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Preface

Omics, a multidisciplinary field encompassing genomics, transcriptomics, pro-
teomics, metabolomics, lipidomics, and more, has witnessed remarkable growth in
recent decades. This expansion owes much to the advancements in mass spectrom-
etry (MS) instruments, innovative sample preparation techniques, and enhanced
bioinformatics tools. Today, omic approaches are integral to the study of human
diseases, driving transformative changes in the field of Molecular Medicine.

This book delves into the dynamic landscape of molecular medicine, where mass
spectrometry-based omic technologies, such as proteomics and metabolomics, are
playing pivotal roles. These methodologies enable comprehensive molecular-level
characterizations, paving the way for the discovery of novel biomarkers and thera-
peutic targets. The ultimate aspiration is personalized medicine, and omics offers
valuable insights in this pursuit.

Within these pages, readers will encounter a wealth of information on the latest
technological advancements in omics. The book navigates through the application of
omics to gain deeper insights into human diseases, encompassing biomarker discov-
ery, validation, and mechanistic understandings that can inform innovative treatments.

The initial chapters are dedicated to cutting-edge methods for isolating and char-
acterizing extracellular vesicles (EVs) and introduce the innovative bioinformatic
tool “Glycosort,” which enhances the post-processing of large-scale intact glyco-
peptide analyses. Subsequently, the book presents a series of review articles show-
casing how omics approaches are illuminating various facets of human diseases,
including those caused by viruses (SARS-CoV-2 and Zika Virus), psychiatric disor-
ders, neurodegenerative diseases — including their impact in the intricate process of
memory formation — and conditions affecting the cardiovascular, renal, and endo-
crine systems.

This book holds particular relevance for students, scientists, and healthcare pro-
fessionals eager to explore the molecular intricacies of human diseases. It provides
a valuable resource for those interested in identifying potential new diagnostic bio-
markers and gaining a deeper understanding of disease progression.

Belo Horizonte, MG, Brazil Thiago Verano-Braga



Contents

1 Isolation of Extracellular Vesicles Using Titanium Dioxide
Microspheres . . ... ... 1
Veronica Feijoli Santiago, Livia Rosa-Fernandes,
Janaina Macedo-da-Silva, Claudia B. Angeli, Simon Ngao Mule,
Claudio R. F. Marinho, Ana Claudia Torrecilhas, Suely N. K. Marie,
and Giuseppe Palmisano

2 Glycosort: A Computational Solution to Post-process
Quantitative Large-Scale Intact Glycopeptide Analyses. .......... 23
Lucas C. Lazari, Veronica Feijoli Santiago, Gilberto S. de Oliveira,
Simon Ngao Mule, Claudia B. Angeli, Livia Rosa-Fernandes,
and Giuseppe Palmisano

3 Applications of Mass Spectrometry in the Characterization,
Screening, Diagnosis, and Prognosis of COVID-19............... 33
Camila Akemi Oliveira Yamada, Bruno de Paula Oliveira Santos,
Rafael Pereira Lemos, Ana Carolina Silva Batista,
Izabela Mamede C. A. da Concei¢do, Adriano de Paula Sabino,
Luis Mauricio Trambaioli da Rocha e Lima,
and Mariana T. Q. de Magalhies

4  Proteomics and Metabolomics in Congenital Zika Syndrome:
A Review of Molecular Insights and Biomarker Discovery . ....... 63
Patricia Sosa-Acosta, Fabio C. S. Nogueira, and Gilberto B. Domont

5  Mass Spectrometry Applications to Study Human Microbiome .... 87
Mohamed A. Raslan, Sara A. Raslan, Eslam M. Shehata,
Amr S. Mahmoud, Marcus Vinicius Candrio Viana, Fldvia Aburjaile,
Debmalya Barh, Nagwa A. Sabri, and Vasco Azevedo

vii



viii

10

11

12

13

Contents

Neuroproteomics: Unveiling the Molecular Insights of Psychiatric
Disorders with a Focus on Anxiety Disorder and Depression. . . . . .. 103
Lucas Rodrigues-Ribeiro, Bruna Lopes Resende,

Maria Luiza Pinto Dias, Megan Rodrigues Lopes,

Larissa Luppi Monteiro de Barros, Muiara Aparecida Moraes,

Thiago Verano-Braga, and Bruno Rezende Souza

Proteomic-Based Studies on Memory Formation in Normal

and Neurodegenerative Disease-Affected Brains. . ............... 129
Ikaro Jesus da Silva Beraldo, Mateus Prates Rodrigues,

Rafaela Schuttenberg Polanczyk, Thiago Verano-Braga,

and Cleiton Lopes-Aguiar

Cardioproteomics: Insights on Cardiovascular Diseases . ......... 159
Brenda Raissa-Oliveira, Ana Carolina Lara-Ribeiro,

Julia Rezende-Ribeiro, Ana Beatriz Queiroz Bahia,

and Thiago Verano-Braga

Kidney Disease and Proteomics: A Recent Overview

of a Useful Tool for Improving Early Diagnosis. ................. 173
Nicolly Emanuelle de Souza Barcelos, Maria Laura Limeres,

Ana Flavia Peixoto-Dias, Maria Aparecida Ribeiro Vieira,

and Diogo B. Peruchetti

Multi-omics Investigations in Endocrine Systems

and Their Clinical Implications. . ............................. 187
Rodrigo Antonio Peliciari-Garcia, Carolina Fonseca de Barros,

Ayla Secio-Silva, Diogo de Barros Peruchetti,

Renata Marino Romano, and Paula Bargi-Souza

Omics to Unveil Diabetes Mellitus Pathogenesis and Biomarkers:

Focus on Proteomics, Lipidomics, and Metabolomics. ............ 211
Nicia Pedreira Soares, Gabriela Castro Magalhaes,

Pedro Henrique Mayrink, and Thiago Verano-Braga

Proteomics: Unraveling the Cross Talk Between Innate

Immunity and Disease Pathophysiology, Diagnostics,

and Treatment Options. .. ............ .. ... ... ... .. .. ....... 221
Isabelle Souza Luz, Raquel Takaya, Daiane Gonzaga Ribeiro,

Mariana S. Castro, and Wagner Fontes

Applications of Proteomics in Probiotics Having Anticancer

and Chemopreventive Properties ............................. 243
Mohamed A. Raslan, Sara A. Raslan, Eslam M. Shehata,

Amr S. Mahmoud, Marcus Vinicius Candrio Viana, Debmalya Barh,

Nagwa A. Sabri, and Vasco Azevedo



Contents ix
14 Mass Spectrometry-Based Characterization of Protein Aggregates
in Tissues and Biofluids . ........... ... .. .. .. ... .. .. .. .. 257
Janaina Macedo-da-Silva, Livia Rosa-Fernandes,
Veronica Feijoli Santiago, Claudia Angeli Blanes,
Suely Kazue Nagahashi Marie, and Giuseppe Palmisano



Chapter 1 m
Isolation of Extracellular Vesicles Using ST
Titanium Dioxide Microspheres

Veronica Feijoli Santiago, Livia Rosa-Fernandes, Janaina Macedo-da-Silva,
Claudia B. Angeli, Simon Ngao Mule, Claudio R. F. Marinho,
Ana Claudia Torrecilhas, Suely N. K. Marie, and Giuseppe Palmisano

1.1 Introduction

1.1.1 Extracellular Vesicle Biosynthesis and Biological
Functions in Diseases

Extracellular vesicles (EVs) are characterized as nanoparticles enclosed by a lipid
bilayer membrane secreted by the cells [1, 2]. The EVs can be classified into three
main types, according to the origin and size of two main types of EVs are distin-
guished based on their biogenesis, known as exosomes and ectosomes [3]. More
specifically; exosomes, microvesicles, and apoptotic bodies [3—5]. The exosomes
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are particles with 50-150 nm diameter, with endosomal biogenesis in the multive-
sicular bodies (MVBs) and amphisomes. The exosome’s biosynthesis occurs by
inward budding endosomal vesicles driven by the endosomal sorting complex
required for transport (ESCRT) machinery and fusion of these multivesicular bodies
or amphisomes with the plasma membrane, resulting in the release of intraluminal
vesicles (exosomes) [3, 6-8]. Microvesicles are medium-sized EVs (200-800 nm)
that originated from cell membrane budding and are less abundant than small EVs
[3, 9]. Microvesicles are released from many cells, such as neurons, platelets, red
blood cells, astrocytes, and endothelial cells, in both healthy and pathological states
[10, 11]. Apoptotic bodies are the largest EVs, comprising >1 pm released during
the apoptotic process [12]. The heterogeneity of the EVs is related to the type, func-
tion, and state of the origin cell such as different mechanisms of cell death [3]. The
EVs carry acid nucleic (DNA, mRNA, miRNA) proteins [13, 14], transcription fac-
tors, growth factors, signaling molecules, and lipids from one cell to another cell
[15-19]. EVs are involved in several biological functions beyond the transport of
molecules between cells, such as cell-cell communication and activation of target
cells through EV surface ligands [20]. Moreover, EVs are involved in angiogenesis
[21], inflammation [22], coagulation [23], antigen presentation in immune response
[24, 25], and fetal-maternal communication [26]. In diseases, EVs also participate
in several biological processes. For example, in glioblastoma, cells secret mRNA,
miRNA, and angiogenic proteins encapsulated in exosomes to target microvascular
endothelial cells inducing angiogenesis [27]. EVs also participate in oncogenesis,
cancer progression, and metastasis [28]. Isolated EVs have been described as poten-
tial prognostic and diagnostic tools in prostatic cancer [29, 30], ovarian cancer [31],
lung adenocarcinoma [32], colon cancer [33], bladder cancer [11], breast cancer
[34], and melanoma [35]. Moreover, EVs released from the brain were involved in
Alzheimer’s disease mechanisms [36].

EVs are important in the host-pathogen interaction, being secreted both from the
host and the pathogen. For example, parasites can deliver EVs that modulate the
host’s immune response. Moreover, macrophages infected by Toxoplasma gondii
release EVs, which are pro-inflammatory [37]. Leishmania-delivered exosomes are
involved in the modulation of macrophage/dendritic cells’ response to infection.
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Additionally, parasites can use EVs to evade host immunity. For example,
Trypanosoma cruzi uses host microvesicles to evade host immunity [38—41].
Bacteria are also able to produce and release EVs, which are essential in the patho-
genicity, cell-cell signaling between intra- and inter-species, and different organ-
isms via transference of the EV content. In Gram-positive bacteria, the EVs are
spherical bilayers with sizes between 20 and 400 nm [42, 43]. In Gram-negative
bacteria, particles are described as outer membrane vesicles (OMVs) and display
several roles, such as antibiotic resistance, nucleic acid transference, biofilm synthe-
sis, and host-bacteria interaction [44, 45]. Specifically, during infection, host cells
can incorporate bacterial OMVs by endocytosis via different mechanisms: clathrin-
dependent, caveolin-mediated, lipid raft, and membrane fusion [44]. Some inhibi-
tors can be used to block OMV endocytosis, such as chlorpromazine (blocks
clathrin-coated pit formation), dynasore (inhibits dynamin GTP activity in the
caveolin-mediated endocytosis), wortmannin (inhibits the phosphatidylinositol
kinases in the lipid raft endocytosis), and cytochalasin D (depolymerizes actin in the
membrane fusion) [44]. Fungi EV’s content can activate the host immune system
once recognized by pattern recognition receptors expressed by leukocytes [46].
Among the fungal EV cargo, described as virulence factors are lipids (phospholip-
ids, sterols, glycolipids) [47, 48], proteins [47], polysaccharides [49], nucleic acids
[50], and pigments such as melanin [51]. Among the proteins identified in the EV
cargo, urease and phosphatase were described in EV-released C. neoformans.
Urease is characterized in C. neoformans as a relevant virulence factor, involved in
the host central nervous system invasion [52]. Fungi EVs are involved in adhesion
in the brain microvasculature in C. neoformans [53] and stimulation of cytokine
production by macrophage (IL-10, IL-12, TGF-f) and dendritic cells (IL-10, IL-12,
TNF-a) in C. albicans [54]. EVs are also important in viral infections. Infected cells
produce EVs that mediate the communication between infected and uninfected
cells, supporting the virus survival and manipulating the host’s immune response [55].

The EVs’ molecular repertoire defines their molecular and biological func-
tions. Several reviews have investigated the analytical and computational methods
to characterize EVs’ transcriptome, proteome, and metabolome in different patho-
physiological conditions. Using mass spectrometry-based proteomics, in addition
to the isolation and characterization of the proteins, it is possible to identify and
characterize the EV proteins. Lischnig and colleagues [56] isolated large and
small EVs using differential ultracentrifugation combined with density gradient
centrifugation. In this study, more than 6000 proteins were identified in EVs iso-
lated from breast cancer cell lines (MDA-MB-231-luc-D3H1, MDA-MB-231-
luc-D3H2LN, and MDA-MB-231-luc-BMD2a), where 818 and 1567 proteins
were enriched in small EVs and large EVs, respectively, isolated from all three
cell lines. Most of the 1567 enriched proteins in large EVs were related to organ-
elles such as mitochondrion, endoplasmic reticulum, and ribosomes, while the
enriched proteins in small EVs were associated with multivesicular bodies, plasma
membrane, and Golgi apparatus [56]. These results highlighted that the differ-
ences among the EV types are also at the protein content level. The EV proteome
alterations are also observed during physical activities [57], where differences in



4 V. F. Santiago et al.

the EV proteins are released in the plasma over time points. The results showed
regulation of 322 proteins among exercise and rest time points, mostly involved
with multivesicular body formation, membrane trafficking, lipid rafts, vesicle
adhesion, and chaperone [57]. EV proteome from B. anthracis [58], S. aureus
[42], L. monocytogenes [59], P. acnes [60], and F. alocis [61] were analyzed using
mass spectrometry-based proteomics to characterize the proteins involved in the
EV release. The presence of penicillin-binding proteins (PBPs) and autolysins
(transpeptidases related to cell wall homeostasis) as EV cargo suggests that the
modification of the cell wall plays a role in the vesicle release. As in eukaryotes,
bacterial EVs contain not only nucleic acids but also cytosolic and secreted pro-
teins [44]. Metabolomics is described as other omics science potentially recom-
mended to elucidate the influence of cell metabolism in physical changes [62].
Metabolomics analyses were performed in urinary EVs from prostate cancer
patients (PCa) and benign prostate hyperplasia (BPH). A total of 248 metabolites
were identified, including amino acids and lipids. In this comparison, 76 differen-
tially regulated metabolites were identified between PCa and BPH [63]. The regu-
lated metabolites were mainly phosphatidylcholines (higher in BPH), sterols
(higher in PCa), and fatty acid esters (higher in PCa). Moreover, vitamins were
identified as increased and glycerolipids decreased in PCa-released EVs.
Interestingly, metabolite regulation changed according to PCa stages 2 and 3. In
this context, three ceramides Cer(d18:1/16:0), Cer(d18:1/20:0), and Cer
(d18:1/22:0), one glycerophospholipid (30:0), and stearoylcarnitine (18:0) showed
different levels between stages 2 and 3. All these findings support the urinary-
released EVs as a non-invasive source for metabolite analysis in PCa [63].
Additionally, RNA, another EV cargo, has gained the interest of the study as a
potential biomarker. Transcriptomic profiling of plasma from multiple sclerosis
patients showed a differential number and cargo of EVs. Using techniques such as
differential ultracentrifugation and RNA-sequencing, EVs were isolated from 20
patients and 8 controls to identify differential expression of RNA, specifically
linear and circRNAs [64]. The main finding was the identification of 6575 cir-
cRNAs in multiple sclerosis compared with healthy controls. Moreover, the study
reported differences in the number of circRNAs and linear RNAs in the compari-
sons between multiple sclerosis and healthy controls or between different stages
of the disease: relapsing-remitting vs secondary progressive multiple sclerosis
(MS), highlighting the importance of further studies to analyze the function of
RNAs in the progression of MS [64]. Transcriptomics analysis of EVs was also
applied to infectious diseases. Meningher et al. [65] analyzed 26 schistosomiasis-
positive patients compared to 17 healthy controls and detected Schistosoma
microRNAs in EVs isolated from host sera. All four schistosomal RNAs (bantam,
miR-2c-3p, miR-3488, and miR-2a-5p) showed significant differences between
the EVs isolated from infected and healthy individuals [65], suggesting the EVs
as potential sources of diagnosis in schistosomiasis infection.
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1.1.2 Omics Science Approaches for Extracellular
Vesicle Characterization

Innovative methods for EV proteome characterization have been developed and
applied in healthy and diseased conditions [66]. The EVs’ proteome of human
breast cancer subtype (triple-negative and HER2-positive) cell lines was character-
ized using ultracentrifugation with sequential centrifugation steps to remove cell
debris and large EVs (10,000x g, 40 min), followed by two ultracentrifugation (UC)
cycles at 120,000 g for 2 h each. This study identified a total of 4992 proteins and
2299 differently regulated proteins (FDR 5%) using a mass spectrometry (MS)
approach. Most of the proteins identified in this study were reported in the EV data-
bases ExoCarta and Vesiclepedia (>90%), and their biological processes and cellu-
lar component are related to cell-cell communication and EVs, respectively [67].
Mass spectrometry-based proteomics was applied to identify disease patterns and
potential biomarkers for breast cancer by analyzing EV proteome. For this, Risha
et al. (2020) [68] isolated EVs from a metastatic cancer cell line (MDA-MB-231)
and a human breast epithelial cell line (MCF-10A) using three methods for isola-
tion: ExoQuick, ultracentrifugation, and the combined ultrafiltration-
ultracentrifugation. Among the three isolation methods, ExoQuick showed five
proteins, while UC and UF-UC presented 986 and 503 proteins, respectively. Using
the UC method, the total proteome of MDA-MB-231 and MCF-10A identified 1107
and 726 proteins, respectively. The gene ontology displayed extracellular exosomes
as enriched cellular components. Moreover, 36 kinases were reported among the
MDA-MB-231 exosomal proteins, and 3 exosomal membrane proteins (GLUT-1,
Glypican-1, and ADAM-10) were hypothesized as a biomarker for breast cancer
prognosis [68].

In addition to EV proteome analysis in several types of diseases, post-translational
modifications (PTMs) in EVs are also widely studied, focusing on the alteration of
PTMs in cancers, pregnancy, and infection [69—71]. EVs can be isolated from sev-
eral types of sources, such as cell culture and biofluids (bile, blood, urine, breast
milk, semen, cerebrospinal fluid, saliva, and amniotic fluid) [72-76]. Due to this,
there are many methods for EV isolation: UC, size exclusion chromatography
(SEC), UF, density gradient, immunoaffinity, and microfluidics. Each method dis-
plays differences in specificity, EV recovery, and purity. Each method requires a
minimum sample input volume and shows different time and cost-associated proce-
dures [77]. In some studies, the combination of more than one method is used to
enrich the EVs. For example, ultrafiltration (UF) combined with size exclusion
chromatography (SEC) enhances the EVs’ isolation from cell culture media [78].
The EV isolation techniques and their technical challenges were reviewed by
Ramirez et al. [79] and Stam et al. [80]. The gradient UC is another technique to
separate aggregates from EVs using a sucrose gradient, where different particles
float in different densities (e.g., exosomes floatation 1.08—1.22 g/mL on a sucrose
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gradient) [81, 82]. Moreover, the combination of differential ultracentrifugation fol-
lowed by gradient UC (sucrose) was applied by Alexander et al. [83] to separate the
contaminants. Among the isolation methods currently available, UC is the gold
standard method [84]. In this technique, the isolation is based on the size of the
particle. Larger vesicles are isolated by centrifugal force between 200 and 1000x g,
while microvesicles and the exosomes form pellets by a centrifugal force of
10,000-20,000x g and 100,000x g, respectively [8§5-87]. The main disadvantage of
UC is related to the low recovery of the EVs and time consumption, once the UC
steps require 1-16 h of equipment use [88, 89]. Recently, Gao et al. [90] presented
a novel isolation method for extracellular vesicles with high specificity using metal
oxide titanium dioxide (TiO,) microparticles. In EV isolation, the interaction occurs
based on the reversible binding of TiO, to the acidic phosphate groups present in the
phospholipids in the EV bilayer membrane [90]. TiO, microspheres are used to
isolate phosphopeptides [91] and sialylated glycopeptides [92]. During the enrich-
ment of these biomolecules, the pH of the loading solution is kept acidic to increase
selectivity toward acidic residue-containing peptides. For the EV isolation, the pH
of the loading solution is kept neutral [92]. This methodology allows EV isolation
from both cell culture supernatants as also biofluids such as plasma, serum, and
urine [93, 94]. Moreover, the TiO, method showed a similar size profile of EVs
compared to UC and smaller EVs compared to SEC fractions. Additionally, the time
consumption is reduced in hours compared to UC and SEC methods [93]. The appli-
cation of TiO, was also efficient to analyze EVs isolated from the plasma of diabetic
retinopathy (DR) patients to perform metabolomics analysis. The analysis com-
pared diabetes mellitus (DM) and DR patients, stratified into two groups: non-
proliferative DR (NPDR, early stage) and proliferative DR (PDR, advanced stage).
The results showed a total of 344 metabolites identified using mass spectrometry-
based proteomics. Several types of metabolites as amino acids, benzene, and alde-
hydes were identified. Regulation of metabolites was observed in the comparison
between NPDR and DM, where uracil, Ile-Phe, 4-acetamidobutyric acid, and Met-
Hyp were upregulated, while lysophosphatidylcholine, sphingomyelins, and free
fatty acid were downregulated in NPDR compared to DM. Taken together, these
results highlight the relevant functions of EV metabolism during DR and its pro-
gression [93]. Considering the EV isolation from complex samples, such as plasma/
serum, the TiO, enrichment method is described as a simple, rapid, low-cost, and
low-volume sample required. Moreover, the technique shows a reduced plasma pro-
tein contamination (albumin, IgG) compared to the UC method, due to the high
specificity to isolate the EVs. During the EV isolation, the co-purification of the
lipoproteins (ApoE, ApoB, ApoC-II, etc.) is also observed due to the similarities
between these EVs and lipoproteins, such as the size and density, being a major
challenge of the current techniques during the EV isolation from plasma samples
[95-98]. Here, we present an adapted method for EV enrichment using TiO, micro-
spheres with low plasma volume and a step-by-step protocol, focusing on MALDI
and LC-MS/MS proteomics approaches. An overview of the EV enrichment by the
TiO, method is represented in Fig. 1.1.
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Fig. 1.1 Schematic representation of EV isolation method using TiO, microspheres. (a) 100 pl of
plasma was filtered using a 0.22-pm syringe filter with GHP Membrane (PALL Life Sciences,
USA) directly into the 5 mg TiO, bead microtube, incubating for 5 minutes at 4 °C, max speed at
thermomixer. Three washing steps with filtered PBS are required to remove the non-EV molecules.
The elution of EVs is performed with 10% ammonium hydroxide, pH 11.3. (b) The morphological
characterization of EVs can be performed using transmission electron microscopy (TEM) and
nanotracking analysis (NTA). Moreover, the EV proteome analysis is performed by mass
spectrometry-based proteomics, MALDI-TOF, and LC-MS/MS

1.2 Material and Methods

1.2.1 Plasma Samples

Peripheral blood was collected at delivery into vacuum tubes containing heparin.
Plasma was isolated by centrifugation at 1200x g for 10 min at 4 °C and maintained
at —80 °C until use. Human plasma samples from healthy controls were supported
by ethical clearance provided by the Ethic Committee in Research Involving Human
Beings from the Biomedical Sciences Institute of the Sdo Paulo University under
the Certificate of Presentation to the Ethic Appreciation (CAAE) numbers
03930812.8.0000.5467 and 32707720.0.0000.5467, according to the Resolution
No. 466/12 from the Brazilian National Health Committee.

1.2.2 Enrichment of Plasma EVs Using TiO, Microspheres

Add 5 mg of TiO, beads (Titansphere TiO, 10 pm, GL Sciences) into the low bind-
ing microtube. Thaw plasma samples on ice. Then, mix them by vortexing followed
by spinning down before filtering 100 pl of plasma using a 0.2-pm syringe filter
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with GHP Membrane (PALL Life Sciences, USA) directly into the TiO, bead
microtube. Plasma was mixed with TiO, beads by vortexing roughly for 40 s and
incubated in a thermomixer system at 2000 RPM for 5 min at 4 °C. The beads were
spun down for 1 min using a bench centrifuge, and remove the supernatant, once the
EVs are adsorbed by TiO, beads. TiO, beads were washed three times briefly with
200 pl of filtered phosphate-buffered saline (PBS) solution, mixed by vortexing, and
incubated in a thermomixer system at 2000 RPM for 5 min at 4 °C. The beads were
spun down to remove the maximum volume of PBS solution before the EV elution
step to avoid alterations in the elution buffer’s final concentration. The EV elution
was performed by adding 50 pl of fresh elution buffer, which consists of 10%
ammonium hydroxide (pH 11.3), and incubation in a thermomixer system at 2000
RPM for 15 min at 4 °C. Then, centrifuge for 10,000x g for 10 min at 4 °C to pellet
the TiO, beads, and collect the EVs in the supernatant. The following steps can vary
according to the next analysis (MALDI-TOF MS, LC-MS/MS, etc.).

1.2.3 EV Morphological Characterization by Transmission
Electron Microscopy and Nanoparticle Tracking
Analysis (NTA)

Below are reported detailed procedures for the morphological and molecular char-
acterization of the isolated EVs. The procedures can be adapted based on the equip-
ment and techniques used.

The 10% ammonium water needs to be exchanged for a proper solution prepar-
ing the Amicon® Ultra Centrifugation Filters 30 kDa cut-off (Merck Millipore,
Billerica, MA, USA) by adding 200 pl of filtered PBS, and centrifuge 10,000x g for
1 min at 4 °C. Then, the eluted EV sample was added to the Amicon filter, and
ammonium hydroxide was diluted 10x by adding PBS to complete the volume. The
ammonium hydroxide was removed by centrifugation at 10,000x g for 5 min at
4 °C. The recovery of EVs was performed by inverting the Amicon filter into a new
tube, and centrifuge 10,000x g for 5 min at 4 °C. The recovered EVs were placed
into a new LoBind tube, and store the samples at 4 °C until further analysis.

1.2.3.1 For NTA Analysis

The EV samples were ten times diluted by filtered sterile PBS and injected in the
sample chamber with sterile insulin syringes (BD, New Jersey, USA) until the lig-
uid reached the tip of the nozzle. All measurements are performed at room tempera-
ture, with samples being kept on ice between analyses. The software used for
capturing and analyzing the data is NTA 3.4. For the NTA analysis, a 500-pL vol-
ume of the isolated EV sample was manually injected into the laser chamber of the
NanoSight NS300 instrument. The injection was carefully carried out to prevent any
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introduction of air bubbles or sample loss. Readings were taken in triplicate for each
sample, with each reading lasting 30 s at a frame rate of 25 frames per second. This
allowed for the tracking and measurement of EVs in real time, capturing their
Brownian motion. NTA was set up to three measurements for each sample for 30 s
per recording, with manual shutter and gain adjustments, and kept for all samples.
A value between 2.0 and 3.0 for screen gain and 5.0 and 6.0 camera level was
selected for the analysis and kept for the following samples. The supplied data is
used to measure the number of particles, the average and median size of vesicles
obtained, and mode, D10, D50, and D90, comparing the profiles between the groups.

1.2.3.2 For TEM Analysis

The EVs were fixed with 0.2% paraformaldehyde (w/v) for at least 18 h. Then,
10 pL of samples was incubated for 7 min in a 300-mesh grid with carbon-coated
Formvar film ((Electron Microscopy Sciences, Hatfield, USA). The grid was incu-
bated on 10 pL of 1.75% uranyl acetate (w/v) for 7 min. The samples were dried at
room temperature for 2 h and imaged with TEM at 100 kV (CM-10, Philips,
Eindhoven, the Netherlands).

1.2.4 EV Plasma Proteome Identification Using MALDI-TOF
MS and LC-MS/MS

1.2.4.1 For the MALDI-TOF MS Approach

e The recovered EVs were lysed by adding 50 pL of 50% acetonitrile in 1% trifluo-
roacetic acid’s final concentration. Reserve 10% of the total volume for protein
quantification (Qubit/Nanodrop), and dry down the lysed EV vacuum centrifuge.

* Resuspend the dried sample in 1% trifluoroacetic acid, and pass it through poly-
meric resin disks C18.

e Prepare the matrix solution (a-cyano-4-hydroxycinnamic acid [HCCA]) by dis-
solving in acetonitrile/water 50:50 vol/vol containing 2.5% trifluoroacetic acid at
10 mg/ml, mixed with the sample, directly spotted in duplicate onto a stainless
steel MALDI target plate (Bruker Daltonics), and analyzed in a MALDI-TOF
Autoflex speed smart beam mass spectrometer (Bruker Daltonics) using
FlexControl software (version 3.3.108.0; Bruker Daltonics).

* MALDI-TOF Autoflex Setup: Spectra recording in the positive linear mode
(laser frequency, 500 Hz; extraction delay time, 390 ns; ion source 1 voltage,
19.5 kV; ion source 2 voltage, 18.4 kV; lens voltage, 8.5 kV; mass range,
2400-20,000 Da). Spectra acquisition: automatic run mode to avoid subjective
interference with the data acquisition. For each sample, 5000 shots, in 500-shot
steps, were summed. All spectra calibration: using Protein Calibration Standard



10 V. F. Santiago et al.

I (Insulin [M + H]+ =5734.52, Cytochrome C [M+ 2H]2+ = 6181.05, Myoglobin
[M+ 2H]2+ = 8476.66, Ubiquitin I [M + HJ+ = 8565.76, Cytochrome C
[M + H]+ = 12,360.97, Myoglobin [M + H]+ = 16,952.31) (Bruker Daltonics).
EV spectra are log-transformed using the square root method, followed by spec-
tra smoothing using the Savitzky-Golay method and a half window size of 10. A
base correction is required using the TopHat method. The intensity should be
normalized using the total ion current method and peak identification with a half-
window size of 10 and signal-to-noise ratios of 5 and 10. Raw data were imported
to MALDIquantForeign [99] package and processed using the MALDIquant
package [99] for TiO,-enriched analyses.

1.2.4.2 For LC-MS/MS Analysis

* Before adding the EVs into the 30 kDa Amicon filter, wash the membrane with
200 pl of filtered PBS, and centrifuge 10,000x g for 1 min at 4 °C.

* Add the eluted EV sample to a 30 kDa Amicon filter, and complete the volume
with PBS to dilute ten times the ammonium hydroxide. Centrifuge 10,000 g for
5 min at 4 °C.

* Recover the concentrated sample by inverting the Amicon filter into a new tube,
and centrifuge 10,000x g for 5 min at 4 °C.

e Collect the recovered EVs into a new LoBind tube, and add 4 M urea with a
cocktail protease inhibitor for sonication for 1 h in the ice bath to lysis the EV
membrane.

* Protein quantification was performed before adding 10 mM dithiothreitol (DTT)
final concentration in 50 mM ammonium bicarbonate to the samples and incu-
bating at 30 °C for 45 min.

¢ Add 40 mM iodoacetamide in 50 mM ammonium bicarbonate (final concentra-
tion), incubate for 30 min at room temperature, and be protected from the light.

* To quench the iodoacetamide alkylation, add 5 mM DTT final concentration, and
incubate for 15 min at 30 °C.

* Before adding the trypsin (1:50, w/w), dilute ten times the urea with 50 mM
ammonium bicarbonate, and confirm that the pH is between 7 and 8.

* Add trypsin and incubate for 16 h, at 30 °C, and 400 RPM on a thermoshaker.
After this time, add 1% trifluoroacetic acid final concentration to stop the trypsin
reaction. Check the pH (should be below 3).

* Centrifuge the samples for 10 min at 10.000x g, recover the supernatant, and
proceed with the desalting protocol.

* For desalting protocol, insert two disks C18 microcolumn placed to a P200
pipette tip.

* Add 100 pl of activation solution (acetonitrile (PA) in the C18 resin, followed by
100 pl of 0.1% trifluoroacetic acid (TFA).

* Load peptides in the C18 column, and wash them three times with 0.1% TFA.
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* Elute the peptides with 50% acetonitrile/0.1% trifluoroacetic acid followed by
70% acetonitrile/0.1% trifluoroacetic acid.

* Dry the samples in a vacuum concentrator, and store them in a =20 °C freezer
until LC-MS/MS analysis.

1.2.5 Bioinformatics Analysis of Mass Spectrometry-Based
Proteomics (LC-MS/MS)

e Resuspend the samples in 0.1% formic acid, and load on ReproSil-Pur C18 AQ
(Dr. Maisch, Ammerbuch-Entringen, Germany) in-house packed trap column
(2 cm x 100 pm inner diameter 5 pm) by reverse-phase chromatography, oper-
ated on an EASY-nLC II system (Thermo Scientific) and flow 300 nL/minute.
Mobile phase water/0.1% FA as solvent A and solvent B (95% ACN/0.1% FA).
Gradient 5-28% of solvent B for 25 min, 28-40% of B for 3 min, and 40-95%
of B for 2 min. The EASY-nLC II is coupled into an Orbitrap Fusion Lumos
mass spectrometer (Thermo Scientific) and operates in positive mode ion. The
mass spectrometer acquired a full MS scan at 120,000 full-width half maximum
(FWHM) resolution with a 350-1550 Da mass range. The top 20 most intense
peptide ions should be selected from MS for high energy collision-induced dis-
sociation (HCD) fragmentation (collision energy: 30.0 V).

e The MS output files are imported to protein identification into MaxQuant soft-
ware [100]. In MaxQuant, for protein identification, the database search engine
Andromeda was used against UniProt Homo sapiens (20,361 entries released).
The following parameters can be used: carbamidomethylation of cysteine
(57.021464 Da) as a fixed modification, oxidation of methionine (15.994915 Da),
and N-terminal acetylation protein (42.010565 Da) as variable modifications.
Full trypsin with a maximum of two missed cleavages as enzyme specificity. The
minimum peptide length can be set to seven amino acids. For label-free quantifi-
cation, use the “match between runs” feature in MaxQuant, which can identify
the transfer between the samples based on the retention time and accurate mass,
with a 0.7-min match time window and 20-min alignment time window.

1.3 Results of the EV Morphological Characterization
and Proteome Identification

The results shown below were obtained from a plasma sample. The size distribution
of the isolated EVs was obtained by NTA analysis. This technique is based on the
Brownian motion using Stokes-Einstein equation to determine the nanoparticle size
and concentration [101]. TiO,-enriched EVs showed a size means and mode size of
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Fig. 1.2 TiO,-enriched EV characterization based on the size and concentrations measured by
NTA. 500 pL from the isolated EV sample was manually injected into the laser chamber. Triplicate
readings were taken for each sample, with each reading lasting 30 s at a frame rate of 25 frames
per second. This allowed for real-time tracking and measurement of EVs by capturing their
Brownian motion
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Fig. 1.3 MALDI-TOF MS of the TiO,-enriched EVs

140.2 nm (£17.5 nm) and 144.4 nm (+20.2 nm), respectively. Moreover, the EV
concentration obtained was 1.28e+07 particles/ml (Fig. 1.2).

EV proteome identification was performed using MALDI-TOF MS and LC-MS/
MS proteomics approaches. Figure 1.3 shows the TiO,-enriched EVs’ MALDI
spectra. EV content showed more peaks established in the region 2000-6000 m/z
with the most intense peaks localized around 2000, 3000, and 4000 m/z regions.

Complementary to MALDI-TOF MS proteomics, bottom-up proteomics using
LC-MS/MS was performed to identify the proteins in the TiO,-enriched EVs. A
total of 172 proteins were identified in TiO,-enriched EVs (Supplementary
Table 1.1). Based on the gene name, a comparison between the identified proteins
and the Vesiclepedia database was performed, showing an overlap of 90.7% of the
EV proteins reported in the Vesiclepedia (Fig. 1.4a, Table 1.1). Among the reported
EV proteins in Vesiclepedia are Protein S100-A8, Protein S100-A9, Transgelin-2,
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Fig. 1.4 (a) Venn diagram of identified proteins in TiO,-enriched EVs reported in Vesiclepedia.
(b) Gene ontology of the EV proteins reported in Vesiclepedia

Caspase-7, Talin-1, disintegrin and metalloproteinase domain-containing protein 12
(ADAM-12), destrin, tetranectin, Ras suppressor protein 1, Coronin-1C, transmem-
brane protease serine 6, and Cystatin-C.

Regarding the gene ontology, the TiO,-EV proteins reported in Vesiclepedia
showed Reactome pathways related to platelet activation, regulation of insulin-like
growth factor and uptake by IGFBPs, regulation of complement cascade, and neu-
trophil degranulation. The biological processes associated with the EV proteins
were proteolysis, blood coagulation, complement activation, negative regulation of
endopeptidase activity, and cell adhesion. Additionally, molecular functions of EV
protein were serine-type endopeptidase inhibitor activity, antigen binding, extracel-
lular matrix structural constituent, phospholipid binding, and integrin binding.
Regarding the cellular components, the external side of the plasma membrane, early
endosome, extracellular vesicle, and endocytic vesicle lumen were the most enriched
of the EV proteins (Fig. 1.4b).

1.4 Conclusion

The application of the TiO, beads for EV enrichment of complex samples, such as
plasma, is the most rapid and effective approach using a low volume of samples
compared to the UC methods. Short time consumption enables the preparation of a
high number of samples, allowing the application in the medical diagnosis. In this
method, TiO,-enriched EVs showed a high concentration (1.28e+07 particles/ml) in
NTA analysis, where the particle size was between 140 and 144 nm. Moreover, the
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high specificity of the interaction between EVs and TiO, beads allowed the identifi-
cation of EV proteins by LC-MS/MS, which their ions are usually suppressed by the
most abundant plasma proteins (IgGs, albumin, etc.) and lipoproteins, chylomi-
crons, VLDL, LDL, and HDL. In conclusion, the combination of the TiO, enrich-
ment method applied for EV isolation and high-throughput mass spectrometry
techniques allowed the EV characterization and proteome profiling from EVs of a
complex and viscous biofluid in an easy and fast way.
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