Cryo-TEM analysis 3 uL of
sample were directly dropped onto Formvar/Carbon 200 mesh Cu Agar® grids. Samples were observed in a
Tecnai FEI® TEM operated at 80 kV accelerating voltage. Surface protein content was quantified with
QuantiPro™ BCA Assay Kit (Sigma Aldrich; St. Louis, Missouri, USA) in each vesicle preparation.

In Vitro Cytotoxicity of DXR-MSC-Exos

The cytotoxicity of DXR-MSC-Exos was determined by the standard MTT assay on SW1353 cells
monolayers. Briefly, tumor cells (15x10° cells/well) were seeded in 200 pL of media in a 96-well plate
overnight. Tumor cells were treated with concentrations of free-DXR and DXR-MSC-Exos ranging between
43 and 0,001 pM up to 72 hrs at 37°C and 5% CO,. After incubation, CM was removed, and cells were
incubated with MTT reagent for 3—4 hrs. Subsequently, 100 uL. of DMSO was added to solubilize purple
formazan crystals. Cytotoxic activity of Free-DXR and DXR-MSC-Exo was then evaluated by standard MTT
assay. Absorbance was measured by spectrophotometer at 545—630 nm. Survival rates were assessed compared
to the negative control (wells containing only Untreated Exos). All experiments were repeated 3 times.

The acid phosphatase assay was used to measure cell viability in 3D cultures. After 1 week, cells were treated
with DXR at two different concentrations (250-500 nM). After 48 hrs of treatment, the supernatant was
discarded, cells were washed with 200 mL/well of PBS, and 100 mL/well of NaAc-buffer (Sodium Acetate,
Sigma—Aldrich, Milan, Italy) containing p-Nitrophenyl phosphate disodium hexahydrate were added. After 2
hrs of incubation at 37°C and 5% CO,, the reaction was stopped with 10 mL/well of NaOH 1M and the
absorbance at 405 nm was recorded by using a microplate-reader (Tecan Infinite F200pro, Tecan, Milan, Italy).

Results were expressed as percentage of viable cells with respect to the control.



Results
MSC-Exos stability after DXR entrapment with HPH system

To optimize the loading capability of the MSC-Exos with DXR, samples were treated in HPH system at three
different concentrations ranging between 6 and 24 ug/mL according to literature [26-28].

In line with our previous study on tumoral glioblastoma-U87 derived Exos and IRI, we find out a final EE
over 30% regardless of the initial amount of Free-drug mixed with naive vesicles.

Surprisingly, this result confirms that the phenomena of temporary deformation applied on the nanovesicles
bilayer are successful for both U87 and MSC cells derived Exos despite the different proteolipid structure.
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Figure 1. EE% of HPH-treated Exos at different DXR concentration of 6, 12 and 24 pg/mL.

The morphological investigation of Exos after loading with DXR was performed by transmission electron
microscope (TEM). As shown in Figure 2a the typical Exos structures can be observed after HPH treatment.
DLS (Figure 2b) indicated that the Exos had a relatively narrow size distribution. The peak diameter of MSC-
Exos was at 159 nm while after loading with DXR, it shows a slight increasing to 167 nm. ZP and the protein
analysis (Figure 2 d-¢) showed also a stable surface composition compared to MSC-Exos further demonstrating

that the encapsulation did not affect the transport of their naive biological content on the lipidic bilayer.
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Figure 2. (a) Cryo-TEM observations after HPH loading of DXR; comparison between MSC-Exos and DXR-MSC-Exos
(b) PSD, (¢) ZP and (d) Surface protein amount.

Preliminary analysis of Cytotoxicity and internalization behavior of DXR-MSC-Exos in CHS
2D-monolayer

To determine the effect of DXR-MSC-Exos on the viability of cancer cells, SW1353 cells were incubated with
cell culture medium (control), DXR, or DXR-MSC-Exos in a 96-well plate. The viability was measured with
Free-DXR in a wide range, between 1 nM and 43 uM. In line with literature [29], we find out that cell viability
decreases below 20% in 48 hrs in the range 0,8-43 uM (Figure 3a). So, we decided to investigate cytotoxic
activity in a lower concentration range within 72 hrs and to compare Free-DXR and DXR-MSC-Exo to
evaluate whether MSC-Exos use as drug delivery system could favor intercellular communication with
targeted area and increase of cytotoxicity even at lower concentrations. Interestingly, we find out that DXR-
MSC-Exos treatment was much more effective to inhibit cell proliferation rather than Free-DXR treatment.
Indeed Free-DXR allowed a reduction of cell viability of just 75% up to 72 hrs while with DXR-MSC-Exos
viability start decreasing 60% in 48 hrs reaching only 20% of viability after 72 hrs (Figure 3 b-c).
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Figure 3. Cell viability of SW1353 cells exposed to different concentrations of Free-DXR and DXR-MSC-Exos, (a) Free-
DXR exposure ranging between 0,8 and 43,2 uM up to 48 hrs, (b) Free-DXR and DXR-MSC-Exos (c) exposure between
1 and 250 nM up to 72 hrs.

To further investigate DXR-MSC-Exos interaction and internalization phenomena, quantitative measurement
by flow cytometry was performed. As showed in Figure 4 a-c, Free-DXR and DXR-MSC-Exos were tested at
two different concentrations (250 and 500 nM) after 72 hrs of contact. Figure 4a shows the Mean Fluorescence
Intensity, reported as an internalization parameter and detected at 480 nm.

Mean Fluorescence Intensity demonstrated a higher value for DXR-MSC-Exos at the 500 nM concentration
confirming that the interaction with cellular environment is higher for our nanovesicles than for the Free-drug.
In line with this founding, SSC intensity is reported as the inner granularity value [30] (Figure 4b). After
cellular uptake Exos, similarly to granulocytes in physiological situations, allow a higher increase of the
surface granularity of cellular membrane than Free-DXR. Finally, to investigate the therapeutic potential of
our DXR-MSC-Exos, Forward Scattering (FSC) is recorded as indication of cell viability (Figure 4c). In line
with cytotoxicity analysis the cell viability was lower for DXR-MSC-Exos than Free-DXR in a dose-dependent

manner.
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DXR-MSC-Exos as an Effective Drug delivery system to Inhibits the Growth of 3D-Cultures
of CHS

SW1353 spheroids generated from 5x10° cells/well reached a diameter of approximately 500 mm after 7 days.
After 1 week, the cytotoxicity of DXR was tested up to 48 hrs (Figure 5a). We observed a dose-dependent
inhibition of cell growth after 48 hrs of drug treatment with our engineered Exos. In line with previous studies
[25], we confirmed the chemoresistance of 3D-structure of CHS spheroids treated with Free-DXR. Notably,
DXR carried by MSC-Exos, even at a very low concentration, could increase drug sensitivity with a final

reduction of cell viability over 30 % up to 48 hrs (Figure 5b).
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Figure 5. SW 1353 hanging drop spheroid. (a) Optical visualization of SW1353 spheroids at 9 Day, after 48 hrs of contact
with drug, (b) Effect of DXR and DXR-MSC-Exos on CHS cells viability, in 3D-CHS cultures. Differences between
spheroids groups were analyzed with Mann—Whitney test.




Discussion

The successful treatment of CHS is still a big challenge due to the chemoresistance, and there is and urgent
need to develop reliable systems to assess preclinically the efficacy of therapeutic agents. This assessment is
particularly true for testing of Drug Delivery Systems. It has already been proved that 3D cell culture models
reproduce the physical and metabolic complexity of CHS better than traditional monolayer cultures. So, we
studied DXR, a drug that is highly effective in other sarcomas, on SW1353 cells cultured as monolayers and
spheroids. In a recent publication [31] it was observed a lower cytotoxic effect on spheroid cultures, confirming
the limited efficacy of conventional anticancer drugs in CHS. The reason is that the traditional 2D cultures
differ from 3D cultures in their morphological characteristics, proliferation rate , degree of differentiation,
level of cell-to-cell interaction and cell-to-matrix, as well as their resistance to drugs [32, 33]. So, the peculiar
microenvironmental feature of 3D cell growing structure mimics drug resistance in 3D-CHS cultures. Indeed,
3D organoid-like cultures rely not only on cell autonomy or cell—cell interactions, but also on intrinsic or
extrinsic biochemical signals that constitute the tumor microenvironment, including local hypoxia, low access
to nutrients, and acidosis. The establishment of low pH and decreased oxygen tension conditions are
particularly important for CHS, since CHS are not vascularized and highly hypoxic tumors [34].

The application of complex culture models to unravel the role of EVs in cancer research has not been yet
investigated among EVs research especially for the treatment of CHS. In this work,we demonstrated for the
first time that MSC-Exos could be used to load chemotherapeutic drug DXR with a very high EE and that our
therapeutic nanoplatform is as an effective nanocarrier in both 2D and 3D CHS models. DXR-MSC-Exos
could be taken up by SW1315 cells and induce cytotoxicity. The study on 2D model revealed that DXR-MSC-
Exos, compared with Free-DXR, can kill CHS cells more effectively in 72 hrs. Furthermore, this cytotoxicity
is confirmed also in 3D model after 48 hrs.

As we already state, MSC- Exos, unlike traditional nanocarriers and active compounds, transport key
therapeutical molecules. So, we can hypothesize that MSC-Exos function as a communication vehicle to elicit
appropriate cellular responses in tumoral microenvironment since MSCs-Exos exhibit enhanced natural
tropism toward tumor tissue than free drugs. Furthermore, the presence in the outer and inner parts of the
lipidic bilayer of proteins such as sonic hedgehog [34] and platelet derived growth factor (PDGF) [31] or the
transfer of mRNA and miRNAs [22] might contribute to their higher bioavability in such a complex system as

the 3D tumoral model resulting in a more efficient release of drug in the affected area.

Furthermore, with the present study we pointed out some relevant findings stated in our previous work.

We demonstrate the reliability of our novel encapsulation method for the entrapping of different active
compound in EVs extracted from various cell sources.

Indeed, Exos can transport many bioactive proteins, lipids as well as metabolism-related enzymes and, as we
have already state, this enrichment is cell-type-specific.

Monounsaturated and polyunsaturated fatty acid as cholesterol, glycolipid, free fatty acid and
phosphatidylserine are essential component in all Exos [35]. However, MSC seems to be highly enriched with
other form of fatty acid depleted in tumoral EVs as U87-MG Exos [36], including leukotrienes, arachidonic
acid (AA), phosphatidic acid, prostaglandins lysophosphatidylcholine (LPC), and docosahexaenoic acid
(DHA) [37].



So, with our system, we are able to control the fluidity of lipidic bilayer of several EVs independently from
their composition. Through the application of a physical stress, we induced a temporary manipulation only on
the lipids present in higher percentages (as cholesterol and phosphatidylserine) common to most EVs
preserving their morphological integrity and biological identity. Thus, the contribution of other minor lipid
components, that could interfere with the fluidity of the membrane, is minimized.

In conclusion with our work, we demonstrate that HPH treatment could be a useful novel system for an
efficient, fast and scaled-up approach to the encapsulation of EVs with various compounds. Furthermore, we

demonstrate that the treatment of a 3D model of CHS with our engineered DXR-Exos is highly effective.
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Chapter 4

Exosomes stability in biological environment:
comparison with polymeric Nanoparticles



Introduction

Upon contact with a biological milieu, the surface of Nanoparticles (NPs) tends to interact with biomolecules
present in biological medium or body fluid. Consequentially, NPs are modified by the adsorption of
biomolecules such as proteins and lipids, culminating in the formation of a layer called “protein corona” (PC)
[1]. The PC has a dynamic nature since a limited number and specific type of biomolecules will compete for
the NPs surface, resulting in a corona containing few identifiable proteins [2]. If the exchange kinetics is slow
enough (depending on the coating proteins and the experimental setup), the corona will be biologically
relevant, becoming the NPs biological identity [3]. For a given NP, only several dozen proteins interact with
NPs surface in significant amounts and for long enough to be recognized by the cell. The recognition can either
be generic or highly specific, involving receptor-ligand interactions and leading to the binding of NP to the
cell [4]. In other words, the identity, organization and lifetime of these proteins adsorbed on NP surface affect
their interaction, recognition and processing in the cells [5]. Lundqvist, Martin, et al. [6] hypothesized that
once a NP is dispersed in any biological fluid, a cell will only “see” the system in which the NP core is
surrounded by a “hard” corona (HC) of slowly exchanging proteins, tightly bound, and an outer layer of weakly
interacting protein-protein complexes, rapidly exchanging with the proteins present in the environment, the so
called “soft” corona (SC). Milani et al. [7] confirmed this theory through their study of reversible vs.
irreversible binding of transferrin to polystyrene (PS) NPs. Between HC and SC, the inner HC is of high
scientific relevance and also the most studied [8].

In recent decades, the corona of various NPs has been studied in detail, and a shared “core” proteome has been
established, which comprises lipoproteins, complement and coagulation proteins, and immunoglobulins [9].
However, to date the growing interest in novel drug delivery system as EVs requires further investigation on
uptake phenomena of these innovative nanovectors including PC formation.

To better understand the key mechanisms involved in Exos nanobiointeraction with biological environment, it
is necessary to consider their proteo-lipid architecture. Indeed, unlike traditional NPs, EVs resemble liposomes
in terms of size, shape and structure but have more complex bilayers, containing up to hundreds of different
lipid, protein and carbohydrate types, as well as internal cargo and surface-associated molecules [10, 11].

At date very few studies clarified the mechanism of interaction between EVs membrane proteins and other
biomolecules naturally present in biological compartments [12]. These protein layers may alter numerous
membrane-related interactions and properties of natural systems, e.g., viral envelopes or EVs [13-16], as well
as they do with traditional nanocarriers influencing their delivery or immunorecognition [17]. Since PC forms
the first line in contact with other species, it is important for the better mechanistic understanding of both a
diverse set of membrane active molecules, i.e., peptides, proteins, and the vesicular trafficking [18]. However,
compared to standard membrane models, our knowledge is very poor on structural properties of biomembranes
associated with PC. Typical model membrane systems in structural biophysics are Langmuir monolayers,
vesicles, liposomes, and solid supported lipid bilayers [19]. Even though the provided systems can be easily
produced, they may often limit the overall insight. Having an expanded set of complex membrane models is
thus important for advanced membrane biophysics [20]. Related, EVs may also offer new model systems to
address these problems.

So, in our work we propose a preliminary in vitro analysis of EVs stability in biological environment and

interaction with other natural biomolecules.



To better understand their internalization mechanism, here we compare our natural nanovesicles to three
different types of NPs: PS NPs, crosslinked hyaluronic acid (HA) NPs (cHANPs) and PEG-crosslinked
hyaluronic acid NPs.

Materials

Atto 488 fluorescent label (Em/Ex 488/520) was purchased from ATTO-TEC GmbH (Germany). Dulbecco
Modified Eagle Medium high glucose (DMEM), Fetal Bovine Serum (FBS), Phosphate Buffer Saline (PBS),
Trypsin, Penicillin/Streptomycin, L-glutamine, Human Serum Albumin (HSA) for cell culture and in vitro
study were purchased by Sigma Aldrich. For cell culture U-87 MG cell line (passage 15-36) was purchased
from ATCC. Polystyrene NPs (PS NPs) were purchased from Sigma Aldrich. Crosslinked hyaluronic acid
nanoparticles (cHANPs) and Polyethylene glycol crosslinked hyaluronic acid nanoparticles (PEG-cHANPs)
were synthesized using a flow-focused nanoprecipitation approach in a microfluidic platform, as previously
described [21, 22]. Briefly, a non-solvent phase (i.e. acetone or ethanol with stabilizing compounds) flows

from two side channels, focusing a solvent phase (a hydrogel aqueous solution) in the central channel.

Methods

Protein Corona formation

NP dispersions and Exos were prepared by diluting the concentrated stock solutions in DMEM medium
supplemented with different % of sera, 10% FBS or 20% Human Serum Albumin (HSA) [23] used for cell
culture at 37°C, immediately prior to the experiments on cells, with an identical time delay between diluting
and introducing NPs to the cells for all experiments. Before sampling, NPs were vigorously mixed by vortexing
for 30 seconds. After the addition of the NPs to the different incubation solutions, these were also vortexed for
15 seconds to ensure maximum NPs dispersion. Concentration of protein corona adsorbed on NPs surface was
determined using a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Previously, unbound, and
weakly bound soft-corona proteins were removed from the protein-NP mixture by Corning Spin-x (cut off 50
KDa) centrifugation (3000 rpm, 10 min, 4°C) for cHANPs and PEG-cHANPs, by Corning Spin-x (cut off 10
KDa) centrifugation (5000 rpm, 30 min, 4°C) for Exos, while UltraCentrifugation (70000rpm, 30min, 4°C)
was performed for PS NPs.

Characterization of NPs: Size, charge and morphological stability

The particle size, PDI, ZP of PS NPs, cHANPs, PEG-cHANPs compared with U87-Exos were measured using
the DLS technique. NPs were dispersed in 1 mL of double distilled deionized water at a concentration of 20
pg/mL and measurements were performed using Malvern Zetasizer Nano ZS90 (Malvern Instruments,
Malvern, UK) at 37°C. All measurements were replicated three times and reported results are the mean value
of all measurements.

Tecnai FEI® transmission electron Microscope was used to evaluate NPs stability and architecture after

protein corona adsorption. Sample preparation consisted in placing 10 pl of NPs suspension on a



Formvar/Carbon 200 mesh Cu Agar® filter. After drying overnight under hood, samples were ready to be

analyzed.
Flow cytometry

U87 cells were seeded in 48-well plates (Falcon®) at a density of 0.5 x 10° cells/well and incubated for 24 hrs
prior to the addition of NPs to assure cell attachment. Afterwards, cells were incubated in two different sera
conditions (10% FBS and 20% HSA) and three different NPs conditions (PS NPs, cHANPs and PEG-cHANPs)
at specific time points (1, 2, 4, 24 and 48 hrs). The final concentration of NPs used in the incubation solution
was 20 ug/mL for all three NPs. Negative controls consisted in the complete medium condition (medium, FBS,
L-glutamine and penicillin/streptomycin) without NPs. After different time points contacts, medium was
removed, and samples were washed three times with PBS (1x) to ensure particle removal from the outer cell
membrane. Cells were then trypsinized for 5 min at 37°C. After cell detachment confirmation at optical
microscope, complete medium was added to neutralize trypsin and cells were transferred to polystyrene round-
bottomed tubes (Falcon®), before samples were immediately analyzed by flow cytometry. Every flow
cytometry study has been conducted in triplicate, and the average of the three samples is considered for the
percentage of fluorescence intensity (FI %) and SSC in order to obtain reliable results in terms of cell viability
and internalization information.

Measurements were performed using a BDFACSCelesta™ (BD®) flow cytometer. 488nm laser wavelength
was used to excite NPs fluorescence, which was collected using the 595-660 nm spectral detection channel.
Results are reported as the mean of the distribution of cell fluorescence intensity obtained by measuring 10000
events averaged between three independent replicas. Error bars correspond to the standard deviation between

the triplicates. Data analysis was performed using CytoFlow software.

Results

Qualitative analysis of protein corona formation on Polymeric NPs and Exos

DLS analysis gives information about dispersity and size of PS NPs, cHANPs, PEG-cHANPs and Exos in
presence and absence of biological fluids. After protein-NPs contact for 1 hr, an increase in mean size was
registered for all NPs as a result of PC formation. Figure 1 shows PDS of PS NPs, cHANPs, PEG-cHANPs
and Exos in three different sera condition. On average, bare carboxylated PS NPs showed a slight increase in
PDS with the formation of a PC as shown in Figure 1a. Interestingly Figures 1 b-c show that the PC affects
more cHANPs than PEG-cHANPs PDS. Indeed, in line with literature, the PDS of PEG-cHANPs exhibited
little change (Figure 1c) due to the hydrophilic nature of PEG that reduced the surface energy of the NP-solvent
interface to minimize proteins adsorption [5, 24-26].

However, in all samples it is possible to observe a slight broadening, hence indicating increased heterogeneity
in the NPs population due to NPs clustering or protein agglomeration. Nonetheless, Exos samples show a more
pronounced peak around 10 nm in both FBS and HSA conditions, indicative of protein aggregate due to a still
ongoing SC dissociation phenomenon (Figure 2d). Notably, in all samples the increasing in size is more

pronounced in presence of FBS. Indeed, the most prominent difference between plasma and serum is the



presence of clotting factors in plasma; this will have an inherent effect on the PC structure and resulting
interactions with the particle surface [27].
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Figure 1 PSD in absence of serum and with FBS and HSA PC before and after 1 hr of contact. (a) PS NPs, (b) cHANPs
and (c) PEG-cHANPs and (d) Exos.

ZP of all bare NPs decrease in absolute value after 1 hr of contact with different sera, as a confirmation of
protein adsorption on NPs surface. Interestingly, in PS NPs, cHANPs and PEG-cHANPs we notice a decrease
in the surface charge at values between -10 and -8 mV (Figure 2). cHANPs and PEG-cHANPs showed a
relatively small change of mean ZP after incubation in sera condition, while the ZP of carboxyl PS NPs shows
a drastically decrease due to their higher negative charge and affinity with FBS and HSA. Moreover,
comparing cHANPs and PEG-cHANPs, it is visible that bare PEG-cHANPs have closer to zero ZP than bare
cHANPs, and the ZP decrease is lower in PEG-cHANPs than cHANPs, demonstrating a thinner PC due to the
presence of crosslinked-PEG. This data seems in line with DLS analysis, indeed PEG-cHANPs show a lower
increase in size, suggesting less affinity to FBS and HSA proteins because of the presence of PEG chains in
the HA network. These data are further confirmed for Exos ZP.

As for PEG-cHANPs also Exos show a stable surface charge after contact with different sera indicating the
absence of a stable PC structure over their surface. Indeed, exosomal proteo-lipid architecture confers immune-
stealth properties and protects Exos cargo from interaction with other protein in body fluids and degradation

in the bloodstream similarly to PEGylated NPs. It is widely known that PEGylation increases biodistribution



in human body [28]. One of the reasons why PEG can prolong the circulation time of drugs and nanocarriers
is the de-opsonization effect [29], that inhibits - or drastically reduces - adsorption of proteins and complements
normally present in biological fluids, and so reducing recognition by cells of the RES [30]. Despite Exos de-
opsonization effect and in vivo biodistribution need further investigation, several studies confirmed a stealth

effect due to the presence of genetic material and ubiquitinated proteins over their surface.
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Figure 2. ZP of bare PS NPs, cHANPs, PEG-cHANPs and Exos compared to Z-P after 1 hr of contact with FBS and
HSA.



Particle Type Serum Condition Mean Size PDI ZP (mV)
(nm)
PS NPs Bare 105.673 +£ 6.139 0.032 -17.067 £ 0.322
FBS 234.605 + - -9.480 + 1.279
35.288
HSA 159.959 + - -9.427 £ 0.845
20.430
Bare 150.027 + 0.068 -12.333 +£1.102
cHANPs 13.832
FBS 165.558 + - -8.930 + 0.648
46.349
HSA 162.608 + - -9.473 +£1.244
49.489
PEG-cHANPs Bare 161.380 + 0.075 -11.067 £ 0.873
15.626
FBS 175.554 + - -9.813 +£1.142
11.459
HSA 185.736 + - -8.937 £ 1.712

47.852




Exos Bare 68.06 - -13.432 £0.145

FBS 105.07 - -13.1+£0.476

HSA 78.82 - -13.2+0.476

Table 1 Size, PDI and ZP of bare PS NPs, cHANPs and PEG-cHANPs compared to ZP of NPs after 1 hr of contact with
FBS and HSA.

The PC morphology and the NPs structural stability have been assessed by TEM analysis. Figure 2 shows that
all polymeric NPs were surrounded by a protein cloud, which appeared to be narrower than the diameter of the
NPs. Given the average diameter of 105 nm for bare PS NPs, 150 nm for cHANPs and 161 nm for PEG-
cHANPs (Table 1), the average additional corona was estimated to be very variable depending on the type of
NP but not over 50 nm thick (Figure 2) and referred to as a HC. Indeed, PC could be considered as a dynamic
multi-layered structure formed by proteins adsorbed onto a NPs surface upon contact with the physiological
environment and consequent interaction with proteins. This structure can be generally divided in two parts,
HC and SC [1]. While the inner layer of tightly bound proteins with a longer lifetime has been termed as HC,
the outer layer of weakly bound proteins with a shorter lifetime is considered a SC [31]. HC is known to be
formed in less than 10 min over NPs surface and is constituted by high affinity proteins with a low dissociation
constant [32]. In our case, experiments were performed after 1 hr of co-incubation of NPs with different sera
in order to achieve the formation of both HC and SC. However, TEM analysis was performed after two steps
of purification per each type of NPs in order to remove all unbounded or weakly-bounded proteins.
Interestingly, all images show a dense and stable protein complex over NPs surface. However, PS NPs in FBS
serum and PEG-cHANPs in HSA serum do not show a well-rounded structure over their surface but a non-
uniform network that could be ascribe to the SC.

Generally [33, 34] SC is described as highly dynamic layer of proteins which have high exchange rates and
low binding affinities towards the NPs. While there is extensive literature dealing with the subject of HC, only
limited analytic methods used to study the SC are available. Consequently, determining the biological
relevance of the soft corona need further investigation.

However independently from the type of interaction between our NPs and the PC, despite it increases NPs
surface rugosity, structural integrity of NPs is still maintained.

Otherwise, the analysis carried out on Exos samples are not perfectly comparable with the other NPs. First, we
decided to not investigate the Exos morphology in FBS serum. Indeed, FBS is widely enriched in Exos from
bovine serum that might be similar to our exosomal sample [35]. Moreover, unlike the polymeric NPs, the
preparation of samples for TEM needs different staining sand washing steps. As a result, structural artifacts

caused by negative staining cannot be excluded.
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Figure 2 TEM images of bare PS NPs, cHANPs, PEG-cHANPs and Exos after 1 hr of contact with FBS and HSA,

respectively. Protein corona is clearly adsorbed on the surface.

In vitro preliminary analysis of uptake and internalization phenomena of NPs in different
sera condition

Owing to its high binding affinity to CD44, which is abundant in the tumor tissue, HA has been extensively
investigated for the development of tumor-targeted imaging agents [36, 37] and drug delivery systems.

To make a comparison between HA and PS NPs and furthermore to observe the effect of HA-PEGylation on
the receptor-mediated cellular uptake, our NPs were incubated with U87-MG cancer cell lines. Indeed, the
cancer cells used in this study, have been widely demonstrated to over-express CD44 on their surfaces,

compared to normal cells [38-40].



As shown in Figure 3 a-b, fluorescent signals were detected from U87-MG cells treated with bare PS NPs,
cHANPs and PEG-cHANPs for 48 hrs in two different sera condition. Percentage was calculated with respect
to fluorescence of the total volume of NPs exposed to cells.

Figure 3a show the internalization phenomena in the presence of FBS. Interestingly, PS NPs demonstrate a
delay in uptake process compared to HA-NPs. Indeed, PS NPs FI slowly increase in the first 4 hrs to less than
15% while cHANPs and PEG-cHANPs have an almost 30% FI already after 1 hr of co-incubation.

This result proves that, in line with literature [41-43], NPs uptake by living cells is governed by chemical
interactions between functional groups on the NPs as well as the receptors on cell surfaces. The much lower
rate of uptake of PS NPs in comparison to HA-NPs indicates that the surface charge strongly affects the
probability of approaching the cell surface. The negative potential of the cell surface is unfavorable for the
interaction with negatively charged particles. However, once PS NPs have reached the cell membrane, their
specific functional groups on the particle surface play an important role in binding to receptors that activate
the endocytosis machinery. Indeed after 24 hrs internalization values are quite comparable with them of
cHANPs.

Notably Figure 3a-b show that up to 4 hrs PS NPs uptake mechanism is completely different compared to
cHANPs. Moreover, PS NPs after 24 hrs of contact have a drastically reduction of Internalization value, over
30%. On the other hand, cHANPs shifted their maximum peak of internalization from 24 to 48 hrs.

In both sera condition PEG-cHANPs show lower cellular uptake than cHANPs especially in FBS after 24 hrs
of contact with a drastic reduction of FI % (34.212% against 76.009 % of cHANPs).

This behavior suggests that PEG chains play a critical role in the internalization, resulting in a stealth effect
due to PEG blocks present in the architecture of PEG-cHANPs.

Nevertheless, in presence of HSA both cHANPs and PEG-cHANPs have a similar internalization behavior.

So, in this case we may hypothesize a similar affinity for plasma proteins present in Human serum.
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Figure 3 Mean Fluorescence Intensity % showing cell uptake phenomena of U887 MG glioma cells after contact with PS

NPs, cHANPs and PEG-cHANPs in different serum conditions (a) HSA and (b) FBS and time points (1-4-24-48hrs).



SSC Signal Intensity is reported as a value of cell granularity. Indeed, it is proportional to the intracellular
density. As shown in figure 4 a-b regardless of the sera conditions it shows a slightly increasing trends for all

three types of particles.
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Figure 4 SSC showing cell uptake phenomena of U87 MG glioma cells after contact with PS NPs, cHANPs and PEG-
cHANPs in different serum conditions (a) HSA and (b) FBS and time points (1-4-24-48hrs).

Discussion

After the administration of NPs in biological fluids, an NP-protein complex is formed, which represents the
"true identity" of NP in our body. This protein-NP interaction should be carefully studied to predict and control
the fate of drug-loaded NPs, including systemic circulation, biodistribution and bioavailability.

In the last decades considerable studies for both organic and inorganic NPs fate elucidated some unknown
mechanisms. However, there are still different features that influence the PC as NPs shape, charge, size,
biomaterials. So, elucidating all the mechanisms related to PC formation and of interaction with the biological
environment seems almost impossible.

With the advent of new natural nanovectors such as EVs in the field of nanotechnologies, the urgency to answer
some questions about the biodistribution, uptake phenomena and intercellular communication in the
surrounding environment has become increasingly necessary.

To date, very few studies have been conducted on the biodistribution of Exos and possible phenomena of
interaction with circulating proteins. The presence of a lipid coating layer and an innumerable amount of
surface proteins already overexpressed in progenitor cells, has long led to assume that Exos do not have any
type of interaction with the PC. Although it is not clear whether PC is formed on Exos, it could change the
properties of these nanocarriers such as mechanisms of cellular uptake, interaction with the target area, and
clearance from blood circulation.

For this reason, here for the first time we investigated this phenomenon by comparing different NPs systems.

We studied the PC formation and internalization mechanisms of PS NPs, a traditional and widely studied




nanovector, HA-based NPs and PEG-crosslinked-HA-based NPs. These polymeric vectors were compared to
Exos naturally extracted from U87-MG tumor cells. Although our study is a very preliminary analysis and
requires further investigations, here we directly evaluated for the first time the formation of a PC on Exos
surfaces by further discriminating between SC and HC.

Even though polymeric NPs and Exos are not totally comparable, it has emerged a very similar mechanism of
interaction with FBS and HSA protein between PEG-cHANPs and Exos. Notably, in both cases it was detected
an increase in the average size after 1 hr of incubation in sera condition. However, unlike PS NPs and cHANPs,
the surface charge was almost stable in both sera conditions. So, we may hypothesize a reversible phenomenon
of SC dissociation in progress. Conversely, PS NPs and cHANPs showed a drastically reduction in surface
charge and increasing in mean size almost attributable to a thicker layer of proteins over their surfaces. Further
analysis in flow cytometry also revealed a delay in the internalization process of the PEG-cHANPsS in all serum
conditions confirming their widely known stealth mechanism.

In conclusion, our study partially corroborates the hypotheses of possible interactions between circulating
proteins and the proteolipid structure of the EVs. Once in circulation, the phenomena of both a protein-protein
interaction and SC formation can not be completely excluded. However, as demonstrated for PEG-cHANPs,
even Exos could be involved in deopsonization and favor a specific interaction with the target area. So further
studied are needed to elucidate these key role mechanisms.

Once administrated, how far Exos can travel in the body, and how long they can maintain stability? Substantial
investigations about their uptake and key mechanisms in their biological environment, pharmacokinetics,
pharmacodynamics, and toxicity profiles should be conducted to obtain a reliable and stable delivery system

and prevent potential side effects.
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Major findings and Future perspectives

The therapeutic efficacy of any pharmacological treatment depends on achieving an optimal drug
concentration at the targeted site of action. This is strongly influenced by the absorption,
biodistribution, metabolism and excretion of the active compound. Moreover, these processes do not
exert a constant and predictable influence on the drug concentration at the site of action but are
subjected to pathophysiological mechanisms and dynamic regulation changing among patients.

The use of nanotechnology in medicine and more specifically of nanovectors as drug delivery systems
is considered as a promising tool to carry therapeutic agents efficiently into the specific targeted area.
However, in the last decades also RNA Therapeutics comprise a rapidly expanding category of drug
delivery system. Recent advances in the generation, purification and cellular delivery of RNA
allowed the RNA-based therapeutics application in a wide range of diseases. These new strategies
would contribute to the already on-going passage from a single therapy for all the patients with the
same disease to a new paradigm where each patient receives a personalized treatment. Even though
the clinical investigation of EV-based personalized therapy is at an early stage it could offer a
significant advantage in the delivery of drugs to specific targets enabling the biocamouflage of
theranostic agents. So it seems clear that there is an urgent unmet need to move the EV-based
personalized therapy to the clinical practice. Actually, the main issues related to their clinical translation
consist in the absence of cost-effective, standardized methods for EV production and loading in a scale-
up perspective. Furthermore, up to date, several studies were conducted to understand the key mechanisms
related to their natural biogenesis, release in intercellular space, and engineering them for an efficient
therapeutic application. However, no one resulted advantageously due to laborious purification, loss of
membrane integrity and biological activity and poor Encapsulation Efficiency. Moreover, cost-effective and

industrially scalable methodologies, avoiding time-consuming steps, are still missing.

In our study, we proposed for the first time the principle of Dynamic High-Pressure Homogenization applied
on both cell and Exos membrane to overcame two of the main criticisms related to EVs application in
nanomedicine field.

So in the present work, we were able to control and increase both the production and loading of EVs from
different biological sources and with several active compounds. Furthermore, our studies in different biological
environments point out some unclarified mechanisms related to their fate after release in the extracellular

space.

In detail, this work of thesis is divided in 4 main sections: the first chapter presents an innovative large-scale
procedure for Exos production. Here we investigated the Exos biogenesis under Pressure stimuli applied on
cell sources. Using a large-scale High Pressure Homogenizer, we demonstrated that Hydrostatic Pressure is
able to improve the biological release of nanovesicles. Setting some relevant parameters as Pressure,
Temperature, Cycles, Volume and cell concentration we were able to fine-tune the shape, size, protein and
RNA amount of EVs. In the second chapter, we applied the Hydrostatic Pressure directly on vesicle membrane
curvature to entrap different active compounds. Interestingly, at three different pressure values, we found a

critical step that induces break up and permanent deformation phenomena on Exos bilayer, thus affecting their



stability. On the other hand, we further demonstrate that, through an accurate process set-up of Pressure,
Temperature and Cycles, it is possible to generate a temporary permeability on phospholipidic bilayer without
affecting exosomal shape, size and endogenous cargo. This manipulation of membrane curvature could be
applied as a novel encapsulation method to allow the entrapment of both hydrophilic and hydrophobic small
molecules in a Pressure-depend manner, with high efficacy and less time-consuming procedure. In the third
chapter, we validate our theory, demonstrating its feasibility on Exos generated from different cell sources. As
widely known from the literature, lipids and proteins tend to aggregate and reassembly in various ways, mainly
depending on their composition. Our novel nanomixing procedure is reliable on phospholipidic bilayer with
different percentage of cholesterol, SM, glycosphingolipids, and phosphatidylserine. Finally, in the fourth
chapter we further investigate the intercellular communication and internalization phenomena in a relevant
biological environment. In detail, we conducted a preliminary in vitro analysis on tumoral cells, focusing our
attention on PC phenomenon by comparing EVs with polymeric NPs behavior. In theory, even less is known
regarding the PC, Exos should not have any interaction with other protein in circulation than specific receptors
for their surface antigens. However, as suggested by our analysis it cannot be excluded that circulating proteins

in the body could modify the outer proteolipid architecture of Exos leading to the interaction with a SC.

However, we are still at an early stage of understanding. So, the future perspectives of this research work are:
e Application of HPH nanomixing for the loading of active compound into Exos generated under
Pressure stimuli
e In vitro and in vivo testing of their uptake and intercellular communication with the target area
e Optimization of Exos co- loading with more complex structure such as CeO>NPs and Co-encapsulation
of active compounds
e Invivo testing of Engineered Exos biodistribution pharmacokinetics, pharmacodynamics, and toxicity

profiles



Appendix

List of total proteins that were identified from the extract obtained from U87-MG-Exos.

ID

P47914
P10412
Q8Td2
P49327
Q03135
P38606
P17931
014828
Q86Y82
P16403
014617
P62841
P08670
P61769
P84243
P46776
Q86UE4
043169
P31943
095169
Q15293
000194
095831
P62750
P08621
P50502
043399
043852
P84098
QsnNQac3

UP REGULATION

NAME PROTEINS

60S ribosomal protein L29
Histone H1.4

RPL29
HISTIH1E

Dolichyl-diphosphooligosaccharide ~protein glycosyltransferase STT3B

Fatty acid synthase

Caveolin-1

V-type proton ATPase catalytic subunit A
Galectin-3

Secretory carrier-associated membrane protein 3
Syntaxin-12

Histone H1.2

AP-3 complex subunit delta-1

40S ribosomal protein S15

Vimentin

Beta-2-microglobulin

Histone H3.3

60S ribosomal protein L27a

Protein LYRIC

Cytochrome b5 type B

Heterogeneous nuclear ribonucleoprotein H
NADH dehydrogenase 1 beta subcomplex subunit 8
Reticulocalbin-1

Ras-related protein Rab-278B
Apoptosis-inducing factor 1, mitochondrial
60S ribosomal protein L23a

U1 small nuclear ribonucleoprotein 70 kDa
Hsc70-interacting protein

Tumor protein D54

Calumenin

60S ribosomal protein L19

Reticulon-4

FASN
CAV1
ATPEV1A
LGALS3
SCAMP3
STX12
HISTIH1C
AP3D1
RPS15
VIM

B2M
H3F3A
RPL27A
MTDH
CYBSB
HNRNPH1
NDUFB8
RCN1
RAB278B
AlFM1
RPL23A
SNRNP70
ST13
TPD52L2
CALU
RPL19
RTN4

FC

57.30
53.74
21.02
15.52
14.49
13.12
12.44
12.36
12.24
11.78
11.62
9.77
9.04
9.00
8.96
8.88
8.86
871
8.65
8.49
845
837
833
817
7.88
7.86
7.40
7.33
7.23
7.19



P47914
P10412
Q8Ta2
P49327
Q03135
P38606
P17931
014828
Q86Y82
P16403
014617
P62841
P08670
P61769
P84243
P46776
Q86UE4
043169
P31943
095169
Q15293
000194
095831
P62750
P08621
P50502
043399
043852
P84098
asnacs

60S ribosomal protein L29
Histone H1.4

RPL29
HISTIH1E

Dolichyl-diphosphooligosaccharide ~protein glycosyltransferase STT3B

Fatty acid synthase

Caveolin-1

V-type proton ATPase catalytic subunit A
Galectin-3

Secretory carrier-associated membrane protein 3
Syntaxin-12

Histone H1.2

AP-3 complex subunit delta-1

40S ribosomal protein 515

Vimentin

Beta-2-microglobulin

Histone H3.3

60S ribosomal protein L27a

Protein LYRIC

Cytochrome b5 type B

Heterogeneous nuclear ribonucleoprotein H
NADH dehydrogenase 1 beta subcomplex subunit 8
Reticulocalbin-1

Ras-related protein Rab-27B
Apoptosis-inducing factor 1, mitochondrial
60S ribosomal protein L23a

U1 small nuclear ribonucleoprotein 70 kDa
Hsc70-interacting protein

Tumor protein D54

Calumenin

60S ribosomal protein L19

Reticulon-4

FASN
CAV1
ATPEV1A
LGALS3
SCAMP3
S5TX12
HISTIH1C
AP3D1
RPS15
VIM

B2M
H3F3A
RPL27A
MTDH
CYB5B
HNRNPH1
NDUFB8
RCN1
RAB27B
AlFM1
RPL23A
SNRNP70
ST13
TPD52L2
CALU
RPL19
RTN4

57.30
53.74
21.02
15.52
14.49
13.12
12.44
12.36
12.24
11.78
11.62
9.77
9.04
9.00
8.96
8.88
8.86
871
8.65
8.49
845
837
833
817
7.88
7.86
740
7.33
7.23
7.19



Q15836
P60660
PO6576
014979
Q99848
Q9BWM7
P62081
P20645
QONX63
075569
Q9HOU4
P38159
P62241
P30101
P49257
075367
P17980
P63173
P19105
P18621
P62917
Q04637
P4804AT7
015118
Q9HD33
P43243
P36578
P00387
P49207
P32969
P62266
P35998
QBIWE2
P16401
P22626

Vesicle-associated membrane protein 3

Myosin light polypeptide 6

ATP synthase subunit beta, mitochondrial
Heterogeneous nuclear ribonucleoprotein D-like
Probable RN A-processing protein EBP2
Sideroflexin-3

40S ribosomal protein 57

Cation-dependent mannose-6-phosphate receptor
MICOS complex subunit MIC19

Interferon-inducible double-stranded RNA-dependent protein

Ras-related protein Rab-1B

RNA-binding motif protein, X chromosome
40S ribosomal protein S8

Protein disulfide-isomerase A3

Protein ERGIC-53

Core histone macro-H2A.1

265 proteasome regulatory subunit 6A
60S ribosomal protein L38

Myosin regulatory light chain 12A

60S ribosomal protein L17

60S ribosomal protein L8

Eukaryotic translation initiation factor 4 gamma 1
ATP synthase subunit O, mitochondrial
NPCintracellular cholesterol transporter 1
39S ribosomal protein L47, mitochondrial
Matrin-3

60S ribosomal protein L4
NADH-cytochrome b5 reductase 3

60S ribosomal protein L34

60S ribosomal protein L9

40S ribosomal protein 523

265 proteasome regulatory subunit 7
Protein NOXP20

Histone H1.5

Heterogeneous nuclear ribonucleoproteins A2/B1

VAMP3
MYLE
ATPS5F1B
HNRNPDL
EBNA1BP2
SFXN3
RPS7
MEPR
CHCHD3
PRKRA
RABI1B
RBMX
RPS8
PDIA3
LMAN1
H2ZAFY
PSMC3
RPL38
MYL12A
RPL17
RPLE
EIF4G1
ATPSPO
NPC1
MRPLA7
MATR3
RPL4
CYB5R3
RPL34
RPLY
RPS23
PSMQC2
FAM114A1
HISTIH1B
HNRNPA2B1

6.62
6.52
6.50
6.32
6.28
6.20
6.18
6.08
6.06
6.01
6.00
599
563
562
5.59
5.56
552
5.47
545
5.38
537
531
531
5.29
5.29
5.26
5.26
523
5.14
512
511
5.07
5.06
5.04
4.87



P61019
Q14103
P25705
P62277
P46821
P62910
P07910
P25786
P40939
060506
P52272
Q12907
QauLva
P62854
QoBUI2
PO1903
P07237
P14314
P62851
P25398
P45880
P24539
P46976
P54819
Q92542
Q12906
Q93077
Q6PIU2
P14927
Qouiz1
P68371
060664
Q02818
P84103
QOYENS

Ras-related protein Rab-2A

Heterogeneous nuclear ribonucleoprotein DO
ATP synthase subunit alpha, mitochondrial

40S ribosomal protein 513
Microtubule-associated protein 1B

60S ribosomal protein L32

Heterogeneous nuclear ribonucleoproteins C1/C2
Proteasome subunit alpha type-1

Trifunctional enzyme subunit alpha, mitochondrial
Heterogeneous nuclear ribonucleoprotein Q
Heterogeneous nuclear ribonucleoprotein M
Vesicular integral-membrane protein VIP36
Coronin-1C

40S ribosomal protein 526

Heterogeneous nuclear ribonucleoprotein U-like protein 1

HLA class Il histocompatibility antigen, DR alpha chain
Protein disulfide-isomerase

Glucosidase 2 subunit beta

40S ribosomal protein $25

40S ribosomal protein $12

Voltage-dependent anion-selective channel protein 2
ATP synthase F(0) complex subunit B1, mitochondrial
Glycogenin-1

Adenylate kinase 2, mitochondrial

Nicastrin

Intereukin enhancer-binding factor 3

Histone H2A type 1-C

Neutral cholesterol ester hydrolase 1

Cytochrome b-c1 complex subunit 7

Stomatin-like protein 2, mitochondrial

Tubulin beta-4B chain

Perilipin-3

Nucleobindin-1

Serine/arginine-rich splicing factor 3

Sulfide:quinone oxidoreductase, mitochondrial

RAB2A
HNRNPD
ATPSF1A
RPS13
MAP1B
RPL32
HNRNPC
PSMAL
HADHA
SYNCRIP
HNRNPM
LMAN2
CORO1C
RPS26
HNRNPUL1
HLA-DRA
P4HB
PRKCSH
RPS25
RPS12
VDAC2
ATPSPB
GYG1
AK2
NCSTN
ILF3
HISTIHZAC
NCEH1
UQCRB
STOML2
TUBB4B
PLIN3
NUCB1
SRSF3
SQOR

4.85
4.82
4.81
4.81
473
4.68
4.65
4.64
461
4.57
4.56
4.55
447
4.44
4.38
4.36
4.36
4.34
431
431
4.29
4.25
4.24
423
421
417
417
4.16
4.16
413
4.10
4.09
4.07
4.06
4.05



P50454
Q16891
QBN6T3
P27635
P10606
P78559
P55084
P10620
075396
Q5XKPO
P39019
P6E366
QouI09
Q71u19
Q9YeM9
Q13509
P19338
PE0303
Q13418
P51665
Q99729
075369
PE3731
Q16778
PO7919
Q9BRKS
P43304
POB708
P21796
Q12797
p27824
QBTAES
P26373
P61978
Q9P015

Serpin H1

MICOS complex subunit MIC60

ADP-ribosylation factor GTPase-activating protein 1
60S ribosomal protein L10

Cytochrome ¢ oxidase subunit 58, mitochondrial
Microtubule-associated protein 1A

Trifunctional enzyme subunit beta, mitochondrial
Microsomal glutathione S-transferase 1
Vesicle-trafficking protein SEC22b

MICOS complex subunit MIC13

A0S ribosomal protein 519

Tubulin alpha-4A chain

NADH dehydrogenase [ubiquinone) 1 alphasubcomplex 12
Histone H2AV

NADH dehydrogenase [ubiquinone) 1 beta subcomplex 9
Tubulin beta-3 chain

Nucleolin

Nucleobindin-2

Integrin-linked protein kinase

265 proteasome non-ATPase regulatory subunit 7
Heterogeneous nuclear ribonucleoprotein A/B
Filamin-B

60S ribosomal protein L24

Histone H2B type 2-E

Cytochrome b-c1 complex subunit 6, mitochondrial
45 kDa calcium-binding protein
Glycerol-3-phosphate dehydrogenase, mitochondrial
A0S ribosomal protein 517

Voltage-dependent anion-selective channel protein 1
Aspartyl/asparaginyl beta-hydroxylase

Calnexin

Growth arrest and DNA damage-inducible proteins
60S ribosomal protein L13

Heterogeneous nuclear ribonucleoprotein K

39S ribosomal protein L15, mitochondrial

SERPINH1
IMMT
ARFGAP1
RPL10
COXs58
MAP1A
HADHB
MGST1
SEC22B
MICOS513
RPS19
TUBAAA
NDUFA12
H2ZAFV
NDUFB9
TuBB3
NCL
NUCB2
ILK
PSMD7
HNRNPAB
FLNB
RPL24
HISTZH2BE
UQCRH
SDF4
GPD2
RPS17
VDAC1
ASPH
CANX
GADDASGIP
RPL13
HNRNPK
MRPL15

398
391
3.87
3.87
3.87
3.86
383
3.82
3.80
3.79
3.79
3.77
3.75
374
3.70
3.69
3.67
3.67
3.63
362
361
3.60
3.60
3.60
3.59
3.58
3.57
3.56
3.54
3.54
353
351
3.46
3.46
342



PO4843
Q9H9B4
P13073
P02792
P02786
Q00839
095793
QONSE9
Q07065
Q9BQE3
P62333
Q16718
QB8NS5SN7
P61353
P22695
000264
076021
P61247
Q9BUFS
Q09666
P55072
P39656
Q9NVP1
P35232
Q14204
QONX40
P46940
P62244
Q96PD2
P02794
P51991
P51149
P26640
P42892
P14866

Dolichyl-diphosphooligosaccharide--protein

Siderof lexin-1

Cytochrome c oxidase subunit 4 isoform 1, mitochondrial
Ferritin light chain

Transferrin receptor protein 1

Heterogeneous nuclear ribonucleoprotein U
Double-stranded RNA-binding protein Staufen homolog 1
Mitochondrial import receptor subunit TOM22 homolog
Cytoskeleton-associated protein 4

Tubulin alpha-1C chain

26S proteasome regulatory subunit 10B

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 5
39S ribosomal protein LS50, mitochondrial

60S ribosomal protein L27

Cytochrome b-c1 complex subunit 2, mitochondrial

Membrane-associated progesterone receptor component 1

Ribosomal L1 domain-containing protein 1

40S ribosomal protein S3a

Tubulin beta-6 chain

Neuroblast differentiation-associated protein AHNAK

Transitional endoplasmic reticulum AT Pase

RPN1
SFXN1
COx411
FTL
TFRC
HNRNPU
STAUL
TOMM22
CKAP4
TUBAILC
PSMC6
NDUFAS
MRPL50
RPL27
UQCRC2
PGRMC1
RSL1D1
RPS3A
TUBBG
AHNAK
vCP

Dolichyl-diphosphooligosaccharide-—-protein glycosyltransferase DDOST

ATP-dependent RNA helicase DDX18
Prohibitin

Cytoplasmic dynein 1 heavy chain 1

OCIA domain-containing protein 1

Ras GTPase-activating-like protein IQGAP1
40S ribosomal protein $15a

Discoidin, CUB and LCCL domain-containing protein 2
Ferritin heavy chain

Heterogeneous nuclear ribonucleoprotein A3
Ras-related protein Rab-7a

Valine—-tRNA ligase

Endothelin-converting enzyme 1

Heterogeneous nuclear ribonucleoprotein L

DDX18
PHB
DYNC1H1
OClAD1
IQGAP1
RPS15A
DCBLD2
FTH1
HNRNPA3
RAB7A
VARS
ECE1
HNRNPL

3.42
341
341
341
3.39
3.37
333
332
331
3.30
3.28
3.28
3.27
3.25
3.25
3.25
3.24
3.24
3.24
3.23
3.20
3.19
3.18
3.17
3.15
3.14
3.14
3.13
3.13
3.12
311
3.10
3.08
3.07
3.07



076094
P55327
075380
P31930
P21333
Q10471
Q96A33
075947
P62805
Q9P0JO
PODP25
P38646
Q15366
000571
Q15149
000217
P27797
QB6VEl1
Pa6777
PO9651
QOPOLO
015400
075489
Qia152
Q08211
Q6FI13

043678
Q00610
Q07955
Q14974
P39023
Q56vL3
P50914
P51970
Q8Iy17

Signal recognition particle subunit SRP72

Tumor protein D52

NADH dehydrogenase [ubiquinone) iron-sulfur protein 6
Cytochrome b-c1 complex subunit 1, mitochondrial
Filamin-A

Polypeptide N-acetylgalactosaminyltransferase 2
Colled-coil domain-containing protein 47

ATP synthase subunit d, mitochondrial

Histone H4

NADH dehydrogenase [ubiquinone) 1 alpha subcomplex 13
Calmodulin-3

Stress-70 protein, mitochondrial

Poly(rC)-binding protein 2

ATP-dependent RNA helicase DDX3X

Plectin

NADH dehydrogenase [ubiquinone) iron-sulfur protein 8
Calreticulin

THO complex subunit 4

605 ribosomal protein LS

Heterogeneous nuclear ribonucleoprotein Al
Vesicle-associated membrane protein-associated protein A
Syntaxin-7

NADH dehydrogenase [ubiquinone) iron-sulfur protein 3
Eukaryotic translation initiation factor 3 subunit A
ATP-dependent RNA helicase A

Histone H2A type 2-A

NADH dehydrogenase [ubiquinone) 1 alphasubcomplex 2
Clathrin heavy chain 1

Serine/arginine-rich splicing factor 1

Importin subunit beta-1

60S ribosomal protein L3

OCIA domain-containing protein 2

60S ribosomal protein L14

NADH dehydrogenase [ubiquinone) 1 alphasubcomplex 8

Neuropathy target esterase

SRP72
TPDS52
NDUFS6
UQCRC1
FLNA
GALNT2
CCcbcaz
ATPSPD
HISTIHAA
NDUFA13
CALM3
HSPA9
PCBP2
DDX3X
PLEC
NDUFS8
CALR
ALYREF
RPLS
HNRNPA1
VAPA
STX7
NDUFS3
EIF3A
DHX9
HISTZH2AA3
NDUFA2
CLTC
SRSF1
KPNB1
RPL3
OcClAD2
RPL14
NDUFAS
PNPLAG

3.06
3.05
3.05
3.05
3.03
3.02
301
301
3.00
3.00
3.00
299
298
298
298
296
294
294
292
292
291
291
291
291
291
2,90
290
2,89
2,88
2.87
2.87
2,86
2.85
2.85
2.84



043707
075494
P20674
Q13200
P46778
043390
Q99442
P16615
P62191
P61604
P62195
P37235
P62424
P46782
Q13084
P09874
Q16629
P46087
QO9Y3ES
P13010
099460
095139
Q9Y3us
P40429
P78527
P62280
Q15365
P36957
P15880
099613
P21964
P17844
Q9UKMI
Q9HDCY
092841

Alpha-actinin-4

Serine/arginine-rich splicing factor 10
Cytochrome c oxidase subunit SA, mitochondrial
26S proteasome non-ATPase regulatory subunit 2
60S ribosomal protein L21

Heterogeneous nuclear ribonucleoprotein R
Translocation protein SEC62
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
26S proteasome regulatory subunit 4

10 kDa heat shock protein, mitochondrial

26S proteasome regulatory subunit 8
Hippocalkin-like protein 1

60S ribosomal protein L7a

40S ribosomal protein S5

39S ribosomal protein L28, mitochondrial

Poly [ADP-ribose] polymerase 1
Serine/arginine-rich splicing factor 7

Probable 285 rRNA (cytosine(4447)-C(5))-methyltransferase
Peptidyl-tRNA hydrolase 2, mitochondrial

X-ray repair cross-complementing protein 5

26S proteasome non-ATPase regulatory subunit 1
NADH dehydrogenase [ubiquinone] 1 beta subcomplex
60S ribosomal protein L36

60S ribosomal protein L13a

DNA-dependent protein kinase catalytic subunit
40S ribosomal protein $11

Poly(rC)-binding protein 1
Dihydrolipoyllysine-residue succinyltransferase
40S ribosomal protein 52

Eukaryotic translation initiation factor 3 subunit C
Catechol O-methyltransferase

Probable ATP-dependent RNA helicase DDX5
RNA-binding protein Raly

Adipocyte plasma membrane-associated protein
Probable ATP-dependent RNA helicase DDX17

ACTN4
SRSF10
COX5A
PSMD2
RPL21
HNRNPR
SEC62
ATP2A2
PSMC1
HSPE1
PSM(5
HPCAL1
RPL7A
RPS5
MRPL28
PARP1
SRSF7
NOP2
PTRH2
XRCCS5
PSMD1
NDUFB&
RPL36
RPL13A
PRKDC
RPS11
PCBP1
DLST
RPS2
EIF3C
comMT
DDX5
RALY
APMAP
DDX17

2.84
2.83
2.82
2.81
2.80
2.79
278
278
2.77
277
276
2.75
2.75
2.74
273
271
270
2.70
2.69
2.69
2.66
2.66
2.66
2.65
2.64
2.64
263
263
261
261
2.60
2.60
2.57
2.57
2.57



PO7437
P18077
P10809
P26641
Q07020
P53621
PO5141
PO2545
P53007
043181
P51572
P31040
QBIVF2
QayY3n
P6046E
P18124
PO8133
P62913
Q96TAL
P26599
075964
000303
PO9382
P62269
QANVI7
P11717
Qavap3
QOYAW6
P62701
P62263
Pag179
P35579
Q99653
P62249
Q02543

Tubulin beta chain

60S ribosomal protein L35a

60 kDa heat shock protein, mitochondrial
Elongation factor 1-gamma

60S ribosomal protein L18

Coatomer subunit alpha

ADP/ATP translocase 2

Prelamin-A/C

Tricarboxylate transport protein, mitochondrial

NADH dehydrogenase [ubiquinone) iron-sulfur protein 4

B-cell receptor-associated protein 31

Succinate dehydrogenase [ubiquinone) flavoprotein subunit

Protein AHNAK2

tRNA-splicing ligase RtcB homolog

Protein transport protein Sec61 subunit beta

60S ribosomal protein L7

Annexin A6

60S ribosomal protein L11

Niban-like protein 1

Polypyrimidine tract-binding protein 1

ATP synthase subunit g, mitochondrial

Eukaryotic translation initiation factor 3 subunit F
Galectin-1

405 ribosomal protein S18

AT Pase family AAA domain-containing protein 3A
Cation-independent mannose-6-phosphate receptor
Transducin beta-like protein 2

AFG3-like protein 2

40S ribosomal protein 54, X isoform

405 ribosomal protein 514

RNA-binding protein 3

Myosin-9

Calcineurin B homologous protein 1

405 ribosomal protein S16

60S ribosomal protein L18a

TUBB
RPL35A
HSPD1
EEF1G
RPL18
COPA
SLC25A5
LMNA
SLC25A1
NDUFS4
BCAP31
SDHA
AHNAK2
RTCB
SEC61B
RPL7
ANXAG
RPL11
FAM1298
PTBP1
ATPSMG
EIF3F
LGALS1
RPS18
ATAD3A
IGF2R
TBL2
AFG3L2
RPS4X
RPS14
RBM3
MYH9
CHP1
RPS16
RPL1BA

2,57
2,56
2,54
2,54
2,54
2,53
2,53
2,53
2,52
2,52
2,51
2,50
2,50
247
245
245
2,44
243
243
243
242
242
241
2,40
2,39
2,39
2,38
2,38
237
2,37
2,36
2,36
234
233
233



P09525
Q15084
PA9368
P62899
P62857
Q96CW1
Q9Y639
P61313
P30050
P23284
PAE6A3
P17252
075533
PO8574
P62847
P14854
P01911
094826
Q02878
094905
P60953
P60866
Q6NZI2
PA6781
Q9Y490
PA9585
P61106
P62753
P00403
QONZM1
P35268
095292
P12956
P51571
P62820

Annexin Ad

Protein disulfide-isomerase A6

T-complex protein 1 subunit gamma

60S ribosomal protein L31

40S ribosomal protein 528

AP-2 complex subunit mu

Neuroplastin

60S ribosomal protein L15

60S ribosomal protein L12

Peptidyl-prolyl cis-trans isomerase B
T-complex protein 1 subunit epsilon

Protein kinase C alpha type

Splicing factor 3B subunit 1

Cytochrome ¢1, heme protein, mitochondrial
40S ribosomal protein 524

Cytochrome ¢ oxidase subunit 6B1

HLA class Il histocompatibility antigen, DRB1-15 beta chain
Mitochondrial import receptor subunit TOM70
60S ribosomal protein L6

Erlin-2

Cell division control protein 42 homolog

40S ribosomal protein 520
Caveolae-associated protein 1

40S ribosomal protein S9

Talin-1

Choline-phosphate cytidylyltransferase A
Ras-related protein Rab-14

40S ribosomal protein S6

Cytochrome ¢ oxidase subunit 2

Myoferlin
60S ribosomal protein L22

Vesicle-associated membrane protein-associated protein B/C

X-ray repair cross-<complementing protein 6
Translocon-associated protein subunit delta

Ras-related protein Rab-1A

ANXAA
PDIAB
CccT3
RPL31
RP528
AP2ZM1
NPTN
RPL1S
RPL12
PPIB
CCTS
PRKCA
SF3B1
cvyc1
RPS24
COX6B1
HLA-DRB1
TOMM70
RPLE
ERLIN2
CDCa2
RP520
CAVIN1
RPS9
TLN1
PCYT1A
RAB14
RPS6
MT-CO2
MYOF
RPL22
VAPB
XRCC6
SSR4
RABI1A

2.32
2.30
2.28
2.27
2.27
2.27
2.27
2.25
223
223
223
2.22
2.22
2.22
2.22
221
2.21
221
218
218
215
2,15
2.14
2.14
213
213
211
211
2.10
2.10
2.09
2.09
2.09
2.08
2.06



P67809
099623
P62906
P42704
099536
Q13405
Q13501
P60903
P49755
043242
QauIs0
Q9NR30
P78371
Q9BS26
Q7KZF4
P11940
Q71DI13
Q9y224
P68431
P11279
Q9NX14
PO7355
P11021
P14625
000541
Q9UKD2
Q14315
094766
P30481
Q13641
P55209
075477
P17568
P28331
PO5387

Nuclease-sensitive element-binding protein 1
Prohibitin-2

60S ribosomal protein L10a

Leucine-rich PPR motif-containing protein, mitochondrial
Synaptic vesicle membrane protein VAT-1 homolog
39S ribosomal protein L49, mitochondrial
Sequestosome-1

Protein $100-A10

Transmembrane emp24 domain-containing protein 10
26S proteasome non-ATPase regulatory subunit 3
Calcium-binding mitochondrial carrier protein Aralar2
Nucleolar RNA helicase 2

T-complex protein 1 subunit beta

Endoplasmic reticulum resident protein 44
Staphylococcal nuclease domain-containing protein 1
Polyadenylate-binding protein 1

Histone H3.2

RNA transcription, translation and transport factor protein

Histone H3.1

Lysosome-associated membrane glycoprotein 1

NADH dehydrogenase [ubiquinone) 1 beta subcomplex subunit

Annexin A2

Endoplasmic reticulum chaperone BiP

Endoplasmin

Pescadillo homolog

mRNA turnover protein 4 homolog

Filamin-C

Galactosylgalactosylxylosylprotein

HLA class | histocompatibility antigen, B-44 alpha chain
Trophaoblast glycoprotein

Nucleosome assembly protein 1-like 1

Erlin-1

NADH dehydrogenase 1 beta subcomplex subunit 7
NADH-ubiquinone oxidoreductase 75 kDa subunit,

60S acidic ribosomal protein P2

YBX1
PHB2
RPL10A
LRPPRC
VAT1
MRPLA9
SQSTM1
$100A10
TMED10
PSMD3
SLC25A13
DDXx21
ccr2
ERP44
SND1
PABPC1
HISTZH3A
RTRAF
HISTIH3A
LAMP1
NDUFB11
ANXA2
HSPAS
HSP90B1
PES1
MRTO4
FINC
B3GAT3
HLA-B
TPBG
NAPIL1
ERLIN
NDUFB7
NDUFS1
RPLP2

2.05
2.05
2.04
2.04
2.03
201
201
2.00
198
198
198
197
197
193
192
192
192
191
191
189
188
188
187
187
185
184
181
180
180
179
178
177
177
176
176



PA3686
P11387
060313
P22087
000461
P50281
PO484aA
P50416
Q5T9A4
P50995
Q96AGA
P23396
P62829
Q98208
Q06830
P53396
P20042
ASDBEV6
QONX58
P23246
P11233
QO9H2WE
Q15233
P25787
P17987
P13639
Q92544
P26038
096000
PO5388
P628BE
Pa9asg
P50991
P35637
Q8IXM3

265 proteasome regulatory subunit 68

DNA topoisomerase 1

Dynamin-like 120 kDa protein, mitochondrial
rRNA 2-O-methyltransferase fibrillarin

Golgi integral membrane protein 4

Matrix metalloproteinase-14

PSMCA
TOP1
opPal
FBL
Gouma
MMP14

Dolichyl-diphosphooligosaccharide-protein glycosyltransferase RPN2

Carnitine O-palmitoyltransferase 1, liver isoform
AT Pase family AAA domain-containing protein 38
Annexin All

Leucine-rich repeat-containing protein 59

405 ribosomal protein 53

60S ribosomal protein L23

Protein Niban

Peroxiredoxin-1

AT P-citrate synthase

Eukaryotic translation initiation factor 2 subunit 2
Vacuolar protein sorting-associated protein 37C
Cell growth-regulating nucleolar protein

Splicing factor, proline- and glutamine-rich
Ras-related protein Ral-A

395 ribosomal protein L46, mitochondrial
Non-POU domain-containing octamer-binding protein
Proteasome subunit alpha type-2

T-complex protein 1 subunit alpha

Elongation factor 2

Transmembrane 9 superfamily member 4

Moesin

NADH dehydrogenase [ubiquinone) 1 beta subcomplex 10
60S acidic ibosomal protein PO

60S ribosomal protein L30

Signal recognition particle 9 kDa protein
T-complex protein 1 subunit delta

RNA-binding protein FUS

395 ribosomal protein L41, mitochondrial

CPT1A
ATAD3B
ANXALL
LRRC59
RPS3
RPL23
FAMI129A
PRDX1
ACLY
EIF252
VPS37C
LYAR
SFPQ
RALA
MRPLAG
NONO
PSMA2
TCP1
EEF2
TMIS5F4
MSN
NDUFB 10
RPLPO
RPL30
SRP9
CCTa
FUS
MRPLAL

176
176
174
171
171
170
170
170
1.69
1.69
1.69
1.66
1.66
163
163
162
162
162
161
161
1.60
1.59
158
157
157
1.56
155
153
153
152
152
149
149
147
1.46



095347 Structural maintenance of chromosomes protein 2 SMC2 1.45

Q13740 CD166 antigen ALCAM 145
QONW13 RNA-binding protein 28 RBM28 144
099961 Endophilin-A2 SH3GL1 142
P29401 Transketolase TKT 142
P35610 Sterol O-acyltransferase 1 SOAT1 142
P04792 Heat shock protein beta-1 HSPB1 141
P40227 T-complex protein 1 subunit zeta CCTeA 141
P08195 4F 2 cell-surface antigen heavy chain SLC3A2 1.40
P06748 Nucleophosmin NPM1 1.38
Q9BQGO Myb-binding protein 1A MYBBP1A 136
Q92520 Protein FAM3C FAM3C 136
P08238 Heat shock protein HSP 90-beta HSP90AB1 135
QONZN4 EH domain-containing protein 2 EHD2 135
Q9NVS2 39S ribosomal protein S18a, mitochondrial MRPS18A 132
PO7900 Heat shock protein HSP 90-alpha HSP90AAL 132
Q00688 Peptidyl-prolyl cis-trans isomerase FKBP3 FKBP3 1.30
Q07666 KH domain-containing, RNA-binding, signal transduction KHDRBS1 1.29
043776 Asparagine-tRNA ligase, cytoplasmic NARS 1.29
Q13724 Mannosyl-oligosaccharide glucosidase MOGS 1.28
P36542 ATP synthase subunit gamma, mitochondrial ATPSFIC 128
P15153 Ras-related C3 botulinum toxin substrate 2 RAC2 128
P54709 Sodium/potassium-transporting ATPase subunit beta-3 ATP1B3 1.26
P63241 Eukaryotic translation initiation factor 5A-1 EIF5A 1.24
092499 ATP-dependent RNA helicase DDX1 DDX1 1.24
P50930 T-complex protein 1 subunit theta CCT8 123
Q99832 T-complex protein 1 subunit eta CCT7 121
Q6DD88 Atlastin-3 ATL3 1.20
P13987 CDS9 glycoprotein CD59 120
075844  CAAX prenyl protease 1 homolog ZMPSTE24 119
Q1KMD3 H I i | in UL in 2 HNRNPUL2 118
P42025 Beta-centractin ACTR1B 117
P51148 Ras-related protein Rab-5C RABSC 117

P48307 Tissue factor pathway inhibitor 2 TFPI2 1.16




RPSA 115
NOP16 114
EIF251 110
HLA-A 109
ATP1AL 109
GNG12 108
RHOA 108

PO7814 ___ Bifunctional glutamate/proline--tRNA ligase EPRS 106
P11142 Heat shock cognate 71 kDa protein HSPAS 105
P11586  C-1-tetrahydrofolate synthase, cytoplasmic MTHFD1 105
Q15907 Ras-related protein Rab-118 RAB11B 1.05
P68104  Elongation factor 1-alphal EEF1AL 104
P35613 __ Basigin BSG 102
P61224  _ Ras-related protein Rap-b RAPAB 102
QO6FQ6 __ Protein 5100-A16 210026 099
PO5106 Integrin beta-3 b 228
QONTI3  Structuralmaintenance of chromosomes protein 4 SMC4 098
P6OB42  Eukaryoticinitiation factor 4A:| EIF4A1 097
QENBM____Golgimembrane protein 1 GOLM1 096
P31689 ___ Dnalhomolog subfamily A member 1 DNAJAL 094
Q94808 Glutamine-fructose-6-phosphate aminotransferase GEPT2 0294
Q92896 Golgl apparatus protein 1 GLG1 024
Qov285  Phenylalanine—tRNA ligase alpha subunit FARSA 092
P62937 _ Peptidyl-prolyl cis-trans isomerase A PPIA 091
Q60884 Dnalhomolog subfamily Amember2 DNAIA2 091
Q07021 Complement component 1 Q subcomponent-binding protein  C1QBP 090
060488 Long-chain-fatty-acid--CoA ligase 4 ACSI4 0.90
QOY2X3 ___ Nucleolar protein 58 NOPS58 0.89
Q6P2Q9  Pre-mRNA-processing-splicing factor 8 PRPFS 0.89
P62979  Ubiguitin-40S ribosomal protein 527a RPS27A 089
QOUQEZ __ Structuralmaintenance of chromosomes protein 3 ShC3 088
014548 Cytochrome ¢ oxidase subunit 7A-related protein cox7mL 0.8/
QaH4M9 ___EH domain-containing protein 4 EHD1 0.87




P14618  Pyruvate kinase PKM PKM 0.87
000567 Nucleolar protein 56 NOPS6 0.86
P10599 Thioredoxin TXN 0.86
095182 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 7 NDUFA7 0.86
P19367 Hexokinase-1 HK1 0.85
P25445  Tumor necrosis factor receptor superfamily member 6 FAS 0.84
P61513 605 ribosomal protein L37a RPL37A 0.84
PO6756 ___Integrinalpha-V ITGAY 0.83
QS8FF8 ____ Putative heat shock protein HSP 90-beta 2 HSPS0AB2P 0.79
DOWN REGULATION
ID NAME PROTEINS FC
000159 Unconventional myosin-lc MYO1C 0.77
Q9Y512 Sorting and assembly machinery component 50 homolog SAMMSO0 0.77
Q13283 Ras GTPase-activating protein-binding protein 1 G3BP1 0.77
Q15043 Zinc transporter ZIP14 SLC39A14 0.76
PO4406 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 0.75
PO8758 Annexin AS ANXAS 0.74
P23528 Cofilin-1 CFL1 073
P24534 Elongation factor 1-beta EEF1B2 073
P16070 CD44 antigen CD44 0.71
P10301 Ras-related protein R-Ras RRAS 0.70
P37108 Signal recognition particle 14 kDa protein SRP14 0.70
Q9BVP2 Guanine nucleotide-binding protein-like 3 GNL3 0.69
Q15758 Neutral amino acid transporter B(0) SLC1AS 0.69
PO4083 Annexin Al ANXA1 0.66
P00367 Glutamate dehydrogenase 1, mitochondrial GLUD1 0.65
P61006 Ras-related protein Rab-8A RABSA 0.65
Q9UQ8s0 Proliferation-associated protein 2G4 PA2G4 0.65
PO5556 Integrin beta-1 ITGB1 0.65
092616 elF-2-alpha kinase activator GCN1 GCN1 0.64
PO6703 Protein $100-A6 5$100A6 0.63



Q10567
000560
PO4899
Q8TDD1
Q01518
Q9Y6MS
P62873
Q00341
Q9H444
P12236
Q01130
P11388
P09543
P27105
QONVH1
000161
QONUMA
P43307
P63261
000116
Q13443
Q00325
P29966
POB6AS
P63000
P68032
Q3zCas
Q16698
P31949
P18669
Q14764
P62879
P51153
QONZZ3
P60174

AP-1 complex subunit beta-1

Syntenin-1

Guanine nucleotide-binding protein G(i) subunit alpha-2
ATP-dependent RNA helicase DDX54

Adenylyl cyclase-associated protein 1

Zinc transporter 1

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1

Vigilin

Charged multivesicular body protein 4b

ADP/ATP translocase 3

Serinefarginine-rich splicing factor 2

DNA topoisomerase 2-alpha

2,3cyclic-nucleotide 3-phosphodiesterase

Erythrocyte band 7 integral membrane protein

Dnal homolog subfamily C member 11
Synaptosomal-associated protein 23

Transmembrane protein 1068

Translocon-associated protein subunit alpha

Actin, cytoplasmic 2

Alkyldihydroxyacetonephosphate synthase, peroxisomal
Disintegrin and metalloproteinase domain-containing protein 9
Phosphate carrier protein, mitochondrial

Myristoylated alanine-rich C-kinase substrate

Integrin alpha-5

Ras-related C3 botulinum toxin substrate 1

Actin, alpha cardiac muscle 1

Mitochondrial import inner membrane translocase subunit
2,4dienoyl-CoA reductase, mitochondrial

Protein $100-A11

Phosphoglycerate mutase 1

Major vault protein

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2

Ras-related protein Rab-13
Charged multivesicular body protein 5

Triosephosphate isomerase

AP1B1
SDCBP
GNAI2
DDX54
CAP1
SLC30A1
GNB1
HDLBP
CHMP4B
SLC25A6
SRSF2
TOP2A
CNP
STOM
DNAICIL
SNAP23
TMEM106B
SSR1
ACTG1
AGPS
ADAMS
SLC25A3
MARCKS
ITGAS
RAC1
ACTC1
TIMM S50
DECR1
5100A11
PGAM1
MVP
GNB2
RAB13
CHMPS
TPI1

062
0.60
0.60
0.59
0.56
0.56
0.55
0.55
0.53
0.53
0.53
048
0.46
0.46
045
0.44
043
043
042
0.41
0.39
0.39
0.38
0.37
0.35
033
033
031
0.30
0.30
0.29
0.28
0.28
0.27
0.27



P37802
P31946
P35221
P04075
PO4080O
PO6733
Pa9748
P14209
P21589
P26006
PO7737
Q99816
P48509
POOS58
P18859
P22392
P63104
Qswuma
P05026
PEO723
P61981
P62258
PODMVI
014786
Pa3121
P23634
Qor2B2
000299
Q969P0
Q92743
P09936
P24821
043854
P02751
P12111

Transgelin-2

14-3-3 protein beta/alpha
Catenin alpha-1
Fructose-bisphosphate aldolase A
Cystatin-B

Alpha-enolase

Very long-chain specific acyl-CoA dehydrogenase, mitochondrial

CD99 antigen

S-nucleotidase

Integrin alpha-3

Profilin-1

Tumor susceptibility gene 101 protein

CD151 antigen

Phosphoglycerate kinase 1

ATP synthase-coupling factor 6, mitochondrial
Nucleoside diphosphate kinase B

14-3-3 protein zeta/delta

Programmed cell death 6-interacting protein
Sodium/potassium-transporting ATPase subunit beta-1
Brain acid soluble protein 1

14-3-3 protein gamma

14-3-3 protein epsilon

Heat shock 70 kDa protein 1B

Neuropilin-1

Cell surface glycoprotein MUC18

Plasma membrane calcium-transporting ATPase 4
Prostaglandin F2 receptor negative regulator
Chloride intracellular channel protein 1
Immunoglobulin superfamily member 8

Serine protease HTRA1

Ubiquitin carboxyl-terminal hydrolase isozyme L1

Tenascin

EGF-like repeat and discoidin I-like domain-containing protein 3

Fibronectin

Collagen alpha-3(VI) chain

TAGLN2
YWHAB
CTNNA1
ALDOA
CcsTB
ENO1
ACADVL
CD99
NTSE
ITGA3
PFN1
T5G101
CD151
PGK1
ATPSPF
NME2
YWHAZ
PDCDEIP
ATP1B1
BASP1
YWHAG
YWHAE
HSPA1B
NRP1
MCAM
ATP2BA
PTGFRN
cuci
IGSF8
HTRA1
UCHL1
TNC
EDIL3
FN1
COLeA3

0.27
0.26
0.26
0.24
0.24
0.23
0.22
0.22
0.22
0.22
0.21
0.20
0.19
0.19
0.19
0.16
0.13
0.13
0.13
012
011
0.11
011
011
0.09
0.09
0.06
0.06
0.06
0.05
0.05
0.04
0.03
0.02
0.02



List of abbreviation

NAME

Arachidonic acid
Atherosclerosis
Atherosclerotic Placques
Blood-Brain Barrier
cerebrospinal fluid

Cerium oxide nanoparticles
Chondrosarcomas

Coronary atherosclerotic heart disease

Culture media

Density gradient UC
Differential Ultracentrifugation
Dioleoyl-phosphatidylcholine
Docosahexaenoic acid
Doxorubicin

Encapsulation Efficiency
Endosomal Sorting Complex
Exosomes

Exos-Mimetic Nanovesicles
Extracellular vesicles

Forward Scattering
Gd-diethylenetriamine penta-acetic acid
Grade IV glioblastoma

Hard Corona

High Pressure Homogenizer
Hyaluronic acid

Hours

Human Serum Albumin
Human umbilical cord MSCs
Inductively Coupled Plasma
Intraluminal vesicles
Irinotecan
Lysophosphatidylcholine
Magnetic nanoparticles
Magnetic Resonance Imaging
Mesenchymal stem cells
Mesenchymal stem cells nanoghosts
Methotrexate

Multivesicular bodies

ABBREVIATION

AA

AS

APs

BBB

CSF
CeO2NPs
CHS
CAD

CM

DG

ducC
DOPC
DHA
DXR

EE
ESCRT
Exos
EMNVs
EVs

FSC
Gd-DTPA
GBM

HA

HPH

HA

hrs

HSA
hucMSC
ICP-MS
ILVs

IRI

LPC
MNP
MRI
MSC
MSC-NGs
MTX
MVB



Nanoparticles

NPs Tracking Analysis

Paclitaxel

Paraformaldehyde

Plasma membrane

Polydispersity index

Polyethylene glycol

Polystyrene

Pressured-Cell EVs

Scanning Electron Microscopy
Shedding MicroVesicles

Side Scattering

Size exclusion chromatography
Soft Corona

Sphingomyelina

Transmission Electron Microscopy
Ultrafiltration

Zeta Potential
1-palmitoyl-2-oleoyl-phosphatidylcholine
1,2-dimyristoyl-sn-glycero-3-phosphocholine
4',6- diamidino-2-phenylindole

NPs
NTA
PTX
PFA
PM
PDI
PEG
PS
PEVs
SEM
SMVs
SSC
SEC
SC
SM
TEM
UF
7P
POPC
DMPC
DAPI
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Communications to Congress / Conference of the student in the three years of activity

School of Nanomedicine 3rd Course

Ettore Majorana Foundation and centre for scientific Culture Erice, 5-11 April 2018
“Nanofluidics, Nanoimaging and Nanomanipulation”

Poster Presentation

EIT Health Summer School 2019
Trinity College Dublin, 16-25 June 2019
“Biology of Brain Disorders: New Frontiers in Innovation”

Poster and Oral Presentation

International Conference ISEV 2021
International Society of Extracellular Vesicles

Poster Presentation

List of publications of the doctoral candidate

Tammaro, O., A. C. di Polidoro, E. Romano, P. A. Netti and E. Torino. "A microfluidic platform to
design multimodal peg-crosslinked hyaluronic acid nanoparticles (peg-chanps) for diagnostic
applications." Scientific reports 10 (2020): 1-11.

Romano, E., P. A. Netti and E. Torino. "Exosomes in gliomas: Biogenesis, isolation, and preliminary
applications in nanomedicine." Pharmaceuticals 13 (2020): 319.

Costagliola di Polidoro, A., A. Grassia, F. De Sarno, P. Bevilacqua, V. Mollo, E. Romano, M. D. Di
Taranto, G. Fortunato, U. M. Bracale and L. Tramontano. "Targeting nanostrategies for imaging of
atherosclerosis." Contrast media & molecular imaging 2021 (2021):

A process based on Dynamic High-Pressure in microfluidics for the high throughput Encapsulation
of active compounds in Exosomes for therapy and diagnosis— Patent Pending
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