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Abstract:

Amyotrophic lateral sclerosis (ALS) is
a neurodegenerative disease which af-
fects the lower and upper motor neu-
rons, which are responsible for voluntary
movements. The causes of the disease
are unknown, and the disease remains
incurable. Due to its heterogeneity, drug
development for ALS comprises a great
challenge.

Cell models obtained from patients’
blood have been used for the experimen-
tal procedures carried out on this project.
These models recapitulate the TAR-DNA
binding protein 43 (TDP-43) abnormali-
ties observed in patient neurons.

For this project, the size, concentration
and ALS related biomolecules content of
extracellular vesicles (EVs) produced by
lymphoblastic ALS models and control
lymphoblasts have been studied. EVs
have been labelled with Quantum Dot
nanoparticles (QD). The effects of a ca-
sein kinase 16 (CK-14) inhibitor on these
EVs have been analyzed.

The content of this report is freely available, but publication (with reference) may only be pursued due to agreement

with the author.
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Abbreviation list

AD Alzheimer’s disease

AFM Atomic force microscopy

ALS Amyotrophic lateral sclerosis

C90rf72 Chromosome 9 open reading frame 72
CK-15 Casein kinase 1

CNS Central nervous system

CSF Cerebrospinal fluid

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EAAT1 Excitatory amino acid transporter 1
EMA European Medicines Agency

ER Endoplasmic reticulum

EVs Extracellular vesicles

FALS Familial amyotrophic lateral sclerosis
FDA U.S. Food and Drug Administration
FRET Forster or fluorescence resonance energy transfer
FTD Frontotemporal dementia

L1CAM L1 cell adhesion molecule

MND Motor neuron disease

NES Nuclear export signal
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NLS Nuclear localization signal

NTA Nanoparticle tracking analysis
PBMCs Peripheral blood mononuclear cells
PCR Polymerase chain reaction

QD Quantum Dot nanoparticles

RNA Ribonucleic acid

RNP Ribonucleoprotein

ROS Reactive oxygen species

SALS Sporadic amyotrophic lateral sclerosis
SEM Standard error of the mean

TDP-43 TAR-DNA binding protein 43

TEM Transmission electron microscopy

Tb Terbium

crRNA Crispr ribonucleic acid

iPSC Induced pluripotent stem cells
IncRNA Long non-coding ribonucleic acid
mRNA Messenger ribonucleic acid

miRNA Micro ribonucleic acid

qPCR Quantitative polymerase chain reaction
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1 Introduction

1.1 Amyotrophic Lateral Sclerosis

ALS is a neurodegenerative disease which affects the lower motor neurons (neurons that
project from the brain stem or spinal cord to muscle) and upper motor neurons (neurons
that project from the cortex to the brain stem and the spinal cord). The degeneration of
both upper and lower motor neurons leads to muscle weakness, twitching and cramp-
ing; stiffness, and hyperreflexia. Ultimately, patients die within 2-5 years from diagnosis
[1-3].

The causes of ALS are unknown, and the disease remains incurable. Nevertheless,
significant advances have been made in the understanding of both, the genetic and
environmental components of the disease [4].

1.1.1 Epidemiology

With an incidence between 0.6 and 3.8 per 100,000 person per year, it is the most preva-
lent motor neuron disease (MND). However, due to the fast progression of the disease,
about 50% of patients die within 2 years from diagnosis, resulting in a low prevalence
(between 4.1 and 8.4 per 100,000 persons) and is thus classified as a rare disease [2, 5].

1.1.2 Treatment

There are currently two drugs approved by the U.S. Food and Drug Administration
(FDA) for the treatment of ALS, edaravone and riluzole. The latter one has also been
approved by the European Medicines Agency (EMA). However, these drugs provide
modest benefits in life expectancy and there is a need for a treatment which modifies
the disease [6, 7].

1.1.3 Amyotrophic Lateral Sclerosis and Frontotemporal Dementia

Frontotemporal dementia (FTD) is a heterogeneous group of clinical syndromes marked
by the progressive, focal neurodegeneration of the frontal and anterior temporal lobes
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2 Chapter 1. Introduction

[8]. It is one of the most common types of dementia in people under 65, and it is
often underdiagnosed, as symptoms overlap with psychiatric manifestations [8, 9]. The
clinical presentations include behavioral changes and deficits in language and other
cognitive functions [10]. Genetic studies of the disorder have led to the conclusion
that FITD and ALS have a significant genetic overlap;, TARDBP, SQSTM1, VCP, FUS,
TBK1, CHCHDI10, and especially chromosome 9 open reading frame 72 (C9orf72), are
the critical genetic players in these neurological disorders [11]. Similarly to ALS, there
is no effective treatment which prevents, cures or slows the progression of FID [8].

1.1.4 Etiology

Most ALS cases are considered sporadic amyotrophic lateral sclerosis (SALS), meaning
that there is no obvious genetically inherited component, with only 5 to 10% of the
cases being genetic; namely, familial amyotrophic lateral sclerosis (FALS) [2, 3]. The
responsible genes that have been identified for ALS can be seen in Table 1.1.

Table 1.1: Monogenic causes of amyotrophic lateral sclerosis (ALS). Abbreviations: AD autosomal-dominant, AR
autosomal-recessive, DN de novo, XL X-linked, NA not available, GEF guanine nucleotide exchange factor, ER-UPR,
endoplasmic reticulum unfolded protein response, PtdIns(3,5)P2 phosphatidylinositol 3,5-bisphosphate, EGF epidermal
growth factor, EGFR EGF receptor. Adapted from Volk et al. [12], Benarroch et al. [13].

Gene Inheritance Function / Proposed function ‘ Gene Inheritance Function / Proposed function

Corf72 AD,DN  Autophagy-lysosome pathway CCNF AD Centrosomal duplication

FUS AD,DN  DNA/RNA related processes | TARDBP/ AD DNA/RNA related processes
and regulation TDP43 and regulation

SOD1 AD, AR, Removal of superoxide radicals NEK1 AD DNA damage checkpoint con-

DN trol and repair

TBK1 AD,DN  Inflammatory responses to for- | VCP AD,DN  Membranes fragmentation and
eign agents reassembly

SQSTM1 AD Selective macroautophagy KIF5A AD Axonal transport

CHCHD10 AD Mitochondrial organization and | PFN1 AD Actin binding, affects cytoskele-
structure ton structure

SIGMAR1 AR Lipid transport, neurotransmit- | ALS2 AR GTPase regulator, survival and
ter release, calcium signaling, growth of spinal motoneurons
EGF signaling

NEFH AD, AR Maintenance of neuronal caliber | ANXAI11 AD Midbody formation, cytokinesis

HNRNPA1 AD, DN pre-mRNA packaging, poly(a) | HNRNPA2B1 AD pre-mRNA packaging, telom-
transport, splice site selection eric DNA protection

CHMP2B AD Multivesicular bodies formation | SPGI11 AR Neurite plasticity

SETX AD RNA metabolism and genomic | FIG4 AD Synthesis and turnover of
integrity PtdIns(3,5)P2

continued on next page
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Table 1.1 continued from previous page

Gene Inheritance Function / Proposed function Gene Inheritance Function / Proposed function

ALS3 AD NA ALS7 AD NA

VAPB AD ER-UPR ANG AD RNA regulation

UBQLN2 XL Protein degradation ATXN2 AD EGEFR trafficking

TUBB4A AD Major constituent of micro- | DCTN1 AD Dynein-mediated  retrograde
tubules transport, microtubule stability

TUBA4A AD Major constituent of micro- | MATR3 AD Transcription and RNA
tubules regulation

OPTN AD, AR Maintenance of Golgi complex, | ERBB4 AD Receptor for neuregulins and
membrane trafficking, exocyto- EGF, development of the heart,
sis CNS, cellular proliferation, dif-

ferentiation, apoptosis

The prevalence and the proportion of causative genes in FALS and SALS is shown in
Figure 1.1. The repeated hexanucleotide expansion mutation (GGGGCC) in C90rf/2 gene
is the most prevalent mutation in ALS. Usually, individuals carry 2 to 10 hexanucleotide
GGGGCC repeats in the C9orf72 gene, while more than a few hundred repeats represent
a risk not only for ALS but also for FTD. Additionally, patients with C9orf/2-related
ALS/FTD usually have TDP-43 cytoplasmic inclusions at post-mortem analysis [14-16].

100%

Familial | Sporadic
80% C0rf72 40% 7%
= SODI 12% 1% Sporadic 90%
6% = FUS 4% 1%
40% B TARDBP 4% 1% .
0, Others 8% 1% Familial 10%
B Unknown 32% 89%

0%

Familial | Sporadic

Figure 1.1: A) Proportion of causative genes in familial and sporadic ALS. B) Visual representation of causative
genes by prevalence of FALS and SALS. The majority of cases are sporadic (90%).
Adapted from Yun and Ha [17].

Mutations in the SOD1 gene also have a great impact on FALS. SOD1 is a powerful
antioxidant enzyme that protects cells from the damaging effects of superoxide radicals
by reducing them into hydrogen peroxide and diatomic oxygen. Mutated SOD1 gene
can result in either gain or loss of function mutations. Loss of function SOD1 muta-
tions results in insufficient degradation of reactive oxygen species (ROS), damaging the
substrates required by motor neurons. Gain of function SOD1 mutations may cause
an increase in oxidative activity resulting in excessive production of hydrogen peroxide
radicals and increased protein-protein interactions. Interestingly, the oxidation of both,
the mutated and the wild type SOD1 protein by hydrogen peroxide is a phenomenon
that may promote its aggregation, acquiring toxic properties [18, 19].
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1.1.5 TDP-43 proteinopathy

Encoded by TARDBP gene, TDP-43 is a ubiquitously expressed DNA/RNA-binding
protein. It contains two RNA recognition motifs, RRM1 and RRM2, a nuclear local-
ization signal (NLS), a nuclear export signal (NES) and a glycine-rich C-terminus that
mediates protein—protein interactions, as well as five putative mitochondria localization
signals. Oxidation of the RNA recognition motifs induces the aggregation of the protein
[20-22].

TDP-43 is predominantly localized in the nucleus, however, it can shuttle to and from
the cytoplasm. The functions of TDP-43 are represented in Figure 1.2. In the nucleus,
TDP-43 functions are related to messenger ribonucleic acid (mRNA) processes, such as
splicing, RNA stabilization, transcriptional and translational regulation, micro ribonu-
cleic acid (miRNA) and long non-coding ribonucleic acid (IncRNA) processing. In the
cytoplasm, TDP-43 participates in stress granules formation; membrane-less organelles
that assemble in response to environmental stressors, such as oxidative stress, heat shock
and osmotic stress. They disassemble upon stress cessation [23-25].

Even though TDP-43 is mainly a nuclear protein, it can be shuttled to the cytoplasm, and
thus it has been shown that TDP-43 exists in the endoplasmic reticulum (ER), mitochon-
dria and their associated membranes, RNA granules, and stress granules to regulate the
ER-mitochondria binding, mitochondrial protein translation, and mRNA transport and
translation [25, 26].
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Figure 1.2: TDP-43 functions. TDP-43 is involved in diverse functions in the nu-
cleus associated to mRNA, such as splicing, RNA stability, miRNA and IncRNA
processing. It is predominantly a nuclear protein but it can be shuttled to the cy-
toplasm, where it is involved in the stress granules formation, ribonucleoprotein
transporting granules formation, translation and other processes.

Abbreviations: IncRNA long non-coding RNA, miRNA microRNA, mRNA mes-
senger RNA, pA poly(A) tail.

The majority of SALS pa-
tients (up to 97%) con-
tain TDP-43 protein de-
posited in neuronal in-
clusions [23, 28]. TDP-43
proteinopathies are char-
acterized by nuclear-to-
cytoplasmic mislocaliza-
tion, aberrant phospho-
rylation, ubiquitination,
deposition of ubiquiti-
nated and hyper-phos-
phorylated TDP-43 into
inclusion bodies, protein
truncation leading to for-
mation of toxic C-ter-
minal TDP-43 fragments,
and protein aggregation
[23]. TDP-43 proteinopa-

Adapted from de Boer et al. [27].

thy is a common promi-
nent pathological feature of various major neurodegenerative diseases including ALS,
FTD, and Alzheimer’s disease (AD) [29]. Increasing evidence suggests that nuclear-to-
cytoplasmic mislocalization of TDP-43 induces toxicity through both loss and gain of
function mechanisms [25].

The gain of function refers to the cytotoxicity of hyperphosphorylated and aggregated
TDP-43 under abnormal conditions. For example, TDP-43 phosphorylation and ubig-
uitination are the main pathological changes in patients with TDP-43 proteinopathy,
which increase the formation of insoluble inclusions, interfere with the normal func-
tion of TDP-43 and lead to a cytotoxic form of TDP-43. In addition, as the C-terminal
fragment of TDP-43 has a similar sequence to prion proteins, the spread of this toxic
peptide in adjacent neurons may also be pathogenic. On the other hand, loss of function
refers to the weakening or disappearance of normal functions of nuclear TDP-43 after
structural change, resulting in abnormal neuronal function including impaired protein
degradation, changes in TDP-43-related splicing events, nuclear transport defects, loss
of TDP-43 automatic adjustment, and the enhancement of TDP-43 self-interaction pro-
moting aggregation [26].

1.1.6 TDP-43 cell-to-cell propagation

In vitro studies have demonstrated that both wild-type and disease mutant TDP-43 and
its C-terminal fragments can oligomerise and form amyloid like fibrils which can exhibit
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prion-like infectious seeding ability to cells expressing the soluble TDP-43 [30, 31].

Cellular studies have suggested that TDP-43, including oligomeric forms, can be trans-
mitted between cells, spreading the pathology among them. The presence of patholog-
ical proteins in the EVs has led to the hypothesis that the transmission may occur via
EVs secretion [30, 32].

EVs are a heterogeneous population of naturally occurring nano to micro-sized mem-
brane vesicles [33]. They can be classified and differentiated based on size, biogenesis
and release pathways. The most researched EVs are exosomes and ectosomes (also re-
ferred to as microvesicles) which play key roles in intercellular communication [34, 35].
The term exosome refers to 30-120 nm diameter vesicles released upon multivesicu-
lar endosome fusion with the plasma membrane; the exosome precursors (intraluminal
vesicles) originate from the membrane of endocytic cisternae by inward budding of mi-
crodomains, and they eventually become multivesicular endosomes upon accumulation
[34-36]. On the other hand, ectosomes bud directly from the plasma membrane and are
normally bigger (up to 1000 nm in diameter) [34, 36]. The differences between exosomes
and ectosomes can be seen in Figure 1.3.

A Ectosomes B

o
Oo n
~ %o Exosomes N8/
P ? / > &l

N\ {
Lysosome @ J g X
(oFte] )

system

ICAM-1

} Tetraspanin Receptor
-
/ Integrin Glycoprotein
Endocytic <@ Proteoglycan -~ Metalloproteinase

Nucleic acid

Figure 1.3: A) Generation and release of exosomes and ectosomes. Intraluminal vesicles originate from the mem-
brane of endocytic cisternae by inward budding of microdomains. Upon their accumulation, the cisternae become
multivesicular bodies. After persisting in the cytosol for variable periods of time, some multivesicular bodies undergo
exocytic fusion with the plasma membrane, releasing the exosomes. Ectosomes are formed by outward budding in the
plasma membrane; once the vesicle has fissioned, it is rapidly released into the extracellular space. B) Structure and
composition of exosomes and ectosomes. During EVs formation, tetraspanins have been reported to interact with
cytosolic proteins and possibly participate in the process of luminal cargo loading. Additional tetraspanins appear to
play a role in the trapping of surface and intracellular signaling proteins. Apart from tetraspanins, exosomes mem-
branes also include flotillin, PGRL (CD81 regulatory-like protein), stomatin, LLICAM, LAMP2, integrins, the enzyme
alanyl aminopeptidase N, and insoluble fibronectin. In addition to integrins, ectosomes membranes contain matrix
metalloproteinase MT1-MMP, glycoprotein receptors, the adhesion protein P-selectin, and the integrin Mac-1.
Abbreviations: MVB multivesicular bodies, ILV intraluminal vesicles.

Adapted from Meldolesi [34].

Similarly to healthy cells, apoptotic cells can also release EVs. They are generally de-
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scribed as vesicles with a size of up to 5 ym in diameter that carry nuclear fragments
and cellular organelles such as mitochondria and endoplasmic reticulum as a result of
cell apoptosis [37].

Most, if not all, cell types release EVs that then enter almost all bodily fluids [38]. EVs are
highly stable and have been found in almost every human body fluid, including urine,
blood, saliva, cerebrospinal fluid (CSF), synovial fluid, semen, breast milk, amniotic
fluid, lymph, and bronchoalveolar lavage fluid [39, 40]. The presence of EVs in bodily
fluids such as blood provides a biomarker source, which is especially interesting to
study the central nervous system (CNS) and its related diseases since the samples are
obtained in a non-invasive, widely available, and inexpensive method.

The isolation of neural enriched EVs is possible due to the presence of neural pro-
teins such as L1 cell adhesion molecule (LICAM) or excitatory amino acid transporter
1 (EAAT1) in these EVs. L1CAM is a transmembrane protein that mediates cell-to-cell
adhesion at the cell nerve surface. EAAT1 and 2 are predominantly expressed in as-
trocytes, although they are also expressed in other types of glial cells [41]. The studies
conducted by Kapogiannis” group show that LICAM+ EVs have higher concentration of
several markers that are reasonably specific to neurons (p-tau, neuron-specific enolase,
MAP2, NCAM, NFL) when compared to total plasma EVs, which suggests a neuronal
origin [42].

Several studies have recently obtained enriched fractions of EVs from ALS patients. A
summary of these studies can be seen in Table 1.2. In these studies, there are mainly
two methodologies of isolating an EVs enriched solution; namely, using a vesicle precip-
itating agent (e.g. ExoQuick) or by differential (ultra)-centrifugation. Once the enriched
fraction has been achieved, the presence of EVs can be confirmed through different anal-
yses, such as ELISA, western blot, transmission electron microscopy (TEM) or nanopar-
ticle tracking analysis (NTA).

Some tetraspanins with wide cellular expression (CD9, CD63 and CD81) are highly
enriched in exosomes relative to their content in the respective producing cells and have
been considered as good general exosomal markers. However, these proteins are also
abundantly expressed on the cell surface and thus become incorporated in other types
of EVs without the need of an endocytic origin. Different reports have shown that CD9,
CD63 and CD81 are not only abundant in exosomes but also in ectosomes, complicating
the discrimination between these different types of EVs. The lack of specific protein
markers to distinguish exosomes from ectosomes difficults the separation of exosomes
from ectosomes of the same size. The study by Mathieu et al. [43] proposed that EVs
bearing only CD9 or CD81 but not CD63 probably did not form in endosomes (and
were thus ectosomes) due to the steady-state accumulation of CD63 in multivesicular
bodies, whereas those bearing CD63 together with one or the two other tetraspanins may
correspond to endosome-derived exosomes. In their work, Mathieu et al. [43] provide
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evidence that small EVs bearing tetraspanins, especially CD9 and CD81 with little CD63,
bud mainly from the plasma membrane, whereas others bearing CD63 with little CD9
but containing some late endosome proteins form in internal compartments and qualify
as exosomes [33, 43]. However, several reports indicate that the differences between
exosomes and ectosomes are not rigid and thus further characterization techniques are
needed to improve the description of vesicular bodies.



Table 1.2: Summary of recent studies in EVs in ALS. Abbreviations: ALS amyotrophic lateral sclerosis, SALS sporadic ALS, MND motor neuron disease, NTA nanoparticle tracking analysis, TEM
transmission electron microscopy, EVs extracellular vesicles, ELISA enzyme-linked immunosorbent assay, WB western blot, ab antibody, EXOs exosomes, MVs microvesicles, CSF cerebrospinal fluid, ADEs

astrocyte-derived exosomes.

Author Year Sample Patients Methods EVs Isolation/enrichment ~ EVs type EVs concentration Molecule/s of interest ~ Conclusion
L1CAM ab (mouse . . .
Banack Peripheral Pr({bable or . anti-human CD171) Neural-er}rlched fract{or} CD81: 5.2-8.7x10'2 particles/mL; . 8 ‘rmRNA sequences
etal, [44] 2020 blood definite ExoQuick, NTA biotinylated, CDS1 of EVs with characteristics CD63: 7.4-13.7x1012 particles/mL miRNAs differentially expressed in
’ ALS/MND ELISA ’ consistent with exosomes s . I3 ALS/MND and controls.
IL-6 in ADEs of ALS patients
Chen Peripheral . ACSA-1 ab Enriched Astrocyte- - increased and positively
et al. [45] 2019 blood SALS ExoQuick, TEM biotinylated derived exosomes NA IL-6 associated with the rate of
disease progression.
Pregnolato .. Peripheral SALSand ALS ~ miRCURY Exosome miRCURY Enriched EXOs, NA iRNAS I:ESS:5:1‘;‘:;"‘;jlfjvr:rff:vl;?lzvje“
et al. [46] blood (TDP-43) Isolation Kit, TEM Exosome Kit verified by TEM and WB . :
It was a pilot study.
MVs and EXOs from ALS
patients were significantly
Ultracentrifugation bigger than controls; significant
(differential & MVs and EXOs enrichment of SOD1, TDP-43,
Sproviero Peripheral - . Ultracentrifugation, confirmed through WB 7 109 . Proteins (SOD-1, p-TDP-43 and FUS in MVs of ALS
et al. [32] 2018 blood SALS centrllfugaf lon WB analysis (Annexin V, Integrin a2, 107-10 particles/mL. TDP-43, FUS) compared to control; EXOs cargo
and filtration), . o R
NTA. TEM Alix, Flotillin) similar in ALS and control. SOD1
4 enriched in EXOs compared to MVs,
p-TDP-43 and FUS slightly more
concentrated in MVs than EXOs.
Thompson Cerebrospinal Ultrafiltration liquid Ultrafiltration Proteins (1020 Srsellsﬁnvislasrl fﬁ Cil\litsrl:rl:;il?\r;;?l? I:z)lrr\lz:s
P 2020 . P ALS chromatography, o Mixed population of EVs 2x108-2x10° particles/mL identified and X . . Y«
et al. [47] fluid liquid chromatography o and in ALS patients with and without a
NTA, TEM quantified) . .
CY0rf72 hexanucleotide repeat expansion
Ultracentrifugation Ultracentrifugation, 12 unique proteins found in ALS
Vassileff Post-mortem (differential and markers analysis Motor cortex EVs compared to controls (CD177,
il g 200 oo ALS radiont centrifugation),  (flotillin] Tortol extracellular vesicles NA Proteins (TDP-43) CHMP4B, CSPG5, DYNCIL2,
: Ig\]T o TEM 8 " onds nte'nm)g (small EVs) IGHV3-43, LBP, RPS29, S100A9,
! 4 SAA1, SCAMP4, SCN2B and SLC16A1)
Total Exosome
; ; ; . 8 sarti .
Ce'rebrospmal ALS (dlfferent Isolat}on Rgage{wt Total Fxosome Enriched EXOs ALS: 8.8x10f p;irtlcle_s/mL, ) Possible potential of CSF exosomal
fluid progression) (previous filtration Isolation Reagent Control: 11x10° particles/mL miR-124-3p . : S
. . . miR-124-3p in the indication of
Yelick 2020 and centrifugation) disease progression of ALS,
et al. [49] prog :
Lumbar cord SOD1G93A CD63-GFPf/f, confocal No isolation,
tissue (mice) mice microscopy only detection
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Most of the studies mentioned in Table 1.2 focus on studying the presence of ALS related
miRNAs or proteins and aim to find a useful biomarker for ALS/MND. Additionally,
pathological proteins, such as SOD-1, TDP-43 and FUS were found in both, ectosomes
and exosomes [32] supporting the hypothesis of cell-to-cell propagation via EVs.

There were also some proteins that were exclusively present in ALS motor cortex EVs
and not in the corresponding neurological controls; some other proteins were also iden-
tified to be statistically significant differentially expressed between ALS motor cortex
EVs and controls, but it was not the case for total brain sample [48].

In these studies, the presence of EVs was confirmed via TEM [32, 45—48], studying the
morphology and size of EVs.

The group led by Dr. Brites has focused on studying miRNAs related to ALS and AD.
On their research, they have found out that the overexpression of miR-124 plays a key
role in pathological processes related to ALS [50]. They have also identified miR-155 as
a promising marker to track ALS [51] and are testing the modulation of these miRNAs
as an approach to treat ALS [52]. Interestingly, Yelick et al. [49] also pointed exosomal
miR-124-3p as a potential indicator of ALS progression.

1.1.7 Alternative models in the study of ALS

One of the greatest problems that the study of ALS faces is that the main source of
pathological information from patients comes from neural tissue obtained post-mortem.
This tissue, normally represents the advanced stages of the disease, making it difficult
to decipher the mechanisms that lie underneath the pathologies of the disease. In con-
clusion, different models are needed for the study of ALS.

Rodent models are the most widely used ALS models to study the disease mechanism
and to test potential treatments [53]. However, most of these models fail to emulate the
human disease. The most common model used in ALS study is the SOD1¢%34 mouse
[54]. The problem of using this model is that the majority of patients are diagnosed
with SALS, which may or may not develop abnormal SOD1 protein, resulting in no
correlation between the models and the patients. Recently, some TDP-43 expression
models have also been developed [23], however, they have presented some difficulties in
recapitulating the disease and are still not widely used as ALS models.

There are different model systems for different genetic subtypes of ALS apart from ro-
dent models, including yeasts, zebra fish, Caenorhabditis elegans and Drosophila. However,
these models are unable to mimic the whole characteristics of the human disease.

Recent studies are using peripheral tissues in the study of ALS and have proven their
utility, being able to reproduce some pathological features of the disease, such as the ab-
normal phosphorylation of TDP-43 in immortalized lymphocytes obtained from patient



1.1. Amyotrophic Lateral Sclerosis 11

cells [55]. Induced pluripotent stem cells (iPSC)-derived neurons are arising as a novel
technology to study neurons from patients [56]. However, most of the current studies
utilize cells obtained from FALS patients, which represent just a 10% of the ALS cases.






2 Project Background

The group led by Dr. Martin Requero has studied and stablished a lymphoblastic model
derived from ALS patients. These cells can be obtained from a sample of blood, which
contains peripheral blood mononuclear cells (PBMCs), that include B lymphocytes. To
obtain the immortalized lymphoblasts, PBMCs were isolated and incubated with the
Epstein-Barr virus which interacts with the CD21 receptor of B lymphocytes, infecting
these cells.

In their studies, they show that immortalized lymphocytes from SALS patients reca-
pitulate the TDP-43 abnormalities observed in neuronal cells of ALS cases, including
translocation from nucleus to cytoplasm, truncation, and hyperphosphorylation [55].

The phosphorylation of 5409/410 of TDP-43 is a highly consistent feature in pathologic
inclusions in the spectrum of TDP-43 proteinopathies [57]. Protein CK-16 is considered
the main kinase involved in TDP-43 phosphorylation [58]. Consequently, the group led
by Professor Martinez has developed a number of CK-14 inhibitors (e.g. 1GS-2.7), able
to prevent TDP-43 phosphorylation in vitro and neurotoxicity in vivo [59, 60].

In addition, the results from Posa et al. [55] indicate that the inhibition of CK-1¢ pre-
vents the cytosolic accumulation of TDP-43, as well as reducing the concentration of
phosphorylated TDP-43, recovering its usual proteostasis.

In conclusion, these lymphoblastic lines are a validated ALS disease model obtained
directly from patients.

13






3 Hypothesis and objectives

3.1 Hypothesis

The hypothesis of this project is based on the assumption that EVs can inform on the
pathological status of ALS patients and also in the efficiency of drugs.

3.2 Objectives

Considering the hypothesis, the objectives planned for this project are:
¢ To characterize EVs from ALS patients” models and healthy controls regarding:
- size
— concentration
- membrane markers
— biomolecule load

¢ To determine whether ALS related drugs modulate EVs population, reflecting
changes in these parameters.

15






4 Materials and Methods

4.1 Cell lines

Lymphoblastic cell lines were donated by Dr. Martin Requero. To obtain the lym-
phoblastic lines, B lymphocytes were isolated utilizing Lymphoprep™ density gradient
medium. The resulting cells were incubated with Epstein-Barr Virus donated by Long-
ina Akhatat (National Institute of Alcohol and Abuse Disorders, NIH, Bethesda, USA).
Control cells were obtained from healthy donors and have been named C105, C106,
C110, C126. Patient cells were obtained from SALS patients and have been named E2,
E4, E6, E8 and E10.

4.2 Cell lines maintenance

Lymphoblastic cell lines were incubated in gibco RPMI-1640 media with L-glutamine (2
mM) supplemented with gibco 10% exosome depleted FBS and gibco penicillin-strepto-
mycin (100 pg/mL) in a wet incubator with 5% CO, at 37 °C.

4.3 Treatments

The treatment consists of 5 pM of a CK-14 inhibitor, IGS-2.7, a compound derived from
N-Benzothiazolyl-2-phenyl-acetamide, for 48 h. This compound was synthesized by
the laboratory of Professor Martinez [59]. In the case of controls, the vehicle, dimethyl
sulfoxide (DMSO) was added instead.

4.4 Extracellular vesicles isolation

The EVs produced by the lymphoblasts were isolated utilizing the Thermofisher Total
Exosome Isolation Reagent. The samples were resuspended in 50 nL of PBS with EDTA
(5 mM) and further diluted (2:900 in PBS with EDTA) for the NTA. PBS 10X was obtained

17
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from Fisher Bioreagents (#BP665-1), Ethylenediaminetetraacetic acid (EDTA) disodium
salt, dihydrate, for molecular biology from Scharlau (#AC09610250).

4.5 Nanoparticle Tracking Analysis

For each sample, 4 videos of 60 seconds were recorded and analyzed on the NanoSight
NTA software, which calculated the concentration and size of the particles. The instru-
ments used were The Malvern Panalytical NanoSight LM10 and NS300. In fluorescence
mode, the settings were adjusted to have a cutoff of 50 and 70 nm, so that single QD
would not be counted in the analysis.

4.6 Transmission Electron Microscopy

A control and a patient sample were visualized using TEM. In order to prepare the grids
for the measurements, they were glow discharged in a Quorum GloQube® equipment
for 10 seconds at 20 mA. After preparing the grids, a drop of sample was added (about
6 pnL) and left to dry for 20 minutes. Then, the grids were washed three times in PBS
buffer and fixated with 1% glutaraldehyde. Finally, the samples were washed with water
and stained with uranyl acetate.

The measurements were carried out in a JEOL JEM-1230 microscope by the Electron
Microscopy Facility at the Biological Research Center Margarita Salas (Spanish National
Research Council).

4.7 Atomic Force Microscopy

With the purpose of finding the most optimal conditions for the assay, two different
immobilization methodologies found in the bibliography [61, 62] were tested. On the
tirst one, the sample was immobilized on a mica surface. In order to do so, the mica was
cleaved and treated with 10 mM NiCl, for 10 seconds. After rinsing the surface with
miliQ water and drying it with Ny, a drop of the EVs sample (20 nL) was placed on the
mica. The lid was sealed inside a petri dish and left at 4 °C overnight. The following day,
the surface was rinsed with PBS three times before adding 80 pL of fresh PBS to cover
the sample. For the second methodology, a glass cover was cleaned and treated with 1%
(w/v) poly-L-lysine for 1 hour. The glass cover was rinsed with miliQ water and dried
overnight at 37 °C. Lastly, 320 puL of sample were added on top of the poly-L-lysine for
the measurements.

The measurements were carried out in a commercial atomic force microscopy (AFM)
system (JPK Nanowizard 2, Bruker) by Dr. Pedraz in intermittent contact (dynamic)
mode using scanning by probe configuration in liquid. Triangular silicon cantilevers
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MSNL-10-A (Bruker) were used with a tip radius of 2 nm, nominal spring constant of
0.07 N/m and a resonance frequency in air of around 22 kHz.

4.8 Western blot

Laemmli buffer was added to the samples and after heating them for 5 min at 95 °C,
they were run in a 4-20% Mini-PROTEAN TGX Precast Protein Gel via electrophoresis.
The proteins were transferred from the gel to a PVDF membrane utilizing the Trans-Blot
Turbo Transfer System (Bio-Rad), and the Trans-Blot Turbo Mini 0.2 pm Nitrocellulose
Transfer Pack. The membrane was then incubated with the primary antibody (Pro-
teinTech rabbit anti-TDP-43 #10782-2AP) in a 1:1000 milk dilution overnight. Next, the
membrane was washed 3 times with 5% milk for a total of 30 min. Then, the incubation
with the secondary antibody (Bio-Rad HRP-conjugated anti-rabbit IgG #1706515) was
carried out in a 1:5000 TBST dilution for 1 h and the membrane was washed 3 times with
TBST for a total of 30 min. Pierce ECL Western Blotting Substrate was used to detect
HRP activity in the ChemiDoc Imaging System. Quantification was performed using
Image] software. Running Buffer consisted of Tris Glycine (10 mM Tris and 100 mM
Glycine), 0.1% SDS and distilled water. TBST consisted of 20 mM Tris, 150 mM NaCl,
0.02% Tween and distilled water. Tris was obtained from Thermo Scientific (#17926);
Glycine, 99% from Thermo Scientific (#A13816); SDS from Bio-Rad (#1610301). CD63
polyclonal antibody was obtained from ProteinTech (#25682-1-AP) and used in a 1:1000
dilution.

4.9 Fluorescent labelling

Streptavidin-conjugated QD (Invitrogen™) were incubated with 2 pL of biotinylated
antibody (BioLegend Biotin anti-human CD63 Antibody #353017, or Invitrogen™ anti-
mouse IgG #31903 for controls) and 46 uL of PBS (1% goat serum) for 2 h in a rotating
mixer. Then, they were added to 2 pL of sample, and they were incubated overnight in
a rotating mixer. The following day, the sample was further diluted with 850 puL of PBS.
The final concentration of QD was 9 nM.

410 miRNA detection via Cas13 in vitro activity

In order to form the ribonucleoprotein (RNP), Cas13a (E124) was incubated at 37 °C for
30 min with the crispr ribonucleic acid (crRNA) oligonucleotides which were designed
to hybridize with the target miRNAs hsa-miR-124-3p and hsa-miR-155-5p. The final
concentration of RNP was 50 nM (in a 1:1 molar ratio Cas13:crRNA). After the incu-
bation, RNAse Alert was added to each well, as well as the desired volume of RNP.
Finally, synthetic miRNA was added at different concentrations (25 nM, 30 nM, 40 nM,
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50 nM and 100 nM) before reading the plate in a Synergy H4 Hibrid Reader exciting the
samples at 490 nm and measuring emission at 530 nm. The positive control is a region
of the R gene of SARS-CoV-2. The crRNAs and synthetic miRNAs were obtained from
IDT and their sequences can be found in Table 4.1.

Table 4.1: RNA sequences obtained from IDT. Abbreviations: crRNA crispr ribonucleic acid.

RNA Sequence

hsa-miR-124-3p UAAGGCACGCGGUGAAUGCC

GATTTAGACTACCCCAAAAACGAAGGGGACTAAAAC

crRNA 124-3p GGCAUUCACCGCGUGCCUUA

hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGU

RNA 155-5 GATTTAGACTACCCCAAAAACGAAGGGGACTAAAAC
- i ACCCCUAUCACGAUUAGCAUUAA

Orfl2b SARS-Covz GGCGAAGUUGUAGGAGACAUUAUACUUAAACCAGCAAAU
(Control R) AAUAGUUUAAAAAUUACAGAAGAGGUUGGCCACACAGAU
CUAAUGGCUGCUUAUGUAGACAAUUCUAGUCUUACUA

GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAAC

crRNA Control R CCAACCUCUUCUGUAAUUUUUAAACUAU

411 miRNA agarose gel electrophoresis

The synthetic miRNAs and the crRNAs were run on a 12% polyacrylamide gel-8 M
urea for 1 hour at 120 V. The gel was done by mixing 4.8 g of urea, 1 mL of TBE
10X, 3 mL acrylamide 40%, and H>,O DEPC up to 10 mL. Finally 50 pL APS 10% and
6 pL TEMED are added. The samples were dyed with SYBR Gold and loaded with
formamide. Bis-Acrylamide 19:1 40% was obtained from Fisher Bioreagents (#BP1406-
1), Urea GR for analysis (ACS, Reag. Ph Eur) from Merck (#1084871000), Boric acid for
analysis, (ExpertQ®, ACS, ISO, Reag. Ph Eur) from Scharlab (#AC05780500), Tris base
from Fisher Bioreagents (#8P152-500), the formamide was taken from the MEGAscript™
T7 transcription kit from Invitrogen™ (#AM1334).

412 miRNA detection using Quantum Dot-Based Forster Reso-
nance Energy Transfer

The detection method is based on a methodology found in the bibliography [63]. The
methodology is based on ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) base
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pairing and stacking. The capture sequence binds to QD via streptavidin-biotin binding
and is complementary to a part of the reporter DNA. The reporter sequence is com-
posed of two parts, one is complementary to the capture sequence and the other one
is complementary to the miRNA sequence. The reporter sequence binds to terbium
(Tb) via streptavidin-biotin binding. The capture sequence was designed to have a low
melting temperature (16.5 °C) so that it does not form stable double-strands by pairing
with the reporter sequence unless the miRNA is present (due to nick stacking). For
the measurements, the Tb is excited and due to its proximity to the QD in the double-
stranded complex, the Forster or fluorescence resonance energy transfer (FRET) process
occurs. The Tb-DNA and QD-DNA conjugates were obtained by mixing Tb-streptavidin
or QD525-streptavidin with biotin labelled oligonucleotides in Tris-Cl buffer. The mix-
tures were incubated overnight while rotating. The Tb-DNA were purified three times
by Zeba™ Spin Desalting Columns, 7K MWCO. Synthetic miRNA was added in in-
creasing concentrations (0, 5 and 10 nM). The measurements were taken in a Synergy
H4 plate reader. The excitation was performed at 337 nm and the emission at 494 nm
and 525 nm with a delay of 500-900 ps. The FRET ratio has been calculated as the mea-
surement at 494 nm (Tb emission) divided by the measurement at 525 (QD525 emission)
and the data has been normalized to be between 0 and 100. Tris-Cl buffer consisted of
20 mM Tris and 500 mM NaCl (pH 8.0). QD-streptavidin was obtained from Invitro-
gen™. Streptavidin-Tb cryptate was obtained from cisbio (Ref 610SATLF). Zeba™ Spin
Desalting Columns, 7K MWCO were obtained from Thermo Scientific. The synthetic
DNA was obtained from IDT and the sequences can be found in Table 4.2.

Table 4.2: RNA sequences obtained from IDT. Abbreviations: DNA deoxyribonucleic acid.

DNA Sequence
reporter 155-5p ACCCCTATCACGATTAGCATTAA-CTATGACAG-biotin
capture 155-5p biotin-CTGTCATAG

4.13 Statistical Analysis

The NTA experiments were repeated three times for each patient sample (except for
E8). Statistical significance was calculated utilizing the ordinary one-way ANOVA for
multiple comparisons in GraphPad Prism 9.3.1. The comparison has been made between
the mean of each group. Significative differences have been marked with * for p < 0.05
and # for p < 0.1. The graphical representations include the standard error of the mean
(SEM).






5 Results and discussion

In order to characterize EVs from the lymphoblastic models, lymphoblasts derived from
SALS patients and healthy controls were incubated in RPMI media. Upon reaching a
concentration of 2 million cells, the cells were treated as specified in section 4.3.

Firstly, the EVs produced by the lymphoblasts were isolated utilizing a vesicle precipi-
tating kit. The samples were resuspended in PBS for the NTA measurements. For each
sample, 4 videos were recorded and analyzed, calculating the concentration and size of
the particles. The results of the NTA are shown in the section 5.1. The presence of EVs
was confirmed through microscopy techniques (section 5.2).

Secondly, a preliminary study of the contents of TDP-43 in EVs from lymphoblastic
models was carried out via western blot. The resulting image and analysis can be seen
in section 5.3.

An early approach to fluorescently label EVs with QD was performed. The tetraspanin
CD63 was selected. The labelled EVs were analyzed using the fluorescence mode in the
NanoSight to perform a NTA. The results are shown in Figure 5.7B.

Finally, alternative methods have been tested to detect synthetic miRNA and are dis-
cussed in section 5.5, since specific miRNAs have been found to be related to neurode-
generative diseases. The detection of these small molecules is not always easy and
normally involves the use of specific adapters in quantitative polymerase chain reaction
(qPCR). In this section, two different methodologies have been attempted to quantify
miRNA in EVs without polymerase chain reaction (PCR).

5.1 Effects of IGS-2.7 on extracellular vesicles production and
size

The concentration and the size of the EVs produced by control and SALS-patient derived
lymphoblasts were studied via NTA. The Figure 5.1B shows the effects of IGS-2.7 on EVs
production and size.
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Figure 5.1: A) Distribution of the particle size in untreated control and patient samples. B) NTA of EVs from
controls and patients. Samples were obtained from control cells, patient derived SALS cells and SALS cells treated

with 5 uM IGS-2.7. The error bars represent the SEM. Green lines connect datasets belonging to the same ALS patient
cell line.

*p<005#p<0.1

As seen in Figure 5.1B, the concentration of EVs is significantly higher on the EVs pro-
duced by SALS lymphoblast than on the EVs produced by control lymphoblasts, and it
is significantly reduced upon treatment with IGS-2.7. The same applies to the mean and

mode size of the EVs, which are higher on EVs produced by SALS lymphoblast, and are
reduced when treated with 1GS-2.7.
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5.2 EVs evaluation via microscopy

In order to confirm the presence of EVs in the samples, a control (C110) and a patient
sample (E2) were evaluated by TEM and AFM.

5.2.1 EV samples visualization on TEM

The samples were observed via TEM with a 60000X magnification. The resulting micro-
graphs can be seen in Figure 5.2.

194 41

Figure 5.2: A-D EVs from control sample. E-H EVs from SALS sample. The EVs in the images have been measured
and are in the size range of exosomes and ectosomes (measured diameters are between 80 and 230 nm).

The images show some rounded membrane-like structures with a diameter that corre-
sponds to the size range of EVs. These results demonstrate the presence of particles
with morphology and size consistent with EVs in the visualized samples.

5.2.2 EV samples visualized on AFM

Atomic force microscopy was used in order to study the topography of the EVs inside
the used medium. Two different techniques were used when immobilizing the EVs for
their visualization in the AFM with the purpose of finding the most optimal conditions
for the assay. One implied the use of poly-L-lysine to immobilize the sample in glass
[62], while the other one used NiCl, on a mica surface [61]. A comparison between these
methodologies using the same EVs control sample can be seen in Figure 5.3.
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Figure 5.3: EVs from control sample immobilized on glass (upper image) and on mica (lower
image). The images cover 4x4 pum? of surface (upper image) and 10x10 pm? (lower image).

The image obtained from the sample immobilization on glass does not show any visible
structures attributable to extracellular vesicles. This may indicate that this methodol-
ogy is not efficient enough for a dynamic mode measurement of EVs (upper image of
Figure 5.3). On contrast, the sample immobilized on mica seems to have some kind of
cellular debris which can be observed in the larger scan (lower image of Figure 5.3).
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Figure 5.4: Closer view of the control sample immobilized on mica and height profiles. The
feature height is around 6-8 nm and the diameter around 60 nm.

When taking a closer look into this sample, as shown in Figure 5.4, some small features
appear (around 6-8 nm in height) with a diameter comparable to an exovesicle size
(around 60 nm). Even though the results are similar to those obtained in other studies
[61], the technique does not allow to confirm whether these would be EVs.
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442 nm

9.67 nm

Figure 5.5: EVs from SALS sample immobilized on mica. The arrows are mark-
ing the regions in which the tip lost contact with the surface. The images were
taken with different forces, using a lower force in the lower image.

The image obtained from the immobilized patient sample on mica has been marked
with three arrows (upper image of Figure 5.5) on specific regions where the tip started
to loose contact with the surface. In these regions higher features are appreciated but
not properly defined. These might probably be part of EVs being displaced by the tip
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in the dynamic mode (i.e. tapping), and become more evident when reducing the force
applied to the surface (lower image of Figure 5.5).

The AFM images may be showing EVs that successfully got immobilized and shrank
through the process resulting in a low height (6 to 8 nm). However, it could also be that
the EVs are being displaced by the tip due to the tapping mode, as pointed by Figure 5.5,
where the minimum required force to maintain the contact for measurements is large
enough to move some features. In order to confirm if these features which seem to be
loosely attached to the surface are actually EVs, the samples should be measured in a
spectroscopy based mode (ie. PeakForce Tapping®, QI®, Jumping mode®), which allows
a very accurate control on the applied force and avoids the presence of lateral dragging
forces. However, this mode is unavailable in the equipment used for this project.
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5.3 Effects of IGS-2.7 on TDP-43 carried in extracellular vesicles

An initial study of TDP-43 concentration in EVs has been done by western blot analysis.
The results are shown in Figure 5.6.
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Figure 5.6: EVs analysis by Western Blotting. TDP-43 protein was detected and quantified
via western blot analysis. The process resulted in two bands which have been normalized by
the particles per cell. They are compared with the fold change from control C105.

From these results, it is clear that, upon treatment with IGS-2.7, the concentration of
TDP-43 is decreased in the EVs. This is in concordance with the behavior that occurs in
cells. The results from Martinez-Gonzdalez et al. [64] show that IGS-2.7 recovers TDP-43
homeostasis by decreasing its phosphorylation and enhancing the nuclear localization
in ALS derived lymphoblasts.

The membranes were incubated with anti-CD63 antibody. However, no signal was de-
tected when using this antibody. This could be due to the low concentration of this
protein in the EVs membranes, since the isolation reagent used does not exclusively
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isolate vesicles containing CD63.

5.4 Fluorescent labelling of CD63

As a first approach to fluorescently label membrane proteins from EVs, CD63 was
marked with a biotinylated antibody which interacts with streptavidin-QD. The la-
belling process is schematically represented in Figure 5.7A. The resulting samples were
measured in the NanoSight and the concentration of labelled EVs is represented in Fig-

ure 5.7B.
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Figure 5.7: A) Schematic representation of EVs labelling using QD. Biotinylated antibody interacts with membrane
proteins, such as tetraspanins and with the Quantum Dot nanoparticles via biotin-streptavidin binding. B) Concen-
tration of fluorescent particles in control samples. The samples incubated with IgG represent the negative control. #
p<03

The Figure 5.7B shows that the QD have successfully marked the targeted membrane
marker. However, it seems that the concentration of CD63 in EVs is very low (it was
undetected in the western blot) resulting in a very low percentage of EVs being labelled.
A different membrane protein should be selected to acquire a higher percentage of
labelling.
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5.5 miRNA detection

Regarding the detection of miRNA in samples, different approaches were tested. First,
a Casl3 in vitro activity detection assay utilizing synthetic miRNA was carried out. The
result is shown in Figure 5.8
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Figure 5.8: Cas13 in vitro activity detection assay. Different concentrations of synthetic miRNA (both 155 and 124)
were tested. R with 25 nM target is a positive control. Abbreviations: RFU relative fluorescence units, miRNA micro
ribonucleic acid.

Since no miRNA was detected utilizing this method (apart from the positive control),
an agarose gel electrophoresis was performed to confirm the presence of miRNA in the
obtained synthetic samples. The electrophoresis can be seen in Figure 5.9
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Figure 5.9: RNA agarose gel electrophoresis The syn-
thetic miRNAs and crRNAs were run in a 12% polyacry-
lamide gel-8 M urea.
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The gel shows that there is miRNA in the
samples, so the problem is probably due
to the small size of the miRNA and the cr-
RNA leading to problems in the sequence
recognition during the RNP formation.

Finally, another miRNA detection method
using QD was tested. This method is
based on the hybridization of miRNA to
its complementary DNA sequence which
is bound to Terbium (reporter) and the
hybridization of a sequence complemen-
tary to the reporter, which is bound to
a QD. A schematic representation can be
found in Figure 5.10A. The result is repre-
sented in Figure 5.10B.
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Figure 5.10: A) Schematic representation of miRNA detection utilizing QD-based FRET. When the hybridization
occurs, the Tb and the QD are in proximity, enabling the FRET process. B) miRNA concentration detection by QD/Tb
FRET ratio. Increasing concentration of synthetic miR-155-5p leads to an increased signal of the QD/Tb FRET ratio.

The preliminary result shown in Figure 5.10B shows that the miR-155-5p could be de-
tected using this methodology. However, it would require more tests with a wider range
of miRNA concentration and more repetitions, since it currently has a considerable er-

ror.






6 Conclusion

The aim of this project was to characterize EVs produced by ALS patients” models and
healthy controls, and their modulation upon pharmacological treatment. The character-
istics studied have been their size, concentration, membrane markers, and biomolecule
load.

The NTA has determined that the concentration of EVs produced by SALS lymphoblasts
is significantly higher than the concentration of EVs produced by healthy controls. Upon
treatment with the CK-16 inhibitor IGS-2.7, the concentration of EVs is significantly
reduced. According to the results, there is a tendency for the SALS lymphoblasts to
produce bigger EVs that appears to be modulated by pharmacological treatment.

Additionally, microscopy techniques have been used to confirm the presence of EVs in
the samples and measure their diameter.

The protein selected to fluorescently label EVs was CD63. This protein was labelled
with QD, and the labelling was analyzed with NTA. However, this protein could not
be detected via western blot in the samples, probably because its concentration in these
membranes is very low, resulting in a low percentage of EVs being marked.

Finally, the presence of ALS related biomolecules was studied by western blot, to detect
TDP-43, and through different miRNA detection assays. Regarding the TDP-43 concen-
tration, it is clear that it is reduced upon treatment with IGS-2.7. The concentration of
synthetic miRNA was preliminarily detected by a time-gated FRET assay.
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