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Abstract

During the last decade, there has been great interest in elucidating the biological role of extracellular vesicles (EVs), particularly, their hormone-
like role in cell-to-cell communication. The field of endocrinology is uniquely placed to provide insight into the functions of EVs, which are
secreted from all cells into biological fluids and carry endocrine signals to engage in paracellular and distal interactions. EVs are a heteroge-
neous population of membrane-bound vesicles of varying size, content, and bioactivity. EVs are specifically packaged with signaling molecules,
including lipids, proteins, and nucleic acids, and are released via exocytosis into biofluid compartments. EVs regulate the activity of both prox-
imal and distal target cells, including translational activity, metabolism, growth, and development. As such, EVs signaling represents an integral
pathway mediating intercellular communication. Moreover, as the content of EVs is cell-type specific, it is a “fingerprint” of the releasing cell and
its metabolic status. Recently, changes in the profile of EV and bioactivity have been described in several endocrine-related conditions including
diabetes, obesity, cardiovascular diseases, and cancer. The goal of this statement is to highlight relevant aspects of EV research and their po-
tential role in the field of endocrinology.
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The constructs that define explicit knowledge of endocrin-
ology have their origins in the works of Ernest Starling and
Edward Sharpey-Schifer, from over 100 years ago. The former
introduced the term “hormone” in the Croonian Lecture de-
livered on June 20, 1905. “These chemical messengers, how-
ever, or ‘hormones’, as we might call them, have to be carried
from the organ where they are produced to the organ which
they affect by means of the blood stream and the continu-
ally recurring physiological needs of the organism must de-
termine their repeated production and circulation through
the body” (1). The latter classified these chemical messengers

into endocrine and exocrine mediators (differentiating them
based on their mechanism of release) and collectively referred
to them as autacoids. These constructs underpin the concep-
tual framework by which research endeavor, characterization
of physiological systems and clinical practice have advanced,
including our contemporary understanding of reproductive
endocrinology and the development of biofluid-based prog-
nostic and diagnostic modalities. Indeed, much of repro-
ductive medicine is predicated on the action or measurement
of autacoids and how cells employ such mediators to commu-
nicate with each other.
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Until recently it was not often appreciated that cells release
a cloud of nanovesicles into extracellular compartments as a
part of normal homoeostasis (2-4). Active macro-molecules
including nucleic acids, proteins, and lipids are associated with
these vesicles, exposed on the vesicle surface, intercalated in
the bilipid layer membrane, or encapsulated within their lumen
(5-11). When homoeostasis is challenged, acute adaptive re-
sponses may be accompanied by the increased release of bio-
active nanovesicles (12-20). Extracellular vesicles (EVs) may
act proximally or distally, are distributed in the extracellular
fluid compartment, and may traverse cell barriers via para-
cellular pathways or transcytosis [eg, as occurs at the blood-
brain barrier (21, 22)]. In addition, EVs are present in exocrine
secretions where they may further engage in physiologically
relevant processes (23-29). EVs, thus, are melded autacoids;
that is, they are bifunctional, fulfilling the classification criteria
of both endocrine and exocrine factors. Decoding the role of
this signaling pathway in physiological and pathophysiological
events remains formative, particularly in endocrinology. Thus,
the aim of this scientific statement is to elucidate the endocrine
roles of EVs and to inform the codification EV signaling path-
ways in the routine practice of endocrinology.

Extracellular Vesicles’ Heterogeneity

EVs are a heterogeneous population of membrane-bound par-
ticles of around 30 nm up to a few micrometers in diameter.
The majority of these vesicles display a spherical, single bi-
layer morphology; however, vesicles with multiple membranes
or with a tubular morphology also have been described (30).
Based on their biogenesis and physical properties, EVs are
often classified as small EVs (including exosomes) or large
EVs (including ectosomes or microvesicles, migrasomes,
apoptotic bodies) and large oncosomes (Table 1). The term
“exosome” has been used to refer to EVs of ~30 to 150 nm in
diameter that are formed via the inward membrane budding
of multivesicular bodies (MVBs). Upon fusion of MVBs with
the plasma membrane, vesicles are released into the extracel-
lular space and are subsequently referred to as exosomes. The
content of such EVs may be regulated by endosomal sorting
complexes required for transport—dependent and -inde-
pendent mechanisms and further contribute to vesicle hetero-
geneity (31, 32). The terms “ectosome,” “microvesicle,” and

Table 1. Classification of extracellular vesicles
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“microparticle” have been used to characterize EVs that are
formed through direct budding from the plasma membrane.
Formation of microvesicles involves Ca?* influx and contrac-
tion of cortical actin (33). Finally, vesicular apoptotic bodies
(up to a few microns) are formed when cells release membrane
extrusions as part of the apoptotic process. They may con-
tain nuclear and cytosolic fragments and even intact organ-
elles. While apoptotic bodies are often regarded as unwanted
contaminants of EV preparations, some argue that apoptotic
bodies can also facilitate intercellular communication and
may have potential as therapeutic modalities (34) (Fig. 1).

Recent evidence suggests that even within these EV
categories, subpopulations of vesicles exist. For example, crude
exosome preparations can be further subdivided and separ-
ated into exosome subpopulations based on differences in
size (54), surface proteome (55), or membrane lipids (56, 57).
Some cancer cells secrete a distinct population of microvesicles
termed “large oncosomes” of 1 to 10 pm in size (58), while
other cell types release arrestin domain-containing protein 1
(ARRDC1)-mediated microvesicles (ARMMs) that require
ARRDCI1 for budding (52). A more in-depth understanding of
the biological mechanisms underlying EV biogenesis is needed
to better inform the classification of EV subpopulations.

In addition to biogenesis, the biological environment of
EV-releasing cells also contributes to EV heterogeneity. For ex-
ample, local changes in concentrations of growth factors may
shift the balance between release of exosomes vs microvesicles
(59). In addition, EV cargo is affected by changes in gene ex-
pression resulting from environmental cues such as oxygen
levels (60), inflammation (61), and shear (62). Even when EVs
are isolated from a single cell source (eg, from cells cultured in
vitro), spatial and temporal changes in confluency, cell cycle
stage, stress, and phase of circadian rhythm may contribute to
the observed heterogeneity.

Stochasticity of gene expression and both localized and
overall protein concentration in endosomal and plasma mem-
branes also may play an important role in heterogeneity of EV
cargo composition. Since at least part of the inclusion of EV
cargo appears to be random, driven by local concentrations of
biological molecules at sites of biogenesis, it can be envisioned
that each individual EV carries a unique cargo repertoire (63).

Despite an increased appreciation of the complexity and
variability of EV biogenesis and cargo loading, the functional

EV subtypes Size Biogenesis Cargo References
Exosomes 30-150 nm Originate in the endosomal pathway Proteins of the endosomal pathway and ~ (35-40)
in the multi-vesicular bodies (MVBs) endosomal sorting complexes required
and are released upon fusion of for transport complex (Alix, TSG101,
MVBs with the plasma membrane HSP70) and members of tetraspanin
family (CD62, CD9, CD81)
Ectosomes (or microvesicles, 50-1000 nm Released by direct budding from the Proteins annexin A1, integrins, selectins, (30, 41-43)
microparticles) plasma membrane CD40
Migrasomes 500-3000 nm Released from migrating cells, Protein TSPAN4 (44-46)
dependent onactin polymerization
Apoptotic bodies 50-5000 nm Released from apoptotic cells Protein Annexin V, lipid phosphatidyl (42,47,48)
serine
Large oncosomes 1000-10000 nm  Released from amoeboid cancer cells Protein cytokeratin 18 (49-51)
ARMMs (arrestin domain- Released via ARRDC1-driven outward Protein ARRDC1 (52, 53)

containing protein 1
(ARRDC1)-mediated
microvesicles)

budding of plasma membrane
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Figure 1. Extracellular vesicle (EV) heterogeneity. EVs can be categorized according to their size as small and large EVs. Small EV including exosomes
and ectosomes and large EV including ectosomes (some EV overlap with exosomes), migrasome, apoptotic bodies, and large oncosomes. Recently,
arrestin domain-containing protein 1 (ARRDC1)-mediated microvesicles (ARMMs) have been identified.

relevance of EV heterogeneity remains largely unknown.
While originally considered “waste bins” (64), contributing
to, for example, protein quality control, EVs are now also
being recognized as important mediators of intercellular com-
munication via transfer of biological cargo. Since it seems
highly unlikely that a single EV subpopulation can have
these 2 functions at the same time, it is axiomatic to conclude
that EV subpopulations serve different biological functions.
Indeed, EV subpopulations separated based on size or sur-
face protein profile have distinct protein and RNA profiles
(35, 54, 56, 65).

Concordantly, EV subpopulations have been shown to dis-
play different functional properties. For example, small and
large EVs derived from immature dendritic cells differ in
their capacity to promote T helper cell responses (66) and EV
subpopulations from encephalomyocarditis virus—infected
cells vary in their ability to transfer virus infection (67). In
addition, endothelial cell-derived intercellular adhesion mol-
ecule-1 (ICAM-1)-carrying EVs are more prone to induce
expression of ICAM-1 in vascular endothelial cells and pro-
mote monocyte migration than ICAM-1-negative EVs (61).
Nevertheless, in most studies to date, functional differences
between EV subpopulations were found to be merely quali-
tative. Whether this is due to incomplete separation between

these subtypes remains unclear. Thus, the highly relevant
question of whether EV subpopulations are truly functionally
distinct remains to be answered and may require technical de-
velopments in isolation and separation procedures.

Overall, despite significant progress in our understanding
of the biology underlying EV biogenesis, many aspects of EV
heterogeneity remain poorly understood. Since consensus on
nomenclature has yet to be reached and it remains challen-
ging to assign a biogenic origin to EVs after their isolation,
the International Society of Extracellular Vesicles (ISEV) has
suggested “extracellular vesicle” as the generic term for par-
ticles delimited by a lipid bilayer that cannot replicate. When
relevant, subtypes of EVs could be further described using
characteristics such as size (eg, small vs large EVs), density
(eg, low density vs high density), or composition (eg, CD63**
EVs vs CD9*¢ EVs) (40). During the formative phase of EV
research, the term “exosome” has been used to reference very
different preparations of EVs. Its nonspecific usage, however,
confounds meaningful comparative analysis of data. To fa-
cilitate data interpretation, the term “exosome” should be re-
served to reference only EVs that can be proven to be formed
within MVB of late endosomal origin. The term “extracellular
vesicle” should be used where such precision (eg, a unique
antigenic phenotype) cannot be provided.
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Highlights

1. EVs represent a heterogeneous population of membrane-
bound particles of 30 nm up to a few micrometers in size.

2. Based on biogenesis and physical and morphological fea-
tures, EVs are often classified as exosomes or small EVs,
ectosomes/microvesicles, or large vesicles and apoptotic
bodies.

3. EVs are recognized as important mediators of intercel-
lular communication via transfer of biological cargo.

4. Adoption of precise protocols that enable the reprodu-
cible isolation and characterization of vesicle popula-
tions released from cells should enable data comparison
and advancement in understanding.

5. The term “extracellular vesicle” should be used to refer-
ence vesicle preparations where homogeneity of biogen-
esis is not evidenced. The use of other terms, including
exosome and ectosome/microvesicle should be used
where homogeneity of biogenesis is unequivocally

established.

Isolation and Characterization Methods

EVs are secreted from all cells that have been studied to
date, and they are present in large amounts in all biofluids.
EVs have been isolated from diverse sources, including cell-
conditioned media and biological fluids including plasma,
serum, urine, saliva, and milk. EV preparations are used for
equally diverse purposes, such as EV analysis, EV-based diag-
nostic markers, and therapeutic applications. Most techniques
used to prepare EVs are predicated on biophysical proper-
ties. Preparations of EVs using such techniques are essentially
enrichments of entities that have the targeted size or density
range and not of lipid membrane-bound entities. Bodily fluids
and culture medium are known to contain many nonvesicular
macromolecules that have biophysical properties similar to or
overlapping with those of EVs. For example, many lipopro-
tein complexes, such as high- and low-density lipoproteins
(HDL and LDL, respectively) have sizes and densities that
overlap with many different classes of EVs (68). The choice of
EV isolation methodology and the characteristics of the EV
preparation will be influenced by the starting material and
intended use of the preparation. Independent of the isolation
methods, however, all EV preparation must minimally exhibit
key defining characteristics of EVs.
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In 2018, ISEV issued a position paper known as the
“Minimal Information for Studies of Extracellular Vesicles
2018” (MISEV2018) to address challenging issues in the
study of EVs (40). Isolation and characterization of EVs were
identified as some of the major challenges.

The following discussion provides a summary of the key
points from MISEV2018 on the isolation and characteriza-
tion of EVs. Readers are referred to MISEV2018 for more
details (40). The reader should also be cautioned that the iso-
lation method and nature of the starting materials (such as
conditioned culture medium or biological fluids) will have an
impact on EV isolation and the isolated EV preparation.

EV IsolationTechniques

At present, there is no practical technology to isolate EVs
completely from other non-EV components (eg, soluble mol-
ecules) of the matrix, such as conditioned medium, biofluid,
tissue, etc, or different types of EVs from each other. Many
isolation techniques have been employed in EV isolation.
They include ultracentrifugation, density gradient ultracentri-
fugation, precipitation, filtration, size exclusion chromatog-
raphy, and immuno-isolation. Each technique has advantages
and limitations in terms of recovery and specificity (ie, rela-
tive ratio of EV to non-EVs; eg, soluble molecules). Most
researchers use a combination of techniques to maximize
recovery and specificity. The following discussion provides a
summary of the commonly used EV isolation techniques and
their pros and cons (Table 2). MISEV2018 has categorized
techniques according to EV recovery and specificity.

High recovery and low specificity

Precipitation using high molecular weight polymer such as
polyethylene glycol or centrifugation with low molecular
weight cutoff filter generally results in high EV recovery but
also high contamination from non-EV material (ie, low spe-
cificity). An advantage of these techniques is their scalability,
speed, and low cost in processing large volumes of starting
material.

Intermediate recovery and intermediate specificity

Techniques such as size exclusion chromatography, high
molecular weight centrifugal filters, multistep differential
ultracentrifugation, tangential flow filtration, and affinity
chromatography columns, where the separation parameters
are more stringent, generally have lower EV recovery, but this
is compensated by an increase in specificity where there is

Table 2. Comparison of the key features in commonly used extracellular vesicle enrichment techniques

EV enrichment techniques Time Cost Scalability Recovery Specificity
PEG precipitation +4++ ++++ ++++ o+ +

Size exclusion chromatography + + + + et

High MW centrifugal filters ++++ +++ ++++ +4+ ++
Differential ultracentrifugation + ++ + + ++
Tangential flow filtration e+t ++ e+t o+t o+
Affinity chromatography ++ + ++ ++ I
Immunomagnetic bead capture ot 4+ ottt . T

The key features are length of operation time (time), cost of the equipment and consumables (cost), the ease of scaling the technique to process large
volumes of fluids (scalability), the percentage of EVs in fluids that could be extracted (recovery) and the ratio of EVs extracted relative to total protein with
a higher ratio being more specific (specificity). + denotes the desirability of the feature(++++: most desirable; +: least desirable).

Abbreviations: EV, extracellular vesicle; MW, molecular weight; PEG, polyethylene glycol.
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more EV material than non-EV material. These techniques,
however, have reduced scalability, slower speed, and higher
cost. To circumvent these shortcomings, these techniques are
often used on EV preparations that had been processed by
precipitation or centrifugation with low molecular weight
cutoff filters.

Low recovery and high specificity

Achieving high EV specificity is possible with a combination
of isolation techniques but the use of multiple isolation pro-
cesses will inevitably lead to a low recovery. To circumvent
this, the strategy for isolating EV preparations with high spe-
cificity is to first enrich for EVs using a high recovery and
low specificity technique and/or intermediate recovery and
intermediate specificity techniques. The debulked EV prepar-
ation can then be further fractionated into narrower ranges of
size, density, pH or surface charge. Alternatively, they could
be further fractionated according to the protein/sugar/lipid
composition on the surface of EVs. Some of the higher reso-
lution fractionation techniques include fast protein/high per-
formance liquid chromatography, using either size exclusion
columns or ion exchange columns, microfluidic devices, and
immune-affinity or other affinity isolation techniques. A more
comprehensive list can be found in MISEV2018 (40).

EV Characterization

Each EV preparation should, independent of the isolation
methodology, be characterized and quantified for key EV fea-
tures to establish their identity as EV preparations and to fa-
cilitate comparison to other EV preparations. In this regard,
the major MISEV2018’s recommendation on the global char-
acterization of EV preparations is highlighted in the following
discussion.

EV Source Quantification

As the biofluids and cell culture supernatant used in EV isola-
tions are diverse and are prepared in many different ways, the
biofluids (eg, conditioned culture medium or biological fluid)
constitute a key feature of EV characterization. The condi-
tions to which cells (as source of EVs) are exposed and clin-
ical characteristics of the patients from whom the biofluids
are derived need to be defined sufficiently precisely to allow
replication by others. For conditioned culture medium, the
description could include the volume of conditioned medium,
number of cells or mass of tissue used for conditioning, the
harvest procedure, and composition of the culture medium.
Importantly, serum contains high amounts of EV, so infor-
mation about EV-free serum or growth media without serum
must be clearly described. In the case of biological fluids,
parameters such as collection of fluid, processing of fluid,
time after collection, storage conditions (eg, temperature and
numbers of freezing-thawing cycles) and volume of processed
fluid used in EV isolation should be included and described
quantitatively if possible.

EV Abundance

Currently, there is not a gold standard method to quantify
the number of EVs in a preparation. Instead, EVs are usually
quantified indirectly by particulate features or components
such as proteins, lipids, nucleic acids, and other biomolecules.
The most commonly used parameters for EV quantification
are protein, lipid, RNA content, or particle number. Using at

least 2 different methods to identify the purified population
can be highlighted as good practice.

Vesicular Identity

EV preparation may be further characterized by the pres-
ence of specific biomarkers, including proteins, lipids, and
nucleic acids. Of these biomolecules, proteins (eg, transmem-
brane or glycosylphosphatidylinositol-anchored proteins as-
sociated with the plasma membrane and/or endosomes) are
commonly used as EV markers, including tetraspanins [eg,
cluster of differentiation (CD) 63, 81, 82], other multipass
membrane proteins (CD47) and heterotrimeric G proteins,
major histocompatibility complex class I, integrins, trans-
ferrin receptor, heparan sulfate proteoglycans, complement-
binding proteins CD55 and CDS59, and sonic hedgehog (40).
MISEV2018 (40) recommends the determination of at least 3
positive protein markers including at least 1 transmembrane/
lipid-bound protein or cytosolic protein to establish the pres-
ence of EVs. The rationale to include a transmembrane/lipid-
bound protein or cytosolic protein is to determine whether
lipid membranes are present in the preparation.

Highlights

1. EVs have been isolated from biofluids and cell-
conditioned media, including cell-conditioned culture
medium and bodily fluids such as plasma, serum, urine,
saliva, and milk.

2. EV preparations are used for diverse purposes, including
EV analysis, EV-based diagnostic markers, and thera-
peutic applications. Most techniques used to isolate EVs
are predicated on biophysical properties such as size or
density rather than specific properties unique to EVs or a
specific EV type.

3. There are several methods to enrich EVs and all of them
obtain heterogeneous populations of EVs (varies de-
pending on the method). Method choice should be ap-
propriate and fit for purpose to resolve the hypothesis
being tested.

4. In 2018, the ISEV issued a position paper known as the
MISEV2018 to address challenging issues in the study of
EVs.

EV Composition

Most of the studies of composition of EVs have identified a
wide range of bioactive molecules, including proteins, lipids,
and nucleic acids. We summarize the current state of the lit-
erature to identify EV-associated molecules.

Proteins

As evidenced by the increasing number of studies, EVs play
intriguing roles in intercellular communication and other
physiological functions with cargo including proteins, nucleic
acids, and metabolites (32). Among them, proteins are em-
phasized in the literature, as proteins represent actual func-
tional molecules in the cell and most cellular functions are
carried out by proteins. Several publicly available EV protein
databases, such as ExoCarta (69), EVpedia, and Vesiclepedia
(70), have been developed over the years and are continu-
ously evolving with the assistance of high throughput mass
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spectrometry. Current studies on EV proteins mainly focus
on 3 aspects: (1) molecular characterization of EVs by their
protein composition; (2) protein markers to detect and
monitor disease progression; and (3) surface functionalization
of EVs for therapeutics.

Characterization of EVs by Protein Composition

While there is a dramatic increase in the number of scientific
studies to explore physiological and pathological functions of
EVs, we also face the challenges of the heterogeneity of EVs—
different types, sizes, and cellular origins—and the need for
definitive characterization of EVs. Protein composition may
be different depending on the specific species (eg, human,
mouse, or other organism), cell type, and experimental con-
ditions. Early work with homogenous cell culture systems
identified protein markers common to all EVs or specific for
EV subtypes (40). These proteins have been used as positive
markers to assess the yield and purity of EV isolation. They
include transmembrane surface markers such as tetraspanins
(CDY9, CD63, CD81, etc.), and cytosolic proteins such as
heat shock proteins HSC70, tumor susceptibility gene 101
(TSG101), and programmed cell death 6-interating protein
(ALIX) and cytoskeleton proteins (eg, actin and tubulin) that
may be present in EVs. In addition, due to the lack of specific
EV isolation techniques, contamination is common, in par-
ticular, if EVs are isolated from biofluids such as plasma or
serum in which albumin, immunoglobulins, and lipoproteins
are highly abundant. These major components in biofluids,
along with proteins typically associated with intracellular
compartments (eg, Golgi bodies and mitochondria) are pro-
posed as negative controls to examine EV purity. With EV
biology attracting widespread interest and enthusiasm well
beyond the EV research community our understanding of EV
science continues to progress. The promotion of rigorous EV
research remains paramount. A recent large-scale, proteome-
wide profiling of EVs from 497 human- and murine-derived
samples including cell lines, tissues, and biofluids revealed
that a majority of commonly used EV protein markers were
not detected in more than 50% of biofluids (71). For example,
CD63 was commonly present in EVs from murine cell-line
samples but rarely identified in EVs from human or murine
biofluids. At the same time, the study using high throughput
mass spectrometry identified a panel of more than 10 proteins
that are present at high frequency in human-derived samples.

Protein Markers to Detect and Monitor Disease
Progression

Early, accurate diagnosis and then triage to efficacious treat-
ment and disease monitoring through noninvasive tests using
biofluids such as blood and urine (liquid biopsy) are the as-
piration of medical diagnostics. Successful applications based
on protein biomarkers, however, remain limited, in particular,
with regard to early screening for disease. This is, in large
part, due to the complexity of biofluids, which have an ex-
tremely wide dynamic range and are typically dominated by
a few highly abundant proteins, while protein biomarkers for
diseases are in low abundance. This prevents the discovery
and development of novel disease biomarkers. Available
data indicate that EVs have great potential as 1 of the major
components in liquid biopsy (71, 72). Identification of EV
protein markers prior to the onset of symptoms or physio-
logical detection of a tumor suggest that they could be used
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for detection of early-stage cancer and other diseases (73, 74).
If EVs can be efficiently isolated with low contamination,
focusing on EV proteins effectively overcomes the issue pre-
sented by highly abundant proteins in biofluids. In addition,
EVs are membrane-encapsulated nano- or microparticles and
thus shield their internal contents from external proteases
and other enzymes in biofluids, making them highly stable
in a biofluid for extended periods of time (75-77). These fea-
tures, along with clinical convenience to access, compared to
tissue biopsy, present protein markers in EVs as extremely
appealing candidates to guide therapy and monitor disease
progression. Compared to genomic analysis, the ability to de-
tect proteins—genome output—can offer actual real-time in-
formation about the organism’s physiological functions and
disease progression.

In most biological processes, posttranslational modifica-
tion (PTM) finely tunes the cellular functions of each protein,
such as regulation of gene expression, cellular differentiation,
subcellular location, signaling and regulatory processes, and
protein-protein interactions. Profiling proteins with PTMs in
EVs, therefore, may provide snapshots of the process (78).
For instance, EV surface proteins are largely glycosylated.
Previous studies have reported that glycosylation effects the
export and uptake in EV (79). Phosphorylation, 1 of the most
important and ubiquitous PTMs, was discovered to be as
widespread in circulating EVs as in cells (72). Protein phos-
phorylation is a key control mechanism for cellular regula-
tory pathways and one often targeted by drug developers
to create inhibitors that block signaling pathways involved
in cancer and other diseases. Due to active phosphatases in
biofluids, however, there are few detectable phosphoproteins
available for disease status analysis. Measuring a phosphoryl-
ation event through EVs in biofluids can provide unparalleled
capability and accessibility to monitor the status of disease.
Another known protein modification, by ubiquitin and
ubiquitin-like modifiers, has been reported to regulate protein
loading into EVs (80). Although the detailed mechanisms are
still not very clear, several studies showed that cargo proteins
undergo ubiquitination and deubiquitination sequentially.

Analysis of unknown protein PTMs in EVs can be challen-
ging, particularly from biofluids with limited quantity, and
it requires a sensitive analytical pipeline to enrich specific
modified peptides in EVs from biofluids with high efficiency
and low contamination. A general procedure for EV PTM
analysis by mass spectrometry is illustrated in Figure 3. The
importance of PTMs in cells highlights the need for a better
understanding of EV PTMs and the need for deeper, compre-
hensive analyses of PTMs in EVs. Protocols to sequentially
isolate phosphopeptides and N-glycopeptides have been
introduced, enabling multiple PTM analyses of the same clin-
ical samples (81).

Figure 2 provides an illustration of analytical workflow to
analyze phosphorylated and glycosylated proteins in plasma
EVs.

Surface Functionalization of EVs for

Therapeutic Tools

While we have mainly considered proteins as EV cargo, pro-
teins on the EV surface deserve particular attention. This
is especially true when EVs are used for therapeutic pur-
poses (82). Multiple proteins can be present on the EV sur-
face, through which EVs execute specific functions such as
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antigen presentation, immune activation and suppression,
and tumor growth and metastasis (83). Early work using
EVs isolated from tumor cells demonstrated that these EVs
have antigen and MHC class I molecules on their surface
and, therefore, could modulate the immune system, which

could be used to stimulate antitumor immune response (84).
On the other hand, EVs prepared from immune cells play an
important role in regulating the immune response in many
events, which has been exploited for cancer therapeutics.
Immune cell-derived vesicles are enriched in surface proteins
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Figure 2. lllustration of analytical workflow to analyze phosphorylated and glycosylated proteins in plasma EVs.
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with immune-modulating functions such as major histocom-
patibility complex (MHC) proteins, costimulatory proteins
(CD86), and adhesion proteins (eg, CD11b and CD54). EVs
derived from antigen-presenting cells and other immunocytes
(85), which express antigen-presenting molecules (MHC
class I and II) on their surface, present antigen to T cells and
activate the immune response (86). Finally, there has been
considerable effort to engineer therapeutic EVs through ef-
fective presentation of membrane proteins to improve tar-
geted biodistribution and thus therapeutic efficacy (87, 88).

Highlights

1. Current studies on EV proteins mainly focus on 3 aspects:
(1) molecular characterization of EVs by their protein
composition; (2) protein markers to detect and monitor
disease progression; and (3) surface functionalization of
EVs for therapeutics.

2. Surface markers such as tetraspanins (CD9, CD63,
CD81, etc) and cytosolic proteins such as heat shock
proteins HSC70, TSG101, and ALIX are associated with
EVs.

3. Due to the lack of specific EV isolation techniques, con-
tamination is quite common, in particular if EVs are iso-
lated from biofluids such as plasma or serum in which
albumin, immunoglobulins, and lipoproteins are highly
abundant.

4. Multiple proteins can be present on the EV surface,
through which EVs execute specific functions such as
antigen presentation, immune activation and suppres-
sion, and tumor growth and metastasis.

Lipids

Extracellular Vesicle Lipids

Lipids are defined as organic compounds that are soluble in
nonpolar solvents (89). This chemical characteristic is present
in an extremely heterogeneous class of bioactive mediators
that have the potential to generate up to 10° structurally dif-
ferent molecular species (90-92). Included within this class
of biomolecules are fatty acids (eg, eicosanoids derived from
arachidonic acid, eicosapentaenoic acid), glycerolipids (eg,
triglycerides), glycerophospholipids (eg, phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine), polyketides
(eg, erythromycins, tetracyclines), prenol lipids (eg, carot-
enoids, vitamin E, vitamin K), saccharolipids (eg, acylated
glucosamine precursors of the lipid A component of Gram-
negative bacteria lipopolysaccharides), sphingolipids (eg,
phosphosphingolipids, neutral and acidic glycosphingolipids),
and sterol lipids (eg, cholesterol) (90).

Lipids are obligate components of all EVs, independent of
their mode of biogenesis or release. The most abundant lipids
in eukaryotic cell membranes are the amphipathic phospho-
lipids: phosphatidylserine, phosphatidylcholine, phosphatidyl
ethanolamine, and sphingomyelin. Together with cholesterol
and glycolipids, they determine the structure, rigidity, and
curvature of cell membranes (93). As EVs are derived from
the cell’s bilipid membranes, it is axiomatic that these lipids
are most abundant in EVs and that they have been most often
studied and reported in the literature. Other classes of bio-
active EV lipids, however, have been identified and may play
a significant role in EV signaling pathways.
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Lipids not only form the physical structure of extracel-
lular vesicles and encapsulate their cargo but also function
as first and secondary signaling messengers (94). As first mes-
sengers, extracellular lipids may interact with cell-surface re-
ceptors triggering diverse signaling pathways. For example,
endocannabinoids bind to G-protein-coupled cell surface re-
ceptors to trigger multiple second messenger pathways (95).
Lipid second messengers are generated via the activation of
cell-surface receptors including N-methyl-D-aspartate re-
ceptor activation of the arachidonic acid cascade, which gen-
erates prostaglandins, lipoxins, and leukotrienes (96) and
T-cell receptor-mediated activation of diacylglycerol and
phosphatidic acid signaling pathways (97). Lipid biomol-
ecules that are associated with EVs thus may affect target cell
function via direct activation of cell surface receptors or as
secondary messengers following endocytosis. In addition, fu-
sion of EVs with target cell membranes may alter membrane
fluidity, permeability, and receptor responsiveness (98).

Consistent with the original definition of a hormone,
EV-associated lipids are released from cells into biofluids and
are transported to distant tissues where they elicit specific
effects. In addition, EVs are present in exocrine secretions
where they may further engage in physiologically relevant
processes (23-29). As a consequence of the enormous diver-
sity of lipids, systematic and comprehensive analysis of their
role in EV signaling remains formative and is a fertile area for
future study.

Given the enormous chemical diversity of lipids, it is not
surprising that only a small number have been associated
with EVs. Recent reviews catalogue more than 1900 lipid
molecules identified in EV isolates obtained from multiple
species, cells, and biological fluids (11, 99-106). The compos-
ition and distribution of lipids in bilipid membranes is dy-
namic, often asymmetric between the inner and outer layer
and varies across subcellular organelles and cell types (107).
Lipids associated with EVs similarly may vary between cell
of origin and/or selective loading and enrichment of specific
lipids (107, 108).

EV Lipids as Endocrine Mediators

Decoding the biological role of EV-associated lipids in
physiological and pathophysiological events remains forma-
tive and has been frequently inferred from the well-known
bioactivities of nonvesicle-associated lipid mediators. One of
the first documented examples of the biological activity of
EVs is that of membrane-bound, extracellular nanovesicles
released by chondroblasts and osteoblasts to promote car-
tilage calcification (109). These vesicles are enriched in acidic
phospholipids (eg, phosphatidylserine) that function as nu-
cleation sites for apatite deposition and promote calcification
(110). In the intervening 40 years, data consistent with the
biological role of EV-associated lipids have been obtained
and reviewed in detail (11, 102, 111). To unequivocally estab-
lish lipid-specific effects of EVs, however, the effects of lipid-
deplete vs lipid-replete EVs on the experimental endpoint
under test must be compared. Currently, there is a paucity
of data that have been obtained using this experimental de-
sign. Several experimental approaches that satisfy the previ-
ously discussed requirements are available, including the use
of endogenous EVs isolated from selective lipid-synthesizing
enzyme knockdown or overexpression models [eg, viral
(112) or episomal (113) vectors, CRISPR/Cas 9 gene editing
(114)] and selective lipid loading of nanovesicles (115). The
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application of such experimental designs is requisite to fur-
ther understanding the endocrine role and clinical application
of EV-associated lipids.

Highlights

1. EVs are particles naturally released from cells that are
delimited by a lipid bilayer and cannot replicate. As such,
lipids are obligate components of all EVs, independent of
their mode of biogenesis or release.

2. As EVs are derived from the cellular bilipid membranes,
it is axiomatic that these lipids are the most abundant in
EVs and that they have been most often studied and re-
ported in the literature.

3. Lipids not only form the physical structure of EVs and
encapsulate their cargo but also function as first and sec-
ondary signaling messengers.

4. Decoding the biological role of EV-associated lipids in
physiological and pathophysiological events remains
formative and has been frequently inferred from the
well-known bioactivities of nonvesicle-associated lipid
mediators.

Nucleic Acids

RNA Carriers in Biofluids

Initial observations that the cargo of EVs contain RNAs
(7, 116) launched the field of extracellular RNAs (exRNAs),
as investigators sought to characterize the role of these novel
entities both as biomarkers of disease as well as mediators of
intercellular signaling. Studies that demonstrated the associ-
ation of RNAs in biofluids with ribonucleoproteins (notably
Ago 2) (117, 118) as well as lipoproteins, added additional
complexity to this nascent field. Using methodologies to seg-
regate these different RNA carrier subtypes (including se-
lective immunoprecipitation of carriers like Ago2) yielded
the finding that classes of small RNAs associated with each
of these carrier subtypes may be different (117, 119, 120).
There was therefore growing realization that the lack of gold-
standard methodologies to comprehensively separate these
carrier subtypes may be a major source of variability across
different studies and therefore contribute in part to problems
with rigor and reproducibility in the field (121).

Recognition of the potential sources of variability in the
characterization of the RNA content of different biofluids led
to concerted efforts across the field to better define method-
ologies and approaches that could serve to assist investigators
in addressing these variabilities. In this regard, the ISEV con-
vened working groups and statements forging minimal scien-
tific requirements for the characterization of EVs (40, 122)
and EV-RNAs and the Extracellular RNA Communication
Consortium facilitated the completion of several studies
across multiple sites to address sources of variability in meas-
urement of exRNAs. Using large data sets from multiple
studies, the Extracellular RNA Communication Consortium
investigators were able to develop computational pipelines
that could allow for deconvolution of plasma RNAs into
their carrier subtypes (119). In a complementary study, the
investigators also suggested that the biases in the RNA isola-
tion methodology for exRNA carrier subtypes could explain
a significant source of variability across studies (120). In

particular, the latter study defined microRNA (miRNA) pro-
files associated with key exRNA carrier subtypes and devised
a tool (miRDAR, available at exRNA.org) that could assist
the investigator in choosing the appropriate RNA isolation
methodology for their miRNA of interest.

This growing recognition of the heterogeneity of EVs them-
selves has spurred several studies that seek to define whether
EV subtypes themselves are associated with unique RNA
profiles.

Fractionation of small EVs secreted by mesenchymal
stromal cells using specific membrane lipid binding proteins,
namely cholera toxin B chain, Shiga toxin, and annexin V re-
vealed that RNA was present in Shiga toxin—-binding EVs and
not in cholera toxin B chain or annexin V-binging vesicles
(123). Using high-resolution density gradient centrifugation
and immunoaffinity capture methodology, Jeppesen et al de-
fined the distinct cargo of exosomes, microvesicles, and other
nonvesicular components (41). Other methodologies recently
adapted to study EVs, such as asymmetric flow field-flow
fractionation that separate particles based on their density
and hydrodynamic properties have led to the discovery of
nonmembranous nanoparticles termed “exomeres” in add-
ition to large and small exosomes, each with distinct RNA
profiles (124). Importantly, careful proteomic analysis of
these distinct particles yielded key protein markers that char-
acterize these EV subpopulations. Together, the refinement of
markers for EV subpopulations and the development of com-
putational platforms for deconvolution will allow investiga-
tors to define RNAs characteristic for each EV subtype and to
study how these are altered in disease states.

Composition of EV-RNAs

Based on the initial studies of EV-RNAs that showed a pre-
dominance of small RNAs, particularly miRNAs, subsequent
investigations to characterize the RNA contents of EVs fo-
cused on profiling of small RNAs using a variety of tech-
niques, including next-generation RNA sequencing (125, 126)
and a variety of other platforms that were based on either
hybridization of specific probes or sequencing based detec-
tion of probes (against RNAs of interest) that incorporated
bar codes. Challenges that were noted from RNA sequencing
experiments were the extremely low amount of input RNA
present in samples, leading to high variability in biological
replicates and the inherent protocol and sequence-specific
biases from RNA sequencing methodologies. Investigators,
however, also noted that these biases could be mitigated by
choosing adaptors for RNA sequencing that had degenerate
bases (126). These studies were confirmed by other studies,
which also noted that concordance of results across dif-
ferent platforms were most dependent on the level of RNA
expression in the biofluids, highlighting the difficulties in re-
producibility of studies across different platforms for RNA
species that had low expression (127). Platform-specific dif-
ferences in measurement of specific RNAs (128) also suggest
that careful assessment of the technology for the purpose of
measuring specific RNAs of interest may be warranted prior
to large-scale studies using that technology.

Initial focus on the miRNA content of EVs has also shifted
to the profiling of other small RNAs as well as messenger
RNAs (mRNAs) and long noncoding RNAs (IncRNAs).
Interestingly, studies in EVs secreted by cancer cell lines showed
varied presence of different species of RNAs, depending on
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the biophysical characteristics of EVs. For example, small
EVs were noted to contain a large number of fragments de-
rived from transfer RNAs (tRNAs), while medium-sized EVs
contained mRNAs that closely reflected the transcriptome
of the parent cell type (129). Study of these other species of
RNAs have revealed that for some cell types, such as T cells,
there is selective enrichment of tRNA fragments into MVBs
and, eventually, into exosomes (130). Interestingly, the re-
lease of these RNAs into EVs serves to remove tRNA frag-
ments that functionally repress T-cell activation. Similarly,
for cardiosphere-derived cells, a large component of the EV
cargo comprises a Y RNA fragment that appears to confer
cardioprotection by modulating the immune system (131).
The detection of large RNA molecules, including fragments
of mRNAs and IncRNAs in biofluids and cell culture super-
natants, has more recently focused attention on whether the
long RNA transcriptome of EVs may serve to better reflect
changes in disease trajectory, as these RNA species may more
closely approximate their cell of origin (132). While there is
burgeoning interest in the long RNA transcriptome of EVs,
whether they truly reflect cellular transcriptome with greater
fidelity, and how they may change with stress signals, is not
completely clear.

Sorting of RNAs Into EVs

Complementary to the investigation of RNA cargoes of
EVs, researchers also sought to determine mechanisms of
RNA sorting into EVs. Experiments that compared the EV
RNAs with the RNA transcriptome of the parent cell have
shown selective enrichment of specific RNAs in the EVs (133-
136). These studies have identified RNA binding proteins
such as hnRNPA2B1 or Y-box protein-1, which may bind
to specific sequence motifs to direct trafficking of miRNAs
into exosomes, although some of these mechanisms may be
specific to certain cell types and perhaps not generalizable.
Similarly, proteins such as K-ras, which direct trafficking of
specific miRNAs into exosomes, may play a role specifically
in cancer cells. Recent interesting studies have touched on
other mechanisms such as inflammasome activation that can
regulate loading of miRNAs into exosomes, based on motif-
specific binding to the FMR1 RNA binding protein (137). It
is important to keep in perspective that the mechanisms of
miRNA export into EVs may be context- and cell-specific.
In contrast to these mechanistic studies investigating sorting
of miRNAs into exosomes, there is far less mechanistic in-
sight into how other RNA species, particularly mRNAs and
IncRNAs, get transported into EVs, whether these are all frag-
mented, and whether there are any sequence-specific motifs
that are enriched in the EV cargo.

EV-RNAs Metabolic Disorders

The role of EVs and their molecular cargo as potential bio-
markers and mediators of intercellular signaling in obesity
and metabolic disorders is described in detail in other sections
of this statement. EV-RNAs and may play an important
role as “functional” biomarkers—possible prognosticators
of disease as well as causal mediators of disease pathogen-
esis (138). Most studies of ex-RNAs as biomarkers in dia-
betes and obesity have profiled total plasma and serum
from human subjects (rather than RNAs associated with
specific carrier subtypes) and hence may be subject to the
kind of methodological biases as described in the previous
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discussion. Nonetheless, these studies describe miRNAs that
are differentially expressed in plasma or serum from patients
across the spectrum of cardiometabolic disorders (139, 140).
Interestingly, there are consistent findings across several of
these studies: miR-122 appears to be associated with insulin
resistance, altered in a similar direction in murine models
of obesity, and implicated in regulation of key metabolic
pathways (139, 140). Notably, it appears that profiling of
EV miRNAs (as opposed to total plasma RNAs) yielded a
stronger signal for miRNAs that were differentially expressed
in type 2 diabetes mellitus (T2DM) compared to subjects with
normal glucose tolerance (141). A second study noted differ-
ences in expression of miR-21-5p in EVs released from beta
cells subjected to inflammatory stress, consistent with obser-
vations in human subjects (142). There are far fewer studies
identifying other RNA species in EVs that can discriminate
across the spectrum of metabolic disorders. While the lack of
consistent results across the multiple studies may arise from
the methodological sources of variation detailed in the pre-
vious sections, the more compelling data for a functional role
for some of these EV-RNAs in cellular processes important
in diabetes pathogenesis provide some level of confidence.
In this regard, 2 compelling studies described an important
role for miRNAs contained within EVs derived from adipose
cells or adipose tissue macrophages (ATMs) in the pathogen-
esis of insulin resistance (143, 144). Ultimately, while these
early studies show some promise of EV-RNAs as potential
prognostic biomarkers for diseases across the spectrum of
cardiometabolic disorders, future studies that pay careful at-
tention to standardized methodologies to improve rigor and
reproducibility are needed to advance them into the clinical
arena. Nonetheless, these studies provide much needed in-
sight into novel areas of signaling that pertain to the patho-
genesis of insulin resistance and diabetes, paving the way for
future identification of therapeutic targets.

Highlights

1. Initial studies of EV-RNAs showed a predominance of
small RNAs, with initial focus on miRNAs as mediators
of EV-mediated intercellular communication.

2. Different RNA carrier subtypes may have different RNA
cargoes; RNA cargo is likely cell- and context-specific.

3. More recent studies have started uncovering novel small
RNA species, nRNA, and IncRNA components of EVs.

4. Experiments that compared the EV RNAs with the RNA
transcriptome of the parent cell suggest selective enrich-
ment of specific RNAs in the EVs and a possible func-
tional role for EV-RNAs in the pathogenesis of metabolic
diseases.

5. The role of other RNA species, such as tRNA-derived
small RNAs, Y RNAs, small nucleolar RNAs, and frag-
ments of IncRNAs or mRNAs as mediators of signaling
have not been investigated in detail.

Biodistribution and Interaction With
Target Cells
Ways That EVs Interact With Cells

EVs can interact with recipient cells in both autocrine and
paracrine manners. Although theoretically EVs could be
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taken up nonspecifically by cells, there are many reports
of EVs binding to cells in a specific manner, using ligand-
receptor interactions (98, 145). In fact, EVs carry many types
of adhesion molecules that have been shown to enhance
binding to recipient cells. This includes ephrin-Eph inter-
actions (146, 147), integrin-ligand interactions (148-150),
and peptide-MHC class II complexes to T-cell receptors
(85). In addition, EVs are enriched in glycoproteins, such as
heparan sulfate proteoglycans and proteins containing a var-
iety of glycosylations, including sialic acid and mannose, in a
cell-type and cell state—specific manner (151, 152). In some
cases, these sugar groups may increase EV binding and up-
take via lectins, such as dendritic cell-specific intercellular
adhesion molecule-3-grabbing nonintegrin, on recipient cells
(98, 153-155). Conversely, cleavage of sugar groups has also
been shown to reduce uptake in other systems, possibly by
altering the charge of the EVs. In addition, heparan sulfate
proteoglycans on recipient cells have been shown to enhance
uptake of EVs (156, 157).

Once bound to recipient cells, EVs can deliver biological
signals in multiple ways. Thus, ligand-receptor interactions
between EVs and cells may directly induce cellular signaling
by both proteins and bioactive lipids. EVs may also fuse with
cellular membranes to deliver internal cargoes to recipient cell
cytoplasm. EV fusion would also deliver transmembrane and
membrane-linked molecules into recipient cell membranes.
Due to the way that EV biogenesis occurs, the internal con-
tent of EVs is derived from molecules and organelles found in
the cytoplasm of cells (32, 158). Thus, internal cargoes of EVs
may include RNAs and RNA-binding proteins, metabolic en-
zymes and metabolites, and other normally cytoplasmic con-
stituents. Such cargoes could affect the cellular phenotype in
a variety of ways, including via altering gene expression by
miRNA and mRNA delivery (159).

Biodistribution of EVs

EVs not only interact with cells locally but can also transit
through blood and lymph vessels and travel to distant tissues.
The biodistribution of EVs may influence the course of various
diseases. For example, in cancer, small EVs have been shown
to seed premetastatic niches, and the integrin cargo content
of those EVs may influence the site of metastatic spread by
binding to the extracellular matrix at those sites (160-162).
Interestingly, different subpopulations of cancer EVs injected
into the bloodstream have different biodistributions (124),
suggesting that anatomical factors do not solely affect EV
distribution.

Methods to Visualize EV Uptake by Tissues
and Cells

There are a variety of methods to detect EV uptake and
biodistribution (Fig. 3). Purified EVs can be labeled with lipo-
philic dyes or even purified from cells that are themselves la-
beled with lipophilic dyes, with the caveat that dye aggregates
can resemble EVs, necessitating careful controls (163-169).
Cells can also be engineered to express EV-targeting labels,
including luciferase (170-173) and fluorescent tags. Typically,
this labeling approach either utilizes tagging of EV marker
proteins, such as tetraspanins, or linking luciferase or fluores-
cent protein labels to lipid anchoring sequences (87, 174-177).
Depending on which protein or lipid anchor is utilized, the
tag may be targeted more to the plasma membrane or to

1

endosomes. This differential targeting can lead to prefer-
ential labeling of plasma membrane-derived microvesicles
or endosome-derived exosomes. A final approach has been
to label the endosome-targeted tetraspanin CD63 with
a pH-sensitive green florescent protein called pHluorin
(178-181). These constructs are nonfluorescent within acidic
late endosomal EVs but fluoresce upon fusion with the plasma
membrane since the extracellular environment is at neutral
pH. These constructs are especially helpful for tracking high-
resolution exosome secretion events and also allow visualiza-
tion of exocytosed endosomes.

Highlights

1. EVs can interact with recipient cells in both autocrine
and paracrine manners.

2. EVs not only interact with cells locally but can also
transit through blood and lymph vessels and travel to
distant tissues.

3. Different classes of cancer EVs injected into the blood-
stream have different biodistributions.

4. There are a variety of methods to detect EV uptake and
biodistribution.

EVs and Endocrine Disorders

Obesity and Insulin Resistance

As discussed in earlier sections, it is important to employ
methods that rigorously enrich EVs using standardized meth-
odologies and then to characterize the resulting preparations
with respect to particle size and well-accepted EV-associated
markers. Several papers in the field of obesity report
studies using preparations that contain substantial amounts
of a heterogenic population of EVs such as exosomes,
microvesicles, apoptotic bodies, etc (see the previous section
Extracellular Vesicles” Heterogeneity).

Since increased adipose tissue is the hallmark of obesity,
most studies in the obesity field have focused on small EVs
or exosomes derived from this tissue (182). ATMs and adi-
pocytes, as well as other cell types within the adipose tissue,
all produce EVs. In addition, adipose tissue explant—derived
EVs from pregnant women from normal and gestational dia-
betes mellitus (GDM) have been characterized (183), and the
total number of EVs present in maternal circulation strongly
correlated with maternal BMI (184). A number of biological
effects have been ascribed to adipose tissue EVs, which are
mostly, but not exclusively, mediated by their miRNA cargo.
In the context of obesity, ATM and adipocyte-derived EVs
have been the most extensively studied. Studies of small EVs
or exosomes in obesity have centered on either the use of EV
cargo as a biomarker or on their biological effects.

Biomarkers

In the case of obesity, while it might not be necessary to iden-
tify a circulating biomarker to diagnose obesity, it would
be useful to have biomarkers that are predictive of grade
of inflammation and obesity development, success rates for
weight loss, or predicters of recidivism (weight regain). Such
biomarker studies focus on circulating exosomes, but an im-
portant caveat must be acknowledged. Circulating EVs rep-
resent the composite of EV released from a large variety of
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different cell types, and in a given disease, EVs from the rele-
vant cell type or tissue may be masked or confounded by the
contribution of EV cargo from multiple other cell types.

Several papers have assessed circulating miRNA content
in normal vs obese subjects (139, 185-195), and several dif-
ferent miRNAs were reported as differentially expressed be-
tween the 2 groups. However, within these papers the specific
differentially expressed miRNAs are not concordant and dif-
ferent patterns were observed. In addition, weight loss meas-
ures such as bariatric surgery, exercise, and low-calorie diets
all lead to changes in the circulating EV miRNA profiles, but,
again, specific miRNA signatures across these studies differ
(196-198). At this point, no consensus miRNAs have consist-
ently emerged. Technical issues might also be at work across
the different reports, since some studies have examined blood
miRNAs and others have assessed miRNAs contained within
EVs, with a few focusing on miRNAs within exosomes. The
cargo across these different components could differ, re-
sulting in differential results. In addition, identifying the cel-
lular source of potential circulating miRNA biomarkers is a
key goal.

Clearly, the potential of circulating miRNAs as biomarkers
for metabolic diseases is of great interest and additional
work is needed to define consistent patterns that differentiate
normal vs obese states. In particular, it would be important
to identify exosomal miRNA biomarkers that predict the
onset of obesity in susceptible individuals or their responses
to nutritional or pharmacological treatment. In addition, re-
cidivism after successful weight loss is an enormous clinical
problem, and biomarkers that would have some predictive
value on this phenomenon would be important.

It would be of great value if validated standardized meth-
odologies were used for EV preparation and miRNA detec-
tion across multiple studies. If such studies were performed
in adequately sized cohorts over diverse demographic char-
acteristics, this would greatly aid in the search for circulating
EV-based biomarkers.

Biological Effect of EVs

With respect to biological effects, EVs derived from adipose
tissue have been well studied in mice, with more limited studies
in humans. For example, Ferrante et al showed that EV pre-
parations from human adipose tissue contained a number of
miRNAs that were more highly expressed in obese vs lean
EVs and reported that a subset of these miRNAs can regulate
intracellular signaling pathways important for insulin action
(199). Using EVs prepared from adipose tissue from obese
vs lean mice, Dang et al also reported a deleterious effect of
obese adipose tissue-derived EVs on insulin sensitivity (200).
They found that a deficiency of miR-141-3p in the obese EVs
contributes to insulin resistance. In this study, as well as in
other studies, EVs were extracted from intact adipose tissue.
It is not possible, therefore, to know from which cell type they
were derived. Using blood as a source of circulating EVs, lean
mice treated with circulating EVs from obese mice develop
glucose intolerance and insulin resistance (186). The authors
of this study also found increased expression of miR-122,
-192, -27a-3p, and -27b-3p in those “obese” EVs, and using
mimics of these miRNAs, they were able to reproduce the ad-
verse effects on glucose tolerance. With respect to adipocytes,
obesity leads to an increase in miR-222 expression that causes
impaired insulin sensitivity by inhibiting Glut4, IRS1, and
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ER2 expression (201). In addition, Thomou et al published
an extensive paper probing the circulating exosomal cargo
derived specifically from adipocytes (143). Using a combin-
ation of techniques, including studies of adipocyte-specific
Dicer knockout mice, which do not incorporate miRNAs
into EVs, they found that brown adipocytes release EVs con-
taining high levels of miR-99b, which travel to the liver and
inhibit FGF21 expression. The subsequent changes in circu-
lating FGF21 levels may contribute to the metabolic dysfunc-
tion in obesity.

Obesity is characterized by a substantial accumulation of
proinflammatory macrophages in visceral adipose tissue, and
numerous studies have shown that these ATMs are major
contributors to the insulin resistant state (144, 202-205).
Therefore, studies of exosomes specifically derived from ATMs
have important implications for obesity-mediated metabolic
disease. Thus, exosomes harvested from ATMs in obese mice
cause insulin resistance in adipocytes, myocytes, and primary
hepatocytes after in vitro treatment, demonstrating direct ef-
fects (144). When “obese” ATM exosomes are given to lean
mice by intravenous injection, the lean recipient mice develop
glucose intolerance, hyperinsulinemia, and insulin resistance,
comparable to the obese state, despite the fact that treatment
with these exosomes did not cause changes in eating behavior
or body weight. In contrast, exosomes obtained from lean
mouse ATMs lead to an opposite phenotype (144). Thus,
treatment of adipocytes, myocytes, and primary hepatocytes
in vitro with “lean” ATM exosomes leads to increased cel-
lular insulin sensitivity and in vivo treatment of obese mice
with these preparations produces improved glucose tolerance
and decreased insulin resistance (Fig. 4). Using cultured bone
marrow-derived macrophages differentiated toward the M2
state in culture as a platform for harvesting exosomes in vitro,
a recent study has shown that M2 exosomal miR-690 is the
major driver of increased insulin sensitivity induced by these
preparations (25, 206). Treatment with a miR-690 mimic
leads to increased insulin sensitivity in vitro in adipocytes,
muscle cells, and primary hepatocytes and decreases the in-
flammatory tone of a variety of macrophage preparations.
When given in vivo to obese mice, the miR-690 mimic cause
a marked improvement in glucose tolerance and insulin sen-
sitivity with no change in body weight. Treatment with a
miR-690 antagomir reverses these effects. Other studies have
produced results consistent with the concepts summarized in
Figure 1. For example, adipose tissue-derived exosomes can
enhance macrophage-mediated inflammation and miR-223;-
155, and -27a promote proinflammatory signaling in macro-
phages (207, 208).

Hepatocyte-derived exosomes can also contribute to meta-
bolic regulation in obesity (209). Thus, in the early stages of
obesity, hepatocytes secrete exosomes that cause improved
glucose tolerance and insulin sensitivity, and miR-3075 is the
dominant, and perhaps only, miRNA that causes this pheno-
type. FA2H as a major target of miR-3075 and hepatocyte
exosomes from early onset obese mice (4-week high-fat diet)
promote insulin sensitivity through miR-3075 and inhibition
of its target FA2H, both in vitro and in vivo. Conversely, in
chronic obesity (16-week high-fat diet), this entire situation is
reversed, and miR-3075 is no longer expressed in hepatocytes,
or at least at very low levels, and, instead, the hepatocytes se-
crete pathogenic exosomes that promote insulin resistance.
They do not do this by directly causing insulin resistance in
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Figure 4. Extracellular vesicles (EVs; eg, small EVs such as exosomes) harvested from adipose tissue macrophages (ATMs) in obese mice promote
insulin resistance while exosomes preparations from ATMs in lean mice induce insulin sensitivity and might be involved in fetal growth in gestational

diabetes mellitus.

adipocytes, myocytes, or primary hepatocytes, but, rather,
they promote macrophage-mediated inflammation, and this is
the way they cause decreased insulin sensitivity. Interestingly,
EVs produced by adipose tissue function as an endocrine
link during pregnancy, facilitating the communication be-
tween mother and fetus by regulating placental metabolism
in GDM that might lead to changes in fetal growth (Fig. 4).
EVs have been implicated in the molecular crosstalk at the
level of intercellular and interorgan signaling and play pivotal
roles in regulation of metabolism (210).

In summary, as a general pattern, exosomes derived from
blood, hepatocytes, whole adipose tissue, adipocytes, or
ATMs from obese mice or humans can all participate in
the etiology of insulin resistance and glucose intolerance in
obesity. Furthermore, exosomes prepared from lean mouse
ATMs might have therapeutic value, and the current litera-
ture supports this concept. As in the biomarker field, the spe-
cific miRNAs or groups of mRNAs that lead to detrimental
or beneficial effects are multiple and not consistent across
different studies. miR-155, -27b-3p, and -122 are ones in
which more than 1 study has shown effects either causing or
preventing metabolic dysfunction.

Since obesity is a dominant characteristic of patients with
T2DM, it is likely that many of these principles derived from
studies of obesity will also pertain to T2DM. The reader is
referred to a number of recent review articles on this subject
(208, 210-213) Eventually methods of delivery of miRNAs
within exosomes or liposomes or other vesicles will be estab-
lished to provide therapeutic miRNAs or miRNA inhibitors,
and there are already studies progressing through clinical

development in other diseases that might serve as useful
guides.

Highlights

1. Since increased adipose tissue is the hallmark of obesity,
most studies in the obesity field have focused on small
EVs or exosomes derived from this tissue.

2. Circulating EVs represent the composite of EVs released
from a large variety of different cell types, and in a given
disease, EVs from the relevant cell type or tissue may be
masked or confounded by the contribution of exosomal
cargo from multiple other cell types.

3. At this point, no consensus miRNAs associated with
obesity have consistently emerged.

4. EVs/exosomes derived from blood, whole adipose tissue,
adipocytes, or ATMs from obese mice or humans can all
participate in the etiology of insulin resistance and glu-
cose intolerance in obesity.

Diabetes

As a prevalent endocrine disease, diabetes mellitus is char-
acterized by abnormal elevation of glucose levels in blood
and/or urine, which results from impaired uptake and util-
ization of glucose by tissue cells. Severe diabetes can cause
complications, including diabetic nephropathy, cardiomyop-
athy, and impaired wound healing. Pancreatic islets secrete in-
sulin to promote glucose uptake and utilization by the brain,
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muscles, liver, and other organs. Insulin deficiency, largely in
part resulting from destruction of islet cells, can lead to type
1 diabetes, even in the early stages of life. Resistance to in-
sulin action (sometimes accompanied by p-cell dysfunction
and relative insulin insufficiency), which is closely associated
with obesity, may result in the development of T2DM. In
addition, glucose intolerance during pregnancy is defined as
GDM (214). EVs mediate intercellular communication within
or among the endocrine organs under physiological and
pathophysiological conditions, including pregnancy (215,
216). The alteration of EV number or content in blood or
urine from patients with diabetes has been verified by several
studies, indicating the mutual interaction between metabolic
disorders and EV characteristics (141, 142, 217-222).

EVs in the Pathogenesis of Diabetes

It is largely undefined how EVs participate in the physiological
functions of endocrine organs such as the pancreas and liver
under healthy conditions; however, an active involvement of
EVs in the pathological processes of diabetes is being revealed.
Type 1 diabetes is an autoimmune disease in which both in-
nate and adaptive immune cells are involved. EVs regulate
the crosstalk between immune cells and insulin-producing
cells during the development of diabetes. Either small or large
EVs from human or rodent islet § cells or insulinoma cells
contribute to insulitis by stimulating antigen-presenting cells,
T cells or B cells. Several intracellular autoantigens such as
GAD65 and TA-2 have been found in B-cell-derived EVs,
which may exert immunostimulatory effects (223-227). The
release of EVs may be increased while their contents become
more pathogenic upon stress stimuli such as inflammation or
hypoxia (142,225,228). Conversely, lymphocytes can also re-
lease small EVs such as exosomes to act on {3 cells. Exosomes
released by human or NOD mice T cells contained abundant
specific miRNA involved in diabetes progression, possessing
an ability to promote B-cell apoptosis (229) (Fig. §). Direct in
vivo evidence supporting the contribution of these exosomes
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to type 1 diabetes, however, remain to be found. Furthermore,
horizontal transfer of exosomal miRNA between f cells was
also observed upon inflammatory stress (230). Insulin resist-
ance is the primary cause for TZ2DM in which EVs participate
in the crosstalk between adipocytes, hepatocytes, muscle cells,
and/or immune cells. Circulating EVs including exosomes
from patients with T2DM show an alteration in miRNA or
protein signature and can impair the insulin action in skeletal
muscle cells and affect the functions of leukocytes (141, 220).
To delineate the contribution of EVs to T2DM, it is necessary
to identify the complex origin and various functions of theses
EVs. Currently, several studies have characterized some EVs
from adipose tissue, including adipocytes and macrophages,
as well as their effects on insulin action. EVs released from
adipose tissue of some patients with T2DM showed direct
impairment on insulin action in hepatocytes or myotubes,
while another animal study showed the indirect effect of
EVs from obese adipose tissue on insulin resistance through
activating macrophages (231, 232). EVs from stressed adipo-
cytes may play an important role in reducing insulin action in
direct or indirect manners (205, 233-237). Meanwhile, EVs
from stressed macrophages may also blunt insulin actions in
adipocytes, hepatocytes, and muscle cells (144). In pregnant
women, changes in EV characteristics, including their origin
and components, have been found in either blood or urine
with the development of GDM. Several specific miRNAs
upregulated in serum EVs were related to glucose metab-
olism, while placenta-derived EVs, such as exosomes present
in both maternal circulation and urine, possessed distinct
protein or miRNA profiles related to inflammation or metab-
olism (219, 238-241). Using cellular or animal experiments,
several studies provided evidence for the adverse effects of
EVs from plasma, placenta, or adipose tissue of GDM pa-
tients on glucose metabolism, indicating the pathological
roles of EVs in GDM progression (183, 222, 242). Recently,
small EVs from GDM have been demonstrated to induce glu-
cose intolerance in vivo using an elegant system involving the

~
@
® -
@ fom \
Tcells @

AL

S =S

iy 173
Dendritic cell —%’FQ @

o Tecell —@
B ceIIL@

i

@
@

Pancreatic lymph node

Figure 5. The contribution of extracellular vesicles (EVs) to the pathogenesis of type 1 diabetes. Islet 3 cells, especially upon inflammatory stimuli, can
produce EVs to activate antigen-presenting cells and T and B lymphocytes, causing insulitis and p-cell destruction. In addition to direct immune attack, T
cells can also release EVs to induce p-cell apoptosis, thereby aggravating the development of type 1 diabetes.
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continuous chronic infusion using miniosmotic pumps of EV
that is likely to mimic physiological conditions (183, 222,
242). In addition, EVs are also involved in the pathologies
of various diabetic complications including diabetic neph-
ropathy, cardiomyopathy, or retinopathy, which are not de-
scribed in detail here. These findings provide the possibility
to use EVs as biomarkers in monitoring the development of
diabetes mellitus. EVs in body fluid may be promising candi-
dates because of convenient collection and easy manipulation.
Several studies have shown that EVs in circulation or urine
display unique features during different types of diabetes.
Taking exosomal miRNA as the example, miRNA-16-5p
was downregulated in plasma exosomes from patients with
long-term type 1 diabetes but upregulated in urine exosomes
from subjects with GDM (217, 239). However, there is still
a long way to translate these observations into diabetes-
associated EV biomarkers in the clinic. In this field, large
amounts of work on standardization and validation remain
to be established.

EVs in theTherapy of Diabetes

As an effective vesicle to transport bioactive components to
target tissues or cells, EVs possess predominant advantages in
disease treatment. Emerging evidence has shown the potential
of EVs, particularly exosomes from mesenchymal stem cells
(MSCs), in treating diabetes mellitus and associated com-
plications. In mouse models of type 1 diabetes induced by
streptozotocin, delivery of exosomes from adipose tissue—de-
rived MSCs ameliorated the diabetic symptoms, possibly by
suppressing inflammatory T-cell responses (243). Infusion of
exosomes from human umbilical cord MSCs also exhibited
desired effects on treating T2DM in a rat model induced by a
high-fat diet combined with streptozotocin, largely by redu-
cing insulin resistance and inhibiting B-cell apoptosis (244).
There are also some animal studies showing the therapeutic
effects of MSC-derived exosomes on diabetic complications,
particularly diabetic wounds (245-247). Thus far, only a
few clinical trials using EV therapies for diabetes have been
reported.

In summary, EVs released from cells may be changed in
terms of concentration or content, depending on age, sex,
genetic background, and physiological or pathological con-
ditions. To clarify the physiological or pathological roles of
EVs in the development of diabetes mellitus, further explor-
ation of their cell origins, components, target cells, and action
pathways is required. To propose specific EVs as diagnostic
biomarkers for diabetes or its complications, standardization
of the physiological characteristics of EV profiles, based on
large scales of cohorts that cover age, sex, and so on would
be necessary. Furthermore, identification of abnormal EV in-
dicators for pathologies in different types or stages may re-
quire dynamic monitoring, in which the EV signature needs
to be specific enough to exclude other background signals.
Regarding the potential EV therapy for diabetes mellitus and
associated complications, all processes, including EV prepar-
ation and identification, evaluation of EV efficiency and side
effects should be strictly determined, through a series of in
vitro and in vivo studies including animal and human trials.
It should be noted that these future prospects for EV appli-
cation in diabetes therapy are only based on a few animal
experiments. Currently, it is still an open question to elucidate
the effectiveness and practicality of EVs in treating diabetes. If
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s0, exact molecular mechanisms of EV action need to be clari-
fied and appropriate therapeutic window should be evaluated.

Highlights

1. EVs regulate the crosstalk between immune cells and
insulin-producing cells during the development of
diabetes.

2. Circulating EVs including exosomes from patients with
T2DM show an alteration in miRNA or protein signa-
ture and can impair the insulin action in skeletal muscle
cells and affect the functions of leukocytes.

3. In pregnant women, the change of EV characteristics
including origins or components has been found in either
blood or urine with the development of GDM.

4. Emerging experimental evidence has shown the poten-
tial of EVs, particularly exosomes from MSCs, in treating
diabetes mellitus.

Cancer

The impact of EVs and evaluation of their cargo not only
apply to the diagnostic and prognostic challenges of cancer
progression but also to the challenges in understanding the
mechanisms of tumor growth, invasion, metastatic disease,
and resistance to therapy (82, 248-251). In the context of
endocrine-related cancers, a potential role of EV in pituitary
adenoma have been proposed (252-254). Hydrocortisone
increased the secretion and altered the RNA profile of EVs
from pituitary cells, suggesting a stress-associated response
(252). Interestingly, growth hormone-secreting pituitary ad-
enoma EVs stimulates osteoblast proliferation via increased
cell viability and DNA replication, associated with changes in
the bioactivity of miR-21-5p within EVs (253). IncRNA H19
inhibits the growth of distal pituitary tumors by suppressing
the eukaryotic translation initiation factor 4E-binding protein
1 phosphorylation. Interestingly, the level of EV-associated
IncRNA H19 in the patients with all subtypes of pituitary
tumors was significantly lower compared to healthy con-
trols, suggesting that this molecule within EV might be used
as a biomarker for predicting responses of patients with
prolactinomas (254).

The role of EVs as cancer biomarkers is evolving (2535,
256). EVs have been enriched from all biological fluids and
are most often investigated in the blood. Regardless of the bio-
logical fluid under study, the goal underlying the use of EVs as
biomarkers of pathology is to capture discernible molecular
changes that are specific to that pathology, whether symp-
tomatic or not. Should EVs represent the cells they originate
from and should circulating EVs represent the entire system’s
molecular homeostasis, a cancer lesion would thus shed EVs
with unique features that distinguish them from EVs shed by
noncancerous lesions or normal parenchyma. Although these
assumptions frame the studies of EVs as cancer biomarkers,
they present valid challenges in the field of EVs as cancer
diagnostic or prognostic tools. First, in a given pool of EVs
collected from the circulation, the relatively low frequency
of cancer-derived EVs may severely limit the detection of
cancer-specific signals. This is particularly problematic when
biomarkers are studied for early cancer detection, when small
lesions would contribute even less to the EV pool in circula-
tion and when symptomology and imaging cannot decisively
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assist. Second, EVs are not only inherently diverse but also are
enriched using methodologies that are still evolving and that
present respective limitations in obtaining distinct purity and
quality controls for a defined EV subpopulation. The techno-
logical limitations are compounded by a dynamic and rapidly
expanding field of research that may disagree on the relative
abundance of EVs’ given cargo of interest (248). Nonetheless,
EVs as cancer biomarkers are likely to continue to expand
and find utility in clinical oncology. Despite the issue of signal
to noise (common to all biomarkers), EVs give a unique ad-
vantage: they present with the potential of interrogating
more than 1 molecular species. EVs have been dubbed a
“multicomponent biomarker platform” in cancer (255), since
their purification and study from biological fluid(s) enable not
only profiling of proteins but also other biologicals. The cargo
of EVs is indeed complex and rich in distinct biologicals, pos-
sibly preserved from enzymatic degradation in circulation, and
include not only proteins but also nucleic acids, metabolites,
and lipids (248) (see the previous section EV Composition).
Surface proteins on EVs may be used to enhance signal to
noise, adding power to tests detecting cancer-specific sequences
in the DNA, mRNA, miRNA, and other RNA species found
in EVs. The combination of multiple biological readouts may
also offer a mean to distinguish cancer from other patholo-
gies, with shared vs uniquely assigned EV cargos. This may
prove useful in aiding the interpretation of medical imaging
without the need for invasive tissue biopsy. Finally, EVs may
shield and thus capture nucleic acids with distinct proper-
ties (eg, short fragments, transcriptome rather than genome),
which may offset sequencing limitations associated with rare
or fragile species of nucleic acids in the circulation (257). As
alluded to in the previous discussion, EV cargo with distinct
cargo enrichment when compared to the cells they originate
from may also give biomarker studies an additional advan-
tage, with “cancer-specific cargo” impacting the detection of
cancer-specific EVs in the pool of circulating EVs (82). The
role of EVs as cancer biomarker may also extend to predicting
response to therapy (255, 256, 258), with recent findings
indicating that the frequency of EVs with surface expression
of immunomodulatory molecules (eg, PD-L1) may inform on
response to immune checkpoint blockade (259).

Circulating EVs not only inform on cancer cell biology
(cancer cell-derived EVs) but also on the host response
(stromal cell-derived EVs), including immune cells (248,
249). Transmembrane proteins and associated extracellular
proteins can act as ligands in cell signaling, activating or sup-
pressing pathways involved in various biological responses,
including resistance to cancer therapy. The role of EVs in
cancer has largely been associated with protumorigenic func-
tions, although it is noted that these may reflect predomin-
antly the role of cancer cell-derived EVs. Cancer cell-derived
EVs have been reported to play a role in metastasis when mice
are administered bolus injections of purified EVs (160, 260,
261). EVs may also modulate cancer progression by regu-
lating the tumor microenvironment and generating a more
tumor permissive environment (251, 262, 263). The com-
plexity of EV intercellular communication is enormous, and
intercellular communication is particularly challenging to
study in vivo due to its dynamic component. Although it is
possible that EVs are efficiently exchanged between a limited
number of cell types, it is more likely that the exchange of
EVs is more promiscuous and EVs can be exchanged as part
of an endless combination of intercellular communication
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highways. Several such highways in EV exchange that modify
the tumor microenvironment include cancer cell-derived EVs
impacting stromal cells (fibroblasts, immune cells, endothe-
lial cells etc), and vice-versa. The effect of EV exchange in-
cludes transcriptomic, signaling, and metabolic changes (248,
264-266). It is intriguing that EVs (studied in the context of
exogenous administration of EVs in animals) demonstrate
tropism for some organs (267, 268), which suggests a role for
EVs in organ systems communication and interorgan com-
munication (269, 270). The study of how such “preferred”
EV exchange routes are used, highjacked, or hindered in
cancer will likely guide our understanding of cancer as a sys-
temic disease. In this regard, the role of EVs in promoting
cancer cachexia is also emerging (271), although more studies
are needed to determine whether they indeed participate in
this cancer-associated metabolic syndrome in a rate-limiting
fashion. The future studies of EVs in cancer may also reveal
an antitumor function of EVs, with a role in limiting tumor
angiogenesis, for example (272). It is likely that EVs function
to both promote and limit cancer progression, given their cell
of origin, microenvironmental milieu, and cancer type and
stage of progression.

Since the discovery of the biological impact of the exchange
of EV cargos between cells, the role of EVs as natural carriers
of therapeutic payload has gained traction toward clinical ap-
plications (82, 248, 262, 273). Selecting EVs as nanovesicles
of therapeutic payloads over synthetic nanoparticles was
motivated by their “physiological camouflage,” where in ex-
ogenous administration of EVs, even if modified, benefit from
their cell-like exterior and physiological predisposition for ef-
ficient cellular uptake (274). This may aid EVs as therapeutic
agents by preserving their cargo from degradation during
transit, limiting their clearance by immune cells, and minim-
izing toxic (adverse) reactions that synthetic nanoparticles can
elicit (256, 258, 275). By harnessing the tools to modify cells
in vitro, it is possible to engineer EVs produced by these cells
to present specific ligands or receptors on their surface, the
conformation of which, on EVs’ lipid bilayer, may enhance
the desired signaling event. This approach was used to har-
ness the antitumor role of dendritic cell-derived EVs in lung
cancer therapy (262, 276). As nanoparticles, EVs can also be
“loaded” (eg, by electroporation) with a desired therapeutic
payload. Therapeutic payloads include small interfering
RNAs to regulate target cell transcriptome, enabling the
downregulation of otherwise undruggable targets (267, 277).
Chemotherapeutic payloads of EVs may enhance the benefit
of the encapsulated drug by controlling their delivery to target
organs (cancer lesions) and limiting off-target effects. The role
of EVs in cancer therapeutics is rapidly evolving, informed
from a growing number of preclinical studies and emerging
clinical trials (248).

EVs hold several key possible roles in our study of cancer,
from their use as biomarkers to their development as a novel
class of therapeutics. Their study will likely inform us about
cancer as a systemic disease and will likely continue to give
new insights into harnessing the host’s response to control
cancer progression.

Highlights
1. In the context of cancer, the impact of EVs and evalu-

ation of their cargo not only apply to the diagnostic and
prognostic challenges of cancer progression but also
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to the challenges in understanding the mechanisms of
tumor growth, invasion, metastatic disease, and resist-
ance to therapy.

2. EVs are not only inherently diverse but also are enriched
using methodologies that are still evolving and that pre-
sent different limitations in obtaining distinct purity and
quality controls for a defined EV subpopulation.

3. The role of EVs as cancer biomarker may also extend to
predicting response to therapy.

4. Selecting EVs as nanovesicles of therapeutic payloads
over synthetic nanoparticles was motivated by their
“physiological camouflage,” wherein exogenous admin-
istration of EVs, even if modified, benefits from EVs’
cell-like exterior and physiological predisposition for ef-
ficient cellular uptake.

Cardiovascular Disease

EVs, Cardiovascular Disease, and Endocrine
Disorder

Normal endocrine function is essential for cardiovascular
health. Disorders of the endocrine system impact metabolic
syndrome, adiposity, insulin resistance, high blood pressure
(BP), hormonal changes, obesity, and diabetes, which are well-
known comorbidities that can significantly elevate the risk of
death from cardiovascular disease (CVD). Tissue-specific EVs
released from diverse cell types, including adipose tissues, im-
mune systems, liver, muscles, etc, to the central circulation
may carry and transfer functional RNA, proteins, and lipids
to regulate the metabolic function of the target cells and tis-
sues related to CVD. Changes in the EV profile and bioactivity
have been described in several endocrine-related conditions in
CVDs. Here, we discuss the composition and function of EVs
in regulation of various cardiac manifestations secondary to
endocrine dysfunction, and vice versa, and their possible clin-
ical use as blood-based biomarkers.

EVs and EV IncRNAs in Cardiometabolic Diseases,
Including Endothelial Dysfunction, Diabetes, and
Atherosclerosis

Metabolic syndrome is a clustering of risk factors that in-
creases susceptibility to serious cardiometabolic compli-
cations, including T2DM and myocardial infarction. The
clustering of several cardiometabolic disease traits [eg, ab-
dominal obesity, atherogenic dyslipidemia, hyperglycemia,
insulin resistance, and/or hypertension (HTN)] strikingly ele-
vates the risk of developing T2DM or overt CVD to a much
greater extent than having only 1 disease trait. One of the
prominent features of cardiometabolic diseases is endothelial
dysfunction. It has been demonstrated that endothelial cell
homeostasis and response to pathological stimuli are critic-
ally impacted by regulatory molecules carried by circulating
EVs such as noncoding RNAs and proteins. Interestingly, one
of the strongest genetic associations in the development of
coronary artery disease (CAD), cholesterol metabolism, and
T2DM is with 9p21, a IncRNA known as ANRIL (278) that
has been shown to be secreted in association with EVs (279,
280). Similar to ANRIL, polymorphisms in IncRNAs, which
are detected extracellularly in circulation in association with
EVs, in addition to intracellular expression, such as MALAT-1
(281), H19 (282), and p21 (283) have also been shown to be
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associated with an increased risk of CAD, hypertrophy, myo-
cardial ischemia, and contractile dysfunction. Compared with
healthy volunteers, patients with atherosclerosis, CAD, myo-
cardial ischemia, and heart failure have been shown to have
higher serum levels of H19, LIPCR, and HIF1A-AS1 (282,
284) and lower serum levels of ANRIL, KCNQ1OT1, and
MALAT1. However, serum levels of some of these IncRNAs
were shown to be poor predictors of left ventricular dysfunc-
tion (283). Of note, studies using human cultured cells in
vitro, as well as those using patient samples, have shown that
many of these IncRNAs are associated with secreted exosomes
or EVs in circulation (285). Additional controlled studies are
needed before EV-associated circulating IncRNAs can be used
reliably as biomarkers for atherosclerotic diseases.

EV-associated Circulating miRNAs in
Cardiometabolic Diseases and Endothelial Cell
Dysfunction

Circulating miRNAs can be modulated by many of the charac-
teristic features of cardiometabolic diseases, including HTN,
hyperglycemia, insulin resistance, obesity, and dyslipidemia
[reviewed in (286)]. When these comorbidities are combined
in patients with metabolic syndrome, a distinct set of circu-
lating miRNAs, including miRNAs enriched in the endothe-
lium, is dysregulated.

Interestingly, several of the identified circulating miRNAs
are claimed to have tissue specificity. Many circulating
miRNAs that are present at lower concentrations in the blood
of patients with CAD compared with healthy controls (such
as miR-126, -17, and -92a) are known to be highly expressed
in the vascular wall, especially in the endothelium (287).
Others are enriched in cardiac muscle (miR-208, -199, -133a,
-1, and -499), in vascular smooth muscle cells (e.g., miR-145
and -143) and in inflammatory cells (miR-155) (287-289).
Moreover, another study using human, murine, and cell-
culture models suggested that circulating and tissue expres-
sion of ex-RNAs are temporally regulated and are associated
with the pathological state of the heart or other tissues that
they are released from (290). Presence of circulating miRNAs,
often studied in the context of biomarkers, is controversial
in relation to their presence in different plasma components,
such as association with circulating EVs, Argonaute com-
plexes, LDLs, HDLs, etc (119, 291, 292). It is widely estab-
lished, however, that multiple different types of RNA species
are transported by EVs from different cellular origins.

Other EV-associated Biomolecules and Factors in
Cardiovascular Diseases

Interestingly, large EVs, but not small EVs, from
cardiomyocyte origin were shown to express cardiac troponin
T (293), a well-known and sensitive biomarker that can de-
tect a small degree of damage to the heart. EVs originating
from cardiomyocytes and myocardial tissue were shown to
be rapidly taken up by infiltrating monocytes and to regulate
local inflammatory processes. Another noteworthy clinical
study investigating protein epitope profile has demonstrated
that EV levels of CD62p, CD42a, CD41b, CD31, and CD40
increased in acute myocardial infarction (ST-elevation myo-
cardial infarction and angina patients) (294), some of which
have high potential as biomarkers.

A number of studies have reported that the numbers of cir-
culating EVs is increased in several pathological conditions
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including insulin-resistant patients (295) and in patients with
T2DM and microvascular complications, including CVD,
HTN (296), atherosclerosis (297, 298), obesity (299), stroke,
and myocardial infarction (293, 300), and postsurgical inter-
ventions of the heart (301), whereas many studies report sig-
nificant reductions in EV numbers after calorific restriction
or bariatric surgery (302). These studies provide evidence of
trafficking of EVs from the heart or from other tissues to per-
ipheral circulation carrying biomolecules that may serve as
biomarkers or potential disseminators of disease.

EVs in Cardio-endocrine System

The same factors that increase the risk of cardiometabolic
disease are also risk factors for several endocrine disorders,
such as polycystic ovary syndrome (PCOS) (303, 304), which
leads to reduced fertility. Several studies have now shown
that in accordance with these increased risk factors, PCOS
patients have increased circulating levels of EVs, particularly
procoagulant and proinflammatory platelet EVs (305, 306),
although a causal relationship has not yet been established
between EVs and the other symptoms of PCOS. Nevertheless,
these studies implicate that EVs can play an important role
in the pathogenesis of cardiometabolic and cardio-endocrine
disorders and that EV-associated biomolecules could be im-
portant biomarkers for predicting risk. In addition, inflamma-
tion could be at the center of CVD and endocrine disorders,
connecting adipose tissue, liver, skeletal muscle, pancreas,
heart, and other organs via circulating EVs that contribute to
the development of obesity, insulin resistance, diabetes, and
CVD.

Highlights

1. Changes in the EV profile and bioactivity have been de-
scribed in several endocrine-related conditions in CVDs.

2. Presence of circulating miRNAs, often studied in the con-
text of biomarkers, is controversial in relation to their
presence in different plasma components, such as associ-
ation with circulating EVs, Argonaute complexes, LDLs,
HDLs, etc.

3. EVs originating from cardiomyocytes and myocardial
tissue were shown to be rapidly taken up by infiltrating
monocytes and shown to regulate local inflammatory
processes.

4. EVs can play an important role in the pathogenesis of
cardiometabolic and cardio-endocrine disorders and
EV-associated biomolecules could be important bio-
markers for predicting risk.

Hypertension

Arterial Hypertension

Multiple systems contribute to BP homeostasis, including
the vasculature, nervous, and immune systems, along with
the kidney and the various hormonal regulators (307). HTN
remains a major cause of premature death worldwide, and
therefore developing a better understanding of the molecular
pathogenesis of HTN is crucial (308). EVs have already
gained significant attention as potential new surrogate bio-
markers for endothelial dysfunction and vascular damage and
may serve as novel biomarkers and bioregulators in primary
and secondary HTN (309-311).

Endocrine Reviews, 2022, Vol. XX, No. XX

EVs as Biomarkers

In clinical studies, plasma-derived EV levels of endothelial
origin were found to be higher in patients with primary HTN
but could be lowered with antihypertensive treatments. Most
studies, however, focused on studying EV surface and protein
markers of endothelial cell origin using flow cytometry (eg,
E-selectin, platelet endothelial cell adhesion molecule, vas-
cular endothelial-cadherin, S-endoglin) (312-314). A few
studies from rodent models of HTN and human HTN in-
cluded other circulating EV subtypes and identified leuko-
cyte- and T-cell (CD3+)-derived EVs as a major subset of EVs
(315,316). These EVs correlated significantly with BP severity,
defining them as clinically relevant biomarkers. Interestingly,
no correlations with BP levels were observed with levels of
endothelial-derived EVs in these models. This finding is con-
sistent with the paradigm that the immune system and, in par-
ticular, T cells play a significant role in HTN and support a
functional role of EVs in HTN pathogenesis (317). EV-RNA
cargo was also studied as biomarkers in HTN. Comparing
the RNA cargo of plasma derived exosomes from spontan-
eously hypertensive rats (SHR) to normotensive Wistar Kyoto
(WKY) rats, the SHR EVs carried more unique miRNAs
(318). Further analysis of EVs’ origin and EV cargo opens up
discovery for novel pathologic pathways and treatment tar-
gets. In addition, EVs might play a role as early biomarkers
for end-organ damage in HTN. HTN is a silent disease and
current markers of end-organ damage such as left ventricular
hypertrophy or hypertensive retinopathy are indicating al-
ready advanced organ damage. As an example, for early and
more sensitive and specific EV biomarkers, EVs deriving from
peritubular capillaries in the kidney were identified by flow
cytometry as early markers for hypertensive kidney damage
(319). Using proteomics for urinary EV (uEV) cargo char-
acterization, an altered protein pattern was also found in
a group of 40 nondiabetic hypertensive patients with and
without albuminuria (320).

Beside the diagnostic role of EVs in HTN, a prognostic role
has also been investigated in 1 large clinical study of 844 indi-
viduals from the Framingham Offspring cohort, who did not
have HTN at study entry. Levels of endothelial-derived EVs
(CD144+) were identified as a cardiovascular risk factor and
was significantly associated with the development of HTN
(311). More large clinical studies are crucially needed to con-
firm the diagnostic and prognostic role of circulating or uEVs
in HTN.

Moreover, EVs have been studied as biomarkers in sec-
ondary HTN, which represents about 4% to 5% of cases
with elevated BP due to a known cause (308). Kidney-derived
EVs from podocytes (podocalyxin and nephrin positive) were
significantly elevated in renovascular HTN and showed an
inverse correlation with renal blood flow (321). Primary
hyperaldosteronism (PA), the most common endocrine cause
for secondary HTN, is characterized by the inappropriate
production of aldosterone and overstimulation of the min-
eralocorticoid receptor, leading to hypokalemia and increase
in BP. Microarray analysis of EV mRNA showed that 19
genes were differentially expressed, of which the endothelin
1 gene (EDN1) was downregulated and only detected in PA
patients, representing a potential biomarker (322). EVs have
also been examined extensively in preeclampsia (323), a sec-
ondary cause for severe HTN in pregnancy. Podocyte-derived
EVs were identified in humans with preeclampsia and associ-
ated with altered podocyte expression (324).
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Bioactivity

As EVs carry proteins, metabolites, and RNAs, they have
gained significant attention as possible vascular effectors in
HTN, promoting intercellular and interorgan communica-
tion (325). In particular, they have been found to carry angio-
tensin type 1 receptor (AT1 R) (326), endothelial nitric oxide
(NO) synthases (eNOS), and nicotinamide adenine dinucleo-
tide phosphate subunits that impair NO release (327) or the
transfer of chemokines and adhesion molecules to endothe-
lial cells (327). Pironti et al demonstrated in a refined in vivo
model that AT1 R-enriched exosomes are released from the
heart undergoing a cardiac pressure load. These EVs are func-
tional as exogeneous transfer of AT1 R—enriched exosomes
increased BP in AT1 R knockout mice. The EV transfer im-
proved their response to angiotensin II (326). Another ex-
ample of EVs’ interaction with the renin-angiotensin system
(RAS) is work by Ren et al (328) and Tong et al (329). Angio-
converting enzyme (ACE) content was found to be higher in
adventitial fibroblast derived EVs in SHR compared to WKY.
Increased ACE in EVs from SHR increased angiotensin II
levels, activated AT R, and promoted vascular smooth muscle
migration, likely through miR155-5p. In addition, monocyte
miR-27a in EVs decreases Mas receptor expression, impairing
Ang1-7 vasodilation and thus causing HTN (330). Thus, EVs
can be seen as novel messengers of the RAS through transfer
of molecules from proteins to RNA. This effect is bidirec-
tional as RAS increases the formation of EVs as well.

EVs’ direct vascular function has been largely tested in
ex vivo studies using pressure myography of small arteries.
Most of the EVs investigated were generated in cell culture in
vitro (327, 331, 332). These studies demonstrated that endo-
thelial- and T-cell-derived EVs reduce endothelial dependent
vasodilation in resistance arteries from mice, likely via a
NO-dependent mechanism. Platelet-derived EVs resulted in
thromboxane A2 receptor-mediated vasoconstriction (331,
332). These results were confirmed by studies using EVs gen-
erated from in vivo models, SHRs, and humans. Interestingly,
EVs’ vasoactive effects occur during or after the development
of HTN in these models (333). There is also evolving evidence
for functional EV-RNA cargo in HTN. Monocyte miR-27a in
EVs has been found to decrease Mas receptor expression and
eNOS phosphorylation, impairing angiotensin 1-7 vasodila-
tion, which can lead to elevated BP (330).

A possibly therapeutic effect of EVs on BP regulation
in in vivo models has only been reported by a few groups
(334, 335). For instance, Otani et al isolated circulating
EVs from normotensive WKY rats and administered them
intraperitoneally weekly, over 6 weeks, into SHR rats and
measured BP by tail cuff (334). BP in hypertensive animals
could be lowered. However, the dose effect of these functional
EVs, their cellular origin, their exact vasoactive factor(s) (EV
cargo of protein/metabolites/RNA), and cellular target(s) are
still unknown. The therapeutic role of MSC-derived EVs was
tested in HTN by injecting them into aging mice intraven-
ously. Aging-related vascular stiffness and HTN were miti-
gated (336).

Furthermore, EVs of tubular origin have been investi-
gated in HTN. These EVs carry functional units including
sodium transporters (eg, epithelial sodium channel, thiazide-
sensitive sodium chloride cotransporter) and water channels
(aquaporin) (337). Evolving evidence is demonstrating that
these EVs of tubular origin might play an important role in
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BP and volume regulation, which can be of importance in
salt-sensitive individuals or patients with diuretic resistance.

In summary, EVs not only represent novel biomarkers of
HTN severity and end-organ damage but also play a mechan-
isticrole in HTN pathogenesis as bioregulators. Understanding
EV biology and EV cargo in HTN can open up discoveries of
novel and needed treatment targets (Fig. 6). In addition, cir-
culating or uEVs have the potential to better characterize the
different phenotypes of HTN. As the optimal BP threshold
for initiating BP treatment is still controversial, EVs might
represent easy (plasma EVs) and noninvasive (uEVs) clinical
biomarkers for detection of early end-organ damage, which
can guide effective treatment in HTN and lower cardiovas-
cular risk. To advance the field of EVs in HTN, more rigor
and transparency in reporting per guidelines of the EV soci-
eties are needed.

Highlights

1. EVs have already gained significant attention as potential
new surrogate biomarkers for endothelial dysfunction
and vascular damage and may serve as novel biomarkers
and bioregulators in primary and secondary HTN.

2. EVs might play a role as early biomarkers for end-organ
damage in HTN.

3. EVs have also been examined extensively in preeclampsia
and PA as secondary cause for HTN.

4. Endothelial- and T-cell-derived EVs reduce endothelial
dependent vasodilation in resistance arteries from mice,
likely via a NO-dependent mechanism.

5. EVsare novel messengers of the RAS, which also contrib-
utes to release of EVs.

6. The therapeutic and BP-lowering role of EVs from stem
cells and normotensive animals was tested in HTN by
injecting them into aging mice and the spontaneously
hypertensive rat intravenously.

Final Remarks

“Nevertheless, the history of science has repeatedly shown
how the introduction of a new word can act as a catalyst for
research—just consider the words ‘radioactivity’, ‘chromo-
some’, ‘antibiotic’, ‘apoptosis’ and, of course, ‘molecular
biology’. When Starling first introduced ‘hormone” a hundred
years ago, virtually nothing was known about the nature of
hormones or chemical messengers. Biochemistry was then
still in its infancy, but it soon became obvious to many physi-
ologists that a chemical approach was needed to understand
the nature and actions of hormones” (338). The quote from
Tata’s 2005 review is equally applicable to the field of endo-
crinology, codified by the term “extracellular vesicle.” EV is
now ensconced in the lexicon of endocrinology. As it was for
hormones 120 years ago, our understanding of the role of EV
signaling pathways in physiology and pathophysiology, as bio-
markers of disease and their potential as therapeutic agents, is
formative. Advances in understanding and application will be
enabled by the use of a standardized EV taxonomy, in which
subtypes of vesicles are better defined. The current lack of
standardization is acknowledged and represents a significant
caveat to data interpretation and limits progress. Precise def-
inition of the molecular cargo of EVs may represent a more
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effective approach for assigning specific functions to EVs, ra-
ther than size, density, or biogenic mechanism.

The following statement is issued as an aid in standardizing
EV research practice within the field of endocrinology.

1. EVs are vesicular mediators released by cells into biofluid
compartments;

2. EVs are carriers of diverse molecular cargoes, including
protein, nucleic acid, and lipids;

3. EVs are released by cells to mediate autocrine, paracrine,
endocrine, and exocrine activities;

4. EVs are released both under normal conditions and in
response to challenges to cellular homoeostasis;

5. EVs are transported within biofluids to target cells where
they affect a specific cellular response;

6. EVs represent non- or less-invasive diagnostics and next-
generation drug delivery vehicles;

7. EVs are composed of different subtypes with distinct bio-
physical properties and biogenesis pathways and distinct
surface markers and cargo;

8. EVs are potential novel biomarkers associated with
disease phenotypes across a range of endocrine and
metabolic disorders;

9. When state-of-the-art methods, as described by the
ISEV and in the section Isolation and Characterization

Methods, are followed, including characterization of
exosomal protein markers, then the use of the term
“exosome” is appropriate in defining such vesicles;
otherwise, the term  extracellular vesicle” is preferred.

10. Characterization of EV phenotype, cargo, and func-
tion should align with the recommendations of the EV
societies to provide the necessary rigor, reproducibility,
and interoperability in EV research (MISEV, EV-Track,
MiCytFlowEV, uEV position paper).
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