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ABSTRACT

Extracellular vesicles (EVs) are small membrane-surrounded structures containing transmembrane proteins and enclosing cytosolic proteins and nucleic acids. They are released in the
extracellular space by both normal and neoplastic cells and play an important role in cell-cell
communication in numerous physiological processes and pathological conditions, through the
transfer of their functional cargo to recipient cells. EVs are highly abundant in biological fluids, and
even more represented in cancer patients’ biofluids, therefore many studies suggested that they can
be instrumental in liquid biopsies as prognostic markers or for early detection of tumors. Moreover,
being secreted by potentially all the cells, they can serve in oncology to represent the tumor
heterogeneity, which is underestimated by the current diagnostic tools. Given their small size, EVs
are difficult to isolate in a high-throughput way and, therefore, one of the main obstacles to their
clinical application, is that the existing isolation methods are impractical.
During these years, I worked at the development and optimization of a novel technique that allows
purification of heterogeneous EVs from biological fluids in an efficient, fast and reproducible way.
This technique, named Nickel-Based Isolation (NBI), is a biochemical assay that allows obtaining
polydisperse EVs in a physiological pH solution, therefore, preserving their morphology,
heterogeneity, and stability. We tested and optimized this assay in protein-enriched systems and
comparing it to the techniques currently used to characterize and measure EVs, such as flow
cytometry and Tunable Resistive Pulse Sensing. We challenged the reproducibility of this method
by isolating EVs from different biological fluids. Interestingly, the EVs purified with NBI result more
intact and stable compared to the ones obtained with other methods, and can be studied in a clinical
setting and used as an innovative tool for detection of molecules associated with diseases. We
demonstrated the specificity of the procedure by using individual isolated vesicles in biochemical
and molecular assay, optimized to characterize the biological content of EVs. We were able to detect
picomolar concentration of PSMA on 105 EVs isolated from plasma of prostate cancer patients and
BRAF-V600E transcript in just 103 EVs from the plasma of colon cancer patients, reaching
unprecedented matching with tissue biopsy results. We also investigated the transcriptome of EVs
isolated from glioblastoma cancer stem cells, in order to exploit the potential of EVs as diagnostic
markers.
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THESIS SUMMARY
This Ph.D. thesis summarizes the main results of almost four years of work on the application
of extracellular vesicles (EVs) in liquid biopsies. This research work is part of a larger project that
aims at discovering novel biomarkers with a diagnostic, prognostic and predictive value, using noninvasive tests based on molecular analysis of circulating molecules in liquid biopsies of cancer
patients.
Chapter I contains a general introduction. To start, I illustrate the biology of extracellular vesicles,
with particular attention to their RNA content. Later, I report the evidence on the clinical significance
of extracellular vesicles as biomarkers. Finally, I describe an overview of the methods to isolate
extracellular vesicles for the sake of contextualizing the nickel-based isolation method as a useful
tool to exploit extracellular vesicles in liquid biopsies.
Chapter II focuses on Y-RNAs associated with extracellular vesicles released by glioblastoma
cancer stem cells. I explain the reasons why we are focusing on glioblastoma. Then I illustrate the
features of cancer stem cells, chosen as a model of the study. Finally, I give some details on noncoding Y-RNAs with insights on their potential as EV-associated biomarkers.
The results related to Chapter I refer to a published manuscript (attached), whose details are given
in the section “Scientific production.” The results related to Chapter II constitute the backbone for a
project that is still ongoing, which started after the optimization of the NBI procedure.
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ABBREVIATIONS
CTCs: circulating tumor cells

MGMT:O-6-Methylguanine-DNA

ctDNA: circulating tumor DNA

Methyltransferase

EVs: extracellular vesicles

IDH1/2: isocitrate dehydrogenase 1 and 2

NSCLC: non-small cell lung cancer

CSCs: cancer stem cells

Exo: exosomes

TICs: tumor initiating cells

MVs: microvesicles

RNPs: ribonucleoproteins

ABs: apoptotic bodies

FACS: fluorescence activated cell sorting

ILV: intra luminal bodies

CFDA-SE:carboxyfluorescein-diacetate

MVB: multivesicular bodies

succinimidyl ester

ESCRT: endosomal sorting complex required for

NBI: nickel-based isolation

transport

CA: citric acid

ARF6: ADP-ribosylation factor 6

TRPS: tunable resistive pulse sensing

TME: tumor microenvironment

DLS: dynamic light scattering

exRNA: extracellular RNA

TEM: transmission electron microscopy

ZP: zeta potential

LVs: large vesicles

RBP: RNA binding protein

SVs: small vesicles

UC: differential ultracentrifugation

dFBS: depleted of fetal bovin serum

LDL: low density lipoprotein

PSMA: prostate specific membrane antigen

HDL: high density lipoprotein

ddPCR: digital droplet PCR

Ago2: argonaute 2

FFPE: formalin-fixed paraffin-embedded

PD-L1: programmed death-ligand 1

RBCs: red blood cells

GBM: glioblastoma

WBCs: white blood cells

NACT: neoadjuvant chemotherapy

PLTs: platelets

GPC1: glypican 1

APOA1: apolipoprotein A1

WHO: World Health Organization

APOB100: apolipoprotein B100

TMZ: temozolomide

hiPSCs: human induced pluripotent stem cells
AHA: L-azidohomoalanine
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BACKGROUND
THE CORE OF PRECISION MEDICINE: CANCER TARGETED THERAPY
Accurate diagnosis and optimization of the available medical treatments are the aims of
precision medicine, as every tumor is unique (Bilkey et al., 2019). To determine the most suitable
combination of treatments, the clinical history of each patient should be assessed carefully.
Screening and detection of molecular alterations in the genomic make-up of individuals indicates the
best therapeutic strategy among combinations of surgery, chemotherapy and/or radiation therapy
(Siravegna, Marsoni, Siena, & Bardelli, 2017).
The term “biomarker” refers to any feature that can be objectively measured and evaluated in the
body or its products as an indicator of physiological processes, pathogenic processes or
pharmacologic responses to a therapeutic intervention (Biomarkers Definitions Working Group.,
2001; WHO, 2001). Biological markers are therefore classified on their ability to provide information
on the cancer prognosis (prognostic markers), as HER2 and K-RAS mutations (Slamon et al., 2001;
Van Cutsem et al., 2009), response to therapy (predictive markers) (Goossens, Nakagawa, Sun, &
Hoshida, 2015) and to identify the initial signs of a pathological condition (diagnostic markers)
(Steffen et al., 2015). During the progression of a pathological condition, the analysis of the molecular
variability defines the most effective therapies according to the molecular evolution of the disease
(Oldenhuis, Oosting, Gietema, & de Vries, 2008).
In the clinical management of cancer patients, proteins and nucleic acids are usually obtained by
needle-biopsy or after a surgical intervention but they need to be implemented in detection rapidity
and sensitivity for the assessment of therapeutic benefits over time (Finotti et al., 2018). The
evaluation of alternative tools is therefore necessary to upgrade the patient care in the era of a
genomic driven-oncology.
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INTRODUCTION
CHAPTER I
ULTRASENSITIVE DETECTION OF CANCER BIOMARKERS BY NICKEL
BASED ISOLATION
THE ROLE OF LIQUID BIOPSIES IN ONCOLOGY

Tumor status evolves dynamically. The dynamism is reflecting its diverse genetic structure
due to the presence of multiple and molecularly different cell subpopulations within the tumor
(Siravegna et al., 2017). The genetic instability within tumor populations would confer to cells the
ability to develop mutations, intrinsic to every step of carcinogenesis (J. Zhang & Zhang, 2017).
These molecular alterations arise to counteract the surveillance mechanisms that non-tumorigenic
cells activate to prevent the growth and proliferation of the tumor (Casás-Selves & Degregori, 2011;
Gerdes et al., 2014). Together, these features render the genomic make-up of the cancer quite hard
to depict.
The clinical management of the tumor progression is mostly based on the analysis on surgical
biopsies consisting of solid tissues. The analysis of tissue biopsies represents, though, a single
snapshot of the tumor genomic landscape during the course of the disease. The prognostic and
predictive value of biomarkers, analyzed within solid samples, is, therefore, lacking information
regarding tumor subpopulations, characteristic of the intra-tumor heterogeneity. In this scenario,
liquid biopsies can implement the diagnostic and prognostic power of surgical biopsies costeffectively and sustainably for patients and clinicians (Castro-Giner et al., 2018; Mathai et al., 2019).
A liquid biopsy consists in the collection of liquid biological tissues (e.g. blood, cerebrospinal fluid,
saliva, urine) and in the analysis of molecular material that can be informative such as circulating
tumor cells, cell-free tumor DNA and, most recently, extracellular vesicles. Liquid biopsies are
advantageous as blood draws can be systematically scheduled at consecutive time points during
the course of the disease. Moreover, sampling biological fluids are more accessible and less invasive
for the patients compared to tissue biopsies. The ability to portray the molecular evolution of the
tumor appoints liquid biopsy as a powerful tool to monitor tumor progression and response to the
therapy and could represent invaluable support for precision medicine (Castro-Giner et al., 2018;
Siravegna et al., 2017).
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CIRCULATING MOLECULES AS POTENTIAL DIAGNOSTIC TOOLS

A wide range of tumor-derived material can be isolated from biological fluids. In particular,
circulating tumor cells (CTCs), circulating cell-free tumor DNA (ctDNA) and, most recently,
extracellular vesicles (EVs) are extracted and interrogated for their transcriptome, genome,
methylome, and proteome (Castro-Giner et al., 2018; Siravegna et al., 2017). Currently, ctDNA is
the only diagnostic tool derived from a liquid biopsy that is applied in clinical laboratory practice from
2016. In particular, it is used to discriminate which, among patients with non-small cell lung cancer
(NSCLC), bear EGFR mutation and are therefore eligible to receive anti-EGFR treatment (Siravegna
et al., 2017).

Circulating tumor cells (CTCs)

Circulating tumor cells are intact tumor cells derived from primary lesions and metastatic sites
that are actively shed or pushed into the bloodstream by external forces, such as tumor growth
(Fidler, 2003). CTCs are highly rare and under-represented in the blood stream as compared to all
the non-tumoral blood cells, although their presence has been detected in early-stage cancers
(Racila et al., 1998) therefore they can provide vital information on the disease status. The isolation
and analysis of CTCs represent a challenge in diagnostic. It has been reported that in the blood of
patients with advanced metastatic cancer there is approximately one CTC per 1*109 blood cells and
that this quantity is variable among cancer types (Siravegna et al., 2017; Haber & Velculescu, 2014).
Moreover, another challenge is to identify which subpopulation of CTCs displays the potential of
helping the tumor spreading metastasis (Krebs, Hou, Ward, Blackhall, & Dive, 2010); therefore the
molecular characterization of CTCs would be crucial to estimate the risk for metastatic progression
of cancer in patients.
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Figure 1. Circulating molecules in liquid biopsies. Blood cells, circulating tumor cells (CTCs), extracellular
vesicles and cell-free nucleic acids circulate in the blood and represent potential biomarkers that can be
obtained with liquid biopsies (adapted from Karachaliou, Mayo-de-Las-Casas, Molina-Vila, & Rosell, 2015).

Cell-free tumor DNA (ctDNA)
Fragments of circulating cell-free tumor DNA, first described in 1948, are released from
necrotic and apoptotic cells in the circulation and during cellular turnover (Haber & Velculescu, 2014).
Several studies reported that mutations in ctDNA match mutations of the primary tumor and that the
relative abundance of ctDNA in the blood increases with tumor growth, indicating its value as a highly
sensitive and specific biomarker (Mathai et al., 2019). Furthermore, ctDNA is considered a
convenient option whenever tissue biopsies are challenging to obtain surgically (Mathai et al., 2019),
as in the case of tumors of the brain or internal organs. The diagnostic disadvantage of ctDNA is
that it is very prone to degradation and, since it represents a small fraction of the total DNA in the
circulation, its extraction needs to be handled very carefully to preserve it. Despite these issues, the
analysis of ctDNA constitutes a specific approach to study the primary tumor since the tumor-specific
alterations detected in ctDNA are absent in healthy cells (Haber & Velculescu, 2014).

Extracellular vesicles (EVs)

Extracellular vesicles have recently emerged as an innovative diagnostic tool in liquid biopsy.
Extracellular vesicles are nanosized membranous particles that differ in size and biogenesis
(Zaborowski, Balaj, Breakefield, & Lai, 2015) and play an important role in cell-cell communication
(Skog et al., 2008). Different types of extracellular vesicles are released from normal and tumor cells
into biological fluids, and it has been reported an increased abundance of EVs in the blood of cancer
19

patient, especially after chemotherapy administration (Aubertin et al., 2016). This characteristic
renders EVs attractive markers for cancer treatment monitoring. Accumulating evidence indicates
that the EV-diagnostic potential is associated to the proteins and nucleic acids that they contain, well
protected in a lipid membrane bilayer, that could be exploited as cancer biomarkers (György et al.,
2011; Meldolesi, 2018). In particular, the EV cargo reflects the state of its cell of origin and therefore,
may provide a reliable photograph of the state and progression of cancers (La Marca, & Fierabracci,
2017). Despite this evidence, longitudinal studies and extensive clinical trials still need to be carried
out to demonstrate the diagnostic potential of extracellular vesicles as tumor biomarkers.

EXTRACELLULAR VESICLES
CLASSIFICATION, BIOGENESIS, CELL RELEASE AND UPTAKE

The term “extracellular vesicles” encompasses a heterogeneous population of membranous
particles secreted virtually by all types of cells into extracellular space and in bodily fluids. EVs have
been isolated in most body fluids from blood to ascites fluid and bile (Raposo & Stoorvogel, 2013).
As I mentioned earlier, extracellular vesicles are being extensively studied and characterized by their
properties and structures. Despite the increasing attention, the EV field is still coping with
inconsistencies in the terminology because the name of vesicles has been mostly customized
according to the research context. Here, I will use the term extracellular vesicles to indicate the entire
heterogeneous vesicles subpopulation, and I will describe three main types of vesicles, which mostly
differ for their biogenesis and size: exosomes (Exo), microvesicles (MVs) and apoptotic bodies
(ABs), (Gould & Raposo, 2013).
In general, extracellular vesicles contain proteins, lipids, and nucleic acids. It is still largely unknown
whether the EV cargo might be accurately sorted through an organized mechanism, or if the cellular
components are randomly shuttled inside vesicles. For example, in some cases, the RNA enclosed
in EVs appeared different respect to the cells of origin, suggesting a specific packaging mechanism
(Abels & Breakefield, 2016). Moreover, the recurrence of particular proteins in all EV subtypes might
suggest a regulated loading mechanism, but further studies are needed to exploit this aspect
(Jeppesen et al., 2019). An updated compendium of all the species of RNA, proteins and lipids
discovered inside EVs is the Exocarta database (www.exocarta.org, Mathivanan & Simpson, 2009)
which represents an useful tool to approach the molecular composition of extracellular vesicles
(Keerthikumar, Gangoda, Gho, & Mathivanan, 2017). With a variability depending on the membrane
composition of the cells of origin, EV membranes have been found enriched in lipids as
sphingomyelin, gangliosides, phosphatidylcholine, cholesterol and endosomal proteins such as Alix,
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Syntenin, TSG101, and tetraspanins like CD63 and CD81 (Kowal et al., 2016). Most of the proteins
mentioned above were initially associated with exosomes, although there is no consensus on their
specificity for vesicles subtypes. In fact, their expression may vary according to the cell types,
physiological conditions and biogenesis mechanism (Kalra, Drummen, & Mathivanan, 2016; Théry,
Zitvogel, & Amigorena, 2002; Laulagnier et al., 2004; Abels & Breakefield, 2016) therefore, at the
moment, there are no reliable markers able to discriminate each vesicle subclass.
Despite the differences in the mechanisms of formation and cargo composition, once released in the
extracellular space, EVs can be incorporated into cells via both general or specific mechanisms. For
example, they can be internalized into cells by fusion with the plasma membrane, or via endocytosis,
and alternatively by phagocytosis. Moreover, EVs can interact with cells through cell-specific
mechanisms, defined by the binding of a ligand present on the surface of EV-membrane with a
receptor located on particular types of cells (Zaborowski et al., 2015).
Exosomes

Microvesicles

Apoptotic Bodies

Figure 2. Main classes of extracellular vesicles with relative biogenesis mechanisms. The vesicular
subtypes mainly differ for their mechanisms of formation, which affect their cargo composition (adapted from
Kanata et al., 2015)

In the next three paragraphs, I will focus on each of the main types of extracellular vesicles, with
particular attention to their mechanisms of formation and cargo composition.

Exosomes: biogenesis and composition

Exosomes are the smallest vesicles found in the extracellular space with a dimension that
varies between 30 and 100 nm. These EVs contain a cargo composed of membrane and cytosolic
proteins, a large variety of lipids, glycoproteins, and nucleic acids (RNA and single-stranded or
21

double-stranded DNA) (Théry et al., 2002). The first evidence that exosomes were released in the
extracellular space was observed in the sheep reticulocyte maturation, more than thirty years ago
(Pan & Johnstone, 1983) and, initially, they were classified as cellular debris or a way to dispose of
cellular waste (Kalra et al., 2016).
Exosomes’ biogenesis does not follow the classical secretory pathway since they do not contain any
proteins of nuclear, mitochondrial, endoplasmic-reticulum, or Golgi-apparatus origin (Théry et al.,
2002). In particular, exosomes are formed within the cell through endocytosis (Morelli et al., 2004)
in two main steps: the internalization of proteins and membrane-associated molecules, with the
formation of the early endosome, and their maturation and release through multivesicular bodies
(MVB) (H Rashed et al., 2017). Precisely, during maturation in the endosomes, the proteins can
follow two faiths: they can either be sent back into the plasma membrane and remodeled or
incorporated inside endosomes to form intraluminal vesicles (ILVs). When endosomes are packed
with ILVs, they can be referred to as multivesicular bodies, whose formation is regulated by the
endosomal sorting complex required for transport (ESCRT) complexes that promote the invagination
of the endosomal limiting membrane (Hurley, 2008; Colombo, Raposo, & Théry, 2014). At this point
MVBs may fuse with lysosomes for degradation of their contents or integrate with the plasma
membrane through a Calcium-dependent mechanism, unloading their components into the
extracellular space, in the form of exosomes (Kowal, Tkach, & Théry, 2014; Colombo et al., 2014;
Kalra et al., 2016; Savina, Furlán, Vidal, & Colombo, 2003). The role of the ESCRT complexes in
the regulation of the exosome formation is still not completely clarified, but it clearly plays a crucial
role in sorting and recycling specific proteins into MVBs, as TSG101, CHMP4 and ubiquitinated
proteins that are found particularly enriched in exosomes (Kowal et al., 2014; Kalra et al., 2016;
Théry et al., 2002). Of particular relevance is the synergy between the Syndecan proteoglycan family
of proteins with Syntenin and Alix, soluble proteins and ESCRT-interactors, which promotes the
membrane remodeling during the formation of ILVs, precursors of exosomes (Hessvik & Llorente,
2018; Baietti et al., 2012).

Microvesicles: biogenesis and composition

Microvesicles, also known as ectosomes or shedding vesicles, are bigger vesicles whose
size ranges from 100 nanometers (nm) to a few microns (μm). Differently from exosomes,
microvesicles originate from the plasma membrane (Tricarico, Clancy, & D’Souza-Schorey, 2017).
Contrarily to exosomes, the biogenesis of microvesicles has been far less characterized. To date,
the complexity of MVs’ cargo indicates that their release is anticipated by a vertical trafficking and a
lateral redistribution of outer molecules directed to the plasma membrane. This process causes the
22

remodeling of the membrane composition, resulting in the budding event (D’Souza-Schorey &
Clancy, 2012; Tricarico et al., 2017). As for exosome biogenesis, the formation of MVs involves the
endosomal machinery regulated by the Ras-related ARF family of small GTP-binding proteins and
components of the ESCRT system (Tricarico et al., 2017). In particular, ADP-ribosylation-factor-6
(ARF6) has been found involved in the modulation of microvesicle release into the surrounding
environment (Muralidharan-Chari et al., 2009).
As I mentioned before, It is still under debate whether the vesicle cargo is selectively packaged
inside EVs or not. While some components are randomly incorporated into MVs, protein and nucleic
acids may also be selectively recruited (D’Souza-Schorey & Clancy, 2012; Tricarico et al., 2017). A
recent evidence, from Jeppesen and colleagues, suggested that annexin A1, a membrane-localized
protein that binds phospholipids, might be a specific marker of microvesicles, as the result of the
budding from the plasma membrane (Jeppesen et al., 2019) but more studies are required to define
a distinctive pattern in EV subtypes.

Apoptotic bodies: biogenesis and composition

Apoptotic bodies (ABs) are large subcellular particles of a diameter between 800 - 5000 nm,
which are also present in body fluids. Contrarily to exosomes and microvesicles, ABs are released
from apoptotic and necrotic cells (Crescitelli et al., 2013). The formation of apoptotic bodies is the
result of the dying cell disassembly, a mechanism necessary to guarantee the homeostasis of a
multicellular organism. Hence, their content is packed with cellular components such as DNA, RNA,
histone-proteins, and loaded with autoantigens, as observed by Schiller et al., 2008 in patients
affected by systemic lupus erythematosus (SLE).
Apoptotic bodies mostly overlap in size and protein composition (e.g., CD63, LAMP1) with MVs
derived from viable cells thus, their main distinction remains the biogenesis mechanism which for
ABs

is

dependent

on

the

sphingosine-1-phosphate/sphingosine-1-phosphate

receptors

(S1P/S1PRs) signaling (S. J. Park et al., 2018). Interestingly, Annexin V protein, whose expression
is typically tested in may apoptotic assays, has been found associated with the other main types of
extracellular vesicles, and recently exploited to characterize EVs in biological fluids, despite their
mechanism of formation (Igami et al., 2019). Despite the morphological and biogenetic differences,
at the moment there is no a systematic way to isolate independently apoptotic bodies from larger
vesicles, excluding the cross-contamination of the two vesicles (Crescitelli et al., 2013).
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INNER AND OUTER SIDES OF EXTRACELLULAR VESICLES

In this paragraph, I will focus on two main components of extracellular vesicles, which have
been exploited and investigated during my research work. In detail, I will focus on the properties and
composition of the membrane of extracellular vesicles, which have been employed by several
techniques to target EVs, or exploited to use EVs as drug delivery tools. Later, I will summarize the
characteristics of RNA associated with extracellular vesicles, which is extensively analyzed in liquid
biopsies, as a source of informative genetic messages derived from the cells of origin.

MEMBRANE OF EXTRACELLULAR VESICLES

Extracellular vesicles are submicron particles surrounded by a lipid bilayer, whose
composition may be variable between the different subtypes. Generally, the lipid composition of the
vesicles’ membrane partially reflects the architecture of the cell membrane with some structural
differences. For example, the exosomal membrane is characterized by a lack of asymmetry in
phospholipids between the two membrane leaflets and consistent higher trans-bilayer movements
as compared to the plasma membrane (Kastelowitz & Yin, 2014). Exosome membrane has also
been proved to be less fluid than cell membrane, due to an increased distribution in saturated fatty
acids along with phosphatidylcholine and phosphoethanolamine species (Skotland, Sandvig, &
Llorente, 2017). This rigidity is not hampering the flip flop rate of lipids: on the contrary, this feature
is common to other membranes of subcellular organelles, such as endoplasmatic reticulum (ER),
characterized by an increased membrane dynamics (Laulagnier et al., 2004).
The membrane of vesicles is also typically more enriched in sphingolipids and contain less
cholesterol than the plasma membrane (Kastelowitz & Yin, 2014). Further studies demonstrated that
both exosomes and microvesicles contain ceramide (Trajkovic et al., 2008) and are enriched in
phosphatidylserine on the outer membrane leaflet that confers them a net negative charge
(Laulagnier et al., 2004). Another peculiarity of EV membrane is the high degree of membrane
curvature due to their substantial anionic lipid density (Kastelowitz & Yin, 2014) and the presence of
electrostatic interactions between molecules embedded in the membrane (Bigay & Antonny, 2012).
Because of this aspect, under physiological conditions (pH 5), heterogeneous EVs display negative
fluctuations of zeta potential (ZP), establishing a net negative surface charge (Salgın, Salgın, &
Bahadır, 2012).
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For all these reasons, the composition and shape of the EV membrane may render possible the
biophysical interaction of EVs with different molecules (Konoshenko, Lekchnov, Vlassov, &
Laktionov, 2018). This aspect is particularly relevant, suggesting that the biophysical properties of
extracellular vesicles may be exploited for isolation and targeting of these particles in biological
fluids. Therefore, despite their heterogeneity, EV collectively share similar biophysical features such
as ZP, offering scientists the opportunity to target them for multiple applications.

RNA LANDSCAPE OF EXTRACELLULAR VESICLES

In this paragraph, I will describe the main species of RNA associated with extracellular
vesicles, highlighting their importance, and describe some suggested loading mechanisms of RNA
inside EVs. Generally, the term extracellular RNA (exRNA) identifies all the RNA species that are
contained in the extracellular space whose presence has been found in biological fluids (X. Chen,
Liang, Zhang, Zen, & Zhang, 2011). In detail, the RNA is present in the extracellular space as cellfree RNA, high-density lipoprotein-bound RNA, RNA encapsulated inside EVs and RNA associated
to Argonaut 2 (D D Taylor & Gerçel-Taylor, 2005).
The discovery of stable forms of extracellular RNA protected by enzymatic RNAse degradation
allowed to understand that RNA is also present within vesicles that defend it, arousing great interest
in the field. Valadi and colleagues, in 2007, were the first to report the evidence of RNA contained
inside extracellular vesicles. They also demonstrated that extracellular messenger RNA (RNA) and
microRNA (miRNA) are still functional when transferred to recipient cells (Valadi et al., 2007). In
other groundbreaking studies, tumor EVs were found enriched of mRNAs respect to donor cells
(Skog et al., 2008) and the oncogenic transcript EGFR vIII, shuttled via microvesicles, induced
translation of functional proteins after uptake into the recipient cells (Al-Nedawi et al., 2008).
Knowing that cells can communicate via extracellular vesicles and exchange genetic information,
opened up new possibilities regarding the role of EVs, suggesting a considerable potential of
particles in cellular crosstalk. To interpret and unravel the nature and purpose of RNA transfer in
cell-cell communication, in 2013 it was established the Extracellular RNA Communication
consortium, a program supported by NIH Common Fund, with particular attention on EV-RNA
(Ainsztein et al., 2015).
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Extracellular vesicles

Figure 3. Most represented species of RNA enriched in extracellular vesicles (adapted from
Kim et al., 2017)
Since 2007, many studies focused on the analysis of the EV transcriptome. The first RNA species
observed in extracellular vesicles were mRNA and miRNA (Valadi et al., 2007); several non-coding
RNA species (smaller than 200 nucleotides), were further identified by deep RNA sequencing (Nolte’t Hoen et al., 2012) including transport RNA (t-RNA), piwi-interacting RNA (piRNA), ribosomal RNA
(rRNA), long non coding RNA (lncRNA), circular RNA (circRNA) and small nuclear (snRNA) and
nucleolar (snoRNA). Coding RNA species were observed in both short full length and fragmented
forms that mostly reflected the cellular transcriptome (Wei et al., 2017). The presence of transcripts
enclosed in EVs represents a rare event. It has been reported that one copy of full-length mRNA can
be found in approximately ten EVs, and the same ratio applies to miRNA as well (Wei et al., 2017b).
Little is known about the mechanism of RNA encapsulation inside EVs. Given the enrichment or the
exclusive presence of some RNA species inside EVs compared to deriving cells, selective loading
mechanisms have been proposed (Skog et al., 2008; Kim, Abdelmohsen, Mustapic, Kapogiannis, &
Gorospe, 2017). A study of Janas and co-workers hypothesized that RNA loading probably occurs
prior the exocytosis/budding event during MVB formation, in proximity to the cytosolic side of MVB
delimiting membrane (Janas, Janas, Sapoń, & Janas, 2015). Other studies suggest that RNA loading
into EVs may be mediated by RNA binding proteins (RBPs). The involvement of RBPs might
contribute, in fact, to explain the stability of EV-RNA, which is well protected by RNAse degradation
in the extracellular space (Douglas D. Taylor & Shah, 2015). To date, specific binding motifs, called
EXOmotifs, have been identified in miRNA as binding sites of the RNA binding protein
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heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) (Villarroya-Beltri et al., 2013). In this
case, sumoylation seemed to affect the localization of hnRNPA2B1, by favoring its recruitment inside
EVs; suggesting that post-translational modification can regulate the binding between RNA binding
proteins and EV-RNA (Villarroya-Beltri et al., 2013). Another study investigated the role of Y-Box
Protein 1 (Y-BX1) in the sorting of mir223, a microRNA abundantly present in exosomes from donor
cells (Shurtleff, Temoche-Diaz, Karfilis, Ri, & Schekman, 2016). One more evidence comes from
Batagov and colleagues, which applied an in-silico approach to predict potential RNA secretory
motifs in the RNA loaded inside EVs. These motifs correlated with the presence of EV-RNAs,
although not sufficient to explain the sorting of specific RNA species packaged into EVs (Batagov,
Kuznetsov, & Kurochkin, 2011). Despite the efforts made so far, further investigations are needed
to decipher the mechanisms of RNA recruitment inside EVs, and better understand the role of the
horizontal transfer of genetic material between cells.

OVERVIEW OF METHODS TO ISOLATE EXTRACELLULAR VESICLES

The search for reproducibility and the need to isolate EVs for biomarker discovery and
diagnostic analysis, is one of the biggest challenges to the clinical utilization of extracellular vesicles.
Extracellular vesicles are more or less a hundred time smaller than a cell (Bathini et al., 2018), and
brand-new techniques are increasingly required to guarantee a targeted enrichment of these
particles, surpassing the contamination by extracellular contaminants. The ideal EV isolation method
would allow specific isolation of extracellular vesicles, in a high-throughput manner, with optimal
yield and in a reproducible way. These characteristics are necessary to obtain a sample that can be
adequately characterized and analyzed. To address this goal, the scientific community is putting
efforts to set up standardized procedures and technical tools to consistently isolate EVs. To
centralize the knowledge in the field, the International Society of Extracellular Vesicles (ISEV) is the
reference organization that publishes guidelines and protocols to help scientists in exchanging
information and standardize the experimental procedures from 2012 (Araldi et al., 2012). Lately, in
2017, a collateral consortium (http://evtrack.org/) was also born to collect and interpret all the issues
fostered in the scientific community, for the sake of ensuring a proper experimental reproducibility
(EV-TRACK Consortium, Van Deun et al., 2017).
Brand-new technologies are evolving over time to find the most optimal way to isolate EVs. When it
comes to the choice of the method, each technique has its limitations and advantages indeed. The
more frequently adopted EV-isolation methods include differential ultracentrifugation, eventually
coupled to density gradient, immunocapture with or w/o magnetic beads, filtration, size exclusion,
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polymeric precipitation with hydrophobic agents, and microfluidics-based techniques (Gardiner et
al., 2016).
The differential ultracentrifugation (UC) is the most widely applied technique (Momen-Heravi et
al., 2013) and long considered the gold standard. UC concentrates the vesicles and allows for sizebased sedimentation of EVs according to the g-force applied without interferences from chemical
additives, essential in light of downstream applications. Briefly, the samples are progressively
centrifuged at different speeds to get rid of cells, debris, extra-vesicular protein aggregates and
apoptotic bodies, then further centrifuged at 10,000xg x 30 minutes to pellet larger vesicles and
finally spun at 100,000×g for 70 minutes to pellet the smaller vesicles (Théry, Clayton, Amigorena,
& Raposo, 2006; Takov, Yellon, & Davidson, 2019; Di Vizio et al., 2012). The main issues of this
technique are the presence of non-vesicular contaminants and the required amount of time. Many
studies have reported a co-sedimentation of lipoproteins and EVs when using UC, especially in the
case of EV isolation from body fluids where both particles are abundantly present (Sódar et al.,
2016). Contaminants are mostly proteins and lipoproteins due to the similar density of EVs and
lipoproteins (e.g., low-density lipoproteins or LDL and high-density lipoproteins or HDL), ranging
between 1,063 and 1,21 g/ml-1 (Witwer et al., 2013; Yuana, Levels, Grootemaat, Sturk, & Nieuwland,
2014).
To overcome this issue, ultracentrifugation steps have been implemented with a fractionation step
using density gradients of sucrose or iodixanol (Optiprep). Gradients allow recovering particles
of interest according to their floatation speed and density without excluding heterogeneous
populations of extracellular vesicles (Witwer et al., 2013; Kowal et al., 2016). However, Yuana and
colleagues in 2014 showed that EVs and HDL also resulted co-purified to some extent in plasmatic
EV preparations obtained from plasma samples with sucrose density gradient centrifugation, proving
the failure of the technique in targeting specifically EVs. To this end, following steps using size
exclusion strategies or filtration may be needed to ensure that the obtained results in the downstream
analysis can be attributed to EVs (Yuana et al., 2014; Menard, Cerezo-Magaña, & Belting, 2018).
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Isolation techniques

Category

Principles

Evidences

Disadvantages

of clinical

for clinical

application

application

References

Protein
Differential

Differential

EV are concentrated

ultracentrifugation

ultracentrifugation

by g-force.

contamination
Yes

(Gardiner et al.,
2016; Osti et al.,

Laborious

2019)

Low-throughput

Sucrose density
gradient
Iodixanol density

EVs migrate according to their
Density

gradient

ultracentrifugation

gradient (Optiprep™)

equilibrium buoyant density in a
continuous or discontinuous

Laborious
Yes

gradient and are pelleted by g-

(Kawakami et al.,
2017; Kowal et al.,

Low-throughput

2016)

force.

PureExo exosome
isolation kit™
Polyethylene glycol
(PEG)
PROSPR (PRotein
Organic Solvent
PRecipitation)
Acetate

Polymeric
precipitation

The addition of water-excluding
precipitants

Yes

allows to concentrate EVs

Protein
contamination

(Konoshenko et al.,
2018; Tang et al.,
2017)

Ammonium sulphate
Total Exosome
Isolation™
Exoquick™
Exo-spin™
EV are immobilized on surfaces

ExoChip™
Immunological

and separated according to
Microfluidics

separation

magnetic beads

markers or acoustic,

Yes

electrophoretic and

Technical expertise
required

electromagnetic fields.

Nanowire-based traps

Antibody coated

size,

Expensive

Expensive

EV are captured using a
Immuno-affinity

specific antibody coupled to
beads are separated

Yes

(S.-C. Guo, Tao, &
Dawn, 2018;
Kanwar, Dunlay,
Simeone, &
Nagrath, 2014)

(Balaj et al., 2015;
Ghosh et al., 2014;

Lack of specific

Kawakami et al.,

markers

2017)
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Antibody coated latex

by centrifugation or

beads

magnetically.

Heparin affinity
Lipoprotein

Sepharose gel
Sephadex gel

contamination
Size exclusion

EVs are separated based on

Yes

their size.

For large scale
application it

Izon qEV™ column

may require preconcentration steps

Bio-gel A™

(Buschmann et al.,
2018; Lane,
Korbie, Trau, &
Hill, 2017;
Monguió-Tortajada
et al., 2019)

Lipoprotein

Charge based

contamination

precipitation
Charge

based Negative charge of EV charge is

precipitation

exploited to capture them.

(Deregibus et al.,
No

2016a; Heath et al.,
2018)

AIEX anion exchange

Usually it is coupled

column

with

further

passages
(Xu, Greening, Rai,
EVs
Ultrafiltration

Microfiltration

are

separated

semipermeable
with

defined

using

membranes
pore

size

or

Ji,
Yes

&

Simpson,

EV integrity may be 2015;
affected

molecular weight.

Greening,

Xu,
Zhu,

Takahashi,

&

Simpson, 2016)

(Giddings, Yang, &

Asymmetrical Flow
Field-Flow
Fractionation (AF4)
Hollow-Fiber-Flow

EVs are separated based on
One-phase

their electrophoretic

chromatography

mobility by electrostatic force,
size or molecular weight.

Field-Flow
Fractionation (HF5)

Laborious
Yes

Technical expertise
required

Myers,

1976;

Marassi,

Roda,

Zattoni, Tanase, &
Reschiglian, 2014;
H. Zhang & Lyden,
2019)

Table 1. Classification of the main methods applied to isolate extracellular vesicles based on their
properties and utility for clinical applications.

Generally, the majority of techniques are time-consuming, low-throughput, expensive, and labor
demanding, representing limitations to the application of EVs into the everyday clinical routine. To
overcome these issues, antibody-based strategies and EV-targeting nano-probes have been
developed to recognize the vesicles for subsequent analysis of their content (Liang et al., 2017; Wan
et al., 2017). These techniques are advantageous to discover clinically relevant markers co30

expressed with proteins that generally decorate the surface of EV membrane. A drawback of this
system is represented by the structural differences of the composition of EVs, which may be
potentially influenced by the cell status and need to be assessed over time and between cellular
types. As a result, these techniques might select subpopulations of vesicles, relying on their affinity
with two specific antigens, with the risk to bypass relevant diagnostic information.
Other commonly used methods are commercial kits, such as ExoQuick and Total Exosome
TM

Isolation , based on polymeric precipitation solutions. Despite the enrichment of EVs obtained with
TM

these kits, the purity of the sample obtained may be not sufficient for diagnostic applications. For
example, using these methods Van Deun and colleagues observed the presence of protein
aggregates as Argonaute 2 (Ago2) together with EVs, in comparison to a preparation of EVs isolated
by Optiprep density gradient ultracentrifugation (Van Deun et al., 2014).
Alternative quick EV-isolation procedures, proven to reduce protein contaminants in comparison with
ultracentrifugation, exploited the negative surface charge of EVs (Deregibus et al., 2016;
Kosanović, Milutinović, Goč, Mitić, & Janković, 2017; Heath et al., 2018). As previously mentioned,
EVs with different size (polydisperse) are known to have negative fluctuations of zeta potential (ZP),
a physicochemical parameter that quantifies the surface charge of biological particles (Salgın et al.,
2012). In these cases, ZP is exploited to capture EVs through interactions with positively charged
molecules. These assays present the advantage of allowing EV purification in a fast and less
laborious manner, despite in some cases it is still necessary to proceed with further passages to get
rid of sticky contaminants such as lipoproteins, affecting the overall simplicity of the assay (Deregibus
et al., 2016).
Many technical challenges need to be overcome to isolate specifically EVs. And the standardization
of the isolation methods is of utmost priority in the field since the sensitivity and specificity of the
results are highly dependent on the methods used to enrich them (Van Deun et al., 2014; Gardiner
et al., 2016). Furthermore, the employment of EVs as potential diagnostic resources in a clinical
setting requires suitable technologies and quality controls that could be daily managed by the
hospital staff or delegated to specific facilities. The translation of extracellular vesicles as a potential
source of biomarkers in a clinical scenario still requires a suitable isolation method, compared to the
most labor-requiring techniques (refer to Table.1).
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CLINICAL SIGNIFICANCE OF EXTRACELLULAR VESICLES

THE ROLE OF TUMOR DERIVED EXTRACELLULAR VESICLES AS PROMISING
CANCER BIOMARKERS

A large number of existing studies demonstrated that tumor cells influence the extracellular
environment and transform healthy cells to establish the prevalence of a cancer phenotype
(Hanahan & Weinberg, 2011). To sustain their proliferation, cancer cells build a network within the
tissue environment, supported by the release of soluble factors (e.g., cytokines, growth factors) and
secretion of extracellular vesicles.
Extracellular vesicles, critical players in cell-cell communication, are known to be released in the
tumor microenvironment (TME) and to induce a neoplastic reprogramming of non-tumoral cells (Abd
Elmageed et al., 2014; Maacha et al., 2019; Guo et al., 2017). In particular, in vitro studies of
glioblastoma multiforme, melanoma, colorectal, breast and prostate cancer cell lines, described a
massive release of extracellular vesicles compared to healthy cells (Xu et al., 2018). Several studies
demonstrated that the tumorigenic potential of EVs is also intrinsic to their bioactive content and that
nucleic acids and proteins contained in EVs have a role in promoting the tumor growth, angiogenesis,
invasion of normal tissues and resistance to anti-tumor drugs (Melo et al., 2014; Zhao, Wang, Xiong,
& Liu, 2018).
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Figure 4. Illustration of the multiple functions exerted by extracellular vesicles in the tumor
microenvironment (X. Zhang et al., 2015).

A key feature of cancer is its heterogeneous composition. Within a single tumor, several tumor niches
exist, with different morphology and functions. In this scenario, aggressive populations of tumor cells
can spread their oncogenic material (mostly composed of proteins and RNA) to non-tumorigenic or
less aggressive tumor cells via EVs, therefore increasing their oncogenic activity and invasiveness.
One of the first evidence of RNA shuttled by extracellular vesicles, involved the transfer of oncogenic
EGFR vIII transcript by microvesicles derived from patients to glioblastoma recipient cells, resulting
in their increased tumor cell growth (Al-Nedawi et al., 2008). Alternatively, the transfer of EVmembrane proteins has been observed to protect the tumor by evading the functions of the immune
system. A recent study demonstrated that metastatic melanomas secrete EVs expressing PD-L1
(programmed death-ligand 1), which seems to impair the effects of T cells and NK cells to favor the
tumor growth (Xu et al., 2018). Tumor cells can internalize EV containing proteins with anti-apoptotic
activity such as the protein survivin, that protects the tumor by inhibition of apoptotic cell death (Khan
et al., 2011). Furthermore, tumor EVs can mediate the expulsion of drugs, therefore, playing a role
in drug resistance. For example, Safaei and colleagues observed an increased secretion of
exosomes expressing cisplatin transporters in drug-resistant cells compared to sensitive ones,
promoting the cisplatin efflux in drug-resistant ovarian carcinoma cells (Safaei et al., 2005). Recent
evidence underlined how tumor cells could disseminate EVs to distant organs, predisposing a
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hosting microenvironment for tumor growth called pre-metastatic niches (Peinado et al., 2017). In
line with this, Hoshino and colleagues performed a proteomic profile on cells and EV of several
cancer types with a higher propensity to metastasize and identified a strong correlation between the
expression of integrins, proteins of the EV surface, and the initial formation of metastatic sites. Most
importantly, they discovered that the formation of these pre-metastatic niches mediated by EVintegrins was organ dependent, indicating that they might represent organotropic markers that allow
predicting the metastatic sites (Hoshino et al., 2015). Finally, tumor EVs help the tumor cells to build
new blood vessels, required for tumor invasion, by transferring pro angiogenic factors such as VEGF,
PDGF and angiopoietins to surrounding endothelial cells. This process has been described in
glioblastoma (Kucharzewska et al., 2013) and also in other tumors (L. Zhang et al., 2015; J. E. Park
et al., 2010).
Whether the tumorigenic properties of extracellular vesicles are connected to a particular subtype of
EV is still a question to be addressed, since even within a single EV subtype there is a large variability
in structure and cargo composition (Tauro et al., 2013; Willms et al., 2016). Larger microvesicles
have been objects of considerable attention from a clinical perspective. Di Vizio and colleagues, in
2012, were the first to observe the presence of larger vesicles (approximately 1-10 μm of diameter)
in the blood of prostate cancers mouse models. These so-called “oncosomes” were most abundant
in the circulation of mice with metastatic tumors (Di Vizio et al., 2012) and have been identified by
recent studies as carriers of DNA that resemble the genomic architecture of the deriving cells
(Vagner et al., 2018). Also, Wright PK, in 2014, reported “...the discovery of giant (3-42 μm)
intracellular and extracellular vesicles...” in both immortalized and patient-derived breast cancer cell
lines, indicating that they can be an exciting subject of study from a diagnostic perspective related
to tumor progression state (Wright et al., 2014).

EXTRACELLULAR VESICLES IN LIQUID BIOPSIES: STATE OF ART

The interest in EV as potential cancer biomarkers highly increased in the last decade, and
the biological fluids of cancer patients are more and more investigated for their abundance in EVs.
The presence of extracellular vesicles has been extensively documented in body fluids such as
blood, urine, semen, saliva, amniotic fluid, breast milk, cerebrospinal fluids, bile, ascites and even
tears (L. Guo & He, 2017).
Notably, the simple higher abundance of EV in biological fluids of patients compared to healthy
donors is considered a specific and sensitive marker of clinical significance per se (Xu, Greening,
Zhu, Takahashi, & Simpson, 2016; (König et al., 2018). An increased release of EVs has been
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reported in the plasma of glioblastoma (GBM) patients at diagnosis, compared to thirty-three healthy
donors, and when compared to patients with other brain lesions, the EV enrichment was proven to
be glioblastoma specific (Osti et al., 2019). Moreover, the relative abundance of EVs did not correlate
with canonical GBM markers, or with tumor size (Osti et al., 2019), suggesting that EVs can represent
an additional source of diagnostic information, to the existing clinical parameters. Plasmatic levels
of GBM EVs decreased post-surgery and raised with relapse (Osti et al., 2019) suggesting that EVs
can recapitulate and describe the tumor evolution. Similarly, elevated levels of EVs in the circulation
of breast cancer (BC) patients before the neoadjuvant chemotherapy (NACT) were associated with
a negative therapeutic outcome, while a higher EV count post NACT correspond with disease-free
survival (König et al., 2018).
Apart from being indicators of clinical status per se, EVs are also carriers of informative molecules
that have been exploited in clinical studies. At present, there are six registered interventional studies
ongoing in different countries focused on the interaction between EVs and cancer (see Table.2).
High levels of the protein Glypican-1 (GPC1) have been detected in serum EVs of breast cancer
(BC) and pancreatic cancer patients, compared to healthy controls (Melo et al., 2015). Notably, in
pancreatic carcinoma, the different expression of GPC1 associated with EVs was able to
discriminate patients with early and late stage cancer (Melo et al., 2015). Besides, it is possible to
detect mutation in the nucleic acids carried by vesicles, as the case of BRAFV600E mutation, KRAS
expression and EGFR alterations, discovered in exosomal DNA of patients with melanoma, lung
cancer and pancreatic carcinoma respectively (reviewed by Fais et al., 2016). Importantly, abundant
levels of plasmatic EVs double positive for caveolin-1 and CD63 in stages III and IV melanoma
patients revealed to be more specific than classical markers in retrospective studies (Logozzi et al.,
2009; Fais et al., 2016).
The association of multiple circulating microRNAs with pathological conditions raised a great interest
in the field (Douglas D Taylor & Gercel-Taylor, 2013). Extracellular miRNAs are highly stable in body
fluids, at room temperature and resist to freeze-thawing cycles (reviewed by Gudbergsson, Johnsen,
Skov, & Duroux, 2016), therefore representing markers that can be relatively easily obtained and
processed. Circulating miR-21 and miR-1246 expressions were detected in higher amount in plasma
of patients with BC, with respect to healthy controls, indicating that they could represent diagnostic
indicators of the disease (Hannafon et al., 2015). Likewise, the presence of multiple microRNA as
let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223, and miR-23a allowed to discriminate
patients with colorectal cancer and healthy controls (Ogata-Kawata et al., 2014).
In conclusion, inner and outer EV features present a clinical significance and therefore, can be
interrogated in liquid biopsies as diagnostic tools.
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Project

Pathological condition

Focus of Intervention

Status

Pimo Study: Extracellular Vesicle
based Liquid Biopsy to Detect

Cancer

Hypoxia marker

Recruiting

Non-Small Cell Lung Cancer

Drug: Olmutinib

Active

Cancer

Blood/Urine samples

Hypoxia in Tumors

Olmutinib Trial in T790M (+) NSCLC
Patients Detected by Liquid Biopsy
Using BALF Extracellular Vesicular DNA

Pilot Study with the Aim to Quantify a
Stress Protein in the Blood and in the Urine
for the Monitoring and Early Diagnosis

Recruiting

of Malignant Solid Tumors

•Drug: Trastuzumab
•Drug: Pertuzumab
•Drug: Docetaxel

A Phase III Trial of Pertuzumab
Retreatment in Previously
Pertuzumab-Treated
Her2-Positive Advanced
Breast Cancer

•Drug: Paclitaxel
HER2-positive Breast Cancer: locally

•Drug: Nab-paclitaxel

advanced

•Drug: Vinorelbine

or metastatic

•Drug: Eribulin

Recruiting

•Drug: Capecitabine
•Drug: Gemcitabine

ncRNAs in Exosomes

Cholangiocarcinoma

of Cholangiocarcinoma

Benign Biliary Stricture

N/A

Recruiting

•Biological: AdV-tk
•Drug: Valacyclovir

GMCI, Nivolumab, and Radiation
Therapy in Treating Patients
with Newly Diagnosed
High-Grade Gliomas

•Radiation: Radiation
Glioma, Malignant

•Drug: Temozolomide

Recruiting

•Biological: Nivolumab
•Other: Laboratory
Biomarker Analysis

Table 2. Registered clinical trials based on extracellular vesicles: an updated report from the NIH
database (ClinicalTrials.org).
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CHAPTER II
EXPLORING THE ROLE OF EXTRACELLULAR Y-RNAs IN
GLIOBLASTOMA CANCER STEM CELLS
THE DISEASE: GLIOBLASTOMA

Glioblastoma multiforme (GBM) is one of the most malignant tumors of the central nervous
system. It accounts for 54% of all glioma types and it is mainly diagnosed in adulthood (Ostrom et
al., 2014). In 2016, the World Health Organization (WHO) classified GBM as a grade IV glioma (Louis
et al., 2016) because of its elevated invasive nature (Hatoum, Mohammed, & Zakieh, 2019). In fact,
even though GBM can be considered a rare type of cancer, with a worldly incidence of about 3.9 per
100,000 people, it is one of the deadliest tumors, with a survival rate of 15 months after diagnosis,
representing a social healthcare emergency, given the poor clinical outcome (Hanif, Muzaffar,
Perveen, Malhi, & Simjee, 2017b).
Glioblastoma is characterized by a high grade of inter and intra-tumor heterogeneity, both molecular
and cellular; which underlies to the GMB resistance to therapies and to a high frequency of
recurrence after surgery (Pesenti et al., 2019). The current standard of care for glioblastoma is based
on a careful surgical resection of the tumoral area, often concomitant to radiotherapy to kill the
residual tumor cells, and adjuvant chemotherapy with temozolomide (TMZ). Temozolomide is a
methylating agent, which represents the only effective chemotherapy drug for GBM patients, since
the majority of the GBM therapeutic drugs showed more side effects than clinical benefits (Hanif et
al., 2017b).
Recurrent molecular signatures have been detected in glioblastoma, although the major factors are
sporadic. In particular, genetic hallmarks of GBM are the overexpression of epidermal growth factor
receptor (EGFR), the presence of mutations in isocitrate dehydrogenase-1 (IDH1 and IDH2), and
high levels of methyl guanine methyl transferase (MGMT), which correlates positively with the
resistance to TMZ (Kitange et al., 2009; Hanif et al., 2017, Wick et al., 2019).
Despite the efforts made so far in investigating new potential effective treatments, more interventions
are required at a research level to understand possible mechanistic causes of GMB onset and
discover potential biomarkers for early tumor detection.
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THE MODEL: CANCER STEM CELLS

The tissue complexity of cancer is a reflection of its heterogeneous cellular composition,
comprised of cellular hierarchies which mimic the organization of healthy tissues. Many reports
demonstrated that even a single tumor is composed of highly diverse cellular niches with tumorigenic
properties. This intra-tumoral heterogeneity is particularly complex in glioblastoma, a study of Patel
and colleagues detected up to 430 different cells in five primary glioblastomas (Patel et al., 2014),
representing a challenge from a therapeutic perspective.
Contrarily to normal cells, cells with tumorigenic properties display a distinctive uncontrolled growth,
even in the absence of factors essential to cellular proliferation (Hanahan & Weinberg, 2011b). From
this point of view, cancer cells are resembling stem cells rather than differentiated cell types and in
fact, within tumors, included glioblastomas, multiple studies identified rare subset of tumor cells with
distinctive stemness features (Bonnet & Dick, 1997; Singh et al., 2003), which have been called
“cancer stem cells” (CSCs) or “tumor-initiating cells” (TICs) (Aum et al., 2014).
These stem-like tumor cells are high proliferative, possess a high tumorigenic potential since when
injected in mice can give rise to a tumor (Mummery, Stolpe, Roelen, & Clevers, n.d.). Moreover,
cancer stem cells harness the ability of self-renew and are characterized by multipotent properties
since they may differentiate in neural cell lineages phenotypically different (i.e., mature neurons,
astrocytes, and oligodendrocytes), which support the growth of other tumor cells (Zong, Parada, &
Baker, 2015). Furthermore, cancer stem cells are held responsible for cancer resistance to
therapies. In glioblastoma, CSCs have shown an improved mechanism of DNA repair damage,
unresponsiveness to cell cycle regulation (Ropolo et al., 2009), and therapeutic resistance to TMZ,
due to an increased expression of MGMT, establishing a phenotype less tolerant to TMZ (Auffinger,
Spencer, Pytel, Ahmed, & Lesniak, 2015).
To target CSCs, multiple markers have been proposed as surface antigens CD15, CD133, A2B5,
and the cell adhesion molecule L1CAM (Brescia, Richichi, & Pelicci, 2012; Lathia, Mack, MulkearnsHubert, Valentim, & Rich, 2015). In particular, the glycoprotein CD133 has been proposed as a
marker of stem cell types, proving to be useful in sorting glioblastoma cells with stem-like properties
by flow cytometry (Brescia et al., 2012). Furthermore, CD133 appeared to have a prognostic value
in studies with glioblastoma patients (R.-Q. Zhang et al., 2016). Despite its clinical utility, the
specificity of therapies targeting CD133 as a marker of tumor-initiating stem cells is still under debate
whether not all the GCSs express CD133 (Brescia et al., 2013), thereafter more efforts are needed
to find new promising markers of CSCs in glioblastoma, to design more effective therapies against
tumors.
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Figure 5. Illustration of the functional characteristics of Cancer Stem Cells (CSCs). CSCs are a rare
population of cells defined a sustained self-renewal, persistent proliferation, and tumor initiation upon
transplantation in animal models. Besides, other common characteristics of CSCs are their frequency within a
tumor, expression of stem cell markers (in this case markers are referred to neural cancer types), and the
multipotent ability to generate neural cell lineages. (adapted from Lathia et al., 2015).
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FOCUS ON A CLASS OF NON-CODING RNA: Y- RNAs
Y-RNAs are a family of small non-coding RNAs discovered in 1981 in patients suffering from
autoimmune diseases, as part of ribonucleoproteins (RNPs) associated with Ro60 (60 kDa protein)
and La antigens (Lerner, Boyle, Hardin, & Steitz, 1981). Y-RNAs, a well-conserved family of RNA,
are found in all the vertebrates investigated so far. Moreover, the existence of similar small noncoding RNAs has been reported in nematodes, insects and in some prokaryotes (Kowalski & Krude,
2015a). Humans possess four Y-RNA species: Y1, Y3, Y4 and Y5 (Lerner et al., 1981). Y2 is missing
as it represents a product of Y1 degradation (Kowalski & Krude, 2015a) while Y3 is the most
consistently present across species (Farris, O’Brien, & Harley, 1995).

Figure 6. Structure of Y-RNAs (adapted from Kowalski & Krude, 2015).

Human Y-RNAs are 84–113 nucleotide long and are expressed in extracellular and cellular fractions,
although mostly enriched in the extracellular share (Hendrick, Wolin, Rinke, Lerner, & Steitz, 1981;
Wei et al., 2017b). Y-RNAs genes are located on chromosome 7q36, and each Y-RNA has its
specific promoter recognized by RNA Polymerase III (Köhn, Pazaitis, & Hüttelmaier, 2013). Y-RNAs
have a characteristic stem-loop structure with double-stranded stem regions that contain 5’- and 3’sequences. The lower stem and the polyuridine tail domains are conserved across species and
contain binding sites for Ro60 and La proteins (Teunissen, 2000; Kowalski & Krude, 2015b). The
binding of Y-RNAs to Ro60 and La is essential to form Ro Ribonucleoproteins (Ro RNPs) that are
involved in RNA stability and cellular responses to stress (Langley, Chambers, Christov, & Krude,
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2010). It has been demonstrated that the export and stabilization of Y-RNA in the cytoplasm is
dependent on Ro60 binding, while La is not necessary for the export (Simons, Rutjes, Van Venrooij,
& Pruijn, 1996). The internal loop domain is pivotal in the initiation of chromosomal replication. The
sequence variability in the loop sites distinguishes the four Y-RNAs and is essential to recruit RNA
binding proteins (Teunissen, 2000).
RNA sequencing analysis revealed that the majority of RNAs associated with EVs are non-coding
RNAs. Among all, miRNA and Y-RNAs were the most represented RNA species (Wei et al., 2017a).
Interestingly, all Y-RNAs species were abundantly detected inside extracellular vesicles, both full
length and as fragments (Wei et al., 2017a; Nolte-’t Hoen et al., 2012).
The structural conformation of Y-RNAs is favoring the binding with RBPs. Driedonks & Nolte-‘t Hoen
recently reviewed some reports of the association between the Y-RNAs and different RBPs. In these
reports, the mass spectrometric analysis found twenty-three RNA binding proteins associated with
Y-RNAs, suggesting that these RBPs might play a role in delivering RNA to recipient cells, via EVs
(Driedonks & Nolte-’t Hoen, 2019). Among the twenty-three proteins, eighteen have been identified
as present inside EVs and six have been further confirmed by western blotting. Mass spectrometric
analysis digests peptide fragments, and a validation step with antibodies that involves the recognition
of antigens of interest is required to verify the specific protein expression (Driedonks & Nolte-‘t Hoen,
2019; Shao et al., 2018). Among the validated RNA binding proteins, remarkably YBX1 has been
proposed to deliver Y-RNAs inside EVs, although this function was not found specific for Y-RNAs
only (Shurtleff et al., 2016).
In conclusion, the abundance of Y-RNAs inside EVs suggests that they may play a role in cellular
crosstalk acting as messengers, but further studies are necessary to elucidate the packaging of YRNA inside EVs and the functional roles of Y-RNAs.

THE DIAGNOSTIC POTENTIAL OF Y- RNA ASSOCIATED TO EVs
Recent studies showed the presence of high level of Y-RNAs associated with extracellular
vesicles in biological fluids (reviewed by Driedonks & Nolte-’t Hoen, 2019). Alterations in plasma
levels of extracellular Y-RNA were observed in pathological conditions such as cancer and
neurological diseases (Driedonks & Nolte-’t Hoen, 2019), suggesting the potential utility of Y-RNA
as biomarkers. High expression of the different Y-RNAs has been detected in the circulation of
patients with breast cancer (Dhahbi, Spindler, Atamna, Boffelli, & Martin, 2014) glioblastoma (Wei
et al., 2017a) and leukemia (Haderk et al., 2014).
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Besides this evidence, little is known on the conditions that may trigger tumor cells to release EVs
packed with Y-RNAs and on the functions that Y-RNA may exert on recipient cells in the tumor
microenvironment. The first clinical evidence derives from studies that analyze small cohorts of
patients. Moreover, extracellular Y-RNAs can also be associated with Ribonucleoproteins, other than
EVs. To avoid misleading indications, a major standardization is required in sample processing and
RNA analysis to confirm the correlation between EVs and Y-RNAs (Langley et al., 2010), and to
better investigate the role of Y-RNAs in the TME.
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AIM OF THE WORK
Extracellular vesicles are vehicles of biological signals between cells in physiological and
pathological conditions. They are key players in the intercellular communication and contribute to
elucidating in real time the status of pathological processes. Most importantly, they offer the
possibility to detect novel targets for therapeutic monitoring.
Circulating molecules are interrogated in liquid biopsies to track the tumor dynamics. The
abundance and bioactive content of heterogeneous EVs in biological fluids qualify them as an
attractive source of diagnostic and prognostic markers. However, the lack of reproducible and
efficient isolation methods is an obstacle to the applicability of EVs in clinical practice.
The overall aim of my Ph.D. studies was to assess whether extracellular vesicles isolated
from liquid biopsies could be used as an innovative tool for detection of molecules associated with
cancer, to be applied in a clinical setting. To this end:
-

We challenged the technical limitations developing a novel procedure to isolate EVs in body
fluids, which is compatible with a clinical utilization.

-

We implemented different molecular assays to characterize the RNA and proteins enclosed
in EVs.

-

We validated the performance of NBI to detect cancer biomarkers associated to EVs that
could discriminate cancer patients from healthy subjects in retrospective studies.

-

We investigated the EV-RNA content of glioblastoma cancer stem cells to identify molecules
with clinical significance to be used in medical research as promising biomarkers.

The ultimate goal of the project is to identify cancer biomarker associated to EVs in liquid biopsies
and for this reason we are currently investigating the transcriptome of EVs derived from plasma
of breast cancer patients, collected in an ongoing prospective study, to assess their potential as
prognostic biomarkers.
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RESULTS
OPTIMIZATION OF TECHNICAL
EXTRACELLULAR VESICLES

PROCEDURES

TO

ANALYZE

Approaches to analyze large vesicles in flow cytometry

Extracellular vesicles are approximately two orders-of-magnitude smaller than the cells they
originate from. For these reasons, over these years, the research in the EV field dedicated much
effort to develop new techniques and adapt existing protocols to characterize EV preparations.
Morphological and biophysical properties of EVs as size, molecular composition, concentration, and
optical density can be exploited for EVs characterization.
One of the most commonly applied techniques to characterize the molecular phenotype of EVs is
flow cytometry, as it allows analyzing multiple markers expressed on the vesicle membrane, at the
same time (Shao et al., 2018). Briefly, particles suspended in a fluid are individually analyzed at their
passage through a laser beam, when an electronic detection system measures light scatter and
fluorescence intensity of particles. Despite the technological advancements in the field, standard
flow cytometers fail to target smaller vesicles because of a poor scattering signal, and the presence
of the swarm effect (Van Der Pol, 2012). Swarm effect is a confounding phenomenon, which leads
to underestimating the count of small particles. In this case, multiple vesicles are counted as a single
event when the laser hits the surface of small particles (Van Der Pol et al., 2012). Therefore, it has
been observed that only MVs and ABs can be properly analyzed at a conventional flow-cytometer,
having a diameter ≥ 0.5 μm, less prone to swarm effect (Van Der Pol et al., 2012).
To visualize large vesicles (LVs) at a conventional flow cytometer, we designed a gate using
polystyrene beads of 1 and 10 μm, (Fig. 7 a). We optimized FACS parameters on extracellular
vesicles isolated by U87 cell line by differential centrifugation (UC). U87-MG cell line was chosen
since these cells were known to release a massive amount of EVs (Di Vizio et al., 2012). Specifically,
we analyzed the pellet obtained after the second ultracentrifugation at 10000xg, according to Di Vizio
protocol to isolate large vesicles (Di Vizio et al., 2012).
Another way to visualize LVs at FACS (flow activated cell sorting), is staining vesicles with a
fluorescent dye. We compared two permeable dyes commonly used to stain vesicle membrane: Nile
Red (also known as Nile blue oxazone) and Carboxyfluorescein diacetate succinimidyl ester (CFDASE) (Morales-Kastresana et al., 2017). We observed the formation of aggregates made of unbound
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dye using Nile Red, while CFDA-SE alone did not form aggregates and the stained pool of LVs had
similar size compared to unstained LVs (Fig. 7 b). We assessed that CFDA-SE is the best labeling
method since we were able to appreciate a bright fluorescent signal of MVs using CFDA-SE staining
at a low concentration of 0.1 μM, without any formation of dye aggregates (Fig. 7 c).
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Figure 7. Flow cytometry analysis of large vesicles. a) Gating strategy used to analyze large vesicles at
FACS using silica beads. b) Optimization of staining conditions to visualize LVs membranes. Comparison
between Nile Red and CFDA-SE dyes. 1000 events were counted by FACS Canto cytometer for each
condition. c) CFDA-SE staining is chosen as the best labeling method.

Optimization of extraction and analysis of RNA from extracellular vesicles

Extracellular RNA associated with EVs is well protected by a membrane bilayer of EVs from
the degradation of external agents, and it proved to be of diagnostic interest (Hill et al., 2013). To
purify RNA efficiently in terms of quantity and quality of RNA, we tested five different protocols of
RNA extraction, selected from a literature analysis between the most performant commercial kits.
In detail, we isolated EVs from melanoma cells A-375 (ATCC® CRL-1619™), and we extracted RNA
starting from the same number of EVs. We tested five different protocol for RNA extraction: RNA
purification with TRIzol® Reagent; RNA purification with TRIzol® Reagent followed by treatment with
DNAse Qiagen® and purification on a Norgen column (Single Cell RNA Purification Kit); RNA
purification on a Norgen column (Single Cell RNA Purification Kit) followed by treatment with DNAse
Qiagen®; RNA purification with miRCURY™ Exiqon® Kit, followed by treatment with DNAse
Qiagen® and lastly, RNA purification with TRIzol® Reagent followed by treatment with DNAse
TURBO DNA-free™ Kit.
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Figure 8. Illustration of extraction and analysis of extracellular RNAs. The workflow of EV-RNA extraction
and analysis. EVs were pelleted after NBI isolation to avoid buffer interference during extraction passages.

After the purification, RNA has been analyzed at Bioanalyzer, using RNA Pico assay (Agilent), the
most sensible approach to test the quality and quantity of EV-RNAs, through nucleic acid separation
by capillary electrophoresis on a microchip device, starting from picograms of RNA. As expected,
Bioanalyzer analysis revealed variability in the amount of purified RNA, between the different
protocol tested, ranging from 15 pg/µL to 8000 pg/µL (Fig. 9). Qualitatively, the electropherograms
showed, in all the samples, except the RNA extraction with TRIzol® Reagent followed by treatment
with DNAse TURBO DNA-free™ Kit, a recurrent presence of defined peaks correspondent to a small
number of nucleotides, indicating enrichment of small RNAs in EVs, as reported in the literature
(Enderle et al., 2015). Afterward, we performed a sequencing analysis on total RNA, using
SMARTer® Stranded RNA-Seq Kit (Clontech) on an Illumina MiSeq platform. The result of these
experiments indicated that the Trizol protocol, followed by purification on a Norgen column was the
best procedure to extract RNA from extracellular vesicles, to proceed with next-generation
sequencing approaches and efficiently detect molecular alteration in liquid biopsies. This work has
been fundamental to identify a standard protocol which can be translated to other molecular
diagnostics assays.
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Figure 9. Bioanalyzer profiles of RNA extracted with the different protocols. Size distribution of total EVRNA, extracted from A375 melanoma cell line, with the different methods listed previously.

CAPTURE

AND

COMPETITIVE

ELUTION

OF

EXTRACELLULAR

VESICLES BY NICKEL-BASED ISOLATION (NBI)

NBI is designed to exploit the charge of EV membrane
To efficiently apply the potential of EVs in clinical practice, we worked at a fast procedure to
capture extracellular vesicles in biological fluids. To target EVs in biological fluids, we exploited their
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biophysical properties. As I mentioned in the introduction, the vesicle membrane is characterized by
a net negative charge (or ZP) of −40 to −7 mV in PBS at pH 7.4. Previously, other methods employed
ZP to isolate EVs, although the proposed techniques required subsequent passages as polymerbased precipitation (Deregibus et al., 2016a) to pellet EVs, or density gradients, to get rid of
lipoproteins (Heath et al., 2018).
We alternatively propose a procedure called nickel-based isolation (NBI), which consists of two main
steps and take place in less than one hour (Fig. 9). Heterogeneous EVs are captured by nickel
cations (50–300 mM) bound to a matrix of agarose beads. The binding is efficiently reverted using a
tailored buffer, composed by chelating agents (EDTA and citric acid) in PBS buffer (pH 7.4). In this
way, polydisperse EVs could be efficiently isolated in physiological solution with rapidity, preserving
their integrity and stability.

Figure 10. Workflow of Nickel-based Isolation (NBI) procedure. The main passages of NBI method are
illustrated.

NBI relies on Nickel cations to recover negatively charged particles

To have an indication of the number of particles recovered by NBI, we compared the
performances of the novel technique with the gold standard differential ultracentrifugation. U87 were
cultured for 48 hours, before changing with a serum-free media. After 24 hours, we isolated EVs
both with differential ultracentrifugation and Nickel-Based Isolation from 10 mL of serum-free
supernatant of U87 glioma cells, for each condition. For NBI, we incubated the U87 cell culture media
with a diluted suspension of nickel-functionalized agarose beads (1:50 v/v). Differential
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ultracentrifugation had been performed at 10,000 and 100,000 of g force. We analyzed with a
conventional flow cytometer the number of large particles (≥ 0.5 μm) recovered from UC, NBI, and,
as a negative control, non-functionalized beads. We observed that the number of isolated particles
was comparable between the two methods, while we noticed that non-functionalized beads were not
able to recover any particle. NBI performance is therefore dependent on the affinity of Nickel cations
for negatively charged particles.

Figure 11. NBI efficiently recovers a number of particles (>0.5 µm) comparable to UC. FACS Canto
Instrument (BD) calibrated with polystyrene beads (F13838, Life Tech) of 1 and 10 µM. A suspension of 20
mg/ml of nickel-functionalized agarose beads was diluted 1:50 (v/v) in the cell culture media. The number of
particles ≥ 0.5 µm (gate) is equivalent between ultracentrifuge (56.6%) and NBI (58.8%) using agarose beads
functionalized with nickel sulphate. Plots are representative of two independent experiments.

NBI buffer is designed to target EVs in the secretome
As I reported in the introduction, the net negative charge of membrane-enclosed particles, at
pH values >5, makes them susceptible to electrostatic interactions. Aiming to isolate EVs in a
complex matrix as the secretome, we optimized the conditions to elute specifically EVs, overcoming
the interference of Nickel charged beads with other molecules present in the cellular matrix. We used
10 mL of U87 cell supernatant to optimize the composition of the elution buffer, composed of a
phosphate buffered saline (PBS) solution containing chelating agents like EDTA and citric acid (CA),
to revert the binding of EVs from the functionalized beads, over proteins, RNA, and DNA. Next, we
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measured the number of recovered particles by Tunable Resistive Pulse Sensing (TRPS), using
qNano. Simultaneously, the absorbance and fluorescence of both elution buffers and beads were
monitored (in this case by further normalizing the signal to the 350 nm peak of nickel beads). To
distinguish the affinity of nucleic acids for the beads, absorbing UV light at 260 nm, we pre-stained
the beads with Pyronin Y, a fluorescent probe able to bind both double single and double-stranded
RNA (Bao, Rhee, & Tsourkas, 2009) to measure a specific fluorescence signal for the RNA. We
eluted a consistent number of particles (2–5 × 109/mL), with a diameter of 50–700 nm) from the
stationary functionalized beads using a low concentration of chelating agents (1-3 mM). Meanwhile,
we did not detect any absorbance or relevant fluorescence signals from controls, when nucleic acids
(A260),

proteins

(A280),

or

pre-stained

RNA

were

pre-incubated

with

nickel-agarose

beads. Conversely, at increasing concentrations of EDTA (>3 mM), the specificity of the elution
buffer for EVs resulted affected (Fig. 12).

Figure 12. Optimization of elution buffer composition to target EVs. At pH ≥ 5, using 1–3 mM of chelating
agents, particles are selectively eluted from a functionalized stationary phase in contrast to nucleic acids
(A260), proteins (A280), or pre-stained RNA (with Pyronin Y), pre-incubated with nickel-agarose beads. The
optimal molar ratio of EDTA:CA is ~1:70, which corresponds to elution buffer 1×. TRPS analysis has been
performed at qNano using three different nanopores (NP200, NP400, NP800).

Preferential elution of EVs in a protein-enriched system

To validate the previous observations, we tested the performance of NBI to elute EVs in a
protein enriched-environment. Ni2+ ions are exploited in protein purification, in the form of Ni-NTA
52

Resin (Crowe et al., 1994). For this reason, we supplemented the medium of U87 with purified
Histidine-tagged proteins (tag known to confer the most robust interaction with Ni) and crude extracts
of DH5α E. coli cells (from pelleted bacteria). At that point, we performed NBI by eluting EVs at
increasing buffer concentrations, while keeping as reference the 1X elution buffer. TRPS analysis
evidenced that samples eluted with 0.5X and 1X solutions were the most concentrated ones,
confirming the previous observations. We also detected 20–25 μg/mL of proteins in 0.5X + 1X
condition by BCA and Bradford assays, reflecting the protein content of the particles quantified at
qNano. In the meantime, we observed an increased elution of proteins from 1.5X solution by SYPRO
Ruby staining, SDS-PAGE, and Western blotting using an Anti-His antibody to recognize the
recombinant proteins. Although, at increasing concentrations (mM) of chelating agents, we detected
a lower number of particles measured by TRPS (Fig. 13).
a)

Figure 13. NBI Competitive assay in protein-enriched serum-free medium. a) 500 μg/ml of DH5α protein
extract and of 50 μg/ml each of purified His-tagged proteins (T7p07, HuR, YTH domain) were added to the
medium. Two parallel gels were exposed to SYPRO Ruby or blotted on PVDF membrane to detect histidine.
b) qNano analyses with indicated nanopores were performed and SD refers to two independent
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experiments. The 1X solution is the optimized buffer and the flow-through (FT) is the medium after beads
sedimentation.

Characterization of EVs isolated by Nickel Based Isolation
To verify the nature of the isolated particles, we evaluated the morphology of the particles
isolated with the elution buffer 1X by Transmission Electron Microscopy (TEM). We could appreciate
a broad heterogeneity of vesicles in the wide-field acquisitions, mostly enriched in objects with
dimensions of 80–120 nm. Notably, the apparent size and shape of vesicles appear to be artifacts
of fixation and drying associated with electron microscopy. Even though we optimized the sample
preparation, using a reduced concentration of formaldehyde and dry time to minimize the shrinkage
effects (van Niel, D’Angelo, & Raposo, 2018), we could observe this phenomenon. Therefore, we
used Dynamic Light Scattering (DSL) to calculate the dispersity index (0.61 ± 0.05), which validate
the measurements obtained by TRPS (Fig.14 a).
To endorse the nature of the purified vesicles, we performed western blotting on those samples,
using antibodies that recognize EV enriched proteins (Kowal et al., 2016). We found that NBI-isolated
vesicles were positive to endosome-associated proteins, such as Alix and CD63 markers, or
membrane proteins such as Flotillin-1, and negative to Golgi markers (GM130), indicating the
presence of exosomes and microvesicles in the mixed populations of the vesicles we isolate (Fig.14
b).
a)

b)

Figure 14. NBI-isolated vesicles are polydisperse and express typical EV enriched proteins. a)
Transmission electron microscopy (TEM) acquisitions, with three fields at 20.500× (1 μm) + 5× magnification
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and three fields at 87.000× (200 nm) + 5× magnification, of NBI samples fixed with 2.5% paraformaldehyde in
the elution buffer. The original scale bars are embedded in the figure at the bottom right, but also added
manually on the left side for better visualization. b) Western blot analyses on EV lysate (recovered by
14 × 106 cells) and on 1% total cell lysate (TCL) of U87.

To estimate the reproducibility of NBI in cell-based assays, we purified EVs released by U87, seeded
at different densities in 6-well plates, as indicated in Fig 15 a). Later, we analyzed the distribution of
purified particles by TRPS using NP400, NP200, and NP100 nanopores, to cover all the vesicular
subpopulations. Isolated EVs displayed a continuous distribution, from approximately 50 to 700 nm
in diameter, characterized by at least two main vesicle populations of ~200 and ~600 nm of mean
diameter.
Being aware of the unknown sub-cellular origin of individual NBI-isolated EVs, we referred to these
two EV populations as small EVs (SVs) and large EVs (LVs), respectively (Fig. 15 b). In particular,
we observed a linear release of small EVs as a function of cell density, and an faster release of large
EVs, as already suggested for microvesicles (van Niel et al., 2018), possibly related with different
biogenetic mechanism, intrinsic stability and/or cell-mediated turnover that correlate with particle
size or composition (Abels & Breakefield, 2016). Interestingly, the efficient isolation of EVs from small
volumes allowed us to follow the release of vesicles using as low as 103 cells/cm2 (Fig. 15 b).
A good isolation method should ensure a proper experimental reproducibility, essential to both
research and clinical applications. We appraised the consistency of NBI procedure, noticing the
overall number of isolated vesicles was proportional to the number of seeded cells, with a global
coefficient of variation (CV) of 6.14% (n = 9 for NBI 1, 2, and 3) for both SVs (197 ± 26 nm) and LVs
(595 ± 37 nm). Moreover, we did not observe a statistically significant variation (P = 0.459) comparing
EVs from EV-depleted serum (dFBS) (Wei et al., 2016) and serum-free media (NBI 1), indicating
that a reliable EV isolation can be started from relatively viscous solutions upon dilution with PBS
(Fig. 15 c).
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a)

b)

c)

Figure 15. EVs recovered according to cell density, reveal two different releasing dynamics. a) U87
cells were seeded at different density, as indicated, in 6-well plates. Media (1 ml) were recovered after 24 h,
and cells were stained with 10ng/ml Hoechst 33342. b) Media were processed by NBI, and the number of EVs,
indicated here as Log2, was assessed by TRPS with qNano instrument (IZON Science). Standard deviation
refers to three independent experiments. c) The reproducibility of NBI has been tested in serum-free media of
U87 seeded at different density, in 6-well plates, as indicated (NBI 1, 2, and 3). Ten % ultracentrifuged FBS
(dFBS) condition showed substantial overlap with NBI-1 results. Plots are representative of three independent
experiments, and the global CV was 6.1%.
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NBI preserves the integrity and stability of EVs

Multiple studies reported how the membrane composition of extracellular vesicles is
accounting for their reduced immunogenicity (Murphy et al., 2019), suggesting the utilization of
extracellular vesicles as promising tools for therapeutic purposes (Fais et al., 2016). In light of this
application, the preservation of the structural integrity of EVs represents a prerequisite to translate
their biological functions into a solid clinical reality. Along with improvements of the conditions to
ensure EV stability (Kusuma et al., 2018), isolating intact EVs would be valuable to these purposes.
To exploit this perspective, we verified whether the composition of the elution buffer would affect the
integrity of NBI-purified vesicles. We tested increasing concentration of elution buffer, starting with
the 1X solution, although this time supplemented with salts, to resemble the conditions reported in
other ion exchange protocols (Kosanović et al., 2017) and we used the addition of SDS as a control
for the integrity loss of EVs. We demonstrated that the synergy of EDTA with citric acid provided a
valuable alternative to preserve the pH and the biological samples from high concentrations of salts
(Kosanović et al., 2017) that can affect vesicles' integrity, as shown in Fig. 16.
a)

b)

Figure 16. Increasing concentration of salts in the elution buffer affects the integrity of EVs. a) The
number and mean diameter of particles, analyzed by qNano instrument (IZON Science) are affected by
different elution buffers containing higher concentrations of salts (NaCl 100 mM). b) In comparison with 1x
elution buffer, the increasing ionic strength causes detrimental effects on the integrity (inferred by the reduced
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number) of beads-eluted vesicles, with detected variations also in the mean size of TRPS-measured particles.
Graphs are representative of two independent experiments.

Being composed of a lipid bilayer, the membranes of extracellular vesicles are characterized by a
curvature degree, influenced by their composition in different protein and lipid species (Haraszti et
al., 2016). Even if it had not been completely clarified yet, centrifugation-based methods might affect
the structural shape of EVs, using high g-forces for prolonged times (Douglas D. Taylor & Shah,
2015).
To investigate the impact of mechanical forces exerted during the NBI procedure, we chose, as
models, liposomes with an “exosome-like” lipidic composition (adapted from Llorente et al., 2013;
Haraszti et al., 2016). We spiked a pool of liposomes in 10 mL of DMEM, and we proceeded with
the isolation, comparing NBI with UC. We also tested the same samples, this time stained prior the
isolation, with the lipophilic phosphatidylethanolamine-rhodamine (PE-Rho), a fluorescent lipid dye
used to study membrane fusion and surface aggregation (Chang, Reich, Brunzell, & Will, 1998).
Both methods were able to recover almost all the spiked particles (98.6%), with a mean size of
~190 nm, although we measured a slight shift of ~10 nm of diameter in UC samples. Similarly, in PERho stained liposomes, we could observe a coalescent effect (>40 nm shift) in ultracentrifuged
liposomes, compared to the ones processed by NBI. These data, shown in Fig. 17, demonstrate that
the elution buffer used for NBI minimizes particles aggregation.

Figure 17. NBI minimizes particles aggregation. Similar to the EVs in the same conditions, the average
zeta potential of these preparations was −15.2 mV, as determined by DLS.

Different studies questioned the importance of the storage conditions to preserve the biological and
physical properties of EVs (Welch et al., 2017; Maroto et al., 2017; (S. J. Park et al., 2018). It has
been demonstrated that factors as time and temperature could affect the biological activities and
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impact on the number of particles, resulting in vesicle aggregation (S. J. Park et al., 2018; Bosch et
al., 2016).
To investigate the effect of these parameters on NBI physical properties, we interrogated the
turnover of vesicles stored at 4 °C after purification by NBI or UC (Fig. 18). We chose to focus on
particles ≥300 nm, more vulnerable than smaller vesicles to different storage conditions (Yuana et
al., 2015). In UC samples, at 24 days post-isolation (t24), the 600 nm population initially present was
virtually replaced by a population of ~300 nm. Strikingly, NBI samples retained the 86% of the original
EV population, still detectable using the same nanopore. A kinetic analysis evaluating the size-shift
of the 600 nm test population, revealed a half-life of >50 days for NBI EVs, in contrast to 7.35 days
for UC EVs (Fig. 18, on the right).
Collectively, these data indicate that NBI recovered EVs can preserve their stability in a near
physiological pH solution for short-time storage at 4°C. Most importantly, the application of EVs in a
clinical context would be subjected to volume restrictions, and an ideal isolation method should be
scalable. While for therapeutic purposes it is required a large-scale production of EVs, the
employment of EVs in liquid biopsies is limited to the availability of the volume of biofluids derived
from patients at different time points along the course of the disease. In this scenario, NBI represents
a valuable tool since it can be applied to a wide range of volumes, as we demonstrated so far.
a)

b)

Figure 18. NBI-isolated EVs preserve their stability in solution. a) EVs were isolated by UC or NBI from
3 ml of serum-free medium of U87 and analyzed at (t0) or after 24 days (t24, stored at 4 °C). b) Repeated
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measurements by TRPS have been performed until 52 days post-purification, and the relative half-live of the
600 nm populations have been calculated with GraphPad Prism software v.5.

SCALABLE AND REPRODUCIBLE ISOLATION OF POLYDISPERSE EVs
FROM CANCER CELL LINES AND PLASMA OF HEALTHY VOLUNTEERS
In light of being employed for clinical applications, a suitable EV isolation method should
guarantee reproducibility to standardize the results. Therefore, we evaluated the NBI procedure on
a panel of immortalized, and well characterized, cancer cell lines. In detail, we characterized the EVs
recovered from MCF-7, PC-3, MDA-MB-231, and SH-SY5Y tumor cell lines (Fig.19). We observed
a consistent distribution of isolated EVs in terms of size and concentration, except the SH-SY5Y
cells that demonstrated a lower tendency to release both small and large vesicle populations.

Figure 19. NBI efficiently isolates EVs with high reproducibility from different cell lines. The distribution
of NBI-isolated EVs has been analyzed for different cell lines, as indicated. SH-SY5Y cells showed a
substantial reduction in releasing both vesicle populations (**P-value = .006, F = 70.13, and *** < 0.0001,
F = 30.84, using one-way ANOVA and Bonferroni's post-test). SD refers to 3 independent experiments.
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At the same time, we verified the consistency of NBI performance on EVs isolated biological fluids.
To this aim, plasma and serum fractions of nine healthy donors were subjected to NBI, and the
relative abundance of LVs was analyzed by flow cytometry. We observed a 6-fold enrichment of EVs
purified from plasma compared to serum EVs (in Fig. 20 a) a representative case is shown). Given
the enrichment in EVs in the plasmatic fraction, we isolated EVs from the plasma of forty-seven
healthy donors, assessing the distribution of EVs by TRPS. The profile of NBI-isolated EVs was
characterized by at least two enriched populations showing a quantitative ratio of ~55:1: the first one
with a mean diameter of 249.5 ± 36.71 nm (SVs) and a concentration of 30.56 ± 25.78 × 109 per
milliliter of plasma; the second one with a mean size of 564.4 ± 57.3 nm (LVs) and a concentration
of 5.49 ± 3.09 × 108 per milliliter of plasma, as indicated in Fig. 19 b). As reported by previous studies
(Abels & Breakefield, 2016), smaller vesicles were more abundant than larger ones, and a similar
trend was also observed in the distribution of cell-derived EVs.
a)

b)

Figure 20. NBI efficiently isolates EVs with high reproducibility from the blood of healthy donors. a)
Representative percentages of LV distribution in plasma and serum fractions of one donor is shown. 1000
events were recorded for each condition. The abundance of LVs was assessed by flow cytometry (BD, FACS
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Canto). b) NBI was applied to 0.5 mL of plasma obtained from 46 healthy volunteers. The mean age of the
volunteers was 45 ± 10 years. The relative distribution of EVs has been evaluated by TRPS analyses using
three nanopores with the obtained concentrations, per milliliter of plasma, of the small and large EV
populations.

Characterization of plasma EV lineages by combined immune-capture
As I mentioned in the introduction, an advanced stage of the tumor correlates with a high
degree of hardly detectable cell heterogeneity. As an opportunity, tumor-EVs released by different
cellular subtypes can reflect the tumor heterogeneity (Willms et al., 2016; Willms, Cabañas, Mäger,
Wood, & Vader, 2018). One challenge in liquid biopsies is the presence of EVs that are secreted by
non-cancer cell types as blood cells; therefore the assessment of EV subtypes is necessary to define
specific lineages to unravel the messages carried by EVs (Greening & Simpson, 2018)
In line with other reports (Nomura, 2017; Wolf, 1967), mixed populations of circulating vesicles in
healthy individuals are positive to hematopoietic or endothelial cell markers. To recognize specific
EV lineages from a liquid biopsy, we analyzed a pool of NBI-isolated vesicles derived from plasma
of healthy volunteers. Hence, we used an immune-capture strategy exploiting hematopoietic cell
markers expressed on the surface of blood cells, to understand if they could be instrumental for the
characterization of isolated EVs. In detail, we analyzed a mixture of EVs immunodepleted of CD235a
(a marker of erythrocytes) and CD41a (a marker of platelets) (Valkonen et al., 2017; Vagida et al.,
2017). We measured the number of vesicles before and after the immune-depletion experiment,
observing a 20% diminution of the original population of microvesicles, and about 60% reduction of
SVs using the CD235a. Viceversa, we detected an opposite trend using the CD41a, which showed
preferential recognition of LVs (Fig. 21). These results indicate that plasmatic EVs expose markers
that are specific of distinct cell lineages, underlying the derivation from different cells/progenitors.
Besides, these results are in line with other reports indicating that platelet-derived microvesicles
(range of size >300 nm) are abundant in the blood of healthy individuals (Vagida et al., 2017;
(Aatonen et al., 2014).
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a)

b)

c)

Figure 21. NBI allows to enrich in different EV lineages from blood. a) Hematopoietic cells' antigens,
biotinylated anti-CD41a, and CD235a antibodies were used to characterize plasma isolated EVs. Isolated EVs
(2 × 108/ml), for a total of 15 samples, were divided into two volumes and incubated with biotinylated antibodies
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(CD41a or CD235a) + streptavidin dynabeads. Supernatants were analysed at qNano instrument and the
distribution of EVs left in solution are shown. * P-value < .05; ***P-value < .001. b) Correlation between the
number of erythrocytes and small vesicles (Pearson r: 0.998) and between platelets and large vesicles
(Pearson r: 0.989), analyzed in EV derived from plasma of 46 healthy donors. c) Blood cell counts of NBIisolated EVs from the plasma of healthy volunteers.

NBI allows recovering heterogeneous EVs derived by specific cell lineages
Next, we aimed at recognizing specific EV lineages from a heterogeneous pool of EVs
isolated by NBI. This time we performed immune-capture experiments starting from the same
number of EVs derived from melanoma cells (SK-MEL-28) and human plasma (109/mL) spiked in
one mL of plasma after NBI procedure. We pooled the EVs derived from the different sources and
incubated the mixture of isolated vesicles with varying combinations of CD235a, CD41a, and CD45
antibodies, the latter known to be expressed from leukocytes (Woodford-Thomas et al., 1993) but
not from SK-MEL-28 cells (Cardi, Mastrangelo, & Berd, 1989). To target specifically the populations
of melanoma-derived EVs, we used CD146 and CD166 antibodies. CD146 and CD166 are members
of the cell adhesion molecule (CAM) family, a group of cell surface receptors that play a critical role
in physiological and pathological conditions (Murray, Frampton, & Nelson, 1999; Lei, Guan, Song, &
Wang, 2015). In particular, CD146 (Mel-CAM) and CD166 (Al-CAM) are considered target molecules
in the monitoring of melanoma, given their role supporting the melanoma progression (Wang & Yan,
2013; Ordóñez, 2014; (Ruma et al., 2016).
After multiple combinations of immune-depletions with the markers as mentioned earlier, we
measured by TRPS the number of EVs left in the supernatants. After immunoprecipitation of
CD235a, CD41a, and CD45 positive vesicles, CD146 antibody still recognized the 64% of input EVs
(light green vs. light grey bars) positive to the epithelial marker, in contrast to the CD166 antibody
which resulted as an experimental negative control (shown in Fig. 19). We have shown that it is
possible to assess the presence of specific hematopoietic-endothelial antigens on the surface of
plasmatic EVs and that NBI allows an unbiased enrichment of different EV lineages.
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Figure 22. Identification of specific EV lineages in plasma. 109/ml plasma EVs and 109/ml EVs isolated
from media of SK-MEL-28 cells were spiked in 1 ml of post-NBI human plasma. Indicated biotinylated
antibodies were incubated for 60 min and, after streptavidin dynabeads precipitation, TRPS analyses were
performed on EVs left in solution. One-way ANOVA-Bonferroni has been used to calculate the statistical
significance (*P-value < .05; **P-value < .001).

EXPLORING THE INNER AND OUTER CONTENT OF EVs: SENSITIVE
DETECTION OF PROTEINS AND RNA BY NBI-BASED TECHNIQUES

Being abundantly present in biological fluids, EV can be captured and analyzed in liquid
biopsies. Cancer diagnostic may take advantage of EVs since they represent a biological source to
exploit for discovery and detection of biomarkers. To gain a profit from the uniqueness of EVs, the
clinical studies require rigorous and sensitive analytical approaches to get high-quality diagnostic
information about the heterogeneity of tumor cells. We demonstrated the advantages of NBI
procedure to recover intact and polydisperse EVs, from cell supernatants and blood fractions, in a
scalable and reproducible way. In the next steps, we exploited the potential of this novel method to
optimize biochemical and molecular assays and reach ultra-sensitive biomarker detection via EVs.
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Ultrasensitive detection of surface antigens by NBI-alpha assay
To detect surface antigens expressed on the EV-membrane, we exploited the versatility of
NBI approach to optimize the amplified luminescent proximity homogeneous assay (alpha)
technology. In this assay (illustrated in Fig. 23, top), streptavidin-coated donor beads recognize a
biotinylated antibody specific for the antigen of interest, while positively-charged nickel-chelate
acceptor beads interact with EVs and emit a fluorescent signal when in the proximity of excited donor
beads (NBI-Alpha).
EVs isolated from two healthy volunteers and melanoma cells SK-MEL-28 were subjected to NBIAlpha. EV counts, assessed by TRPS, were reported as a function of the signal, obtained after
binding with CD235a, CD41a, and CD45 biotinylated antibodies. The expression of CD235a,
markers of red blood cells, was efficiently detected on the surface of plasma-derived EVs, compared
to CD41a and CD45 (Fig. 23, b) bottom), in barely 106 EVs. Conversely, in case of EV derived from
melanoma cells, the signal of Mel-CAM protein was more enhanced compared to hematopoietic
markers, with a peak corresponding at 105 vesicles, confirming the expression of this marker on the
membrane of melanoma-derived EVs (Fig. 23, b) top).
a)

b)

Figure 23. NBI-alpha as a new analytical tool to study EVs. a) Diagram describing the alpha assay
designed to detect surface antigens on individual, polydisperse EVs. b) Saturation curves were obtained as a
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function of the number of EVs purified by NBI from the plasma of two healthy donors (#1, #2) and SK-MEL-28
melanoma cells.

To test the assay in terms of sensitivity and accuracy, we compared the NBI-Alpha with two other
techniques: ELISA (Smith et al., 2015) and ExoScreen (Yoshioka et al., 2014), which have been
used to identify proteins associated to EVs with superior sensitivity. In particular, we evaluated the
performance of the methods to detect CD146 levels in three cells lines, SK-MEL-28, HeLa and
Jurkat, showing respectively, high, intermediate and low levels of endogenous CD146 (Fig. 24 b).
To this end, EVs subjected to ELISA and ExoScreen were isolated by UC (10k and 100k pellet) while
EVs for NBI-alpha were purified by NBI and UC, (10k and 100k pellet analyzed separately).
Generally, all the techniques were consistent in the detection of the relative cellular expression of
CD146, although NBI-alpha showed the highest sensitivity in CD146 detection (>5 times), even when
the antigen expression was low as in the case of Jurkat. Notably, the advantage of the optimized
Alpha assay is superior when combined to NBI procedure rather than UC, as a possible
consequence of particle aggregation, induced by g-force, on both ultracentrifuged samples (Fig. 24
a).
a)

b)

Figure 24. NBI-alpha detects the expression of EV surface proteins with enhanced sensitivity. a) The
relative performances of different detection methods have been then evaluated, using anti-CD81 biotinylated
antibody for plate-coating in the case of ELISA (coupled with anti-CD146 and HRP-conjugated secondary
antibodies) or conjugation with Acceptor beads in the case of ExoScreen. The specific, background-subtracted
signals were normalized to IgG signals of individual experiments. 10 K and 100 K indicate the g forces applied
in the two protocols of UC, respectively. SD refers to two independent experiments. b) Immune-blotting
performed on cell lysates indicate cells lines expressing high, intermediate, or low levels of CD146 protein.
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Finally, we exploited the analytical potential of NBI-alpha in retrospective studies to detect cancer
biomarkers in patients’ fluids. We chose as target prostate specific marker antigen (PSMA), a protein
expressed in all types of prostatic tissue, which is achieving a prominent role in diagnostics of
prostate cancer (von Eyben, Baumann, & Baum, 2018). We isolated EVs from one milliliter of plasma
of ten patients with advanced metastatic prostate cancer (>60 years) and seven healthy subjects
(age of 50-55 years) as controls.
In agreement with other studies (Yoshioka et al., 2013) we found a statistically significant increase
in the number of recovered EVs in the cancer patients (Fig. 25 a), as well as increased levels of
PSMA in all patients’ EVs, compared to healthy controls (mean P value <.001). The sensitivity of
NBI-alpha allowed identifying a picomolar concentration of PSMA using 105 EVs (Fig. 25 b), as
determined by a standard curve with His-tagged PSMA.
a)

b)

Figure 25. Detection of PSMA in NBI-EVs derived from patients and healthy controls. a) The relative
number of EVs is plotted for healthy donors (50–55 years) and prostate cancer patients (>60 years). One-way
ANOVA-Bonferroni has been used to calculate the statistical significance. **P-value < .001. b) The relative
levels of PSMA on 105 EVs were detected by NBI-alpha. According to the standard curve with purified
recombinant histidine-PSMA, 1 in the Y-axis corresponds to ~35 pg/ml of PSMA in solution. SD refers to three
independent experiments.

Ultrasensitive detection of RNA in EV lineages by NBI-ddPCR assays
EVs are enriched in nucleic acids, which can be shuttled between cells and mirror the genetic
diversity of the cells of origin. One of the most highly sensitive technologies used to detect RNA and
mutated transcripts inside EVs is the droplet digital PCR (ddPCR) (Allenson et al., 2017). The
sensitive power of ddPCR lies in the dilution and partition of the nucleic acids into separated droplets
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which are simultaneously and independently amplified. In this way, the assay results in a more
effective PCR amplification and a higher detection sensitivity (R. Zhang et al., 2018). With this assay,
we analyzed the nucleic acid content of heterogeneous EVs isolated from plasma of forty-seven
healthy donors, having a broad size range of 50–700 nm. We started from 3x109 EVs per each
sample and investigated the absolute number of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) transcripts. We confirmed the correlation between the number of GAPDH mRNAs and the
number of platelets (Pearson r: 0,623), given the abundance of MVs derived from platelets in the
blood (Żmigrodzka, Guzera, Miśkiewicz, Jagielski, & Winnicka, 2016) expressing GAPDH
(McDonald, Reep, Lapetina, & Molina y Vedia, 1993). Encouraged by these promising results, we
exploited the versatility of NBI procedure, implementing the standard ddPCR protocol through direct
encapsulation of NBI-EVs into the oil-droplets to skip the step of RNA extraction. Moreover, we
optimized the assay adding a thermostable reverse transcriptase to the mix performing a one-step
amplification of the RNA fragment of interest (Fig. 26 b). Interestingly, using particles isolated by UC,
we did not observe an optimal number of oil droplets generated (>12000), suggesting that the
eventual particle aggregation was a limiting factor to the direct encapsulation of EVs.
a)

b)

Figure 26. Detection of RNA species in plasmatic EVs and design of a new ddPCR assay for nucleic
acids detection in NBI-isolated EVs. a) EV-RNA were deriving from plasma samples of 47 healthy donors.
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ddPCR has been performed with EvaGreen chemistry. The absolute number of GAPDH mRNA copies has
been analysed by QuantaSoft Analysis software (BIORAD). b) Schematic representation of a new ddPCR
assay to encapsulate EVs (50–700 nm) into oil droplets (1400–1600 nm). The number of copies of specific
RNAs present in NBI-isolated EVs can be obtained as a function of EV titration. The stochastic entrapment of
EVs into oil droplets allow the amplification of the target of interest upon supplementation of the EvaGreen mix
with a thermostable Reverse Transcriptase enzyme.

In the light of a clinical application, we tested the performances of the NBI-ddPCR in a retrospective
analysis, detecting a mutation in a cohort of metastatic colorectal cancer patients. Colorectal cancer
(CRC) is one of the deadliest types of cancer in the western countries, with 861,000 deaths in 2018,
according to World Health Organization (Global Cancer Observatory). Despite a decline of about
50% in CRC mortality over the past four decades, thanks to the changes of dietary and smoking
habits and advancements in early detection and treatment, the assessment of new diagnostic tools
would help accelerate the progress against this type of cancer and predict early CRC (Siegel, Miller,
& Jemal, 2019; X. Chen et al., 2019). Recently, many studies focused on the diagnostic potential of
EV cargo for early detection of mutations and microRNA signatures have been proposed as useful
biomarkers for diagnosis, prediction of prognosis, and treatment response. In this work we analyzed,
in blind, the diagnostic utility of NBI-ddPCR to detect BRAF V600E mutation in plasma of twentyone patients, previously enrolled in a randomized phase III clinical trial for chemotherapy alone or in
combination with bevacizumab, plus 6 additional blood draws collected from one single patient
during the treatment (longitudinal liquid biopsy), (Marisi et al., 2017; Ulivi et al., 2015). KRAS and
BRAF are two key proteins investigated in CRC clinical management to indicate a correct therapeutic
approach. The rare co-occurrence of mutated versions of these proteins is a reflection of the high
degree of tumor heterogeneity that characterizes CRC and is associated with aggressive clinical
manifestations (Larki et al., 2017). Notably, BRAFV600E is a single nucleotide mutation
characterized by a substitution of glutamic acid for valine (nucleotide 1799 T > A; codon
GTG > GAG), and it occurs in 15% of sporadic colorectal cancer (Bond & Whitehall, 2018).
On the analyzed CRC cases, the mutational status of these biomarkers has been assessed by
pyrosequencing on formalin-fixed, paraffin-embedded (FFPE) tissue DNA, indicating the presence
of the BRAF V600E mutation in 5 out of 21 patients (~24%, samples C02, C11, C14, C20, and C25)
and further confirmed 5 months later in the sample C03, a posterior blood draw of the sample C20.
Any mutation was reported in the KRAS gene, except for the variant K117N in the sample C07. We
isolated EVs from the samples mentioned above and first of all, we observed, as for prostate cancer
patients, a higher number of EVs recovered from the plasma of colon cancer patients in comparison
to those of healthy donors (Fig. 27 a, on the left). Then we applied the NBI-ddPCR protocol starting
from one thousand EVs per sample as input to amplify the allele fragment containing the BRAF
V600E mutation. In figure 27 a) (on the right) it is shown the number of single droplets that have
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encapsulated vesicles carrying the V600E mutated transcripts. In particular, the brownish dots
detected in samples C02, C03, C11, C14, C20, and C25 an arbitrary threshold >1 indicate a relatively
higher number of mRNA copies detected by NBI-ddPCR, matching 100% with data obtained by
pyrosequencing on Formalin-Fixed Paraffin-Embedded (FFPE) tissue specimens, while the copies
of mutated BRAF in samples C04, C09, C19, C21, and C24 (blue dots) were exclusively detected
by NBI-ddPCR.
To further investigate the accuracy of these results, we assessed the number of BRAFV600E copies
in the same patients, after immune-depletions of hematopoietic markers positive EVs, finding an
ulterior increase in the number of detected copies, compared to the signal obtained in the total
population of EVs (Fig. 27, b), on the left). Since we previously showed the feasible profiling of EV
subpopulations by NBI, we analyzed the EVs immunodepleted of CD-147, a tetraspanin
overexpressed in plasmatic EVs derived from CRC cases, (Tian et al., 2018), to evaluate the
specificity and sensitivity of our approach. In this case, illustrated on the right of Fig. 24 b), we noticed
a reduction of the number of mutated copies in the case of the sample C25 (0.25 vs. 4.48 and 20.05
copies, respectively obtained in the previous experiments), and just ~34% the concordance with
exclusive NBI-ddPCR mutation-bearing samples (blue dots). These results showed that individual
EVs negative for the CD147 antigen could effectively carry BRAF mutated transcripts, indicating that
it is possible to capture the genetic tumoral heterogeneity with NBI combined approach, with
unprecedented specificity compared to single antibody-mediated enrichment of tumor-derived
vesicles.
a)
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b)

Figure 27. Diagnostic application of the optimized NBI-ddPCR protocol on a retrospective study. a) NBI
was performed on 1 ml of plasma deriving from patients with colon cancer. The relative number of EVs is
plotted for healthy donors (35–55 years) and colon cancer patients (64 ± 8 years). The correlation coefficient
was 0.93, with relative counts of RBCs, WBCs, and PLTs. One-way ANOVA-Bonferroni has been used to
calculate the statistical significance (on the left). ***P-value <.001. On the right the copy number of BRAF
V600E enclosed in 1000 EVs isolated from 20 colon cancer patients is shown. b) the copy number of BRAF
V600E enclosed in 1000 EVs upon immune depletion of CD235a/CD41a positive EVs is shown; on the right:
the copy number of BRAF V600E in EVs isolated by CD147 antibody.

Given the exciting findings obtained by NBI-ddPCR, we performed a diagnostic approved analysis,
the allele-specific real-time PCR screen (EasyPCR), on the FFPE DNA of the samples from patients
C04, C09, C19, C21, and C24 (blue dots), whose EVs resulted positive to BRAF mutation, contrarily
to the tissue biopsy results. This time the sample C09 resulted positive to BRAF V600E mutation,
indicating the correspondence of the mutation in DNA of the primary tumor and the effective
presence of this cellular subpopulations. Furthermore, as shown in Fig.28, we were able to identify
the mutation (a borderline A peak masked by the prevalence of the T allele) in the bulk of total EVs
isolated by sample C09, stressing the sensitivity of EVs, analyzed by NBI-derived approaches, in
detecting an unreported mutation by tissue biopsies standard methods.
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Figure 28. Validation of BRAFV600E detection by NBI-ddPCR in sample C09 by Sanger sequencing.
On the left, it is shown the original plot of the NBI-ddPCR results for the sample C09, whose RNA from the
bulk of EVs has been amplified with BRAF exon-spanning primers and then sequenced, as shown in the
electropherogram on the right.

Confident in these validations, we additionally analyzed the mutational status of KRAS gene on the
exon 2 in the pool of EVs isolated from the same cases. Interestingly, also in the case of KRAS, we
were able to detect three samples positive to the G12C mutation and one sample positive to the
G12D, and the last alteration (KRAS G12D) present in the sample C12 was indeed endorsed by a
subsequent analysis on FFPE DNA (Fig.29).

Figure 29. Validation of KRAS G12C mutation detected by NBI-ddPCR in sample C12 by EasyPCR
analysis. On the left, it is shown the original plot of the NBI-ddPCR results for the sample C12, while in the
plot on the right it is illustrated the EasyPCR analysis, confirming the presence of the alteration on KRAS exon
2 in the sample C12.
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As I underlined in the introduction, extracellular RNA circulating in the bloodstream can also be
associated with contaminants of non-vesicular origin (Douglas D Taylor & Gercel-Taylor, 2013).
Apolipoprotein A-1 (APOA1) is the major constituent of high-density lipoproteins (HDL), while
Apolipoprotein B100 (APOB100) is one of the most represented proteins of low-density lipoproteins
(Frank & Marcel, 2000; Guevara, Romo, Hernandez, & Guevara, 2018). We chose these proteins
because multiple studies evidenced the presence of apolipoproteins in EV preparations (Szatanek,
Baran, Siedlar, & Baj-Krzyworzeka, 2015) and we wondered whether their presence could impact
on the diagnostic potential of RNA derived from NBI-EVs.
To this aim, we analyzed a pool of plasmatic EVs of two healthy volunteers, before and after immunedepletion with APOA1 and APOB100 antibodies to verify their influence on the amplification of
GAPDH and wild-type BRAF by NBI-ddPCR. Notably, the RNA extracted from particles recognized
by APO A1 and APO B100 antibodies did not contribute to the signal observed for GAPDH or wildtype BRAF mRNAs.

Figure 30. Analysis of the content of plasmatic EV-RNA by ddPCR. NBI-ddPCR was performed on EVs
isolated by NBI from the plasma of two healthy subjects and, in parallel, APO A1 and APO B100
immunoprecipitated particles. EvaGreen chemistry was used with PCR primers for amplification of GAPDH or
wild-type BRAF mRNA fragments.

Y- RNAs are enriched in EVs derived from glioblastoma stem cells compared to
human IPSCs
In 2017, a paper from Wei and colleagues illustrated the content in extracellular RNA of
glioma stem cells, providing useful indications for further studies on biomarker discovery.
Interestingly, they found enrichment in Y-RNA and tRNA fragments in extracellular RNA associated
with EVs and RNPs (Wei et al., 2017b). Given the expertise of my laboratory on Y-RNAs as
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translational regulators, first of all, we approached the investigation of the content of Y-RNA in two
cell lines of glioblastoma stem cells that were already employed and well characterized in our lab for
other projects (COMI and 030616 cell lines). In particular, we compared the Y-RNA content of CSCs
with a commercial cell line of human induced pluripotent stem cells (hIPSCs), resembling the stemlike characteristics of CSCs, without the characteristics of the disease. In this way, we could get a
hint whether an elevated content of this RNA species inside EVs were attributable to the disease.
We cultured the CSCs as neurospheres in suspension, while human IPSCs were cultured in
adhesion on a Geltrex coating (Thermo Fisher). We collected the media and isolated EVs according
to NBI protocol. To proceed with the RNA extraction, we pelleted the total vesiculome isolated by
NBI at 100000xg for 70 min and resuspended the pellet in Trizol. We assessed the RNA
concentration at bioanalyzer, reverse-transcribed an equal amount of RNA, and normalized each
sample to a standard curve to compensate for differences in the qPCR input quality and quantity.
We detected an increased relative abundance of Y-RNAs associated with COMI EVs, compared to
the other two cell lines, with Y3 as the most represented form in all the cell types. Both EVs released
from glioblastoma stem-like cells displayed a higher content in Y-RNAs compared to hiPSCs.
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Figure 31. Evaluation of Y-RNA content in EVs derived from COMI, 030616, and GIBCO cells by RTqPCR and validation in droplet digital PCR. a) Data presented as concentration over a standard curve. n=3
biological replicates, mean ± SD. * P-value <0.05; **P-value <0.01. b) Validation of qPCR results by droplet
digital PCR assay. Data refer to the most and less represented Y-RNA forms, respectively, Y3 and Y5. n=1
biological replicate.
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Y-RNA content of EVs is a reflection of the cellular transcriptome

A reliable biomarker should allow the monitoring of cell status during the entire disease
course. To verify whether the vesicular content in Y-RNAs would serve to this purpose, we
investigated in parallel the expression of Y-RNAs in RNA extracted from EVs and cells of origin, to
assess if the EV cargo would mirror the cellular transcriptome. As for the previous experiment, we
performed a reverse transcription reaction on the same quantity of RNA derived from cells and EVs
and carried out an RT-qPCR. We observed a correspondence, between cells and EVs, of the
expression of the four Y-RNAs in both cell lines, apart from Y3 and Y1 which were respectively more
enriched in cells and EVs. Interestingly, Y5 was almost not expressed in both cases. These results
suggest that Y-RNA associated with EVs is mostly reflecting the cellular transcriptome and could
represent a potential biomarker for glioblastoma cancer stem cells.

Figure 32. Assessment of Y-RNA expression in COMI and 030616 EVs by RT- qPCR. Data presented as
concentration over a standard curve, starting from 50 pg of RNA as input. n=3 biological replicates, mean ±
SD.

Y-RNAs are enriched in EVs derived from stem cells rather than EVs derived from
differentiated cells
Y-RNAs are a peculiar class of RNAs because although non-coding, they play an essential
role in DNA replication and bind to different RBPs (Driedonks & Nolte-’t Hoen, 2019; Krude, Christov,
Hyrien, & Marheineke, 2009). Despite these facts, still little is known about their functions in
vertebrates. It was previously demonstrated, from a project carried out in my laboratory, that Y3
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silencing has been shown to modulate the neuronal differentiation counteracting the effect of HuD,
an RNA binding protein (Tebaldi et al., 2018).
Since we observed that Y3 was one of the most expressed forms of Y-RNAs inside EVs, we wanted
to investigate its expression, along with other Y-RNAs, in astrocytes derived from by differentiation
of COMI. In detail, we chose COMI since they showed higher levels of Y-RNA expression compared
to 030616 cells, and we differentiated cells in astrocytes according to a protocol already employed
in our laboratory (Pollard et al., 2009). We validated the differentiation efficiency by
immunofluorescence on stemness (SOX2, Nestin) and using GFAP protein as a marker of astrocytes
(Fig. 33). We assessed the Y-RNA expression by qPCR, and we observed an enrichment in Y-RNAs
in stem-like glioblastoma cells rather than in differentiated cells, suggesting that extracellular YRNAs could be evaluated as potential markers associated to stemness features in glioblastoma stem
cells.
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Figure 33. Assessment of Y-RNA expression levels in astrocytes derived from differentiation of glioma
stem cells. a) Representative images of differentiation of COMI by Immunofluorescence staining using
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stemness (Sox2 and Nestin) and differentiation (GFAP) markers. COMI were differentiated for 14-15 days in
medium deprived of growth factors and supplemented with 10% FBS. On the right, quantification of the
normalized intensity of immunostaining of Sox2, Nestin and GFAP over fluorescence intensity of COMI stem.
n=6000 objects for stem cells and n=1000 objects for differentiated cells, mean, ± SEM. For this experiment,
cells were cultured in adhesion with media supplemented with fetal bovine serum 10%, changed every other
day (Pollard et al., 2009; Rahman et al., 2015). b) Expression levels of different Y-RNAs in COMI stem and
COMI differentiated. Data are presented as a function of concentration over a standard curve. n=2 biological
replicates, mean ± SD. *** P-value <.001.

EVs derived from glioblastoma stem cells can enhance the translation of
differentiated glioblastoma stem cells

To understand the functional role of Y-RNAs carried by EVs derived from glioblastoma stem
cells, we evaluated their potential to modulate the translation efficiency on astrocytes derived from
differentiated COMI as receiving cells. We isolated EVs from undifferentiated and differentiated
COMI, measured by TRPS and treated the receiving cells with EVs in ratio 1:100 for 24 hours. To
assess the synthesis of nascent proteins, we exploited the Click-It chemistry using the AHA assay.
We observed enhanced levels of protein synthesis when astrocytes are incubated with stem EVs.
Even though the differences are not statistically significant, these results showed an effect on
translational modulation mediated by EVs derived from stem-like GBM cells, implicating a potential
impact on cell behavior.

Figure 34. Translational modulation of astrocytes by EVs derived from glioblastoma stem cells. Data
are presented as fold signal change, over not treated cells. n=3 biological replicates, mean ± SD. Differences
between conditions are not statistically significant.
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DISCUSSION

Cancer therapies become more effective when the tumor is diagnosed at early stages, and
it is possible to monitor the evolution of the disease in real time. In this context, the analysis of
circulating molecules in liquid biopsies can be useful to implement the information obtained by tissue
biopsies. Tissue biopsies are very invasive, and for this reason, cannot be scheduled frequently.
Moreover, deriving from a single tumor site, they do not recapitulate the tumor heterogeneity.
The interest on extracellular vesicles increased exponentially in the last decades since they are
abundantly released by all the cellular types in biological fluids, and can shuttle bioactive molecules
between cells, acting as important intercellular mediators. EVs can be analyzed as tumor biomarkers
per se because their levels in liquid biopsies of patients are higher than healthy controls, and the
relative abundance of EVs can change during the course of the disease, allowing to monitor the
progression of pathological conditions. Likewise, their content in protein and nucleic acids, reflecting
the cellular status, can be investigated for the presence of specific biomarkers or mutations. For all
these reasons, EVs represent an ideal target to analyze in liquid biopsies of tumor patients, also
because they are released from multiple sites of the tumor, mirroring the tumoral complexity.
The major obstacles to the application of EVs in the clinical practice are the lacks of protocol
standardization and, as a consequence, reproducibility of the results (De Rubis, Rajeev Krishnan, &
Bebawy, 2019). In the last decade, multiple technological tools have been developed to implement
the isolation and analysis of EVs, but they are mostly impractical for daily clinical utilization. The
majority of the available techniques is laborious, requires expensive equipment and, when timeeffective, as in case of precipitation with polymeric agents, results in inadequate quality preparations.
At the beginning of my Ph.D. studies, I applied the gold standard procedures (i.e., ultracentrifugation
techniques) to isolate extracellular vesicles but, in the light of a clinical application, it was soon clear
to us that we needed more efficient assays for all the reason previously stated. Therefore, by
exploiting the physical properties of EVs, we defined a novel procedure to isolate EVs, where nickelcharged beads are exploited to rapidly capture heterogeneous EVs (50–700 nm) directly from
biological fluids, by affinity with the negative charge (zeta potential) of the EV membrane.
Extracellular vesicles then are eluted by anion exchange with a combination of chelating agents in
a physiological solution, and the concentration of citric acid and EDTA were adjusted in order to
avoid a cytotoxic effect. Optimizing the composition of the elution buffer was of utmost priority for
targeting EVs in solution. A common disadvantage of several methods is, in fact, the co-precipitation
of other particles along with EVs. Especially proteins represent a persistent contaminant of
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extracellular vesicles preparations. We evaluated the specificity of the buffer to target specifically
EVs in physiological solutions, demonstrating that low concentrations of chelating agents are
sufficient to elute EVs over proteins and nucleic acids. As a complementary approach, we
demonstrated that the elution buffer could preferentially isolate EVs, even in a protein-enriched
environment.
Previous works have already exploited the biophysical properties of the EV membrane. Other
techniques such as charge-based precipitation and ion-exchange chromatography (AIEX)
(Deregibus et al., 2016a; Heath et al., 2018) already took advantage of the negative charge of EVs
to capture them. Although, in this case, the high concentration of salts required results in an
increased ionic strength that would risk affecting the integrity of EVs. In this work we demonstrated
that the integrity of heterogeneous EVs in solution is preserved, compared to ultracentrifuged
samples, even in the presence of a high concentration of salts. In this context, isolating EVs under
physiological conditions could represent an analytical advantage since the possibility of analyzing
individual polydisperse particles, would limiting the bias in the results due to particle aggregations
and creation of artifacts. Interestingly, we tested the stability of EVs isolated by Nickel Based over
time, to assess the proper storage conditions, and we found out that NBI-EVs have a half-life of
about 50 days at 4°C, with respect to 7 days for EVs obtained by ultracentrifugation. Here we
hypothesized that the increased stability of NBI-EVs might be explained by the absence of external
forces (i.e., high g forces in case of ultracentrifugation) that would destabilize the integrity of EV
membranes and as a consequence, impact on the vesicle stability.
The presence of microvesicles and exosomes in NBI preparations was tested by immune blotting.
We detected the expression of two cytosolic proteins and one tetraspanin, commonly enriched in
exosomes and microvesicles, confirming the presence of these two types of vesicles in the mixture
of heterogeneous particles isolated from U87 by NBI. Conversely, GM130, a marker of Golgi
apparatus and therefore a negative EV marker, was not expressed. To further analyze the nature of
NBI-EVs, we visualized U87-EVs by transmission electron microscopy. We could appraise the
corporeity of EVs isolated by NBI in term of heterogeneity and reduced aggregation. By TEM
analysis, we also detected an enrichment of EVs with a diameter of 80–120 nm, lower, compared to
our previous analysis. We, therefore, interrogated the literature and learned that this phenomenon
is a technical artifact occurring during the sample preparation, resulting in shrinkage in size (van Niel
et al., 2018).
Profitably, NBI assay takes place in less than one hour, and we demonstrated that it is a scalable
method, which is a desirable feature also for the use of EVs as therapeutics, requiring large volumes
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of starting material. Furthermore, NBI is a cost-effective and easy procedure, which is a valuable
quality for clinical utilization, not requiring expensive equipment and highly trained human resources.
I illustrated the advantages of NBI but every procedure presents its drawbacks. In case of in vitro
assays, the presence of chelating agents in the NBI elution buffer might, in fact, sequestrate cofactors in culture media, risking to affect the cellular homeostasis. Furthermore, NBI allows to isolate
a pool of heterogeneous particles, mostly comprised between 50 and 800 nm, and the study of
subpopulations of vesicles based on their dimensions would require further separation passages,
prolonging the process timeline. Finally, it would be interesting to test on a large scale the
performance of NBI in comparison to other techniques based on anion exchange chromatography,
to assess the relative benefits of choosing a Nickel-based approach because of the lower osmotic
stresses on EVs.
To assess the accuracy of NBI for both research and clinical applications, we assessed its
reproducibility of a panel of cell lines and on the plasma of healthy individuals. We observed an equal
distribution of isolated EVs in terms of size and concentration in all the cells, made an exception for
SH-SY5Y, a neuroblastoma cell line which released a lower number of EVs. We observed a similar
trend in the distribution of large and small vesicles in plasma samples, and the presence of two
distinct populations of EVs, with a prevalence of small vesicles over large ones in ratio 55:1. NBI is,
therefore proposed as a reliable tool for liquid biopsy studies.
Notably, plasma was analyzed after platelet depletion. Generally, in the light of biomarker discovery,
it is advisable to perform the platelet-depletion in plasma, prior EV isolation, to avoid confounding
factors in the results (Max et al., 2018; Tao, Guo, & Zhang, 2017; Witwer et al., 2013). Platelets are
abundant in the plasma fraction and share a dimensional similarity with EVs. Moreover, they release
a massive amount of EVs, accounting for more than 50% of blood EVs, which several studies found
containing RNA, bearing a potential therapeutic significance. Consistently, we observed a strong
correlation between the number of plasmatic large vesicles and the platelet counts and, by droplet
digital PCR, we detected a high number of GAPDH copies in RNA derived from plasmatic EVs of
healthy volunteers, which was most probably encapsulated in platelet EVs, since platelets are
indicated as major producers of GAPDH in the circulation (McDonald et al., 1993).
As I stressed in the introduction, the uniqueness of extracellular vesicles as promising diagnostic
lies in the fact that they can reflect the cellular status in real time. Being released by potentially all
the cells, they are also instrumental in catching the tumor heterogeneity. In this context, we
demonstrated that NBI presents many technical advantages, which makes it valuable for a highthroughput study of EVs directed to research and clinical utilization. From a diagnostic perspective,
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an excellent analytical tool should exploit the potential of EVs in reporting information derived from
a specific subset of cells. A general pattern indicated that the correlation between polydisperse
vesicles and the cell of origin is quite hard to depict since EVs can express multiple antigens on the
membrane surface. We demonstrated that through NBI, it is possible to discriminate and enrich in
EV lineages from a liquid biopsy. An approach of combined immunocapture proved to be helpful to
characterize populations of EVs which were positive to hematopoietic markers such as CD41 (a
marker of platelets) and CD235a (a marker of erythrocytes) or endothelial cell markers as in case of
CAM proteins. In this manner, heterogeneous particles can be sorted based on a common parental
origin. The most significant results were obtained using EVs derived from cell lines (i.e., SK-MEL28), as spike-in in human plasma. Using well-characterized cells for the marker expression, as
CD146 in case of SK-MEL-28 cells, it is possible to sort out specific EV lineages from a
heterogeneous pool, to enrich in tumor-derived EVs. In light of this approach, we illustrated how the
versatility of NBI could serve to implement the specificity of amplified luminescent proximity
homogeneous assay (alpha). Following this promising indication, for the first time, we tested the
specificity of NBI-Alpha in a retrospective study, on EVs released in plasma of prostate cancer
patients.
Importantly, the quality of NBI-EVs in Alpha Screen Assay allowed detecting picomolar
concentrations of prostate cancer specific membrane antigen (PSMA) on the surface of a small
number of EVs. Notably, we compared the performance of the assays with two other highly sensitive
methods, Exoscreen and ELISA, which are used as detection and biomolecular characterization of
EVs. We showed that the specificity of NBI made possible the detection of a picomolar concentration
of prostate cancer specific membrane antigen (PSMA) in the EVs derived from patients and, most
importantly, the difference respect to controls was of about one order of magnitude. We reasoned
that this level of sensitivity is attainable because NBI-EVs are less aggregated in solution, allowing
us to exploit NBI-isolated EVs as individual particles in assays to detect cancer biomarkers. This
result is of utmost importance if we consider that in this manner, it would be possible to perform a
rapid biomarker detection on a limited number of EVs.
Moreover, NBI is advantageous because we reached this level of sensitivity in a bulk assay, in a
faster way compared to single EV techniques. In this way, we can exploit the information carried by
NBI in a high throughput manner. To understand the advantage of EVs in this context, we should
considerate that in order to isolate 1- 10 circulating tumor cells we need at least 1 mL of blood (Miller,
Doyle, & Terstappen, 2010).
Similarly, we took advantage of the versatility of NBI to employ EVs in an improved version of droplet
digital PCR, a method already in use in many clinical laboratories, to investigate cell-free DNA
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content in the circulation of cancer patients. In the optimized version of NBI-ddPCR, EVs are directly
encapsulated into the oil droplets, avoiding the RNA extraction. A simplified protocol allows reducing
the technical errors and eventual loss due to a prolonged sample manipulation. Furthermore, we
maximize the sensitivity of the assay, starting from a known number of vesicles, taking advantage
of the preserved integrity of NBI-EVs.
Using NBI-ddPCR for liquid biopsy analyses, we showed the detection of biomarkers in plasmatic
EVs isolated from a cohort of colon cancer patients. We focused on KRAS and BRAF, two genes
clinically relevant for their prognostic role in many types of solid tumors. In detail, we demonstrated
the advantage of NBI in detecting mutated BRAF (V600E) and KRAS (G12C e G12D) transcripts in
plasmatic EVs derived from patients upon immunodepletion of hematopoietic markers. Interestingly,
some cases showed mutations only in the secreted EVs, suggesting that NBI-ddPCR could serve to
deduce the presence of specific cell subpopulations, complementing the diagnostic information of
tissue biopsies. These results were further confirmed by subsequent analysis on tissue biopsies,
and the cases detected by NBI-ddPCR led to re-consider the mutational status in at least 10% of the
patients analyzed. We have therefore shown that, through liquid biopsy, it is possible to identify
fractions of secreted EVs carrying tumor biomarkers with unprecedented sensitivity and accuracy,
opening new perspectives to reveal the extraordinary potential of the EVs towards clinical molecular
diagnostics.
Importantly, the choice of plasma derived from patients enrolled in prospective studies generally
represents a better choice for biomarker validation or discovery in liquid biopsies, to better
understand whether molecules may have a predictive or prognostic significance along the disease
course. Although, in retrospective studies, the possibility to obtain rapid information on patients
whose molecular profile of the disease has been previously assessed by tissue sample analysis,
could offer some advantages, in terms of time and information on the disease outcome. In our case,
for instance, we needed to test the performance of our newly-designed assay to detect, in EVs, the
expression of cancer biomarkers already employed in the clinical practice, with a high level of
sensitivity and specificity to discriminate cancer patients from healthy individuals. To this purpose,
the possibility to compare our technique with other sensitive methods, on samples whose signature
of the disease had been already documented, represented an advantage. We find here that NBI is
a reliable and sensitive tool to detect tumor biomarkers associated to EVs and discriminate between
cancer patients and healthy subjects.
Notably, the immunoprecipitation combined with NBI-ddPCR was useful also to validate the nature
of the analyzed extracellular RNA. Several studies pointed out that extracellular RNA can also be
associated with lipoproteins, highly abundant in biological fluids, especially in plasma. To answer
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this point, we demonstrated that wild type BRAF and GAPDH transcripts were still detectable in
samples immunodepleted of particles positive to markers of HDL and LDL, corroborating the
robustness of NBI approaches to target preferentially EVs.
In line with this approach, we moved towards an exploratory analysis of glioblastoma stem cells.
Glioblastoma is a malignant tumor with a poor prognosis when diagnosed. The current therapies
proved to fail in fighting this type of cancer. The standard of care relies massively on the surgical
resection of the tumoral area and temozolomide, the only effective chemotherapy, has more side
effects than benefits. For all these reasons, there is an urgent need for biomarkers associated with
liquid biopsies, allowing to monitor the progression of disease in a less invasive way than tissue
biopsies.
Most importantly, finding biomarkers to early detect glioblastoma multiforme, would constitute a giant
step ahead in the management of glioblastoma patients, improving their chance of survival. In a
recent report, Wei and colleagues analyzed the content in extracellular RNA of glioma stem cells,
providing useful indications for further studies on biomarker discovery. Interestingly, they found
enrichment in Y-RNA and tRNA fragments in extracellular RNA associated with EVs and RNPs (Wei
et al., 2017b).
Given the expertise of my laboratory on the study of Y-RNAs as translational regulators, we
wondered about its functional role in EVs, and their potential as biomarkers in glioblastoma. We
started investigating the role of Y-RNAs in a rare subset of glioblastoma cells, with stem-like
characteristics, showing enrichment in Y-RNAs compared to hiPSCs. This result encouraged us to
verify the Y-RNAs expression levels also in the cells of origins since a reliable biomarker needs to
reflect the status of the cell of origin, and we could demonstrate that EV-RNAs mirrored the cellular
transcriptome. Encouraged by these data, we moved our attention towards a possible functional role
of Y-RNAs in glioblastoma, to influence the fate of the neuronal differentiation, as it was shown
previously in our lab. We demonstrated that Y-RNAs were enriched in stem-like glioblastoma cells
rather than in astrocytes derived from by differentiation of COMI, suggesting a possible role as
markers associated with stemness features in glioblastoma stem cells. Finally, preliminary results
indicated an effect on translational modulation of astrocytes, mediated by EVs derived from stemlike GBM cells. We reasoned that this effect could be mediated by Y-RNA, which we found enriched
in EVs derived from COMI, although this evidence is still at a preliminary stage. To demonstrate our
hypothesis, we are currently working on the knock-out of Y-3 RNAs in COMI, to isolate EVs from
these cells and understand whether the increased astrocytic translation could be mediated by COMI
EVs enclosed Y-RNAs. In parallel, it would also be interesting to investigate the interactions of EVs
derived from glioblastoma stem cells with RNA binding proteins, to understand their role on the
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translational control. Later, we will perform these experiments on other glioblastoma stem cell lines
to assess the robustness of these observations.
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ONGOING EXPERIMENTS AND FUTURE DIRECTIONS
The work illustrated in this thesis is part of a bigger project, whose final goal is to discover
novel biomarkers with a diagnostic, prognostic and predictive value in liquid biopsies, using noninvasive tests based on molecular analysis of circulating molecules. To this end, extracellular RNA
and cell-free tumor DNA, derived from cancer patients’ biofluids, would be interrogated for molecular
alterations using next-generation sequencing tools.
As part of a collaboration with the Laboratory of Computational Oncology, in this project, my work
focused on the analysis of extracellular vesicles. Nickel-based isolation proved so far to be a helpful
tool to exploit the potential of EV for a clinical utilization, detecting biomarkers able to with
extraordinary sensitivity.
After the optimization of the novel method, we had the opportunity to employ NBI in a longitudinal
study, to identify biomarkers to predict response to chemotherapy. In particular, we focused our
attention on a cohort of breast cancer patients, eligible for adjuvant treatment, having a tumoral
mass greater than 1 cm (Chew et al., 2009), to identify markers which would help discriminate the
patients who would get more benefits from these treatments. Patients’ whole blood has been
collected in three different time points: the first one at the diagnosis and before starting the adjuvant
chemotherapy, then at the end of the therapy, generally after six months, and lastly after surgical
asportation of the tumor mass.
Since 2017 we collected whole blood from sixty-four patients. We separated plasma, from which we
isolated EVs by NBI, and isolated peripheral blood mononuclear cells (PBMCs). Then we focused
on the RNA associated with EVs in order to investigate the presence of molecular alterations and
understand whether they may have a diagnostic value.
In detail, we quantified EVs isolated by plasma of breast cancer patients by TRPS, to analyze the
differences of EV distribution along with the therapeutic management of patients.
Subsequently, we analyzed RNA extracted by EVs derived from plasma of healthy donors and cell
lines, to set up the most efficient condition for the detection of molecular alterations in plasma of
patients. Multiple strategies are described in the literature for sequencing the RNA enclosed in EVs.
The limited yield in RNA and the lack of standardized procedures require a targeted approach in
order to maximize the diagnostic potential of EVs. To optimize the analysis of the expression levels
of molecular markers by RNA sequencing derived from extracellular vesicles, we designed an
experiment to define the ideal conditions for the sequencing of EV-RNA derived from the plasma of
patients collected in the three time points. In this case, we added a known number of EVs deriving
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from PC-3 and VCaP (prostate cancer cell lines) to a pool of EVs derived from plasma from two
healthy donors. Later we extracted RNA from EVs to test the limits of sequencing analysis in the
detection of translocations or mutations described in the two lines in a matrix (plasma of healthy
donors) lacking these characteristics. To this end, we took advantage of the work done in
collaboration with the Laboratory of Experimental Cancer Biology (Prof. Marina Mione) and the
Laboratory of Transcriptional neurobiology (Prof. Manuela Basso) on the optimization of protocols
to extract RNA from EVs, as described in Fig.8. As suggested from previous sequencing
experiments, the most performant RNA extraction procedure started with the guanidine thiocyanate
extraction, followed by purification on Norgen columns (Single Cells Kit) and DNAse treatment to
avoid DNA contamination. Given the low amount of RNA as a template and the peculiar experimental
design, we compared two different kits for libraries preparation. The choice of the kit, in fact,
represents an essential step to determine the experimental outcome of a sequencing experiment by
Next Generation Sequencing. In particular, we compared two kits SMARTer® Stranded RNA-Seq
Kit (Clontech) and QIAseq® miRNA Library Kit. The achievement of an adequate level of mapping
(coverage) of sequences on the reference genome, indicated the SMARTer® smRNA-Seq Kit
(Clontech) kit as the best kit for preparing libraries using RNA isolated from vesicles as a template.
Using this optimized pipeline, it is therefore possible to analyze the EVs RNA of patients in the best
manner for biomarker discovery.
Summarizing the work done so far, I believe that these results could bring a relevant contribution to
the growing field of EVs for the rational establishment of EV-based liquid biopsy studies for the future
benefit of clinical diagnostics. Undoubtedly, more validation studies on larger cohorts of patients are
needed to better define the performance and reproducibility of this approach on a large scale.
Moreover, the possibility to ultra-sensitively detect RNA and protein associated with specific EV
lineages could allow more in-depth characterization of tumor heterogeneity and its evolution during
therapy, with a potential impact for the clinical management of patients.
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EXPERIMENTAL PROCEDURES
CELL CULTURES
Glioblastoma cells U87-MG (ATCC® HTB-14™); breast adenocarcinoma cell lines MCF7
(ICLC; HTL95021) and MDA-MB-231 (ICLC; HTL99004), neuroblastoma SH-SY5Y (ATCC®CRL2266™), prostate adenocarcinoma PC-3 (ATCC® CRL-1435™), and melanoma SK-MEL-28
(ATCC® HTB-72™) cells were grown in DMEM, except for PC-3 cell line that was cultured in RPMI
1640 Medium. Media were supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine,
and 100 U/ml penicillin + 100 μg/ml streptomycin (all from Life Technologies, Carlsbad, CA, USA) to
obtain a complete medium. Human glioblastoma stem cells COMI and 030616 were kindly donated
from Antonio Daga (Azienda Ospedaliera Universitaria San Martino di Genova, Italy), and Rossella
Galli (H. S. Raffaele, Milan, Italy), respectively. Glioblastoma initiating cancer stem cells (GCS) were
cultured in DMEM/F-12 and Neurobasal media in 1:1 ratio (Thermo Fisher Scientific,), supplemented
with GlutaMAX (2 mM; Thermo Fisher Scientific), B27 supplement (1%; Thermo Fisher Scientific),
Penicillin G (100 U/mL; Sigma Aldrich), recombinant human fibroblast growth factor-2 (bFGF) (10
ng/mL; R&D Systems), recombinant human epidermal growth factor (EGF) (20 ng/mL; R&D
Systems) and heparin (2 μg/mL; Sigma Aldrich) at kept at 37°C, 5% CO2. GCS were grown either
as spheres in suspension or in adhesion on laminin-coated flasks, where they maintain intact selfrenewal capacity (Pollard et al., 2009). The Gibco Human Episomal iPSC Line (Cat number:
A18945, Thermo Fisher Scientific), was a kind gift of Prof. Conti (CIBIO, Trento) and cells were
cultured in Essential 8™ Medium on Geltrex™ matrix-coated culture vessels (Thermo Fisher
Scientific); cells were passaged using 0.5 mM EDTA prepared in Dulbecco's Phosphate-Buffered
Saline (DPBS) without calcium or magnesium (Cat. no. 14190). For COMI differentiation, cells were
grown on laminin-coated plates in the above media without growth factors and with the addition of
10% FBS (Thermo Fisher Scientific) for two weeks. Expression levels of stemness (Sox2 and Nestin)
and differentiation (GFAP) markers were assessed by immunofluorescence. Generally, to obtain
extracellular vesicles-containing media, cells were initially grown in the complete medium until
reaching 75% confluence (usually 48 hours); then, after two gentle washes with PBS, cells were
incubated with serum-free medium for 24 hours prior collection. Serum depletion is needed since it
has been reported that the fetal bovine serum contains vesicles itself, therefore, it could affect the
results quantitatively and qualitatively (Shelke, Lässer, Gho, & Lötvall, 2014). Alternatively, in case
of GCS, since these cells are already cultured without serum, cells’ confluence was monitored, and
media were collected when cells reached 85% confluence, usually five days after seeding in case of
cells growing as neurospheres and three days after seeding when cultured on laminin. Cells were
plated in different plastic formats according to the experiments to be performed, but the density of
them was kept constant at 3.2±0.2 *104/cm2 otherwise differently stated in the figure legends. Before
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starting the NBI procedure, collected media were centrifuged at 2800 xg for 10 minutes and carefully
transferred to new tubes. For the experiments in Fig 15, the depleted FBS condition (dFBS) refers
to NBI performed in media containing 100K ultracentrifuged FBS at a final concentration of 10%.
These media have been diluted 1:10 with PBS to reduce the viscosity of the solution. For cell density
experiments in Fig 19, U-87-MG, MDA-MB-231, SH-SY5Y, MCF7 and PC-3 cell lines were plated in
triplicates in 6-well plates with these numbers per well: 3.4x105; 1.7x105; 8.5x104; 4.2x104; 2.1x104
and 1.0x104. After 48 hr of incubation in complete medium, cells were washed twice with PBS and
then incubated for 24 hr with the serum-free medium before starting with NBI protocol. In this case,
after removing EVs-containing media, adherent cells were fixed with 4% paraformaldehyde, stained
with Hoechst-33342 and washed with PBS for high content imaging analysis using Operetta
instrument (Perkin Elmer). Images were acquired at 10X magnification, and 50 fields/well were
analyzed by Harmony software. EVs were analyzed by TRPS using qNano (IZON Science).

ISOLATION

OF

EXTRACELLULAR

VESICLES

BY

DIFFERENTIAL

ULTRACENTRIFUGATION

To isolate EVs from the U87-MG cell line, cells were cultured in T150 flasks (CLS430823-50EA),
and EVs were processed by differential ultracentrifugation according to the protocol by Di Vizio (Di
Vizio et al., 2012) with minor modifications. Briefly, after 24 hours of incubation of cells with serumfree media, the media were collected in falcon tubes and centrifuged at 2,800 xg at 4°C to remove
cell debris. Then, the supernatants were transferred to ultracentrifuge tubes (Polyallomer Quick-Seal
centrifuge tubes 25×89 mm, Beckman Coulter) and centrifuged for 30 minutes at 4°C at 10,000 xg
in an Optima XE-90 (Beckman Coulter) instrument with SW 32 Ti rotor. This step allowed to
preferentially precipitate large vesicles, that were gently resuspended in filtered PBS. After that,
according to Théry C. et al 2006, the recovered supernatants were filtered through a 0.22 μm filter
(Sarstedt, Numbrecht, Germany) to remove no vesicular contaminants or vesicle aggregates and
centrifuged at 100,000 xg for 70 minutes at 4°C to precipitate small vesicles. Pellets were
resuspended in filtered PBS. EVs obtained from differential centrifugations were pooled and stored
a -80°C or kept at 4°C to proceed with TRPS analyses.

FLOW CYTOMETRY ANALYSIS OF EXTRACELLULAR VESICLES
Extracellular vesicles obtained by differential ultracentrifugation or NBI were diluted in 0.22 µm
filtered PBS, and background signal was set up on filtered PBS, and the light scattering threshold
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level was adjusted to allow an event rate of ≤5 events per second. Light scattering detection was
performed in log mode, the assigned voltages for FSC and SSC were 300 and 310 volts,
respectively, and the threshold was set at 200 for both signals. The acquisition was performed at a
low flow rate, and samples were diluted correctly to avoid coincidence and swarm effects.
Polystyrene bead standards of 1 and 10 μm (Invitrogen) were used to set gates for large vesicles. A
number of 10,000 events was counted or at least 1-minute recording for each sample. Sample
acquisition was performed on a FACS Canto flow cytometer (BD Biosciences) and data analysis
using BD Diva software (BD Biosciences).
For the optimization of the staining conditions of large vesicle membranes in Fig.7, titration
experiments were performed to determine optimal reagent amount. In detail, we compared Nile Red
and Vybrant® CFDA-SE dyes. Nile Red is a lipophilic membrane dye, that stains intracellular lipid
droplets; while carboxyfluorescein diacetate succinimidyl ester (Vybrant® CFDA SE Cell Tracer Kit,
Thermo Fisher) is a cell-permeant dye, which passively diffuses into cells and emits fluorescence
when its acetate groups are cleaved by intra-cellular esterases. A bulk of LVs, resuspended in filtered
PBS, was incubated in CFDA-SE, and Nile Red solutions for 30 minutes in the dark, at room
temperature in case of Nile Red and 37°C in case of CFDA-SE. Any unbound dye was removed
after samples were centrifuged for 30 minutes at 10000xg. LVs were resuspended in 500 μL filtered
PBS and sample acquisition was performed as previously described on a FACS Canto flow
cytometer (BD Biosciences).

NICKEL-BASED ISOLATION (NBI) OF EXTRACELLULAR VESICLES

Commercial agarose beads of 34 μm size (GE Healthcare, 17-5268-01, 25 mL) were transferred to
a 50 mL tube and centrifuged at 350 xg for 1 minute at room temperature, in order to remove their
preserving solution. The positive charge of beads was neutralized washing the beads once with 1:1
bead volume of Stripping buffer (PBS 1X + 50 mM NaCl + 50 mM EDTA pH 8.0), and centrifuged at
350xg for 2 minutes. At this point beads were re-charged adding 1:1 bead volume of 190 mM of
NiSO4 (Sigma, 656895) in 0,22 µm-filtered PBS 1X, obtaining a suspension of 20 mg/mL nickel
charged beads. A residual number of cations was removed by washing the beads twice with 1:1
bead volume of 0,22 µm-filtered PBS 1X and centrifuging them at 350xg for 2 minutes. After
functionalization, NBI-beads can be stored at 4 °C for up to 1 month. The capture of EVs, entirely
performed at room temperature, has been optimized using 20 µL of beads from the prepared
suspension of 20 mg/mL nickel charged beads, per each mL of cell supernatant, serum, plasma or
any other biological fluid. Briefly, after a centrifugation at 2800 xg for 10 minutes to get rid of cellular
debris, beads were gently poured as drops on the upper surface of the EV-containing medium and
the solution was incubated for 30 minutes on a tube rotator, in order to be well homogenized. After
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that, tubes were gently centrifuged (600 xg for 2 minutes) and kept in a vertical position for 5 minutes,
allowing beads to settle down by gravity, and the supernatant was carefully removed using a pipette,
paying attention to not disturb the bead pellet. The elution buffer (referred in the text as 1X solution),
was freshly prepared by diluting a Solution A (3.2 mM EDTA, ThermoFisher, UltraPure pH 8.0,
15575020) and a Solution B (10 mM NaCl, Sigma, 450006, 45 µM citric acid, Sigma, 251275), both
concentrated 5X, in 0.22 µm-filtered PBS 1X. A 1:1 bead volume of elution buffer 1X was added to
the bead pellet, and the mixture was transferred to a 1.5/2 mL tube. EVs were eluted during a 15minute incubation at 28°C at 600xg, in orbital shaking to keep the beads in suspension, allowing a
competitive dissociation of EVs from beads and their release in solution at physiological pH (7.4).
After the incubation, beads were pelleted at 350 xg for 2 minutes and the EV-containing supernatant
was carefully transferred to a new labelled 1.5 mL tube.

TRANSMISSION ELECTRON MICROSCOPY ANALYSIS

The vesicles were visualized using a conventional transmission electron microscope (TEM). Briefly,
a 5 μl aliquot of a purified sample was fixed in elution buffer with 2.5% formaldehyde and applied to
300-square mesh copper-nickel grids coated with a thin carbon film (Agar Scientific). The grids were
subsequently negatively stained with 1% buffered uranyl acetate, at pH 4.5, and observed using a
TEM FEI Tecnai G2 Spirit microscope operating at 100 kV and equipped with an Olympus Morada
side-mount 2Kx4K charge-coupled device camera (magnification used: 20500x and 87000x).

CHARACTERIZATION OF EXTRACELLULAR VESICLES BY TUNABLE RESISTIVE
PULSE SENSING

Size and concentration of EVs were characterized by TRPS using qNano (IZON Science). An
average of 500 particles was counted for each sample, except for experiments performed in 6-well
plates, or in samples where the particle rate was below 100 particle/min, in which at least 2 minutes
recording time was used. NP200 (A40948, A43545, A43667, A43667), NP400 (A43592, A44117,
A44116), NP800 (A40542, A36164, A40548, A44118) and N1000 (A40572) nanopores, stretched
between 45.5–47 mm were used. Voltage was set in between 0.12–0.68 to achieve and maintain a
stable current in the range of 95–130 nA, noise below 7-12 pA and particle count rate linear. The
calibration beads CPC100B (Batch ID: B8748N), CPC200B (Batch ID: B6481M), CPC500E (Batch
ID: 659543B), CPC800E (Batch ID: 634561B) and CPC1000F (Batch ID: 669582B) with mean
diameters of 114 nm, 210 nm, 500 nm, 710 nm and 940 nm, respectively, were from IZON Science.
All the qNANO data were recorded and analyzed by IZON Control Suite v.3.
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PROTEIN COMPETITIVE ASSAY

The specificity of the elution buffer for EVs has been challenged by a competitive assay in which 10
mL of medium containing EVs deriving from U87 was supplemented with 30 µg/ml of DH5α E. coli
crude extract and with 15 µg/ml of purified histidine-tagged recombinant proteins (T7 RNA pol, 110
kDa; HuR, 36 kDa; YTH, 23 kDa). Briefly, DH5α cells were grown in LB medium until they reached
an OD600 of 0.5 and were harvested by centrifugation at 6,000 xg for 5 minutes. Pellet was
resuspended in 3 ml of DMEM medium + 1 µg/ml lysozyme and sonicated at 4°C in a water bath for
seven cycles (40 amplitude, 7 sec on, 10 sec off). The lysate was clarified by centrifugation at 13,000
xg for 20 minutes and then filtered with 0.2 µm membrane disposals before being spiked to the EVcontaining medium. Histidine-tagged recombinant T7 RNA polymerase was kindly provided by Dr.
S. Mansy’s lab (CIBIO, University of Trento); recombinant HuR69 and YTH70 proteins produced and
purified as previously described.
NBI was performed with incubation times and reagents already described, except for the gradient of
elution solutions as indicated in Fig.13. Protein samples were quantified using BCA and Bradford
assays according to the manufacturer’s instructions. An equal volume of solutions containing eluted
EVs was loaded on 12% SDS-PAGE for subsequent Sypro Ruby staining or western blotting using
a 1:1000 dilution of a primary anti-histidine antibody (Abcam, ab1187). Number and size of recovered
particles were analyzed by TRPS, using NP800, NP400, and NP200 nanopores to cover all the
vesicles subpopulations.

IMMUNOPRECIPITATION AND IMMUNOBLOTTING EXPERIMENTS

Immunodepletion experiments on plasmatic NBI-EVs were performed using biotinylated antiCD235a (130-100-271) and anti-CD41a (130-105-608) from Miltenyl Biotec, anti-CD166 (sc-74558),
anti-CD146 (sc-18837), anti-CD45 (sc-1187) from Santa Cruz Biotechnology, anti-Apo B100
(ab7616) and anti-Apo-A1 (ab7613) from Abcam, and streptavidin (11205D) or protein-G (10003D)
Dynabeads from Thermo Fisher Scientific. The number of EVs in the supernatants after beads
precipitation was measured by qNANO and normalized to the number of particles in the counterpart
control samples with an equivalent amount of biotin (Sigma, B4501).
For western blotting experiments, the protein concentrations of U87-MG, SK-MEL28, HeLa, and
Jurkat cell lines were quantified with PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, cat.
23227). Thereafter, 15 μg of whole cell lysate and/or the lysate of EVs isolated from the media of 3
T75 flasks per each cell line, were separated by a pre-cast gradient SDS-PAGE (Bolt™ 4–12% BisTris Plus Gels, 12-well, Invitrogen) and transferred to a polyvinylidene difluoride membrane
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(Amersham Hybond P 0.2 μm PVDF) overnight. After blocking with 5% nonfat milk in TBS-T (10 mM
Tris, pH 8.0, 150 mM NaCl, 0.1% Tween 20) for 60 minutes, the membrane was incubated in 1%
milk TBS-T with antibodies against CD63 (Abcam, 1:1000), Flotillin-1 (BD Biosciences,1:1000), Alix
(Abcam, 1:1000), GM130 (Abcam,1:1000) or anti-histidine antibody (Abcam, 1:1000) at 4 °C
overnight. Membranes were washed three times for 5 minutes and incubated with horseradish
peroxidase-conjugated anti-goat, anti-rabbit or anti-mouse secondary antibodies for 1–2 h. Blotted
membranes were washed with TBS-T three times, and the immunoblot signal was revealed using a
chemiluminescent ECL Select detection reagent (GE Healthcare Amersham, UK).

PREPARATION OF EXOSOME-LIKE VESICLES

The lipid composition of exosome-like vesicles was: 20% mol egg phosphatidylcholine, 10% mol egg
phosphatidylethanolamine, 15% mol dioleoylphosphatidylserine, 15% mol egg sphingomyelin, 40%
mol cholesterol (adapted from Llorente et al., 2013; Haraszti et al., 2016). Lipid films were formed
by removing the organic solvent (i.e., chloroform) from a lipid solution by rotary evaporation and
vacuum drying for at least one hour. Lipids at a final concentration of 1 mg/mL, were swollen in
DPBS and vortexed vigorously to give multilamellar liposomes, which were further exposed to 6
cycles of freezing and thawing. Exosome-like liposomes were prepared by extruding a suspension
of multilamellar liposomes with a two-syringes extruder (LiposoFast Basic Unit, Avestin Inc.). Thirtyone passages were performed through two stacked polycarbonate filters (Millipore) with pores of
different average diameters to obtain differently sized vesicles72, then measured by photon
correlation spectroscopy with a Zeta Sizer instrument (Nano-ZS, Malvern Instruments).

COLLECTION AND PROCESSING OF BLOOD SAMPLES

Plasma samples derived from patients with metastatic colon cancer were provided by the IRST
Cancer Center (Meldola, Italy). All patients gave informed consent before blood sampling, approved
by the Local Ethics Committee. Patients’ tumors were characterized for BRAF status by
MassARRAY (Sequenom, San Diego, CA, USA) using the Myriapod Colon status (Diatech
Pharmacogenetics, Jesi, Italy). Plasma was obtained from peripheral blood collected in EDTA-tubes,
after centrifugation at 3000 rpm for 15 minutes, and stored at −80 °C until EV isolation.
Whole blood from healthy donors was collected at Meyer Children’s University Hospital. Plasma
samples were collected into commercially available anticoagulant-treated tubes EDTA-treated
(lavender tops), serum samples in red-topped tubes. The venous blood in EDTA tube was shipped
on cold packs from the hospital blood collection unit to the laboratory. Informed consent was obtained
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from donors before the sample analysis. Plasma has been obtained by removing cells after
centrifugation for 10 minutes at 2,000xg using a refrigerated (4°C) centrifuge (Eppendorf 5702 R,
Milan, Italy). Serum samples have been obtained allowing the blood to clot by leaving it undisturbed
at room temperature for 30 minutes. The clot has been removed by spin down at 2,000 xg using a
refrigerated (4°C) centrifuge (Eppendorf 5702 R, Milan, Italy). Blood count was performed using a
Sysmex XE-5000 hematology analyzer (Sysmex America, Mundelein, IL). The analytic procedure
was conducted according to the manufacturer’s instructions.
Blood from metastatic prostate cancer patients was obtained at Weill Cornell Medicine (WCM) after
informed consent (IRB #1305013903). Whole blood (Streck Cell-Free DNA BCT) was centrifuged at
1,600xg for 10 minutes at 4°C within 3 hours after blood collection. The plasma layer was transferred
to 2 mL microcentrifuge tubes and centrifuged at 16,000xg for 10 minutes at 4°C. The plasma was
then collected and stored at -80°C. Complete blood counts (CBC) was performed in the WCM clinical
lab and results obtained from chart review.

SURGICAL BIOPSIES ANALYSIS

Formalin-fixed and paraffin included (FFPE) patients’ tumor samples, used for routinary molecular
diagnostic, were selected for containing an area of at least 50% of tumor cells, based on hematoxylin
and eosin staining. Tumor genomic DNA was extracted with QIAamp DNA Micro kit (QIAGEN,
Hilden, Germany), following the manufacturer’s protocol, and DNA quantity and quality were
determined at Nanodrop (CELBIO, Milan, Italy). Pyrosequencing performed characterization of
BRAF status with the anti-EGFR MoAb response® BRAF status assay (Diatech Pharmacogenetics,
Jesi, Italy): 50 ng of starting FFPE genomic DNA were amplified, and reactions were run on the
PyroMark Q96 ID system (QIAGEN), according to Diatech Pharmacogenetics protocol. For samples
7, 12, 13, 23, and 26, Qualitative detection of BRAF-V600E and KRAS-G12D/G12C mutations was
repeated on 30 ng of tumor DNA, by using either the Easy®BRAF kit or the Easy®KRAS kit, on
Corbett

Rotor-Gene

6000

(QIAGEN),

following

manufacturer’s

instructions

(Diatech

Pharmacogenetics). The assay allows the detection of low percentages of a mutated allele by realtime amplification with sequence-specific probes: positivity for BRAF-V600E was considered over
the internal BRAF control, as a delta Ct lover than 12.5 cycles, and setting the detection threshold
on 0.04, according to the guidelines of Diatech Pharmacogenetics.
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AMPLIFIED LUMINESCENT PROXIMITY HOMOGENEOUS ASSAY (AlphaScreen),
ELISA AND EXOSCREEN

For NBI-Alpha, streptavidin-coated Donor beads recognize the antigen-specific biotinylated antibody
while positively-charged nickel-chelate Acceptor beads interact with EVs and emit a fluorescent
signal when in the proximity of excited Donor beads. Reactions were carried out in 384-Optiplate
(Perkin Elmer) in a final volume of 20 µL. NBI-Alpha assay was optimized in PBS using 15 µg/mL of
nickel-chelate AlphaLisa Acceptor beads and 10 µg/mL of streptavidin-Donor beads with serial
dilutions of antibody to identify the maximum signal (hook point). The presence of surface markers
was analyzed in dose-response with a serial dilution of EVs, previously characterized by TRPS. EVs
were purified by NBI from the plasma of healthy donors or the serum-free medium of tumor cell lines.
Alpha counts were revealed by Enspire instrument (Perkin Elmer) after 90 minutes of plate
incubation in the dark at room temperature. We used a biotinylated antibody against human PSMA
(Cusabio, CSB-PA018865LD01HU) and a recombinant His-tagged PSMA (Origene, NM_002786)
for a standard curve quantification. In comparisons with other methods, the relative performances

of different detection methods have been then evaluated, using anti-CD81 biotinylated antibody
for plate-coating in the case of ELISA (coupled with anti-CD146 and HRP-conjugated secondary
antibodies) or conjugation with Acceptor beads in the case of ExoScreen. The specific,
background-subtracted signals were normalized to IgG signals of individual experiments.

RNA EXTRACTION
Total RNA was extracted using QIAzol reagent (QIAGEN) according to the manufacturer’s
instructions with several modifications. Briefly, NBI EVs were pelleted at 100000xg and the pellet
was resuspended in 100 µl of QIAzol, vortexed and incubated for 5 minutes at room temperature.
Samples were supplemented with 20 µl of chloroform, shaken vigorously for 15 sec and incubated
at room temperature for 3 minutes. Phases were separated by centrifugation at 12,000 xg for 15
minutes at 4˚C, and the upper phase was recovered. After addition of 1 µl of glycogen (20 mg/ml)
and 100 µl of isopropanol, RNA was precipitated overnight at -80˚C. After centrifugation at 12,000
xg for 10 minutes, RNA pellets were washed with 75% ethanol, centrifuged as above and
resuspended in 10 µl RNase-free water. EV-RNA was quantified using the Bioanalyzer RNA 6000
Pico Kit (Agilent Technologies) following the manufacturer’s instructions, while 1 µl of RNA extracted
from cells was used for the quantification at NanoDrop™ Spectrophotometer. For the experiments
described in Fig.8, Single Cell RNA Purification Kit (Norgen), miRCURY™ RNA Isolation Kit (Exiqon)
and DNAse: Qiagen Rnase-Free Dnase (Qiagen) and TURBO DNase™ (ThermoFisher) were used
according to the manufacturer’s indications.
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REVERSE TRANSCRIPTION

Reverse transcription was performed using miRCURY LNA Universal RT microRNA PCR, Universal
cDNA Synthesis Kit II (Exiqon) following the manufacturer’s instructions with the following reaction
composition: 2.3 µl of 5X reaction buffer, 1.15 µl enzyme mix, 0.5 µl synthetic RNA spike-in and 7.5
µl of template total RNA for GAPDH and BRAF experiments on the C1000 Thermal Cycler (BioRad).
To evaluate the expression of Y-RNAs in GCS derived EVs, RNA was treated with DNAse (Thermo
Fisher) and incubated for 30 minutes at 37°C. Input EV-RNA of different cell lines was diluted before
reverse transcription reaction, to obtain the same amount of cDNA to be used for quantitative PCR.
Reverse transcription was performed with RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher), according to manufacturer’s protocol with the following reaction mix: 11 μL of DNAse treated
RNA, 1 μL random primers, 4 μL of 5X reaction buffer, 2 μL of 10 mM dNTP Mix, 1 μL of RiboLock
RNase Inhibitor and 1ul of RevertAid enzyme mix (200 U/µL) on a the C1000 Thermal Cycler
(BioRad).

QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR)

Quantitative real-time PCR was performed using KAPA SYBR® FAST Universal Kit (Roche),
following the manufacturer’s instructions on the CFX384 Real-Time System (BioRad). All the assays,
except in case of the amplification of YRNAs in undifferentiated and differentiated COMI, were
performed in triplicate in 3 independent experiments. Data were analysed using CFX Manager
software (BioRad). Relative expression values of each target gene were normalized over a standard
curve obtained from a gel-purified qPCR product of Hek cellular RNA. RNA has been quantified at
NanoDrop™ Spectrophotometer, and a standard curve was built. The following primers were used
at

a

10

µM

concentration:

5’-GGCTGGTCCGAAGGTAGTGA-3’

and

5’-

GCAGTAGTGAGAAGGGGGGA-3’ for human Y1; 5’-CCGAGTGCAGTGGTGTTTAC-3’ and 5’AAGCAGTGGGAGTGGAGAA-3’ for human Y-3; 5’-TCCGATGGTAGTGGGTTATCA-3’ and 5’AAAGCCAGTCAAATTTAGCAGT-3’ for human Y-4 and 5’-AGTTGGTCCGAGTGTTGTGG-3’ and
5’AACAGCAAGCTAGTCAAGCG-3’ for human Y-5.

DROPLET DIGITAL PCR
QX200TM Droplet DigitalTM PCR System (BioRad) was used to quantify mRNA copies using
EvaGreen chemistry. The following primers were used at 150 nM concentration: 5’97

CAACGAATTTGGCTACAGCA-3’ and 5’-AGGGGTCTACATGGCAACTG-3’ for GAPDH; 5’GATTTTGGTCTAGCTACAGA

and

5’-GGATTTTTATCTTGCATTC

for

BRAF;

5’-

CCGAGTGCAGTGGTGTTTAC-3’ and 5’-AAGCAGTGGGAGTGGAGAA-3’ for human Y-3; 5’AGTTGGTCCGAGTGTTGTGG-3’ and 5’AACAGCAAGCTAGTCAAGCG-3’ for human Y-5.
The standard protocol was performed using cDNA as an input sample, according to the
manufacturer’s protocol. The direct encapsulation of EVs into oil droplets has been performed using
isolated EVs as input sample, EvaGreen master mix supplemented with 5 U/ml of WarmStart® RTX
Reverse Transcriptase (NEB) and with 3 mM magnesium sulfate. The standard protocol of ddPCR
included a starting 10 minutes step at 55°C followed by 5 minutes at 65°C. The procedure was
optimized on a range of 102-106 polydisperse EVs to obtain at least 15,000 droplets in each assay.

CLICK-IT A-HA ASSAY

Newly synthesized proteins were measured using the Click-iT AHA Alexa Fluor Protein Synthesis
HCS Assay (Life Technologies) according to the manufacturer’s instructions. Click-iT® AHA is an
amino acid analog of methionine containing an azido moiety. Similar to the radioactive 35Smethionine, Click-iT® AHA is fed to cultured cells and incorporated into proteins during active protein
synthesis. Detection of the incorporated amino acid utilizes a chemoreceptive ligation or “click"
reaction between an azide and an alkyne, where the azide modified protein is detected with the
green-fluorescent Alexa Fluor® 488 alkynes. Briefly, EVs were isolated from COMI cells and COMI
cultured in differentiated conditions. For the assay, COMI differentiated were plated at a density of
8000 and 10000 cells/plate. On the following day, cells were incubated with EVs derived from both
cell lines for 24 hours in ratio 1:100. After 48 hours from the seeding, cells were washed, incubated
with L-azidohomoalanine (AHA) 50 μM for 1h and fixed. When AHA is incorporated into cells, the
modified protein can be detected through the fluorescence emitted from the binding with the greenfluorescent Alexa Fluor® 488 alkynes. Puromycin (100 μg/ml), a protein synthesis inhibitor, was
used as a control to evaluate the efficiency of background incorporation of L-azidohomoalanine
(AHA). Nuclei were stained with Hoechst dye. The fluorescent signals were analyzed by high content
imaging with Operetta system (Perkin Elmer) by Harmony software (PerkinElmer).

STATISTICAL ANALYSIS

The data and the number of independent experiments are indicated in the relative figure legends.
Anova, t-test, and Pearson r coefficient were calculated by GraphPad Prism Software v 7.1, and
results were considered statistically significant when P value was <0.05 (*), <0.01 (**), <0.001 (***).
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SCIENTIFIC PRODUCTION
•

The main work described in the thesis has been published and reviewed as the following
publications:
Michela Notarangelo, Deborah Ferrara, Cristina Potrich, Lorenzo Lunelli, Lia Vanzetti, Alessandro
Provenzani, Manuela Basso, Alessandro Quattrone, Vito G. D’Agostino*. Rapid nickel-based
isolation of extracellular vesicles from different biological fluids. Under review. Bio-protocol
2019.
Michela Notarangelo, Chiara Zucal, Angelika Modelska, Isabella Pesce, Giorgina Scarduelli,
Cristina Potrich, Lorenzo Lunelli, Cecilia Pederzolli, Paola Pavan, Giancarlo la Marca, Luigi Pasini,
Paola Ulivi, Himisha Beltran, Francesca Demichelis, Alessandro Provenzani, Alessandro Quattrone,
Vito G. D'Agostino* Ultrasensitive detection of cancer biomarkers by nickel-based isolation of
polydisperse extracellular vesicles from blood. Accepted: April 18, 2019. Published online: April
29, 2019. EBioMedicine, 2019. DOI: https://doi.org/10.1016/j.ebiom.2019.04.039

•

The procedure “Nickel-based isolation (NBI)” has been filed for patenting:
Vito Giuseppe D'Agostino, Alessandro Provenzani, Alessandro Quattrone, Michela Notarangelo,
Chiara Zucal, Isabella Pesce. “METHOD FOR ISOLATING EXTRACELLULAR VESICLES FROM
BIOLOGICAL MATERIAL”. Patent n. P019950WO/2018.

•

During my Ph.D. studies, I worked at a side project, which resulted in the following work, currently
submitted to upper 1st quartile, high-impact factor journal.
Angelika Modelska*, Denise Sighel*, Michela Notarangelo, Shintaro Aibara, Angela Re, Gianluca
Ricci, Marianna Guida, Alessia Soldano, Valentina Adami, Mariachiara Buccarelli, Quintino Giorgio
D'Alessandris, Stefano Giannetti, Simone Pacioni, Lucia Ricci-Vitiani, Joanna Rorbach, Roberto
Pallini, Alexey Amunts, Ines Mancini, Alessandro Quattrone. Suppressing glioblastoma stem cell
growth by inhibition of mitochondrial translation.
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CONTRIBUTIONS

I contributed to the project since the beginning, starting from the optimization of all the
techniques used in this research, until the most recent sequencing experiments (ongoing work). In
detail, I performed the isolation of extracellular vesicles with different methods and analysis by
Tunable Resistive Pulse Sensing. I processed the biological fluids of healthy donors and cancer
patients for EV isolation. I characterized the content in protein and nucleic acids of EVs, using the
described molecular assays. Finally, I co-wrote the manuscript related to Nickel-Based-Isolation.
All the experiments concerning extracellular vesicles have been performed in collaboration with my
advisor, Dr. Vito D’Agostino. Importantly, Dr. Vito D’Agostino conceived the Nickel Based Isolation
and supervised the experiments, together with my tutor Prof. Alessandro Quattrone, and I
contributed to the experimental design and analysis of the data.
The optimization of protocols to extract RNA from EVs has been done in collaboration with the
Laboratory of Experimental Cancer Biology (Prof. Marina Mione) and the Laboratory of
Transcriptional neurobiology (Prof. Manuela Basso), while the sequencing workflow has been
carried out by the Next Generation Sequencing Facility (CIBIO).
The experiments involving the Alpha Screen assay have been entirely performed by Dr. Vito
D’Agostino.
The liposome preparation and Dynamic Light Scattering measurements were performed by Dr.
Cristina Potrich and Dr. Lorenzo Lunelli (Fondazione Bruno Kessler).
The analysis of mutational status on genomic DNA extracted by tissue biopsies of colon cancer
patients has been performed by Dr. Luigi Pasini (Istituto Scientifico Romagnolo per lo Studio e la
Cura dei Tumori, Meldola).
Quantitative real-time PCR experiments have been performed in collaboration with Dr. Federica
Alessandrini (CIBIO), while Dr. Chiara Zucal (CIBIO) helped with cell cultures for experiments
regarding the integrity, stability and dynamic release of EVs isolated by NBI.
The analysis by Transmission Electron Microscopy of U87-MG has been carried out by Dr. Giorgina
Scarduelli of Imaging facility (CIBIO) with the help of facility members Dr. Ilaria Ferlenghi and Fabiola
Giusti at GlaxoSmithKline Vaccines in Siena.
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The technical optimizations to study extracellular vesicles by flow cytometry have been
accomplished with the assistance of Dr. Isabella Pesce, manager of Cell Analysis and Separation
Facility (CIBIO).
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a b s t r a c t
Background: Extracellular vesicles (EVs) are secreted membranous particles intensively studied for their potential
cargo of diagnostic markers. Efﬁcient and cost-effective isolation methods need to be established for the reproducible and high-throughput study of EVs in the clinical practice.
Methods: We designed the nickel-based isolation (NBI) to rapidly isolate EVs and combined it with newlydesigned ampliﬁed luminescent proximity homogeneous assay or digital PCR to detect biomarkers of clinical
utility.
Findings: From plasma of 46 healthy donors, we systematically recovered small EV (~250 nm of mean diameter;
~3 × 1010/ml) and large EV (~560 nm of mean diameter; ~5 × 108/ml) lineages ranging from 50 to 700 nm, which
displayed hematopoietic/endothelial cell markers that were also used in spike-in experiments using EVs from
tumor cell lines. In retrospective studies, we detected picomolar concentrations of prostate-speciﬁc membrane
antigen (PSMA) in fractions of EVs isolated from the plasma of prostate cancer patients, discriminating them
from control subjects. Directly from oil-encapsulated EVs for digital PCR, we identiﬁed somatic BRAF and KRAS
mutations circulating in the plasma of metastatic colorectal cancer (CRC) patients, matching 100% of concordance
with tissue diagnostics. Importantly, with higher sensitivity and speciﬁcity compared with immuno-isolated EVs,
we revealed additional somatic alterations in 7% of wild-type CRC cases that were subsequently validated by further inspections in the matched tissue biopsies.
Interpretation: We propose NBI-combined approaches as simple, fast, and robust strategies to probe the tumor
heterogeneity and contribute to the development of EV-based liquid biopsy studies.
Fund: Associazione Italiana per la Ricerca sul Cancro (AIRC), Fondazione Cassa di Risparmio Trento e Rovereto
(CARITRO), and the Italian Ministero Istruzione, Università e Ricerca (Miur).
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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Extracellular vesicles (EVs) are membranous particles, composed of
a lipid bilayer, that are massively secreted in biological ﬂuids, where
they are involved in cell-to-cell communication [1–3]. According to different mechanisms of biogenesis [4], EVs are classiﬁed into exosomes
and microvesicles (or ectosomes), derivatives of the endosomal system
or produced by outward budding of the plasma membrane, respectively
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2352-3964/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study
The abundance and biological content of heterogeneous EVs in biological fluids qualify them as an attractive source of diagnostic
markers. However, reproducible and efficient isolation methods
need to be established for application in clinical practice. Rapid approaches that minimize protein contaminants exploited the surface charge of EVs to capture them.
Added value of this study
We designed a rapid and cost-effective procedure to obtain EVs in
a physiological pH solution, while preserving vesicles' integrity/
stability and minimizing particle aggregation. We exploited these
advantages to combine this approach with highly sensitive
immobilization-independent assays to detect cancer biomarkers,
i.e. specific proteins or RNA species present in EVs. We show
that a comprehensive isolation of EVs offers a strategic advantage
for detecting tumor biomarkers from liquid biopsy.
Implications of all the available evidence
This study indicates the possibility of detecting, from circulating
EVs, rare somatic alterations in driver genes that mirror the heterogeneity of tumor cells present in the matched tissue biopsies.
[4]. EVs are highly heterogeneous in size and molecular composition [5]:
exosomes are generally smaller than 150 nm and microvesicles can
overlap to some extent, ranging from 100 to 1000 nm; insights into
their sub-cellular origin are usually obtained post-isolation by detecting
the enrichment of speciﬁc markers [6]. For these reasons, the term
small/large EVs can be also used to refer to a mixed population of vesicles with a deﬁned range of size [7]. Recently, EVs have been studied in
the frame of the modulation of the tumor microenvironment and inﬂammation [8]/immune surveillance [9], or also investigated as carriers
of therapeutics [10]. The high abundance of circulating EVs and a biological composition reﬂecting the cell of origin [11] qualify them as attractive diagnostic tool [12]. This potential has been recently demonstrated
from liquid biopsies by detecting cancer biomarkers with recognized
clinical utility, for example in the case of circulating levels of EGFR in
lung cancer [13] and breast cancer [14] patients or EGFR mutations in
pulmonary adenocarcinoma patients [14,15]; in the case of KRASG12D
and TP53R273H mutations in patients with advanced or early-stage pancreatic cancer [16,17]; in the case of copy number variations that
matched genes frequently altered in metastatic prostate cancer patients
[18].
However, the application of EVs into the clinical practice is still limited by low-throughput, time-consuming isolation procedures and the
sensitivity and speciﬁcity of the results are highly dependent on the
methods used to enrich them. Given their nanoscale dimensions,
many technical challenges have been addressed to isolate them with
purity and reproducibility [19]. The methods more frequently employed
include differential and/or density gradient ultracentrifugation,
immunocapture, microﬁltration/size exclusion, or precipitation with
hydrophobic agents [20]. The differential ultracentrifugation (UC) is
the most widely applied [21], as it concentrates the vesicles and allows
for size-based sedimentation of EVs according to the g-force applied
without interferences from chemical additives, especially in view of
downstream applications. In this case, the yield and the purity of the obtained EVs [22] are inﬂuenced by different protocol settings and challenged by co-sedimentation of protein aggregates [19]. For these
reasons, new antibody-based strategies or EV-targeting probes have
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been developed to recognize and immobilize the vesicles for subsequently detecting speciﬁc biomarkers [23–25]. These methods offer excellent throughput for identifying co-expression of antigens that
decorate EVs, which should be deeply investigated in terms of quantitative/spatial distribution as potentially inﬂuenced by the cell status [5].
Alternative rapid EV-isolation procedures proven to reduce protein
contaminants, in comparison with ultracentrifugation, exploited the
negative surface charge of EVs [26–28]. These approaches are based
on the principle that, under physiological conditions (pH N 5), heterogeneous EVs display negative ﬂuctuations of zeta potential (ZP), which is a
physicochemical parameter that quantiﬁes the surface charge of biological particles [29]. ZP is highly dependent on pH, salt concentrations,
temperature, and on the speciﬁc biochemical composition of the particles themselves [30]. Technologies like dynamic light scattering (DLS)
[31] and tunable resistive pulse sensing (TRPS) [32] have been used to
monitor the ZP of heterogeneous EVs, that encompasses −40 to
−7 mV in PBS at pH 7.4 [33]. These values ensure the presence of a
net negative surface charge that has been exploited to capture EVs
and subsequently release them by modulating the pH and the ionic
strength in the elution buffer.
In this work we describe an alternative strategy, named nickel-based
isolation (NBI), that exploits a matrix of beads properly functionalized
with nickel cations to capture heterogeneous EVs and the possibility
to efﬁciently reverse the binding using a synergy of chelating agents
(EDTA and citric acid) in PBS buffer (pH 7.4). NBI allowed a rapid enrichment of dimensionally heterogeneous (polydisperse) EVs in solution
preserving their integrity and stability.
We characterized the performances of NBI in comparison with the
gold standard differential ultracentrifugation and assessed the presence
of speciﬁc hematopoietic-endothelial antigens on the surface of plasmaisolated EVs to ensure the unbiased enrichment of heterogeneous EV
lineages by NBI. Importantly, the possibility to directly use NBIisolated EVs as individual particles in no-wash, immobilizationindependent assays allowed us to implement the ampliﬁed luminescent
proximity homogeneous assay (alpha) and a new droplet digital PCR
(ddPCR) protocol to detect cancer-speciﬁc markers on EVs from the
plasma of oncological patients with an unprecedented resolution from
liquid biopsy.

2. Materials and methods
2.1. Cell cultures
Glioblastoma cells U87-MG (ATCC® HTB-14™); breast adenocarcinoma cell lines MCF7 (ICLC; HTL95021) and MDA-MB-231 (ICLC;
HTL99004), neuroblastoma SH-SY5Y (ATCC® CRL-2266™), prostate adenocarcinoma PC-3 (ATCC® CRL-1435™), and melanoma SK-MEL-28
(ATCC® HTB-72™) cells were grown in DMEM, except for PC-3 cell
line that was cultured in standard conditions in RPMI 1640 Medium,
supplemented with 10% Fetal Bovine Serum, 2 mM L-glutamine, and
100 U/ml penicillin +100 μg/ml streptomycin (all from Life Technologies, Carlsbad, CA, USA) to obtain complete medium. Generally, to obtain extracellular vesicles (EVs)-containing media, cells were initially
grown in complete medium until reaching 75% conﬂuence (usually
48 h); then, after two gentle washes with PBS, cells were incubated
with serum-free medium for 24 h. Cells were plated in different plastic
formats according to the experiments to be performed, but the density
of them was kept constant at 3.2 ± 0.2 ×104/cm2 otherwise differently
stated in the ﬁgure legends.
Before starting NBI procedure, collected media were centrifuged at
2800g for 10 min and carefully transferred to new tubes.
For the experiments in Fig. 2a, dFBS condition refers to NBI performed in media containing 100 K ultracentrifuged FBS at ﬁnal concentration of 10%. These media have been diluted 1:10 with PBS to reduce
viscosity of the solution.
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For cell density experiments in Fig. 2B, U-87-MG, MDA-MB-231, SHSY5Y, MCF7 and PC-3 cell lines were plated in triplicates in 6-well plates
with these numbers per well: 3.4 × 105; 1.7 × 105; 8.5 × 104; 4.2 × 104;
2.1 × 104 and 1.0 × 104. After 48 h of incubation in complete medium,
cells were washed twice with PBS and then incubated for 24 h with
serum-free medium before starting with NBI protocol. In this case,
after removing EVs-containing media, adherent cells were ﬁxed with
4% paraformaldehyde, stained with Hoechst33342 and washed with
PBS for high content imaging analysis using Operetta instrument
(Perkin Elmer). Images were acquired at 10× magniﬁcation and 50
ﬁelds/well were analysed by Harmony software. EVs were analysed by
TRPS using qNano (IZON Science).
2.2. EVs isolation by differential ultracentrifugation
EVs produced by U87-MG cells grown in T150 ﬂasks (CLS43082350EA) were isolated by differential ultracentrifugation according to
the protocol by Di Vizio et al. [34] with minor modiﬁcations. Brieﬂy,
after 24 h of incubation with cells serum-free media were collected in
falcon tubes and centrifuged at 2800g for 10 min at 4 °C to mainly remove cell debris and apoptotic bodies. Then, the supernatants were
transferred to ultracentrifuge tubes (Polyallomer Quick-Seal centrifuge
tubes 25 × 89 mm, Beckman Coulter) and centrifuged at 10,000g for
30 min at 4 °C in the Optima XE-90 (Beckman Coulter) instrument
with SW 32 Ti rotor. This step allowed to preferentially precipitate
larger particles (less apoptotic bodies, microvesicles), that were gently
resuspended in ﬁltered PBS (Res1). Thereafter, supernatants were further centrifuged at 100,000g for 70 min at 4 °C to pellet smaller particles.
Pellets were resuspendend in ﬁltered PBS (Res2). The volumes of Res1
and Res2 were pooled and stored a −80 °C or kept at 4 °C to proceed
with TRPS analyses. For experiments involving OptiPrep density gradient (ODG) preparations, we followed the protocol reported by Van
Deun et al. [35], but starting from a volume of 200 ul of PBS, that resuspended the pellet of 100,000 g ultracentrifuged particles, loaded on the
top of 5–40% iodixanol gradient. After ultracentrifugation, we pooled
the fractions 8 to 10 and analysed by immunoblotting the pellet obtained by re-centrifugation at 100,000g for 2 h from a 3 ml solution.
2.3. Flow cytometry analysis of microvesicles
Vesicles obtained by differential ultracentrifugation or NBI were diluted in 0.22 μm ﬁltered PBS and background signal was set up on ﬁltered PBS and the light scattering threshold level was adjusted to
allow an event rate of ≤5 events per second.
Light scattering detection was performed in log mode, the assigned
voltages for FSC and SSC were 300 and 310 V, respectively, and the
threshold was set at 200 for both signals. Acquisition was performed
at low ﬂow rate and samples were properly diluted to avoid coincidence
and swarm effects. Bead standards of 1 and 10 μm (Invitrogen) were
used to set gates for microvesicles. A number of 10,000 events was
counted or at least 1 min recording for each sample. Sample acquisition
was performed on a FACS Canto ﬂow-cytometer (BD Biosciences) and
data analysis using BD Diva software (BD Biosciences).
2.4. Nickel-based isolation (NBI)
Positively charged agarose beads (GE Healthcare, 17-5268-01) were
prepared with a suspension of 20 mg/ml in PBS containing 190 mM of
NiSO4 (Sigma, 656895). Residual amount of cations was removed by repeated PBS washing and centrifugation and beads were stored at 4 °C
for up to 1 month.
The capture of EVs has been optimized using 20 μl/ml of beads from
the prepared suspension and entirely performed at room temperature.
An excess of beads ensured better reproducibility and maximal EVs recovery. Brieﬂy, beads were gently added on the upper surface of the
EVs-containing medium and the solution placed in orbital shaking for

30 min, well homogenized during incubation. Thereafter, tubes were
gently centrifuged (~200g) and then maintained in vertical position
for 5 min to allow beads to settle down by gravity. The elution buffer,
freshly prepared by diluting solution A (3.2 mM EDTA, ThermoFisher,
UltraPure pH 8.0, 15575020) and B (10 mM NaCl, Sigma, 450006, 45
μM citric acid, Sigma, 251275) in 0.22 μm-ﬁltered PBS allowed competitive EVs-beads dissociation and release of EVs in solution at physiological pH (7.4).
2.5. Transmission electron microscopy (TEM)
The vesicles were visualized using conventional transmission EM
(TEM). Brieﬂy, a 5 μl aliquot of a puriﬁed sample, ﬁxed in elution buffer
with 2.5% formaldehyde, was applied to 300-square mesh copper-nickel
grids coated with a thin carbon ﬁlm. The grids were subsequently negatively stained with 1% buffered uranyl acetate, pH 4.5, and observed
using a TEM FEI Tecnai G2 Spirit microscope operating at 100 kV and
equipped with an Olympus Morada side-mount 2Kx4K chargecoupled device camera (magniﬁcation used: 20500× and 87,000×).
2.6. TRPS (tunable resistive pulse sensing)
Size and concentration of the EVs were characterized by TRPS using
qNano (IZON Science). An average of 500 particles were counted for
each sample, except for experiments performed in 6-well plates
(Fig. 2B, Fig. 3, and Fig. S4) or in samples where the particle rate was
below 100 particle/min, in which at least 2 min recording time was
used. NP200 (A40948, A43545, A43667, A43667), NP400 (A43592,
A44117, A44116), NP800 (A40542, A36164, A40548, A44118) and
N1000 (A40572) nanopores, stretched between 45.5 and 47 mm were
used. Voltage was set in between 0.12 and 0.68 to achieve and maintain
a stable current in the range of 95–130 nA, noise below 7–12 pA and
particle count rate linear. The calibration beads CPC100B (Batch ID:
B8748N), CPC200B (Batch ID: B6481M), CPC500E (Batch ID:
659543B), CPC800E (Batch ID: 634561B) and CPC1000F (Batch ID:
669582B) with mean diameters of 114 nm, 210 nm, 500 nm, 710 nm
and 940 nm, respectively, were from iZON Science. All the qNANO
data were recorded and analysed by Izon Control Suite v.3.
2.7. Protein competitive assay
The step of EVs elution has been challenged by a competitive assay in
which 10 ml of medium containing EVs deriving from U87 cells was
supplemented with 30 μg/ml of DH5α E. coli crude extract and with
15 μg/ml of puriﬁed histidine-tagged recombinant proteins (T7 RNA
pol, 110 kDa; HuR, 36 kDa; YTH, 23 kDa). Brieﬂy, DH5α cells were
grown in LB medium until they reached an OD600 of 0.5 and were harvested by centrifugation at 6000g for 5 min. Pellet was resuspended in
3 ml of DMEM medium +1 μg/ml lysozyme and sonicated at 4 °C in
water bath for 7 cycles (40 amplitude, 7 s on, 10 s off). Lysate was clariﬁed by centrifugation at 13,000g for 20 min and then ﬁltered with 0.2
μm membrane disposals prior to be spiked to the EVs-containing medium. Histidine-tagged recombinant T7 RNA polymerase was kindly
provided by Dr. S. Mansy's lab (CIBIO, University of Trento); recombinant HuR [36] and YTH [37] proteins produced and puriﬁed as previously described.
NBI was performed with incubation times and reagents already described, except for the gradient of elution solutions as indicated in
Fig. 1b. Protein samples were quantiﬁed using BCA and Bradford assays
according to the manufacturer's instructions. Equal volume of eluates
were loaded on 12% SDS-PAGE for subsequent Sypro Ruby staining or
western blotting using a 1:1000 dilution of a primary anti-histidine antibody (ab1187).
Number and size of recovered particles were analysed by TRPS, in all
the fractions, using NP800, NP400, and NP200 nanopores.
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For IP with apolipoproteins, 50 μg of whole cell lysate and the lysate
of EVs isolated from the media of three T150 ﬂasks per each condition:
UC and NBI) were separated by a pre-cast gradient SDS-PAGE (Bolt™
4–12% Bis-Tris Plus Gels, 12-well, Invitrogen) and transferred to a
polyvinylidene diﬂuoride membrane (Amersham Hybond P 0.2 μm
PVDF) overnight. After blocking with 5% nonfat milk in TBS-T (10 mM
Tris, pH 8.0, 150 mM NaCl, 0.1% Tween 20) for 60 min, the membrane
was incubated in 1% milk TBS-T with antibodies against Apo B100
(ab7616, Abcam, 1:1000), Apo A1 (ab7613, Abcam, 1:1000), Syntenin
(1:1000), Flotillin-1 (1:1000), Alix (1:1000) at 4 °C overnight. Membranes were washed three times for 5 min and incubated with horseradish peroxidase-conjugated anti-goat, anti-rabbit or anti-mouse
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secondary antibodies for 1–2 h. Blots were washed with TBS-T three
times and the immunoblot signal was revealed using the chemiluminescent ECL Select detection reagent (GE Healthcare Amersham, UK).
2.8. Preparation of exosome-like liposomes
The lipid composition of exosome-like vesicles was: 20% mol egg
phosphatidylcholine, 10% mol egg phosphatidylethanolamine, 15%
mol dioleoylphosphatidylserine, 15% mol egg sphingomyelin, 40% mol
cholesterol (adapted from literature [38,39]). Lipid ﬁlms were formed
by removing the organic solvent (i.e. chloroform) from a lipid solution
by rotary evaporation and vacuum drying for at least 1 h. Lipids at a

Fig. 1. Rapid puriﬁcation of EVs by NBI preserving their integrity, dispersity, and stability in solution. a) At pH values N5 the net negative charge of membranous particles makes them
susceptible to electrostatic interactions. Using 1–3 mM of chelating agents, TRPS analyses detected particles in the 500–700 nm range of size, selectively eluted from a functionalized
stationary phase in contrast to nucleic acids (A260), proteins (A280), or pre-stained ssRNA (RNA Y) pre-incubated with nickel-agarose beads. The procedural steps highlighting the
rapid NBI procedure are depicted. b) Competitive assay in serum-free medium containing 500 μg/ml of DH5α protein extract and of 50 μg/ml each of puriﬁed his-tagged proteins
(T7p07, HuR, YTH domain). Two parallel gels were exposed to SYPRO Ruby or blotted on PVDF membrane to detect hstidine (tag known to confer the strongest interaction with Ni).
The 1× solution is the optimized buffer and the ﬂow-through (FT) is the medium after beads sedimentation. qNANO analyses with indicated nanopores were performed and SD refers
to two independent experiments. c) Transmission electron microscopy (TEM) acquisitions, with 3 ﬁelds at 20.500× (1 μm) + 5× magniﬁcation and 3 ﬁelds at 87.000× (200 nm) + 5×
magniﬁcation, of NBI samples ﬁxed with 2.5% paraformaldehyde in the elution buffer. The original scale bars are embedded at the bottom right, but also added manually on the left
side for better visualization. d) Western blot analyses on EV lysate (recovered by 14 × 106 cells) and on 1% total cell lysate (TCL) of U87 cells. e) Mixture of 4.2 × 109 liposomes with a
diameter of 181 ± 23.8 nm recovered by ultracentrifugation (UC) or NBI. The same experiment has been replicated with phosphatidylethanolamine-rhodamine (5 ng/ml) stain (PERho) of liposomes prior UC or NBI processing. f) EVs were isolated by UC or NBI from 3 ml of serum-free medium of U87 cells and analysed at (t0) or after 24 days (t24, stored at 4 °C).
Repeated measurements by TRPS have been performed until 52 days post-puriﬁcation and the relative half-live of the 600 nm populations have been calculated with GraphPad Prism
software v.5.
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ﬁnal concentration of 1 mg/mL, were swollen in DPBS and vortexed vigorously to give multilamellar liposomes, which were further exposed to
6 cycles of freezing and thawing. Exosome-like liposomes were prepared by extruding a suspension of multilamellar liposomes with a
two-syringes extruder (LiposoFast Basic Unit, Avestin Inc.). Thirty-one
passages were performed through two stacked polycarbonate ﬁlters
(Millipore) with pores of different average diameters to obtain differently sized vesicles [40], then measured by photon correlation spectroscopy with a Zeta Sizer instrument (Nano-ZS, Malvern Instruments).

protocol. For samples 7, 12, 13, 23, and 26, Qualitative detection of
BRAF-V600E and KRAS-G12D/G12C mutations was repeated on 30 ng
of tumor DNA, by using either the Easy®BRAF kit or the Easy®KRAS
kit, on Corbett Rotor-Gene 6000 (QIAGEN), following manufacturer's instructions (Diatech Pharmacogenetics). The assay allows the detection
of low percentages of mutated allele by real-time ampliﬁcation with
sequence-speciﬁc probes: positivity for BRAF-V600E was considered
over the internal BRAF control, as a delta Ct lover than 12.5 cycles, and
setting the detection threshold on 0.04, according to the guidelines of
Diatech Pharmacogenetics.

2.9. Blood samples
2.11. RNA extraction
Plasma samples derived from patients with metastatic colon cancer
were provided by the IRST Cancer Center. All patients gave informed
consent before blood sampling, approved by the Local Ethics Committee. Patients' tumors were characterized for BRAF status by MassARRAY
(Sequenom, San Diego, CA, USA) using the Myriapod Colon status
(Diatech Pharmacogenetics, Jesi, Italy). Plasma was obtained from peripheral blood collected in EDTA-tubes, after centrifugation at
3000 rpm for 15 min, and stored at −80 °C until EV isolation.
Whole blood from healthy donors were collected at Meyer
Children's University Hospital. Plasma samples were collected into commercially available anticoagulant-treated tubes EDTA-treated (lavender
tops), serum samples in red topped tubes. The venous blood in EDTA
tube was shipped on cold packs from hospital blood collection unit to
the laboratory. Informed consent were obtained from donors before
the sample analysis.
Plasma has been obtained by removing cells after centrifugation for
10 min at 2000g using a refrigerated (4 °C) centrifuge (Eppendorf 5702
R, Milan, Italy). Serum samples have been obtained allowing the blood
to clot by leaving it undisturbed at room temperature for 30 min. The
clot has been removed by spin down at 2000g using a refrigerated (4
°C) centrifuge (Eppendorf 5702 R, Milan, Italy). Blood count were performed using a Sysmex XE-5000 hematology analyzer (Sysmex
America, Mundelein, IL). The analytic procedure was conducted according to the manufacturer's instructions.
Blood from metastatic prostate cancer patients was obtained at
Weill Cornell Medicine (WCM) after informed consent (IRB
#1305013903). Whole blood (Streck Cell-Free DNA BCT) was centrifuged at 1600 g × 10 min at 4 °C within 3 h after blood collection. The
plasma layer was transferred to 2 ml microcentrifuge tubes and centrifuged at 16,000 g × 10 min at 4 °C. The plasma was then collected and
stored at −80 °C. Complete blood counts (CBC) was performed in the
WCM clinical lab and results obtained from chart review.
Immunodepletion of NBI-puriﬁed vesicles has been performed using
biotinylated anti CD235a (130-100-271) and anti CD41a (130-105-608)
from Miltenyl Biotec, anti-AL-CAM (sc-74558), anti-MEL-CAM (sc18837), anti CD45 (sc-1187) from SantaCruz Biotechnology, and
streptavidin (11205D) or protein-G (10003D) dynabeads from Thermo
Fisher Scientiﬁc. Vesicles after beads precipitation have been measured
by qNANO and normalized to the number of particles in the counterpart
control samples with equivalent amount of biotin (Sigma, B4501).
2.10. Tumor sample analysis
Formalin ﬁxed and parafﬁn included (FFPE) patients' tumor samples, used for routinary molecular diagnostic, were selected for containing an area of at least 50% of tumor cells, based on hematoxylin and
eosin staining. Tumor genomic DNA was extracted with QIAamp DNA
Micro kit (QIAGEN, Hilden, Germany), following the manufacturer's
protocol, and DNA quantity and quality was determined at Nanodrop
(CELBIO, Milan, Italy). Characterization of BRAF status was performed
by Pyrosequencing with the anti-EGFR MoAb response® BRAF status
assay (Diatech Pharmacogenetics, Jesi, Italy): 50 ng of starting FFPE genomic DNA were ampliﬁed and reactions were run on the PyroMark
Q96 ID system (QIAGEN), according to Diatech Pharmacogenetics

Total RNA was extracted using QIAzol reagent (QIAGEN) according
to the manufacturer's instructions with several modiﬁcations. Brieﬂy,
100 μl of QIAzol was added directly to the beads before the elution
step of NBI, vortexed and incubated for 5 min at room temperature, supplemented with 20 μl of chloroform, shaken vigorously for 15 s and incubated at room temperature for 3 min. Phases were separated by
centrifugation at 12,000g for 15 min at 4 °C, and the upper phase was recovered. After addition of 1 μl of glycogen (20 mg/ml) and 100 μl of
isopropanol, RNA was precipitated overnight at −80 °C. After centrifugation at 12,000g for 10 min, RNA pellets were washed with 75% ethanol, centrifuged as above and resuspended in 10 μl RNase-free water.
RNA was quantiﬁed using the Bioanalyzer RNA 6000 Pico Kit (Agilent
Technologies) following the manufacturer's instructions.
2.12. Ampliﬁed luminescent proximity homogeneous assay (alpha)
Reactions were carried out in 384-Optiplate (Perkin Elmer) in a ﬁnal
volume of 20 μl. Assay was optimized in PBS using 15 μg/ml of nichelchelate AlphaLisa Acceptor beads and 10 μg/ml of streptavidin-Donor
beads with serial dilutions of antibody to identify hook point. The presence of surface markers was analysed in dose-response with serial dilution of EVs, previously characterized by TRPS. EVs were puriﬁed by NBI
from plasma of healthy donors or from serum-free medium of tumor
cell lines. Alpha counts were revealed by Enspire instrument (Perkin
Elmer) after 90 min of plate incubation in the dark at room temperature.
We used a biotinylated antibody against human PSMA (Cusabio, CSBPA018865LD01HU) and a recombinant his-tagged PSMA (Origene,
NM_002786) for a standard curve quantiﬁcation.
2.13. Reverse transcription and droplet digital PCR
Reverse transcription was performed using miRCURY LNA Universal
RT microRNA PCR, Universal cDNA Synthesis Kit II (Exiqon) following
the manufacturer's instructions with the following reaction composition: 2.3 μl of 5× reaction buffer, 1.15 μl enzyme mix, 0.5 μl synthetic
RNA spike-in and 7.5 μl of template total RNA.
QX200TM Droplet DigitalTM PCR System (BioRad) was used to
quantify mRNA copies using EvaGreen chemistry and the following
primers: 5′-CAACGAATTTGGCTACAGCA-3′ and 5′-AGGGGTCTACATGG
CAACTG-3′ for GAPDH; 5′-GATTTTGGTCTAGCTACAGA and 5′-GGATTT
TTATCTTGCATTC for BRAF.
The direct encapsulation of EVs into oil droplets has been performed
using isolated EVs as input sample, EvaGreen master mix supplemented
with 5 U/ml of WarmStart® RTx Reverse Transcriptase (NEB) and with
3 mM magnesium sulphate. The standard protocol of ddPCR included a
starting 10 min step at 55 °C followed by 5 min at 65 °C.
We optimized the procedure working with 102–106 polydisperse
EVs to obtain at least 15,000 droplets in each assay.
2.14. Statistical analyses
The data and the number of independent experiments are indicated
in the relative ﬁgure legends. Anova, t-test, and Pearson r coefﬁcient
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were calculated by GraphPad Prism Software v5.1, and results were
considered statistically signiﬁcant when P value was b0.05 (*), b0.01
(**), b0.001 (***).
3. Results
3.1. Capture and competitive elution of extracellular vesicles by nickelbased isolation
The versatility of NBI is based on the scalable range of positive charge
conferred by nickel cations and on the surface area of a stationary phase.
We used a suspension of agarose beads functionalized by increasing
concentrations of nickel sulphate (50–300 mM). To have an indication
on the number of particles recovered from the beads, we analysed the
particles obtained from 10 ml of serum-free media incubated with
U87 glioma cells in parallel with differential ultracentrifugation (UC).
As estimated by ﬂow-cytometry and only for events ≥0.5 μm, we
reached a condition where the observed number of particles was equivalent for the two approaches and, in case of NBI, dependent on nickel
cations, since no particles were recovered by non-functionalized beads
(Fig. S1). These results have been obtained by functionalizing a suspension 20 ml/ml of beads, 24 ± 7 μm in size, with 200 mM of nickel
sulphate.
Since different molecules can efﬁciently interact with a nickel matrix, we next used TRPS (qNANO instrument) [41] and spectroscopic
analyses to analyse the number of particles eluted from the beads in
the presence of a phosphate buffered saline (PBS) solution containing
chelating agents (elution buffers), i.e. EDTA and citric acid (CA), trying
to design an elution buffer tailored for EVs. We used 10 ml of media containing U87-derived secretome and, in control experiments, we used
nickel-beads pre-incubated with U87-puriﬁed input DNA, input proteins, or input RNA, to understand the speciﬁcity of the elution buffer
in the reversible binding of the different biomolecules. We monitored,
by absorbance and ﬂuorescence scan, both elution buffers and beads
(in this case by further normalizing the signal to the 350 nm peak of
nickel beads). Since the absorbance of DNA and RNA molecules has
the same peak at 260 nm, we pre-stained the beads with pyronin Y in
order to measure a speciﬁc ﬂuorescence signal for the RNA. We detected
a signiﬁcant number of particles (2–5 × 109/ml, 50–700 nm using 3
nanopores) with the elution buffer containing a low millimolar range
of chelating agents (molar ratio EDTA:CA of ~1:70; elution buffer 1×),
which resulted to an early dissociation of qNANO detected particles
(Kd of 1.15 ± 0.37 mM−1 for EDTA in the presence of 45 μM of CA) at
pH 7.4. Notably, no absorbance or relevant ﬂuorescence signals were
obtained using the elution buffer 1×, in contrast of elution buffers containing N3 mM of EDTA. Representative data and the steps of the procedure are schematically shown in Fig. 1a.
To validate these observations with complementary approaches, we
challenged this selectivity by competitive assays in a protein-enriched
system. We supplemented 10 ml of DMEM, containing the secretome
of U87 cells, with crude extracts of DH5α E. coli cells (from pelleted bacteria) and with 3 puriﬁed histidine-tagged proteins of different molecular weight (MW, Fig. S2), since nickel matrices are conventionally
exploited to purify 6xHis recombinant proteins. We performed NBI in
the mixture and eluted the particles with a gradient of chelating agents
in PBS, keeping the reference of the elution buffer 1× solution. Captured
proteins started to be detected/eluted with a 1.5× solution, as evidenced
by SDS-PAGE, SYPRO Ruby staining and immunoblotting using an antihis antibody, that ﬁrstly detected the recombinant proteins with higher
MW (Fig. 1b). In the same samples, TRPS analyses with 3 nanopores detected 50–700 nm particles with 0.5× and 1× elution buffers,
conﬁrming the competitive dissociation of EVs from the beads in the
low millimolar range of chelating agents. According to Bradford or
BCA assays, we quantiﬁed 20–25 μg/ml (0.5× + 1× condition, Fig. 1b)
of proteins that mirrored a total of 2 × 109 particles detected by the
nanopores.
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The strategy of using EDTA combined with citric acid provided a
valuable alternative to preserve the pH and the biological sample from
high concentrations of salts [27] that can affect vesicles' integrity, as
shown in Fig. S3.
We evaluated the extent of particles obtained with elution buffer 1×
by transmission electron microscopy (TEM; 20,500× and 87,000× magniﬁcations, Fig. 1c). Wide-ﬁeld acquisitions of NBI samples showed a
broad dispersity of vesicles with an enrichment at 80–120 nm in size.
Although we optimized these experiments with reduced concentration
of formaldehyde and dry time to minimize the shrinkage effects [5], we
used DLS to calculate the polydispersity (index of 0.61 ± 0.05), which
mirrored the data obtained by TRPS. Western blot analyses on those
samples showed that NBI-isolated EVs were positive to endosomeassociated proteins, such as Alix and CD63 markers [42], or also found
to the plasma cell membrane, such as Flotillin-1 [43], and negative to
Golgi markers (GM130, Fig. 1d) [20], at least indicating the presence
of exosome and microvesicle markers in the mixed populations of the
vesicles we isolate.
With the aim to investigate the impact of mechanical forces exerted
during the NBI procedure, we produced liposomes with an “exosomelike” lipidic composition [39] and spiked them in 10 ml of DMEM
(Fig. 1e). Similar to the EVs in the same conditions, the average zeta potential of these preparations was −15.2 mV, as determined by DLS. Testing a small volume (0.5 ml) of media, both NBI and UC allowed near full
recovery (98.6%) of input liposomes with a mean size of ~190 nm, although with a slight shift of ~10 nm of diameter in UC samples (orange
vs red curve). Additional experiments performed with liposomes that
we pre-stained with the lipophilic phosphatidylethanolaminerhodamine (PE-Rho) dye evidenced a coalescent effect (N40 nm shift)
of PE-Rho UC vesicles, not observed with PE-Rho NBI vesicles. These
data demonstrate that the elution buffer used for NBI minimizes particles aggregation. We next interrogated the turnover of vesicles stored
at 4 °C after puriﬁcation by NBI or UC (Fig. 1f, left). We focused on particles ≥300 nm, more vulnerable than smaller vesicles to different storage conditions [44]. In UC samples, at 24 days post-isolation (t24), the
600 nm population originally present was virtually replaced by a population of ~300 nm. Strikingly, NBI samples retained the 86% of the original EV population, still detectable using the same nanopore (Fig. 1f,
middle). A kinetic analysis evaluating the size-shift of the 600 nm test
population revealed a half-life of N50 days for NBI EVs, in contrast to
7.35 days for UC EVs (Fig. 1f, right). Collectively, these data indicate
that polydisperse EVs can be selectively enriched by NBI preserving
their integrity and stability in a near physiological pH solution.
3.2. Scalable and reproducible isolation of polydisperse EVs from cancer cell
lines and the plasma of healthy volunteers
To assess the robustness of NBI in cell-based systems, we puriﬁed
EVs secreted by U87 cells seeded at different densities, in 6-well plates,
as indicated in Fig. 2a. We processed 1 ml of media and analysed the distribution of puriﬁed particles by TRPS using NP400, NP200, and NP100
nanopores. Isolated EVs displayed a continuous distribution, from approximately 50 to 700 nm in diameter (as compared with 3 different
sets of iZON recommended calibration beads), characterized by at
least two peaks of enriched vesicle populations showing ~200 and
~600 nm of mean diameter, respectively. We referred these two EV populations to as small EVs (sEVs) and large EVs (lEVs), respectively, while
being aware of the unknown sub-cellular origin of individual NBIisolated EVs [5]. The global number of isolated vesicles was proportional
to the number of seeded cells, with a global coefﬁcient of variation (CV)
of 6.14% (n = 9 for NBI 1, 2, and 3) for both sEVs (197 ± 26 nm) and lEVs
(595 ± 37 nm), underlying the high reproducibility of NBI. We did not
observe a statistically signiﬁcant variation (P = .459) comparing EVs
from EV-depleted serum (dFBS) [45] and serum-free media (NBI 1), indicating that a reliable EV isolation can be started from relatively viscous
solutions upon dilution with PBS. Interestingly, the efﬁcient isolation of
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Fig. 2. NBI efﬁciently isolates EVs with high reproducibility from different biological ﬂuids. a) The reproducibility of NBI has been tested in serum-free media of U87 cells seeded at different
density, in 6-well plates, as indicated (NBI 1, 2, and 3). Ten % ultracentrifuged FBS (dFBS) condition showed substantial overlap with NBI-1 results. Plots are representative of 3 independent
experiments and global CV was 6.1%. b) Distribution of NBI-isolated EVs have been analysed for different cell lines, as indicated. SH-SY5Y cells showed substantial reduction in releasing
both vesicle populations (**P value = .006, F = 70.13, and *** b 0.0001, F = 30.84, using one-way ANOVA and Bonferroni's post-test). SD refers to 3 independent experiments. c) NBI was
applied to 0.5 ml of plasma obtained from healthy volunteers. The relative distribution of EVs (representative original proﬁles are shown in Fig. S5b) has been evaluated by TRPS analyses
using 3 nanopores with the obtained concentrations, per milliliter of plama, of the small and large EV populations.

EVs from small volumes allowed us to follow the release of vesicles
using as low as 103 cells/cm2 (Fig. S3). We observed a linear release of
sEVs as a function of cell density, and an faster release of lEVs, as already
suggested for microvesicles [5], possibly related with different biogenetic mechanism, intrinsic stability and/or cell-mediated turnover that
correlate with particle size or composition [46]
We next characterized the EVs recovered from MCF-7, PC3, MDAMB-231, and SH-SY5Y tumor cell lines (Fig. 2b). We observed an equivalent distribution of isolated EVs in terms of size and concentration,
with the exception of the SH-SY5Y cells that demonstrated lower propensity to release both vesicle populations.
Since EVs are secreted in the blood by many cell types [47], we applied NBI to isolate EVs from the blood of healthy volunteers (Fig. S4).
We analysed the abundance of isolated EVs in plasma and in the
serum (n = 9) and clearly observed a 6-fold enrichment of EVs puriﬁed
from plasma (Fig. S5a). We therefore performed NBI on (0.5 ml) plasma
of 46 donors to assess the general distribution of EVs isolated from
healthy subjects. The mean age of the volunteers was 45 ± 10 years.
The proﬁle of NBI-isolated EVs (Fig. S5b) was characterized by at least

two enriched populations showing a quantitative ratio of ~55:1: the
ﬁrst one with a mean diameter of 249.5 ± 36.71 nm (sEVs) and a concentration of 30.56 ± 25.78 × 109 per milliliter of plasma; the second
one with a mean size of 564.4 ± 57.3 nm (lEVs) and a concentration
of 5.49 ± 3.09 × 108 per milliliter of plasma, as indicated in Fig. 2c.
3.3. Characterization of plasma EV lineages by combined immunocapture
In line with other reports [48,49], mixed populations of circulating
vesicles in healthy individuals are positive to hematopoietic or endothelial cell markers. We therefore investigated whether speciﬁc hematopoietic surface markers can be instrumental for the characterization of
isolated EVs. We measured the number of plasma-isolated EVs left in solution after incubation with CD235a (marker of erythrocytes [50]) or
CD41a (marker of platelets [51]) antibodies, i.e. immunodepleted samples. We observed a reduction of about 20% of the original population of
microvesicles and of about 60% of sEVs using the CD235a. On the other
hand, this trend was opposite using the CD41a, which showed preferential recognition of lEVs (Fig. 3a). These results indicate that plasma
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isolated EVs expose markers that are speciﬁc of distinct cell lineages, underlying the derivation from different cells/progenitors. In addition,
these results are in line with other reports indicating that plateletderived microvesicles (range of size N300 nm) are abundant in the
blood of healthy individuals [52,53].
With the aim to recognize speciﬁc EV lineages from a mixture of NBIisolated polydisperse vesicles, we performed combined immunocapture
experiments with a known amount of tumor-derived EVs spiked in the
human plasma. We added 109/ml EVs isolated from plasma to 109/ml
EVs isolated from the media of melanoma SK-MEL-28 cells. After NBI,
we incubated the mixture of isolated vesicles with CD235a, CD41a,
and CD45 antibodies (known to be expressed from leukocytes [54]
but not from SK-MEL-28 cells [55]). After the immunoprecipitation (or
immunodepletion) of CD235a, CD41a, and CD45 vesicles, the MELCAM antibody (CD146, expressed on the surface of SK-MEL-28 cells)
still recognized the 64% of input EVs (light green vs light grey bars) positive to the epithelial marker, in contrast to the AL-CAM (CD166) antibody which resulted as an experimental negative control (Fig. 3b).
Therefore, speciﬁc hematopoietic markers could be instrumental to
fractionate plasma NBI-isolated EVs into distinct EV lineages.
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Importantly, the results obtained by these experiments indicated that
intact, polydisperse EVs obtained by NBI form a homogeneous suspension of individual particles that could be exploited in no-wash,
immobilization-independent assays.
3.4. Ultrasensitive detection of surface antigens on plasma EV lineages from
healthy subjects and prostate cancer patients by NBI-alpha assay
Given their abundance in the blood, EVs can offer immediate advantage in liquid biopsy analyses for biomarker detection [56]. By NBI we
can recover polydisperse EVs from biological samples and obtain a suspension of individual particles in solution. We therefore veriﬁed the
possibility of applying NBI-extracted EVs to versatile homogeneous assays to perform ultrasensitive biomarker detection.
We adapted the ampliﬁed luminescent proximity homogeneous
assay (alpha) [57] technology to detect surface antigens on NBIisolated EVs. Following the notions obtained on the dispersity of NBIisolated EVs, we designed the alpha assay using nickel-charged Acceptor beads in combination with streptavidin-Donor beads recognizing
the antigen of interest through biotinylated antibodies (NBI-alpha,

Fig. 3. NBI unbiasedly isolates different EV lineages from blood and allows to use EVs as individual particles in homogeneous assays to detect surface antigens. a) Hematopoietic cells'
antigens, biotinylated anti-CD41a and CD235a antibodies, were used to characterize plasma isolated EVs. Isolated EVs (2 × 108/ml), for a total of 15 samples, were divided in 2
volumes and incubated with biotinylated antibodies (CD41a or CD235a) + streptavidin dynabeads. Supernatants were analysed by qNano instrument and the distribution of EVs left
in solution are shown. * P value b .05; ***P value b .001. b) 109/ml plasma EVs, together with 109/ml EVs isolated from media of SK-MEL-28 cells were spiked in 1 ml of post-NBI
human plasma. Indicated biotinylated antibodies were incubated for 60 min and, after streptavidin-dynabeads precipitation, TRPS analyses were performed on EVs left in solution.
One-way ANOVA-Bonferroni have been used to calculate the statistical signiﬁcance (*P value b .05; **P value b .001). c) Diagram describing the alpha assay designed to detect surface
antigens on individual, polydisperse EVs. Streptavidin-coated Donor beads recognize the antigen-speciﬁc biotinylated antibody; positively-charged nickel-chelate Acceptor beads
interact with EVs and emit a ﬂuorescent signal when in proximity of excited Donor beads. Saturation curves were obtained as function of number of EVs puriﬁed by NBI from plasma
of two healthy donors (#1, #2) and from SK-MEL-28 melanoma cells. d) Cells lines expressing high, intermediate, or low levels of CD146 protein are indicated by immunoblotting
performed on cell lysates. EVs were isolated by NBI or UC from the corresponding media of the three cell lines. The relative performances of different detection methods have been
then evaluated, using anti-CD81 biotinylated antibody for plate-coating in the case of ELISA (coupled with anti-CD146 and HRP-conjugated secondary antibodies) or conjugation with
Acceptor beads in the case of ExoScreen. The speciﬁc, background-subtracted signals were normalized to IgG signals of individual experiments. EVs for ELISA and ExoScreen have been
isolated by UC. 10 K and 100 K indicate the g forces applied in the two protocols of UC, respectively. SD refers to two independent experiments. e) NBI was performed on 1 ml of
plasma deriving from patients with advanced prostate cancer. Left: The relative number of EVs is plotted for healthy donors (50–55 years) and for prostate cancer patients (N60 years).
One-way ANOVA-Bonferroni have been used to calculate the statistical signiﬁcance. Right: the relative levels of PSMA on 105 EVs were detected by NBI-alpha. According to the
standard curve with puriﬁed recombinant histidine-PSMA, 1 in the Y axis corresponds to ~35 pg/ml of PSMA in solution. SD refers to 3 independent experiments.
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Fig. 3c). In these settings, we titrated the number of plasma-isolated EVs
(#1 and #2) and of SK-MEL-28-isolated EVs as function of the signal obtained with biotinylated CD235a, CD41a, and CD45 antibodies. In the
case of plasma EVs, the saturation curves obtained showed three to
four times enhanced binding of CD235a with respect to CD41a and
CD45, with a background signal for the epithelial marker CD146 eve
using 106 EVs (Fig. 3c, bottom left and right). Consistently with results
in Fig. 2c,d, the CD235a antibody was the most efﬁcient in recognizing
a signiﬁcant fraction of plasma-isolated EVs. In the case of EVs released
from SK-MEL-28 cells, the signal of the CD146 antibody showed a doseresponse curve, in contrast to the CD235a, CD45, and CD41a antibodies
(Fig. 3c, top right), conﬁrming the exposure of the CD146 protein on the
EVs deriving from melanoma cells. All these experiments were performed in 20 μl, using ~2% of the solution containing plasma EVs and
~20% of the solution containing EVs recovered from 3 × 105 SK-MEL28 cells.
To challenge this approach in terms of sensitivity and accuracy, we
used three cell lines expressing high (SK-MEL-28), intermediate
(HeLa), or low (Jurkat) levels of the CD146 protein (see immunoblot
in Fig. 3d). We isolated EVs using NBI or UC and evaluated 2 additional
techniques (ELISA [58], ExoScreen [57]) for CD146 detection on EVs.
Globally, all the results obtained were consistent with relative expression levels of endogenous CD146. The NBI-alpha demonstrated a higher
dynamic range and the most performant detection (N5 times) of CD146
on EVs isolated from the most challenging Jurkat cells (FC = 4.6,
Fig. 3d). By comparing the alpha assay results with samples enriched
in large EVs (sedimented at 10,000 g) or in small EVs (sedimented at
100,000 g), respectively obtained by UC) [59], we attributed the advantage of NBI-alpha in detecting the antigens on less aggregated particles
(Fig. 1e).
We validated the NBI-alpha approach by detecting the prostate cancer speciﬁc membrane antigen (PSMA) on EVs isolated from plasma of
prostate cancer patients (Fig. 3e). First, we analysed the distribution of
EVs isolated from plasma of healthy subjects (age of 50–55 years) and
from plasma of ten patients (N60 years) with metastatic prostate cancer
(Fig. 3e). In line with other reports [60,61], we found a statistically signiﬁcant increase (of about one order of magnitude) in the number of recovered EVs in the cancer patients (Fig. 3e, left). The Pearson r value of
the correlation with counts of RBCs/WBCs/PLTs was 0.88 (Table S2).
Using 105 EVs in the NBI-alpha assay, we detected higher levels of
PSMA (mean P value b .001) in patients' EVs with respect to the healthy
controls, reaching the sensitivity of picomolar concentration of PSMA
(Fig. 3e, right) as determined by standard curve with his-tagged
PSMA. Therefore, we speciﬁcally detected the enrichment of this surface
marker on a fraction of the EVs isolated from the plasma of prostate cancer patients.
3.5. Ultrasensitive detection of RNA enclosed in EV lineages from plasma of
healthy subjects and colon cancer patients by NBI-ddPCR assay
EVs can selectively or stochastically entrap nucleic acids [5]. The
growing interest in exploiting EVs for cancer diagnostics relies with
the potential identiﬁcation of new biomarkers and of clues mirroring
the genetic heterogeneity of tumor cells. Therefore, the potential clinical
application requires a sensitive approach to distinguish EV subpopulations and to infer, at least qualitatively, the diversity of tumor
cells that have originated them. We analysed the nucleic acid content
of polydisperse EVs (50–700 nm) isolated from the plasma of healthy
donors (n = 47) and we detected RNA, as demonstrated by automated
electrophoresis proﬁle following RNAse treatment (Fig. S7a). One of the
most highly sensitive reported technology to detect fractions of mutated transcripts enclosed within EVs is the droplet digital PCR
(ddPCR) [17,62]. We therefore applied a standard ddPCR protocol to calculate the absolute number of GAPDH mRNAs in all the samples starting
from ~3 × 109 EVs (Fig. 4a and Fig. S7b). The system was sensitive
enough to correlate the number of mRNA copies with the relative

counts of PLTs (Pearson r: 0.623; Fig. 4b), blood components already
recognized as major producer of GAPDH [63]. Interestingly, given the
quality of the EV samples obtained by NBI (in terms of non-coalescent
particles), we had a chance to implement the ddPCR assay by directly
encapsulating NBI-isolated EVs into the oil droplets, with a reaction
mix containing a thermostable reverse transcriptase to perform a onestep ampliﬁcation of the RNA fragment of interest (Fig. 4c). In these experimental conditions, speciﬁc nucleic acids can be rapidly detected
from a discrete number of individual EVs and without the step of RNA
extraction. Notably, particles isolated by UC failed to generate the expected number of oil droplets (N12,000), indicating that a direct encapsulation can be in this case hampered by aggregated vesicles.
We challenged the diagnostic performances of this NBI-ddPCR protocol by a retrospective analysis of a cohort of metastatic colon cancer
patients. Patients were previously enrolled in a randomized phase III
clinical trial for chemotherapy alone or in combination with
bevacizumab [64,65]. All of the patients were analysed for the KRAS
and BRAF status, two biomarkers that have a profound impact for patients in terms of clinical management and therapeutic options for
CRC patients. We isolated EVs by NBI from the plasma of 21 cases with
6 additional blood draws collected from one single patient during the
treatment (longitudinal liquid biopsy). The molecular characterization
was performed by pyrosequencing on formalin-ﬁxed, parafﬁnembedded (FFPE) tissue DNA and indicated the presence of the BRAF
V600E mutation in 5 out of 21 patients (~24%, samples C02, C11, C14,
C20, and C25). The mutation was conﬁrmed in the sample C03, a
5 months' later blood draw of the sample C20. In the samples we received, no mutations in KRAS were reported, except for the variant
K117N in the sample C07. We analysed the samples in blind as in the
order reported in Table S3.
First, we report that the levels of EVs recovered from plasma of colon
cancer patients were strikingly higher in comparison to those of healthy
donors (Fig. 4d). The correlation coefﬁcient was 0.93 with relative
counts of RBCs, WBCs, and PLTs. We then applied our RNA-extraction
free ddPCR protocol in a reaction volume of 20 μl and 103 isolated EVs
as input to amplify the allele fragment containing the BRAF V600E mutation. As shown in Fig. 4e, the dots above an arbitrary threshold N1 indicate a relative higher number of mRNA copies detected by NBI-ddPCR,
resulting from single droplets that have encapsulated vesicles carrying
the V600E mutated transcripts. Indeed, samples C02, C03, C11, C14,
C20, and C25 (orange dots) showed 100% matching with data obtained
by pyrosequencing on FFPE tissues, while the samples C04, C09, C19,
C21, and C24 (blue dots) indicated potential new insights on BRAF status
only detected by NBI-ddPCR. To challenge the speciﬁcity and sensitivity
of these results, we evaluated the extent of mRNA ampliﬁcation upon
immunodepletion of CD235a/CD41a positive EVs (Fig. 4e, middle). Unexpectedly, the number of BRAF V600E copies in the same patients' samples were found 4 to 5 fold increased with respect to the signal obtained
from the bulk population of EVs, speciﬁcally increasing the dynamic
range of sensitivity of the NBI-ddPCR. We also performed another experiment to analyse EVs isolated by anti-CD147, one of the most wellrecognized approaches to enrich for colon cancer derived EVs [57]
[66]. In this case, the diagnostic power was reduced to 83% as compared
with the tissue biopsy results, with a number of copies bb1 in the case of
the sample C25 (0.25 vs 4.48 and 20.05 copies, respectively obtained in
the previous experiments), and to ~34% the concordance with blue dots.
These data show that a signiﬁcant fraction of EVs negative for the CD147
antigen can effectively carry BRAF mutated transcripts. Consequently,
NBI is more efﬁcient in comparison to single antibody-mediated enrichment of tumor-derived vesicles.
In order to validate the accuracy of the NBI-ddPCR results, we performed further inspections to the FFPE DNA of the samples from patients C04, C09, C19, C21, and C24, which resulted BRAF mutation
positive in the EVs but not in the original tumor. These DNAs were subjected to a more sensitive, and clinically approved, allele-speciﬁc realtime PCR (EasyPCR) screen. The sample C19, that showed a value of
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Fig. 4. Detection of RNA species enclosed into plasma-isolated EVs and design of a new ddPCR assay to exploit individual, polydisperse EVs for nucleic acids detection. a) Two μl out of 20 of
cDNA synthesized from 0.1–4 ng RNA. EV-RNA were deriving from plasma samples of 47 healthy donors. ddPCR has been performed with EvaGreen chemistry. Absolute number of GAPDH
mRNA copies has been analysed by QuantaSoft Analysis software (BIORAD). b) The number of GAPDH mRNA copies positively correlated with number of PLTs (r = 0.62), major producer of
circulating GAPDH mRNA and of microvesicles. c) Design of a new ddPCR assay to encapsulate EVs (50–700 nm) into oil droplets (1400–1600 nm). The number of copies of speciﬁc RNAs
present in NBI-isolated EVs can be obtained as function of EV titration. The stochastic entrapment of EVs into oil droplets allow the ampliﬁcation of the target of interest upon
supplementation of the EvaGreen mix with a *thermostable Reverse Transcriptase enzyme. d) NBI was performed on 1 ml of plasma deriving from patients with colon cancer. The
relative number of EVs is plotted for healthy donors (35–55 years) and for colon cancer patients (64 ± 8 years). One-way ANOVA-Bonferroni have been used to calculate the statistical
signiﬁcance. e) Left: the copy number of BRAF V600E enclosed in 1000 EVs isolated from 20 colon cancer patients is shown; middle: the copy number of BRAF V600E enclosed in 1000
EVs upon imunodepletion CD235a/CD41a positive EVs is shown; right: the copy number of BRAF V600E in EVs isolated by CD147 antibody. See the Table S3 to evaluate the matching
with BRAF sequencing results performed in tissue biopsy. Numbered lines refer to longitudinal liquid biopsies from the same patient. f) Original plot of the NBI-ddPCR results for the
sample C09, whose RNA from the bulk of EVs has been ampliﬁed with BRAF exon-spanning primers and then sequenced. g) Original plot of the NBI-ddPCR results for the sample C12
showing KRAS G12C mutation, subsequently veriﬁed by EasyPCR kit.

4.57 BRAF copies by NBI-ddPCR, resulted indeed positive to BRAF V600E
mutation, indicating correspondence of the mutation at DNA level and
the effective presence of this cell sub-populations in the tumor. In the
efforts to highlight the presence of the mutated allele by standard sequencing in the sample C09, that showed a value of ~6 in the bulk
EVs, we obtained a borderline A peak masked by the prevalence of the
T allele present in the majority of the isolated EV (Fig. 4f). Therefore,
by NBI-ddPCR we identiﬁed a previously unreported mutation in BRAF
in at least the 7.5% of the colon cancer patients analysed. Notably, to investigate also the possibility of detecting a non-vesicular RNA proportion potentially bound by apolipoproteins that could be present in
NBI-isolated samples, we performed immunoprecipitation with APO
A1 and APO B100 antibodies on NBI-isolated EVs from the plasma of
two healthy volunteers [67]. Fig. S7c shows that RNA extracted from
particles recognized by APO A1 and APO B100 antibodies does not contribute to the signal observed for GAPDH or wild-type BRAF mRNAs.
Next, we succeeded to assess on the EVs from the same patients the
prevalent mutations at the level of the exon 2 of KRAS. Remarkably, 3
samples resulted positive to the G12C mutation and 1 sample to the
G12D: the presence of the G12D allele in the sample C12 (with a value
of 1.79 copies/104 EVs) was clearly conﬁrmed by a re-analysis on FFPE

DNA (Fig. 4g). Even in the case of KRAS, by NBI-ddPCR we revealed a
previously undetected mutation for at least 3.8% of the patients
analysed.
Collectively, these data show that NBI-ddPCR can be used for liquid
biopsy analyses and to detect clinically relevant predictive and prognostic biomarkers (such as KRAS and BRAF) and open new perspectives to
reveal the extraordinary potential of the EVs towards clinical molecular
diagnostics.
4. Discussion
In this study, we describe the nickel-based isolation (NBI) as a new
approach to selectively enrich heterogeneous (50–700 nm) extracellular vesicles from biological ﬂuids in timely and cost-effective manner.
We found that EVs captured through electrostatic interactions can be efﬁciently dissociated from a nickel-functionalized matrix using chelating
agents as excipients, maintaining the properties of a physiological, PBSlike solution in the elution buffer. This aspect is particularly important
not only to preserve the integrity of EVs which determines at the end
the efﬁciency in the recovery, but also in view of downstream qualitative and quantitative analyses of the vesicles, as evidenced by
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immunocapture-based studies [68,69], or ion-exchange chromatograpy
[28] with a modulation of the ionic strength which can impact fractions
of EVs. By contrast, the concentration of EDTA and citric acid could be
detrimental for chelating calcium /magnesium ions or cofactors important for cell phenotype/viability or in vitro assays involving the incubation with NBI-isolated EVs. We did not observe variations on the
viability (MTT assay) of U87 or colon cancer HCT116 cells exposed for
24 or 48 h to elution buffer 1× or PBS (data not shown). Technically,
we present an optimized procedure that can be readily exploited for research in clinical settings and that could be combined with HPLC or sizeexclusion procedure to fractionate EVs within the range of 50–800 nm.
The use of an accurate method to isolate vesicles is mandatory for
correlation analyses since the assessment of particle distribution can
be of relevance for liquid biopsy studies on health and disease states
[47]. The quantitative characterization of NBI-isolated EVs from
human plasma indicated that polydisperse vesicles can expose surface
antigens of different progenitor cells, making difﬁcult any correlation
between the vesicle size and the cell of origin. For this reason, we
refer to EV lineages indicating all the mixed vesicle populations that
are positive to a cell type-distinctive marker and therefore assumed to
have a common parental origin. This concept is corroborated by other
studies that have investigated the presence or absence of speciﬁc antigens on plasma-derived or tumor-derived EVs [56].
The proof-of-principle experiments performed with human plasma
including EVs isolated from SK-MEL-28 cells and the melanoma celladhesion molecule CD146 demonstrated that different EV lineages are
unbiasedly recovered by NBI, resulting to a homogeneous suspension
of polydisperse EV lineages. In this context, a targeted
immunodepletion of hematopoietic EV lineages in NBI samples can facilitate the discovery and characterization of tumor-derived EV lineages.
We have formally proven this possibility by detecting the BRAF V600E
mutated mRNA, whose copy number was enriched in EVs isolated
from plasma of colon cancer patients upon CD235a/CD41a
immunodepletion (Fig. 4e and Table S3).
Early detection is a key challenge that could enable speciﬁc interventions to reduce patient mortality and morbidity [70]. First, we designed
a new ddPCR assay in which the step of RNA extraction can be bypassed,
with the important implications of reducing chances of sample contamination, simpliﬁcations of the steps towards the results and the sensitivity obtained. In this context, the sensitivity over DNA analysis can be
favored by the higher relative number of RNA molecules present in
the sample. Second, the advantage of NBI in detecting mutated BRAF
and KRAS transcripts in comparison with CD147-positive EVs and the
use of a label-free method can provide better sensitivity for tumorderived vesicles.
KRAS and BRAF are two genes clinically relevant for the prognostic
role [71,72], and therapeutic options [73] not only for colon cancer.
We have shown that, through liquid biopsy, it is possible to identify
fractions of secreted EVs carrying tumor biomarkers with a sensitivity
and accuracy that led to re-consider the mutational status in at least
10% of the patients analysed. Currently, the analysis of circulating
tumor biomarkers, based on cell-free DNA, shows incomplete sensitivity in lung cancer [74]. In our proof-of-concept study, despite the
small number of cases analysed, we reached a complete concordance
with the tumor-derived data in detecting BRAF and KRAS mutations
from liquid biopsy. Importantly, some cases showed mutations only
in the secreted EVs, suggesting that NBI-ddPCR could serve to infer
the presence of speciﬁc cell sub-populations hardly detectable in tissue biopsy. This possibility could allow a deeper characterization of
tumor heterogeneity and/or its evolution during therapy, with potential impact for the clinical managements of patients. Addressing the
low fraction of cells that could generate the EV sub-populations detectable by NBI-ddPCR, systematic studies are needed to understand
the threshold speciﬁcities and the potential clinical relevance. We believe these ﬁndings can relevantly contribute to the rational

establishment of EV-based liquid biopsy studies for the future beneﬁt
of clinical diagnostics.
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