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Abstract

Exosomes are nanosized membrane particles that are secreted by cells that transmit information
from cell to cell. The information within exosomes prominently includes their protein and RNA
payloads. Exosomal micro-RNAs in particular can potently and fundamentally alter the
transcriptome of recipient cells. Here we summarize what is known about exosome biogenesis,
content, and transmission, with a focus on cardiovascular physiology and pathophysiology. We
also highlight some of the questions currently under active investigation regarding these
extracellular membrane vesicles and their potential in diagnostic and therapeutic applications.
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INTRODUCTION

The cardiovascular system is a dynamic network of various cell types that collectively
support the circulation of blood throughout the body. The heartbeat is initiated by electrical
signals that chemically couple to contraction, propelling blood into vessels that finely
control perfusion and fluid balance. The constant adaptation of these features to
environmental challenges requires a tight and multifaceted system of cell-cell
communication and regulation of the transcriptome. Much emphasis has traditionally been
placed on cytokines, peptides, and nitric oxide as signaling mediators of cardiac contractility
and vasomotor tone. We have, until recently, failed to recognize the role of extracellular
vesicles (EVs), and particularly exosomes, as agents of cell-cell signaling both locally and
remotely. EVs have been known to exist in biological fluids for more than seven decades. In
1940, Chargaff and others noted “lipoproteins of a very high particle weight... [that] readily
form sediments in a strong centrifugal field... but remain in solution when subjected to weak
centrifugal field” (1). The term used to describe these particles was thromboplastic
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substances. Despite the limited technology of the time, Chargaff & West (2) accurately
predicted an important role of these particles in health and disease. Two decades later, Wolf
and associates (3) isolated these thromboplastic particles from the subcellular fraction and
resolved them using electron microscopy. Distinct small vesicles ranging from 20 to 50 nm
were observed and were then termed platelet dust. The term exosomes was first coined by
Johnstone and others to describe vesicles released from cultured maturing sheep
reticulocytes (4, 5). These particles had enzymatic (e.g., acetylcholinesterase and transferrin)
activity that was lost during reticulocyte-to-erythrocyte maturation. The prevailing view then
was that these vesicles were a means to remove factors from the plasma membrane that were
no longer needed by the mature erythrocyte (5).

With the advent of high-throughput proteomics and genomics and evolving understanding of
paracrine mechanisms, particularly in cancer and development, the field of exosome biology
experienced a paradigm shift; particles once thought to be involved in waste management are
now widely accepted as highly conserved elements in a pathway of short- and long-range
communication. All examined eukaryotic cell types—including hematopoietic cells,
epithelial cells, neural cells, stem cells, adipocytes, and cancer cells—secrete exosomes in
culture. Canonical exosome production has been demonstrated across all taxa of Eukaryota,
from single-cell amoeboid protists (6) to fungi (7), plants (8), and animals (9-11). In vivo,
exosomes can be isolated in great abundance from all body fluids, including blood, ascites,
cerebrospinal fluid, saliva, milk, and even urine (12-19). Figure 1 represents bodily fluids
that contain exosomes along with a schematic of the vesicle, its membrane contents, and
molecular payload. These vesicles transmit a variety of signaling molecules in their payload,
notably proteins, MRNA, and noncoding RNA—including, most notably, microRNAs
(miRs) (20). Furthermore, the range of these particles and their ability to transfer their
molecular payloads have been described in various models of health and disease. Indeed,
there is now a wealth of evidence that exosomes can mediate autocrine, paracrine, and
endocrine functions (21-23). The first area of clinical translation has been in diagnostics:
Exosomes isolated from blood or urine can be used as markers of disease and prognosis in
cancer (24) and perhaps also in CNS disease (25) and heart disease (26). Cell therapy for the
objective of tissue regeneration has helped spur a third perspective regarding the role of
exosomes in cardiovascular disease: Exosomes may mediate some or all cell-triggered
therapeutic effects. This review summarizes what is currently known about exosomes in the
cardiovascular space from the three aforementioned perspectives: markers of prognosis,
functional role in pathology, and potential value in therapeutic applications. We also discuss
current gaps in understanding and avenues of expanding prospective areas of investigation
that would help propel this field to gain further insight and translational utility.

EXOSOMES: CONSERVED MEDIATORS OF CELLULAR COMMUNICATION

Exosome Definition and Nomenclature

As is common with newly discovered entities, EVs of different classes have been termed
inconsistently and nonsystematically. The initial definition of exosomes was 50-100-nm
lipid bilayer particles released from cells. This definition has since been amended, with the
size range expanding to incorporate particles as small as 20 nm in diameter (16) and those as
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large as 150 nm in diameter (27), although most studies use a size range of 30—-100 nm.
Particle size has become one of the mainstays of differentiating exosomes from a myriad of
other particles, notably microvesicles, that tend to be larger (up to ~1,000 nm in diameter).
In addition, exosomes were historically named after the cell of origin. For instance, cancer-
derived exosomes were termed oncosomes, and dendritic cell—derived exosomes were
termed dexosomes. This approach has led to the unfortunate and confusing introduction of at
least 20 different terms describing lipid particles released by different cell types, with little
regard for size or content.

As exosome biogenesis became better described, a second qualifier for exosome identity—
their biological pathway of origin—emerged. Exosomes arise from intraluminal endosomal
vesicles (as viewed under electron microscopy) that fuse with the endosome, a product of
invagination of the plasma membrane. As the endosome matures and eventually merges with
the plasma membrane, the contents released into the extracellular space become the
exosomes (28-30). This ontogeny presents an advantage to EV characterization, as
exosomes can be further identified by markers of their biogenesis. Specifically, exosomes
contain remnants of the ESCRT (endosomal sorting complexes required for transport)
pathway. However, the markers associated with ESCRT are not entirely exclusive. For
instance, some of the markers conserved in exosomes, such as tetraspanins (notably CD63,
CD81, and CD9), are also present on the plasma membrane, in the cytosol, and in vesicles
derived from membrane shedding (31). The promiscuity that is seen with tetraspanins is
likely due to the conserved and multifunctional capacities of these proteins, including cell
activation and proliferation, cell adhesion and motility, and cell differentiation. Other
exosome markers such as lysosomal-associated membrane proteins (LAMPS), including
LAMP1 and LAMP2, are also abundantly present in the lysosomal compartment. Such
abundance complicates the process of distinguishing them from lysosomal vesicles and
autophagosomes (32).

Finally, the primary method for exosome isolation remains the same since its discovery more
than seven decades ago: centrifugation. Among the various alternative strategies that have
emerged since then are filtration; chromatography; bead isolation; and variations on existing
centrifugation methods, including preparations using precipitation material that sediments
lipid bilayer particles. However, the primary method remains purification by size. Therefore,
given the overlap in the nomenclature regarding different classes of particles and the
competing conventions, developing a unified nomenclature system is important. More
discriminatory methods need to be developed to isolate bona fide exosomes that are free of
membrane blebs and other EVs, so as to better understand the mechanisms and payload of
exosome trafficking and downstream effects. Strides are being made in this regard. The
Office of Strategic Coordination of the National Institutes of Health has launched a Common
Fund program for extracellular RNA communication in an effort to define exosomes, to
understand exosome biogenesis and transmission, and to investigate various facets of their
clinical application (33). Part of that effort also involves unifying nomenclature and methods
for exosome isolation and characterization.
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Exosome Biogenesis and Release

Exosomes are a unique class of EVs by virtue of their biogenesis. Unlike apoptotic bodies
(more broadly termed ectosomes), which form from the blebs of dead or dying cells, or
microvesicles, which form from outward budding of the plasma membrane, exosomes arise
from multivesicular endosomes (MVES). MVEs, also known as multivesicular bodies
(MVBs), form from invaginations of the plasma membrane that fuse with payload sorted in
the endoplasmic reticulum and processed in the Golgi complex. This loaded “bag of
marbles” then fuses to the plasma membrane for release as exosomes. However, not all
vesicles in the MVEs are sorted for release. Some MVEs fuse with lysosomes as part of a
degradation pathway (30, 34). MVEs are produced through lateral segregation of the
molecular payload at the delimiting membrane of the endosome, followed by inward
budding and pinching of vesicles into the endosomal lumen. Figure 2 provides a broad
overview of the origins of EVs, including exosomes, apoptosomes, and microvesicles.
Exosomes are a class of vesicles secreted via the classical secretory pathway that involves
fusion of payload with MVEs. Why certain MVEs are destined for the lysosomal
compartment versus fusion with plasma membrane remains poorly understood, although
there is evidence that there are two populations of MVEs: cholesterol-rich secretory MVEs
(sSMVEs) and another cholesterol-poor population prone to fuse with lysosomes (IMVES)
(35) (Figure 2). Furthermore, IMVESs contain lysobisphosphatidic acid, which is absent in
SMVEs (39). Microvesicles arise from membrane shedding from injured or transformed
cells. Finally, apoptotic bodies, or apoptosomes, are vesicles shed from dying cells or cell
bodies that remain after apoptosis. Consequently, the membrane lipid content of these EVs is
more similar to that of the plasma membrane of the cell of origin. Exosomes, however, also
include lipid from the Golgi complex, making them more distinct from the plasma
membrane. The pathway of biogenesis is similar to that of ubiquitination and degradation of
cellular products, with a few distinct features, including cholesterol content of the endosome
(35).

The cellular machinery involved in this process has been resolved, to some degree, using
mutant yeast lines. Figure 3 represents members of the endosomal complex, including
ESCRT O, I, I, and 11, which are involved in endosome biogenesis and exosome release.
Complexes 0, I, and 11 recognize and sequester ubiquitinated protein products (for lysosomal
degradation) at the endosomal delimiting membrane, whereas complex I11 is responsible for
membrane budding and scission of intraluminal vesicles (36-38) (Figure 3).

Exosome Composition

Exosomes from different sources contain different structural proteins and lipids. The
payloads are even more diverse. According to the current version of the exosome content
database, ExoCarta (version 4; http://www.exocarta.org), from the 146 studies of different
cell types and organisms, 4,563 proteins, 1,639 mRNAs, 764 miRNAs, and 194 species of
lipids have been identified in exosomes (40). Nevertheless, this section focuses on the
structurally conserved components of the vesicle and on the classes of signals incorporated
into the payload.
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Lipid composition—Exosomes are bounded by a lipid bilayer membrane consisting of
cholesterol, diglycerides, sphingolipids, phospholipids, glycerophospholipids, and
polyglycerophospholipids (41). The lipid composition of exosomes differs from that of the
plasma membrane, which explains the difference in the physical properties, including the
exceptional rigidity of exosome membranes compared with that of the plasma membrane.
Some of these lipids also serve extrastructural functions, including trafficking during
biogenesis (particularly trafficking of ceramide, which is critical for budding into the
endosome) (42), recognition, and internalization (41). Aside from structural and trafficking
components, exosomes also contain bioactive lipids, including prostaglandins, leukotrienes,
and active enzymes that can generate these lipids (43).

Membrane proteins—The most commonly occurring proteins belong to classes of
membrane transport and fusion proteins, including tetraspanins (e.g., CD63, CD9, and
CD81), heat shock proteins (e.g., Hspa8, Hsp90), GTPases (e.g., EEF1AL, EEF2), and
endosomal proteins and markers (e.g., Alix). Other proteins commonly found on exosomes
include cytoskeletal, metabolic, signaling, and carrier proteins and albumin. Relative
expression levels depend largely on the cell type of origin and may change under different
environmental conditions. Other markers of note are major histocompatibility complexes
(MHCs). MHC class | is ubiquitously expressed on all exosomes, whereas MHC 11
expression is confined to exosomes derived from antigen-presenting cells, including
dendritic cells, macrophages, B cells, microglia, and intestinal epithelial cells.

Molecular cargo—Given the incredible diversity of cells, generalizations regarding
exosome cargo should not be viewed dogmatically. The payload of each exosome population
varies greatly according to the cell and tissue type of the secreting population. Nevertheless,
certain features are common (Figure 1). Given the small size of exosomes, organelles such
as ribosomes and mitochondria are generally absent; likewise, DNA is rarely found in
exosomes in any abundance, unlike the case for cancer-derived EVs, which are typically
larger than exosomes and contain double-stranded DNA (1). Proteins are present and vary
greatly with the cell of origin. Exosomes can contain enzymes, transcription factors, and
structural proteins (44-46). Perhaps the greatest source of signaling diversity is in the
plentiful RNA content, which includes not only transcripts but also abundant noncoding
RNA species such as miRs and transfer RNAs (20, 47). Exosome RNA content varies
dramatically according to the cell type of origin, but it does not merely parrot the RNA
profile of the secreting cell (20, 48-50). Poorly understood sorting processes are at play in
determining what RNA species are packaged into exosomes (51). Furthermore, the unique
signature of miRs derived from tumor exosomes has generated increasing interest in the use
of exosomes as diagnostic and prognostic biomarkers (52). Perhaps the most important
lingering question in exosome biology is the nature of the molecular determinants
underlying selective packaging of signaling mediators and their release. Understanding how
certain signals, including miRs, mRNA, and protein, are selectively packaged is critical to
understanding the grander pathway of signal transduction and how cells alter the payload
under different conditions such as stress and disease. An important first step is the
recognition for heterogeneous nuclear ribonucleoprotein A2B1 in miR sorting into
exosomes (115).
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Exosome uptake—Exosomes enter recipient cells via a variety of mechanisms, which
adds to their diversity. Mechanisms include receptor-mediated binding and activation of
downstream signaling; protease-mediated cleavage of exosomes by recipient cells to liberate
soluble ligands; lipid membrane fusion; internalization by receptor-mediated endocytosis;
and uptake by immune cells through phagocytosis, pinocytosis, or micropinocytosis (53).
The relative importance of the various uptake pathways differs dramatically according to the
biological context. For example, systemically delivered exogenous tumor—derived
exosomes distribute rapidly to the spleen and liver, followed by a more prolonged clearance
phase through the hepatic and renal route (54). Increasing exosome dose broadens this
distribution to the lungs, gastrointestinal tract, and kidneys (55). Intratumoral injection of
exosomes, however, has shown significant and prolonged association with tumoral tissue
(54).

EXOSOMES IN CARDIOVASCULAR PATHOPHYSIOLOGY

The concept of exosomes as propagators of disease is not a new one. Exosomes and other
EVs play active roles in cancer cell signaling, including tumor growth, recruitment of
vasculature, chemoresistance, and priming distant tissue for metastasis (56). Such
involvement is perhaps not surprising because exosomes are highly conserved across the
Eukaryota taxa (57) and thus play central roles in disease. Researchers have shown for
multiple systems that exosome secretion and payload are sensitive to various stress stimuli,
including infection (58).

Hypertrophy and Cardiac Remodeling

Various forms of stress in the heart—including hypertension, ischemia, valvular dysfunction,
arrhythmias, and even transient stresses such as physical exertion and pregnancy—Iead to an
activated hypertrophic cellular response (59, 60). These responses are due in part to vesicle-
mediated cellular cross talk among myocytes and other cells in the myocardium, including
fibroblasts, endothelial cells, circulating blood elements, and inflammatory cells. Stressed
adult cardiomyocytes upregulate their exosome secretion and alter exosome content to be
enriched in proinflammatory and apoptotic factors, including HSP60 and TNF a. (61). These
factors result in further inflammation and death to nearby cardiomyocytes, driving even
more inflammation and expanding scars.

Cardiac hypertrophy is characterized by myocyte enlargement, cardiac fibroblast
proliferation, and secretion of extracellular matrix proteins and proinflammatory cytokines.
Bang and others (62) demonstrated that fibroblasts secrete exosomes enriched in miR-21*%;
these exosomes contribute to cardiomyocyte hypertrophy. Cardiomyocytes in culture became
hypertrophic upon exposure to conditioned media from fibroblasts or when cocultured with
fibroblasts (63). As fibroblasts constitute the majority of the myocardium, the effect of
pathogenic exosomes in mediating this phenotype becomes readily appreciable. Later
studies further elucidated this mechanism and implicated exosomal transfer of m/iR-21* as a
central driver of this hypertrophic effect. Taken up through an endocytic pathway, miR-21*
in exosomes downregulates cardiomyocyte targets such as sorbin, SH3 domain—containing
protein 2 (SORBS2), and PDZ and Lim domain 5 (PDLIM5) (64). Downregulation of these
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targets effectively triggered hypertrophy. The pericardial fluid of mice subjected to
transverse aortic constriction exhibited increased levels of miR-21* (65). Much remains to
be understood, however, regarding the mechanism whereby activated fibroblasts release
deleterious exosomes. Whether ischemia is enough to change the exosome payload of these
cells (as they transition from fibroblasts to myofibroblasts) or whether they are in turn
influenced by EVs from plasma or endothelial cells remains to be seen. However, recent data
from a kidney injury model suggest that epithelial cell—derived exosomes rich in TGF-p
mRNA prime fibroblasts to secrete exosomes that are profibrotic (66). In the case of insult to
the heart, the majority of EVs come from autocrine sources, plasma, and endothelial cells,
which thus represent promising starting points of investigation.

Although the role of exosomes in arrhythmias is not established, a plausible case can be
made for the involvement of exosomes. Exosomes secreted by ischemic cardiomyocytes,
both from patients with coronary artery disease and in ischemic rat hearts, are enriched in
miR-1and miR-133(67), which affect action potentials and cardiac conduction through
targeting of Ca2*/calmodulin-dependent protein kinase 11 (68, 69). Other potentially
proarrhythmogenic miRs that are upregulated in exosomes during ischemia include
miR-328, which is enriched in platelet-derived exosomes (70) and targets L-type calcium
channels (71, 72).

Cardiomyopathy

Exosomes also play a proinflammatory role in the heart during the onset of different
cardiomyopathies. Sepsis-induced cardiomyopathy occurs when systemic bacterial infection
ultimately leads to the depression of cardiac function, followed by multiple organ failure.
Platelet-derived exosomes contribute to inflammation in a lipopolysaccharide (LPS)-induced
mouse model of sepsis. In healthy volunteers, LPS triggers platelets to release exosomes
enriched in NADPH oxidase, nitric oxide synthase, and disulfide isomerase and results in the
downregulation of the anti-inflammatory miR-223 (which targets ICAM-1) (73). Exosomes
derived from activated platelets induce apoptosis in rabbit aortic endothelial cells (73). Thus,
platelets activated by exposure to bacterial toxins secrete both more exosomes and
increasingly pathogenic exosomes that drive the vascular dysfunction seen in sepsis. In the
cardiomyopathy associated with type 2 diabetes, hyperglycemia alters the exosomes released
by stressed cardiomyocytes. Serum exosomes from type 2 diabetic rats are rich in miR-320
and are taken up by endothelial cells in vitro. M/iR-320inhibits endothelial cell proliferation
and migration via targeting of IGF-1, Hsp20, and Ets2. Downregulation of these targets
leads to inhibition of proliferation, of migration, and of tube formation (74). Addition of
GW4869, an inhibitor of exosome biosynthesis, abrogated this effect (74). In conclusion,
exosomes derived from injured cardiovascular tissue promote disease progression by a
variety of propathological signals. Figure 4 illustrates the general model for disease-
propagating exosomes (termed pathosomes) from injured, terminally differentiated tissue,
including cardiomyocytes, fibroblasts, endothelial cells, and platelets. The available data are
consistent with the emerging concept that pathosomes perpetuate responses to injury in
cardiovascular tissue, ultimately leading to end-stage disease (Figure 4), but this concept has
yet to be tested in detail.
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EXOSOMES: NEXT-GENERATION THERAPEUTIC AGENTS?

Heart disease is the leading killer of men and women in the world today, with nearly 20
million deaths per year. Cardiovascular disease kills more Americans and imparts an
economic burden on the US health care system greater than that for any other disease
category, including all malignancies combined (75). A major driver of cardiovascular disease
is myocardial infarction (M), which affects >1 million Americans annually (76). Some Ml
survivors experience a steady decline in health, quality of life, and productivity by
progression to chronic heart failure (HF) (77). Conventional therapy for HF can slow down
the progression of this disease, but no current treatments can halt or reverse HF once it
becomes symptomatic. Cell therapy has been touted for its potential to regenerate tissue
previously thought to be permanently damaged, such as the post-MI heart (78-80).
Canonical stem cell—mediated regeneration is motivated by the notion that injected
multipotent cells engraft, proliferate, differentiate, and repopulate the injured region of the
heart. However, multiple lines of evidence now indicate that most of the beneficial effects of
transplanted cells are indirect. Stem cells secrete a variety of factors and molecules,
including growth factors, antioxidants, proteasomes, miRs, and EVs. The recognition that
exosomes may play an important role in mediating the benefits of cell therapy is an evolving
paradigm, with evidence emerging only recently. If exosomes do turn out to be
mechanistically important, they may be therapeutic candidates, supplanting the need for cell
transplantation.

Mesenchymal Stem Cell Exosomes

Lai and colleagues showed that human embryonic stem cell—derived mesenchymal stem
cells (MSCs) secrete exosomes 50-100 nm in size with therapeutic bioactivity, in that they
reduced infarct size in a mouse ex vivo model of ischemia/reperfusion injury (81). Further
findings by the same group demonstrated, in vivo in mice with MI, that systemic
pretreatment withMSC exosomes reduced scars by 45%, increased ATP and NADH levels,
and reduced oxidative stress in heart tissue (82). Exosomes derived from bone marrow
MSC:s blunt inflammation and attenuate vascular remodeling pathways in a mouse model of
hypoxia-induced hypertension (HPH). Specifically, these exosomes suppressed
phosphorylation of signal transducer and activator of transcription 3 (STAT3) and pulmonary
levels of miR-204 (which are suppressed in HPH) (83). Therefore, MSC-derived exosomes
exhibit anti-inflammatory properties and restore metabolic ability to injured tissue. However,
more rigorous studies are needed to elucidate MSC exosomes’ capacity for regeneration and
other pathways beyond cardioprotection.

Hematopoietic Stem Cell Exosomes

The therapeutic value of hematopoietic stem cells (HSCs) in the heart is hotly debated (84),
but, to the extent that HSCs work, their effects appear to be paracrine. Sahoo and colleagues
demonstrated that CD34™ cells (putative endothelial progenitors) secrete vesicles that
express classical exosome markers such as CD63, phosphatidylserine, and TSG101 (85).
These HSC-derived exosomes had angiogenic effects that were not reproduced by exosomes
from CD34" cells. Motivated by the implication that m/R-126 and miR-130a are involved in
angiogenesis (86, 87), and by the decline in CD34" cell potency with donor age (88),
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Mackie and others genetically modified CD34" cells with sonic hedgehog (Shh), a known
mediator of angiogenesis (89). The modified cells showed increased angiogenic properties,
and Shh was enriched in these cells’ secreted exosomes (90). Taken together, the data are
consistent with the notion that CD34"* cell—stimulated angiogenesis is mediated via
secretion of exosomes and their distinctive payload.

Cardiac Progenitor Cell Exosomes

The identity of cardiac progenitor cells (CPCs) is controversial. Although CPCs were first
argued to replenish the heart via canonical stem cell mechanisms, their effects now appear to
be indirect. Exosomes from CPCs (91) are rich in matrix metalloproteinases (MMPs) and
MMP inducers (e.g., EMMPRIN), which collectively dissolve the extracellular matrix and
recruit more MMPs. Such exosomes also contain miR-451, an autophagy-regulating miR
downregulated in hypertrophy and HF (92). CPC-derived exosomes also stimulated the
migration of endothelial cells in vitro (93, 116) and inhibited cardiomyocyte death in a
mouse ischemia/reperfusion model (94).

Cardiosphere-Derived Cell Exosomes

Cardiosphere-derived cells (CDCs) are a cardiac stromal cell population with regenerative
effects (95) that are durable but mediated indirectly (96). At least 22 independent labs
worldwide have reproduced the published methodology and verified CDCs’ identity and
utility since their first description in 2007 (97-103). Conducted after systematic translational
studies (91), the first human trial, CADUCEUS (104, 105), demonstrated the safety and
efficacy of autologous CDC administration in patients with left ventricular dysfunction after
MI. Contrast-enhanced magnetic resonance imaging revealed evidence for regrowth of
viable heart tissue in a setting in which injury had been believed to be irreversible, consistent
with therapeutic regeneration (106, 107). The mechanism of action is indirect (108); benefits
persist long after injected CDCs have been cleared (109). Although CDCs secrete many
growth factors and cytokines (110), exosomes mediate the salient benefits: CDCs treated
with GW4869 lose their cardioprotective and regenerative properties, whereas CDC-secreted
exosomes (but not those derived from inert fibroblasts) mimic the therapeutic effects of
CDCs (111). The CDC exosomes are distinctive and enriched in miR-146a, which
reproduced some (but not all) of the effects of CDC exosomes (103, 111). The observation
that miR-146a failed to recapitulate some of the broader effects of exosome treatment,
including the functional improvement, points to a broader combinatorial effect of multiple
exosome payload factors in mediating the full panel of benefits. In an amplification process,
CDC-derived exosomes altered the secretory profile of fibroblasts, rendering them
therapeutically active (112).

CONCLUDING REMARKS

Although we focus above on cardiovascular examples, it seems plausible, if not likely, that
exosomes touch upon virtually all biological processes. By virtue of being versatile carriers
of molecular signals, exosomes can transmit signals that are both protective and
pathological. Although the field is exploding, many questions remain. Will the recognition
of exosomes and their roles usher in a new paradigm of endocrinology? How do exosomes
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traverse complex biological interfaces such as the intestinal lining and the blood-brain
barrier? Can exosomes from plants (113) or parasites (114) modulate gene expression in
animals, as has been claimed? What is the role of exosomes in propagating any given disease
(or, conversely, in limiting its ill effects)? How can the therapeutic properties of exosomes
best be harnessed? A final, fundamental question is the mechanism whereby exosomes,
which are cleared fairly rapidly (54), exert lasting effects on cell behavior. We and others are
currently testing the conjecture that payload RNAs, notably miRs, long noncoding RNAs, Y-
RNAs, and piRNA, produce epigenetic modifications that impart lasting impacts on the
target cell. Proteins and lipids may also play important roles in any given biological process.
Understanding the roles of the various vesicular contents, and how each of the constituents
acts, will be key to understanding the mechanism and scope of the diverse effects of
€X0S0mes.
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Figure 1.
Exosomes are nanosized particles with a diameter range of 30-100 nm and are secreted by

all cell types. Enriched in cholesterol, ceramide, and phosphatidylserine, these lipid bilayer
particles have a lipid content different from that of the parent cell. Markers ubiquitous in
most exosomes include tetraspanins (CD9, CD63, and CD81); heat shock proteins; adhesion
molecules; and markers of the ESCRT (endosomal sorting complexes required for transport)
pathway, including LAMP1 and TSG101.
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Figure2.
(&) Formation of two different multivesicular bodies (MVBSs) through invagination of the

plasma membrane. Exosome-associated MVBs are more enriched in cholesterol than are
MVBs involved in the degradation pathway for ubiquitinated proteins. B represents the
addition of ubiquitin to protein substrates; Lys denotes fusion of lysosomes. Steps 1-4 (red):
Invagination of the plasma membrane to form a secretory endosome (1), followed by
budding of payload into the endosomal membrane to form multivesicular endosomes (2).
Maturation of the late endosome through acidification (3) triggers fusion with the plasma
membrane and release of exosomes (4). Steps1 and 2(b6/ue): Invagination of the plasma
membrane to form lysosomal membrane (1), followed by fusion of ubiquitinated products
for lysosomal degradation (2). Both pathways involve the ESCRT (endosomal sorting
complexes required for transport) pathway for budding of molecular payload into the lumen
ofa MVB as it matures to the late endosome or fuses with lysosomes for degradation. (b,c)
Other extracellular vesicles and their mode of secretion include (4) microvesicles that shed
from injured cells and (¢) tumor cells and apoptosomes that bleb from dead and dying cells.
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Figure 3.
The ESCRT (endosomal sorting complexes required for transport) pathway is the

mechanism by which molecular payload populates the multivesicular body (MVB).
Although exosomes do not fully utilize the ESCRT machinery, here the four ESCRT
complexes are shown. ESCRT 0 complex proteins (B represents a ubiquitin group bound to a
protein substrate) recognize ubiquitinated protein products and concentrate them in
microdomains by using clathrin molecules and recruit ESCRT I, which in turn recruits
ESCRT Il and triggers membrane involution. ESCRT 111 complexes form circular filaments
and cause further invagination of the membrane and ultimately both membrane abscission
and budding of the proteins into the lumen of the endosome and the elimination of ubiquitin
outside the endosome.
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Tissue injured during insult releases exosomes containing signals and factors that promote
further damage in distant tissue. Such signals and factors include prohypertrophic,
proinflammatory, and proapoptotic/necrotic miRs, proteins, and mRNA.

Annu Rev Physiol. Author manuscript; available in PMC 2017 May 10.



	Abstract
	INTRODUCTION
	EXOSOMES: CONSERVED MEDIATORS OF CELLULAR COMMUNICATION
	Exosome Definition and Nomenclature
	Exosome Biogenesis and Release
	Exosome Composition
	Lipid composition
	Membrane proteins
	Molecular cargo
	Exosome uptake


	EXOSOMES IN CARDIOVASCULAR PATHOPHYSIOLOGY
	Hypertrophy and Cardiac Remodeling
	Arrhythmia
	Cardiomyopathy

	EXOSOMES: NEXT-GENERATION THERAPEUTIC AGENTS?
	Mesenchymal Stem Cell Exosomes
	Hematopoietic Stem Cell Exosomes
	Cardiac Progenitor Cell Exosomes
	Cardiosphere-Derived Cell Exosomes

	CONCLUDING REMARKS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

