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Abstract

Extracellular vesicles (EVs) are a heterogeneous group of natural particles with relevance for the
treatment of cardiovascular diseases. The endogenous properties of these vesicles allow them to
survive in the extracellular space, bypass biological barriers and deliver their biologically active
molecular cargo to recipient cells. Moreover, EVs can be engineered to enhance their stability,
bioactivity, presentation and capacity for on target binding at both cell type and tissue levels. The
therapeutic potential of native (i.e., EVs that were not modified via donor cell or direct modulation)
and engineered (i.e. EVs that were modified either pre- or post-isolation or whose
pharmacokinetics/presentation was altered using engineering methodologies EVs is still limitedly
explored in the context of cardiovascular diseases. Efforts to tap into the therapeutic potential of EV's
will require innovative approaches and a comprehensive integration of knowledge gathered from
decades of molecular compound delivery. In this review, we outline the endogenous properties of
EVs that make them natural delivery agents as well as those features that can be improved using
bioengineering approaches. We also discuss the therapeutic applications of native and engineered
EVs for cardiovascular applications and examine the opportunities and challenges that need to be

addressed to advance this research area with an emphasis on clinical translation.
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Key points

EVs secreted from stem/progenitor cells as well as differentiated somatic cells have
regenerative properties in the context of myocardial infarction, ischemic limb, chronic

wounds and stroke.

Despite the advantage of native EVs as delivery agents, their applicability in the
cardiovascular context is hindered by intrinsic limitations, such as their undefined and

heterogenous nature and limited tropism.

Targeting, bioactivity, kinetics and biodistribution of EVs may be improved by engineering
approaches using both pre- and post-isolation methodologies to functionalize and/or otherwise

enrich EVs.

Enhancing EVs is key to unlock their clinical potential for cardiovascular applications.
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1-Introduction

Cardiovascular diseases have been the most prevalent cause of death and morbidity in the
world for decades despite numerous breakthroughs and the discovery of novel therapies'. In the last
20 years, several therapeutic interventions have been initiated, including cell-based therapies;
however, poor survival and/or engraftment of transplanted cells in the ischemic milieu of the cardiac
tissue limited their clinical efficacy’. Mechanistically, the functional improvements observed with
cell therapies are poorly understood; however, several pieces of experimental data indicate that they
may act by paracrine action, mediated by the release of extracellular vesicles (EVs) and/or other
factors™*. Therefore, more recently, interest has been placed in cell-free therapies, in particular, those
based in EVs, obviating the need of transplanting large number of cells whilst having a better-defined
and less expensive product.

EVs are lipid bilayer-enclosed extracellular structures’ secreted by virtually all cell types
known, and include two major classes, namely exosomes and microvesicles’. Exosomes (30-150 nm),
intraluminal vesicles formed via invagination of the membrane of multivesicular endosomes (MVEs),
are released into the extracellular space upon fusion of MVEs with the cell membrane. Microvesicles
(MVs) (50-1000 nm), a very heterogeneous class of EVs, are characterized by their origin and
secretion via outward budding of the plasma membrane. Given the complexity involved in identifying
their biogenesis, the size of the vesicles is the most widely used parameter to distinguish both types
and, on that basis, we either have small EVs (SEVs) or medium/large EVs (m/IEVs)”®. In this review,
EVs represent sEV-enriched samples (many studies are not conclusive relatively to the biogenic
origin of EVs), being the exception MV examples which are clearly defined in the text.

EVs carry proteins, RNAs and/or microRNAs (miRNAs), among other molecules, and they
act as vehicles in cell-to-cell communication’. A large body of evidence suggests that EVs are
involved in many physiological and pathological cardiovascular processes, including the regulation

of angiogenesis'"'!, blood pressure'>"?, cardiomyocyte hypertrophy'* and apoptosis/survival>!" and
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cardiac fibrosis'®. Given their ubiquitous presence in body fluids, EVs have been used as potential
biomarkers of cardiovascular diseases'’. Moreover, because EVs are an important component of the
paracrine effect of stem cell-based therapies®, they are candidates as a standalone therapy in the
context of cardiovascular diseases. Pioneering work from the group of Lim suggested the therapeutic
potential of EVs in protecting the heart from ischemic injury™. Shortly after, the group of Sahoo
unravelled the pro-angiogenic potential of EVs in the setting of limb ischemia'®. Ever since, a number
of pre-clinical studies have reported the advantages of EVs for cardiovascular regeneration and

protection*'

. Yet, several challenges need to be addressed before clinical translation of these
therapies including (i) the development of platforms to monitor EVs (both the membrane and the
cargo) in vivo to determine and optimize the EV dosage regimen, the route of administration, the
biodistribution, potential toxicity, immunogenicity as well tumorigenesis, (ii) the characterization of
EV cargo in order to use well-defined EV formulations and (iii) the development of strategies to
modify the membrane of EVs in order to improve their accumulation in specific organs and tissues.
To overcome these limitations, researchers developed pre- and/or post-isolation techniques capable
of modulating the intrinsic properties of native EVs and modified their surface to enhance their
targeting efficiency and track them in vivo. The hypothesis of this review is that the modulation of
EVs by engineering approaches may unlock their clinical potential for cardiovascular applications.
In this review, we cover initially the EV biophysical properties (e.g., size, charge, membrane
composition and cargo content). This will be followed by the presentation of the therapeutic potential
of native EVs for cardiovascular applications. Then, we describe engineering strategies to modulate
the content of EVs in order to favourably alter their bioactivity, biodistribution, delivery, targeting

and intracellular trafficking. Finally, we present the studies performed using engineered EVs as

cardiac therapies and discuss how this area can move forward.
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2-EV properties
The biophysical properties of EVs are briefly described below. These properties may be

modified using engineering tools, a topic that is covered in section 4. EV biogenesis is not covered

. . . . . . 2526
in this review and readers are referred to recent reviews related to this topic™".

2.1-EV size

EV size is one of the parameters adopted to categorize EVs”®. Typically, exosomes are smaller
(30-150 nm in diameter) than microvesicles and their size distribution more uniform. EV size is
critical for their study and application due to most of the protocols used for isolation and
characterization relying on EV density and/or diameter’’. Moreover, EV size, precluded by their
biogenic pathway, correlates with EV composition, as does the cell line of origin®®. Finally, the
efficiency in tissue biodistribution, cell internalization and intracellular trafficking of EVs are size-

32 Indeed, it has been shown that upon systemic administration, large and/or aggregated

dependent
vesicles (>200 nm) may be trapped in the lung, liver and spleen, taken up by macrophages or unable
to extravasate and interact with non-vascular cells and tissues™~’. Additionally, aggregation renders
EVs less spherical, which may decrease their margination and extravasation from circulation®'. For
example, it has been shown that the vasculature has enhanced permeability after ischemic injury;
however, only small-size particles (<200 nm) cross the endothelial barrier>.

At a cellular level, particles with different sizes may elicit different uptake mechanisms. For
example, particles with a diameter smaller than 100 nm may be taken up via clathrin- or caveolae-

3 Therefore, larger

mediated endocytosis, while larger complexes may require macropinocytosis
aggregates are more likely to be directed towards lysosomal degradation or membrane recycling™,
while smaller vesicles may exhibit higher rates of effective intracellular delivery. In the cardiac
setting, particularly for EVs administered systemically, this is of utmost importance as EVs are

required to extravasate successfully to the cardiac tissue and then be efficiently taken up by the

relevant cell types.
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2.2-EV charge
Another important property of EVs is their surface charge. As part of EV membrane
composition comes from the plasma membrane (being the remaining from other organelles including

25,36

Golgi complex)™°, which is rich in phosphate groups, a global negative charge is the norm for EVs,
just as in cells. However, the charge is also highly dependent on the sugar composition of the plasma
membrane which is highly dependent in the expression level of sialyltransferase in the endoplasmic
reticulum and Golgi apparatus®’. Changes in surface charge can be used to infer stability of EVs in
suspension, as low absolute values are thought to be typical of EVs more prone to aggregation due to
lessened repulsion. This, however, must be balanced with the fact that closer to neutral nanoparticles
are more stable in circulation, compared with highly charged ones®. Both EV size and surface charge
are crucial in specifying the mechanism of interaction between the EV and a host of potential ligands,
as well as their uptake by target cells®. Finally, the presence of contaminants (e.g. protein or lipid
aggregates) in an EV sample may affect multiple functions and parameters. Given the heterogeneity
in surface charge of these contaminants, aggregates may be formed between them and EVs.
Therefore, proper purification protocols must be ensured. This, however, is aside from the scope of

this review, and we direct the reader to other excellent papers on the matter***.

2.3-EV membrane composition

Exosome membranes have higher content of cholesterol than donor cell membranes**, making
them less susceptible to the permeation of small solutes. In addition, exosome membranes contain
higher levels of phosphatidylserine, glycosphingolipids and sphingomyelin and lower levels of
phosphatidylcholine than the corresponding donor cells**. Moreover, exosomes have low protein to
lipid ratios compared with, for example, microvesicles™. Indeed, high cholesterol and sphingolipid
43-45

content makes exosomes more resistant to detergents and high temperatures than microvesicles

Aside from their lipidic composition, exosomes are decorated with proteins and sugars which, on one
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hand, contribute to exosome charge and maintenance of membrane structure and, on the other hand,
mediate the interactions of exosomes with the target cells>. For example, tetraspanins are a class of
membrane proteins abundantly present, in clusters, in exosomes and some of them, namely CD63,
CD9 and CD&8]1, are considered general exosome markers. Functionally, tetraspanins are involved in
membrane fusion and cellular adhesion, and, as such, play a key role in exosome internalization.
Other classes of proteins, such as chemokine receptors (e.g. CXC chemokine receptor type 4)*,

7% and proteoglycans (e.g. heparan sulfate)’’, have been shown to play a role in

adhesion molecules
mediating EV interactions with the cell surface. When these protein and sugar-based components
were deleted or masked, EV internalization’' as well as EV biodistribution was affected**>>. EVs
have their transmembrane proteins in an identical topology to that of the secreting cell, conferring

them a degree of cellular identity and possible tropism'®>*,

2.4-EV lumen
From late 1990s, it has been proposed that EVs act as important players in intercellular

communication, particularly in the context of immune responses and cancer’>~°

. This concept was
further confirmed in 2007, after the discovery that exosomes contain microRNAs (miRNAs), as well
as other types of RNAs, and can transfer their content to target cells ultimately affecting their
activity’. Recent studies using high-resolution density gradient fractionation and direct
immunoaffinity analyses further dissected EV composition®”. EVs contain different proteins and
RNAs in the lumen, including long and small non-coding RNAs, transfer RNA and ribosomal
RNA*"° Exosomes do not contain DNA, although it may be present in larger EVs or present in
exosome-enriched samples due to the co-precipitation with histones’’. Proteins, on the other hand,
may be sorted into EVs via post-translational modifications, such as ubiquitination® and

glycosylation®' and these pathways can be hijacked in order to specifically target proteins onto EVs.

Upon studying the interaction networks that can be functionally established between EV proteins, the
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intravesicular protein content has been proposed as an organized ‘“nanocosmos” and not cellular

62
scraps .

3-Native EVs for cardiovascular applications

The first study describing the use of EVs as a potential therapeutic intervention for
cardiovascular diseases was published in 2010°°. In early 2000s, several groups have shown that upon
MI, transplantation of different cell types, including mesenchymal stem cells (MSCs)* and
hematopoietic progenitor/stem cells (CD34" cells)*, improved heart repair. A few years later, it was

shown that the positive effects of those stem/progenitor cells were mediated not by direct contribution

65,66 10,20

of the engrafted cells but by paracrine factors™ ™", in particular EVs ™" secreted by the surviving cells

(Box 1). Since these pioneer studies, several groups have demonstrated the regenerative properties of

67-70 71,72

EVs secreted from stem/progenitor cells as well as differentiated somatic cells’ *'“ in the context

. . g . 1 . .
of MI®*"%7 ischemic limb®’, chronic wounds’', among others. While there are several studies on

75,76

. . . 74 . .
cardiovascular diseases such as atherosclerosis’* and stroke’’®, most research with EV's has pertained

to ischemic heart disease and MI.

EVs with cardiovascular efficacy have been isolated from different cell sources such as

15,21,68-70,84-88

MSCs’"™®, putative cardiac progenitor cells , cells differentiated from pluripotent stem

20,72,89-93 71,94-96

cells and differentiated somatic cells . The impact of allogenic EVs has been evaluated

. . 69,79.81,8 0,78,85,86,88 . 21,84 . 78,82,97 . . 121,68-
in mice®™ "7 rats”®78 89808 and pigs*'**, through intravenous and intramyocardial

70.77.80.81.83.8486.85 5 dministration. The EV dosage regimen was highly variable as between 30 to 1300
ug’® and 4 to 4000 pg®** of EVs per kg of animal have been tested for rats (300 g was assumed as
the weight of a rat) and mice (25 g was assumed for the weight of a mouse), respectively. Given the

fact that EVs are less immunogenic than their cellular counterparts (with the possible exception of

exosomes released from dendritic cells’™), it is not surprising to see several studies where EVs isolated
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from human cells have been tested into non-immunosuppressed animals such as mice™ ", rats
and pigs®'.

EV tracking studies indicate that the intramyocardial delivery of EVs yields higher EV
retention in the heart than intracoronary or intravenous administration routes®'. The pre-clinical data
collected so far indicate that EVs, regardless of their origin, may improve the ejection fraction (EF)

(up to 1.3-fold increase'>’"**"

relatively to non-treated group) and reduce infarct size (up to 3-
fold”*"**% decrease relatively to non-treated group). The therapeutic effect of EVs and donor cells
has been evaluated/discussed and the results collected until now indicate that EVs are as effective as
the donor cells in the context of MI*"**,

The therapeutic role of EVs in recipient cells has been mostly ascribed to the delivery of
proteins and/or non-coding RNAs, in particular miRNAs. For example, the cardiovascular protective
role of exosomes has been attributed to miRNA-19a-3p10°, miRNA-217""°, miRNA-24'°, miRNA-
22", miRNA-29a'®, miRNA-143", miRNA-146%, miRNA-181b*, miRNA-210”’, miRNA-222",
miRNA-294-3p”, mir-126", among others. Some of the miRNAs have been identified in previous
studies of cell-based therapies (e.g. miRNA-19, miRNA-21, miRNA-24, miRNA-210)""" to be
relevant for cardiovascular repair while others are novel. Another important component of EVs, also
associated with their bioactivity, are proteins such as platelet-derived growth factor D’® and
pregnancy-associated plasma protein-A'”. Some of these proteins are at the EV surface and therefore,
do not need to be delivered to the cytoplasm of the acceptor cell. For example, pregnancy-associated
plasma protein A (also known as pappalysin-1) is a protein highly expressed in exosomes of cardiac-
resident progenitor cells". It has been shown that this protein mediates the cardioprotection and
angiogenesis of cardiac-resident progenitor cell-derived EVs by cleaving the insulin-like growth
factor binding protein-4 in insulin-like growth factor-1 which, in turn, activates the insulin growth

factor receptor, ultimately leading to the phosphorylation of Akt and ERK1/2 and subsequently to

decreased caspase activation and reduced cardiomyocyte apoptosis. In other cases, the proteins are in

10
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the lumen of EVs and need to reach the acceptor’s cell cytoplasm to elicit a biological affect. For
example, EVs secreted by stem/progenitor cells in mice under systemic inflammation conditions

contain integrin-linked kinase that activate the NF-kB pathway'"*

. The knockdown of integrin-linked
kinase in inflamed exosomes attenuated their inflammatory response and enhanced the endothelial
progenitor cell-derived exosome therapeutic activity in ischemic heart.

The mechanisms triggered by EVs depend on the source of EVs (as well as their content) and

include: (i) an improvement in cardiomyocyte and endothelial cell survival*"****>!® by the

regulation of autophagy'™, activation of pro-survival signalling pathways (e.g. Akt, ERK, toll-like

95,105 85,106

receptors) and a decrease in oxidative stress’’, (ii) modulation of the inflammatory response
by influencing immune cell polarization (i.e. inducing a more reparative state rather than an
inflammatory state)®* and cytokine secretion®® as well as increasing the activation of CD4-postive T

94 .- . 21 . . .
cells™ (iii) a decrease in scar content’’ and (iv) enhancement of angiogenesis'""'*

. For example,
cardiosphere-derived EVs improved heart function in a mouse model of MI via miR-146, decreasing
apoptosis and inflammatory response and increasing cardiomyocyte proliferation and angiogenesis®’.
It has also been shown that extracellular matrix-derived EVs carry miR-199a-3p, which, by regulating
GATA-binding 4 acetylation, were able to rescue electric function in engineered and in vivo atria'®.

The above-mentioned studies underscore the potential of native EVs for cardiovascular
therapy. However, their clinical potential has not been met yet and important limitations must be
overcome before their establishment as an effective therapeutic tool (Fig. 1). These limitations may

be surpassed by enhancing native EV using bioengineering approaches, as detailed in the following

sections.

4-Engineering the EVs

Despite the therapeutic efficacy of native EVs to treat cardiovascular diseases, in recent years,
technologies have been developed to modulate EV and thus to enhance their bioactivity, stability,

targeting and presentation (by the development of EV-delivery systems) to the cardiovascular system

11
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(Fig. 2). In the subsequent sections, we explore how EVs may be enhanced or modified and used for

the treatment of cardiovascular diseases.

4.1-Tracking the EVs
Methods to track EVs in vivo and follow their biodistribution are very important to fully

47,54,71,110,111

. . . . . 112
evaluate their cardiovascular therapeutic potential. Fluorescence , luminescence °,

113

positron-emission tomography (PET)/magnetic resonance imaging (MRI) ~ and single-photon

emission computed tomography (SPECT)''*!'"° imaging techniques have been used to monitor in vivo

113,114

EVs. In most of the cases, the EVs were isolated and modified with chemical ligands . In few

cases, the EV-secreting cells were genetically modified to express a reporter. For example, human

embryonic kidney 293T cells were engineered to express in their membrane a Gaussian luciferase

112

fused to a biotin receptor domain “. The EVs could be monitored either in vitro or in vivo by

luminescence or fluorescence (by the interaction with fluorescent streptavidin). Although
fluorescence and luminescence imaging techniques are easy to operate and available in most
laboratories, they do not offer high sensitivity and absolute quantification. In contrast, the methods
that rely in PET/MRI or SPCET/computed tomography offer higher sensitivity and absolute
quantification while allowing the acquisition of images with anatomical details. In general, the
intravenous administration of labelled EVs (without any further modification besides the labelling)

isolated from different cell sources indicate that less than 10% of the injected EVs accumulate into

54,112-115

the non-injured heart . Yet, the accumulation of EVs in the heart is influenced by the delivery

route, concentration of EVs and the identity of the EV-secreting cell**''*'!*,

4.2-Modulation of EVs bioactivity

4.2.1-EV-secreting cell modulation

EV-secreting cells may be modulated by two different procedures: (i) by culturing them in

. ser -,.80,88,96 . 1,96 - . 116 3
stress-induced conditions (e.g. hypoxia®*®**° serum starvation’"?®, inflammation''®) and (ii) by

12
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. . . . . . 23,117,118
transfecting them with exogenous compounds, such as nucleic acids, especially miRNAs>»''"!1¥,

miRNA antagonists''’, Y-RNA®, plasmid DNA”"*!**!2! and small molecules'' to enhance their
bioactivity (Table 1). For example, EVs collected from cardiac progenitor cells cultured under
hypoxia conditions increased the capacity of cardiac endothelial cells to form tube-like structures in
vitro, reduced the expression of pro-fibrotic genes in cardiac fibroblasts cultured in vitro and
improved function of the infarcted heart (in the acute phase, increased the fractional shortening from
30.6% to 36.4% and in the chronic phase increased from 27.6% to 34.2%) as compared to EVs
collected from cells cultured under normoxia conditions™. The effect was mediated by several
miRNAs including miRNA-292, miRNA-210, miRNA-103, miRNA-17, miRNA-199a, miRNA-20a
and miRNA-15b. The modulation of EV-secreting cells might also be achieved by changing their
culture medium. For example, EVs collected from adipose-derived stem cells (ADSC) cultured in
endothelial differentiation medium showed an increase in miRNA-31 and the resulting EVs enhanced
endothelial cell migration, tube formation and aortic ring outgrowth compared to EVs collected from

ADSC grown in normal medium and thus not-enriched for miRNA-31'%

. Finally, as an example of
EVs collected from cells that were modulated by external agents, EVs collected from mesenchymal
stem cells transfected with miRNA-181a increased the pro-reparative state of peripheral blood
mononuclear cells and, upon administration in infarcted mice hearts, the miR-181a enriched EVs
increased EF (12% relatively to the baseline)™.

Several cellular platforms have been developed for customizable enrichment of EVs with
specific proteins'*® and RNAs'>*'* of interest; however, these platforms were not yet evaluated for
cardiovascular applications. In addition, very few studies took advantage of the cellular machinery to

engineer EV's with specific epitopes able to target the heart'*.

4.2.2-Post-isolation methods

13
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Hijacking the cellular machinery to produce modulated EVs has the advantage of preserving
the biophysical properties of EVs relatively intact, but also has drawbacks, namely overexpressing a
given molecule in a cell may have unforeseen consequences for its biology, ultimately interfering
with EV biogenesis. Modulation strategies based on post-isolation modification of EVs may be an
alternative for effective control of EV loading, targeting, and delivery, regardless of their cell of
origin. However, post-isolation methods may mask or impair endogenous EV properties and
ultimately compromise EV bioactivity.

127-129

Membrane-permeabilizing strategies, such as electroporation (for both nucleic acids and

130y " heat-shock or freeze-thaw procedures'>"*'*2, detergent treatment>® and sonication'>
b b 9

drugs
developed over the past decades to load cells with exogenous material, have been readily applied to
the EV field with a varied degree of success. Additional strategies exploited the hydrophobicity of

134135 and the modification

EV membranes in order to passively load compounds of interest into them
of the molecule of interest with cholesterol**'*”. Recent work focused on the use of well-defined
chemical formulations, some of which commercially available, designed with the specific purpose of

transfecting EVs directly*'*

. Thus far, these studies reported loading efficiencies up to 70% but
the impact on the biophysical properties of EVs and the exact mechanism of action remains to be
elucidated.

Several EV formulations have been enriched using transfection agents or membrane-
permeabilizing strategies and evaluated in the context of cardiovascular applications to decrease
cardiac fibrosis, modulate the inflammatory response and to increase angiogenesis (Table 1). For
example, miRNA-21-5p has a critical role in the development of fibrosis after MI, regulating several
gene targets including SMAD family member 7 (Smad7), sprout RTK signalling antagonist 1 and

phosphatase and tensin homolog (PTEN)'*!

. Human peripheral blood-derived EVs enriched for miR-
21 inhibitors reduced fibrosis in a mouse model of MI as compared to non-modified EVs. In a separate

example, EVs collected from cardiosphere-derived cells and enriched for miRNA-322 using

14
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electroporation, reduced the infarcted area and fibrosis, and increased angiogenesis in a mouse model

of MI as compared to non-modified EVs'*

. Together, these studies demonstrate the possibility to
enrich EVs after their isolation and thus increase their bioactivity as compared to the non-modified

EVs.

4.3-Modulation of EV biodistribution and targeting

Upon systemic administration of EVs in animal models, they are quickly cleared or trapped
in the liver, spleen and lungs'**, with the EV half-life (minutes range), inherently dependent on the
identity of the EV-secreting cell''**. EV biodistribution is influenced by multiple factors, including
the delivery route and dosage™. It is possible that EVs retained in several organs induce a systemic
anti-inflammatory effect improving the regenerative capacity of the cardiovascular system, as already
observed with cell-based therapies®. However, studies clearly indicate that increased EV efficacy is
related with EV retention at the lesion area®'. Therefore, in the last years, several strategies have been
developed to control EV biodistribution and targeting to specific organs and tissues. One strategy to
maximize the uptake is to increase EV stability in circulation and therefore, improve the likelihood
of an interaction between the EVs and the cells/tissues to be targeted. Modifying EVs with
polyethylene glycol (PEG), a strategy previously used for liposomes'*®, enhanced their circulation
time* and reduced their uptake by nonspecific cells. Another strategy relies on the modification of

22HOILI2TIAT-ISL 1ot are able to interact with

EV membrane with specific proteins'*® or peptides
specific cellular receptors or extracellular matrix components expressed in the cardiovascular system
(Table 2). Although it is known that tetraspanins present in EV membranes have preferential binding
to specific cell lineages (e.g. Tspn8 binds to a4 and B4 integrin chains that are expressed by

endothelial cells'>

) these might not be enough for selective and effective organ or tissue targeting.
In the case of heart diseases, the intramyocardial administration of EVs has been reported in

pre-clinical studies; however, this route of administration is not always clinically desirable because

15
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it involves a catheterization procedure, unless delivery is planned during cardiac surgeries' . The
intravenous administration of EVs is a much simpler procedure and allows repeated applications;
however, it is more prone to off-targeted binding, increasing the potential for unwanted effects.
Moreover, the poor accumulation of EVs into the cardiac tissue (due to poor extravasation and lack
of efficient and specific epitopes for recognition) remains an important barrier. Engineered EVs can
eventually overcome these obstacles and deliver their therapeutic cargo into the injured heart. Two
approaches have been used to modify the surface of EVs for targeting the heart. In one, the EV-
secreting cell is genetically modified to express a peptide which is then incorporated in the membrane

148-150

of the secreted EVs . For example, EV-secreting cells were genetically modified with a lentivirus

construct expressing a membrane protein (Lamp2b) fused with ischemic myocardium-targeting
peptide CSTSMLKAC'*®. Although no absolute quantification was provided for the accumulation of
EVs in the heart, the fluorescence imaging results indicate a higher accumulation of the peptide-

modified EVs relatively to EVs without surface modification. As an alternative, many laboratories

22,110

adopted the surface modification of EVs by chemical approaches , mainly by following two

strategies: (i) physical incorporation of lipids modified with proteins (e.g. streptavidin)'*® or

peptides'*’ into the membrane of the EVs and (ii) chemical incorporation of linkers to functional

1 22,110

groups (carboxylic''' or amine groups) present at the surface of EVs to which peptides are

subsequently reacted by a copper-free click chemistry. These reactions can be performed in aqueous
solutions, are rapid, selective and very efficient as compared to conventional bioconjugation schemes.
In both strategies, the epitopes selected for targeting ischemic regions or a given cell type of interest
were: (i) a cyclic RGD peptide with high affinity to integrin avB3 highly expressed in brain

22,126,147,148

endothelial cells after an ischemic event''’, (ii) an ischemia-targeting peptide and (iii) a

cardiomyocyte-specific peptide'*’

. According to one study, introduction of approximately 263 copies
of the targeting peptide per exosome has been achieved''’. Although in many reports, no absolute

quantification of EV accumulation was performed, the results showed that the peptide-modifications
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22,147-150
, and

can increase the EVs tropism to ischemic regions, including the brain''® or the heart
induce a higher therapeutic effect’>'*’. For example, the EF of mice hearts after MI, treated with EV's
modified with a myocardium-targeting peptide was approximately 46% while in mice treated with
scramble peptide-modified EVs was approximately 38%>*. Similar improvements were reported by

Othersl47,l48

. Both genetic modification of the EV-secreting cell and surface modification of EVs by
chemical approaches have pros and cons. The genetic approach may allow for a more standardized
product which is desirable to address regulatory expectations. However, this strategy has several
limitations including (i) changes in the biological activity of the EV as a consequence of the genetic
manipulation and (ii) difficulty to control the density of the targeting epitope in the surface of EVs as
well as to control their glycosylation state. The chemical approach may offer an effective control of
EV surface modification both in content (e.g. to include non-natural aminoacids to prevent peptide
degradation) and density (number of epitopes per surface area of EV) of the targeting epitope,

regardless of their cell of origin. The chemical approach may be performed during the purification

steps of EVs and thus amenable for clinical translation.

4.4-Modulation of EV uptake and intracellular trafficking
The internalization and intracellular trafficking of EVs can be studied using fluorescence

154,155

imaging techniques and labelled EVs . The cellular internalization of EV's seems to be influenced

?15% and the endocytic capacity of the

by both the interaction between EVs and the cell membrane
acceptor cell’'*. Internalization of EVs may be mediated either by non-specific interactions,
particularly endocytic processes such as macropinocytosis and micropinocytosis’', or by specific
interactions, such as receptor-dependent pathways (in the case of peptide-modified EVs, see section
above). Little is known about the differences in the endocytic capacity of the cells, the impact of those

EV surface modifications in the intracellular trafficking and which EV surface modifications may

improve endolysosomal escape. Yet, these issues are critical because a large proportion of
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internalized EVs are processed in the endolysosomal pathway and ultimately degraded in the
lysosome®""*". Indeed, approximately 60% of internalized EVs colocalize with lysosomes after 48 h
of contact'™.

Strategies have been proposed to enhance the endolysosomal escape of EVs. In one case, EVs
have been coated with a combination of cationic lipids and pH-sensitive fusogenic peptides which
enhanced the disruption of the endolysosomal membrane leading to the efficient cytosolic release of

158

the EV cargo ™. In another case, EVs have been coated with arginine-rich cell-penetrating peptides

to induce active micropinocytosis and a more efficient release of EVs to the cell cytoplasm'>*'.

4.5-Modulation of EV delivery

Local administration of EVs at the injured site has been shown to increase the chance of cell
targeting and uptake by the cells of interest. In some cases, EVs are washed out or taken up by non-
relevant neighbouring cells. Interestingly, differential uptake of EVs by different cell types in an
ischemic hind limb has been reported®’. Local accumulation of EVs after few hours following
intramyocardial, intramuscular or topical administration in an infarcted pig heart*', an ischemic limb
tissue®’ or in a mouse would healing model”’, respectively, has also been demonstrated. Several
biomaterial-based strategies have been developed to engineer EV presentation by sustained the

163,164

1L161,162 _1..:
drhtettez. alginate ,

release of EVs in the injured site including hydrogels based in hyaluronic aci

105160 " ¢ollagen’ and amphiphilic peptides'®” (Table 3). Selection of hydrogel composition

chitosan
took in consideration its biomedical history, degradation, in situ jellification profile, mechanical and
release properties. The EVs were incorporated in the hydrogels by several means. In the first case,
EVs were mixed with a polymer solution without involving the reaction of both
entities’>'1 102164166167 “The solution was then injected in the tissue of interest and physically or

chemically crosslinked in a few minutes retaining the EVs within the polymeric structure. In the

second case, the EVs were mixed with a polymer solution for formation of a polymer-EV conjugate
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and initiate the chemical crosslinking process’'. Then, the solution was administered in the tissue of
interest for further crosslinking and formation of a hydrogel. In the third case, the EVs were physically
incorporated in the hydrogel after its polymerization'®®. In this case the hydrogel was already formed
and the pores were large enough to allow the diffusion of EVs within the polymeric structure. It has
been demonstrated that a 7 mm hydrogel patch could retain up to 3x10'° EVs and released the EVs
for more than 7 days after implantation in the heart’>. The hydrogel-releasing EVs significantly
improved the activity of injured tissues relatively to EVs administered without a sustained release
system. For example, in two similar studies, the EF of infarcted rat hearts treated with a hydrogel
patch containing EVs was 40%'> and 25% higher than control'®'. Importantly, the kinetics of EV
release from the hydrogel seems to play an important role in their therapeutic effect’’. For example,
the slow release of EVs from hydrogels implanted in skin mouse wounds was not as effective as the

coordinated release of EVs during skin regenerative process using remotely triggerable hydrogels’'.

5-Conclusions and perspectives
In the last decade, significant progress was made in understanding the biology of EVs as well
as their application in the cardiovascular arena. We now have a better understanding of the

28,57

composition of EVs™~", the role of EVs in the communication between cells of the same or different

tissues in the body14,17,47,96

and how the content of EVs secreted by stem/progenitor cells or other
cardiac populations is affected by disease'”'”. Regarding EV applicability, substantial advances have
been made in the: (i) therapeutic effect of EVs in pre-clinical models of several cardiovascular
diseases such as MI*"*, skin wound healing’"'®, hindlimb ischemia® and stroke''’, (ii) how the
therapeutic effect of EVs compares to the one obtained from the transplantation of stem/progenitor

cells®-1o!

and (iii) how to enhance the therapeutic effect of EVs by increasing the stability and
targeting to a specific location, by enriching their therapeutic content, by improving their

internalization and intracellular trafficking and controlling their spatial and temporal release from
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within biomaterials (Fig. 3). As consequence of these progresses, there are 2 observational and 2
interventional clinical trials actively running. In the observational clinical studies, changes in
epicardial fat-contained EVs in patients with atrial fibrillation (NCT03478410) and the miRNA
expression profile in peripheral blood exosomes of patients with MI (NCT04127591) will be
investigated. In the interventional clinical studies, the therapeutic effect of exosomes on cutaneous
wound healing (NCT02565264) and in patients with acute ischemic stroke (NCT03384433) will be
evaluated.

Further translation of EVs as potential therapies will require further advances in the
implementation of good practices related to EV separation and characterization, which implies the
use of guidelines to track and organize data on EV separation and characterization, reference materials
for normalization or calibration and inter-laboratory validation and reproducibility studies'®. Some

7170 Tn addition,

of these guidelines have been introduced in the last years by the scientific community
further technological progresses will be needed to overcome the challenges related to the purification
and characterization of EVs*™’. For further clinical translation of EVs in the cardiovascular area,
standard EV sources are needed to obtain EVs for therapeutic efficacy. EVs may be harvested from
autologous (i.e. donor biologic fluids or harvested cells) or exogenous sources (i.e. allogeneic
biological fluids or cell lines). Autologous EVs have the advantage of immuno-compatibility;
however, these EVs cannot be harvested on demand, may have reduced/unpredictable bioactivity
based on, for example, existing comorbidities and/or age of the donor and are much harder to
standardize as a clinical product. EVs produced from an exogenous source have the advantage of
being easier to standardize and store in larger quantities. Additionally, they may be standardized for
any given application and modified either by pre- or post-isolation modifications. However, for
clinical translation, further progresses are needed to optimize the administration route and the dosage

regimen. A clinical study in a human has shown that 10'°-10"" EVs was an effective therapeutic

dosage to treat one patient with graft-versus-host disease, with multiple administrations of increasing
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amounts ' . This dose was estimated based on therapeutic dosages of transplanted MSCs for similar

purposes (~107-10° MSCs); however, other studies indicate that clinical application of EVs may

require > 10'* particles per dose' ">

. High concentrations of EVs will require the use of bioreactors for
cell culture. For example, the culture of 10° MSCs for 2 weeks can generate approximately 10'* EV
particles' .

Overall, targeting technologies that increase EV accumulation in the cardiovascular system
and thus decreasing the required dosage, and strategies to enrich EV content for specific biomolecules
may be the key to unlocking their use in the clinical setting. This may be ensured by coupling tracking
technologies, in order to mechanistically understand the biodistribution of EVs. Moreover, loading
of EVs with exogenous molecules and controlling their in vivo delivery kinetics opens a number of
opportunities to enhance EV bioactivity. Ultimately, engineered EVs represent a promising

translational cell-free, robust and customizable platform to improve the outcomes in cardiovascular

diseases.

6-Acknowledgments

This work was supported by FCT (SFRH/SFRH/BD/129317/2017); QREN-COMPETE funding
(Project “NeuroAtlantic”, Ref: EAPA 791/2018, which is co-funded by Program Interreg Atlantic
Space through European fund for Regional Development; Programa Operacional Competividade e
Internacionalizacao (POCI) na sua componente FEDER e pelo or¢amento da Fundagao para a Ciéncia
e a Tecnologia na sua componente OE (Project “Exo-Heart”: POCI-01-0145-FEDER-029919) and
EC project ERAatUC (Ref:669088). British Heart Foundation (BHF): Programme grant; personal
Chair awards (RG/15/5/31446, CH/15/1/31199) and BHF Centre of Vascular Regeneration to CE;
Dutch Heart Foundation grant (NHS2015T066) to PCM; PCM, CE and LF are members of the EEU

COST Action CardioRNA CA17129. This work was also supported by grants from National Institute

21



494

495

496

497

498

499

500

501

502

503

504

505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

of Health (NIH), USA HL140469, HL124187, HL148786, NYSTEM C32562GG and Transatlantic

Foundation Leducq funding to SS.

7-Author contributions
All authors contributed equally to all aspects of the article (researching data for article, substantial

contribution to discussion of content, writing, review/editing of manuscript before submission).

8-Conflicts of Interest

The authors declare no competing interests.

9-References

1. Roth, G.A., et al. Global, Regional, and National Burden of Cardiovascular Diseases for 10 Causes,
1990 to 2015. J Am Coll Cardiol 70, 1-25 (2017).

2. Passier, R., van Laake, L.W. & Mummery, C.L. Stem-cell-based therapy and lessons from the heart.
Nature 453, 322-329 (2008).

3. Vagnozzi, R.J., et al. An acute immune response underlies the benefit of cardiac stem cell therapy.
Nature 577, 405-409 (2020).

4. Wysoczynski, M., Khan, A. & Bolli, R. New Paradigms in Cell Therapy: Repeated Dosing,
Intravenous Delivery, Immunomodulatory Actions, and New Cell Types. Circ Res 123, 138-158 (2018).

5. Gyorgy, B., et al. Membrane vesicles, current state-of-the-art: emerging role of extracellular vesicles.
Cell Mol Life Sci 68, 2667-2688 (2011).

6. Deatherage, B.L. & Cookson, B.T. Membrane vesicle release in bacteria, eukaryotes, and archaea: a
conserved yet underappreciated aspect of microbial life. Infect Immun 80, 1948-1957 (2012).

7. Thery, C., et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a
position statement of the International Society for Extracellular Vesicles and update of the MISEV2014
guidelines. J Extracell Vesicles 7, 1535750 (2018).

8. Witwer, K.W. & Thery, C. Extracellular vesicles or exosomes? On primacy, precision, and popularity
influencing a choice of nomenclature. J Extracell Vesicles 8, 1648167 (2019).

9. Valadi, H., et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol 9, 654-659 (2007).

10. Sahoo, S., ef al. Exosomes from human CD34(+) stem cells mediate their proangiogenic paracrine
activity. Circ Res 109, 724-728 (2011).

11. Beltrami, C., et al. Human Pericardial Fluid Contains Exosomes Enriched with Cardiovascular-
Expressed MicroRNAs and Promotes Therapeutic Angiogenesis. Mol Ther 25, 679-693 (2017).

12. Rautou, P.E., ef al. Abnormal plasma microparticles impair vasoconstrictor responses in patients with
cirrhosis. Gastroenterology 143, 166-176 e166 (2012).

13. Pironti, G., et al. Circulating Exosomes Induced by Cardiac Pressure Overload Contain Functional
Angiotensin II Type 1 Receptors. Circulation 131, 2120-2130 (2015).

14. Bang, C., et al. Cardiac fibroblast-derived microRNA passenger strand-enriched exosomes mediate
cardiomyocyte hypertrophy. J Clin Invest 124, 2136-2146 (2014).

22



534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

15. Barile, L., et al. Cardioprotection by cardiac progenitor cell-secreted exosomes: role of pregnancy-
associated plasma protein-A. Cardiovasc Res 114, 992-1005 (2018).

16. Minghua, W., et al. Plasma exosomes induced by remote ischaemic preconditioning attenuate
myocardial ischaemia/reperfusion injury by transferring miR-24. Cell Death Dis 9, 320 (2018).

17. Qiao, L., et al. microRNA-21-5p dysregulation in exosomes derived from heart failure patients impairs
regenerative potential. J Clin Invest 129, 2237-2250 (2019).

18. Yamaguchi, T., ef al. Repeated remote ischemic conditioning attenuates left ventricular remodeling

via exosome-mediated intercellular communication on chronic heart failure after myocardial infarction. /nt J
Cardiol 178, 239-246 (2015).

19. Jansen, F., Nickenig, G. & Werner, N. Extracellular Vesicles in Cardiovascular Disease: Potential
Applications in Diagnosis, Prognosis, and Epidemiology. Circ Res 120, 1649-1657 (2017).

20. Lai, R.C., et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell
Res 4,214-222 (2010).

21. Gallet, R., et al. Exosomes secreted by cardiosphere-derived cells reduce scarring, attenuate adverse
remodelling, and improve function in acute and chronic porcine myocardial infarction. Eur Heart J 38, 201-
211 (2017).

22. Zhu, L.P., et al. Hypoxia-elicited mesenchymal stem cell-derived exosomes facilitates cardiac repair
through miR-125b-mediated prevention of cell death in myocardial infarction. Theranostics 8, 6163-6177
(2018).

23. Wei, Z., et al. miRNA-181a over-expression in mesenchymal stem cell-derived exosomes influenced
inflammatory response after myocardial ischemia-reperfusion injury. Life Sci 232, 116632 (2019).
24. Giricz, Z., et al. Cardioprotection by remote ischemic preconditioning of the rat heart is mediated by

extracellular vesicles. J Mol Cell Cardiol 68, 75-78 (2014).

25. van Niel, G., D'Angelo, G. & Raposo, G. Shedding light on the cell biology of extracellular vesicles.
Nat Rev Mol Cell Biol 19, 213-228 (2018).

26. Mathieu, M., Martin-Jaular, L., Lavieu, G. & Thery, C. Specificities of secretion and uptake of
exosomes and other extracellular vesicles for cell-to-cell communication. Nat Cell Biol 21, 9-17 (2019).

27. Thery, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from
cell culture supernatants and biological fluids. Curr Protoc Cell Biol Chapter 3, Unit 3 22 (2006).
28. Zhang, H., et al. ldentification of distinct nanoparticles and subsets of extracellular vesicles by

asymmetric flow field-flow fractionation. Nat Cell Biol 20, 332-343 (2018).

29. Nordin, J.Z., et al. Ultrafiltration with size-exclusion liquid chromatography for high yield isolation
of extracellular vesicles preserving intact biophysical and functional properties. Nanomedicine 11, 879-883
(2015).

30. Blanco, E., Shen, H. & Ferrari, M. Principles of nanoparticle design for overcoming biological barriers
to drug delivery. Nat Biotechnol 33, 941-951 (2015).

31. Toy, R., Hayden, E., Shoup, C., Baskaran, H. & Karathanasis, E. The effects of particle size, density
and shape on margination of nanoparticles in microcirculation. Nanotechnology 22, 115101 (2011).

32. Lim, J.P. & Gleeson, P.A. Macropinocytosis: an endocytic pathway for internalising large gulps.
Immunol Cell Biol 89, 836-843 (2011).

33. Kim, J., Cao, L., Shvartsman, D., Silva, E.A. & Mooney, D.J. Targeted Delivery of Nanoparticles to
Ischemic Muscle for Imaging and Therapeutic Angiogenesis. Nano Letters 11, 694-700 (2011).

34, Costa Verdera, H., Gitz-Francois, J.J., Schiffelers, R.M. & Vader, P. Cellular uptake of extracellular
vesicles is mediated by clathrin-independent endocytosis and macropinocytosis. J Control Release 266, 100-
108 (2017).

35. Conner, S.D. & Schmid, S.L. Regulated portals of entry into the cell. Nature 422, 37-44 (2003).

36. Klumperman, J. & Raposo, G. The complex ultrastructure of the endolysosomal system. Cold Spring
Harb Perspect Biol 6, 016857 (2014).

37. Akagi, T., Kato, K., Hanamura, N., Kobayashi, M. & Ichiki, T. Evaluation of desialylation effcet on
zeta potential extracellular vesicles secreted from human prostate cancer cells by on-chip micropillary
electrophoresis. Jpn. J. Appl. Phy. 53(2014).

38. Yao, C., et al. Highly biocompatible zwitterionic phospholipids coated upconversion nanoparticles for
efficient bioimaging. Anal Chem 86, 9749-9757 (2014).

23



587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641

39. Ayala, V., Herrera, A.P., Latorre-Esteves, M., Torres-Lugo, M. & Rinaldi, C. Effect of surface charge
on the colloidal stability and in vitro uptake of carboxymethyl dextran-coated iron oxide nanoparticles. J
Nanopart Res 15, 1874 (2013).

40. Van Deun, J., et al. The impact of disparate isolation methods for extracellular vesicles on downstream
RNA profiling. J Extracell Vesicles 3(2014).

41. Ramirez, M.I., et al. Technical challenges of working with extracellular vesicles. Nanoscale 10, 881-
906 (2018).

42. Skotland, T., Sandvig, K. & Llorente, A. Lipids in exosomes: Current knowledge and the way forward.
Prog Lipid Res 66, 30-41 (2017).

43. Osteikoetxea, X., et al. Improved characterization of EV preparations based on protein to lipid ratio
and lipid properties. PLoS One 10, 0121184 (2015).

44. Osteikoetxea, X., et al. Differential detergent sensitivity of extracellular vesicle subpopulations. Org
Biomol Chem 13, 9775-9782 (2015).

45. Kooijmans, S.A.A., et al. PEGylated and targeted extracellular vesicles display enhanced cell
specificity and circulation time. J Control Release 224, 77-85 (2016).

46. Vinas, J.L., ef al. Receptor-Ligand Interaction Mediates Targeting of Endothelial Colony Forming
Cell-derived Exosomes to the Kidney after Ischemic Injury. Sci Rep 8, 16320 (2018).

47. Verweij, F.J.,, et al. Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo.
Dev Cell 48, 573-589 €574 (2019).

48. Sung, B.H., Ketova, T., Hoshino, D., Zijlstra, A. & Weaver, A.M. Directional cell movement through
tissues is controlled by exosome secretion. Nat Commun 6, 7164 (2015).

49. Del Conde, 1., Shrimpton, C.N., Thiagarajan, P. & Lopez, J.A. Tissue-factor-bearing microvesicles
arise from lipid rafts and fuse with activated platelets to initiate coagulation. Blood 106, 1604-1611 (2005).
50. Christianson, H.C., Svensson, K.J., van Kuppevelt, T.H., Li, J.P. & Belting, M. Cancer cell exosomes
depend on cell-surface heparan sulfate proteoglycans for their internalization and functional activity. Proc Nat!
Acad Sci U S 4110, 17380-17385 (2013).

51. Mulcahy, L.A., Pink, R.C. & Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J
Extracell Vesicles 3(2014).

52. Charoenviriyakul, C., Takahashi, Y., Morishita, M., Nishikawa, M. & Takakura, Y. Role of
Extracellular Vesicle Surface Proteins in the Pharmacokinetics of Extracellular Vesicles. Mol Pharm 15, 1073-
1080 (2018).

53. Royo, F., Cossio, U., Ruiz de Angulo, A., Llop, J. & Falcon-Perez, J.M. Modification of the
glycosylation of extracellular vesicles alters their biodistribution in mice. Nanoscale 11, 1531-1537 (2019).
54. Wiklander, O.P., et al. Extracellular vesicle in vivo biodistribution is determined by cell source, route
of administration and targeting. J Extracell Vesicles 4,26316 (2015).

55. Raposo, G., et al. B lymphocytes secrete antigen-presenting vesicles. J Exp Med 183, 1161-1172
(1996).

56. Wolfers, J., et al. Tumor-derived exosomes are a source of shared tumor rejection antigens for CTL
cross-priming. Nat Med 7, 297-303 (2001).

57. Jeppesen, D.K., ef al. Reassessment of Exosome Composition. Cell 177, 428-445 €418 (2019).

58. Willms, E., et al. Cells release subpopulations of exosomes with distinct molecular and biological
properties. Sci Rep 6, 22519 (2016).

59. Kowal, J., et al. Proteomic comparison defines novel markers to characterize heterogeneous
populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A 113, E968-977 (2016).

60. Ageta, H., et al. UBL3 modification influences protein sorting to small extracellular vesicles. Nat
Commun 9, 3936 (2018).

61. Liang, Y., et al. Complex N-linked glycans serve as a determinant for exosome/microvesicle cargo

recruitment. J Biol Chem 289, 32526-32537 (2014).
62. Choi, D.S., Kim, D.K., Kim, Y.K. & Gho, Y.S. Proteomics of extracellular vesicles: Exosomes and
ectosomes. Mass Spectrom Rev 34, 474-490 (2015).

63. Mangi, A.A., et al. Mesenchymal stem cells modified with Akt prevent remodeling and restore
performance of infarcted hearts. Nat Med 9, 1195-1201 (2003).
64. Kawamoto, A., et al. CD34-positive cells exhibit increased potency and safety for therapeutic

neovascularization after myocardial infarction compared with total mononuclear cells. Circulation 114, 2163-
2169 (2006).

24



642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

65. Timmers, L., et al. Reduction of myocardial infarct size by human mesenchymal stem cell conditioned
medium. Stem Cell Res 1, 129-137 (2007).
66. Gnecchi, M., et al. Paracrine action accounts for marked protection of ischemic heart by Akt-modified

mesenchymal stem cells. Nat Med 11, 367-368 (2005).
67. Mathiyalagan, P., et al. Angiogenic Mechanisms of Human CD34(+) Stem Cell Exosomes in the
Repair of Ischemic Hindlimb. Circ Res 120, 1466-1476 (2017).

68. Barile, L., et al. Extracellular vesicles from human cardiac progenitor cells inhibit cardiomyocyte
apoptosis and improve cardiac function after myocardial infarction. Cardiovasc Res 103, 530-541 (2014).
69. Ibrahim, A.G., Cheng, K. & Marban, E. Exosomes as critical agents of cardiac regeneration triggered

by cell therapy. Stem Cell Reports 2, 606-619 (2014).

70. Agarwal, U., et al. Experimental, Systems, and Computational Approaches to Understanding the
MicroRNA-Mediated Reparative Potential of Cardiac Progenitor Cell-Derived Exosomes From Pediatric
Patients. Circ Res 120, 701-712 (2017).

71. Henriques-Antunes, H., et al. The Kinetics of Small Extracellular Vesicle Delivery Impacts Skin
Tissue Regeneration. ACS Nano 13, 8694-8707 (2019).

72. Liu, B., et al. Cardiac recovery via extended cell-free delivery of extracellular vesicles secreted by
cardiomyocytes derived from induced pluripotent stem cells. Nat Biomed Eng 2, 293-303 (2018).

73. Saha, P., et al. Circulating exosomes derived from transplanted progenitor cells aid the functional
recovery of ischemic myocardium. Sci Transl Med 11(2019).

74. Chen, L., et al. Exosomal IncRNA GASS regulates the apoptosis of macrophages and vascular
endothelial cells in atherosclerosis. PLoS One 12, e0185406 (2017).

75. Lapchak, P.A., Boitano, P.D., de Couto, G. & Marban, E. Intravenous xenogeneic human
cardiosphere-derived cell extracellular vesicles (exosomes) improves behavioral function in small-clot
embolized rabbits. Exp Neurol 307, 109-117 (2018).

76. Yang, J., Zhang, X., Chen, X., Wang, L. & Yang, G. Exosome Mediated Delivery of miR-124
Promotes Neurogenesis after Ischemia. Mol Ther Nucleic Acids 7, 278-287 (2017).

77. Yu, B., et al. Exosomes secreted from GATA-4 overexpressing mesenchymal stem cells serve as a
reservoir of anti-apoptotic microRNAs for cardioprotection. Int J Cardiol 182, 349-360 (2015).

78. Ma, J., et al. Exosomes Derived from Akt-Modified Human Umbilical Cord Mesenchymal Stem Cells
Improve Cardiac Regeneration and Promote Angiogenesis via Activating Platelet-Derived Growth Factor D.
Stem Cells Transl Med 6, 51-59 (2017).

79. Luther, K.M., ef al. Exosomal miR-21a-5p mediates cardioprotection by mesenchymal stem cells. J
Mol Cell Cardiol 119, 125-137 (2018).
80. Bian, S., et al. Extracellular vesicles derived from human bone marrow mesenchymal stem cells

promote angiogenesis in a rat myocardial infarction model. J Mol Med (Berl) 92, 387-397 (2014).

81. Feng, Y., Huang, W., Wani, M., Yu, X. & Ashraf, M. Ischemic preconditioning potentiates the
protective effect of stem cells through secretion of exosomes by targeting Mecp2 via miR-22. PLoS One 9,
e88685 (2014).

82. Zhao, Y., et al. Exosomes Derived from Human Umbilical Cord Mesenchymal Stem Cells Relieve
Acute Myocardial Ischemic Injury. Stem Cells Int 2015, 761643 (2015).
83. Teng, X., et al. Mesenchymal Stem Cell-Derived Exosomes Improve the Microenvironment of

Infarcted Myocardium Contributing to Angiogenesis and Anti-Inflammation. Cell Physiol Biochem 37, 2415-
2424 (2015).

84. de Couto, G. et al Exosomal MicroRNA Transfer Into Macrophages Mediates Cellular
Postconditioning. Circulation 136, 200-214 (2017).

85. Cambier, L., et al. Y RNA fragment in extracellular vesicles confers cardioprotection via modulation
of IL-10 expression and secretion. EMBO Mol Med 9, 337-352 (2017).

86. Sharma, S., et al. A Deep Proteome Analysis Identifies the Complete Secretome as the Functional
Unit of Human Cardiac Progenitor Cells. Circ Res 120, 816-834 (2017).

87. Kervadec, A., et al. Cardiovascular progenitor-derived extracellular vesicles recapitulate the beneficial
effects of their parent cells in the treatment of chronic heart failure. J Heart Lung Transplant 35, 795-807
(2016).

88. Gray, W.D., et al. Identification of therapeutic covariant microRNA clusters in hypoxia-treated cardiac
progenitor cell exosomes using systems biology. Circ Res 116, 255-263 (2015).

25



696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750

89. Adamiak, M., ef al. Induced Pluripotent Stem Cell (iPSC)-Derived Extracellular Vesicles Are Safer
and More Effective for Cardiac Repair Than iPSCs. Circ Res 122, 296-309 (2018).

90. Wang, Y., et al. Exosomes/microvesicles from induced pluripotent stem cells deliver cardioprotective
miRNAs and prevent cardiomyocyte apoptosis in the ischemic myocardium. /nt J Cardiol 192, 61-69 (2015).
91. El Harane, N., et al. Acellular therapeutic approach for heart failure: in vitro production of
extracellular vesicles from human cardiovascular progenitors. Eur Heart J 39, 1835-1847 (2018).

92. Arslan, F., et al. Mesenchymal stem cell-derived exosomes increase ATP levels, decrease oxidative
stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse remodeling after
myocardial ischemia/reperfusion injury. Stem Cell Res 10, 301-312 (2013).

93. Khan, M., et al. Embryonic stem cell-derived exosomes promote endogenous repair mechanisms and
enhance cardiac function following myocardial infarction. Circ Res 117, 52-64 (2015).

94, Liu, H., et al. Exosomes derived from dendritic cells improve cardiac function via activation of
CD4(+) T lymphocytes after myocardial infarction. J Mol Cell Cardiol 91, 123-133 (2016).

95. Vicencio, J.M., et al. Plasma exosomes protect the myocardium from ischemia-reperfusion injury. J
Am Coll Cardiol 65, 1525-1536 (2015).

96. Ribeiro-Rodrigues, T.M., et al. Exosomes secreted by cardiomyocytes subjected to ischaemia promote
cardiac angiogenesis. Cardiovasc Res 113, 1338-1350 (2017).

97. Rogers, R.G., et al. Disease-modifying bioactivity of intravenous cardiosphere-derived cells and
exosomes in mdx mice. JCI Insight 4(2019).

98. Pitt, J.M., ef al. Dendritic cell-derived exosomes as immunotherapies in the fight against cancer. J
Immunol 193, 1006-1011 (2014).

99. Aminzadeh, M.A.,, ef al. Exosome-Mediated Benefits of Cell Therapy in Mouse and Human Models
of Duchenne Muscular Dystrophy. Stem Cell Reports 10, 942-955 (2018).

100.  Gollmann-Tepekoylu, C., et al. miR-19a-3p containing exosomes improve function of ischemic
myocardium upon shock wave therapy. Cardiovasc Res (2019).

101.  Boon, R.A. & Dimmeler, S. MicroRNAs in myocardial infarction. Nat Rev Cardiol 12, 135-142
(2015).

102.  Yue, Y. et al. Interleukin-10 Deficiency Alters Endothelial Progenitor Cell -Derived Exosome
Reparative Effect on Myocardial Repair via Integrin-Linked Kinase Enrichment. Circ Res (2019).

103.  Middleton, R.C., et al. Newt cells secrete extracellular vesicles with therapeutic bioactivity in
mammalian cardiomyocytes. J Extracell Vesicles 7, 1456888 (2018).

104.  Yang, Y., ef al. Exosomal transfer of miR-30a between cardiomyocytes regulates autophagy after
hypoxia. J Mol Med (Berl) 94, 711-724 (2016).

105.  Davidson, S.M., et al. Endothelial cells release cardioprotective exosomes that may contribute to
ischaemic preconditioning. Sci Rep 8, 15885 (2018).

106.  Loyer, X., et al. Intra-Cardiac Release of Extracellular Vesicles Shapes Inflammation Following
Myocardial Infarction. Circ Res 123, 100-106 (2018).

107.  Zhang, H.C., et al. Microvesicles derived from human umbilical cord mesenchymal stem cells
stimulated by hypoxia promote angiogenesis both in vitro and in vivo. Stem Cells Dev 21, 3289-3297 (2012).
108.  Timmers, L., et al. Human mesenchymal stem cell-conditioned medium improves cardiac function
following myocardial infarction. Stem Cell Res 6,206-214 (2011).

109.  Aday, S., et al. Synthetic microparticles conjugated with VEGF 165 improve the survival of endothelial
progenitor cells via microRNA-17 inhibition. Nat Commun 8, 747 (2017).

110.  Tian, T., et al. Surface functionalized exosomes as targeted drug delivery vehicles for cerebral
ischemia therapy. Biomaterials 150, 137-149 (2018).

111.  Hwang, D., ef al. Chemical modulation of bioengineered exosomes for tissue-specific biodistribution.
Advanced Therapeutics 2, 8 (2019).

112.  Lai, C.P,, et al. Dynamic biodistribution of extracellular vesicles in vivo using a multimodal imaging
reporter. ACS Nano 8, 483-494 (2014).

113.  Banerjee, A., et al. A positron-emission tomography (PET)/magnetic resonance imaging (MRI)
platform to track in vivo small extracellular vesicles. Nanoscale 11, 13243-13248 (2019).

114. Hwang, D.W., et al. Noninvasive imaging of radiolabeled exosome-mimetic nanovesicle using
(99m)Tc-HMPAO. Sci Rep 5, 15636 (2015).

115. Varga, Z., et al. Radiolabeling of Extracellular Vesicles with (99m)Tc for Quantitative In Vivo
Imaging Studies. Cancer Biother Radiopharm 31, 168-173 (2016).

26



751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805

116.  Zhang, Y., ef al. Secreted monocytic miR-150 enhances targeted endothelial cell migration. Mol Cell
39, 133-144 (2010).

117.  Guduric-Fuchs, J., et al. Selective extracellular vesicle-mediated export of an overlapping set of
microRNAs from multiple cell types. BMC Genomics 13,357 (2012).

118.  Shao, L., et al. Knockout of beta-2 microglobulin enhances cardiac repair by modulating exosome
imprinting and inhibiting stem cell-induced immune rejection. Cell Mol Life Sci (2019).

119.  van Balkom, B.W., et al. Endothelial cells require miR-214 to secrete exosomes that suppress
senescence and induce angiogenesis in human and mouse endothelial cells. Blood 121, 3997-4006, S3991-
3915 (2013).

120. Kanada, M., et al. Differential fates of biomolecules delivered to target cells via extracellular vesicles.
Proc Natl Acad Sci U S A 112, E1433-1442 (2015).

121.  Ibrahim, A.G.E., et al. Augmenting canonical Wnt signalling in therapeutically inert cells converts
them into therapeutically potent exosome factories. Nat Biomed Eng 3, 695-705 (2019).

122.  Kang, T., et al. Adipose-Derived Stem Cells Induce Angiogenesis via Microvesicle Transport of
miRNA-31. Stem Cells Transl Med 5, 440-450 (2016).

123.  Yim, N., et al. Exosome engineering for efficient intracellular delivery of soluble proteins using
optically reversible protein-protein interaction module. Nat Commun 7, 12277 (2016).

124. Kojima, R., et al. Designer exosomes produced by implanted cells intracerebrally deliver therapeutic
cargo for Parkinson's disease treatment. Nat Commun 9, 1305 (2018).

125. Hung, M.E. & Leonard, J.N. A platform for actively loading cargo RNA to elucidate limiting steps in
EV-mediated delivery. J Extracell Vesicles 5, 31027 (2016).

126.  Antes, T.J., et al. Targeting extracellular vesicles to injured tissue using membrane cloaking and
surface display. J Nanobiotechnology 16, 61 (2018).

127.  Alvarez-Erviti, L., et al. Delivery of siRNA to the mouse brain by systemic injection of targeted
exosomes. Nat Biotechnol 29, 341-345 (2011).

128.  Kooijmans, S.A.A., et al. Electroporation-induced siRNA precipitation obscures the efficiency of
siRNA loading into extracellular vesicles. J Control Release 172, 229-238 (2013).

129.  Lamichhane, T.N., Raiker, R.S. & Jay, S.M. Exogenous DNA Loading into Extracellular Vesicles via
Electroporation is Size-Dependent and Enables Limited Gene Delivery. Mo/ Pharm 12, 3650-3657 (2015).
130.  Fuhrmann, G., Serio, A., Mazo, M., Nair, R. & Stevens, M.M. Active loading into extracellular
vesicles significantly improves the cellular uptake and photodynamic effect of porphyrins. J Control Release
205, 35-44 (2015).

131. Kalani, A, et al. Curcumin-loaded embryonic stem cell exosomes restored neurovascular unit
following ischemia-reperfusion injury. Int J Biochem Cell Biol 79, 360-369 (2016).

132.  Zhang, D., Lee, H., Zhu, Z., Minhas, J.K. & Jin, Y. Enrichment of selective miRNAs in exosomes and
delivery of exosomal miRNAs in vitro and in vivo. Am J Physiol Lung Cell Mol Physiol 312, L110-L121
(2017).

133.  Parry, H.A., ef al. Bovine Milk Extracellular Vesicles (EVs) Modification Elicits Skeletal Muscle
Growth in Rats. Front Physiol 10,436 (2019).

134.  Sun, D., et al. A novel nanoparticle drug delivery system: the anti-inflammatory activity of curcumin
is enhanced when encapsulated in exosomes. Mol Ther 18, 1606-1614 (2010).

135.  Zhuang, X., et al. Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-
inflammatory drugs from the nasal region to the brain. Mol Ther 19, 1769-1779 (2011).

136.  Haraszti, R.A., et al. Optimized Cholesterol-siRNA Chemistry Improves Productive Loading onto
Extracellular Vesicles. Mol Ther 26, 1973-1982 (2018).

137.  O'Loughlin, A.J., et al. Functional Delivery of Lipid-Conjugated siRNA by Extracellular Vesicles.
Mol Ther 25, 1580-1587 (2017).

138. Castano, C., Kalko, S., Novials, A. & Parrizas, M. Obesity-associated exosomal miRNAs modulate
glucose and lipid metabolism in mice. Proc Natl Acad Sci U S A 115, 12158-12163 (2018).

139.  Zeng, Z., et al. Cancer-derived exosomal miR-25-3p promotes pre-metastatic niche formation by
inducing vascular permeability and angiogenesis. Nat Commun 9, 5395 (2018).

140.  Pi, F,, et al. Nanoparticle orientation to control RNA loading and ligand display on extracellular
vesicles for cancer regression. Nat Nanotechnol 13, 82-89 (2018).

141.  Kang, J.Y., et al. Human peripheral bloodderived exosomes for microRNA delivery. /nt J Mol Med
43, 2319-2328 (2019).

27



806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860

142.  Youn, S.W., et al. Modification of Cardiac Progenitor Cell-Derived Exosomes by miR-322 Provides
Protection against Myocardial Infarction through Nox2-Dependent Angiogenesis. Antioxidants (Basel)
8(2019).

143.  Faruqu, F.N,, et al. Membrane Radiolabelling of Exosomes for Comparative Biodistribution Analysis
in Immunocompetent and Immunodeficient Mice - A Novel and Universal Approach. Theranostics 9, 1666-
1682 (2019).

144.  Smyth, T., et al. Biodistribution and delivery efficiency of unmodified tumor-derived exosomes. J
Control Release 199, 145-155 (2015).

145.  Morishita, M., et al. Quantitative analysis of tissue distribution of the B16BL6-derived exosomes
using a streptavidin-lactadherin fusion protein and iodine-125-labeled biotin derivative after intravenous
injection in mice. J Pharm Sci 104, 705-713 (2015).

146.  Suk, J.S., Xu, Q., Kim, N., Hanes, J. & Ensign, L.M. PEGylation as a strategy for improving
nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev 99, 28-51 (2016).

147.  Vandergriff, A., et al. Targeting regenerative exosomes to myocardial infarction using cardiac homing
peptide. Theranostics 8, 1869-1878 (2018).

148.  Wang, X., et al. Engineered Exosomes With Ischemic Myocardium-Targeting Peptide for Targeted
Therapy in Myocardial Infarction. J Am Heart Assoc 7, 008737 (2018).

149.  Mentkowski, K.I. & Lang, J.K. Exosomes Engineered to Express a Cardiomyocyte Binding Peptide
Demonstrate Improved Cardiac Retention in Vivo. Sci Rep 9, 10041 (2019).

150. Kim, H., et al. Cardiac-specific delivery by cardiac tissue-targeting peptide-expressing exosomes.
Biochem Biophys Res Commun 499, 803-808 (2018).

151. Wang, J, et al. The use of RGD-engineered exosomes for enhanced targeting ability and synergistic
therapy toward angiogenesis. Nanoscale 9, 15598-15605 (2017).

152. Rana, S., Yue, S., Stadel, D. & Zoller, M. Toward tailored exosomes: the exosomal tetraspanin web
contributes to target cell selection. Int J Biochem Cell Biol 44, 1574-1584 (2012).

153. Biglino, G. et al. Modulating microRNAs in cardiac surgery patients: Novel therapeutic
opportunities? Pharmacol Ther 170, 192-204 (2017).

154.  Geeurickx, E., et al. The generation and use of recombinant extracellular vesicles as biological
reference material. Nat Commun 10, 3288 (2019).

155. Heusermann, W., et al. Exosomes surf on filopodia to enter cells at endocytic hot spots, traffic within
endosomes, and are targeted to the ER. J Cell Biol 213, 173-184 (2016).

156.  Feng, D., et al. Cellular internalization of exosomes occurs through phagocytosis. Traffic 11, 675-687
(2010).

157. Tian, T, et al. Dynamics of exosome internalization and trafficking. J Cell Physiol 228, 1487-1495
(2013).

158.  Nakase, I. & Futaki, S. Combined treatment with a pH-sensitive fusogenic peptide and cationic lipids
achieves enhanced cytosolic delivery of exosomes. Sci Rep 5, 10112 (2015).

159.  Nakase, 1., Noguchi, K., Fujii, I. & Futaki, S. Vectorization of biomacromolecules into cells using
extracellular vesicles with enhanced internalization induced by macropinocytosis. Sci Rep 6, 34937 (2016).
160.  Nakase, I., ef al. Arginine-rich cell-penetrating peptide-modified extracellular vesicles for active
macropinocytosis induction and efficient intracellular delivery. Sci Rep 7, 1991 (2017).

161.  Chen, C.W,, et al. Sustained release of endothelial progenitor cell-derived extracellular vesicles from
shear-thinning hydrogels improves angiogenesis and promotes function after myocardial infarction.
Cardiovasc Res 114, 1029-1040 (2018).

162.  Chung, J.J., et al. Delayed delivery of endothelial progenitor cell-derived extracellular vesicles via
shear thinning gel improves postinfarct hemodynamics. J Thorac Cardiovasc Surg (2019).

163.  Guo, S.C,, et al. Exosomes derived from platelet-rich plasma promote the re-epithelization of chronic
cutaneous wounds via activation of YAP in a diabetic rat model. Theranostics 7, 81-96 (2017).

164. Lv, K., et al. Incorporation of small extracellular vesicles in sodium alginate hydrogel as a novel
therapeutic strategy for myocardial infarction. Theranostics 9, 7403-7416 (2019).

165.  Tao, S.C., et al. Chitosan Wound Dressings Incorporating Exosomes Derived from MicroRNA-126-
Overexpressing Synovium Mesenchymal Stem Cells Provide Sustained Release of Exosomes and Heal Full-
Thickness Skin Defects in a Diabetic Rat Model. Stem Cells Transl Med 6, 736-747 (2017).

166.  Zhang, K., ef al. Enhanced Therapeutic Effects of Mesenchymal Stem Cell-Derived Exosomes with
an Injectable Hydrogel for Hindlimb Ischemia Treatment. ACS Appl Mater Interfaces 10,30081-30091 (2018).

28



861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878

879
880

881
882
883
884
885
886
887
888
889
890
891
892
893
894

167. Han, C., et al. Human umbilical cord mesenchymal stem cell derived exosomes encapsulated in
functional peptide hydrogels promote cardiac repair. Biomater Sci 7, 2920-2933 (2019).

168.  Xu, N., et al. Wound healing effects of a Curcuma zedoaria polysaccharide with platelet-rich plasma
exosomes assembled on chitosan/silk hydrogel sponge in a diabetic rat model. Int J Biol Macromol 117, 102-
107 (2018).

169. De Wever, O. & Hendrix, A. A supporting ecosystem to mature extracellular vesicles into clinical
application. EMBO J 38(2019).

170.  Lotvall, J., et al. Minimal experimental requirements for definition of extracellular vesicles and their
functions: a position statement from the International Society for Extracellular Vesicles. J Extracell Vesicles
3,26913 (2014).

171.  Kordelas, L., et al. MSC-derived exosomes: a novel tool to treat therapy-refractory graft-versus-host
disease. Leukemia 28, 970-973 (2014).

172. Ng, K.S,, et al. Bioprocess decision support tool for scalable manufacture of extracellular vesicles.
Biotechnol Bioeng 116, 307-319 (2019).

173.  Watson, D.C,, ef al. Efficient production and enhanced tumor delivery of engineered extracellular
vesicles. Biomaterials 105, 195-205 (2016).

174.  Balbi, C,, et al. Reactivating endogenous mechanisms of cardiac regeneration via paracrine boosting
using the human amniotic fluid stem cell secretome. Int J Cardiol 287, 87-95 (2019).

Glossary: Post isolation EV loading methods

Electroporation is a transfection method in which biological membranes are permeabilized upon
exposure to an electrical pulse.

Heat-shock is a transformation technique reliant on heat to induce membrane permeabilization.

Sonication is the use of ultrasound technology to physically disrupt biological membranes and
facilitate exogenous compound entry.

Passive loading is a strategy which relies on passive diffusion or complexation of a molecule with a
cell or organelle. It may rely on a number of factors such as pH, osmotic pressure, electric charge or

hydrophobicity.

Liposome fusion is the conjugation of a lipidic material with a liposome formulation.
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Box 1. Advantages and limitations of EVs in cardiovascular therapeutics

The use of EVs in cardiac regeneration was preceded by extensive research in cell therapies. As non-
living entities, EVs overcame a major limitation of cell therapies, namely the poor survival after
implantation. Of note, methods that were used for cell engineering can now be efficiently used to
modulate EVs. Additionally, given the hostile environment of the injured myocardium, poor
engraftment hindered clinical success. While EVs must contend with the low infiltration and
endocytic rates of the heart, they are capable of overcoming the poor engraftment by being
internalized directly by the recipient cells. Furthermore, adverse immune responses are associated
with cell therapies, in particular when using allogeneic cells. This effect may be ameliorated, absent
or even beneficially modulated by EVs, depending on their source and/or modulation strategy. The
faster EV clearance, compared with their cellular counterparts, can be seen as a safeguard mechanism
whilst an effective targeting of EVs to the tissue of interest pave the way to their therapeutic success.
The limitations of EVs in cardiovascular therapeutics are related to the lack of tools for efficiently
target the injured myocardium which limits their clinical use. Production and standardization of
analytical parameters (i.e. storage, isolation and purification procedures) are some of the challenges
that the field needs to overcome in order to translate EV therapies from the bench to the bedside.
Since the physic-chemical properties of EVs are related with their cell/tissue/fluid of origin, the
heterogeneity present in the source will be reflected in EV composition. Thus, methods capable of
reducing the heterogeneity pre- as well as post-isolation are needed.
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Figure 1. Limitations and challenges in the use of native EVs as cardiovascular therapies. While
EVs have been shown to elicit functional responses on target cells, their potential is limited in several
regards, including bioactivity, tracking, internalization and targeting. Therefore, several challenges
should be addressed to harness the full potential of EVs. (a) Bioactivity. EVs must elicit a bioactive
response in their target tissue/organ, which requires that EV cocktail of factors is potent enough to
have therapeutic value. Yet, native EVs are limited by the nature of their content being intrinsically
dependent on their donor cell features. (b) Tracking. The tracking of EVs is necessary to monitor
their in vivo biodistribution and targeting. Yet, without modifications, EVs are only detectable after
a biopsy is removed, limiting their monitorization. (c¢) Targeting. EVs should interact with specific
cells and deliver their content. Although native EVs have some tropism, depending on the epitopes
expressed by their donor cell, the process is limited. (d) Internalization. EVs should be taken up by
target cells and deliver their cargo in the cell cytoplasm. Yet, native EVs have reduced endolysosomal
escape and thus the ability to release their content in the cell cytoplasm.

Figure 2. Modulation of EVs for cardiovascular therapies. Several strategies have been used to
overcome limitations inherent to native EVs. These modifications can be categorized, from a
technical standpoint, depending on whether they were performed on the donor cell prior to EV
secretion, or after the purification of EVs from the medium or fluid of origin. From a biological
standpoint, these modifications may pertain to the membrane or lumen of the EVs. In the
cardiovascular context, several approaches have been used to modulate EV bioactivity, cell
internalization and targeting as well as to allow EV tracking. (a) Bioactivity. To enhance the
therapeutic potential of EVs, functionalization of the membrane and the lumen have been used. (b)
Tracking. To track in vivo EVs, these formulations have been labelled with fluorophores,
luminescence reporters or radiotracers. (¢) Targeting. To enhance the targeting efficacy of EVs, they
have been modified with exogenous peptides, proteins or lipids. (d) Internalization. To enhance EV
internalization and endolysosomal escape, the vesicles have been modified with cationic lipids, pH-
sensitive peptides and cell-penetrating peptides.

Figure 3. Examples of EV modulation strategies for cardiac therapies. Both native or modulated
EVs have been used as cardiac therapies. The modulated EVs were enriched in therapeutically
relevant compounds such as miRNAs, proteins and small molecules, but also were decorated with
surface epitopes that improved their cardiac targeting and pharmacokinetics. EVs have been
administered in animal models either locally or systemically. In the local administration, biomaterial-
based delivery systems have been used to control the release of EVs, as well as to act as a supporting
scaffold for tissue regeneration. Therapies based in native or modulated EVs have translated into
improved cardiac function mediated by a decrease in inflammation, cardiomyocyte death, fibrosis
and infarct size, and increased angiogenesis.
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Table 1. Modulation of EV bioactivity for cardiovascular applications.

Engineering | Source EV type | Methodology Animal model In vivo outcome Ref.
hAFSs sEVs Hypoxic Mouse MI Improved cardiac repair | 174
preconditioning
hMSCs sEVs + | Hypoxic Rat MI Improved angiogenesis | %0
MVs preconditioning and cardiac function and
o reduced infarct size
’% rCPCs sEVs Hypoxic Rat MI Improved cardiac | 5%
_“g preconditioning function and reduced
o) infarct size
:E rCM sEVs Hypoxic Mouse MI Improved angiogenesis | 7°
3 preconditioning
%" hMNCs sEVs Hypoxic Mouse diabetic | Improved angiogenesis | ’!
© preconditioning wounds and healing
§ hASCs MVs Endothelial Mouse Improved angiogenesis 122
= medium subcutaneous
= conditioning Matrigel plug
E‘ GATA-4 Restoregl ‘cardiac 7
= rMSCs sEVs . Rat MI contractile function and
9 overexpression . .
S} reduced infarct size
é Akt Chick allantoic 78
> hMSCs sEVs . membrane Improved angiogenesis
= overexpression
Z Fluorescent miR- Reduced infarct size, | 2
u% MsCs sEVs 181a Mouse MI improved function,
5 overexpression reduced inflammation -
S} hHEK293T .
= cells EVs miRNA-146a = NA
overexpression
hCDCs sEVs Y RNA | Rat MI Reduced infarct size and |
overexpression CM apoptosis, reduced
inflammation
hBlood sEVs EV loading with | Mouse MI Reduced fibrosis 141
microRNA:
ExoFect
mCPCs sEVs EV loading with | Mouse MI Improved angiogenesis | '4?
microRNA:
Electroporation
hMSCs sEVs EV loading with | Rat MI Reduced fibrosis and | '8
microRNA: improved cardiac
Electroporation function

AFCs (human amniotic fluid stem cells), ASCs (Adipose-derived stem cells), CSCs (Cardiac stromal cells), UMSCs
(umbilical mesenchymal stem cells), MSCs (Mesenchymal stem cells), MsCs (mesenchymal stromal cells), CDCs
(Cardiosphere-derived cells), CPCs (Cardiac progenitor cells), hMNCs (human mononuclear cells) and CM
(cardiomyocytes). “h” stands for human, “r” for rat and “m” for mouse.
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Table 2. Modulation of EV biodistribution and targeting.

Engineering | Source | EV type | Methodology Model Outcome Ref.
110
= Membrane Middle Suppression of the
g mMSCs | sEVs mod}ﬁcatlon \ylth cerebrgl artery | inflammatory response and
o peptide  (chemical | occlusion cellular apoptosis in the
_c.:vs conjugation) mice model lesion region
g Membran Reduction of fibrosis and 22
g g emorane . CM apoptosis and
> 5 modification  with . .
m 2 mMSCs | sEVs . . Mouse MI improvement of cardiac
o 2 peptide  (chemical function
g <= conjugation)
23
5E Membrane Reduction of fibrosis and | */
U:: [5) . . . .
;_g 2, hCDCs | SEVs mod}ﬁcatlon \ylth Rat MI CM apoptosis a.nd
g peptide  (chemical improvement of cardiac
— conjugation) function
<
9 126
= Membrane .
2 hCDCs | sEVs modification  with | Rat MI Improved targeting to the
. .. heart
modified lipid
Suppression of the | 148
Membrane inflammatory response,
mMSCs | sEVs mod}ﬁcat10n w1t'h Mouse MI 1mproyed angiogenesis,
peptide (genetic reduction of myocardial
approach) apoptosis, improvement of
cardiac function
Membrane 150
hHEK- modification  with Improved targeting to the
293T SEVs peptide (genetic Mouse MI heart
approach)
Membrane 149
hCDCs | SEVs mod}ﬁcatlon w1t'h Mouse MI Improved targeting to the
peptide (genetic heart
approach) -
h562 Men?bran.e . Vascu.lar .| Improved targeting to the
cells sEVs modification with | targeting in vasculature
modified lipid zebrafish

MSCs (Mesenchymal stem cells), CDCs (Cardiosphere-derived cells), CPCs (Cardiac progenitor cells), hMNCs (human
mononuclear cells) and CM (cardiomyocytes). “h” stands for human, “r” for rat and “m” for mouse.
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Table 3. Modulation of EV delivery.

Source | EV type | Methodology Model Outcome Ref.
110
Injectable Improvement in angiogenesis and
rEPCs sEVs hyaluronic  acid- | Rat MI cardiac function, decrease in infarct
based hydrogel size
162
Injectable Improvement in hemodynamics,
rEPCs sEVs hyaluronic  acid- | Rat MI cardiac function and decrease in infarct
based hydrogel size
72
hiPSC- Egcsa?ns?:loaltlfnen Zf Improvement in cardiac function,
derived | sEVs gen g Rat MI decrease in CM apoptosis, reduction in
CMs followed ~ by its infarct size and cell hypertroph
transplantation P phy
167
. . Improvement in cardiac function,
Injectable peptide reducing inflammation, fibrosis and
hMSCs | sEVs amphiphile Rat MI - ’
apoptosis, enhancement of
hydrogel . .
angiogenesis
164
Iniectable aleinate Decrease in cardiac cell apoptosis,
rMSCs | sEVs eJl & Rat MI improvement in angiogenesis,
& improved cardiac function
163
Encapsulation  of | Skin wound
EVs in alginate gel | healing Improved angiogenesis and re-
hPRP SEVs followed by its | diabetic rat epithelization
transplantation model
165
Encapsulation  of | Skin wound
EVs in chitosan gel | healing Improved angiogenesis and re-
hMSC SEVs followed by its | diabetic rat epithelization
transplantation model
71
. Skin wound
Injectable healin Improved angiogenesis and re-
hMNCs | sEVs hyaluronic  acid- | . & provec anglog
diabetic mouse | epithelization
based hydrogel
model
166
Mouse
Injectable chitosan- | hindlimb Increased angiogenesis in ischemic
hMSCs | sEVs based gel ischemia hindlimbs and high limb salvage
model
982 MSCs (Mesenchymal stem cells), hMNs (human mononuclear cells), EPC (endothelial progenitor cell) and PRP
983  (human platelet-rich plasma). “h” stands for human, “r” for rat and “m” for mouse.
984
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