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Abstract

Extracellular vesicles released by mesenchymal stromal cells (MSC EVs) are a rising resource
for regenerative medicine. Current EVs research focuses on the small MSC EVs enriched

fraction for therapeutic applications or amelioration of tissue injury.

In the theoretical part of the present thesis, I present a general introduction on the role of stem
cell derived bioproducts and extracellular vesicles on kidney disease, and in particular ischemic
reperfusion injury. Two reviews are presented: “Extracellular vesicles, apoptotic bodies and
mitochondria: stem cell bioproducts for organ regeneration” and ”“Stem cell-derived

extracellular vesicles and kidney regeneration”.

The practical part of my thesis exposes the function and characteristic of extracellular vesicles
derived from different sources of mesenchymal stromal cells. Marker Expression in small and
medium/large MSC EVs will be compared in naive or apoptotic condition using orthogonal
techniques. Following characterisation, the functional properties of MSC EVs are examined in
a renal reperfusion injury model based on conditionally immortalized kidney tubular epithelial
cells. To better understand the properties of MSC bioproducts, we further present a functional
comparison of adipose MSC EVs and their conditioned medium from different culture
conditions. Lastly, the thesis is focused on EV characterisation at single EV level. Two
different projects are presented: ”Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool
to Mimic SARS-CoV-2 Interaction with Host Cells” and “’Single extracellular vesicle analysis

in human amniotic fluid shows evidence of phenotype alterations in preeclampsia”.
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Kidney disease

Global prevalence of chronic kidney disease (Figure 1) in all five stages is currently 13,4% (Lv
& Zhang, 2019). More vulnerable to kidney disease are seniors and patients with comorbidities
(Charles & Ferris, 2020). Acute renal failure is one of the most common health complications,
occurring in up to 24 % mortality of hospitalized patients (Doyle & Forni, 2016). Even a mild
form of AKI is associated with a 50% higher risk of death. It also imposes a significant risk of
chronic kidney disease and end-stage kidney failure (Abebe, Kumela, Belay, Kebede, &

Wobie, 2021; Selby, Fluck, Kolhe, & Taal, 2016).
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Figure 1: Healthy and diseased kidney illustration (https://www.mayoclinic.org/diseases-
conditions/chronic-kidney-disease/symptoms-causes/syc-20354521).
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Ischemic/reperfusion renal injury

Kidney ischemia/reperfusion injury (IRI) is the leading cause of acute kidney injury (AKI),
which is associated with a high morbidity and mortality rate (Shiva, Sharma, Kulkarni, Mulay,
& Gaikwad, 2020). IRI is a major cause of graft failure following kidney transplantation, which
is currently the only curative treatment available. The available AKI treatment options are
primarily focused on supporting kidney function, necessitating more efficient and precise

therapies (Li, Liu, Mao, Li, & Zhou, 2021).

Figure 1: Scheme of normal and post-ischemic kidney and the transformation on cellular base (Rabb,

2012).
Although the pathophysiology of IRI is unknown, several cellular mechanisms that result in
AKI have been identified (Figure 2) (Agarwal et al., 2016). First, ischemia occurs due to a

temporary restriction in blood flow, which is associated with a decrease in ATP production and
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altered metabolism as a result of the hypoxic tissue environment. Reperfusion stimulates
mitochondrial oxidative phosphorylation and exacerbates the production of reactive oxygen
species (ROS), contributing to oxidative stress and tissue damage (Eltzschig & Eckle, 2011;
Malek & Nematbakhsh, 2015).

Within the kidney, proximal tubule cells (PTCs) have the highest mitochondrial mass and are
susceptible to hypoxia due to their anatomical location and minimal glycolytic capability,
making these cells an ideal candidate for IRI research and therapeutic options (Smith, Hartley,
Cochemé¢, & Murphy, 2012; Zhan, Brooks, Liu, Sun, & Dong, 2013). Following ischemia and
ATP depletion, several changes in tubular cells are observed: 1) increased intracellular calcium,
2) disruption of the apical actin cytoskeleton and loss of tight junctions, 3) loss of basolateral
Na+ K+ ATPase, which plays an essential role in tubular sodium reabsorption , and 4) cell
death, which varies between apoptosis and necrosis depending on the duration of ischemia and
the damage inflected (Jassem, Fuggle, Rela, Koo, & Heaton, 2002; Martin, Gruszczyk, Beach,
Murphy, & Saeb-Parsy, 2019).

Disturbances in mitochondrial dynamics upon reperfusion are associated with increased fission
and decreased fusion. Increased mitochondrial fission causes the mitochondrial permeability
transition pore to open and the mitochondrial membrane potential to dissipate, both of which
contribute to caspase-3 activation and apoptosis (Jiang et al., 2020). Autophagy is reportedly
to be repressed by mitochondrial fission. Hence, preventing mitochondrial damage during early

reperfusion can allow for tissue recovery (Brooks, Wei, Cho, & Dong, 2009).
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Role of extracellular vesicles in
ischemic/reperfusion renal injury

The regenerative capacity of EVs is sustained by a high number of publications, and several
pre-clinical studies demonstrate that stem cell-derived EVs promote tissue repair and reduce
inflammation in different AKI models (Cantaluppi et al., 2013). The hallmark of AKI is the
rapid reduction of renal function in parallel with tubular cell loss, resulting in increased blood
urea nitrogen (BUN) and plasma creatinine (Heyman, Rosenberger, & Rosen, 2011). Various
sources of MSCs have been used in preclinical results, including bone marrow, adipose tissue,
and umbilical cord, with bone marrow-derived MSCs being the most commonly used (Calcat-
i-Cervera, Sanz-Nogués, & O’Brien, 2021). MSC'’s therapeutic effects are derived from their
ability to interact and respond to stimuli by releasing soluble factors and extracellular vesicles
(EVs) (Figure 3). The use of EVs, has been proposed as an alternative to stem cell therapy for
the regeneration of several injured organs (Elahi, Farwell, Nolta, & Anderson, 2020; Heldring,
Maiger, Wood, Le Blanc, & Andaloussi, 2015). BM MSC EV source resulted in an effective
ischemia/reperfusion injury (IRI) model that mimics hypoxic insult, a common feature during
AKI (Gatti et al., 2011; Shen et al., 2016). UC MSC EVs also showed reduced apoptosis,
improved proliferation and downregulate CXCL1 which might have protective effect in IRI

(Zou et al., 2014).
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Figure 2: Schematic representation of the effects of MSC-EVs on renal injury (Grange, Skovronova,
Marabese, & Bussolati, 2019).

I have contributed to two reviews about bioproducts of MSCs (Gebara et al., 2020) and their
effects on renal injury (Grange et al., 2019). The first review explains in details the differences
among the cell bioproducts such as small EVs, medium/large EVs, mitochondria and apoptotic
bodies. The second review focuses on MSC EVs and their regenerative properties in acute

kidney injury through tissue regeneration.
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Abstract

Purpose of Review In the current work, we will present the characterization of the main different stem cell-derived vesicular bio-
products with potential application in organ regeneration.

Recent Findings The therapeutic effects of stem cell therapy in organ repair, specifically those utilizing mesenchymal stromal
cells, are largely dependent on the cells’ release of different bio-products. Among these bio-products, extracellular vesicles (EVs)
appear to play a major role due to their ability to carry and deliver bioactive material for modulation of cellular pathways in
recipient cells. Concurrently, mitochondria transfer emerged as a new mechanism of cell communication, in which the bioener-
getics of a damaged cell are restored. Finally, apoptotic bodies released by dying apoptotic stem cells contribute to stimulation of
the tissue’s stem cells and modulation of the immune response.

Summary Exploitation of isolated extracellular vesicles, mitochondria and apoptotic bodies in preclinical models of organ
damage shows promising results. Here, we describe the results of the pre-clinical applications of stem cell vesicular products,
as well as the first clinical trials approaching artificial administration of extracellular vesicles and mitochondria in human subjects

and their possible benefits and limitations.

Keywords MSC - Regenerative medicine - MicroRNA - Exosomes - Microvesicles - Mitochondrial transfer - Apoptosis

Introduction

Organ failure is the most frequent cause of morbidity and
mortality recorded in Europe and in the United States in recent
decades. Organ dysfunction can be attributed to fibrosis, a
pathological feature of many chronic inflammatory diseases,
as its extensive remodelling of tissues leads to functional in-
sufficiency [1]. The burden associated with fibrosis is discon-
certing, representing in the United States almost half, and in
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the industrialized world about 30%, of all deaths attributed to
fibrotic heart, lung, kidney and liver diseases [1, 2]. In
addition, episodes of acute tissue injury, especially if severe
and repeated, are closely associated to development of chronic
organ disease [3].

It has therefore become of increasing interest in Regenerative
Medicine to limit the progression of fibrosis, promote restoration
of organ function in chronic settings and support organ repair
after acute injury to regain tissue integrity. In this context, increas-
ing studies underline the role of stem cell bio-products, including
secreted soluble factors and extracellular vesicles (EVs), as pow-
erful instruments in organ regeneration. EVs, in particular, have
been proposed as a new form of intracellular messaging through
their ability to reach distant organs and deliver the active cargo
necessary for reprogramming of the target cells. In addition, EVs
released by apoptotic cells, including apoptotic bodies
(ApoBDs), are recently emerging as part of the therapeutic and
immune-modulating mechanisms of injected stem cells within
injured tissues [4] (Fig. 1).

Finally, stem cell therapy involves the transfer of mitochon-
dria, the organelles responsible for cellular energy production,
from stem cells to damaged cells. Mesenchymal stromal cells

@ Springer
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Fig. 1 Presentation of apoptotic
and healthy cell secretome

.
A () Exosome

B . Microvesicle

(MSCs) are shown to transfer mitochondria to the recipient
cells in different ways: encapsulated within EVs [5]; via cell-
to-cell direct communication through tunnelling nanotubes; or
through direct release of “naked” mitochondria into the extra-
cellular microenvironment [6]. The organelle incorporates in-
to the endogenous mitochondrial network of the damaged
recipient cell that needs to be rescued, restoring its bio-
energetic profile and health [7].

In this review, we will present the recent knowledge on
mechanisms of action involved in the therapeutic effects of
healthy and apoptotic EVs, as well as of mitochondria transfer,
and the exploitation of these bio-products in preclinical
models of organ damage. Finally, we will describe the first
clinical trials approaching their use on human subjects and the
possible benefits and limitations.

Extracellular Vesicles

Since the ‘discovery’ of EVs in blood plasma in 1946 by
Erwin Chargaff and Rudolph West [8], interest in those
cells-to-cell communicators has risen in almost all fields
of biology and chemistry. EVs have been proven to natu-
rally occur in prokaryotes, eukaryotes, plants and cells.
EVs are membrane-bound, spherical particles enclosed
in a lipid bilayer. In biological samples, EVs originate

@ Springer
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from their parental cell, taking up their internal and exter-
nal composition. Guidelines from the International
Society for Extracellular Vesicles (ISEV) classify three
main categories of EVs; exosomes also named small
EVs (~30-250 nm), large EVs or microvesicles (~100—
1000 nm) and ApoBDs (>1 pum) [9+]. Small EVs and
microvesicles are released from metabolically active cells,
whereas ApoBDs are exclusively produced during cell
apoptosis [10] (Fig. 1).

The content of an EV is dependent on its origin, size and
the route of biogenesis. EV surface markers and cargo are
specific to the three types of vesicles (Table 1) and are most
commonly associated with the route of vesicle formation. The
process of exosome formation begins with inward budding of
early endosomes and formation of intraluminal vesicles; this
involves the ESCORT complex, ALIX and tumour suscepti-
bility gene 101 (TSG101), all of which are responsible for
cargo sorting. Intraluminal vesicles mature into multi-
vesicular bodies, followed by fusion with the cell membrane
and release of vesicles into the extracellular environment.
Alternatively, multi-vesicular bodies are degraded by lyso-
somes and their components recycled. Exosomes are distin-
guished by the presence of all three tetraspanin markers re-
sponsible for induction of membrane curvature (CD9, CD63
and CD81). Proteins that can be detected and are involved in
exosome biogenesis include Rab, GTPases, annexin, flotillin,
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Table 1 Composition, size and biogenesis route of EVs

Vesicle type  Origin Size Markers Components

Exosomes Endolysosomal pathway; 30-250 CD9, CD63, CD81 ESCORT mRNA, miRNA and other non-coding RNAs;
fusion of MVB with cell nm components, TSG101, flotillin, membrane and cytoplasmic proteins, lipids,
membrane Annexin receptors

Microvesicles Cell membrane; bud off directly 100-1000 CD40 mRNA, miRNA and other non-coding RNAs;
from cell surface nm membrane and cytoplasmic proteins, lipids,

receptors
Apoptotic Cell Membrane; membrane >lum Phosphatidylserine, Calreticulin, Nuclear fragments and cell organelles
bodies blebbing during apoptosis Calnexin

ALIX, TSG101, VPS4, heat shock protein (HSP70) and the
ESCORT complex [11].

Microvesicles are formed by direct budding from the cell
plasma membrane with involvement of cytoskeleton compo-
nents and fusion machinery, though the process is not yet fully
understood. Due to their biogenesis pathway, microvesicles
are primarily composed of a plasma membrane and of
cytosolic-associated proteins. Other commonly found compo-
nents include heat shock proteins, integrins, post-
translationally modified proteins and RNA species. Several
structural components are shared between exosomes and
microvesicles due to their similar release pathways and origin
[11].

EVs have been designated as novel cell-to-cell communi-
cators due to their effect on cells on a paracrine and endocrine
level, specifically through the direct stimulation of cell surface
receptors and transfer of bioactive molecules. Indeed, EV sur-
face receptors may act as signalling complexes and directly
stimulate target cells or, alternatively, transfer functionally ac-
tive receptors from one cell to another. For instance, bystander
B cells can acquire antigen receptors from activated B cells
becoming specific activated antigen presenting cells for CD4
T cells [12].

In addition, the presence of a complex cargo (miRNA,
RNA, proteins, lipids, cytokines and mitochondria) within
EVs results in a multilevel modulation of cell functions in
the recipient cells [13, 14]. Small RNA species, including
miRNA, are present within EVs and, interestingly, recent
studies found that the overall pattern of miRNA content of
small and large EVs appears similar but distinctly different
from that of the originating cells [15¢°], implying specific
mechanisms of miRNA packaging into EVs. Moreover, ex-
tensive proteomic studies on EVs originating from cell cul-
tures, tissue cultures and isolated bio-fluids have shown a
significant EV protein content. Online databases created
through the collaboration of EV research groups provide us
with catalogued EV components, such as Exocarta, (Www.
exocarta.org), EVpedia (www.evpedia.info) and Vesiclepedia
(www.microvesicles.org). EVs contain many common
proteins involved in vesicle trafficking and serving as part of

13

the cytoskeleton and the plasma membrane. Furthermore,
specific protein content reflects the EV mechanism of
generation and origin, as well as the cellular state of the EV
originating cell. Finally, in addition to the structural functions
of lipids in EV membranes, bioactive lipids such as
eicosanoids, fatty acids and cholesterol are transferred by
EVs to recipient cells. For instance, sphingomyelin has been
shown to regulate angiogenesis in vitro and in vivo in tumour
derived EVs [16].

Apoptotic EVs

Apoptosis is commonly known as programmed cell death. An
apoptotic cell undergoes several morphological changes:
membrane blebbing, membrane protrusion formation and
generation of ApoBDs [17-19]. The membrane of ApoBDs
reflects the main changes occurring in the cell surface of the
apoptotic cell. In particular, apoptotic cells express markers
promoting their removal by surrounding cells or macrophages
before the cell membrane ruptures [20]. For instance,
Calreticulin, an “eat me” ligand is physiologically silenced
by the CD47 “don’t eat me” ligand; and only expressed by
cells and ApoBDs when CD47 is downregulated [21]. The
size of ApoBDs ranges from 1 pm to 5 pm [22, 23]. This
characteristic is similar to oncosomes (EVs secreted by cancer
cells), but the biogenesis of these vesicles differs [24]. The
number of ApoBDs produced per cell was quantified as
12.87 +3.23 per hour [25¢¢]. In comparison, the average num-
ber of released EVs by mesenchymal stem cells was found be
in the range of 2900 per cell, overnight [26].

During apoptosis, apoptotic microvesicles 0.1-1 pm in di-
ameter and small exosome-like EVs are released [27, 28].
However, these vesicles are less characterized than the
ApoBDs.

ApoBDs are characterized by the presence of externalized
phosphatidylserine and by a permeable membrane. As men-
tioned above, they express phagocytosis-promoting signals,
such as calreticulin [21] and calnexin [29]. In addition,
ApoBDs express chemokines and adhesion molecules, such
as CX3CLI1/fractalkine and ICAM3, and MHC class II

@ Springer
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molecules, allowing for direct antigen presentation to CD4" T
cells and activation of immunological memory [30]. The car-
go of ApoBDs consists of cellular components enclosed dur-
ing protrusion. Due to this fact, the content of ApoEV's can be
very diverse. Indeed, ApoBDs can contain microRNAs, RNA
and DNA. Diversity of ApoBDs content affects their physio-
logical properties. ApoBDs can be subdivided into two
groups: DNA-carrying ApoBDs and cytoplasm-carrying
ApoBDs. 5 phosphorylated blunt-ended DNA can be used
as a distinctive marker of DNA-carrying ApoBDs because it
is exclusively found in ApoBDs, which undergo apoptosis
and contain the DNA fragments [31].

Mitochondria

While mitochondria are widely considered the powerhouse of
the cell, as they are responsible for ATP production through
oxidative phosphorylation, these organelles are also involved
in several other pathways. They serve a role in pluripotent
stem cell maintenance [32], apoptosis and cell death regula-
tion and proliferation capacity through complex interactions
between p53 and reactive oxygen species (ROS) production
[32]. Energy deprivation and mitochondria dysfunction has
been strictly associated with end stage organ disease [33].
Therefore, while metabolic patterns and mitochondria con-
tents can strictly vary among the organs, it appears evident
that mitochondrial alterations are closely correlated with most
of the clinical conditions that lead to organ failure [34, 35].

As mitochondria do not possess an efficient DNA-repair
system [36], these organelles are typically recycled through
mitophagy, a form of autophagy [37]. Moreover, the transfer
of respiration-competent mitochondria from cell to cell
emerged in the past few years [6] as a mechanism of damage
repair or cell reprogramming [38]. The physiological mito-
chondria transfer is a biological phenomenon in which the
organelle from a healthy donor cell is relocated into a stressed
recipient cell, resulting in repair and survival of the damaged
cell. During this process, the mitochondria’s small size and
plasticity allow it to be transported from donor to recipient
cells through transporting mechanisms, such as tunneling
nanotubes and microvesicles. The organelle is eventually in-
corporated into the endogenous mitochondrial network of the
recipient cell that needs to be rescued, restoring the cell to its
bio-energetic profile and health [39].

The incorporation of respiration-competent mitochondria
within released microvesicles has been extensively studied in
MSCs, where, once internalized, mitochondria-containing
microvesicles can rescue cells from injury or act as
reprogramming factors [5, 40¢]. In 2012, Islam et al. demon-
strated that mitochondria can be transferred in vivo through a
mouse model of acute lung injury [38]. Firstly, mitochondria-
labelled MSCs were administered by injection into the

@ Springer
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damaged lungs. These MSCs homed in the damaged tissue
and produced microvesicles containing the labelled mitochon-
dria 4 h post-injection. The microvesicles were then directly
transferred into the damage lung cells, resulting in the restora-
tion of their ATP concentrations and secretory responses [38].

PMT has also been observed through the establishment of
tunnelling nanotubes (TNTs) [6]. TNTs are filamentous connec-
tions formed by protrusions of a cell’s membrane and are used
to share organelles and contents of the cell’s cytoplasm with
other cells [41]. The utilization of TNTs in PMT has been
observed in transfers between MSCs and macrophages, which
served to enhance macrocytosis and activate antimicrobial re-
sponse [42]. Moreover, Sinclair et al. demonstrated that the
transfer of mitochondria via TNTs is essential due to the regen-
erative capacity exerted by MSCs [41]. However, the role and
mechanism of PMT through the establishment of TNTSs is poor-
ly understood. The last and least known mechanism of PMT is
the direct release of mitochondria in the extracellular microen-
vironment, usually in response to cell stress. “Naked” mito-
chondria can be encapsulated in a vacuole and then extruded
by apoptotic cells, specifically hepatocytes [43]. Similarly,
platelets can release respiration-competent mitochondria as a
mediator of innate immune response [44].

Therapeutic Effects of EVs, ApoBDs
and Mitochondria for Organ Regeneration

EV Reprogramming of Injured Tissue

Following the emerging interest of stem cell therapy, an in-
creasing number of research and pharmaceutical groups are
focusing on stem cell derived EVs, specifically MSC-derived
EVs, as a new form of therapeutic agents for organ regenera-
tion and protection [45—48]. Due to the ability of MSC-
derived EVs to transfer therapeutic molecules, such as
mRNAs, miRNAs and protein, and several of their
regenerating effects to MSCs, this source of EVs is one of
the most studied in Regenerative Medicine. Moreover,
MSCs produce a higher number of EVs in comparison with
other stem cells [49]. MSC-derived EVs were proven to mod-
ulate the immune system and stimulate regeneration in a mul-
titude of preclinical models, including graft-versus-host-dis-
ease, lung, liver, kidney and cardiovascular injury [45]. There
are a significant number of studies describing the pro-
regenerative effects of stem cell-EVs for organ regeneration,
but it is not within the scope of this review to detail all the
different preclinical models of application.

As detailed above, the therapeutic effect of stem cell-EVs on
organ repair is related to transfer of pro-regenerative proteins or
microRNAs. For instance, although numerous factors have
demonstrated the therapeutic effects of different EV models
and origins, not a single agent emerged as pivotal or
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indispensable. Therefore, it can be hypothesized that not a single
factor, but rather a synergic and multi-target action of EV com-
ponents is responsible for the therapeutic EV results. Indeed, the
common and characterizing action of therapeutic MSC-EV's can
be described as a reprogramming activity on tissue expression
profiles. For instance, in models of kidney and liver injury [26],
the expression profile of the EV-treated diseased organ, as
assessed by RNA sequencing, correlated with that of the normal
tissue. Moreover, in models of chronic tissue injury, an upregu-
lation of anti-fibrotic genes and downregulation of pro-fibrotic
genes was common to the different diseases as well as stem cell
sources [50, 51]. Through modulation of their phenotype and
subsequent secretomes, therapeutic utilization of EVs may ben-
efit from an in vitro stimulation or manipulation of the generat-
ing cell source. For instance, ischemic or hormonal stimulation
may ameliorate EV activities [52—54]. In addition, EV adminis-
tration for chronic diseases might require multiple administra-
tions. The possible development of immune reactions in this
setting has not yet been studied in depth.

Regenerative Effect of Apoptotic Body Phagocytosis

Due to the rapid clearance of damaged cells by immune cells,
namely phagocytes, ApoBDs play a major role in immune reg-
ulation [30, 55]. ApoBDs are emerging as a pivotal tool in cell-
to-cell communication between damaged and healthy cells,
therefore modulating mechanisms of organ repair. Indeed,
ApoBDs may stimulate proliferation of resident
stem/progenitor cells, improving tissue regeneration and replac-
ing damaged cells [25¢¢, 56]. For instance, phagocytosis of the
ApoBDs by hepatic stellate cells can promote their differentia-
tion and increase their cell survival [57]. Moreover, ApoBDs’
engulfiment may support MSC homeostasis. In particular, sys-
temic infusion of exogenous ApoBDs was able to rescue apo-
ptotic MSCs by transferring RNF146 and miR-328-3p and ac-
tivating the Wnt/3-catenin signalling [S8¢]. In parallel, in
zebrafish, dying epithelial stromal cells of the epidermis were
observed to generate Wnt8a enriched ApoBDs, supporting the
hypothesis of ApoBDs being biologically active vehicles in
cell-to-cell communication [25¢¢]. Neighbouring p63-positive
stromal cells engulfed the ApoBDs, which caspase-
dependently activated Wnt signalling and stimulated cell pro-
liferation and tissue homeostasis over 24 h. In this model, inhi-
bition of apoptosis significantly reduced the number of prolif-
erating stromal cells. On the contrary, overexpression of the
Wnt pathway in combination with apoptosis induced a signifi-
cant increase of stromal cell proliferation [25¢¢].

ApoBDs can deliver microRNAs, DNA and other genetic
material to target cells, resulting in a multitude of different
effects. For example, miRNA-126, present in endothelial
ApoBDs, promoted chemokine CXCLI12 expression in
healthy endothelium, and repeated administration of those
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ApoBDs in mice with atherosclerosis induced an athero-
protective effect [46].

Although the use of ApoBDs generated in culture as ther-
apeutic has not yet been tested, their role appears of increasing
interest in the field of Regenerative Medicine.

Artificial Mitochondria Transfer

In recent years, artificial mitochondrial transfer (AMT)
emerged as a new possible therapeutic option for tissue repair.
AMT has been intensively investigated in cardiac disease
models. In a rabbit model of cardiac IRI, the injection of viable
respiration-competent mitochondria, isolated from donor rabbit
cardiac or muscular tissues, was able to significantly reduce the
infarct size area, kinase MB, cardiac troponin-I and apoptosis in
the regional ischemic zone [47, 48]. AMT has also been recent-
ly tested in a mouse model of heterotopic heart transplantation:
mitochondria isolated from gastrocnemius muscle were
autologously administrated in the heart coronary ostium before
and after the transplant. Within 24 h after transplant, necrosis
and neutrophil infiltration were significantly decreased com-
pared with the vehicle-treated group. Moreover, the mitochon-
drial treatment significantly enhanced the beating score after
transplant [59]. Interestingly, these papers demonstrated both
in vitro and in vivo that fully differentiated cells can be used
as a source for the mitochondrial injection.

Moreover, transfer of mitochondria, mainly derived from
MSCs, has been proven effective in other pathologic models
involving liver, brain and kidney. In a rat model of liver IRI,
the intra-splenic administration of MSC mitochondria mitigat-
ed the necrosis of hepatocytes as well as reduced the expres-
sion of mitochondrial-induced apoptosis markers [60]. In the
kidney, the effectiveness of AMT was demonstrated by rescue
of damaged renal proximal tubular cells. In vitro, the admin-
istration of MSC-derived mitochondria reduced ROS produc-
tion and increased the expression of the tubular marker
megalin and mitochondrial superoxide dismutase 2, whereas
in vivo, both the tubular basement membrane and brush bor-
der were protected [61]. Moreover, in normal mice, the ad-
ministration of mitochondria improved endurance during
forced swimming test. Finally, AMT has also been used
in vivo in a murine model of Parkinson's disease and in vitro
for the regeneration of damaged hippocampal cells [62, 63].

Although of great novelty, these therapeutic approaches
have already started to be applied in the human setting.

Clinical Trials Involving EVs and Mitochondria
Transfer
All the clinical trials concerning MSC-EVs and ATM can be

found at www.clinicaltrails.gov. Although the majority of
listed trials focus on the diagnostic properties of EVs, there
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are five trials testing the therapeutic applications of MSCs-
EVs and two proposing the use of ATM (Table 2).

A first trial is designed to test the anti-inflammatory proper-
ties of umbilical cord derived MSCs-EVs to prevent the de-
struction of pancreatic [3-cell islets. The MSCs-EVs will be
administered intravenously in two doses, the first dose of
exosomes and, after seven days, the second dose of
microvesicles (NCT02138331). Two other clinical trials using
EVs will involve allogeneic MSCs-EVs. One of them will ad-
minister EVs enriched by miR-124 for the treatment of acute
ischemic stroke (NCT03384433). The second clinical trial will
attempt to treat lesions in patients affected by dystrophic
epidermolysis bullosa (NCT04173650). The last clinical trial
using EVs that is in the recruiting phase focuses on promoting
the healing and recovery of refractory macular holes through
direct injection of MSC exosomes to the site of the injury
(NCT03437759). Finally, the only concluded trail to date used
umbilical cord derived MSCs-EVs to inhibit the progression of
chronic kidney disease in patients with grade III-IV CKD [64].
The study showed stabilization of the disease progression, as
confirmed by stable levels of glomerular filtration rate, serum
creatinine and blood urea in treated patients, and an increased

level of anti-inflammatory factors (TGF-f31 and IL-10) in com-
parison with the matching placebo group.

The first clinical trial using administration of isolated mito-
chondria for the treatment of myocardial IRI has also been
concluded with positive results [65]. Mitochondria were isolat-
ed from non-ischemic skeletal muscles and injected in the myo-
cardium of paediatric patients with myocardial IRI. No adverse
effects were detected after AMT, and four out of five patients
demonstrated an enhancement in ventricular function [65].

Other clinical trials using AMT are focused on the im-
provement of infertility treatments (Table 2). Through autolo-
gous micro-injection of mitochondria prior to intra-
cytoplasmic sperm injection, the patients’ oocyte quality was
enhanced. In the first trial, concluded in 2017, mitochondria
were isolated from autologous ovarian stem cells and directly
injected into the oocytes themselves. To date, no results have
been published. Embryo quality has been quantified through
the pregnancy rate after treatment and morphological evalua-
tion of the treated embryos. In the second clinical trial, which
is still ongoing, mitochondria will be isolated from autologous
bone marrow-MSCs and administrated immediately before
intra-cytoplasmic sperm injection in the oocytes. Live birth

Table 2 Current clinical trials concerning the use of EVs or AMT as therapeutic agents

Intervention N. pts Follow up State Location Number/Ref.
Diabetes Mellitus type 1 Two doses of 20 3 months  Unknown Sahel Teaching NCT02138331
MSC-EVs Hospital Sahel,
Cairo, Egypt
Chronic kidney Two doses of 20 1 year Concluded Sahel Teaching Nassar et al.
disease umbilical cord Hospital Sahel,
MSC-EVs Cairo, Egypt
(100 pg/kg/dose)
Molecular 20-50 mg of cord 44 24 weeks  Recruiting Tianjin Medical NCT03437759
degeneration tissue MSC-EVs University
injected directly Hospital Tianjin,
around macular hole China
Cerebrovascular Allogeneic MSC-EVs 5 12 months Not recruiting yet Shahid Beheshti NCT03384433
disorders acute enriched by miR-124 University
ischemic stroke of Medical
Sciences, Tehran,
Iran
Dystrophic Epidermolysis Bullosa Allogeneic MSC-EVs 30 2 months  Not recruiting yet Aegle Therapeutics, NCT04173650
applied directly to Miami, Florida
lesions, blisters for USA
60 days
Repetition failure Clinical Application of 50 2-3 years  Not recruiting yet NCT03639506
Autologous
Mitochondria Transfer
for Improving
Oocyte Quality.
Infertility Amelioration of oocyte 59 5 months  Concluded Valencia, Spain NCT02586298
quality using autologous
mitochondria transfer
IRI Autologous mitochondrial 5 6 days Concluded Boston, MA, USA  Emani et al.
transfer for dysfunction
after ischemia-reperfusion injury
@ Springer
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rate, pregnancy rate, number of oocytes retrieved and fertility
rate are going to be evaluated.

Conclusion

Numerous discoveries within the Regenerative Medicine field
have highlighted the bioactivity of stem cell bio-products and
their role in cell-to-cell communication. In particular, EVs are
the most advanced as potential therapeutic agents due to their
ability to modulate the function of targeted cells. Together
with stem cell-EVs, proven to be of therapeutic effect in a
large variety of pre-clinical models, ApoBDs and AMT can
be utilized for selected and specific applications.

The major issue with use of EVs in clinical practice is the
standardization of EVs isolation, usage and storage. However,
once those issues can be overcome, using EVs as therapeutic
agents provides solutions to numerous complications caused
by stem-cell therapy, including immune compatibility,
maldifferentiation and tumourigenicity. EV therapy allows
for dosage control, evaluation of safety and potency equiva-
lent to pharmaceutical agents. In comparison to stem cell ther-
apy, EVs are potentially an easier option as they can be direct-
ly obtained from the medium of cultured cells, massively pro-
duced and stored without the application of toxic cryo-
preservative agents and/or loss of EV potency [66]. The bio-
logical properties of EV allow for modification of the EV
content to obtain desired cell-specific effects. Encapsulation
of effector molecules (nucleic acids, lipids and proteins) by
EVs allows delivery of its cargo without the risk of degrada-
tion. Genetically modified EVs may offer a more effective and
natural solution than usage of FDA-approved lipid nanoparti-
cles, which pose a low-dose toxicity upon cell entry [67].

The application of ApoBDs is still poorly explored, as
several aspects still require further investigation. For in-
stance, apoptotic vesicles are quite heterogeneous and
may have different compositions and properties depend-
ing on their size. While EVs released by primary murine
aortic endothelial apoptotic cells enhanced inflammation
in mice transplanted with an MHC-incompatible graft,
ApoBDs did not show this behaviour [28]. Therefore, as
increasing experimental evidence suggests, the therapeutic
effects of stem cells are due to their clearance by the
immune system [4, 68]. For this reason, therapeutic utili-
zation of these cell products appears of interest.

Finally, the use of MSCs as a source of mitochondria for
AMT is a novel, therapeutic option that shows regenerative
effects in the treatment of acute cell damage. However, more
studies are required for better understanding of mitochondria
internalization, their fate once inside the injured cells and how
mitochondria can survive in the extracellular microenviron-
ment or the blood flow during AMT.
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Abstract: Extracellular vesicles (EVs) are membranous vesicles containing active proteins, lipids,
and different types of genetic material such as miRNAs, mRNAs, and DNAs related to the
characteristics of the originating cell. They possess a distinctive capacity to communicate over
long distances. EVs have been involved in the modulation of several pathophysiological conditions
and, more importantly, stem cell-derived EVs appear as a new promising therapeutic option.
In fact, several reports provide convincing evidence of the regenerative potential of EVs released by
stem cells and, in particular, mesenchymal stromal cells (MSCs) in different kidney injury models.
Described mechanisms involve the reprogramming of injured cells, cell proliferation and angiogenesis,
and inhibition of cell apoptosis and inflammation. Besides, the therapeutic use of MSC-EVs in clinical
trials is under investigation. This review will focus on MSC-EV applications in preclinical models of
acute and chronic renal damage including recent data on their use in kidney transplant conditioning.
Moreover, ongoing clinical trials are described. Finally, new strategies to broaden and enhance EV
therapeutic efficacy by engineering are discussed.

Keywords: AKI; CKD; exosomes; regenerative medicine; renal injury

1. Introduction

Renal failure is one of the most significant causes of mortality and morbidity all over the world [1].
Acute kidney injury (AKI) is a major clinical problem, affecting up to 5% of all hospitalized patients
with acute illness, thus having a great impact on public health resources [2]. AKI is traditionally defined
by a rapid decline of renal function, which clinically manifests as an increase of urea and creatinine
in serum, associated with disruption of salt and water homeostasis. More importantly, about 8% to
16% of patients with AKI progress to chronic renal failure [3]. There is evidence that even a single
episode of AKI predisposes the kidney to maladaptive response to injury leading to progressive loss
of function and the development of chronic kidney disease (CKD) [4,5]. In parallel, the incidence of
CKD has increased, mainly due to the enhanced prevalence of diabetes and obesity [6]. The current
therapies for CKD concentrate on slowing disease progression and, despite beneficial effects, are not
sufficient to counteract the disease evolution. A large proportion of patients with end-stage renal
disease undergo hemodialysis and/or renal replacement therapy, the latter option with high costs
and significant limitation in organ availability [7,8]. Finding new therapeutic strategies for AKI and
CKD remains an ongoing quest. In the last decades, innovative stem cell therapies have been tested
both as preclinical development and in pilot clinical trials, demonstrating the efficacy of these novel
approaches [1,5,9]. More recently, extracellular vesicles (EVs), bioproducts released physiologically
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from almost all cells, have generated great interest in Regenerative Medicine [10-13]. This review
focuses on stem cell-derived EVs as a new therapeutic option for renal injury repair, with the main
focus on mesenchymal stromal cell-derived EVs (MSC-EVs) from different organs.

2. Extracellular Vesicles

In the last decade, many studies have characterized new mechanisms of cell-to-cell communication,
capable of influencing the phenotype of target cells through the release of bioactive factors [14].
Among all soluble mediators of paracrine communication, EVs possess a central role in both
physiological and pathological conditions [15]. EVs are membranous vesicles released by cells of
prokaryotic, eukaryotic, and plants, in an evolutionarily conserved manner. Vesicles are heterogeneous
in size, sedimentation rate, flotation density, and composition [14,16]. The importance of EVs involves
their ability to transfer biologically active molecules and genetic information to other target cells,
influencing their function. The first study on EVs appeared many years ago, thanks to Chargaff and
West [17], focusing on blood debris. Afterwards, many groups discussed the possibility to consider
EVs as cellular discards or bioactive vesicles. It is now well established that EVs interact with cells,
inducing target cell stimulation directly or by transferring bioactive molecules [18-20]. One of the
most significant advances in the role of EVs emerged when EVs were shown to shuttle selected
pattern of RNAs transferred to recipient cells and were able to modulate their protein expression
pattern [19,21,22]. EVs can be isolated not only from most of the cell types but also from the majority of
biological fluids, such as saliva, urine, nasal and bronchial lavage fluids, amniotic and seminal fluids,
breast milk, plasma, and serum [23]. In 2011, to confirm the central role of EVs in the regulation of
biological processes, the International Society for Extracellular Vesicles (ISEV) was instituted to unify
nomenclatures and methodologies for EV isolation and characterization [24-27].

EV Composition and Biogenesis

As described in the previous chapter, EVs are very heterogeneous and based on their origin and
size; we can distinguish small-size EVs, medium-, and/or large-size EVs [28].

Small-size EVs, previously called exosomes, are vesicles between 30 to 100 nm. They derive
from the multivesicular bodies by fusing with the endosomal membranes and are released into the
extracellular space [29]. Medium- and/or large-size EVs, also known as microvesicles/ectosomes,
are between 50 to 1000 nm. This size range includes different populations of vesicles released by
healthy cells up to 200 nm and larger pre-apoptotic bodies. Medium- and/or large-size EVs develop by
budding of the plasma membrane [30]. Finally, apoptotic bodies are large-size vesicles from 1 mm up
to 5 mm and are shed from the blebbing of the plasma membrane of apoptotic cells [31].

EVs express surface markers specific to their cellular origin and secretion mechanisms. Markers
can be distinctive for one group or common for all of them. For example, tetraspanins such as CD9,
CD81, and CD63 proteins involved in membrane curvature, are particular to small-size EVs [28].
Moreover, small-size EVs are characterized by the presence of proteins involved in biogenesis, such as
Rab, GTPase, annexin, flotillin, components of the endosomal sorting complex required for transport
(ESCRT), auxiliary proteins, (ALIX, TSG101, VPS4) and heat shock proteins (HSP70 and HSP90).
Medium- and/or large-size EVs express CD40 ligand [29,32] and Annexin Al [33], while Annexin V is
specific for apoptotic bodies [33,34]. Besides, all EV types contain different forms of lipids, such as
cholesterols, diglycerides, sphingolipids (including sphingomyelin and ceramide), phospholipids,
and glycerophospholipids, fundamental for EV structure [35]. Various types of genetic materials are
present within EVs such as noncoding RNAs, mRNAs, miRNAs, and DNAs, each one able to regulate
target gene expression at the posttranscriptional level [36]. The expression of miRNAs within EVs,
compared with that of originating cells, can be significantly different, suggesting an active and still
partially unknown compartmentalization process [33]. The miRNA content exhibits an important
role in the biological function of EVs; in fact, it has been shown that they may modulate cell cycle,
apoptosis, migration, inflammation, and angiogenesis [37,38].
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3. MSC-EVs and Tissue Regeneration

The growing evidence in Regenerative Medicine supports the hypothesis that stem cells exert
their therapeutic effect by a paracrine/endocrine manner rather than a direct repopulation of the injured
tissues [39—42]. This postulate was strongly supported by numerous in vivo studies demonstrating
that the therapeutic benefit of stem cells is orchestrated by their secretome, composed by growth
factors, cytokines, chemokines, and EVs [13]. In particular, regarding renal regeneration, Bi et al. [43]
showed that the injection of conditioned media from MSCs limits apoptosis and enhances proliferation
of tubular cells after a toxic injury, thus promoting kidney repair. The use of EVs, and in particular
stem cell-derived EVs, has been proposed as an alternative to stem cell therapy for the regeneration
of several injured organs [9,41,44]. MSC-EVs may be isolated from MSCs of different adult tissues
such as bone marrow, adipose tissue, peripheral blood, and neonatal birth-associated tissues including
placenta, umbilical cord, and cord blood [45]. They are characterized by the expression of the typical
mesenchymal stromal markers which include CD44, CD73, CD90, CD105, and CD146 [46].

Moreover, the use of EVs presents many advantages compared with their originating cells,
like higher safety profile, lower immunogenicity, and the unfeasibility to maldifferentiate [47-49].
They display excellent biological tolerance, an important requirement for therapeutic applications [50].
In addition, EVs possess unique targeting and delivering features as they may be rapidly internalized
into target cells [51].

4. MSC-EVs and Acute Kidney Injury

The regenerative capacity of EVs is sustained by a high number of publications, and several
pre-clinical studies demonstrate that stem cell-derived EVs promote tissue repair and reduce
inflammation in different AKI models (Table 1) [52]. The hallmark of AKI is the rapid reduction of
renal function in parallel with tubular cell loss, resulting in increased blood urea nitrogen (BUN) and
plasma creatinine [53]. In 2009, Bruno et al. [54] demonstrated that the effect of bone marrow (BM)
MSC-EVs was superimposable to the one of the originating cells in a model of AKI induced by glycerol
injection. BM MSC-EVs accelerate the recovery of injured tubular cells, promoting cell proliferation
and protecting cells from apoptosis (Figure 1) [9]. Since that work, many studies have been conducted
to confirm the beneficial effect of EVs in several AKI models, and related mechanisms have been
explored. At present, it is well recognized that EV activity mainly involves the horizontal transfer of
genetic materials [54-57]. BM MSC-EVs carry specific mRNAs that, in turn, stimulate recipient injured
cells for re-entry into the cell cycle [54]. Another group demonstrated that the transfer of human IGF-1
receptor mRNA, present in BM MSC-EVs, to tubular cells is fundamental to trigger renal recovery [58].

Moreover, it has been demonstrated that Drosha-knockdown MSCs release ineffective EVs, tested
in in vivo AKI model, sustaining a central role of miRNA cargo [57]. MSC-EVs isolated from bone
marrow cells were also tested in toxic AKI models, induced by cisplatin and gentamycin [59,60]. In all
toxic models, BM MSC-EVs ameliorated renal function and reduced the classical histological lesions of
the disease [4]. The same EV source resulted in an effective ischemia/reperfusion injury (IRI) model
that mimics hypoxic insult, a common feature during AKI [61,62]. The effect of MSC-EVs isolated
from other tissues was also tested in several AKI models. Similar positive results were obtained
using cord blood MSC-EVs that promoted tubular cells dedifferentiation and growth, and Warton Jelly
MSC-EVs, that stimulated proliferation and reduced inflammation and apoptosis via mitochondrial
protection [63—-66] (Figure 1). In addition, EVs obtained from glomerular MSCs and liver MSCs,
human liver stem cells (HLSCs), resulted in protection from AKI [67-69]. Altogether these data indicate
that MSC-EVs, isolated from different sources, are effective in the amelioration of preclinical models of
AKI, targeting multiple aspects of the disease, stimulating cell proliferation, and reducing apoptosis,
inflammation, and oxidation [4,9] (Figure 1).
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Figure 1. Schematic representation of the effects of MSC-EVs on renal injury.
5. Conditioning of the Kidney Transplant

Renal transplantation is significantly improving the quality of life of patients with end-stage
renal disease; however, chronic allograft nephropathy limits the organ survival and more than one
transplant might be required during patient life. The uses of MSCs and MSC-EVs are tested in various
clinical protocols related to transplantation, to favor tolerance and to prolong allograft survival [70].
The preconditioning of a kidney with MSCs and MSC-EVs may be another interesting option to limit
tissue damage due to ischemia-reperfusion injury and chronic allograft nephropathy. MSCs and
MSC-EVs were tested in a rat model of kidney donation after cardiac death (DCD). DCD kidneys treated
with MSC-EVs during organ cold perfusion (4 h), showed significantly lower signs of renal damage [71].
In addition, treated kidneys increased energy consumption with up-regulation of enzymes involved
in energy metabolism [71]. This approach is gaining increased interest for the pre-transplant graft
perfusion in several organs, as it appears to be able to abrogate or strongly reduce ischemic injury.

6. MSC-EVs and Chronic Kidney Disease

Several preclinical models are available to mimic the broad range of pathologies defined as
CKD. The severity of CKD can manifest itself over time depending on numerous causes. One of the
trigger causes is diabetes [72]. Hyperglycemia induces a cascade of events resulting in glomerular and
tubule-interstitial fibrosis, with podocyte damage/loss and mesangial cell hypertrophy, a hallmark of
diabetic nephropathy. The progression of fibrosis is the leading cause of renal dysfunction not only
for diabetic nephropathy but also for other CKDs [73,74]. In this scenario, several groups tested in
animal models of CKD, different doses, number, and timing of EV administration, with the intent to set
optimal EV regimen (Table 1). EVs isolated from urinary MSCs have been described as effective in the
prevention of CKD progression by inhibiting apoptosis in a rat model of diabetic nephropathy induced
by streptozotocin injection [75]. EVs induce a reduction of urine volume and apoptosis of podocyte and
tubular epithelial cells (Figure 1). Urinary MSC-EVs carry transforming growth factor-1, angiogenin,
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and bone morphogenetic protein-7, drivers of the observed reno-protective activity [75]. In addition,
the direct administration of MSC exosomes under the renal capsule generated a rapid improvement of
renal morphology, demonstrated in the same animal model [76]. Recently, EVs isolated from BM MSCs
and from liver MSCs have been shown to be effective in the reversion of renal fibrosis in an already
established diabetic nephropathy model [8]. MSC-EVs and HLSC-EVs contain a selection of antifibrotic
miRNAs able to downregulate profibrotic genes, restoring normal renal function [8]. Similar positive
results were obtained by multiple injections of HLSC-EVs in a CKD model induced by aristolochic
acid [77].

Other in vivo models of CKD are the surgical five-sixth resection of the kidney tissue and the
obstruction of the ureter, leading to glomerulosclerosis and fibrosis [78]. In both CKD models, multiple
injections of BM MSC-EVs prevented renal failure [79,80]. In a similar model, combined with diet,
multiple administrations of a conditioned medium, purified from human embryonic MSCs, slowed
the deterioration of renal function [81]. Moreover, in a porcine model of metabolic syndrome and renal
artery stenosis, a single intrarenal administration of adipose tissue-derived MSC-EVs reduced renal
inflammation and fibrosis by delivery of IL10 [82].

The robustness of preclinical data about the therapeutic efficacy of MSC-EVs in acute and chronic
models is encouraging to go further towards clinical studies.

Table 1. Mesenchymal stromal cell-extracellular vesicle (MSC-EV) administration in animal models of
renal damage. EVs released by MSCs derived from different tissues are effective in models of acute
kidney injury (AKI) and chronic kidney disease (CKD). EV sources, animal models, doses, and route of
administration are listed. Abbreviation: IRI Ischemia Reperfusion Injury.

MSC Origin In vivo Models Type of Injury  Injection Administration References
Bruno et al. [54]

Single: 15 g

Glycerol AKI Single: 2.2 X 108 Intravenously ¢ ing et al. [57]

IRI AKI Single: 30 ug Intravenously Gatti et al. [61]

Cisplatin AKI Single: 100 pg Intravenously Bruno et al. [59]

Gentamicin AKI Multiple: 100 ug Intravenously ~ Reis et al. [60]

. Into renal

IRI AKI Single:200 pg capsule Shen B et al. [62]

Bone Marrow IRI CKD Single: 30 ug Intravenously Gatti et al. [61]
. . Multiple: 100 pg followed §
Cisplatin CKD by 50 pg every 4 days Intravenously Bruno et al. [59]
Remnant kidney CKD Single: 30 ug Caudal vein Heetal. [79]
. . .  Renal _

Type 1 diabetes CKD Single: 5.3 X 10 exosomes subcapsular Nagaishi et al. [76]

Unilateral ureteral . .

obstruction CKD Single: 30 ug Caudal vein He et al. [80]

Type 1 diabetes CKD Multiple: 1 x 10'%/dose Intravenously Grange et al. [8]

Cisplatin AKI Single: 200 ug Caudal vein Zhou et al. [63]
Cord blood

IRI AKI Single: 30 ug Caudal vein Juetal. [65]

. 8 Caudal vein Zou et al. [64]

Warton Jelly IRI AKI Single:100 pg Caudal vein Gu etal. [66]

IRI AKI Single: 2 x 107 Intravenously Choi et al. [68]
Renal

IRI AKI Single: 400 x 100 Intravenously Ranghino et al. [67]

Single:1.88 =+ 0.6 x 10° Intravenously ~ Herrera Sanchez et

Glycerol AKI Single: 5.53 + 2.1 x 10° Intravenously al. [69]
Liver Aristolochic acid CKD Multiple Intravenously ~ Kholia et al. [77]

nephropathy

Type 1 diabetes CKD Multiple: 1 x 10'%/dose Intravenously Grange et al. [9]
Urine Type 1 diabetes CKD Multiple: 100 g weekly Intravenously  Jiang et al. [75]

12 times
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Table 1. Cont.

MSC Origin In vivo Models Type of Injury  Injection Administration References
Remnant kidney and

e TR e K0 M Tus ey gy Snorpene
and 6% NaCl
Porcine model of

Adipose tissue metabolic syndrome CKD Single: 1 x 101 Intra renal Eirin et al. [82]

and renal artery
stenosis

7. MSC-EVs and Clinical Trials

The translation of EV-based therapy into clinical practice requires the clarification of several
critical issues [13]. The major one to be considered is the identification of optimal protocols for EV
production, isolation, and storage [13]. Similarly, the determination of potency assays to test the efficacy
of each EV batch is mandatory. In fact, the majority of approved clinical trials implying EVs (listed in
www.clinicaltrials.gov) focus on diagnostic purposes. However, at present, there are four clinical trials
involving MSC-EVs for therapeutic use (Table 2). Two of them are designed by Nassar et al. [83] at the
Sahel Teaching Hospital of the University of Cairo. Both trials imply the use of EVs isolated from cord
blood MSCs [83]. The first study aims to evaluate the effect of consecutive doses of MSC-EVs in 20
patients with type 1 diabetes, with a follow up of three months [13]. The results are not available yet.
The second study enrolled 20 patients with CKD and results are already published [83]. The authors
observed an improvement of renal function with amelioration of glomerular filtration, proteinuria,
and BUN in patients one year after EV administration (two doses). Moreover, EVs displayed an
anti-inflammatory activity, decreasing TNF-« and increasing IL-10. The results of this clinical study
are promising in terms of feasibility and efficacy for MSC-EV therapeutic use. Another potential
application in which preclinical studies are robust and convincing is the use of MSC-EVs to promote
macular regeneration. There is an ongoing clinical trial in China focusing on the safety and efficacy
of exosomes isolated from cord tissue-derived MSCs in patients with refractory macular holes in the
eye. Finally, a clinical trial, which involves the injection of MSC-EVs engineered with miR-124 for the
treatment of patients after acute ischemic stroke, was approved in Iran,

The number of clinical trials on EVs as a therapeutic strategy will increase enormously in the next
years and, hopefully, their use will enter into clinical practice.

Table 2. Clinical trials using MSC-EVs for therapeutic purposes. Application, dose, number of patients,
and follow-up are listed. Moreover, identification number and state of trial are reported.

Disease Intervention N.Pats Follow Up State Location Number/Ref.
Diabetes Mellitus . goses of MSC-EVs 20 3months  Unknown oenel Teaching Hospital NCT02138331
Type 1 Sahel, Cairo, Egypt
A Two doses of umbilical . .
dCiI;ret;rS\;c kidney cord MSC-EVs 20 1 year Concluded 2222} Té:icl:;n}zg Hotspltal al\{af::f et
(100 pg/kg/dose) g » E8YP! - 1o
Macular ﬁgg?g/gs iﬁzz:: dtlssue Tianjin Medical University
e . ) 44 24 weeks Recruiting  Hospital NCT03437759
degeneration directly around Tianii .
ianjin, China
macular hole
Cerebrovascular . Shahid
disorders acute Allggemc MSC_EVS 5 12 months Not yet Beheshti University of Medical = NCT03384433
enriched by miR-124 recruiting

ischemic stroke Sciences, Teheran Iran

8. EV Engineering and Future Strategies

In the constant quest to broaden the therapeutic applications of EVs, further approaches focused
on the enhancement of EV efficacy by engineering. The natural origin of EVs, along with their
spheroid shape and cargo ability, makes them ideal candidates for the efficient loading of therapeutic
molecules [84]. The strategy to engineer EVs with pro-regenerative molecules or specific drugs is
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currently gaining an increasing interest [85]. EVs may be engineered to potentiate their therapeutic
cargo by increasing the levels of active molecules (proteins or RNAs) already present within EVs or to
modify their biodistribution/stability by changing the composition of surface molecules. The strategy
to deliver therapeutic RNAs possesses an excellent potential and a wide range of applicability; however,
the polar RNA molecules are exposed to rapid digestion by extracellular RNases [50,86]. The use
of synthetic nanoparticles has also been explored with some limitations [87,88]. For these reasons,
EVs are the central point of intense research [50]. At present, the existing methods for EV engineering
are divided into two categories: Direct and indirect methods, indicating the direct modification of the
EVs or the engineering of the cell of origin used for EV production.

Direct EV engineering can be done with multiple techniques: Incubation, electroporation,
sonication, freeze/thaw cycles, and saponin-assisted method without significantly impairing EV
constitution and functionality (Figure 2) [89]. The incubation is a passive method preferred for
the loading of hydrophobic compounds, with a higher efficiency compared to those obtained with
liposomes. The reason may be the presence of particular domains within EV membranes, absent in
artificial membranes of liposomes [90]. Sun et al. [91], for example, mixed purified EVs with curcumin,
a natural compound with antioxidant and anti-inflammatory activities, and they demonstrated
an increased efficacy compared with those of naive EVs when injected into mice with septic shock.

Exogenous genetic material (small RNAs or miRNAs) is generally added to EVs using
electroporation, as they are hydrophilic molecules. To define the most efficient protocol, Pomatto et
al. [92] tested different voltages and number of pulses and described 750 V and 10 pulses as the optimal
one, with the highest RNA loading without significant EV damage [92].

As an example, a non-coding RNA (Lnc-RNA-H19) has been transfected into high-yield nano-EVs
to create an effective drug delivery system for wound healing in diabetics [93]. In addition, sonication or
cycles of a deep freeze and then slow thaw are two alternative methods for inserting different molecules
into isolated EVs [94,95]. Moreover, it has also been shown that the saponin-assisted encapsulation
method allows the highest loading efficacy and protection versus protease degradation [89]. All options
mentioned above can be combined to improve final loading efficacy. The modification of the genome
by CRISPR/Cas technology, which alone has low efficacy of delivery, is a new potential tool to be
inserted into EVs by electroporation [96].

The second category of engineering technology is based on the modification of EV originating
cells that allows subsequent isolation of EVs, which already express the desired molecule. For example,
ithas been demonstrated in an in vivo model of unilateral ureteral obstruction that MSCs engineered to
overexpress miRlet7c selectively localize into the injured kidney and upregulate miR-let7c expression,
attenuating kidney injury. Similarly, exosomes derived from engineered MSCs were able to selectively
transfer miR-let7c to damaged kidney cells resulting in antifibrotic functions [97]. In a similar approach,
MSCs were engineered to overexpress pro-regenerative miRNAs, such miR10a, miR127, and miR486,
and deriving EVs were tested in models of acute renal injury [98]. EVs obtained from engineered MSCs
were more effective than EVs derived from naive MSCs when used at low doses [98].
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representation of techniques for engineering EVs after their isolation (direct method). (B) Schematic
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9. Conclusions

The number of studies on the use of EVs, especially those derived from MSCs, for the treatment
of AKI and CKD is continuously increasing, and EVs are considered a promising approach for
tissue regeneration. The pro-regenerative effect of EVs is now well established for AKI, sustained
by convincing results in a large number of different experimental models. The regenerating role of
MSC-EVs in the slowdown of CKD, at variance, is still limited to a restricted number of preclinical
models and should be better investigated. The translation of this approach for clinical use, based on
ongoing and future clinical trials, will open a new scenario in Regenerative Medicine. Finally, EVs could
be further exploited as a carrier for the delivery of exogenous materials such as RNAs, proteins or
existing small drugs. An accurate setting of therapeutic doses and schedule are still needed.
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Study Aim

The general aim of my PhD project was to characterize and compare small and medium/large
mesenchymal stromal cell (MSC) derived EVs from naive and apoptotic conditions, in terms
of phenotypic and functional properties. MSCs were obtained from three clinically relevant
sources: adipose tissue, bone marrow and umbilical cord, cultured in parallel comparable
conditions.

In the first part of the project the small and medium/large MSC-EVs were compared for surface
marker expression using different orthogonal techniques, such as super-resolution microscopy,
ExoView array and bead-based cytofluorimetric analysis. MSC-EVs were generated in naive
and apoptotic conditions

In the second part of my PhD project, their functional properties were tested using human
conditionally immortalized proximal tubular epithelial cell line ischemic renal reperfusion
injury model.

The third part of this PhD project was to characterize and compare properties of adipose tissue
derived MSC products harvested in culture conditions suitable for a possible clinical

application, such as the bioreactor.
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Materials and Methods

Cell Culture:
Human mesenchymal stromal cells

The MSCs were obtained in collaboration with the RenalToolBox ITN (Grant Agreement
813839). AT-MSCs from lipoaspirate adipose tissue harvested processed by the group of Prof.
Karen Bieback (University of Heidelberg, Heidelberg, Germany) after informed consent. The
Mannheim Ethics Commission II approved the study (vote 2011-215N-MA). For the IRI injury
model we also tested BM-MSCs which were obtained from the group of Prof. Timothy O’Brien
(National University of Galway, Ireland) and UC-MSCs from the group of Dr. Jon Smythe
(NHS Blood and Transplant, Liverpool, UK) from three different healthy donors with informed
consent obtained in accordance with Declaration of Helsinki. The MSCs were cultured using
AlphaMEM with UltraGlutamine (BE02-002F, Lonza, Basal, Switzerland) and 10% Foetal
Bovine Serum (10270-106, Gibco, MA, USA) in the incubator at 37 °C with 5% CO, and

controlled humidity. EVs were collected from MSCs at 4-6th passage.
Culturing in hollow Fiber Bioreactor-HFBRs

When the cells reached 80% confluency, the cells were splitted and injected in Hollow-Fiber-
Bioreactors, 14x10%cartridge (20 kD MWCO, 450 cm?, C2025D, FiberCell System-KD Bio,
France). First of all, the procedure of initiation and activation of the bioreactor called "pre-
culture step" (72 hours) was carried out. This phase involves the insertion of PBS inside it for
24 hours, followed by the addition of over-night fibronectin coating to help the cells attach,
and adding the Alpha-MEM medium. After pre-culture process of HFBRs, each donor's ASCs

have been introduced with a syringe inside the cartridge, they were placed to allow their growth
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in an incubator for seven days, during which glucose levels were constantly measured. The
purpose of the work is not to obtain a cellular expansion of cell lines, but to subsequently collect
the EVs released in the conditional medium. After 7 days of incubation, the supernatant was
collected daily, centrifuged for 5 min at 420 g to remove cell debris and apoptotic cells and

stored in -80° until further use.

Collecting the conditioned medium: Upon reaching 80% confluency, cells were washed with
1X PBS (Gibco, ThermoFisher Scientifics, 14190094) and incubated during 24 hours in serum-
free media. The supernatant was collected and centrifuged for 5 min at 400 g to remove cell
debris before being transferred to Amicon Ultra-15 centrifugal units (Millipore, UFC900324)
for concentration at 3,000 g for 90 min, 4°C. Concentrated conditioned media was then stored

at —80 °C until further use. Conditioned media was collected from MSCs at 4-6th passage.

EV Isolation from MSCs by ultracentrifugation: When the cells reached 80% confluency,
they were starved overnight (16 h) in RPMI medium. The supernatant was collected and
centrifuged for 20 min at 3000 x g to remove cell debris and apoptotic cells on the second day.
The supernatant was then ultracentrifuged for 2 h at 100,000% g, 4 °C using Beckman Coulter
Optima L-100K Ultracentrifuge (Beckman Coulter, CA, USA) with the rotor type 70Ti. For
the IRI injury model the EVs were obtained using subsequential ultracentrifugation for 1 h at
10,000% g, 4 °C and following 1h at 100,000x g 4 °C using Beckman Coulter Optima L-100K
Ultracentrifuge with the rotor type 70Ti. The EV pellet was resuspended in PBS supplemented

with 0.1% DMSO. The suspension was then stored at —80°C until further use.

SEC-qEV IZON columns isolation: Each sample previously collected and stored at -80°C
was thawed at -4°C about 2 hours before starting the isolation procedure. The conditioned
medium was centrifuged for 10 min 300 g and following 2 min for 2000 g. After that the

conditioned medium is filtered through 0,20 pm syringe filter and concentrated with 100kD
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(Vivaspin 20, 100.000 MWCO PE, Sartorius, Sartorius AG, Germany) to final volume of 10
ml. The gEV10-IZON column 35 mm was initially washed with sterile PBS, and then 10 ml of
the sample was added to concentrate it for the final volume 1,5 ml (Vivaspin 20, 100.000
MWCO PE, Sartorius), and each EV sample was collected and stored in -80°C until further

use.

Human conditionally immortalized proximal tubular epithelial cell line

The ciPTEC-14.4 cell line was cultured as reported previously (Wilmer et al., 2010). Briefly,
cells were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (1:1
DMEM/F-12) (Gibco, ThermoFischer Scientific, 11039021) supplemented with 10% foetal
bovine serum (FBS, Gibco, 10270-106), insulin-transferrin-sodium insulin (Sigma-Aldrich,
11884, insulin 5 pg/ml; transferrin 5 pg/ml; sodium selenite Sng/ml), 35 ng/mL hydrocortisone
(Sigma-Aldrich, HO135), 5% epidermal growth factor (Sigma-Aldrich, E9644), and 40 pg/mL
tri-iodothyronine (Sigma-Aldrich, T5516), without antibiotics and up to 50 passages. Cells
were cultured at 33 °C and 5% (v/v) CO: to allow proliferation and seeded at a density of
48,000 cell/cm? prior to the experiments. Following that, cells were cultured for one day at 33
°C, 5% (v/v) CO2 to allow proliferation and adhesion, then for seven days at 37 °C, 5% (v/v)

CO2 for differentiation and maturation, with the medium refreshed every other day.

ciPTEC ischemic model: To mimic ischemia in vitro, ciPTECs were exposed to 10 nM of
antimycin A (AA, Sigma-Aldrich, A8674), an inhibitor of mitochondrial respiration, and
20mM of 2-Deoxy-D-Glucose (2DG, Sigma-Aldrich D6134), an inhibitor of glycolysis, for
24h (in serum-free medium), at 37 °C, 5% (v/v) CO2, under normoxia (21% O:) and hypoxia
(1% O2) conditions. Afterwards, ischemic cells were treated with either conditioned medium

(CM) or extracellular vesicles (small and medium/large size EVs) from each of the MSC
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sources for an additional 24h at 37 °C, 5% (v/v) COa. All experiments were performed on 96-

well plates (Greiner Bio-One, Frickenhausen, Germany), unless stated otherwise.

Imunnofluorescence analysis: ciPTECs were cultured in a 96-well black/clear bottom plates
(ThermoFischer, 165305) in the same conditions as stated in ‘ciPTEC ischemia model’. After
exposure, the cells were washed with HBSS and fixed in 4% paraformaldehyde (ThermoFisher
Scientific, 28906) for 10 mins at room temperature (RT). After fixation, ciPTECs were
permeabilized with 0.3% Triton X-100 in PBS and blocked-in blocking buffer (2% (v/v) FCS,
2% (v/v) BSA, 0.1% (v/v) Tween20 in PBS). Primary and secondary antibodies were incubated
for 1h at RT, and samples were washed three times in 0.1% Tween in PBS for Smins. Nuclei
were stained using 4',6-diamidino-2-phenylindole (DAPI) for 7 min, followed by three washing
steps in 0.1% Tween in PBS for Smins. Immunofluorescence was conducted using confocal
microscopy (Leica TCS SP8 X)) and software Leica Application Suite X. Phalloidin antibody

was used in 1:1000 dilution (Invitrogen).

Cell viability: Cell viability was measured using PrestoBlue® cell viability reagent
(ThermoFischer Scientific, A13262) before and after exposure to the conditions mentioned in
‘ciPTEC ischemic model’. Following each exposure, ciPTECs were rinsed once with Hank’s
Balanced Salt Solution (HBSS; Gibco, Life Technologies) and incubated with PrestoBlue®
cell viability reagent (diluted 1:10 in serum-free culture medium), in the dark. After 1 h
incubation at 37 °C, 5% (v/v) CO., the fluorescence was measured using the GloMax®
Discover microplate reader (Promega, Wisconsin, United States), at excitation wavelength of
530 nm and emission wavelength of 590 nm. Data were corrected for the background,

normalized to untreated cells, and presented as fold-change.

ATP production: To quantify the ATP production, ciPTECs were first exposed to the injury

model and later the MSC therapy. Following that, 100 pl of CellTiter-Glo® 2.0 reagent
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(Promega, G9242) was added to each well, and the solutions were mixed on an orbital shaker
for 2 min. The plates were incubated at room temperature for 10 min to stabilize the
luminescent signal before being read using the GloMax® Discover microplate reader
(Promega, Wisconsin, United States). The data were corrected for the background, normalized

to untreated cells, and presented as fold-change.

Assessing mitochondrial mass: The mitochondrial mass was quantified using MitoTracker
Orange CMTMRos (Invitrogen, M7510, Invitrogen, MA, USA), a cell-permeable fluorescent
dye that can diffuse across the plasma membrane and accumulate in viable mitochondria. Upon
each exposure to the ischemic model, ciPTECs were rinsed once with serum-free medium,
loaded with MitoTracker Orange CMTMRos (200 nM in serum-free medium), and incubated
37 °C, 5% (v/v) CO,, in the dark for 30 min. Additionally, ciPTECs were counterstained with
1 uM Hoechst 33342 for nuclei detection. Afterwards, ciPTECs were washed with HBSS and
fluorescence was measuring using he GloMax® Discover microplate reader (Promega,
Wisconsin, United States) at excitation/emission wavelengths of 554/576 for MitoTracker
Orange CMTMRos and 361/497 for Hoechst. The data were corrected for the background,

normalized to untreated cells, and presented as fold-change.

Nanosight analysis: After the isolation, the concentration of all the samples was measured by
Nanosight NS300 (Malvern Instruments Ltd., Malvern, UK) equipped with a 488 nm laser
module that utilises Brownian motion and refraction index. The particle size scatters 10 nm to
1000 nm, although the optimised size range is 70—300 nm. It uses the scattered light to detect
a particle and tracks its motion as a function of time. The particles’ scattered light was recorded
with a light-sensitive camera under a 90° angle to the irradiation plane. This angle allows the
Brownian motion of the EVs. Samples were diluted 1:100 in physiologic solution. For each

sample, 3 videos of 60 s at camera level 15 and threshold 5 were captured using a syringe pump
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30. All the samples were characterised with NTA 3.2.16 Analytical software. The NTA settings

were kept constant between samples.

Super-resolution microscopy: Super-resolution microscopy pictures of EVs were obtained
using a temperature-controlled Nanoimager S Mark II microscope from ONI (Oxford
Nanoimaging, Oxford, UK) equipped with a 100x, 1.4NA oil immersion objective, an XYZ
closed-loop piezo 736 stage, and 405 nm/150 mW, 473 nm/1 W, 560 nm/1 W, 640 nm/1 W
lasers and triple emission channels split at 640 / and 568 nm. For sample preparation, EV
profiler Kit (EVman, ONI) was used to perform the experiments following manufacturer’s
protocol. The Kit contains fluorescent antibodies anti CD9-488 and CD81-647 and the imaging
buffer for amplification of the EV signalling. We further used CD44-568 (130-113-903,
Miltenyi) antibody. Before each imaging session, bead slide calibration was performed for
aligning the channels, to achieve a channel mapping precision smaller than 12 nm. Images were
taken in dASTORM mode using 50% laser power for the 647 nm channel, 30% laser power for
the 488 nm laser channel, and 30% for the 568 channel. Three-channels (2000 frames per
channel) (647, 568 and 488) were acquired sequentially at 30 Hz (Hertz) in total reflection
fluorescence (TIRF) mode. Single-molecule data was filtered using NimOSsoftware (v.1.18.3,
ONI) based on the point spread function shape, photon count and localization precision to
minimize background noise and remove low-precision and non-specific colocalization. Data
has been processed with the Collaborative Discovery (CODI) online analysis platform
www.alto.codi.bio from ONI and the drift correction pipeline version 0.2.3 was used.
Clustering analysis was performed on localizations and BD clustering constrained parameters
were defined (photon count 300-max, sigma 0-200 nm, p-value 0-1, localization precision 0-
20 nm). Colocalization was defined by a minimum number of localizations for each
fluorophore/protein within a distance of 100 nm or distance used from the centroid position of

a cluster.
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Cytofluorimetric analysis: MACSPlex Exosome Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) containing fluorescently labelled (FITC-PE) capture beads coupled to 37 exosomal
surface epitopes and 2 isotope controls was used, following the manufacturer’s instructions (in
detail: CD3, CD4, CD19, CDS§, HLA-DR, CD56, CD105, CD2, CDlc, CD25, CD49¢, RORI,
CD209, CD9, SSEA-4, HLA-ABC, CD63, CD40, CD62P, CDl11c, CD81, MCSP, CD146,
CDA41b, CD42a, CD24, CD86, CD44, CD326, CD133-1, CD29, CD69, CD142, CD45, CD31,
REA control, CD20, CD14, mlgG1 control). Briefly, 15 puL of beads were added to 120 pL of
buffer or sample, including a total of 1 x 109 EVs, and the complex was then incubated on a
rotor overnight at 4 °C. After the incubation and washing steps, a cocktail of APC fluorescent
antibodies against tetraspanins (CD9, CD63 and CD81) was added (allowing the detection of
beads-bound EVs) and set on the rotor for 1 h at room temperature. After washing, samples
were detected using BD FACSCelestaTM Flow Cytometer (BD Bioscience, NJ, USA). Median
background values of buffer control were subtracted, and samples were normalised to the

median fluorescence intensity of tetraspanins.

Angiogenesis: Human umbilical vascular endothelial cells (HUVEC) were bought from ATCC
(ATCC-PCS-100-010, Manassas, VA, USA) and cultured until the 6th passage in EndoGRO-
LS Complete Culture Media Kit (SCMEO001, Sigma-Aldrich, St. Louis, MO, USA). In vitro
formation of capillary-like structures was performed on growth factor-reduced Matrigel
(356231, Corning, NY, USA). HUVEC cells were treated with EVs or CM in ration 1:2, seeded
at a density of 10x10%cells/well on a 48-well plate. Positive control was full EndoGro-LS
medium, negative control medium without VEGF and FBS (as used for all the conditions).
Cells were periodically observed with a Nikon TE2000E inverted microscope (Nikon, Tokyo,
Japan), and experimental results were recorded after 16 h; 3 images were taken per well. Image

analysis was performed with the ImageJ software v.1.53c, using the Angiogenesis Analyzer.
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The data from three independent experiments were expressed as the mean + SD of tube length

in arbitrary units per field.

Statistical tests: All statistical analyses were performed using GraphPad Prism software (v.
8.00; GraphPad, CA, USA). For multiple comparison analyses, ANOVA with Dunnett’s multi-

comparison test. Two-tailed p value <0.05 was considered statistically significant.
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1. CHARACTERIZATION OF SMALL AND MEDIUM/LARGE MSC-EVS FOR

SURFACE MARKER EXPRESSION USING SUPER-RESOLUTION MICROSCOPY,

EXOVIEW ARRAY AND BEAD-BASED CYTOFLUORIMETRIC ANALYSIS.

The results are presented in the following published article:

Surface Marker Expression in Small and Medium/Large Mesenchymal stromal Cell-Derived

Extracellular Vesicles in Naive or Apoptotic Condition Using Orthogonal Techniques.

Renata Skovronova, Cristina Grange, Veronica Dimuccio, Maria Chiara Deregibus, Giovanni

Camussi and Benedetta Bussolati, 10:2948, Cells, 2021
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Abstract: Extracellular vesicles released by mesenchymal stromal cells (MSC-EVs) are a promising
resource for regenerative medicine. Small MSC-EVs represent the active EV fraction. A bulk analysis
was applied to characterise MSC-EVs’ identity and purity, with the assessment of single EV morphol-
ogy, size and integrity using electron microscopy. We applied different methods to quantitatively
analyse the size and surface marker expression in medium /large and small fractions, namely 10k
and 100k fractions, of MSC-EVs obtained using sequential ultracentrifugation. Bone marrow, adipose
tissue and umbilical cord MSC-EVs were compared in naive and apoptotic conditions. As detected by
electron microscopy, the 100k EV size < 100 nm was confirmed by super-resolution microscopy and
ExoView. Single-vesicle imaging using super-resolution microscopy revealed heterogeneous patterns
of tetraspanins. ExoView allowed a comparative screening of single MSC-EV tetraspanin and mes-
enchymal markers. A semiquantitative bead-based cytofluorimetric analysis showed the segregation
of immunological and pro-coagulative markers on the 10k MSC-EVs. Apoptotic MSC-EVs were
released in higher numbers, without significant differences in the naive fractions in surface marker
expression. These results show a consistent profile of MSC-EV fractions among the different sources
and a safer profile of the 100k MSC-EV population for clinical application. Our study identified
suitable applications for EV analytical techniques.

Keywords: tetraspanins; 10k MSC EVs; 100k MSC EVs; Nanosight; MACSPlex; ExoView; super-
resolution microscopy

1. Introduction

Mesenchymal stromal cells (MSCs) are nowadays the most commonly used cell source
for regenerative medicine due to their immunomodulatory, pro-regenerative and anti-
inflammatory properties [1-3]. MSCs can originate from different tissues, including bone
marrow (BM), adipose tissue (AT) and the umbilical cord (UC), which the ones most
commonly used. As the field of extracellular vesicles (EVs) rises, so does the interest in
the isolation and therapeutic application of MSC bioproducts. Indeed, MSC EVs may
overlap many of the described effects of the originating cells [4], playing an essential role
in cell-to-cell communication, involving stem cells and targeting injured cells [5,6].

EVs are released from cells as a heterogeneous population that can be further classified
into three fractions: small EVs, large EVs and apoptotic bodies (ApoBDs) based on their
size and composition, with ranges defined either as <100 nm or <200 nm for small EVs,
and >200 nm for medium/large EVs as the MISEV community classified [7]. Moreover,
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the classification in different EV fractions underlines distinct molecular and functional
properties [8]. In addition, the EVs can also be classified into exosomes and microvesicles
depending on their biogenesis from multivesicular bodies or cell surface budding, respec-
tively [7]. However, small and medium/large EVs share many structural components. A
specific surface marker expression of EV fractions lacks a strict boundary between them
due to the absence of a strict boundary [9]. In particular, the classical tetraspanins, CD9,
CD63 and CD81, are commonly present in different EV subpopulations [7]. However, a
higher expression level on small MSC EVs was reported, in line with their possible origin
in the cellular endosomal pathway [7]. At variance, the large EV surface may resemble the
parental cell origin more closely, as it can be likely associated with direct budding from the
plasma membrane [10]. Moreover, medium/large EVs are generally enriched with phos-
phatidylserine [10] and CD40 [11]. The therapeutic effect of MSC EVs was first ascribed
to the entire heterogeneous EV population released by the cells under culture conditions.
Subsequent studies, however, tried to identify the potentially most relevant subpopula-
tion by fractionating MSC EVs in medium/large EVs (100-1000 nm) using a 10,000 g
ultracentrifugation (10k fraction) and in small MSC EVs (<100 nm) using a subsequent
100,000 x g ultracentrifugation (100k fraction). In vitro and in vivo pre-clinical experiments
clearly showed that the 100k fraction was the main fraction responsible for functional and
morphological tissue regeneration [12-14]. Indeed, the 10k and 100k fractions appeared
biochemically and functionally distinct [12,15]. The small MSC EVs nowadays consider
the proactive fraction retaining the therapeutic activity [16].

The characterisation of the small therapeutic MSC EVs required to fulfil standard EV
analyses, including evaluation of morphology, size and expression of vesicular and non-
vesicular markers in accordance with the minimal information for studies of extracellular
vesicles 2018 (MISEV) [7], coupled with the presence of typical MSC surface antigens and
lack of non-MSCs markers, reflects the identity criteria defined for the originating cells by
the International Society for Cell & Gene Therapy minimal criteria [16,17]. Indeed, it is of
interest and of potential relevance for clinical application to determine and quantify the
expression of identity markers such as tetraspanins and mesenchymal markers, as well as
of other immunological and pro-coagulative surface markers within the small MSC EV
population as compared with medium/large EVs in MSCs of different origin.

Furthermore, recent studies identify that the MSC-mediated immunomodulatory
effects in vivo are due to apoptosis, suggesting a therapeutic role for apoptotic EVs [18].
However, knowledge of the differences between apoptotic and naive MSC EVs is still
limited. In the present work, we aimed to determine the surface marker expression of small
MSC EVs isolated by sequential ultracentrifugation at 100,000x g (after removal of the
10,000 g centrifugation), defined here as 100k MSC EVs, as compared to medium/large
MSC EVs isolated at 10,000 x g and defined as 10k MSC EVs. In particular, we aimed to char-
acterise and compare the profile of EVs from three different MSC sources of clinical interest,
applying the same experimental conditions for MSC culture, EV isolation and analysis. For
this comparison, we used different techniques following the standards and requirements of
the ISEV community, including innovative single-EV analysis techniques such as ExoView
chip and super-resolution microscopy, as well as bead-based cytofluorimetric analysis.
Standard culture and apoptotic conditions were applied.

2. Materials and Methods
2.1. Cell Culture

The MSCs were obtained in collaboration with the RenalToolBox ITN (Grant Agree-
ment 813839). BM-MSCs obtained by the group of Prof. Timothy O’Brien (National Univer-
sity of Galway, Galway, Ireland) were purchased from Lonza (Basel, Switzerland), AT-MSCs
from lipoaspirate adipose tissue harvested processed by the group of Prof. Karen Bieback
(University of Heidelberg, Heidelberg, Germany) after informed consent. The Mannheim
Ethics Commission I approved the study (vote 2011-215N-MA). UC-MSCs were obtained
from the group of Dr Jon Smythe (NHS Blood and Transplant, Liverpool, UK) from three
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different healthy donors after informed consent, as per the approved protocol of the NHS
Blood and Transplant Unit. MSCs were cultured and expanded under standardised pro-
tocol among the groups. In particular, all MSCs were cultured using AlphaMEM with
UltraGlutamine (BE02-002F, Lonza, Basal, Switzerland) and 10% Foetal Bovine Serum
(10270-106, Gibco, MA, USA) in the incubator at 37 °C with 5% CO, and controlled humid-
ity. MSCs were checked for the expression of mesenchymal markers by cytofluorimetric
analysis (data not shown). EVs were collected from MSCs at 4-6th passage.

2.2. EV Isolation

When the cells reached 80% confluency, they were starved overnight (16 h) in RPMI
medium (Figure 1). The supernatant was collected and centrifuged for 10 min at 300x g
to remove cell debris on the second day. In experiments using apoptotic MSCs, the
supernatant was transferred into new tubes and centrifuged 3000 x g for 20 min to collect
apoptotic bodies. The supernatant was then ultracentrifuged for 1 h at 10,000x g, 4 °C,
using the Beckman Coulter Optima L-100K Ultracentrifuge (Beckman Coulter, CA, USA)
with the rotor type 70Ti. At this speed, the subpopulation of 10k EVs was collected. The
supernatant was further ultracentrifuged for 1 h at 100,000 x g, 4 °C to obtain the 100k EV
subpopulation. The EV pellet was resuspended in RPMI supplemented with 0.1% DMSO.
The EV suspension was then stored at —80 °C until further use.

l

\\{’ Anti-Fas

Sequential Sequential
ultracentrifugation ultracentrifugation
o i B
JA SN
— (o )
\\' L ,//
100.000 g 10.000 g 3.000 g 10.000 g 100.000 g

Figure 1. Scheme of different EV fractions used in this study. Naive and apoptotic MSC EVs, induced
with anti-Fas antibody, obtained from bone marrow (BM), the umbilical cord (UC) or adipose tissue
(AT) were isolated using subsequent differential ultracentrifugation. Figure was created using
BioRender licence number BO233A7CUA.

Apoptotic vesicles were isolated from MSCs undergoing apoptosis for 24 h using
500 ng/mL of an Anti-Fas Ab (3510771, Merck, NY, USA) diluted in RPMI medium. Isola-
tion of the apoptotic EVs followed the same ultracentrifugation protocol of the naive MSC
EVs. The ApoBDs were re-suspended in RPMI supplemented with 1% DMSO.
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2.3. Nanoparticle Tracking Analysis

After the isolation, the concentration of all the samples was measured by Nanosight
NS300 (Malvern Instruments Ltd., Malvern, UK) equipped with a 488 nm laser module
that utilises Brownian motion and refraction index. The particle size scatters 10 nm to
1000 nm, although the optimised size range is 70-300 nm. It uses the scattered light to
detect a particle and tracks its motion as a function of time. The particles’ scattered light
was recorded with a light-sensitive camera under a 90° angle to the irradiation plane. This
angle allows the Brownian motion of the EVs. Samples were diluted 1:100 in physiologic
solution. For each sample, 3 videos of 60 s at camera level 15 and threshold 5 were captured
using a syringe pump 30. All the samples were characterised with NTA 3.2 Analytical
software. The NTA settings were kept constant between samples.

2.4. Transmission Electron Microscopy

The transmission electron microscopy (TEM) was performed on EVs placed on
200-mesh nickel formvar carbon-coated grids (Electron Microscopy Science) for 20 min
to promote adhesion. The grids were then incubated with 2.5% glutaraldehyde plus 2%
sucrose. EVs were negatively stained with NanoVan (Nanoprobes, Yaphank, NY, USA) and
observed using a Jeol JEM 1400 Flash electron microscope (Jeol, Tokyo, Japan).

2.5. Cytofluorimetric Analysis

MACSPlex Exosome Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) containing
fluorescently labeled (FITC-PE) capture beads coupled to 37 exosomal surface epitopes
and 2 isotope controls was used, following the manufacturer’s instructions (in detail: CD3,
CD4, CD19, CD8, HLA-DR, CD56, CD105, CD2, CD1c¢, CD25, CD49¢, ROR1, CD209, CD9,
SSEA-4, HLA-ABC, CD63, CD40, CD62P, CD11c, CD81, MCSP, CD146, CD41b, CD42a,
CD24, CD86, CD44, CD326, CD133-1, CD29, CD69, CD142, CD45, CD31, REA control,
CD20, CD14, mIgG1 control). Briefly, 15 uL of beads were added to 120 pL of buffer or
sample, including a total of 1 x 10° EVs, and the complex was then incubated on a rotor
overnight at 4 °C. After the incubation and washing steps, a cocktail of APC fluorescent
antibodies against tetraspanins (CD9, CD63 and CD81) was added (allowing the detection
of beads-bound EVs) and set on the rotor for 1 h at room temperature. After washing,
samples were detected using BD FACSCelesta™ Flow Cytometer (BD Bioscience, NJ, USA).
Median background values of buffer control were subtracted, and samples were normalised
to the median fluorescence intensity of tetraspanins.

2.6. ExoView Chip-Based Analysis

NanoView Biosciences (Boston, MA, USA) customised silicone chips coated with
tetraspanins, CD44 and CD105 were incubated overnight with 1 x 108 MSC EVs suspension
diluted in a final volume of 35 uL of incubation buffer A at room temperature. After
the incubation, chips were washed 3 times for 3 min on an orbital plate shaker with
wash solution B. The chips were scanned with the ExoView™ R100 reader (NanoView
Biosciences) by the ExoScanner software (3.0, NanoView Biosciences, Boston, MA, USA).
The particle size scatters 50 nm to 200 nm. The data were analysed using ExoViewer
software (3.0, NanoView Biosciences, Boston, MA, USA). The number of captured EVs for
each surface epitope were compared between the samples.

2.7. Super-Resolution Microscopy

Super-resolution microscopy pictures of EVs were obtained using a temperature-
controlled Nanoimager S Mark II microscope from ONI (Oxford Nanoimaging, Oxford,
UK) equipped with a 100x, 1.4NA oil immersion objective, an XYZ closed-loop piezo
736 stage, and 405 nm/150 mW, 473 nm/1 W, 560 nm/1 W, 640 nm/1 W lasers, as well
as dual/triple emission channels split at 640 / and 555 nm. The samples were prepared
using 10 pL of 0.01% Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO, USA) placed on high-
precision coverslips cleaned in sonication bath 2 times in dH,O and once in KOH, in silicon
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gasket (Sigma-Aldrich, St. Louis, MO, USA). The coated coverslips were placed at 37 °C
in a humidifying chamber for 2 h. Excess of Poly-L-Lysine was removed. Then, 1 uL of
EVs (1 x 1010) resuspended in 9 uL of blocking solution (PBS-5% Bovine Serum Albumin)
were pipetted into a previously coated well to attach overnight at +4 °C. The next day,
the sample was removed, and 10 uL of blocking solution was added into the wells for
30 min. Antibodies were directly conjugated as follows: 2.5 pg of purified mouse anti-CD9
was conjugated with Atto 488 dye (ONI, Oxford, UK), and anti-CD63, CD40 and Annexin
V antibodies (Santa Cruz, CA, USA: SC-5275, SC-13128, SC-8300) were conjugated with
Alexa Fluor 555 dye. Anti-CD81, Annexin Al and Anti-Phosphatidylserine antibodies
(Santa Cruz, CA, USA; SC-31234, SC-12740. Merck, NY, USA; 05-719) were conjugated
with Alexa Fluor 647 dye using the Apex Antibody Labelling Kit (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Samples were incubated with 1 pL of
each antibody, added into blocking buffer at a final dilution 1:10, under light protection,
overnight at +4 °C. The day after, samples were washed twice with PBS, and 10 pL of
the mixed ONI B-Cubed Imaging Buffer (Alfatest, Rom, Italy) was added for amplifying
the EV imaging. Two-channel (647 and 555) dSTORM data (5000 frames per channel) or
three channels (2000 frames per channel) (647, 555 and 488) were acquired sequentially
at 30 Hertz in total reflection fluorescence (TIRF) mode. Before each imaging session,
beads slide calibration was performed to align fluorescent channels, achieving a channel
mapping precision smaller than 12 nm. Single-molecule data was filtered using NimOS
(Version 1.18.3, ONI, Oxford, UK) based on the point spread function shape, photon count
and localisation precision to minimise background noise and remove low-precision and
non-specific co-localisation. All pictures were analysed using algorithms developed by
ONI via their CODI website platform (https://alto.codi.bio/, 3 October 2021). The filtering
and drift correction were used as in NimOS software. The BDScan clustering tool was
applied to merged channels, and co-localised EVs were also counted in separate channels.

2.8. Statistical Analysis

Data are shown as mean + SD. At least three independent replicates were performed
for each experiment. Statistical analysis was carried out on Graph Pad Prism version
8.04 (GraphPad Software, Inc., San Diego, CA, USA) by using the two-way ANOVA
followed by Turkey’s multiple comparisons test, where appropriate. A p value < 0.05 was
considered significant.

3. Results
3.1. Isolation of 100k and 10k MSC EVs and Size Analysis

Two MSC EV fractions were isolated using sequential centrifugations, as detailed in
Methods; in particular, medium/large MSC EVs were isolated by a 10,000 x g ultracen-
trifugation (10k fraction), followed by the small MSC EV isolation from the remaining
supernatant by a 100,000 g ultracentrifugation (100k fraction) (Figure 1). MSCs were
obtained from bone marrow, adipose tissue and the umbilical cord from three different
donors for each cell source. To allow comparison among MSC EVs of different origin, we
cultured MSCs in standardised superimposable conditions.

The 100k and 10k MSC EV fractions were first analysed using Nanoparticle tracking
analysis (Figure 2A), which confirmed that 100k MSC EVs was a homogenous population.
At variance, 10k EVs showed a multi-peak profile, indicating the presence of fractions with
a highly variable size (Figure 2A). Transmission electron microscopy analysis showed the
100k EV morphology, as spherical, membrane-encapsulated particles with a characteristic
cup-shaped aspect (Figure 2B). In contrast, the 10k EVs represented a heterogeneous popu-
lation of EVs, differing greatly in size, shape and electron-density (Figure 2B). Quantitative
size analysis using Nanoparticle tracking analysis showed that EV size (mode size) was
superimposable between the different MSC EV sources (Table 1).
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Figure 2. Characterisation of 100k and 10k naive MSC EVs. (A) Representative graphs of nanoparticle
tracking analysis of 100k MSC EVs (left panel) and 10k MSC EVs (right panel). (B) Representative
images of transmission electron microscopy of 100k MSC EVs (left panel) and 10k MSC EVs. The corre-
sponding scale bare is below each EV image. (C) Representative super-resolution microscopy images
of 100k MSC EVs (left panel) and 10k MSC EVs (right panel) stained with CD63 or CD8]1 tetraspanins.

In addition, no differences were detected in the size of the 100k EVs in respect to the
10k EV fractions using this technique. In contrast, by electron microscopy, the majority of
100k EVs were smaller than 100 nm, whereas the majority of 10k EVs were in a size range
of 100-300 nm (Table 2).
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Table 1. Average size and EVs concentration in 1 mL measured by Nanosight.
100k 10k
. Concentration Concentration
Naive Mode (nm) SD (Particles/mL) SD Mode (nm) SD (Particles/mL) SD
BM 187.70 14.31 5.1 x 108 24 x 108 188.83 2.73 5.8 x 108 3.1 x 108
ucC 184.23 19.63 3.6 x 108 2.1 x 108 197.07 8.54 6.8 x 108 49 x 108
AT 208.53 26.44 6.2 x 108 2.5 x 108 238.61 25.38 6.2 x 108 2.7 x 108
100k 10k
. Concentration Concentration
Apoptotic Mode (nm) SD (Particles/mL) SD Mode (nm) SD (Particles/mL) SD
BM 183.67 15.63 14 x 10° 1.1 x 10° 169.10 18.71 14 x 10° 1.1 x 10°
uc 179.57 16.24 7.8 x 10° 9.0 x 10° 211.03 14.61 12 x 10° 14 x 10°
AT 170.90 35.94 1.1 x 10° 6.7 x 108 202.77 22.80 7.9 x 10° 1.0 x 10°

Table 2. Mean size of EVs measured by transmission electron microscopy, super-resolution mi-
croscopy and ExoView.

Sample TEM s“iifffffﬁ;; . (50—200Ez$nvl§::ection)
BM 40-100 88.00 + 7.94 61.85 + 3.64
SIZE;S?; EVs uc 40-100 88.00 + 3.46 50.14 £ 2.03
AT 40-100 98.00 £ 2.11 50.92 £ 2.72
BM 100-300 140.00 + 5.77 90.00 + 1.73
SIZE[;% EVs uc 100-300 120.00 + 5.77 90.33 + 2.34
AT 100-300 120.00 + 8.42 92.83 + 5.08

Using super-resolution microscopy based on tetraspanin staining (CD63 and CD81)
on intact unfixed MSC EVs, we also confirmed the size of tetraspanin-expressing EV
fractions (Figure 2C), being 100k EVs quantified, as around 90 nm median size for all MSC
sources using an automatic size analysis software, whereas 10k EVs have a median size of
around 130 nm (see Table 2). Single molecule analysis of CD63 expression also indicated its
differential distribution on the EV surface, as 10k EVs showed a discrete surface expression,
whereas 100k EVs showed a more condensed tetraspanin localisation, possibly due to the
small size (Figure 2C). The patchy distribution of tetraspanins was more evident on larger
EVs within the 10k fraction (>500 nm) (Supplementary Figure S1).

Variable Tetraspanin Expression on 100k and 10k Single MSC EVs by Super-
Resolution Microscopy

Transmembrane tetraspanin proteins CD63, CD9 and CD81 are a major class of
EV-expressed molecules previously reported to be enriched in 100k in respect to 10k
EV fraction [19,20]. We first took advantage of super-resolution microscopy to assess
tetraspanin co-expression at a single EV level on 100k and 10k MSC EVs (Figure 3). Ad-
vanced three-colour staining was performed using the anti-tetraspanin Abs dyed in red
(CD81), green (CD63) and blue (CD9) using dSTORM single-molecule analysis with super-
resolution microscopy. Tetraspanin single-molecule surface analysis highlighted an uneven
tetraspanins distribution on the EV surface. Moreover, we observed a heterogeneous
tetraspanin distribution of EVs variably positive for single, double or triple tetraspanins
(Figure 3). We also took advantage of an automated software analysis for the quantification
of tetraspanin co-expression on single EVs (Figure 3C,D).
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A 100k MSC EVs B 10k MSC EVs

Figure 3. Super-resolution microscopy images. Representative super-resolution microscopy images
of 100k EVs (A) and 10k EVs (B) stained with tetraspanins: CD81 red, CD63 green, and CD9 blue. Both
panels (A,B) show triple positive, double positive and single positive MSC EVs. The corresponding
scale bare is below each EV image. (C) Representative clustering strategy of MSC 100k EVs with
large field of view (left panel), a selected cluster (central panel) and graph (right panel) showing
CD81/CD63 cluster distribution. (D) Representative clustering strategy of MSC 10k EVs with large
field of view (left panel), a selected cluster (central panel) and graph (right panel) showing the
proportion of CD81 and CD63 antibodies/ cluster. (E) Representative clustering strategy of negative
control using antibodies alone without EVs showing large field of view and graph demonstrating the
proportion of CD81 and CD63 antibodies.

In particular, the triple tetraspanin expression only represented a fraction of the entire
EV population, as the other EVs were variably positive for the different markers (Figure 4).
The 100k MSC EV fraction, in general, did not show increased tetraspanin expression in
respect to the 10k fraction. CD63 was the most expressed marker in the single positive EV
population in AT- and UC-MSC EVs, but not in BM-MSC EVs (Figure 4). The 10k fraction
of UC-MSC EVs showed the largest population of EVs co-expressing CD81, CD63 and CD9
(Figure 4B). These results show a variable co-expression of the tetraspanins on MSC EV
sources, without significant differences in the 10k and 100k fractions.
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Figure 4. Super-resolution microscopy analysis of 100k and 10k MSC EVs. The graphs show triple
positive, double positive and single positive EVs of 100k and 10k MSC EVs. (A) BM-MSC EVs,
(B) UC-MSC EVs, (C) AT-MSC EVs. The total number of single EVs analysed is reported below
each graph.

3.2. Isolation of 100k and 10k MSC EVs from Apoptotic Cells

We also generated 100k and 10k EVs from MSCs undergoing apoptosis using an anti-
Fas Ab, as described [21,22], for further comparison with the naive fractions. Fas triggered
MSC apoptosis induction was confirmed by Annexin V staining (Supplementary Figure 52
and Supplementary Table S1). Moreover, apoptosis induction was also assessed by the
generation of large apoptotic bodies (size range 1-5 um), showing positivity for the
apoptotic marker Annexin V by flow cytometry and by super-resolution microscopy
(Supplementary Figure 52). Moreover, apoptotic bodies also showed positivity for Phos-
phatidylserine (Supplementary Figure S2C), as previously described [7].

The size and number of apoptotic MSC EVs were analysed by nanoparticle tracking
analysis and by electron microscopy, showing a similar size of the naive MSC EVs for
both the 100k and 10k fractions (Table 1 and Figure 5). However, apoptotic 100k EVs
showed a less homogeneous profile than the naive ones in the nanoparticle tracking
analysis (Figure 5A). Interestingly, the average concentration of both 100k and 10k EVs
from apoptotic cells was significantly higher than that obtained from naive cells using
the same originating cell number (Table 1). Superimposable results were obtained for
the three MSC sources. Using super-resolution microscopy, we detected the expression
of Phosphatidylserine and Annexin V on apoptotic 100k and 10k and not on naive MSC
EVs, confirming that these markers are able to specifically characterise the apoptotic EVs
(Figure 5C,D) [23].
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Figure 5. Characterisation of 100k and 10k apoptotic MSC EVs. (A) Representative graphs of
nanoparticle tracking analysis of 100k apoptotic MSC EVs (left panel) and 10k apoptotic MSC EVs
(right panel). (B) Representative images of transmission electron microscopy of 100k apoptotic
MSC EVs (left panel) and 10k apoptotic MSC EVs (right panel). (C) Representative super-resolution
microscopy images of 100k apoptotic MSC EVs (left panel) and 10k apoptotic MSC EVs (right panel)
stained with Annexin V (green) and Phosphatidylserine (red). (D) Representative super-resolution
microscopy image of Annexin V (green) and Phosphatidylserine (red) as a negative control without
EVs. (E) Representative super-resolution microscopy image of 100k MSC EVs isolated from naive
MSCs and stained with Annexin V (green) and Phosphatidylserine (red).

3.2.1. Quantitative Tetraspanin Evaluation of Naive and Apoptotic 100k and 10k MSC EVs
We therefore used cytofluorimetric analysis and ExoView to gain quantitative results
for the comparison of tetraspanin level expression in MSC EV fractions from all different
sources, in naive and apoptotic MSC EVs.
Semiquantitative analysis of tetraspanin levels in all MSC EV subsets was performed
using the MACSPlex exosome kit, a bead-based cytofluorimetric analysis. This technique
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did not detect differences among MSC sources, MSC EV fractions and naive or apoptotic
conditions (Figure 6).

A B
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Figure 6. MACSPlex tetraspanin analysis of 100k MSC EVs and 10k MSC EVs of naive and apoptotic
MSCs. Histograms represent the median fluorescence intensity of CD9, CD63 and CD81 tetraspanins
for 100k MSC EVs (A,C) and 10k MSC EVs (B,D) isolated from naive (A,B) and apoptotic (C,D)
MSCs. BM-MSC EVs, UC-MSC EVs and AT-MSC EVs were compared. Data are expressed as mean
=+ SD of three different experiments.

ExoView chip-based analysis was then used to obtain an evaluation of the number
of the particles captured on a specific chip coated with tetraspanins and negative mouse
IgG control (MIgG). The number of EVs loaded onto each chip was normalised based
on their concentration, as evaluated with the nanoparticle tracking analysis. The results
showed that the apoptotic EV fractions showed a higher number of tetraspanin-captured
EVs than the naive ones, and that the 10k fractions showed a higher number of tetraspanin-
captured EVs than the 100k fractions for all MSC sources used (Figure 7). Among the
different sources the tetraspanin levels were significantly different, and UC-MSC EVs had
the highest expression of most markers (Figure 7).

Comparing different techniques, CD9 expression by MACSPlex appeared lower than
other tetraspanins for all MSC sources and fractions, at the variance of the results obtained
using ExoView or super-resolution microscopy. These data highlight that ExoView provides
a better quantitative analysis regarding the bead-based cytofluorimetric assay, performing
a semiquantitative analysis. Moreover, different antibody affinities could be present.

3.2.2. Mesenchymal, and Immunological Marker Expression on Naive and Apoptotic 100k
and 10k MSC EVs

Mesenchymal markers are usually assessed to characterise MSC EVs [24]. The MAC-
SPlex exosome kit allowed the evaluation of CD56, CD44, CD29, CD49e, CD146 and CD105
mesenchymal marker expression on all EV fractions, from the three MSC sources in naive
and apoptotic conditions (Figure 8).

Mesenchymal markers were expressed from all MSC sources and MSC EV fractions in
the naive and apoptotic EV conditions, but higher levels were generally observed in the 10k
fraction with respect to the 100k fraction. We confirmed the expression of the mesenchymal
CD105 and CD44 markers on the 100k naive and apoptotic MSC EVs (Figure 9A,B). CD44
and CD105 had a wider size range by size distribution of captured EVs, which is especially
evident in the 100k apoptotic MSC EVs (Figure 9C,D).
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Figure 7. ExoView tetraspanin analysis of 100k and 10k MSC EVs of naive and apoptotic MSCs.
Histograms represent the number of captured EVs for CD9, CD63 and CD81 tetraspanins and
negative control. 100k MSC EVs (A,C) and 10k MSC EVs (B,D) isolated from naive (A,B) and
apoptotic (C,D) MSCs were analysed. BM-MSC EVs, UC-MSC EVs and AT-MSC EVs were compared.
Data are expressed as mean =+ SD of three different experiments. A p value < 0.05 was considered
significant (* p < 0.05, ** p < 0.001, ** p < 0.001, *** p < 0.0001).

Mesenchymal markers

A 100k MSC EVs B 10k MSC EVs

o

CD56 CD44 (D29 CD49e CD146 CD105

CD56 CD44 CD29 CD49e  CD146 CD105

Normalised median fluorescent intensity (%]
Normalised median fluorescent intensity (%]

C 100k apoptotic MSCEVs D 10k apoptotic MSC EVs

3

3

D56 Dase  CD146

Normalised median flucrescent intensity [%]
Normalised median fluorescent intensity [%]

Figure 8. MACSPlex mesenchymal marker analysis of 100k and 10k MSC EVs of naive and apoptotic MSCs. (A-D)
Histograms represent normalised fluorescence intensity of mesenchymal markers (CD56, CD44, CD29, CD49e, CD146,
CD105) for 100k MSC EVs (A,C) and 10k MSC EVs (B,D) isolated from naive (A,B) and apoptotic (C,D) MSCs. BM-MSC
EVs, UC-MSC EVs and AT-MSC EVs were compared. Data are expressed as median fluorescence intensity normalised to
the median fluorescence intensity of tetraspanins + SD of three different experiments. A p value < 0.05 was considered
significant (* p < 0.05, ** p < 0.001).
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Figure 9. ExoView mesenchymal marker analysis of 100k of naive and apoptotic MSC EVs. (A,B)
Histograms showing the number of captured EVs for mesenchymal markers (CD44, CD105) and
negative control for 100k MSC EVs (A) and 100k apoptotic MSC EVs (B). Data are mean + SD
of three different experiments. A p value <0.05 was considered significant (* p < 0.05, ** p < 0.001,
**** p < 0.0001). (C,D) Size of naive (C) and apoptotic (D) 100k MSC EVs from BM-MSC EVs, UC-MSC
EVs and AT-MSC EVs.

Moreover, as demonstrated by the MACSPlex exosome kit, all EVs were negative for
CD14, CD19, CD31 and CD45, as were the originating cells (data not shown). Interest-
ingly, the 100k fractions were constantly negative for immunological markers, selectively
expressed by the 10k EVs (Figure 10A-D). In particular, the fraction enriched for 10k EVs
both in naive and apoptotic conditions was selectively expressing HLA-class I and CD40
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co-stimulatory molecule. Moreover, tissue factor (TF), known to be involved in platelet
activation, was expressed by 10k EVs of AT- and UC-MSC EVs, and not from those of
BM-MSC EVs (Figure 10B,D).

Immunological markers and tissue factor
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Figure 10. MACSPlex immunological marker analysis of 100k and 10k MSC EVs of naive and
apoptotic MSCs. (A-D) Histograms represent normalised fluorescence intensity of immunity markers
(CD40, HLA-ABC, CD24, CD3 and HLA-DR) and tissue factor (TF) for 100k MSC EVs (A,C) and 10k
MSC EVs (B,D) isolated from naive (A,B) and apoptotic (C,D) MSCs. BM-MSC EVs, UC-MSC EVs and
AT-MSC EVs were compared. Data are expressed as median fluorescence intensity normalised to the
median fluorescence intensity of tetraspanins & SD of three different experiments. A p value < 0.05
was considered significant (* p < 0.05, ** p < 0.001, **** p < 0.0001).

4. Discussion

Small MSC EVs appear to be the most promising EV type for therapeutic application,
and the information on the surface marker expression characterising the different MSC
sources and fractions is of importance. This study presents a quantitative analysis of the
surface expression profile of tetraspanins at a single EV level, showing variable tetraspanin
coexpression in all EV fractions and sources by super-resolution microscopy. Moreover,
using bead-based cytofluorimetric analysis and chip-based arrays, tetraspanins, as well as
other clinically relevant markers (mesenchymal, immunological and pro-coagulative mark-
ers), were compared in MSC EVs from three sources in naive or apoptotic condition. The
results highlight a similar characterisation profile of MSC EVs from the different MSC
sources, with variable but consistent tetraspanin expression. Moreover, we observed an
increased expression of mesenchymal surface markers and the restricted expression of
HLA-class I, the co-stimulatory molecule CD40 and tissue factor by 10k MSC EVs, with
respect to 100k MSC EVs. Finally, apoptotic conditions only modified the number, not the
characterisation profile, of MSC EVs. Further functional analysis will be required to fully
compare the properties of the different EV fractions and sources.

Thanks to an extensive effort of the EV community, the minimal criteria for EV charac-
terisation have been set in open-access publication MISEV 2018 [7]. The analysis of the EV
preparation includes a bulk analysis of protein expression demonstrating the EV identity
and purity together with qualitative and quantitative analysis using a particle counter and
electron microscopy [25]. The development of new nanotechnological instruments in recent
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years may allow the assessment of EV identity at a single EV level using affinity-based
chips, super-resolution microscopy and high-resolution flow cytometry.

Here, we compared different orthogonal methods to provide a single EV analysis
of 100k and 10k MSC EVs, highlighting their potential contribution and utility for 100k
MSC EVs characterisation. The analysis of the EV size appeared discordant between the
commonly used nanoparticle tracking analysis and the other methods. In fact, nanoparticle
tracking analysis clearly showed a differential profile of 100k and 10k EVs, but the mean
size of the 100k fraction was higher than that detected with other quantitative methods,
as previously described [12]. This could be due to phenomena of EV aggregation, or to
the influence of both temperature and Brownian motion incorporated in the nanoparticle
tracking method of EV characterisation. In addition, particle size using this method can
result in non-consistent data; similar analyses were reported with a difference of 15-50% in
size [26].

Electron microscopy analysis clearly showed that the 100k MSC EVs and 10k MSC EV's
had distinct size. Interestingly, this observation was in line with that obtained by the specific
analysis of tetraspanin expressing EVs, acquired with super-resolution microscopy on more
than 10,000 analysed fresh, unfixed EVs. In addition, quantitative single-vesicle imaging by
super-resolution microscopy revealed a heterogeneous pattern of tetraspanin expressions
(single, double and triple) in variable proportions in 100k and 10k MSC EVs. Recently, a
single-vesicle imaging and co-localisation analysis of tetraspanins were investigated in EVs
derived from HEK397, breast cancer and melanoma cell line, showing distinct fractions
of single, double or triple co-expressing EVs, depending on the analysed EV type [27].
This is consistent with the observation that CD9- and CD81-positive EVs did not correlate
with distinct EV populations using a size-based EV separation technique [28]. Another
relevant feature was the patchy distribution of tetraspanins on the EV surface, usually
characteristic of 10k EVs. Indeed, tetraspanins are known to homodimerize and form large
complexes [29]. This may suggest the ability of tetraspanins on EV surface to move within
the lipidic membrane, as described for the cell membrane, with capping after antibody
binding [30].

Different MSC sources can be identified for clinical application of deriving EVs, the
BM-MSC EVs being the first and most commonly used in clinical trials. However, EVs from
adipose tissue and the umbilical cord might display advantages for easier cell isolation
from adipose tissue, reduced impact of donor diseases or enhanced potency for umbilical
cord [31]. We therefore compared 100k and 10k EVs from MSCs cultured in completely
identical culture conditions (media and serum, expansion number and passages) for the
expression of clinically relevant markers using a standard semiquantitative cytofluorimetric
assay commonly used to assess MSC EV profile [32]. Interestingly, mesenchymal markers
were present in both 100k MSC EVs and 10k MSC EVs, but with higher expression in the
apoptotic EV fractions. At variance, HLA class I, co-stimulatory molecule and tissue factor
expression were selectively expressed on 10k MSC EVs. These data suggest that the 100k
MSC EV fractions are safe for clinical application, avoiding the possible development of
anti-HLA antibodies and rejection. Moreover, 10k EVs from AT- or UC-MSCs also showed
the expression of tissue factor. This is more in line with the increased coagulative capacity
of 10k than that of the 100k MSC EV fractions previously reported [33]. Moreover, 10k
BM-MSC EVs appeared to display the lowest expression of tissue factor, in analogy with
reports showing higher thrombogenic activity of UC- or AT-MSCs in respect to BM-MSC
EVs [34,35].

Finally, in the present study, we also compared naive MSC EVs and apoptotic MSC EVs
from the different MSC sources. Indeed, apoptotic EVs are considered to display peculiar
functions and are now considered an additional but distinct MSC product with potent
immunoregulatory ability [18]. The EVs were released by apoptotic cells after Fas receptor
triggering [21,22], and apoptosis was confirmed by the detection of apoptotic bodies and
by expression of Phosphatidylserin [10] and Annexin V by apoptotic EVs [36]. The most rel-
evant feature observed was the increase in number of both 100k and 10k MSC EVs released
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from all MSC types under apoptotic conditions. Moreover, apoptotic EVs expressed higher
tetraspanin levels and mesenchymal markers with respect to the normal counterpart, as
evaluated by ExoView and MACSPlex analysis, respectively.

5. Conclusions

In conclusion, our results show that the characterisation profile of MSC EV fractions is
consistent among different MSC sources, with an increased number of EVs released under
apoptotic condition. Moreover, the 100k MSC EV population displays a safer profile than
the 10k MSC EV population for immunological and pro-coagulative marker expression.
Finally, our study identified advantages of the different EV analytical techniques for specific
applications. In particular, super-resolution microscopy was useful to characterise a large
number of EVs at a single EV level, whereas ExoView analysis allowed an easy quantitative
comparison of marker expression among fractions of different origins and conditions.
In addition, bead-based cytofluorimetric analysis appeared to be of utility for its large
variety of markers of clinical applicability, although it can only provide semiquantitative
results. These results suggest that quantitative EV analysis methods are useful and reliable
enough to be applied for the characterisation of MSC EV fractions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/cells10112948/s1, Figure S1: Representative super-resolution microscopy images of a single EV from
the 10k BM-MSC fraction, showing CD81 tetraspanin surface distribution along the membrane, with
areas of condensed expression. Figure S2: Induction of apoptosis and characterization of apoptotic
bodies using MUSE flow cytometry and super-resolution microscopy. (A) MSCs viability profile
after 24 h in RPMI with 500 ng of anti-Fas antibody (A1), RPMI (A2) and AlphaMEM with 10% FBS
(A3). (B) Representative images of flow cytometric analysis showing Annexin V expression. (B1) flow
cytometry gating strategies, P4: apoptotic bodies (ApoBDs), P2: 4 um latex beads, P3: apoptotic cells.
Representative images of flow cytometric analysis showing (B2) unstained ApoBDs and (B3) ApoBDs
stained with Annexin V. (C) Representative super-resolution microscopy image of ApoBD fraction
stained (C1) with Annexin V (red), (C2) with Annexin V (red) and Phosphatidylserine (green). (D1)
Representative bright field microscopy image of ApoBDs realised by MSCs undergoing apoptosis.
Table S1: MUSE assay used to set up the apoptotic induction. Cells were analysed after 6, 16 and 24 h
in full condition medium, RPMI or RPMI with 500 ng of anti-Fas antibody. Graphical visualization is
in Supplementary Figure S2A.
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2. FUNCTIONAL PROPERTIES OF MSC-EVs FROM DIFFERENT SOURCES ON

ISCHEMIC RENAL REPERFUSION INJURY.

The functional properties of the characterized MSC-EVs described above on renal proximal tubular

cell repair were tested in vitro, in a model of IRI.

The study was performed at University of Utrecht in a collaboration with Sandra Calcat i Cervera

and Jodo Faria, and the publication of our results is on-going.
IRI ciPTEC injury model

Ischemic injury ciPTEC model was used. The ciPTEC cells (Figure 4) were obtained by
Cell4Pharma (Oss, The Netherlands). The ciPTEC is a human renal cell line (Wilmer et al., 2010)
that mimics the proximal tubule cells of the kidney. The cells are main locus of AKI. Due to their
partial immortalisation the ciPTEC cells have unlimited proliferation capacity and highly
resemblance with human kidney. The cells expressed most relevant protein transporters involved

in the functional processes.

CIiPTEC 4=

aood
aN/N

Y9959
9009

BCRP

Figure 3: ciPTEC cell illustration https://celldpharma.com/technology/ciptec.
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The ischemic injury induced morphological changes, including loss of cytoskeleton and nuclei
fragmentation (Figure 5), with increased effects under hypoxic conditions (Figure 5 right panel).
At amolecular level, we observed a significant decrease of metabolic activity, ATP production and

significant reduction in mitochondrial mass, typical features of IRI (Figure 6).

NORMOXIA HYPOXIA

AA10nM 2DG20mM AA10nM 2DGZOmM

Phalloidin / DAPI

Figure 4: Morphological changes observed by Phalloidin/DAPI staining on ciPTEC cells with
ischemic injury and the reperfusion with FBS in normoxia and hypoxia.
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Figure 5: Functional changes observed by assessing metabolic activity, ATP content or
mitochondrial mass on ciPTEC cells with ischemic injury in normoxia and hypoxia. Vehicle control
are cells without ischemic injury.

During the reperfusion phase, ciPTECs were treated either with Conditioned Medium or with EV

fractions from MSC obtained from adipose tissue (AT), bone marrow (BM) or umbilical cord (UC).

BM and UC by-products partially reverted the morphological alterations (Figure 7), specially under
normoxia conditions. No differences in metabolic activity or mitochondrial mass were observed

after treatment with all MSC conditioned, in respect to the injured cells alone (Figure 6). At

64



Renata Skovronova

variance, a significant restoration of ATP production was induced by treatment with conditioned

medium, with no differences regarding cell source (Figure 8).
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Phalloidin / DAPI

Figure 6: Illustrative images of morphological changes observed by Phalloidin/DAPI staining on
CiPTEC cells with ischemic injury after the reperfusion with conditioned medium, small size EVs or
medium/large size EVs in normoxia and hypoxia.
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Mediuml/large size EVs

Metabolic Activity ATP Content Mitochondrial Mass
— Kokokok
Hkokk kokk
5 25 rx g 20 5 20
Ex s EE
€320 OF =35
g 2% 58 15 5% 15
8 2%s 2 88
s <5 §o £
8 S 210 Z §1.0
X o5 £ ec
o 5910 G5 £
=z &3 SE o5 E3o0s
B 05 : = ou
= = s
0.0 < o0 0.0
N @ @ 3
6#\ \@c’\‘ ewf \vé \vé \vé
SE R e
& VO &Y
vy.@
Hokokk
Aokkk
- Aokkk *
5. 20 g 5 15
] S ~ [
=0 o€ ~ o
20615 52 8%
< §9 $5 )
X <&10 5o T5
oS £ 32 g<c
S =9 3] 59
> £3 2k £3
= Eu_o.s sZ 58
o =
s
0.0 g
> 3 @ CJ
& o & &
S FT N & o
N S"/ ¥ Y &7 ‘?’é e.@ S
& {s
& K &

Figure 7: Functional assays performed after the reperfusion phase in IRI ciPTEC model. Among the
treatment with conditioned media, small size EVs or medium/large size EVs we did not observe
significant amelioration in the metabolic activity or mitochondrial mass. The significant restoration
was observed for ATP production by all the treatments.

The effect of the conditioned medium in toto was then compared with the effect of small and
large MSC-EVs from the three different sources. The results confirmed the observation
obtained with the conditioned medium, showing a specific effect on ATP levels of the three

MSC-EV sources, with no differences on originating cell type or EV fraction.

Conclusions

Our findings showed that our in vitro model was capable of replicating in vivo-like
morphological and molecular changes observed during IRI. Following MSC treatment with
condition media, small size EVs or medium/large size EVs, a specific effect on ATP production
was induced, demonstrating MSC's ability to ameliorate proximal tubule damage caused by

ischemic/reperfusion conditions.
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3. CHARACTERIZATION AND FUNCTIONAL PROPERTIES OF ADIPOSE TISSUE

DERIVED MSC PRODUCTS UNDER CULTURE IN 2D AND IN A BIOREACTOR.

The aim of this collaborative project was to compare different MSCs culturing conditions and

their EVs or conditioned medium.
1. Bioproducts generation

AT MSCs were cultured in parallel in three independent laboratories using the same medium,
in standard 2D culture conditions or in a bioreactor (Figure 9). From the cells cultured on plastic
adhesion, we collected the conditioned medium, that was either concentrated (10x) or used to
isolate EVs by ultracentrifugation. At variance, from the MSCs cultured in the bioreactor, the

EVs were isolated using size-exclusion chromatography.

A Evs ultracentrifuge B Evs bioreactor

o e
= i ;
\ - }j —— : w \1 EVs
- v
300g 10min

[Suin] ] )
- . - protein
u ‘. : v

C om

\ ] b@i ] v conditioned
2 P e mediu
i 1 { // —
\f EVs - A
3000g 90min -
100.000 1h

wash off

Figure 8: Scheme of bioproducts generation. (A) EVs extracted by ultracentrifugation. (B) EVs
from bioreactor extracted by size-exclusion chromatography. (C) Extraction and concentration

of conditioned medium.
1i. Characterization of AT-MSC EVs

We compared products from three different MSCs donors (sample code 31, 87, 95). As
measured by nanoparticle tracking analysis, particle concentration was observed in all samples,

including the isolated EVs from 2D plastic or bioreactor culture condition, and conditioned
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medium. However, a high particle concentration was also observed in the wash-off (negative

control) obtained during the processing of conditioned medium (Table 1).

Table 1: Concentration of AT MSC particles measured by Nanosight. Values shown are particles/ml

of a sample.

Sample Ultracentrifuged SEC bioreactor Protein from Conditioned wash-off

code

31

87

95

2D EVs
8
2.60x 10

8
2.68x 10

8
2.58x 10

EVs
9
5.33x 10

8
3.02x 10

9
2.16x 10

bioreactor

8
9.72x 10

8
2.34x 10

9
1.52x 10

medium 2D

8

6.27x 10
8

5.12x 10

8
7.24x 10

2D
9
4.24x 10
9
1.36x 10

9
1.15x 10

Due to the fact that this technique appears quite unspecific, we proceeded with flow cytometry

analysis of the samples to better understand the composition.

The flow cytometry revealed variable expression of tetraspanins (Figure 10). Higher expression of

the CD9 and CD63 was observed in the samples from bioreactor and conditioned medium from 2D

plastic (CM). The graphs also show no expression of the EV markers in the negative control (WO)

which demonstrate non specificity of the particle count obtained by Nanosight (Table 1).
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B ATCM
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Figure 9:Flow cytometric analysis of tetraspanin surface marker expression on AT MSC EVs. Data

are shown divided into 3 graphs depending on the origin of the samples. Each graph demonstrates the
differences between the type of EVs from the same donor.
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We next assessed the expression of the typical mesenchymal marker by the different MSC-
bioproducts (Figure 11). The expression the CD44 and CD29 showed similar levels among the
bioproduct samples. Instead CD49¢, CD146 and CD105 were almost exclusively present on the

EVs from ultracentrifuge.
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Figure 10: Flow cytometric analysis of mesenchymal marker expression on AT MSC EVs. Data are
shown divided into 3 graphs depending on the origin of the samples. Each graph demonstrates the
differences between the type of EVs from the same donor.

Analysing the immunological markers (Figure 12), we observed similar levels of CD29, MCSP,
RORI1 for all bioproduct samples from all three donors. Instead CD142 (tissue factor) is exclusively
present on the EVs isolated by ultracentrifuge and CD133-1 on bioreactor EVs. All these data will
be confirmed by single EV flow cytometry performed by the other institute of the interlab

comparison.
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Figure 11: Flow cytometric analysis of immune surface marker expression on AT MSC EVs. Data
are shown divided into 3 graphs depending on the origin of the samples. Each graph demonstrates
the differences between the type of EVs.

Characterisation of the surface markers and size of the particles was confirmed by super-
resolution microscopy (Figure 13 B). We decided to test CD44 marker which showed high

expression in the flow cytometry assay. All three bioproducts were positive to tetraspanin and
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CD44 expression. The bioreactor EVs showed different marker composition compared to
ultracentrifuge EVs and to conditioned medium. Most of the particles were single tetraspanin
positive, being the ultracentrifuge EVs and those in the conditioned medium mainly CD81

positive, whereas the bioreactor EVs mainly CD9 positive.
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Figure 12: Super-resolution microscopy analysis of tetraspanins expression in AT MSC EVs from different
preparation. A) Clustering analysis of super-resolution microscopy images showing the single, double and
triple positive EV fractions expressing the tetraspanin markers. The analyses were performed using a CODI
software; the graph shows the meantSD of a cumulative analysis of 3 fields for each preparation. B)
Representative super-resolution microscopy images of AT MSC EVs showing triple or double expression of
CD44 (green), CDSI (red), CD9 (blue). The corresponding scale bare is below each EV image.
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iii. Functional comparison of AT-MSC-EVs using an angiogenic assay.

As a functional analysis the HUVEC tubule formation was performed. The complete
conditioned medium showed the highest tubule formation with the highest number of the
branches. Also in this assay, the wash off showed negative results and confirmed that the
samples were deprived of any functional molecules. In analogy, the protein extract obtained
from bioreactor showed high induction for the tubule formation (Figure 14). As expected, EVs
had the lowest potential to form the tubules, being EVs isolated with SEV the less angiogenic.

These data will be confirmed in both collaboration laboratories to confirm the results.
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Figure 13: Effect of ultracentrifuge EVs, bioreactor EVs, bioreactor protein, conditioned medium or
wash-off on HUVEC tube formation. A) Quantification of tube lengths of HUVEC treated by samples
derived from double concentration of cells (HUVEC:MSCs - 1:2). Positive control: EndoGROW
medium with 10ng of VEGF and 5% of serum, negative control: EndoGROW medium without FBS and

VEGF. B) Representative micrographs of the tube formation assay.
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Conclusions

We compared the three different bioproducts derived from the same donor and passage number
of adipose tissue mesenchymal cells. The cells were shipped across the three sites, this might
add some variable in this project because the shipment cannot be additionally controlled than
using the standard methods of cell shipment. From the cells cultured traditionally in the 2D
setting we obtained the EVs by ultracentrifugation and whole concentrated conditioned
medium. Instead from the 3D culture condition in bioreactor the EVs were successfully isolated

using size exclusion chromatography.

The results reveal different surface marker proportion between the bioproducts, possibly due
to different isolation technique. Tissue factor and CD105 markers were exclusively present on
the EVs from ultracentrifuge. Finally, our data confirmed previous results showing that the
angiogenic properties of EVs are associated with growth factors present in the conditioned
medium of the plastic culture/proteins of the bioreactor (Shabbir, Cox, Rodriguez-Menocal,
Salgado, & Van Badiavas, 2015), and indicate that SEC isolation generates purer EVs. Other
functional assay to compare EVs from cells cultured in the different conditions will be

performed.
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4. CHARACTERISATION OF EVs AT SINGLE EV LEVEL

In my PhD study, I dedicated extensively to the set-up of super-resolution microscopy and
ExoView array-based analyses for a surface marker characterisation of single EVs derived
from different sources. I characterized several EV preparations from biofluids and from cell

cultures.

In particular, my results contributed to the characterization amniotic fluid EVs and of spike-

expressing EVs.

Article: ‘Single extracellular vesicle analysis in human amniotic fluid shows evidence of
phenotype alterations in preeclampsia’ Natalia Gebara, Julia Scheel, Renata Skovronova,
Cristina Grange, Luca Marozio, Shailendra Gupta, Veronica Giorgione, Federico Caicci, Chiara

Benedetto, Asma Khalil, Benedetta Bussolati, Journal of Extracellular Vesicles, 2022

We used ONi super-resolution microscope to analyse EVs derived from amniotic fluid. The
aim was to understand the possible differences between HLA-G and tetraspanins expression
on EVs derived from amniotic fluid of normal pregnancy (Gebara et al., 2022). The figure
shows the heterogeneous population of triple, double and single positive EVs for tetraspanins
with the majority of CD81, CD9 double positive (Figure 15). We also demonstrated the CD63,

HLA-G double positivity of most of the EVs from the stained population (Figure 16).
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Figure 15: Super-resolution microscopy analysis of tetraspanins expression in NP-EVs.
(A)Representative super-resolution microscopy images of NP-EVs showing single, double, and triple
expression of CD63 (green), CD81 (red), CDY (blue). The corresponding scale bare is below each EV
image. (B) Representative super-resolution images, at low magnification, showing staining with anti-
tetraspanin antibodies in the presence of EVs (EVs plus Abs) or (C) in the absence of EVs (Abs alone).
(D) Representative clustering strategy of NP-EV analysis showing a large field of view (left panel), a
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selected cluster (rvight panel) and a graph (bottom panel) of CD81/CD63 cluster distribution. (E)
Clustering analysis of super-resolution microscopy images showing the single, double, and triple
positive EV fractions expressing the tetraspanin markers. The analyses were performed in three NP-
EV preparations using a CODI software; the graph shows the mean + SD of a cumulative analysis of
10 fields for each preparation.

CDG63/HLA-G

2000

-

1000

Particle count

g
o
|
i
oo

Figure 16: Representative super-resolution microscopy images of single amniotic fluid-derived EVs
expressing CD63 (red) and HLA-G (green). The number of single and double positive EVs for CD63
and HLA-G was analysed in three NP-EV preparations using the CODI software; the graph shows the
mean = SD of a cumulative analysis of 10 fields for each preparation, total EV number: 6676.

We subsequently used chip based ExoView technology to confirm the co-expression of HLA-
G, Tie-2, CD105 or CD117 with tetraspanins (Figure 17A). Samples used were from normal
pregnancy (NP-EVs) and from preeclampsia (PE-EVs). The analysis confirmed the presence
of HLA-G, as shown by super-resolution microscopy, and revealed the presence of the
angiogenic marker Tie-2 and of the stem cell marker CD117 on both NP- and PE-EVs (Figure
17B). The analysis showed that the HLA-G expressing EVs displayed similar CD105 and c-kit
markers levels, suggesting that the increased CD105 expressing EVs present in PE were not of
placental origin (Figure 17C). At variance, Tie-2 levels were significantly lower in placental

EVs of PE pregnancies. Results were confirmed using amniotic fluid stem cells (Figure 18).
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Figure 17: (4) Diagram explaining the experimental method behind ExoView technology in relation to
the graphs in panel B. (B and C) ExoView analysis of amniotic fluid-derived NP-EVs (n = 6) and PE-
EVs (n = 6). (B) Comparison of the expression of HLA-G, Tie-2, CD105 and CD117 (c-kit) shown as
average fluorescent particle count in NP-EVs vs PE-EVs from combined tetraspanins capture of CD63,
CD81 and CDY. (C) Normalized expression of HLA-G positive EVs co-expressing other angiogenic
(CD105 and Tie-2) and stem cell (CD117) markers. 5.8 x 108 EVs in final volume of 35 ul of buffer
were used for all samples. Unpaired student’s t-test:* = P < 0.05, * * =P < 0.01, *** =P < 0.001.
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Figure 18: Characterization of HLA-G expressing EVs from term AFSCs. (A)Diagram explaining the
experimental method in relation to the graph in panel b. (B) Fluorescent particle count of AFSC-EVs
captured on tetraspanin-coated chip analysed by ExoView, showing expression of HLA-G+ and
CDI105+ EVs, but lack of co-expression of the markers.

Article: ‘Generation of Spike-Extracellular Vesicles (S-EVs) as a Tool to Mimic SARS-CoV-
2 Interaction with Host Cells’ Roberta Verta, Cristina Grange, Renata Skovronova, Adele Tanzi,

Licia Peruzzi, Maria Chiara Deregibus, Giovanni Camussi and Benedetta Bussolati, Cells, 2022
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We also used super-resolution nanoimager ONi to characterise the engineered Spike-
Extracellular Vesicles. The aim was to confirm the engineering process with Spike vector and
to further understand the percental positivity of the spike expression in the single EV
population from spike transfected cells (Verta et al., 2022). We confirmed the spike expression
coupled with one or two tetraspanins and by software analysis we quantified the total number

of spike positive EVs in the population between 35-43% (Figure 19).
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Figure 19: Super-resolution microscopy analysis of EVs isolated from H-S. (A) The percentage of EVs
in triple, double or single positivity for spike, CD63, CD9 markers and the total percentage of EVs
positive or negative for spike protein was reported. (B) Super-resolution microscopy micrographs
showing the pattern distribution of spike in green, CDG63 in red and CD9 in blue for S-EVs. (C) The
percentage of EVs in triple, double or single positivity for spike, CD81, CD9 markers and the total
percentage of EVs positive or negative for spike protein was reported. (D) Super-resolution microscopy
micrographs showing the pattern distribution of spike in green, CD81 in red and CD9 in blue for S-
EVs.

The spike co-expression with CD9, CD63 and CD81, on the EVs surface, was further
confirmed using ExoView analysis, with similar expression levels on the single tetraspanin-

affinity chips (Figure 20B).
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Figure 20: ExoView analysis of S-EVs. (4) Schematic representation of S-EVs detection process for
ExoView technique. (B) Number of S-EVs captured on CD9, CD63, CD81 or MIgG spots fluorescently
labelled by anti-spike ab in APC obtained by ExoView analysis. The graph shows the average of three
independent experiments + SD.
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LIMITATIONS AND CONCLUSION
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Limitations of the study

The study was limited by the number of MSCs donors due to Covid-19 limitations. In case of
MSCs working with primary cells gave us a unique opportunity to examine their properties but
also gave us the limitations of passage numbers before the cells change their behaviour. The
EVs were stored maximum for 3 months in -80°C which oblige us to collect all the samples

shortly before starting the experiments.

Conclusion

The study is divided into 3 separates but well-connected studies from which two of them are
performed in collaboration within the consortium. It brings deep morphological
characterisation of ultracentrifuge isolated EVs at single EV level from diverse MSCs culture.
From phenotypic and functional analyses, the MSC-EVs appeared heterogeneous but
consistent among the different sources and fractions for dimension, surface marker expression

and functional properties.
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