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1. Synopsis
1.1 Introduction

Extracellular vesicles (EVs) are double-membrane structures released from possibly
all types of cells. In the past years, a wide variety of subgroups of EVs have been
identified and classified, based on their cellular biogenesis, size, cellular source, or
function (1). EVs range in diameter from 50 nm to 5 pum and they can carry a cargo
composed of lipids, metabolites, nucleic acids, and proteins (1-3).

For several decades, EVs have been successfully isolated from cell culture media
and body fluids (e.g., CSF, blood, urine)(4, 5) and, only recently, protocols to isolate
EVs from tissue have been published (6-8).

EVs are involved in several biological processes, both physiological and
pathological, such as angiogenesis, the transfer of genetic material into recipient
cells, the activation of immune cells, inflammation, and cancer invasion (9-13).

This introduction intends to give a detailed overview of EVs’ biogenesis,
characteristics, cargo content, and their involvement in physiological and
pathological processes in the central nervous system (CNS), specifically in ischemic
stroke. The pathophysiology of ischemic stroke will be analyzed, together with the
contribution of EVs and the prion protein (PrP). The mentioned topics (EVs, ischemic
stroke, and PrP) are fundamental to understand the results and data of the papers
that contributed to this thesis.

1.1.1 EVs: background

In 1946, Chargaff and West observed that after ultracentrifugation plasma was losing
its capacity to coagulate, deducing that there was a factor in the resulting pellet that
was necessary for this process (14). Later in 1967, Wolf et al. reported minute lipid
particles with “platelet-like” activity recovered after ultracentrifugation from serum
and plasma (15). The lipidic material was first referred to as “platelet dust”, and later
as “microparticles”. In 1971 the term “extracellular vesicles” was first used by
Aaronson and colleagues to describe the different-sized secreted membranous
structures they observed with electron microscopy in the golden alga, Ochronomas
Danica (16).

In 1981, Trams and colleagues proposed the term “exosomes” to describe shed
vesicles isolated from conditioned media of glioblastoma cell lines. These vesicles
had a particular membrane composition and a function, as they were able to
dephosphorylate surface constituents in the recipient cells (17). A few years later,
two different labs studying the maturation of reticulocytes to erythrocytes reported in
parallel that the transferrin receptor was eliminated via “exosomes”, particles formed
at the endocytic compartment and then released by fusion of multivesicular bodies
(MVB) with the plasma membrane (18-20).

During those years, EVs were described by many names (“shedding vesicles",
“‘microparticles”, "microvesicles”, "exosomes”), often even in the same manuscript.
Moreover, scientists were skeptical about specific EVs functions. In fact many of
them considered exosomes as mere garbage bags, produced and released by cells
to eliminate old or superfluous proteins, such as during the maturation of
reticulocytes to erythrocytes (21).



It was only later in 1996 that Raposo and colleagues could prove an actual active
role of exosomes in a more complex biological process. They were able to show that
antigen-presenting exosomes derived from B lymphocytes specifically stimulated T
cells (11). Moreover, it was also shown that the co-receptors CCR5 and CXCR4 (key
players in HIV infection) could be transferred via EVs released from platelets and
blood peripheral monocytes from a susceptible to a refractory cell, making the latter
susceptible to the infection (22, 23).

In the early 2000s, different studies reported that EVs carry genetic material that can
be transferred and translated on a recipient cell (10, 24). In addition to reticulocytes,
lymphocytes, and platelets, the release of exosomes was soon proved to be a
mechanism employed also by mast, dendritic, intestinal epithelial, and several other
cells (1, 25-27).

In the following years, the interest for EVs grew exponentially and different protocols
for their isolation from conditioned media, body fluids, and, more recently, from
tissue have been published (6-8). This growing attention urged for more rigorous
guidelines, allowing to compare the studies. In 2011 the International Society for
Extracellular Vesicles (ISEV) was founded, with the mission to increase interaction
between researchers in the EVs field and with the attempt to standardize the
isolation, purification, and characterization protocols, among other goals. Since then,
ISEV is releasing position papers intending to update the guidelines not only for the
isolation and characterization, but also for the storage, handling, and nomenclature
of EVs (28).

1.1.2 EVs: nomenclature

EVs have been grouped according to size and biogenesis in
microvesicles/ectosomes (with a size of 100-1000 nm), which are vesicles
released directly from the plasma membrane and exosomes (with a size of 50-150
nm), released vesicles of endosomal origin. Additionally, when cells are undergoing
apoptosis, they release apoptotic EVs (ApoEVs) (100-5000 nm), which are also
shed from the plasma membrane and comprise large vesicles named “apoptotic
bodies” and smaller apoptotic microvesicles (Figure 1).

Recently, a new type of particles has been observed, the exomeres (30-50 nm), but
their function is still unclear and are not considered EVs (29, 30).

Currently, since exosomes and microvesicles have overlapping sizes, their
classification only based on size is not recommended, and current protocols and
markers used for their isolation and characterization cannot specifically differentiate
between them. Therefore, if no specific proof of the cellular origin is available (e.g.
electron microscopy pictures of the fusion of MVB with the plasma membrane
releasing exosomes), the agreement is to name them “extracellular vesicles (EVs)”
(28, 31), which can be further categorized by size (i.e., small EVs (<200 nm) or
medium/large EVs (2200 nm); density (low, middle, high); composition
(presence/absence of markers such as CD81, CD9, Annexin 5...) and
origin/conditions of origin (primary neural EVs, hypoxic EVs...).
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Figure 1: Schematic representation of a generic EV. EVs are double-membrane vesicles that carry
proteins, nucleic acids, metabolites and lipids. In the figure are represented protein markers common
for all types of EVs, such as tetraspanins, flotilin, MHC class | and Il, and protein markers typical of
exosomes, such as Alix, TSG101, and mature (m) ADAM10. Phosphorylated proteins and GPI-
anchored proteins are enriched in microvesicles but present in all EVs. EVs can carry RNA (mMRNA,
miRNA, IncRNA...). Exosomes have been shown to carry mtDNA and ApoEVs to carry dsDNA and
mitochondria. Image created with Biorender.

1.1.3 EVs: formation and release

Generally, EVs are formed either via the endocytic pathway (exosomes) or by direct
shedding at the plasma membrane (ectosomes/microvesicles) (Figure 2).

-Exosomes

Exosomes are intraluminal vesicles (ILVs) that are released to the extracellular
space upon fusion of the multivesicular endosome (MVEs)/multivesicular bodies
(MVBSs) with the plasma membrane. Thus, they are formed at the endocytic pathway.
This pathway consists of a series of dynamic membrane compartments that
internalize extracellular material or cellular components from the plasma membrane
directing them either to degradation or recycling.

In the first endocytic pathway step, primary vesicles budding off the plasma
membrane, together with the material that has to be internalized, pinch off inside the
cell, forming a primary vesicle which fuses and delivers the cargo to the early
endosomes (EESs). In there, molecules that have to be degraded at the lysosome are
sorted by invaginations of the endosomal membrane. These invaginations pinch off
during the maturation process of the EEs to late endosomes (LE) and, once free,
they are known as ILVs. The carriers of these ILVs are the MVEs which are an
intermediate compartment between EEs and late endosomes (LEs) (32). Very
important for the ILVs biogenesis (although not fundamental, as ESCRT-
independent mechanisms have also been described) is the Endosomal Sorting
Complex Required for Transport (ESCRT), a machinery composed of cytosolic
proteins assembled into four complexes (ESCRT-0, ESCRT-I, ESCRT-Il, and



ESCRT-IIl) together with associated proteins (ALIX, VPS4, VTA1)(33, 34). This
process starts in specific domains of the endosomal membrane, where ubiquitin-
tagged proteins are recognized by the ubiquitin-binding subunits of ESCRT-O0.
ESCRT-I clusters the ubiquitinated proteins and together with ESCRT-II, drives the
membrane deformation that leads to the formation of the ILVs (35). ESCRT-O0, -I, and
-Il combine with ESCRT-III, which promotes the final budding process and vesicles
scission (35).

Segregation of proteins to ILVs imply that they can follow three possible pathways:
(i) degradation at the lysosomes, acidic organelles containing hydrolytic enzymes
that can degrade several types of biomolecules (36), (i) back-fusion with the
endosome, or (iii) fusion of the endosomes with the plasma membrane and release
of the vesicles, now renamed as “exosomes”, into the extracellular space (37). The
mechanisms involved in the selection of the pathways are currently unknown (32).
During their biogenesis, there is selective incorporation of proteins into the
membrane of the exosomes together with cytosolic components. However, the
mechanisms responsible for this sorting are still unknown. Exosomes also carry
proteins that are involved in their biogenesis, such as the ESCRT accessory protein
ALIX and TSG101, which is part of the ESCRT-I complex. Both have been found to
play a key role in the biogenesis of exosomes, as silencing them either decreases
the number of released exosomes or modifies their cargo (38). It has been also
shown that ALIX binds syntenin, a soluble multifunctional adapter protein, facilitating
ILVs formation, in a partially ESCRT-independent fashion (39). Other ESCRT
proteins found to affect the release of exosomes are STAM1 and Hrs (40, 41).
However, the precise mechanisms and the role of each protein of the complexes in
the biogenesis of exosomes, and their cargo loading is not yet well understood. It
has been shown that exosome biogenesis could occur via ESCRT-independent
mechanisms (34). For example, even after silencing key proteins of all ESCRT
complexes, vesicles were still formed in MVBs (42). Tetraspanins, transmembrane
proteins enriched in exosomes, such as Tspan8, CD9, CD82, and CD63 are involved
in the biogenesis of exosomes (43-45).

-Microvesicles

As mentioned above, EVs released by outward budding at the plasma membrane
are defined as “ectosomes” or “microvesicles”. The biogenesis of microvesicles is far
less characterized than exosomes. It is known that the budding of microvesicles
occurs in specific cholesterol-rich and detergent-resistant microdomains, known as
lipid rafts (46), and that this process involves the redistribution of phospholipids on
the plasma membrane and the contraction of cytoskeletal proteins. Particularly,
when calcium increases in the cytosol, enzymes like floppase and scramblase are
activated, allowing the movement of lipids from the inner to the outer membrane,
enhancing bi-directional lipid movements. Enzymes like flippases, which move lipids
from the extracellular to the cytoplasmic face, are inactivated, causing the flipping of
negatively charged phosphatidylserine (PS) to the outer leaflet of the membrane
bilayer (47). Nevertheless, since this modification does not always take place, not all
microvesicles expose PS on the outer leaflet (48).



Together with the redistribution of the membrane lipids, a contractile machinery at
the cell surface pulls opposite membranes together and then cuts off the connection,
allowing the newly formed vesicles to be released into the extracellular milieu (49).
The microvesicles’ shedding depends on the interaction between actin and myosin
and the subsequent ATP-dependent contraction (50). ARF6 has been shown to play
a key role in microvesicles shedding, as it promotes the downstream phosphorylation
of the myosin light chain and therefore the activation of the contractile machinery
responsible for the budding of microvesicles (51).

During the shedding, specific proteins in the membrane and the cytosol are
selectively included or excluded in the vesicles (52, 53). However, the sorting
mechanism, as for exosomes, is still unknown.

-Apoptotic EVs

During apoptosis or programmed death, cells release apoptotic EVs (ApoEVS),
which include large vesicles like apoptotic bodies and smaller apoptotic
microvesicles. Apoptosis occurs in multicellular organisms and it is a type of energy-
dependent cell death that activates intrinsic mechanisms characterized by chromatin
condensation and nuclear fragmentation, followed by blebbing of the cell and its
shrinkage, leading to the division of the cellular component into the apoptotic bodies
(54). Apoptotic bodies are quite large (up till 5 um) and they can carry cell organelles
such as mitochondria (55-57). Studies have pointed out that membrane blebbing is
partially mediated by the interaction between actin and myosin (58, 59). Specifically,
the Rho effector protein ROCK | contributes to the increase of the phosphorylation of
the myosin light chains (MLC), to the myosin ATPase activity, and the increase of
actin-myosin filaments coupling to the membrane. All these steps, allow the dynamic
membrane blebbing typical of apoptosis (58, 59).
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Figure 2: Schematic representation of the biogenesis of EVs. In steady-state conditions and during
stress, cells release exosomes via the endocytic pathway. First, the plasma membrane invaginates



forming primary vesicles that will fuse with the EEs, delivering their cargo. EEs mature then into MVBs
and LEs, gathering ILVs in their lumen by inward budding of the endosomal membrane. The MVBs
can either fuse with the lysosomes, back-fuse with the endosome, or fuse with the plasma membrane,
releasing ILVs (now called exosomes) into the extracellular space. In steady-state conditions and
during stress, the cell can also release microvesicles by direct budding of the plasma membrane.
During apoptosis, the cell releases apoptotic bodies, along with other ApoEVs, by budding at the
plasma membrane.

1.1.4 EVs: uptake

Generally, the biogenesis and release of EVs are far more studied and understood
than their uptake. Many pieces of evidence are suggesting that after their release in
the extracellular space, EVs reach and are taken up by a target/recipient cell, in
proximity or distance (60). Thus, when EV membranes are stained with fluorescent
lipid dyes, fluorescence could be measured in recipient cells by confocal microscopy
or by flow cytometry after uptake (61, 62). Moreover, indirect proofs of EVs
internalization are the downstream effects of their cargo on the recipient cells. Thus,
when EVs were loaded with GAPDH siRNA and delivered specifically to neurons,
microglia, oligodendrocytes in the brain, this resulted in a specific gene knockdown
(63).

So far, different pathways have been suggested for EVs uptake, which can be
grouped into two main routes: endocytosis and fusion (64)(Figure 3). However, the
exact mechanism of uptake has been proven elusive.

-Endocytosis

Several studies suggested that EVs can be taken up via endocytosis, a term that
includes different types of molecular internalization pathways, among them clathrin-
mediated endocytosis, macropinocytosis, phagocytosis, and specific protein-protein
interaction-induced endocytosis (65).

In clathrin-mediated endocytosis, proteins from the cytosol assemble at the plasma
membrane, bending it and forming a vesicular bud (clathrin-coated pit), which after
scission from the plasma membrane is released as a vesicle, gets un-coated, and
fuses with the endosome. It was shown that inhibiting the formation of clathrin-
coated pits significantly decreased the uptake of EVs by cancer cells (66). Moreover,
a negative mutant of the Epidermal Growth Factor Receptor Pathway Substrate
clone 15 (EPS15), a component of clathrin-coated pits, was shown to induce a
reduction in the uptake of EVs by macrophages (67).

Macropinocytosis in most cell types occurs when a change in actin dynamics forms
protrusions at the plasma membrane, the so-called “ruffles”, that enclose fluid and
small particles from the extracellular space, the macropinosome, which then
pinches-off forming an internal vesicle. The maturation and fate of these vesicles are
very much cell-dependent, some of them will become late endosomes and fuse with
the lysosome, while others will fuse back with the plasma membrane (68). This
process seems to be triggered by specific substances, such as growth factors,
apoptotic cell debris, and some viruses. Several players are involved, such as the
protein Racl and the Na +/H+ exchanger. Hence, it was shown that both the
inhibition of Racl and the Na+/H+ exchanger, reduced EVs uptake by microglia (69).
However, it seems that macropinocytosis might be a pathway less used by cells for
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EVs uptake, or used only by specific cell types, as other studies also inhibiting this
pathway did not observe changes in EVs uptake (67, 70).

Phagocytosis is a receptor-mediated pathway that involves rearrangements of the
actin cytoskeleton and the formation of infoldings (phagosomes) around opsonized
particulate matter, such as bacteria and fragments of apoptotic cells, larger particles
compared to EVs. The size difference might speak against the uptake of EVs via this
route, yet EVs were found to co-localize with phagosomes, and the inhibition of
PI3K, which plays an important role in the formation of phagosomes, decreased EVs
uptake (67). Moreover, many EVs present PS in the outer leaflet, similarly to
apoptotic cells and contrary to the physiological orientation in healthy cells, which is
a crucial feature for triggering phagocytosis. Blocking TIM4, a receptor involved in
PS-dependent phagocytosis, reduced EVs uptake in macrophages (67). When
dendritic cells were treated with a soluble PS-analogue that competed for the binding
with av/B3 integrin on the cell surface, they lowered the EVs uptake (61) and,
similarly, when EVs were pre-treated with Annexin V, which binds PS with high
affinity, they were less taken up by natural killer cells (71) and macrophages (72).
Several studies, especially on cells of the immune system, have pointed out an
uptake mechanism dependent on the interaction between proteins on the surface of
the recipient cell and proteins on the surface of EVs that would facilitate subsequent
endocytosis. It is proposed that tetraspanins, integrins, immunoglobulins, and
proteoglycans play a role in protein-interaction mediated endocytosis. Tetraspanins,
known to have a role in cell adhesion and motility, are highly enriched on the EVs
surface (73). Particularly, CD63, CD9, and CD81 are considered typical markers of
EVs (74). It has been shown that dendritic cells reduced the uptake of EVs after
treatment with antibodies against CD9 and CD81 (61). It was observed that the
tetraspanin complex Tspan8-CD49d was important for the EVS’ uptake by
endothelial cells, a process mediated by Immunoglobulin Intercellular Adhesion
Molecule 1 (ICAM-1 or CD54) (75). Moreover, the EVSs’ uptake by dendritic cells can
be decreased with antibodies that block ICAM-1 receptor, or one of its ligands (61).
EVs from Antigen Presenting Cells (APCs) can trigger a proliferative and
differentiation response in naive T-cells after three different receptor/ligand
interactions which lead to EVs’ internalization: the T cell receptor (TCR) with the
major histocompatibility complex (MHC), the lymphocyte function-associated antigen
1 (LFA-1) with ICAM-1 and CD28 with membrane protein B7 (76). CD4+ cells take
up EVs isolated from dendritic cells via the interactions between LFA-1 and ICAM-1
(77). Proteoglycans (PG), such as the family of heparin sulphate proteoglycans
(HSPGs), are proteins with a high carbohydrate component, used by viral particles to
entry into target cells (78). Cell-surface proteoglycans also have been suggested to
have a role in the uptake of EVs. For instance, the uptake of EVs was lowered both
in WT cells treated with a drug to stop the normal production of HSPGs and in
mutant cells lacking PGs (70).

-Fusion

Fusion occurs when two separate membranes merge in an agqueous environment,
exposing the hydrophilic and keeping the hydrophobic part protected. Different
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proteins are involved in this process, such as the SNAREs and Rab proteins, and
Secl/Munc-18-related proteins (SM-proteins) (79).

It has been shown that in acidic conditions cancer cells increase the EVs uptake via
fusion, as they contain increased amounts of the monosialodihexosylgangliosid GM3
and sphingomyelin (SM), which alter the EVS’ membrane rigidity, increasing their
ability to fuse. This study also showed that lipidic vesicles depleted of proteins do not
fuse, suggesting that not only the type of lipids but also proteins exert a key role in
the fusion process (80). The fusion pathway might be facilitated by the lipid raft-like
composition of the EVs membrane (81).

After reaching the target, the EV’s cargo should be delivered. By direct fusion with
the plasma membrane, EVs could directly release their cargo into the cytoplasm of
the recipient cell, while with endocytosis the EVs’ cargo can only reach the cell
cytoplasm by “escaping” the endosomal compartments, as observed for viruses.
Several studies pointed out minimal successful transfer of cargo in the recipient cell,
suggesting “endosomal escape” as a limiting step in EVs’ cargo transfer (82-84).
However, EVs from dendritic cells were shown to be able to deliver miRNAs and
luciferin in the cytoplasm of recipient cells, proving fusion of EVs membrane with
either the plasma membrane or the endosomal membrane (85).

Endocytosis : Fusion
Macropinocytoses Protein-protesn interaction
Phagocytosis
Clathrin-mediated \ it
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\ ’
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Figure 3: Schematic representation of EVs’ uptake routes. EVs are endocytosed through protrusions
of the cell plasma membrane (macropinocytosis, phagocytosis), via the formation of clathrin-coated
pits (clathrin-mediated endocytosis), or after specific protein-protein interaction. After being
encapsulated, EVs enter the endosomal membrane compartments. The EVs’ cargo can reach the
cytoplasm only by “escaping” the endosomal compartments. EVs can also be taken up via fusion at
the plasma membrane of the recipient cell, where the cargo is directly delivered in the cytoplasm. The
image was created using Biorender.

1.1.5 EVs: carqgo and composition

EVs’ cargo can be composed of proteins, nucleic acids, lipids, and metabolites,
which vary according to the cell of origin and its status.
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-Proteins

Exosomes, which originate from the endocytic pathway, are enriched in proteins of
the ESCRT complexes, such as TSG101 and Alix (86), while microvesicles,
originating directly at the plasma membrane, are enriched in proteins with post-
translational modifications, such as glycoproteins, phosphoproteins, and integrins
(87, 88). While first considered exosome markers, tetraspanins (CD9, CD63, CD81,
and CD82) have been also found in microvesicles (89-91). MHC proteins and
Flotilin-1 and 2 are common EVs markers (89, 92), with the latest also being involved
in their biogenesis (93-95).

In contrast, resident proteins of the Golgi apparatus and the endoplasmic reticulum,
such as GM130 and calnexin, have been reported to be absent in EVs, and are
therefore commonly used as a confirmation for the purity of EVs preparations (28,
96).

The disintegrin and metalloproteinase ADAM10 is considered a specific marker for
small extracellular vesicles (97) and it has been found on the surface of EVs isolated
from cell culture in its cleaved and activated form (98).

EVs carry protein markers specific to the cell of origin. For instance, in the case of
brain cells, PLP and CNPase, specific oligodendrocytes markers, have been found
on oligodendrocyte-derived EVs (99). Excitatory amino acid transporter EAAT-1 and
EAAT-2, characteristic of astrocytes, have been found in EVs derived from
astrocytes (100).

EVs’ cargo reflects the status of the cell of origin. For example, it has been shown
that after stimulation with ATP, the proteome of microglia-derived EVs changes,
influencing the response of recipient cells (101).

-Nucleic acids

RNA, and to a lesser extend DNA, have been reported to be present in EVs. The
presence of DNA in EVs has been documented for apoptotic bodies (102) and for
large EVs, where the entire genome of the parental tumor cell was detected (103).
Exosomes, on the other hand, have been shown to carry mitochondrial DNA
(mtDNA) (104, 105). The presence of double-stranded DNA (dsDNA) in exosomes
raises a debate, as some studies were able to detect dsDNA in exosomes while
others ruled this possibility out (106, 107).

Most of the genetic information found in EVs correspond primarily to RNA, such as
small non-coding RNAs (e.g., miRNA), mRNA, ribosomal RNA (rRNA), and long
non-coding RNA (IncRNA). As with proteins, the RNA contained in EVs is related to
the type and the status of the cell of origin, but at the same time, it differs
substantially from the cellular RNA, indicating selective incorporation in EVs (108-
110). Generally, cellular RNAs form ribonucleoprotein (RNP) complexes by
associating with RNA-binding proteins (RBPs), which are highly expressed in EVs
(108, 111). Mechanisms for RNA sorting into EVs include the association with RBPs
and the presence of specific RNA sequence motifs (112). Specifically, it has been
shown that several members of the heterogeneous nuclear RNP (hnRNPs) family
are involved in the sorting of RNA into EVs. hnRNPA2B1 sorts miR-17 and miR-93
containing AGG and UAG motifs into EVs, which also requires the interaction of
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caveolin-1 (113). Y-box binding protein 1 (YBX1), another RBP, is involved in the
packaging of miR-223 into exosomes released from HEK293T cells, possibly
recognizing specific secondary RNA structures, such as hairpins in the 3’-UTR
region (114, 115). YBX1 is also implicated in the sorting of miR-133 in hypoxic
conditions into human endothelial progenitor cell (EPC)-derived exosomes, leading
to increased angiogenesis (116). ALIX also seems to be involved in the packaging of
mMiRNAs with antitumor and regenerative activities in EVs released by human liver
stem-like cells (117).

As for functional studies (although it seems that the RNA copies per EV are very low
(118, 119)), it has been shown that miR-26a-5p present in astrocytic EVs modulates
dendritic complexity in neurons (120) and that during inflammation, microglia deliver
microRNA 146-a-5p via EVs to neurons, affecting negatively synaptic density and
strength (12). Moreover, translation of mMRNA delivered by EVs in recipient cells has
been observed (10), and, more recently, gene silencing in recipient cells was
possible by delivering the mRNA of endonuclease CRISPR associated protein 9
(Cas9), loaded by electroporation into EVs (121). These experiments point out that
translation of mMRNA delivered by EVs in recipient cells is possible, yet it remains
unclear its relevance in physiological and pathological conditions.

-Lipids

The lipid composition of EVs has been extensively studied (122, 123) and, as for
proteins and genetic material, reflects the cell of origin, although some lipids might
be specifically enriched in EVs.

EVs are enriched in cholesterol, sphingomyelin, phosphatidylserine ganglioside, and
ceramide, among others (123), while phosphatidylcholine and diacyl-glycerol are
significantly less present when compared to the membrane of the cell of origin (124).
The lipid composition of EVs might play a fundamental role in binding and uptake, as
it has been shown that the enrichment of “reversed” PS (facing the extracellular
space) may facilitate their uptake by recipient cells (69).

Exosomes are particularly enriched in disaturated phospholipids (123, 124), which
causes increased membrane rigidity compared to the membrane of the cell of origin.
The rigidity is also increased by the high ratio of protein/lipid in exosomes (125) and
might be relevant to ensure a longer half-life when circulating in body fluids. When
treated with detergents, exosomes are more resistant than microvesicles (125).
When injected intravenously in mice, exosomes showed a half-life of 4 min, with 10%
detectable after 4h (126), while microvesicles were faster degraded in the circulation,
probably because the lipids on their membrane tend to be hydrolyzed by circulating
phospholipases (127, 128).

1.1.6 EVs isolation

To study and analyze EVs and their cargo, it is necessary to isolate them from the
biological source. EVs have been successfully purified from cell culture media, body
fluids, and more recently from tissue. Several isolation approaches are used. Each
method takes advantage of different EVs’ characteristics, such as density, size, and
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affinity to specific ligands, and each approach has its degree of EVs’ recovery and
contamination.

For instance, differential ultracentrifugation (UC) is the most popular technique for
EVs’ isolation and it uses centrifugal force to separate substances according to the
sedimentation principle: larger and more dense particles pellet at the bottom, while
smaller and less dense particles remain in the supernatant (89, 129). UC is often
accompanied by density gradients, which isolate particles solely based on their
density, to further purify the sample from contaminants, especially when the isolation
is done on tissue such as brain (6, 7). EVs have a size of 50-5000 nm and a density
in the range of 1.06—1.23 g/mL, which distinguish them from molecules such as
chylomicrons, very low-density lipoprotein (VLDL), intermediate-density lipoprotein
(IDL), and low-density lipoprotein (LDL), since these particles have a lower density
than EVs. On the other hand, high-density lipoproteins (HDL) have a similar density
to EVs, but different sizes. Samples such as blood are enriched in lipoproteins,
representing a problem when it comes to EVs isolation.

Size exclusion chromatography (SEC) has also been used for EVs’ isolation (130-
132). A typical SEC column is composed of a mobile phase, a solvent that carries
the sample down the column, and a porous stationary phase. SEC separates
particles according to their size, as larger particles are eluted first and the porous
stationary phase captures the smaller particles, which are eluted later. Contrarily to
UC, SEC is effective in removing HDLs, but not chylomicrons, VLDL, IDL, and LDL,
as they have the same size range of EVs.

Other techniques that exploit the size of EVs for their isolation are ultrafiltration (UF)
and tangential flow filtration (TFF)(133, 134). UF utilizes pressure or centrifugation to
pass the sample through a membrane with a defined molecular weight cut-off
(MWCO), that allows the passage of particles with the size of interest. UF is widely
used for diluted samples and cell cultures. It is a relatively simple technique and the
isolation of EVs is faster when compared to, for example, UC, which is more time
consuming and needs a trained operator (134). UF does not eliminate contaminating
particles having the same size as EVs and protein contaminants (135).

TFF is also based on the passage through a membrane with a cut-off, but the fluids
flow tangentially across the membrane and therefore the smaller particles passing
through it are discarded, while particles larger than the cut-off level stay on the
membrane and are recovered. The samples with TFF at the end are more
concentrated, while SEC on the contrary dilutes the sample (136).

Apart from density and size, EVs can also be purified using selective affinity to
proteins present at their surface with their specific ligands, which are immobilized or
conjugated on solid material, such as beads or columns. For instance, a common
affinity-based approach used for EVs’ isolation consists of the use of magnetic beads
covalently coupled with antibodies against molecules such as CD9, CD63, and
CD81, which are highly enriched in EVs (73, 137).

More recently, microfluidic technologies, chambers able to manipulate fluids on the
microscale, have also been used for the isolation of EVs, based either on their size
or on their affinity with specific molecules (138).

As of today, more and more techniques are being employed for EVs’ isolation, but
the gold standard is still considered to be UC (139). When choosing the technique to
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isolate EVs, is fundamental to consider the type of sample. For instance, when
isolating EVs from conditioned cell culture media the volume of the sample is the
limiting factor. When isolating EVs from body fluids, the critical factor is their
viscosity, as they carry several non-EV structures, such as lipidic components in the
plasma and serum, fat-containing vesicles in milk, and surfactant in bronchoalveolar
lavage, that can be isolated together with EVs (5, 28).

More complex is the purification process on tissue, such as brain, which has first to
be mechanically disrupted and enzymatically digested to liberate the EVs from the
extracellular matrix (ECM) (6, 7). During this procedure, the risk of isolating
contaminants together with EVs is high, therefore the sample undergoes several
rounds of centrifugation, including UC in the presence of a density gradient of
sucrose, percoll, or iodixanol (28).

1.1.7 EVs and the central nervous system

The isolation of EVs from cerebral spinal fluid (CSF), from cell culture, and, more
recently, directly from brain tissue has allowed the characterization and functional
studies of EVs from the CNS (140, 141).

The CNS is composed mainly of neurons and glial cells. Neurons are electrically
excitable cells composed of a cell body (soma), dendrites, and a single axon that
extrude from the soma. At the axon terminal, the neuron can transmit a signal to
another cell across a structure called synapse.

Glial cells (or glia), comprising -among others- astrocytes, oligodendrocytes, and
microglia, provide metabolic and structural support to neurons, contribute to
neurotransmission and synaptic plasticity and are involved in the immunological
response in the brain.

Astrocytes are the most abundant type. They are star-shaped cells that during
development secrete growth-promoting and inhibiting molecules important for axon
guidance, and they are also involved in the homeostasis of synapses, by removing
excess of glutamate, the major CNS excitatory transmitter (142, 143). Astrocytes
also play a role in neuronal signaling, the so-called tripartite synapse (144), as they
modulate synaptic transmission by the release of chemical transmitters, such as
glutamate and y-aminobutyric acid (GABA)(143, 145). The astrocytic end feet form
part of the blood-brain barrier (BBB), a semipermeable barrier that selects the
solutes allowed to pass from the circulating blood to the extracellular fluid of the CNS
(146). The BBB allows the passage of hydrophobic molecules (oxygen, CO2, and
hormones) and small non-polar molecules (147). Interestingly, EVs can also cross
the BBB (148).

In response to harmful stimuli, astrocytes proliferate, progressively becoming
hypertrophic, and change their molecular expression towards a pro-inflammatory
phenotype. Proliferating reactive astrocytes are essential for scar formation, which
reduces the spread of inflammatory signals to the healthy tissue after inflammation
or severe tissue damage (149, 150). Astrocytes are in close communication with
microglia, playing an important role in CNS inflammation (151).

Microglia cells are the resident immune cells of the CNS. They are specialized
macrophages with phagocytic ability that in normal conditions have long branching
processes and are mobile ("resting" microglia). Following exposure to pathogen-
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associated molecular patterns (PAMPs) or endogenous damage-associated
molecular patterns (DAMPs) change their phenotype to “reactive”/“activated”, with
phagocytic activity. Microglia can also release substances such as hydrogen
peroxide and proinflammatory cytokines such as IL-1, to eliminate infected cells,
viruses, and bacteria. This cytotoxic secretion can also cause collateral damages,
such as neural cell death and demyelination of neuronal axons (152, 153). Post-
inflammation microglia can also secrete anti-inflammatory cytokines and recruit
astrocytes and oligodendrocyte progenitor cells (OPCs) to the damaged area,
promoting tissue repair (154).

Microglial cells are also involved in normal physiological processes, such as synaptic
pruning. During development, unwanted synapses are tagged with C1q, triggering
the complement cascade and microglial phagocytosis via recognition of activated
complement molecule C3 by its receptor CR3 (155, 156). Recent studies have
proposed that aberrant synaptic pruning by microglia is a mechanism underlying
several neurodegenerative diseases, such as Alzheimer's disease (AD), Multiple
Sclerosis (MS), Parkinson’s disease (PD), or schizophrenia (157-159).
Oligodendrocytes cover the neuronal axons of the CNS, forming the so-called
myelin, which provides insulation and permits the electrical signal transmission. They
provide trophic support by producing the brain-derived neurotrophic factor (BDNF),
the glial cell-derived neurotrophic factor (GDNF), and the insulin-like growth factor-1
(IGF-1)(160). In both, physiological and pathological conditions, the communication
and the interplay between these different cell types are pivotal. Although the study of
the communication between brain cells through EVs is a very young field, they
probably play an important role in the activity and coordination of cells in healthy and
diseased brain.

-Role of the EVs in the CNS under physiological conditions

Neurons (161), astrocytes (162, 163), oligodendrocytes (99), and microglia (162)
release EVs. Neuronal EVs have been linked to synaptic transmission, as their
release is induced by KCl-induced depolarization (164), and to neuronal excitation,
as they carry the AMPA receptor subunits GIuR2/3, which might alter the excitability
of recipient cells (165).

Neuronal EVs may be important for the development of neuronal circuits, as human
primary neurons showed increased neurogenesis and neuronal differentiation when
incubated with EVs isolated from human-induced pluripotential stem cells (hiPSC). In
the same study, when rat neuronal primary cultures-derived EVs were injected into
the lateral ventricle of P4 mice, they led to neurogenesis (166). EVs isolated from
primary neurons can deliver miR-132 to endothelial cells, regulating the expression
of Cdh5, a vascular junction protein, highlighting a possible role in neurovascular
communication for neuronal EVs (167). Neurons regulate the release of
oligodendrocytes-derived EVs with an autoinhibitory effect on oligodendrocyte
surface expansion, modulating myelin sheath formation (168).

Astrocytic EVs carrying miR-26a-5p modulate dendritic complexity in neurons (169).
Additionally, EVs secreted by astrocytes deliver Apolipoprotein D (ApoD) to neurons,
modulating their survival after oxidative stress (170).
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Lastly, microglia-derived EVs can either stimulate neuronal synaptic activity via
enhanced sphingolipid metabolism or can inhibit it via endocannabinoid signaling
activated by N-arachidonoylethanolamine (AEA) exposed on the EVs’ surface (171,
172).

-EVs’ involvement in CNS pathologies

The role of EVs in CNS pathologies has been best studied in the context of
neurodegenerative diseases (NDs) and brain tumors.

NDs are disorders of the CNS that can be classified by the aggregation and deposit
of specific misfolded proteins in the brain, such as AR and Tau for AD and a-
synuclein for PD.

In AD, the AR peptides, derived from the cleavage of the amyloid precursor protein
(APP), aggregate to form oligomers, which accumulate extracellularly as amyloid
plaques, one of the characteristic hallmarks of AD. Tau becomes abnormally
hyperphosphorylated and it polymerizes into filaments which aggregate in
neurofibrillary tangles (NFTs), the other typical hallmark of the disease. Several
studies point to a role of EVs in the development of the disease, as ALIX is found in
amyloid plaques, thus suggesting a possible role of EVs in plague formation (92).
Moreover, BDEVs isolated from a mouse model of AD contain tau, that can
propagate in a prion-like fashion to primary neurons (173). EVs carry AB, APP, and
other APP-derived proteolytic fragments (174), acting as vehicles for intercellular
transmission (175, 176). Interestingly, EVs bind AR via PrP¢ accelerating the
fibrillization of AR, thus reducing the neurotoxic effects caused by oligomeric AR
(177). Recent studies also suggested that EVs may contribute to the accumulation in
the brain of certain APP fragments, which might be the at the origin of the
neurodegenerative process (6, 178).

In PD, abnormal isoforms of a-synuclein, a cytosolic protein physiologically involved
in the regulation of the synaptic transmission, aggregate in oligomers forming the
characteristic structures, Lewy bodies, and Lewy neurites. EVs carrying a-synuclein
and EVs carrying its oligomers are toxic to primary neurons (179-181). Moreover,
EVs isolated both from the CSF and brains of PD patients induced the formation of
a-synuclein aggregates in recipient cells, implying participation in the disease
progression (182, 183).

However, in humans, where NDs last for years, it is unclear whether EVs are
promoting the spread of the disease, or they are trying -unsuccessfully- to clear the
misfolded proteins, or both (184).

In Multiple Sclerosis (MS), an inflammatory autoimmune disease where the myelin
sheet on the axons is damaged, myeloid microvesicles are increased in the CSF of
patients. When incubated with primary glia cells or injected into a mouse model of
MS these EVs could spread inflammatory signals, suggesting their involvement in
the disease progression (185). Interestingly, plasma EVs from naive WT mice
delivered to mice at the clinical peak of the disease induced a spontaneous
phenotype of a relapsing—-remitting disease. This effect was hypothesized to be
caused by the fibrinogen contained in the EVs, which influence the activity of CD8+ T
cells (186). Finally, let-7i miRNA is increased in EVs of MS patients and could play a
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crucial role in the development of the disease as they suppress the differentiation of
CDA4+T cells into Treg cells, a hallmark of MS (187).

Lastly, EVs have been extensively studied in the context of brain tumors.
Glioblastoma (GBM), a tumor of glial origin, is one of the most aggressive. It has
been shown that EVs isolated from the serum of GBM patients polarize monocytes
to the anti-inflammatory phenotype M2, favouring the growth of the tumor in vitro
(188). Moreover, EVs released by GBM cells are enriched in miR-451 and miR-21,
which downregulate the expression of c-myc in recipient cells, increasing the
activation of glial cells, and supporting the tumor growth (189, 190). GBM-EVs
influence astrocytes, increasing their migratory capacity and their cytokine
production, promoting tumor cell growth (191).

It is worthy to note that EVs have been studied as potential biomarkers not only for
all of the previously mentioned diseases (140, 184, 192) but also for other
neurological disorders such as traumatic brain injury and ischemic stroke (193, 194).

1.1.8 Ischemic stroke

Stroke is globally one of the primary causes of mortality and long-term disability.
Ischemic stroke accounts for 87% of the cases, being the other type haemorrhagic
stroke (195). Ischemic stroke occurs when a brain artery is occluded by a blood clot
(thrombus). The thrombus can originate in the arteries supplying the brain
(thrombotic stroke); or the blood clot can form in a different organ, such as the heart,
and travel through the bloodstream to the brain (embolic stroke). This leads to a lack
of blood flow and thus, a lack of nutrients and oxygen supply in the affected brain
area. Cells at the core of the lesion will die rapidly by oncosis (cellular swelling) and
necroptosis (programmed necrosis, or inflammatory cell death), while cells in the
surrounding area, the so-called “penumbra”, enter into a state of electrical silence
(although still metabolically active) and either die by programmed death (apoptosis)
or survive in the following hours, depending on several factors (Figure 4).

-Pathophysiology of ischemic stroke

Within minutes, the hypoxia caused by the lack of blood flow leads to ATP depletion.
In the infarct core, this leads to the failure of the Na+/K+ pump, neuronal
depolarization, and the release of glutamate. Since at that point, neither neurons nor
astrocytes can take up the glutamate (196), its levels in the extracellular space rise
rapidly, hyperactivating the N-Methyl-D-Aspartate Receptors (NMDAR).

Once activated, there is a rise of intracellular entry of Ca2+, which activates calpains
and phospholipases, causing excitotoxic cell death. Neurons in the peri-infarct area
also receive glutamate from the necrotic core, triggering their depolarization.
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Figure 4: Schematic representation of the infarct core and the penumbra after ischemic stroke. In the
upper part, a blocked brain artery (yellow) causes the hypoperfusion of the brain, leading to the
formation of the core infarct area (where cells die by oncosis/necroptosis) and of the penumbra
(where cells are electrically silent but metabolically active). The lower part depicts what happens in
the penumbra. Here, neurons receive an influx of glutamate, Ca2+, and spreading depolarizations
(SD) originated at the core of the stroke. If a neuron in the penumbra reaches the commitment point, it
will die by apoptosis generating apoptotic bodies and ApoEVs, which will be engulfed by phagocytic
cells, without triggering inflammation. This step is critical to avoid secondary necrosis and
inflammatory response. Whether ApoEVs influence other cells such neurons is unknown. Originally
published in (197).

These repetitive cycles of depolarization/repolarization (spreading depolarization,
SD) can last for hours, further depleting neurons of energy (198). In the ischemic
core, the dying cells release DAMPs such as adenosine triphosphate (ATP) and heat
shock proteins (HSPs), triggering inflammation (199), and rapidly activating
microglia, which proliferate and migrate to the stroke area. The BBB is disrupted due
to the activation of matrix metalloproteinases, which degrade the basal lamina and
the tight junctions of endothelial cells. As a consequence, macrophages and other
immune cells from the blood, such as neutrophils, lymphocytes, and dendritic cells
can now infiltrate to the brain, aggravating the inflammatory process.

In the early phase of stroke, microglia contribute to the ischemic damage by
releasing pro-inflammatory cytokines, such as TNFa, IL-18, C1q, or IL-6, which
activate astrocytes, that can either further exacerbate neuronal death or can be
neuroprotective by promoting the formation of the glial scar, limiting inflammation
and protecting the surrounding healthy tissue (149, 200-203). After the acute phase
of stroke, microglia turn beneficial. It has been shown that 72h after stroke, microglia
release important neuroprotective factors (204). Hence, the environment and its
stimuli are crucial for the activation state of both microglia and astrocytes.
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In the penumbra, cells undergoing apoptosis release ApoEVs, which are cleared by
microglia (205). If not properly removed, ApoEVs lead to secondary necrosis,
resulting in inflammation (206), however, they can also have a decisive role in
communication (207). It has been shown that they can transfer DNA to recipient cells
(102) and that, through ApoEVs, aggressive cancer cells can transfer therapy
resistance to other cells (208, 209). Lastly, oligodendrocytes are very sensitive to
ischemic damage, and many die after stroke. However, in the recovery phase, OPCs
migrate to the affected area to remyelinate the sprouting axons, an action promoted
by microglia (154).

-EVs and ischemic stroke

The communication among the resident cells of the brain, and between them and the
infiltrating ones, is pivotal for the fate of neurons in the penumbra and EVs may play
a role in this process (Figure 5). For instance, oligodendrocyte release EVs that
rescue neurons under in vitro ischemic or stress conditions, and stimulate microglial
phagocytosis (210-212). When microglia are activated by extracellular ATP, they
release EVs with a modified proteome compared to steady-state conditions, that
activates astrocytes (101); and vice versa, astrocytes release ATP that induces
shedding of microglial EVs containing the pro-inflammatory cytokine IL-13 (213,
214). Moreover, microglia exposed to inflammatory stimuli release EVs containing
miR-146a-5p, which decrease the synaptic stability (12), and EVs containing IL6 and
TNFa, which exacerbate inflammation (215). Neuronal EVs deliver miRNA 124a to
astrocytes, leading to an increased expression of glutamate transporter 1 (GLT-1)
(216). Furthermore, neuronal EVs can support the functionality of the neurovascular
unit (NVU) and the endothelial integrity after stroke, by releasing EVs containing
miR132 (167). Interestingly, EVs from astrocytes containing mitochondria lead to
increased neuronal survival in both conditions, in vitro (after Oxygen Glucose
Deprivation (OGD), a model of stroke) and in vivo (in mice subjected to transient
middle cerebral artery occlusion (tMCAOQO), a mouse model of stroke) (55).
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Figure 5: Schematic representation of some of the positive (green arrows) and negative (red arrows)
effects of EVs (exosomes and microvesicles) in ischemic stroke. After ischemia, oligodendrocytes
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release EVs containing miR132, which are taken up by neurons and promote their survival. By
contrast, microglia exposed to inflammatory stimuli release EVs containing miR146, which decrease
the synaptic stability, and cytokines that exacerbate inflammation. Neurons contribute to the NVU
functionality by releasing EVs containing miR132. Neurons also regulate the expression of GLT1 in
astrocytes through miR124. Lastly, astrocytes can release EVs carrying mitochondria, which promote
neuronal survival. Originally published in (197).

1.1.9 The prion protein

A protein that is protective against ischemic stroke is the cellular prion protein (PrP¢).
PrP€ is a cell surface glycoprotein, encoded by the PRNP gene, highly expressed in
the brain, but also in other tissues (217). Mature PrPC¢ is mainly located in lipid rafts,
and its structure consists of a flexible N-terminal tail, which includes an octapeptide
repeat region, a charged and a hydrophobic domain, and a globular C-terminal
domain, which includes two N-glycosylation sites. It is attached to the outer leaflet of
the plasma membrane by a GPI anchor (218, 219) (Figure 6).

PrPC is highly conserved in mammals, and some domains such as the C-terminal are
even preserved from fishes, pointing to an important physiological function.
Nevertheless, the exact physiological role of PrP€ is still not fully clarified, as mice
knock-out for PrP°¢ do not present major deficiencies (220).

Several functions have been attributed to PrPC, such as being a regulator of
neuritogenesis and being involved in peripheral myelination. PrP¢ is also a
modulator of synaptic activity and a receptor for toxic oligomers, such as AB (221).
This wide range of functions might be explained by the various ligands and binding
partners of PrP¢ (222), and by its post-translational modifications giving rise to
several biologically active fragments (223).

PrPC¢ can go through several types of cleavages (Figure 6). The major cleavage
event in physiological conditions is the a-cleavage, performed by a yet-to-be-
identified protease(s), at position 111. The a-cleavage produces the soluble N1
fragment and the C1 fragment which remains attached to the membrane. The C1
fragment exposes N-terminally a hydrophobic domain, which reminds of some viral
surface glycoproteins critical for host cell attachment and membrane fusion (224,
225).

B-cleavage occurs around position 90 and produces a soluble N2 fragment and a
membrane-attached C2 fragment, and it is mainly generated under pathological
conditions (226, 227). y-cleavage takes place presumably between residues 176 and
200 and produces a large, soluble, non-glycosylated N3 fragment and a short,
membrane-attached, C3 fragment (228). Finally, shed PrP (sPrP) is generated by
the action of the metalloprotease ADAM10 which cuts the protein near the GPI-
anchor (229-231). N1, N2, N3 and shed PrP can be un-, mono- and di-glycosilated.
PrP is mostly known because of its misfolded and pathogenic form, PrPsc, the
causative agent of prion diseases (PrD), such as Creutzfeldt-Jakob disease (CJD)
and the bovine spongiform encephalopathy (BSE), which are fatal transmissible
neurodegenerative diseases (232). Both PrP¢ and PrPS¢ are released via EVs (233,
234). PrP is enriched in EVs and involved in the biogenesis of exosomes through the
interaction with Caveolin-1 (CAV-1).
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Figure 6: Schematic representation of murine PrP. (A) The prion protein is attached to the outer
leaflet of the cellular membrane via a GPI-anchor. The flexible N-terminal has a neurotoxic domain
(red box) and binds copper ions and oligomeric amyloid 3 (purple triangles). The globular C-terminal
has two N-glycan side chains. PrP¢ is involved in protective or toxic signaling (dotted thunderbolt). (B)
The N-terminal signal sequence (1-22) is removed by signal peptidases in the endoplasmic reticulum.
At the C-terminal part (aa 231-254) there is the sequence for attachment of the GPI-anchor. The
octameric repeat region (aa 51-90), the neurotoxic domain (aa 105-125), and the hydrophobic core
(aa 111-134) are present in the mature protein. PrP presents also a disulfide bridge (between aa 178
and 213) and two N-glycosylation sites (aa 180 and 196). Below are represented the three most
important cleavage events of PrP. (l) a-cleavage (aa 111) produces a soluble N1 fragment of 11 kDa
and a membrane-bound C1 fragment of 18 kDa, destroying the neurotoxic domain. (lI) B-cleavage
(around aa 90) produces N2 (9 kDa) and C2 (20 kDa) fragments. (Ill) Shedding close to the GPI-
anchor causes the release of -nearly- full-length PrP from the membrane. Originally published in
(224).

Thus, PrP modulates CAV-1 distribution between the plasma membrane and the
cytosol, where CAV-1 can inhibit the autophagy, allowing the MVBs to release
exosomes instead of fusing with the lysosomes for degradation (235).

-PrP and stroke

Several studies have pointed out that PrP¢ (and its fragments) have a protective role
in stroke. Thus, cells lacking PrP¢ are more vulnerable to oxidative stress than wild-
type (WT) cells. PrP knock-out mice (Prnp%09) subjected to permanent middle
cerebral artery occlusion (pMCAOQO), a mouse model of stroke, had a larger infarct
volume compared to WT mice. The effect was dependent on the amount of PrP¢, as
the heterozygous mice showed a rescued phenotype (236). Moreover, mice infected
with PrPS¢ increase oxidative stress, probably as a consequence of a loss of function
of PrP (237). Interestingly, PrP¢ was found increased in the penumbra of mice
subjected to pMCAO (236). The analysis of human brain samples with stroke
showed similar results, coinciding with neuronal survival and with higher PrP¢ levels
in plasma 24h after stroke (238). However, another study suggested that the
upregulation of PrPC¢ is a survival mechanism only used in the early time-points of
severe stroke damage, as it was only observed in pMCAO between 4 and 8h after
stroke/reperfusion (and back at normal levels 24h after), whereas in tMCAO (which
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usually leads to a milder stroke), PrP¢ was not upregulated (239). Lastly, PrP could
have a function in the long-term recovery effects. Mice overexpressing PrP (Tga20)
one month after tMCAO had decreased infarct volume and neurological
improvement when compared to WT and PrP KO mice (240).

Different mechanisms have been proposed for the neuroprotective function of PrP
(241). For example, PrP is involved in neural precursor cells (NPCs) recruitment
(homing) to the site of injury, and their differentiation and neurogenesis (240). PrP¢
fragments were reported to modulate the quiescence of neural stem cells (242),
suggesting a potential role in adult neurogenesis. PrP¢ and its fragments appear to
also have a role in the recruitment of bone marrow-derived cells (BMDC) from the
periphery to the affected brain area (243, 244), probably supporting angiogenesis.
The docking of BMDC to endothelial cells and their migration through the vessel
seem to be dependent on the presence of PrPC at the recipient cell's surface and
therefore on homophilic ligand—receptor interaction. Moreover, the N1 fragment
showed to be protective for neurons after ischemic damage and able to regulate the
interaction of microglia with other brain cells (245, 246). Lastly, EVs released by
astrocytes contain PrP¢ which showed to be protective when delivered to primary
neurons under ischemic conditions (247).
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1.2 Aims of the thesis

Much of the basic knowledge of EVS’ functions in the healthy and diseased brain is
lacking and there are still many unanswered questions regarding their biology. In
CNS’ pathologies, EVs are regarded as attractive biomarkers and as potential
therapeutic tools due to their ability to cross the blood-brain barrier (BBB). EVs have
been successfully purified from conditioned media of neural cell lines, primary brain
cells and CSF, but protocols for the isolation of EVs directly from brain tissue have
only recently been published. The analysis of BDEVs can help to understand
complex and multicellular physiological and pathological processes of the CNS,
which is simply not possible with in vitro studies.

The main aim of the present thesis was to isolate EVs from murine brain to study the
variations of their content at different time points after stroke. We hypothesized that
with this approach we could shed light on their role in neuronal death/survival at the
penumbra.

To pursue this goal, we wanted:

a) to establish a reliable protocol to isolate brain-derived EVs (BDEVS) from
murine tissue and to characterize their proteomic content in steady-state
conditions and after stroke;

b) to further characterize BDEVs from stroke mice from a transcriptional point of
view;

c) to assess possible changes in PrP content and composition (fragments) in
BDEVs after stroke and its function;

d) to study the role of immune cell-derived EVs in the control of immune
responses;

e) to assess the efficiency and the influence of different published protocols for
EVs’ isolation from brain tissue on BDEVS’ protein cargo.

The papers included in this thesis are:

1) Characterization of brain-derived extracellular vesicles reveals changes
in cellular origin after stroke and enrichment of the prion protein with a
potential role in cellular uptake (2020, Journal of Extracellular Vesicles)

2) Multiplexed mRNA analysis of brain-derived extracellular vesicles upon
experimental stroke in mice reveals increased mRNA content related to
inflammation and recovery processes (2021, bioRxiv)

3) Brain-Derived Extracellular Vesicles in Health and Disease: A
Methodological Perspective (2021, International Journal of Molecular
Sciences)

4) CD73-mediated adenosine production by CD8 T cell-derived

extracellular vesicles constitutes an intrinsic mechanism of immune
suppression (2021, Nature Communications)
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1.3 Material and methods

1.3.1 Methods performed by the doctoral candidate

- “Characterization of brain-derived extracellular vesicles reveals changes in cellular
origin after stroke and enrichment of the prion protein with a potential role in cellular
uptake”: isolation of EVs from murine brain tissue; isolation of EVs from conditioned
cell culture media; Nanoparticle Tracking Analysis (NTA); fluorescence labeling of
EVs; primary neuronal culture; mixed glia culture; immunocytochemistry (ICC); flow
cytometry (labelling); western blot (WB); PNGase F assay.

-‘Multiplexed mRNA analysis of brain-derived extracellular vesicles upon
experimental stroke in mice reveals increased mRNA content related to inflammation
and recovery processes” isolation of EVs from murine brain tissue; NTA; WB; PCR.

- “CD73-mediated adenosine production by CD8 T cell-derived extracellular vesicles
constitutes an intrinsic mechanism of immune suppression”: WB.

1.3.2 WB antibodies list Synapsinl- Synaptic Systems,
#106103

TMEM119- Proteintech, #66948-1-Ig

14--3-3- Santa Cruz, sc-16-57
Alix- Cell Signaling, #2171S
CD40- Novusbio, NB100-56127SS
CD73- Cell Signaling, #13160

anti-rabbit-HRP conjugated secondary
antibody- Cell Signaling

anti-mouse-HRP conjugated
CD81- Cell Signaling, #10037 secondary antibody- Cell Signaling
CD81- Cell Signaling, #56039 1.3.3 ICC antibodies and dyes list
CNP- Sigma, C5922 Phalloidin-iFluor 488- Abcam,
ab176753

EAAT1- Novushbio, NB100-1869SS . .
Alexa Fluor donkey antirat 488- Life

EAAT2- Novusbio, NBP1-20136SS, Technologies, A21208

Flotilin-1- BD biosciences, #610820 Alexa Fluor donkey anti-rabbit 555-
GM130- BD biosciences, #610822 Life Technologies, A31572

NCAM- Cell Signaling, #99746 Alexa Fluor donkey anti-rat 555-

Abcam, ab150154

IBA1- Wako, 019-19,741
LAMP-1- Invitrogen, 4-1071-82
MAP2- Sigma, M9942

PLP- Novusbio, NB100-74503
P2Y12- LSBio, LS-C209714
P2Y12- Proteintech, #11976-1-AP
PrP (POM1) (248)

PSD95- Millipore, MABNG8
SNAP-25- Cell Signaling, #3926

MCLING- Synaptic Systems
1.3.4 Flow cytometry antibodies list

CD11b-FITC- Biolegend, Clone M 1/70

25



GLAST-PE- MiltenyiBiotec
1.3.5 PCR primers

Clqa:

5" ATGGAGACCTCTCAGGGATGG3'(
sense),

3’ TCAGGCCGAGGGGAAAATGAS (a
ntisense);

Clqgb:

5 TGAAGACACAGTGGGGTGAGG3'(
sense),
3'TACGCATCCATGTCAGGGAAAA
5’(antisense);

Clqc:

5 ATGGTCGTTGGACCCAGTTG3 (se
nse),
3'CTAGTCGGGAAACAGTAGGAAAC
5’(antisense);

Gfap:
5" ATGGAGCGGAGACGCATCA3 (sen
se),
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3’ACATCACCACGTCCTTGTGCS (an
tisense);

Cd44:

5 GTTTTGGTGGCACACAGCTT3 (se
nse),
3'CAGATTCCGGGTCTCGTCAGS (an
tisense)

1.3.6 gPCR probes (Thermo Fischer):
Hmox1 #Mm00516005_m1

Fcrls #Mm00472833_m1

Cd44 #Mm01277161_m1

Clgb #Mm01179619 m1l

Gfap # Mm01253033_m1

Asb7 #Mm01318985_m1

Fam104a #Mm01245127_g1




1.4 Results

Paper 1: “Characterization of brain-derived extracellular vesicles reveals changes in
cellular origin after stroke and enrichment of the prion protein with a potential role in
cellular uptake”
e small BDEVs (diameter <200 nm) are highly enriched in ribosomal proteins
when compared to large BDEVs (diameter >200 nm);
e in steady-state conditions, microglia are the main contributors to the BDEVS’
pool;
e 24h after stroke/reperfusion, the BDEVs released from astrocytes are
significantly increased in stroke mice compared to shams;
e BDEVs are enriched in PrP¢ and its C1 fragment;
e 24h after stroke, PrPC is significantly increased in BDEVS;
e the presence of PrP¢ on the surface of BDEVs influences the uptake route of
the recipient cells.

Paper 2: “Multiplexed mRNA analysis of brain-derived extracellular vesicles upon
experimental stroke in mice reveals increased mRNA content related to inflammation
and recovery processes”
e 72h after stroke/reperfusion, BDEVs released by oligodendrocytes are
significantly increased in stroke mice compared to shams;
e 72h after stroke, BDEVs increase their content of mRNA related to
inflammatory and recovery processes;
e the mRNA of the top 5 most upregulated genes in BDEVs after stroke are
present as full-length;
e in BDEVs, the mRNA analysis with the Nanostring nCounter panels is feasible
even bypassing the RNA extraction from the EVs, thus eliminating steps from
the protocol.

Paper 3: “Brain-Derived Extracellular Vesicles in Health and Disease: A
Methodological Perspective”

e although all published protocols considered in our study were successful in
BDEVs isolation, the total number of proteins detected (and so, the
performance of each protocol) was different;

e differences are also reflected when GO pathways are compared between the
studies, as specific protein enrichment were differently distributed.

Paper 4: “CD73-mediated adenosine production by CD8 T cell-derived extracellular
vesicles constitutes an intrinsic mechanism of immune suppression”
e human activated CD8 T cells release EVs expressing CD73 with high
AMPase activity;
o the AMPase activity of CD8 T cells-derived EVs is sufficient to degrade the
AMP produced by the high ATPase activity of human Tregs;
e the interplay between CD8 T cells-derived EVs and Tregs lowers T cell
proliferation and function, controlling the immune response.
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1.5 Discussion

The studies included in this thesis focus on the characterization and the analysis of
BDEVs in steady-state conditions and at different time-points after stroke, and the
role of EVs in inflammation.

In this chapter, the results obtained from each study (summarized in chapter 1.4) will
be discussed as a whole and put into their scientific context and current knowledge.
Moreover, an outlook including ongoing and future directions of EVs research will be
provided.

-Proteomic characterization of BDEVSs in steady-state conditions

Until recently, most of the studies related to EVs in the CNS have been performed on
vesicles isolated from cell culture media and body fluids. The purification of EVs from
brain tissue has been increasingly used only in the last years, after 2012, when the
first protocol for isolation was published (6).

Isolating EVs from brain is challenging, as the first necessary step is to liberate them
from the network of glycosaminoglycans, proteoglycans, glycoproteins, and fibrous
proteins forming the ECM. This is generally achieved by mechanical disruption (i.e.,
the tissue being cut into small pieces) and enzymatic digestion. For the latter, the
two enzymes widely reported are papain (6), a cysteine protease found in papaya,
and collagenase (7), which breaks the collagen peptide bonds of the ECM. However,
due to the mechanical disruption, it is very difficult that after this step there is no
contamination with intracellular vesicles and membrane debris or the creation of
artifacts, such as synaptosome-like vesicles. Therefore several steps of
centrifugation, filtration, and gradient ultracentrifugation (among other approaches)
have to be introduced.

For our studies, we decided to use a recently (at that moment) published protocol
that used collagenase Il as the enzyme of choice, several centrifugation steps, and
a final ultracentrifugation with a sucrose gradient (7). We introduced some
modifications, such as a filtering step through a 0.2 um porous membrane to isolate
small BDEVs (sBDEVs). Because we wanted to know whether this modification was
leading to the isolation of different BDEVs populations, we performed quantitative
proteomic analysis. We found that, indeed, sBDEVs were particularly enriched in
ribosomal proteins, while the non-filtered larger BDEVs were enriched in proteins
associated with metabolic pathways (249). By searching recently published
literature, we found some studies that used our protocol with modifications, or a
completely different protocol using a precipitation method to isolate BDEVs (250). As
in these studies also proteomic data was published, we decided to address the
guestion of how the protocol influenced (if so) the protein cargo identified in BDEVS.
Thus, we compared the available proteomic raw data from three human and three
mouse studies, including our publication (249, 251)(Figure 7).
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Figure 7: Summarizing scheme of the protocols used for isolation of brain EVs in the studies
considered for proteomics comparison. (a) Schematic workflow in the mouse studies. (b) Schematic
workflow in human studies. Originally published in (251).

In general, collagenase was the chosen enzyme in all of the protocols (7, 249, 252,
253), except for one, where the tissue dissociation was performed only mechanically,
with a bullet blender homogenization (250). The following purification steps included
a series of centrifugations, membrane pore filtration through a 0.22 um filter, either
sucrose cushion or density gradients, size exclusion chromatography, or the
PROSPR method, which precipitate EVs using organic solvents. A summary of the
protocols is shown in Figure 7.

After re-analysis and comparison of the proteomic data from each study, we
observed some differences in both, the absolute humbers of proteins detected in
each study, and the enrichment of specific gene ontology pathways (GO terms).
Specifically, from the six studies, four (among them our study introducing the
filtration step) detected an enrichment of ribosomal-related proteins (Figure 8).

We observed that the studies showing an enriched presence of ribosomal proteins
shared major steps in the protocols, including ultracentrifugation with sucrose
gradients, suggesting that this step isolates BDEVs with similar characteristics
and/or contaminants. However, as not all the protocols were completely detailed,
differences among the six proteomic data sets could have also depended on other
aspects, such as the amount and area (especially in human samples) of tissue used
for EVs purification, the mass spectrometric strategy for the analysis, and the mass
spectrometer itself. Despite the massive advancement in the last few years in terms
of isolation techniques, the characterization and categorization of EVs is still a
challenge (28).

- Main cell contributors to the BDEV's* pool in steady-state conditions and after stroke

The cargo of EVs is cell type-dependent and reflects their cellular origin, but it is not
an easy issue to assess the cell contribution to the pool of EVs isolated from tissue.
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Figure 8: Bar charts showing the 15 most enriched GO Cellular Components (GOCCSs) in studies on
mice (on the left) and humans (on the right). The gene enrichment analysis was performed with
DAVID. Originally published in (251).

Only in a previous study by Silverman et al. (252), also considered in our proteomic
comparison study (251), the relative proportion of EVs derived from different brain
cell populations was assessed by flow cytometry (FCM). We decided to undertake a
different approach, by performing western of 2 specific membrane-bound protein
markers and analyze their relative enrichment in BDEVs compared to total murine
brain homogenates (249). The G-protein coupled P2Y receptor (P2Y12) and the
Transmembrane protein 119 (TMEM119) were used as microglial markers (254,
255), synapsinl and the Synaptosomal Nerve-Associated Protein 25 (SNAP25) as
neuronal markers (256, 257), PLP and 2'-3'-Cyclicnucleotide 3'-phosphodiesterase
(CNP) as oligodendrocytes’ markers (160, 258) and EAAT-1 and EAAT-2 as
astrocytic markers (259). We assessed that, in steady-state conditions, microglia
were the main contributor to the whole pool of BDEVs, as P2Y12 and TMEM119
were the most enriched in this fraction compared to the total homogenates. Contrary
to us, Silverman et al. detected enrichment of astrocytic and neuronal markers in
their pool of BDEVs in steady-state conditions. This difference could depend on the
isolation protocol used, as we included a further filtration step which probably
enriched for a different subpopulation of EVs. However, because of the detection
limit of FCM (400 nm for conventional FCM (260)), it is also plausible that this
technique might have excluded sBDEVs from the analysis, which were considered
debris. Unlike FCM, western blot analysis includes all the EVs. In our assessment,
we also considered that one of the proteins used as cell markers (e.g., P2Y12) could
be, per se, more loaded into EVs, without implying the presence of more EVs of
microglial origin in the pool of BDEVs. Therefore, we reasoned that by only using
one cell marker, this could be the case, but that the probabilities were reduced when
two specific cell markers significantly presented the same trend.
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Ischemic stroke has different phases (acute, subacute, and chronic) and the
molecular mechanisms that are detrimental in the acute phase can turn beneficial in
the recovery (subacute/chronic) phase of the disease (261). Moreover, different brain
cell types and infiltrating ones are involved, differently contributing to the progression
of the pathology over time (262). Interpreting how neurons and glial cells
communicate is of utmost importance for understanding the pathophysiology of
ischemic stroke and the inner mechanisms of recovery. By using the same
methodology as in steady-state conditions, we studied the cellular contribution to the
BDEVs pool 24h after stroke/reperfusion. By comparing EVs isolated from sham
controls to mice subjected to tMCAO, we observed that 24h after stroke, astrocytes
significantly increased their release of EVs. Additionally, we observed that 72h after
stroke/reperfusion, oligodendrocytes significantly increased their EVs release.
Astrocytes have several important functions in steady-state and pathological
conditions. They regulate synapses and synaptic transmission, immune response,
modulation of neuronal excitability, and BBB formation, among others (150, 151). In
early time points after stroke, they proliferate, become hypertrophic, and form the
glial scar (149, 150). But through EVs, they may also contribute to recovery
processes, as neurons exposed to reactive oxygen species (ROS) and hypoxic
conditions increased their survival after being incubated with EVs derived from
astrocytes (170). Moreover, it was shown that EVs released by astrocytes conferred
protection to neurons after OGD treatment, and this property was dependent on the
presence of PrP (247). After brain injury, astrocytes and microglia are in close
communication with each other, as it was shown that microglia activate astrocytes by
releasing inflammatory cytokines and in turn, activated astrocytes contribute to the
activation of distant microglia (101, 201, 203, 213, 214). Whether the astrocytic
BDEVs increase that we detected in brain 24h after stroke is related to the formation
of the glial scar, neuronal survival, or microglial activation, clearly needs further
investigations.

Oligodendrocytes are the myelinating cells of the CNS and, besides that after
ischemic damage, oligodendrocytes progenitor cells (OPCs) migrate into the
penumbra to proliferate and start the remyelination process (154), not much is
known about their role after stroke. However, it has been shown that after OGD
treatment, neurons can be rescued by oligodendrocyte-derived EVs (210).
Oligodendrocytes are also in close communication with microglia, as microglial
phagocytosis can be promoted by chemokines and other factors (possibly EVS)
released by oligodendrocytes (211). 72h after stroke is a time when recovery
processes start to take place, so the increase of EVs derived from oligodendrocytes
that we observed at this time-point in brain might be related not only to the neuronal
remyelination, but also to neuronal survival and removal of debris, probably via
interaction with microglia.

Overall, our results show that there is a high dynamism among brain cell populations
after stroke and that BDEVs clearly contribute to the communication among them.
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-Transcriptomic analysis of BDEVs after stroke

The pivotal role of microglia 72h after stroke is suggested also by our analysis of the
RNA content of BDEVs at this time-point, as we detected that most of the
upregulated mRNA in tMCAO mice could be ascribed to microglia.

In this study, we focused on the analysis of the mMRNA content of brain EVs 72h after
stroke, comparing BDEVs isolated from tMCAO mice to BDEVs isolated from sham
mice. We applied a targeted approach using the nCounter© Neuropathology Panel,
which allows the simultaneous analysis of 770 genes related to neurotransmission,
neuron-glia interaction, and neuroinflammation, among others. We observed that the
most upregulated mRNAs in EVs 72h after stroke were related to inflammatory
response, stress defense, and recovery processes, and that 13 out of the 20 most
upregulated mRNAs that could be ascribed to a cell type, belonged to microglia. The
upregulation of the highest top hits, Hmox1, Cd44, Clq, and Gfap, was further
confirmed via gPCR and, interestingly, the mRNA was present in full-length in
BDEVs, as we could assess by PCR of their open reading frames (ORFs). A few
studies reported that the mRNA in EVs is mainly fragmented (263, 264), yet another
study performing RNAseq identified full length mRNA (up to 19.000 bp) in EVs
isolated from human blood (265). Another study showed that most full-length mRNAs
are less than 1 kb (264), even though, similarly to viruses, longer sequences could
be packed if condensed (266). In our case Gfap, with approximately 1.5 kb, was
present in BDEVs in full-length.

From a methodological point of view, since these panels can also work bypassing
the prior step of MRNA isolation, we wanted to investigate if this was also applicable
to BDEVs samples, as it has been used so far only in cellular approaches. And
indeed, even when incubating the nCounter panels circumventing the mRNA
extraction, we obtained similar results to the panels incubated with isolated mRNA,
proving the effectiveness of the panel in these settings. This represents a technical
advantage as it eliminates non-necessary steps from the protocol, decreasing
variability and increasing the chances to detect species that otherwise would be lost.
Recent studies using these panels to analyze EVs isolated from human plasma
samples and cell cultures supernatants reported the need for intermediate steps,
such as RNA retro-transcription and cDNA amplification, as the amount of EVs
obtained was too low (267, 268). Since the analysis of RNA from EVs is still a
problem in the EVs’ research field (269), our results by studying mRNA from EVs
obtained from complex tissues represent an important advance for the field, as we
gain more knowledge about available tools and techniques to analyze EVs’ mRNA.
As already discussed in the previous paragraph, we showed that small BDEVs were
enriched in ribosomal proteins when compared to not filtered (larger) BDEVs (249).
In the transcriptomic analysis, when comparing small EVs (<200 nm) and larger EVs
(=200), we did not detect differences in amounts of mMRNA. Although we cannot rule
out the possibility of technical issues (i.e. the increased amounts of proteins due to
the inclusion of larger BDEVs could partially impair mRNA binding to their targets),
this could imply that small EVs carry the majority of mRNAs. In this line, a study
investigating EVs from cell lines demonstrated that RNA was mainly carried by
exosomes, included in the category of small EVs, thus confirming our data (90).
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Since BDEVs have been found to carry tRNA (270), it could be hypothesized that
BDEVs, unlike EVs isolated from cell lines (10), can deliver most of the translation
machinery plus the full-length mRNA to the recipient cells.

Full-length mRNAs in EVs could potentially be translated in the recipient cells and
therefore be a source of new proteins. However, to be functional, the mRNA in the
EVs must reach the cytoplasm of the recipient cell, which is feasible when the
vesicle enters via fusion, but more challenging when the EVs enter via the endocytic
pathway, as an “endosomal escape” is then necessary. The transfer of EVs’ RNA
(and their cargo in general) is difficult to assess, as there is a lack of stoichiometry in
experiments and reliable assays to determine cargo’s activity (271). Moreover, EVs
isolated with different protocols and techniques carry different types of contaminants
(e.g RNA-protein complexes) that can bias the experiments. EVs usually carry both,
the mRNA and its translated protein, complicating the assessment of direct
translation in the recipient cells (272). Thus, studying the biological relevance and
proving the functionality of the EVs’ mRNA (and other RNA) content is still a major
challenge in the field, and while some studies reported the translation in recipient cell
of mMRNA transferred via EVs (10, 273), other studies point out that this process is
minor, if not undetectable (82, 274). We tried to make a rough estimation of the ratio
MRNA per EVs in our study, by using the full-length mRNA with the highest counts
(Gfap) and the amount of EVs used to load the panel. This resulted in a ratio of
approximately 1 mRNA copy every 19.000.000 EVs. Another study estimated from 1
copy every 1000 EVs for the most abundant mRNA, to 1 copy in a million EVs for
some RNA species (264). Thus, the possible biological relevance of full-length
MRNASs present in these relatively low amounts is difficult to assess, considering our
current knowledge and the available tools for analysis.

-Role of EVs in the immune response

As discussed in chapter 1.1.8, the dying cells in the ischemic core release ATP,
which activates microglia, triggering inflammation (199). The release of extracellular
ATP during inflammation is favoured by immune cell activation, cellular stress, or
metabolic changes and, to avoid unnecessary damage to healthy tissue, it is of
utmost importance that it is rapidly metabolized and degraded by specific enzymes
(275). CD39 is an ecto-nucleotidase that dephosphorylates ATP and ADP to
AMP(275). CD73, an ecto-5"-nucleotidase, then converts AMP to adenosine, which
limits inflammation (275). Regulatory T cells (Tregs) can suppress the immune
response by inhibiting T cell proliferation and cytokine production (276). While
mouse Tregs express both CD39 and CD73, human Tregs almost do not express
CD73 (277, 278). Therefore, it is not known how Tregs in humans perform their
immunosuppressive function. In our study, we demonstrated that the amounts of
CD73 contained in EVs released upon activation of CD8 T cells, are sufficient to
degrade the AMP produced by the high ATPase activity of Tregs (279). The interplay
between these cells warrants sufficient immune suppression, as it lowers T cell
proliferation and function. We hypothesized that, even though CD73 has a higher
enzymatic activity in its soluble form, the EVs-bound form could be an advantage, as
it has an extended half-life and presumably a better distribution through body fluids.
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Moreover, we analyzed EVs isolated from the synovial fluid (SF) of patients with
juvenile idiopathic arthritis (JIA) ) to assess the above-mentioned results in the frame
of human inflammation. We found that EVs isolated from the SF also carried CD73.
These EVs were mainly released by T cells (as they also carried CD8), endothelial,
and mesenchymal stem cells. When incubated in vitro, they promoted T cell
activation and proliferation, probably due to their cargo of cytokines and growth
factors (280). However, after the addition of an inhibitor of adenosine deaminase
(ADA), which degrades adenosine, and ATP to enhance the purinergic signaling
cascade, these EVs showed immunosuppressive activity (279), similarly to CD73-
containing EVs released by tumor cells (281). Thus, in sites of inflammation and
ischemia, an environment enriched in ATP, the purinergic signaling cascade is
pivotal for immune regulation, and EVs play a key role in this process.

-The function of PrP in EVs

Since PrP is a known resident of EVs and is neuroprotective in ischemic conditions,
we investigated the presence and the role of PrP in BDEVs from healthy mice and
mice subjected to tMCAO (249). Western blot analyses of BDEVs isolated from
healthy WT mice revealed enrichment of PrP in the EVs’ fractions when compared to
total brain homogenates. Interestingly, the pattern of PrP in EVs was different
compared to the total homogenates when using a specific antibody against the C-
terminal part of the protein (248). A previous study reported that PrP present in EVs
was largely not recognized by antibodies against the N-terminal of the protein,
suggesting cleavage (234). After treatment with PNGase to remove N-linked
glycans, we could observe that the prominent band detected at 34 kDa in BDEVs
was the C1 fragment. Thus, we concluded that BDEVs carry mainly PrP-C1 and full-
length PrP, both in their di-glycosylated form. The hydrophobic domain N-terminally
exposed by C1 after a-cleavage reminds of some fusion peptides of viral surface
proteins (224), which allow viruses to dock and fuse with the host cells. The
comparison between EVs and viruses traces back to 1975 (282), as it was already
observed that they share many similarities (266, 283). Thus, we hypothesized that a
possible role for C1 on BDEVs could be the tethering of EVs to recipient cells and/or
facilitating their uptake, similarly to what is observed for viral proteins. We incubated
labeled BDEVs with primary neurons and we observed that already one hour after
incubation BDEVs isolated from PrP% mice were readily taken up by neurons and
glial cells in higher amounts than BDEVs isolated from WT mice. The WT EVs
presented a rather diffuse staining surrounding the plasma membrane, while PrP-KO
EVs were rapidly colocalizing with lysosomes. Our data suggest that the presence of
PrP and/or PrP-C1 indeed influences fusion events. On the one hand, we observed
a more diffuse staining at the plasma membrane when primary neurons were
incubated with WT BDEVSs. On the other hand, PrP-KO BDEVs were delivered to late
endosomes/lysosomes. This indicates that PrP is either enhancing the fusion of EVs
at the plasma membrane, or the fusion at endocytic compartments (i.e. endosomal
escape), and that only when PrP is missing, EVs end up in the lysosomes (Figure 9).
However, it is worth mentioning that WT BDEVs were found (at later time points)
also colocalizing with lysosomes, indicating that most likely the balance between

34



fusion/endocytosis is not only dependent on PrP/PrP-C1, but also on other
proteins/ligands.
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Figure 9: Schematic representation of the differential uptake of WT BDEVs and PrPKO BDEVs,
probably influenced by PrP. WT-sEVs (small EVs, on the left) carry both fl-PrP and its C1 fragment.
These EVs seemingly fuse with the plasma membrane (PM). PrP-KO EVs (on the right) are rather
endocytosed and transported to lysosomes (red circles). Lysosomes containing EVs are coloured in
yellow. Originally published in and modified from (249).

Likewise, we cannot rule out that an altered EVs’ lipid composition can be
responsible for the differential uptake, as it has been shown in vitro that membrane
detergent-resistant domains can be modified by the presence of GPIl-anchored
proteins, such as PrP (284). Therefore, the lack of PrP could influence the type of
lipids present in the BDEVs. A previous study reported that for EVs’ fusion with
purified membrane sheets in a cell-free system, both, the presence of proteins on
both surfaces and an acidic pH were necessary (285). As discussed above, how the
EVs are taken up by recipient cells is still poorly understood (271), and further
studies are clearly necessary to define the possible role of PrP in the EVs’ uptake
process.

We observed that 24 h after stroke, the amount of PrP is further increased in stroke
BDEVs compared to shams. Interestingly, another study showed that EVs released
by astrocytes were protective when delivered to primary neurons under ischemic
conditions and that this protective effect was dependent on the presence of PrP on
EVs. In the same study, the authors also found that after OGD, the amounts of PrP
in astrocyte-derived EVs were increased. Apart from the increase of BDEVs-
associated PrP after stroke, we also observed an increase in EVs released by
astrocytes (249). Due to technical limitations, we could not assess the cell origin of
the BDEVs that presented PrP increase, however, the fact that (i) astrocytic EVs are
increased and (ii) PrP is increased in BDEVs after stroke, could represent a
protective mechanism in the acute phase after stroke and it may have functional
consequences in intercellular communication, as it influences the BDEVs uptake.
Nevertheless, further studies are necessary to clarify the role of BDEVs-associated
PrP.
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-Conclusions and future perspectives

Since the publication of the first isolation protocol (6), BDEVs have become
important tools for studying intercellular communication in both, healthy and
diseased brain. Being the EVs’ research field relatively young and rapidly growing,
there is a major need for protocol and experimental standardization. As highlighted
by our proteomic comparison study, it is important for the sake of reproducibility, to
report the exact experiment parameters, such as protein amounts, tissue brain
regions, etc., for reliable and reproducible results.

In our studies, we have analyzed BDEVs from WT brains by proteomics, and BDEVs
from stroke and sham mice with a transcriptomic approach. Proteomic, lipidomic,
and metabolomic analyses at different time points after stroke (from the acute to
recovery phase) are still necessary to picture a full overview of the EVs’ content. We
expect that this kind of study will help us in the understanding of brain
communication after ischemic injury, increasing the knowledge of underlying
processes in stroke, but also leading to the discovery of new potential therapeutic
targets.

However, there are still a lot of open questions about the basic EVs’ biology. To
bestow them a clear function, one of the main questions to be solved is where does
the cargo go, and how it is taken up by recipient cells (271). Since EVs and viruses
share similarities (266), and in the latter the entry cell mechanism has been
extensively studied for years, it seems logical to learn from the virology field when
trying to find answers for EVs’ research.

As the study of EVs is so young and there are so many unexplored territories, it
represents a fantastic opportunity to bring together different research fields with their
specific background and expertise. Only with a highly collaborative spirit this
promising field will advance in the exploration of new biomarkers and future
therapies.
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2. List of abbreviations
AB

AD
ADAM10
AEA
ApoEVs
APP
ATP
BBB
BDEVs
BDNF
BMDC
BSE
Cas9
CAV-1
CJD
CNS
CSF
DAMPS
dsDNA
EAAT
ECM
EE

EPC
EVs
GABA
GBM
GDNF
GLT-1
HDL

Amyloid B peptide
Alzheimer’s disease
A disintegrin and metalloproteinase 10

N-arachidonoylethanolamine

Apoptotic cell-derived extracellular vesicles

Amyloid precursor protein
Adenosine triphosphate
Blood-brain barrier

Brain-derived extracellular vesicles
Brain-derived neurotrophic factor
Bone marrow-derived dendritic cell
Bovine spongiform encephalopathy
CRISPR associated protein 9
Caveolin-1

Creutzfeldt-Jakob disease

Central nervous system
Cerebrospinal fluid
Damage-associated molecular patterns
Double strand DNA

Excitatory amino acid transporter
Extracellular matrix

Early endosomes

Endothelial progenitor cell
Extracellular vesicles
y-aminobutyric acid

Glioblastoma

Glial cell-derived neurotrophic factor
Glutamate transporter 1

High-density-lipoprotein
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hiPSC
hnRNPs
HSPs
HSPGs
ICAM-1
IDL
IGF-1
IGF1R
ILVs

IS

ISEV
LDL

LE
LFA-1
INcRNA
MHC
MLC
mMiRNA
MS
MtRNA
MVB
MVE
NDs
NMDARs
NPCs
NVU
OGD
OPCs
PAMPS

human-induced pluripotential stem cell
heterogeneous nuclear ribonucleoproteins
heat shock proteins

heparan sulphate proteoglycans

immunoglobulin Intercellular adhesion molecule 1

Intermediate density lipoprotein
Insulin-like growth factor-1
Insulin-like growth factor-1 receptor
Intraluminal vesicles

Ischemic stroke

International society for extracellular vesicles

Low density lipoprotein
Late endosomes
Lymphocyte function-associated antigen 1
Long non-coding RNA

Major histocompatibility complex
Myosin light chain

microRNA

Multiple sclerosis

Mitochondrial RNA

Multivesicular bodies
Multivesicular endosomes
Neurodegenerative diseases
N-Methyl-D-Aspartate Receptors
Neural progenitors cells
Neurovascular unit
Oxygen-glucose deprivation
Oligodendrocytes progenitors cells

Pathogen-associated molecular patterns
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PD
pMCAO
PNS
PrP

PS
RBPs
SD
SEC
SM
TCR
TFF
TGFBR1
tMCAO
ucC

UF
VLDL
YBX1

Parkinson’s disease

Permanent middle cerebral artery occlusion
Peripheral nervous system

Prion protein

Phosphatidylserine

RNA-binding proteins

Spreading depolarizations

Size exclusion chromatography
Sphingomyelin

T cell receptor

Tangential flow filtration

Transforming growth factor beta receptor 1
Transient middle cerebral artery occlusion
Ultracentifugation

Ultrafiltration

Very low density lipoprotein

Y-box binding protein 1
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ABSTRACT

Extracellular vesicles (EVs) are important means of intercellular communication and a potent tool for
regenerative therapy. In ischaemic stroke, transient blockage of a brain artery leads to a lack of glucose
and oxygen in the affected brain tissue, provoking neuronal death by necrosis in the core of the
ischaemic region. The fate of neurons in the surrounding penumbra region depends on the stimull,
including EVs, received during the following hours. A detailed characterization of such stimuli is crucial
not only for understanding stroke pathophysiology but also for new thesapeutic interventions. In the
present study, we characterize the EVs in mouse brain under physiological conditions and 24 h after
induction of transient ischaemia in mice. We show that, in steady-state conditions, microglia are the
main source of small EVs (sEVs), whereas after ischaemia the main sEV population originates from
astrocytes. Brain sEVs presented high amounts of the prion protein (PrP), which were further increased
after stroke. Moreover, EVs were enriched in a proteolytically truncated PrP fragment (PrP-C1). Because
of similarities between PrP-C1 and certain viral surface proteins, we studied the cellular uptake of brain-
derived sEVs from mice lacking (PrP-KO) or expressing PrP (WT). We show that PrP-KO-sEVs are taken up
significantly faster and more efficiently than WT-EVs by primary neurons. Furthermore, microglia and
astrocytes engulf PrP-KO-sEVs more readily than WT-sEVs. Our results provide novel information on the
relative contribution of brain cell types to the sEV pool in murine brain and indicate that increased
release of sEVs by astrocytes together with elevated levels of PrP in sEVs may play a role in intercellular
communication at early stages after stroke. In addition, amounts of PrP (and probabty PrP-C1} in brain
sEVs seem to contribute to regulating their cellular uptake.
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Introduction apoptotic vesicles (ApoEVs; 1,000-5,000 nm; released
from cells undergoing apoptosis) are subtypes of EVs,
An increasing amount of evidence shows that EVs play
important roles in physiological and in pathological
conditions [7-9]. Moreover, they are considered as

Extracellular vesicles (EVs) are lipid bilayer structures
released from probably almost all types of cells, that
carry biologically active molecules, such as proteins,

lipids, and extracellular RNAs (e.g. mRNA, miRNA,
tRNA and YRNA), and are capable to elicit responses
in the receptor cells [1,2]. Although once considered as
“platelet dust” or “trash cans”, EVs are currently
regarded as potent means of intercellular communica-
tion and currently represent an intense field of research
[3-6]. Exosomes (with a size of 40-150 nm; originating
from multivesicular bodies), microvesicles (150~
1,000 nm; shed from the plasma membrane) and

potential disease biomarkers and, given their ability to
cross the blood-brain barrier (BBB), are also investi-
gated as tools for tissue- or cell-specific delivery of a
therapeutic cargo [10-14].

Stroke is the second most common cause of death
and the main cause of disability worldwide, being
responsible for -6 million deaths in 2016 (http://
www.who.int/en/news-room/fact-sheets/detail/the-top-
10-causes-of-death), Ischaemic stroke accounts for 87%
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of cases and is caused by an occluded brain artery,
which leads to a temporary lack of glucose and oxygen
supply in the affected brain region. Neurons - the most
susceptible brain cell population - that are at the core
of the stroke will die by necrosis, whereas neurons
located in the periphery (penumbra) will enter into
electrical silence and, depending on many factors, will
cither die or survive within the following hours and
days [15,16]. The pathophysiology of stroke is very
complex and involves several mechanisms such as exci-
totoxicity and neuroinflammation [17-19]. At present,
the only therapeutic approach is recanalization and
treatment with recombinant tissue plasminogen activa-
tor (rtPA). The latter has a very limited time window of
4.5-6 h after stroke and, thus, only 20% of the stroke
patients can benefit from it [20]. Hence, there is an
urgent need for novel therapeutic options to be used
after this time period. At present, EVs are regarded as
tools for regenerative therapy after stroke [21,22].

The cellular prion protein (PrP) is enriched in EVs
isolated from cerebral spinal fluid (CSF) and neuronal
cells [23-25]. PrP is a cell surface N-glycosylated, GPI-
anchored protein mainly located in detergent-resistant
domains (also known as lipid rafts) [26], which are
important for the biogenesis of EVs [27,28]. Although
PrP is highly conserved through evolution and many
functions have been suggested, the exact physiological
role of PrP is still not well-defined, mainly because
knock-out mice for PrP do not present major deficien-
cies [29,30]. However, under ischaemic conditions, it
has been shown that PrP has a protective role. Thus, in
mouse models of stroke, PrP-deficient (PrP-KO) mice
present an increased stroke volume compared to wild-
type (WT) mice [30,31), which can be rescued by PrP
overexpression [32,33]. Moreover, mice overexpressing
PrP showed improved long-term neuronal recovery
after stroke, which was associated with increased
neuro- and angiogenesis [34]. Interestingly, in mouse
models of ischaemia, but also in brains from patients
suffering from stroke, an increase of PrP has been
observed at the penumbra area, probably as an attempt
to decrease the oxidative stress [35-37]. Last but not
least, exosomal PrP secreted by astrocytes under
ischaemic conditions had a protective effect on ischae-
mic neuronal cerebellar cells, but this protection was
eliminated when exosomes were exempt from PrP [38].
PrP undergoes several physiological cleavages that are
highly conserved in mammals, including the a- and p-
cleavage, and shedding near the GPI anchor, which
may account for the myriad of functions attributed to
PrP [39-41]. The fact that a-cleavage, leading to the
formation of a released neuroprotective N1 fragment
and a membrane-attached C1 fragment, seems to be
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performed and ensured by several (yet-to-be-identi-
fied) proteases, provides an idea of its biological impor-
tance [39,42],

Because of the potential of EVs in stroke therapy
(21,43], further understanding and characterization of
brain-derived EVs in physiological and under stroke
conditions becomes necessary. With this aim, and tak-
ing advantage of the recently developed protocols to
isolate EVs from brain tissue [44), we show here that
(i) microglia are the main cell population to release
small EVs (i.e. EVs < 200 nm; sEVs) in steady-state
conditions, (ii) brain-derived sEVs are enriched in PrP
and, seemingly, in its truncated C1 fragment, and (iii)
this may influence the cellular uptake of EVs,
Moreover, (iv) lack of PrP on sEVs is a possible factor
that increases their uptake by neurons, microglia, and
astrocytes. Finally, (v) in a mouse model of stroke,
astrocytic contribution to the sSEV pool as well as levels
of PrP on brain sEVs are significantly increased after
24 h of reperfusion. We hypothesize that regulating the
amounts of PrP, and particularly PrP-Cl1, is a mechan-
ism to modulate EVs uptake and cargo destination by
brain cells that may be employed therapeutically in the
future. Moreover, a deeper understanding of the
increased astrocytic release of EVs in reaction to stroke
could lead to a targeted therapy.

Material and methods
Ethics statement

All animal experiments have been conducted after the
approval of the local animal care committees (Behorde fiir
Lebensmittelsicherheit und Veterindrwesen Hamburg,
project number: N45/2018) and in accordance with the
guidelines of the animal facility of the University Medical
Center Hamburg-Eppendorf (UKE).

Transient middle cerebral artery occlusion (tMCAO)

The tMCAO was performed as previously described in
detail [19]. Three-month-old male mice were used for
the procedure. tMCAQO was achieved by using a 6-0
nylon monofilament to stop the blood supply for
40 min. In the control group (“sham”), animals were
also anesthetized, and the arteries were visualized but
not disturbed.

Isolation and purification of brain EVs

EVs were isolated from brain as previously described
[44] with some modifications. Briefly, frozen brains
(either full brain without cerebellum (between 0.31



and 0.33 g) or half of an hemisphere, ipsilateral to
tMCAO (between 0.16 and 0.18 g)), stored for not
more than one month) from C57BL/6 WT or Prup™®
(PrP-KO) mice [45] (aged between 12-18 weeks) were
gently chopped in few drops of Hibernate-E (Gibco)
and transferred to a 15 mL tube containing 75 U/mL
of collagenase type I1I (Worthington) in Hibernate-E
at a ratio of 800 uL buffer per 100 mg of brain, and
incubated in a water bath at 37°C for 20 min.
Alternatively, some samples were incubated with
75 U/ml of collagenase type IV (Worthington).
During this time, the tube was mixed by inversion
every 5 min and pipetted up and down using a
10 mL pipette. Immediately after, the tube was
returned on ice and proteinase inhibitors (Complete
Protease Inhibitor Tablets, Roche) were added. The
sample was then centrifuged at 300xg for 5 min at 4°C
and the supernatant collected and further centrifuged
at 2,000xg for 10 min at 4°C.

The 2000xg supernatant was again collected and cen-
trifuged at 10,000xg for 30 min at 4°C. To isolate small
extracellular vesicles (sEVs), the supernatant was passed
through a 0.22 um sodium acetate filter (GE Healthcare).
The resulting flow-through (filtered) or supernatants that
were not passed through the filter (non-filtered) was
layered on top of a sucrose gradient (0.6 M, 1.3 M,
25 M). The gradient was centrifuged at 180,000xg
(31,800 rpm in SW40Ti rotor) for 3 h at 4°C and six
fractions of 2 mL each were collected, diluted in PBS, and
further centrifuged at 100,000xg (24,000 rpm in SW40Ti
rotor) at 4°C for 70 min. The final pellet was then resus-
pended in PBS (for NTA measurements and labelling) or
RIPA buffer (for western blots), containing protease and
phosphatase inhibitors (PhosSTOP Tablets, Roche). For
some experiments, the 300xg pellet (P1) was also collected
and further homogenized with RIPA buffer (50 mM Tris-
HCl pH = 74, 150 mM NaCl, 1% NP40, 0.5% Na-
Deoxycholate and 0.1% SDS) containing protease inhibi-
tors, and either non-centrifuged or centrifuged at
10,000xg.

To calculate the density of the sucrose gradient, the six
fractions obtained after ultracentrifugation were analysed
with an Abbemat 550 refractometer (Anton Paar).

For EVs isolation from media supernatants of
mouse neuroblastoma (N2a) cells and a murine hippo-
campal cell line (mHippoE-14), 15 cm dishes with 80%
confluent cells were incubated 24 h with serum-free
Opti-MEM (Gibco). After collecting the conditioned
media and addition of protease inhibitors, serial cen-
trifugations at 300xg, 2,000xg and 10,000xg were per-
formed with the corresponding supernatants as
previously described [46]. After a final centrifugation
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at 100,000xg (24,000 rpm in SW40Ti rotor) for 70 min,
pellets were collected in RIPA buffer and further pro-
cessed for PNGase digestion and SDS-PAGE and wes-
tern blot (see below).

Nanoparticle tracking analysis (NTA)

Resuspended pellets resulting from the 100,000xg cen-
trifugation step were used for NTA. Briefly, 1 pL of the
final pellet suspension was diluted at 1:5,000 for non-
filtered EVs and 1:1,000 for filtered EVs in PBS and
500 puL were loaded into the sample chamber of an
LM10 unit (Nanosight, Amesbury, UK). Ten videos of
ten seconds were recorded for each sample. Data ana-
lysis was performed with NTA 3.0 software
(Nanosight). Software settings for analysis were as fol-
lows: detection threshold = 6, screen gain = 2.

Fluorescence labelling of EVs

EVs from pooled fractions 3 and 4, in a concentration
of 10"/ml, were incubated with 5 nM of mCLING
(Synaptic Systems) on ice and in the dark for 5 min.
After incubation, the reaction was stopped by adding
1% BSA in PBS. The unincorporated dye was then
removed from labelled EVs by centrifugation at
100,000xg at 4°C for 70 min. The final pellet was
resuspended in PBS and immediately used for the
experiments. As a control, 5 nM of mCLING incubated
in PBS without EVs followed the same procedure as
described above.

Primary neuronal culture

Primary hippocampal neurons were prepared at P(-P2
as previously described [47]. Briefly, animals were
decapitated, the brain was rapidly excised and cleaned
from meninges and choroid plexus. Hippocampi were
isolated and digested for 30 min at 37°C in 10 mM
glucose (500 pl/brain) containing 25 U of papain
(Sigma) and 20 pg/mL DNAse (Sigma). Cells were
washed several times with plating medium (MEM
(Gibco), 10 mM glucose and 10% horse serum) and,
after the last wash, cells were mechanically dissociated.
100,000 cells were plated in 12-well plates containing
plating medium and poly-L-lysine-coated 13 mm dia-
meter coverslips. After 5 h, the media was changed to
Neurobasal-A medium (Gibco) supplemented with 1%
B27 (Thermo Fisher), 0.5% Glutamax (Gibco) and
0.1% Gentamicin (Gibco). After 24 h, arabinoside-C
(ARA-C, Tocris) was added at a concentration of
15 uM to prevent mitotic proliferation of non-neuronal
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cells. Neuronal cultures were kept at 37°C in 5% CO,
for 14 days and half of the medium was replaced every
3 days.

Co-culturing of neurons with an astrocytic feeder
layer

For the co-culture, an astrocyte feeder layer was pre-
pared 21 days in advance from PO/P1 WT mouse pups.
Briefly, after isolating the brain and cleaning meninges
and choroid plexus, the cortex was removed and put in
GGM (Glial Growth Medium: DMEM (Gibco) supple-
mented with 1.35% glucose, 1% pen/strep and 10%
FCS). After addition of pre-warmed 0.25% trypsin
(Sigma), the tissue was digested for 15 min at 37°C in
a water bath while shaking (300 rpm). After that,
50 pg/mL of DNAse I (Sigma) was added for 1 min
and the enzymatic reaction was stopped by adding 4
volumes of GMM. Cells were then washed twice with
GGM by centrifuging 5 min at 180xg, the cell suspen-
sion was passed through a 70 um cell strainer and the
final cell suspension was plated in T75 flasks
with GMM.

For neuronal preparation, PO mice pups were used
as previously described [48]. Briefly, after extracting
the brain and cleaning from meninges and choroid
plexus, the isolated hippocampi were digested at 37°C
for 15 min in dissection media (1x HBSS (Gibco), 1%
pen/strep, 10 mM HEPES (Gibco) and 0.6% glucose)
containing pre-warmed 0.25% trypsin (Gibco). After
the enzymatic digestion, DNAse 1 (20 pg/mL) was
added and incubated at RT for 1 min. GMM was
added to quench the enzymatic reaction. Cells were
then centrifuged for 5 min at 180xg. The resulting
pellet was gently triturated in Neuronal Maintenance
Medium (NMM, Neurobasal medium (Gibco) contain-
ing 1% glutamax (Gibco), 2% B27 (Gibco) and 1% pen/
strep) using a 5 mL pipette followed by a 1 mL pipette.
Cells were then centrifuged again for 5 min at 180xg.
The pellet was resuspended in NMM and passed
through a 70 pm cell strainer. About 40,000 cells were
plated in 24-well plates containing pre-coated poly-L-
lysin coverslips and NMM. After 2 h, the coverslips
were inverted on the top of the pre-cultured feeder
layer with a wax-dot spacer in between, After 24 h,
the mitotic inhibitor FUDR (2'-Deoxy-5-fluorouridine;
Sigma) was added in a concentration of 10 puM.
Neuronal cultures were kept at 37°C in 5% CO, for
14 days and half of the medium was replaced every
3 days.
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Mixed glia culture

Mixed glia cultures were prepared from P0-P2 mice
pups. Briefly, animals were decapitated, the brain
excised and cleaned from meninges. The cortex was
isolated and washed twice with HBSS (Gibco) contain-
ing 10 mM HEPES by centrifuging at 310xg for 5 min
at 4°C, The tissue was then incubated in digestion
solution (HBSS-HEPES 10 mM containing 25 U of
papain (Sigma) and 10 pg/mL DNAse) at 37°C for
30 min. Plating media (BME (Gibco) with 10% FCS
and 0.1% gentamycin (Gibco)) was added to stop the
digestion reaction. Cells were then further centrifuged
for 5 min at 310xg, the pellet resuspended in the plat-
ing media using a Pasteur pipette and passed through a
70 pum cell strainer. Cells were then plated in T25 flasks
or in 12-well plates.

Immunocytochemistry, confocal and STED
microscopy

Neurons were incubated for 1, 3, or 6 h with 5 pL
(containing about 2.6 x 10* particles as measured with
NTA) of sEVs isolated either from WT or PrP-KO
brains, previously labelled with mCLING as described
above. For the co-culture system, coverslips containing
neurons were transferred to another well where the
incubation with EVs was taking place without potential
influence by the astrocytic feeder layer. After incuba-
tion, neurons were fixed with 4% PFA and 0.2% glu-
taraldehyde in PBS for 10 min, permeabilized for
10 min with 0.5% saponin in PBS, blocked for 30 min
with 1% BSA in PBS-Tween (0.1%) and then incubated
for 1 h with the primary antibodies (the lysosomal
marker LAMP-1 (Invitrogen, 4-1071-82, 1:500), the
microglia marker IBA1 (Wako, 019-19,741, 1:500), or
the neuronal marker MAP2 (Sigma, M9942, 1:500)
diluted in PBS-0.1% BSA. The coverslips were then
washed three times with PBS and incubated either
with the secondary antibody Alexa Fluor donkey anti-
rat 488 (Life Technologies, A21208), Alexa Fluor don-
key anti-rabbit 555 (Life Technologies, A31572) or
Alexa Fluor donkey anti-rat 555 (Abcam, ab150154,
1:500). Actin labelling was performed by adding at
this step Phalloidin-iFluor 488 (Abcam, abl176753,
1:500) diluted in BSA 0.1% in PBS. The coverslips
were washed three times with PBS and mounted with
DAPI Fluoromount-G  (SouthernBiotech, 0100-20).
Between 15 and 20 pictures of randomly chosen single
neurons per experiment were taken with the 63x
immersion oil objective and at a magnification of 3x



with a Leica TCS SP8 confocal microscope. The signal
of the 633 nm wavelength corresponding to EVs was
quantified and referred to the neuronal cell body area
using Image] Fiji. Experiments were repeated three
times for each time point.

For STED microscopy 15 pL of sEVs labeled with
mCLING as previously described, were placed on a
coverslip and then mounted with solid mounting med-
ium (Abberior).

STED and corresponding confocal microscopy were
carried out in sequential line scanning mode using an
Abberior STED expert line microscope. This setup was
based on a Nikon Ti-E microscope body and employed
for excitation and detection of the fluorescence signal
at 60x (NA 1.4) P-Apo oil immersion objective. One
pulsed laser was used for excitation at 640 nm and
near-infrared pulsed laser (775 nm) for depletion, The
detected fluorescence signal was directed through a
variable-sized pinhole (set to match 1 Airy at
640 nm) and detected by novel state of the art ava-
lanche photo diodes APDs with appropriate filter set-
tings Cy5 (615-755 nm). Images were recorded with a
dwell time of 3 ps and the pixel size was set to be
20 nm. The acquisitions were carried out in time gating
mode, i.e. with a time gating width of 8 ns and a delay
of 781 ps. After acquisition images were displayed and
analysed by the freeware Image] Fiji.

Flow cytometry

Mixed culture glia cells were incubated with 5pl. (con-
taining about 2.6 x 10° particles as measured with NTA)
of WT or PrP-KO sEVs labelled with mCLING for 3 h.
Cells were then trypsinized and transferred to FACS
tubes containing FACS buffer (PBS with 1 mM EDTA
and 0.2% BSA). Cells were centrifuged for 5 min at 4°C
at 310xg, washed in FACS buffer and centrifuged again.
Cells were stained for 30 min on ice with anti-CD11b-
FITC (1:100; Clone M 1/70, Biolegend) and anti-GLAST-
PE (1:100; MiltenyiBiotec) in the presence of Fc Block
(1:100; Bio X Cell) in FACS buffer, washed two times
with FACS buffer and finally resuspended in 200 ulL of
FACS buffer. Measurements were done with a BD
FACSCanto™ I and analysed with FlowJo.

Western blot

The total protein content in total homogenates (TH),
300xg pellets and cell lysates (CL) was assessed with the
Pierce BCA Protein assay kit (Thermo Scientific) fol-
lowing the instructions of the supplier. For brain-
derived EVs, brain-derived sEVs and N2a and
mHippo E-14 EVs the total protein content was
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assessed with Micro BCA Protein assay kit (Thermo
Scientific) following the instructions of the supplier.
Samples were then denatured at 70°C for 10 min with
NuPage LDS Sample Buffer (Invitrogen) and NuPage
sample reducing agent (Invitrogen) and equal amounts
of protein were then loaded on precast NuPage 10%
Bis-Tris protein gels (Invitrogen). After electrophoretic
separation, proteins were transferred onto nitrocellu-
lose membranes (LI-COR) by wet-blotting. The mem-
branes were then stained with Revert Total Protein
Stain (LI-COR) following the manufacturer’s protocol
to detect total amounts of protein, Membranes were
subsequently blocked for 1 h with Rotiblock (Roth) and
incubated with primary antibody overnight at 4°C on a
shaking platform. The antibodies used were: rabbit
antibody against Alix (1:500; #ABC40, Millipore; for
some experiments on the Suppl. Fig. another antibody
(#2171 CST) was used at 1:400), mouse monoclonal
against CNP (1:1000; #C5922, Sigma), rabbit monoclo-
nal against CD81 (1:1000; #10037, Cell Signalling),
rabbit antibody against EAAT1 (1:1000; #NB100-
1869SS, Novusbio), rabbit antibody against EAAT2
(1:500; #NBP1-20136SS, Novusbio), mouse antibody
against flotillin-1 (1:1000; #610820, BD Biosciences),
mouse antibody against GM130 (1:1000; #610822, BD
Biosciences), rabbit antibody against PLP (1:1000;
#NB100-74503, Novusbio), rabbit antibody against
P2Y12 (1:500; #LS-C209714, LSBio), mouse monoclo-
nal antibody against PrP (POMI; 1:2000 [49]), rabbit
antibody against SNAP-25 (1:1000; #3926, Cell
Signalling), rabbit antibody against synapsinl (1:1000;
2106103, Synaptic Systems), mouse monoclonal anti-
body against PSD95 (1:1000; # MABNG68, Millipore),
and mouse monoclonal antibody against TMEM119
(1:1000; #66948-1-1g, Proteintech). After washing with
TBST, membranes were incubated for 1 h with the
respective  HRP-conjugated  secondary  antibodies
(1:1000, Cell Signalling) and subsequently washed 6x
with TBST. After incubation with Pierce ECL Pico or
Super Signal West Femto substrate (Thermo Fisher
Scientific), chemiluminescence was detected with a
ChemiDoc imaging station (BioRad) and quantified
densitometrically using Image Studio software
(LI-COR).

PNGase F assay

For removal of the N-linked glycans attached to PrP
and its C1 fragment, sEV samples and total homoge-
nates (TH) were digested with PNGase F (New
England Biolabs) according to the manufacturer’s
protocol.
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Electron microscopy

Pellets from the 100.000xg centrifugation step were
fixed with 4% PFA containing 2.5% glutaraldehyde in
PBS and adsorbed in cellulose capillary tubes.
Subsequently, the pellets were washed with PBS, post-
fixed for 30 min with 1% OsQ, in PBS, washed with
ddH,0, and stained with 1% uranyl acetate in water.
The samples were gradually dehydrated with ethanol
and embedded in Epon resins (Carl Roth) for section-
ing. Ultrathin 50 nm sections were prepared using an
Ultracut Microtome (Leica Microsystems). The sec-
tions were poststained with 2% uranyl acetate.
Electron micrographs were obtained with a 2 K wide-
angle CCD camera (Veleta, Olympus Soft Imaging
Solutions GmbH) attached to a FEI Tecnai G 20
Twin transmission electron microscope (FEI) at 80kv.

Differential quantitative mass spectrometric
proteomics

For proteomics, the final pellet containing either non-
filtered or filtered (SEVs) EVs was resuspended in
10 mM of HEPES buffer pH 7.8. Twenty ug of protein
per sample were diluted in 100 mM triethaylammo-
nium bicarbonate (TEAB, Thermo Fisher) and 1% (w/
v) sodium deoxycholate (SDC, Sigma Aldrich) buffer to
a total volume of 100 pL. Subsequently, samples were
incubated for 30 min at 60°C in the presence of 10 mM
Dithiotreitol (DTT, Sigma Aldrich) to reduce disul-
phate bonds and 20 mM iodoacetamide (IAA, Sigma
Aldrich) was added to alkylate cysteine residues.
Proteins were subjected to tryptic digestion (1:50 pro-
tein to enzyme ratio, sequencing grade, Promega) over
night at 37°C. SDC was precipitated by the addition of
1% formic acid (FA, Fluka), removed by centrifugation,
and the supernatant was then dried in a vacuum
centrifuge.

Per sample, 1 pg of peptides were separated on a
50 c¢m CI8 reversed phase column (Acclaim
PepMap100 C18, 3 um, 100 A, 75 um x 50 ¢cm) within
a 60 min gradient from 2% to 30% acetonitrile (equili-
bration buffer: 0.1% formic acid; elution buffer: 99.9%
acetonitrile and 0.1% formic acid) at a flow rate of 300
nL/min using a nano-UPLC system (DionexUltiMate
3000, Thermo Fisher Scientific), coupled via electro-
spray ionization (ESI) to a tribid mass spectrometer
equipped with a quadrupole, an orbitrap, and an ion
trap (Fusion, Thermo Fisher Scientific), using data
dependent acquisition {DDA) mode in quadrupole-
orbitrap-iontrap mode. Here, after a survey scan (orbi-
trap 400-1300 m/z, 2 x 10° ions, 120 ms max fill time,
120,000 resolution), the most intense ions (charge
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stages 2°-57, dynamic exclusion of 30 s) were frag-
mented and resulting fragment ions analysed by MS/
MS within a cycle time of 3s (iontrap 28 normalised
collision energy, HCD, 1 x 10" ions, 60 ms max. fill
time, 1.6 m/z isolation window).

The obtained peptide spectra were searched with the
search engine Andromeda (integrated in MaxQuant
software version 1.6.3, Max Planck Institute of
Biochemistry, Munich, Germany) using the mouse
Uniprot  protein  database  (EMBL;  Hinxton
Cambridge, UK, release October 2019, 17,013 entries),
with carbamidomethylation on cysteine residues as
fixed modification and the oxidation of methionine as
well as the protein N-terminal acetylation as variable
modifications. The error tolerance for the first precur-
sor search was 20 ppm, for the following main search
4.5 ppm. Fragment spectra were matched with a 20
ppm error tolerance. Label-free quantification and
match between runs was enabled. False discovery rate
for proteins and peptides was set to 1%.

Protein-protein interactions (PPl) network
construction

Protein sets that were statistically significantly up/
downregulated between filtered (sEVs) and non-fil-
tered brain-derived EVs were analysed with the online
database STRING (v11.0, https://string-db.org/) using a
high-confidence score (cut-off 20.9) and the evidence
mode in the settings [50]. We further analysed the data
using the FunRich 3.1.1 analysis tool for graphical
representation of functional enrichment analyses [51].

Statistical analysis

For statistical analysis of mass spectrometry results, the
MaxQuant Protein Group output files were imported
into the Perseus software (Max Planck Institute of
Biochemistry, Munich, Germany). Proteins which had
at least three valid values in at least one of the groups
were kept for further analysis. Therefore, missing
values were imputed by a downwards shifted normal
distribution. Each sample was then normalized by the
median protein area per sample and Student’s t-test,
principal component analysis and hierarchical cluster-
ing was performed. Proteins were considered to be
significantly different in abundance if the Student’s t-
test based p value was < 0.05 and at least a 1.5-fold
change in either direction was observed.

The GraphPad Prism 8 statistic software program
was used for statistical analysis of western blot, NTA
and immunohistochemistry results. To assess differ-
ences between the THs and the corresponding sEVs,



as well as between sEVs from sham and strokes in
western blot, after passing a normality test, either a
paired or unpaired t-test was used, respectively. NTA
measurements were assessed by unpaired t-test.
Statistical significance was considered when p values
were as follows: *p < 0,05, **p < 0.005 and ***p < 0,001,
Values are given as mean + SEM. The exact p value is
given in the text,

Results
Characterization of brain-derived EVs

Recently, the isolation of EVs from brain has become
an important tool to study crucial events in the propa-
gation of misfolded proteins in neurodegenerative dis-
eases [52]. We took advantage of a recently published
protocol [44] to study the expression of PrP in brain-
derived EVs, and to assess the cell populations that
mainly release EVs in both, steady-state conditions
and after experimental stroke, Since the guidelines of
the International Society for Extracellular Vesicles
recommend to rather differentiate between small EVs
(sEVs; <200 nm) and medium/large EVs (= 200 nm)
instead of exosomes and microvesicles/ectosomes |53],
we introduced in the above-mentioned protocol an
extra filtration step with a 0.22 um filter before the
samples were loaded in the sucrose gradient to differ-
entiate between these two EVs pools (see Material and
Methods). As shown in Figure 1A, six fractions from
either non-filtered or filtered samples were collected
and analysed by western blot. In the non-filtered sam-
ples, a higher amount of total protein (as shown with
the total staining, TS) was detected in all fractions
compared to the respective filtered ones, but in both
cases fractions 3 to 5 (corresponding to a density of
1.11 to 1.25 g/mL as measured with the refractometer)
were enriched in known markers of EVs such as the
cytosolic protein Alix (96 kDa), the membrane-bound
flotillin-1 (49 kDa), and the tetraspanin CD81 (26 kDa)
[53,54]. GM130 (130 kDa), a resident protein of the
cis-Golgi, was used as "proof of no contamination’
marker. The total brain homogenate (TH) is shown
for comparison. Fractions 3 (density 1.11 g/mL) and
4 (density 1.16 g/mL) were pooled for all further
experiments. When assessed with transmission electron
microscopy (TEM), non-filtered samples showed a
combination of small and large vesicles, whereas in
filtered samples the population appeared more homo-
geneous (Figure 1B). To confirm that the EVs could be
marked and visualized by microscopy for further
experiments, we labelled them using the mCLING
dye, which has the capacity to emit fluorescence only
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when intercalated into the lipid bilayer [55]. When
isolated EVs were stained, fixed and mounted on cov-
erslips, we compared the signal obtained by confocal
microscopy with the one obtained by Stimulated
Emission Depletion (STED) microscopy (Figure 1C).
Due to the higher resolution, the blurred signal
obtained with confocal microscopy (in green) was
transformed to single dots corresponding to individual
EVs in STED (in red), although some aggregates (prob-
ably corresponding to clustered EVs) were also present.

Finally, Nanoparticle Tracking Analysis (NTA,
Figure 1D) revealed a decrease in the number of events
counted in the filtered (1.5x10'* +5.8x10"") compared
to the non-filtered samples (4.5x10"  +3.5x10'"
p = 0.0002), together with a confirmatory decrease in
mean EV size (211.7 1.9 nm in non-filtered vs
188.3 +2 nm in filtered samples; p = 0.0004). Note
that the filtered samples still contained some vesicles
of more than 200 nm, suggesting that some larger EVs
may squeeze through the 0.2 um filter or representing
clustered sEVs.

To assess whether the filtration step was helping to
differentiate EV populations by their protein composi-
tion, we performed quantitative mass spectrometric
proteome analysis of brain EVs isolated from WT
mice with (n = 4) or without (n = 4) the 0.2 ym
filtration step. A total of 1531 proteins were identified
across all samples. Figure 2A shows the heat map
corresponding to the proteins found to be relatively
increased in non-filtered EVs (106 proteins; p < 0.05)
compared to filtered EVs and vice versa (121 proteins
were significantly increased in filtered EVs compared
to non-filtered, p < 0.05). A list of all identified pro-
teins is shown in Suppl. Table 1. The volcano plot in
Figure 2B depicts the distribution of the proteins’ fold-
increase related to their p value. The names of proteins
with a fold change either higher than a log, value of 1,
lower than a log, value of -1, or with a minor log, fold
change but a log;, (p value) above 3 (highly significant)
are provided in the volcano plot. Principal Component
Analysis (PCA) shows separate clustering of both
populations, filtered and non-filtered EVs (Suppl. Fig.
1). We next analysed proteins not found in filtered EV's
in contrast to non-filtered EVs (and vice versa) con-
sidering proteins quantified in at least 3 out of 4
replicates per group and found that only 6 proteins
were exclusively present in filtered EVs, whereas 34
proteins were exclusively present in non-filtered EVs
(Suppl. Table 2).

The list of proteins being present in significantly
different amounts in the compared samples were
further analysed with FunRich 3.1.1. Gene Ontology
of Molecular Function of the enriched proteins. In
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Figure 1. Characterization of brain EVs. (A) Representative
western blots of the six fractions obtained after sucrose gradi-
ent centrifugation, from samples that were either passed
through a 0.22 pm filter (filtered, sEVs) or not (non-filtered
EVs). The total protein staining (TS, used as a loading control)
shows a decrease in the total protein amount for the filtered
samples. The cytosolic protein alix (96 kDa) and the membrane-
bound proteins flotillin-1 (49 kDa) and CD81 (26 kDa), all
considered as markers of EVs, were found in both cases mainly
in fractions 3 and 4. The Golgi resident protein GM130 was
used as a marker of non-EVs (negative control). (B)
Representative transmission electron microscopy {TEM) images
of pooled fractions 3 and 4 from non-filtered and filtered EVs.
As seen for the TS In the western blot, the filtered fraction
shows a decrease in EVs and a more uniform population. Scale
bar represents 0.2 pm. (C) Confocal (green signal) and STED
(red signal) images from pooled sEVs labeled with mCLING and
the merge of both showing that, with high-resolution STED
Imaging, the blurry dots in the confocal correspond to single
for clusters of) EV particles. (D) Representative frames and
concentration/size graphs from Nanoparticle Tracking Analysis
(NTA) of pooled non-filtered and filtered EVs. Concentration (in
particles/mL) and mean size (in nm) analysis of non-filtered
pooled EVs (n = 3 preparations) and filtered pooled EVs (n = 4)
show a significant reduction in concentration and mean size of
EVs after filtration. Values are reported in the main text.

filtered EVs analysis showed an increase of proteins
related to translation (gene ontology term (GO) “struc-
tural constituent of ribosome™ GO:0003735), whereas
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Figure 2. Differential quantitative proteome analysis of
non-filtered versus filtered brain-derived EVs. (A) Heat
map of the proteins identified by proteomics that were sig-
nificantly different from non-filtered compared to filtered brain
EVs. (B) Volcano plot showing the log2 fold-change on the x-
axis and the statistical significance on the y-axis for proteins
that were significantly differently abundant in filtered versus
non-filtered brain EVs. The names of proteins that had a fold-
change = 2 are shown in the plot. (C) Pie charts showing the
gene ontology analysis (GO) of Molecular Function for the
proteins that were found to be significantly increased more
than 1.5-fold (log2 more than 0.58) using the FunRich analysis
tool. The five most representative pathways showing the per-
centage of proteins belonging to these pathways are shown.
(D) Protein-protein interaction analysis (STRING database) of
the proteins that were significantly upregulated in non-filtered
and in filtered EVs (log2 more than 0.58). In order to create the
network, a confidence score threshold of 0.9 (very high) and no
text-mining options were selected. KEGG pathways obtained by
this analysis are shown for each group.

in non-filtered EVs we found a relative increase in
proteins that interact selectively with identical proteins
(GO:0042802, “identical protein binding”) Figure 2C.
In order to visualize how these proteins are related, we
also performed STRING analysis (Figure 2D). By using
evidence settings and the highest stringency (0.09), we
confirmed that many proteins related to ribosomal
function were clustered together in filtered EVs,
KEGG (Kyoto Encyclopaedia of Genes and Genomes)
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pathways analysis also show an enrichment of proteins
related to ribosomal and SNAREs vesicular transport
pathways for filtered EVs (see tables in Figure 2D).

Assessment of the relative contribution of major
brain cell types to the sEV pool indicates microglia
as a dominant source of sEVs under physiological
conditions

To study the relative contribution of different brain cell
populations to the whole pool of brain sEVs in physio-
logical conditions, we assessed enrichment of known
cell type-specific markers in sEVs relative to their sig-
nal in total brain homogenate (TH) by western blot
analysis (Figure 3A). Each sample’s signal was first
referred to the respective signal of the total staining
(TS) as a loading control and then, the mean value
obtained in sEVs samples (n = 4) was compared to
the mean value obtained in the corresponding TH
(n = 4). Since it could be that a given marker protein
is more strongly sorted into sEVs than others (and thus
not directly indicating the relative contribution of this
cell population to the total pool of sEVs), we decided to
assess two (exclusively membrane-bound) marker pro-
teins per cell type in order to reduce the risk of mis-
interpretation. The G-protein coupled P2Y receptor
(P2Y12) and the Transmembrane protein 119
(TMEM119) were chosen as microglial markers
[56,57]; PLP (proteolipid protein, a major component
of the myelin sheath) and 2'-3"-Cyclicnucleotide 3'-
phosphodiesterase (CNP) were used as oligodendrocyte
markers [58,59]; synapsinl and the Synaptosomal
Nerve-Associated Protein 25 (SNAP25), present at the
membrane of synaptic vesicles and at the pre/post-
synaptic membrane respectively, were assessed as neu-
ronal markers [60-65], and the Excitatory Amino Acid
Transporters 1 and 2 (EAAT-1 and EAAT-2) were used
as astrocytic markers [66]. Quantifications are shown
in Figure 3B, We observed that, in steady-state condi-
tions, markers for microglia were mainly contributing
to the pool of brain sEVs, as P2Y12 (2.5-fold increased;
TH set to 100%+3.9%; sEVs: 247.5 £12.4%; p = 0.0073)
and TMEM119 (1.7-fold increased; TH set to 100%
+5.5%; sEVs: 168.7 £8.6%; p = 0.0119) were most
drastically enriched in the sEVs fractions compared to
the TH. Interestingly, TMEM119 presented a band at
around 55 kDa in the TH, whereas in the sEV-enriched
fractions, a main band was observed around 20 kDa,
Because four isoforms have been described for
TMEM119, this lower band could correspond either
to a truncated version of TMEM119 or to one of the
four isoforms, probably also lacking the O-glycan mod-
ification [67]. The oligodendrocyte marker PLP showed
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a slight yet non-significant relative increase (TH was
set to 100% +4.7%; sEVs: 1389% =11%p = 0.1),
whereas the other oligodendrocyte marker CNPI
revealed no differences (TH set to 100% +15.3%;
sEVs: 97.2% £12.4%). In contrast, the neuronal marker
synapsin 1 (syn-1; TH set to 100% £12.9%; sEV's: 78.1%
+4,9%;p = 0.050) and SNAP25 (TH set to 100% +3.7%;
sEVs: 224% +4.3%;p = 0.0018) were significantly
decreased in the sEVs in comparison to the TH, thus
implying that neuronal sEVs rather represent a minor
fraction in the brain sEV pool under normal condi-
tions. The presence of SNAP25 and synapsin 1 could
indicate synaptosomal contamination due to the EVs
isolation procedure, However, another protein highly
enriched in synaptosomes, the post-synaptic density
protein 95 (PSD95), was not detectable in EVs by
western blot, thus excluding a major synaptosomal
contamination (Suppl. Fig 2). Lastly, the astrocytic
markers EAAT-1 and EAAT-2 showed no significant
differences in sEVs compared to the TH (for EAAT-1:
TH set to 100% +4.6%; sEVs: 95.9% +6.7%/for EAAT-
2: TH set to 100% +14.8%:;sEVs: 48% +14.8%), indicat-
ing presence but no relative enrichment of astrocytic
sEVs in the total pool (Figure 3B). Thus, neurons and
astrocytes only show a moderate contribution to the
total SEV's pool in brain, whereas oligodendrocytic and,
significantly, microglial sEVs are relatively enriched.

Brain-derived EVs are enriched in the celluiar prion
protein

Since we were also interested in PrP as both, a known
resident of EVs and a protein that was shown to act
neuroprotective in ischaemic insults, we performed
western blot analyses of filtered and non-filtered EV-
enriched fractions. As expected, and shown in Figure
4A, PrP is present in both, non-filtered and filtered
EVs. Interestingly, in both cases, the pattern of PrP in
EVs is different compared to the TH when visualized
with the POMI antibody raised against the C-terminal
part of PrP [49]. It should be noted that the combina-
tion of gels and protein ladder used here resulted in
bands running at higher molecular weight than
expected. Hence, for the TH we could observe the
typical banding pattern of PrP with a prominent digly-
cosylated band at around 40 kDa (commonly running
at ~35 kDa) followed by two lower and less conspic-
uous bands corresponding to mono- and unglycosy-
lated full-length (fl) PrP. In the EV fractions, apart
from a diglycosylated fl-PrP band, a major band at 34
kDa was present, which could either represent ungly-
cosylated fl-PrP or its diglycosylated C1 fragment
(usually running at ~25 kDa) [41]. In order to
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Figure 3. Microglia cells are the main contributor to the
physiological brain sEV pool. (A) Representative western
blots of pooled fractions 3 and 4 of filtered EVs (sEVs; n = 4)
compared to their respective total brain homogenates (TH).
P2Y12 and TMEM119 were chosen as markers of microglia,
PLP and CNP as markers of oligodendrocytes, synapsinl and
SNAP-25 as neuronal markers, and EAAT1 (GLAST) and EAAT2
(GLT-1) as markers of astrocytes. Of note, TMEM119 presented
a lower band (at around 20 kDa) in the sEVs-enriched fractions
instead of the reported 60 kDa band (approx.) observed in the
TH. This could correspond to an isoform or a truncated version
of TMEM119. (B) Scatter plots showing relative intensity quan-
tifications of each cell type marker. Each lane was first referred
to its total protein staining (TS) signal and the means of each
group (SEVs vs, TH) were then compared in order to check for
relative enrichment (with TH set to 100%). P2Y12 and
TMEM119 are approximately 2.5 and 1.5 times enriched in
sEVs compared to the TH, indicating a dominant contribution
from microglia to the whole pool of brain sEVs. Synapsin1 and
SNAP-25 are significantly decreased compared to the TH, sug-
gesting a low contribution of neuronal sEVs to the total pool.
PLP, CNP, EAAT1 and EAAT2 did not show any significant
differences compared to the TH, Exact mean, SEM and p-values
are given in the main text.

discriminate between these two forms, we treated the
sEVs and the TH fractions with PNGase to enzymati-
cally remove the N-linked glycans (Figure 4B). This
revealed that the dominant band in the EVs fractions
indeed represents the C1 fragment of PrP (here run-
ning at ~18 kDa-corresponding to ~15 kDa in other
systems upon deglycosylation). When amounts of total
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Figure 4. Brain EVs are enriched in PrP and its C1 frag-
ment. (A) Representative western blots of the six fractions
obtained after sucrose gradient centrifugation of non-filtered
(EVs) and filtered EVs (sEVs) probed with POM1 antibody. A
total homogenate (TH) was loaded for comparison. Note that
PrP in the TH presents with a prominent diglycosylated full-
length band (fI-PrP) at 43 kDa followed by two lowerbands,
corresponding to mono- and unglycosylated PrP, respectively.
In EVs, a major band at 34 kDa is presented which could either
correspond to unglycosylated fi-PrP or to its diglycosylated
truncated C1 fragment (PrP-C1). (B) Representative Western
blots of EV fractions 3 and 4 treated (+) or not (- with
PNGase F and probed with POM1 and total protein staining
(TS). The PNGase digestion reveals that the major band at 34
kDa present in the EVs cormresponds to the C1 fragment
{marked with an asterisk). (C) Representative Western blots of
pooled sEVs (n = 4) compared to their respective total brain
homogenates (TH) probed with POM1 and total protein stain-
ing (TS). (D) Scatter plot showing the quantification of the
comparison between total PrP in the TH versus sEVs, PrP
shows a significant twofold increase in sEVs relative to the
TH. Each lane was first referred to its total protein staining
and then the means for total PrP in sEVs and TH were com-
pared. The mean, SEM and p-values are stated in the main text.

PrP in sEVs were compared to the respective levels in
TH (Figures 4C,D), we found that PrP is significantly
enriched in brain-derived sEVs (PrP in TH set to 100%
+21.8%; SEVs: 195.5% +14.9%; p = 0.0073).

Since the identity of the protease(s) responsible for
the a-cleavage of PrP is still unknown [40,68], it could
be that the enrichment in PrP-Cl is an artefact caused
by the collagenase 111 treatment used for EVs isolation.
Therefore, we also examined isolated sEVs with col-
lagenase IV (which has a lower tryptic activity), and we
assessed the 300xg pellet, which also underwent the
enzymatic treatment but is theoretically devoid of



EVs. As shown in Suppl. Fig. 3A, we observed that, in
fact, the PrP-Cl1 fragment was present in the 300xg
pellets, indicating a partial cleavage due to the enzy-
matic treatment. As TMEM119 was another protein
showing a cleavage (or a spliced form) in EVs, we
also checked the influence of collagenease 111 treatment
in this instance, but we could not see this fragment in
the 300xg pellet (Suppl. Fig. 3B) concluding that the
fragment (or spliced form) of TMEMI119 is sEVs spe-
cific. Since we consistently observed that the amounts
of PrP-C1 in the 300xg pellets were still lower than in
the EV fraction, we decided to study EVs isolated from
cell culture supernatants, which do not require enzy-
matic treatment. As shown in Suppl. Fig. 4, we
observed that in two different mouse cell lines (N2a
(neuroblastoma) and mHippoE-14 (embryonic hippo-
campal)), PrP-C1 is indeed enriched in EVs relative to
the corresponding cell lysates, as shown after the
PNGase treatment (for N2A cells: 35.8%+1.6% (EVs)
vs 16.1%+0.9% (TH), p = 0.0004, n = 3; for mHippoE-
14: 45% (EVs) vs 31% (TH) n = 1 pooling 4 dishes).
Thus, although we here refrain from quantifying PrP-
Cl1 levels in brain-derived EVs (due to a seemingly
partial artificial contribution of the collagenase treat-
ment), our experimental data from murine brain and
neuroblastoma/embryonic  hippocampal cell lines
clearly point to a physiological enrichment of PrP-Cl
in EVs.

Increased release of sEVs by astrocytes and
elevated levels of PrP in brain-derived sEVs after
experimental stroke (tMCAQO)

To study changes in the relative contribution of dif-
ferent cell populations to the sEV pool in brain at
24 h after tMCAQ, we performed western blot ana-
lyses with the brain cell markers described above,
comparing sEVs isolated either from sham (n = 8)
or from tMCAQ-operated mice (n = 8) (Figure 5A).
We observed that only the levels of the astrocytic
marker EAAT1 were significantly increased in sEVs
after tMCAO (shams were set to 100% £5.6% vs
tMCAO, 134.2% +11.1%; p = 0.0158), indicating
that at 24 h after stroke reperfusion injury there is
an increased release of sEVs by astrocytes. Although
there was a slight tendency of increase for oligoden-
drocytic PLP (shams set to 100% +4.2% vs tMCAQ,
158.4% +34.1) and microglial P2Y12 (shams set to
100% +4.3% vs tMCAO, 110.8% +16.8%), these
changes were not significant. The neuronal marker
synapsinl was not changed between shams and
tMCAO samples (shams set to 100% +8.7% vs
tMCAO, 102% +10%).
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Notably, a significant increase was also seen for total
PrP (Figure 5B), which was enriched in sEVs from
tMCAO samples compared to sham brains (shams set
to 100% =4.4% versus strokes: 121.47% +7.6%;
p = 0.0284).

As shown in Suppl. Fig. 5, neither levels of PrP nor
the proteins used as cellular markers were altered in the
TH from stroked (tMCAQO) compared to sham-treated
mice, demonstrating that the observed changes were
exclusive for the brain-derived sEVs. Of note, no dif-
ferences were observed in the overall amounts of sEVs
isolated (as assessed by NTA) between shams and
tMCAO-operated mice or in the distribution of EVs
marker proteins in tMCAQ-operated mice, as shown in
Suppl. Figures 6C and 6D.

PrP influences uptake of brain-derived sEVs by
primary neurons and glia cells

Isolated brain-derived EVs are enriched in PrP and
PrP-Cl. The CI fragment, resulting from the a-clea-
vage in the middle of the PrP sequence, exposes a
hydrophobic domain at its N-terminus [41]. Both, the
structural aspect with an exposed stretch of hydropho-
bic amino acids and its dependence on proteolytic
“activation” are strikingly reminiscent of some viral
surface glycoproteins critical for host cell attachment
and membrane fusion (for instance those of some
paramyxoviruses). In these viruses, the viral envelope
fuses with the host cell membrane with the help of two
glycoproteins, one that initially attaches the virus and
another one that, after an endoproteolytic cleavage,
exposes the highly hydrophobic fusion peptide, which
integrates into the host cell membrane and mediates
the fusion process [69,70]. Because of the similarities
between PrP-C1 and the fusogenic viral surface pro-
teins, and given the relative enrichment of PrP-Cl in
EVs, we hypothesized that the C1 fragment might act
as a tethering factor and play a role in the uptake of
EVs by cells [41]. To assess this potential role of PrP in
EVs, we incubated primary neuronal cultures from WT
mice with labelled sEVs isolated from either WT or
PrP-KO mouse brain (Suppl. Fig. 6A) and fixed them
after 1, 3, or 6 h of incubation. Of note, PrP-KO sEVs
were isolated from the same density fraction as WT-
PrP sEVs they did not present differences in the
expression of EVs marker proteins (Suppl. Fig. 5B).
Moreover, no differences were detected in the amount
of isolated brain-derived sEVs between PrP-WT and
PrP-KO mouse brain samples after measuring the
number of particles with NTA (Suppl. Fig. 6 C).

As shown in Suppl. Fig. 7, the sEVs labelling with
mCling was specific as incubation with a dye that has
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Figure 5. Contribution of astrocytes to the brain sEV pool
is upregulated and PrP levels on brain sEVs are increased
24 h after tMCAO. (A) Representative western blots of sEVs
from sham mice (n = 8} and mice that underwent the tMCAO
procedure (n = 8). Blots show the total protein staining (T5)
and cell type-specific surface markers: PLP for oligodendro-
cytes, P2Y12 for microglia, synapsin1 for neurons, and EAATI
for astrocytes. On the right, scatter plots of relative intensity
quantifications show a significant increase of the astrocytic
marker EAATT in tMCAO sEVs compared to sham sEVs. PLP,
P2Y12 and synapsin1 were not significantly changed. For quan-
tification each lane was first referred to the TS and then the
mean values of the two experimental groups were compared,
(B) Representative western blots of sEVs from sham (n = 8) and
tMCAO mice (n = 8) probed with POM1 antibody and total
protein staining (TS). On the right side, scatter plot of relative
Intensity quantifications showing an Increase in total PrP In
tMCAQ sEVs compared to sham sEVs. The mean, SEM and p-
values are reported in the main text

went through the same preparation procedure but
without presence of sEVs, showed no staining when
incubated with primary neurons,

As shown in Figure 6A, after 1 h of incubation,
labelled sEVs from WT (shown in white) presented as
a rather diffuse staining surrounding the neuronal cell
body (marked by phalloidin-based staining of the actin
cytoskeleton in green), whereas the PrP-KO-sEVs
showed a dotty staining at the plasma membrane and,
to some extent, inside cells, indicating that some of the
particles had already been internalized at this early
time point. Surprisingly, we also observed that our
primary neuronal cultures (which presented staining
for MAP2 as shown in Suppl. Fig. 8) contained some
microglia, despite  having been treated with
Arabinoside C to eradicate proliferating cells. In several
instances, these microglia were found to contain high
amounts of PrP-KO-derived sEVs, a feature that we
could not observe for WT-derived sEVs (Figure 6A,
Figure 7A). We then established another protocol for
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Figure 6. PrP influences brain sEVs uptake by primary
neurons. (A) Representative confocal microscopy images of
primary neurons from WT mice in high-density culture (HDC)
incubated for 1 h with sEVs isolated from either WT (WT-sEVs)
or Pmp™® mouse brains (PrP-KO-sEVs) and labelled with
MCLING dye. Small EVs signals are shown in white, Neurons
were stained with phalloidin (green; to visualize F-actin), the
lysosomal marker LAMP-1 {red), and with DAPI (blue; to visua-
lize the nucleus). Note that after 1 h of incubation, WT-sEVs
present with a weak and rather diffuse staining at the neuronal
plasma membrane, whereas PrP-KO-sEVs show a dotty staining
at the neuronal plasma membrane with some PrP-KO-sEVs
being present inside the neuronal cell body (yellow arrow). In
this HDC condition, other cell types (apparently microglia based
on their morphology in culture} were observed to take up a
few WT-sEVs, yet conspicuously much higher amounts of PrP-
KO-sEVs. (B) Representative confocal images of low-density
culture (LDC) primary neurons from WT mice incubated for
1 h with sEVs isolated from WT (WT-sEVs) or PrP-KO mouse
brains (PrP-KO-sEVs) labelled with mCLING as in (A). Here again,
PrP-KO-sEVs (showing a distinct dotty pattern inside neurons)
are taken up more readily than WT-sEVs, Cells presumed to be
microglia cells (see also Figure 7A) showed a similarly strong
engulfment pattern for sEVs from PrP-KO brain as in (A). Scale
bar is 5 um. (C) Scatter plot showing intensity of sEVs quanti-
fication in high-density (HDC, on the left) and low-density
primary neuronal cultures (LDC, on the right). PrP-KO-sEVs are
significantly more taken up by neurons after 1 h than WT-sEVs.
The mean, SEM and p-values are given in the main text.

primary neuronal cultures from WT mice (low-density
culture, LDC), where neurons grow in co-culture with
(yet spatially separated from) astrocytes (48], On the
one hand, this approach allows for lower seeding
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Figure 7. PrP also affects the uptake of brain-derived sEVs
by microglia and astrocytes. (A)Confocal microscopy images
confirming that the non-neuronal cells observed in our HDC
and LDC neuronal cultures from WT mice (Figure 6) are indeed
microglia, as they stain positive for IBA1. As In Figure 5, sEVs
are labelled with mCLING and shown in white. DAPI (in blue) is
used as a nuclear staining. (B) Representative FACS plot of
astrocytes (GLAST+) and microglia (CD11b+) from mixed cul-
tured primary glia cells (n = 4). Mixed glia cells from WT mice
were incubated for 3 h with equal amounts of either WT-sEVs
or PrP-KO-sEVs labelled with mCLING and analysed for sEVs
uptake using flow cytometry. On the right side, histograms
showing the intensity of the sEVs fluorescence measured
from astrocytes or microglia. Note that in both cases the
intensity (mCLING mean fluorescence intensity (MFI) shown in
9%, WT is set to 100%) Is higher for PrP-KO-sEVs. (C) Bar scatter
plots of normalized fluorescence intensity show that both,
microglia and astrocytes, take up PrP-KO-sEVs more efficiently
than WT-sEVs. The exact means, SEM and p-values are reported
in the main text.

density and, therefore, improved microscopic analysis,
while on the other hand, contamination by other brain
cell types is sensibly lower. As shown in Figure 6B, we
could again confirm a strong difference in the neuronal
uptake behaviour, with PrP-KO-derived sEVs being
efficiently taken up in contrast to sEVs from WT
brain (which at 1 h of incubation were hardly detect-
able in the culture). Moreover, although microglia were
much less and therefore more difficult to find in this
type of culture, the few microglia cells that could be
identified were also highly decorated with PrP-KO-
sEVs, whereas microglia showed less positive sEV-asso-
ciated labelling when treated with WT-derived sEVs,
The quantification in Figure 6C shows that the
neuronal uptake in the primary culture with higher
amounts of microglia (HDC; Figure 6A) was almost
twofold increased for the PrP-KO-derived sEVs than
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for WT-derived sEVs (WT-sEVs: set to 100%+5.3%;
PrP-KO-sEVs: 185.8%%12.5%; p < 0.0001), while in
the LDC with low microglia content (Figure 6B), neu-
ronal uptake of sEVs from PrP-KO brain was about
three times higher compared to WT-sEVs (WT-sEVs:
set to 100%+8.6%; PrP-KO-sEVs: 323.3%%£22.1%;
p < 0.0001). We hypothesize that this difference
between the culture conditions could either be a con-
sequence of the lower number of neurons or the reduc-
tion in microglia in the LDC, both resulting in a higher
sEV-to-neuron ratio.

In order to confirm that microglia efficiently take up
PrP-KO-sEVs, we established mixed glial cell cultures
(containing microglia and astrocytes) and incubated
them with either WT-sEVs or PrP-KO-sEVs for 3 h
(Figure 7). This type of culture allowed us to measure
the sEVs uptake not only by microglia but also by
astrocytes (which were absent in our previous primary
neuronal cultures). After incubation with sEVs we
labelled the two populations with cell type-specific
markers (GLAST-1 for astrocytes and CDI11b for
microglia) and performed flow cytometric analysis
(Figure 7B). As quantified in Figure 7C, we could
confirm that microglia take up significantly more
PrP-KO-sEVs than WT-sEVs (WT-sEVsset to 100%
+2.5% vs PrP-KO-sEVs: 163.2% £22.3%; p = 0.035).
In addition, similar to what we observed for neurons
and microglia, PrP-KO-sEVS were also taken up more
efficiently by astrocytes (WT-sEVs set to 100% +2.6%
vs PrP-KO-sEVs: 166.9% +16.6%; p = 0.0068).

Regarding the neuronal uptake after 3 h (Figure 8A),
treatment with WT-sEVs in the HDC again revealed a
diffuse staining of the sEV-labelling at the plasma
membrane, although seemingly more intense than
after 1 h (Figure 6A). In addition, some sEVs could
now be detected as vesicle-like structures at the plasma
membrane or even internalized and colocalizing with
the lysosomal marker LAMP-1, fitting to lysosomes
being described as one of the major targets of inter-
nalized EVs [71,72]. In the case of PrP-KO-sEVs,
although some signal was still detected at the plasma
membrane, the vast majority at this time point was
observed inside the neurons and colocalizing with
LAMP-1. Quantification of sEVs signal intensity inside
neurons (Figure 8C) showed that at 3 h still about the
double amount of PrP-KO-sEVs was taken up com-
pared to WT-sEVs (WT-sEVs set to 100% +7.45% vs
PrP-KO-sEVs: 219% +16.3%; p < 0.0001).

At the latest time point assessed in this study (6 h of
incubation), the majority of both, WT- and PrP-KO-
sEVs, were found inside neurons and colocalizing with
LAMP-1 (Figure 8B). Again, quantification of the sEVs-
associated fluorescence signal present inside the neurons
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Figure 8. Brain-derived sEVs are found in lysosomes after 3
and 6 h of incubation. (A) Representative confocal microscopy
images of primary neurons from WT mice (labelled with phal-
loidin, in green) in high-density culture (HDC) incubated for 3 h
with WT-sEVs or PrP-KO-sEVs labeled with mCLING (white
signal). The lysosomal marker LAMP-1 is shown in red and
nuclei are stained with DAPI (in blue). Note that both, WT-
and PrP-KO-sEVs, co-localize with LAMP-1, although we consis-
tently observed a much higher level of colocalization for PrP-
KO-sEVs. Instead, a rather diffuse mCLING staining at the
membrane is found for cells treated with WT-sEVs. White
arrows highlight sEVs located at the plasma membrane (PM),
whereas yellow arrows indicate colocalization of sEVs with
LAMP-1. Note that for WT-sEVs there are many sEVs found at
the plasma membrane, whereas PrP-KO-sEVs much stronger
colocalize with LAMP-1. (B) Representative confocal microscopy
images showing primary neurons as in {A) but incubated with
sEVs for 6 h. sEV identity and stainings as in (A). Note that after
6 h sEV-associated signals are mainly found in colocalization
with lysosomes. Scale bar is 5 pum. (C) Scatter plots showing
intensity quantifications of WT-sEVs and PrP-KO-sEVs in primary
neurons at 3 h (on the left) and & h (on the right) of incubation
in the HDC. As for 1 h (Figure 5), PrP-KO-sEVs are significantly
more taken up by neurons than WT-sEVs. Mean, SEM and p-
values are reported in the main text.

still revealed a higher amount of uptaken sEVs from PrP-
KO compared to those derived from WT brain (WT-
sEVs set to 100% +6.6% vs PrP-KO-sEVs: 145.37%
+8.56%; p < 0.0001). For the LDC condition (Suppl. Fig.
9), results obtained at 3 h and 6 h were similar to the ones
mentioned above for the HDC (for 3 h incubation: WT-
sEVs set to 100% 3.46% vs PrP-KO-sEVs: 214%
+17.58%; p < 0.0001/for 6 h incubation: WT-sEVs set to
100% +5.6% vs PrP-KO-sEVs: 187% +14%; p < 0.0001).

66

Discussion

In the present study, we have characterized sEVs in the
murine brain in steady-state conditions and after 24 h
of stroke-reperfusion. We show that, under physiolo-
gical conditions, microglia are the main sEVs source in
brain. This situation changed at 24 h after induced
stroke-reperfusion, where a significant increase of
astrocytic sEVs was observed. Furthermore, we show
that EVs isolated from murine brain and brain-derived
cell lines are enriched in PrP and its C1 fragment, with
consequences in the regulation of vesicle uptake by
recipient cells. Accordingly, when sEVs lack PrP, their
uptake by neurons is increased and, conspicuously,
they are also more readily taken up by microglia and
astrocytes. Moreover, PrP-KO-sEVs were found to
colocalize with lysosomes much faster than WT-sEVs,
We also demonstrate that, 24 h after stroke, the
amount of PrP in brain sEVs is even further increased,
which may have functional consequences in intercellu-
lar communication after stroke (a graphical summary
of the principal findings is depicted in Figure 9).

EVs have become an intense field of research, not
only because they represent a novel form of cell-to-cell
communication able to bridge wide distances, but also
by their potential applicability as therapeutic tools, In
the case of brain disorders, they are very attractive
because of their property to cross the BBB when geneti-
cally modified to target the brain [73]. A protective role
of EVs derived from mesenchymal cells in a variety of
brain insults and disorders [74], including stroke
[34,75-77], has also been shown, Until recently, most
of the EVs assessed in various studies were isolated
from cell culture supernatants or body fluids.
Isolation of EVs from complex tissue such as the
brain parenchyma has been increasingly reported in
the last few years only [44,78,79].

Despite enormous progress in recent years, isola-
tion, characterization and categorization of EVs
remains a challenge. One of the aims of our study
was to characterize the differential contribution of the
brain cell populations to the EVs pool in normal con-
ditions and to assess potential changes 24 h after ische-
mia-reperfusion in the tMCAO mouse model of stroke.
We modified a published protocol of EV isolation from
brain [44] by including a filtration step (frequently
used in other brain-derived EVs isolation protocols
[78,80-85]) to differentiate between small EVs
(200 nm) and EVs larger than 200 nm, because
NTA measurements showed that the non-filtered
population was, in average, bigger than 200 nm. We
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Figure 9. Summarizing scheme. (A} Schematic representation
of the relative contribution of different brain cell types to the
sEV pool in murine brain. Under physiological conditions,
microglia appear to be the main contributor to the sEV pool,
followed by oligodendrocytes and astrocytes, while neurons
contribute relatively little (contribution indicated by thickness
of solid arrows). Upon experimental stroke (indicated by the
yellow thunderbolt), astrocytic release of sEVs is upregulated
and astrocytes appear to be the main contributor 24 h after
reperfusion (indicated by the bold dotted arrow). sEVs are
depicted as circles and the color refers to their cellular origin.
Note that a fraction of sEVs (grey) may also be released by
other cell types not assessed here, such as pericytes or
endothelial cells. (B) Differential uptake of WT-sEVs and PrP-
KO-sEVs may be influenced by PrP. WT-sEVs (on the left) are
packed with fI-PrP and its truncated C1 fragment ending with a
stretch of hydrophobic amino acids. These sEVs are relatively
slowly taken up by neurons and rather seem to fuse with the
plasma membrane (PM). In contrast, sEVs lacking PrP (PrP-KO-
sEV; on the right) are rapidly endocytosed and transported to
lysosomes (red circles). Colocalization (L.e. lysosomes containing
sEVs) is indicated in yellow. Similar observations have been
made with microglia or astrocytes as recipient cells. Note that
other surface proteins and cargo of sEVs, as well as the lipid
bilayer of vesicles, lysosomes, and sEVs, are not depicted here
to simplify matters.

performed this step to yield, at least by size, a homo-
geneous population for our downstream analyses
(sEVs) [86]. Our proteome analysis revealed that in
both, filtered and unfiltered EVs, proteins defined as
markers of exosomes and EVs (CD9, Rabl1, VSP4T,
V-ATPases, CD8I, tau, flotillins, Alix, Thy-1, 14.3.3),
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and proteins that have been described to be present in
microvesicles only (Annexin 1) [87,88], were present as
expected. In addition, as supported by the volcano plot
and the PCA analysis, we observed two differentiated
populations, with the filtered sEVs being particularly
enriched in proteins related to ribosomes, whereas the
non-filtered EVs (though also including the sEV pool)
were enriched in proteins associated with metabolic
pathways. Thus, our brain-derived sEVs likely repre-
sent a mixture of bona fide exosomes and small micro-
vesicles [53], but the additional filtration step further
concentrates a population (enriched in SNARE, ribo-
somal proteins and ribosomal-binding proteins) that
differs from the non-filtered population. Since categor-
ization and definitions of EVs are increasing in com-
plexity [53,88], our present findings with brain-derived
EVs deserve further studies to pinpoint the exact nat-
ure of these EVs.

Because the cargo of EVs is cell type-dependent and
includes proteins that reflect their cellular origin, we
sought to investigate the relative contribution of differ-
ent cell types to the total brain sEVs pool by assessing
the relative enrichment (compared to TH) of certain
brain cell markers by western blot. We show that, in
steady-state conditions, P2Y12 and TMEM-119, two
known markers of microglia, are significantly enriched
in the pool of mouse brain sEVs.On the contrary, the
neuronal markers synapsinl and SNAP-25 showed a
relative decrease, indicating a rather minor contribu-
tion to the total sEVs brain pool. The fact that SNAP-
25 is enriched at the pre- and post-synaptic terminal
and synapsinl is a protein marker of synaptic vesicles,
could potentially indicate synaptosomal contamination
as an artefact produced during tissue preparation.
However, since these two proteins are also found in
EVs isolated from cerebrospinal fluid (CSF), this rather
suggest them as being de facto components of neuronal
EVs [62,63,65]. Oligodendrocytes (assessed with PLP
and CNP1) and astrocytes (detected with EAAT-1 and
EAAT-2 as exclusive markers) showed no enrichment
in sEVs when compared to the TH and, therefore, we
concluded they are not the major populations that
contribute to the brain sEVs pool in steady-state con-
ditions. We cannot rule out the possibility that certain
(marker) proteins are more heavily packed into EVs
than others, but we are confident that the use of two
markers for each cell type and the fact that they were
behaving similarly, reduces the risk of misinterpreta-
tion and ensures more reliable results regarding the
relative contribution of different cells. Relative quanti-
fication of EVs in brain is not an easy issue. In a recent
paper, Silverman et al. {89] have also characterized the
relative proportion of EVs derived from different brain
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cell populations. By means of flow cytometry and in
contrast to our findings, they observed an increased
proportion of astrocytic and neuronal markers in both,
brain- and spinal cord-derived samples. The discre-
pancy with our results could well be a consequence of
(i) the investigation of different subpopulations of EVs
(note that we included a 0.2 um filtration step) and (ii)
the detection limit of flow cytometry possibly exclud-
ing some small vesicles that were considered as debris
(yet were included in the western blot analyses of our
study). It has been calculated that sEVs are at least one
order of magnitude more frequent than medium/large
EVs [90,91] and this pool may have been lost by flow
cytometry measurements.

What we observed, under the same settings used for
the study of sEVs in the steady-state condition is that,
24 h after stroke-reperfusion, the brain sEV pool was
altered as sEVs containing the astrocytic marker
EAAT-1 were significantly increased. Astrocytes have
multiple important functions in the brain, ranging
from regulation of synaptic transmission, modulation
of neuronal excitability, BBB formation, and regulation
of blood flow. Since they are relatively resistant to
glucose and oxygen deprivation, they cope better than
neurons with ischemic insults and, at present, they are
raising attention as potential targets in stroke therapy
[92]. At earlier times points after ischaemia, astrocytes
proliferate, become hypertrophic (reactive astrogliosis)
and, after a few days, start to form the glial scar with
both, potential benefits but also detrimental effects
[93,94]. Likewise, microglia are significantly increased
at 24 h in a mouse model of stroke [19]. Since there is
close communication between astrocytes and microglia
after brain injury, and given that activated astrocytes
can in turn contribute to the activation of distant
microglia after ischaemia [95], it may be that an ele-
vated release of EVs from astrocytes at 24 h is a factor
facilitating the recruitment of reactive microglia.
Moreover, astrocytes present neuroprotective features
after stroke [96] and, fittingly, ncurons exposed to
reactive oxygen species (ROS) showed increased survi-
val when treated with astrocytic EVs [97). Whether the
relative increase in astrocytic sEVs is related to micro-
glia proliferation, the formation of the glial scar, or
protection against ROS, clearly deserves further studies.
Interestingly, Guitart et al. [38] showed that exosomes
released by astrocytes under hypoxic conditions (using
the in vitro model of oxygen-glucose deprivation,
OGD) conferred protection to neurons. Of note, this
activity was dependent on the presence of PrP, which
they also found increased in exosomes derived from
stressed astrocytes. Contrarily, exosomes from stressed
astrocytes devoid of PrP were not protective [38]. In
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our experiments, apart from the increase in astrocytic
sEV release, we also observed an increase in sEV-asso-
ciated PrP levels after stroke. It should be noted that,
due to technical limitations, we could not assess
whether these changes in sEV-associated PrP are
caused by the alterations in the relative contribution
of cell types to the sEV pool. However, in view of the
reported neuroprotective effects of PrP after ischaemia
[31,34,37] this increase in both, astrocytic sEVs and
sEV-associated PrP amounts, could represent a protec-
tive feedback mechanism to counteract the oxidative
stress present in the first hours after stroke. Although
an increase in PrP levels has been observed in animal
models of stroke and in humans after ischaemic insult
[35,36,98,99], the present study is the first to report
elevated levels of this protein in brain-derived sEVs.
However, further studies are clearly required to eluci-
date its consequences.

We also observed that the proteolytically generated
PrP-C1 fragment is enriched in sEVs. Although part of
the presence of PrP-C1 is provoked by the collagenase
treatment, the study of two neuronal cell lines further
confirmed that PrP-Cl1 is enriched in EVs.
Interestingly, Vella et al. [100] already described that
EV-associated PrP was largely not recognized with
antibodies against the N-terminal part of the protein,
indicating truncation. In agreement with that, we show
here that the main PrP forms packed onto sEVs in the
brain are PrP-Cl together with fl-PrP (with both pri-
marily being in their diglycosylated state). We had
already suggested a parallelism between the hydropho-
bic domain, which is N-terminally exposed in Cl after
the a-cleavage of PrP, and the fusion peptides of cer-
tain viral surface proteins [41]. Because the latter
allows viruses to dock to and fuse with the host cells,
we hypothesized that PrP-Cl on EVs could perform a
similar function, such as tethering EVs to recipient
cells and/or facilitating their uptake. The fact that
EVs also share many similarities with viruses
[101,102]  would reinforce  our  hypothesis.
Surprisingly, we found that, as early as 1 h after incu-
bation, labelled brain-derived sEVs lacking PrP are
readily taken up and present inside neurons (and glia
cells), whereas sEVs from WT mice are poorly taken
up, but rather present as diffuse staining surrounding
the neuronal body. At later time points, although WT-
sEVs are also engulfed and start to colocalize with
lysosomes, there are still significant differences com-
pared with PrP-KO sEVs, with the latter being more
massively taken up and colocalizing with lysosomes
[103]. This seems counterintuitive with our initial
hypothesis since our findings rather indicate that a
lack of PrP leads to more efficient uptake. However,



it has been shown that EVs can either fuse with the
plasma membrane, thereby releasing their content into
the cytoplasm, or they can be taken up by clathrin/
caveolin-dependent mechanisms or by phagocytosis
and macropinocytosis [104]. Since we always treated
cells with the same amount of sEVs yet consistently
detected more endocytosed PrP-KO sEVs, this could
indicate that presence of PrP and/or PrP-C1 (in WT-
sEVs) indeed influences fusion events, This may also be
supported by the diffuse sEV-associated staining at the
plasma membrane observed for cells incubated with
WT-sEVs, In contrast, in the absence of PrP it scems
that vesicles are taken up more quickly by other
mechanisms and delivered to certain organelles (in
this case lysosomes). Thus, modulation of PrP compo-
sition could regulate EV fusion versus uptake and,
consequently, influence whether EV cargo is released
to the cytoplasm or intracellular compartments, respec-
tively. Nevertheless, we cannot completely rule out the
possibility that other gene products (e.g. flanking
genes) possibly affected by the knock-out strategy
[29]or PrP binding partners altered in Prnp”® mice
could potentially influence this aspect. Moreover, as
detergent-resistant domains in the membrane can be
modified (at least in vitro) by the presence of GPI-
anchored proteins [105], we can likewise not exclude
that an altered lipid composition of EVs is partially
responsible for the differential uptake. Further studies
including lipidomic profiling would clarify this point.
It has been reported that fusion of EVs with purified
membrane sheets in a cell-free system requires the
presence of proteins at the surface of both entities
and an acidic pH [106]. Our data suggest that PrP
and PrP-Cl1 may be relevant EVs residents in this
initial EV-to-target cell interaction. However, given
that, at a later time-point, we observed both, WT-
and PrP-KO-sEVs, to colocalize with LAMP-1, final
subcellular targeting of at least a fraction of sEVs rather
seems to be PrP-independent. In general, intracellular
cargo delivery of EVs is still poorly understood and
further studies, as for the potential role of PrP in these
processes, are clearly needed to clarify this important
point in EV biology and intercellular communication.
It has been shown that EVs derived from cortical
neurons are taken up preferentially by hippocampal neu-
rons, whereas EVs from other origins are generally taken
up by microglia [107]. In our study, we have a mixture of
brain EVs and further analyses are needed to assess which
type of EVs are internalized by neurons. However, we
observed that the uptake of SEVs lacking PrP by microglia
and astrocytes was likewise highly increased. This result
could point out to a role of PrP in EV recognition by the
immune system, It is striking that PrP is highly abundant
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in organs that possess immune privilege, such as brain,
placenta and testicles [108]. Fittingly, in several inflam-
matory processes, such as ischaemia, brain trauma, and
experimental autoimmune encephalomyelitis (EAE; as a
maodel for multiple sclerosis), the inflammatory damage is
exacerbated when PrP is absent, supporting a role of this
protein in immunological quiescence [108).

In conclusion, the present study describes that micro-
glia are the main contributors to the sEV pool in murine
brain under physiological conditions and that brain sEVs
are enriched in PrP and PrP-Cl, which may modulate
EV uptake in recipient cells. After experimental stroke,
astrocytes increasingly contribute to the sEV pool and
levels of sEV-associated PrP are further enhanced. These
findings add novel insight to previous studies indicating
a major role of both, PrP and EVs, in the brain under
physiological and ischaemic conditions.
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ABSTRACT

Extracellular vesicles (EVs) are lipid bilayer enclosed structures that not only represent a newly
discovered means for cell-to-cell communication but may also serve as promising disease biomarkers
and therapeutic tools. Apart from proteins, lipids, and metabolites, EVs can deliver genetic
information such as mRNA eliciting a response in the recipient cells. In the present study, we have
analyzed the mRNA content of brain-derived EVs (BDEVs) isolated 72 hours after experimental stroke
in mice and compared them to controls (shams) using the nCounter® Nanostring panels, with or
without prior RNA isolation from BDEVs. We found that both panels show similar results when
comparing upregulated mRNA in stroke, Notably, the higher upregulated mRNAs were related to
processes of stress and immune system responses, but also to anatomical structure development, cell
differentiation, and extracellular matrix organization, indicating that regenerative mechanisms are
already taking place at this time-point. The five top overexpressed mRNAs in stroke mice compared
to shams were confirmed by RT-qPCR and, interestingly, were found to be present as full-length open-
reading frame in BDEVs. We could reveal that the majority of the mRNA cargo in BDEVs was of
microglial origin and probably predominantly present in small BDEVs (< 200 nm in diameter), However,
the EV population with the highest increase in the total BDEVs pool at 72 h after stroke was of
oligodendrocytic origin. Our study shows that nCounter® panels are a good tool to study mRNA
content in tissue-derived EVs as they can be carried out even without previous mRNA isolation and
that the mRNA cargo of BDEVs indicates their participation in inflammatory but also recovery
processes after stroke,
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INTRODUCTION

Extracellular vesicles (EVs) are lipid bilayer particles secreted by all types of cells that play an important
role in communication among cells as they can transfer proteins, lipids, and genetic material to
recipient cells, even over long distances'?. Among the genetic information contained in EVs, different
types of RNA cargoes have been identified such as non-coding RNAs (miRNA, tRNA, siRNA, YRNA,
IncRNA, circRNA), and fragmented as well as intact mRNAs*®, The loading of RNAs into EVs is not
random as earlier studies support selective incorporation, refiecting the type and the physiological
state of the parent cells’®. Moreover, several studies have reported that different types of EVs
originating from the same cell type contain differentially sorted miRNAs and mRNAs"™”.

The mRNAs in EVs are transferred to and translated into protein in recipient cells'®**. Other types of
RNAs such as fragmented non-coding RNAs and miRNAs have been shown to play an important role
in cancer development’**®, However, many of the physiological consequences of mRNA and non-
coding RNAs contained in EVs once taken up by recipient cells are still unclear,

Ischemic stroke is the world-leading cause of sustained disability. It has a complex pathophysiology
involving the reaction of both, brain and infiltrating immune cells, the latter due to the breakdown of
the blood-brain barrier (BBB)'. After the blockage of an artery, a transient lack of glucose and oxygen
at the core of the stroke triggers necrotic cell death in neurons which release their content to the
extracellular space, generating Danger Associated Molecular Patterns (DAMPs, such as ATP). DAMPs
activate microglia and astrocytes, triggering an immune response, Surrounding the ischemic core,
there is a hypoperfused area, the penumbra, where cells are still metabolically active and could
potentially be rescued within a critical timeframe®?’, probably implying a better outcome for the
patient?%2%,

Several studies support the idea that EVs play an important role in deciding the neuronal fate under
stress conditions and probably the same applies to the neuronal outcome in the penumbra after
stroke, On the one hand, in vitro studies showed that extracellular ATP stimulates microglia to release
EVs containing an altered proteome compared to steady-state conditions, triggering an inflammatory
phenotype in astrocytes™. ATP released by astrocytes also stimulates the release of microglial EVs
containing the proinflammatory cytokine IL-1p**?®. On the other hand, EVs derived from non-
stimulated astrocytes can rescue neurons under ischemic conditions, a function that depends on the
cellular prion protein (PrP%)*”. Furthermore, EVs derived from oligodendrocytes increase the viability
of neurons subjected to nutrient deprivation®**°, Interestingly, a recent study proposed that neurons
release “help-me” signals through EVs*'. The authors showed that EVs containing miRNA-98 released
by neurons were taken up by microglia in vitro and in vivo and, consequently, microglial phagocytosis
of stressed but still salvageable neurons was decreased in the penumbra after stroke. Thus, to study
the intercellular communication after stroke through EVs is of utmost importance to (i) understand
the underlying pathophysiological mechanisms, (ii) identify novel biomarkers, and (iii) develop new
therapeutic approaches.

Our present study aimed to investigate if and how the mRNA content in BDEVs changes after stroke
compared to sham. To this end, we applied a targeted approach using the nCounter® Neuropathology
Panel allowing for the simultaneous assessment of 770 genes related to diverse aspects of
neurodegeneration such as neurotransmission, neuron-glia interaction, and neuroinflammation,
among others. As these panels can also be used without previous mRNA extraction, another aim was
to investigate if this was also applicable to the study of tissue-derived EVs, which would represent a
technical advantage as it would eliminate steps in the protocol, thus reducing sample loss and
decreasing variability. We subjected mice to transient Middle Cerebral Artery Occlusion (tMCAQ), a
widely stablished mouse model of stroke, and explored the mRNA content of BDEVs at 72 h after
reperfusion, when recovery processes may start to take place. We show that (i) the nCounter® panels
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can be used for EVs analysis bypassing the mRNA isolation, obtaining similar results to the panels
incubated with previously isolated mRNA; (ii) the highest increase in BDEVs from tMCAO mice was
observed for mRNAs related to inflammatory and recovery processes with (iii) mRNA top hits being
present as full-length and mostly contained in small EVs (€200nm); (iv) the majority of highly
upregulated mRNAs in BDEVs are released by microglia at this time point even though (v), the most
upregulated contributors to the whole BDEV pool at 72 h after stroke are oligodendrocytes.

To the best of our knowledge, this is the first report of mRNA analysis from BDEVs. From a technical
point, the present study shows that nCounter® panels are a convenient and reliable method to study
EVs as they can perform without prior mRNA isolation. We also show that full-length mRNAs with
possible implications in inflammatory and regenerative processes are increasingly shuttled in EVs after
stroke, revealing conceivable regulatory roles in stroke pathophysiology.

MATERIAL AND METHODS
Ethics statement

All animal experiments were approved by the local animal care committee (Behorde fir Gesundheit
und Verbraucherschutz, Veterindrwesen und Lebensmittelsicherheit of the Freie und Hansestadt
Hamburg, project number N045/2018), and performed following the guidelines of the animal facility
of the University Medical Center Hamburg-Eppendorf.

Mice used for this study were kept under a 12h dark-light cycle with ad libitum access to food and
water.

Transient middle cerebral artery occlusion (tMCAO) procedure

12-18 weeks old male C57BL/6 mice were used for the experiments. Mice were anesthetized and
tMCAO was performed as described previously'”. Briefly, the temporary occlusion of the middle
cerebral artery was achieved by inserting a 6.0 nylon filament (602312PK10, Doccol) for 40 min.
Control (sham) animals were also anesthetized, and their arteries were exposed but not occluded.
Mice were euthanized 72 h after the tMCAO procedure. Ipsilateral and contralateral hemispheres
were stored separately at —80 °C. For the present study, only the ipsilateral hemispheres were used.

EVs isolation

EVs were isolated from the ipsilateral hemisphere of mice from the stroke or sham group as described
previously®. Briefly, frozen brains were slightly thawed in Hibernate E media (Gibco ), finely chopped,
and digested with 75U/mL of Collagenase type Ill (Worthington) in Hibernate E (800uL/ 100mg tissue)
for 20 min in a shaking water bath at 37°C. Digestion was stopped using protease inhibitors (Roche).
Samples were centrifuged at 300xg for 5 min at 4°C, the supernatant was collected and further
centrifuged at 2,000xg for 10 min at 4°C. The resultant supernatant was further centrifuged at
10.000xg for 30 min at 4°C, For some experiments (“filtered samples”, F), the resultant supernatant
was passed through a 0.22um cellulose-acetate filter (Whatman) or directly used in the next step
(“non-filtered samples”, NF). The supernatant was layered on top of a sucrose gradient (2.5M, 1.3M,
0.6M) and centrifuged at 180,000 xg (corresponding to 31,800 rpm in a SW40Ti rotor) for 3h at 4°C.
Six fractions were collected, diluted in PBS (Gibco), and further centrifuged at 100,000xg (24,000 rpm
in SW40Ti rotor) for 1h at 4°C. After the initial characterization, fractions 2,3, and 4 were pooled before
dilution in PBS. The pellet was stored at -20°C for further RNA isolation or resuspended in RIPA buffer
(S0 mM Tris-HCl pH=7.4, 150 mM NaCl, 1% NP40, 0.5% Na-Deoxycholate and 0.1% SDS) or PBS with
protease and phosphatase inhibitors (Roche) to be used for western blot or NTA analysis, respectively.
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SDS-PAGE and western blot

EVs samples in RIPA were mixed with 4x NuPage LDS Sample buffer (Invitrogen) and 10x NuPage
Sample reducing agent (Invitrogen) and heated at 70°C for 10 min. For EVs characterization, the same
volume for the 6 fractions was loaded (15 pL) in NuPage 10% Bis-Tris precast gels and run at 150V,
Proteins were then transferred onto nitrocellulose membrane (LI-COR) at 400 mA for 1h. Total protein
content was visualized by staining the membranes with Revert Total Protein Stain Kit (LI-COR), as
described by the manufacturer’s instructions, To block unspecific binding, membranes were incubated
with 1x RotiBlock (Roth) in TBS for 1h at room temperature while shaking and incubated overnight at
4°C with the following primary antibodies: ADAM10 (1:1,000; EPR5622), Alix (1:500; #2171;CST), CD81
(1:1,000; #10037; Cell Signaling), Flotilin-1 (1:1,000; #610820; BD Biosciences), or GM130 (1:1,000;
#61082; BD Biosciences). After incubation, membranes were washed with TBST, incubated for 1h with
the corresponding secondary antibody (1:1,000 Anti-mouse 1gG,#7076/Anti-rabbit 1gG, #7074; both
from Cell Signaling), washed again with TBST, and developed with Super Signal West Femto Substrate
(ThermoFisher). The chemiluminescence reaction was detected with a ChemiDoc Imaging Station
(BioRad).

For cellular markers characterization, 3 pg of proteins measured with the Micro BCA Protein Assay Kit
(Thermo Scientific) following the instructions of the supplier, were mixed with 4x loading buffer
(250mM Tris-HCl, 8% SDS, 40% glycerol, 20% B-mercaptoethanol, 0.008% Bromophenol Blue, pH 6.8),
boiled for 5 min at 95°C, loaded onto a 10% Bis/Tris acrylamide gel and subjected to electrophoresis
as described above. The following antibodies were used: CD40 (1:500, NB100-56127SS; Novusbio),
CNP(1:1,000, C5922; Sigma), EAAT1 (1:500, NB100-1869SS; Novusbio), EAAT2 (1:500, NBP1-20136SS;
Novushio), NCAM (1:1,000, #99746; Cell Signaling), P2Y12 (1:500, #11976-1-AP; Proteintech), PLP
(1:1,000, NB100-74503; Novusbio), Synapsin-1 (1:1,000, #106103; Synaptic Systems). After overnight
incubation while shaking at 4°C, the detection was performed as described above.

RNA isolation

RNA was isolated from the EVs using the Qiagen RNeasy Plus Micro Kit (Qiagen). Briefly, EV pellets
from fractions 2, 3, and 4 were resuspended each in 117 pL of Lysis Buffer RLT Plus (Qiagen), vortexed,
and pooled together (total of 350 ul as recommended by the supplier) and RNA was isolated following
the manufacturer’s instructions. The quality and purity of the isolated RNA were checked using the
Agilent 2100 Bioanalyzer following the instructions of the supplier.

Gene expression analysis with nCounter® panels

Gene expression analysis was performed by using the NanoString nCounter® Neuropathology panel
(#XT-CSO-MNROP1-12, NanoString Technologies). Two panels were used: one loaded with RNA
isolated from BDEVs (that were filtered during the preparation of EVs); and another one where all the
samples bypassed the RNA isolation (“non-isolated”, NI) but some were filtered during the BDEVs
preparation (F) and the others were not filtered (NF) during preparation.

To run the first panel, 50 ng of previously isolated RNA measured by Qubit™ RNA High Sensitivity
Assay Kit (Thermo Fisher) using the 3.0 QuBit Flucrometer, were mixed with RNAse-free water
(Qiagen) up to 5 pL. Samples were hybridized for 18 h and mixed with 15 uL of RNAse-free water to
be loaded on the nCounter® Sprint Cartridge (#LBL-10038-01, NanoStringTechnologies), following the
instructions of the company. The analysis was run for 6 h.

For direct loading of EV lysates (i.e., no previous RNA isolation, NI}, frozen EVs were resuspended in
RLT lysis buffer and RNAse-free water in a ratio of 1:3 and loaded based on protein concentration
measured by Micro BCA Protein Assay Kit {Thermo Scientific). 2,8 ug of proteins were loaded.
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Reverse Transcription and quantitative PCR (RT-qPCR)

The cDNA was synthesized from the BDEVSs' isolated RNA using Maxima First Strand cDNA Synthesis
Kit for RT-qPCR (Thermo Scientific), following the supplier’s instructions. The resulting cDNA was
loaded in a 1:15 dilution with a master mix (Probe gPCR MM No ROX; Thermo Scientific) with the
following TagMan Probes: Hmoxl (#MmO00516005_m1), Fecrls (#MmO00472833 m1l), Cd44
(#Mm01277161_m1), Clgb (#Mm01179619_m1), Gfap (#Mm01253033_m1) all from Thermo
Scientific. Asb7 (#Mm01318985_m1) and Fam104a (#Mm01245127_g1), both from Thermo Scientific,
were used as housekeeping genes based on the nCounter® analysis. The reaction was performed using
LightCycler 96 (Roche) with the following conditions: 50°C for 120 s, 95°C for 600 s, followed by 45
cycles of 95°C for 10 s, and 60°C for 30 s and further cooling of 37°C for 30 s. Samples were run in
triplicates. Differential expression was analyzed using the 2" method. ACT was calculated by
subtracting the arithmetic means of the CT values of our two housekeeping genes from the CT values
of the mRNA of interest. AACT was calculated by subtracting the average ACT of the sham samples
from the ACT of the stroke samples. The fold change (FC) was calculated as 2%

PCR

¢DNA was synthesized as above and Syl of the resulting EVs ¢cDNA (concentration not measured as
the PCR was only intended to be qualitative) or 1 pl of total WT brain cDNA (positive control) or 1 uL
of water (negative control) were mixed with 1x Master Mix: dNTPs 0.4 mM, primers 0.4 uM, Dream
Taq polymerase 1U, 1x Dream Taq Green Buffer (all from Thermo Fischer) and water. The following
primers were used:

Hmox1: 5’ATGGAGCGTCCACAGCC 3'(sense), 3" GGCATAAATTCCCACTGCCAC 5'(antisense)

Clga; 5’ATGGAGACCTCTCAGGGATGG 3'(sense), 3 TCAGGCCGAGGGGAAAATGA 5'(antisense);
Clgb:5 TGAAGACACAGTGGGGTGAGG 3'(sense), 3'TACGCATCCATGTCAGGGAAAA 5'(antisense);
Clgc: 5’ATGGTCGTTGGACCCAGTTG 3'(sense), 3'CTAGTCGGGAAACAGTAGGAAAC 5'(antisense);
Gfap: 5'ATGGAGCGGAGACGCATCA 3'(sense), 3'ACATCACCACGTCCTTGTGC 5'(antisense); and

Cd44: 5'GTTTTGGTGGCACACAGCTT 3'(sense), 3'CAGATTCCGGGTCTCGTCAG 5'(antisense).

The PCR reaction was performed as follows: 95°C for 5 min; 95°C for 45 s and 61°C for 45 s, and 72°C
for 1 min (%35 cycles); 72°C for 5 min. The samples were loaded in a 1.5% Agarose gel mixed with Roti-
GelStain (Roth) and run at 120 V for 40 min. The gel was then stained with ethidium bromide (Fluka)
and imaged with UVP UVsolo touch (Analytik Jena).

Nanoparticle Tracking Analysis (NTA)

Pellets resulting from the EVs isolation were resuspended in 30 uL PBS and 1 ul of this suspension was
diluted in PBS at 1:500, and the resulting 500 uL were then loaded into the sample chamber of the
LM 10 unit (Nanosight, Amesbury, UK). Samples were recorded with ten videos, each 10 s long. Data
analysis was performed by NTA 3.0 software (Nanosight) with the following software settings:
detection threshold = 6, screen gain = 2.

Transmission Electron Microscopy

For TEM, extracellular vesicle pellets were re-suspended in 0.1M PBS. Drops of these suspensions were
placed on parafilm. Carbon-coated copper meshed grids (Plano, Germany) were placed on the drops
for 5 minutes for probe adsorption. After five minutes of fixation on drops of 1% glutaraldehyde (Roth,
Germany) grids were washed 4 times for 30 seconds and negative contrasted using 1% uranyl acetate.
Grids were air-dried and analyzed using a Philips CM 100 transmission electron microscope,

Analysis of the nCounter® panel data, GO terms enrichment, and cell types of origin
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For each of the three datasets, genes with raw expression scores not exceeding the average plus two
standard deviations of all corresponding negative control probes, in at least one sham and one stroke
sample, were removed from the analysis. Normalization was based on the ten housekeeping mRNAs
present on the panel. Differential expression analysis was carried out with DESeq2*. A mRNA was
considered differentially expressed if the corresponding absolute log2-fold change (log2FC) was larger
or equal to 1 and the False Discovery Rate (FDR) was smaller or equal to 0.1.

To perform overrepresentation analysis, clusterProfiler’* was used in combination with GOslim
terms™,

A gene expression matrix for the data set 'Whole Cortex & Hippocampus - 10X Genomics (2020) was
obtained from the Allen Mouse Brain Atlas™, To generate this matrix we used the mRNA values
corresponding to log2FCs greater or equal to 2 and FDRs smaller or equal than 0.1 in the panel with
samples |+F.

Statistical analysis

To analyze the differences between sham and strokes in the western blot and for the NTA we used
GraphPad Prism 8, applying non-parametric Mann-Whitney U test in both cases. Statistical significance
was considered for *p < 0.05, **p < 0.005, and ***p < 0.001. Values are given as a meant standard
error of the mean (SEM). The exact p-values are given in the main text.

RESULTS
Characterization of BDEVs and mRNA isolation

An overview of our experimental strategy and workflow concerning the respective data in the main
figures is shown in Fig. 1A. EVs from mouse brains were isolated as described before® and
characterized by western blot (WB), nanoparticle tracking analysis (NTA), and electron microscopy
(EM) following the MISEV 2018 guidelines’. As shown in Fig. 1B, six fractions were obtained after
sucrose gradient centrifugation, Fractions 2, and 3 were enriched in common EV markers such as
flotillin, CD81, mature ADAM10, 14-3-3, and Alix (with the latter two being cytosolic proteins,
indicating EV integrity). GM130, a membrane protein of the cis-Golgi apparatus was used here as a
marker of contamination with intracellular organelles and was not present in any of the six fractions.
For subsequent experiments, we pooled fractions 2, 3, and 4 (as in the latter fraction flotillin and CD81
were also present) as the “EVs fraction”. NTA measurements of this EV fraction revealed that the
number of EVs was not significantly elevated in the tMCAO brains compared to shams, although there
was a clear tendency towards an increase (mean value shams: 5.5x10' + 1.77x10"!; mean value
tMCAOs: 1.07x10%7 + ., 82x10"}; Fig. 1C; n=6 for each group). EM pictures showed that EVs of different
sizes were enriched in the pooled pellets (Fig. 1D, black arrowheads). Some structures with a more
squared profile were also identified (white asterisks) probably indicating some degree of
contamination, yet no major differences were observed between EVs isolated from tMCAO brains
compared to shams). We then proceeded to isolate RNA from the EVs fraction and analyzed it with
Bioanalyzer. Most of the RNA contained in the EVs from shams or stroke brains corresponded to small
RNAs of less than 1,000 nucleotides (nt), although some bands appeared between 1,000 and 4,000 nt
as well. Very low amounts of the ribosomal RNA (rRNA) subunit 185 and no detectable levels of the
28S rRNA subunit were ohserved (Fig. 1E). A representative RNA electropherogram is shown in Fig. 1F
confirming that the majority of RNA is less than 1,000 nt with only a few ranging between 1,000 and
4,000 nt. The mean RNA concentration for shams was 23.06 £+ 2,053 ng/uL) whereas for strokes this
was 22.06 + 3.64 ng/pL (n=3 per condition) as measured with QuBit™ RNA High Sensitivity Assay.
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Similar BDEVs' mRNA profiles are obtained with the nCounter® panels with and without previous
mRNA extraction, and with and without a filtration step during preparation of BDEVs

Isolated mRNA from EVs purified from the ipsilateral hemisphere of either sham (n=3) or tMCAO (n=3)
mice were hybridized with the nCounter® Neuropathology panel from Nanostring which allows for
multiplexed detection and quantification of 770 genes related to several aspects of
neurodegeneration. Of interest for the studies of EVs’ mRNA, this method can detect low abundant
mRNA®*. To analyze the data, we used two criteria, a stringent one, focusing on those mRNAs that
showed an absolute log2 fold-change (log2FC) larger or equal to 2 (i.e., increase/decrease), and a broader
criteria also considering mRNAs increased/decreased with an absolute log2FC larger or equal to 1,
respectively. The false discovery rate (FDR) in each case was required to be below or equal to 0.1.
Out of the 770 genes present in the panel, 94 genes were significantly upregulated (log2FCz1) and 3
were significantly downregulated (log2FCs-1) in the tMCAO BDEVs compared to shams (Fig. 2A; Suppl.
Table 1), A log2FC=2 cut-off resulted in 31 mRNAs showing upregulation with Hmox1 being the highest
hit with a log2FC of 3.73 (i.e., about 13-fold upregulated). However, the mRNA with the highest counts
significantly upregulated in tMCAQ (indicating a strong presence in BDEVs), was for Gfap (Fig.2B,
Suppl. Table 1). No downregulated mRNA presented a log2FCs-2. Principal component analysis (PCA)
showed that samples of either sham or tMCAO cluster together, respectively, indicating differential
mRNA expression between the two experimental groups (Suppl. Fig. 1).

One of the advantages offered by the nCounter® panels is their sensitivity, as they can be used without
prior mRNA extraction. This is intended for cells and, to our knowledge, it has not been employed for
EV analyses yet. Considering that EV isolation from tissue already is a multistep process (with the risk
of losing material and information at every step of the protocol, we thought it could be of great
advantage to bypass the mRNA isolation step, as the latter may result in mRNA loss. Hence, as a proof
of concept, we ran a second nCounter® Mouse Neuropathology panel for which the mRNA was not
isolated before (from now onwards termed “NI (non-isolated) samples” versus “| (isolated) samples”).
The heat map and volcano plot in Fig. 2C and 2D show that from the “N|"-samples, we obtained several
significantly upregulated mRNAs for the tMCAO BDEVs compared to shams (88 mRNAs upregulated
with a log2FC 21 and 11 mRNAs downregulated with log2FC <-1; Fig. 2C, Table 1 and Suppl. Table 2).
With some differences in the fold-change, “I” and “NI” samples shared most of the highly upregulated
mRNAs. Thus, out of the significantly upregulated mRNAs (log2FC22) in tMCAO (31 in the “I"-samples
panel, and 29 in the NI-samples panel), 23 were common (Table 1 and Venn diagram in Fig. 2E). Eight
mRNAs (Tgfbl, Tspo, Cxcl16, Grn, Ccr2, Hpgds, Itga5, and Spil) present in the isolated samples panel
with a log2FC22 showed a lower fold-change in the “NI” samples panel, although still showing
upregulation (log2FCz1), Vice-versa, five mRNAs (Lrrc25, Tnfrsfib, Beasl, Tnfrsfla, and Irf8) showed a
log2FC22 in the “NI” samples, which was lower (although still upregulated with a log2fC2 1) in the “I”
samples (Table 1). “1” and “NI” samples also shared most of the differentially expressed mRNAs (76
mRNAs), meaning that 81% of the absolute log2FC=1 mRNA significantly differentially expressed in
the “I"-samples are likewise significantly differentially expressed in the “NI”-samples. Because
differences between the panels could be attributed to panel batches or sample variation in the tMCAO
model, we conclude that overall the nCounter® panels are suitable for the study of BDEVs mRNA cargo
without the need for prior mRNA extraction.

In a previous study, we have shown that introducing a filtration step with a 0.2um membrane leads to
the differentiation between two EV populations harboring different protein content, with the
population with a diameter $ 200 pm (i.e., small BDEVs, sBDEVs) being relatively enriched in ribosomal
proteins®. The results presented above were generated with samples undergoing this filtration step.
However, we were also interested in knowing whether the relative mRNAs in BDEV populations would
change by skipping this filtration step and including larger EVs as well. Therefore, in the same panel
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{all “NI”"-samples), we also added BDEVs samples that were lacking the 0.2 um filtration step (“NF”
samples) and compared them to the filtrated (“F") samples described above. As shown in the heat
map and the volcano plot (Fig. 3A and 3B) and Table 1, the most upregulated mRNAs (log2FC=22)
present in the “NF” samples were also among the most upregulated present in the filtrated samples,
although the relative fold-change slightly varied. In the “NI"+"NF" samples, we found 22 mRNAs
upregulated with a log2FC22, and 60 mRNAs upregulated when the cut-off was set to log2FCz1. In
these samples, no significantly downregulated mRNA species with a log2FC<-1 were found (Table 1
and Suppl. Table 3). As shown in the Venn diagrams in Fig. 3C and 3D, no mRNA was exclusively
detected when the samples were not filtered. These findings could indicate that the majority of
mRNAs are contained in small EVs (£ 200 um). Alternatively, our observations may suggest that
because bigger EVs have a relatively higher protein content, the background of the panels is increased
thereby relatively lowering mRNA detection, which could explain the generally low fold-change
detection in 2 out of the 3 samples shown in the heat map (Fig. 3A).

Upregulated mRNAs in BDEVs after tMCAO are (i) related to inflammatory responses, stress
defense, and recovery processes, (ii) are mainly released by microglia, and (iii) top hits present in
full-length.

To validate the data obtained with the nCounter® panels, we next performed RT-qPCR for 5 of the top
mRNAs found upregulated in the tMCAO samples. As shown in Fig.4A, the amount of mRNA extracted
from BDEVs was sufficient to perform reverse transcription to cDNA and RT-qPCR analyses (n=7 for
each group). All the examined mRNAs (Hmox1, Cdd44, Clqa, Gfap, and Ferls) showed a significant
increase in BDEVs from tMCAO mice compared to shams with a similar fold-increase as found in the
nCounter® panels (Table 1).

Overrepresentation analysis of GO terms by using the 770 genes present in the nCounter® panel as
background mRNA, revealed two main types of responses: on the one hand, these were “immune
system process”, and “response to stress”, indicating that BDEVs carry mRNAs related to inflammatory
processes. On the other hand, terms such as “anatomical structure development”, “cell
differentiation”, “cell population differentiation”, “anatomical structure formation involved in
morphogenesis”, or “extracellular matrix reorganization”, were also overrepresented, suggesting that
certain recovery processes are already taking place at 72 h after tMCAO with BDEVs participating in
these events (Fig. 4B and Table 2). To assess the origin of the highest upregulated mRNAs carried in
BDEVs after tMCAO (log2FC22) we generated a heat map based on data from the Cell Types Database:
RNAseq Data from the Allen Brain Map. This revealed that several mRNAs (13 out of 21 with an
assigned cell type) were originating from either microglia or perivascular macrophages (Fig. 4C).
Finally, we designed PCR primers to qualitatively assess whether the mRNA of six of the top ten
candidates present in BDEVs was full length. We used primers allowing for the assessment of the open
reading frame (ORF) as an indicator of intact mRNAs. Although the amounts were very variable
between the samples, mRNAs for Hmox1, Gfap, Clqa, Clgb, and Clqc, were all present in BDEVs as
full-length based on their expected size (Fig. 4D).

Oligodendrocytic-EVs are upregulated in the total BDEVs pool at 72 h after tMCAO.

We have demonstrated earlier that the main EVs population contributing to the total BDEVs pool
under physiological conditions originated from microglia. This situation changed 24 h after tMCAO
when astrocytic EVs were found significantly upregulated®’. Considering our aforementioned finding
of a predominantly microglial origin of mRNAs in BDEVs obtained at 72 h after stroke (Fig. 4C), we
wondered whether this would also reflect an increased contribution of this cell type to the total EV
pool in stroked brains at this time-point. Therefore, by applying the same methodology as in our
previous study (i.e., biochemical assessment of two typical markers per brain cell type), we compared
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BDEVs from tMCAO (n=5) and sham (n=5) mice at 72 h after stroke. For neurons, we detected the
Neural Cell Adhesion Molecule 1 (NCAM1) as it was present in the mass spectroscopy analysis from
BDEVs in our previous study, and Synapsin 1 as used before®. As astrocyte-specific markers we
assessed the Excitatory Amino Acids Transporter 1 and 2 (EAAT1, EAAT2)*; and for microglia, we used
the G-protein coupled P2Y receptor 12 (P2Y12) as well as CD40, present in activated microglia and
macrophages®. Lastly, for oligodendrocytes, we detected the proteolipid protein (PLP, a major
component of the myelin sheath) and 2'-3'-Cyclicnucleotide 3'-phosphodiesterase (CNP) *'. The
quantification was done by first referring the band intensity of the marker protein to the total protein
staining serving a loading control, and the mean values between sham and tMCAOs were then
compared. As shown in the western blots of Fig. 5A, all marker proteins were present in BDEVs. An
obvious increase in both markers for oligodendrocytes (i.e., PLP and CNP1, significantly upregulated
intMCAO **p=0.0079 and *p=0.0317, respectively) was observed. This increase was specific for BDEVs
as brain homogenates showed no differences between shams and strokes (Suppl. Fig. 2). Surprisingly,
although most of the mRNA present in BDEVs in our study is characteristic of microglial origin, both
microglial markers used for immunoblotting did not show any increase in the tMCAO samples
compared to shams. The neuronal markers NCAM1 and Synl were upregulated but only the increase
in NCAM1 reached significance (**p=0.0079), indicating that neurons could significantly contribute to
the BDEVSs pool 72 h after stroke. Again, as for PLP and CNP1, the increase in NCAM was specific for
BDEVs and not paralleled in brain homogenates (Suppl. Fig. 2). Finally, although Gfap was one of the
mRNAs with highest fold-change in our analysis, we did not observe a significant increase in BDEVs
from astrocytes. This is in contrast to what we have previously found at 24 h after tMCAO using the
same protein markers*’ and may highlight the transient nature of successive inflammatory and repair
processes after stroke with the relative contributions from different cell types changing over time.

DISCUSSION

In the present study, we have used the Nanostring nCounter® panels to demonstrate that, after
inducing stroke in mice followed by 72 h reperfusion, BDEVs increased their content in mRNAs related
to immune, inflammatory, and defense responses as well as recovery processes. The mRNAs present
afull-length ORF in BDEVS, at least for the most upregulated genes in tMCAO compared to shams. The
top five most upregulated genes shared by all panels detected here are Hmox1, Cd44, C1q (composed
by Clqga, Clgb, and Clqc), Gfap, and Ferls. Hmox1 encodes for the inducible Heme Oxygenase (HO1),
which has been implicated in neuroprotection after stroke and is considered a possible therapeutic
target*’. CD44 protein is important for synaptic plasticity and axon guidance, among other functions,
in the central nervous system (CNS). Under pathological conditions such as multiple sclerosis (MS) and
its respective experimental model in rodents (Experimental Autoimmune Encephalomyelitis, EAE),
CD44 has immunomodulatory properties and protects from the breakage of the BBB™. After stroke,
CD44 seems to be upregulated in neural stem/progenitor cells (NSPCs) and microglia/macrophages at
the penumbra area®, Clq, the recognition molecule complex that initiates the classical pathway of
the complement cascade, is secreted by macrophages and exerts important functions in the brain such
as tagging unwanted synapses for elimination®™*5, In stroke, early activation of the complement
system leads to inflammation, but at later time-points, C1q might also play a role in regenerative
processes®’. Gfap encodes for the Glial Fibrillary Acidic Protein (GFAP) which is mainly expressed by
astrocytes. Its expression increases when astrocytes become reactive and when they form the glial
scar which limits inflammation and promotes repair*®®°, Ferls encodes for the Fc Receptor-like S, a
scavenger receptor expressed specifically by microglia®® but only in mice, rats, and dogs®*. Scavenger
receptors bind ligands that are non-self or self-altered molecules and remove them by phagocytosis
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(among other mechanisms) leading to the elimination of degraded or harmful substances®®. Thus, at
72 h after tMCAO, BDEVs contain mRNAs encoding for proteins involved in inflammatory and defense
responses but which may also participate in the reconstruction and repair of the affected area.
Because microglia and astrocytes are reactive and proliferate upon stroke, one question is whether
an increase of mRNAs such as Gfap or Clqs in BDEVs is just a consequence of the increased amount
of these mRNAs in the parental cells. While with the present study we cannot rule out this possibility
(as one would have to assess the amount of mRNA in the cells of origin), the fact that Hmox1, Clq,
Cd44, and Ferls showed in general rather low counts in BDEVs from tMCAO mice (although with a
significant fold increase compared to sham), our findings would speak in favor of a specific loading of
these mRNAs into EVs as a reaction to hypoxic ischemia.

It has been shown that different types of EVs contain different RNA profiles, for instance, with
apoptotic bodies being richer in ribosomal RNA (rRNA) when compared to microvesicles and
exosomes®, Interestingly, we did not detect major differences in relative amounts of mRNAs between
filtered and non-filtered samples (the latter presenting a larger average diameter™). Although we
cannot rule out that an increased amount of protein (since the RNA was not isolated, and bigger EVs
probably contain relatively more amount of proteins) could increase the background (overall fewer
mRNAs were detected compared to the “NI+F” panel), it could also imply that sEVs (£ 200nm) carry
the majority of the EV-associated mRNAs. Crescitelli et al. showed that in two out of three investigated
cell lines, most of the RNA was present in exosomes (which fall into the category of sEVs)™. Although
the type of sample and the isolation methods impact the RNA yield and size distribution®, and though
the protocols differ between that and our study, the finding could indicate a general lack (or at least
relatively reduced presence) of mRNA in larger EVs. Notably, in our previous study®’ we showed that
sBDEVs were enriched in ribosomal proteins when compared to BDEVs that were not filtered and, in
fact, ribosomal proteins are commonly found in BDEVs even when using different isolation protocols®®.
Even though it has been shown that EVs do not have the appropriate machinery to translate mRNA
directly within the vesicles (at least in cultured cell lines'’), it could be hypothesized that they could
deliver most of the translation machinery plus the mRNA onto recipient cells, particularly as tRNA have
also been found in BDEVs®’,

Previously, we observed a significant increase in astrocytic BDEVs in the total brain pool of tMCAO
mice compared to shams at 24 h after stroke®’. In the present study investigating the time-point of 72
h after tMCAO, EVs from oligodendrocytes are the most upregulated species as judged by two protein
markers in western blot analyses. This came as a surprise considering that much of the BDEVs mRNA
was found to be significantly upregulated at this time-point after tMCAO could be ascribed to
microglia. However, given the fact that our analyses only investigated relative changes upon stroke
and not absolute contributions by cell types, both findings are not necessarily conflictive as microglia
derived-EVs could still make up a large part of the total pool. Of note, oligodendrocytes, the
myelinating cells of the CNS, play a currently understudied role in stroke. They are highly susceptible
to ischemic conditions, and the remyelination process starts through the proliferation of
oligodendrocyte progenitor cells (OPCs) within the penumbra area®. Apart from axonal myelination
oligodendrocytes can have an influence on neuronal survival after stroke. For instance, in vitro studies
show that upon certain neuronal signals, oligodendrocytes release EVs that rescue primary neurons
subjected to oxygen-glucose deprivation (OGD, an in vitro model of stroke)’®®, Oligodendrocyte-
derived EVs also influence axonal transport in physiological conditions, an effect that is enhanced
when neurons are nutrient-deprived, helping neurons to survive through the delivery of stress-
protective macromolecules such as heat shock proteins®. Microglia-to-oligodendrocyte
communication is another axis that should be considered. Oligodendrocytes can release chemokines
and other factors (presumably through EVs) that, under stress conditions, promote microglial
phagocytosis®™, In a model of demyelination in mice, microglia and macrophages turn to anti-
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inflammatory/immunoregulatory (M2) states and promote the differentiation of OPCs into
oligodendrocytes™. Thus, by the fact that we also observe an increase in oligodendrocytic-derived EVs
at 72 h after tMCAO (a time-point when recovery processes start to take place), it seems plausible
that EVs of this particular origin not only play a role in the neuronal remyelination after injury but also
in supporting neuronal survival and debris clearance, possibly through communication with microglia.
From a technical point of view, we here present that the Nanostring nCounter® panels are useful tools
to study the mRNA composition in BDEVs. We chose this technology because while RNA-seq is a very
sensitive method and can detect a wide range of RNAs in a given sample, the nCounter® technology
offers the advantage that the starting material can be of low amounts and that no further steps (such
as reverse transcription, which can introduce certain biases) are necessary to analyze the mRNA
content®’. We show that even when the RNA was not extracted from BDEVs, similar results (although
differing in absolute amounts) were obtained compared to samples that underwent the additional
RNA isolation step. This is a clear advantage, as one of the problems when assessing EV-derived mRNA,
and a considerable challenge for this field is the use of different methodologies to isolate EVs” RNA®,
Moreover, the approach presented here reduces steps in sample preparation and probably increases
the chances to detect some species that otherwise would be lost during mRNA isolation. In our case,
we were able to detect more significantly downregulated RNA species. It has recently been described
that nCounter® panels are also useful and sensitive to analyze EVs isolated from human plasma
samples and supernatants of cell cultures. However, in these studies, the amount of EVs obtained was
too low to run the samples directly , and intermediate steps such as RNA retro-transcription and cONA
amplification had to be introduced®**. These studies confirmed that even when RNA extracted from
EVs is present in low amounts, it can still be used for analysis with the nCounter® panel. Our present
report on BDEVs, to the best of our knowledge, is the first to show the suitability of these arrays for
analysing the mRNA content of EVs obtained from complex tissues such as brain.

Some papers described the presence of mRNA in exosomes that could be translated in recipient
cells'®**% while in other instances mRNA in EVs was found mainly to be fragmented, as in the case of
EVs from human glioblastoma stem cells*®®, A recent study using EVs isolated from human blood and
performing RNAseq, found that a substantial amount of the total RNA detected in EVs was full-length
with a mean size of around 2.800 nucleotides, but also containing very large mRNAs (e.g., KMT2D with
more than 19.000 bp)®’. In our study, we have explicitly checked by PCR if we could amplify the full
open reading frame (ORF) of six of the top upregulated candidates. We confirmed that they were all
present as full-length in BDEVSs, and therefore have at least the potential to be translated in the
recipient cells. However, studying the biological relevance of the mRNA content (and other RNA
cargoes) in EVs and proving their functionality in the recipient cells is very challenging®. It has been
shown in EVs of human glioblastoma stem cells that the number of mRNAs is substantially low, as it
was estimated to be 1 copy in 1,000 EVs for the most abundant mRNA, and for others less than 1 copy
every 10,000 to 100,000, or even 1 copy in a million EVs for some RNA species. However, related to
miRNA and despite the low numbers, the authors of this study observed an effect of miR21 in recipient
cells®. We have also made some rough calculations on the possible number of EVs containing mRNA
detected in our system: for the Nl-samples (where, in general, the amounts of mRNA counts were
higher), we loaded 2.8 pg of sample which approximately corresponds to 6.6x10' EVs (calculation
based on the mean of 6 NTA measurements and previous micro-BCA assays). If we take Gfap (for which
we confirmed presence in full length, and which showed the highest counts among the significantly
upregulated BDEV mRNAs in stroke), the ratio would be approx. 1 mRNA copy per 19,000,000 EVs.
Thus, the biological significance of mMRNAs present in BDEVSs in these relatively low amounts is difficult
to judge with the current knowledge and tools. We have attempted to incubate BDEVs with several
cell lines to assess any putative transfer and translation of Gfap and Hmox1 in recipient cells by
employing immunocytochemistry and confocal microscopy to no avail (data not shown). However,

84



bioRxiv preprint doi: hitps .I/dol.ocgle 101/2021.12.09.47 1913, this version posted December 9, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All nghis reserved. No reuse allowed without permission,

several variables could have played a role in our negative results. In the scenario where EVs were
delivered and the mRNA translated, it is plausible to think that either confocal microscopy was not
sensitive enough to detect newly translated proteins or the time points we chose to assess protein
translation (24 h and 48 h) were not appropriate.

Animportant question in the EV field is how the cargo is delivered to the cytosol, especially in the case
of RNAs that presumably have to reach this compartment in the recipient cell to exert their
function/be translated to proteins®®, Direct fusion of EVs with the target cell’s plasma membrane
would be the most plausible mechanism to deliver RNA and the EV luminal content to the cytosol of
recipient cells. However, in only a few instances fusion of EVs with recipient cells has been
demonstrated until now® ™, and most of the experiments point to endocytosis as the main take-up
mechanism. This implies fusion with late endosomal membranes as a mechanism of endocytic escape
for the content of EVs to eventually reach the cytosol™ ™.

In conclusion, we demonstrate here that nCounter® panels are a useful tool for the targeted study of
mRNAs contained in EVs derived from brain tissue. Investigations of the EVs content and alterations
therein after cerebral ischemia will surely contribute to increasing our knowledge of this complex
pathophysiology and may provide novel therapeutic tools to rescue neurons at the penumbra soon
after hypoxic insults.
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TABLES

Table 1.- Comparison between upregulated (log2FC22) and downregulated mRNAs in isolated vs
non-isolated and non-filtered mRNAs from BDEVs in tMCAO compared to shams.

Mean counts, and log2FC for each group are provided. Samples with isolated mRNAs and a filtration
step (column 1, |+F samples) are taken as the paradigm. The mRNAs of the other samples are
compared to column 1 (and therefore the FCis not in decreasing order). In light grey is the fold change
that is less than 2 for the mRNAs than in the 1+F samples have a log2FC22. In blue, mRNAs that did not
satisfy the criteria of FDR<0.1 but are included in the list for comparison. In violet, mRNAs that were
found increased with a log2FC=2 in the NI+F samples which are then compared with the other two
columns. No specific mRNA was found in the NI+NF samples. Downregulated mRNAs are shown in
dark blue. None of the downregulated mRNAs were observed with a log2F <-2, and therefore, the FC
is in grey. CxCl16 and Lrcc25 are not present in all columns as, in these instances, they did not satisfy
the premises stablished for the background.
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Table 2.- List of GO terms.

FIGURE LEGENDS

Figure 1.- BDEVs characterization and mRNA isolation. (A) Overview of the research strategy and
experimental workflow followed in the present study. Different cell types, including neurons (N,
green), oligodendrocytes (OD, orange), astrocytes (A, pink), microglia (MG, blue), and others (X, grey)
contribute to the EV pool in brain. EVs were purified from the brains of mice 72 hours after
experimental stroke (tMCAO) or a control procedure (sham). Small brain-derived EVs (sBDEVs) were
obtained upon filtration (F) and characterized. The mRNA content of sBDEVs was assessed in detail for
stroke and sham samples and compared with () or without (NI) a previous RNA isolation step.
Moreover, a comparison was performed between filtered (F, sSBDEVs) and non-filtered (NF) BDEVs
(with the latter population also containing larger EV species). Lastly, changes in the relative
contribution of different cell types to the EV pool upon stroke were assessed. (B) Western blot
characterization of the six fractions obtained after sucrose gradient centrifugation. Fractions 2 and 3
are |labeled with antibodies against EV markers flotillin, CD81, and 14-3-3 indicating enrichment of
EVs. Moreover, presence in the same fractions of Alix and mature (m) ADAM10 indicates enrichment
in exosomes, CD81 and flotillin are also found in fraction 4, therefore fractions 2, 3, and 4 were pooled
for the subsequent experiments. The Golgi protein GM130 is absent in the BDEVs fractions indicating
a lack of contamination with intracellular organelles. TS is total protein staining. TH is a total brain
homogenate used for comparison purposes. (C) Nanoparticle tracking analysis (NTA) of pooled BDEVs
fractions (n=6). Values are given in the main text. (D) Electron microscopy of BDEVs. Arrowheads point
towards BDEVs, whereas the white asterisks mark structures that, for the shape, are not assignable to
EVs and most likely represent some minor contamination by cell membrane fragments. The scale bar
is 500 nm, 100 nm on the insert. (E) Example of the BDEVs-RNA profile obtained with the Bioanalyzer.
Most of the RNA is under 1,000 nt in both, tMCAQ and sham BDEVs. CL is a cell lysate, used for
comparison purposes as it shows the two main rRNAs {18S and 28S), which are mostly absent in BDEVs.
(F) Representative electropherogram obtained with the Bioanalyzer showing the fluorescent units
(FU) on the Y-axis and the migration time (in seconds, s) on the X-axis.

Figure 2.- No major differences for the highest upregulated mRNAs in tMCAO sBDEVs compared to
shams are observed with and without mRNA isolation. (A) Heat map showing the significantly up-
(log2FC21) and downregulated (log2FCs-1) mRNAs found in tMCAO mice compared to shams (n=3
mice per group) using the nCounter® Neuropathology panel with previous mRNA isolation (1) from
sBDEVs. (B) Volcano plot for the same results as in (A) displaying the names of the ten significantly
differentially expressed mRNAs with the highest log2FC in sSBDEVs in tMCAQ mice compared to shams.
On the X-axis the log2FC is plotted while in the Y-axis shows the -log10 FDR. (C) Heat map showing the
significantly up- and downregulated (absolut log2FC2 1) mRNAs in BDEVs from tMCAO compared to
shams (n=3 per group) using the nCounter® panel without mRNA isolation. (D) Volcano plot for the
same mRNAs as in (C) displaying the names of the ten significantly differentially expressed mRNAs in
sBDEVSs in tMCAQ mice compared to shams. The X-axis shows the log2FC, the Y-axis the -log10 FDR.
(E) Overview of the most up- and downregulated mRNAs (absolut log2FC>2) with both types of
preparations (i.e., with mRNA isolation (I) and without mRNA isolation (NI)) displayed in a Venn
diagram showing the number of the commonly shared and unique mRNAs for each panel. (F) Venn
diagram for the different sample conditions as in (E) but with a cut-off of absolut log2FC=1.

Figure 3.- Non-filtered BDEVs show no major differences compared to the filtered ones in mRNA
content after tMCAO. (A) Heat map of the up- and downregulated mRNAs (absolut log2FCz1) in BDEVs
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of tMCAO compared to shams (n=3 mice per group). (B) Volcano plot for the same mRNAs as in (A)
displaying the names of the ten significantly differentially expressed mRNAs in BDEVs from tMCAO
mice compared to shams. (C) Overview of the most up and downregulated mRNAs {absolut log2FC>2)
in each panel displayed in a Venn diagram showing the number of the commonly shared and the
unique mRNAs for each studied condition: F= BDEV samples were filtrated during preparation
(sBDEVs); NF= BDEVs samples were non-filtrated during preparation; I= the mRNA was isolated from
BDEVSs; NI= the mRNA was not isolated before running the nCounter® panel. (D) Venn diagram for the
different sample conditions as in (C) but with a cut-off of absolut log2FC 21.

Figure 4.- Small BDEVs after tMCAO are enriched in mRNAs related to inflammation, defense
response, and recovery processes, mainly derived from microglia, and PCR confirms that sBDEVs
contain full-length mRNAs. (A) Dot plots of the RT-qPCR results of 5 of the top upregulated mRNAs in
sBDEVs after tMCAO compared to shams. Every dot represents the log2FC calculated from the AACT
value obtained for each mice (n=7 per group). (B) Enriched GO terms dot plot showing the processes
related to the most upregulated SBDEV-derived mRNAs (log2FC=2) in tMCAQ compared to shams. The
size of the dots is proportional to the number of mRNAs included in each process whereas the color
indicates the p adjusted value. The list and the full names of the GO terms can be found in Table 2. (C)
Heat map adapted from the transcriptomics data of the Allen Brain Atlas. EC: endothelial cells; A:
astrocytes; N: Neurons; P: perivascular macrophages; MG: microglia. (D) Agarose gel images of the
PCR products for the six most upregulated mRNAs in sBDEVs from tMCAO brains compared to shams.
The results are only qualitative as the cDNA used for the PCR was not measured before the PCR (i.e.,
the cDNA was added to the reaction by volume). Note that all mRNAs tested present a full-length ORF
when compared to the cDNA of wild-type mouse brains used as positive controls (+). (-) is the negative
control, where all the procedure was performed without cDNA.

Figure 5.- The contribution of oligodendrocytes to the BDEVs pool is significantly upregulated at 72
h after tMCAO. (A) Western blots of sBDEVs samples from tMCAQ and shams (n=5 per group) blotted
for cell-type-specific markers: PLP and CNP1 are used as protein markers for oligodendrocytes (orange
frame); synapsinl (Synl) and NCAM as markers for neurons (green); EAAT1 and EAAT2 as protein
markers for astrocytes (pink) and P2Y12 and CD40 as markers for microglia/macrophages (blue). TH
is a total mouse brain homogenate loaded in parallel for comparison purposes. TS is a representative
total protein staining of the nitrocellulose membranes (TSs of all blots used for these analyses are
provided in Suppl. Fig. 3). (B) Quantifications of the western blot intensities. For the quantification,
each band intensity was first referred to the corresponding lanes of the total protein staining. Both
markers for oligodendrocytes were found significantly increased upon stroke. Regarding neuronal
markers, NCAM was significantly increased while Synl only showed a tendency to be elevated. Exact
p- values are given in the main text.

Figure 6.- Summarizing scheme of the main findings and open questions. This study assessed
alterations in the brain EV pool and the mRNA composition of BDEVs 72 hours after experimental
stroke (tMCAO) and reperfusion in mice. Neurons (N), microglia (MG), oligodendrocytes (OD),
astrocytes (A), and several other cell types (X) contribute to the EV pool in brain (box on the left).
Focussing on small BDEVs, we found an upregulated (%) contribution by ODs to the latter at this time
point after stroke (@). Comparing samples with (1) and without RNA isolation, our multiplexed mRNA
arrays revealed similar results regarding mRNA upregulated candidates, and our comparison of
filtered and non-filtered BDEVs indicated that mRNAs may be predominantly contained in small BDEVs
(@). Though OD showed an increased contribution to the overall EV pool, mRNAs assessed in BDEVs
were mainly of MG origin (@). Consistent top hits showing an increased abundance in BDEVs after
stroke included mRNAs for Hmox1, Gfap, Cd44, C1q proteins, and Fcrls (@), and predominant GO
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terms derived from our mRNA findings could largely be linked with the aspects of
inflammatory/immune and regenerative/repair regulation (@), thus fitting to processes expected to
be initiated and to take place at this time point after stroke. Notably, we confirmed the presence of
‘intact’ mRNAs (as judged by a full-length (fl) ORF) for 6 top candidates upregulated in BDEVs upon
stroke (@). Whether these mRNAs also contain important elements such as the 5 cap structure or
the 3’ poly-A tail and, importantly, if these mRNAs are successfully taken up and possibly even
translated in recipient cells to elicit (fast) biological responses (e.g., in the context of post-stroke
regeneration) remains to be studied further.
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Table 1
UPREGULATED
I+F-samples panel Ni+F-samples panel
mRNA avgsh avgstr log2FC mRNA avgsh avgstr log2FC
Hmox1 19.32 256.41 3.73 Hmox1 33.92 217.27 2.67
Cda4 17.83 176.82 3.30 Cd44 42.46 258.88 2.58
Clgb 35.31 318.21 3.16 Clgb 58.67 539.21 3.18
Gfap 397.09 3440.43 3.12 Gfap 438.58 3094.39 2.81
Ferls 941 75.63 3.00 Ferls 30.59 167.40 2.40
Clga 2468 189.18 2.93 Clqga 39.67 337.19 3.08
Clqgc 25.76 196.33 2.93 Clqgc 53.60 458.66 3.09
Cde8 28.88 21543 2.89 Cde8 43.10 346.21 3.02
Nefl 22.21 165.84 2.89 Nefl 49.08 297.31 2.60
Nes 21.19 155.21 2.87 Nes 32.92 193.10 2.57
Cell2 6.17 45.32 2.86 Ccl12 6.40 52.94 3.13
ra 22.17 148.71 2.74 l4ra 52.97 281.12 2.40
CerS 17.14 112.90 2.72 CerS 32.80 157.71 2.30
Tgfbl 16.53 108.81 2.70 Tgfbl 44,24 15351 1.80
The 22.50 146.39 2.70 Tnc 45.25 178.00 2.02
Tspo 9.19 56.83 2.65 Tspo 19.86 69.93 1.87
itgas5 8.86 53.37 2.57 Itga5 30.81 104.68 1.83
Casp8 7.59 44.62 2.54 Casp8 17.11 83.21 2.26
Cxclle 12.45 71.08 2.49 Cxcll6 26.64 90.64 1.81
Psmb8 18.01 99.90 2.49 Psmb8 26.52 129.89 2.28
Msn 17.85 99.26 2.46 Msn 34.65 170.30 225
Cer2 11.83 60.81 2.36 Cer2 25.64 67.86 1.48
itgam 2430 12413 2.35 ltgam 35.77 22101 263
Spil 11.97 59.62 2.33 Spil 24.27 79.24 1.67
Tcirgl 28.69 137.19 2.25 Teirgl 92,94 391.44 2.07
Fnl 45.10 197.11 2.14 Fnl 84.35 356.93 2.10
Osmr 10.04 43.05 211 Osmr 16.36 76.86 2.22
Grn 42.20 176.64 2.08 Grn 114.64 415.28 1.85
Stabl 12.06 50.81 2.07 Stabl 2961 118.54 2.02
Trem2 23.97 101.00 2.06 Trem?2 42.24 246.00 2.56
Hpgds 43.10 174.04 2.01 Hpgds 62.93 239.64 1.96
Csf2rb 12.00 37.08 Csf2rb 10.63 66.42 2.78
Tnfrsfib 29.55 104.16 Tnfrsflb 34.74 176.52 2.32
Bcasl 120.95 410.12 Becasl 180.46 813.48 2.18
Lrre25 - - Lrre25 12.08 49.01 2.11
Tnfrsfla 25.14 92.85 Tnfrsfla 40.99 164.08 2.00
DOWNREGULATED
I+F-samples panel NI+F-samples panel
mRNA avg sh avg sftr log2FC mRNA avg sh avg str log2FC
Adora2a 73.23 21.39 ! Adora2a 18273 53.59
Cdd 45.73 14.61 Cd4 67.26 22.74
Camk4 674.92 287.14 CamKk4 1379.95 816.96
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NI+NF-samples panel

mRNA  avgsh  avgstr
Hmox1 3235 24243
Cdaa 30.82 159.37
Cigb 65.80 362.41
Gfap 337.06 292832
Ferls 23.59 114.55
Clga 38.47 224.20

Clac 4197 262.46
Cd68 46.07 234.75
Ncfl 37.23 19194
Nes 2941 141.39
Ccl12 10.32 39.30
Hdra 38.55 164.61
CerS 34.44 10334
Tgfbl 20.38 118.75

Tt 52.13 177.97

Tspo 19.91 64.25

Itgas 19.86 9211

Casp3 18.59 50.85
Cxcllf - .
Psmb8 26.51 106.12

Mszn 28.70 132.50

Cer2 23.59 114.55
Itgam 37.63 154.85
Spll 2391 62.24
Teirgl 80.20 298 .46
Fnl 7362 367.47
Osmr 21.79 65.10
Grn 69.67 242.72

Stabl 25.20 59.83
Trem2 3450 154.24
Hpgds 64.96 161.40

log2FC
291
2.37
2.46
312
2.27
2.54
2.64
2.35
2.37
2.27

2.09
1.58
2.54

1 7

L71
2.20

x
a3

2,01
2.21
2.27
2.04

2,32
1.59
1.80

1 9t

2.16

1.31

Csf2rb 10.82 53.79
Tnfrsflb 25.24 127.96

Becasl 223.39 680,18

Lrrc25 - -
Tnfrsfla 24.84 109.94

2.34
233

2.16

NI+NF-samples panel

mRNA avgsh  avgstr

log2FC

Adorala 14529 9447
Cda 62.21 38.39
Camk4 1173.19 695.38
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GO term

G0:0048856 Anatomical structure development
G0:0006950 Response to stress
G0:0030154 Cell differentiation
GO:0007165 Signal transduction
G0:0002376 Immune system process
GO:0008283 Cell population proliferation
G0:0040011 Locomotion
G0:0048870 Cell motility
G0:0048646 Anatomical structure formation involved in morphogenesis
GO:0007155 Cell adhesion
G0:0030198 Extracellular matrix organization
GO:0044403 Symbiotic process

Table 2
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Abstract: Extracellular vesicles (EVs) are double membrane structures released by presumably all
cell types that transport and deliver lipids, proteins, and genetic material to near or distant recipient
cells, thereby affecting their phenotype. The basic knowledge of their functions in healthy and
diseased brain is still murky and many questions about their biology are unsolved. In neurological
diseases, EVs are regarded as attractive biomarkers and as therapeutic tools due to their ability to
cross the blood-brain barrier (BBB). EVs have been successfully isolated from conditioned media
of primary brain cells and cerebrospinal fluid (CSF), but protocols allowing for the direct study of
pathophysiological events mediated or influenced by EVs isolated from brain have only recently
been published. This review aims to give a brief overview of the current knowledge of EVS’ functions
in the central nervous system (CNS) and the current protocols to isolate brain-derived EVs (BDEVs)
used in different publications. By comparing the proteomic analysis of some of these publications,
we also assess the influence of the isolation method on the protein content of BDEVs.

Keywords: extracellular vesicles; BDEVs; brain; isolation protocol; sucrose gradient; mass spectrom-
etry; central nervous system; proteomics; intercellular communication

1. Introduction
1.1. Brief History of EVs

Since the 1960s, several studies reported evidence of the existence of extracellular
vesicles-shaped membranous structures present in different tissues and organisms [1-5].
In 1967, Wolf et al. described minute lipid particles derived from platelets recovered
after ultracentrifugation from serum and plasma, which showed “platelet-like” activity,
thus confirming earlier observations made by Chargaff and West in 1946 [6,7]. They initially
named this lipidic material “platelet dust”, and later changed it to microparticles. The term
“extracellular vesicle” (EV) was first used in 1971 by Aaronson et al. to describe the secreted
membranous structures they observed in Oclronomas Danica, the golden alga [8]. These
EVs of different sizes were visualized using electron microscopy with and without fixation,
excluding the possibility of just being an artifact. In the late 1970s, Ronquist and colleagues
described extracellular vesicles (later named “prostasomes” [Y]) with ATPase activity,
secreted from prostate epithelial cells that functionally affected sperm cells [10]. In 1981,
Trams and colleagues observed that shed “microvesicles” harvested from conditioned
media of glioblastoma cell lines had a special membrane composition originating from
certain plasma membrane microdomains [11]. These shed vesicles also induced an effect
in recipient cells, a fact that had already been observed in cancer cells by others [12].

Inet. J. Mol. Sei. 2021, 22, 1365. https://doi.ong / 1033%)/ijms22031365

https:/ /www.mdpi.com/joumnal /ijms

103



Int. |. Mol. Sci. 2021, 22, 1365

20f15

They proposed the term “exosomes” (as opposed to intracellular endosomes) for this type
of shed extracellular vesicles [11]. In 1983, by studying the maturation of reticulocytes to
erythrocytes, two papers published in parallel demonstrated that the elimination of the
transferrin receptor was mediated by the extracellular release of vesicles originating from
the endocytic compartment by fusion of multivesicular bodies (MVB) with the plasma
membrane, The term “exosome” was later used for these types of vesicles (i.e., intraluminal
vesicles, [LVs, released to the extracellular space) [13-16].

However, at that point, there was rather broad scepticism about specific EV functions,
and exosomes were widely regarded as garbage bags produced by cells to discard obsolete,
superfluous proteins [17]. In 1996, Raposo and colleagues, in a seminal paper, could show
that antigen-presenting exosomes derived from B lymphocytes were capable of specifically
stimulating T cells, bestowing functionality to exosomes [18], Further work showed that the
release of functional exosomes was a general mechanism for several types of cells, related
or not to the immune response, such as dendritic cells [19], mast cells [20], platelets [21],
and intestinal epithelial cells [22], among others [23]. As the interest for exosomes was
growing, they were starting to be more thoroughly characterized [24] and differentiated
from other types of released EVs such as apoptotic blebs [25]. As already observed by
Trams et al. (although at that point named exosomes), vesicles shed from the plasma
membrane in a regulated process were also recognised as a communication tool and named
microvesicles, ectosomes, shed vesicles, and microparticles [26-30]. Another important
milestone in the research of EVs as a means of intercellular communication was the proof
that they contain genetic material that can be transferred to and translated within the
recipient cell [31-34].

Related to neurodegenerative diseases, several amyloidogenic and pathogenic proteins
such as amyloid B (AB), prion protein, tau, and a-synuclein utilize EVs for spreading
throughout the brain, thus contributing to disease progression [35,36].

The interest for EVs has grown exponentially over the last years and different pro-
tocols for their isolation, characterization, and, more recently, for EVs extraction from
tissues such as brain have been published. Despite many advances, current protocols and
protein markers used for their characterization cannot specifically differentiate between
exosomes (of endosomal origin) and ectosomes/microvesicles (shed from the plasma mem-
brane). The International Society of Extracellular Vesicles (ISEV, founded in 2011) has since
2012 published position papers, with the arduous task of standardizing the nomenclature,
protocols, and techniques for their characterization [37-39] and increasing experimental
reproducibility, At present, if no specific proof of the origin of exosomes/ectosomes is
available, the agreement is to name them EVs. They can be further grouped by sizes
(i.e.,, small EVs (<200 nm) or medium/large EVs (>200 nm)), by their density, or by their
biochemical composition [37].

The aim of this review is to give an overview of the studies published so far that
isolated BDEVs and to analyze different protocols used to purify them, highlighting their
major differences. Finally, we also compare published proteomic data obtained with
different isolation protocols from mouse and human tissue to assess the influence of the
isolation procedure on the analysis of the BDEVs content.

1.2, EVs n Central Nervous System (CNS) Physiology

It has been proven that all CNS cells release EVs, which are involved in numerous
physiological and pathological processes [39-43]. In steady-state conditions, EVs from
human-induced pluripotent stem cells (hPPSC)-derived neurons increase neurogenesis,
cell proliferation, and neuronal differentiation when incubated with human primary neu-
rons, Similarly, EVs isolated from rat neuronal primary cultures and injected into the lateral
ventricle of postnatal day 4 (P4) mice, lead to hippocampal neurogenesis, highlighting the
importance of EVs in the development of neuronal circuits [44]. In neurons, the release
of EVs carrying the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptor subunit GluR2 is regulated by calcium influx and glutamatergic synaptic activity,
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suggesting the involvement of EVs in synaptic transmission [45]. Glutamate can also
stimulate vesicles release from oligodendrocytes [16], and these EVs are then taken up by
neurons as support in stress conditions [47]. Moreover, EVs released by oligodendrocytes
regulate myelin sheath formation in close coordination with neurons [45]. EVs released
from astrocytes can regulate dendritic complexity in neurons via miR-26a-5p [49] and,
conversely, EVs of neuronal origin containing miRNA 124a are taken up by astrocytes,
leading to increased expression of excitatory amino acid transporter 2 (EAAT2) [50]. EVs re-
leased from microglia, on the other hand, can modulate neuronal activity in different
ways: by stimulating the synaptic activity via enhanced sphingolipid metabolism [51],
and by inhibiting the y-aminobutyric acid (GABA)-ergic transmission via signaling of the
endocannabinoid N-arachidonoylethanolamine (AEA) [52]. Moreover, the platelet-derived
growth factor-BB (PDGF-BB)/ PDGF receptor beta (PDGFRP) signaling stimulates the re-
lease of EVs from pericytes carrying growth factors implicated in neuroprotection [42].
Lastly, EVs from brain endothelial cells promote oligodendrocyte precursor cell survival,
motility, and proliferation [53].

1.3. EVs in CNS Pathologies

In pathological conditions, such as inflammation, extracellular astrocyte-derived ATP
binds to the purinergic P2X7 receptor (P2X7R), activating microglia that then massively
release EVs carrying IL-1f, thus further propagating the inflammatory response [40]. How-
ever, EVs released from ATP-stimulated microglia also contain a unique set of proteins that
in turn impact astrocyte activation, showing then a protective role towards neurons [41].
Inflammatory microglia deliver EVs-associated microRNA 146-a-5p to neurons that nega-
tively influence spine and synaptic density and strength [42]. As observed for microglia,
astrocytes also increase EVs release when ATP activates the P2X7 receptors, and this process
is associated with the release of the proinflammatory cytokine IL-1p [43].

Furthermore, it has been shown that EVs are involved in neurodegenerative diseases
such as Alzheimer's disease (AD), Parkinson’s disease (PD), and Creutzfeldt-Jakob disease
(CJD). These diseases are characterized by the aggregation, deposition, and spread of
specific misfolded proteins in particular regions of the brain: A3 and hyperphosphorylated
Tau for AD, a-synuclein for PD, and the pathogenic form of the prion protein (PrP>) for
CJD [41]. For AD, it has been shown that EVs isolated from neuronal cells contain not
only Af [45] but also the full-length amyloid precursor protein (APP, from which the A
fragment is generated by two subsequent proteolytic cleavages) and other APP-derived
proteolytic fragments [46]. Moreover, one of the typical neuropathological features of AD,
the extracellular amyloid plaques, are enriched in the exosomal marker protein Alix [45],
pointing to a possible role for EVs in plaque formation. Tau is also released in association
with EVs [47], with consequences to the cerebral spread of Tau pathology [45-50]. Cells
overexpressing cytoplasmic a-synuclein release EVs containing this protein in a calcium-
dependent manner and are toxic to primary neurons [47,51,52]. Lastly, both the cellular
form of the prion protein (PrP©) and its infectious counterpart (PrPc), the key pathological
molecule underlying all transmissible prion diseases in humans and animals, are found
on EVs purified from prion-infected neuronal cell lines [53] and are capable to transmit
the toxic prion conformation to other cells in culture [54]. However, it is still not clear if,
in humans (where neurodegenerative diseases last for years), EVs are relevant disease
propagators or rather represent a failed mechanism of clearing misfolded proteins, such as
AP [55], or whether both aspects hold true to some degree [35]. Of note, EVs in the
context of neurodegenerative diseases have also been extensively studied and discussed as
potential biomarkers [36,56,57].

In other neurological conditions, such as ischemic stroke (IS) and traumatic brain
injury (TBI), where initial localized damage (either by the blockage of a main brain artery
or by a blow, bump, jolt or a penetrating object to the head) is followed by neuroinflam-
mation, breakage of the blood-brain barrier (BBB), and infiltration of peripheral immune
cells, the role of EVs in the disease outcome is much more complex (reviewed in [58-62]).
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In this context, it seems clear that EVs detected in CSF, plasma or blood could be valuable
biomarkers of disease prognosis [63,64]. Moreover, treatment with EVs derived from
mesenchymal stem cells (MSCs) shows promising results in improving the neurological
outcome in animal models of stroke [65], and TBI, through a not-yet well-defined mecha-
nism. Thus, therapeutical treatment with EVs is foreseeable in these acquired neurological
disorders [66-69].

In a mouse model for Multiple Sclerosis (MS), an autoimmune disease characterized
by demyelination and axonal injury in the CNS, myeloid microvesicles are significantly in-
creased in the CSF compared to controls, and these EVs are capable to spread inflammatory
signals both in vitro and in vivo [70]. Moreover, myeloid exosomes are increased in the
CSF of patients with relapsing-remitting MS (RRMS) in comparison to healthy controls [70].
Plasma levels of endothelial EVs are increased in MS patients during the clinical relapse
phase compared to the remission phase, pointing out a possible role for endothelial EVs as
disease state biomarkers [71],

CNS-EVs in brain tumors have been intensively studied (reviewed in [72]). Cell lines
of glioblastoma (GBM), an aggressive tumor of glial origin, secrete EVs with high immuno-
genic potential in mice and humans [73,74]. Serum EVs from patients suffering GBM are
capable to polarize monocytes towards the anti-inflammatory phenotype M2, enhancing
tumor growth in vitro [74]. Remarkably, astrocytes in the brain tumor microenvironment
(TME) release EVs containing miR-19a, downregulating the tumor suppressor PTEN in
tumor metastatic cells, thus contributing to their growth. When these cells exit the brain
TME, PTEN function is restored [75].

Most of the above-mentioned studies were performed under in vitro conditions, or by
isolating EVs from fluids. They have greatly helped to characterize the EV content and to the
understanding of basic CNS-EVs functions. However, there is a clear need to refrieve and
analyse EVs directly from brain tissue, to have a better picture of the whole physiological
and pathological processes, including all cellular players. In 2012 the first paper isolating
EVs from brain was published [76]. In the following vears, modifications of this protocol
and completely new protocols isolating BDEVs from both, healthy and diseased conditions,
have been reported [49,77-52]. In the next paragraphs, we will analyse similarities and
differences between the isolation methods and, for the sake of conciseness, we will only
focus on protocols used for EVs isolation from brain. We will also re-examine and compare
published proteomic analyses obtained by different isolation methods, to evaluate their
efficiency and comparability in retrieving EVs from brain tissue.

2. BDEVs: Comparison of Current Protocols

As mentioned above, for over three decades EVs have been successfully isolated
from cell culture media and body fluids (e.g., CSF, blood, urine, sperm, breast milk) [83].
Different protocols for EVs isolation from body fluids or conditioned media have been
established, such as ultracentrifugation, immunoprecipitation, ultracentrifugation, size ex-
clusion chromatography, or filtration-based concentration among others [84-57]. Notably,
body fluids are generally more viscous than culture media as they contain numerous
non-EV structures, such as lipidic components in plasma and serum, fat-containing vesicles
in milk, and surfactant in bronchoalveolar lavage. For each type of body fluid, specific
precautions have to be taken into account, as all of these non-EVs structures might be
isolated together with EVs and interfere with the analyses [39,83]. An even more chal-
lenging procedure is to isolate EVs from complex tissues. To liberate the EVs from the
extracellular matrix (ECM), the frozen or fresh tissue first must suffer an initial mechanical
disruption (i.e., the tissue being cut into small pieces), generally followed by enzymatic
digestion to disrupt the network of glycosaminoglycans, proteoglycans, glycoproteins,
and fibrous proteins that compose the ECM. In the first protocol published in 2012 [76]
and in later variations of this protocol [82,88], the enzyme of choice was papain, a cys-
teine protease found in papaya and often used, e.g., to prepare primary neuronal cultures.
Another enzyme widely used is collagenase, which breaks the collagen peptide bonds of
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the ECM [77-79,51,89]. During this disruption procedure, the creation of artifacts, such as
synaptosome-like vesicles formation, membrane damage, or contamination with intracellu-
lar vesicles, seems unavoidable, and therefore, apart from several rounds of centrifugation,
further purification steps, such as membrane pore filtration (e.g., using a 0.2 pm filter)
and density gradients, are applied. The final washed pellet from the fractions generated
through the density gradient is enriched in BDEVs. Variations of this protocol include the
enzymatic dissociation of the tissue together with automatized disruption [90].

The whole procedure is very time consuming and difficult to automate. Therefore,
other protocols have also been optimized for BDEVs isolation such as size exclusion
chromatography (SEC) [81], avoiding the density gradient step, or precipitation with
organic solvents methods such as the PROSPR method, which avoids enzymatic digestion,
ultracentrifugation, and density gradients ultracentrifugation [80]. Even though PROSPR
has already been used to isolate EVs from plasma [91,92], to purify BDEVSs it so far was the
chosen and published method by one group only [50].

To evaluate the comparability of BDEVs isolated with different protocols, we have
compared available proteomics data from different studies. For mouse brain, we have
compared a paper recently published from our lab [78], a paper from Silverman et al. [93],
and the mouse data published by Gallart-Palau et al. [80]. For human BDEVs, we have
compared the proteomic data of Vella et al. [77], Huang et al. [51], and the human data
from the paper of Gallart-Palau et al. [80].

Figure | shows the major steps of the protocols used in these studies, but for in-depth
details, we of course suggest the reader refers to the original papers. Except for Gallart-
Palau et al., all these studies included short tissue slicing and incubation with collagenase
type 11T for not longer than 20 min at 37, In the study from Gallart-Palau et al., they used a
mechanical approach, consisting of a bullet blender homogenizer with metallic beads to
disrupt the tissue.

|
(a) mouse studies : (b) human studies
o ! f ‘
Sitverman et ol Gallert-Polauetal. ¢ Vellaetol Huang et ol Gollort-Palau et al.
mechanical tissue enzymatic tasue mecharscal tissue
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Figure 1. Summarizing scheme comparing protocols used for the proteomics analysis of BDEVs, (a) Schematic workflow of
the protocols used in the mouse studies. (b) Schematic workflow of the protocols used in human studies.

After the dissociation step, low speed centrifugations (300 g and 2000x g), to clear
cells, tissue fragments, and other debris are performed in Silverman et al., Huang et al., Vella
etal., and Brenna et al. protocols, as depicted in Figure 1. Higher-speed centrifugations
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(10,000 g and 15,000 % g) were used in all considered studies to further discard debris
and/or larger vesicles, An additional filtration step (0.22 pm filter) is introduced either
before the 10,000x g centrifugation (in Huang et al.) or after this centrifugation step (in
Brenna et al.) to eliminate large EVs (=200 nm). In the latter study, it was assessed that
this filtration step was indeed discriminating between different EV populations as the
filtered preparation was specifically enriched in different proteins (e.g., ribosomal proteins)
compared to the unfiltered, as revealed by mass spectrometry [75].

In the protocols of Brenna et al. and Vella et al. the 10,000x g supernatant (filtered or
not) is then overlayed on top of a sucrose gradient, centrifuged at 180,000 x g, and desig-
nated fractions containing EVs were collected. Differently, in Silverman et al. the 10000 g
supernatant is first pelleted at 100,000 g, then resuspended, placed on top of a sucrose
cushion, and centrifuged at 150,000 ¢. In the study of Huang et al,, the supernatant
collected after the 10,000 g centrifugation is further processed by SEC and the EVs are
collected in specific eluate fractions. Gallart-Palau et al. isolate EVs with a solvent-based
precipitation method coupled with low-speed centrifugation (PRotein Organic Solvent
Precipitation, PROSPR), and the supernatant containing the EVs is dried in a SpeedVac.

Except for Gallart-Falau et al., all the other studies (EVs collected either from the
sucrose gradient or from SEC) lastly pelleted the EVs at 100,000 x g for further analyses.

3. Mass Spectrometry Analysis-Based Comparison between Different BDEVs
Isolation Protocols

3.1. Methods

Mouse BDEVs proteomic data: as most raw data were not publicly available, the pro-
tein identification lists provided in the publications were used for our comparison. For the
data sets of Gallart-Palau et al. and Silverman et al. the protein sequence database searches
were performed with a combination of reviewed and non-reviewed protein sequence
databases and, to better compare the studies, gene names were used and converted to
Uniprot-reviewed protein accessions (wwiw.uniprotorg). Proteins that were identified in at
least one of the replicates per study were used for the analysis.

Human BDEVSs proteomic data: Mass spectrometry raw data were either downloaded
from the specified online repository or requested from the authors. In the case of Vella
et al., the already processed protein list provided in the original publication was used.

Raw data were re-processed using the Andromeda algorithm in MaxQuant 1.6,3.4 (Max
Planck Institute for Biochemistry, Martinsried, Germany) setting with carbamidomethy-
lation of cysteines as a fixed modification and the oxidation of methionine as a variable
modification. A reviewed human protein sequence database downloaded from Uniprot
(EMBL, released in September 2020, 20,387 sequence entries) was used. Proteins with a
protein and peptide false discovery rate of <0.01 percent were accepted as being present in
the data set.

The representative Uniprot accession for each protein group was taken and Venn
diagrams were generated using Venny 2.1 (https:/ /bioinfogp.cnb.csic.es /tools/venny /
index.html).

Cellular Component enrichment analysis based on Gene Ontology (GOCC) was
performed using DAVID Bioinformatics Resources (DOL: 10.1038/nprot.2008.211). Ranking
based on enrichment significance (p-value) was used. For comparison, the fifteen most
significant enrichments across all data sets were used.

3.2. Results

Regarding mouse BDEVSs, Silverman et al. identified 1191 proteins in BDEVSs, Gallart-
Palau et al. found 444 proteins, and Brenna et al. 1518 proteins (Table 1). To better compare
such different studies, we decided to not consider the absolute number of proteins detected
in each study but their specific GO Cellular Component enrichments (GOCC) using the
DAVID program. As depicted in Figure 2, the top 15 GOCC enrichments of the three data
sels identified with DAVID and ranked by p-value include the GO term “extracellular
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exosome” (GO:0070062), highly enriched (over 40%) in all three mouse studies. Another
largely represented GO term is “membrane” (GO:0016020) accounting for around 70% of
proteins in Brenna et al. and Silverman et al., and 50% for Gallart-Palau et al. “Cytoplasm”
(GO:0005737) accounts for 50% of the identified proteins in Brenna et al., around 45% in
Silvermann et al,, and almost 60% in Gallart-Palau et al. The terms “cytosol” (GO:0005829)
and “mitochondrion” (GO:0005739) are around 20% of the identified proteins, whereas
“focal adhesion” (GO:0005925) and “synapse” (GO:0045202) accounts for almost 10% of the
proteins in all three studies. Even though all mouse data sets share similarities, the study
of Gallart-Palau et al. shows a total absence of ribosomal components (i.e., “ribosome”
(GO:0005840) and “intracellular ribonucleoprotein complex” (GO:0030529)) which in the
other two studies account for around 5-7% of the identified proteins. A similar absence
is observed for “endoplasmic reticulum” (GO:0005783), accounting for almost 20% in the
Silverman et al. and Brenna et al. studies. On the other hand, the presence of “myelin
sheath” (GO:0043209) is increased in the Gallart-Palau et al. study, accounting for more
than 20% of the identified proteins. The differences are noticeable in the Venn diagram
(Figure 3), where Silverman et al. and Brenna et al. share 36.9% of the detected proteins
while the PROSPR study shares with them roughly 9.3%.

Table 1. Total protein 1Ds identified in human and mouse studies. Note that there is a slight difference
in protein numbers published in the referred papers and in Table 1. This is due to our strategy to use
gene names and convert them to Uniprot-reviewed accessions as described in Material and Methods.

Human Mouse

Study Proteins Study Proteins
* Gallart-Palau et al. 3056 Silverman et al. 1191
Huang et al. 714 Gallart-Palau et al. RRE
Vella et al. F2 1144 Brenna et al. 1518

Vella et al. F3 815

Mouse Human

extracellular axosome
membrane
myelin sheath
ribosome
Intraceliular ribonucieoprotein complex
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cytoplasm
cytosol
endoplasmic reticulum
cytosolic large ribosomal subunit
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neuron projection
mitochondrion
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Figure 2. Bar charts of the 15 most enriched GO Cellular Components (GOCCs) in the mouse and human studies, The graph
shows the top 15 GOCC detected with DAVID in the mouse studies (on the left) and the human studies (on the right).
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Brenna et al. Silverman et al.

Gallart-Palau et al.

Figure 3. Venn diagram of all proteins detected in mouse studies, The data set from Brenna et al,
detected 27.5% of proteins as unique, sharing 36.9% of proteins with the data set from Silyverman
etal. and 3.3% with Gallart-Palau et al. Silverman et al. detected 13.2%, of proteins as unique, sharing
with Gallart-Palau et al. 1% of proteins. Gallart-Palau et al. present 8.8% of proteins as unique, 9.3%
of all proteins are shared among all three studies.

Regarding human BDEVS, Huang et al. identified 714 proteins, Gallart-Palau et al.
3056 proteins, while Vella et al. detected 1144 proteins in Fraction 2 and 815 in Fraction 3
(Table 1). For the latter study, we here analyze the two fractions most enriched with EV
markers as described in the paper [77].

As shown in Figure 2, in all three human studies, coinciding with the mouse studies,
the most enriched CO term is “extracellular exosome”, accounting for nearly 70% identified
proteins in Huang et al., 60% in Vella et al. (Fraction 2), and for 54% in Fraction 3, while
in Gallart-Palau et al., this term accounts for 37% of the identified proteins. The GO term
“membrane” is also highly enriched in all three studies, accounting for 38% (F2) and 37%
(F3) in Vella et al., 35% in Huang et al., and around 23% in Gallart-Palau et al. “Cytoplasm”
accounts for almost 40% of all the proteins in all three studies, and the same is observed for
the term “cytosol” with 45% of the proteins identified falling on this term in F2 and F3 of
Vella et al., and around 37% in Huang et al. and Gallart-Palau et al. Additionally, in all the
human data sets “mitochondrion” is around 15% and “endoplasmic reticulum” between
5 and 8%. The GO term “focal adhesion” accounts for 7% in the PROSPR study and 14%
of the total identified proteins in all the other human studies. Conspicuously, the human
data of Gallart-Palau and colleagues, contrary to their own mouse study, retrieves proteins
related to the terms “ribosome”, “intracellular ribonucleoprotein complex” and “cytosolic
large ribosomal subunit”. In this case, the data set from Huang et al. does not identify
proteins for these terms. The Venn diagram (Figure 4) shows that the number of identified
proteins shared by Gallart-Palau et al. and Vella et al. are higher than in Huang et al.
compared either to Vella et al. and Gallart-Palau et al. This is in contrast to the mouse
studies where the PROSPR method of Gallart-Palau et al. was the least similar to the other
two studies.
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Figure 4. Venn diagram of all proteins detected in human studies. On the left, the Venn diagram for human studies
including Vella et al. fraction 2. On the right, including Vella et al. fraction 3. Gallart-Palau et al. detected 60.6% of proteins
as unique, sharing 12.9% of proteins with the data set of fraction 2 from Vella et al,, and 3.4% with Huang et al. The latter
detected 2.6% of proteins as unique while sharing with Vella’s fraction 2 the 2.4% of detected proteins. Fraction 2 from Vella
et al. accounts the 5.7% of proteins as unique. 12.4% of all proteins are shared among the three studies. When considering
Vella’s fraction 3, Gallart-Palau et al. detected 63.2% of proteins as unique, sharing 9.6% of proteins with the data set of
fraction 3 from Vella et al., and 7.6% with Huang et al. The latter detected 4.3% of proteins as unique, sharing with Vella et al.
fraction 3 0.8% of proteins detected. Fraction 3 from Vella et al. presents 5.3% of proteins as unique, 8,2% of all proteins are
shared among the three studies.

LTS

Overall, the graph in Figure 2 shows that the terms “exosome”, “membrane”, “cyto-
plasm” and “cytosol” followed by “mitochondrion” are the most enriched GO terms in the
mouse and human proteomic studies compared herein, regardless of the method, implying
areal enrichment of BDEVs in all of them. Nevertheless, we could observe some differences
between the methods. Of note, it must be considered that all studies included in this review
had different aims in terms of protein identification and quantification, and thus, they used
different mass spectrometric strategies such as fractionation and proteome analysis appli-
cations. Moreover, different generations of mass spectrometers were used: Orbitrap Elite
(Thermo Scientific) in Gallart-Palau et al., Orbitrap Fusion (Thermo Scientific in Brenna
et al., Q Exactive Plus (Thermo Scientific) in Vella et al., Q Exactive HF (Thermo Scientific)
in Huang et al. and Impact Il Q-TOF (Bruker) in Silverman et al. Important to consider
is also the overall quality of the tissue sample, in terms of post-mortem time and storage
conditions, especially for the human brains [39].

However, by using the same MS strategy, the PROSPR method of Gallart-Palau et al.
detected the highest number of proteins in the human brain, but the lowest in the mouse
brain. Itis hard to say if the method is indeed more effective in human brain than in mouse
samples, as several variables can account for this discrepancy. For example, the amount of
tissue used for the extraction was differing very much among the two experiments (40 mg
of mouse brain tissue versus 150 mg of human brain tissue, as reported in the publication),
thus introducing a potential source of variability. This could also be an explanation for
why the authors did not find enrichment for ribosomal proteins in mouse brain but human.
Still, as Huang et al. already pointed out in their study, the same method applied to human,
macaque, and mouse tissue produces different results and yields. As the authors indicate,
this could also be a consequence of either inter-species differences in tissue fragility or
the processing of different brain areas with a different cellular composition [81]. Another
possible source of variability can be the exact brain area used, especially in human studies
(parietal cortex in Huang et al. versus frontal cortex in Vella et al. versus temporal lobe in
Gallart-Palau et al.).

Brenna et al., Silverman et al., and Vella et al. found ribosomal-related proteins in
the mass spectrometry analysis, whereas, as discussed, the PROSPR method only found
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these in humans, and in Huang et al. they were not detected at all. The first three studies
share major steps in the EVs isolation protocols, suggesting that density gradients isolate
BDEVSs with similar characteristics and /or contaminants. Thus, the current methods used
for BDEVs isolation show that some proteins are differentially enriched, or diverse unique
proteins are identified, when the isolation is made by SEC or by chemical separation such
as PROSPR, compared with density gradients and ultracentrifugation methods. However,
as mentioned above, the amounts of tissue used in the studies were different, and the
amount of protein evaluated in MS was not always reported, making any comparison
difficult when certain proteins are not identified.

More recently, gradients using iodixanol with upwards floatation (instead of overlaying
the sample) have been implemented in the isolation of EVs [79,94] which can help to minimize
contamination and to yield the highest purity for BDEVs (our unpublished observations).

Finally, we would like to mention that, in the papers reviewed herein, the enzyme of
choice was collagenase. However, papain has also been very successfully applied in several
BDEVs isolation protocols [76,95,96]. From our own experience (unpublished observations)
and that of others [%7], when using papain it is important to consider the accuracy in
incubation time and proper inhibition of the enzyme.

4. Future Perspectives

The study of BDEVs can significantly help to understand complex and multicellular
physiological and pathological processes in the brain, which is simply not possible in
in vitro studies.

Since the publication of the first protocol for isolation of BDEVs [76], the number of
publications on this topic is increasing, with the first group of those publications reviewed
in reference [98]. Since then, regarding neurodegenerative diseases such as AD, it has been
shown that during the preclinical stage the expression of MHC class | markers in BDEVs
is significantly upregulated [99] and that EVs isolated from murine brain are enriched
with C-terminal fragments of APP (APP-CTFs), actively produced on the vesicles [76,100].
Furthermore, brain-derived EVs isolated both from early AD subjects and BCAS (bilateral
common carotid stenosis) mice carry proteins involved in hypoxia such as EFEMP1, down-
stream activator of HIFs [101], highlighting the role of EVs in the hypoperfusion in human
dementias, In a mouse model of PD, the inhibition of glucocerebrosidase (GCase) activity
increased the amounts of BDEVs-associated a-synuclein oligomers [102]. Furthermore, an-
other study showed that, when injected into mouse brains, EVs isolated from patients with
Lewy Body Disease (LBD) were capable to induce a-synuclein aggregation [103]. In our lab,
we recently demonstrated in mice that, under physiological conditions, microglia are the
main source of small EVs (sEVs; <200 nm) in the brain sEV pool and that 24 h after experi-
mental stroke, astrocyte-derived sEVs are significantly increased. Moreover, in the same
study, we were able to describe a role for the prion protein (PrP©) and its proteolytically
truncated C1 fragment in the uptake of sEVs by recipient cells [78], Additionally, a recent
study demonstrated enrichment of TDP-43 C-terminal fragments in BDEVSs isolated from
the motor cortex of ALS patients [1(4]. Lastly, it has been shown that EVs from different
organs (e.g., brain, lung, heart) have specific markers, specifically synaptophysin (SYP)
for brain-derived EVs, which are enriched also in other synaptic membrane proteins and
receptors [105].

All in all, BDEVs are a particularly important tool for studying EVs-mediated intercel-
lular communication in the brain in steady-state and relevant alterations in various disease
conditions. It is difficult to draw clear conclusions on whether one isolation technique is
better than another, at least by comparing proteomic analysis as we did here. All methods
included in this review can successfully isolate BDEVs and differences in the proteomic
analysis seem to be more dependent on other aspects, such as the amount and area of tissue
used for isolation, and, for the proteomic analysis, the mass spectrometric strategy and
analysis, and the employed mass spectrometer itself, As the field advances very rapidly,
and as highlighted in this review, there is an obvious need for exact reporting standards
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(e.g., protein amounts, tissue regions) to make studies more comparable with reliable and
reproducible results.
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CD73-mediated adenosine production by CD8
T cell-derived extracellular vesicles constitutes
an intrinsic mechanism of immune suppression
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immune cells at sites of inflammation are continuously activated by local antigens
and cytokines, and regulatory mechanisms must be enacted to control inflammation. The
stepwise hydrolysis of extracellular ATP by ectonucleotidases CD39 and CD73 generates
adenosine, a potent immune suppressor. Here we report that human effector CD8 T cells
contribute to adenosine production by releasing CD73-containing extracellular vesicles upon
activation. These extracellular vesicles have AMPase activity, and the resulting adenosine
mediates immune suppression independently of regulatory T cells. In addition, we show that
extracellular vesicles isolated from the synovial fluid of patients with juvenile idiopathic
arthritis contribute to T cell suppression in a CD73-dependent manner. Our results suggest
that the generation of adenosine upon T cell activation is an intrinsic mechanism of human
effector T cells that complements regulatory T cell-mediated suppression in the inflamed
tissue. Finally, our data underscore the role of immune cell-derived extracellular vesicles in
the control of immune responses.
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during inflammation favor the release of ATP into the extra-

cellular space, High extracellular ATP is a danger signal for
immune cells and is swiftly metabolized by ATP-degrading
enzymes. Among them, the ectonucleotidase CD39 depho-
sphorylates ATP and ADP to AMP, which is subsequently con-
verted to adenosine by Ecto-5"-nucleotidase (CD73)!. The
amount of available extracellular adenosine is further determined
by the rate of adenosine deaminase (ADA)-mediated degradation,
and by cellular uptake through nudeoside transporters. Activa-
tion of the adenosine receptor subtype A,,, the predominantly
expressed adenosine receptor in T cells (ImmGen database
consortium?), results in a rise of intracellular cAMP, leading to
decreased T cell activation and effector function®*.

Increased adenosine signaling limits mucosal inflammation® and
improves disease in several animal models of autoimmunity®”.
Deletion of the A5 receptor enhances gastritis in Helicobacter-
infected mice® and exacerbates inflammation in the early stages of
experimental autoimmune encephalomyelitis®. In humans, high
ADA activity has been documented in the serum of patients with
autoimmune discases”'", Consequently, the adenosine-generating
enzyme CD73 plays a protective role in the animal maodels of
arthritis' and colitis'?,

The control of immune responses is crucial to prevent
inflammation-induced damage to healthy tissue. FOXP3™ reg-
ulatory T cells (Tregs) are essential to maintain peripheral tol-
erance to self-antigens and play a pivotal role in terminating an
immune response by inhibiting T cell proliferation and effector
function, Tregs use an array of suppressive mechanisms to restore
immune homeostasis, including the production of anti-
inflammatory cytokines, engagement of co-inhibitory receptors,
and the modulation of effector T cell metabolism'®. Murine Tregs
express CD39 and high levels of CD73 on the cell surface to
degrade ATP and produce adenosine, which in turn has a dual
effect; inhibiting effector T cells'® and enhancing the suppressive
capacity of Tregs'®. In the human T cell compartment, however,
CD73 is expressed on the surface of most naive CD8 T cells and
in a small proportion of mature CD4 and CD8 memory T cells,
but it is almost absent on Tregs'®~'%. Therefore, co-expression of
CD73 with CD39 on Tregs is a rare event!”19, challenging the
concept of adenosine generation as a suppression mechanism
used by Tregs in humans. While several studies demonstrate
the importance of CD39 expression on human Tregs for their
suppressive capacity'72021, the evidence for an essential role of
CD73 on Tregs is controversial?2-24,

Considering the low expression of CD73 on human Tregs, the
question arises of how immunosuppressive adenosine is gener-
ated in the human system under conditions of inflammation. Our
data reveal that CD73 contained in extracellular vesicles (EVs)
derived from activated CD8 T cells is sufficient to degrade AMP
and dampen T cell proliferation and function. This T cell-
intrinsic mechanism, in concerted action with a high ATPase
activity of Tregs, mediates the production of adenosine from
ATP, and warrants sufficient immune suppression. Moreover, we
find that EVs isolated from the synovial fluid (SF) of patients with
juvenile idiopathic arthritis (JIA) induce T cell suppression in &
CD73-dependent manner, underscoring the relevance of CD73
on EVs in the control of inflammation,

I mmune cell activation, cellular stress, or metabolic changes

Results

Human regulatory T cells do not generate sufficient adenosine
to suppress T cell proliferation and function. The concentration
of pericellular ATP increases upon T cell activations and ATP is
quickly metabolized to adenosine by the ectonucleotidases CD39
and CD73. Activation of A; receptors on immune cells increases

intracellular cAMP levels, resulting in decreased T cell activation,
and effector function® (Fig. 1a). To assess the effect of adenosine
receptor activation in human primary T cells, we first added
EHNA, an inhibitor of ADA that prevents the degradation of
adenosine, In the presence of EHNA, we observed a 20%
reduction in T cell proliferation compared to the untreated
control (Fig. 1b). Similarly, the metabolically stable, nonselective
adenosine analogs 5'-N-ethylcarboxamidoadenosine (NECA) and
2-chloroadenosine (CADO) led to a concentration-dependent
decrease in activation (measured as a percentage of CD25" cells
out of CD4 T cells) and proliferation (Fig. l¢, d), demonstrating
the suppressive cffect of adenosine receptor activation on human
T cells.

Adenosine is generated from ATP by the concerted action of
CD39 and CD73, and co-expression of these ectonucleotidases is
a hallmark of murine Foxp3™ Tregs and allows them to generate
immunosuppressive adenosine!!. Even though this pathway is
widely accepted to be valid also in the human system, gene
expression data from the Human Protein Atlas®®?7 and the
ImmGen project™®® show that the expression of NT5E, the gene
encoding CD73, is divergent in different immune cell compart-
ments of the two species, According to gene expression data, all
murine T cell subpopulations express Ni5e, while in the human
peripheral T cell compartment CD8 T cells have a high NT5E
expression and the expression in Tregs is much lower. Our data
confirm that nearly all peripheral Tregs in mice express high
levels of CD73 on the cell surface, and two-thirds of the cells co-
express CD39 (Supplementary Fig. 1), fulfilling the e¢nzymatic
requirements for adenosine generation, To systematically explore
CD39 and CD73 expression on human peripheral T cells, we
measured cell surface expression of these two ectonucleotidases
by flow cytometry (Fig. le, f). We found that only a minimal
frequency of human peripheral Tregs express CD73 (average of
3%, ranging from 0.8 to 6%, Fig. If). CD39 is expressed on 10 to
70% of Tregs, depending on the genotype of the donor!7?%, and
on around 5% of nonactivated conventional CD4 (CD4con,
defined as non-Treg CD4 T cells) and CD8 T cells. CD73, in
contrast, is expressed on ~20 to 60% of the CD8 T cells, and on
less than 209% of CDdcon T cells. Given the low frequency of
Tregs expressing CD73, co-expression of both ectoenzymes is a
rare event even in donors with high CD39 expression (Fig. le, f),
questioning the relevance of Treg-derived adenosine for immune
suppression i the human system. To address this point
experimentally, we performed an in vitro suppression assay using
different ratios of CD4con T cells:Treg (Fig. 1g), considering that
the physiological proportion of Tregs is around 10% of CD4
T cells®, As responder cells, we used sorted CD73° CD4con
T cells to prevent the production of adenosine by CD73" cells
other than Tregs (Supplementary Fig. 2). In these specific
conditions, we did not observe an effect of Tregs on suppression
at any ratio. When we added ATP to mimic the inflammatory
milicu, we observed maximal suppression of T cell activation,
proliferation, and IFNy production at a high Treg ratio (1:0.5
CD4con T cells to Tregs, fivefold the physiological concentra-
tion), The addition of recombinant CD73 had no further
suppressive effect, indicating that there was enough CD73 in
the system (in this donor in particular 2% of Tregs were CD737)
to produce adenosine. At a low Treg ratio (1:0.125 CD4con
T cells to Tregs, similar to physiological conditions), Tregs could
only induce partial suppression in the presence of ATP. In
combination with recombinant CD73, though, expression of
CD25 was reduced to the minimum, and proliferation and [FNy
production were completely abolished (Fig. 1g). These data
indicate that at a physiological CD4con:Treg ratio, there is not
enough Treg-derived AMPase activity to generate adenosine that
mediates significant suppression,
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Fig. 1 Adenosine generated in the course of T cell activation prevents an exacerbated T cell response. a Schematic representation for the degradation of
ATP to adenosine by the ectonucleotidases CD39 and CD73. b-d PBMCs or CD4 T cells were stimulated with «CD3/axC028 and treated with b the ADA
inhibitor EHNA or different concentrations of adenosine receptor agonists € NECA, and d CADO. CD25 expression and proliferation were measured after 3
to 4 days by flow cytometry, Data were shown tor b five donars or ¢, d one representative donor (mean of technical replicates). e, f CD73 and CD39

expression on human T cell subsets in e representative dot plots and f as a summary for ten donors (median). g CD73 CD4con T cells were stimulated
with aCD3/aCD28 in the presence of the ADA inhibitor EHNA (10 uM) and incubated with Tregs, ATP (50 pM) and recombinant CD73 (15ng/mL) as
indicated. The ratios of CD4con T cells 1o Tregs were 1.0.125 to 1:0.5. CD25 expression and proliferation were measured after 4 days by flow cytometry

IFNy production was determined by ELISA in the cell culture supernatant on day 4. Data were shown for one representative donor cut of four analyzed
(mean of technical duplicates). A two-tailed paired t-test was used to compare untreated and treated sampies in b,

CD73-mediated AMPase activity by Tregs is dispensable for
the control of CD4 T cell proliferation and function. In
humans, CD73 expression is less frequent in Tregs than in
CD4con and CD8 T cells (Fig. 1f). We hypothesized that AMPase
activity derived from nonregulatory T cells contributes to ade-
nosine production and immune suppression. To test this, we
stimulated CD4con T cells and added Tregs at different ratios. As
expected, the addition of Tregs at a very high CD4con:Treg ratio
(1:2) resulted in a decrease of T cell activation, and proliferation
by 30 to 50%, respectively. We observed a dramatic reduction
when exogenous AMP was added to the cell culture to ensure an
equal amount of substrate for CD73 in all conditions. Impor-
tantly, this effect was independent of the Treg-derived AMPase
activity (Fig. 2a). We reasoned that the likely source of AMPase
activity in our system could be CD73 from the responder T cells
themselves. To test this, we sorted CD4con T cells into CD73"

5] RONZ59M | Mtps/ /doi.org A01038/541467-021- 26134 - w | www natune Com/natureconmmunications

and CD737" and stimulated them in the presence of AMP, but
without Tregs (Fig. 2b). As predicted, CD73" -sorted cells were
less activated and proliferated at lower levels after incubation with
AMP, and this effect was reversed by adding the specific CD73
inhibitor PSB-14685. Importantly, the addition of AMP to
CD73" -sorted CD4con T cells did not have any suppressive effect
on activation or proliferation (Fig. 2b), indicating that CD73 on
the responder T cells is necessary for the production of adenosine.
Addition of recombinant CD73 to AMP-treated CD73~ CD4con
T cells reestablished the suppressive effect, demonstrating that
exogenous CD73 functionally compensates the lack of CD73 in
the responder cells (Fig. 2c). Of note, recombinant CD73 was able
to induce T cell suppression of CD73~ CD4con T cells at a
concentration as low as 0.15ng/mL of the enzyme when the
substrate AMP was provided (Fig. 2d). [FNy production followed
the same pattern as CD25 expression and proliferation in the
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Fig. 2 Treg-derived CD73 is not essential for adenosine-mediated suppression of conventional CD4 T cells. a-d CD4 responder T cells were stimulated
with xCD3/aCD28 in the presence of the ADA inhibitor EHNA (10 pM). CD25 expression and proliferation were measured after 4 days by flow cytometry.
a CD4con T cells were stimulated and incubated with AMP (50 pM) and Tregs in the indicated ratio. b CDdcon T celis were sorted into CD73 and
CD73%, the cells were incubated with AMP (50 pM) and the specific CD73 inhibitor PSB-14685 (10 uM). € CD4con CD73~ T cells were incubated with
AMP (50 pM), the specific CD73 inhibitor PSB-14685 (10 uM), and recombinant CD73 (15 ng/mL}. d CD4con CD73" T cells were incubated with AMP
(50 uM) and different concentrations of soluble recombinant CD73 (three tenfoid serial dilutions starting with 15 ng/mL). PSB-14685 was used to block
the highest concentration of recombinant CD73. Data were shown for a three, b, ¢ nine and d five donors {(mean = SD). Ordinary one-way ANOVA with
Dunnett's multiple comparisons test was used to compare all conditions to cells treated with EHNA ar EHNA and AMP (first bar).

experiments shown in Fig. 2a-d (Supplementary Fig. 3a-d). We
conclude that CD73-mediated production of adenosine con-
stitutes an intrinsic mechanism of conventional T cells to control
ongoing activation.

Enzymatically active CD73 is released from the T cell mem-
brane upon activation. In human peripheral blood (PB) T cells,
CD73 is predominantly expressed on CD8 T cells (Fig. 1f), and
we have previously shown that activated T cells lose the mem-
brane expression of CD73%!. We hypothesized that the CD73
released from activated cells plays a role in adenosine generation,
To address this point, we first investigated the time point of
release in peripheral blood mononuclear cells (PBMCs) during
activation. We observed a peak of CD73 expression on CDS8
T cells 1 day after stimulation, followed by a marked decrease 2 or
3 days after stimulation (Fig. 3a), The loss of CD73 from the cell
membrane was also detected in CD4 T cells. CD39 was upregu-
lated in both T cell populations. Even though the loss of CD73
from the cell membrane was a general phenomenon, we observed
interindividual variability both in the timing and extend of CD73
loss, and also in the level of CD39 upregulation.

Next, we investigated the fate of the released form of CD73, CD73
is @ GPl-anchored protein that can be found as an enzymatically
active soluble form, and CD73-specific AMPase activity is present in
human plasma*>*3, We implemented a sensitive, HPLC-based assay

4 NATURE COMM

with improved signal-to-noise sensitivity using fluorescent 1,N®-
etheno-AMP (eAMP) as a substrate to measure AMPase activity in
cells and cell culture supernatants (Fig. 3b). As a proof of principle,
we forced shedding of cell surface CD73 on CD8 T cells using
phosphatidylinositol-specific phospholipase C (PI-PLC) (Fig. 3¢, left)
and observed lower AMPase activity of the PI-PLC-treated cells
compared to untreated cells (Fig. 3¢, middle). In contrast, the
supernatants from PI-PLC treated cells converted more eAMP to
1,NS-¢theno-adenosine (eADO), in fine with a higher amount of
CD73 present in the supernatant (Fig. 3¢, right). The CD73-specific
inhibitor PSB-14685 completely blocked eAMP degradation, verify-
ing the specificity of the AMPase activity. Activated T cells that had
lost CD73 expression (Fig. 3d, left), showed lower AMPase activity
than unstimulated cells (Fig. 3d, middle). This decrease in activity in
the cell-bound compartment was paralleled by increased generation
of eADO in the cell culture supernatant of activated cells and
accompanied by an increase in the concentration of soluble CD73
detected by ELISA (Fig. 3d, right). These data demonstrate that CD73
is released in the cell culture supernatant upon T cell activation and
retains its enzymatic activity,

EVs are the major source of AMPase activity in CD8 T cell
culture supernatants and mediate suppression of responder
T cells. We next sought to decipher the mechanism of CD73
release from the membrane. We first considered enzyme-
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mediated shedding; however, neither specific inhibition of phos-
pholipase D nor inhibition of metalloproteinases prevented loss
of CD73 from the cell surface (Supplementary Fig. 4). CD73 is
enriched in lipid rafts of T cells after activation, suggesting that
the release might occur in form of vesicles, as it has been
described in tumor cells™, Using differential centrifugation of cell
culture supernatants, we observed a stepwise reduction in the
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AMPase activity in the supernatants of stimulated CD8 T cells
after 10,000 x g (large vesicles and apoptotic bodies are pelleted)
and 110,000 x g centrifugation (small vesicles are pelleted), indi-
cating that CD73 is, indeed, present on vesicles (Fig. 4a). To verify
the specificity of the CD73-mediated enzymatic activity on these
vesicles, supernatants from activated CD73~ and CD73 " -sorted
CD8 T cells were subjected to differential centrifugation and
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AMPase activity was measured in the obtained fractions. The cell
culture supernatants of CD73" CD8 T cells displayed AMPase
activity after 2000 x g centrifugation (removal of cell debris), but
ultracentrifugation heavily reduced eADO generation. Remuark-
ably, the EV-enriched pellets derived from 110,000xg cen
trifugation (hercinafter named EVs) showed substantial AMPase
activity (Fig. 4b). Supernatants from CD73~ CD8 T cells did not
have AMPase activity, demonstrating the specificity of CD73 for
the enzymatic degradation of AMP in these samples.
Nanoparticle tracking analysis (NTA) of CD8 T cell EVs
revealed a size of around 100 nm for the majority of the isolated
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CDS8 T cell vesicles (Supplementary Fig. 5). The presence of EV
markers CD8I and flotillin, as well as the absence of the Golgi
protein GM130 confirmed the EV nature and purity of our
samples. In addition, CD73 protein was detected in EVs derived
from CD737 CD8 T cells, but not in those from CD73~ CD8
T cells (Fig. 4c). Even though the small size of the EVs limits
precise analysis by conventional flow cytometry, particles gated
by forward vs. side scatter showed increased staining intensity of
CD73 in vesicles derived from CD73% CD8 T cells compared to
those derived from CD73~ CD8 T cells, while expression of
tetraspanin CD9 was comparable (Fig. 4d). Electron microscopy
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Fig. 4 Extracellular vesicles are the major source of AMPase activity in human CD8 T cell culture supernatants. a, b CO8 T cells were stimulated with
aCD3/aCD28 and kept in culture for 4 days. Analysis of AMPase activity in a cell culture supernatants of stimulated or unstimulated total CD8 T cells and
b supernatants and EVs of sorted CD8 CD73 or CD8 CD73 T cells after differential centrifugation. The conversion of eAMP to eADO was measured by
HPLC. c-e Analysis of CD73 and EV markers on EVs derived from stimulated cell culture supernatants of CD73" or CD73 - CD8 T cells by € westem blot, d
flow cytometry, and e electron microscopy with immunogold fabeling. Recombinant CD73 or cell lysate from stimulated CDB T cells served as positive
controls. f EVs were isolated from CD8 T cells stimulated with «CD3/xCD28 for 3 days in the presence or absence of GW4869 (10 uM), and particle
concentration and size were measured by NTA, g Microscopy analysis of CD73, CD9, and CD81 expression in sorted CD73% or CD73~ CD8 T cells after
4 days of stimulation with «CD3/aCD28. GW4869 (10 pM) was added at day O. h Microscopy analysis of CD73 and CD9 expression in CD8 T cells before
and after activation. Pearson coefficient was determined to quantity the co-localization of CD73 and CDS. Data were analyzed from seven (d4) or eight
(d0, d1) high power fields (center line: median, box limits: 25th to 75th percentiles, whiskers: min to max). Donors analyzed: a, b three donors in three
independent experiments; ¢ six donors in three indeperdent experiments; d-f three donors: g, h samples from three donors processed independently. Each
figure panel shows a representative donar/experiment. Kruskal-Wallis test with Dunn's multiple comparisons test was used to compare Pearson

coefficients of co-localization in h,

of the purified vesicles revealed the characteristic cup-shaped
morphology with sizes between 50 to 200 nm. Immunogold
labeling further confirmed the presence of CD73 in EVs derived
from CD73" CD8 T cells (Fig. 4¢). To investigate the vesicular
release of CD73, we treated T cells with GW4869, a pharmaco-
logical compound that blocks the generation of a specific type of
EVs called exosomes®®, The addition of GW4869 to the cell
culture reduced the amount of generated EVs whereas the size
was not affected (Fig. 4f). It also prevented the loss of tetraspanins
CD9 and CD8! from the cell (Fig. 4g). High-resolution
fluorescence microscopy of CD8 T cells showed the reduction
of CD73 surface expression after 4 days of stimulation (Fig. 4h)
consistent with the results obtained by flow cytometry (Fig. 4h
upper right panel and Fig. 3a). Overlay of CD73 with tetraspanins
CDY and CD81 revealed significant co-localization of CD73 with
vesicle markers at day 1 and day 4 after activation (Fig. 4h lower
right panel and Supplementary Fig. 6). Altogether, these data
show that CD73 is released with EVs upon T cell activation and
that these EVs comprise the majority of AMPase activity in T cell
culture supernatants.

We wondered if CD73-containing EVs isolated from T cell
culture supernatants functionally compensate the lack of
membrane-bound CD73 in the control of T cell activation and
proliferation as we have shown for recombinant CD73 (Fig. 2¢).
To test if EVs, a natural source of non-cell-bound CD73, can
suppress T cell function, we activated CD73~ CD4con T cells {to
prevent any effect of residual membrane-bound CD73 on the
responder T cells) in the presence of AMP. Addition of
recombinant CD73 or EVs isolated from the supernatant of
CD73% CD8 T cells induced strong suppression, which was dose-
dependent and could be blocked by the CD73 inhibitor PSB-
14685 (Fig. 5a, b and Supplementary Fig. 7). Importantly, EVs
ssolated from the supernatant of CD73~ CD8 T cells did not
suppress activation and proliferation of the responder T cells, and
neither did the pelleted material after ultracentrifugation of cell
culture medium (Fig. 5 and Supplementary Fig, 8), indicating that
the observed suppressive effect is CD73-specific and not due to
contaminants in the EV preparation. In summary, we show that
enzymatically active CD73 is released from activated CD8 T cells
with EVs, and that EVs derived from activated CD73" T cells are
highly suppressive,

T cell-derived EVs released during immune cell activation
cooperate with regulatory T cells for the efficient suppression
of effector T cells. In our previous experiments, we exogenously
provided AMP, the substrate for CD73. AMP is generated from
ATP by the enzymatic activity of CD39, In contrast to conven-
tional T cells, a substantial proportion of Tregs constitutively
express CD39 in humans (Fig. 1f). Therefore, Tregs are likely to
be superior at degrading ATP than conventional T cells. We used

ATUR OMMUNIKC A

the sensitive HPLC-based assay to compare the AT Pase activity of
purified Tregs, CD4con, and CD8 T cells after activation. Using
1,N%-etheno-ATP (eATP) as substrate, we found that Tregs had
the highest ATPase activity of all tested T cell subsets (Fig. 6a),
and this was more pronounced in donors with substantial basal
CD39 expression on Tregs (Fig. 6a, left panel) than in donors
with low frequency of CD39-expressing Tregs (Fig. 6a, right
panel). Notably, CD8 T cells were the second most efficient cell
type in degrading ATP, while CD4con T cells showed the least
ATPase activity, in agreement with the percentage of cells upre-
gulating CD39 after activation (Fig. 3a).

We suspected that the high ATPase activity of Tregs combines
with CD73-containing EVs to mediate maximum immune
suppression. We performed a suppression assay, using CD73~
CD4con T cells as responder T cells, and added different ratios of
Tregs. With a ratio of CD4con T cells to Tregs close to the
physiological situation (1:0.125), Tregs could only induce partial
suppression. The addition of EVs from CD73" CD8 T cells, a
natural source of non-cell-bound CD73, reduced CD25 expres-
sion, and completely suppressed proliferation and IFNy produc-
tion of effector T cells (Fig. 6b). Importantly, EVs derived from
CD73~ CD8 T cells had no additional effect on the suppression
of responder T cells, revealing that they do not cooperate with
Tregs to generate immunosuppressive adenosine. We conclude
that Tregs are the main providers of ATPase activity in our
system, and the concerted action between Treg-derived ATPase
activity and effector cell-derived AMPase activity in form of EVs
ensures the best conditions for immune suppression.

EVs isolated from the synovial fluid of patients with juvenile
idiopathic arthritis are immunosuppressive. An interesting
question to address is the relevance of non-cell-bound CD73 in
the context of inflammation. The SF of patients with autoimmune
arthritis offers an ideal chance to analyze an inflammatory
compartment in the human system because we can access
disease-relevant infiltrating immune cells. Flow cytometric ana-
lyses of the cellular composition of the SF from eight children
with JIA (Fig. 7a) revealed that T cells constitute the main cell
population, and that CD8 T cells are enriched in the SF compared
to PB in most cases. B cells, the only other prominent CD73-
expressing cell type in the human immune compartment®23, are
clearly underrepresented in the SF compared to PB in all patients.
We next compared the expression of CD73 and CD39 on the
T cells from PB and SF (Fig. 7b). In agreement with published
data’®7, we found increased expression of CD39 on CD4 T cells
and Tregs and decreased CD73 expression on CD8 T cells in the
synovial T cell subsets compared to their peripheral counterparts,
In analogy to our in vitro findings after activation, we suspected
that CD73 has been lost from the cell membrane. Indeed, we
detected moderate to high concentrations of soluble CD73 in the
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Fig. 6 The combined activities of Treg-derived CD39 and vesicular CD73 result in optimal suppression of T cell function. a Analysis of ATPase activity
in sorted T cell subsets of two donors by HPLC. Activated cells (aCD3/aC028, 3 days) were incubated with 1,N6-etheno-ATP (eATP) and degradation of
etheno-nucleotides was determined by HPLC. Histograms show CD39 expression on the cells at the time of eATP incubation. b CD73~ CD4con T cells
were stimulated with «CD3/«CD28 in the presence of the ADA inhibitor EHNA (10 pM) and incubated with Tregs, ATP (50 uM), and EVs from cell culture
supernatants of sorted and activated CD8 T cells as indicated. CD25 expression and proliferation were measured after 4 days by flow cytometry, IFNy
praduction was determined by ELISA in the cell culture supematant harvested on day 4. Data were shown for one representative donor out of four analyzed
(mean of technical replicates).
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Fig. 5 Extracellular vesicles isolated from the cell culture supernatant of activated CD73" CD8 T cells are immunosuppressive. CD73~ CD4con

T cells were stimulated with «CD3/aCD28 in the presence of the ADA inhibitor EHNA (10 uM) and incubated with AMP (50 uM), recombinant CD73
(15 ng/mL), EVs and PSB-14685 (10 uM) as indicated. a CD25 expression and b proliferation were measured after 4 days by flow cytometry. Data were
shown as a median of three donors from independent experiments. For each donor, CD25 expression and proliferation were set in refation to cells only
treated with EHNA, Repeated measures one-way ANOVA with Dunnett’s multiple comparisons test was used to compare all conditions to cells treated
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Fig. 7 Extracellular vesicles isolated from synovial fluid of patients with juvenile idiopathic arthritis are immunosuppressive. a, b Flow cytomelne
analysis of a immune cell subsets and b CO73 and COD39 expression in SF and PB of JIA patients, € CO73 in the cell-free moiety of SF was measured by
ELISA_ d SF was incubated with e AMP and degradation of eAMP was determined by HPLC. @ CD73 " CD4con T cells were stimulated with «CD3/aCD28 in
the presence of the ADA inhibitar EHNA (10uM) and incubated with ATP (50 pM), recombinant CD73 (15 ng/mL), EVs (3.1 x 108 particles), and PSB-
14685 (10 pM) as indicated, CD25 expression and proliferation were measured after 4 days by flow cytometry. Data were shown for a eight individual
donors, as mean of b nine, ¢ fifteen, and d four donors indicated by dots, or for e a representative donor out of three analyzed (mean of technical
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SF of nearly all patients tested (Fig. 7¢) and confirmed AMPase
activity in the samples measured (Fig. 7d). We next isolated EVs
from the SF and verified their EV nature by electron microscopy
and western blot, The EV markers flotillin and CD81 could be
detected in all EV samples along with CD73 (Supplementary
Fig. 9a, b). We also assessed for the presence of protein con-
tamination and found rests of albumin, as previously reported
when using differential ultracentrifugation for EV isolation™”, but
not of apolipoproteins (Supplementary Fig. 8b).

Among other cell types, T cells clearly contributed to the
cellular sources of EVs in the SF (Supplementary Fig. 9¢), and we
could show co-expression of CD8 and CD73 on these EVs by
conventional flow cytometry (Supplementary Fig. 9d). We
assessed if SF-derived EVs suppress CD73~ CD4con T cells. As
observed before, the addition of recombinant CD73 and ATP to
the responder T cells resulted in reduced T cell activation and
completely abolished proliferation, When SF-derived EVs were
added to the culture in the absence of ATP, we observed an
increase in activation and cell proliferation. Importantly, in the
presence of ATP, this increase was abrogated, and a clear
reduction in cell proliferation was induced, which was reversed by
the addition of the CD73-specific inhibitor PSB-14685 (Fig. 7e).
Of note, SF-derived EVs decreased the activation and

proliferation of responder T cells in a dose-dependent manner
(Supplementary Fig. 9¢). In summary, we show here that EVs
from the SF of JIA patients degrade AMP, generating adenosine
and suppressing T cell proliferation and function.

Discussion
Adenosine is a potent regulator of inflammation generated in the
extracellular space by the sequential hydrolysis of ATP by ecto-
nucleotidases CD39 and CD73. We show here that activated
human CD8 T cells release CD73-containing EVs that generate
adenosine, contributing substantially to immune suppression.
The degradation of ATP and generation of adenosine is a well-
described mechanism of suppression in murine Foxp3 ' Tregs,
which express both CD39 and CD73 on their cell surface?,
However, very few human FOXP3" Tregs express CD73, and
they are not particularly adept at adenosine generation. We
describe here how CD73-mediated generation of adenosine is
mostly independent from Tregs in the human system, and pro-
pose a coordinated effort involving CD39 on Tregs for the
degradation of ATP to AMP, and CD73 on T cell-derived EVs
that provide the necessary AMPase activity to generate adenosine.
We have shown the release of CD73-containing EVs [rom acti-
vated CD8 T cells. However, CD4 T cells also lose CD73 from the
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cell membrane upon activation, suggesting a parallel mechanism
for CD4 T cells,

Intracellular ATP functions as an essential energy source. Once
released into the extracellular space, ATP becomes a biologically
active signaling molecule. Conditions such as cellular activation
and stress, inflammation, ischemia, or hypoxia promote ATP
release and raise the pericellular concentration of ATP suﬁicicml?'
to activate P2 receptors and support inflammation® 4041,
Extracellular ATP is rapidly hydrolyzed by ectonucleotidases in a
stepwise manner to yield adenosine, a potent immune suppressor
upon binding to P1 receptors A,y and Ayp on immune cells. The
degradation of adenosine by ADA further regulates the avail-
ability of adenosine for signaling, Thus, a complex network of
purinergic enzymes and receptors controls the duration and
magnitude of purinergic signaling and regulates the immune
response®”, Remarkably, the affinity of purinergic molecules for
its receptors and the outcome after receptor activation are cell-
and species-specific*’, Adenosine signaling su]?ons the expan-
sion and suppressive function of murine Tregs'” while inhibiting
effector T cells. In humans, adenosine inhibits both Tregs and
effector T cells™. Not only the response to extracellular adenine
nucleotides is different between mice and humans, but also the
expression and regulation of ectonucleotidases CD39 and CD73.
The co-expression of both enzymes on murine Tregs secures the
production of adenosine, and this metabolic path is important for
their suppressive function!®43, In contrast, very few circulating
human Tregs express CD73 and they are still suppressive. This
poses the question of whether human Tregs rely on adenosine
generation or rather favor other mechanisms of immune sup-
pression. The absence of CD73 on the membrane of human Tregs
could be an evolutionary advantage to avoid the production of
pericellular adenosine that inhibits their function*®. Further,
human Tregs do not express CD26, a docking site for ADA at the
cell membrane®®, lacking a mechanism for efficient degradation
of pericellular adenosine.

CD73, as a GPl-anchored protein, clusters at the plasma
membrane in lipid rafts that are poised for EV formation*” 4%, We
found that CD73 diminished drastically from the surface of
T cells 3 to 4 days after activation, concomitant to the loss of
AMPase activity in the cellular compartment. In parallel, enzy-
matic activity increased in the cell culture supernatants. Impor-
tantly, the capacity to produce adenosine found in the cell culture
supernatants was lost after ultracentrifugation, indicating that it
was contained in EVs and not present as a soluble protein. Part of
the AMPase activity was already lost after 10,000 x g centrifuga-
tion, which we attribute to CD73 on apoptotic bodies or larger
EVs. Even though CD73 has higher enzymatic activity in its
soluble form compared to the membrane-bound variant®, we
speculate that the vesicular form has advantages, such as an
extended half-life, and better distribution through body fluids. It
is not yet known how far EVs can travel in human body fluids,
but murine EVs can rapidly traffic to the sgl)ccn and liver before
elimination 6 h after intravenous injection”. The generation of
EVs poses the question of how the cells recover the membrane
loss. A possibility would be the fusion with foreign EVs, which
would permit a very dynamic exchange of membrane compo-
nents between cells and the acquisition of new functions®' 52,

The exact contribution of EV- and T cell-derived adenosine to
immune suppression in vivo is difficult to predict due to the
multiple levels of regulation that influence the availability of
adenine nucleotides during an immune response. Contributing
factors include the rapid generation and degradation of signaling-
relevant molecules, local differences in nucleotide concentrations,
potential feed-forward inhibition mechanisms, and alternative
degrading enzymes. In our in vitro experiments with human
T cells, we used different substrates and specific inhibitors to

10 NAT

overcome these difficulties. By blocking the degradation of ade-
nosine with an ADA inhibitor, we emphasized the role of the
purinergic cascade in immune suppression. The addition of
exogenous ATP at @ moderate concentration (50 pM) served to
mimic local increases of ATP as it has been reported in different
settings of inflammation and ischemia®®. In the absence of Tregs,
we added AMP to ensure the availability of enough substrate for
CD73, because conventional T cells are much less efficient than
Tregs in producing AMP. Furthermore, adding AMP as substrate
bypasses a potential feed-forward inhibition of CD73 by ATP or
ADP?. Although CD73 is the main AMP-degrading enzyme,
adenosine is still generated by tissue-nonspecific alkaline phos-
phatase (TNAP) when CD73 is absent, as shown in CD73
knockout mice®™® and in cells from patients with CD73
deficiency®”. In our experiments, we could completely abolish
AMPase activity with a specific CD73 inhibitor™®=Y, indicating
that TNAP activity is negligible in our system. The observed
ATPase activity is likely CD39-mediated, but we cannot exclude a
contribution of other enzymes, such as ENPP1 (ectonucleotide
pyrophosphatase/phosphodiesterase-1) or other members of this
family of pyrophosphatases®. Of note, the expression, regulation,
and activity of ENPP1 on T cells has not been explored. The
detection of ADP as an intermediate product in our assays
indicates a stepwise degradation of ATP, favoring the role of
ectonucleoside triphosphate diphosphohydrolases (ENTPDases)
like CD39, but not pyrophosphatases.

Both CD39 and CD73 are expressed in distinct immune cell
types. In humans, apart from T cells, B cells express both ecto-
nucleotidases, while monocytes and dendritic cells express mostly
CD39. Also, endothelial cells and mesenchymal cells express
CD73, and all these cell types contribute to ATP metabolism
in vivo, EVs containing CD39 or CD73 have been isolated from
mesenchymal stem cells, B cells, and Tregs**%'%2 These EVs
have immunoregulatory prc:renies‘” and their modulatory role
has been reported in cancer* %%, We have not addressed here the
contribution of other ectonucleotidases present in T cell-derived
EVs to ATP metabolism, but it has been shown that Treg-derived
EV's contain CD39 and inhibit T cell proliferation®, Further work
will be required to dissect the role of cellular and EV-assaciated
ectonucleotidases in immune suppression,

We had the unique chance to isolate EVs from a human site of
inflammation, the SF of JIA patients. The SF contains pre-
dominantly monocytes and memory T cells that produce
inflammatory cytokines, sustaining inflammation in the affected
joints® 3. In agreement with previous reports, we found
increased CD39 and negligible expression of CD73 in the T cells
of the SF. While SF-infiltrating cells show ATPase activity,
AMPase activity is decreased in the cellular fraction®®’, Qur
analysis revealed that CD73 is present in the cell-free fraction of
the SF, including EVs. The cellular source for these EVs are
T cells, monocytes/macrophages, and endothelial and mesench-
ymal stem cells, Because human monocytes do not express
CD73%%7 we concluded that activated T cells are a relevant
source of vesicular CD73. This was confirmed by the co-
expression of CD73 and CD8 on SF-derived EVs. The endothelial
cells in the synovial lining and mesenchymal stem cells, both
expressing CD73, are also plausible sources for CD73" SF EVs.
This finding deserves further investigation. Qur in vitro experi-
ments showed that SF-derived EVs promote T cell activation and
proliferation, probably due to cytokines and growth factors
contained in these EV5s%, However, by strengthening the pur-
inergic signaling cascade with the addition of ADA inhibitor
EHNA and ATP, we turned the outcome around, and EVs
became immunosuppressive, as it has been shown for CD73-
containing EVs produced by tumor cells*®, Therefore, in an ATP-
rich environment, as it is at sites of inflammation and ischemia or
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in the intestine, the purinergic s 7gnaling cascade becomes highly
relevant for immune regulation®,

We conclude that abundant CD39 expression on Tregs secures
the hydrolysis of ATP to ADP and AMP, but that the AMPase
activity of CD73 is provided by CD8 T cells, and mostly con-
tained in EVs. We propose that adenosine generation by con-
ventional (nonregulatory) T cells is a built-in mechanism of
immune suppression necessary to restrain ongoing inflammation,
contesting the common paradigm that Tregs must provide the
whole machinery for adenosine production. Finally, our results
highlight the role of EVs in the control of immune responses and
support the prospect of modulating the purinergic axis for the
treatment of local inflammation.

Methods

Origin of samples and isolation of human mononuclear cells. Bufly coats were
obtained from the blood bunk of the University Medical Center Hamburg-
Eppendorf (UKE), PB was drawn from healthy volunteers visiting the UKE. Blood
and SF of patients with JIA, specifically oligo- and polyarthritis, were obtained from
children visiting the UKE, the Altona Children’s Hospltal, the University Medical
Center Schleswig-Holstein (campas Libeck), or the Medical Center Bad Bramstedt.
SF was obtained from joint puncture for diagnostic or therapeutic reasons. All
samples were handled according 1o corresponding ethics protocols {Ethics Com-
mittee of the Hamburg Chamber of Physicians, protocols PV5139 foe samples from
healthy donors, and PV3746 for samples from JIA patients), and informed consent
was obtained from all donors, Mononuclear cells (MC) were isolated from blood
andt SF by Biocoll density gradient centrifugation (Merck), Isolated immune cells
were used for flow cytometric analyses or further isalation of T cell subsets,

Isolation of murine splenocytes. All mouse experiments were performed in
accordance with national and mstitutional guiddines on animal care (Hamburg
Authority for Health and Consumer Protection, Veterinary Affairs/Food Safety,
protacol ORGIS3). Lymphocytes were jsolated from the spleen of C57BL/6 mice
housed in the animal facility at the UKE. Single-cell suspensions were prepared by
processing the spleen through & 70 pm strainer, After erythrocyte lysis, splenocytes
were used for the analysis of surface markers by flow ¢y V.

Flow cytometry and fluorescence-activated cell sorting (FACS). Human and
murine immune cells were preincubated with immunoglobulins to block unspecific
binding and stained with fluorescence-labeled antibodies for 30 min a1t 4°C. All
antibodies were titrated prior to use, The following fluorachrome-conjugated anti-
human antibodies were used; anti-CD3 {clone UCHT] and cone OKT3), anti-CD4
(clone RPA-T4, clone SK3, and clone OKT4), anti-CD8a (clone RPA-T# and clone
HIT8a), anti-CDA (clone HI%), anti-CD16 (clone 3G8), anti-CD19 (done HIB19),
anti-CD25 (clone BCIB), anti-CD39 (done Al), anti-CD73 (cdone AD2), anti-
CD127 (clone HCD127 and cone AOI9D5) (all BioLegend), anti-CD14 (clone
MSE2}, anti-CD25 (clone 2A3), anti-CD45 (clone HI30), anti-TCRyS (clone 11F2)
(all BD Biosciences), anti-CD56 (clone N901) (Beckman Coalter). The following
fluorachrome-conjugated anti-mouse antibodics were used: anti-CD3 (clone
17A2), anti-CD4 (clone RM4-5), anti-CD25 (clone PCE1), anti-CD73 (done TY/
118) (all BioLegend), anti-CD8 (done 53-6.7), anti-CD19 (clone 1D3), and ann-
CD3Y (clone 24DMS1) (all eBioscience). For dead cell exclusion, a liverdead dye
(Thermo Fisher Scientific) was indluded. The staining cocktails were designed to
minimize the effects of spectral overlap. Prior to analysis, # compensation matrix
was calculated after single color staining of human PBMCs, as described®®. Samples
were measured at FACSCanto 1, FACSCeesta, or LSR-Fortessa (BD Biosciences)
using FACSDHva software for data acquisition (BD Biosciences) and analyzed using
Flow}o software (BD), For ksolatton of specific T cell subpopulations by FACS, cells
were stained as described above and sorted at FACSAGa 11U {BD Biosciences).

Preparation and stimulation of human T cells. CD8 or CD4 T cells were isolated
from PBMCs by negative selection using the EasySep Human T Cell Envichment
Kit (Stemeell Technologics), The purity of the isolated cells was assessed by flow
cytometry. For indicated assays, Tregs (defined as CD4+ CD25hE» CD12710%) and
conventional CD4 T cells (CDdcon, defined as non-Treg CD4 T cells) were
abtained by FACS. CDdcon T cells were additionally sorted with regard to their
CD73 expression if indicated. To assess proliferation in T cell wssays, responder
cells were labeled with 2 pM ¢Fluor 670 {Thermeo Fisher Scientific).

Purified T cells were stimulated with | pg/ml coated aCD3 (OKT3) and 5 py/
mL soluble aCD28 (CD28.2) (both Biolegend) and cultured in serum-free X-
VIVO 15 medium {Lonza). PBMCs were activated with 0.5 ug/ml, soluble aCD3 in
RPMI containing 1% penicillin-streptomycin, 1% t-glutamine (all Thermo Fisher
Scientific), and 10% FBS (Biochrom). If not otherwise stated. cells were seeded at a
density of 1 x 10° cells/ml.
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Isolation of EVs, EVs were isolated from cell culture supernatants, X-VIVO 15
medium, and SF by differential centrifugation at 4 °C. Samples were centrifuged at
450 x g for 5min, followed by centrifugation at 2000 x ¢ for 10 min. After cen-
trifugation at 10,000 x g for 30 min, the supernatant was subjected to wltra-
centrifugation (110,000 x g, 70 min, in an SW 60 Ti swinging-bucket rotor,
Beckman Coulter), The EV-enriched pellet (hereinafter named EVs) was washed
and resuspended in PBS. Particle concentration and size were determined using the
NTA instrument NanoSight LM14 (Malvern Panalytical) equipped with a 638 nm
laser and a Marlin F-033B [RF camera (Allied Vision Technologses), operated with
NTA 3.0 software,

Characterization of EVs

Western blor. The EVs were characterized according 1o the I1SEV guidelines™”. For
western blot analysie, EVs were incubated with RIPA buffer (50 mM Trs-HC pH
7.4, 150 mM NaCl, 1% NP40, 0.5% Na-deoxycholate, and 0.1% SDS) in the pre-
sence of protease and phosphatase inhibitors (Roche). The protein content of
EVswas assessed with a Micro BCA Protein assay kit (Thermo Scientific), Samples
{35 pg per EV sample, 15 ng rec t CD73, 10 pg cell lysate, 2pl. pure SF,
1530l X-VIVO 15 medium, or 15pl of X-VIVO ultracentrifugation petlet corre-
sponding to 2 mL X-VIVO 15 medium} were mixed with 4X loading buffer

{250 mM Tris-HCY, 8% SDS, 40% glycerol, 20% B-mercaptoethancd, 0.008% Bro-
mophenol Blue, pH 6.8), beiled for 5 min at 95 °C and subjected to ¢lectrophoresis
on a 10% Bis Tris gel (Invitrogen) under dematuring conditions. The gel was
electrablotted onto a nitrocellulose membrane (LI-COR) and stained with the
Revert Total Protein Stain (LI-COR). After blocking for 60 min with Roti-Block
{Carl Roth), membranes were incubated overnight with the following primary
antibodies diluted in Roti-Block: anti-CD73 (cone D7F9A, Cell Signaling. 1:1000),
anti-CD81 {clone D3N2D, Cell Signaling, 1:1000), anti-Flotillin-1 (clone 18/Flo-
tillin-1, BD Biosciences, 1:1000), anti-GM130 (done 35/GM130, BD Riosciences,
1:500), anti-Albumin (done F-10, Santa Cruz, 1:1000), anti-apoA-1 (clone E-20,
Santa Cruz, 1:500), or anti-apoB (polyclonal, Acris, 1:1000). After washing with
TBST, the membranes were incubated for 60 min with anti-rabbit-HRP-conjugated
secondary antibody (Cell Signaling, 1:1000), or anti-mouse-HRP-conjugated sec-
ondary antibody (Cell Signaling, 1:1000), or anti-goat-HRP-conjugated secondary
antibody {Jackson TmmunoRescarch Lab ries, 1:5000). Membranes were
developed with SuperSignal West Femto Maximum Sensitivity Substrate
{Thermo Fisher Scientific), and images were taken on a ChemiDoc Imaging System
(Bio-Rad} using the Quantity One software.

Electron microscopy. For dectron microscopy with immunogoeld labeling, EVs were
adsorbed to carbon-coated grids for 20 min, washed with PBS, quenched in glycine,
and blocked with blocking solution for goat gold conjugates (Aurion)™. After

30 min incubation with the primary anti-CD73 antibody (clone AD2, Biolegend,
5 pg/mL}, the grids were incubated for 20 min with the anti-mouse IgG 10 nm gold
conjugte (Sigma, 1:20), fixed in 2.5% glutaraldebyde, washed with water, and
transferred onto methyl ceflulose/uranyl acetate mixture drops on koe for 10 min
Grids were looped out, air-dried, and analyzed by transmission electron micro-
scopy. Electron microscopy was performed at 80kV in an FEI Tecnal G20
microscope equipped with an SIS Veleta camera,

Flow cyfometry. For phenotypical single EV analysis by conventional flow cyto-
metry, the EV suspension was ively diluted in 400 pL filtered PBS and stained
for 30 min with anti-CDR-8VA21 (clone RPA-TE, 1:500), ants-CD73-PE (doae
AD2, 1:300), and ant-CD-APC (Jone Hi%a, 1:200) antibadies as indicated. After
extensive washing of the flubdics system of the cytometer, ApogeeMix (Apogee
Flow Systems, silica and latex beads) and Megamix-Plus SSC (BioCytex, latex/
polystyrene beads) heterogenons fluorescent beads were used to set up the system.
Samples were measured at the FACSAria 11U {BD Biosciences) for | min at a flow
rate of L0 at 4 *C. Controls included buffer alone, buffer with single and combined
antibodies, EVs with buffer, and EV's with fluorescence minus one (FMO) stainings
for each fluorochrome. To confirm the nature of the EVs, the samples were
incubated with 0.5% NP40 for 45 min and reanalyzed for 1 min (lysis controf),

For the phenotypical characterization of $F EVs, we used the MACSPlex
Exosome kit (Miltenyi). This bead-based assay allows the simultaneous detection of
37 surface markers to determine the cellular origin of the EVs. In brief, EVs were
Incubated overnight with antibody-coated capture beads, washed, and Incubated
with tetraspanin CD9/CD81/CD63 antibodies provided in the kit The
measurements were done at FACSCanto 1T (BD Biosciences)

T cell assays. 1" cells were stimulated as described above and cultured at a density
of 0.25-0.5 x 10° celis/mL in serum-free X-VIVO 15 medium (Lonza) for 3 w0

4 days at 37 °C, 5% CO; In the presence of ADA inhibitor EHNA (10 uM, Tocris).
In Treg suppression assays, responder T cells were cocultured with Tregs at dif-
ferent ratios. When indicated, AMP (50 pM, Sigma-Aldrich), ATP (50 pM, Sigma-
Aldrich), the CD73-specific inhibitor 2-chloro-N5-o-chlorobenzyl-a,8-methylene-
ADP (PSB-14685, 10 uM)™, recombinant CD73 (15 ng/ml., unless otherwise
noted, Sino Biological) or EVs (equivalent to 150 pL of cell culture supernatant of
activated CD8 T cells, If not stated otherwise) were added. At the time of harvest,
the cell membrane expression of the activation marker CD25, and the difution of
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eFluor 670 as a measure of proliferation were ed by flow cyt v. [ENy was
determined in cell culture supernatants by ELISA (BloLegend), measured with 2
Victor® 1240 plate reader equipped with Wallac 1240 Manager software
(PerkinElmer),

Phospholipase C treatment. Forced shedding of CD73 was achieved by incu-
bating 0.2 x 102 CD8 T cells with .5 U/mL bacterial phosphatidylinositol-
specific phospholipase C (P1-PLC, Thermo Fisher Scientific) for 30 min a1 37"C.
Cells and supernatants after PL-PLC tr t were subsequently used for the
determination of AMPase activity by high-performance liquid chromatography
(HPLC).

Analysis of ATPase and AMPase activities by HPLC. AMPase and ATPase
activity of cells, cell culture supernatants, EVs, and SF were analyzed by assessing
the degradation of 1,N®-etheno-AMP (eAMP) or 1N®etheno-ATP (eATP),
respectively. For this, 0.2 x 107 T cells, 150 ul cell culture supernatant, EVs
(equivalent to 150 pL of supernatant), or 20 pl. SF were incubated with | pM
¢AMP or ¢ATP (Biolog) for 30 min (cells) or 60 min (cell culture supernatants,
EVs and SF) at 37 °C, After the incubation, cells were removed by centrifugation
(450 x g, 5 min, 4°C) and all samples were directly frozen and stored at —20°C
until HPLC analysis. The analysis of etheno-nucleotides was conducted by ion
pair reversed- phase HPLC on a 1260 Inﬁmty system (Agilent Technologies),
Betore les were passed through 10 kDa size exclusion filters
to remove proteins (10 min, 10,000 g. 4°C, Sartorius). A volume corresponding
to starting amount of 85 pmol ¢AMP or eATP was loaded on the HPLC. For
quantification of nucleotides in the sample, different amounts of commercially
avatlable etheno-nucleotides (Blolog) were analyzed under the same conditions.
The scparation was performed on a 250 mm x 4.6 mm C-18 BDS Multohyp 5 um
column (CS Chromatographic Service) with a C-18 security guard cartridge
{Phenomenex). The mobile phase was composed of HPLC buffer A (20 mM
KH,PO,, 5mM TBAHP, pH 6.0) and HPLC buffer B (50% buffer A and 50%
methanol) with the following gradient; 0.0 min (30,0% buffer B), 3.5 min (30,0%
buffer B), 11,0 min (62,5% buffer B), 15.0 min (62,5% buffer B}, 25.0 min
(100.0% buffer B), 27.0 min {100.0% buffer B), 29,0 min (30,0% buffer B), and
38.0 min (30.0% buffer B). The injection volume was 100 pl and the flow rate
was (L8 mL/min, The temperature of the column compartment was 20 °C and the
autosampler was kept at B°C. The signals were detected by the fluorescence
detector (excitation 230 nm and emisston 410 nm) of the system. Peak integra-
tion was performed using ChemStation Software (Agilent Technologies).

Detection of non-cell-bound CD73. Non-cell-bound CD73 was determined in cell
culture supernatants and in SF by ELISA (Abcam),

Fluorescence microscopy. Human CD737 and CD73° CDS T cells or total CD8
T cells were stimulated as described above, At the day of harvest, cells were plated
on poly-i-lysine coated cytastides (Thermo Fisher Scientific) at a density of

0.2 % 10° cells/cytoslide using a cytospin centrifuge (Shandon Eliott). In some
experiments, exocytosts was blocked with 10 pM GW4869 (Cayman Chemical).
Cells were fixed for 10 min at room temperature (RT) with 4% PFA (EMSciences)
and washed with PBS. For immunofluorescent Jocalization of CD73, unspecific
binding was blocked with 5% normal horse serum (Vector) diluted in 0.05% Triton
X-100 (Merck) in PBS. The cytoslides were incubated overnight with unconjugated
anti-CD73 (clone AD2, 1:10, Biolegend) in blocking buffer at 4°C and detected
using & Cy2 anti-mouse antibody (1:200, Jackson ImmunoeResearch Laboratories)
for 30 min at RT. After washing, cells were further incubated with APC anti-CD9
(clone HI9A, 1:10) or/and anti-CDE1 {clone 5A6, 1:10) (both Biolegend) for

60 min at RT, An 1SM300 confocal microscope with airyscan and the ZENblue
software (all ZEISS) were used for analysis. Pearson’s coefbicient of co-localization
wits determined in seven 1o ten randomly chosen high power fields (630X) per
conditson (three individual cellshigh power field).

Statistical analysis. Prism 8 (GraphPad) was wed to perform statistical analyses,
detaifed information are provided in the figure legends. In brief, data were analyzed
for normal distribution. When they passed the normality test, they were analyzed
by two-tailed Student’s r-test {two groups, paired), ordinary ope-way ANOVA
(multiple groups, unpaired), or repeated measures (RM) one-way ANOVA (mul-
tiple groups, paired), When data did not pass the normality test, they were analyzed
by a two-tailed Wilcoxon test (two groups, paired) or Kriskal-Wallis test (multiple
groups, unpaired). When multiple groups were compared, post htx lests were
performed to correct for multiple comparisons. Dunnett's parisans
test was used when all groups were compared to the same control condition.
Dunn's multiple comparisons test was performed 1o compare the mean ranks of
not normally distributed data. p values < 0.05 were considered to indicate statistscal
significance. Non-significant differences were not annotated.
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8. Summary in English and German

Extracellular vesicles (EVs) are lipid bilayer enclosed structures, formed via the
endocytic pathway (exosomes) or shed from the plasma membrane
(ectosomes/microvesicles). EVs are powerful communication tools, as they can be
taken up by recipient cells, transferring their cargo composed by proteins, nucleic
acids, and lipids. The cargo reflects the status of the cell of origin and, as EVs are
found in body fluids, they are very promising biomarkers. EVs are involved in
physiological and pathological processes in the Central Nervous System (CNS),
playing a role in disease progression and recovery. To be studied, EVs are isolated
either from cell-conditioned media, body fluids, and tissue.

Ischemic stroke occurs when a brain artery is occluded, causing a lack of blood flow
and subsequent lack of oxygen and glucose supply in the affected area. The cells at
the core of the infarct die immediately, while neurons in the surrounding area could
be rescued, depending on the signals received in the next hours/days. The
pathophysiology of stroke is complex, involving different brain and infiltrating cells,
which are in close communication with each other, possibly also by EVs.

In this thesis, EVs isolated from the brain of mice subjected to transient Middle
Cerebral Artery Occlusion (tMCAO, mouse model of stroke) and sham controls
together with healthy mice, were analyzed at proteomic and transcriptomic levels.
We reported that small brain-derived EVs (SBDEVs; <200nm) from healthy mice are
enriched in ribosomal proteins, while large BDEVs (=200nm) carry more proteins
related to metabolic pathways. We confirmed the ribosomal protein enrichment also
by re-analysing the proteome of BDEVs published in other studies using different
isolation protocols. We saw that in steady-state conditions microglia are the main
contributors to the BDEVs pool. 24h after stroke, astrocytes increase significantly
their EVs release, possibly in relation to glial scar formation, neuronal survival,
and/or microglial activation. Differently, there is a significant increase of
oligodendrocyte-derived EVs 72h after stroke, a time when recovery processes such
as remyelination start to take place. At a transcriptomic level, BDEVs isolated 72h
after stroke carry mRNAs that are related mainly to inflammatory response and
stress defense, but also to recovery processes. These mMRNAs are mostly released
by microglia. Moreover, we found that the most upregulated mRNAs after stroke are
present in the EVs as full-length, and therefore potentially translatable in the
recipient cells. How EVs reach the target cell and how they deliver their cargo are
still unanswered questions. We saw that the presence of prion protein (PrP) on the
surface of BDEVs influences their uptake by recipient cells, as EVs carrying PrP
behaved differently to EVs lacking PrP. We demonstrated that PrP is significantly
increased in BDEVs 24h after stroke/reperfusion, and we hypothesize a role for PrP
in EVs’ fusion with the plasma membrane of the recipient cells, which could influence
stroke.

Lastly, we showed that activated human CDS8T cells release EVs containing CD73,
which has AMPase activity and activity and can degrade to adenosine the AMP
resulting from ADP and ATP. This purinergic signaling cascade is fundamental for
immune regulation during inflammation and ischemia, where the levels of
extracellular ATP are critical and EVs seem pivotal for its degradation.
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Extrazellulare Vesikel (EV) sind von einer Lipiddoppelschicht umschlossene
Strukturen, die entweder im endosomalen System gebildet (Exosomen) oder direkt
von der Plasmamembran freigesetzt werden (Ektosomen/Mikrovesikel). EV gelten
als wichtiges interzellulares Kommunikationsmittel. Durch Aufnahme von
Empfangerzellen kann ihre Ladung, bestehend aus Proteinen, Nukleinsduren und
Lipiden der Ursprungszelle, so weitergegeben werden. Da EV in Korperflussigkeiten
vorkommen, sind sie vielversprechende Biomarker verschiedener Erkrankungen. Sie
sind an zahlreichen (patho-)physiologischen Prozessen im zentralen Nervensystem
(ZNS) beteiligt. Um EV untersuchen zu koénnen, missen sie entweder aus
Zellkulturiberstanden oder Kérperflissigkeiten wie dem Liquor isoliert werden. Seit
kurzem ist es auRerdem mdglich, EV aus Gehirnen aufzureinigen.

Ein ischamischer Schlaganfall tritt auf, wenn sich eine Hirnarterie verschlie3t und es
durch den Mangel an Blutfluss folglich zu einer Minderversorgung mit Sauerstoff und
Glukose im betroffenen Hirnareal kommt. Zellen im Zentrum des Infarktgebiets
sterben sofort ab, wahrend die Neuronen in der Umgebung (sog. Penumbra)
abhangig von Signalen innerhalb der nachsten Stunden/Tagen, noch gerettet
werden konnen. Die Pathophysiologie des Schlaganfalls umfasst sowohl
hirnansassige als auch infiltrierende Zelltypen, die mdglicherweise durch
Ubermittiung von Molekilen und Signalen via EV in enger Kommunikation
miteinander stehen.

In dieser Arbeit wurden EV aus Gehirnen von Mausen mit experimentellem
Schlaganfall (tMCAQO®), zusammen mit EV aus Hirnen von Kontrolltieren auf
proteomischer und transkriptomischer Ebene analysiert. Wir stellten fest, dass kleine
hirnabgeleitete EV (sBDEVs; Durchmesser <200 nm) von gesunden Mausen mit
ribosomalen Proteinen angereichert sind, wahrend groRe BDEVs (2200 nm) in
Abhangigkeit von bestimmten Stoffwechselwegen mehr Proteine enthalten. Wir
bestétigten die Anreicherung ribosomaler Proteine auch durch Analyse des
Proteoms von BDEV mit unterschiedlichen Isolierungsprotokollen anderer Studien.
Es zeigte sich, dass Mikrogliazellen unter physiologischen Bedingungen den grof3ten
Beitrag zum gesamten BDEV-Pool leisten. 24 Stunden nach Schlaganfall im
Mausmodell ist die EV Freisetzung aus Astrozyten signifikant erhéht, was mit der
glialen Narbenbildung, dem neuronalen Uberleben oder der Aktivierung von
Mikroglia zusammenhdngen koénnte. Im Gegensatz dazu besteht ein signifikanter
Anstieg der aus Oligodrendrozyten stammenden EV 72 Stunden nach Schlaganfall.
Unsere Analysen ergaben, dass 72 Stunden nach Schlaganfall isolierte BDEV
mMRNA enthalten, die mit Entzindungsreaktionen, Stressabwehr und
Genesungsprozessen in Zusammenhang stehen und hauptsachlich von Mikroglia
stammen. Des Weiteren konnten wir zeigen, dass die am starksten hochregulierten
MRNAs nach Schlaganfall in den EV in voller Lange vorhanden sind und daher in
Empfangerzellen translatierbar wéaren.

Wie EV die Zielzelle erreichen und wie (z.B. Fusion mit Plasmamembran oder
endozytotische Aufnahme) sie ihre Ladung Ubertragen, ist noch unklar. Wir konnten
zeigen, dass die Anwesenheit des Prionproteins (PrP) auf der Oberflache von BDEV
deren Aufnahme durch die Zielzellen deutlich beeinflusst. Da 24 Stunden nach
Schlaganfall PrP auf BDEV signifikant erhoht ist, stellten wir die Hypothese auf, dass
es eine wichtige modulatorische Rolle bei der Aufnahme durch, bzw. Fusion mit den
Empfangerzellen und somit auch der Progredienz des Schlaganfalles spielt.
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Schliel3lich haben wir gezeigt, dass aktivierte humane CD8 T-Zellen EV freisetzen,
die das Protein CD73 enthalten, welches AMPase-Aktivitat besitzt und ATP abbauen
kann. Diese purinerge Signalkaskade ist von hoher Bedeutung fir die
Immunregulation bei Entzindungen und Ischémie, bei denen der Gehalt an
extrazellularem ATP kritisch ist und EV fur dessen Abbau eine zentrale Rolle zu
spielen scheinen.
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