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ABSTRACT

Background

Adipose and bone marrow-derived mesenchymal stem cells are two populations of
multipotent adult stem cells with immunosuppressive, anti-inflammatory, and
regenerative properties. It has been previously described that extracellular vesicles
(EVs) derived from stem cells possess pro-regenerative and pro-angiogenic
abilities. Hyperglycemia is a pathological condition affecting diabetic patients.
Long-term effects of hyperglycemia are endothelial dysfunction and vascular
lesions leading to diabetic microangiopathy.

The aim of the present study was to evaluate whether stem cell-derived EVs woul
inhibit endothelial cells microangiopathy-like dysfunctions induced by
hyperglycemia. The second objective was to perform a bioinformatic analysis of the
miRNA and protein content of stem cell-derived EVs in order to identify molecules
involved in their biological effect.

Methods

We set up an in vitro hyperglycemic model by culturing human microvascular
endothelial cells in hyperglycemic constant or intermittent conditions for 7 days,
to mimic a chronic damage. At day 5, endothelial cells were incubated with adipose
and mesenchymal stem cell-derived EVs or vehicle alone for 48 hr. At day 7, we
evaluated apoptosis, oxidative stress, and capillary-like formation ability on
Matrigel. Finally, we analyzed EV miRNA and protein cargo and performed a

bioinformatic analysis.



Results

Intermittent and constant high glucose models significantly decreased endothelial
cell proliferation, increased the percentage of apoptotic cells, promoted oxidation
of intracellular proteins, and reduced capillary-like structure formation. Treatment
with both kinds of EVs significantly restored proliferation, inhibited apoptosis and
oxidation, and restored capillary-like formation. Protein and miRNA carried by EVs
significantly target pathways involved in cell cycle and proliferation, motility and
angiogenesis, and apoptosis.
Conclusions

The results of the present study demonstrate that adipose and bone marrow
mesenchymal stem cell-derived EVs may inhibit the endothelial dysfunction
induced by high glucose concentration, which mimics diabetic microvascular
injury. Probably, these effects are due to the transfer of their miRNA and protein

cargo to recipient cells.



INTRODUCTION

Extracellular vesicles
Extracellular vesicles (EVs) are defined as a heterogeneous set of secreted
membrane vesicles. This group includes exosomes and vesicles that are indicated
in the literature with different names, such as ectosomes, microvesicles or
shedding vesicles. EVs are composed by a phospholipid bilayer that contains or
encloses lipid raft-interacting proteins, surface receptors, cytoplasmic proteins,
and nucleic acids [1]. [t has been widely proven that EVs confer stability to enclosed
proteins and nucleic acids by protecting them from enzymatic degradation, and
mediate the entry into specific recipient cell types [2-5]. Moreover, EV
encapsulation of nucleic acids, including mRNA, long and small non-coding RNA
(IncRNA, miRNA, tRNA), and in some instances DNA, were found to protect from
enzymatic degradation and to allow exchange of genetic information among cells
[6-9]. Some transmembrane proteins are common to all EVs, while other are cell-
specific and represent a signature of the cell of origin. Moreover, EV content may
vary depending on the metabolic and activation state of the cells [10]. Since their
discovery roughly 30 years ago [11-13], EVs were purified from virtually all
mammalian cell types and body fluids, and even from lower eukaryotes,
prokaryotes, and plants [14]. This suggests that EV-mediated cell signaling
emerged very early during evolution as a primitive and essential mechanism of cell

communication [15].



Biogenesis and cargo

Based on their biogenesis, EVs can be classified in two different groups:
microvesicles and exosomes. Microvesicles are a heterogeneous population of
vesicles larger than exosomes. They originate by budding and shedding from cell
surface [16-18]. Changes in the composition in lipids, proteins and other
components of the plasma membrane (PM) modify the curvature of the membrane
and facilitate the budding of microvesicles. This process is regulated, at least in
part, by the interaction of proteins, such as arrestin domain-containing protein-1
(ARRDC1) with the late endosomal protein TSG101. Microvesicles fission is due to
the dynamic contraction of the plasma membrane induced by myosin and actin
cytoskeletal rearrangements. The process is regulated by Ras-related GTPase ADP-
ribosylation factor 6 (ARF6) and its signaling cascade [19, 20]. Moreover, calcium
level impacts on specific enzymes, including flippase, floppase, and scramblase,
which modify the asymmetry of PM phospholipids [21]. Elevated calcium levels
promote the transfer of phosphatydilserine (PS) towards the inner membrane by
inhibiting flippase. This process is ATP-dependent [22] and activates scramblase
leading the shift of PS from the inner to the outer leaflet of the cell membrane [23].
The activation of cytosolic proteases, such as gelsolin and calpain, by calcium
promotes the detachment of PM protrusions from cortical actin [24].

Exosomes show a variable size ranging approximately from 40 to 150 nm [1]. They
are formed by budding of the membrane into the lumen of multivesicular bodies
(MVB), which are part of the endocytic pathway. Exosomes are stored within MVBs
of the late endosome until MVBs fuse with the PM and release their content [16, 25,

26]. Several proteins are involved with the formation of exosomes, such as the



components of the Endosomal Sorting Complex Required for Transport (ESCRT)
machinery and the accessory proteins TSG101, ALIX and VPS4 [27]. Nevertheless,
other ESCRT-independent mechanisms have been described [28]. The docking of
MVB with the PM is mediated by several components of the RAB family of small
GTPase proteins (RAB2B, RAB5A, RAB7, RAB9A, RAB11, RAB27A, RAB27B, RAB35
[29] and RLP-1 [30]). Some members of the tetraspanin family, such as CD63, CD81,
CDOY, are enriched in exosomes and have been recognized as exosome markers [29].
On the other hand, specific markers for microvesicles are lacking and it is difficult
to discriminate EVs basing on biomarkers. Moreover, even if the biogenesis of
microvesicles and exosomes is based on different processes, some mechanisms and
proteins seem to be shared [31].

Evidence shows that EV content varies depending on originating cell and
biogenesis mechanism, however the compartmentalization of proteins and RNA is,
at least in part, a regulated process. Comparative lipidomic, proteomic and
transcriptomic analyses usually find an enrichment of subsets of lipids, proteins or
RNAs in EVs compared with their cells of origin [31-35]. Several proteins involved
in EV biogenesis were shown to regulate compartmentalization into EV. For
example, ESCRT complex recruits proteins into both exosomes and microvesicles
[36]. ALIX has been shown to be associated with Ago2, a member of the Argonaute
protein family, which binds miRNAs. The complex ALIX-Ago2-miRNAs has been
found in exosomes isolated from human liver stem cells (HLSC) [37]. Another work
showed that breast cancer exosomes contain functional AGO2-associated miRNAs,
which are mature and induce transcriptome alterations in target cells [38]. The

heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) was shown to



recognize specific motifs and regulate miRNA loading into exosomes [39]. The
RNA-binding protein Y-box protein I (YBX1) binds to miR-223 and is necessary for
its packaging into exosomes [40]. In colorectal cancer cells, KRAS seems to mediate
miRNA sorting into exosomes [41] by regulating Ago2 secretion [42]. Increasing
reports show that EVs are particularly enriched in other types of small RNAs, such
as tRNA fragments, yRNA, vault RNAs, miRNAs fragments [43-45]. The presence of
aregulated mechanism of small RNA sorting into exosomes has been observed also
in Leishmania, confirming that it is conserved throughout evolution [46]. However,
the biological functions of small RNAs found in EVs are not completely clear, while
the miRNA and/or their activity are widely studied in several pathologies.

Despite their differences in origin and size, these two major classes of EVs display
similar functions. Specifically, they transfer, from one cell to another, cellular
constituents that may account for an extension of the functional properties of
originating cells. For simplicity, the term EVs will be used to refer collectively to

exosomes and microvesicles.

Mechanism of action
Once released from the cell of origin, EVs may remain in the extracellular space and
interact with recipient cells in a paracrine fashion or may be degraded. Otherwise,
vesicles may migrate far from the site of origin by entering into biological fluids,
like blood, saliva, urine, and many others [24].
EVs interact with target cells through various mechanisms. It has been proposed
that the uptake may occur by receptor-mediated interactions leading to

endocytosis. Many surface molecules may mediate exosome uptake. For example,



P-selectin glycoprotein ligand-1 expressed by macrophage-derived EVs mediates
binding to platelets [24], phosphatidylserine receptors favor entry into
macrophages [47] and heparan sulfate proteoglycans induce vesicle capture in
many cell types [48]. EVs derived from proangiogenic progenitors present on their
membrane o4 and 1 integrins and L-selectin, which interact with and mediate the
uptake by recipient endothelial cells [7]. Recently, syncytin-1, which belongs to a
family of mammalian fusogens, has been implicated in the cell uptake of placental
EVs [49].

Another way of internalization is direct fusion of EVs with cell PM through a
receptor-independent mechanism. Indeed, EVs can entry by clathrin-dependent
endocytic mechanisms, as micropinocytosis, caveolin-mediated internalization,
phagocytosis, and lipid raft-mediated uptake [50].

Recently, evidence has highlighted that EV composition and microenvironmental
conditions may influence EV uptake. For example, it was demonstrated that a high
lipid raft content in EVs facilitates their fusion with cells [50, 51] and lipid rafts are
involved in EV uptake in the kidney [52]. In addition, acidic pH in the extracellular
environment enhances EV-membrane fusion [51, 53], and, in tumors, the acidic
microenvironment promotes the release of EVs with higher cell fusion capacity
[53]. A recent work has shown that the uptake of T lymphocyte-derived EVs by
human retinal endothelial cells is regulated by either temperature, extracellular
calcium, and the expression levels of the low-density lipoprotein receptor (LDLR)
[54]. However, it is still unclear whether different interaction mechanisms coexist

in the same cell or if they vary depending on recipient cell type and EV origin.



Through fusion with target cells, EVs may convey receptors and adhesion
molecules that exert an active role in recipient cells. For instance, platelet-derived
EVs can transfer the CD41 ligand to endothelial cells [55] or to tumor cells [56] with
consequent enhancement of their pro-adhesive properties. Moreover, EVs can
deliver mRNA and miRNA [8, 57, 58], which may undergo translation into protein
or regulate gene expression [15, 59, 60]. This hypothesis is supported by studies
based on lipid fusion assays, which observed that the transfer of miRNAs shuttled
by EVs to dendritic cells (DCs) depends both on actin-mediated phagocytosis and
on the fusion of cholesterol-rich plasma membrane microdomain [53, 61].
Moreover, some recent interesting studies have used Cre recombinase technique
[62-64] or a combination of fluorescent and bioluminescent reporters tagging EV
membrane and RNA molecules [65] to demonstrate that mRNAs are transferred
from cell to cell by EVs in vivo.

However, internalization is not always necessary for transmission of signals.
Indeed, another mechanism of communication is based on direct cell stimulation.
For instance, platelet-derived EVs may directly activate intracellular signaling
pathways in endothelial [55], inflammatory [66] and human hematopoietic cells

[6], thus favoring tumor invasion and diffusion.

Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are non-hematopoietic pluripotent progenitor
cells capable of differentiate into multiple mesoderm-type cell lineages
(osteoblasts, chondrocytes, adipocytes, and endothelial cells), but also in non-

mesoderm-type lineage (neuronal-like cells) [67]. MSCs can be isolated from bone



marrow, umbilical cord blood, and adipose tissue [68]. Isolation protocol of MSCs
is easily reproducible and MSCs showed a large differentiation potential, so they
are the first stem cell types introduced into the clinic [67]. In 2006, the Society for
Cellular Therapy proposed a set of criteria to define MSCs. They should show:
plastic adherence; positivity for specific sets of cell surface markers, such as CD73,
CD90, CD105; and the ability to differentiate in vitro into adipocytes, chondrocytes
and osteoblasts [69].

MSCs have shown promising regenerative, immunosuppressive, and anti-
inflammatory properties, so they have emerged as a potential tool for tissue repair
and wound healing in regenerative medicine, but their mechanism of action is not
completely understood [70]. [t was previously believed that MSCs transplanted into
injured tissues could differentiate into various cell types and so regenerate the
tissue. Then it was observed that the therapeutic effects were mainly due to the
paracrine activity of MSCs, which leads to the activation of protective mechanisms
and to the stimulation of self-renewal and endogenous regeneration [71].

The paracrine activity of MSCs is mainly based on the release of
immunomodulators, angiogenic factors, anti-apoptotic factors, antioxidants
molecules, and cellular chemotaxis inducers. These factors are important to reduce
tissue damage and to regulate the innate and the adaptive immune responses [72].
MSCs can also inhibit several T-lymphocyte activities, to stimulate the production
of regulatory T cells, and to alter the cytokine production of dendritic cells, effector
T cells, and natural Kkiller cells, resulting in a more anti-inflammatory phenotype

[71].



Because of their characteristics, MSCs have been suggested as promising
candidates for a variety of therapeutic applications, such as the treatment of
immune disorders, neurological diseases, hepatic injury, acute renal failure, and
myocardial infarction [72].

Adipose Mesenchymal Stem Cells (ASCs) can be easily isolated from subcutaneous
adipose tissue using a minimally invasive liposuction and can be used for
autologous transplantation without graft-versus-host reaction. Thus, ASCs have
become a very attractive stem cell source for regenerative medicine. Indeed, as well
as MSCs, ASCs have shown a regenerative potential in various diseases, so they may
both be used in regenerative medicine [73].

In recent years, EVs were recognized as a novel mechanism of paracrine
communication through which MSCs and ASCs may, at least in part, exert their
regenerative activity [70].

MSC-derived EVs

EVs were shown to transfer several paracrine signaling molecules, such as
immunomodulators, angiogenic factors, anti-apoptotic factors, antioxidants
molecules, and cellular chemotaxis inducers [72]. Recent studies have
demonstrated that EVs derived from MSC (MSC EVs) contain vascular endothelial
growth factor (VEGF), transforming growth factor 1 (TGF-B1), interleukin 8 (IL-
8) [74,75], hepatocyte growth factor (HGF) [76-78], HES family BHLH transcription
factor 1 (HES1) [79], and human T-cell factor 4 (TCF4) [80-81], but also pro-
angiogenic miRNAs, such as miR-210, miR-126, miR-132, miR-21 [82], miR-222,

let-7f, and miRNA stimulating cell-cycle progression and proliferation, such as miR-
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191, miR-222, miR-21, let- 7a [83, 84]. These factors induce survival, proliferation,
and proangiogenic signaling in recipient endothelial cells [72].

ASC-derived EVs

Recent evidence shows that EVs derived from ASCs (ASC EVs) contain several
angiogenic factors, such as milk fat globule-EGF factor 8 protein (MFGES),
angiopoietin like 1 (ANGPTL1), and thrombopoietin [10]. Moreover, they carry
matrix metalloproteinases (MMPs) that play an important role in angiogenesis by
facilitating endothelial cell migration and by promoting activation of angiogenic
growth factors and other signaling molecules [85]. It has also been shown that the
proangiogenic content of ASC EVs is modulated by the microenvironment, for
example in vitro by the addition of different growth factors [86], or in vivo by
obesity, which reduces their pro-angiogenic potential [87].

EVs were identified as a candidate substitute for stem cells in regenerative
medicine, since they can reduce safety risks, such as de-differentiation,
tumorigenesis, or immune response activation due to cell transplantation [70].
Several studies have explored the regenerative properties of MSC EVs in different
diseases. It was demonstrated that MSC EVs are able to reduce infarct size, to
enhance tissue repair, and to increase angiogenesis in cardiovascular diseases [70].
They promote tubule-epithelial regeneration and reduce tubular cell apoptosis,
fibrosis, and tubular atrophy in a model of acute kidney injury (AKI) [70]. A recent
study has reported that MSC EVs induce functional recovery in AKI through the
transfer of miRNA [88]. MSC EVs have been shown to be effective in a model of renal
ischemia reperfusion injury, with a reduction of cell apoptosis, increased

proliferation and angiogenesis, amelioration of histological lesions [89]. MSC EVs
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can also promote wound healing by inducing proliferation and migration of

fibroblasts and by enhancing angiogenesis, both in vitro [90] and in vivo [91].

Hyperglycemia and endothelial damage
Diabetes mellitus is a metabolic disease spread worldwide with a high and growing
prevalence. It is characterized by a complete deficiency of insulin due to pancreatic
insufficiency (type 1 diabetes) or by insulin resistance in peripheral tissues, with a
reduced glucose uptake rate during insulin exposure (type 2 diabetes).
Hyperglycemia occurs in both kind of diabetes mellitus and is a leading cause of
several functional alterations in vascular endothelium, especially in type 1
diabetes, in which chronic hyperglycemia strongly affects endothelium
homeostasis [92]. A first decrease in the production of vasodilators (i.e. nitric
oxide) and/or an increased production of vasoconstrictors (i.e. endothelin),
together with mitochondrial collapse and the consequent increased generation of
oxygen-derived radicals (ROS), impair endothelium-dependent vasodilation [93].
This cause an increased permeability to macromolecules. Moreover, von
Willebrand factor level rises, leading to increased prethrombotic and procoagulant
activity. E-selectin and vascular cell adhesion molecule 1 (v-CAM1) level rises,
favoring increased adhesion and permeability to leucocytes. The recruitment of
leucocytes promotes inflammation and release of proinflammatory cytokines, such
as tumor necrosis factor (TNF)-q, interleukin (IL)-6, soluble CD40L, soluble ICAM,
soluble E-selectin, soluble lectin-like oxidized low-density lipoprotein receptor-1,
monocyte chemoattractant protein, and high-sensitivity C-reactive protein. Lastly,

extracellular matrix synthesis intensifies, due to the proliferation of vascular
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smooth muscle cells, and the deposition of fibronectin and type IV collagen
fragments increases. Therefore, the accumulation of matrix proteins leads to basal
membrane thickening, [94]. Taken together, these factors end up causing
disruption of the endothelial barriers, impaired vessel wall turnover and abnormal
vascular remodeling [95].

Diabetic microangiopathy affects capillaries and thus damages particularly renal,
retinal, and neuronal capillaries, with consequent nephropathy, retinopathy, and
neuropathy.

Diabetic nephropathy

Diabetic nephropathy is characterized by an abnormal extracellular matrix (ECM)
accumulation within mesangial cells. The activation of the local renin-angiotensin
system triggers an upregulation of TGF-f [95], and proinflammatory and
profibrotic signals from glomerular cells and infiltrating macrophages cause
mesangial expansion. The thickening of the glomerular capillary basal membrane
leads to the impairment of the glomerular filtration barrier with regression of the
cytoplasmic extensions of podocytes. These events lead to albuminuria, which is
the most important early clinical risk factor for diabetic nephropathy. The most
advanced pathological change is the glomerulosclerosis, which derives from the
apoptosis of podocytes and glomerular endothelial cells [96].

The exact pathological mechanisms leading to diabetic microangiopathy are
complex and not completely clear. Even if it is evident that glucose, at least in early
stages, plays a major role in the changes of vessel permeability. The understanding
of these processes may help treatment of the microvessel disease, which affects

many diabetic patients worldwide.
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OBJECTIVES

The aim of the present study was to evaluate the potential protective role of ASCs
and MSC EVs in an in vitro model of microvascular endothelial injury that
recapitulates the chronic hyperglycemic conditions that lead to microvascular
dysregulation in diabetic patients. Moreover, we comparatively analyzed miRNA
and protein content of ASCs and MSC EVs and performed a bioinformatic analysis
in the attempt to identify molecules involved in the observed protective effect of

EVs.
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MATERIALS AND METHODS

Cell Cultures

Human microvascular endothelial cells (HMEC) were obtained through
immortalization of primary human dermal microvascular endothelial cells with
simian virus 40 [97, 98]; the cells were cultured as previously described [99]. HMEC
cultured in normal glucose Endothelial Basal Medium (EBM, Lonza) were used as
control (CTR). Glucose concentration of EBM was 5.6 mM. High glucose- and high
mannitol-EBM were obtained by adjusting EBM to 28 mM of a-D-glucose (Sigma
Aldrich) or 28 mM of mannitol (Sigma Aldrich). Constant hyperglycemic (HG)
model was performed by culturing HMEC in high glucose-EBM for 7 days.
Intermittent hyperglycemic (INT HG) model was performed by culturing HMEC in
48 hr alternated cycles of high glucose-EBM, or high mannitol-EBM as osmotic
control, and normal glucose-EBM, for 7 days.

Human ASCs and MSCs (Lonza) were cultured in Mesenchymal Stem Cell Basal
Medium (MSCBM, Lonza) supplemented with MSC-GM kit (Lonza) and 1%
Antibiotic Antimycotic solution (Sigma-Aldrich) at 37°C in 5% CO2 incubator. ASCs
and MSCs were grown until confluent, and sub-cultured and characterized as

previously described [10]. Cells at passages 4 to 6 were used for the experiments.

Isolation and Characterization of EVs from ASC and MSC

ASCs and MSCs were starved for 16 hours. Supernatants were collected and EVs
were isolated by differential ultracentrifugation as previously described [10]. The

quality of EVs preparation was evaluated on the basis of their morphology and
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expression of exosome markers as follow. Quantification and size distribution of
EVs was performed using NanoSight LM10 (NanoSight Ltd) equipped with
nanoparticle tracking analysis NTA 2.3 analytic software [100]. Transmission
electron microscopy was performed on EVs purified from MSCs and ASCs and

observed through Jeol JEM 1010 electron microscope as previously described [37].

Western Blot Analysis
Cells were lysed at 4°C for 20 minutes in a RIPA lysis buffer supplemented with 1%
PMSF, 1% Protease Inhibitor Cocktail, 1% Phosphatase Inhibitor Cocktail 1,and 1%
Phosphatase Inhibitor Cocktail 3 (Sigma Aldrich). The lysate was centrifuged at
12,000 x g for 20 minutes at 4°C to precipitate and discard cellular debris. The
protein content of the supernatants was measured by Bradford. Aliquots,
containing 30 pg of protein of the cell lysates, were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions and
electroblotted onto nitrocellulose membrane filters. The membranes were blocked
with 5% nonfat milk in 20 mmol/L Tris-HCI, pH 7.5, 500 mmol/L NaCl plus 0.1%
Tween (TBS-T) and immunoblotted overnight at 4°C with the relevant primary
antibodies at the appropriate concentration: CD63, Alix, Actin, VEGF, v-CAM-1
(Santa Cruz Biotechnology), CD9 and Fibronectin (Abcam). After extensive
washings with TBS-T, the blots were incubated for 2 hours at room temperature
with peroxidase-conjugated isotype-specific secondary antibodies (Pierce, Thermo
Fisher Scientific), washed with PBS-T. The protein bands were visualized with
Clarity Western ECL Substrate (Bio-Rad) and ChemiDoc™ XRS+ System (Bio-Rad).

The average density of each band was measured by Quantity One Analysis Software

16



(Bio-Rad), normalized for the average density of the respective actin band. The
mean normalized density of at least 4 experiments is expressed as fold change over

CTR.

Real Time PCR

Total RNA was extracted by TriZol reagent (Life Technologies, Thermo Fisher
Scientific) according to manufacturer’s instructions. cDNA was produced from total
RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Thermo Fisher Scientific). Briefly, 200 ng mRNA, 2 pl RT buffer, 0.8 pul dNTP
mixture, 2 ul RT random primers, 1 ul MultiScribe reverse transcriptase, and 4.2 pl
nuclease-free water were used for each cDNA synthesis. Twenty microliters of RT-
PCR mix, containing 1X SYBR GREEN PCR Master Mix (Applied Biosystems, Thermo
Fisher Scientific), 100 nM of each primer (VEGF or GAPDH), were analyzed using a
48-well StepOne Real Time System (Applied Biosystems, Thermo Fisher Scientific).

Negative cDNA controls (no cDNA) were cycled in parallel with each run.

BrdU Proliferation Assay
HMEC at 5 days of HG or INT HG conditioning were seeded at 2,000 cells/well into
96-well plates with AF in EBM medium (adjusted or not to 28 mM glucose) and left
to adhere. After 4 hr, cell medium was changed with DMEM (Euroclone), adjusted
or not to 28 mM glucose and supplemented with 10% ultra-centrifuged fetal bovine
serum (FBS, Thermo Fisher Scientific). FBS was ultra-centrifuged for 8 hr to
remove EVs. Then, cells were treated with EVs from ASCs or MSCs at the dose of
10,000 EVs/cell. DNA synthesis was detected as incorporation of 5-bromo-2'-

deoxyuridine (BrdU) into the cellular DNA using an ELISA kit (Roche), following the
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manufacturer’s instructions. Optical density was measured with an ELISA reader

(Bio-Rad) at 405 nm.

Annexin V Apoptosis Assay
HMEC at day 5 of hyperglycemic conditioning were plated on 24-well plates at a
density of 2x104 cells/well in EBM medium (adjusted or not to 28 mM glucose) and
left to adhere. Then, cell medium was changed with DMEM (Euroclone), adjusted
or not to 28 mM glucose and supplemented with 10% EV-deprived FBS (Thermo
Fisher Scientific). Cells were treated with EVs from ASCs or MSCs at the dose of 104
EVs/cell. At day 7 of hyperglycemic conditioning, cells were washed with PBS and
harvested with 1% trypsin. Supernatant, PBS used for washing and cells were
collected by centrifugation at 400 x g for 5 min. After removal of the supernatant,
cells were resuspended in 100 ul of DMEM. Then 100 ul of Muse Annexin V & Dead
Cell Kit reagent (Merck-Millipore) was added to each sample, cells were mixed and
incubated at RT for 20 minutes in the dark. Qualitative and quantitative
assessments of apoptosis were conducted with a Muse Cell analyzer (Merck

Millipore).

Oxidative Stress Analysis
HMEC at day 5 of hyperglycemic conditioning were plated on 8-well chamber slides
(Thermo Fisher Scientific) at a density of 104 cells/well with AF in EBM medium
(adjusted or not to 28 mM glucose) and left to adhere. Then, cell medium was
changed with DMEM (Euroclone) adjusted or not to 28 mM glucose and
supplemented with 10% ultra-centrifuged FBS (Thermo Fisher Scientific). Cells

were treated with EVs from ASCs or MSCs at the dose of 104 EVs/cell. At day 7 of
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hyperglycemic conditioning, cells were washed with PBS, fixed with ice-cold
methanol and protein carbonyls generated by oxidative stress were labelled with
2,4-dinitrophenylhydrazine (DNPH) from OxyICC kit (Merck Millipore), according
with manufacturer’s instructions. DNPH was detected by a peroxidase-conjugated
antibody and streptavidin was used as substrate. Nuclei were stained with DAPI.
All reagents were provided by OxyICC kit (Merck Millipore). The immunodetection
was performed by a fluorescent confocal microscope (Zeiss) at 60x magnification.
Fluorescence intensity was measured by Image] 1.49v software (NIH) and
Corrected Total Cell Fluorescence (CTCF) was calculated as previously described

[101, 102].

Matrigel Angiogenesis Assay
Invitro formation of capillary-like structures was studied on growth factor-reduced
Matrigel (Corning). To evaluate the formation of capillary-like structures, HMECs
were washed twice with PBS, detached with 1% trypsin, and seeded (2x10%
cells/well) onto Matrigel-coated wells in DMEM supplemented with 10% ultra-
centrifuged FBS and adjusted or not to 28 mM of glucose, in the presence or absence
of EVs from ASCs or MSCs (104 EVs/cell). After 24 hr, cells were observed with a
Nikon-inverted microscope (10X) and photographed with a Leica-digital camera.
Image analysis was performed automatically with the Angiogenesis Analyzer tool

by Image] 1.49v software (NIH).

MiRNA Array Profile

EVs isolated from three different MSCs and ASCs preparations were analyzed for

their miRNA content by quantitative real time (qRT) PCR using the Applied

19



Biosystems TagMan MicroRNA Assay Human Panel Early Access kit (Life
Technologies), able to profile 754 human mature miRNAs by sequential steps of
reverse transcription (Megaplex RT Pools; Life Technologies) using an Applied
Biosystems 7900H gRT-PCR instrument. Briefly, single stranded cDNA was
generated from total RNA sample (80 ng) by reverse transcription using a mixture
of looped primers (Megaplex RT kit, Life Technologies) following manufacturer’s
protocol. The pre-amplification reaction for each sample was performed using a
TagMan® PreAmp Master Mix 2X (Life Technologies) mixed with specific
Megaplex™ PreAmp Primers (10X) (Life Technologies). Pre-amplified products
were then diluted, loaded in the TagMan MicroRNA Array and qRT-PCR

experiments were performed.

Raw Ct values, automatic baseline and threshold were calculated using the SDS
software version 2.3. Comparison of miRNA expression was conducted using the
Expression Suite software (Life Technologies). Fold change (Rq) in miRNA
expression among the three samples was calculated as 2-2C¢t and data were
normalized using global normalization algorithm [103]. Values of Ct > 35 or Amp

score < 0.7 was excluded from analysis.

Protein Array Profile
Purified EVs from MSCs and ASCs were lysed in 1 ml of 2x Cell Lysis Buffer
(RayBiotech), and aliquots (1 mg of EV protein) were used for RayBio Biotin Label-
based Human Antibody Array 1000 (RayBiotech) that was performed according to
the manufacturer instructions. The array provides detection of 1000 proteins. The

biotin-conjugated antibodies on each membrane served as positive controls. Data
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analysis was conducted after background signal subtraction and normalization to
positive controls (Mean background +4 standard deviations, accuracy = 99%).
Comparison of signal intensities among array images was used to define relative
differences in expression levels of each sample. The arrays were performed in
duplicates, using two different MSC and ASC EVs preparations. Only proteins
detected in both preparations were mentioned as consistently detected. Among
these, only proteins with a normalized signal intensity above the average of all

detected proteins were used for the analysis.

Pathway and Gene Ontology Analysis of EV Content
Target prediction and Kyoto Encyclopedia of Gene and Genomes (KEGG) biological
pathway enrichment analysis for miRNA enriched in MSC and ASC EVs was
performed by FunRich V3 [104] and the web-based program DIANA-mirPath V3
[105], with miRNA targets searched on validated target database TarBase v7.0.
Results were merged by “pathway-union” criteria. The p value was calculated by
DIANA online software with False Discovery Rate (FDR) correction, p value
threshold at 0.05 and MicroT threshold at 0.8. Fisher’s exact test was used as the
enrichment analysis method. For protein class analysis and pathway classification,

Panther classification system was used (http://pantherdb.org/). Gene Ontology

(GO) analysis was conducted using Enrichr online software [106, 107].

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.01 Software.
Proliferation (BrdU), apoptosis (Annexin V), oxidative stress (DNPH), and tube

formation assay (Matrigel) were analyzed using Ordinary One Way Anova test,
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significance was calculated by Fisher’s LSD test. Western Blot data were analyzed
using nonparametric Kruskal-Wallis test. For Real Time PCR data analysis, Excel
software (Microsoft Office 365 ProPlus) was used to calculate ACt, -AACt, and RQ.
Statistical analysis was performed on RQ values by GraphPad Prism 6.01 software
using nonparametric Kruskal-Wallis test. We considered differences to be
statistically significant when p<0.05. At least 4 experiments for each assay were

performed with similar results. Data are expressed as mean + SEM.
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RESULTS

EV characterization

As shown in figure 1, EVs released from ASCs and MSCs showed comparable size
and concentration, as seen by NanoSight. The size was similar also by transmission
electron microscopy, but ASC EVs were less homogeneous then MSC EVs (Fig. 1

inset). By western blot, both EVs expressed the exosome marker CD63.
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Figure 1: Characterization of ASC and MSC EVs.

Representative NanoSight analysis of ASC (A) and MSC (B) EVs showing concentration of
particles (10° EVs/ml) and size (nm). Insets show transmission electron microscopy of EVs
negatively stained with NanoVan. EVs were viewed using a JEOL Jem 1010 electron
microscope (original magnification x75,000, black line= 200 nm). Representative western
blot analysis of EVs purified by differential ultracentrifugation showing the expression of
the exosome marker CD63.
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Hyperglycemic model set-up
In order to test the protective role of stem cell-derived EVs, we set up an in vitro
hyperglycemic model of endothelial injury. We chose to condition cells with a
glucose level comparable to glycemic concentration measurable in diabetic
patients. Cells were conditioned for 7 days in order to mimic a chronic damage.
HMECs were cultured in constant high glucose (HG), or in intermittent high glucose
(INT HG), which mimic glucose peaks occurring in diabetic patients. Figure 2A
shows the experimental condition. HMECs cultured with a normal glucose
concentration were used as control (CTR) and HMECs cultured with constant high
mannitol (HM) concentration were used as osmotic control. HMECs were treated

with EVs at day 5.

As shown in figure 2C and D, differences in the expression of some endothelial
markers were observed after hyperglycemic conditioning. Western blot analysis
showed significantly higher level of fibronectin (Fig. 2C) and v-CAM1 (Fig. 2D)
protein in both HG and INT HG conditions compared to CTR. On the contrary, VEGF
protein level was significantly lower in HMEC in HG and INT HG conditions,
compared to NG condition (Fig. 2E). This was confirmed by Real Time PCR, which
showed a reduction in the transcript of VEGF-A isoform in HG condition and a

significant reduction in INT HG condition, compared to CTR (Fig. 2B).

24



A Glucose conditioning: B VEGF
1.5

NG: 5,6 mM ASC EVs
HG: 28 mM or MSC EVs
INT HG: 28 MM > 5,6 mM > 28mM (10x103 EVs/cell)

x 48h x 48h X 48h

\ ¥ 4sn g
pay Ja)35D 355 )5 5D s>?

Test CTR  HG INTHG

Fibronectin
C D v-CAM 1 E VEGF

2.0- # 2.0 1.5+

#
1.5- T

1.0

-
H*

fold change vs CTR
e
o

fold change vs CTR
; :
fold change vs CTR

0.0-

CTR HG INTHG CTR HG INTHG " CTR HG INTHG

Fibronectin "= === sy v.cam1 L Wl W vEcF

— —
Actin Actin Actin

Figure 2: Set up of in vitro hyperglycemic model of endothelial injury

The scheme summarizes glucose concentration and time points of cell conditioning with
high glucose media for setting up the model and dose and time of EV treatment (A). Real
Time PCR for VEGF transcript in both HG and INT HG conditions is expressed as Relative
Quantification (RQ) on CTR. GAPDH was used as endogenous control (B). Representative
western blot for fibronectin (C), v-CAM1 (D), and VEGF (E) are shown. The intensity of each
band was quantified and normalized for Actin. The mean of n=4 experiments is shown and
expressed as fold change vs CTR. All histograms represent mean + SEM. # p < 0,05 and ##
p<0,01 for HG/INT HG vs CTR.
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EVs counteract hyperglycemia-induced damages on proliferation
and apoptosis

We performed proliferation and apoptosis assays to understand whether high
glucose affects proliferation and survival of endothelial cells and whether ASC and
MSC EVs exert a protective role from high glucose damages. As shown in figure 3,
BrdU incorporation in dividing cells was significantly reduced in both HG (Fig. 3A)
and INT HG (Fig. 3B) conditions, compared to CTR.

After a 48 hr treatment with ASC and MSC EVs, the proliferation was significantly
increased in both HG (Fig. 3A) and INT HG (Fig. 3B) conditions, compared to
untreated HG- or INT HG-conditioned cells. EVs from ASCs were less effective then
MSC EVs (Fig. 3A, B). Proliferation was not affected by HM conditioning.

By Annexin V apoptosis assay, we observed that the percentage of living cells was
significantly reduced in HG condition compared to CTR. EVs showed a protective
effect (Fig. 3C). The percentage of dead cells was also significantly increased in HG
condition, and reduced after EV treatment. EVs from MSCs showed a stronger anti-
apoptotic effect compared to ASC EVs (Fig. 3D). Also in INT HG model, the
percentage of live cells was significantly reduced (Fig. 3E) and the percentage of
dead cells was significantly increased (Fig. 3F). Treatment with both ASC and MSC
EVs significantly reverted INT HG effects (Fig. 3E, F) compared to untreated INT HG
cells. In the INT HG model, the anti-apoptotic potential of the two types of EVs was

comparable.
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Figure 3: Pro-proliferative and anti-apoptotic effects of ASC and MSC EVs

BrdU proliferation assay for HG (A) and INT HG (B) models. Histograms (A, B) shows mean
+ SEM of n=5 experiments expressed as fold change vs CTR. Annexin V apoptosis assay (C-
F) showed the percentage of live cells in HG (C) and INT HG (D) models and also percentage
of dead cells in HG (E) and INT HG (F) models. The boxes in plots (C-F) show 10-90
percentile, whiskers represent min to max value; n=4 experiments were performed for each
data-set. The statistical significance was calculated comparing HG/INT HG vs CTR and
HG/INT HG + EVs vs HG/INT HG.
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EVs counteract hyperglycemia-induced oxidative stress
We evaluated the levels of oxidized proteins in the hyperglycemic model. We
observed that the oxidative stress was remarkably increased in HG (Fig. 4C) and
INT HG (Fig. 4D), but not in HM (Fig. 4B) condition compared to CTR (Fig. 4A). The
quantitative analysis of cell fluorescence intensity (CTCF) confirmed that the
increased protein oxidation was statistically significant in both HG (Fig. 41) and INT
HG (Fig. 4]) conditions. After the treatment with ASC (Fig. 4E, F) and MSC (Fig. 4G,
H) EVs, we observed a significant decrease of the oxidative stress in both
hyperglycemic conditions. The measurement of the mean fluorescence intensity
confirmed that the reduction of oxidized protein after EV treatment was

statistically significant in both HG (Fig. 41) and INT HG (Fig. 4]) models.

28



2.5+ p <0.001
e I
A | I
g o
o 1.5 ' :
Q ' '
o) ' '
S 1.0- | :
S =y=
= o —
<) ——
P j—

Fold change over CTR

Figure 4: Anti-oxidant activity of ASC and MSC EVs

Representative images of immunofluorescent staining of nuclei with DAPI (blue) and
oxidized proteins with 2,4-DNPH (red) of CTR (A), HM (B), HG (C), INT HG (D), HG + ASC
EVs (E), INT HG + ASC EVs (F), HG + MSC EVs (G), INT HG + MSC EVs (H). Scale bars in the
upper-right corner of each photograph indicate 50 um. Pictures were taken by Zeiss
fluorescent confocal microscope at 60x magnification. Histograms show the mean CTCF +
SEM expressed as fold change over CTR for HG (I) and INT HG (J) models. N=4 experiments
were performed for each data set. The statistical significance was calculated comparing
HG/INT HG vs CTR and HG/INT HG + EVs vs HG/INT HG.
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EVs restore angiogenesis after hyperglycemia-induced damage
We investigated the capability of endothelial cells to form capillary-like structures
in high glucose conditions in Matrigel. In fact, HMECs in CTR (Fig. 5A) and HM (Fig.
5B) spontaneously form vessel-like structures. We observed that HMECs in HG (Fig.
5C) and INT HG (Fig. 5D) partially lost this ability. In both HG and INT HG
conditions, total length of capillary-like structures was significantly reduced
compared to CTR, while HM condition was comparable to CTR. As shown in figure
5, the treatment with ASC and MSC EVs significantly increased the number of

vessel-like structures in both HG and INT HG models.
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Figure 5: Pro-angiogenic activity of ASC and MSC EVs

Representative images of capillary-like structures formed by HMECs seeded on Matrigel-
coated plates in different conditions: CTR, HM, HG, INT HG, HG + ASC EVs, INT HG + ASC
EVs, HG + MSC EVs, INT HG + MSC EVs (A). Pictures were taken by a Leica camera installed
on a Nikon inverted microscope at 10x magnification. Histograms show the mean total
length + SEM expressed as fold change over CTR for HG and INT HG models (B). N=4
experiments were performed for each data set. The statistical significance was calculated
comparing HG/INT HG vs CTR and HG/INT HG + EVs vs HG/INT HG.
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ASC and MSC EVs carry a common subset of miRNAs involved in
angiogenesis and cell proliferation

To better understand if the biological effects previously described are due to the
transfer of EV cargo to recipient cells, we performed miRNA and protein array
characterization of ASC and MSC EVs. MiRNA screening was performed by qRT-PCR
array. ASC and MSC EVs shown to carry 174 and 130 miRNAs respectively. The 20
most expressed miRNAs for each type of EVs were matched using Funrich. Seven
miRNAs were present in both EVs (Fig. 6A), as well as three tRNA fragments (miR-
1274a, miR-1274b, and miR-720, data not shown).

The gene enrichment analysis for the biological pathways targeted by the seven
common miRNAs were performed by Funrich. Several biological pathways
involved in regulation of cell proliferation (ErbB, PI3k, TGF-f signaling pathway)
or angiogenesis (PDGF, VEGF, c-MET signaling pathway) and cell migration
(Integrin and E-cadherin signaling) were significantly enriched (Fig. 6B). Then, by
matching the seven miRNAs with the lists of miRNAs involved in KEGG or GO
pathways regulating angiogenesis, cell cycle and apoptosis, we observed that all
miRNAs are listed in one or more pathways (Fig. 6C). Moreover, the biological
process enrichment analysis showed that the miRNAs are mostly involved in signal
transduction, cell communication and cell growth (Fig. 6D). Lastly, KEGG pathway
enrichment analysis performed by miRpath confirmed an enrichment in cell cycle,

TGF-pB, adherens junction and focal adhesion pathways (Fig. 7E).
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Figure 6: Bioinformatic analysis of ASC and MSC EVs common miRNA cargo

(A) The Venn diagram shows Funrich analysis of 17 miRNAs most enriched in ASC (yellow
circle) and MSC (blue circle) EVs and 7 miRNAs expressed by both EVs (intersection) and
used for the enrichment analysis. (B) The bar graph shows Funrich biological pathway
enrichment analysis. X axis reports significantly enriched pathways, y axis reports the
corresponding percentage of target genes (left) and -Logl0(p-value) (right). (C) The
clustergram represents the presence (dark orange) or absence (light orange) of each
miRNA in each KEGG or GO pathway listed on the left. (D) The pie chart represents the
percentage of each biological process (listed on the right), significantly enriched according
to Funrich enrichment analysis. (E) The graph shows KEGG pathway enrichment analysis
by miRpath. The bars represent the number of target genes for each miRNA (x axis) in each
pathway and the respective p value. The legend below shows the color assigned to each
pathway. The p value was calculated with FDR correction and threshold was set as 0.05.
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ASC and MSC EVs carry a common subset of proteins involved in cell

proliferation and apoptosis
Protein screening was performed by biotin label-based antibody array. By
matching 79 proteins abundantly carried by ASC EVs and 62 proteins carried by
MSC EVs, we detected 38 proteins common to both EVs (Fig. 7A). By Funrich
enrichment analysis, we observed that this group of proteins significantly targets
several pathways involved in cell adhesion (integrin, nectin), cell cycle or survival
(PI3K, TGF-B, SMAD2/3), and angiogenesis (EGF receptor, cMET, VEGF) (Fig. 7B).
Panther pathway enrichment analysis showed a significant involvement in TGF-3
and PI3K signaling pathway, as well as interleukin, chemokine and cytokine
signaling pathways (Fig. 7C). TGF-f signaling pathway enrichment was confirmed
by GO biological process analysis performed by Enrichr. In addition, the latter
analysis highlighted the positive regulation of cell proliferation, STAT and SMAD

signaling, cell remodeling, but also the negative regulation of apoptosis (Fig. 7D).
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Figure 7: Bioinformatic analysis of ASC and MSC EV protein cargo
(A) The Venn diagram shows Funrich analysis of proteins most enriched in ASC (yellow
circle) and MSC (blue circle) EVs. 38 proteins were present in both EVs (intersection) and
were used for the enrichment analysis. (B) The bar graph shows Funrich biological pathway
enrichment analysis. X axis reports significantly enriched pathways, y axis reports the
respective percentage of target genes (left) and -Log10(p-value) (right). (C) The pie chart
represents significantly enriched pathway (listed in legend) and the percentage of gene hit
against total number of Pathway hits, according to Panther enrichment analysis. (D) The
graph shows GO biological process enrichment analysis by Enrichr. Bars represent the
combined score (upper x axis) for each biological process (y axis) and the respective
adjusted p value (lower x axis).
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ASC EVs miRNA and protein cargo targets common pathways involved in

angiogenesis, cell motility and cell proliferation
Biological pathway enrichment analysis for miRNA most expressed in ASC EVs, but
not present in MSC EVs, performed by Funrich, showed a statistically significant
enrichment for pathways involved in angiogenesis (EGFR, c-MET, VEGF, PDGF,
ErbB signaling pathways) and cell motility and/or adhesion to ECM (Nectin
adhesion and integrin signaling pathways) (Fig. 8A). The same analysis was
performed for the 41 proteins carried by ASC EVs, but not by MSC EVs.
Interestingly, several pathways involved in angiogenesis and cell adhesion to ECM
targeted by miRNAs were targeted also by proteins (Fig. 8B). KEGG pathway
enrichment analysis for miRNAs performed by miRpath detected pathways
involved in cell motility and adhesion (adherens junction, ECM receptor
interactions, focal adhesion) and cell cycle and survival (cell cycle, TGF-3, Toll-like
receptors signaling) (Fig. 8C). On the other hand, protein pathway analysis by
Panther showed an enrichment in angiogenesis and apoptosis pathways, TGF-3,
FGF, PDGF and Wnt signaling pathways (Fig. 8D). Lastly, GO biological process
enrichment analysis performed by Enrichr detected the negative regulation of
apoptotic process, and the positive regulation of ERK, PI3K, MAPK, JUN, and FGF

pathways, all involved in cell cycle regulation and survival (Fig. 8E).
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Figure 8: Bioinformatic analysis of ASC EV miRNA and protein cargo

Funrich biological pathway enrichment analysis for 9 miRNAs (A) and 41 proteins (B)
exclusively carried by ASC EVs. The bar graphs show significantly enriched pathways (y
axis), the respective percentage of target genes (lower x axis) and -Log10 (p-value) (upper
x axis). (C) The clustergram represents KEGG pathway enriched (high target number=red,
low target number=dark orange) or not (light orange), for each miRNA according to
miRpath analysis. (D) The pie chart displays significantly enriched pathway (listed in
legend), the involved proteins and the p value, according to Panther enrichment analysis.
(E) The clustergram shows GO biological process enriched (red) or not (light orange) for
each protein listed above according to Enrichr analysis.
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MSC EVs miRNA and protein cargo targets common pathways involved in
cell proliferation and endothelial cell migration
MiRNAs, most expressed in MSC EVs but not present in ASC EVs, were analyzed by
Funrich. We observed a statistically significant enrichment for biological pathways
involved in cell proliferation or survival (PI3K, TGF-B pathways), cell motility
and/or adhesion to ECM (nectin, integrin and proteoglycan-syndecan signaling
pathways) and angiogenesis (EGFR, c-MET, VEGF, PDGF, ErbB signaling pathways)
(Fig. 9A). A second analysis performed by miRpath showed an enrichment for KEGG
pathways involved in adhesion and motility (adherens junction, regulation of actin
cytoskeleton, Wnt pathway), cell proliferation (cell cycle, DNA replication, mTOR,
TGF-B, Wnt pathways), energy and metabolism (AMPK, FoxO, mTOR, HIF-1
pathways) (Fig. 9C). On the other hand, we performed the Funrich biological
pathway analysis for the 24 proteins carried exclusively by MSC EVs. We observed
an enrichment for the same pathways involved in cell adhesion and motility
enriched in miRNA analysis (nectin, integrin and proteoglycan-syndecan signaling
pathways), but also in pathways specific for the regulation of endothelial cell
motility (endothelin and S1P1 pathways). Moreover, we observed a significant
enrichment in pathways involved in angiogenesis and cell cycle (VEGF, PDGF, EGF,
HIF-1 signaling, PI3K/AKT and mTOR pathways) (Fig. 9B). Panther pathway
analysis confirmed the association with angiogenesis (angiogenesis, EGFR and
PDGF pathways) and adhesion (cadherin and integrin signaling), as well as energy
metabolism (fructose metabolism and glycolysis) and inflammation processes
(Fig.9D). GO biological process analysis by Enrichr confirmed the positive

involvement in cell proliferation, positive regulation of cell migration, ECM
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interactions, angiogenesis-related pathways (VEGF, PDGF, EGF, c-MET signaling),

tyrosine-kinase signaling and inflammation (Fig. 9E).
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Figure 9: Bioinformatic analysis of MSC EV miRNA and protein cargo

Funrich biological pathway enrichment analysis for 9 miRNAs (A) and 24 proteins (B)

exclusively carried by MSC EVs. The bar graphs show significantly enriched pathways (y

axis), the respective percentage of target genes (lower x axis) and -Log10 (p-value) (upper

x axis). (C) The clustergram represents KEGG pathway enriched, for each miRNA according

to miRpath analysis. The color legend shows the respective number of targets for each color.

(D) The pie chart displays significantly enriched pathway (listed in legend), and the

percentage of gene hit against total number of Pathway hits, according to Panther

enrichment analysis. (E) The clustergram shows GO biological process enriched (red) or

not (pink) for each protein listed above, according to Enrichr analysis.



DISCUSSION

Chronic hyperglycemia can alter endothelial homeostasis and is a leading cause of
endothelial disruption at the basis of several vascular injuries occurring in diabetes.
The aim of our work was to test whether the known regenerative properties of
stem cell-derived EVs were applicable in reverting endothelial damages induced by
chronic hyperglycemia. Thus, we conditioned endothelial cells with a glucose
concentration comparable to that measurable in diabetic patients. Cells were
treated for 7 days, in order to mimic a chronic damage. At day 7 of HG or INT HG
conditioning, we observed a statistically significant increase of fibronectin and v-
CAM1 proteins. Fibronectin is a glycoprotein of the extracellular matrix that binds
to integrins and plays a major role in cell adhesion, growth, migration, and wound
healing. Increased fibronectin expression is associated with fibrosis and
endothelial inflammation [108]. v-CAM1 is a vascular cell adhesion protein that
mediates the adhesion of lymphocytes, monocytes, eosinophils and basophils to
vascular endothelium. Upregulation of v-CAM1 in endothelial cells is associated to
the development of atherosclerosis and endothelial inflammation [109]. Therefore,
the upregulation of these proteins indicates that both HG and INT HG conditionings
induced an inflammatory phenotype on endothelial cells. Moreover, we observed a
statistically significant reduction of VEGF at both transcriptional and protein levels.
VEGF is a signal protein that stimulates vasculogenesis and angiogenesis. Evidence
shows that VEGF is downregulated in endothelial cells in hyperglycemic conditions
and this stimulates cell apoptosis [110]. Moreover, VEGF reduction may lead to

reduced vessel-structure formation ability and increased apoptosis. This confirms
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that both HG and INT HG models were able to damage endothelial cells and were
suitable in vitro models of hyperglycemic injury.

Then we observed that each hyperglycemic model induced both a reduction of the
proliferation ability and an increase in the percentage of dead cells, in parallel to a
reduction in the percentage of live cells. ASC and MSC EVs showed to antagonize
high glucose effects on endothelial cells by promoting proliferation and inhibiting
cells death.

Another sign of cells injury induced by high glucose is the oxidative stress, with the
formation of free radicals leading to protein oxidation. Thus, we evaluated the
levels of oxidized proteins in the hyperglycemic model before and after EV
treatment. ASC and MSC EVs showed to promote a statistically significant reduction
of oxidized proteins, whose levels were increased in hyperglycemic conditions.
Consistent with our previous data [111], the present results suggest that EVs may
play an anti-oxidant role.

Moreover, we observed that ASC and MSC EVs were able to restore the tube
formation ability that was lost in HG and INT HG conditions. This confirms previous
observations [72, 10] that ASC and MSC EVs have pro-angiogenic properties.
Finally, it is well known that EVs exert their biological effects by transferring their
cargo to recipient cells [8, 7, 15, 57-61]. Therefore, we analyzed miRNA and protein
cargo of ASC and MSC EVs and performed a bioinformatic analysis to better
understand whether they carry molecules that can mediate the observed protective
effects. Among miRNAs highly expressed by ASC and MSC EVs, we found seven that
were present in both EV type. Biological, KEGG and GO pathway enrichment

analysis showed a statistically significant enrichment for pathways involved in cell
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cycle and proliferation, cell adhesion to ECM and angiogenesis, as well as apoptosis.
The analysis of protein cargo revealed that ASC and MSC EVs shared 38 proteins.
Interestingly, this group of proteins showed a significant enrichment in the same
pathways previously observed in miRNA analysis. In addition, an enrichment in
intracellular signaling pathways involved in signal transduction and regulation of
cell survival and proliferation (STAT, SMAD, MAPK cascade) and cell motility were
observed. These results suggest that ASC and MSC EVs may share some pro-
proliferative, anti-apoptotic and pro-angiogenic effects because they carry a
common subset of miRNAs and proteins which may provide a synergic effect by
targeting common pathways.

Moreover, the bioinformatic analysis was performed on miRNAs and proteins
exclusively carried by ASC EVs (Fig. 8) or by MSC EVs (Fig. 9). Also in this case, we
observed that both miRNA and protein cargo of both EVs significantly target
common pathways related to angiogenesis, cell cycle and motility. Furthermore,
the analysis performed with different software based on different databases
confirmed the enrichment in the same or functionally overlapping pathways. In
addition, MSC EVs miRNA and protein cargo showed to target HIF-1 signaling
pathways, which can be involved in angiogenesis, but also in response to oxidative
stress. Interestingly, MSC EV protein cargo showed to target cell metabolism-
related pathways, such as glycolysis and fructose galactose metabolism, which may
be altered in hyperglycemic conditions. By comparing results of GO biological
process enrichment analysis of protein cargo specifically enriched in ASC or MSC
EVs, ASC EVs cargo seems to regulate mainly intracellular signal-transduction

cascade, while MSC EVs seem to regulate signal transduction at a tyrosine kinase
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receptor level. However, all processes seem to lead to the same final effects of
positive regulation of proliferation and negative regulation of apoptosis. In
addition, the regulation of pathways involved in cell-adhesion or cell-ECM
interaction may promote cell motility and cytoskeleton remodeling, which is
essential for vessel formation and remodeling.

Both shared protein cargo and MSC EVs-enriched proteins showed a significant
correlation with modulation of inflammatory response. This is not surprising, since
several reports about the immunomodulatory effect of MSC EVs has been provided
over years [112].

Furthermore, the analysis of the molecular content of EVs is consistent with
previous findings that MSC and ASC EVs contain several pro-angiogenic factors [10,

72,74-76,85-87] and miRNAs [82-84, 113].
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CONCLUSIONS

In conclusion, our work shows that ASC and MSC EVs both exert regenerative
effects in a hyperglycemic model that mimics in vitro microangiopathy conditions
occurring in diabetic patients. EVs promote endothelial proliferation and survival
contrasting hyperglycemia-induced injury. In addition, by inhibiting oxidation of
endothelial proteins and by promoting angiogenesis, EVs may reduce the pro-
inflammatory effect of hyperglycemia [95, 108-110] and the impaired angiogenesis
[94]. Moreover, the concordant results of bioinformatic analysis confirm that
several miRNAs and proteins carried by ASC and MSC EVs can be responsible for
the pro-angiogenic, anti-apoptotic and pro-proliferative effects observed in vitro.
Moreover, the analysis provides novel information about the specific signaling
pathways that may be targeted by EVs, even if an experimental validation should

be performed to confirm the results.
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