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Abbreviations.

EVs: Extracellular vesicles

sEVs: small Extracellular Vesicles

MVs: Microvesicles

IEVs: large Extracellular Vesicles

MVBs: Multivesicular Bodies

ISEV: International Society for Extracellular Vesicles
MISEV: Minimal Information for Studies of Extracellular Vesicles
CCM: Cell Conditioned Media

SEC: Size-Exclusion Chromatography

TFF: Tangential Flow Filtration

FFF: Field-Flow Fractionation

UC: Ultracentrifugation

DG: Density Gradient

DNA: Deoxyribonucleic Acid

RNA: Ribonucleic Acid

CTCs: Circulating Tumor Cells

GMPs: Good Manufacturing Practices

UP: Upstream Processing

DP: Downstream Processing

CAFs: Cancer Associated Fibroblasts

EMT: Epithelial-to-Mesenchymal Transition

HIFs: Hypoxia-Inducible Factors
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HRE: Hypoxia Response Element

PHDs: Prolyl Hydroxylases

VHL: Von Hippel Lindau protein

FIH: Factor Inhibiting HIF

WHO: World Health Organization

CSD: Cumulative Sun Damage

CA-IX: Carbonic Anhydrase IX

FBS: Fetal Bovine Serum

RT: Room Temperature

SPR: Surface plasmon resonance

ddPCR: droplet digital PCR

Ct: threshold cycle

hbm MSCs: human bone marrow Mesenchymal Stem Cells
TEM: Transmission Electron Microscopy

CFSE: Carboxyfluorescein Succinimidyl Ester

GO: Gene Ontology

CC: Cellular Component

WTA: Whole Transcriptome Assay

NGS: Next-generation Sequencing

HUVECs: Human Umbilical Vein Endothelial Cells

VEGF: Vascular Endothelial Growth Factor



1. Introduction.

1.1 Extracellular Vesicles.

Extracellular Vesicles (EVs) is a generic term referred to a heterogeneous group of cell-derived
membrane-limited vesicles, with different sizes and origins, not capable of replicating and
without a functional nucleus [1]. All cell types are able to secrete EVs into the extracellular
space and this process is a conserved mechanism throughout evolution, present both in
unicellular and multicellular organisms [2—4]. EV release was initially supposed to be a
mechanism to discard unneeded compounds from the cells. Further research in the past
decades demonstrated that EVs are a complex mechanism of cell-to-cell communication. In
particular, they can transfer functional cargos influencing several processes, in both
physiological and pathological conditions [5]. This is the reason why the field of EVs continues

to grow esponentially.

1.2 Discovery of the EVs.

The first study describing EVs can be considered the article published by Chargaff in 1945 on
blood coagulation. He described a particulate fraction isolated from blood with high clotting
potential [6]. After 17 years, Wolf published electron microscope pictures of a particulate
sedimented from platelets, that he called «platelet dust» [7].

In the 70s, several studies reported cell-derived vesicles found in other organisms (algae,
yeasts, bacteria) [8,9].

Nunez et al. described for the first time in 1974 the presence of multivesicular bodies (MVBs)
near the apical plasma membrane of the cell, hypothesizing the fusion with the cell membrane
and the release of vesicles into the luminal space [10].

In the 80s, Johnstone and Stahl, studying the reticulocyte maturation, discovered the exosome
secretion pathway and called these vesicles «exosomes». Johnstone postulated that EVs are
a mechanism of waste disposal and this opinion stood in the mind of researchers for the
following decade [11,12].

During the 90s, several papers were published about the implication of EVs in other biological

processes. Raposo showed that EVs from immune cells are capable of presenting antigens
1



[13]. The idea that EVs could be used as biomarkers, and that they could have therapeutic
applications, started to arise.

Since 2000, the increasing number of published papers, patent applications and grant funding
proved the exponential growth of the field. Researchers started to publish the first reviews
and to investigate in more depth the proteome and lipidome composition of EVs [14,15].
Moreover, the first studies demonstrated the EV functionality throught the transfer of specific
cargo to recipient cells [16,17].

The first international researchers meetings started to be organized, in order to share ideas
and results. The International Society for Extracellular Vesicles (ISEV) was formed in 2011 and

numerous National Societies had been established.
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Figure 1. Timeline representing some key milestones in the history of EVs [18].

1.3 Classification of EVs.

Traditionally, lack of standardised nomenclature and classification has been one of the major
gaps in the field of EV research. In early reports, researchers used different terms reflecting
EV functions (such as «prostasomes» for vesicles released from prostate epithelium) [19].
Despite the efforts of ISEV, the adoption of standardised terms to classify EVs has been
disomogenous among researchers, as ISEV’'s recommendations have not been fully embraced

by the research community [18].



According to the MISEV (Minimal Information for Studies of Extracellular Vesicles) guidelines,
EVs should be classified into two main categories, based on their size and biogenesis. Based
on size, two EV types can be identified: small EVs, formerly called exosomes, with a diameter
ranging between 30 nm to 120 nm and large EVs with diameter >120 nm. Large EVs comprise
microvesicles (MVs), called also microparticles or ectosomes (120-1000 nm), oncosomes and

apoptotic bodies (1-10 um) [2,20,21].
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Figure 2. Size ranges of different types of EVs [22].

In 2018, nanoparticles smaller than 50 nm in diameter, the exomeres, were discovered in small
EVs preparations. Molecular analyses showed that exomeres are not membrane-bound and
carry distinct molecular signatures [23]. A specific ultracentrifugation protocol was developed
to separate exomeres from small EVs [24]. More recently, another smaller class of

nanoparticles was identified from the supernatant of the exomeres, the supermeres [25].

EVs can be distinguished according to their biogenesis and release pathway. Exosomes are

produced after the inward budding of the endosomal membrane and the formation of



multivesicular bodies (MVBs). MVBs fuse with the cell plasma membrane and release their
content, the exosomes, in the extracellular environment [26].

MVs, instead, are generated following the rearrangement of the cell cytoskeleton and budding
of plasma membrane. When plasma membrane-budding occurs in the context of apoptosis,
these large EVs are referred to as apoptotic bodies. Apoptotic EVs have a distinct cargo
including whole (or fragmenting) organelles and larger amounts of fragmented genetic

material.

Figure 3. Biogenesis of exosomes and microvesicles [18].

1.4 The need for standardization of EV-based studies.

EVs can be isolated from biofluids or from cell culture supernatants. The sample collecting
phase and the biobanking activities have an impact on the final EV preparation and they can
be sources of artifacts [27—32]. For example, in case of blood sampling, platelets become easily
activated during sample collection and handling, and, as a consequence, they release
confounding EVs that interfere with the isolation of EVs of interest [33].

Instead, before isolating EVs from cell conditioned media (CCM), it is recommended to use
either serum-free medium, or EV-free serum as growth supplement in cell culture medium

[34].



Reporting a complete list of pre-analytical parameters is important to improve data
interpretation and reproducibility. The EV-TRACK knowledgebase has been developed by an
international consortium of researchers to record experimental parameters of EV-related
studies, in order to facilitate standardization of EV research [35]. Other two examples of
databases for EV-related studies are ExoCarta and Vesiclepedia [36,37].

The current available technologies do not allow to efficiently separate a specific subtype of EV
or to avoid contamination with non-vesicular moieties [38]. The final EV preparation often
contains different EV subtypes which overlap in size, composition and density.

Moreover, methods for the preparation of EV samples are affected by intra- and inter-
laboratory variability. For example, in the case of centrifugation-based experiments, it is
essential to report all the variables of the centrifugation procedure: speed, time, rotor type (if
fixed angle or swinging bucket), pelleting efficiency (rotor k-factor), sample viscosity and
gradient characteristics used. All these parameters will affect the final EV preparation [39].
Thus, it is difficult to assign a specific function to a particular EV subtype. EV isolation method
should be chosen based on the desired degree of recovery versus the degree of specificity,
and the intended application of the EVs [39,40]. If the purpose is the detection of established
EV biomarkers, a high-throughput isolation method with high yields but low purity might be
suitable. On the other hand, in case of novel biomarker studies, a method resulting in high EV
purity but low yields is recommended [41].

In conclusion, since the choice of separation method influences the identification of EV cargo
and downstream applications, it is important to report experimental details to support data
reproducibility [42].

Table 1 and Figure 4 report the commonly used EV purification methods, exploiting different
physical/chemical principles: centrifugation-based methods, size-based isolation, affinity-
based isolation, precipitation, and, recently developed, microfluidic techniques [43—-46]. Novel

approaches combine different isolation methods to improve EV purity [47,48].



Isolation method Principle Advantages Disadvantages

Differential Size, density Most studied and Time-consuming;
centrifugations, most commonly possible EV damage or EV
followed by used; easy to do; high EV | aggregation; low EV purity;

ultracentrifugation

yield

low-throughput

lodixanol or sucrose
density gradient
ultracentrifugation

Size, density

High EV purity; less EV
damage compared to
normal
ultracentrifugation

Time-consuming and
laborious; different
subtypes of EVs can be co-
purified; low-throughput

Size-Exclusion Size Fast; no special Dilution of final EV sample,
Chromatography (SEC) | (hydrodynamic | equipment needed,; thus need to proceed
volume) gentle method resulting with other methods; IEVs
in structurally intactand | and sEVs are often co-
functional EVs; high EV purified
purity
Ultrafiltration Size Fast; no special Low EV integrity; change in
equipment required; EV morphology; low EV
easy to do purity; EVs may adhere to
the filter (possible loss of
EV subpopulations)
Tangential Flow Size High EV yield and Expensive (need of
Filtration (TFF) preserved EV integrity specialized equipment); in
compared to bioprocess it requires the
ultrafiltration; scalability | control of multi-
parameters
Field-Flow Diffusion Separates complex Expensive (need of
Fractionation (FFF) coefficient molecules better than specialized equipment); in
SEC; more gentle bioprocess it requires the
compared to SEC control of multi-
parameters
Polymer Precipitation Solubility Low sample input Poor EV purity; polymer is
volume; easy to use; no difficult to be removed
special equipment
required; fast; high EV
yield
Immunocapture Specific Easy to perform; high EV | Low EV yield; expensive;
interactions purity not feasible with internal
between EV antigens; not scalable
proteins on
the EV
membrane
and the
corresponding
receptors
Microfluidic Size or affinity | Fast; high-throughput; Skilled technique in
technology with surface low sample input volume; | microfluidic experiments is

markers

high EV integrity

required; lack of
standardization

Table 1. Overview of EV isolation methods and their main advantages and disadvantages.




o~ A
o) =
= 3

2.
& z
= g
b =
: g
8 ) &
S o
© o
) T
= >
¢ <
@
=
o

Ultrafitret®
Size

Figure 4. EV isolation methods exploit different physical/chemical principles [49].



2. Clinical and industrial applications of EVs.

2.1 Diagnostic value of EVs in liquid biopsy.

Tissue biopsies are invasive and non-feasible for longitudinal monitoring of patients;
moreover, they do not capture the heterogeneity of the tissue. On the contrary, liquid biopsies
are non-invasive and enable a real time snapshot of the tissue homeostasis or alterations by
detection of relevant biomarkers. There are several biological specimens that can be assessed
by liquid biopsy: circulating cell-free DNA (cfDNA) and RNA (cfRNA), released by dying cells,
and circulating tumor cells (CTCs). In oncology, the most important cfDNA is circulating tumor
DNA (ctDNA), which comes from cancerous cells. CTCs are intact, viable cells with malignant
features, that are released from a primary tumor [50].

In recent years, also EVs have emerged as diagnostic tools in liquid biopsy. EVs are produced
by most cell types and are present in body fluids (e.g., blood, saliva, urine, cerebrospinal fluid,
and milk) [51]. EVs carry and protect from the extracellular environment many molecules,
originating from the host cells, including proteins, lipids, carbohydrates, cytokines, DNA and
many species of RNA, such as messenger RNAs (mRNAs), microRNAs (miRNAs), transfer RNAs
(tRNAs), ribosomal RNAs (rRNAs), and other non-coding (nc) RNAs (long non-coding RNAs
(IncRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNAs), piwi-interacting RNAs (piRNAs), circular RNAs (circRNAs), and Y-RNAs) [52-54]. The
EV content is not only determined by the cellular source, but also by the cellular status and
some environmental conditions like hypoxia, acidic pH, and oxidative stress [55].

Thus, they present several advantages compared to CTCs and cfDNA: like CTCs, they allow the
detection and quantification of different kinds of cancer-related molecules, and, as opposed
to CTCs, EVs are highly abundant in all human body fluids. In addition, EV cargo is more
protected and more stable than cfDNA and soluble proteins in body fluids [41].

Since EVs are released at an early stage of pathogenesis, they are suitable for early detection
and monitoring of cancer or other diseases [54,56].

The major challenge in using EV-based liquid biopsy is the tremendous complexity of biofluid
samples, heterogeneity of extracellular vesicles and the low abundance of specific disease

markers [49].



Figure 5. The liquid biopsy approach: a simple blood sampling allows the EV isolation from plasma, for

biomarker discovery studies [56].

2.2 Therapeutic potential of EVs.

EVs by themselves (like EVs from mesenchymal stem cells) or as vehicles for the delivery of
drug payload(s) have been investigated as therapeutic agents for many diseases, including
neurodegenerative conditions and cancer [57].

EVs can be engineered to deliver diverse therapeutic molecules, including short interfering
RNAs, antisense oligonucleotides, chemotherapeutic agents and immune modulators, with an
ability to bind specifically the target cells [58,59].

EVs present several advantages compared to artificial vesicles, like liposomes. In fact, EVs are
well tolerated, do not induce toxicity when repeatedly injected, are efficient at entering other
cells and, having a superior systemic retention, can deliver a functional cargo at distant sites
[60,61]. Moreover, EV intrinsic or engineered cargo is protected from degradation by blood-
derived ribonucleases [62].

The natural function of EVs in the intercellular communication between cells can be exploited
in the field of immunotherapy, where exosomes have been shown to have a therapeutic
potential [63,64]. EVs containing antigens of specific tumors can induce an immune response
against cancer cells containing their antigen spectrum, leading to the apoptosis of tumor cells.
EV-based vaccines to target tumor or inflamed cells are the subject of several ongoing

preclinical studies [65—-67].



2.2.1 Industrial manufacturing of EVs.

Increasing evidence suggests that EVs produced in 3D bioreactors have superior therapeutic
effects compared to 2D-derived EVs [68-70].

In spite of substantial progress in the field, the industrial production of EVs for therapeutic
applications has some limitations, that need to be addressed in order to assure the
development of safe, efficacious, and cost-effective cell-free therapies.

The first challenge is to meet the demand of EVs for pre-clinical and clinical studies. MSC-EV-
based therapies require significant amounts of EVs per treatment [43]. For example, recent
studies report that a single patient needs approximately 100 pg/kg of exosomes per treatment
or 0.5 —1.4 x 10*! total EVs per treatment [71-73]. Moreover, unlike immortal cell lines, the
expansion of MSCs is limited in culture and, according to most studies, only cells within
passage six can be used [43]. Thus, a robust and scalable biomanufacturing process to produce
sufficient MSC-EVs remains a major challenge [68,71].

Compared with conventional 2D culture, the 3D culture systems increase total EV production
[74,75]. 3D-sEVs were reported to be more concentrated in the harvested supernatants (15.5-
fold) than 2D-sEVs, which led to a higher sEVs collection efficiency of 3D culture system
[76,77]. Conventional 2D culture would require several operating hours to harvest an
equivalent quantity of EVs.

A strategy commonly used for large-scale production is microcarrier-based 3D culture, where
cell density reaches 40000 cells/cm?, double the density obtained in 2D cultures [68]. These
bioreactors use an agitation system to maintain microcarriers in suspension and allowing
medium homogenization.

There are other important aspects that need to be taken into consideration for the industrial
production of EVs. Large-scale manufacturing process should be GMP-compatible and have
integrated analytics to monitor and control culture parameters [43,78]. Also the choice of an
appropriate serum-free cell culture medium is challenging [79].

The manufacturing process consists of sequential operations: tissue collection, cell isolation,
cell culture and expansion in a 3D system (USP: Upstream Processing), CCM harvest and EV
purification (DSP: Downstream Processing), and, finally, product formulation and storage.
Limitations described above concern not only USP, but also DSP. In fact, EV isolation method

is required to be easily scalable and it should preserve EV function [70,79]. Moreover,

10



standardized release criteria for EV preparation have to be established, and stability testing

over defined time periods will need to be developed [43].
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3. Purpose of the thesis.

This PhD research program has been developed and completed within a collaboration
between the Department of Molecular and Developmental Medicine of the University of Siena
and two companies: Exosomics SpA for the first year, then Lonza Cell & Gene Therapies for
the remaining years.

The first part of this thesis is focused on the relationship between EVs and hypoxia, as
pathological stress, and the use of EVs as diagnostic tool for cancer biomarker discovery. In
particular, we studied the expression of a promising marker of tumor hypoxia, Carbonic
anhydrase IX (CA-1X), in small EVs released by melanoma cells.

At the end of 2021 a part of the company Exosomics was acquired by Lonza Cell and Gene
Therapies. The research activity started to be focused to another industrial application of EVs.
Thus, the second part of the thesis is related to the production and characterization of EVs

from mesenchymal stem cells for cell-free therapy.

12



4. Partl.

4.1 Introduction.

4.1.1 Hypoxia.

Tissue hypoxia is a condition of altered oxygen homeostasis, in which oxygen demand exceeds
supply ensues. It can be a physiological condition, as it happens in intestinal mucosa, renal
medulla, bone marrow and lymph nodes, or a pathological state [80,81]. Hypoxia as
pathological stress arises when blood supply to a tissue is compromised, as in myocardial
infarction, or when a reduction of oxygen levels and nutrients occurs in the cellular
microenvironment, as in inflammation and solid cancers. In particular, hypoxia in cancer
characterizes the tumor microenvironment and it is a consequence of both high oxygen
demand from rapidly proliferating cells and low oxygen supply due to poorly vascularized
regions [82,83].

Recent publications suggest a relationship between hypoxia and the release of EVs. In
particular, hypoxia can affect the production, size, and molecular content of EVs during cancer.
Some studies have demonstrated that hypoxia can enhance the release of EVs in multiple
types of cancer [84—87]. Other studies have shown dissimilar observations using different cell
models [88,89].

With this mechanism of paracrine communication, cancer cells alter the phenotype of stromal
cells and other tumor cells [88,90]. Moreover, hypoxic EVs are reported to have a role in
angiogenesis, stemness, activation of cancer associated fibroblasts (CAFs), epithelial-to-
mesenchymal transition (EMT) and metastasis, thus mediating the development of cancer
[91].

In 2021, we published a review to summarize the functions of EVs released under hypoxia in

different cancer models and the EV-associated biomolecules involved in these processes.
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(d)

Figure 6. In cancer, hypoxia-derived EVs carry biomolecules involved in proliferation (a), angiogenesis

(b), EMT (c) and metastatic behaviour (d) [56].
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Biomolecules carried by

Cancer disease Source of EVs Functions of released EVs R References
hypoxic EVs
Invasiveness, motility and  [Proteins: MMP-9, MMP-
stemness of naive PCA cells; | 2, TGF-B2, TNFla, IL6,
metalloproteinase activity; TSG101, Akt, ILK1, B-
LNCaP and PC3 human PCA remode_llng gf epithelial catenin; triglycerides
Prostate cancer (PCA) adherens junction pathways; [88,92]
cells . .
induction of CAF-type
phenotype in prostate
fibroblasts; PCA growth and
invasiveness
. . . A431h . . . td ibed
Epidermoid carcinoma u.man Squamous Angiogenesis; metastasis not describe [93]
carcinoma cells
mRNAs: ADM, LOX,
IGFPB, BCL, BNIP3,
lesma o tumor-beating. NDRG, PLOD2, PAI
P mice: plasma of GBM g Pro-angiogenic effects proteins: IL8, IGFBP1, [94]
Glioblastoma ’ patients IGFBP3; MMPS, PTX3,
multiforme (GBM) P PDGF-AB/AA, CD26,
PAI1, CAV1
Tissue Factor (TF)
US7-MG human GBM cells| | Umor development; [95]
angiogenesis
Endothelial cell tubulogenesis; miR-210
MCF-7, MDA-MB-231, mechanisms of repressing [86]
MDA-MB-435 human DNA repair —
. . not describe
Breast cancer breast cancer cells F'ocal 'fldhesmn formatlc'm, (90]
invasion and metastasis
4T1 mouse breast cancer ) , miR-210
Angiogenesis [95]
cells
. miR-210
Leukemia K562 h”r:jl'; leukemia | vECs tube formation [89]
RPMI8226, KMS-11, U266 [Tube formation; angiogenesis;] miR-210, miR135b
Multiple myeloma human multiple myeloma | regulation of FIH molecular [96]
cells pathway
miR-23a
Local and distant
CL1-5 human lung cancer angiogenesis; increased (97]
cells vascular permeability; cancer
transendothelial migration
Lung cancer
NCI-H1688 human small TGF-B and IL-10
cell lung cancer and NCI- | Migration of endothelial and (98]
H2228 human non-small cancer cells; metastasis
cell lung cancer
A549 human lung Anglogene5|s,. metasjta5|s., miR-135b, miR-210
. cancer cell survival, migration [99]
adenocarcinoma cells .
and tube formation
OVCAR-8, A2780, TR127, . STATS3, FAS proteins
. Tumor progression,
. TR182 human ovarian A
Ovarian cancer . metastasis and [100]
cancer cells; patient- .
. . chemoresistance
derived ascites
Oral squamous cell SCC-9, CAL-27 human EMT, migration and invasion miR-21; miR-205, miR-
. q 0OSCC cells; serum of OSCC - Mig . 148b (to be [101]
carcinoma (OSCC) . of target normoxic cells . .
patients investigated)
NP69 and AdAH human HIFla
Nasopharyngeal NPC cells, transfected with| EMT; cancer progression and [102]

carcinoma (NPC)

latent membrane protein 1

invasive potential

(LMP1)
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Colorectal cancer HT29 and HCT116 human Endotr.\elial. cells proliferation Wnt4 protein
(CRQ) CRC cells and mlgratlon.; tumor.growth [103]
and angiogenesis
B16-FO mouse melanoma chemokines and growth
cells, A375 human Monocyte/macrophage factors (CSF-1, CCL2,
melanoma cells, A431 recruitment in vitro and in  |[EMAP2, TGFB, FTH, FTL);
Melanoma squamous skin carcinoma vivo and host miR-let-7a, miR-21a [104]
cells, A549 lung immunosuppression; tumor
adenocarcinoma cell proliferation
cells
Hepatocellular Huh7 and MHCC-97H | Pr.oliferation, m_igration, . miR—1273f, miR-93-5p,
. invasiveness, EMT in normoxic miR-221-3p [105]
carcinoma (HCC) human HCC cells
HCC cells
M2 polarization of miR-301a-3p
. PANC-1, BxPC-3 cell lines; macrophages, metastatic
Pancreatic cancer (PC) serum of PC patients behavior of PC cells in vitro [106]
and in vivo

Table 2. Effects of hypoxia on EVs in different cancer diseases [56].

4.1.2 Hypoxia-Inducible Factors.

Hypoxia-Inducible Factors (HIFs) are a family of transcription factors and are the major
components of intracellular hypoxia signalling pathways. They are considered the “master
regulators” of oxygen homeostasis: they regulate the expression of thousands of genes
involved in crucial aspects of cancer biology, such as cell survival, metabolism, angiogenesis,
and invasion. Among HIF-1 transcriptional targets there are also pH-regulating enzymes, such
as carbonic anhydrases (CAs), which help maintaining pH homeostasis in cells and are
responsible of tumor acidosis [107-113].

HIFs are inactive when oxygen is available, but become active in hypoxic conditions. HIFs
consist of heterodimers of an a-subunit (the oxygen-sensitive subunit; al, a2 or a3) and a
constitutively expressed B-subunit (B1 or ARNT), largely insensitive to changes in oxygen
tension.

Both the subunits contain helix loop helix and PER-ARNT-SIM (PAS) domains in their NH;-
terminal regions that allow the binding to specific DNA sequences called hypoxia response
elements (HREs), in the promoter of target genes [102].

Under normoxic conditions (21% 0O3), the a subunit is hydroxylated by prolyl hydroxylases
(PHDs) at specific proline and asparagine residues, and consequently recognized by Von Hippel
Lindau protein (VHL) and ubiquitinated by E3 ubiquitin ligase complex for proteasome
degradation in the cytoplasm [114]. In hypoxic conditions PHDs are inactive, thus a subunit is

stabilized and synthesized de novo at a high rate [115]. Consequently, it can form the
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heterodimer with the B subunit, then translocate to the nucleus and start the transcription of
target genes [116].

PHDs are not the unique regulators of HIFa; also the oxygen sensor factor inhibiting HIFa (FIH)
can reduce the transcriptional activity of HIFa, by hydroxylation of asparagyl residues. The

hydroxylated HIFa cannot bind to its co-activator CBP/p300 [91].

4.1.3 Carbonic Anhydrase IX.

Carbonic anhydrase IX (CA-IX) is a promising marker of tumor hypoxia and its expression is
regulated by HIF-1, which binds to a HRE consensus sequence localized in the promoter region
of the CA9 gene [83].

Under normoxic conditions, prolyl hydroxylases (PHDs) hydroxylate the proline sites of HIF-1a
protein. This enables the binding of the von Hippel Lindau protein (VHL) to HIF-1a, which leads
to the proteasomal degradation of HIF-1a. Under hypoxic conditions, hydroxylation doesn’t

occur, leading to accumulation of HIF-1.
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Figure 7. Schematic representation of the HIF-1 pathway. Under normoxic condition, HIF-1a is
hydroxylated and rapidly degraded (A). Under hypoxic condition, the HIF-1 complex is stabilized and
initiates the transcription of target genes, including CA-IX (B) [117].

CA-IX belongs to the family of carbonic anhydrases (CA) and it is a transmembrane zinc-
containing metalloenzyme, that catalyzes the reversible hydration of carbon dioxide to
bicarbonate and protons (H20 + CO; <> H* + HCO3). It is involved in the respiratory gas
exchange and acid—base balance, playing a crucial role in maintaining the cell pH homeostasis.
It has been demonstrated that CA-IX forms a close interaction with ion-transport systems, the

metabolons, contributing to ion-transport and electrolyte-secretion [118,119].
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Figure 8. Structure of CA-IX protein [120].

CA-IX is anchored to the extracellular surface by a transmembrane domain (TM), placing its
catalytic domain on the extracellular side of the plasma membrane [120].

In normal tissues, the expression of CA-IX is present only in stomach, duodenum, small
intestine and gallbladder [119]. Instead, CA-IX overexpression is associated with a variety of
solid cancers and it has been found to be highly expressed in invasive melanomas [121,122].
In cancer, CA-IX maintains a favorable intracellular pH for tumor cells, thus increasing their
survival and growth, and is correlated with aggressive phenotypes, the maintenance of

stemness properties, therapy resistance, and poor prognosis [123-125].

4.1.4 Melanoma.

Cutaneous melanoma is one of the most aggressive types of skin cancer, with poor prognosis.
It arises from transformed melanocytes, and despite constituting 1% of skin tumors, it is
responsible for over 80% of skin cancer deaths [126].

The World Health Organization (WHO) classifies melanocytic lesions into nine categories
according to the associated cumulative sun damage (CSD), which correlates with DNA
alterations. Genetic susceptibility is also a relevant risk. The most common genomic
alterations are related to pathways controlling cell proliferation and survival (BRAF, NRAS, and
KIT, respectively) [127].

The primary treatment is the chirurgical resection of the primitive lesion in order to obtain a
good prognosis. For metastatic diseases, new targeted therapies such as BRAF inhibitors have

been studied in clinical trials, but since melanoma has great abilities to migrate and invade
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other tissues, often patients develop a secondary resistance within a relatively short amount
of time [128].

The melanoma tumor microenvironment can be characterized by areas of hypoxia, and this
component is associated with an increased ability of invasion and metastatic potential in
primary melanoma [129,130]. In addition, melanoma metastasis are not vascularized in the
early state and adapt to the initial hypoxic condition, which can lead to an even more
aggressive phenotype [131,132]. Hypoxia activates hypoxia-inducible factor-1 (HIF-1), which
promotes the transcription of several genes involved in biological mechanisms related to

melanoma progression such as angiogenesis, cell proliferation, and metastasis [133,134].

4.1.5 Scope of the work.

In literature, few studies report the relationship between CA-IX and small EVs in different
cancer types [135-137]. We investigated, for the first time, the expression of CA-IX protein
associated with sEVs in two melanoma in vitro models. Our purpose is to demonstrate the

potential application of CA-IX-expressing sEVs as biomarkers for cancer diagnosis.
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Figure 9. Small EVs released from melanoma cells, under hypoxia, express the hypoxia-induced
biomarker CA-IX. CAlX-expressing sEVs can be found in plasma of melanoma patients and exploited

for liquid biopsy approach.
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4.2 Materials and Methods.

4.2.1 Melanoma cell culture.

Two different human melanoma cell lines, SK-MEL-28 and A375, were provided by Dr.
Francesca Chiarini (University of Bologna, Bologna, Italy) and Prof. Luisa Bracci (University of
Siena, Bologna, Italy), respectively. The A375 cell line is characterized by a more aggressive
phenotype compared to the SK-MEL-28 cell line. Cells were grown in RPMI 1640 or DMEM
10% fetal bovine serum (FBS) with antibiotics and L-glutamine added (Euroclone, Devon, UK).
SK-MEL-28 and A375 cells were maintained in a humidified atmosphere at 37 °C, 5% CO3, 20%
03 (normoxic condition), and 37 °C, 5% CO3, 2% O (hypoxic condition).

After 24 hours of culture, the supernatant of each cell line (200 ml), for each condition, was

collected for the isolation of small EVs.

4.2.2 Size Exclusion Chromatography.

Size Exclusion Chromatography (SEC) is an efficient method to purify EVs without affecting the
original shape and functionality of the vesicles. For each condition, 200 mL of cell conditioned
medium (CCM) was pre-cleared by differential centrifugation at 300x g for 10 minutes, 1200x
g for 20 minutes, and 10,000x g for 30 minutes at 4 °C. Pre-cleared CCM was concentrated by
ultrafiltration with an Amicon® Stirred Cell with Ultracel 100 kDa Ultrafiltration Discs (Merck
Millipore, Burlington, MA, USA) to a final volume of 10 mL. Concentrated samples were
purified by SEC (gEV10 35 nm, Izon Science, Christchurch, New Zealand). Columns were pre-
equilibrated with 1X 0.22 um filtered PBS, 10 mL of concentrated CCM was loaded in column,
then 1X 0.22 um filtered PBS was used as the mobile phase. The eluate was immediately
collected in 60 fractions of 1 mL each. All of the fractions were characterized by micro BCA
assay (Thermo Fisher Scientific, Cleveland, OH, USA) and by CD9 sandwich ELISA assay
(Exosomics, Siena, Italy). CD9 positive fractions with a low protein concentration were pooled
and concentrated to 0.5 mL by 100 kDa ultrafiltration (Amicon® Ultra-15 Centrifugal Filter

Unit, Merck Millipore, Burlington, MA, USA). Purified EVs were aliquoted and stored at -80 °C.
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4.2.3 EV size and concentration analysis.

To measure the EV size and particle concentration, samples were analyzed using a Flow
NanoAnalyzer (nanoFCM Inc., Nottingham, UK), which enables single particle analysis in
sheathed flow. The instrument was aligned and calibrated with size and concentration
standard beads (nanoFCM Inc., Nottingham, UK), which allowed for the characterization of
small EVs between 40 nm and 200 nm. The samples and blank (1X PBS) were read at a constant
pressure of 1 kPa for 2 minutes and at a maximum event rate of 12000 events/minute.
Between samples, the instrument was cleaned with 1X cleaning solution (nanoFCM Inc.,

Nottingham, UK) and the capillary rinsed with HPLC-grade water.

4.2.4 RNA Extraction.

Total RNA was extracted from EV samples in order to determine the expression of CA-IX
mRNA. RNA was extracted from 6 x 10° total particles for each condition. A total of 700 L of
TRIzol™ (Thermo Fisher Scientific, Cleveland, OH, USA) was added to each sample. Samples
were vortexed for 30 s and incubated for 5 minutes at RT. Then, 140 pL of pure chloroform
was added, the tubes were shaken for 30 seconds and incubated for 10 minutes at RT, then 1
minute in ice. Phases were separated by centrifugation for 10 minutes at 12000x g at 4 °C and
the agueous phase was transferred to a clean tube. Pure ethanol was added to each sample
(2:1) and tubes were inverted 4-5 times. The mixture was transferred into a RNA spin column
(Epoch Life Science, Missouri City, TX, USA) and centrifuged for 30 seconds at 14000x g at RT,
discarding the flow-through. Columns were washed 3 times with 400 pL of Wash Buffer (165
mM NaCl, 33 mM Tris HCl, 3.3 mM EDTA in MilliQ water, pH 7.4-7.5), centrifuging and
discarding the flow-through as described above. RNA was eluted with 15 plL of nuclease-free

water.

4.2.5 Droplet Digital PCR.

Droplet Digital PCR (ddPCR) is a technique that allows an absolute quantification of a DNA or
RNA target, with no need for a standard curve, because the number of targets in a given
volume is counted directly. It is characterized by high sensitivity, since it enables the detection

of few copies of the target of interest.
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Gene expression ddPCR reactions were performed in a duplex configuration using
commercially available assays to amplify the beta actin (housekeeping gene) and CA-IX targets
(Assay IDs: dHsaCPE5190200; dHsaCPE5055974; Bio-Rad, Hercules, CA, USA), containing HEX
and FAM-conjugated reporter probes, respectively. For each sample, a 20 pL one-step ddPCR
reaction was prepared (One-Step RT-ddPCR Advanced Kit for Probes, Bio-Rad, Hercules, CA,
USA), diluting each assay 1:20 and adding 5 uL of RNA sample. Droplets were generated with
a QX200™Droplet Generator (Bio-Rad, Hercules, CA, USA) and transferred to 96-well PCR
plates. Amplification conditions were set as follows. Reverse transcription: 42 °C for 60
minutes; enzyme activation: 95 °C for 10 minutes; amplification: 39 cycles of denaturation at
95 °C for 30 seconds and extension at 55 °C for 1 minute, with a ramp rate of 3 °C/s; enzyme
inactivation: 98 °C for 10 minutes. Droplets were read in a QX200 Droplet Reader (Bio-Rad,
Hercules, CA, USA) and the gene expression data analyzed with QuantaSoft™ Version 1.7 (Bio-

Rad, Hercules, CA, USA).

4.2.6 Western Blot.

Western blot is a technique used to separate and identify proteins.

Both cell lines were seeded at a density of 3 x 10° cells/well and maintained in normoxia or
hypoxia. Cells were lysed with Laemmli buffer with protease inhibitors (Sigma Aldrich, Saint
Louis, MO, USA), and after sonication, the total protein amount was determined with micro
BCA Protein Assay Reagent Kit (Thermo Fisher Scientific, Cleveland, OH, USA). A total of 30 ug
of proteins for each condition was loaded on 10% acrylamide gel. The EV samples were
prepared mixing 2 x 10° total particles with Laemmli sample buffer 4X (Bio-Rad, Hercules, CA,
USA) containing beta-mercaptoethanol and incubated at 95 °C for 10 minutes. Samples were
loaded on precast 4—20% Mini-PROTEAN® TGX Gel, 12-well, 20 pL per well (Bio-Rad, Hercules,
CA, USA), then the proteins were transferred onto a 0.2 um nitrocellulose membrane using
the Trans-Blot Turbo Transfer System with the Trans-Blot Turbo Transfer Pack (Bio-Rad,
Hercules, CA, USA). Western blotting were performed using EveryBlot Blocking Buffer (Bio-
Rad, Hercules, CA, USA) for the blocking step and to dilute the primary antibodies and the
secondary antibodies. Primary antibodies against HIF-1 (BD Biosciences, San Jose, CA, USA,
1:200 Cat. no. 610958), CA-IX (Cell Signaling, Danvers, MA, USA, 1:500 Cat. no. 5649S), beta
actin (Sigma-Aldrich, Saint Louis, MO, USA, 1:50,000 Cat. no. A3854), and Alix (Santa Cruz,

Dallas, TX, USA, 1:500, Cat. no. sc-271975) were used. Chemiluminescence was produced
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using the SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,

Cleveland, OH, USA).

4.2.7 Biacore Surface Plasmon Resonance (SPR) assay.

Surface plasmon resonance (SPR) is a technology able to measure the molecular interactions
between a protein, immobilized on a sensor surface, and a sample containing a potential
interacting partner.

The antibody of interest against CA-IX (Exosomics SpA) was immobilized via amine group on a
CM4 sensor chip. The antibody was diluted in 10 mM Na acetate pH 5.0 at the concentration
of 20 pg/ml and injected for 3 minutes over the dextran matrix, which had been previously
activated with a mixture of EDC-NHS for 6 minutes. After antibody injection, a pulse of
ethanolamine 1 M was performed to neutralize the activated group.

The recombinant protein CA-IX was diluted at 5 pg/ml, 2.5 pg/ml, 1 pg/ml and 0.1 pg/ml in
HBS-EP+ (Cytiva). CA-IX-positive sEVs were diluted at 50 pg/ml, 25 pg/ml and 10 pg/ml in HBS-
EP+. Samples were injected for 120 seconds at a flow rate of 30 pl/min and dissociation was
followed for 400 seconds, regeneration was achieved with a 30 seconds injection of glycine 10

mM pH 2.0. HBS-EP+ was used as running buffer.

4.2.8 ELISA assay.

A sandwich ELISA measures antigens between two layers of antibodies (a capture and a
detection antibody). The target antigen, in this case the EVs, must contain at least two
antigenic sites capable of binding to antibodies.

EV samples were analyzed with two types of sandwich ELISA. In the first assay, used to confirm
EV identity, the capture and detection antibodies target both the tetraspanin CD9, a canonical
small EV marker.

The second assay was used to demonstrate that the CA-IX protein is associated to EV
membranes (Exosomics SpA). The capture antibody is against CA-IX and the detection
antibody is against a canonical EV marker (target not disclosed). EVs were treated with RIPA
buffer, containing the protease inhibitors cocktail (ThermoFisher Scientific, Cleveland, OH,
USA), in order to lyse the lipidic membrane [138]. The same number of particles for each
condition was loaded onto the plate (1 x 10° total particles). OD were read at 450 nm using a

microplate reader (CLARIOStar Plus, BMG Labtech, Ortenberg, Germany).
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4.2.9 Blood samples and Patient consent.

Plasma samples from patients with unresectable metastatic melanoma stage IlIC-IV were
collected for this study from January 2011 to December 2014 and followed-up until December
2016. The study was approved by the Ethical Committee of the Azienda Ospedaliera
Universitaria Le Molinette, Torino, Italy, and plasma samples were collected from patients
after informed consent (Comitato Etico Interaziendale Titolare A/2.10 del 03-07-2014 Prot. N.
0068188). To obtain plasma for the study, 10 mL of blood was collected in K2-EDTA
Vacutainer® tubes (Becton Dickinson, Franklin Lakes, NJ, USA, Cat. no. 366643) using a
butterfly system with a needle gauge of 21 (Becton Dickinson, Franklin Lakes, NJ, USA, Cat. no.
367281). Blood tubes were then mixed 8 times and processed within 4 hours from the
sampling by centrifugation at 1500x g for 15 minutes at RT. Plasma was aliquoted (1 ml) in
labeled cryotubes and stored at - 80 °C prior to use. Before EV isolation, all plasma samples
were centrifuged at 1200x g for 20 minutes at 10 °C to eliminate red blood cells and cellular

debris.

4.2.10 Immunocapture of EVs from plasma samples.

Immunocapture method allows the pull down of a sub-population of tumor-derived EVs from
human biofluids [45]. An anti-CA-IX antibody and an isotype control antibody (Exosomics SpA,
Siena, Italy) were used for the selective immunocapture of CA-IX-positive sEVs, and for the
capture of a generic population of EVs, respectively, from the plasma of melanoma patients.
Latex beads (Magsphere, Pasadena, CA, USA) were coated using 1 ug of antibody per sample.
Then, 10 L of antibody-coated beads were added to the pre-cleared diluted plasma sample
(1:1 with 1X PBS). Samples were mixed by pipetting and incubated for 2 hours at RT under
rotation. After incubation, samples were centrifuged at 5000x g for 10 minutes at RT. The
supernatants were carefully discarded without disturbing the bead pellets. The pellets were
washed two times with 1X PBS and spun down by centrifugation at 5000x g for 10 minutes.

The final pellets were resuspended in 200 pL of 1X PBS.

4.2.11 Isolation of EVs from plasma samples with SeleCTEV kit.

In order to compare the immunocapture method with another method, able to extract both

generic tumor-derived EVs and ctDNA, plasma samples were processed with SeleCTEV kit
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(HansaBioMed, Tallinn, Estonia). Starting from the same volume of plasma, samples were
diluted 1:1 with 1X Isolation buffer, mixed by pipetting with the Isolation agent and incubated
for 2 hours at RT under rotation. After incubation, samples were centrifuged at 16000x g for
15 minutes at RT. The supernatants were carefully discarded without disturbing the pellets.
The pellets were washed two times with 1X Isolation buffer and spun down by centrifugation

at 7000x g for 7 minutes. The final pellets were resuspended in 200 uL of 1X Isolation buffer.

4.2.12 DNA Extraction.

Bead-bound sEVs from immunocapture and final pellets obtained with SeleCTEV kit were
treated with the reagents included in the SeleCTEV Tumor DNA Enrichment Kit (HansaBioMed,
Tallinn, Estonia), following the manufacturer's instructions. Pellets were lysed with lysis buffer
and digested with proteinase K to release the DNA from protein complexes. The samples were
then supplemented with pure ethanol, loaded onto silica membrane spin columns, and
centrifuged at 10,000x g for 1 minute. Following centrifugation, the flow-through was
discarded. Two washing steps were performed to remove the contaminating solvents and
plasma-derived inhibitors. Purified sEV-DNA was eluted in a final volume of 15 pL of elution

buffer.

4.2.13 Real time PCR.

PCR amplification of EV-DNA is challenging due to the low abundance and high fragmentation
of the template. Therefore, a pre-amplification step was included in the protocol upstream of
the quantitative real-time PCR (qPCR) to improve the detection of the BRAF gene.
The following pre-amplification primers and probes were used:
(a) BRAF WT FW: 50-TAGGTGATTTTGGTCTAGCTACAG+T-30;
(b) BRAF WT RW: 50-TTAATCAGTGGAAAAATAGCCTCA-30;
(c) BRAF V60OE FW: 50-TAGGTGATTTTGGTCTAGCTACAG+A-30;
(d) BRAF V600E RW: 50-TTAATCAGTGGAAAAATAGCCTCA-30.
The following gPCR primers and probe were used:
(@) WT: FW: 50-TAGGTGATTTTGGTCTAGCTACAG+T-30;
(b) WT RW: 50-TTAATCAGTGGAAAAATAGCCTCA-30;
(c) V6OOE FW: 50-TAGGTGATTTTGGTCTAGCTACAG+A-30;
(d) V60OOE RW: 50-TTAATCAGTGGAAAAATAGCCTCA-30.
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(e) Probe: 50-FAM-CCGAAGGGGATC+CAGACAA+CTGTTCAAACTGCCTTCGG-3BHQ1-3

All reagents were thawed at RT for at least one hour and briefly mixed without vortexing to
avoid inactivation of the enzyme. Each pre-amplification reaction included 7 uL of eluted DNA,
1X Bioron High Fidelity Buffer, 3 mM MgCly; 200 uM dNTPs, 1.25 units of SNPase polymerase
(Bioron GmbH, Rémerberg, Germany), and 0.4 uL of primers (10 uM) in a total volume of 20
uL. Each reaction was performed in a PCR-compatible microvial loaded onto a thermal PCR
cycler running the following PCR program: 98 °C for 30 seconds, 98 °C for 10 seconds, and 72
°C for 5 minutes, 4 °C on hold. The pre-amplified DNA was diluted in 80 uL of nuclease-free
water and immediately used for gPCR analysis. For the amplification of target genes from EV-
DNA, each gPCR reaction included 7 uL of pre-amplified DNA, 1X SsoAdvanced Universal
Probes Master mix (Biorad, Hercules, CA, USA), 0.625 pL of primers (10 uM), and 0.3125 puL of
fluorescent probe (10 uM) in a total volume of 25 pL.

After careful mixing, each reaction was loaded in duplicate on a 96-well PCR plate and the
following qPCR program was launched: 95 °C for 3 minutes, 40 cycles at 95 °C for 5 seconds,

and 60 °C for 30 seconds, followed by a final hold step at 4 °C.

4.2.14 Statistical analysis.

Two independent biological experiments have been done with A375 and SK-MEL-28 cells,
respectively. For each analytical method, analysis of at least two technical replicates are
reported as the mean # standard deviation (SD). Error bars show SD of the mean.

Prism Version 10.00 for Windows (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis of obtained results. A two-tailed Student’s t-test was applied to evaluate
the statistical difference between two conditions. Statistical comparisons that output p-values

< 0.05 were considered significant.
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4.3 Results.

All the results described below have been published and presented in a poster session during
the 73rd SIF (Italian Society of Physiology) national congress, held in Pisa from 6th to 8th
September 2023 [139].

4.3.1 Evaluation of the expression of HIF-1la and Carbonic Anhydrase IX in
melanoma cells.

The A375 and SK-MEL-28 human melanoma cell lines were cultivated under a normoxic
condition (20% O, ~ p0O; of 140 mmHg) and, for 24 hours, under a hypoxic condition (2% O, =
pO; of 14 mmHg). Cell lysates were analyzed by Western blotting in order to investigate the
expression of HIF-1, CA-IX, and a housekeeping protein (beta actin). The results are shown in
Figure 10. Both cell lines expressed significantly higher protein levels of HIF-1a under the
hypoxic condition, confirming the hypoxic state of cell cultures. As expected, CA-IX protein
expression was also induced under hypoxia in the A375 and SK-MEL-28 cells, since its
expression is driven by HIF-1a. Moreover, the levels of CA-IX expression were higher in the
A375 model compared to SK-MEL-28, and this was an expected result due to the more
aggressive phenotype of the A375 cells. Expression levels of the control protein (beta actin)

were similar in all of the samples.
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Figure 10. HIF-1a and CA-IX protein expression in A375 and SK-MEL-28 cell lines, after 24 hours
exposure to normoxia or hypoxia. Bar charts are representative of two independent experiments and

beta actin was used as loading control.

4.3.2 Characterization of small EVs released by melanoma cells.

Equal amounts of CCM from each condition were harvested to purify sEVs by SEC
chromatography. 60 fractions of 1 ml each were eluted and analyzed by micro BCA assay, to
assess total protein content, and ELISA assay (to assess exosome positive fractions). An
example of SEC elution profile of CCM sample from A375 cells is shown in Figure 11.

Fractions positive for CD9 (plot in blue), but with a low protein concentration (plot in green),

were pooled and concentrated to 0.5 mL by 100 kDa ultrafiltration.
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Figure 11. An example of SEC elution profile of A375 CCM, collected after hypoxic treatment. The
graph shows the overlay of protein concentration (in green) and positivity for tetraspanin CD9 (in

blue) of 60 fractions.

Purified sEVs were analyzed at NanoAnalyzer to assess the particle’s concentration and size
distribution profile. The concentration and total number of particles released by the A375 cells
in normoxia were found to be slightly higher than after hypoxic treatment (Figure 12A). The
same trend was observed for the SK-MEL-28 cells (Figure 12A).

All samples had comparable size distribution profiles within the expected size range of sEVs

(Figure 12B), with median size values between 64 and 79 nm (Figure 12C).

(A)
Particle Concentration
y Hl A375
3x1011-
* E3 SKMEL-28
£ 2x1011+ T
(2]
: I
©
€
S 1x1011
0_ 1 1

Normoxia Hypoxia

30



Normoxia Hypoxia
SE+9- i)
~ 35E+0-
— =)
T dE+0- E 3c.9-
£ =
£ 2.5E+9-
£ 3E+9- o
A375 2 £ 2E+9-
n
£ oo % 1.5€+9-
§ Y 1Es0-
k; 1E+9- S ses-
0- 1 1 | 1 | | 1 0=} ! J ! ] ' . .
80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Size (nm) Size (nm)
BE+3- SE+0-
- TE+G- =
=) ad
:E’ S ;:E, 4E+9-
5 SE+0- 5 3e+9-
SK-MEL-28 " e3> K
E 3E+9- € 2E+9-
§ JE+0- §
5 S 1E+9-
o TE+9- v}
0- 1 1 1 1 1 T 1 0- % I 1 I I 1 I | 1
80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200
Size (nm) Size (nm)
(®)
Median Size (Diameter)
80
Hl A375
= SKMEL-28
60
£ i
e 40
20+
0- T

I
Normoxia Hypoxia

Figure 12. Particle concentration of purified sEVs from A375 and SK-MEL-28 CCM (A). Size distribution
profiles by nanoFCM and Median sizes of purified sEVs (B-C). Bar graphs represent the average of two

independent experiments.
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Next, we investigated whether sEVs carry hypoxia-induced markers after hypoxic treatment.
Carbonic anhydrase IX (CA-IX) was selected as a hypoxia-induced marker due to its
overexpression in melanoma [140].

To determine the expression of CA-IX mRNA on sEVs, the total RNA was extracted from equal
amounts of EVs produced from each condition. Digital droplet PCR was used to quantify the
CA-IX and beta actin mRNA copies. Small EVs from the A375 cells were found to carry
detectable levels of the CA-IX target even in normoxic condition. Under the hypoxic condition,
the expression levels of CA-IX mRNA increased significantly up to 35-fold (Figure 13A, p value
< 0.005). Conversely, CA-IX mRNA was not detected in sEVs from the SK-MEL-28 cells in both

the normoxic and hypoxic conditions (Figure 13B).

(A)
A375

6000 -
Hl CA-IX

5000 = B-actin

4000 l

3000

2000 -
150

mRNA copies/jl

100
50—

(0 i

T T
Normoxia Hypoxia

SK-MEL-28

6000 -

5000

4000- = B-actin
3000 i

2000 -

150 T

mm CA-IX

100

mRNA copies/ul

[2)]
o
1

0 T T
Normoxia Hypoxia

Figure 13. CA-IX and beta actin mRNA copies measured by ddPCR in A375-derived sEVs (A) and SK-
MEL-28-derived sEVs (B), under normoxic and hypoxic conditions. Bar graphs are representative of

two independent experiments. Beta actin was used as housekeeping gene control.
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To evaluate the expression of CA-IX protein, equal numbers of sEVs were lysed and analyzed
by Western blotting. Consistent with the mRNA expression data, immunoblotting analysis
showed CA-IX protein expressed on sEVs from hypoxic A375 melanoma cells. The canonical
EV marker (Alix) was found on sEVs under both normoxic and hypoxic conditions (Figure 14).

CA-IX protein was not found on sEVs from hypoxic SK-MEL-28 cells, while Alix was expressed

in both conditions (Figure 15).

A375 A375
KDa sEVs SEVs
normoxic hypoxic

100
= CA-IX
37 " (35-58 KDa)

Figure 14. Example of blots showing CA-IX and Alix protein expression in A375-derived sEVs, released

under normoxia and hypoxia.

33



SK-MEL-28 SK-MEL-28 KDa
sEVs SEVs
normoxic  hypoxic

-l

-l

w100
Alix (95KDa) « | —a-—T
No detection of CA-IX 50
(35-58 KDa) .

Figure 15. Example of blots showing CA-IX and Alix protein expression in SK-MEL-28-derived sEVs,

released under normoxia and hypoxia.

Since a soluble form of CA-IX protein can be present in the CCM or in the sera of patients, we
wanted to demonstrate that CA-IX protein is the isoform associated to the membrane of sEVs
[141-144].

First, we tested the ability of an anti-CA-IX antibody, kindly provided by Exosomics SpA, to bind
the membrane-associated CA-IX, via SPR Biacore assay. To do so, sEVs were purified with the
same method (SEC) from CCM of a CA-IX-overexpressing HEK293 cell line (HEK293-pRTS-CA9;
Exosomics SpA) and used as the target for a binding kinetic experiment with the selected
antibody.

Figure 16 shows the concentration-dependent binding of the antibody to CA-IX-positive sEVs

(A) and the concentration-dependent binding of the antibody to the recombinant CA-IX
protein (B).
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Figure 16. Binding kinetic of an antibody against human CA-IX with CA-IX-positive sEVs from an

overexpressing HEK293 cell line (A) and with the recombinant CA-IX protein (B).

The selected antibody was then used to design a specific ELISA assay aimed to reveal CA-IX
protein on the EV surface.

First, an ELISA assay was performed to target the tetraspanin CD9 on sEVs from CCM from
both conditions, to ascertain the presence of vesicles expressing canonical sEV marker.
Consistent with previous results, the amount of CD9-positive particles did not significantly
differ between the samples from different cell lines and conditions (Figure 17A).

To specifically detect sEV-associated CA-IX protein, samples were tested by a specific ELISA
assay provided by Exosomics SpA. Consistent with our previous data, only hypoxic sEVs from
A375 cells resulted in a positive signal, suggesting direct binding to EV-associated CA-IX. After

detergent treatment with RIPA buffer, the positive signal from A375 hypoxic sEVs was
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abrogated due to the disruption of EV membranes (Figure 17B). These results indicate that

CA-IX protein is expressed on the surface of A375 sEVs released under hypoxia.
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Figure 17. CD9 ELISA assay to confirm EV identity (A). ELISA assay to detect CA-IX protein expression

on the EV membrane (B). Bar charts represent the average of two independent experiments.
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4.3.3 Application of CA-IX-positive sEVs in liquid biopsy.

To investigate the release of CA-IX-expressing sEVs by melanoma cells in vivo, plasma samples
from a pool of 5 late stage BRAFV600E-positive melanoma patients were processed using an
anti-CA-IX-immunocapture method and a commercially available kit for ctDNA and EV-
associated DNA precipitation. DNA was then extracted from the isolated sEVs and used to
detect the melanoma specific mutation BRAFV600E by qPCR.

Immunocapture with the anti-CAlX-antibody improved the detection of the melanoma-
specific BRAFV600E gene mutation, compared to the generic precipitation method, indicating
the enrichment of tumor-derived sEVs carrying the mutation (Figure 18). Mutant BRAFV600
allelic frequency (%) was calculated for the two isolation methods. A statistically significant
difference was found between the two methods (p value = 0.04). Consistent with these data,
the more generic protocol isolated higher levels of DNA containing the BRAF WT gene,

suggesting the co-isolation of more sEVs of non-tumor origin.
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Figure 18. Detection of BRAF WT gene and BRAFV600E mutated gene by qPCR, after generic EV
precipitation or CA-IX-based EV immunocapture from 5 plasma samples of late stage melanoma
patients. Data are expressed as threshold cycle (Ct) values and plotted on an inverted Y scale (A).

Mutant BRAFV600 allelic frequency obtained with the two isolation methods (B).

4.4 Conclusions.

In the first part of the research activity, we investigated how hypoxia influenced the release
of sEVs in melanoma and focused on the characterization of sEVs from two representative
melanoma cell lines. These cell lines were selected based on the study of Rossi et al. [145].
A375 cells are associated with a highly aggressive phenotype with high migratory capability
and invasiveness, while SK-MEL-28 cells have an intermediate phenotype [146]. Both cell lines
expressed bona fide markers of hypoxia, HIF1la and CA-IX, when grown under low oxygen
conditions. Conditioned media from these cell cultures contained sEVs, but their
concentration, median size and size distribution did not change significantly during hypoxia.
These results are not consistent with other published studies indicating hypoxia as one of the
factors that may increase the production and/or release of sEVs and corroborate the idea that

these mechanisms are highly cell-specific [86,96].

It is known that hypoxia-induced EVs carry biomolecules involved in cancer progression, which

can be exploited as potential biomarkers or as targets for therapy [147,148]. CA-IX is a protein
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overexpressed in melanoma and it is associated with the aggressive behavior of different types
of tumors; however, only few studies have indicated the association of this protein to sEVs
[149-151]. Interestingly, we found that hypoxia significantly increased CA-IX mRNA and
protein expression only in sEVs from the most aggressive melanoma cell line, A375, while the
expression of this biomarker was not detectable on the SK-MEL-28-derived sEVs under the
same conditions. These differences can be explained by the known CA-IX protein expression
in higher aggressive tumor phenotypes. The ELISA assay with detergent treatment
demonstrated that hypoxia-induced CA-IX protein is associated with the surface of A375 sEVs,
and may suggest a role for this isoform in the pathogenesis of melanoma. Consistent with this
hypothesis, selective immunocapture of CA-IX-positive sEVs from the plasma of melanoma
patients improved the detection of melanoma-specific BRAFV600E mutation, compared to
EVs isolated with a more generic method.

However, these preliminary results will need to be confirmed by further experiments in order

to increase the statistical significance.
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5. Partll.

5.1 Introduction.

It is widely accepted that the therapeutic effects of Mesenchymal Stem/Stromal Cells (MSCs)
are mediated significantly by small extracellular vesicles (sEVs) with diameters between 50 nm
and 200 nm. In particular, human bone marrow MSC-derived EVs (hbm-MSC-sEVs) have been
reported in literature to have protective and reparative effects in vivo in different cell models
[152]. Thus, there is a growing interest in MSC-EVs because they represent a promising tool

for cell-free therapy for a variety of diseases.
5.1.1 EVs from Mesenchymal Stem Cells.

Among stem cells, MSCs have gained significant attention in the field of regenerative medicine
as they appear to be safe based on clinical data collected over the last decade [153-157].
MSCs are multipotent, non-hematopoietic adult stem cells, fibroblast-like stem cells, typically
found in a variety of human tissues, including bone marrow, adipose tissue, liver, intestine,
lung, connective muscle tissue, spleen, skin, placenta, umbilical cords, and other tissues [158].
MSCs are characterized by abilities of self renewal, differentiation, immunomodulatory and
trophic support [159]. MSCs exhibit the “trilineage potential” of osteogenic, chondrogenic and
adipogenic differentiation capabilities in vitro [160].

The effects of MSCs are mediated by paracrine factors: MSCs secrete soluble factors like
growth factors, cytokines, chemokines and also extracellular vesicles [161,162]. In particular,
sEVs have been reported to be therapeutically efficacious in various preclinical models by
virtue of their intrinsic cargo [163—-165].

Development of cell-free therapies is important because only less than 1% of transplanted
MSCs reach the injured sites and the rest is trapped in the liver, spleen and lung after
administration [166]. Moreover, cell therapy administration is not free from safety risks:

cellular rejection, toxicity and tumorigenic potential [167,168].

40



MSC-EVs represent a valid alternative compared to cells because they are easier to manage
and can be sterilized by filtration.

MSC-EVs have been applied as new cell-free therapeutic strategies in a variety of disease
models including neurological, cardiovascular, immune, renal, musculoskeletal, liver,
respiratory, eye and skin diseases, as well as cancers [153,169,170]. The following figure
summarizes the main therapeutic effects of MSC-EVs observed in kidney, liver, cardiovascular,

and neurological diseases.
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Figure 19. Therapeutic effects of MSC-EVs in kidney, liver, cardiovascular and neurological diseases

[162].

One of the most important effects of MSC-EVs is their pro-angiogenic capacity [171,172]. In
fact, vascularization is required for tissue repair, since it provides sufficient supply of oxygen,
nutrients and growth factors.

Moreover, MSC-EVs can be engineered to transport and deliver therapeutic cargo to target

diseased cells and tissues [160,168].
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5.1.2 Hypoxia and MSC-EVs.

In the body, most MSCs exist in a hypoxic environment: 1-9% O3 in bone marrow, 5-9% O, in
adipose tissue, 1-6% O; in umbilical cord blood [173,174]. On the contrary, MSCs for in vitro
experiments are usually cultured in 21% O,.

It has been reported that a in vitro hypoxic environment improves the proliferation and
migration of MSCs during the expansion process, as well as promotes the differentiation
ability, compared to MSCs cultured under normoxia [175]. Similarly, hypoxia can also influence
the secretion of cytokines, growth factors and EVs [176]. In particular, MSC-EVs generated
under hypoxia seem to have improved angiogenic effects and enhanced cytoprotective and

anti-inflammatory properties [177,178].

5.1.3 Scope of the work.

In this study, we purified EVs from human bone marrow MSC-derived CCM (from both a 2D
culture and a 3D culture), with two EV purification methods: Density Gradient (DG)
Ultracentrifugation (UC), considered the gold isolation method in terms of purity, and Size
Exclusion liquid Chromatography (SEC). It is known that the choice of EV isolation technique
has an impact on the grade of purity of EVs and, consequently, on their biological effects
[163,179]. DG-UC should result in a EV final sample with high purity, but the workflow is
laborious and time-consuming. On the contrary, SEC is a fast and easy method, it allows to
reach a medium-high EV purity, but the final sample is diluted and it requires further
processing.

The two types of EVs were fully characterized with several analytical methods, like single-
particle analysis, Transmission Electron Microscope (TEM), proteomic and transcriptomic
platforms. Then, we evaluated the in vitro functionalities of MSC-EVs with cell-based

bioactivity assays.

42



5.2 Materials and Methods.

5.2.1 MSC culture.

Both 2D- and 3D-based cultures of MSCs were performed.

For 2D culture, human bone marrow mesenchymal stem cells (Lonza) were thawed and plated
in T-175 cm? flasks, in Lonza MSC medium without serum for 3 days, by replacing media after
24 hours plating. After 3 days, cells are passaged into T-275 cm? flasks and monitored daily.
Once the culture is ~ 80% confluence, cells are harvested and passaged into CF10 flasks. The
cell culture is carried on for 5 days to allow cells to become 100% confluent and another 2
days for EV production.

At the end, the conditioned medium is harvested and frozen at -80C.

For 3D culture, a 3 L microcarrier-based bioreactor was used. MSCs were thawed and
expanded in T225 flasks. After 3 days of culture, MSCs were harvested, counted and
inoculated into the bioreactor. After 8 days, microcarriers were digested and the CCM was

harvested, aliquoted and frozen at -80°C.

5.2.2 Density Gradient Ultracentrifugation.

200 ml of MSC-CCM was pre-cleared by differential centrifugation at 300x g for 10 minutes,
to remove any cells in suspension, 1200x g for 20 minutes and 10,000x g for 30 minutes at 4
°C, to remove any cell debris and large EVs in suspension. Then, MSC-CCM was concentrated
up to 10 ml by ultrafiltration with an Amicon® Stirred Cell with Ultracel 100 kDa Ultrafiltration
Discs (Merck Millipore, Burlington, MA, USA).

Small EVs were purified using OptiPrep™ (Merck) cushion density flotation. The iodixanol
gradient was prepared by floating 3 ml of 10% w/v iodixanol solution containing NaCl (150
mM) and Tris HCI (25 mM, pH 7.4) over 3 ml of 55% w/v iodixanol solution. Concentrated CCM
(5 ml) was floated on top of the iodixanol cushion and ultracentrifuged using a Fiberlite F65L
rotor for 3.5 hours at 100,000x g. Eleven fractions (1 ml each) were collected from the top of

the gradient and kept at -80 °C.
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5.2.3 Size Exclusion Chromatography.

200 mL of MSC-CCM was processed as described in paragraph 4.2.2, using a colum qEV10 70
nm (lzon Science, Christchurch, New Zealand). All the fractions were characterized by the
micro BCA assay (Thermo Fisher Scientific, Cleveland, OH, USA) and by a sandwich ELISA assay
targeting a mix of three tetraspanins CD9, CD63 and CD81 (Exbio, Czech Republic). Positive
fractions for tetraspanins, but with low protein concentration, were pooled and concentrated
to 0.5 mL by 100 kDa ultrafiltration (Amicon® Ultra-15 Centrifugal Filter Unit, Merck Millipore,
Burlington, MA, USA). Purified EVs were aliquoted and stored at -80 °C.

5.2.4 Transmission Electron Microscopy.

Transmission Electron Microscopy (TEM) was used to verify EV morphology and integrity. Each
EV sample (3 ul, corresponding to 0.12-0.16 ug) was loaded for 2 minutes onto a 300 mesh
formvar coated copper grid. After blotting the excess, the grid was negatively stained with 2%
aqueous ammonium molybdate for 30 seconds and analyzed using a Thermo Fisher Scientific
Tecnai G2 Spirit transmission electron microscope operating at 120 kV equipped with a EMSIS

Veleta 2048X2048 CCD camera.

5.2.5 NanoAnalyzer analysis.

EV samples were analyzed using a Flow NanoAnalyzer (nanoFCM Inc., Nottingham, UK) to
measure the EV size and particle concentration, as described in paragraph 4.2.3.

In addition, EV samples were stained with CellTrace CFSE Cell Proliferation kit (Thermo Fisher
Scientific) to evaluate EV integrity. The same amount of particles were incubated with CFSE
10 uM for 1.5 hours at 37°C under shaking. Then, the excess of dye was removed with a SEC
gEV original column (Izon).

To confirm EV identity, samples were stained with a mix of three tetraspanin antibodies (CD9,
CD63 and CD81) conjugated with a fluorophore. The same amount of particles were incubated
with antibodies for 1 hour at 37°C under shaking. Then, the excess of dye was removed with
centrifugal filters (Pall). Fluorescent samples were analyzed using Flow NanoAnalyzer in order

to assess the % of positive events.
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5.2.6 Western Blot.

Western Blot assay of purified EVs was run to check the expression of canonical EV markers
and negative EV marker. The same number of particles for each sample was prepared
following the same procedure described in paragraph 4.2.6.

Primary antibodies against CD81 (BD Biosciences, San Jose, CA, USA, 1:500, Cat. no. 555675),
Alix (Santa Cruz, Dallas, TX, USA, 1:500, Cat. no. sc-271975) and Calnexin (Santa Cruz, Dallas,
TX, USA, 1:200, Cat. no. 11397) were used.

5.2.7 Mass Spectrometry.

To measure total protein content, EV samples were quantified using microBCA assay (Thermo
Fisher Scientific). The same amount of proteins per sample were used for acetone-based
precipitation. Samples were precipitated with chilled acetone (Merck), mixed by vortexing and
incubated at -20 °C overnight.

The precipitated protein pellets were dried and solubilized with urea 8 M Tris-HCI 100 mM pH
8.5 (Merck). Protein quantification was repeated with microBCA assay.

To do the protein digestion step, a minimum of 10 pg of proteins were digested with Trypsin
Gold Mass Spectrometry Grade (Promega) at 37°C overnight.

The resultant peptides were resuspended in 0.1% trifluoroacetic acid water at a final
concentration of 1 ug/uL. A total of 3 pL (equal to 3 pg of starting material) were injected into
Nano LC-MS (Q Exactive HF X-UHPLC Nano).

Peptide separation was carried out at 35 °C using a PepMap RSLC C18 column, 75 um x 15 cm,
2 um, 100 A (Thermo Fisher) at a flow rate of 300 nl/minute. The mobile phases A and B used
for the analysis are 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively.
Protein identification was performed by Proteome Discoverer 2.5 (Thermo Scientific). The
peptide spectra were matched against Homo sapiens database downloaded from Uniprot
(Taxld: 9606). The analysis was based on at least one unique peptide with a minimum length
of seven amino acids and a false discovery rate (FDR) of 0.01. The default peak-picking settings
were used to process the raw MS files in MaxQuant (version 1.6.1.0) and its integrated search
engine Andromeda [180,181]. The protein relative quantification and calculation of statistical
significance was carried out using two-tailed Student’s t-test and error correction (p-value <

0.05) with the method of Benjamini-Hochberg. Moreover, a volcano plot, showing a summary
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distribution of differentially expressed proteins was designed with Perseus software (version
1.6.1.1) [182]. The obtained proteins were compared with the Exocarta database to check for
their presence in the top 100 proteins that are often identified in exosomes [36]. Moreover,
by means of Uniprot database, proteins belonging to the GOs extracellular exosome

[GO:0070062] and extracellular region [GO:0005576] were identified.

5.2.8 miRNA Whole Transcriptome Assay (WTA).

The miRNA Whole Transcriptome Assay (WTA) is a next-generation sequencing (NGS)-based
application that measures the expression of 2083 human microRNAs (miRNAs) directly from
EVs, without the RNA extraction step. The preparation of sequencing libraries was done with
a semi-automated system (HTG molecular EdgeSeq). EV samples were lysed at 95 °C with Lysis
Buffer (HTG molecular) and then loaded on sample plate (HTG molecular) for the quantitative
nuclease protection assay. Then, sequencing adapters were added to the probes via PCR. The
resulting PCR products were cleaned and quantified by qPCR. Then, the normalized pool of
libraries was run on MiSeq® sequencer (lllumina).

Data analysis was done using Reveal software (HTG), which performed differential expression
analysis with DESeq2 package (version 1.30.1) available from Bioconductor [183].

GO analysis was done with miRNA Enrichment Analysis and Annotation Tool (miEAA) [184].

5.2.9 Scratch Wound Healing assay.

Scratch wound healing assay was used to evaluate the impact of MSC-EVs on cell migration in
vitro. Human umbilical vein endothelial cells (HUVECs; Lonza) were seeded in a 24-well plate,
in EGM™ Medium (Lonza). After 24 hours, cells were starved in order to synchronize them and
inhibit cell proliferation. When cells are 85-90% confluent, a scratch is performed in the center
of the cell monolayer. The cell debris were washed with PBS. Then, cells were treated with
medium containing MSC-EVs (doses are expressed as ratio cell:EV). Each condition was
performed in three technical replicates. Pictures were taken under microscope at 0, 18 and 24
hours after creating the scratch. Scratch area at different timepoints were measured using
Imagel software. Results are expressed as % rate of gap closure at time 18 hours or 24 hours,
compared to time 0. The % rate will be calculated using this formula: (1 — Ax/A0)%, where AO

and Ax represent the empty scratch area at 0 hours and x hours (x = 18 hours or 24 hours).
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5.2.10 MTT Proliferation assay.

HUVECs (Lonza) were seeded into 96-well plates, in EGM medium (Lonza) and cultured
overnight. Cells were starved for at least 16 hours in order to synchronize them. Then, cells
were incubated with different amounts of EVs (expressed as ratio cell:EV) for 24 hours. Each
condition was performed in six replicates. Cell proliferation was analyzed using the Cell
Proliferation Kit | (MTT; Roche). 10 ul of MTT solution was added to the cells and incubated at
37 °C for 4 hours. Solubilization buffer was added to dissolve the purple crystals overnight at
37 °C. Then, the absorbance was read at 570 nm (reference wavelengh > 650 nm) using a
microplate reader (CLARIOStar Plus, BMG Labtech, Ortenberg, Germany). The background was

removed by subtracting the absorbance recorded from a well without cells.

5.2.11 Tube formation assay.

HUVEC cells pre-screened for angiogenesis (Lonza) are cultured using EGM™-2 Medium,
containing VEGF (Lonza). Cells are first seeded in 6-well plate at a density of 6 x 10° cells/well.
After 24 hours, they are starved for at least 16 hours to ensure that all cells are synchronized
at the same cell cycle stage. Then, cells are pre-treated with MSC SEC-derived EVs or DG-
derived EVs (1:1000 ratio cell : EV) for 24 hours.

The day after, cells are detached and plated at a density of 3 x 10* cells/well in triplicate for
each condition in 96-well plates coated with 75 pL of Matrigel Basement Membrane Matrix
(Corning).

Pictures were taken under microscope after 2, 4, 10 and 20 hours. Images were analyzed using
Imagel software with the Angiogenesis Analyzer plugin for quantification of tube networks

[185].

5.2.11 Statistical analysis.

Purification of MSC-derived EVs from 2D and 3D cell culture has been done in triplicate for
each isolation method.

Prism Version 10.00 for Windows (GraphPad Software, La Jolla, CA, USA) was used for
statistical analysis. Results of analytical methods are reported as the mean * standard

deviation (SD) of at least two technical replicates. Error bars show SD of the mean.
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A two-tailed Student’s t-test was applied to evaluate the statistical difference between two

conditions. Statistical comparisons that output p-values < 0.05 were considered significant.

5.3 Results.

Preliminary results have been presented in a poster session during the 3rd EVIta Symposium,

held in Urbino from September 13t to 15t 2023.

5.3.1 Purification of MSC-EVs.

In order to evaluate the impact of the EV purification method on final EV sample, concentrated
CCM was purified with two methods: DG-UC and SEC. Since SEC protocols required the loading
of 10 ml of concentrated CCM while DG-UC only 5 ml, two DG purifications were pooled into
one final EV sample. Ten fractions of 1 ml were recovered by DG-UC. Particle concentration
(Particles/ml) was measured in each fraction with NanoAnalyzer, while presence of the three

tetraspanins CD9-CD63-CD81 was assessed by ELISA assay. Figure 20 shows the overlay of the

two results.
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Figure 20. Overlay of Particle concentration (in orange) and positivity for three tetraspanins (in blue)

of 10 fractions obtained with DG-UC from MSC CCM.

Fractions 7 and 8, were selected as they had the highest particle concentration and

tetraspanins signal. Then, the two fractions were stained with CFSE to evaluate EV integrity,
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and with a mix of three fluorescent antibodies against CD9-CD63-CD81 to quantitatively assess
the expression of these EV biomarkers. 5(6)-CFDA-SE (CFSE) is a non-fluorescent molecule
carrying two acetate groups that facilitate the transit through the EV membrane. Once inside
the EVs, it is converted into fluorescent-CFSE by intracellular esterases removing the acetate
groups. CFSE positive particles are intact vesicles that contain cellular esterases.

Figure 21 shows a higher % staining with CFSE for fraction 7 compared to fraction 8 (64.7% for
fraction 7 and 32.2% for fraction 8). Moreover, fraction 8 was characterized by higher
threshold value of FITC channel (206 compared to 21 for fraction 7; 15-17 for unstained
samples). The higher threshold may be due to excess of unpurified dye, and related to the
presence of protein contaminants. Figure 22 shows a higher % staining with the mix of
tetraspanins antibodies for fraction 7 compared to fraction 8 (68.7% for fraction 7 compared

to 51.7% for fraction 8).
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Figure 21. NanoAnalyzer dot plots of fractions 7 and 8 stained with CFSE, representative of EV

integrity.
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Figure 22. NanoAnalyzer dot plots of fractions 7 and 8 stained with a mix of three fluorescent

antibodies against tetraspanins (CD9-CD63-CD81).

Based on abovementioned results, fraction 7 was identified as the fraction with the highest %
of intact EVs and with the lowest amount of impurities. Hence, fractions 7 from two
independent DG purifications were pooled, washed with PBS and further purified by
ultracentrifugation to eliminate iodixanol from final EV sample.

Figure 23 shows an example of SEC elution profile: fractions positive for the three tetraspanins
CD9-CD63-CD81 (blue line), but with a low protein concentration (green line), were pooled
and concentrated to a final volume of 0.5 mL using 100 kDa ultrafiltration device.

The described workflow was followed for both the two sources of CCM (2D and 3D), and the

purification runs were done in triplicate.
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Figure 23. Example of SEC elution profile of MSC CCM-derived from 2D culture. The graph shows the
overlay of protein concentration (in green) and positivity for three tetraspanins (in blue) of 60

fractions.

5.3.2 Characterization of MSC-EVs.

First of all, MSC-EVs were characterized with NanoAnalyzer to determine particle
concentration and particle size. The instrument is calibrated with size standard beads which
allow the characterization of a population of sEVs (40-200 nm).

Particle concentrations obtained from 3D culture were higher compared to 2D culture,
consistent with the existing literature, even if the difference observed was not statistically
significant [43,69,74,75]. SEC purified samples from 2D cultures had higher particle
concentration than DG-UC purified, though the difference was not statistically significant.
Mean EV sizes were similar between 2D and 3D cultures and purification methods (Figure
24B).

Purity index was calculated dividing the mean particle concentration by the mean total protein
concentration (micro BCA assay) [179]. As expected, DG method yielded the highest purity
index (Figure 25; a detailed comparison of purification methods is described in paragraph 1.4

and Table 1).
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Figure 24. Particle concentration (A) and particle mean size (B) measured at NanoAnalyzer, of EV

samples purified with SEC and DG-UC, from 2D and 3D cultures. Bar charts are representative of three

independent experiments.
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Figure 25. Purity indexes of EV samples obtained from 2D cultures (A) and 3D cultures (B).

Then, purified EVs were stained with CFSE to quantify the % of intact EVs. To reduce
background noise, the excess of dye was removed with SEC prior to analysis with

NanoAnalyzer. All samples showed % of CFSE staining above 60%: 2D-EVs purified with SEC:
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74.3%, purified with DG: 64.7%; 3D-EVs purified with SEC: 70.2%, purified with DG: 70.5%.

Examples of NanoAnalyzer dot plots are shown in Figure 26 (samples from 3D culture).
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Figure 26. Example of NanoAnalyzer dot plots of EV samples from 3D culture stained with CFSE.

EV integrity was also investigated with Transmission Electron Microscopy (TEM). TEM
confirmed the presence of lipid bilayer-surrounded vesicles in all EV samples.

Figure 27 shows MSC-EVs derived from 2D culture, purified with SEC cromatography (A) and
DG Ultracentrifugation (B). The pictures of samples obtained from the two purification
methods show similar size and integrity of EVs.

Figure 28 shows MSC-EVs derived from 3D culture, purified with SEC (A) and DG-UC (B). The
pictures of samples obtained from the two purification methods show similar size and integrity
of small EVs.

Compared to 3D samples, 2D samples show less particle concentration, as expected from data
obtained with NanoAnalyzer, and different sizes of EVs (a population of MVs of 200 nm size

and a population of sEVs).
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Figure 27. TEM images of MSC-EVs from 2D CCM, purified with SEC (A) and with DG (B).
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Figure 28. TEM images of MSC-EV's from 3D CCM, purified with SEC (A) and with DG (B).

Samples were characterized also in terms of EV identity, using two orthogonal methods
(NanoAnalyzer and Western Blot). Samples were stained with a mix of three fluorescent
antibodies targeting tetraspanins (CD9-CD63-CD81) and, after the removal of unbound
antibodies, analyzed with NanoAnalyzer. Tetraspanins-positive percentages were higher in
samples deriving from DG, compared to those from SEC: 2D sample purified with SEC: 47.4%,
purified with DG: 68.7%; 3D sample purified with SEC: 44.1%, purified with DG: 67.5%.
Examples of NanoAnalyzer dot plots are shown in Figure 29 (samples from 2D culture). DG
samples showed higher percentages compared to SEC samples, and this can be explained with

the higher purity index of these EVs (Figure 25).
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Figure 29. Example of NanoAnalyzer dot plots of EV samples stained with a mix of three fluorescent

antibodies against CD9-CD63-CD81.

Single stainings of EV samples with fluorescent antibodies against each tetraspanin were also
performed. Figure 30 shows the % of staining for each tetraspanin, in SEC-derived EVs and DG-
derived EVs. Similar expression patterns were found in the two samples: CD63 and CD9 are

the most and the least expressed tetraspanin, respectively.
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Figure 30. Pie charts representing the % staining of the single tetraspanins on EV samples purified

with SEC (A) and DG (B), from 3D MSC-CCM.
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SEC-derived EVs and DG-derived EVs were analyzed in Western Blot, loading the same number
of particles, to confirm the presence of canonical small EV markers (CD81 and Alix) and the
absence of non-EV marker (calnexin). MSC cell lysate was loaded as positive control for
calnexin blot. Results obtained confirmed the protein expression of EV markers on both the

two EV preparations, and the absence of calnexin protein expression (Figure 31).

MSC
cell
SEC DG lysate

Calnexin w4 90KDa
cps1 e 26 KDa
Alix 95 KDa

Figure 31. Blots representing CD81 and Alix protein expression in EV samples obtained from SEC and

DG-UC. Calnexin protein expression was used as EV negative control.

5.3.3 Characterization of MSC-EV cargo.

5.3.3.1 Proteomic analysis.

MSC-derived EVs purified from 2D CCM, with SEC and DG, were further characterized, on total
protein cargo.

Starting from the same amount of total proteins, mass spectrometry was performed to
determine the proteomic analysis of the two EV preparations in duplicate, following the
procedure described in paragraph 5.2.7.

Protein hits were identified using both one-peptide and two-peptide thresholds.

Using the one-peptide threshold, a total of 194 proteins were identified in SEC-EVs and 161
proteins in DG-EVs. Jaccard coefficient, indicating similarity index between samples, was

46.69% (Figure 32A). Narrowing the analysis to EV-related proteins, based on ExoCarta
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database, 107 proteins were identified in SEC-EVs and 99 proteins in DG-EVs. Jaccard
coefficient was 51.47% (Figure 32B).

A-Total proteins B-EV proteins

MSC SEC-EVs MSC SEC-EVs

MSC DG-EVs MSC DG-EVs

legend

only DG-EVs
common SEC_DG
only SEC-EVs

Figure 32. Venn charts of total proteins (A) and EV-related proteins (B) detected in MSC SEC-EVs, in

DG-EVs and in common between the two groups. Analysis has been done considering 1 peptide.

Using the two-peptide threshold, 150 proteins were identified in SEC-EVs and 135 proteins in
DG-EVs. Jaccard coefficient was 55.37% (Figure 33A). If we consider only EV-related proteins,
95 proteins were found in SEC-EVs and 93 proteins in DG-EVs. Jaccard coefficient was 56.67%
(Figure 33B).
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Figure 33. Venn charts of total proteins (A) and EV-related proteins (B) detected in MSC SEC-EVs, in

DG-EVs and in common between the two groups. Analysis has been done considering 2 peptides.

Due to the intrinsic limitations of the SEC purification method, it is expected to find more co-
isolated proteins in SEC-derived EVs, compare to DG-EVs. However, if we consider only EV-
related proteins, the two samples are closer to each other.

Similarity index values have to be considered medium-high, since due to the intrinsic
variability of the analytical technique, running replicates of the same sample should result in

a Jaccard coefficient of maximum 70-80%.

Protein similarity between the two samples was also calculated using Spearman correlation

coefficient which was 0.76, indicating medium-high correlation (Figure 34).
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Figure 34. Correlation between the number of peptides that recognize proteins in SEC-EVs and DG-

EVs, for the population of common proteins.

Considering also proteins identified with 1 peptide, Cellular Component (CC) Gene Ontology
(GO) analysis has been done for the proteins commonly detected in SEC-EVs and DG-EVs (113
proteins). Proteins were significantly enriched in «Extracellular» and «Exosomes» GO

annotations (Figure 35).
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Figure 35. Cellular component analysis of proteins found in common between SEC-EVs and DG-EVs.

Biological Process and Biological Pathways GO analysis have been done for the proteins

commonly detected in SEC-EVs and DG-EVs (Figures 36-37).

60



Energy pathways (21%)
Cell growth and/or maintenance (30,5%)

Metabolism (21%)

Signal transduction (19%)

Immune response (8,6%)

Cell communication (19%) Protein metabolism (12,4%)
Transport (6,7%)

Cell growth and/or maintenance
5%
Energy pathways (21%)
I Metabolism (21%)
I Immune response (8,6%)
Protein metabolism (12,4%)
I Transport (6,7%)
Cell communication (19%)
I Signal transduction (19%)

Figure 36. Biological process analysis of proteins found in common between SEC-EVs and DG-EVs.
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Figure 37. Biological pathways analysis of proteins found in common between SEC-EVs and DG-EVs.

Among the common proteins identified in SEC and DG-EVs, few proteins are up-regulated in
SEC-EVs or in DG-EVs (Figure 38). Table 3 reports the 31 proteins that are up-regulated in SEC-
EVs (in blue) and in DG-EVs (in orange). SEC-EVs are enriched in proteins involved in cell
adhesion (BGH3, EMILIN1), innate immunity (C1RL) and inflammatory response (ATRN). DG-
EVs are enriched in proteins involved in cell growth (HTRA1), cell adhesion (EDIL3), cell

differentiation (AMPN), angiogenesis (AMPN; EDIL3).
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ID

EDIL3_HUMAN
ATRN_HUMAN

APOM_HUMAN

CERU_HUMAN
HPTR_HUMAN

ANGT_HUMAN
APOH_HUMAN

A2GL_HUMAN
ALBU_HUMAN
TRFE_HUMAN
K2C1_HUMAN
PAI1_HUMAN
THBG_HUMAN

HPLN1_HUMAN
K1C10_HUMAN

K2C5_HUMAN

AMPN_HUMAN

CBPN_HUMAN
CO5A1_HUMA
N
PGS1_HUMAN
K1C9_HUMAN
K22E_HUMAN
BTD_HUMAN
LUM_HUMAN

SPP24_HUMAN

BGH3_HUMAN

TARSH_HUMAN

PDC6I_HUMAN

HTRA1_HUMA
N

C1RL_HUMAN

EMIL1I_HUMAN

Description
EGF-likerepeatanddiscoidinl-
likedomain-containingprotein3
Attractin

ApolipoproteinM
Ceruloplasmin
Haptoglobin-relatedprotein
Angiotensinogen
Beta-2-glycoproteinl
Leucine-richalpha-2-glycoprotein
Albumin

Serotransferrin
Keratin,typellcytoskeletall
Plasminogenactivatorinhibitorl
Thyroxine-bindingglobulin

Hyaluronanandproteoglycanlinkprotein

1

Keratin,typelcytoskeletal10
Keratin,typellcytoskeletal5
AminopeptidaseN
CarboxypeptidaseNcatalyticchain

Collagenalpha-1(V)chain
Biglycan
Keratin,typelcytoskeletal9
Keratin,typellcytoskeletal2epidermal
Biotinidase

Lumican
Secretedphosphoprotein24
Transforminggrowthfactor-beta-
inducedproteinig-h3
TargetofNesh-SH3
Programmedcelldeath6-
interactingprotein

SerineproteaseHTRA1
ComplementClrsubcomponent-
likeprotein

EMILIN-1

Species

Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens

Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens

Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens
Homosapiens

Homosapiens
Homosapiens

Homosapiens
Homosapiens

Homosapiens
Homosapiens

Genes

EDIL3
ATRN
APOM
CP

HPR
AGT
APOH
LRG1
ALB

TF

KRT1
SERPINE1
SERPINA7

HAPLN1
KRT10
KRT5
ANPEP
CPN1

COL5A1
BGN
KRT9
KRT2
BTD
LUM
SPP2

TGFBI
ABI3BP

PDCD6IP

HTRA1

C1RL
EMILIN1

Table 3. Proteins up-regulated in SEC-EVs (blue) and DG-EVs (orange).

Significanc
e

63



-Logp

T T T T T T
-4 -2 0 2 < &

Difference (SEC-EVs_DG-EVs)

Figure 38. Volcano Plot showing significantly differentially expressed proteins in SEC-EVs (blue) and
DG-EVs (orange).

5.3.3.2 Transcriptomic analysis.

MSC-derived EVs purified from 2D CCM, with SEC and DG, were further characterized on total
miRNA cargo.

Starting from the same number of total EVs, we performed the transcriptomic analysis of 2083
human miRNAs for the two EV preparations running three technical replicates, following the
procedure described in paragraph 5.2.8.

The Reveal software analysis gives information about the quality of the sequencing, in
particular the quality and quantity of RNA, the number of sequences and the genetic
variability. All the replicates for both the two EV samples passed the QC criteria.

The correlation between the replicates of the same sample and between all replicates of the

two samples were high (Pearson coefficient > 0.92; Figures 39-40).
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Figure 39. Pair-wise correlation scatterplots of three technical replicates of SEC-EVs (A) and DG-EV's
(B).
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Figure 40. Correlation heatmap of technical replicates of SEC-EVs and DG-EVs.

Differential expression analysis was performed with DESeq2 method, usind DG-EVs as

reference group [186]. Few deregulated probes (66) were found between SEC-EVs and DG-
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EVs: red dots are down-regulated miRNAs in SEC-EVs, blue dots are up-regulated miRNAs in

SEC-EVs, compared to DG-EVs (Figure 41). Colored dots are miRNAs with an adjusted p value

<0.05 [187].
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Figure 41. Volcano plot representing differentially expressed probes using DG-EV's as reference group.

Analysis for enrichment pathways of the 66 deregulated miRNAs has been done with the

miRNA Enrichment Analysis and Annotation Tool (miEAA) [184]. In particular, GO Cellular

component (miRPathDB) analysis was carried out and identified 8 statistically significant

enriched subcategories (Figure 42).
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Figure 42. Heatmap showing GO CC analysis of deregulated probes found in MSC-EVs.
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Analysis with the tool Localization (RNALocate) found only two statistically significant
subcategories (Cytoplasm; Nucleus). Interestingly, even if not statistically significant, more
than half of total deregulated probes (37) are annotated for the following categories:
Microvesicle; Exosome; Extracellular vesicle; Circulating (hsa-let-7c-5p; hsa-miR-1236-5p; hsa-
mMiR-1273h-5p; hsa-miR-1275; hsa-miR-1290; hsa-miR-149-3p; hsa-miR-197-5p; hsa-miR-198;
hsa-miR-199a-3p; hsa-miR-21-5p; hsa-miR-23b-3p; hsa-miR-3162-5p; hsa-miR-3197; hsa-miR-
3652; hsa-miR-3940-5p; hsa-miR-424-5p; hsa-miR-4253; hsa-miR-4463; hsa-miR-4507; hsa-
miR-451a; hsa-miR-4758-5p; hsa-miR-5010-5p; hsa-miR-5585-3p; hsa-miR-564; hsa-miR-574-
5p; hsa-miR-6124; hsa-miR-6126; hsa-miR-6131; hsa-miR-654-5p; hsa-miR-6746-5p; hsa-miR-
6821-5p; hsa-miR-6870-5p; hsa-miR-7108-5p; hsa-miR-7851-3p; hsa-miR-885-3p; hsa-miR-
939-5p; hsa-miR-99a-5p).

GO Biological process (miRPathDB) and GO Molecular function (miRPathDB) analysis resulted

in no enriched pathways of interest (Figures 43-44).
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Figure 43. Heatmap showing GO Biological process analysis of deregulated probes found in MISC-EVs.
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Figure 44. Heatmap showing GO Molecular function analysis of deregulated probes found in MSC-

EVs.
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5.3.4 In vitro functional properties of MSC-EVs.

MSC-EVs can be uptaken by endothelial cells and stimulate cell proliferation and migration in
vitro [188-190]. Human Umbilical Vein Endothelial Cells (HUVECs) are endothelial cells widely
used as model for both wound healing and tube formation assays. Hence, we sought to

evaluate the functional properties of SEC- and DG-UC purified MSC-EVs on these two assays.

The impact of MSC-EVs on cell migration was assessed with the wound healing assay. Protocol
assay, described in paragraph 5.2.9, includes a starvation step to synchronize cells and halt
cell proliferation, thus the gap closure will be achieved mainly by cell migration.

Baseline growth of HUVEC cells in complete medium showed that the cells are able to close
the gap after 24 hours. We wanted to investigate if the treatment with MSC-EVs increases the
rate of gap closure after scratching.

In literature, there is no standardized protocol to estimate the dose of MSC-EVs for wound
healing assay. In fact, some studies reported doses expressed as micrograms of MSC-EVs,
others as number of particles. In addition, MSC-EVs were purified with different methods, and
the concentration is assessed with different techniques, leading to different measurements of
particles [188,191,192].

To calculate the dose of EVs, we used the particle concentration measured at NanoAnalyzer,
which measures at single particle level and takes into account the population of small EVs. In
order to translate same doses in different cell-based assays, we considered the ratio between
cell : number of EVs. We tested different ratios (1: 10, 1:100, 1:1000, 1:2000, 1:3000) with
both SEC-EVs and DG-EVs from 2D culture and 3D culture, in triplicate.

SEC-derived MSC-EVs enhanced cell migration starting from 1: 1000 ratio, but even at the
highest dose (ratio 1: 3000) without a statistically significant difference compared to
untreated cells. Instead, DG-derived MSC-EVs enhanced cell migration with a statistically
significant difference compared to untreated cells, starting from 1:2000 ratio (Figures 45 and

46).
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Figure 45. Rate of wound closure calculated for not treated HUVEC cells and cells treated with DG-
sEVs. Bar chart is representative of three technical replicates. * indicates a statistically significant

difference (p value < 0.05).
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Figure 46. Images of the wound space at time 0 and time 18 h, without treatment or with treatment

with DG-sEVs at ratio cell:EV 1:2000.
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To evaluate HUVEC proliferation in response to the pre-treatment of 24 hours with MSC-sEVs,
a colorimetric MTT-based assay was used as described in paragraph 5.2.10.
Both DG and SEC-purified EVs significanlty increased cell proliferation, starting with as little as

1000 EVs per cell with the DG sample (Figure 47).
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Figure 47.MTT-based colorimetric assay to quantify HUVEC cell proliferation, with or without a pre-
treatment with MSC-sEVs. Bar chart is representative of six technical replicates. * indicates a

statistically significant difference (p value < 0.05).

Tube formation assay was used to evaluate the impact of MSC-EVs on angiogenesis, a
phenomenon that includes different processes, such as endothelial cell proliferation,
differentiation and migration. Pre-screened HUVECs, in complete medium, seeded on 3D gel
are able to form tube-like structures within 2-4 hours and to grow according to a meshed
network [185,193]. Since the tube formation starts in few hours after cell seeding on Matrigel,
we decided to perform a pre-treatment of 24 hours with MSC-EVs, in order to allow them to
be internalized by endothelial cells.

It has been demonstrated that the kinetic of the meshing network structuration of endothelial
cells on Matrigel starts by the formation of a multitude of small and unstable meshes. Size of

meshes then progressively increases by fusion of two adjacent meshes, which occurred by
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segments (tube) regression or disruption [194]. We observed this behaviour for both not

treated HUVECs and pre-treated HUVECs (Figure 48, looking from the left to the right).

4 h 10 h 20h

Figure 48. HUVEC network analysis of pictures taken at 4, 10 and 20 hours after cell seeding on
Matrigel.

The pre-treatment with MSC-EVs, both SEC-derived and DG-derived EVS, seems to have an
impact on HUVEC tube formation. In fact, it resulted, for all analyzed timepoints, in a
significant decrease of most of the parameters quantified by Angiogenesis Analyzer for Image)
(extremities, nodes, junctions, master junctions, segments, master segments, branches,
meshes, segments lenght, branches lenght), except for «mesh index» and «mean mesh size»,
which are, conversely, significantly increased (p value < 0.05). Mesh index, which is the mean
distance separating two master junctions, represents a further indication of mesh size.

Figures 49 and 50 show some representative angiogenesis network parameters, quantified

with ImageJ at time 10 hours.
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Figure 49. Quantification of representative angiogenesis network parameters at 10 hours in HUVEC
cells without and with pre-treatment with MSC-EVs. Bar chart is representative of three technical

replicates. * indicates a statistically significant difference (p value < 0.05).
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Figure 50. Quantification of representative network parameters at 10 hours in HUVEC cells without
and with pre-treatment with MSC-EVs. Bar chart is representative of three technical replicates.

* indicates a statistically significant difference (p value < 0.05).
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Our data suggest the formation of more complete networks, with less tubes but with bigger
meshes, in wells with HUVECs pre-treated with MSC-EVs. In untreated wells, clusters of cells
not organized in tube-like structures are visible even after 20 hours from cell seeding (Figure
48).

It is challenging to compare these data with previously published reports. In fact, most studies
on in vitro pro-angiogenic functionalities of MSC-EVs reported only the increase of some
metrics, like nodes or segments lenght, after treatment with EVs, while neglecting others such
as mesh size [190,191,195,196].

However, these data warrant further work to better establish dose ranges and demonstrate

the effective internalization of EVs by the cells.
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5.4 Conclusions.

In this study we performed a deep characterization of EVs from human bone marrow MSC,
described in literature to have therapeutic and beneficial effects in different diseases. MSC-
EVs were purified from both a static 2D culture and from a 3D culture using a bioreactor
system. Consistent with several studies reported in literature, higher yields of EVs from 3D
culture were obtained [68,75—77]. Moreover, average EV size was more homogeneous in 3D-
derived sample, corresponding to small EVs subtype (Figure 28).

To investigate in vitro functional properties of these EVs, two different EV purification
methods, SEC and DG-UC, were evaluated in order to see also the impact of sample purity on
the molecular content and functional effects of EV in vitro.

Density gradient ultracentrifugation was selected as gold standard method to obtain high EV
purity, while SEC chromatography was identified as less laborious method yielding, however,
a medium-high final EV purity. As expected, DG-derived EVs had a higher purity index
compared to SEC-derived EVs (Figure 25). In fact, protein contaminants could not be fully
separated from EVs by SEC.

Despite the different purity indexes, both EV types resulted in similar integrity and expression
of canonical EV markers (Figures 26, 29-31).

As a consequence of the higher purity of DG-EVs, less particles were needed to obtain
functional effects in vitro, including increasing endothelial cell migration and proliferation.
Bioinformatic analysis of proteome and miRNA cargo, limited to the 2D EV samples, did not
show significant differences in the two EV preparation.

In conclusion, the two EV preparations, from both 2D and 3D sources, showed similar effects
on endothelial cells in vitro. DG method is to be preferred for small studies of proof of concept,
but SEC method is a valid alternative for high-throughput analysis.

Future studies are warranted to evaluate if MSC-EVs released under hypoxic conditions have

improved functional properties in vitro and in vivo.
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