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Nothing speaks more clearly to the envisaged merits of a major clinical and sci-
entific discovery than the rapidly increasing number of journal articles and their 
citation in a brief period of time, followed apace by the launch of biopharma 
start-ups founded on such, each competing to fill their respective pipelines with 
internally developed and in-licensed compounds. Case in point, exosomes, a 
seemingly omnipresent and phyla-agnostic extracellular vesicle of endosomal 
origin which has quickly come to the fore in the context of intercellular commu-
nication, with payloads of miRNA, mRNA, lncRNA, and transcription factors at 
the ready. Arguably, the most compelling aspect of exosomes, and conceivably 
their raison d'être, is their role in transgenerational epigenetics, the topic of our 
closing chapter.

My interest in exosomes was sparked by a theme issue I guest-edited 
with my fellow editors John Smythies and Denis Noble entitled “Epigenetic 
information-processing mechanisms in the brain” (https://royalsocietypublishing.
org/toc/rstb/369/1652). This proved to be the impetus for a series of peer-
reviewed articles in which my colleagues and I theorized as to the whys and 
wherefores of the multifunctional role of exosomes in most if not all living 
organisms. Over 2 years in the making, we are so very pleased to see this under-
taking come to fruition: Exosomes—A Clinical Compendium.

Armed with a modicum of publishing experience as a neuroscientist, author, 
editor and founding editor-in-chief of a scientific journal, I was quick to note that 
there was a multidisciplinary component missing from the extant narrative. The 
time was ripe for an exosome book with a rather daunting objective—to bottle 
lightning by inviting contributions from a global cohort of peer-acknowledged 
expert clinicians and researchers across a wide range of medical disciplines, 
affording each an equal voice at the table. Exosomes—A Clinical Compendium 
serves to provide readers with a broad and timely overview of exosomes in 
health and disease. Within its 21 chapters, our authors have summarized the 
most recent laboratory and clinical findings, thereby illuminating the path for-
ward for prospective investigative efforts.

To the exosome novitiate I say, welcome to what I consider to be the leading 
edge of diagnostic, therapeutic and theragnostic research. Have at it! To those 
for whom exosomes have played and continue to play an integral role in their 
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clinical and research endeavors and, in turn, helping to advance the field, I say 
thank you for your unwavering efforts as without them this book would have 
withered on the vine.

Lawrence Edelstein, Ph.D.
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Early in the evolution of this book it became apparent that the study of 
extracellular vesicles in general—and of exosomes in particular—has been ac-
celerating at a remarkable pace. Nowhere has this been more evident than in 
the context of their clinical implications across the spectrum of medical disci-
plines. First and foremost we are deeply indebted to our authors, each a peer-
acknowledged expert in their respective fields of endeavor. We are also grateful 
for the steadfast guidance and assistance provided by our colleagues at Elsevier, 
most notably Mica Haley, Tracy Tufaga, Swapna Praveen, Mohana Natarajan, 
Jyotsna Gopichandran, André Wolff, and Jaclyn Truesdell. Lastly, were it not 
for a series of theory/hypothesis articles by our late co-editor John Smythies on 
the raison d'être of exosomes and telocytes in reference to neural coding, repair 
and cognate mechanisms, it is fair to say that this book would not have seen the 
light of day.
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1  Exosomes biogenesis and release

Exosomes biogenesis is correlated to intraluminal vesicles (ILVs) formation 
and starts with a first invagination of the plasmatic membrane, leading to the 
formation of early endosomes, low-density vesicles very close to the inner 
membrane surface.

Different materials can be internalized by endocytosis and by receptor 
mediated-endocytosis and early endosomes are responsible of their sorting; 
after receptor-ligand interaction on the cell surface, ligand is separated from 
its receptor, located inside the early endosome and transferred by endosomal 
transport vesicles to the late endosome. The receptor, instead, can be recycled 
on the membrane surface or partially degraded via late endosomes-lysosomes 
pathway, in order to turn off the signal and reduce the receptor concentration on 
the cell surface.

During their path, mediated by microtubules, inside the cell, early endo-
somes go through different modifications; they can fuse each other or with 
vesicles containing acid hydrolases, thus forming intermediate structure, called 
multivesicular bodies (MVB) and containing ILVs. The formation of ILVs is 
the second event of membrane invagination; in this case, it involves endosomal 
membrane.

MVBs originate by two different mechanisms: first, the Endosomal Sorting 
Complex Request for Transport (ESCRT) is responsible of the MVB formation; 
alternatively, the MVBs can originate from endosomes that contain specific do-
mains on their membrane, known as lipid rafts (Fig. 1).

At this point, MVB, containing ILVs, can follow two different fates. MVB 
can fuse with other MVBs or with late endosomes and receive vesicles origi-
nating from transGolgi and containing lysosomal enzymes. In this case, during 
the maturation process, the pH becomes more acid thus activating the hydro-
lases that digest molecules inside MVB and allow the transformation in lyso-
somes, in eukaryotic cells. This pathway allows a rapid and consistent turnover 

Chapter 1

Exosome basic mechanisms

Alice Conigliaro, Chiara Corrado, Simona Fontana,  
Riccardo Alessandro
Department of Biomedicine, Neuroscience and Advanced Diagnostics, University of Palermo, 
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2  Exosomes

of transmembrane proteins and lipids. Alternatively, MVBs migrate toward the 
membrane, fuse with the plasma membrane and release ILVs outside of the 
cell, as exosomes. Exosomes are, therefore, the only secreted vesicles of endo-
lysosomal origin, generated from internal membranes.

2  Endosomal sorting complex request for transport 
(ESCRT) and its role in exosome biogenesis

The role of ESCRT in exosome biogenesis emerges by the evidence that nu-
merous ESCRT proteins have been discovered in exosomes preparations from 
different cell types or biological fluids, for this reason, many components are 
acknowledged in the scientific community as exosomal markers.

ESCRT pathway is, by now, a well-described mechanism to explain ILVs 
and MVB formation. ESCRT is composed of five multimeric cytosolic com-
plexes: ESCRT 0, I, II, III, and Vps4 [1] (Fig. 1).

Specific ubiquitinated proteins, contained in early endosomes, are recog-
nized, in their ubiquitination site, by ESCRT-0 that places them in specific 
endosomes' areas enriched in phosphatidyl inositol monophosphate (PI3P). 
ESCRT-0 is composed of two subunits, called HRS (hepatocyte growth factor 
regulated tyrosine kinase substrate) and STAM1/2 (signal transducing adaptor 
molecule 1/2), which bind one to each other and are able to recognize ubiqui-
tin and PI3P enriched domains. This allows recruiting ESCRT-I, a heteromeric 
complex composed of Tsg101 (tumor susceptibility gene 101), Vps28, Vps37 
and Mvb12 (multi-vesicular body 12).

ESCRT-I takes the place of ESCRT-0 and recruits ESCRTII, composed of 
four subunits: Vps22-EAP30, Vps36-EAP45 and two subunits of Vps25-EAP20. 
ESCRTI-II can start the endosome's membrane invagination thus allowing inter-
nalization of different molecules/cargo, such as nucleic acids or proteins.

ESCRT-III is another heterotetrameric complex (Vps20-CHMP6; Snf7-
CHMP4; Vps24-CHMP3; Vps2-CHMP2); activation and its subsequent recruit-
ment to the endosome is mediated by the binding of the ESCRT- II subunit 
Vps25 with Vps20. ESCRT-III has the role to detach the ubiquitin residues from 
the protein and to allow the complete invagination of the membrane (membrane 
budding), thus generating the ILVs. Cargo deubiquitination is mediated also by 
accessory subunits recruited by ESCRT-III, such as Bro1/Alix (BCK1-like resis-
tance to osmotic shock protein-1/apoptosis linked gene 2 interacting protein X)  
that, after binding to Snf7, recruits the enzyme Doa4 (degradation of alpha 4), to 
complete the cargo deubiquitination [2]. Finally, others adaptor proteins assist 
Vps4-ESCRT III interaction and allow the Vps4 ATPase activity, required for 
the final membrane budding and scission, for ESCRT subunits removal and for 
recycling and cargo delivery.

In summary, the ESCRT complex controls the entire process from ILV bud-
ding to the selection of cargo, the membrane remodeling and the incorporation 
of ILVs into MVB. An interesting study of RNAi, on 23 components of ESCRT 
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FIG. 1  Exosomes biogenesis. Exosomes biogenesis can occur according different mechanisms. (A) Endocytosis: after receptor-ligand interaction on the cell 
surface, ligand is separated from its receptor and located inside the early endosome. The receptor, instead, can be recycled on the membrane surface or partially 
degraded via late endosomes-lysosomes pathway. Early endosome subsequently forms multivesicular bodies (MVB) containing intraluminal vesicles (ILVs). 
The endosomal sorting complex request for transport (ESCRT) is responsible of the MVB formation. (1) ESCRT0 binds ubiquitin residues thus allowing the 
recruitment of ESCRTI, which finally undermines ESCRT0 (2). (3) ESCRTII starts endosome's membrane invagination and binds ESCRTIII (4), that detaches 
the ubiquitin residues from the protein and allows the complete invagination of the membrane (membrane budding), thus generating the ILV. MVBs migrate to-
ward the membrane, fuse with the plasma membrane and ILVs are released as exosomes. Alternatively, MVB can fuse with other MVBs or with late endosomes, 
receive from transGolgi a set of vesicles containing lysosomal enzymes that allow the transformation in lysosomes. (B) Lipid rafts. MVBs can also originate 
from endosomes that contain specific domain on their membrane, known as lipid rafts.
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complex, allowed clarifying that only few of them are essential in exosome bio-
genesis. Among these subunits, in fact, Hrs, Tsg101 and STAM1 simultaneous 
silencing (ESCRT0/I complex) is able to decrease exosome secretion; on the 
contrary, inhibition of CHMP4C, VPS4B, VTA1 and Alix (ESCRT III complex) 
increases the same process of exosomes secretion [3]. Recent investigations, 
demonstrated, in opposition to the role of VPS4 just stated, that its inhibition 
decreases exosomes release [4]. In addition, Alix, through its interaction with 
several ESCRT proteins, such as Tsg101 or CHMP4, is involved in protein com-
position/cargo loading, ILVs' budding and its incorporation into MVBs.

Numerous proteins collaborate with ESCRT complexes in all the steps of 
exosome biogenesis, from endosomal budding to ILV's formation.

Syntenins are soluble proteins that act as intracellular adaptors, through 
their PDZ domains, recruiting syndecans, membrane proteins carrying heparan 
sulfate chains (HS). Syndecans, via HS, bind numerous ligands such as adhe-
sion molecules and growth factors thus allowing them to interact with their 
receptors and assist the endocytosis process. Recent evidences demonstrated 
that Alix binds the N-terminal of syntenins and connects syndecans with the 
ESCRT machinery. Therefore, this heterotrimeric complex is involved not only 
in exosomal sorting and cargo, as discussed later, but also in endosomal budding 
and exosomes biogenesis [5, 6].

Related to late endosome trafficking and syntenin-exosomes production, the 
role of a GTP binding protein is emerged: ADP-ribosylation factor 6 (ARF6). 
ARF6 is able to activate phosphatidyl-inositol (4)-phosphate 5-kinase (PIPK), 
involved in PIP2 synthesis. The PIP2 synthesis supports the recruitment of 
syntenin-syndecan from perinuclear compartment to the plasma membrane [7].

Another kinase, upstream of ARF6, regulates syntenin/syndecan activity: 
the oncoprotein Src. Src acts on endosomal trafficking by phosphorylation of 
syntenin/syndecan tyrosine residues thus stimulating endosomal budding and 
the biogenesis of specific syntenin-dependent exosomes [8].

Heat shock proteins (Hsps) are chaperones generally involved in the control 
of protein aggregation and folding. These proteins were initially studied for 
their role in this intracellular pathway, subsequent observations indicated their 
presence outside the cell. Now it is well known that Hsps are proteins secreted 
by a non-classical pathway and, most of them, by exosomes. Interestingly, Hsps 
are also involved in exosomes biogenesis by collaborating and interacting with 
ESCRTs proteins [9].

3  ESCRT-independent mechanism of exosomes 
biogenesis

Simultaneous depletion of critical ESCRT proteins demonstrated that MVB bio-
genesis and ILV formation is also ensured through ESCRT independent mecha-
nisms, thus suggesting that the regulation of this process is more complex than 
expected. The lack of ESCRT complex, indeed, induces a deep morphological 
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modification of the MVBs that appear enlarged, even if early and late endosome 
differentiation is maintained.

The existence of ILVs in this circumstance, although different in number 
and size, suggests that their formation could occur via an ESCRT-independent 
endocytic sorting mechanisms and allow to hypothesize that both mechanisms 
of exosomes biogenesis could co- exist and function together, in higher eu-
karyotes. Cell type and cellular homeostasis could be the elements that drive 
different subpopulation of exosomes through one of the two mechanisms of 
biogenesis.

Cells mutated for ESCRTs are still able to form ILVs due also to the lipid 
composition of their membranes. It is well known that the biophysical charac-
teristics of single membrane lipid, such as the size of head group, length and 
saturation of acyl chains, are fundamental for membrane curvature.

Endosomes with particular areas enriched in cholesterol and sphingolipids, 
the lipid rafts, curve inward and may determine the MVBs formation, through 
the help of pH gradient across the membrane. In this case and without the as-
sistance of ESCRTs, endosomes membrane invagination is due to the synthe-
sis, mediated by phospholipases, of ceramides from sphingolipids. Ceramides 
alone, due to their cone shape, or in association with cholesterol generate par-
ticular domains that favor membrane deformation and ILV budding.

Moreover, ceramide induces exosomal biogenesis through its conversion 
into sphingosine 1-phosphate (S1P), which binds its receptor on the membrane 
of MVBs [10].

Neutral Sphingomyelinases (SMases), enzymes involved in sphingomy-
elin conversion in ceramide, are preferentially located in Golgi-ER but also 
in plasma membrane thus participating into exosome biogenesis. Inhibition of 
SMases, in specific cell types, reduces exosomal release of certain proteins thus 
demonstrating that ceramide is essential to generate microdomains that favor 
membrane budding [11].

Others lipid modifying enzymes, phospholipase D2 (PLD2) and diacylglyc-
erol kinase α (DGKα), are involved in exosomes biogenesis through the pro-
duction of phosphatidic acid (PA) that favors, as well as ceramide, membrane 
invagination [7, 12].

On the other hand, sphingomyelin has a high affinity for cholesterol in the 
membrane; its hydrolysis increases cholesterol migration from the PM to intra-
cellular membrane and consequently membrane fluidity. It is well known, in 
fact, that cholesterol molecules cluster in lipid domains thus affecting plasma 
membrane lipid order and finally vesicle shedding.

Numerous proteins mediate the ESCRT independent mechanism of exo-
somes biogenesis. Tetraspanins, such as CD9, CD63 and CD81, are transmem-
brane proteins originally identified in B lymphocytes and generally involved 
in cell fusion, migration and cell adhesion [13]. Furthermore, tetraspanins are 
abundant in exosomes and, for this reason, commonly recognized as exosomes 
markers. In particular, tetraspanins have four transmembrane domains through 
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which they interact with many others proteins, cholesterol and gangliosides, 
thus generating the TEM domain (tetraspanin-enriched domain). TEM domain 
can affect, finally, membrane bending and actin polymerization. In addition, 
tetraspanins mediate cargo sorting and ILV formation, for example CD9 partici-
pates in plasma membrane fusion, while CD63, similarly to syndecans, interacts 
with the PDZ domain of syntenin [14].

4  MVBs transport to the membrane and exosomes 
release

The mechanism, through which MVBs decide, instead of fuse with lysosomes, 
to move up to the plasma membrane for exosome release, is not well understood.

However, it is clear that exosomes release outside the cell in the extracellular 
microenvironment is due to specific protein-protein and protein-lipid interac-
tions during the MVBs fusion with the plasma membrane.

Proteins involved in this event of membrane fusion are, certainly, the 
SNAREs proteins, tethering factors as well as many small GTPases.

SNARE proteins are generically interested in vesicles fusion to the tar-
get membrane that occurs through the formation of a complex of three-four 
subunits, one R-SNARE in the vesicle and two-three Q-SNAREs in the target 
membrane. Overexpression of the R-SNARE VAMP7 (vesicle associated mem-
brane protein 7) causes the formation of enlarged MVBs in the cell periphery 
thus impairing exosomes release [15]. In line with this, knockdown of another 
R-SNARE, YKT6, reduces the level of Tsg101 secreted in exosomes [16].

Microtubules and cytoskeleton proteins, such as actin and its binding pro-
teins, mediate MVBs transport to the membrane. The role of the actin binding 
protein cortactin in MVBs trafficking is demonstrated by knockdown or overex-
pression experiments where cortactin decrease/increase exosomes release [17].

RAB family of small GTPases participates in endosomal traffic and it has 
been recently involved also in membrane trafficking, vesicles transport along 
cytoskeleton, MVBs docking to plasma membrane and exosomes release. The 
main role of RAB27 and RAB35 in docking of MVBs at the plasma membrane 
has been demonstrated in numerous studies [18–20]. Interestingly, down regula-
tion of RAB7, involved in late endosome traffic, as well as overexpression of 
RAB5, responsible of large endosomes formation, blocks the release of SDC/
syntenin contacting exosomes [5, 21]. Other groups of small GTPases are in-
volved in exosomes release, such as Rho/Rac/cdc42 family [22].

Tetraspanins, previously cited for their role in exosomes biogenesis, are also 
involved in ESCRT independent exosomes release. Tetraspanins can be found in 
TEM domain at the plasma membrane but they are able also to interact with the 
cytoskeleton through other proteins thus affecting their release via exosomes.

We mentioned above that membrane lipids are important for membrane cur-
vature thus modulating MVBs formation; moreover, lipids play a key role in 
MVBs fusion to the plasma membrane thus increasing exosomes secretion.
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Addition of an ether lipid precursor that increases cellular lipids, is able 
to increase exosomal release [23, 24]; in line with this experimental observa-
tion, addition of cholesterol increases typical exosomal proteins, such as Alix or 
CD63 [23, 24]. On the contrary, metabolic inhibition of cholesterol synthesis, 
in another cell model, increased secretion of several exosomal proteins [25].

Exosomes release is affected also by other components as calcium, or by 
different mechanisms. Calcium is able to interfere with the activity of enzymes 
that regulate plasma membrane symmetry such as translocases or lipid scram-
blases. Translocases, that allow the inversion of phosphatidylserine and phos-
phatidylethanolamine from the outer to the inner layer of plasma membrane or 
lipid scramblases, that promote lipids movement across the membrane, affect 
exosomes release.

Treatment with a calcium ionophore, that increases intracellular level of 
calcium, augments exosomes secretion [26]. Moreover, the calcium sensor pro-
teins synaptotagmins, generically implicated in vesicular transport, are able to 
regulate exosomes secretion [27].

Recent evidences identify ISGylation as a novel ubiquitin-like modification 
that is able to control exosomes release through promoting protein aggregation 
and enhancing MVB degradation by the autophagosome-lysosome compart-
ment. In particular, ISGylation of TSG101 and, consequently, its degradation is 
sufficient to affect exosomes secretion [28].

Cellular stresses such as irradiation, chemotherapy oxidative stress or hy-
poxia are signals to increase exosomes release. Interestingly, recent evidence 
from stress condition allowed to identify new actors as putative “balance needle” 
in the MVB fate, sorting them to exosomes or endolysosomal pathway. An ex-
ample could be the extracellular small heat shock protein αB-Crystallin (αBC). 
Exosomes released under oxidative stress condition are enriched of αBC; inter-
estingly Gangalum and collaborators demonstrated that αBC inhibition results 
in an increased expression of the lysosome marker LAMP1 and of the late endo-
some marker RAB7 indicating the activation of endo-lysosomal pathway [29]. 
These data allow us to hypothesize a pivotal role of αBC in exosomes release.

5  Basal composition and cargo

The numerous -omics studies performed in the last decade have clearly demon-
strated that exosomes contain and transport multiple types of biological macro-
molecules that maintain their whole activity when delivered to target cells. This 
bioactive cargo, including nucleic acids (both DNA and all types of RNAs) lip-
ids, and soluble or membrane-bound proteins, is strictly related to the type and 
functional state of the producing cells although it is not an identical subset of 
their contents. Growing evidence of last years clearly indicates that the internal-
ization of macromolecules into exosomes is not a random process but the bio-
logical and molecular mechanisms driving this process are still far from being 
fully understood [30]. Since the functional properties of exosomes as mediators 
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of cell-to-cell communication and their capability to modify the behavior of tar-
get cells is specifically related to their cargo, the deep characterization of their 
molecular components as well as the understanding of the pathways leading to 
internalization process currently represent crucial aims in the field of exosome 
research [31]. Moreover, since exosome's cargo and biomolecule internaliza-
tion machinery are specifically related to disease states, exosomes are widely 
considered as promising potential source for the discovery of novel biomarkers.

In the following sections, a detailed insight of exosome molecular composi-
tion will be given and the known mechanisms related to their incorporation into 
vesicles are described.

Proteins: Exosomes contain a complex set of proteins (cytosolic, nuclear, 
mitochondrial, ribosomal and membrane-bound proteins) derived from the par-
ent cell. Data from multiple proteomics studies have clearly demonstrated that 
among these exosome proteins some are irrespective of their cell origin and 
can therefore be considered “exosomal markers”, while others define a unique 
exosome signature specifically related to the producing cell, determining the 
exosome properties and activities.

Specifically, among the vesicle-specific proteins often used as markers there 
are cytosolic proteins such as 14-3-3 proteins and specific heat stress proteins 
(HSPs) as well as several proteins related to the biogenesis process of EVs such 
as tetraspanins (CD9, CD63, CD81), lectins, GTPases, major histocompatibil-
ity complex (MHC) molecules and proteins of ESCRT complexes (Alix and 
TSG101) [32, 33].

Beyond to contain these well-maintained proteins, exosomes contain a discrete 
subset of proteins specifically related to the phenotype of originating cell, through 
which exosomes are able to differentially reprogram the properties of proximal and 
distal recipient cells. Accumulating evidence derived from studies on tumor-derived 
exosomes (TDEs) indicates that depending on their protein content these nanoves-
icles have a peculiar role in regulating cell survival, tumor progression, metastasis 
and chemoresistance [31]. A well-known study form Lyden's group showed that 
changes in integrin composition differentially drive TDEs to a tissue-specific 
colonization inducing an organ-specific pre-metastatic niche formation [34].

SWATH-based quantitative proteomic analysis highlighted that exosomes 
released by metastatic colon cancer cells are significant enriched in several 
cytoskeletal-associated proteins as well as in proteins related to RhoA/ROCK 
signaling, such as RacGAP1 and thrombin, when compared to those released by 
less aggressive tumor cells. It has been demonstrated that metastatic tumor cell 
derived exosomes are able to spread the malignant properties in tumor microen-
vironment, affecting both the tumor cell plasticity and endothelial cell behavior, 
and this ability is specifically related to their protein signature. RacGAP1 and 
thrombin have indeed identified as key mediators of the effects induced in target 
cells by metastatic exosomes [35].

Several studies have also evidenced that treatment of cancer cells with anti-
tumor compounds can alter the basal protein composition of TDEs reverting 
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their pro-tumor actions. Taverna et  al. reported that exosomes released by 
Chronic Myeloid Leukemia cells (curcumin/CML-exos) were significantly 
modified in their protein cargo after treatment with curcumin, a plant-derived 
compound well known for its anticancer effects. In particular, curcumin/CML-
exos were depleted in pro-angiogenic proteins and enriched in proteins with 
anti-angiogenic activity in comparison to exosomes released by no-treated CML 
cells. These changes determined the loss of CML-exosome's ability to promote 
the angiogenic phenotype and to alter the endothelial barrier organization [36].

Although accumulating studies have provided many details on protein 
composition of exosomes clearly indicating that is cell type dependent and 
that can also be influenced by different cellular conditions or treatments, the 
mechanisms of protein loading are not yet fully understood. The most described 
and characterized system involved in exosomal protein sorting is that medi-
ated by ESCRT family members, but growing evidence suggests that several 
ESCRT-independent pathways can be also involved [37]. Moreover, the enrich-
ment of selected sets of proteins in exosomes suggests that their sorting can 
be driven by specific mechanisms. Many proteins detected in exosomes have 
post-translational modifications (PTMs), such as glycosylation, phosphoryla-
tion, ubiquitination or SUMOylation. This observation suggests that PTMs 
can confer specific properties to proteins playing a critical role in regulation of 
protein sorting into exosomes [38]. Moreover, among the ESCRT-independent 
mechanisms of proteins loading into exosomes, those mediated by lipid raft 
and ceramide have been also described. Interestingly it has been reported that 
some proteins lose their exosome localization following the disruption of lipid 
rafts (chemokins, αB-crystallin, stem cell surface markers) or when metabolic 
pathway of ceramide is blocked (CD63) [37].

Nucleic acids: Exosomes contain different types of nucleic acids, such as 
single-stranded (ssDNA) and double-stranded DNA (dsDNA), mitochondrial 
DNA (mtDNA), mRNA, micro RNA (miRNA) and long non-coding RNA (ln-
cRNA) [31].

DNA: The presence of DNA molecules in exosomes (ExoDNA) has been 
widely reported [39]. DNA, both mitochondrial and genomic, was found in exo-
somes isolated from cell culture supernatants as well as in human and mouse 
biological fluids and DNAse treatment has revealed that ds-DNA (unlike ss-
DNA and RNAs) is mostly found inside exosomes rather than outside [40–42]. 
The ability of exosomes to mediate the horizontal transfer of DNA has been 
supported by the detection in normal recipient human neutrophils of ExoDNA 
containing the BCR/ABL hybrid gene derived from K562 cells [43]. Even if the 
physiological significance of DNA exosome-mediated transfer is not yet fully 
clear, there is evidence showing that in recipient cells exoDNA can localize 
to nucleus where is transcripted [44]. Moreover, it has been recently proposed 
that secretion of genomic DNA fragments via exosome can play an important 
role in maintaining cellular homeostasis by avoid the cytoplasmic accumula-
tion of DNA that can elicit cellular senescence or apoptosis [45]. The presence 
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of genomic DNA in exosomes reflecting the mutational status of parental tu-
mor cells for genes as P53, KRAS and EGFR strongly supports the diagnos-
tic value of exoDNA and its potential role in clinic [40, 42, 46]. Although the 
presence of DNA in exosomes is well documented and its characteristics have 
been widely described, numerous doubts remain about the mechanisms lead-
ing to DNA loading into exosomes. Since it has reported that based on their 
originating cell exosomes can contain distinct types of DNA (e.g. mtDNA was 
found in exosomes derived from astrocytes and glioblastoma but not in others) 
[42, 47], it has been hypothesized that DNA packaging into exosomes could be 
dynamically regulated by cell type-specific mechanisms. On the other side, the 
presence inside exosomes of DNA fragments equally distributed over the whole 
genome without bias for specific regions could indicate that DNA sorting in 
exosomes is a random process [40, 42].

RNAs: All cell types release exosomes enriched both in coding mRNAs and 
in non-coding RNAs such as micro RNAs (miRNAs), long noncoding RNAs 
(lncRNAs), ribosomal RNA (rRNA) and circular RNAs (circRNAs) [37, 48]. 
Over the last few years several interesting data is emerging about the selective 
package of RNA molecules within exosomes [48–50]. Due to the growing inter-
est in miRNAs as key regulators of gene expression able to drive cell phenotype, 
particular attention is now focused on the sorting mechanisms of these small 
RNAs. The evidence that miRNA profiles of secreted exosomes are distinct 
from those of the originating cells has strongly indicated that their sorting into 
exosomes cannot occur randomly [51, 52].

To date several pathways and molecules are reported to be involved in miR-
NAs sorting in exosomes but many aspects of this complex system remain to be 
further explored.

Data from current research indicates that miRNA incorporation into exo-
somes can be guided by specific sequences present in certain miRNAs and by 
their interaction with some enzymes or other proteins [31, 53]. RNA-binding 
proteins are among the proteins mainly involved in regulating exosomal miRNA 
content. Y-box protein I (YBX1), appears to be required for the sorting of spe-
cific miRNA in exosomes as well as the ubiquitous heterogeneous nuclear ribo-
nucleoprotein A2B1 (hnRNPA2B1) binding the miRNAs EXO-motif (GGAG) 
or protein SYNCRIP that is a crucial component of exosomal miRNA sorting 
machinery in hepatocytes [31, 37, 54, 55].

Beside the RNA-binding proteins, other proteins have been reported to have 
a critical role in regulating miRNA packaging in exosomes. Knock out experi-
ments for proteins as Argonaute 2 (Ago2), Alix and Neutral Sphingomyelinase 
2 (nSMase 2) showed their direct involvement in regulation of exosomal 
miRNA levels [29]. Post-transcriptional modifications have been also described 
to drive the sorting of miRNA into EVs. Koppers-Lalic et al. demonstrated that 
non-templated nucleotide additions are associated with enrichment of miRNAs 
in EVs (3′-urydilation) or retention within the cell of origin (3′-adenylation) 
[56]. Moreover, it has been reported that miRNA is retained in cytoplasm when 
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expression levels of its target transcript are high, showing that mRNA-miRNA 
interaction can modulate incorporation into EVs [57]. The role of raft-like re-
gions of MVB as a target for miRNAs has been also suggested [58]. Finally, 
Melo et al. have reported that breast cancer associated exosomes contain pre-
miRNAs associated with the RISC-Loading Complex thus showing the cell-
independent capacity to process precursor miRNAs into mature miRNAs [59].

Packaging of miRNAs into exosomes physically protects them from en-
zymatic degradation, assuring their effective horizontal transfer to other cells 
where they can induce the activation of different physiological and pathological 
processes. Many studies carried out in the last decade have focused on the role 
of exosomal miRNA in modulating tumor microenvironment. Several exosomal 
miRNAs as miR-9, miR-105 or miR-21 have been widely described for their 
significant function in regulating tumor proliferation, vascularization, immune 
system activity, metastasis and other biological characteristics supporting can-
cer progression [31, 53].

In addition to transport miRNAs, exosomes carry a broad range of lncRNAs 
known to modulate gene expression by translational inhibition or by acting as 
competitive endogenous RNA [31].

As the other biomolecules, lncRNAs are probably selectively sorted in exo-
somes, since it has been observed that some of them are enriched in exosomes, 
while others are less present. Also in this case, the mechanisms determining the 
exosomal lncRNA content are not well known. Specific proteins seem work as 
lncRNAs carriers driving their internalization into exosomes, but not clear data 
is still available [53]. Exosome-derived long noncoding RNAs have shown to be 
involved in the regulation of several steps of tumor progression [53].

Finally, an interesting aspect to consider is that exosomes, for their extreme 
stability in blood, urine, and other body fluids of patients all body, provide a 
consistent source for detecting miRNA and lncRNAs as disease biomarkers. 
Numerous studies have reported interesting data concerning different amount 
and composition of exosomal miRNAs and lncRNAs between patients with dis-
ease and healthy individuals suggesting that circulating exosomal miRNA and 
lncRNAs may be used as liquid biopsies and noninvasive biomarkers for the 
early detection, diagnosis, and clinical management of patients [48, 53–55].

Lipids: A complete dataset of exosomal lipids has not yet available, but 
is clear that the lipid bilayer of exosomes has an exclusive lipid composition 
with respect to the parental cells. It is characterized by selective enrichment 
in sphingomyelins, cholesterol, phosphatidylserine, phosphatidylcholine, phos-
phatidylethanolamine and ganglioside GM3 [31]. The exosomal lipids are 
asymmetrically distributed on the two side of the bilayer and they are organized 
to form lipid raft-like domains that seem have a specific role in exosome struc-
ture and formation [31, 60].

It has been also observed that exosomes from hepatocarcinoma cells (Huh7) 
and Mesenchymal Stem Cells are enriched in cardiolipins, while glioblastoma 
cells (U87) exosomes are enriched in sphingomyelins, indicating that exosomal 
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lipid composition can depend on the cell type of origin [61]. Exosomes are 
also enriched in ceramide, involved in the budding of exosomes into the lumen 
of multivesicular bodies and it has reported that the inhibition of the synthesis 
of neutral sphingomyelin, a ceramide precursor, induces a significant decrease 
of exosome release. Vesicular lipids are not essential for exosome biogenesis, 
release and interaction with target cells, but they have to be also considered as 
bioactive components able to regulate pathophysiological pathways. Already 
in 2002 Kim and colleagues showed that extracellular membrane vesicles 
from tumor cells promote angiogenesis via sphingomyelin they transport [62]. 
Exosomes have been also described as intercellular signalosomes carrying 
GTP-activatable phospholipases and prostaglandins from activated to resting 
cells [63].

Recently, lipidomic studies performed on urinary exosomes collected from 
prostate cancer patients and healthy volunteers have provided preliminary but 
interesting results supporting the use of exosomal lipids as biomarkers [60].

Further characterization of exosome composition and cargo sorting will al-
low to better understand the biological relevance of these natural nanocarri-
ers and will provide new knowledge for developing innovative diagnostic and 
therapeutic strategies.

6  Mechanisms of action

6.1  Exosome mechanism of action

Firstly, identified as garbage disposal, the high number of scientific publications 
about exosomes revealed their pivotal role in regulating physiological and path-
ological states by transferring information in a horizontal way. Macromolecules 
and bioactive compounds, packaged inside these phospholipidic spheres, are 
transferred from exosome producing cells to compliant receiving cells, being 
these near or far along the body. Exosomes are listed among the strategies ad-
opted by cells to communicate each other showing a remarkable role in homeo-
stasis maintenance so that their study has been defined as “new endocrinology” 
[63]. Moreover, the identification of these vesicles in different body fluids in-
cluding semen, blood, urine, cerebrospinal fluid and milk, corroborates this 
definition.

A growing number of research groups are currently engaged into a deeper 
investigation of exosomes' world in order to understand their communication 
strategies and take advantages from this delivery system.

Unfortunately, the final effects of exosomes following the interaction with 
receiving cells are not easy predictable, since many factors affect cells/exo-
somes interaction.

First, exosomes are selective couriers that bind preferentially with spe-
cific cell types which compliance is required. An interesting study, aiming to 
investigate the correlation between exosomes and cancer metastases, demon-
strated that among tissue-resident stromal cells only few of them uptake tumor 
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exosomes and that this ability depends on exosomes integrins [33]. A proteomic 
approach was adopted to characterize exosomes released from tumors that, al-
though different for histological origin, shared the preferential site of metasta-
ses. Thanks to this study, Hoshino et al. demonstrated that TDEs, driven by their 
integrins (ITGs), chose metastatic site targeting specific organs and selecting 
stromal cells inside the tissues. Exosomes exposing ITGα6β4 and ITGα6β1, in 
fact, were found internalized by S100A4-positive cells, while the expression of 
ITGαvβ5 allowed the exosome uptake by F4/80+ macrophages [33].

Exosomes, once reached the correct site and recognized the acceptor cy-
totypes, can adopt different strategies to transform receiving cells, depending 
on the molecular interactors that physically mediate cell-exosome contacts. 
Activation of cell receptors and downstream signaling pathways, membranes 
fusion, exosomes internalization and nuclear translocation are among the mo-
lecular mechanisms by which exosomes deliver their messages.

Proceeding from the outside, the first step of an exosome-receiving cell in-
teraction could be the ligand/receptor binding.

Ligands exposed on exosome's surface, binding specific membrane receptors 
on receiving cells, can activate them turning on signal transduction pathways.

The best-studied example is the exosome-mediated cell death, this is a strat-
egy used by several cancer cells to promote immune tolerance. Tumor derived 
exosomes, through the surface expression of death signals, as the PD-L1 (pro-
grammed death-ligand 1) or Fas Ligand, promote a systemically suppression of the 
immune system by inducing apoptosis in receiving T cells and NK cells [64, 65].  
Also in physiological condition exosomes cooperate with APC (antigen pre-
senting cell) as mediators of immune regulatory signals; an interesting paper 
demonstrated, for example, that dendritic cells of immunized mice release in the 
plasma MHCII+/FasL+ exosomes that are able to suppress immune response 
in Ag-specific manner through Fas activation [66]. In line with collected data, 
engineered exosomes exposing TRAIL are now proposed as strategy for the 
delivery of pro-apoptotic signals to tumor cells [67].

Decorated with cell membrane ligands and receptors, exosomes take part to 
processes commonly mediated by cell-cell contacts such as development, or-
ganogenesis and tissue homeostasis [68]. Endothelial cells, for example, produce 
exosomes exposing the Notch ligand Dll4, that, once on the surface of receiv-
ing cells, promote Notch-cleavage and activation, finally resulting in cells vessel 
branching and increase of vessel density in vitro. Moreover, as the vesicles re-
main linked to the activated receptor, these are transported inside the cell together 
with receptor during the internalization phase [69]. In addition, also secreted 
proteins of both Hedgehog and WNT families, were found able to promote mor-
phogenetic signals, directly loaded in the exosome bilayer or carried as exosome-
associated proteins, while exosomes with a membrane-associated TGF-β1 have 
been found able to activate TGF-β receptor in receiving cells [70, 71].

Others example of exosomes that activate signal transduction can be found 
among tumor derived exosomes such as amphiregulin (AREG) expressing 
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exosomes which, isolated from several tumor cells, activate EGFR in receiving 
cells thus affecting bone marrow microenvironment [72] or promoting bone 
metastases [73].

Although exosomes are able to turn on intracellular pathways from the out-
side, in most cases the interaction with cell membrane proteins, drives vesicles 
internalization in receiving cells. Clear evidences of the internalization pro-
cesses come from the identification of murine proteins inside human mast cells 
pre-treated with mouse exosomes. Equally important was the experiment de-
signed by Montecalvo et al. [74], in which treatment with luciferin-loaded exo-
somes was found able to induce luminescence in luciferase expressing cells.

To date, several mechanisms have been described as involved in driving exo-
some internalization [75, 76] and probably others will be identified (Fig. 2).

The use of proteolytic treatment or specific antibodies that block exosome 
internalization allowed to identify some protein-protein interactions involved in 
the activation of an endocytic pathway.

FIG.  2  Mechanisms of action. Internalization (1–2): the chlatrin dependent—(1) or indepen-
dent- endocytic vesicles (2), converge to endosome and, from here, to lysosomes or to the nu-
cleus. Intracellular pathway activation (3) ligand/receptor interaction activates signal transduction. 
Fusion (4): release of bioactive molecules after membrane's fusion.
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The receptor mediated endocytosis is one of the mechanisms involved in 
the internalization of external material thus generating early endosomes, first 
step of exosomes biogenesis, as previously discussed. On the other side, recep-
tor mediated endocytosis requires the binding between a ligand and its specific 
receptor, respectively exposed on exosome's surface and on the cellular plasma 
membrane. This binding is sufficient to promote the assembling of coat proteins 
on the inner surface of cell membrane thus forming clathrin-coated vesicles 
that, detached from the cell membrane thanks to a large GTPase dynamin heli-
cal collar, will proceed through clathrin-mediated endocytosis pathway [77]. 
Formal proof of exosome uptake through clathrin-dependent endocytosis was 
obtained by Tian and collaborators, which demonstrated that the loss of clathrin, 
induced by treatment of cells with a cationic amphipathic drug, strongly inhibits 
exosomes internalization [78].

In addition, exosomes can enter cells through non-classical endocytosis 
pathways as that mediated by lipid rafts, cholesterol and sphingolipid-rich micro 
domains in the plasma membrane. Lipid rafts, as discussed above, move long 
the membrane and organize smooth invaginations of this, by either caveolar 
or noncaveolar pathways; interestingly, experiments performed with membrane 
cholesterol depletion or by inhibiting cholesterol biosynthesis, demonstrated a 
dose dependent reduction in exosomes uptake, up to 60%, in HUVEC [79].

Phagocytosis of exosomes occurs in professional phagocytes and other im-
mune cells (i.e. macrophages, dendritic cells and γδ T cells) and it is dependent 
on the actin cytoskeleton, phosphatidylinositol 3-kinase (PI3K), and dynamin 2.  
Moreover, a feature common to extracellular vesicles is the exposition of phos-
phatidyl serine in outer membrane; this is recognized by numerous plasma 
membrane receptors that, involved in apoptotic bodies' engulfment, mediate 
exosomes internalization.

At this point is interesting to note that, physiologically, both endocytosis and 
phagocytosis drive the internalized cargo to endosomal-lysosomal degradative 
pathway, however a massive number of collected evidences indicate that exo-
some cargo is bioactive in receiving cells.

How internalized exosome escapes lysosomal degradation is up to date un-
der investigation. Recently a possible strategy was suggested by Lorico's group 
that identified in mesenchymal stromal cells and in breast cancer cells an in-
termediate compartment for the delivery of endocytosed EVs, or part of these 
(e.g. CD9/CD133 protein complexes), directly to the nucleus of receiving cell. 
In particular they identified a tripartite complex named VOR, constituted by the 
ER protein VAP-A and the late endosome proteins ORP1L and Rab7 that drive 
late endosome close to nuclear pore and, from there, to the nucleoplasm [80].

However, different mechanisms of internalization could have higher deliv-
ery cargo efficiency.

The characterization of exosome's proteins on the surface of receiving cells 
identified membrane fusion among the mechanisms adopted by exosomes for 
cargo delivery. Tetraspanins, for example, interacting themselves and with a 
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variety of molecules including proteins, lipids and carbohydrates, organize 
TEM domains that, as previously described, are involved in several biological 
functions including cell membrane fusion. Then, a role of TEMs in exosome 
internalization was largely proposed even if, to date, only few evidences support 
this hypothesis [31]. In addition, also integrins take part to membrane fusion 
and the use of specific antibodies masking for example CD61, CD51 and CD54, 
demonstrated their pivotal role in exosomes uptake by dendritic cells.

As described above, exosomes are containers that collect and delivery bioac-
tive compounds. Exosomes are able to transform receiving cells and to regulate 
tissue-specific and/or whole-body metabolism through the delivery of differ-
ent cargo molecules to adjacent and remote tissues; the phospholipidic struc-
tures protect exosomes' cargo by degradative attacks and preserve its biological 
activity.

The multiple mechanisms by which exosomes affect receiving cells are then 
strictly associated to exosomes cargo. For example, as previously described, 
exosomes may activate an intracellular signaling through activation of cell 
receptor on outer membrane but also by the exosome-mediated delivery, in-
side cells, of an activated receptor. Song and collaborators demonstrated that 
Cancer Cell Derived Exosomes are enriched in phosphorylated receptor tyro-
sine kinases, such as phosphorylated epidermal growth factor receptor (EGFR) 
and human epidermal growth factor receptor 2 (HER-2) that, once in tumor 
associated monocytes, activate MAPK pathway increasing survival rate [81]. 
Moreover, exosomes can deliver functional multiprotein complexes thus in-
ducing a complete rearrangement of transcriptome. It was demonstrated that 
cancer cell derived exosomes contain microRNAs (miRNAs) associated with 
the RISC-Loading Complex (RLC) including Dicer, TRBP, and AGO2, which 
process pre-miRNAs into mature miRNAs and induce Dicer dependent mRNA 
degradation in target cells [58].

Exosomes are largely studied by endocrinologists for their ability to amplify 
hormone signaling. Endometrial cells, for example, load in exosomes proteins 
that internalized by trophoblast cells affect adhesion, migration, invasion, and 
extracellular matrix remodeling thus promoting successful implantation and fa-
voring pregnancy establishment [82]. The recent data of Crewe et al. [83] con-
firmed the role of exosomes in metabolic signals. The authors, taking advance 
from a novel mouse model, which allowed them to track exosomes' movement 
in vivo, demonstrated that endothelial cells transmit to the adipose tissue a “real 
time update” of the systemic energy balance. In particular, they showed that 
endothelial cells from adipose tissue captured signal molecules from blood, that 
is, soluble or albumin-bound nutrients and hormones, and packaged them inside 
exosomes that sent, preferentially, to neighbor adipocytes.

In addition, exosomes participate into maintenance of tissue homeostasis; in 
particular mesenchymal stem cells (MSCs) derived exosomes. These vesicles 
carry enzymes able to restore the glycolytic deficit and ATP production in the 
reperfused myocardium, growth factors (i.e. Platelet Derived Growth Factor, 
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Epidermal Growth Factor, Fibroblast Growth Factor) strongly involved in tissue 
repair and bioactive molecules with anti-inflammatory role. Interestingly, the 
collected data revealed that MSC-derived exosomes are as potent as parental 
stem cells in the regeneration of various organs in injury tissue models, so to 
suggest MSC-secreted exosomes as a novel cell-free therapy [84].

Although the great number of bioactive macromolecules that, delivered by 
exosomes, are able to modulate receiving cells, most of the experimental evi-
dences refer to the effects induced by exosome carried RNA and, in particular, 
non-coding RNA. The best-studied mechanism, adopted by exosomes to mod-
ify receiving cell behavior, is definitely the miRNA delivery. Today we know 
that different pathways and molecules are involved in a selective miRNAs sort-
ing inside exosome with a cell and tissue specificity [30]. Thanks to exosomes 
loading, protected from RNase degradation, mature miRNA can be transported 
along the body and, as firstly demonstrated by Pegtel et al. [85], released in re-
ceiving cell cytoplasm, and recognize their specific targets thus inducing host's 
mRNA degradation. Interestingly, a deeper analysis of nucleic acids loaded in 
exosomes, recognized a great quantity of RNA fragments with size distribution 
between 25 and 700 nucleotides and, among these, miRNAs represent the minor 
part, while both tRNA fragments and Y-RNAs seem to be the most abundant, 
however their role in receiving cells is to define [86]. In addition, a growing 
number of evidences attributed a role to the exosome-delivered long non cod-
ing RNA (lncRNA) in the modulation of phenotype of target cell. These are 
single strand RNA fragments longer than 200 nucleotides, which although nu-
merically less abundant inside exosomes than small RNAs, retain pleiotropic 
roles into controlling gene expression. For instance, exosomes released by hy-
poxic bladder cancer cells are enriched in the oncogenic lncRNA-UCA1 able 
to induce a remodeling of tumor microenvironment to facilitate tumor growth 
[60]. Similarly, glioma cells and liver cancer stem cells promote angiogenesis 
through the release of exosomes containing respectively the lncRNA POU3F3 
and lncRNA H19 [61, 62]. LncRNAs participate in epigenetic regulation by 
recruiting and driving multiprotein complex to specific loci, controlling alter-
native splicing and protein translation and, finally, through complementary re-
gions, by sponging several miRNAs thus resetting their cytoplasmic pattern. All 
the data, collected up to date, let us to hypothesize that our knowledge about 
exosomes' effects are only the tip of the iceberg and that from “cell garbage” 
they are becoming a “cell treasure”.
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1  Introduction

Extracellular vesicles are released from nearly all cell types under both physi-
ological and pathological conditions [1]. Exosomes are a class of extracellular 
vesicles that are 30–150 nm in diameter and originate as intraluminal vesicles 
within multivesicular bodies (MVBs). Exosomes are found in numerous types of 
body fluid, including blood, urine, cerebrospinal fluid (CSF), vitreous, ascites, 
and breast milk [2–7]. The mechanisms of exosome formation are debated. A 
common theory is that exosomes form through an endosomal sorting complex 
required for transport (ESCRT)-dependent pathway [8]. Another theory of MVB 
formation and exosome biogenesis is the ceramide-dependent pathway [9]. 
Ceramide, a lipid, is thought to facilitate invagination of the MVB membrane. 
Rab27, a member of the Rab family of small GTPases, has also been shown to 
control the exosome secretion pathway, specifically functioning in MVB dock-
ing at the plasma membrane [10, 11]. Due to their heterogeneity, it is critical to 
select an appropriate method for isolation and detection of these small vesicles.

A large body of evidence has shown that exosomes play a critical role in 
intercellular communication, as these vesicles encapsulate ‘messages’ from their 
parental cells in the form of biomolecules, including proteins, lipids, and nucleic 
acids. These messages manifest in diverse physiological and pathological con-
texts. For example, exosomes derived from dendritic cells and T cells have been 
shown to carry cytokines to their recipient cells [12]. Exosomes derived from 
cancer cells are involved in multiple steps in tumorigenesis and tumor metastasis, 
including tumor cell proliferation, tumor cell migration, immune escape, and an-
giogenesis [13]. In addition, several studies have demonstrated that exosomes are 
involved in the development of neurodegenerative diseases, such as Alzheimer’s 
disease and Parkinson’s disease, by spreading neural toxicity [14, 15].
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In addition to their role in cell-cell communication, exosomes may have 
useful clinical applications as well; they are increasingly being investigated as 
biomarkers sources for diagnosis and as drug-delivery vectors for therapeutic 
applications [16, 17]. Exosome Diagnostics, a biotechnology company, has 
developed several breakthrough exosome-based diagnostic tools for lung and 
prostate cancer. Kamerkar et al. found that exosomes facilitate therapeutic tar-
geting of oncogenic KRAS in pancreatic cancer. Compared to liposomes, en-
gineered exosomes demonstrated enhanced efficacy of cancer suppression via 
delivery of RNA interference (RNAi) to specific targets [18].

To advance exosome research in both basic science and clinical contexts, 
proper preparation and characterization techniques are critical. Here we review 
current techniques for exosome isolation and characterization and address their 
experimental limitations. Our discussion of isolation techniques includes differ-
ential centrifugation, ultrafiltration, density gradient centrifugation, precipitation, 
and immunoaffinity capture-based isolation. For exosome characterization, we 
discuss common methods for exosome visualization with a focus on transmis-
sion electron microscopy techniques (TEM). Our discussion also includes several 
techniques for exosome quantification, including nanoparticle tracking analysis 
(NTA), asymmetric flow field-flow fractionation (AF4), and resistance pulse sens-
ing (RPS). We address flow cytometry and the ExoView (NanoView Biosciences, 
Boston, MA) platform as tools for exosome surface marker detection and subset 
characterization. Lastly, we discuss methods for tracking exosomes and defining 
exosome cargo, including proteomic and microRNA sequencing techniques.

2  Methods for exosome isolation

2.1  Differential centrifugation

Differential centrifugation was initially developed to isolate exosomes from 
reticulocytes and is currently the most commonly used method for exosome 
isolation [19]. The basis of this method is the removal of cells, cell debris, and 
large vesicles by successive centrifugation steps. Briefly, experimental samples 
are centrifuged at 300, 2000, and 10,000×g to remove cells, dead cells, and cell 
debris, respectively. Exosomes are obtained by centrifugation at 100,000×g. 
This method is suitable for experiments involving a large volume of the initial 
sample, as quite a substantial number of vesicles are lost during the process. 
According to a study from Kowal et al., 70% of the exosome fraction obtained 
by this method consists of vesicles 50–150 nm in diameter, with the remaining 
vesicles having diameters of >150 nm (20%) or <50 nm (10%) [20].

2.2  Filtration and ultracentrifugation

Filtration is another common method for exosome isolation. The principle be-
hind this method is that the use of membranous filters enables separation of exo-
somes from other sample components based on their molecular weights and sizes.  
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This method has two main steps: (1) separation of exosomes from larger particles, 
such as cells, cell debris, and microparticles, using membrane filters with pore 
diameters of 0.1–0.22 μm and (2) separation of exosomes from smaller particles, 
such as soluble proteins and protein aggregates, using filters with a molecular 
weight cut-off of 3–100 kDa. Several commercial membranous filters have been 
developed, such as the Corning Disposable Bottle-Top Filter with a 500 mL vol-
ume and a pore size of 0.22 μm and the Amicon Centrifugal Filter Ultra for proteins 
ranging from 3 to 100 kDa. If additional volume reduction is needed, samples con-
taining exosomes can be centrifuged at 100,000–200,000×g to pellet exosomes.

2.3  Density gradient centrifugation

Density gradient centrifugation takes advantage of differences in vesicle sizes 
and mass densities to isolate exosomes via creation of a discontinuous density 
gradient. During the centrifugation step, the particles travel through the gradient 
until they reach the point at which their density matches that of the surrounding 
solution. Sucrose and iodixanol are two common media used to create the gradi-
ent. Iodixanol is more stable and less viscous relative to sucrose [21]. There are 
two ways to load the samples: top-loading and bottom-loading. Bottom-loading 
has an advantage over top loading as soluble proteins will remain at the bottom 
during ultracentrifugation, whereas soluble proteins will sediment through the 
gradient if the sample is top-loaded.

Greening et al. reported a density-based separation method using iodixanol 
from OptiPrep (MilliporeSigma, US) that uses sample top-loading [22]. In this 
method, the experimental sample is first ultracentrifuged at 100,000×g for 2 h. 
Crude exosome pellets are then resuspended in phosphate-buffered saline (PBS) 
and top-loaded into an iodixanol gradient buffer. After ultracentrifugation at 
100,000×g for 18 h, 12 fractions remain in the tube, with exosomes in the sev-
enth fraction from the top. The 12 fractions are then collected and subjected to 
downstream analyses (Fig. 1A).

In contrast, Choi et al. reported a method for exosome isolation and down-
stream proteomic profiling using sample bottom-loading instead [23]. In this 
method, experimental samples are added to the 0.8 and 2 M sucrose cushions, 
and ultracentrifugation is conducted. After repeating this process twice, exo-
somes can be found at the interface between two sucrose cushion buffer layers. 
The interface solution is collected and placed at the bottom of an iodixanol 
gradient buffer. An additional ultracentrifugation yields 10 remaining fractions, 
with exosomes in the third fraction from the top. The 10 fractions are then col-
lected and can be subjected to downstream analyses (Fig. 1B).

2.4  Precipitation

Exosome precipitation is a faster and more efficient method for exosome iso-
lation relative to the those described above. The objective of this method is to 
capture exosomes by incubating them with polymers, which allows exosomes 
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to be obtained at low speeds of centrifugation in combination with polymers. 
The most commonly used polymer for this purpose is polyethylene glycol 
(PEG). ExoQuick Exosome Precipitation Solution (System Biosciences, Palo 
Alto, CA) and Invitrogen Total Exosome Isolation Reagent (Thermo Fisher 
Scientific, Waltham, MA) are two popular commercial products for exosome 
precipitation. According to the ExoQuick user manual, experimental samples 
are pre-cleared to remove cells and cellular debris. The cleared solution is 
then incubated with an appropriate volume of ExoQuick for 0.5–12 h, de-
pending on sample type. Lastly, exosomes are collected by centrifugation at 
1500 ×g for 30 min.

2.5  Immunoaffinity capture-based isolation

Neither ultracentrifugation nor precipitation allows enrichment for exo-
some subtypes. To date, immunoaffinity capture remains the only method 
for isolation of exosome subgroups. By coating magnetic beads with 
specific antibodies, exosomes with those surface antigens are able to be 
captured. CD9, CD63, and CD81 are the most common markers and are 
expressed on nearly all exosomes [24]. Additional markers may be used to 
isolate exosomes derived from a specific cell type. For example, chondroi-
tin sulfate peptidoglycan 4 antibody-coated beads have been used to cap-
ture melanoma cell-derived exosomes [25], while magnetic beads coated 
with CD56 or CD171 antibodies have been used to capture neuronal cell-
derived exosomes [26, 27].

FIG. 1  Schematic illustration of the process of (A) iodixanol density gradient ultracentrifugation 
and (B) sucrose cushion and iodixanol buoyant gradient ultracentrifugation.
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2.6  Summary of methods for exosome isolation

Selection of the proper exosome isolation method is usually dependent on the 
volume and origin of samples, as well as the goals of downstream analyses. The 
most relevant characteristics to consider in selecting the best exosome isolation 
method for a particular study are: (1) the exosome recovery rate or yield of the 
method, (2) the purity of the obtained exosome sample, and (3) the efficiency 
of the method in terms of time and labor. In the following section, we focus on 
these characteristics in the context of the methods described above.

2.6.1  Recovery rate
Several studies have shown that PEG-based precipitation has the highest recovery 
rate compared to other methods, at around 80–90% [28–30]. Differential cen-
trifugation and ultrafiltration have a relatively low-to-medium yield. Multiple 
studies have shown that differential centrifugation has a recovery rate of only 20–
40% due to loss of a large fraction of exosomes during the process [29, 31, 32].  
Ultrafiltration has a higher recovery rate relative to differential centrifugation, 
at around 60% [31]. Both differential centrifugation and ultrafiltration are com-
monly used in experiments, and selection of these two methods tends to be based 
on individual laboratory habits. Density gradient ultracentrifugation has the low-
est exosome recovery rate at around only 10% [28]. As PEG-based precipitation 
has the highest exosome recovery rate, this method is commonly used in experi-
ments with a small starting sample volume, such as those involving clinical bio-
fluid samples (e.g. plasma, urine, amniotic fluid, vitreous, and CSF). Differential 
centrifugation and ultrafiltration are usually used for isolation of exosomes from 
cell culture media, as these studies tend to involve a large starting sample volume.

2.6.2  Purity
Density gradient ultracentrifugation is currently considered the gold-standard 
method for achieving the highest-purity exosome samples, as they remove non-
specifically bound proteins from vesicles (Fig. 2) [28]. As such, density gradient 
ultracentrifugation is commonly used to isolate exosomes for exosomal pro-
teomics and RNA sequencing studies [23]. Although differential centrifugation 
and ultrafiltration can obtain relatively high sample purities, exosome aggre-
gates are a major artifact in these methods. As such, vigorous re-suspending of 
exosome pellets is recommended. PEG-based precipitation tends to yield the 
lowest-purity exosome samples. Fig. 3 shows exosomes isolated from human 
vitreous using ExoQuick under TEM. It is difficult to separate exosomes from 
associated polymers. As protein contaminants may skew experimental results, 
data interpretation in downstream studies should be performed with caution.

2.6.3  Time and labor cost
Of these methods, density gradient centrifugation requires the most time and 
labor, involving 2–3 days for completion of the process in its entirety. Although 
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differential centrifugation requires more time than ultrafiltration, membrane fil-
ters and other ultrafiltration equipment cost more than the supplies required 
for differential centrifugation, provided basic laboratory equipment has already 
been obtained. PEG-based precipitation is the least costly of these methods in 
terms of both labor and time.

3  Methods for exosome characterization

3.1  Ultrastructural analysis

3.1.1  TEM
Due to the small sizes of exosomes and the ease of sample preparation, TEM 
is the gold-standard method to study exosome morphology. The resolution for 
TEM is about 1 nm, and the procedure of negative staining is simple and rapid, 

FIG.  3  (A) TEM image of exosomes isolated from human vitreous using ExoQuick.  
(B) Magnification of the indicated area shows that vesicles (red arrow) attach to the polymer (black 
arrow).

FIG. 2  TEM showed two subpopulations of exosomes, small vesicles (red arrows) and large vesi-
cles (black arrows), isolated from (A) retinal pigment epithelial cells expressing wild-type fibulin-3 
and (B) retinal pigment epithelial cells expressing R345W-fibulin-3, using sucrose cushion and 
iodixanol buoyant density gradient ultracentrifugation.
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lasting only 2–3 h. Briefly, exosomes are fixed in 2% paraformaldehyde, depos-
ited on Formvar carbon-coated TEM grids, and incubated for 20 min. The grids 
are then washed with PBS, incubated with glutaraldehyde, and washed with 
water. The vesicles are then stained with uranyl acetate solution and air dried 
[33]. Regular TEM can be used to: (1) validate the existence of exosomes in the 
solution, (2) assess the quality of exosomes, and (3) study the morphology of 
exosomes. TEM is rarely used for exosome quantification due to limited repro-
ducibility and inefficiency. Immuno-EM has been used to investigate exosome 
surface markers and involves incubating exosomes with primary antibodies and 
secondary antibodies attached to 5–40 nm gold particles.

3.1.2  Scanning electron microscopy (SEM)
Rather than using a broad beam as in TEM, SEM uses a fine point beam that 
scans samples line by line. As such, rather than the two-dimensional image 
generated by TEM, SEM focuses on the surface of samples to provide a three-
dimensional image of exosomes. Briefly, exosomes are fixed with glutaralde-
hyde and dehydrated with an ascending sequence of ethanol. After samples 
are air dried at room temperature, exosomes are ready for SEM analysis [34]. 
Sharma et al. reported that, unlike the cup-shaped morphology observed under 
TEM, SEM showed round, bulging exosomes without a central depression [35].

3.1.3  Cryogenic electron microscopy (Cryo-EM)
Cryo-EM is a type of TEM. In contrast to air drying samples as is done for TEM 
and SEM, cryo-EM allows samples to remain in their native aqueous environ-
ments. For cryo-EM analysis, suspended exosomes are placed on a grid, which 
is then rapidly immersed in liquid ethane to allow vitrification of the sample. 
After samples are vitrified, they can then be analyzed under cryo-EM or trans-
ferred in liquid nitrogen for storage [36]. Yuana et al. showed that, under cryo-
EM, exosomes have a clear bilayer structure and are sometimes surrounded by 
smaller vesicles [37].

3.1.4  Atomic force microscopy (AFM)
AFM has a high resolution of approximately 1 nm and is suitable for exosome 
topography studies. Sharma et al. identified multiple CD63 receptor sites on exo-
somes using AFM immunogold imaging [38]. Briefly, the exosome suspension is 
placed on a mica substrate and allowed to air dry at room temperature. Samples are 
then washed with ultrapure water and dried with nitrogen gas. Samples are viewed 
using AFM with silicon probes and analyzed with AFM software (Fig. 4) [5].

3.2  NTA

NTA is a sophisticated method for the measurement of exosome concen-
tration and size distribution. Compared to flow cytometry and TEM, NTA 
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has better reproducibility. NTA has high resolution and is able to detect 
vesicles with diameters of 30–1000 nm. This technique takes advantage of 
dynamic light scattering and the Stokes-Einstein equation to quantify par-
ticle size and concentration. According to the NanoSight NS300 (Malvern 
Panalytical, Malvern, UK) user manual, under the scattered setting, each 
sample is loaded by syringe pump into the machine and five 60-s videos are 
generated. The entire process of sample measurement takes about 15 min. 
Fig.  5 shows NTA readouts of exosomes derived from ARPE-19 cells, a 
human retinal pigment epithelial cell line, isolated using filtration and 
ultracentrifugation.

3.3  AF4

AF4 is one of the few methods that is able to separate distinct subsets of extra-
cellular vesicles. In this technique, exosomes are separated based on their den-
sity and hydrodynamic properties. Exosomes flow through a forward laminar 
channel and, based on their Brownian motion, are sorted into different popu-
lations. Smaller particles have higher diffusion rates and tend to move faster; 
in contrast, larger particles have lower diffusion rates and tend to move more 
slowly. Currently, there are two major companies that produce AF4 systems: 
Wyatt Technology and Postnova. Several studies have compared AF4 and NTA 
for exosome quantification. In contrast to NTA, which in prior studies resolved 
only a single, broad peak from 50 to 150 nm, AF4 was able to distinguish two 
separate exosome subpopulations, large exosome vesicles with sizes between 
90 and 150 nm and small exosome vesicles with sizes around 30 nm [39–41]. 
Therefore, AF4 is better able to address the size heterogeneity of exosome sam-
ples and can be considered an advanced analytical technique for exosome subset 
characterization.

FIG. 4  (A) AFM image and (B) AFM height image of exosomes in human vitreous.
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3.4  RPS

RPS measures the size of vesicles based on their electrical resistance when 
they pass through a small orifice. RPS is able to detect vesicles with diam-
eters of 50–1000 nm. Spectradyne, LLC is a leading company in the microflu-
idic measurement of nanoparticles. Compared to dynamic light scattering and 
NTA, RPS has both higher size resolution and better accuracy in measuring 
particle size distribution. Relative to NTA, exosome concentrations obtained 
by RPS are closer to the count obtained from TEM. Grabarek et al. reported 

FIG. 5  Representative NTA distribution profiles of exosomes derived from ARPE-19 cells, in-
cluding a size distribution plot (A) and a screen shot of the corresponding video (B).
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that exosomes measured by NTA showed 5- to 10-fold higher concentration 
than RPS, as it failed to distinguish exosomes from protein aggregates, lipo-
somes, and bacteria [42].

3.5  Flow cytometry

As exosomes fall below the resolution limit of standard flow cytometers, which 
is between 300 and 500 nm, exosomes cannot be detected directly by this 
method. Several studies have reported methods to semi-quantitatively measure 
exosome subgroups by detecting specific membrane markers on their surface 
[43, 44]. Briefly, exosomes are attached to aldehyde/sulfate-latex beads via a 
15-min incubation with continuous rotation. The reaction is stopped by adding 
glycine and bovine serum albumin (BSA) solution. Exosome-bound beads are 
washed with PBS and blocked with BSA. Primary antibodies and fluorescence-
labeled secondary antibodies are added in sequence for specific membrane 
marker detection. A negative control is obtained by incubating the exosome-
bound beads with an isotype control followed by a secondary antibody, or in 
the absence of primary antibody. Using this method, Melo et al. found that exo-
somes derived from pancreatic cancer cells carry more glypican-1 compared to 
exosomes derived from non-tumorigenic cells [44].

3.6  ExoView characterization platform

Recently, antibody-based exosome arrays have been developed by NanoView 
Biosciences. This method enables fractionation of exosome subpopulations 
with a very small sample volume. Briefly, antibodies against exosome sur-
face markers are arrayed on silicon chips. Exosome suspensions or biofluids 
containing exosomes are incubated with the chips overnight. After incubation, 
chips are washed with PBS on a shaker and air dried. Captured exosomes are 
detected using Single Particle Interferometric Reflectance Imaging Sensor tech-
nology. This technique allows enhanced contrast in the signal from particles. 
Daaboul et al. has used this method to successfully detect CD63-, CD8-, and 
CD9-positive exosomes derived from a human embryonic kidney cell line, and 
CD171-positive exosomes from human cerebrospinal fluid [45]. Compared 
to flow cytometry, this method requires a smaller sample volume and is less 
time-consuming.

3.7  In vivo exosome tracking

It is believed that exosomes mediate intercellular communication in part by 
transporting their microRNA cargo from cell to cell. However, the details of 
how exosomes carry out this function remain largely unknown. Two methods 
currently exist for analyzing the fate of exosomes after leaving their paren-
tal cells. These exosome labeling and tracking methods include: (1) staining 
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exosomes with lipophilic carbocyanine dyes, including PKH67 (green) and 
PKH26 (red) (Millipore Sigma, USA); and (2) expressing exosomal markers, 
for example CD63, with green fluorescent protein (GFP) or mCherry in cells 
[46]. To study the mechanisms by which exosomes are endocytosed, confocal 
microscopy allows observation of the interaction between fluorescence-labeled 
exosomes and the plasma membrane, as well as the co-localization of exosomes 
and the recipient cell’s organelles. To track the fate of circulating exosomes 
in vivo, fluorescence-labeled exosomes have been injected into mice via the tail 
vein and detected using the IVIS Spectrum system [47]. GFP-CD63 genetic rats 
have been generated by transfecting GFP-CD63 fusion protein into rat embry-
onic stem cells [48]. In these transgenic rats, GFP-CD63-labeled extracellular 
vesicles have been found in blood serum, breast milk, and amniotic fluid.

4  Exosome cargo

4.1  Exosomal proteins

4.1.1  Proteomics
Due to the heterogeneity of exosomes, exosomal proteins have been analyzed 
by mass spectrometry (MS) in several types of cells and biofluids in an effort 
to gain a better understanding of exosomes and to investigate whether they can 
be used as potential biomarkers for diagnosis [2, 3, 49]. According to ExoCarta, 
a platform that provides information about exosomal proteins, 9769 proteins 
have been identified in association with exosomes. Advanced gene ontology 
analysis has shown that exosomal proteins are involved in several biological 
functions, including subcellular localization, protein binding, molecular trans-
port, and others.

There are two common methods that are been employed for sample prepara-
tion in MS analysis: in-gel digestion and in-solution digestion. Compared to in-
solution digestion, in-gel digestion has the advantage that contaminants can be 
removed from samples during electrophoresis. For the in-gel digestion method, 
exosomal proteins can be separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis. Following electrophoresis, the gel lanes are excised into 
multiple, equal-sized segments and processed by in-gel digestion with tryp-
sin. The digested peptides can then be analyzed by MS coupled to a high-
performance liquid chromatography system. Bioinformatic approaches such as 
pathway analysis and gene ontology can then be applied for further analysis of 
the exosomal protein profile [50].

4.1.2  Exosomal proteins: apical versus basolateral
Proper function of epithelial cells is highly contingent upon their polarity. Multiple 
studies have compared the cargo of apically versus basolaterally secreted epithelial 
cell-derived exosomes. Klingeborn et al. found 299 unique proteins in exosomes re-
leased apically from retinal epithelial cells, and 94 unique proteins in basolaterally 
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secreted exosomes [51]. In intestinal epithelial cells, apical exosomes were found 
to carry proteins involved in endosomal trafficking, whereas basolateral exosomes 
contained proteins that function in adhesion and stimulation [52]. These studies 
suggest that epithelial polarity impacts exosome cargo and that exosomes secreted 
from different directions conduct polarity-specific functions. Additional studies 
will be needed to investigate the underlying mechanisms and clarify the functional 
roles of these directionally secreted exosome subpopulations.

4.1.3  Exosome as biomarkers
Exosomal contents are frequently interrogated for identification of potential 
disease biomarkers. Prostate cancer antigen 3 and transmembrane protease ser-
ine 2 are two exosomal proteins used for prostate cancer diagnosis [53], while 
exosomal epidermal growth factor receptor VIII was shown to be expressed a 
higher level in patients with glioblastoma [54]. Exosomal glypican-1 was shown 
to be elevated in pancreatic cancer patients [44], and exosomal CD26 and CD10 
were suggested to be potential markers of liver injury [55]. Proteomic analysis 
combined with validation via western blot or enzyme-linked immunosorbent 
assay is a widely used method for the discovery of exosomal biomarkers.

4.1.4  Exosomal proteins: Surface-bound versus 
encapsulated
As with transmembrane and cytosolic proteins, surface-bound and encapsulated 
exosomal proteins should have distinct biogenesis mechanisms and carry out 
different functions. Fitzgerald et al. developed a method to systematically ana-
lyze the positions of cytokines in exosomes [56]. Triton X-100 and sonication 
are able to lyse the exosome membrane. By comparing the protein concentra-
tion before and after Triton X-100 or sonication treatment, Fitzgerald et al. re-
vealed the exact association between 33 cytokines and exosomes. Additionally, 
Skliar et al. found that exosome sizes become smaller after treatment with pro-
teinase K or trypsin due to digestion of surface proteins [57]. In our lab, we 
found that low-concentration trypsin (0.1 g trypsin/1 g exosomal protein) only 
digests proteins located on the external surface of exosomes without perturbing 
membrane-spanning or encapsulated proteins. In contrast, high-concentration 
trypsin (0.3–1 g trypsin/1 g exosomal protein) can destabilize the exosome 
membrane, enabling access to the vesicle interior and digestion of proteins as-
sociated with both its external and internal aspects (unpublished data). This 
method provides an alternative approach for determination of the manner in 
which a given protein is associated with exosomes.

4.2  Exosomal microRNA (miRNA; miR)

Like exosomal proteins, exosomal miRNAs have been investigated in several 
pathological contexts, including cancer, inflammation, and age-related degenera-
tions. ExRNA is an open access platform that provides novel information, proto-
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cols, recent publications in the field of exosomal RNAs. miR-21 has been found 
to be increased in tumor-derived exosomes in several cancers, including ovarian, 
lung, breast, and esophageal squamous cell cancers [58]. Exosomal miR-155 
was shown to coordinate inflammatory responses [59]. Exosomal miR-9, miR-
107, and miR-124 have been shown to play a role in neuronal differentiation, and 
their downregulation is associated with Alzheimer’s disease pathogenesis [60].

Tang et  al. compared different isolation methods for exosomal RNA and 
found that the Invitrogen Total Exosome RNA and Protein Isolation kit (Thermo 
Fisher Scientific) results in high extraction efficiency and purity compared to 
the SeraMir Exosome RNA Column Purification Kit (System Biosciences) 
and the Invitrogen TRIzol LS Reagent (Thermo Fisher Scientific) [29]. Next-
generation sequencing techniques can generate global sequencing data that map 
all exosomal microRNA positions. miRNA arrays use hybridization to detect 
hundreds to thousands of miRNAs simultaneously. Real-time polymerase chain 
reaction and commercial miRNA and anti-miRNA antibody products are com-
monly used to validate results and mechanistic studies.

5  Summary

In summary, emerging evidence supports the significant contributions of exo-
somes and exosomal cargo to cell-cell communication. This review has summa-
rized the principles, procedures, advantages, and disadvantages of commonly 
used methods for exosome isolation and characterization. Exosome research is 
a new and rapidly progressing field. New methodologies are continuously be-
ing developed and will facilitate the translation of exosome research to clinical 
applications.
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1  Introduction

Membrane-enclosed extracellular vesicles (EVs) are released into the extracel-
lular milieu by virtually all cell types. Initial assessment of their function was 
to expunge “cellular dust” outside the cells, allowing their homeostasis. This 
scavenger function did not draw much attention and consequently, has never 
been conclusively demonstrated. By contrast, the Geuze’s group elegantly dem-
onstrated in 1996 that EVs discharged by lymphoblastoid cells induced antigen-
specific, Major Histocompatibility Complex (MHC) class II-restricted T cell 
responses, suggesting for the first time the involvement of EVs in intercellu-
lar communication [1]. A decade later, EVs were shown to envelope different 
types of functionally active ribonucleic acid (RNA) molecules, acting as ve-
hicles in cell-cell communication. Two independent groups found messenger 
RNA (mRNA) and microRNA (miRNA) in EVs and excitingly demonstrated 
their functionality upon uptake by target or recipient cells [2, 3]. Given the 
accumulating evidence that EV-associated molecules mediate phenotypic al-
terations after internalization, EVs are now considered as mediators of intercel-
lular communication in multicellular organisms acting at a limited range or long 
distance during their development and across the lifespan under physiological 
and pathological conditions [3–6], as described in other Chapters of this book. 
Furthermore, the presence of EV-derived cargo proteins and nucleic acids in the 
nucleus of host cell suggest that a fraction of them are shuttled to nuclear com-
partment and regulate gene expression, hence transforming the biochemistry of 
target cells notably in cancer [7–11].

EVs are generally classified based on their biogenesis as exosomes when 
derived from multivesicular bodies (MVB); ectosomes or microvesicles when 
directly budding from plasma membrane; apoptotic bodies when released 
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upon cell fragmentation during apoptotic cell death; and large oncosomes 
when shed from non-apoptotic membrane blebs of tumor cells with an amoe-
boid phenotype [12–15]. The heterogeneity of EVs is reflected by their size 
that varies considerably, which somehow summarizes their mode of forma-
tion (Fig.  3.1). Within a given category, individual EVs might differ from 
each other, and their composition mirrors the donor cell and their physiologi-
cal status. Particular constituents (soluble or membranous) can be enriched 
in EVs [12]. Given the lack of specific markers for different EV categories 
[14], we will refer to them collectively as EVs unless their biogenesis has 
been indicated by the authors.

FIG. 1  Biogenesis and heterogeneity of EVs. EVs represent a heterogeneous population of sol-
uble particles that are categorized according to their size (top panel) and cellular origin (bottom 
panel). The relative diameter of a given type of EVs is indicated in brackets. Various types of EVs 
can be found together in an extracellular milieu, as a single cell can simultaneously release them as 
exosomes upon the fusion of multivesicular bodies (MVB) with plasma membrane and ectosomes/
microvesicles that bud directly from plasma membrane and its protrusions such as microvilli and 
cilium, as observed in epithelial and non-epithelial cells [16, 17]. Within a given EV type, various 
entities with different profiles can also co-exist. The complexity of EV population is even increased 
in  vivo, where numerous cell types can contribute to their presence in a given biological fluid. 
Although EVs carry several types of cellular information, in contrast to cells (or even viruses) 
these entities cannot self-renew. The release of EVs can be stimulated by cellular differentiation 
and transformation. Voluminous EVs known as apoptotic bodies and large oncosomes, which are 
released by apoptotic cells and tumor cells, respectively, complete a large spectrum of EVs found in 
the extracellular milieu. N, nucleus; MTD, mitochondria.
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In general, cancer cells release a higher number of EVs than normal prolif-
erating cells, and EV levels are usually elevated in plasma from patients with 
cancer [18, 19]. The role of EVs as a vehicle-like structure in cell-to-cell com-
munication appears as an important multifaceted regulator of tumor progres-
sion. For instance, cancer cell-derived EVs can modulate the immune responses 
at different levels, transfer oncogenic proteins and nucleic acids, reprogram 
stromal cells, promote neo-angiogenesis, and transfer the drug-resistance phe-
notype. Despite abundant reports highlighting these EV-mediated events in can-
cer, there is little mechanistic insight into the intracellular path(s) of EVs upon 
their internalization, the mechanism(s) of cargo release, and their molecular 
target(s) located in cytoplasm and nuclear compartment of host cells [20].

In the present chapter, we will discuss the function(s) and mechanism(s) 
of action of cancer cell-derived EVs, their interplay with normal cells in the 
tumor microenvironment and EVs derived thereof, and how the growing body 
of knowledge on cancer-related EVs can be exploited to improve cancer diag-
nosis, monitor disease progression and therapeutic response, and importantly to 
develop successful anticancer strategies.

2  Cellular uptake of (cancer) cell-derived EVs

Numerous mechanisms were proposed to explain the transfer of bioactive 
molecules carried by EVs to the target cells, and those enveloped by cancer 
cell-derived EVs can follow similar pathways to physiological EVs released by 
healthy cells [21]. Although the transfer mechanisms are not mutually exclusive, 
some could predominate over others depending on cell type and physiological 
conditions of cells. At first, EVs can fuse directly with the plasma membrane of 
target cells and release their soluble signaling and/or regulatory molecules (pro-
teins, lipids and nucleic acids) into the cytoplasm, which in turn could trigger a 
cascade of cellular responses (Fig. 3.2A, i). The EV-cell fusion can be promoted 
by an acidic pH of extracellular milieu as found in the tumor microenviron-
ment [23]. Under these hard conditions, variations in the membrane fluidity of 
both EVs and host plasma membrane, as well as unmasking fusogenic proteins 
could explain the EV-cell fusion. The initial interaction of EVs with target cells 
can be done in a specific manner via receptor and/or adhesion proteins (for an 
exhaustive list see Ref. [21]), although the molecular bases for this selective 
cellular targeting remain poorly described [24]. Likewise, the detailed informa-
tion about the EV-cell fusion machinery requires more investigation. In con-
trast to the sophisticated biogenesis mechanism and cargo selection of EVs [25] 
(see also other chapters), this mode of delivery results in a random cytoplas-
mic distribution of bioactive molecules, notably at the cellular periphery, which 
might not be sufficient to engage a desired biological effect. This is particularly 
true for EV-derived miRNAs that need to find specific RNA transcript targets. 
Alternatively, EVs can bind to host cells and promote cellular responses without 
membrane fusion—a mechanism similar to a ligand-receptor interaction [26]. 
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FIG. 2  See the legend in facing page
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Soluble ligands directly derived from EV membrane proteins upon a proteolytic 
cleavage could bind to host cell receptors as well, and consequently promote 
downstream signaling responses [27].

The transfer of bioactive molecules could occur by internalization of EVs 
themselves, and various mechanisms of endocytosis were described [28]. For 
instance, the endocytosis can occur by a clathrin-dependent or cholesterol-rich 
membrane microdomain (lipid raft)-dependent mechanisms [29] (Fig.  3.2A). 
Chemical drugs or treatments interfering with biogenesis and dynamics of 
clathrin-coated pits, for example, potassium depletion and cytosol acidifica-
tion, can block the EV entry [30]. Similarly, compounds that perturb membrane 
fluidity and/or membrane microdomain organization, such as cholesterol-
sequestering agent methyl-β-cyclodextrin [31], can interfere with the uptake 
of EVs as we demonstrated for melanoma-derived EVs [11]. The EV endo-
cytosis might also proceed via caveolae in which cholesterol-binding caveolin 
protein plays a major role [32]. Caveolae are rich in cholesterol and sphingo-
lipids and membrane cholesterol is essential for their formation [33]. The use 
of distinct machineries regulating the endocytosis of EVs can be cell type de-
pendent and possibly co-exist in a given cell [34]. Lastly, macropinocytosis and 
phagocytosis are two other mechanisms that could lead to the internalization of  
EVs [35, 36] (Fig. 3.2A).

FIG. 2  Entry, intracellular routes of EVs, and delivery of their cargo content. (A) Various mecha-
nisms were described to explain the delivery of EV cargo molecules (proteins, nucleic acids) in 
target cells. The cellular entry of EVs can occur by various processes, notably cell-EV fusion, which 
can be stimulated by the low pH observed in the extracellular milieu of tumor microenvironment, 
endocytosis, micropinocytosis, and phagocytosis. These mechanisms are not mutually exclusive. 
The direct fusion of an EV with plasma membrane will allow the immediate delivery of its cargo 
into the cytoplasm of targeted cell (i) which might provide a signal transduction cascade. The initial 
EV-cell binding can be mediated by specific receptor and/or adhesion proteins, while fusogenic 
proteins may account for the fusion ability. These processes might be similar to the entry of certain 
viruses. The endocytosis can be mediated by clathrin-dependent, cholesterol-rich lipid rafts mecha-
nisms and/or caveolae (not shown). The use of these distinct machineries can be cell type dependent 
and possibly co-exist. (B) Once internalized, EVs (and their content) are delivered to the endocytic 
pathway, notably early endosomes and late endosomes “en route” to lysosomes where they will be 
subjected to degradation. The low pH in late endosomes (i.e., about 5.5) would favor the fusion of 
EV with endosomal membrane, leading to the release of its content into the cytoplasm (ii). (C) The 
subcellular position of late endosomes might pre-dispose the targeted delivery of EV cargo. A frac-
tion of the late endosome population can also translocate into the nuclear compartment by means of 
nuclear envelope invaginations of type II, which are created by invaginations of both outer (ONM) 
and inner (INM) nuclear membranes. These structures can be superficial or reach deep regions of 
the nucleus. They often come in close contact with nucleoli, organelles responsible for ribosome 
biogenesis, cell cycle control, and cell signaling [11, 22]. The type I nuclear envelope invaginations 
are generated only by INM and hence do not allow the cellular organelles to penetrate therein. After 
the fusion of EV with the membrane of late endosomes associated with nuclear invaginations (iii), 
the EV content will be transported from cytoplasm to the nucleoplasm. The nuclear pores are in-
volved. It remains to be determined how EV-associated membrane proteins (e.g., multispan protein 
CD9, CD133) can be extracted from the endosomal membrane and translocated to the nucleoplasm, 
as the luminal content of EVs does.
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Upon internalization, EVs and their content enter the endocytic pathway that 
leads to their intracellular journey in host cells. Therein, they will be delivered 
to early endosomes, the first endocytic compartment to receive incoming EV 
cargo from plasma membrane [37] (Fig. 3.2B). These dynamic structures that 
often appear with thin tubular elongations act as a sorting platform from which 
cargo proteins can traffic back to plasma membrane or Golgi apparatus via vari-
ous routes or to lysosomes for degradation via late endosomes (reviewed in 
Ref. [38]). The latter have a lower pH by comparison to the early endosomes 
and appear more rounded with numerous internal vesicles, hence explaining 
why they are also referred to as multivesicular endosomes or MVB [39, 40] 
(Fig. 3.2B). Proton-pumping vacuolar-ATPase, and perhaps the fission of tu-
bular endosomes, might explain the gradual intraluminal acidification of the 
endosomal compartment [41, 42]. Early and late endosomes differ to each other 
not only by their morphology and pH, but also in protein and lipid composi-
tion [43]. The internalized signaling molecules and their receptors at the plasma 
membrane are sequentially sorted to early and late endosomes prior to their deg-
radation into lysosomes, which contain all necessary enzymes to complete such 
function under acidic condition [44]. Similar fate might occur for endocytosed 
EVs and their cargo (Fig. 3.2B). As a role in intercellular communication, the 
lysosomal degradation of EV cargo would not provide any cellular response. 
Alternatively, internalized EVs can fuse with late endosomal membrane and 
release their content into the cytoplasm (Fig. 3.2B, ii). EV-late endosome fusion 
could be promoted by the acidic microenvironment in late endosomes compared 
to early endosomes. In contrast to the fusion of EVs with plasma membrane, the 
subcellular localization of late endosomes might pre-dispose the delivery of EV 
content to their molecular targets. This is particularly true for late endosomes 
located at the perinuclear region [45, 46] (Fig. 3.2C). The interaction of late 
endosomes with different organelles, such as endoplasmic reticulum (ER) and 
mitochondria may also target their cargo to the site of action [47–49]. The re-
cent publication showing that late endosomes by their association with transla-
tional machinery being the site of local translation of RNA transcripts in axonal 
outgrowth may bring a new spatiotemporal dimension in EV life and their fate 
after internalization [50]. Whether mRNA cargo carried by EVs can be trans-
lated immediately upon EV fusion with late endosomal membrane remains to 
be explored.

2.1  Positioning role of early and late endosomes in nuclear 
transfer of extracellular information

By following the intracellular pathway of internalized EVs, we recently ob-
served that a fraction of EV-loaded late endosomes (as defined by the presence 
of small GTPase Rab7) reached deep regions of the nuclear compartment by 
invading nuclear envelope invaginations [11] (Fig. 3.2C). Two types of nuclear 
invagination were described: the type I are created by invagination of inner 
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nuclear membrane (INM) into the nucleoplasm, whereas the type II contains 
both outer nuclear membrane (ONM) and INM (Fig. 3.2C). The latter can host 
various cytoplasmic organelles [51]. The presence of late endosomes in type II 
nuclear envelope invagination provides a new route to target EV cargo to the 
nuclear compartment. They have been observed in  vitro with numerous cell 
lines, including melanoma cells and stromal cells and in vivo with breast can-
cer samples [11]. After the fusion of endocytosed EV with the membrane of 
late endosomes, the EV content is in an appropriate position within nuclear 
invaginations to be transported to the nucleoplasm through the nuclear pores 
where they can access the genome and possibly modulate the gene expression 
[11] (Fig.  3.2C, iii). The vicinity of nuclear envelope invaginations with the 
nucleolus [11, 51], a subnuclear structure, suggests also that the EV cargo might 
interfere with its activities, such as ribosome biogenesis and nucleolar protein 
sequestration [52]. It might be more than a coincidence that nucleolus is often 
hijacked by tumors to promote the growth of transformed cells [53] and hence 
to be the target for cancer intervention [54]. This novel path could explain, at 
least in part, the nuclear localization of multispan membrane proteins associated 
with EVs, such as CD9 and CD133 (see below), and possibly epidermal growth 
factor receptor (EGFR), notably the oncogenic form of the latter [10, 55–60]. 
Although it is not demonstrated yet, we cannot exclude that this pathway is 
involved in the shuttling of plasma membrane proteins, including receptors, to 
nuclear compartment [61]. In both cases, it remains to be determined how mem-
brane proteins can be extracted from endosomal membrane and pass-through 
the nuclear pores. Besides the late endosomal compartment, the docking and fu-
sion of early endosomes (as defined by the presence of the early endosome an-
tigen 1) with peripheral nuclear envelope might also participate in the delivery 
of extracellular biomaterials to nucleus of host cells [62]. In the latter, nuclear 
envelope proteins SUN1 and SUN2, as well as the Sec61 translocon complex, 
were described to participate in the nuclear transfer of cell surface proteins. 
Altogether, nuclear envelope-associated (early) endosomes (NAE) [62] and 
nuclear envelope invagination-associated late endosomes (N-ALE) [11] are in 
strategic positions to rely extracellular information to host cell nuclei. Because 
the appearance of N-ALE has some similarity upon double Rab7-SUN2 immu-
nofluorescence labeling with a sword inside its scabbard we named this struc-
ture “spathasome” from the Greek/Latin words “spathi/spatha” for sword [11].

These two newly described pathways of intracellular trafficking deserve 
further attention as they can provide potential targets to interfere with the EV-
mediated intercellular communication between cancer cells and healthy cells 
notably those associated with cancer stem cell niche.

2.2  VOR protein complex

The interaction between membrane-bound organelles has emerged as a new 
theme in molecular cell biology of eukaryotic cells, and their crosstalk through 
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membrane contacts plays an underestimated role in membrane dynamics and 
cell signaling (reviewed in Refs [63, 64]). The interaction of late endosomes 
with ER is well documented [48], and its knowledge was useful to determine 
part of the mechanism that regulates the entry of late endosomes into nucleo-
plasmic reticulum and their docking to ONM [65]. The ER-localized vesicle-
associated membrane protein (VAMP)-associated protein A (VAP-A) was found 
determinant to mediate the late endosome–nuclear membrane interaction. 
Together with R-Ras-interacting oxysterol-binding protein (OSBP)-related pro-
tein 3 (ORP3), which regulates cell adhesion and is overexpressed in numerous 
cancers, VAP-A sets the interaction with late endosome-associated Rab7 [65]. 
The VAP-A-ORP3 complex was previously shown to mediate the membrane 
contact of ER to plasma membrane [66, 67]. The tripartite complex formed 
by the interactions of VAP-A/ORP3/Rab7 (named VOR complex) is essential 
to transfer EV cargo to nucleoplasm. Silencing VAP-A or ORP3 impeded the 
entry of late endosomes in nucleoplasmic reticulum [65] and consequently the 
presence of nuclear EV cargo [65]. Given that nuclear translocation of late en-
dosomes is dependent of microtubules unidentified motor proteins should be 
involved in this process [65]. Altogether, the VOR complex plays an important 
role in relying information from the EVs to nuclear compartment of target cells 
and represents a potential target to inhibit the intercellular communication in 
cancer. The implication of VOR complex during the development of a multicel-
lular organism and its homeostasis where EV-mediated intercellular communi-
cation is involved remains to be investigated.

3  EVs and cancer microenvironment

The pleiotropic effects of EVs is well illustrated in carcinogenesis where they 
promoted significant alterations in normal intercellular communication between 
healthy cells, leading to the tumor growth and metastases. This is particularly 
true in a given tissue or organ which contains numerous cell types that release 
EVs and uptake those originating from cancer cells. EVs are now considered as 
a major player of the tumor progression, notably in the establishment of metas-
tasis microenvironment. Thus, they merit a special consideration not only from 
a cell biological point of view, but also clinically as therapeutic targets.

3.1  Role of EVs in metastasis

Metastasis is the leading cause of cancer-related death. It is considered the re-
sult of a complex cellular process initiated by detachment of cancer cells, fol-
lowed by their dissemination via lymph and blood circulation and engraftment 
at sites distant from the primary tumor [68–70]. Tumor cells exchange bioactive 
molecules, such as growth factors, integrins, and coding and non-coding RNAs, 
with nearby as well as distant mesenchymal cells, endothelial cells, and immune 
cells, establishing favorable conditions for cancerous growth and the formation 
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of metastases [71]. These molecular exchanges modulate signaling pathways, 
dampen the immune response to the unregulated cell growth, recruit naïve 
neighboring cells, and favor the local and distant spreading of cancer cells [72]. 
Although the main actors and their respective roles in the process leading to the 
establishment of distant tumor metastases are still debated, the implication for 
EVs as modulators of the microenvironment that orchestrate events critical to 
cancer growth and formation of distant metastasis, including the regulation of 
angiogenesis and immune response, has been substantiated by several studies in 
recent years. By mediating an indirect interaction between tumor, stroma, and 
immune cells, EVs appear to have a dominant role in preparing the tumor niche 
at metastatic sites. Such transformation would have a negative impact on native 
cellular constituents found therein (Fig. 3.3).

How can cancer cell-derived EVs colonize a specific organ site and predis-
pose a favorable cancer microenvironment at future metastatic sites? In line with 
data showing that malignant transformation can be stimulated by adhesion and 
extracellular matrix proteins such as integrin and tenascin molecules [73, 74],  
integrins carried by EVs can play a significant role in this context [75]. Indeed, 
EV-associated integrins can promote cancer progression by determining the 

FIG. 3  Impact of EVs in intercellular communication under cancer conditions. In melanoma as 
in other types of cancer, the malignant cells might use EVs, notably those expressing CD133 to 
transform the bone marrow hematopoietic stem cell niche into a cancerous one. Upon endocytosis 
by MSCs and other stromal cell types such fibroblasts, cancer cell-derived EVs can modify their 
biochemistry, leading to their transformation into cancer-associated fibroblasts (CAF) (#1). The 
melanoma-derived EVs, EV-primed stromal cells and/or the EVs derived therefrom can also nega-
tively modulate the immune responses by acting on dendritic cells and lymphocytes among others 
(#2), stimulate the formation of blood vessels (#3), and boost cancer cell population by stimulat-
ing cell migration and proliferation (#4). All these EV-mediated modifications would reduce the 
supportive capacity of stromal cells for resident CD34+ hematopoietic stem and progenitor cells 
(HSPC), while increasing that for cancerous cells (#5). An example of CD133 immunogold-labeling 
electron microscopy of human melanoma-derived EVs is displayed. (Micrograph is taken from 
our previous publication: Rappa G, et al. Wnt interaction and extracellular release of prominin-1/
CD133 in human malignant melanoma cells. Exp Cell Res 2013;319:810–9).
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target tissues to form new tumor niches during metastatic spread and the di-
rect transfer of bioactive molecules to target cells [75]. A repertoire of integrins 
has been described to guide the EVs to specific organs. For instance, Hoshino 
and colleagues have demonstrated that α6β1 and α6β4 integrins mediated the 
selective adhesion of EVs to the extracellular matrix at their predicted lung 
metastatic destination, followed by their uptake by resident fibroblasts and epi-
thelial cells [76]. Likewise, a specific binding of EVs containing integrin αvβ5 
to Kupffer cells was reported to mediate liver metastasis [77]. Languino’s group 
described the transfer of αvβ6 and αvβ3 integrins among prostate cancer cells 
via EVs [78, 79]. The αvβ6, an integrin absent in normal prostate, is required 
for monocyte M2 polarization in prostate cancer, while αvβ3 integrin from tu-
morigenic to non-tumorigenic prostate cells promoted their migratory ability 
[80, 81]. Altogether, particular adhesion proteins carried by circulating EVs can 
regulate their specific spreading and predispose a given tissue and/or organ to 
metastases. Clinically, a prospective analysis of the EV-associated integrin sig-
nature can thus make it possible to predict their metastatic propensity.

Upon their arrival at the predetermined distant site, specific EVs and their 
cargo promote the formation of the pre-metastatic niche. Therein, they can 
accomplish a process of “education” of normal cells toward a pro-metastatic 
phenotype, as illustrated in bone marrow stem cell niche where hematopoietic 
stem and progenitor cells (HSPCs) are hosted (Fig. 3.3). As major targets, the 
resident cells such as fibroblasts and mesenchymal stromal cells (MSCs) are 
susceptible to transformation, leading to cancer-associated fibroblasts (CAFs) 
[82, 83]. Innate and adaptive immune inflammatory cells and endothelial cells 
are also contributing to tumor microenvironment. Moreover, cancer cells them-
selves can exchange EVs, contributing to cancer cell heterogeneity.

Melanoma cell-derived EVs are good example of particles leading to the 
transformation of bone marrow niche toward a pro-metastatic phenotype, in-
ducing vascular leakiness by mediating the transfer of oncogene c-MET 
and reprogramming progenitors toward a pro-vasculogenic phenotype [84]. 
Although a replication of that study did not find the pro-metastatic effect of 
c-MET-expressing EVs to be statistically significant [85], the former investiga-
tion should nonetheless be kept in mind (see below). Subsequently, it was found 
that injection of EVs from cells expressing high levels of c-MET increased the 
metastatic burden of low c-MET-expressing cells [86]. In two independent re-
ports, cancer cell-derived EVs were found to promote metastases to the liver 
by regulating the hepatic microenvironment and initiating the formation of a 
pre-metastatic niche [77, 87]. Several other investigations have established that 
tumor-derived EVs administered to mice prior to tumor cell injection increased 
the metastatic burden by inducing pre-metastatic niche formation [88–91].

The implication of the stemness marker, pentaspan membrane glycoprotein 
CD133 (also known as prominin-1) in the cancer stem cell niche has been ex-
tensively documented, which includes promoting the invasive properties of can-
cer cells and inducing vasculogenic mimicry formation [92–96]. As a biomarker 
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of EVs such as ectosomes and exosomes [16, 97] (reviewed in Ref. [98]), two 
studies reported the release of CD133+ EVs from cancer cells, that is, colon 
cancer and melanoma [16, 99] (Fig. 3.3, inset). A pro-metastatic role of CD133+ 
EVs in FEMX-I melanoma was proposed [99], consistent with an earlier study 
showing that short interfering (sh)RNA-mediated downregulation of CD133 re-
sulted in loss of metastatic potential of melanoma [94]. The exposure of MSCs 
to CD133+ melanoma-derived EVs increased their invasiveness suggesting that 
EV cargo modified the biological properties of target cells and hence their phe-
notype [100]. As an organizer of plasma membrane protrusions (i.e., microvilli, 
filopodia, primary cilium), CD133 itself can contribute to these morphological 
transformations [60, 101]. In line with these observations, Alessandro’s group 
elegantly demonstrated that EVs released by colon SW620 metastatic cells mod-
ulated the surface activity, motility, and invasiveness of non-metastatic SW480 
cells by means of Rac GTPase-activating protein 1 (RacGAP1)-mediated path-
way [102]. RacGAP1 is a Rho GTPase-activating protein, which is involved 
in controlling cellular phenomena such as cytokinesis, transformation, cell mi-
gration and metastasis. It has the ability to suppress Rac1 activity and activate 
RhoA at the cell front edge promoting the invasive migration [103]. The SW480 
and SW620 cell lines represent two distinct stages of tumor development and 
can be considered representative of diverse sub-clones that constitute within a 
tumor of the same patient. CD133 is strongly expressed in SW620 but not in 
SW480 cells [104, 105]. Similarly, it was shown using intravital imaging that 
less aggressive breast tumor cells exhibit increased migratory abilities upon in-
ternalization of EVs originating from highly aggressive cancer cells, suggesting 
that cancer cell-derived EVs can act as messengers of malignancy [4] (Fig. 3.3). 
The transfer of aggressive phenotype can be related to oncogenic forms of 
EGFR and Met 72 tumor antigen [106, 107].

Through the release of cytokines and extracellular matrix (ECM) com-
ponents, CAFs are important to establish pre-metastatic niches [108, 109] 
(Fig. 3.3). For an exhaustive list of molecular and cellular factors involved in 
pre-metastatic niche formation we invite the readers to access an excellent re-
view [110]. As mentioned above, they derived from tissue resident fibroblasts 
and MSCs often in response to platelet-derived growth factor (PDGF) and trans-
forming growth factor beta (TGF-β) signaling [111, 112]. The advantage of 
CAFs vs. normal resident cells in promoting tumor growth and metastasis was 
demonstrated by several groups [113, 114]. Interestingly, cancer cell-derived 
EVs from distinct tumor types have been reported to promote differentiation 
of normal fibroblasts into CAFs by transferring TGF-β, miR-125b, or miR-155 
[115–117]. In particular, EV-mediated transfer of miR-125b from breast cancer 
cells to normal fibroblasts within the tumor microenvironment contributed to 
their differentiation, acting at least in part through its target such as the tu-
mor suppressor p53 protein (p53; transformation-related protein 53). Similarly, 
amphiregulin-containing EVs derived from non-small-cell lung cancer acti-
vate osteoclastogenesis in MSCs through EGFR-mediated pathway in  vitro 
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and in vivo [118]. Melanoma cell-derived EVs has shown to modify the gene 
expression profile of MSCs, notably genes encoding for players involved in 
inflammation processes. The EV-mediated transformation of MSCs was dem-
onstrated to be dependent on spathasome pathway described above [11].

The role of EV-associated non-coding RNAs in the context of metasta-
ses and stem cell niche transformation was also explored. While under non-
neoplastic conditions where endogenous RNAs are shielded by RNA-binding 
proteins [119], cancer cells reportedly induced CAFs within the tumor micro-
environment to produce EVs containing unshielded endogenous RNAs (e.g., 
RN7SL1), which in turn facilitated cancer growth, metastasis, and therapy re-
sistance [120]. Several effects of cancer cell-derived EVs and their associated 
miRNAs on the cancer stem cell niche and tumor progression were reported by 
Wong’s laboratory: (1) miR-105-induced metabolic plasticity in CAFs to con-
vert cancer-produced metabolic waste (e.g., lactate and ammonia) into energy-
rich metabolites to re-enter cancer bioenergetics [121]; (2) suppressed glucose 
utilization by lung fibroblasts and astrocytes in favor of glucose uptake by me-
tastasized cancer cells mediated by cancer-secreted miR-122 [88]; and (3) vas-
cular leakiness and enhanced metastasis caused by cancer-secreted miR-105, 
which downregulates endothelial tight junctions [91].

Recent experimental evidences suggest that in some cases, the metastatic pro-
cess might not be determined by the migration of cancer cells, but by transfer of 
malignant factors contained in cancer cell-derived EVs to target non-cancerous 
cells. Thus, cancer cell-derived EVs taken up by oncosuppressor-mutated cells 
(OMC) of epithelial and mesenchymal origin, that is, cells with mutated BRCA1 
or with a phosphatase and tensin homolog (PTEN) deletion caused malignant 
transformation, resulted in a phenotype compatible with that of the cancer cells 
from which the EVs had originated [122–124]. When exposed to the serum of 
cancer patients, cancer cell-conditioned media or cancer EVs, OMCs displayed 
characteristics of transformed cells both in vitro (anchorage-independent growth 
assay) and in  vivo (tumor formation in immunodeficient mice) [122, 124].  
It appears that a single oncosuppressor mutation is a pre-requisite and repre-
sents the first hit to allow malignant transformation following exposure to can-
cer factors contained in EVs. These findings, as well as the description of an 
in vivo model of cancer progression mediated by horizontal gene transfer [125] 
and the observation of oncogenic transformation mediated by cell-free nucleic 
acids circulating in the plasma of patients with colorectal carcinoma [126], sup-
port the existence of a non-classical pathway based on the exchange of cancer 
traits between malignant and non-malignant cells that may have implications in 
cancer progression and metastasis.

Although all cancer cells release small EVs, only certain types release 
atypically large EVs known as large oncosomes. They were first identified 
in vitro in cancer cells transitioning from a mesenchymal mode of migration 
to an amoeboid type as a consequence of Akt activation and Diaphanous re-
lated formin 3 (DIAPH3) loss [127]. The latter protein is involved in actin 
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remodeling and regulates adhesion and cell movement. Large oncosomes were 
successively identified in tumor tissues and in plasma of patients with meta-
static prostate cancer [128]. Technically, large oncosomes could be separated 
from other small EVs by differential ultracentrifugation followed by a density 
gradient. This approach enabled the identification of a set of distinct proteins 
[128]. The internalization of large oncosomes into fibroblasts resulted in func-
tional reprogramming mediated by activation of transcription factor MYC that 
promoted growth of cancer cells, reactive stroma and tubular morphogenesis 
[129]. Large oncosomes can also mediate intercellular transfer of functional 
miRNA and enhance migration of CAFs to secondary sites for pre-metastatic 
niche [130]. Further studies are needed to dissect all facets of large oncosomes 
in transforming cancer stem cell niche.

3.2  Cancer cell-derived EVs and inhibition of the anti-cancer 
immune response

As for most biological systems, the interplay between EVs and the immune 
system is complex. EVs produced by non-immune and immune cells can medi-
ate both immune suppression and stimulation [131]. In terms of immune sup-
pression, EVs can inhibit (i) the differentiation of dendritic cells from myeloid 
precursors [132]—dendritic cells are antigen presenting cells with the capacity 
to induce primary and secondary immune responses; (ii) the cytotoxic activity 
of natural killer (NK) cells [133]; and (iii) proliferation and cytotoxic activity 
of T-cells [132]. In particular, EVs expressing MHC class I and II along with 
FasL released from intestinal epithelial cells acquire antigens after feeding and 
prevent commonly encountered foreign antigens from causing chronic inflam-
mation and autoimmunity [134]. In terms of immune stimulation, EVs can carry 
(i) antigens to dendritic cells for processing and subsequent presentation to 
T-lymphocytes; (ii) MHC class II molecules to stimulate T-clones; (iii) signals 
that promote activation of the acceptor cell into antigen-presenting cell; and (iv) 
regulate the formation of the immunological synapse between T-lymphocytes 
and antigen-presenting cells [132].

It is now evident that tumor-derived EVs are key players in the crosstalk 
between malignant and transformed cells and the immune system. They are 
also part of the process employed by cancer cells to inhibit immune surveil-
lance, that is, specific identification and elimination of neoplastic cells based 
on the expression of tumor-specific antigens, in order to grow and metasta-
size [135] (Fig. 3.3). In the tumor microenvironment however, immune cells 
from both the adaptive and innate systems are present, with even more complex 
effects on tumor growth and metastasis. In fact, chronic inflammatory states 
can favor cancer initiation, promotion, neo-angiogenesis, and metastasis [136], 
while at the same time, the immune system is also responsible for cancer im-
mune surveillance [137, 138]. Thus, EVs can mediate the release of inflamma-
tory mediators through a tumor necrosis factor (TNF)-alpha-mediated pathway, 
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potentially promoting a chronic inflammatory state [139]. In most cases, can-
cer cells employ their self-made EVs to hijack anti-tumor immune response, 
for example, inducing defects in antigen presentation, increasing the immune-
suppression activity of myeloid cells, enhancing the function of regulatory T 
cells, suppressing NK cells, and inhibiting tissue macrophages [140]. Several 
studies have found that melanoma, ovarian, and colon cancer cell-derived EVs 
caused apoptosis in Fas-ligand+ lymphocytes by the expression of Fas ligand on 
their own surface [141–143]. Employing Cre-lox recombination-based tracing 
of EV-mediated RNA transfer from tumor to host cells in vivo, Ridder and col-
leagues showed changes in immunosuppressive phenotype and miRNA profiles 
after EV uptake and demonstrated in tumor models of carcinoma and glioma 
that myeloid-derived suppressor cells (MDSC) represent a major cell popula-
tion targeted by tumor released EVs [144]. These findings suggest that tumor 
EVs could be responsible for the expansion and activation of MDSC immuno-
suppressive functions in cancer patients.

3.3  EVs, angiogenesis, endothelial cells, and platelets

To grow and metastasize, tumors often generate their own vasculature. Through 
delivery of proteins and RNAs to endothelial cells, their progenitors and sup-
porting cells, cancer-derived EVs contribute to tumor neo-angiogenesis, that 
is, the generation of new vessels inside and around the tumor mass (Fig. 3.3). 
Cancer-derived EVs stimulate also the pro-inflammatory and the pro-coagulant 
activities of endothelial cells and platelets, which favor different steps of the met-
astatic process, including tumor extravasation, the formation of microthrombi 
of tumor cells, extracellular matrix remodeling as well as platelet aggregation 
[145]. Besides cancer cell-derived EVs, those released by non-cancerous cells 
in the tumor microenvironment contribute also to the angiogenetic process and 
ultimately to the metastatic process. Most circulating EVs in plasma originate 
from platelets and endothelial cells [146], and increased platelet-derived EVs 
are associated with the severity of gastric cancer [147]. To gain more insight 
about platelets and EVs in cancer, please consult an excellent review [148]. 
Endothelial cell-derived EVs can be pro- or anti-angiogenic, depending on the 
stimuli causing their production.

Several studies have established that EV secretion is not constitutive, but 
modulated by alteration in the cellular environment. For instance, changes in 
the microenvironmental acidic pH and exposure of cells to hypoxia can alter 
the EV secretion and their uptake [23, 149–151]. This is particularly relevant 
for cancer, where the tumor microenvironment and metastatic niche harbor 
these harsh conditions. In particular, under hypoxia, lung cancer cells induced 
an increased level of EV-associated miR-23a, which in turn promoted tumor 
angiogenesis and increased vascular leakiness through suppression of its targets 
prolyl hydroxylase 1 and 2 and inhibition of tight junction protein ZO-1 of en-
dothelial cells [152]. Among the pro-angiogenetic proteins delivered by cancer 
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cell-derived EVs, the EV-associated Tspan8 tetraspanin protein was reported 
to trigger endothelial branching and elevate levels of factors driving endothe-
lial cell proliferation, migration, sprouting and progenitor maturation, including 
von Willebrand factor, vascular endothelial growth factor (VEGF), and VEGF 
receptor 2 (VEGF-R2) [153, 154]. Mutated EGFR delivered to endothelial cells 
via lung cancer cell-derived EVs can drive the secretion of autocrine VEGF and 
elevated VEGF-R2 through mitogen-activated protein kinase (MAPK) and Akt, 
and enhance endothelial cell responses to VEGF [106]. The pro-angiogenetic 
effects of cancer cell-derived EV-associated coding and non-coding RNAs 
were also demonstrated in several studies. The enrichment of transcripts related 
to angiogenesis was shown in glioblastoma EVs as well as their subsequent 
translation in target cells [155]. Similarly, it was found that cell cycle-related 
mRNAs associated with colon carcinoma EVs enhanced the proliferation of 
endothelial cells as well as tubule formation in tri-dimensional (3D)-culture 
system [156]. In regard to miRNA, the transmission of miR-17-92 cluster from 
leukemic cell derived EVs to endothelial cells resulted in downregulation of 
integrin alpha5 and consequently promote endothelial cell migration and tube 
formation [157]. The EV-associated miR-135b secreted by hypoxic multiple 
myeloma cells can enhance angiogenesis by targeting hypoxia-inducible factor 
(HIF)-1, a dimeric protein complex that plays a role in the body’s response to 
low oxygen concentration [158]. In renal carcinoma, cancer cell-derived EVs 
carried both mRNAs and miRNAs with pro-angiogenic activity that stimulated 
the formation of new vessel and increased metastatic potential [159]. Secretion 
of specific EV-associated miRNAs regulated by neutral sphingomyelinase 2 
promoted angiogenesis and subsequently the formation of metastasis [160]. 
Finally, long non-coding RNAs that stimulate a pro-angiogenetic activity was 
reported [161]. For instance, EVs released by CD90+ stem cell-like hepatocarci-
noma cells contain H19 long non-coding RNA molecules, which induced a pro-
angiogenetic phenotype upon their uptake in endothelial cells [161]. For more 
details and information about cancer cell-derived EVs and their components 
in angiogenesis, as well as the underlying molecular mechanisms please see a 
recent article review by Song and colleagues [162].

3.4  EVs and cancer drug resistance

The resistance of malignant tumors to currently available chemotherapeu-
tic agents, biologicals, and radiotherapy limits the efficacy of cancer therapy. 
Besides promoting tumor growth and the formation of metastases, EVs play 
an important role in fostering tumors resistant to different types of therapy. 
They do so by transferring from resistant to sensitive cells drug exporters and 
mRNAs or non-coding RNAs, including miRNAs, which increase their expres-
sion. Alternatively, they can sequester anti-cancer monoclonal antibodies in the 
peripheral circulation [163], or they can expulse small molecules via their shed-
ding from cancer cells as a novel drug efflux mechanism [164].
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EV-mediated delivery of P-glycoprotein contributed to docetaxel resistance 
of MCF-7 breast cancer cells [165], while the transfer of ABCA3 transport-
ers caused resistance to humoral immunotherapy in lymphoma [166, 167]. 
In another study, EVs released from doxorubicin-resistant MCF-7 cells were 
shown to transfer a Ca(2+)-permeable protein channel TrpC5 to microvessel-
associated human endothelial cells, resulting in the induction of P-glycoprotein 
expression through the activation of the transcription factor NFATc3 (nuclear 
factor of activated T cells isoform c3) [168].

EVs can also mediate resistance to immunotherapy. Human breast cancer 
cells overexpressing epidermal growth factor receptor 2 (HER2) released EVs 
containing it, which mediated the resistance to the anti-cancer activity of the 
HER2 inhibitor trastuzumab and contributed to cancer malignancy [169]. The 
release of these EVs was modulated by two HER2 receptor-activating ligands 
(i.e., EGF and heregulin) that are normally present in the surrounding cancer 
cell microenvironment. Trastuzumab is a monoclonal antibody currently used to 
treat breast cancer. Thus, EVs derived from the HER2+ SKBR3 and BT474 cell 
lines sequestered the anti-HER2 monoclonal antibody, reducing its bioavailabil-
ity [169]. Of note, a significantly higher number of advanced-stage vs. early-
stage breast cancer patients had HER2+ EVs that bind to trastuzumab, which 
might explain the mechanism of resistance to anti-HER2 therapy in metastatic 
setting [170].

EVs were also found to carry out and eliminate cisplatin (also called 
diamminedichloroplatinum(II)) from melanoma and lung cancer cells ex-
posed to the chemotherapeutic drug [171, 172]. Cisplatin is a metallic coor-
dination compound with a square planar geometry, and its action is linked 
to the ability to crosslink with the purine bases on the deoxyribonucleic acid 
(DNA) and hence interferes with DNA repair mechanisms, causing DNA 
damage and finally inducing apoptosis in cancer cells [173]. Interestingly, 
the acidic tumor microenvironment resulted in enhanced export of EV-
associated cisplatin [171], consistent with the observation that microenvi-
ronmental pH is a key factor for exosome trafficking in tumor cells [23]. 
Acquisition of resistance to cisplatin was also induced both in  vitro and 
in  vivo by EV-carried miR-155 through telomeric repeat-binding factor 
(TERF)1 targeting and subsequent increased in telomerase activity [174]. 
In human osteosarcoma, miR-221 induced resistance to cisplatin through 
phosphoinositide 3-kinase/Akt signaling pathway [175]. The resistance to 
other drugs, such as tamoxifen, doxorubicin and docetaxel was reportedly 
transferred to sensitive MCF-7 breast cancer cells by EV-associated miR-
221/222 [176, 177]. Yet, the mechanism behind this miRNA-induced resis-
tance was not elucidated.

Exosome exchanges from stromal cells to cancer cells can also regulate 
therapy resistance pathways. Transfer of non-coding RNAs and transpos-
able elements mediated by stroma-derived EVs to breast cancer stem cells 
was shown to stimulate retinoic acid-inducible gene 1 protein (RIG1)-like 
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receptor, which in turn activates transcription factor STAT1-dependent an-
tiviral signaling, and together with NOTCH3 pathway, induce resistance 
to both chemotherapeutic drugs and radiation therapy [178]. Thus, stromal 
cells orchestrate via EVs a crosstalk with cancer cells, leading the latter to 
resist to therapy and promote their growth. As well, EVs released by irradi-
ated head and neck cancer cell lines (i.e., BHY and FaDu cells) induced 
radiation resistance and, at the same time, increased the proliferation of 
non-irradiated target cells [179]. For more recent information about EVs 
and drug resistance, we invite the readers to consult an excellent and com-
prehensive review [180].

4  Environmental clues and carcinogenicity of anticancer 
drugs—Impact on EVs

A large body of evidence indicates that the release of EVs can be included 
among the genotoxic or mutagenic changes induced by environmental toxins 
and carcinogens. The exposure to environmental noxae triggers the discharge 
of EVs containing DNA, coding and non-coding RNA molecules, integrins, 
cytokines, or chemokines that modulate the cellular microenvironment and po-
tentiate carcinogenesis, as demonstrated in certain cancers such as liver, lung, 
ovarian and tracheal carcinomas [181].

4.1  Air pollutants

Air pollutants such as inorganic arsenic, radon, and asbestos are well known 
carcinogens just like tobacco smoke [182]. In smokers, bronchoalveolar mac-
rophages released EVs that induced the production of proinflammatory cyto-
kines by lung epithelial cells [183]. Due to the established link between chronic 
inflammation and cancer [184], this observation suggests that EVs may con-
tribute to the carcinogenicity of tobacco smoke. EV-containing medium from 
arsenite-transformed human L-02 hepatic epithelial cells transferred miR-155 
to normal liver cells, which in turn downregulated the tumor suppressor gene 
QKI [185]. QK1 is an RNA-binding protein, which belongs in the signaling 
transduction and activation of RNA (STAR) family of proteins. This resulted 
in activation of NF-κB and increased production of interleukin (IL)-6 and IL-8, 
thus supporting oncogenesis [185]. The latter effect was caused by EVs, given 
their depletion from conditioned medium was devoid of oncogenic properties. 
Another report has shown that arsenic can disrupt stem cell dynamics during 
the carcinogenic process [186]. Thus, arsenite-transformed prostate epithelial 
cells recruit prostate stem cells into rapidly acquiring a cancer stem cell phe-
notype via EV-mediated signaling. Astonishingly, arsenic-transformed prostate 
epithelial cells secreted 700% more EVs than parental cells, and they are en-
riched with oncogenic factors, including inflammation-related transcripts, and 
oncogenesis-associated miRNAs [186].



56  Exosomes

4.2  Carcinogenic potential of anticancer drugs and treatments

Although cytotoxic chemotherapy has an anti-neoplastic and anti-metastatic 
activity in several types of cancer, many agents have carcinogenetic potential 
and in some cases, may have a pro-metastatic effect [187–189]. De Palma’s 
laboratory reported that treatment of breast cancer cells with two classes of 
cytotoxic drugs largely used in pre-operative breast cancer therapy, taxanes and 
anthracyclines, elicited the production and release of pro-metastatic EVs both 
in vitro and in vivo with two different murine models [190]. Mechanistically, 
chemotherapy-elicited EVs are enriched in annexin A6, a Ca2+-dependent pro-
tein that promotes NF-κB-dependent endothelial cell activation, C-C motif che-
mokine ligand 2 (CCL2) induction and Ly6C+CCR2+ monocyte expansion in 
the pulmonary pre-metastatic niche to facilitate the establishment of lung me-
tastasis [190]. Lead sulfide quantum dots, which are fluorescent bio-imagers 
used for theranostic applications [191], can generate reactive oxygen species 
leading to oxidative stress and cell death. They were found to induce the release 
of EVs containing markers of DNA damage as well as factors promoting in-
flammation, including p53, IL-8 and C-X-C motif (CXC) chemokine 5, which 
are potent activators of neutrophil chemotaxis, and thus inflammation and car-
cinogenesis at the site of quantum dot accumulation [192].

Given it is now documented that the secretion and/or composition of EVs 
may be affected by the exposure to air pollutants and clinically used carcino-
gens, EVs can allow to measure the carcinogenic effects at the individual level 
and on a large scale among population. For instance, drawing blood from a 
cohort of people and measuring changes in EVs (and the associated cargo mark-
ers) can allow to track the development of cancer in relation to the exposure 
from a potentially carcinogenic substance or condition [181].

5  Clinical applications of EVs

The clinical interest of circulating EVs is growing exponentially, and appro-
priate and effective methods of isolating these particles, and eventually their 
quantification, are becoming the “Holy Grail” in various fields, particularly in 
oncology [193, 194]. As diagnostic and predictive biomarkers, it is essential to 
identify robust EV markers; proteins, and nucleic acids [195], to document the 
current status of patients in a non-invasive diagnostic context. Of course, the 
sensitivity of detection methods and the tools available to detect them are at the 
heart of these investigations. Proteomic profiling of EVs by mass spectrometry 
and/or their transcriptome by deep sequencing may become the norm in the near 
future [196]. In addition to the utility of EVs and their content as biomarkers, 
these biological nano-entities can be designed to interfere with the actions of 
EVs derived from cancer cells and/or as vectors for drug delivery, among others. 
The limit of their use seems to be restricted to our knowledge of them and their 
involvement in the different cellular systems. In the following subsections, these 
issues will be addressed.
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5.1  Liquid biopsy: Cancer cell-derived EV-associated proteins 
and nucleic acids as biomarkers

The discovery of EVs has revolutionized the relevance of liquid biopsy for can-
cer patients, providing specific and highly stable biomarkers easily recoverable 
from a given biological fluid. This is particularly true given that EV cargo re-
flects the pathological conditions of donor cell source. The main advantage of 
liquid vs. tissue biopsy is that the former, being minimally invasive, is univer-
sally feasible and allows repeated sampling—a characteristic particularly im-
portant for early diagnosis and therapeutic monitoring. Identification of easily 
accessible materials like proteins and nucleic acids in circulating cancer EVs, 
coupled with their capacity to protect their cargo, produce unprecedented ad-
vantages for early detection, diagnosis, prognosis, disease monitoring and treat-
ment of patients with different types of cancer [19, 197]. Circulating EVs are 
more than 1010 per mL of blood in non-neoplastic patients while this amount 
can double and even more in cancer patients [19, 198, 199]. This may be due 
to the fact that conditions known to stimulate EV production and release, 
such as genotoxic, hypoxic, and metabolic stress, are generally present dur-
ing neoplastic growth [200, 201]. Although plasma/serum EVs include not only 
cancer-derived EVs, but also those released by inflammatory cells and other 
normal cells in the tumor microenvironment, like blood cells, endothelial cells, 
and stromal cells, whose behavior changes because of the presence of cancer 
growth, the contribution of cancer cells to the total EV population is highly sig-
nificant [164]. A recent investigation has demonstrated that human glioblastoma 
cells orthotopically implanted in immune-deficient mice contributed to 35–50% 
of all circulating EVs [19].

5.1.1  Proteins
In 2008, the constitutively active form of the EGFR (EGFRvIII), which contains 
an in-frame deletion of 267 residues in the extracellular ligand-binding domain, 
was found in EVs released from glioblastoma cells [106], indicating that EVs 
may carry oncogenic proteins extracellularly that may be of diagnostic and/or 
prognostic utility in the context of liquid biopsy.

Several cancer-associated proteins with a potential value as (cancer) 
biomarkers have been identified in circulating EVs from cancer patients. 
For instance, an increase in CD147+ EVs in colorectal cancer patients com-
pared to healthy controls was observed [202], as well as the findings re-
ported by three independent studies of the glypican-1 or of a panel of 29 
EV-associated proteins differentially regulated in patients with pancreatic 
cancer vs. healthy volunteers [203–205]. In the latter study, 18 exosomal 
proteins (e.g., tetraspanin protein CD9, a disintegrin and metalloprotein-
ase domain-containing protein 10 (ADAM10, CD156c), integrin beta 
(CD29)) were upregulated while 11 others were downregulated in patient 
sera. Monitoring their expression might find application in the evaluation 
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of cancer progression. Kimura and colleagues found that the cytoskeleton-
associated protein 4, a receptor for Dickkopf-related protein 1, in EVs from 
serum of patients with pancreatic cancer represents a biomarker as well as 
a potential therapeutic target [206]. Active signaling molecules relevant 
to prostate carcinoma, such as proto-oncogene c-Src, insulin-like growth 
factor I receptor, G-protein-coupled receptor kinases, and focal adhesion 
kinase are also enriched in EVs, suggesting that signaling network may pro-
vide useful biomarkers detectable by liquid biopsy [207]. The combination 
of EV-associated alpha-2-HS-glycoprotein (fetuin-A), extracellular matrix 
protein 1, and carcinoembryonic antigen were described to have a high di-
agnostic potential for non-small-cell lung cancer [208].

As mentioned above, CD133 might deserve a particular attention as a bio-
marker of EVs found in extracellular fluids. Indeed, ectosomes and exosomes 
harboring CD133 were reported in human urine, tear, seminal fluid, cerebro-
spinal fluid [16, 209]. Recently, CD133+ EVs were also found in pancreatic 
cancer ascites [210, 211]. Given the expression of CD133 by cancer cells, in-
cluding cancer stem cells, the upregulation of CD133+ EVs in a given body 
fluid might be related to cancer growth, and potentially cancer cell differen-
tiation. Indeed, CD133+ EV release was correlated to stem cell differentia-
tion as demonstrated with stem cells from neural and hematopoietic systems 
and colon cancer cells [16, 97]. In pilot experimetal screenings, the authors 
could observe that CD133+ EVs were upregulated in cerebrospinal fluids of 
patients with gliomablastoma, normal pressure hydrocephalus, parkinson-
ism, relapsing-remitting and secondary-progressive multiple sclerois, or other 
neuronal diseases such as partial epilepsy [209, 212, 213]. In glioblastoma 
patients, the variation of CD133+ EVs level was linked to disease progres-
sion, suggesting its utility for studying human diseases [209]. Larger cohort of 
patients with defined clinical and neuroradiological parameters are needed to 
validate CD133 as a clinically recognized neuronal biomarker of EVs. An ex-
haustive characterization (omic approaches) of the CD133+ EVs isolated from 
each patient group might also provide additional markers (proteins, lipids, 
nucleic acids) and be instructive about disease origin and progression [100]. 
Again, we should keep in mind that CD133+ EVs could represent a mixture of 
distinct EVs such as ectosomes budding from plasma membrane or exosomes 
released after the fusion of MVB with the plasmalemma.

Finally, numerous other proteins associated with EVs and/or specific post-
translational modifications, such as phosphorylation and glycosylation were 
reported to be upregulated/modified in physiological fluids, or conditioned me-
dia, contacting cancer cells [214]. For instance, a differential expression pat-
tern of ascites-derived exosomal CD133 was proposed as potential prognostic 
biomarker in patient with advanced pancreatic cancer [210]. The large volume 
of information concerning cancer cell-derived EV biomarkers (>2500 entries 
in PubMed (15 June 2019) using exosome/protein/cancer as keywords) and the 
mercantile excitation in developing kits that allow the purification of EVs are 
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explained by the clinical relevance in the discovery of EV-associated protein 
biomarkers from liquid biopsies.

5.1.2  Nucleic acids
Due to the susceptibility of RNAs to degradation by ubiquitous RNAses and 
their protection conferred by the lipid bilayer membrane of EVs, several inves-
tigators focused their attention on EV-associated RNAs as cancer biomarkers. 
EV-associated RNAs are generally free of endogenous RNA contaminants such 
as ribosomal RNA [215]. Technically, they remain stable for years when EVs are 
properly conserved at minus 20 °C [216], which facilitates their storage when 
a large clinical screen is initiated. As biomarkers, variation of levels of specific 
miRNAs compared to the producer cells were reported in different types of tu-
mors. For instance, a specific accumulation of 20 miRNAs with cancer-related 
function was found in melanoma-derived EVs by comparison to the miRNAome 
of the producer cells [100]. In melanoma patients, a low level of plasma EV-
associated miR-125b was found to correlate with disease progression [217]. 
For ovarian cancer, eight miRNA signatures (i.e., miR-21, miR-141, miR-200a, 
miR-200b, miR-200c, miR-203, miR-205 and miR-214) were described and pro-
posed for cancer screening in the general population [218]. Analogously, poten-
tial circulating EV-associated miRNA signatures were reported for patients with 
pancreatic ductal adenocarcinoma, non-small-cell lung cancer, colon carcinoma, 
glioblastoma, esophageal cancer, prostate cancer, meningioma, hepatocellular 
carcinoma and other types of cancer [219–230]. The report that EVs released 
from breast cancer cells contained the complete machinery for miRNA biogen-
esis, including Dicer, TRBP and AGO2 indicates that certain types of EVs may 
be able to transform pre-miRNAs into mature miRNAs [231]. Interestingly, EVs 
derived from HIV-1-infected cells were also found to contain Dicer and other 
components of the host miRNA machinery [232].

Although presently most studies on EV-associated RNA molecules as cancer 
biomarkers have focused on miRNAs, most RNAs contained in EVs belong to 
other species of non-coding RNA, such as signal recognition particles (SRP) RNA, 
P-element-induced wimpy testis (PIWI)-interacting RNA (piRNA), small nuclear 
RNA (snRNA), small nucleolar RNA (snoRNA), and others [120, 233, 234]. A 
systematic study of other species of non-coding RNAs in cancer cell-derived EVs 
may provide additional markers and signatures that would be clinically useful.

Lastly, EV-associated RNA transcripts as tumor biomarkers may also have 
potential value for diagnosis and therapy management of patients, including 
those with metastatic breast cancer [235]. For instance, in plasma-associated 
EVs of glioblastoma patients, the mRNA levels of O(6)-methylguanine DNA 
methyltransferase and alkylpurine-DNA-N-glycosylase, two enzymes that in-
duce resistance to temozolomide, correlated with levels found in producer cells. 
Upon treatment with temozolomide, a drug employed in glioblastoma therapy, 
their transcript levels changed considerably and could be associated to treat-
ment response [236].
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5.2  EV-based anti-cancer strategies

The field of EV is young and much remains to be learned about their heteroge-
neity, function, specificity, intracellular pathway and regulation. Although the 
rationale use of EVs in cancer therapy may need to wait for an increase of our 
knowledge about them and their effective characterization, several studies sug-
gest that various therapeutic approaches, although apparently contradictory, may 
indeed work in the clinics [237]. Due to their heterogeneity, it is conceivable that 
anti-cancer/anti-metastatic effects might be obtained by administration of certain 
EV subclasses, EVs derived from specific cells or by ablation of specific cargo 
molecules. In other instances, selective inhibition of EV production and/or of 
their uptake by target cells may be beneficial to patients with cancer. Interference 
with the intracellular route of endocytosed EVs in target cells within the tumor 
microenvironment or in the pre-metastatic niche may have therapeutic potential. 
With this regard, the recent discovery of novel nuclear transport pathways of 
extracellular cargo involving the early or late endosome-nuclear membrane inter-
action (see above), as well as the interference with endocytosis of EVs may open 
new possibilities for targeted intervention [11, 65, 238, 239].

In the past decade, EVs have been intensely studied as natural delivery 
agents for treatment of different medical conditions. Due to their ability to carry 
and transfer bioactive molecules to the intracellular compartment of target cells 
while protecting them from proteases/nucleases degradation and shielding from 
immune detection as foreign antigens, the lipid bilayer membrane-encapsulated 
EVs represent optimal vehicles to carry and selectively deliver, upon sophisti-
cated genetic or chemical engineering, drugs and other therapeutic materials 
that target specific cancer cells. By exploiting the endocytic-exocytic pathways, 
EVs and their modified cargo can bypass the immune system with minimal 
cytotoxic effects and hence provide new therapeutic opportunities to control pri-
mary tumors and metastatic disease [240, 241]. Their natural origin and their in-
trinsic function to deliver molecules to target cells contrast the artificiality of all 
vehicles investigated so far in anti-cancer therapy, including liposomes [242]. 
Moreover, proper engineering of exosomes or ectosomes loaded with therapeu-
tic molecules may target them to specific tissues in the body. Given that thera-
peutics administered in vivo go mainly to the liver, which is the primary site 
of detoxification, EVs would increase the effectiveness of therapeutics, while 
reducing potential toxicity and other complications. So far, diverse sources, 
methods of EV isolation, engineering strategies, and loading techniques have 
been tested with generally promising results, although the ultimate goal of con-
sistently transforming EV biological messages into therapeutic ones has not yet 
been reached [243].

Overall, many scenarios, which are not mutually exclusive, can be consid-
ered to interfere with EV actions in cancer progression. Targeting the biogenesis 
and release of EVs and their assimilation by a given cell type as well as inhibit-
ing the delivery of their cargo to target molecules are potential pathways that 
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require further investigation. Their use as Trojan horses to target and administer 
selective anti-cancer drugs is in addition to clinical intervention options. The 
following six themes could provide new insights into the utilization of EVs to 
fight cancer.

5.2.1  Inhibition of EV production and release
Formation and release of exosomes are derived from the concerted action of 
several proteins belonging to the endosomal sorting complexes required for 
transport (ESCRT)-0, I, II, and III, or associated proteins. The inhibition of 
ESCRT or ESCRT-associated proteins, such as syndecan, syntenin, and alix has 
resulted in decrease in exosome production and inhibition of cancer progression 
[244]. Similar effects have been observed with inhibition of neutral sphingo-
myelinases, which are enzymes that catalyze the breakdown of sphingomyelin 
to ceramide and phosphorylcholine [245]. In fact, the same authors discovered 
that exosomal cargo is segregated into distinct subdomains on the endosomal 
membrane and that the transfer of exosome-associated domains into the lumen 
of endosomes requires ceramide. The inhibition of the small GTPase Rab27a, 
a protein regulating the docking of multivesicular endosomes onto the plasma 
membrane, and hence exosome secretion, resulted in decreased primary tumor 
growth and lung dissemination of a metastatic mammary carcinoma [246].

In addition to impeding the biogenesis of EVs, stimulating their release 
could also provide a new way to limit their intervention as observed in CD133+ 
cancer cells. The histone deacetylase 6 (HDAC6) inhibitor tubacin promoted 
the extracellular release of CD133+ EVs from human metastatic melanoma and 
colorectal carcinoma cells, with a concomitant downregulation of intracellu-
lar CD133. Interestingly, this effect was specific for tubacin, as inhibition of 
HDAC6 deacetylase activity by another selective HDAC6 inhibitor ACY-1215 
or the pan-HDAC inhibitor trichostatin A, or downregulation of HDAC6 did 
not enhance the release of CD133+ EVs. The tubacin-induced EV release was 
associated with changes in cellular lipid composition, loss of clonogenic capac-
ity, and decrease in the ability to form multicellular aggregates, indicating a 
novel potential anti-tumor mechanism for tubacin involving EVs in CD133-
expressing malignancies [247]. The CD133-HDAC6 interaction and its involve-
ment in primary cilium renewal and cell cycle may merit more attention in the 
future [60, 248].

Collectively, these few examples show the importance to decipher deeper our 
knowledge about the biogenesis mechanisms of EVs, as all molecular players 
involved in them are potential targets to interfere with the roles of EVs in patho-
logical conditions. Similar thought can be applied to the mechanisms of internal-
ization and the delivery of EV cargo to intracellular target. The discovery of the 
spathasome pathway described in the previous section may provide alternative 
targets to inhibit the EV function, and further investigation should reveal novel 
drugs that interfere with intracellular trafficking of EVs upon their uptake.
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5.2.2  Inhibition of EV uptake
Several mechanisms were described to explain the cellular uptake of EVs (see 
above). Their contribution to EV internalization is variable and both EV and 
target cell-dependent. Therefore, it is conceivable that possible intervention to 
selectively inhibit internalization has an anti-tumor/anti-metastatic effect. For 
instance, chlorpromazine, an inhibitor of clathrin-mediated endocytosis, was 
found to inhibit EV uptake by endocytosis or macropinocytosis, and conse-
quently impede cancer malignancy in  vitro [30]. The specific glycosylation 
pattern of surface proteins of tumor-derived EVs was found to be involved in 
the regulation of EV uptake by target cells, suggesting that alteration in the 
glycosylation of EV-associated proteins can hinder cancer progression [249]. 
The identification of specific EV-associated surface molecules as well as their 
receptor/adhesion partners at the plasma membrane of target cells could thus be 
critical to develop such therapeutic strategy. We have recently proposed a novel 
immunotherapy approach based on a monovalent F(ab) fragment (fragment-
antigen binding; referred hereafter as CD9 Fab) derived from mouse mono-
clonal antibody 5H9 directed against the tetraspanin CD9 [250]. CD9 (alias 
tetraspanin-29, motility-related protein-1) is a transmembrane protein involved 
in cell fusion, adhesion, and motility [251, 252]. Depending on the circum-
stances, CD9 functions have a metastasis promoter or suppressor activity (re-
viewed in Ref. [252]). Accordingly, it has been broadly proposed as a potential 
therapeutic target. In the context of EV-cell interaction, CD9 could promote the 
initial binding, and its dimerization (cis or trans) or oligomerization as well as 
its interaction with other partners such as adhesion proteins might stimulate it 
and promote the endocytosis of EVs (Fig. 3.4A). The spatial organization of 
CD9 molecules could be facilitated by its association with the tetraspanin web, 
also called tetraspanin-enriched microdomains [253]. In agreement with such a 
role, the addition of an anti-CD9 antibody stimulated the uptake of melanoma 
CD9+ EVs by target cells, while its silencing in EVs, host cells or both impeded 
the endocytosis of EVs [11]. Divalent antibody might promote the cross-link of 
CD9 proteins associated with host cells and EVs, and consequently stimulate 
the endocytosis of EVs (Fig. 3.4B). In contrast to the full-length antibody, CD9 
Fab was shown to impede with the endocytosis of CD9+ EVs at doses achiev-
able in vivo [250]. Under these conditions, CD9 Fab could saturate the CD9 
molecules located on the surface of EVs and cells, and consequently interfere 
negatively with its role (Fig. 3.4C). This hypothesis is in line with a study dem-
onstrating that CD9 Fab can inhibit the transfer of biomaterials between CD9+ 
EVs, called epididymosomes, and maturing epididymal spermatozoa [254]. 
Besides the exact mechanism regulating EV adhesion to target cells and their 
internalization, it will be important to evaluate whether other anti-CD9 anti-
bodies interfere with EV uptake, as reported for CD9 Fab derived from 5H9 
antibody [250]. The proper localization of their epitope might be essential to 
support these effects. Other tetraspanin proteins enriched in EVs, such as CD63 
and CD81, should also be evaluated in this respect. Synergic effects might be 
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generated as previously observed for two anti-Fab antibodies against CD9 and 
CD26 that blocked EV-spermatozoa interaction [254]. By impeding the inter-
cellular communication in the tumor microenvironment, Fab-mediated inhibi-
tion of EV uptake, combined with direct targeting of cancerous cells, could 
lead to the development of novel anti-cancer therapeutic strategies. Finally, it is 
worth mentioning that the extracorporeal hemofiltration of EVs from the blood 
circulation by affinity plasmapheresis may constitute an additional therapeutic 
strategy to interfere in cancer progression [255].

FIG. 4  The endocytosis of EVs and the nuclear transfer of their cargo proteins are impeded by 
an anti-CD9 Fab. (A) Schematic representation of an EV and a target cell, both containing the tet-
raspanin CD9 protein on their membrane, and their interaction leading to the endocytosis of the EV 
(A, green arrow). In this context, cis- and/or trans-dimerization of CD9, its oligomerization, and/
or its interaction with other protein partners might organize the protein and lipid components of 
plasma membrane of host cell and/or those in EV membrane into a specific tetraspanin web (green 
segment), whose constituents, notably potential adhesion proteins, would regulate or favor the cell-
EV interaction and promote the endocytosis of EVs. Upon endocytosis, EVs and its content will be 
transferred to the endosomal compartment, notably early endosomes (EE) and late endosomes (not 
depicted), and a fraction of them will end in the nucleus (see also Fig. 3.2). The role of CD9 in this 
cellular process was substantialized by its silencing in target cells and/or EVs, which interferes with 
the endocytosis of EVs [11]. (B, C) Representation showing the positive and negative impact of the 
intact CD9 Ab (clone 5H9) (B) and Fab derived therefrom (C), respectively, on the endocytosis of 
CD9+ EVs. The divalent CD9 Ab would favor the cross-link of CD9 proteins associated with target 
cells and EVs and consequently stimulate the EV endocytosis (B, green arrow) [11]. In contrast, 
CD9 Fab will saturate CD9 proteins present at the surface of target cell and EVs and hence interfere 
with the CD9 function, thus blocking EV endocytosis (C, red bar) [250]. The outer (green) and inner 
(pink) nuclear membranes are illustrated.
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5.2.3  Blocking the pro-angiogenetic effect of cancer cell-
derived EVs
Activated EGFR plays an oncogenic role in several human malignant tu-
mors, and oncogenic EGFR released from cancer cells in association with 
EVs can interact with other cells notably endothelial cells in which they 
elicit a cellular response, notably the activation of MAPK and Akt sig-
naling pathways. This cascade of events can be blocked using annexin V 
homodimer that binds to the surface of EVs, and hence impede their inter-
action with endothelial cells. This resulted in interference with downstream 
signaling pathways and subsequent secretion of autocrine VEGF and el-
evated VEGF-R2, causing a reduction in microvascular density in vivo and 
a reduction of tumor growth [256]. These observations provide early evi-
dence that targeting the pro-angiogenetic effect induced by EVs has thera-
peutic potential in cancer, particularly when tumor growth is dependent on 
neo-angiogenesis.

5.2.4  Harnessing the EV-mediated immune response for 
cancer therapeutic purposes
Dendritic cells release antigen-presenting exosomes that express functional 
MHC class I and II and T-cell co-stimulating molecules, which can suppress 
cancer progression in a T cell-dependent manner [257]. This superb study 
published in Nature Medicine has established that it is possible to harness 
the immune role of EVs for anti-cancer/metastatic purposes. Tumor peptide-
loaded dendritic-derived exosomes induce cytotoxic T lymphocytes priming 
and suppress growth of several tumors in murine models. Since then, several 
reports have confirmed that EVs derived from antigen-presenting cells harbor 
MHC molecules and are able to induce specific anti-cancer immune responses 
through the activation of T lymphocytes [258, 259]. Moreover, EVs expressing 
heat shock protein (Hsp) 70 on their surface were reported to induce an anti-
cancer response through stimulation of both NK cells and macrophages, as well 
as apoptosis-inducing protease granzyme B [260, 261].

EVs are being investigated as natural tools to develop cell free-based can-
cer vaccines, via antigen-presenting cell technology, to induce recognition and 
killing of cancer cells by the immune system [262]. In numerous studies, den-
dritic cells have been chosen as EV donor cells because of their low immuno-
genicity. They capture, process, and present tumor antigens to cognate T cells 
to generate anti-cancer T cell response [263]. Their properties can be harnessed 
to generate immune responses against cancer cells. The main advantage of 
EV- vs. dendritic cell-based immunotherapy is the greater stability of EVs and, 
importantly, the lack of risks associated with potential in vivo replication of 
injected materials [264].

Immune checkpoint protein inhibitors, such as antibodies against pro-
grammed death ligand 1 (PD-L1) and PD-1 receptor are currently employed in 
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the clinics, having shown effectiveness against melanoma, non-small-cell lung 
cancer, renal cancer, among others [265]. PD-L1 on the surface of tumor cells 
binds its receptor PD-1 on effector T cells, thereby suppressing their activity. 
Antibody blockade of PD-L1 can activate an anti-tumor immune response, lead-
ing to durable remissions in a subset of cancer patients. Cancer cell-derived 
EVs were found to transfer noncoding RNAs to monocytes that modulate the 
PD-L1 expression and subsequent immune escape [266]. The EV-associated 
PD-L1 and FasL were found to promote the apoptosis of immune cells allow-
ing tumors to grow undetected [267]. Likewise, they suppress T cell activation 
in the draining lymph node. Interestingly, depletion of exosomes containing  
PD-L1 inhibits tumor growth, while their systemic administration rescues 
growth of tumors unable to secrete their own, suggesting that exosomal PD-L1 
represents an unexplored therapeutic target that could overcome resistance to 
current antibody approaches [268]. Of note, autologous dendritic cell-derived 
EVs containing the melanoma-associated antigen (MAGE)-3 peptide have 
shown promising results in malignant melanoma, with minimal toxicity [241]. 
Antigens encoded by MAGE genes are of interest for cancer immunotherapy, 
given their strict tumoral specificity, and expression by numerous cancers [269].

5.2.5  Delivery of anti-cancer drugs by engineered EVs
An important advantage compared with anticancer drugs alone would be to en-
gineer EVs appropriately for tissue-specific targeting to achieve the maximum 
concentration of the carried drug in the target tissue, while at the same time min-
imizing the general toxicity. Another potential advantage of EVs as carriers of 
therapeutic agents including anti-cancer drugs lies in the observation that cells 
incubated with chemotherapeutic compounds successfully package molecules 
into EVs, which can be subsequently collected and used for therapeutic delivery 
[270–272]. Interestingly, small anti-cancer molecules, such as paclitaxel and 
doxorubicin, “in vitro” encapsulated into EVs derived from different glioblas-
toma cell lines, pass through the blood-brain barrier and are successfully deliv-
ered to the brain of zebrafish embryos, with greater effect for the drug alone, and 
with a low immune response [273]. Drug-loaded EVs were prepared by mixing 
drugs and EVs followed by a two-hour incubation at 37 °C [273, 274]. This and 
other experiments, indicate that drug encapsulation into EVs may overcome 
problems of poor solubility and toxicity. Another exiting study has demon-
strated the successfully delivery of doxorubicin in a mouse tumor model [275]. 
Interestingly, a specific accumulation of doxorubicin-containing EVs at the tar-
geted organ and major suppression of tumor growth were observed. In another re-
port, curcumin, a natural polyphenol with anti-neoplastic and anti-inflammatory 
properties found in the rhizomes of turmeric, was complexed with EVs to en-
hance its effectiveness both in the lab and in cancer clinical trials [276, 277].  
Both efficacy and safety were reported, although bioavailability was sub-
optimal because of curcumin’s hydrophobicity [277, 278].
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5.2.6  Delivery of anti-cancer proteins and RNAs by  
bio-engineered EVs
Qian Lu’s laboratory showed that the arrestin-domain containing protein 1 
[ARRDC1]-mediated microvesicles (ARMMs) can selectively recruit, package, 
and deliver into target cells a myriad of biologically active macromolecules, 
including the tumor suppressor p53 protein, NOTCH2 receptor, RNAs, and the 
genome-editing CRISPR-Cas9/guide RNA complex [279–281]. ARMMs are 
EVs originating from plasma membrane, and their budding requires ARRDC1 
and ECSCRT I complex TSG101 protein. Although the function of ARMMs is 
currently unknown, their strategic position at the plasmalemma made them ideal 
biological tools to engineer EVs with therapeutic purposes.

For example, p53 delivered via ARMMs induces DNA damage-dependent 
apoptosis in multiple tissues in mice, while ectosomal NOTCH2 initiates in 
target cells a very specific receptor signaling, which normally requires cell-
to-cell contact, facilitating NOTCH receptor signaling at a long distance. By 
swapping molecules in the ARMMs with therapeutic cargos, such exciting 
findings have established ARMMs as a flexible platform for packaging and 
intracellular delivery of therapeutic macromolecules [280]. EVs derived from 
normal fibroblast-like mesenchymal cells were also bio-engineered to carry 
shRNA specific to oncogenic KrasG12D, a common mutation in pancreatic can-
cer, and found to suppress cancer in multiple pancreatic cancer mouse models 
and consequently increase overall survival significantly [282]. Human group 
O erythrocytes can produce EVs for RNA therapies. Besides being accessible 
in large quantities through blood banks, the fact that they do not contain DNA 
avoids the risk of horizontal gene transfer. Upon isolation and electropora-
tion with antisense oligonucleotides directed to miR-125b-2, or Cas9 mRNA 
and guide RNA (gRNA) targeting the miR125b-2 human locus, erythrocyte-
derived EVs were able to inhibit the growth of leukemia and breast cancer 
cells [283]. Altogether, these few examples point out to the emergence of new 
therapeutic interventions in which bio-engineered EVs would play a central 
role as drug delivery vehicles.

6  EV-based clinical cancer therapy studies

The growing knowledge of EVs and their role in intercellular communication 
has led to a rapid evolution of translational applications of EVs for cancer treat-
ment. Nevertheless, we are still at the beginning of a long adventure towards 
cell-free therapy. The first clinical trials evaluating the safety and efficacy of 
EV-based cancer vaccines have revealed promising data that will encourage the 
development of better therapeutic models [284] (reviewed in Refs [237, 285]). 
In particular, safety and efficacy of EVs derived from dendritic cells containing 
MHC/peptide complexes have been evaluated in Phase I and II clinical trials 
in advanced malignant tumors, demonstrating the safety of such an approach 
and the propensity of these natural particles to act as intermediates in T- and 
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NK-cell-based immune responses [241, 286, 287]. Despite the encouraging 
results however, some limitations were encountered, such as low or variable 
responses in patients. Further research to determine the in vivo trafficking of in-
jected EVs and their fate will greatly improve the effectiveness of EV-mediated 
treatment. It is also important to note that the appropriate source of donor cells 
and potential EV modifications or priming should be considered to improve 
clinical outcomes. A combination treatment regimen can be of additional help 
[288]. Finally, quality control in the preparation of EVs is particularly impor-
tant in this context, as well as all stages of their manufacture in a GMP (Good 
Manufacturing Practices) cell therapy laboratory [289].

7  Conclusion and perspective

An impressive, recent, and rapidly growing body of evidence attests to the in-
volvement of EVs in solid tumors. Their roles in tumor growth and dissemination 
are established as well as the possibility to harness their natural characteristics 
of immune tolerance and targeting of specific cells/tissues/organs to engineer 
them as vehicles of anti-cancer molecules. Their analysis in the context of liq-
uid biopsy may significantly contribute to tumor diagnosis, classification, and 
prognostic assessment. However, much remains to be discovered, especially in 
regard to the distinction of EV sub-classes based on their content and in regard 
to the understanding of their distribution and selective content release in tar-
get cells. Future studies of interference with their production, uptake, and/or 
targeting could lead to novel and effective therapeutic strategies for metastatic 
diseases.
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Chapter 4

1.  Introduction: Hematologic malignancies and the 
tumor microenvironment

Cancer is regulated by intrinsic and extrinsic signals that promote its progres-
sion mainly by the following phases: initiation, promotion, progression and 
metastasis. These processes are driven by genetic alterations of cancer cells to-
gether with the deregulated communication between surrounding cells, in order 
to create what is now defined as “tumor microenvironment” [1].

While past researches were mainly focused on defining cancer cell genetic 
and molecular profile, in order to identify targeted therapies, today we know 
that this is not enough. In fact, cancer cells are not isolated but they are part of 
a complex network in which tumor cells, as well as neighboring normal cells, 
exchanges information that contributes to tumor progression and survival.

Therefore, studies focused on the understanding of how cells communicate 
in the tumor microenvironment are now the basis for the development of new 
therapeutic approaches.

The important role played by the microenvironment in tumorigenesis has now 
been widely described for both solid [2] and hematological tumors [3]. Interaction 
of leukemic blasts with endothelial and stromal cells represents a crucial process 
for tumor cells proliferation and survival as well as for the development of drug 
resistance [4]. This mechanism is mainly regulated by the CXCL12-CXCR4 axis; 
in fact, the chemokine CXCL12, produced by stromal cells in the bone marrow 
microenvironment, triggers growth promoting and anti-apoptotic signals in leuke-
mic blasts by the interaction with the cell surface receptor CXCR4 [5]. In multiple 
myeloma (MM), the proliferation and survival of plasma cells is regulated by the 
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bone microenvironment, in particular, angiogenesis is believed to play a key role 
in the pathogenesis and progression of the disease [6].

Among the factors responsible for the crosstalk between hematologic tumor 
cells and the bone marrow microenvironment, extracellular vesicles, and in par-
ticular exosomes, have recently interested the scientific community. These lipo-
proteic structures are in fact considered as containers of cellular messages and 
vehicles of these information among the cellular components of the microenvi-
ronment [7]. Here we will discuss the current knowledge on the EV-mediated 
crosstalk between tumor and normal cells, in order to better understand how 
vesicles can contribute to tumor progression.

2.  Physiological regulation and pathological alterations 
of hematopoiesis by extracellular vesicles

Hematopoiesis is the physiological process of blood cell production. 
Hematopoietic stem cells (HSCs) and stromal cells, together with the extracel-
lular matrix, where HSC growth and division occurs, represent the main actors. 
HSCs are multipotent stem cells that give rise to all blood lineages, including 
myeloid and lymphoid lineages, and are characterized by self-renewal and dif-
ferentiation ability; a balance of these two processes is required for the blood 
and immune system functions [8].

Accumulating evidences suggest that microenvironmental stimuli take part 
to the regulation of the characteristics of stemness. The bone marrow (BM), 
composed of cells, extracellular matrix, and soluble factors, such as cytokines, 
chemokines and signaling molecules, provides a favorable microenvironment 
for HSCs and is the major location where hematopoiesis occurs. Although only 
partially defined, there are different mechanisms and factors contributing to the 
maintenance of hematopoietic stem compartment homeostasis. For example, 
the interaction with other cell populations of the BM, such as mesenchymal 
stromal cells, is crucial for HSC self-renewal, survival, and behavior [9].

Recent studies, in the attempt to elucidate the mechanisms underlying the 
regulatory activity of the BM niche, have highlighted the existence of a complex 
communication system within the BM cell populations. Chemokines, cytokines, 
adhesion molecules, enzymes, receptors and signal transduction molecules con-
tribute to define this molecular frame.

Recently, extracellular vesicles have emerged as important modulators within 
the hematopoietic niche both at physiological as well as pathological levels [10]. 
Studies have shown that extracellular vesicles represent a novel communication 
system within the hematopoietic niche for cell homeostasis regulation (Fig. 1).

The first evidence was published in 2006 in a study by Ratajczak and col-
leagues; authors demonstrated that embryonic stem cells delivered exosomal 
mRNAs and proteins to hematopoietic stem and progenitor cells, increasing 
their pluripotency [11]. Ekstrom demonstrated that human mast cell-derived 
exosomes contain RNA that can be shuttled to other human mast cells and to 
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human CD34+ hematopoietic progenitor cells. These findings suggested that 
the exosomal shuttle RNA can play a role in the communication between im-
mune cells, including mast cells and CD34+ progenitor cells, implying a role in 
cells maturation process [12].

More recent studies elucidated the role of EVs released by BM stroma cells, 
including endothelial and MSCs, within the niche. Goloviznina et al. showed 
that MSCs are able to regulate hematopoiesis by EVs secretion. In particular 
they observed that hematopoietic progenitors are activated by in  vitro expo-
sure to MSC EVs; in fact, exosomes activated myeloid progenitors via TLR4-
MyD88-NF-κB pathways [13]. Furthermore, a study by Stik and colleagues 
demonstrated that stromal cell-derived EVs support the hematopoietic stem and 
progenitor cells by maintaining cell survival and clonogenic potential and pre-
venting them from apoptosis. Authors concluded that these effects are due to ex-
tracellular vesicle miRNA cargoes able to modulate target cell phenotype [14].

Accumulating evidences suggest that EVs are responsible for the deregulation 
of the balance between proliferation and differentiation of committed progeni-
tors that results in hematologic malignancies. Most of the studies published up 

FIG. 1  Schematic representation of cancer cell-derived extracellular vesicles in tumor microen-
vironment. In hematologic malignancies the crosstalk between cells of the bone marrow and neo-
plastic cells is deregulated and it contributes to the creation of a permissive microenvironment for 
tumor growth and progression.
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to now, highlighting the role of tumor exosomes in inhibiting hematopoiesis, are 
referred to Acute Myeloid Leukemia (AML). In 2015 Kurre's group reported that 
AML derived exosomes are able to regulate hematopoietic stem and progenitor 
cells both directly and indirectly; in particular they demonstrated that exosome 
treatment downregulates CXCL12 in stromal cells leading to the mobilization 
of hematopoietic stem cells from the bone marrow. In addition, AML exosomes 
directly reduce the expression of hematopoietic transcription factors, including 
c-Myb, Cebp-β and Hoxa-9, in hematopoietic stem and progenitor cells. By a 
proteomic approach authors identified the candidate pathways involved in the 
exosome-mediated modulation of stem cell functions [15]. The same group fur-
ther investigated the molecular mechanism underlying exosomes-mediated he-
matopoiesis inhibition. They found that AML exosomes contain miRNAs that 
target master regulators of hematopoiesis, including c-Myb; among these, the 
exosomal miR-150 and miR-155 were sufficient to suppress hematopoietic stem 
and progenitor cell clonogenicity [16]. More recently Razmkhah et al. isolated 
microvesicles from AML patients and they found that the addition for one week 
of these EVs to normal hematopoietic stem cells leads to the over-expression of 
the oncomiRs miR-21 and miR-29a in target cells [17]. Finally, Kumar and col-
laborators observed that AML-derived exosomes reduce the stromal expression 
of hematopoietic stem cell-supporting factors, including CXCL12, KITL and 
IGF1, thus suppressing normal hematopoiesis [18].

In addition to AML, it has been demonstrated that EVs affect hematopoiesis 
also in myelodysplastic syndromes (MDS); in fact, microvesicles from MDS 
patients increase the viability and clonogenicity of hematopoietic stem cells [19].

3.  Endothelial remodeling by extracellular vesicles

Even though increased angiogenesis has long been recognized in solid tumors, 
today it is known that it also contributes to the progression of hematological dis-
eases [20]. The increase in BM vascular density, as a consequence of stimulated 
angiogenesis, has been described in several hematologic disorders as leukemia, 
myelodysplastic syndromes and multiple myeloma.

The induction of angiogenesis results from activating and inhibitory driver 
forces in the bone microenvironment. Accumulating evidences support the hy-
pothesis that extracellular vesicles, released by tumor cells, are able to stimulate 
endothelial cells to remodel BM vasculature, and that this effect depends on EV 
content. In particular, EVs deliver angiogenic proteins and miRNAs thus induc-
ing changes in recipient cells. Studies from Taverna et al. have investigated the 
role of chronic myeloid leukemia (CML)-derived exosomes in the angiogenic 
process. In 2012 authors demonstrated for the first time that exosomes from 
CML cell lines, as well as from patients, promote tumor angiogenesis by in-
creasing endothelial cell motility, pro-angiogenic cytokine secretion and cell 
adhesion [21]. Further studies showed that this tumor-endothelial crosstalk is 
mediated by miR-126 transfer from CML exosomes to endothelial cells [22]. 
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Similarly, Mineo and colleagues confirmed the CML exosome-mediated in-
crease of the angiogenic process, attributing this effect to the activation of Src 
pathway [23]. Since hypoxia plays a pivotal role in tumor progression, Tadokoro 
and colleagues investigated the ability of exosomes derived from hypoxic tu-
mor cells in modulating the tumor microenvironment; they found that hypoxic 
CML cells secrete exosomes containing pro-angiogenic miRNAs that target the 
receptor tyrosine kinase ligand Ephrin-A3, leading to the enhanced tube for-
mation [24]. Likewise, different studies highlighted a role of multiple myeloma-
derived exosomes in modulating tumor angiogenesis. Liu's group found that 
MM cell line RPMI8226 release exosomes with a diameter ranging from 100 
to 1000 nm that promote the proliferation of endothelial cells as well as cancer 
cell invasion and migration. Exosomes-endothelial cell interaction resulted in 
the increased secretion of IL6 and VEGF [25]. In 2014, in order to mimic the 
in vivo bone marrow microenvironment, Umezu established a model of MM 
cell line grown continuously under chronic hypoxia (HR-MM cells); they dem-
onstrated that HR-MM cells produced more exosomes that the same cell line 
under normoxia or acute hypoxia conditions. In addition, authors found that 
HR-MM cell-derived exosomes enhanced endothelial tube formation and that 
this effect was due to the exosomal miR-135b [26]. Increased angiogenesis has 
been extensively observed in Acute Myeloid Leukemia (AML) patients. Kurre's 
group observed that primary AML vesicle RNA was enriched in the Insulin-like 
growth factor 1 receptor (IGF-IR) mRNA and that this led to an increase of the 
angiogenic potential of stromal cells [27].

4.  Extracellular vesicles reprogram the bone marrow 
stromal cells

Bone marrow microenvironment plays a pivotal role in the maintenance of he-
mopoietic stem cells, in particular in supporting cell renewal and differentiation 
[28]. In hematologic malignancies the crosstalk between bone marrow stromal 
cells and neoplastic cells is deregulated and it contributes to the creation of a 
permissive microenvironment for tumor growth and progression [29].

While it was previously thought that the direct contact between tumor and 
stromal cells was the only one responsible for the establishment of the tumor 
microenvironment, today it is known that the release of soluble factors influ-
ences the cells of the microenvironment. In this context, extracellular vesicles, 
released by tumor cells as well as by stromal cells, have been largely recognized 
as responsible for the changes observed in the BM niche [30, 31]. In particular, 
BM mesenchymal stromal cells (BMSCs) have been shown to support tumor 
cell growth by exosomes release; in fact, BMSC-derived exosomes can transfer 
nucleic acids as well as proteins to recipient cancer cells, thus influencing tumor 
growth, metastasis and response to therapy [31].

Roccaro recently demonstrated that Multiple Myeloma BMSC-derived exo-
somes contain and deliver, compared to normal BMSC, high levels of oncogenic 
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proteins, responsible for tumor cell adhesion and migration. These exosomes are 
internalized by MM cells, leading to cancer cell growth and dissemination [32]. 
Crompot investigated the role of extracellular vesicles from the BM of patients 
affected by chronic lymphocytic leukemia (CLL) showing that they enhanced 
tumor cell migratory capacities and chemoresistance and decreased leukemic 
cell apoptosis [33]. Barrera-Ramirez et al. performed a miRNA sequencing of 
exosome RNA content isolated from marrow-derived MSCs from patients with 
AML and from controls. Authors found that two miRNAs were significantly 
increased in AML-derived samples and three were significantly decreased. By 
prediction analysis authors found that these miRNAs modulate the expression 
of genes involved in leukemogenesis [34].

More evidences have accumulated on the role of cancer cell-derived exo-
somes in modulating stromal cell phenotype to create a more permissive micro-
environment for tumor progression.

We have provided evidences on the direct effect of chronic myeloid 
leukemia-derived exosomes on bone marrow stromal cells. We found that exo-
somes stimulate bone marrow stromal cells to produce IL8 that is able to modu-
late both in vitro and in vivo the leukemia cell malignant phenotype, promoting 
cancer cell proliferation and adhesion [7]. Further studies demonstrated that 
these mechanisms are mediated by the activation of the EGFR pathway in stro-
mal cells [35]. Similarly, Ghosh et  al. found microvesicles in the plasma of 
B-cell chronic lymphocytic leukemia (CLL) that promote, in BMSC, the activa-
tion of AKT pathway and the production of VEGF [36].

Cheng and colleagues found that MM-derived exosomes promote the pro-
liferation of MSC and activate IL6 release through the delivery of miR-21 and 
miR146a [37].

Interestingly, recent studies investigated the role of exosomes in reprogram-
ming stromal cell metabolism [38]. Human melanoma-derived exosomes are 
able to reprogram stromal fibroblasts metabolism, causing extracellular acidi-
fication, a condition that favors pre-metastatic niche formation [39]. Johnson 
reported that acute lymphoblastic leukemia (ALL) cells released EVs that are 
internalized by mesenchymal stromal cells. This interaction leads to a reduc-
tion of mitochondrial respiration in recipient stromal cells and to an increase 
of the glycolytic rate. Overall authors conclude that EVs are able to induce a 
metabolic switch from oxidative phosphorylation to aerobic glycolysis in order 
to support cancer cell requirements [40].

5.  Extracellular vesicles alter bone homeostasis

Bone homeostasis is a dynamic equilibrium maintained by the opposite activi-
ties of bone-forming cells (osteoblasts, OBs) and bone-resorbing cells (osteo-
clast, OCs); both cell types are involved in bone remodeling that consists of 
continuous bone destruction and formation. These two different processes are 
finely regulated by the secretion of paracrine/autocrine factors [41].
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The deregulation of bone homeostasis causes the progression of various dis-
orders including hematological cancers [42] in which the resorption prevails 
over the neoformation leading to the reduction of bone mass, impairment of 
tissue microarchitecture and an increased risk of fractures (Fig. 2).

Experimental evidences on the role of extracellular vesicles in the modula-
tion of bone homeostasis have recently accumulated. Studies have shown that 
exosomes released by OCs and OBs regulate bone remodeling by transferring 
molecules involved in both cell type differentiation. Sun and colleagues re-
ported that osteoclasts secrete exosomes enriched in miR-214; the transfer of 
this microRNA into osteoblasts led to the inhibition of cell differentiation with 
the consequent in vivo bone loss [43]. On the other side Cui et al. observed that 
mineralizing osteoblasts release exosomes that promote bone marrow stromal 
cell differentiation into osteoblasts by the activation of Wnt signaling pathway 
[44]. Recent experimental evidences have shown that exosomes released by tu-
mor cells are responsible for the altered balance between resorption and new 
bone formation, particularly in multiple myeloma (MM) [45, 46] and acute my-
eloid leukemia (AML) [18]. Bone disease and specifically osteolytic lesions 

FIG. 2  Schematic representation of bone homeostasis in physiological and pathological condi-
tions. Bone homeostasis is maintained by the balanced action of osteoblastic bone formation and 
osteoclastic bone resorption. In hematological cancer, extracellular vesicles have been recognized 
as responsible for the de-regulated bone homeostasis, promoting bone resorption.
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is the most common complication of MM patients; in 2015 our group dem-
onstrated that the exposure of pre-osteoclast cells to exosomes from MM cell 
lines as well as from MM patients increased OC differentiation markers such 
as Cathepsin K (CTSK), Matrix Metalloproteinases 9 (MMP9) and Tartrate-
resistant Acid Phosphatase (TRAP) [45]. In addition, we recently observed that 
exosomes from MM cell lines as well as from the BM aspirates of patients are 
enriched in the EGFR ligand amphiregulin that is responsible for the exosome-
induced osteoclastogenesis (manuscript submitted). We further found that MM-
derived exosomes block osteogenic differentiation of MSCs. Our results are in 
line with data provided by Li et al. that have recently reported that MM cell-
derived exosomes decreased the osteogenic potential of MSCs by transferring 
the lncRNA RUNX2-AS; in addition authors demonstrated that the inhibition of 
exosome secretion, in in vivo mouse models, prevent bone loss [46]. Similarly, 
Kumar and collaborators, by evaluating the role of acute myeloid leukemia-
derived exosomes in remodeling the bone marrow niche, found that AML 
exosomes suppress the osteogenic differentiation of mesenchymal stromal pro-
genitors, decreasing osteocalcin gene expression and increasing the negative 
regulator of OB differentiation, DKK1 [18]. Overall these recent evidences have 
shed light on the role of tumor exosomes in promoting bone loss; further studies 
will be needed in order to better characterize the molecular content of exosome 
responsible for bone impairment.

6.  Extracellular vesicles regulate immune cell functions

The immune system is essential in tumor progression modulation and killing of 
cancer cells. Immune cells, from both the innate and adaptive immune systems, 
are able to recognize, attack, and eliminate tumor cells. They collaborate and 
stimulate each other to induce a potent immune response against the tumor cells. 
However, cancer still occurs. Tumor cells are able to fight back or hide from 
the immune system surveillance. The interaction between tumor and immune 
system consists of three phases and is known as cancer immunoediting [47]. 
During the first phase (the elimination or cancer immunosurveillance phase) the 
immune system is able to protect the host from a developing tumor. However, 
some transformed cells may escape the immunological pressure, thereby enter-
ing the second phase (the equilibrium phase). During this period of immune-
mediated latency, the tumor persists and accumulates new mutations. This may 
allow the tumor to enter the third phase (tumor escape) during which cancer be-
comes clinically manifest [48, 49]. Tumor cells have developed numerous strat-
egies to change their phenotype and mislead the immune system. Tumor cells 
can change their cell surface phenotype to prevent recognition and binding by 
immune effector cells. Recently, increasing evidence focused on exosomes as 
major participants in the crosstalk with immune system (Fig. 3). Tumor-derived 
exosomes, which carry several membrane-bound and soluble factors, may in-
duce immune evasion with different mechanisms. They are able to participate 
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in various stages of immune response and help tumors to escape immune sur-
veillance affecting the different type of immune cells: natural killer (NK) cells, 
CD8+ T cells, T-reg, monocytes and myeloid-derived suppressor cells. The role 
of exosomes on immune cells behavior has been extensively studied in solid 
tumor while in hematological diseases further studies are needed.

6.1  Exosomes and NK cells

Natural killer cells (NK) are cytotoxic lymphocytes, part of the innate immune 
system that act as a first line of defense against viral-infected cells and tumor 
cells. The main feature of these cells is their ability to kill tumor cells without 
any priming or prior activation (in contrast to cytotoxic T cells, which need 
priming by antigen presenting cells). NK cells secrete cytokines such as IFNγ 
and TNFα, which act on other immune cells as macrophages and dendritic cells 
to enhance the immune response. Another key feature is the ability of these 
cells to discriminate between self and non-self. The first activating signal for 
NK cells is the loss of MHC class I molecules on the surface of cancer cells 
[50]. MHC class I molecules act as inhibitory signals for NK cells, thus mak-
ing MHC class I- deficient tumor cells a target for NK cells. NK cells use their 
large repertoire of inhibitory and activating receptors to detect the transformed 
cell. Many tumor cells express activating NK ligands (like MICA and MICB) 
recognized by NKG2D, on NK surface, and are thus efficiently eliminated by 
NK cells and γδ T cells [51]. After successful recognition of tumor cells, NK 
cells utilize a pore-forming protein, perforin, and granzymes that activate cas-
pases, thus leading to apoptosis. The apoptotic program can also be activated 
after the binding of TRAIL or Fas-ligand, expressed by effector cells, to one 
of its cognate receptors on cancer cells. These NK cells are able to kill tumor 
cells via cytokines, such as IFN-γ, TNF-α and TNF-β. Cancer impairs NK cell 
functions by implementing different immune escape strategies, that in hema-
tological disease causes an inadequate NK cell function such as low NK cell 
number and impaired cytotoxicity. Accumulating evidence has shown the rel-
evance of the NKG2D/NKG2DL system in patients with leukemia/lymphoma. 
Cell surface-expressed NKG2D ligands mark tumor cell for attack by NK cells, 
but tumor cells employ the strategy of exosomal secretion of these ligands to 
escape the immune system. In fact, Leukemia/lymphoma cells constitutively 
secrete exosomes, carrying NKG2DL of both the MIC and ULBP families, that 
enhance the suppression of the NKG2D-dependent NK cell cytotoxicity, as de-
scribed by Hedlund et  al. [52]. Exosomes derived by sera of AML patients, 
showed membrane-associated TGF-β1, which impairs the competence of NK 
lymphocytes to kill leukemic cells by reducing NKG2D expression and activat-
ing the SMAD pathway [53]. Recently, Huang and colleagues demonstrated 
that exosomes from TGF-β1-silenced lymphoblastic leukemia cells promoted 
DC maturation and immune function through CD4+ T cell proliferation, and 
cytotoxic T lymphocyte response [54].
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In chronic lymphocytic leukemia (CLL) NK cells display a poor cytolytic 
activity, due to the exosomal downregulation of BAG6, a ligand for NKp30 ac-
tivating receptor on NK cells. In physiological condition, BAG 6 is expressed on 
exosomes surface, engages NKp30 receptor and triggers NK cell cytotoxic ac-
tivity. CLL cells fail to release BAG6-positive exosomes, and contribute to im-
mune escape in this disease [55]. In addition, CD38-positive exosomes, released 
by Multiple Myeloma cells, could represent a strategy, for cancer cell, to escape 
from immune system. The presence of CD38 on MM exosomes is able to gener-
ate an anergic immune system by converting nucleotides to adenosine, which 
is an immune-suppressor and reduces the cytotoxic activity of NK cells against 
MM cells. Taken together, this evidence suggests that exosome-mediated NK 
cell dysfunction compromises the immune surveillance to eliminate cancer cells 
in various hematologic malignancies.

6.2  Exosomes and CD8+ cytotoxic lymphocytes

CD8+ cytotoxic T cell responses are critical for antitumor immunity. After 
binding to the target cells, CD8+ cells integrate perforin in the cell membrane 
and cytoplasmic granules containing granzymes pass through the pores from 
the T cell into the cytoplasm of target cell where induce apoptosis. CD8+ 
cells are able to induce apoptosis also through the FAS/FASL system. Tumor 
cells have developed a number of mechanisms to escape from CD8+ activity, 
through strategies that affect proliferation, activation and apoptosis of these T 
cells. One of the most well-known example of immune escape strategy is rep-
resented by the presence of apoptosis-inducing molecules on exosome surface. 
Most of CD8+ T lymphocytes in the circulation of cancer patients express Fas, 
and many express programmed death 1 molecule (PD-1); they are therefore 
sensitive to apoptosis by exosomes carrying the membrane form of FasL or 
programmed death ligand 1 (PD-L1). AML exosomes isolated from patients' 
plasma are enriched in proteins that are able to induce immune suppression, 
such as TGF-β1, PD-L1 or FasL [56].

6.3  Exosomes and MDSC

Tumor-derived exosomes promote other immune escape mechanisms, for ex-
ample by triggering myeloid suppressive cells (MDSC) proliferation. These 
cells are found in large number in lymphoid organs, blood and tumor tissues 
in cancer patients and are immature myeloid cells. These cells express my-
eloid marker stimulatory molecules (CD14 and CD11b) and are devoid of co-
stimulatory molecules (HLA DR, CD80, CD86). They spontaneously secret 
TGFβ and have suppressive activity on activated T lymphocytes since they are 
able to inhibit T cells proliferation and cytolytic functions [57]. It was shown 
that tumor derived exosomes alter the monocyte differentiation and maturation 
into dendritic cells, that are specialized antigen-presenting cells able to initiate 
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an early anti-tumor T cell responses, leading to the generation of myeloid sup-
pressive cells [57]. Furthermore, it was demonstrated that MDSC-mediated 
promotion of tumor progression depends on exosomal TGF-β, but also on the 
lipid mediator prostaglandin E2 (PGE2) transported by tumor exosomes [58]. 
In particular, activated MDSCs reduce the number of CD4+ and CD8+ lym-
phocytes, as well as NK cells, and down-modulate their cytotoxic capabilities 
as a result of the interaction between exosomal tumor HSP72 (heat shock pro-
tein 27), myeloid-derived TLR-2 (Toll-like receptor 2) and MyD88 (myeloid 
differentiation primary response protein 88) [59]. In CML, exosomes promote 
the expansion of these myeloid suppressive cells that are able to reduce T cell 
proliferation and then facilitate leukemia progression [60, 61]. AML blasts ab-
errantly expressed the MUC1 oncogene [62] that supports tumor cell prolif-
eration and resistance to apoptosis [63]. The presence of MUC1 is pivotal for 
MSDC expansion in AML and it is also responsible for the release of exosomes 
containing c-myc. Moreover, exosomes carrying c-myc led to an upregulation 
of cyclin D2 and cyclin E1, c-myc downstream targets, and drive the MSDC 
proliferation [64]. Recent studies demonstrated that CLL-derived exosomes 
contain miR-155 that contribute to MSDC expansion, through NF-κB activa-
tion [65]. Multiple Myeloma cell-derived exosomes promote MDSC viability 
and proliferation, and increase their immunosuppressive capacity through the 
activation of STAT3 pathway. Modulation of this pathway induces high levels of 
both arginase 1 and iNOS, which can suppress T-cell function thus contributing 
to immune evasion of MM cells [66]. Finally, miRNA146a in exosomes from 
MM cells is transferred in MSCs inducing the secretion of elevated levels of 
cytokines, which improve both MM cell viability and migration [67]. The abil-
ity of exosomes to expand MSDC, creating an immune-tolerant environment, 
results in T cell anergy and facilitates tumor growth.

6.4  Exosomes and Treg

CD4+CD25highFoxp3+ regulatory T cells (Treg), have an important role in main-
taining self-tolerance and modulating the immune response [68]. Tumor cells 
can efficiently recruit Tregs, and promote their expansion to evade the host im-
mune response. Exosomes shed by cancer cells are involved in this mechanism, 
especially via TGF-β. Studies have shown that TGF-β1 is increased in AML 
exosomes, and TGF-β1 is known to play a role in promoting differentiation and 
expansion of Tregs [69].

6.5  Exosomes and monocytes

Exosomes shed by leukemic cells have a prominent role in reprogramming 
monocytes into tumor-associated macrophages (TAMs) [70]. Monocytes enter 
into the tumor tissue, where they support tumor initiation, local progression, 
and distant metastasis [71]. In CLL, malignant B cells and their exosomes 
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accumulate in lymph nodes and blood, resulting in a chronic stimulation and 
activation of myeloid cells. These exosome are able to transfer Y RNA hY4, 
a non-coding RNA, to monocytes that induce a release of cytokines thus sup-
porting cancer growth and more importantly causing immune escape through 
the expression of PDL1 ligand, an immunosuppressive protein [72]. Exosomes 
shed by lymphoma B cells contain a mutated MYD88 sequence, which helps to 
reprogram the cell of the microenvironment, such as monocytes-macrophages 
thus promoting pro-inflammatory signaling pathways [73].

6.6  Exosomes and B cells

B cells are classically known to modulate immune responses and inflamma-
tion through antibody production and to promote T-cell activation and prolif-
eration through antigen presentation [74]. Recently, it has been demonstrated 
a role of B cells in carcinogenesis and tumor progression. The mechanisms 
involve the secretion of antibodies that promote tumorigenesis, and the re-
lease of pro-tumorigenic factors that favor growth and metastasis of cancer 
cells. Tumor exosomes help B cells in their immunosuppressive function. 
Exosomes shed by B-cell lymphoma promote cancer progression by carrying 
components of the Wnt signaling pathway that facilitates the malignant phe-
notype [75]. Lymphoma- derived exosomes carrying LMP1 oncogene interact 
with Burkitt's lymphoma cells, triggering an autocrine signal that makes lym-
phoma cells able to bind B-cells; this interaction induces B-cell proliferation 
and differentiation toward plasma blast-like phenotype [76]. Furthermore, 
there are few studies on the ability of cancer exosomes in stimulating regula-
tory B cells that, in turns, inhibit T cell activity and provide a new immune es-
cape mechanism. These pleiotropic effects lead to hypothesize that interfering 
with exosome released by tumor cells may perhaps represent a novel strategy 
for simultaneously recovering multiple immune functions in cancer patients; 
then, the knowledge on the exosomes-mediated immune evasion could help 
for the development of a successful, multilevel and multi-target anti-cancer 
therapy.

7.  Extracellular vesicles mediate drug resistance

Despite the advances of conventional therapies in the treatment of solid and he-
matological tumors, many therapies are not effective in eradicating the disease.

One of the main causes of the failures of anticancer therapies, in addition to 
the side effects on normal tissues, is the development of drug resistance [77].

Numerous scientific evidences have shown that the bidirectional crosstalk 
between tumor cells and the cells of the microenvironment plays a fundamen-
tal role in the acquisition of pharmacological resistance. In fact, stromal cells, 
“educated” by cancer cells, contribute to the establishment of a protective envi-
ronment that allows tumor cells to escape the drug treatment.
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In this scenario, extracellular vesicles, released by stromal cells, as well as 
by tumor cells, contribute to pharmacological resistance by transferring nucleic 
acid and multidrug resistance protein cargo [78, 79]. The first study on the role 
of extracellular vesicles from hematopoietic malignancies in inducing drug re-
sistance was published in 2009 by Bebawy et al.; in this study authors showed 
that microparticles from drug-resistant acute lymphoblastic leukemia cell con-
tain the P-glycoprotein, a plasma membrane transporter whose overexpression 
has been correlated to multidrug resistance. In addition, they found that these 
microparticles were internalized by drug-sensitive recipient cells and that they 
were able to confer drug resistance by transferring the protein [80]. Few years 
later, the same group observed that acute lymphoblastic leukemia cells, that 
overexpress the Multidrug Resistance-Associated Protein 1 (MRP1), released 
microparticles enriched in the protein. In addition, they found that exosomal-
MRP1 was internalized by drug sensitive cells, leading to the acquisition of 
MRP1-mediated multidrug resistance in recipient cells [81]. Crompot et  al. 
found that extracellular vesicles released by BM-MSCs of patients with Chronic 
lymphocytic leukemia (CLL) protect tumor cells from the spontaneous apopto-
sis, increasing cell viability and migratory capacities, and from the apoptosis 
induced by the treatment with conventional drugs, such as cladribine and bort-
ezomib [33].

In addition to protein transfer, recent studies have shown that extracellular 
vesicles can modulate the response to therapies through microRNA transfer. 
Viola and colleagues found that exosomes derived from the bone marrow as-
pirates of AML patients are able to protect tumor cells by delivering TGFB1, 
miR155 and miR375, and hypothesized that they can promote the chemo-
resistance in AML cells [82]. Min et al. provided evidences on the exosome-
mediated drug resistance in chronic myeloid leukemia. Authors found that 
exosomes released by imatinib-resistant CML cells are internalized by drug-
sensitive cells, conferring drug resistance through the delivery of exosomal 
miR-365; in fact, the transfer of the miRNA leads to the inhibition of pro-
apoptotic proteins in recipient cells [83]. Similarly, exosomes from the BM of 
multiple myeloma patients promote tumor cell survival, by activating c-Jun, 
p38, p53, and Akt pathways, inducing resistance to bortezomib treatment in 
MM cells [84].

8.  Clinical relevance of exosome for disease diagnosis 
and drug therapy monitoring

The need to detect cancers at an early stage is generating continuous advances 
in the area of molecular diagnostics and in our ability to screen tissue or blood 
samples for tumor-specific genomic, proteomic, and epigenetic signatures. The 
goal of modern medicine is to identify tumor biomarkers that can allow tumor 
detection at early stage in an accurate and non-invasive way.
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Recent studies suggest that the combination of patient clinical data and ex-
tracellular vesicle profile may represent a valid “liquid biopsies” in hematologic 
malignancies; in fact, EVs, by protecting their cargo from degradation, can pro-
vide clinical information about tumor stage and treatment outcome [85]. Caivano 
and colleagues have performed a correlation between the amount of plasma EVs 
and hematological cancer; authors isolated serum EVs from patients with dif-
ferent hematological tumors, including chronic lymphocytic leukemia, multiple 
myeloma, acute myeloid leukemia, and controls. They observed that microves-
icle levels were higher in patient samples compared to normal ones, thus high-
lighting the possibility to use EVs as biomarkers [86].

Hong et al. compared the amount of TGF-β1 in exosomes from newly diag-
nosed acute myeloid leukemia patients with the quantity of the exosomal pro-
teins among patient cohorts undergoing treatment. Interestingly they found that 
the level of exosomal-TGF-β1 reflects the response to therapy and that it was 
higher in newly diagnosed patients compared to healthy controls. Overall this 
study provide a significant evidence of the use of exosome-associated TGF-β1 
as potential diagnostic or prognostic biomarker in acute myeloid leukemia 
[69]. In addition to exosomal proteins, exosome-associated microRNAs may 
be considered as biomarkers [87]; Hornick et al. identified a group of miRNAs 
enriched in AML exosomes from both leukemic blasts and marrow stromal cells, 
that can be used in clinical diagnosis [88]. In line with these results, more re-
cently, Caivano observed that the EV-associated miR155 was higher in chronic 
lymphocytic leukemia (CLL) and acute myeloid leukemia (AML) compared to 
normal samples [89].

9.  Conclusions

Advances in the understanding of the role of cell-derived EVs in tumor microen-
vironment, together with the development of new strategies that allow the rapid 
and accurate exosome isolation and characterization, will provide the basis for 
the identification of relevant biomarkers for cancers, including hematological 
diseases. Results from already present and future studies would make the use of 
these vesicles accessible in the clinic in the next future, thus improving disease 
outcome and survival.
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1  Introduction

In recent years, it has become clear that extracellular vesicles (EVs) play impor-
tant roles in intercellular communication in addition to conventional signaling 
mechanisms, such as direct cell-to-cell contact or the transfer of soluble sig-
naling molecules [1]. Although EVs were originally described in 1983, inter-
est in these vesicles has increased dramatically in the last ten years after the 
finding that EVs contain messenger RNA (mRNA) and microRNA (miRNA) 
and can function within the recipient cells [2–5]. EVs are often categorized 
as exosomes, microvesicles, and apoptotic bodies based on their secretory ori-
gin. Exosomes are referred to as intraluminal vesicles of multivesicular bodies 
(MVBs), which are released when the MVBs fuse with the cellular membrane 
[6]. Microvesicles, which are larger than exosomes, are directly shed from the 
plasma membrane under normal circumstances or in response to stimuli [7]. 
Apoptotic bodies are formed when the cell undergoes programmed cell death 
[8]. It is often unclear whether the reported EVs are exosomes, microvesicles or 
apoptotic bodies. Therefore, it is more adequate to use the more comprehensive 
term EVs by the recommendation of the International Society for Extracellular 
Vesicles (ISEV) [9].

In addition to these EVs, prostasomes, which are derived from prostate 
epithelial cells, are also well-known EVs in reproductive biology and urology. 
The normal prostate is a walnut-size gland situated between the bladder and 



102  Exosomes

pelvic floor in men, and it is the largest male reproductive gland, which plays 
a key role in the male reproductive system. It secretes prostatic fluid, a milky 
liquid that constitutes approximately 30% of the semen volume, and the fluid 
contains prostasomes [10]. One of the first studies reporting the functional 
interaction for EVs within cells described the promotion of spermatozoa mo-
bility by prostasomes from the prostate epithelial cells [11]. By now, many 
reports have shown that prostasomes play a multifunctional role in the normal 
fertilizing process.

On the other hand, prostasomes have been reported not only to function in 
normal physiological processes but to also be associated with the pathogenesis 
of prostate cancer [12]. Prostate cancer cells have also been reported to secrete 
prostasomes, and the secreted prostasomes contribute to the disease progres-
sion. In addition, prostasomes reflect and carry the dynamic molecular changes 
in prostate cancer, allowing for the acquisition of crucial information about the 
disease status. Therefore, prostasomes hold great potential as useful clinical 
biomarkers.

In this review, we focus on two types of prostasomes, which are derived 
from benign epithelial cells and prostate cancer cells, and summarize physio-
logical and pathological contributions of prostasomes in prostates. Furthermore, 
we discuss the potential of prostasomes for clinical application in prostate can-
cer treatment.

2  Prostasomes derived from normal prostatic  
epithelial cells

Prostasomes in seminal plasma and prostatic fluid were first reported in the 
1970s [13, 14]. Prostasomes, which have a diameter between 30 and 200 nm, 
are components of prostatic fluid and are emitted together with the spermatozoa 
during ejaculation [15, 16]. The acinar epithelial cells mainly generate prosta-
somes secreted into the prostate glandular lumen and, finally, into the seminal 
fluid.

Prostasomes correspond in size to vesicles found inside the so-called “stor-
age vesicles” within prostate epithelial cells [15, 17]. The storage vesicles are 
a source of prostasomes, which was shown by electron microscopic images 
from both benign and malignant prostate epithelial cells [18]. The storage ves-
icles are equivalent to MVBs found in other kinds of cells, and the release of 
prostasomes into the prostate ducts is the result of a fusion process between 
the storage vesicle and plasma membrane of the prostate acinar cell [15, 17]. 
Therefore, one subpopulation of prostasomes is considered to be similar to 
exosomes. In addition, the storage vesicles in prostate epithelial cells are not 
the only source of prostasomes. Zijlstra et al. proposed that prostasomes also 
derive by direct shedding from the plasma membrane of prostate epithelial 
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cells and, in this aspect, another subpopulation of prostasomes is similar to that 
of microvesicles [19].

Prostasomes are reported to contain various kinds of molecules, such 
as proteins, nucleic acids and lipids. For protein, two reports have shown by 
comprehensive proteomic analysis that >400 kinds of proteins are contained 
in prostasomes [20, 21]. Since then, many papers have specified the kinds of 
proteins contained in prostasomes. Notably, the presence of a ubiquitous EV 
marker, CD9, and prostate cancer candidate markers, such as prostate-specific 
antigen (PSA), type 2 transmembrane serine protease (TMPRSS2) and prostate 
stem cell antigen (PSCA), were repeatedly reported [20–22].

The presence of DNA in prostasomes has also been reported. Ronquist et al. 
revealed that human prostasomes contain chromosomal DNA, and nuclease 
treatment demonstrated that prostasome-associated DNA was protected from 
an enzyme attack, indicating that the DNA was present inside the prostasomes 
[23]. In addition, they also showed the transfer of DNA from prostasomes to 
spermatozoa [24]. Regarding other types of nucleic acids, such as miRNAs or 
long non-coding RNAs, although these are frequently found in EVs derived 
from cancer, there have been no reports to date on their presence in seminal 
prostasomes derived from normal prostatic normal epithelial cells.

Prostasomes have a specific lipid composition. While the plasma mem-
brane of conventional mammalian cells contains more abundant quantities of 
phosphatidylcholine and phosphatidylethanolamine, the main phospholipid in 
the prostasome membrane is sphingomyelin. In addition, prostasomes have a 
high cholesterol:phospholipid ratio close to 2:1 [25], whereas the human sperm 
cell plasma membrane has a ratio of 0.7 [26]. This peculiar lipid composition 
probably accounts for the very high stability of the prostasomal membrane [27] 
and has also been reported to contribute to fertilization [28].

Thinking of their size and a variety of molecules in them, it might be a little 
hard to believe that a single type of prostasome carries all kinds of molecules. 
As several researchers have focused on the heterogeneity of EVs in cancer [29, 
30] the heterogeneity of prostasomes has also been reported. The heterogeneity 
of prostasomes was first proposed by Poliakov et al. in 2009 [21]. They reported 
the morphological diversity of seminal prostasomes observed by cryo-electron 
microscopy [21]. After that, Alberts et  al. confirmed a heterologous popula-
tion of prostasomes with regard to the size by electron microscopy and protein 
composition by immunoblotting [22]. They reported two distinct populations of 
prostasomes with characteristic sizes, which are separated in sucrose gradients. 
CD9, the ubiquitous EV marker, and PSCA, a prostate specific protein, were 
present in both populations. However, the GLIPR2 protein was found to be spe-
cifically enriched in smaller vesicles, while annexin A1 was uniquely associated 
with the surface of larger vesicles [22]. This report suggested that the structural 
heterogeneity of prostasomes may translate into functional diversity, with dif-
ferent types of prostasomes reflecting various and specific functions.
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3  Physiological contribution of prostasomes

Prostasomes are brought into contact with sperm cells during ejaculation. As 
we have mentioned, prostasomes contain various kinds of molecules; therefore, 
the transfer of these molecules via prostasomes provides both stimulatory and 
inhibitory effects on spermatozoa function. In this section, we summarize the 
roles of prostasomes in fertility (Fig. 1).

3.1  Sperm motility and prostasomes

Spermatozoa must migrate through the female genital tract, particularly, by mov-
ing through cervical mucus and penetrating the zona pellucida [31]. Therefore, 
the sperm motility is an important factor in evaluating semen quality, and the 
motility pattern influences the fertilizing capacity of spermatozoa. Several stud-
ies have reported that prostasomes may adhere to and fuse with spermatozoa 
and increase the overall motility [32, 33].

FIG. 1  The role of prostasomes in the process of fertilization. Prostasomes increase sperm motil-
ity and inhibit capacitation, which causes it to not occur prior to reaching the ovum. Prostasomes 
have also been reported to be immunosuppressive, which is important to prevent sperm destruc-
tion by the female immune system. In addition, prostasomes themselves have antibacterial activity. 
Furthermore, prostasomes support the acrosome reaction to promote fertilization. The interaction 
between prostasomes and spermatozoa seem to be complicated and essential for fertilization at 
appropriate times and places.
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Fabiani et al. reported that prostasomes vigorously promote sperm move-
ment compared to albumin at 37°C [32]. Arienti et al. showed that prostasomes 
influence the number of motile spermatozoa surviving even the exposure to low 
pH values [33]. Sperm motility is regulated by Ca2+ signaling; therefore, the 
long-lasting activation of Ca2+ signaling is required. However, spermatozoa are 
tiny cells with few organelles, and they do not produce or contain Ca2+ signaling 
protein. Although the mechanisms had been controversial, Park et al. elucidated 
the details of sperm motility promotion by prostasomes in 2011. The authors 
reported that spermatozoa can attain Ca2+ signaling through the transfer of a 
range of calcium ion-signaling tools from prostasomes [34]. This acquisition of 
Ca2+ signaling machinery seems to be required for the continuous motility of 
spermatozoa and male fertility.

3.2  Immunosuppressive activity of prostasomes

The female genital tract is equipped with a well-balanced immune system. 
Spermatozoa are considered invading pathogens in the female reproductive tract 
and, indeed, macrophages, neutrophil granulocytes and natural killer (NK) cells 
are reported to attack sperm cells [35]. Therefore, spermatozoa need to evade 
female immune effectors to survive. Several studies reported that prostasomes 
have a variety of immunomodulatory capacities [36–39]. Skibinsiki et al. re-
ported that prostasomes bind to neutrophils and directly inhibit their phagocytic 
ability [36]. Tarazona et  al. reported that prostasomes expressed a high level 
of CD48, which is the ligand for activating receptor CD244. The interactions 
between NK cells and prostasomes resulted in a decrease in the CD244 expres-
sion and inhibited the activation of NK [37]. These results suggested that hu-
man prostasomes play a role in regulating neutrophils and NK cell activity in 
the female reproductive tract. In addition, prostasomes have been described to 
interfere with the complement system [38, 39]. Prostasomes contain CD59 and 
CD46, which are inhibitors of the membrane attack complex of the complement 
system, and CD59 and CD46 are transferred from prostasomes to spermatozoa 
[38, 39].

3.3  Antioxidant capacity of prostasomes

Reactive oxygen species (ROS) are one of the major causes of idiopathic male 
infertility. Indeed, in 40% of semen samples from infertile men, an abnormally 
high production of ROS has been shown; however, no ROS production was 
found in samples from fertile donors [40]. Although the origin of ROS in se-
men remains controversial, the major source of ROS generation is thought to 
be leucocyte infiltration to semen [41]. Spermatozoa have little defense against 
ROS, which damage their membrane and DNA. Saez et al. reported that pros-
tasomes inhibit ROS production [42]. They proposed that prostasomes inhibit 
the NADPH oxidase activity of polymorphonuclear neutrophils by lipid transfer 
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from prostasomes to the plasma membrane of these cells, resulting in the inhibi-
tion of ROS production [42].

3.4  Antibacterial activity of prostasomes

Several reports have shown that prostasomes have antibiotic-like roles. Strub 
et al. reported that prostasomes contain an antibacterial peptide [43]. The neu-
roendocrine markers chromogranin A and chromogranin B were reported to be 
contained in prostasomes, and these chromogranins had an unusual composition, 
with chromogranin B in excess over chromogranin A [44]. A C-terminal frag-
ment of chromogranin B was found to have a potent antibacterial activity. This 
peptide forms a three-dimensional structure similar to that in the insect-derived 
proteins and cecropins and provides prostasomes with antibacterial activity 
[43]. On the other hand, Carlsson et al. revealed that the antibacterial activity 
of prostasomes was related to bacterial membrane deformation [45]. These pro-
cesses are mechanistically different from the antibacterial effect of neutrophil 
granulocytes, in which the mechanism involves the generation of ROS. As we 
have referred above, spermatozoa have little defense against ROS; therefore, 
prostasomes may be more appropriate than neutrophil granulocytes to serve as 
antibacterial agents in semen.

3.5  Capacitation and acrosome reaction and prostasomes

Spermatozoa that are delivered in the female reproductive tract are mature but 
not completely primed for fertilization. To acquire the fertilizing potential, 
spermatozoa need to undergo a series of modifications in a process referred to 
as capacitation [46, 47]. During this process, spermatozoa acquire the capacity 
to bind to the zona pellucida of the oocyte and are primed to undergo the acro-
some reaction [10]. The intracellular signaling pathway implicated in capacita-
tion has been characterized, and prostasomes affect capacitation. A decrease in 
the cholesterol content of the sperm membrane is one of the first events leading 
to capacitation. However, since only a few spermatozoa manage to reach the 
oocyte, capacitation should not occur prematurely. Seminal plasma has been 
identified as having an inhibitory influence on capacitation [48]. Specifically, 
as prostasomes are rich in cholesterol, these vesicles are most-responsible for 
this inhibition of capacitation [49]. On the other hand, several studies have 
reported that prostasomes could support the acrosome reaction. Basically, pro-
gesterone secreted by cumulus cells is one of the major factors that activate the 
acrosome reaction [50]. Palmerini et al. reported that prostasome-sperm fusion 
can stimulate the acrosome reaction making sperm cells more sensitive to the 
effect of progesterone [51]. In addition, as Park et al. reported, prostasomes 
also confer progesterone receptors to spermatozoa, and contribute to acrosome 
reaction [34].
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These examples show that the interaction between prostasomes and sperma-
tozoa is complicated and essential for fertilization at appropriate time and place 
(Table 1).

4  Prostasomes derived from prostate cancer

EVs have long been considered as disposal vehicles to eliminate waste out of 
the cells. However, in 2007, Valadi et al. reported the presence of miRNA and 
mRNA inside EVs and showed potential functionality of these nucleic acids in 
recipient cells. Further, in 2010, three independent groups reported that miRNA 

TABLE 1  The role of human prostasomes that support successful 
fertilization

Functions Comments Ref.

Activation of sperm 
motility

Sperm motility is regulated by Ca2+ signaling.
The sperm motility depends on the transfer of 
Ca2+ signaling tools form prostasomes.

[32–34]

Immunosuppressive 
activity

Spermatozoa are considerd as invading 
pathogens in female reproductive tract.
Prostasomes have a variety of 
immunomodulatory capacities, such as 
regulating neutrophils and NK cell activity, 
and interfering with the complement system.

[36–39]

Antioxidant capacity Reactive oxygen species (ROS) are one of the 
major causes of idiopathic male infertility.
Prostasomes inhibit the ROS production by 
lipid transfer to the plasma membrane of 
polymorphonuclear

[42]

Antibacterial activity Prostasomes contain a C-terminal fragment 
of chromogranin B, which forms a similar 
structure of antibacterial protein.
Prostasomes also have antibacterial activity 
to deform bacterial membrane.

[43–45]

Inhibition of 
capacitation

Prostasomes inhibit prematurely capacitation 
via cholesterol transfer.

[48, 49]

Supporting acrosome 
reaction

The progesterone secreted by cumulus cells 
is one of the major factors that activate the 
acrosome reaction.
Prostasomes make sperm cell more sensitive 
to the effect of progesterone, and confer 
progesterone receptors to spermatozoa.

[50]
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in EVs can be transferred to recipient cells and have functions within these cells 
[5, 43]. Since then, especially in the cancer field, a number of reports showed 
that EVs transfer their components from one cell to another and affect cancer 
progression. In addition, several recent articles have reported that a reduction in 
cancer-derived EV transfer has the potential to become a new therapeutic strat-
egy for inhibiting cancer proliferation and dissemination [52]. At the same time, 
EVs harbor various kinds of proteins, nucleic acids, and lipids and are present 
in many kinds of biological fluids, such as blood, saliva, urine and semen. EVs 
reflect and carry dynamic changes in diseases, including cancer, allowing us to 
easily access molecular information about the status of diseases [53]. Therefore, 
EVs have great potential as useful clinical biomarkers. In this section, we show 
how prostate cancer-derived prostasomes contribute to the progression of pros-
tate cancer and discuss the development of prostasome-targeting therapy toward 
clinical application. Furthermore, we also summarize the effectiveness of pros-
tasomes as cancer biomarkers (Fig. 2).
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FIG. 2  Pathological contribution of prostasomes derived from prostate cancer and clinical ap-
plication of the prostasomes. Through the transfer of the content, prostasomes mainly promote 
tumorigenesis. Tumor-derived prostasomes can contribute to creating an immunosuppressive mi-
croenvironment by impairing the function of immune cells. Tumor-derived prostasomes confer pro-
liferation or drug resistance to surrounding prostate cancer cells. In addition, prostasomes dictate 
bone microenvironments and promote bone metastasis. On the other hand, prostasomes can be use-
ful biomarkers. Tumor-derived prostasomes contain cancer-specific contents and chronologically 
reflect cancer status. Furthermore, the prevention of intracellular communication via prostasomes 
could become a new prostate cancer therapeutic strategy.
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5  Pathological contribution of prostasomes  
in prostate cancer

Accumulating evidence indicates that EVs play decisive roles in various cancer 
phases. Kosaka et  al. reported the competition between prostate cancer cells 
and surrounding normal prostatic epithelial cells through EVs [54]. They fur-
ther revealed that normal prostatic epithelial cell-derived prostasomes contained 
tumor suppressor miRNA, miR-143, and attenuated progression of prostate 
cancer cells in vitro and in vivo [54]. Accordingly, they proposed that tumor 
suppressor miRNAs in EVs are actively secreted from normal epithelial cells 
to suppress cancer cells, thereby restoring the tissue to a healthy state during 
tumor initiation. On the other hand, during tumor progression, EVs derived 
from various kinds of cancers modulate cancer microenvironment and support 
tumor proliferation and dissemination via several strategies, such as initiation 
of a premetastatic niche [55], induction of angiogenesis [56], activation of 
cancer-associated fibroblasts [57], destruction of the blood-brain barrier [58] or 
peritoneum [59], and induction of drug resistance [60]. In addition, Ono et al. 
reported that bone marrow mesenchymal stem cells surrounding cancer secrete 
EVs, which play an important role in inducing breast cancer cells into a dormant 
state and, thus, contribute to long-term recurrence [61].

Prostate cancer is the most-frequently diagnosed male tumor and the third 
leading cause of cancer-related death in the United States [62]. Although the 
ten-year survival rate of patients with localized prostate cancer is >98%, in 
patients with metastatic disease, the 5-year relative survival decreases mark-
edly to 30% [62]. Androgen deprivation is the mainstay of metastatic pros-
tate cancer treatment. Despite initial response, almost all patients progress to 
castration-resistant prostate cancer (CRPC), and the patients will die of the dis-
ease within several years. The mechanism of prostate cancer progression is not 
completely known; therefore, further research is required to improve patients' 
survival. Previous reports have shown that prostasomes derived from prostate 
cancer contribute to malignancy by modulating its microenvironment [63–65]. 
Hosseini-Beheshti et al. reported that prostasomes derived from prostate cancer 
cells enhance the proliferation and migration of surrounding prostate cancer 
cells, leading to prostate cancer progression [63]. Lundholm et al. reported a 
role of prostasomes in immune suppression via NK and CD8+ T cells, which 
are among the most-important immune cells in cancer immunity. Prostasomes 
can selectively induce downregulation of an activating cytotoxicity receptor 
NKG2D in NK and CD8+ T cells in vitro. Consistent with this, they also re-
vealed that circulating EVs in CRPC patients selectively downregulated the ex-
pression level of NKG2D on NK cells and CD8+ T cells and suggested the role 
of prostasomes in impairing the cytotoxic function of lymphocytes and promot-
ing tumor immune escape [64]. While docetaxel offers an improvement in the 
overall survival of CRPC patients, unfortunately, a relapse is almost inevitable. 
Corcoran et al. reported that prostasomes play a role as prominent vehicles for 
the dissemination of cancer drug resistance [65]. In this study, they showed 
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that prostasomes derived from docetaxel-resistant prostate cancer conferred 
docetaxel-resistance to secondary prostate cancer cells, which may partly be 
due to the transfer of MDR-1/P-gp via prostasomes [65].

Bone metastases dominate the clinical picture of advanced stage prostate 
cancer and mostly define morbidity in patients with prostate cancer [66]. In 
bone metastatic lesions, cancer cells interact with various kinds of cells, in-
cluding osteoblasts, osteoclasts, and mesenchymal stem cells. Prostate cancer 
cells frequently induce osteoblastic-type bone metastasis, and several articles 
have focused on the relationship between prostate cancer cells and osteoblasts. 
Ito et al. first reported the intracellular communication between prostate cancer 
cells and osteoblast cells thorough prostasomes. They found that prostasomes 
derived from human hormone-refractory prostate cancer cells contained Ets-1 
protein and induced the differentiation of murine preosteoblastic cells [67]. Ye 
et al. reported that miR-141-3p in prostasomes promoted osteoblast proliferation 
and OPG/RANKL expression in vitro by targeting DLC1. In addition, they also 
showed that prostasomes derived from prostate cancer cells had an osteotropic 
function in vivo [68]. Recently, Hashimoto et al. reported that prostate cancer-
secreted miR-940 reduced the expression level of ARHGAP1 and FAM134A in 
mesenchymal stem cells, inducing osteogenic differentiation [69]. Furthermore, 
they also revealed that in an in vivo model, osteoblastic bone metastases were 
induced by the transfer of miR-940-containing prostasomes [69]. In addition, 
Karlsson et al. reported that the prostasomes derived from the murine prostate 
cancer cell line, TRAMPC-1, decreased the differentiation of murine osteoclast 
precursors to mature multinucleated osteoclasts, promoting osteoblastic bone 
metastasis [70]. Although the mechanism of prostate cancer progression is quite 
complex, and further studies are needed, these studies indicate the decisive role 
of EVs in prostate cancer progression (Table 2).

6  Clinical application of prostasomes for prostate  
cancer treatment

As we have shown, prostasomes derived from prostate cancer cells confer 
phenotypical changes to their microenvironment to provide growth benefits 
to primary or metastatic sites. Recently, many researchers have been focusing 
on these characteristics of EVs and progressing toward clinical application in 
cancer treatments. From another aspect, prostasomes contain various kinds of 
molecules, such as microRNAs and proteins, and reflect the disease condition. 
In this section, we summarize the current state of EV research regarding the 
clinical application of prostasomes for prostate cancer diagnosis and treatment.

6.1  Strategy for prostate cancer treatment  
targeting prostasomes

Intercellular communication via EVs contributes to cancer progression through 
the transfer of their cargo [53]. Therefore, a reduction in cancer-derived EVs 
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TABLE 2  The present roles of prostasomes in prostate cancer

Secretion cells Recipient cells EV components Functions Ref.

Prostate epithelial cells 
(PNT2)

Prostate cancer cells (PC3M) miR-143 Inhibit proliferation [54]

Prostate cancer cells 
(DU145)

Prostate cancer cells (LNCaP)/ 
prostate epithelial cells (RWPE-1)

Unknown Reduce apoptosis, increase 
proliferation and migration

[63]

Prostate cancer cells 
(22RV1)

Natural killer cells/CD8+ cells 
(sorted from PBMCs)

Unknown Downregulate NKG2D expression 
and promote immune suppression

[64]

Docetaxel resistant prostate 
cancer cells (DU145, 
22RV1)

Docetaxel sensitive prostate cancer 
cells (DU145, 22RV1)

MDR-1/P-gp Confer docetaxel resistance [65]

Prostate cancer cells (PC3, 
DU145)

Murine pre-osteoclastic cells 
(MC3T3-E1)

Ets-1 Induce differentiation [67]

Prostate cancer cells (MDA 
PCa 2b)

Osteoblasts (hFOB1.19) miR-141-3p Regulate the microenvironment of 
bone metastasis via activating the 
p38MAPK pathway

[68]

Prostate cancer cells (C4, 
C4–2, C4–2B)

Mesenchymal stem cells 
(immortalized human 
mesenchymal stem cell line)

miR-940 Downregulate ARHGAP1 and 
FAM134A and facilitate the 
osteogenic differentiation

[69]

Murine prostate cancer cells 
(TRAMP-C1)

Murine osteoclast precursors 
(RAW264.7, primary mouse bone 
marrow cells)

Unknown Decrease fusion and differentiation [70]
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may provide a therapeutic value for inhibiting cancer proliferation and dissemi-
nation. Three potential EV therapeutic strategies (inhibition of EV secretion, 
elimination of circulating EVs, and disruption of EV absorption) have been 
proposed [52]. Among them, our group has reported the potential of two strate-
gies for EV therapy. Nishida-Aoki et  al. reported a novel strategy for thera-
peutic antibody treatment to target cancer-derived EVs. They showed that in 
a human breast cancer xenograft model, treatment with antibodies against 
human-specific CD9 and CD63 enriched on the EV surface, which significantly 
decreased metastasis, although no obvious effects on primary tumor growth 
were observed [71]. In another study, Kosaka et al. reported the effectiveness of 
inhibiting EV production in vitro and in vivo. They revealed that by attenuation 
of nSMase2, which is required for the synthesis of ceramide, EV secretion and 
transfer of miR-210-3p, are inhibited, and angiogenesis and metastasis in breast 
cancer xenograft model are suppressed [56]. However, anti-CD9 and anti-CD63 
antibodies cannot selectively identify cancer-derived EVs in humans since CD9 
and CD63 are ubiquitous EV markers. In addition, nSMase2 has been reported 
to be expressed in normal neural cells [72], and the downregulation of nSMase2 
does not inhibit EV secretion in prostate cancer [73]. Therefore, to establish 
cancer-specific EVs, especially for prostasome target therapy, the identification 
of the prostate cancer-specific genes or molecules that are essential for intracel-
lular communication via prostasomes is required. In 2017, Datta et al. screened 
two drug libraries to examine the effects of various compounds on prostasome 
biogenesis [74]. Quantitative high-throughput screened targeting of the GFP 
signal in a conditioned medium of CD63-GFP-expressing prostate cancer cells 
treated with compounds was employed. Manumycin-A, a natural microbial me-
tabolite, was identified as an inhibitor of prostasome biogenesis and secretion 
by prostate cancer but not normal prostatic epithelial cells [74]. In addition, the 
same group has recently reported several additional potent inhibitors and activa-
tors of prostasome secretion using the same high-throughput screening system 
[75]. These studies showed the potential to target the prostate cancer-specific 
prostasome biogenesis pathway.

On the other hand, several recent reports have shown the heterogeneity of 
EVs. In 2016, Kowal et al. reported that different EV fractions have different 
EV protein markers [29] and, in 2017, Tkach et al. showed that different sub-
populations of EVs have different effects on recipient cells [30]. Therefore, the 
elucidation of the biogenesis details for EV subpopulation with more oncogenic 
cargo that affects the recipient cells is the most effective strategy. The biogen-
esis of EVs, including prostasomes, is complicated, and further exploratory re-
search is required for clinical applications. However, the astonishing advances 
in the EV field promise that these challenges will be overcome.

6.2  Prostasome-associated prostate cancer biomarker

The primary standard of prostate cancer diagnosis is based on the histopatho-
logical examination of prostate biopsies. The indications for prostate biopsies 
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mainly rely on digital rectal examination (DRE) and serum PSA. DRE is a sub-
jective examination, and the accuracy depends on the experience of the exam-
iner [76]. In addition, serum PSA lacks the specificity to discriminate benign 
prostate diseases, such as benign hyperplasia (BPH) and prostatitis. Thus, new 
biomarkers that can more specifically detect prostate cancer are needed. In ad-
dition, prostate cancer is remarkably heterogeneous with tumors ranging from 
indolent to very aggressive [77]; therefore, the biomarkers that provide informa-
tion about the severity of the disease and can predict high or low risk of future 
metastasis are especially required.

Prostasomes reflect the condition of prostate cancer, and they could be a 
novel biomarker for prostate cancer. However, the detection of prostasomes in 
bodily fluids have several obstacles since bodily fluids contain EVs from many 
other sources, and EVs may also reflect the disease condition. Therefore, in this 
section, we use the term EVs as a general term for all type of vesicles, includ-
ing prostasomes in the extracellular fluid [9], to introduce the biomarkers for 
prostate cancer.

Due to the anatomical localization of the prostate and its accessibility, urine 
appears to be an ideal substrate to detect prostate cancer. Nilsson et al. first 
showed the presence of two known prostate cancer biomarkers, PCA-3 and 
TMPRSS2:ERG, in EVs isolated from the urine of prostate cancer patients 
to show the potential for diagnosis and monitoring cancer patient statuses 
[78]. Dijkstra et al. reported that digital rectal examination (DRE) enhances 
the performance of biomarker analysis in urinary EVs. They showed that the 
expression levels of PCA-3 and TMPRESS2:ERG in EVs were significantly 
higher when urine was collected after a prostate massage and proposed that 
the preferential timing of urine collection is after DRE [79]. After that, several 
studies have reported the effectiveness of urinary EVs as diagnostic biomarkers 
[80–84]. Recently, McKiernan et al. developed an FDA-approved noninvasive 
urine exosome gene expression assay, the ExoDx Prostate IntelliScore urine 
exosome assay. The urine gene expression assay uses a urine sample and uti-
lizes a three EV gene assay signature (PCA3, ERG and SPDEF) to contrast 
an ExoDx Prostate IntelliScore. They reported that the urine gene expression 
assay discriminated the high-grade (≥Gleason score 7) from the low-grade 
(Gleason score 6) cancer and benign cases and can reduce the total number of 
unnecessary biopsies [85].

EVs isolated from the plasma have been reported to contain prostate cancer-
specific proteins. Although the loss of PTEN is commonly associated with an in-
creased risk of aggressive and metastatic prostate cancer, PTEN was found only 
in plasma-derived EVs from patients with prostate cancer but not from normal 
subjects [86]. In another study, the anti-apoptotic protein survivin was found to 
be significantly increased in plasma-derived EVs from patients with prostate 
cancer compared with patients with BPH or healthy controls [87]. In addition, 
Tavoosidana et al. developed a highly sensitive and specific method, a so-called 
proximity-ligation assay, for the detection of EVs derived from plasma. In the 
assay, they simultaneously targeted multiple proteins on the surface of the same 
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EVs. After capture by an anti-CD13 monoclonal antibody, the coinciding pres-
ence of four EV proteins was probed with DNA-conjugated antibodies to gen-
erate amplifiable reporters. With this assay, prostate cancer patients, especially 
those with high Gleason score (8/9 and 7), were shown to have elevated levels 
of EVs in plasma samples compared to those with low Gleason score (≤6) and 
healthy controls [88].

miRNA within serum or plasma prostasomes has a diagnostic and/or prog-
nostic potential for prostate cancer. Although increased levels of miR-141 
and miR-375 in serum samples from prostate cancer patients were repeatedly 
reported [89–91] these miRNAs are also upregulated in serum EVs and are 
reported as diagnostic biomarkers for prostate cancer [89, 92]. In another study, 
Bhagirath et  al. showed that miR-1246 derived from serum EVs could be a 
valuable biomarker for diagnosing aggressive prostate cancer. miR-1246 is a 
prostate cancer tumor-suppressor miRNA, and this miRNA is released in EVs, 
leading to its high levels in EVs and low levels in prostate cancer cells [93]. In 
addition, Huang et al. described miR-375 and miR-1290 in serum EVs as po-
tential prognostic biomarkers for patients with metastatic prostate cancer. They 
performed RNA sequence analysis and found that these miRNAs were signifi-
cantly associated with poor prognosis in CRPC patients [94].

In addition, although CD9 is a typical EV marker, the expression level of 
CD9 in EVs is also reported to be a diagnostic and prognostic biomarker for 
prostate cancer. Soekmadji et al. reported that the number of CD9-positive EVs 
in plasma is upregulated in prostate cancer patients compared to that of BPH 
[95]. In another study, they also reported that higher CD9-positive EVs were 
evident in circulating tumor cell-positive patients compared to negative patients, 
suggesting that the number of CD9-positive EVs could also be a diagnostic 
marker for advanced prostate cancer [96].

Therapeutic strategies for CRPC have dramatically changed since 2014, 
with the advent of novel drugs, such as enzalutamide and abiraterone ace-
tate. While these drugs represent breakthroughs for the treatment of CRPC, 
unfortunately, approximately 20–40% of patients have no response to these 
agents [97]. AR-V7, which is a V7 splice variant of androgen receptor, lacks 
a ligand-binding domain leaving a constitutively active N-terminus [98]. The 
expression of AR-V7 represents a relatively common cause of a transition to 
a CRPC phenotype and a cause of resistance to enzalutamide or abiraterone 
acetate. Del et al. revealed the role of AR-V7 in RNA extracted from EVs in 
plasma as a predictive biomarker of resistance to hormonal therapy in CRPC 
patients [99].

As we have shown, the potential of EVs for the development as prostate can-
cer biomarkers is guaranteed (Table 3). Thinking of clinical application, devel-
oping a method for EV isolation and detection without complicated procedure 
is desirable. Yoshioka et al. established a novel EV-detection method that might 
facilitate the clinical utilization of EVs by targeting membrane proteins [100]. 
This method, which is called the ExoScreen assay, can detect circulating EVs in 



TABLE 3  Potential use of extracellular vesicles (EVs) in body fluids as prostate cancer biomarkers

Role Markers Source Isolation method Type assay Ref.

Diagnostic PCA-3 and TMPRSS2:ERG Urine Ultracentrifugation RT-PCR [78, 79]

Diagnostic lncRNA-21p Urine Urine Exosome RNA Isolation Kit RT-PCR [80]

Diagnostic ERG and PCA3 (EXO106 score) Urine Urine exosome clinical sample 
concentrator kit

RT-PCR [81]

Diagnostic PSA, CD9 and CD63 Urine Ultracentrifugation TR-FIA (time-resolved  
fluorescence immunoassay)

[82]

Diagnostic let-7c, miR-21 and miR-375 Urine Ultracentrifugation RT-PCR [83]

Diagnostic miR-196a-5p and miR-501-3p Urine Ultracentrifugation RNA sequence, RT-PCR [84]

Diagnostic PCA3, ERG and SPDEF (ExoDx 
Prostate IntelliScore)

Urine EXOPRO Urine Clinical Sample 
Concentrator Kit, ultracentrifugation

RT-PCR [85]

Diagnostic PTEN Plasma Ultracentrifugation Westernblot [86]

Diagnostic survivin Plasma Ultracentrifugation ELISA, Westernblot [87]

Diagnositc CD13, mAb78, mAb8H10 and 
human coagulation factor III/tissue

Plasma Ultracentrifugation and gel 
chromatography

Proximity ligation assay [88]

Diagnostic miR-141 and miR-375 Serum ExoMiR RT-PCR [89]

Diagnostic miR-141 Serum ExoQuick RT-PCR [92]

Diagnostic miR-1246 Serum Total Exosome Isolation reagent, and 
Plasma/Serum Exosome Purification Kit

RT-PCR [93]

Prognostic miR-1290 and miR-375 Plasma ExoQuick RNA sequence, RT-PCR [94]

Diagnostic and 
Prognostic

CD9 Plasma Ultracentrifugation TR-FIA [95, 96]

Prognostic AR-V7 Plasma exoRNeasy kit RT-PCR [99]
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the conditioned medium or serum based on an amplified luminescent proxim-
ity homogeneous assay using photosensitizer beads and two specific antigens 
residing on EVs. ExoScreen requires only a small amount of a sample (at least 
5 μl), eliminates any purification steps and works as a high-throughput analysis. 
In this study, they reported that EVs derived from plasma could be used to diag-
nose colorectal cancer more effectively than conventional tumor markers, such 
as carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9). 
Such a method to target membrane protein enables the detection of EVs in a 
high-throughput manner.

On the other hand, compared to membrane proteins, capturing or purify-
ing the contents packaged in EVs is still unconventional. However, EVs are 
composed of a lipid bilayer, which can protect their contents from degrada-
tion. Notably, RNAs in EVs are stable because EVs protect them from RNases, 
which are abundant in human body fluids. This protection provides several ad-
vantages, such as stability, storage, and reproducibility, in using the EVs as bio-
markers. In addition, there are several technologies that can detect nucleic acids, 
such as quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
and microarray RNA analysis; therefore, their expression levels could be ob-
jectively evaluated. Considering these advantages, nucleic acids in EVs are 
especially an ideal resource for prostate cancer biomarkers. To stratify the re-
quirements for clinical applications of nucleic acids in EVs, the establishment 
of high-throughput methods should be pursued. For instance, a combination of 
EV capture by cancer-specific protein molecules on the membrane and detec-
tion of cancer-specific miRNAs by qRT-PCR might be a new standard strategy 
for EV biomarker in the near future.

7  Conclusion

In this review, we summarize the physiological and pathological roles of prosta-
somes in humans. Prostasomes have several specific functions to induce fertility 
within female reproductive tract. On the other hand, prostasomes derive from 
prostate cancer and contribute to tumor progression, and they could be a thera-
peutic target. Furthermore, EVs including prostasomes are extremely promis-
ing candidates as biomarkers for the diagnosis and/or prognosis biomarkers for 
prostate cancer. The current expansion of EV research is promising and leading 
to a growing understanding of the distinctive characteristics and functions of 
prostasomes.
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1  Introduction

Virulence factors released by bacterial pathogens are known to target host cells 
or components of the innate and specific immune response. The targets can vary 
for different bacteria species and even between different strains of the same spe-
cies but in general function to either limit or inhibit the activation of the immune 
response. Examples include proteins which block complement activation (e.g. 
SCIN-B by Staphylococcus aureus) [1] or inactivate chemotactic factors (e.g. 
beta-hemolysin by S. aureus) [2]. Bacteria can also release factors that can in-
duce cell lysis or block phagocytosis (e.g. M-protein by Streptococcus pyogenes) 
[3]. These approaches to immune subversion can be overcome through mecha-
nisms such as production and release of reactive oxygen and nitrogen species by 
macrophages and neutrophils. Activation of phagocytes and subsequent killing 
of ingested bacteria is another mechanism to control a bacterial infection. The 
activation of phagocytes is facilitated by release of bacterial products (known 
as PAMPs) which functions through pattern recognition receptors. Activation 
is further induced by cytokines such as IFN-ɣ which is primarily released from 
activated Th1 cells. Stimulation of T and B cells requires exposure to bacterial 
antigens. For T cells this requires antigen uptake by antigen presenting cells 
and presentation on MHC (major histocompatibility complex) class II or CD1 
molecules for T cell receptor binding. For extracellular bacterial pathogens such 
as S. aureus, the release of bacterial PAMPs (pathogen-associated molecular 
patterns) and antigens occurs during bacterial growth in tissue or from lysis of 
bacteria within tissue. For intracellular pathogens, the mechanism of their ex-
posure to phagocytes, B cells, T cells or other immune cells is less clear as the 
PAMPs and antigens are sequestered within the host cell. Recent studies have 
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suggested that one mechanism for delivery of these bacterial components to the 
immune system is through release of extracellular vesicles, such as exosomes. 
However, studies have also suggested that extracellular vesicles (EVs) can carry 
virulence factors to promote bacterial survival and replication. Therefore during 
an infection the content of these EVs (both host and bacteria derived) can have 
a significant effect on who has the advantage in the battle between our immune 
system and the pathogen. In addition to modulating the host immune response, 
EVs in the context of bacterial infections can be used therapeutically as disease 
biomarkers, vaccines and drug delivery systems, which will be discussed at the 
end of this chapter (Fig. 1).

FIG. 1  General mechanisms of EV production and uptake by recipient cells and their therapeutic 
potential.
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2  Extracellular vesicles

In the context of a bacterial infection, EVs can be both host- and bacteria-
derived and are broadly define as membrane-bound vesicles released from cells. 
EVs from bacteria include outer membrane vesicles from gram-negative and 
membrane vesicles from gram-positive bacteria. A number of excellent reviews 
have summarized the latest in the field of bacteria-derived vesicles and therefore 
will not be addressed in this review [4–6]. These vesicles likely play an impor-
tant role during the course of an extracellular bacterial infection; however, their 
role in the context of an intracellular pathogen is less clear, as mechanisms to 
transport the vesicles outside the host cell remains to be defined. EVs differ in 
their biogenesis and composition and include three main categories; apoptotic 
bodies, exosomes and microvesicles. All three vesicle populations are enclosed 
by a lipid bilayer, but vary in size and composition. In contrast to microvesicles, 
which are generated by budding from the plasma membrane [7], exosomes are 
derived from the endolysosomal pathway and have a unique lipid and protein 
makeup. Exosomes have been the most studied in regards to infectious agents; 
however, the purity of the exosomes was not consistently established and the 
vesicle population may contain both exosomes and microvesicles since they 
partially overlap in size and density. Nevertheless, we will use the terminology 
as defined in the original paper when discussing the results.

3  Exosomes

Exosomes are formed through the fusion of multivesicular bodies (MVBs) 
with the plasma membrane and release of intra-luminal vesicles (ILVs) as exo-
somes [8]. Exosomes are 30–150 nm lipid bilayer vesicles with a density of 
1.13–1.19 g/mL. Biophysically, exosomes are equivalent to cytoplasm enclosed 
in a lipid bilayer with the external domains of transmembrane proteins exposed 
to the extracellular environment. Exosomes have been shown to be released 
from cells of hematopoietic origin, including B cells [9], mastocytes [10], den-
dritic cells (DCs) [11, 12], platelets [13], and macrophages [14] as well as cells 
of non-hematopoietic origin such as neurons and epithelial cells [15–17]. The 
exosomes can act locally at the site of organ or can circulate through various 
bodily fluids including blood and lymph resulting in a systemic response [18]. 
Exosomes were first identified in the culture media of reticulocytes [19, 20]; 
however, over the past three decades the study of exosomes has extended to 
encompass most cell types as well as their isolation from different organisms 
including unicellular eukaryotes. This conservation of exosome production and 
function through evolution suggest a strong selection for this mechanism of 
cellular communication. The advantage of using exosomes for cell-to-cell com-
munication stems from their compositional complexity which allows for more 
control over the communication process. Moreover, the presence of signaling 
lipids, proteins and various species of RNA within a single structure can lead 
to rapid and profound changes in the target cell, allowing for a swift response 
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to cellular perturbations. These changes may be induced under physiological or 
pathological conditions. Although the complexity of exosomes has clear ben-
efits to the organisms that produce them, it has made the study of their func-
tion challenging as exosome or pool of exosomes contain a diverse array of 
components many of which can induced a cellular response in the target cell. 
Moreover, the tools we have to modulate exosome production and composition 
in vitro and in vivo are limited, hindering our ability to define exosome function 
in normal and diseased states. Nevertheless, we have garnered important insight 
into exosome biogenesis, composition and function over the past decade; a de-
cade that has seen a significant increase in publications on exosomes and other 
extracellular vesicles.

3.1  Exosomes biogenesis

An important mechanism for removing plasma membrane receptors is through 
their endocytosis and trafficking to an MVB. The subsequently fusion of the 
MVB with a lysosome results in the degradation of the endocytosed receptor 
[21]. However, not all MVBs fuse with lysosomes as a sub-population can fuse 
with the plasma membrane resulting in the release of the ILVs extracellularly. 
At present it is unclear if the MVBs that fuse with the lysosome consist of a 
different subset relative to those that fuse with the plasma membrane or if a par-
ticular MVB, under the proper conditions, could follow either path. Data with 
the trafficking of MHC molecules suggest that there may indeed be separate 
populations [22]. Despite these recent studies, there remains major gaps in our 
understanding of MVB biogenesis and exosome release. Several models have 
been suggested a mechanism for ILV formation. Initial studies in yeast demon-
strated a role for the Endosomal Sorting Complex Required for Transport pro-
teins (ESCRT) [23]. Although the ESCRT machinery has primarily been studied 
for its role in the endosomal sorting and protein degradation, additional stud-
ies have imply a role for the ESCRT proteins in membrane invagination [24, 
25]. Through its ubiquitin interacting domain, ESCRT-0 clusters ubiquitinate 
proteins for delivery into MVBs [26]. And then, ESCRT-0 recruits ESCRT-1 
to the endosomal membrane, which subsequently recruits the remaining mem-
bers of the ESCRT machinery; ESCRT-II and ESCRT-III respectively [27, 28]. 
Through the formation of polymeric filaments mediated by ESCRT-III, mem-
brane invagination results in IVL formation [29] (for a recent review see [30]). 
In support of the ESCRT being involved in ILV formation, proteomic studies 
of exosomes have identified the presence of ESCRT proteins in exosomes and 
knockdown of key components of ESCRT machinery can abrogate ILV forma-
tion and exosome release [31]; however, this is likely cell-type specific [32, 33]. 
Although this general model for MVB biogenesis is supported by published 
data, it is unclear if this constitutes the primary mechanism of MVB formation 
as there are published studies which show ESCRT independent mechanisms for 
MVB biogenesis and exosome release. In support of an ESCRT-independent 
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mechanism Stuffers et al. found that depleting specific subunits from the four 
ESCRTs complexes did not completely inhibit MVB formation [32]. Studies 
by van Niel et  al. found the tetraspanin, CD63, which is a protein found at 
high concentrations on exosomes, can promote cargo sorting and ILV forma-
tion [34]. Additionally, CD81 has been demonstrated to meditate cargo sort-
ing of tetraspanin ligands such as Rac GTPase, although knockdown of this 
tetraspanin does not appear to alter MVB morphology or exosome secretion 
[35]. Altogether, the published data suggest that there are multiple mechanisms 
that can promote MVB biogenesis and exosome production as well as cargo 
loading. These mechanisms can differ between cell types and potentially even 
between different subpopulations of MVBs within a cell. In support of the lat-
ter, Buschow and colleagues have shown that within immature DCs, the MHC 
molecules which are targeted to MVBs low in cholesterol but enriched for lyso-
bisphosphatidic are destined for lysosomal degradation. In contrast, in mature 
DCs, the MHC molecules which are sorted into MVBs enriched in CD9 and 
cholesterol are targeted for fusion with the plasma membrane [22].

The fusion of the MVB with the plasma membrane is mediated by the cy-
toskeleton, fusion machinery such as the SNARE and molecular switches (i.e. 
small molecular weight GTPases) [36]. Rab GTPases are members of the Ras 
GTPase superfamily and are known to regulate four steps in membrane traf-
ficking: vesicle formation, vesicle trafficking, tethering, and fusion with target 
organelles. Presently, nearly 70 different Rab GTPases have been identified in 
mammalian cells [37] and a number of them have been found in exosomes: 
including Rab5, Rab11, Rab27, and Rab35. Some of these Rab effectors have 
been experimentally shown to function in exosome release. Initial studies sup-
ported a role for Rab11 in MVB fusion with the plasma membrane in the K562 
erythroleukaemic cell line [38]. Additional studies have implicated Rab35 in 
mediating MVB docking to the plasma membrane in neuralgia cells and deple-
tion of Rab35 resulted in a significant loss in exosomes release by these cells 
[39]. More recent studies have demonstrated a role for Rab27a and Rab27b 
in MVB biogenesis. Data suggest that Rab27a and Rab27b have different but 
sometimes redundant functions in the MVB biogenesis pathway with Rab27a 
playing a more prominent role in mediating MVB docking to the plasma mem-
brane [40]. While the Rab-GTPases have been involved in MVB trafficking 
and fusion, it is important to note that their specific role in the process is still 
being defined and will likely be cell-type dependent as well as dependent on the 
physiological/pathological state of the cell.

4  Extracellular vesicles, pathogens and infectious 
diseases

Exosomes and other EVs have been isolated and characterized in the context 
of all known pathogen classes including viruses, parasites, fungi and bacteria. 
However, the composition and activity of these EVs vary significantly between 
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the different taxa and even between pathogens in the same genus. Moreover, 
various factors such as the animal model used, the experimental design, the cell 
types chosen for the infection and which recipient cells are targeted, will affect 
the results observed.

During a bacterial infection, the host immune system is exposed to intact 
bacteria and to microbial components, and both are key to controlling the infec-
tion as well as the subversion of the immune system by the pathogen. Many of 
the bacterial components known to be involved in the activation/subversion of 
the immune response are secreted or released from the bacteria during an infec-
tion. Defining these bacterial factors as well as how they disseminate during 
an infection are necessary for our understanding of the disease and how our 
immune system responds to the infection. EVs are a newly described mecha-
nism for dissemination of these bacterial components (Table 1). Much of our 
knowledge regarding exosome/EV production and function following a bacte-
rial infection stems from work on mycobacteria, which will be discussed first, 
followed by an analysis of exosomes/EVs in the context of other bacteria.

5  Composition and function of exosomes and EVs 
during mycobacterial infections

Russell and colleagues observed that Mycobacterium tuberculosis (M.tb) com-
ponents, such as LAM and PIM, are transported from the phagosome to MVBs 
during a macrophage infection. These mycobacterial components were also 
present in extracellular vesicles released by infected macrophages, and their 

TABLE 1  Exosome production by host cells post bacterial infection

Bacterial pathogen Host sources References

Chlamydia trachomatis Fibroblast [41]

Chlamydia pneumoniae ECV304 cells [42]

Mycobacterium tuberculosis Macrophages, plasma [14, 43–49]

Mycobacterium bovis BCG Macrophages, plasma, BALF [48, 50]

Mycobacterium smegmatis Macrophages [51]

Mycobacterium avium Macrophages [51–53]

Salmonella typhimurium Macrophages [14, 54]

Mycoplasma spp. Tumor cells [55]

Bacillus anthracis Retinal pigment epithelial cells [56]

Pseudomonas pneumoniae Type-I alveolar epithelial cells, 
BALF

[57]
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content could be detected inside neighboring uninfected cells [44]. These ves-
icles have markers of a late endosomal/lysosomal compartment and are exocy-
tosed in a calcium-dependent manner [45].

Additional studies have expanded on these original observations (Fig. 2). We 
established that Mycobacterium avium-infected macrophages release vesicles 
that can stimulate a pro-inflammatory response in non-infected or “bystander” 
macrophages [52]. Similar results were reported by Wang and colleagues [53]. 
Additional studies found more exosome released by macrophages infected with 
M. avium and M. smegmatis compared to uninfected cells, as well as increased 
levels of the host protein HSP70 in exosomes released from infected macrophages. 
Anand and colleagues went on to show that HSP70 was an activator of mac-
rophages in vitro [51]. Exosomes released from M.tb- or Mycobacterium bovis 
(M. bovis) BCG-infected macrophages were also shown to be pro-inflammatory 
[52]. The mycobacterial 19-kDa lipoprotein present on exosomes that are released 
from M. tuberculosis-infected cells was later shown to be a major driver of this 

FIG. 2  Stimulation of both innate and adaptive immune responses by exosomes released from 
Mycobacterium-infected macrophages.
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inflammatory response, which was mediated through the TLR/MyD88 pathway 
[58]. Other types of EVs released from infected macrophages may also stimu-
late a pro-inflammatory response in target cells [59, 60]. Moreover, EVs isolated 
from the bronchoalveolar lavage fluid (BALF) of M. bovis BCG-infected mice 
contained mycobacterial components, including the 19 kDa lipoprotein, and were 
pro-inflammatory ex vivo. In addition, exosomes from M. bovis BCG- or M.tb-
infected macrophages could stimulate a pro-inflammatory response in vivo, as 
intranasal injection of mice induced TNF-α and IL-12 production, as well as re-
cruitment of macrophages and neutrophils to the lung [52].

Macrophages treated with exosomes from M.tb-infected macrophages se-
crete chemokines that induce naïve macrophage and T cell migration in vitro 
[48]. Together, these results suggest that exosomes from mycobacterial-infected 
cells can promote both recruitment and activation of immune cells in vitro and 
in vivo, and may play a role in promoting the innate immune response upon a 
mycobacterial infection. However, the mycobacterial components present on/
in exosomes could also function to suppress the immune response [47]. Further 
studies are needed to define the receptors and signaling responses induced upon 
exosome-macrophage interaction and how these interactions/responses change 
as the exosome composition is modified during an infection. In addition to their 
effect on macrophage activation, exosomes from M.tb-infected cells have been 
shown to activate endothelial cells through increased expression of adhesion 
molecules like ICAM-1 [61]. Exosomes were also found to induce apoptosis in 
Jurkat T cells via a member of the PE family [62]. These results indicate that the 
target of these exosome's extend to both immune and non-immune cells.

5.1  M.tb infection and characterization of exosome and EV 
cargo

The presence of the mycobacterial 19 kDa lipoprotein on exosomes released 
from M.tb infected macrophages suggested that other mycobacterial compo-
nents may also be released through exosomes and other EVs. Indeed, a number 
of studies have indicated the presence of several mycobacterial proteins, includ-
ing key antigens that induce an immune response in mice and humans [14, 43, 
63, 64]. Importantly, mycobacterial proteins have been detected on EVs isolated 
from infected mice and from TB patient serum [14, 63, 64]. Host protein con-
tent on exosomes also differ between infected and uninfected macrophages as 
Diaz et al. found 41 proteins to be significantly changed in exosomes released 
from M.tb infected and uninfected THP-1 cells [65]. Hare, et  al. also found 
the proteome to differ between EVs released from M. tuberculosis-infected and 
uninfected macrophages and many of these differentially incorporated proteins 
are associated with immune function [66]. Subsequent studies extended their 
findings to include differential incorporation of the glyco-initiating oligosac-
charyltransferase complex and glucosidase into EVs [67]. Their data suggest 
that target cells may undergo differential glycosylation upon uptake of the dif-
ferent EV populations, although this has not been directly tested.
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As exosomes and other EVs are known to contain various species of RNA, 
including miRNAs, studies have addressed how RNA composition differ be-
tween vesicles released from mycobacterial-infected compared to uninfected 
cells. Singh et al. showed approximately 100 transcripts to be enriched or unique 
to exosomes released from M.tb infected murine macrophages, many of which 
are known to be involved in regulating an immune response [68]. In this same 
study they also found numerous miRNA to be differentially expressed in exo-
somes released from infected and uninfected macrophages. Altogether, the data 
suggest that exosomes released from M.tb infected macrophages contain RNA 
species that induce a more pro-inflammatory response in target cells compared 
to exosomes from uninfected cells, which matches the previous activation studies 
described above. Differential expression of miRNA in exosomes released from 
human monocyte-derived macrophages infected with M. bovis BCG compared 
to uninfected cells was also observed, although the miRNA described appeared 
unique to each study [69]. One of the more surprising results from the Singh et al. 
study was the identification of M.tb RNA in exosomes released from infected 
macrophages [68]. At present, the host machinery required for the transport of 
the mycobacterial RNA into MVBs/exosomes remains undefined; however, a re-
cent study has shown that its release from the M.tb requires the expression of the 
mycobacterial SecA2 secretion system [70]. Interestingly, this same study found 
the mycobacterial RNA present in the EVs to activate the RIG-I/MAVS RNA 
sensing pathway in recipient macrophages, leading to increased production of 
type I interferons (IFNs) [70]. These EVs also promoted macrophage activation 
leading to increased killing of phagocytosed M.tb and again this was dependent 
on the presence of the mycobacterial RNA and activation of the RIG-I/MAVS 
pathway. The presence of microbial RNA in EVs suggest a previously unrecog-
nized mechanism of modifying the host immune response; activation of nucleic 
acid sensors, a mechanism usually associated with controlling viral infections. 
However, it is important to note that induction of type I IFNs during a M.tb 
infection promotes bacterial survival and disease pathogenesis [71, 72]. Except 
type I IFN production, the EVs from M.tb infected macrophages were also found 
to promote a noncanonical autophagy pathway and killing of the intracellular 
M.tb via the RIG-I RNA sensor pathway [72]. Similar induction of autophagy 
and killing of intracellular M.tb was found when macrophages were treated with 
EVs released from M.tb infected neutrophils [73]. The dissemination of bacterial 
RNA via EVs suggest another route of immune surveillance and warrants addi-
tional studies in mycobacterial and other bacterial pathogens.

5.2  Modulating of the adaptive immune response by EVs 
during a mycobacterial infection

Exosomes released from M.tb- or M. bovis BCG-infected cells, or from M.tb 
culture filtrate protein (CFP)-treated macrophages, can also activate antigen-
specific CD4+ and CD8+ T cells in vivo and promote the activation and matura-
tion of bone marrow-derived dendritic cells (BMDCs) [49, 50]. These exosomes 
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induce a Th1 immune response, as defined by antigen-specific T cell production 
of IFN-γ. Moreover, vaccination of mice with exosomes released from macro-
phages treated with CFP protect mice against a low-dose aerosolized M.tb in-
oculation; equivalent to BCG vaccinated mice [49]. The release of mycobacterial 
antigens from infected macrophages is not limited to exosomes. Ramachandra 
and colleagues observed that infection with M.tb or M. bovis BCG resulted in 
increased in both exosome and microvesicle release, and both vesicles could 
stimulate an antigen-specific T cell response [46]. Together, these results suggest 
that exosomes and likely other EVs can be a source of antigen for stimulating 
an acquired immune response. However, other mechanisms for antigen delivery 
during a mycobacterial infection have been proposed, including necrotic cells, 
apoptotic bodies and release of free antigen [74–76]. It is likely that M.tb anti-
gens are provided for MHC presentation through multiple routes. Unfortunately, 
our ability to test the relative importance of exosomes/EVs in antigen delivery is 
limited, due to the lack of molecular tools to block exosome production in mac-
rophages and dendritic cells without affecting other aspects of vesicular transport 
and without blocking exosome production by other cell types.

6  Composition and function of exosomes and EVs 
during other bacterial infections

Although less is known compared to mycobacterial infections, a number 
of studies have demonstrated the presence of bacterial components in exo-
somes/EVs and their potential to elicit a host response to the bacterial infec-
tion (Fig.  3). Exosomes from Salmonella-infected macrophages were found 
to promote a pro-inflammatory response by inducing TNF-α production by 
human monocytes [52]. Additionally, exosomes from S. Typhimurium infected 
macrophages stimulate the production of RANTES, IL-1ra, MIP-2 and G-CSF 
among other cytokines and growth factors and this was dependent on TLR4 
expression in the target macrophage [54]. The TLR4 dependence is likely due 
to the presence of LPS on these exosomes, a known TLR4 ligand present on 
Salmonella and other gram-negative bacteria. The study by Hui et al. also found 
that Salmonella-infected macrophages produce CD63+ and CD9+ subpopula-
tions of exosomes, which fits recent data suggesting that exosomes are hetero-
geneous in their protein composition even when released from a single cell line 
[54]. The effect of these different EV populations on the immune response is 
not known. The pro-inflammatory nature of EVs stemming from gram-negative 
bacterial infection is not limited to these in vitro studies as experiments charac-
terizing the inflammatory response associated with acute lung injury and acute 
respiratory distress syndrome found EVs isolated form the bronchoalveolar 
lavage fluid (BALF) of Pseudomonas pneumoniae Infected mice stimulated 
production of TNF-α, IL-6 and IL-1β [57]. Interestingly, EVs isolated form the 
BALF following lung oxidative stress were also pro-inflammatory but these EVs  
were primarily released from type-I alveolar epithelial cells while the ac-
tive EVs following P. pneumoniae infection were primarily from alveolar 
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macrophages. This suggest that multiple cell types are capable of producing 
pro-inflammatory EVs and these EVs may be associated with tissue damage 
under various pathological conditions. Targeting these pro-inflammatory EVs 
may have benefit for treating a number of disease where hyper-inflammation is 
a significant cause of the disease pathology.

FIG. 3  Responses of different recipient cells to exosomes released from host cells infected with 
bacterial pathogens.
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Exosomes from cells infected with Mycoplasma induce a mixed cytokine 
response, including production of both IFN-γ and IL-10 from B cells. However, 
these exosomes appear to be primarily inhibitory, at least in the context of T cell 
activation [55]. Exosomes can also be carriers of toxins, as shown by Abrami 
and colleagues, who found lethal factor (LF), a well-characterized toxin pro-
duced by Bacillus anthracis, to be packaged into intraluminal vesicles and re-
leased on exosomes when expressed in a human epithelial cell line [56]. The 
LF packaged in exosomes is protected from neutralizing extracellular factors 
such as antibodies and can be taken up by target cells. Diphtheria toxin has 
also been found on DC-derived exosomes when the DC were pulsed with the 
intact diphtheria toxoid [77]. Interestingly these exosomes were found to induce 
an antibody response specific to the diphtheria toxoid indicating that foreign 
proteins packaged in exosomes can activate B cells. This is likely occurring 
as exosomes gain access to the lymph nodes but this remains to be tested ex-
perimentally. Colino and Snapper extended this work and demonstrated that 
exosome-induced antibody response against the capsular polysaccharide of 
Streptococcus pneumoniae type 14 could protect mice from a lethal infection 
with this S. pneumoniae strain [78]. Ettelaie and colleagues reported that “mi-
croparticles” released from Chlamydia pneumoniae-infected cells contain TF, 
a blood coagulation protein, which has also been associated with cell prolif-
eration, migration, and apoptosis. The TF positive microparticles activate NF-
κB, the transcription factor that partially regulates TF expression in endothelial 
cells. C. pneumoniae elementary bodies were also proposed to be released in 
microparticles, suggesting a potential role in the dissemination of the infection 
through the vascular system. These findings have implications in control of the 
infection by the host, but also potential cardiovascular consequences in rela-
tion to inflammatory conditions such as atherosclerosis [42]. Although the C. 
pneumoniae vesicles were referred to as microparticles, the procedures used for 
isolation would enrich for exosomes. Several cytotoxic and secreted proteins 
were also associated with host vesicles released from Chlamydia trachomatis, 
which may function in the discrimination of virulence factors [41].

Together, the published studies indicate that packaging of various bacte-
rial components can occur during an active cellular infection or when endocy-
tosed by immune cells such as macrophages and dendritic cells. However, the 
mechanism by which these components are trafficked to EVs or the specificity 
of this transport remains an open question. To begin answering this question 
Smith and colleagues looked at what host factors were required for transport 
of mycobacterial proteins to exosomes. They found that mycobacterial proteins 
either released during an infection or endocytosed by macrophages required 
mono-ubiquitination for trafficking to MVBs and into the intraluminal vesicles 
[79, 80]. However, whether ubiquitination is a general mechanism for transport 
of bacterial proteins to MVBs or if other mechanisms are at play is unclear. 
Moreover, how other bacterial components such as lipids and nucleic acids are 
transported to exosomes or other EVs remains undefined.
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7  EVs as vaccines against bacterial infections

The studies on exosomes as vaccines was inspired by the discovery that exo-
somes from EBV-transformed B lymphocytes carry MHC II complex and may 
stimulate antigen-specific MHC II-restricted T lymphocyte activation in the ab-
sence of antigen-presenting cells (APCs) [9]. In the past two decades, a number 
of innovative studies have focused on developing exosome-based vaccines for 
treatment of cancers in animal models and more recently in human patients. 
Exosomes have been successfully produced under the regulations of good man-
ufacturing practice (GMP) and three exosome-based vaccine candidates have 
been evaluated in phase I clinical trials for late-stage cancer patients. One can-
didate is currently undergoing a phase II clinical trial for non-small cell lung 
cancer patients [81–84]. In the field of bacterial infections, EVs from pathogen-
infected host cells are also shedding light on the development of novel cell-free 
antibacterial vaccines. An increasing body of evidence highlights EV's distinct 
advantage as vaccines: (i) EVs are released by bacteria-infected host cells and 
inherit some properties of parental cells. This includes vesicles from APCs that 
may carry MHC I/II-antigen complex, free antigens, adjuvant molecules and 
other regulatory host factors. (ii) As endogenous components, EVs are more 
stable than most exogenous vaccines. (iii) Different from traditional vaccines, 
EVs are detected in almost all body fluids. This suggest that EV-carried antigens 
could reach distal organs or regions that are likely missed by traditional vac-
cines but nevertheless are important for protective immune responses.

As we indicated above, APC-derived EVs are particularly attractive in the 
study on EV-based antibacterial vaccines. Colino and colleagues found that exo-
somes released by mouse bone marrow-derived dendritic cells (BMDCs) pre-
treated with diphtheria toxin (DT) or capsular polysaccharide of Streptococcus 
pneumoniae type 14 (Cps14) induced Ag (DT/Cps14)-specific Ig responses in 
naïve recipient mice [77, 78]. Interestingly, exosomes from DT-treated BMDCs 
also stimulated secondary anti-DT Ig responses in mice primed with free DT. 
Different from free DT that predominantly induces a type 2 anti-DT response, 
exosomes from DT-treated BMDCs preferentially stimulate a type 1 anti-DT 
response [77]. Mouse survival assay further indicated exosomes from Cps14-
pulsed BMDCs protected mice from a lethal infection with live S. pneumoniae 
type 14 but not the strains lacking Cps14 [77].

M.tb is currently the number one cause of death by an infectious organism 
accounting for approximately 1.7 million deaths annually world-wide [85]. M. 
bovis BCG is currently the only licensed anti-TB vaccine but its efficacy waves 
over time, and has a limited protection in adolescents and adults. Exosomes pro-
vide a novel and alternative strategy for anti-TB vaccination. Exosomes from 
macrophages infected with M. bovis BCG or pretreated with M.tb CFP induced 
Ag-specific CD4+ and CD8+ T cell response in naïve mice [49, 50]. Similar 
to exosomes from DT-treated BMDCs, exosomes from CFP-treated macro-
phages boosted secondary T cell response in mice vaccinated with M. bovis 
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BCG, providing evidence for exosomes as an enhancer vaccine in combination 
with primary M. bovis BCG vaccination. Unlike M. bovis BCG, exosomes from 
CFP-treated macrophages showed a bias activation of Th1 immune response 
in vaccinated mice, which is necessary for controlling TB in patients [49, 86]. 
Additionally, studies show that M.tb infection was significantly restricted in 
mice immunized with exosomes from CFP-treated macrophages in comparison 
with those receiving exosome from untreated macrophages or a single dose of 
M. bovis BCG. As a booster vaccine, exosomes show a dose-dependent anti-
mycobacterial efficacy comparable to or higher than M. bovis BCG [49].

A limitation in the published approach to exosome-based vaccines is the use 
of in vitro antigen-pulsed APCs as the source of exosomes since this approach is 
not applicable to a large-scale GMP production of exosomes. Furthermore, the 
published studies indicate that the trafficking of antigens into exosomes depends 
on the antigens containing a “signal” for delivery to MVBs and intraluminal 
vesicles. Therefore, a simple and effective approach is needed to target antigens 
of interest into exosomes regardless of an intrinsic sorting “signal” and is practi-
cal for a large-scale production of exosomes. A possible strategy is to engineer 
a transgenic mammalian cell line that constitutively releases exosomes carrying 
antigens of choice. Published studies found that a monoubiquitin modification 
plays a critical role for mycobacterial and host protein trafficking into host-
derived exosomes [80]. We took advantage of this information and generated 
a transgenic HEK 293T cell line in which a monoubiquitin-tag was introduced 
as a general signal for protein trafficking into exosomes [87]. To optimize this 
approach, four distinct versions of monoubiquitin modification were tested and 
the results indicate that an C-terminal wild-type monoubiquitin modification 
was the most effective in trafficking GFP, M.tb Ag85B-EAST6 fusion protein 
and host Her2 protein into exosomes. However, different from exosomes re-
leased from CFP-treated or M. bovis BCG-infected macrophages, the exosomes 
from engineered HEK 293T cells failed to induce Ag85B- or ESAT6-specific 
T cell activation in the absence of adjuvants. This suggest that the engineered 
exosomes lacked a mycobacterial component present on exosomes from CFP-
treated/BCG-infected exosomes that can function as an adjuvant upon vacci-
nation. A similar strategy has been tested using the membrane C1C2-domain 
of Lactadherin or HIV Nef protein as an exosome-targeting signal sequence 
[88–92]. However, the immunogenicity of these engineered Nef exosomes re-
mains to be defined.

8  EVs as a drug delivery system

Exosomes can engage recipient cells to activate cell surface receptors as well as 
release their contents into host cells. Published studies indicate that exosomes 
have some specificity in regards to recipient cells which is dictated by their cell 
of origin [14, 70]. Unlike typical drug delivery systems, exosomes are thought to 
have higher therapeutic activity [93]. Exosomes have been extensively studied 
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for their potential as cell-free therapeutic agents and as drug delivery system to 
regulate the cellular processes of recipient cells. Among them, exosomes used as 
nucleic acid-based drug delivers are particularly attractive, as nucleic acids, in-
cluding miRNA, hairpin RNA and mRNA, can be loaded endogenously through 
exosome-producing parental cells or exogenously by electroporation [94]. For 
example, exosomes from dendritic cells engineered to express Lamp2b, an 
exosomal membrane protein, fused to the neuron-specific RVG peptide was 
found to cross the blood-brain barrier (BBB) and deliver exogenously loaded 
BACE1-specific siRNA into the brain. As a result, the expression of BACE1 
was blocked by 60% at the mRNA level and 62% at the protein level, indicating 
a potential application of exosomes as a therapeutic technique in Alzheimer's 
disease [95]. In another study, it was found that cell type-targeting exosomes 
have significantly high therapeutic activity. Exosomes isolated from HEK 293 
cells that were pre-loaded with synthetic let-7a miRNA, a tumor suppressor, and 
expressed the transmembrane domain of platelet-derived growth factor receptor 
fused to the GE11 peptide, are specifically targeted to xenograft breast cancer 
cells via a GE11-EGFR interaction and reduce the malignant growth of cancer 
cells in RAG2 −/− mice [96].

The use of EVs as drug delivery systems or for enhancing drug treatment in 
the context of an infectious disease has been relatively unexplored. However, 
one recent study has looked at EVs in the context of M.tb antibiotic treatment. 
As described above, M.tb releases its RNAs into extracellular environment via 
a SecA2-dependent pathway and some of the released RNAs is packaged into 
host-derived exosomes [70, 72]. These exosomes induce production of type I 
IFNs, and activate a ubiquitin-independent LC3-associated modification of the 
M.tb-containing phagosome in recipient infected macrophages. The increase in 
phagolysosome maturation results in restricting M.tb replication in the host cell. 
Both the type I IFN production and the noncanonical modification of M.tb-
containing phagosomes by the LC3 rely on the host RIG-I/MAVS-dependent 
pathway which is activated by the EV-bound M.tb RNA. In the same study, exo-
somes from M.tb-infected BMMs were found to limit M.tb survival in the lung 
and spleen of infected mice when administered intratracheally suggesting exo-
somes from M.tb-infected BMMs may work as pre-exposure or post-exposure 
antimycobacterial agents to control M.tb survival in host cells. Additionally, 
when co-administered with moxifloxacin, a second line anti-TB antibiotics, 
M.tb burden in the lung and spleen significantly declined when compared with 
moxifloxacin or exosomes alone. Exosome uptake assay in mice showed that 
intratracheally or intranasally administered exosomes predominantly target al-
veolar macrophages and DCs [14, 70]. It suggests that exosomes from M.tb-
infected macrophages may serve as an alternate mechanism to target anti-TB 
adjunct agents such as to augment the antimicrobial activity of anti-TB drugs. 
In the context of anti-TB therapy, exosomes could be used to supplement 2nd 
line antibiotics to treat multidrug-resistant and extensively drug-resistant TB 
(M/XDR-TB) that are difficult to treat with antibiotics alone [70]. However, 
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similar to the exosome-based vaccines, there are safety concerns as well as con-
cerns about the practicality of developing therapeutic exosomes that met GMP 
criteria.

9  Exosomes as a source of diagnostic biomarkers for 
infectious diseases

The discovery of exosomes as natural carriers of nucleic acids and proteins from 
parental cells has raised great interest in exosome-based biomarkers. A num-
ber of studies have shown quantitative and qualitative differences in exosome 
composition between healthy individuals and those with underlying diseases, 
including cancers and renal diseases [81]. Moreover in comparison to exosomes 
from health individuals, exosomes released from patients, such as those with ac-
tive TB, not only demonstrate changes in host molecules but also carry bacterial 
components including proteins, nucleic acids and lipids [64, 97]. This provides 
a distinct advantage for diagnostics as the presences of bacterial macromol-
ecules allows for higher specificity compared quantitative changes in host mol-
ecules alone. Therefore, it is surprising that more work has not been invested 
in developing exosome-based diagnostic for infectious diseases. This potential 
has been noted previously as publications have encouraged the development of 
exosome-based diagnostics for bacterial infections, especially for those diseases 
difficult to diagnose such as TB [98]. The typical diagnostic methods for TB 
include mycobacterial culture or PCR-based test using patient's sputum. The 
sensitivity and specificity of these tests are affected by multiple factors. For 
example, sputum-based tests fail in TB patients having little to no M.tb in their 
sputum or in patients who are unable to produce sputum. Additionally, M.tb is 
slow growing and it takes 3–4 weeks for a mycobacterial culture test. However, 
at present the culture test is the only one available for the diagnosis of multi-
drug- and extensively drug-resistant TB.

To investigate whether EVs could be used as biomarkers for TB diagnostics, 
the M.tb protein profile of EVs released from M.tb-infected J774 macrophages 
or from Balb/c mice were analyzed using LC-MS-MS, These studies resulted in 
the identification of 41 mycobacterial proteins in exosomes from M.tb-infected 
J774 macrophages and 69 proteins in EVs isolated from bronchoalveolar lavage 
fluid (BALF) of mice infected with M.tb H37Rv [43, 63]. During the course of 
M.tb infection in mice, a dynamic profile of mycobacterial proteins in BALF 
exosomes was observed suggesting that a panel/cocktail of M.tb proteins will 
be needed as biomarkers for an exosome-based TB diagnostics. A similar result 
was found in serum exosomes from active TB patients [64]. In the cohort of 
41 active TB patients no common M.tb protein/peptide was found in all EV 
samples. Nevertheless, the data indicates that 83% of active TB cases could be 
positively diagnosed using a biomarker candidate panel of 7 proteins that are 
unique to active TB patients, In contrast to active TB, no unique M.tb protein 
was identified in serum exosomes from individuals with latent TB, although 
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M.tb peptides were found in these individuals. Considering the fact that only a 
small group of latent patients (n = 9) were tested in the study, a larger number of 
this cohort is required to potentially identify a exosome-based biomarkers that 
distinguishes active and latent TB. In addition to M.tb protein biomarkers, there 
is significant interest in defining potential M.tb RNA biomarkers in TB patient 
EVs. Using Illumina RNA sequencing technique, a number of M.tb RNAs were 
identified in exosomes from M.tb-infected RAW264.7 macrophages and mouse 
BMMs [68, 70], and serum exosomes of active TB patients [97].

Beyond the exosome biomarkers, a key step in exosome-based diagnostics 
is a simple and cost-effective exosome enrichment approach from patient body 
fluids. For exosomal protein-based test, the high abundance of host blood pro-
teins such as albumins and globulins significantly interfere with the sensitivity 
and specificity of tests. There are some well-established approaches to enrich 
for exosomes in body fluids which could potentially be coupled with exosome-
based diagnostics. These include antibody-based capture of exosomes such as 
the use of anti-CD63 antibody-based exosome isolation reagents that are com-
mercially available. Other approaches include size exclusion. A modification 
of this approach is the development of a Capto Core 700-based size exclusion 
chromatography method that allows for the removal of free proteins with mo-
lecular weights less than 700 kDa while allowing flow through of EVs [99]. 
Protein quantification confirmed this method removes over 99% of host blood 
proteins and LC-MS-MS comparison analysis indicates this method signifi-
cantly increases the test sensitivity [99, 100]. In addition to these methods, there 
are other exosome purification approaches including the use of polymer-based 
precipitation, density-gradient centrifugation and differential ultracentrifuga-
tion. However, the disadvantage of these approaches are clear. Polymer-based 
precipitation nonspecifically pull-down vesicles and a significant amount of 
free proteins. This a particular problematic issue when blood samples are used. 
For centrifugation-dependent methods, a well-equipped laboratory is needed 
which is often difficult to obtain in resource poor setting where TB is endemic. 
For RNA-based exosome diagnostics, the level of free proteins is less a factor as 
in protein-based exosome test, but a downstream RNA enrichment/purification 
approach will be crucial.

10  Summary

It is clear that EVs are intimately involved in the host response to bacterial 
infections and that bacterial components including proteins, lipids and RNA 
can reside in EVs. However, what is less clear is whether their release promotes 
or hinders the immune response. It is likely that both are occurring during the 
course of an infection and this is dependent on the species/strain of bacteria and 
when during the course of the infection one is measuring the immune response. 
What is required to answer this question is a better understanding of which 
bacterial components are trafficked to EVs, what host factors regulate this 
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process and what effect these bacterial components have on the recipient cells. 
At present we lack many of the tools needed, including approaches to regulate 
exosome biogenesis both temporally and spatially. Nevertheless, our current 
understanding has allowed us to explore the use of exosomes and other EVs in 
the development of vaccines, drug delivery systems and diagnostic markers to 
better combat bacterial diseases. The use of EVs therapeutically will continue to 
grow as we learn more about the production, function and composition of EVs 
in context of bacterial diseases.

References

	 [1]	 Laarman A, Milder F, van Strijp J, Rooijakkers S. Complement inhibition by gram-positive 
pathogens: molecular mechanisms and therapeutic implications. J Mol Med 2010;88:115–
20. https://doi.org/10.1007/s00109-009-0572-y.

	 [2]	 Tajima  A, Iwase  T, Shinji  H, Seki  K, Mizunoe  Y. Inhibition of endothelial interleukin-8 
production and neutrophil transmigration by staphylococcus aureus beta-hemolysin. Infect 
Immun 2009;77:327–34. https://doi.org/10.1128/IAI.00748-08.

	 [3]	 Frost HR, Sanderson-Smith M, Walker M, Botteaux A, Smeesters PR. Group A streptococcal 
M-like proteins: from pathogenesis to vaccine potential. FEMS Microbiol Rev 2018;42:193–
204. https://doi.org/10.1093/femsre/fux057.

	 [4]	 Acevedo R, Fernández S, Zayas C, Acosta A, Sarmiento ME, Ferro VA, Rosenqvist E, Cam-
pa C, Cardoso D, Garcia L, Perez JL. Bacterial outer membrane vesicles and vaccine applica-
tions. Front Immunol 2014;5:121https://doi.org/10.3389/fimmu.2014.00121.

	 [5]	 Deatherage BL, Cookson BT. Membrane vesicle release in bacteria, eukaryotes, and archaea: 
a conserved yet underappreciated aspect of microbial life. Infect Immun 2012;80:1948–57. 
https://doi.org/10.1128/IAI.06014-11.

	 [6]	 Kulp A, Kuehn MJ. Biological functions and biogenesis of secreted bacterial outer mem-
brane vesicles. Annu Rev Microbiol 2010;64:163–84. https://doi.org/10.1146/annurev.mi-
cro.091208.073413.

	 [7]	 D’Souza-Schorey C, Clancy JW. Tumor-derived microvesicles: shedding light on novel mi-
croenvironment modulators and prospective cancer biomarkers. Genes Dev 2012;26:1287–
99. https://doi.org/10.1101/gad.192351.112.

	 [8]	 Schorey  JS, Cheng  Y, Singh  PP, Smith  VL. Exosomes and other extracellular vesicles 
in host-pathogen interactions. EMBO Rep 2015;16:24–43. https://doi.org/10.15252/
embr.201439363.

	 [9]	 Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding CV, Melief CJ, Geuze HJ. 
B lymphocytes secrete antigen-presenting vesicles. J Exp Med 1996;183:1161–72.

	[10]	 Raposo G, Tenza D, Mecheri S, Peronet R, Bonnerot C, Desaymard C. Accumulation of 
major histocompatibility complex class II molecules in mast cell secretory granules and their 
release upon degranulation. Mol Biol Cell 1997;8:2631–45.

	[11]	 Théry C, Regnault A, Garin J, Wolfers J, Zitvogel L, Ricciardi-Castagnoli P, Raposo G, Ami-
gorena S. Molecular characterization of dendritic cell-derived exosomes. Selective accumu-
lation of the heat shock protein hsc73. J Cell Biol 1999;147:599–610.

	[12]	 Zitvogel L, Regnault A, Lozier A, Wolfers J, Flament C, Tenza D, Ricciardi-Castagnoli P, 
Raposo G, Amigorena S. Eradication of established murine tumors using a novel cell-free 
vaccine: dendritic cell derived exosomes. Nat Med 1998;4:594–600. https://doi.org/10.1038/
nm0598-594.

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0010
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0015
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0020
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0020
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0020
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0025
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0030
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0030
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0030
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0035
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0035
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0035
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0040
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0040
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0040
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0045
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0045
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0045
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0050
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0050
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0055
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0060
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0060
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0060
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0065
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0065


The function and therapeutic use of exosomes  Chapter | 6  141

	[13]	 Heijnen  HF, Schiel  AE, Fijnheer  R, Geuze  HJ, Sixma  JJ. Activated platelets release two 
types of membrane vesicles: microvesicles by surface shedding and exosomes derived from 
exocytosis of multivesicular bodies and alpha-granules. Blood 1999;94:3791–9.

	[14]	 Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released from macrophages 
infected with intracellular pathogens stimulate a proinflammatory response in  vitro and 
in vivo. Blood 2007;110:3234–44. https://doi.org/10.1182/blood-2007-03-079152.

	[15]	 Fauré  J, Lachenal  G, Court  M, Hirrlinger  J, Chatellard-Causse  C, Blot  B, Grange  J, 
Schoehn G, Goldberg Y, Boyer V, Kirchhoff F, Raposo G, Garin  J, Sadoul R. Exosomes 
are released by cultured cortical neurones. Mol Cell Neurosci 2006;31:642–8. https://doi.
org/10.1016/j.mcn.2005.12.003.

	[16]	 Guescini  M, Genedani  S, Stocchi  V, Agnati  LF. Astrocytes and Glioblastoma cells re-
lease exosomes carrying mtDNA. J Neural Transm (Vienna) 2010;117:1–4. https://doi.
org/10.1007/s00702-009-0288-8.

	[17]	 Marzesco  A-M, Janich  P, Wilsch-Bräuninger  M, Dubreuil  V, Langenfeld  K, Corbeil  D, 
Huttner  WB. Release of extracellular membrane particles carrying the stem cell mark-
er prominin-1 (CD133) from neural progenitors and other epithelial cells. J Cell Sci 
2005;118:2849–58. https://doi.org/10.1242/jcs.02439.

	[18]	 Zhu M, Li Y, Shi J, Feng W, Nie G, Zhao Y. Exosomes as extrapulmonary signaling convey-
ors for nanoparticle-induced systemic immune activation. Small 2012;8:404–12. https://doi.
org/10.1002/smll.201101708.

	[19]	 Harding C, Heuser J, Stahl P. Endocytosis and intracellular processing of transferrin and col-
loidal gold-transferrin in rat reticulocytes: demonstration of a pathway for receptor shedding. 
Eur J Cell Biol 1984;35:256–63.

	[20]	 Johnstone RM, Adam M, Hammond JR, Orr L, Turbide C. Vesicle formation during reticu-
locyte maturation. Association of plasma membrane activities with released vesicles (exo-
somes). J Biol Chem 1987;262:9412–20.

	[21]	 Woodman PG, Futter CE. Multivesicular bodies: co-ordinated progression to maturity. Curr 
Opin Cell Biol 2008;20:408–14. https://doi.org/10.1016/j.ceb.2008.04.001.

	[22]	 Buschow  SI, Nolte-’t Hoen  ENM, van Niel  G, Pols  MS, ten Broeke  T, Lauwen  M, Os-
sendorp  F, Melief  CJM, Raposo  G, Wubbolts  R, Wauben  MHM, Stoorvogel  W. MHC II 
in dendritic cells is targeted to lysosomes or T cell-induced exosomes via distinct mul-
tivesicular body pathways. Traffic 2009;10:1528–42. https://doi.org/10.1111/j.1600-
0854.2009.00963.x.

	[23]	 Hurley JH. The ESCRT complexes. Crit Rev Biochem Mol Biol 2010;45:463–87. https://doi.
org/10.3109/10409238.2010.502516.

	[24]	 Davies BA, Lee JRE, Oestreich AJ, Katzmann DJ. Membrane protein targeting to the MVB/
lysosome. Chem Rev 2009;109:1575–86. https://doi.org/10.1021/cr800473s.

	[25]	 Metcalf D, Isaacs AM. The role of ESCRT proteins in fusion events involving lysosomes, 
endosomes and autophagosomes. Biochem Soc Trans 2010;38:1469–73. https://doi.
org/10.1042/BST0381469.

	[26]	 Raiborg C, Stenmark H. Hrs and endocytic sorting of ubiquitinated membrane proteins. Cell 
Struct Funct 2002;27:403–8.

	[27]	 Babst M, Katzmann DJ, Snyder WB, Wendland B, Emr SD. Endosome-associated complex, 
ESCRT-II, recruits transport machinery for protein sorting at the multivesicular body. Dev 
Cell 2002;3:283–9.

	[28]	 Katzmann DJ, Babst M, Emr SD. Ubiquitin-dependent sorting into the multivesicular body 
pathway requires the function of a conserved endosomal protein sorting complex, ESCRT-I. 
Cell 2001;106:145–55.

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0070
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0070
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0070
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0075
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0080
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0085
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0085
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0085
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0090
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0095
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0100
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0100
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0100
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0105
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0110
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0110
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0115
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0120
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0120
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0125
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0125
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0130
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0130
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0130
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0135
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0135
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0140
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0140
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0140
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0145
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0145
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0145


142  Exosomes

	[29]	 Wollert T, Wunder C, Lippincott-Schwartz J, Hurley JH. Membrane scission by the ESCRT-
III complex. Nature 2009;458:172–7. https://doi.org/10.1038/nature07836.

	[30]	 Hanson  PI, Cashikar  A. Multivesicular body morphogenesis. Annu Rev Cell Dev Biol 
2012;28:337–62. https://doi.org/10.1146/annurev-cellbio-092910-154152.

	[31]	 Tamai K, Tanaka N, Nakano T, Kakazu E, Kondo Y, Inoue J, Shiina M, Fukushima K, Hoshi-
no T, Sano K, Ueno Y, Shimosegawa T, Sugamura K. Exosome secretion of dendritic cells is 
regulated by Hrs, an ESCRT-0 protein. Biochem Biophys Res Commun 2010;399:384–90. 
https://doi.org/10.1016/j.bbrc.2010.07.083.

	[32]	 Stuffers  S, Sem Wegner  C, Stenmark  H, Brech  A. Multivesicular endosome biogen-
esis in the absence of ESCRTs. Traffic 2009;10:925–37. https://doi.org/10.1111/j.1600-
0854.2009.00920.x.

	[33]	 Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille P, Brügger B, 
Simons M. Ceramide triggers budding of exosome vesicles into multivesicular endosomes. 
Science 2008;319:1244–7. https://doi.org/10.1126/science.1153124.

	[34]	 van Niel G, Charrin S, Simoes S, Romao M, Rochin L, Saftig P, Marks MS, Rubinstein E, Ra-
poso G. The tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal sorting 
during melanogenesis. Dev Cell 2011;21:708–21. https://doi.org/10.1016/j.devcel.2011.08.019.

	[35]	 Perez-Hernandez  D, Gutiérrez-Vázquez  C, Jorge  I, López-Martín  S, Ursa  A, Sánchez-
Madrid  F, Vázquez  J, Yáñez-Mó  M. The intracellular interactome of tetraspanin-enriched 
microdomains reveals their function as sorting machineries toward exosomes. J Biol Chem 
2013;288:11649–61. https://doi.org/10.1074/jbc.M112.445304.

	[36]	 Colombo  M, Raposo  G, Théry  C. Biogenesis, secretion, and intercellular interactions of 
exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol 2014;30:255–89. https://
doi.org/10.1146/annurev-cellbio-101512-122326.

	[37]	 Schwartz SL, Cao C, Pylypenko O, Rak A, Wandinger-Ness A. Rab GTPases at a glance. J 
Cell Sci 2007;120:3905–10. https://doi.org/10.1242/jcs.015909.

	[38]	 Savina A, Vidal M, Colombo MI. The exosome pathway in K562 cells is regulated by Rab11. 
J Cell Sci 2002;115:2505–15.

	[39]	 Hsu C, Morohashi Y, Yoshimura S-I, Manrique-Hoyos N, Jung S, Lauterbach MA, Bakhti M, 
Grønborg  M, Möbius  W, Rhee  J, Barr  FA, Simons  M. Regulation of exosome secretion 
by Rab35 and its GTPase-activating proteins TBC1D10A-C. J Cell Biol 2010;189:223–32. 
https://doi.org/10.1083/jcb.200911018.

	[40]	 Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A, Moita CF, Schauer K, 
Hume AN, Freitas RP, Goud B, Benaroch P, Hacohen N, Fukuda M, Desnos C, Seabra MC, 
Darchen F, Amigorena S, Moita LF, Thery C. Rab27a and Rab27b control different steps 
of the exosome secretion pathway. Nat Cell Biol 2010;12:19–30. Sup. pp 1–13, https://doi.
org/10.1038/ncb2000.

	[41]	 Frohlich  K, Hua  Z, Wang  J, Shen  L. Isolation of Chlamydia trachomatis and membrane 
vesicles derived from host and bacteria. J Microbiol Methods 2012;91:222–30. https://doi.
org/10.1016/j.mimet.2012.08.012.

	[42]	 Ettelaie C, Collier MEW, James NJ, Li C. Induction of tissue factor expression and release 
as microparticles in ECV304 cell line by Chlamydia pneumoniae infection. Atherosclerosis 
2007;190:343–51. https://doi.org/10.1016/j.atherosclerosis.2006.04.005.

	[43]	 Giri PK, Kruh NA, Dobos KM, Schorey JS. Proteomic analysis identifies highly antigenic 
proteins in exosomes from M. tuberculosis-infected and culture filtrate protein-treated mac-
rophages. Proteomics 2010;10:3190–202. https://doi.org/10.1002/pmic.200900840.

	[44]	 Beatty WL, Russell DG. Identification of mycobacterial surface proteins released into sub-
cellular compartments of infected macrophages. Infect Immun 2000;68:6997–7002.

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0150
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0150
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0155
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0155
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0160
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0165
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0165
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0165
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0170
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0170
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0170
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0175
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0175
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0175
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0180
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0185
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0190
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0190
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0195
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0195
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0200
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0200
https://doi.org/10.1038/ncb2000
https://doi.org/10.1038/ncb2000
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0210
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0215
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0220
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0225
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0225


The function and therapeutic use of exosomes  Chapter | 6  143

	[45]	 Beatty WL, Ullrich HJ, Russell DG. Mycobacterial surface moieties are released from in-
fected macrophages by a constitutive exocytic event. Eur J Cell Biol 2001;80:31–40. https://
doi.org/10.1078/0171-9335-00131.

	[46]	 Ramachandra L, Qu Y, Wang Y, Lewis CJ, Cobb BA, Takatsu K, Boom WH, Dubyak GR, 
Harding  CV. Mycobacterium tuberculosis synergizes with ATP to induce release of mi-
crovesicles and exosomes containing major histocompatibility complex class II molecules 
capable of antigen presentation. Infect Immun 2010;78:5116–25. https://doi.org/10.1128/
IAI.01089-09.

	[47]	 Singh PP, LeMaire C, Tan JC, Zeng E, Schorey JS. Exosomes released from M. tuberculosis 
infected cells can suppress IFN-γ mediated activation of naïve macrophages. PLoS ONE 
2011;6:e18564. https://doi.org/10.1371/journal.pone.0018564.

	[48]	 Singh PP, Smith VL, Karakousis PC, Schorey JS. Exosomes isolated from mycobacteria-
infected mice or cultured macrophages can recruit and activate immune cells in vitro and 
in vivo. J Immunol 2012;189:777–85. https://doi.org/10.4049/jimmunol.1103638.

	[49]	 Cheng Y, Schorey JS. Exosomes carrying mycobacterial antigens can protect mice against 
Mycobacterium tuberculosis infection. Eur J Immunol 2013;43:3279–90. https://doi.
org/10.1002/eji.201343727.

	[50]	 Giri PK, Schorey JS. Exosomes derived from M. bovis BCG infected macrophages activate 
antigen-specific CD4+ and CD8+ T cells in vitro and in vivo. PLoS ONE 2008;3:e2461. 
https://doi.org/10.1371/journal.pone.0002461.

	[51]	 Anand  PK, Anand  E, Bleck  CKE, Anes  E, Griffiths  G. Exosomal Hsp70 induces a 
pro-inflammatory response to foreign particles including mycobacteria. PLoS ONE 
2010;5:e10136. https://doi.org/10.1371/journal.pone.0010136.

	[52]	 Bhatnagar S, Schorey JS. Exosomes released from infected macrophages contain Mycobac-
terium avium glycopeptidolipids and are proinflammatory. J Biol Chem 2007;282:25779–89. 
https://doi.org/10.1074/jbc.M702277200.

	[53]	 Wang J, Chen C, Xie P, Pan Y, Tan Y, Tang L. Proteomic analysis and immune properties of 
exosomes released by macrophages infected with mycobacterium avium. Microbes Infect 
2014;16:283–91. https://doi.org/10.1016/j.micinf.2013.12.001.

	[54]	 Hui WW, Hercik K, Belsare S, Alugubelly N, Clapp B, Rinaldi C, Edelmann MJ. Salmo-
nella enterica serovar typhimurium alters the extracellular proteome of macrophages and 
leads to the production of proinflammatory exosomes. Infect Immun 2018;86 https://doi.
org/10.1128/IAI.00386-17.

	[55]	 Yang C, Chalasani G, Ng Y-H, Robbins PD. Exosomes released from mycoplasma infected 
tumor cells activate inhibitory B cells. PLoS ONE 2012;7 https://doi.org/10.1371/journal.
pone.0036138.

	[56]	 Abrami L, Brandi L, Moayeri M, Brown MJ, Krantz BA, Leppla SH, van der Goot FG. Hi-
jacking multivesicular bodies enables long-term and exosome-mediated long-distance action 
of anthrax toxin. Cell Rep 2013;5:986–96. https://doi.org/10.1016/j.celrep.2013.10.019.

	[57]	 Lee H, Zhang D, Laskin DL, Jin Y. Functional evidence of pulmonary extracellular vesicles 
in infectious and noninfectious lung inflammation. J Immunol 2018;201:1500–9. https://doi.
org/10.4049/jimmunol.1800264.

	[58]	 Schorey JS, Bhatnagar S. Exosome function: from tumor immunology to pathogen biology. 
Traffic 2008;9:871–81. https://doi.org/10.1111/j.1600-0854.2008.00734.x.

	[59]	 Athman JJ, Wang Y, McDonald DJ, Boom WH, Harding CV, Wearsch PA. Bacterial mem-
brane vesicles mediate the release of Mycobacterium tuberculosis lipoglycans and lipopro-
teins from infected macrophages. J Immunol 2015;195:1044–53. https://doi.org/10.4049/
jimmunol.1402894.

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0230
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0230
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0230
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0235
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0240
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0240
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0240
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0245
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0245
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0245
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0250
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0255
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0255
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0255
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0260
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0260
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0260
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0265
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0265
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0265
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0270
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0275
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0280
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0280
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0280
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0285
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0285
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0285
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0290
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0290
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0290
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0295
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0295
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0300
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0300
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0300
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0300


144  Exosomes

	[60]	 Walters SB, Kieckbusch J, Nagalingam G, Swain A, Latham SL, Grau GER, Britton WJ, 
Combes V, Saunders BM. Microparticles from mycobacteria-infected macrophages promote 
inflammation and cellular migration. J Immunol 2013;190:669–77. https://doi.org/10.4049/
jimmunol.1201856.

	[61]	 Li L, Cheng Y, Emrich S, Schorey J. Activation of endothelial cells by extracellular vesi-
cles derived from Mycobacterium tuberculosis infected macrophages or mice. PLoS ONE 
2018;13:e0198337. https://doi.org/10.1371/journal.pone.0198337.

	[62]	 Balaji KN, Goyal G, Narayana Y, Srinivas M, Chaturvedi R, Mohammad S. Apoptosis trig-
gered by Rv1818c, a PE family gene from Mycobacterium tuberculosis is regulated by mito-
chondrial intermediates in T cells. Microbes Infect 2007;9:271–81. https://doi.org/10.1016/j.
micinf.2006.11.013.

	[63]	 Kruh-Garcia NA, Schorey JS, Dobos KM. Exosomes: new tuberculosis biomarkers—pros-
pects from the bench to the clinic. In: Understanding tuberculosis—global experiences and 
innovative approaches to the diagnosis. 2012. https://doi.org/10.5772/30720.

	[64]	 Kruh-Garcia NA, Wolfe LM, Chaisson LH, Worodria WO, Nahid P, Schorey JS, Davis JL, 
Dobos KM. Detection of Mycobacterium tuberculosis peptides in the exosomes of patients 
with active and latent M. tuberculosis infection using MRM-MS. PLoS ONE 2014;9:e103811. 
https://doi.org/10.1371/journal.pone.0103811.

	[65]	 Diaz  G, Wolfe  LM, Kruh-Garcia  NA, Dobos  KM. Changes in the membrane-associated 
proteins of exosomes released from human macrophages after Mycobacterium tuberculosis 
infection. Sci Rep 2016;6:37975. https://doi.org/10.1038/srep37975.

	[66]	 Hare NJ, Chan B, Chan E, Kaufman KL, Britton WJ, Saunders BM. Microparticles released 
from Mycobacterium tuberculosis-infected human macrophages contain increased levels 
of the type I interferon inducible proteins including ISG15. Proteomics 2015;15:3020–9. 
https://doi.org/10.1002/pmic.201400610.

	[67]	 Hare NJ, Lee LY, Loke I, Britton WJ, Saunders BM, Thaysen-Andersen M. Mycobacterium 
tuberculosis infection manipulates the glycosylation machinery and the N-glycoproteome of 
human macrophages and their microparticles. J Proteome Res 2017;16:247–63. https://doi.
org/10.1021/acs.jproteome.6b00685.

	[68]	 Singh PP, Li L, Schorey JS. Exosomal RNA from Mycobacterium tuberculosis-infected cells 
is functional in recipient macrophages. Traffic 2015;16:555–71. https://doi.org/10.1111/
tra.12278.

	[69]	 Alipoor  SD, Mortaz  E, Tabarsi  P, Farnia  P, Mirsaeidi  M, Garssen  J, Movassaghi  M, Ad-
cock IM. Bovis Bacillus Calmette-Guerin (BCG) infection induces exosomal miRNA release 
by human macrophages. J Transl Med 2017;15:105. https://doi.org/10.1186/s12967-017-
1205-9.

	[70]	 Cheng Y, Schorey JS. Extracellular vesicles deliver Mycobacterium RNA to promote host 
immunity and bacterial killing. EMBO Rep 2019. https://doi.org/10.15252/embr.201846613.

	[71]	 Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, Wilkinson KA, Banchere-
au R, Skinner  J, Wilkinson RJ, Quinn C, Blankenship D, Dhawan R, Cush JJ, Mejias A, 
Ramilo O, Kon OM, Pascual V, Banchereau  J, Chaussabel D, O’Garra A. An interferon-
inducible neutrophil-driven blood transcriptional signature in human tuberculosis. Nature 
2010;466:973–7. https://doi.org/10.1038/nature09247.

	[72]	 Cheng  Y, Schorey  JS. Mycobacterium tuberculosis-induced IFN-β production requires 
cytosolic DNA and RNA sensing pathways. J Exp Med 2018;215:2919–35. https://doi.
org/10.1084/jem.20180508.

	[73]	 Alvarez-Jiménez  VD, Leyva-Paredes  K, García-Martínez  M, Vázquez-Flores  L, García-
Paredes VG, Campillo-Navarro M, Romo-Cruz I, Rosales-García VH, Castañeda-Casimiro J, 

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0305
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0310
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0310
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0310
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0315
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0320
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0320
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0320
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0325
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0330
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0335
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0340
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0345
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0345
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0345
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0350
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0355
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0355
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0360
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0365
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0365
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0365
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370


The function and therapeutic use of exosomes  Chapter | 6  145

González-Pozos  S, Hernández  JM, Wong-Baeza  C, García-Pérez  BE, Ortiz-Navarrete  V, 
Estrada-Parra S, Serafín-López J, Wong-Baeza I, Chacón-Salinas R, Estrada-García I. Ex-
tracellular vesicles released from mycobacterium tuberculosis-infected neutrophils promote 
macrophage autophagy and decrease intracellular mycobacterial survival. Front Immunol 
2018;9. https://doi.org/10.3389/fimmu.2018.00272.

	[74]	 Behar SM, Martin CJ, Nunes-Alves C, Divangahi M, Remold HG. Lipids, apoptosis, and 
cross-presentation: links in the chain of host defense against Mycobacterium tuberculosis. 
Microbes Infect 2011;13:749–56. https://doi.org/10.1016/j.micinf.2011.03.002.

	[75]	 Sridharan H, Upton JW. Programmed necrosis in microbial pathogenesis. Trends Microbiol 
2014;22:199–207. https://doi.org/10.1016/j.tim.2014.01.005.

	[76]	 Srivastava  S, Ernst  JD. Cell-to-cell transfer of M. tuberculosis antigens optimizes 
CD4 T cell priming. Cell Host Microbe 2014;15:741–52. https://doi.org/10.1016/j.
chom.2014.05.007.

	[77]	 Colino J, Snapper CM. Exosomes from bone marrow dendritic cells pulsed with diphtheria 
toxoid preferentially induce type 1 antigen-specific IgG responses in naive recipients in the 
absence of free antigen. J Immunol 2006;177:3757–62.

	[78]	 Colino J, Snapper CM. Dendritic cell-derived exosomes express a Streptococcus pneumoni-
ae capsular polysaccharide type 14 cross-reactive antigen that induces protective immuno-
globulin responses against pneumococcal infection in mice. Infect Immun 2007;75:220–30. 
https://doi.org/10.1128/IAI.01217-06.

	[79]	 Smith  VL, Cheng  Y, Bryant  BR, Schorey  JS. Exosomes function in antigen presentation 
during an in vivo Mycobacterium tuberculosis infection. Sci Rep 2017;7:43578. https://doi.
org/10.1038/srep43578.

	[80]	 Smith VL, Jackson L, Schorey JS. Ubiquitination as a mechanism to transport soluble my-
cobacterial and eukaryotic proteins to exosomes. J Immunol 2015;195:2722–30. https://doi.
org/10.4049/jimmunol.1403186.

	[81]	 Chaput N, Théry C. Exosomes: immune properties and potential clinical implementations. 
Semin Immunopathol 2011;33:419–40. https://doi.org/10.1007/s00281-010-0233-9.

	[82]	 Dai  S, Wei  D, Wu  Z, Zhou  X, Wei  X, Huang  H, Li  G. Phase I clinical trial of autolo-
gous ascites-derived exosomes combined with GM-CSF for colorectal cancer. Mol Ther 
2008;16:782–90. https://doi.org/10.1038/mt.2008.1.

	[83]	 Escudier B, Dorval T, Chaput N, André F, Caby M-P, Novault S, Flament C, Leboulaire C, 
Borg  C, Amigorena  S, Boccaccio  C, Bonnerot  C, Dhellin  O, Movassagh  M, Piperno  S, 
Robert  C, Serra  V, Valente  N, Le Pecq  J-B, Spatz  A, Lantz  O, Tursz  T, Angevin  E, Zit-
vogel L. Vaccination of metastatic melanoma patients with autologous dendritic cell (DC) 
derived-exosomes: results of thefirst phase I clinical trial. J Transl Med 2005;3:10. https://
doi.org/10.1186/1479-5876-3-10.

	[84]	 Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, Valente N, Shreeniwas R, Sut-
ton MA, Delcayre A, Hsu D-H, Le Pecq J-B, Lyerly HK. A phase I study of dexosome im-
munotherapy in patients with advanced non-small cell lung cancer. J Transl Med 2005;3:9. 
https://doi.org/10.1186/1479-5876-3-9.

	[85]	 WHO. WHO | Global tuberculosis report, http://www.who.int/tb/publications/global_report/
en/; 2018. [accessed 2 March 2019].

	[86]	 O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MPR. The immune 
response in tuberculosis. Annu Rev Immunol 2013;31:475–527. https://doi.org/10.1146/
annurev-immunol-032712-095939.

	[87]	 Cheng Y, Schorey JS. Targeting soluble proteins to exosomes using a ubiquitin tag. Biotech-
nol Bioeng 2016;113:1315–24. https://doi.org/10.1002/bit.25884.

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0370
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0375
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0375
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0375
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0380
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0380
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0385
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0385
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0385
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0390
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0390
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0390
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0395
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0400
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0400
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0400
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0405
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0410
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0410
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0415
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0415
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0415
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0420
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0425
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0425
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0425
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0425
http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0435
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0435
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0435
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0440
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0440


146  Exosomes

	 [88]	 Delcayre  A, Estelles  A, Sperinde  J, Roulon  T, Paz  P, Aguilar  B, Villanueva  J, Khine  S, 
Le Pecq J-B. Exosome display technology: applications to the development of new diag-
nostics and therapeutics. Blood Cells Mol Dis 2005;35:158–68. https://doi.org/10.1016/j.
bcmd.2005.07.003.

	 [89]	 Hartman ZC, Wei J, Glass OK, Guo H, Lei G, Yang X-Y, Osada T, Hobeika A, Delcayre A, 
Le Pecq J-B, Morse MA, Clay TM, Lyerly HK. Increasing vaccine potency through exosome 
antigen targeting. Vaccine 2011;29:9361–7. https://doi.org/10.1016/j.vaccine.2011.09.133.

	 [90]	 Lattanzi L, Federico M. A strategy of antigen incorporation into exosomes: comparing cross-
presentation levels of antigens delivered by engineered exosomes and by lentiviral virus-like 
particles. Vaccine 2012;30:7229–37. https://doi.org/10.1016/j.vaccine.2012.10.010.

	 [91]	 Rountree RB, Mandl SJ, Nachtwey JM, Dalpozzo K, Do L, Lombardo JR, Schoonmaker PL, 
Brinkmann K, Dirmeier U, Laus R, Delcayre A. Exosome targeting of tumor antigens ex-
pressed by cancer vaccines can improve antigen immunogenicity and therapeutic efficacy. 
Cancer Res 2011;71:5235–44. https://doi.org/10.1158/0008-5472.CAN-10-4076.

	 [92]	 Zeelenberg IS, Ostrowski M, Krumeich S, Bobrie A, Jancic C, Boissonnas A, Delcayre A, 
Le Pecq  J-B, Combadière B, Amigorena S, Théry C. Targeting tumor antigens to secret-
ed membrane vesicles in vivo induces efficient antitumor immune responses. Cancer Res 
2008;68:1228–35. https://doi.org/10.1158/0008-5472.CAN-07-3163.

	 [93]	 Tian  Y, Li  S, Song  J, Ji  T, Zhu  M, Anderson  GJ, Wei  J, Nie  G. A doxorubicin delivery 
platform using engineered natural membrane vesicle exosomes for targeted tumor therapy. 
Biomaterials 2014;35:2383–90. https://doi.org/10.1016/j.biomaterials.2013.11.083.

	 [94]	 EL Andaloussi  S, Mäger  I, Breakefield  XO, Wood  MJA. Extracellular vesicles: biology 
and emerging therapeutic opportunities. Nat Rev Drug Discov 2013;12:347–57. https://doi.
org/10.1038/nrd3978.

	 [95]	 Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJA. Delivery of siRNA to the 
mouse brain by systemic injection of targeted exosomes. Nat Biotechnol 2011;29:341–5. 
https://doi.org/10.1038/nbt.1807.

	 [96]	 Ohno S, Takanashi M, Sudo K, Ueda S, Ishikawa A, Matsuyama N, Fujita K, Mizutani T, 
Ohgi T, Ochiya T, Gotoh N, Kuroda M. Systemically injected exosomes targeted to EGFR 
deliver antitumor microRNA to breast cancer cells. Mol Ther 2013;21:185–91. https://doi.
org/10.1038/mt.2012.180.

	 [97]	 Schorey  JS, Singh  PP, Cheng  Y. Exosomal biomarkers diagnostic of tuberculosis. 2017. 
US20170253916A1.

	 [98]	 Sheridan C. Exosome cancer diagnostic reaches market. Nat Biotechnol 2016;34:359–60. 
https://doi.org/10.1038/nbt0416-359.

	 [99]	 Schorey JS, Cheng Y. Particle size purification method and devices. 2019. US20190011342A1.
	[100]	 Diaz G, Bridges C, Lucas M, Cheng Y, Schorey JS, Dobos KM, Kruh-Garcia NA. Protein 

digestion, ultrafiltration, and size exclusion chromatography to optimize the isolation of exo-
somes from human blood plasma and serum. J Vis Exp 2018. https://doi.org/10.3791/57467.   

http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0445
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0450
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0450
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0450
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0455
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0455
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0455
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0460
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0465
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0470
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0470
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0470
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0475
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0480
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0485
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0490
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0490
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0495
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0495
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0500
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0505
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0505
http://refhub.elsevier.com/B978-0-12-816053-4.00006-7/rf0505


147
Exosomes. https://doi.org/10.1016/B978-0-12-816053-4.00007-9
© 2020 Elsevier Inc. All rights reserved.

1  Introduction

Human Immunodeficiency Virus Type 1 (HIV-1), together with HIV-2, are ret-
roviruses responsible for causing HIV infection which leads to acquired immu-
nodeficiency syndrome (AIDS) [1]. The virus is normally transmitted through 
sexual intercourse but can also be transmitted through sharing of needles and 
from mother to child via breast-feeding [1]. There are many ways in which 
HIV-1 can propagate once they are in the host, and exosomes which are 30–
100nm vesicles have been shown to play a vital role in the pathogenesis of 
HIV-1. Membrane-bound exosomes are derived from endosomes and are ubiq-
uitously found in many cell types and from various biological fluids including 
plasma [2], saliva [3], urine [4], ascitic fluid [5], semen [6], breast milk [7], 
cerebrospinal fluid (CSF) [8], bronchoalveolar lavage (BAL) [9], and amniotic 
fluid [10]. These nanometer-sized vesicles can be secreted from immune cells 
including but not limited to macrophages, B-cells, T-cells, dendritic cells (DCs) 
and tumour cells [11, 12]. Exosomes secretion is being employed for cell-cell 
communication, and information carried in exosomes can regulate gene expres-
sion, cell proliferation and invasion, and immune regulation in various cell types 
[4, 11, 12]. These findings were discovered more than 30 years ago and became 
a major topic of research since after it was found that exosomes from B-cells 
could transport major histocompatibility complex class II (MHC-II) to T-cells 
[13]. In 2007, human exosomes from mast cells were found to contain messen-
ger RNA (mRNA) and microRNA (miRNA) that have exerted biological effects 
in the recipient cells [14, 15]. In this article, we will review the implication of 
exosomes on the pathogenesis of HIV-1, and how a deeper understanding on 
exosomes could contribute towards better clinical judgements.
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2  Exosomes and HIV-1: The chicken or egg?

Interestingly, exosomes have been shown to highly resemble HIV-1 particles in 
terms of physical and chemical properties [16]. The question of whether exo-
somes evolved into retrovirus or the other way around then becomes a debate 
among scientists in the field. The model, Trojan exosome hypothesis proposed 
that the evolution from exosome to retrovirus happens following the mutation 
of gag genes [17, 18]. This idea is supported by the fact that the virus can hijack 
pre-existing exosome pathways for viral dissemination to cells lacking Env and 
receptors for viral entry [19]. In contrast, the second theory suggested that the 
retroviruses may have evolved to exploit the exosomal pathway for the cell-cell 
communication which then aggravate the virus pathogenesis [20]. The Trojan 
exosome hypothesis is however a misnomer because the budding of HIV-1 re-
sembles that of ectosomes, a form of extracellular vesicle biochemically dif-
ferent to exosomes [21]. While both models are on two extreme ends, both are 
on agreement that exosomes play a vital role in HIV-1 pathogenesis due to the 
similarity of lipid, protein, carbohydrate and even RNAs composition between 
the viral particle and exosome.

Physically, exosomes and HIV-1 particles are similar in terms of size and 
density, and both are surrounded by a lipid bilayer. In terms of compositions, 
both have lipid composed of cholesterol and glycosphingolipids [22], carbohy-
drate group (high mannose and complex N-linked glycans) [23] and proteins 
(MHC, tetraspanins, actin, and TSG101) [24]. The type of RNA contents in both 
exosomes and HIV-1 particles is also fairly similar. A recent study also showed 
that the secretion of exosomes by DCs is highly dependent on DC immune-
receptor, which is the same receptor used by HIV virions to interact with DCs 
and CD4+ T-cells. The inhibition of this receptor reduced exosomal secretion, 
suggesting the similarity in the mechanisms utilized by both HIV-1 and exo-
somes [25]. Hence, it is believed that HIV-1 particles are generated through the 
same exosome biogenesis pathway [20]. Immune response related molecules 
such as MHC-II can also be incorporated into the viral particle, to evade the host 
immune surveillance [17].

Exosomes are extracellular vesicles (EV) secreted by humans, other ani-
mals, and microorganisms including bacteria [26], fungi [27], and protozoans 
[27]. Other than exosomes, EV can be in the form of apoptotic bodies or mi-
crovesicles such as ectosomes. What differentiates exosomes to other form of 
EV (e.g. ectosome) is how the vesicles are generated and its contents. Exosomes 
are generally either assembled from the plasma membrane, cytosol, or endocytic 
compartments without the presence of organelles and serum proteins [28]. Its 
contents include proteins, lipids, carbohydrates, small molecules, and various 
types of RNA species, but the molecular mechanisms on how these cargos are 
recruited remains to be elaborated. What is known currently is that endosomal 
sorting complex required for transport (ESCRT) is important in the formation of 
intraluminal vesicles and budding of exosomes, and ESCRT-associated protein, 
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TSG101 contributes to the secretion of cancer exosomes [15, 29]. Interestingly, 
exosomes have been reported to be secreted in an ESCRT-independent manner 
involving tetraspanins [30, 31]. Besides tetraspanins, a group of proteins be-
longing to the small GTPase family identified as RAB family have been shown 
to also be involved in several processes of vesicular trafficking including vesicle 
docking, budding, membrane fusion, and possibly exosomal release. In cancer 
cells, loss of several members of the RAB family have been shown to quickly 
deplete exosome secretion, supporting its importance in the exosome secretion 
pathway [15, 32].

While exosomes and viral particles share many biochemical properties, 
viral particles have several key differences to exosomes. Structurally, exo-
somes can vary greatly depending on the originating cell type, whereas HIV 
particles are generally more uniform regardless of the type of infected cells 
[33]. Biochemically, the internal cargoes of exosomes are heavily cell type-
dependent, whereas HIV-1 particles always carry the same contents. For ex-
ample, the exosomes of HIV-1-infected cells are enriched with viral RNAs and 
proteins such as Nef [34].

3  Exosomes as double-edged sword in HIV-1

The composition of exosomes from biological fluids vary greatly from one to 
another, which can either promote or inhibit viral pathogenesis. Whether viral 
pathogenesis is inhibited or promoted depends greatly on their cellular origins. 
For example, exosomes derived from HIV-1-infected cells generally exhibit 
pathogenesis enhancement [35], while exosomes from other sources such as 
saliva, tears, breast milk and seminal fluids exhibit protective properties [4]. 
Fig. 1 summarizes the exosome-associated molecules that could either promote 
or inhibit HIV-1 pathogenesis.

Blood is where HIV-1 resides and is also the mode of transmission for HIV-
1. The blood contains various types of cells and is therefore filled with a pleth-
ora of exosomes exhibiting different properties [4]. As discussed previously, 
cells infected with HIV-1 secrete exosomes that could enhance viral dissemina-
tion. These exosomes contain chemokine receptors such as CCR5 and CXCR4 
that are delivered to recipient cells to facilitate HIV-1 entry through the binding 
of viral envelope proteins to these receptors [36]. Nef-containing exosomes se-
creted from infected cells can also induce T-cell apoptosis [34], downregulation 
of immune cell molecules such as CD4 and MHC-I [37], and inhibit various 
RNAs [38]. The dissemination of viral particles is also enhanced by Nef as it 
promotes exosomal secretion [34]. Another way of immune evasion by the virus 
is by removing several cell surface molecules such as CD45, CD86 and MHC-II 
through exosomes. Furthermore, the viral particles have also been known to 
incorporate a variety of host cell molecules, thereby masking its presence from 
immune surveillance cells such as natural killer (NK) cells [4, 39]. The findings 
which demonstrated the viral dissemination via Env- and receptor-independent 



150  Exosomes

pathways also pose a huge challenge to the current development of anti-viral 
strategies against the fusion of the virus with the recipient cell [19, 40]. In addi-
tion, a recent study has strengthened the notion that despite the combination of 
antiretroviral therapies, extracellular vesicles containing HIV-1 viral products 
could still continuously be released, which consequently led to neurocognitive 
immunological disarray [41].

In contrast, exosomes found in breast milk and semen exhibit anti-viral 
properties. While it is expected for breast milk's exosomes to contain anti-viral 
properties to provide natural immunity for infants, it is surprising that semen-
derived exosomes also exhibit anti-viral properties. It was found that exosomes 
derived from semen can inhibit the reverse transcription of viral RNA [28]. 

FIG. 1  Double-sword role of exosomes in HIV-1 pathogenesis. Exosomes are in close contact 
with all cell types. Nef is capable of enhancing the production of HIV-1 associated exosomes, hence 
promoting the viral pathogenesis. Nef also down-regulates key surface molecules in host immune 
defense mechanism such as MHC-1 and CD4. Similarly, HIV-1 associated exosomes are able to 
reduce the expression of CD45, CD86, and MHC-II surface molecules. Meanwhile, exosomes up-
regulate the expression of co-receptors CCR5 and CXCR4 to enhance the HIV-1 entry. In contrast, 
exosomes also exhibit anti-viral activities. They were found to inhibit viral RNA transcription, and 
interfere with the function of Tat, RNA polymerase II, NF-κβ and Sp1. Exosomes also carry the 
host-derived APOBEG3G which inhibits HIV-1 replication to the non-infected cells.
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However, this does not seem to be effective enough to prevent HIV-1 spreading 
as sexual intercourse is still the main cause of HIV-1 infection [4]. The exact 
mechanism that is involved in these protective properties is not known, however 
it is worth investigating. This year in 2018, Jennifer Welch and her team showed 
that semen exosomes could block the pro-viral transcription of HIV-1 at several 
transcriptional check points, including the recruitment of transcription factor 
to the long-tandem repeats (LTR), initiation of transcription, and elongation 
through biochemical and functional studies. Gel shift assays and qPCR tech-
niques revealed the targets of semen exosomes, which includes the viral protein 
Tat, human RNA Polymerase II, and human transcription factors NF-kβ and 
Sp1. In essence, semen exosomes were found to directly inhibit the binding 
of NF-kβ, RNA Polymerase II, and Sp1 to the LTR, an integral part of the life 
cycle of HIV-1 [42]. A better understanding on the improvement of protective 
properties of semen-derived could be useful in preventing the HIV-1 spreading.

Collective studies have also supported the regulation of immune system 
through exosomes. For example, the function of NK cells has been shown to 
be indirectly enhanced via exosomes in a fashion unlike that of macrophage 
activation. It has been documented that the Hepatitis B virus (HBV) [43] and 
Hepatitis C virus (HCV) [44] could activate NK cells induction, and the deple-
tion of exosomes in the case of HBV markedly reduced the expression of a 
ligand important for NK cell activation [43]. Exosomes are also involved in the 
promotion of T-cell activities by inducing cellular maturation and increasing the 
expression of inflammatory cytokines, which are important in both cellular and 
humoral immunity [45]. It has always been known that macrophages and DCs 
are antigen-presenting cells (APCs) that present antigens through MHC I and 
MHC II to T-cells. Thus, the fact that the surface of exosomes from these two 
APCs are furnished with MHC I, MHC II, and T-cell co-stimulatory molecules 
strongly suggest that these exosomes are important elements in the antigen-
presenting cascade [45, 46]. To a certain extent, the induction of the immune 
system through exosomes should provide immunity toward HIV-1.

Apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G 
(APOBEC3G) is a host cellular protein that has been shown to protect the re-
cipient cells from HIV-1 infection through exosomal cell-cell transfer [47, 48]. 
In addition to retroviruses, it has also been shown to protect against herpesvi-
rus, parvovirus, HBV, papillomavirus, and retrotransposons [49]. APOBEC3G 
is a cytidine deaminase that inhibits HIV-1 replication through DNA-editing 
and editing-independent activities [50, 51]. The former mechanism involves the 
deamination of cytosine in single-stranded DNA (−) [49] to uracil during re-
verse transcription, which can lead to the degradation of the resulting replicon. 
Additionally, Bishop et al. [52] reported that the reverse transcription inhibition 
was through restriction of the elongation step rather than degradation [52]. The 
deamination is catalyzed by conserved zinc-binding domains, however further 
studies have shown that the deaminase activity is not necessary for the inhibi-
tory effect of APOBEC3G. The loss of restriction capabilities of APOBEC3G 
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becomes apparent only when both the N-terminal and zinc-binding domains are 
not functioning. This shows that only one domain is enough for HIV-1 inhibi-
tory effects [51]. Of note, the protective properties of APOBEC3G is only ap-
parent in the absence of HIV-1 Vif protein which is one of the HIV-1 accessory 
proteins. In the presence of Vif, APOBEC3G is polyubiquitinated and directed 
for proteasomal degradation [53]. The crystal structure of APOBEC3G in com-
plex with ssDNA has been recently elucidated [54]. This is an important pub-
lication that provides insights on the mechanisms at the atomic level by which 
APOBEC3G interact with ssDNA.

4  Exosomes and autophagy

Autophagy, sometimes known as autophagocytosis, comes from the Greek 
language for ‘self-eating’. It is an evolutionary conserved process involved in 
the maintenance of homeostasis and metabolism at cellular levels through the 
degradation of proteins with stable half-lives and clearance of cytoplasmic or-
ganelles via the lysosomal pathway. In some instances, these unwanted or dam-
aged RNAs and proteins are released into the extracellular environment through 
exosomes. This will have an impact to the host, which since exosomes can be 
received by surrounding and neighboring cells. Exosomal secretion can be 
sometimes dependent on the autophagic system, and the activation of autophagy 
can either inhibit or promote the release of exosomes [55]. The degradation and 
recycling of proteins have been evidenced to encourage normal development, 
cell death, senescence, and even protection against intracellular infections. 
Cancer, inflammatory, neurodegenerative, and metabolic diseases are possible 
consequences of a dysregulation in the autophagy pathway [56]. In the case of 
HIV-1 associated neurodegenerative diseases, many of the autophagy-regulating  
genes are dysregulated and this in turn may affect exosomal regulation [55].

Since it is known that exosomes contribute significantly to the pathogen-
esis of HIV-1, it will be important to understand how autophagy can impact 
exosomal release. Autophagy has been shown to be induced by HIV-1, and the 
interaction between autophagy and HIV-1 is complicated and depends on the 
cell type and state of infection [55]. HIV-1 Tat protein can stimulate autophagy 
in human glial cells, and its interaction with the lysosome associated membrane 
protein 2A (LAMP2A) indicates that Tat encourages the formation of autopha-
gosomes and lysosomal fusion in neurons [57]. In addition, the increase in au-
tophagy was also observed in postmortem brains from humans inflicted with 
HIV-1-associated encephalitis [58]. These observations support the notion that 
autophagy can be induced by HIV-1 components, although the exact mecha-
nisms will likely depend on the cell type and remain to be elucidated [55].

While the exact mechanisms are unclear, autophagy has been shown to pro-
vide immunity against HIV-1 to a certain extent. For example, HIV-1 virions 
were not detected in macrophages with high numbers of autophagosomes, but 
rather in macrophages with weaker autophagy activities in a study conducted 



Emerging therapeutic roles of exosomes in HIV-1 infection  Chapter | 7  153

by Espert and co-workers [59]. Sagnier et al. [60] speculated that the restriction 
could be due to the interaction between Tat and the autophagy protein complex 
p62/SQSTM1, which directs the Tat for selective autophagy through lysosomal-
mediated degradation in CD4+ T-cells. In addition, the degradation of Tat was 
not only limited to newly infected cells, but also from Tat from infected cells 
entering uninfected neighboring cells [60]. In another study, Nardacci et al. [61] 
reported a significant increase in autophagosomes and related markers in pe-
ripheral blood mononuclear cells (PBMCs) from HIV-1 infected long term non-
progressors as well as elite controllers versus normal progressors [61].

Even though the activation of autophagy pathway provides immunity toward 
HIV-1 infection through lysosomal-degradation of viral components, HIV-1 has 
evolved mechanisms against autophagy. Viral proteins such as Nef [62], Vif 
[63], and Tat [64] have all been shown to inhibit important steps in the autopha-
gic pathway. In dendritic cells, HIV-1 mediates Akt activation, which results in 
decreased viral antigen presentation to CD4+ T cells by MHC-II [55]. In the 
event of compromised autophagy, exosome formation and liberation act as al-
ternatives to maintain cellular homeostasis and ameliorate cellular stress. Thus, 
when autophagosomal degradation is inhibited by HIV-1, the host looks into 
exosomal transport as an alternative way to remove viral waste [34]. In short, it 
is possible that HIV-1 deliberately compromises autophagy to activate exosomal 
release which aids in the spread of viral products to neighboring cells. With this 
in mind, the induction of autophagy in infected cells may stop the production of 
exosomes, resulting in the reduction of exosomal-dependent viral spread [55].

As exosomes portray both pathogenic and anti-viral effects towards HIV-1, 
they play different roles in the treatment of HIV-1 either making the treat-
ment more challenging or partially facilitating the treatment. The pathogenic 
exosomes or the related proteins can serve as therapeutic targets by current 
anti-HIV-1 therapeutic strategies whereas the anti-viral exosomes can be po-
tentially developed into a novel antiviral therapeutic modality. The therapeutic 
potential of exosomes will be discussed in Section 6. Based on the cumulative 
evidences, there is a great potential in exploring an anti-viral strategy which 
targets the exosome pathway hijacked by HIV-1 for novel anti-HIV-1 therapeu-
tic development.

5  Exosomes as biomarkers for HIV-1

In the case of cancer patients, exosomes filled with tumor-specific molecules 
have been found in biofluids and the potential for its use as cancer biomarkers are 
being evaluated. While the therapeutic and diagnostic potential of exosomes in 
relation to cancer is moving fast, it is not the case for HIV-1. Exosomes contain-
ing HIV-1 RNA and other viral-related molecules can also be potential disease 
biomarkers aside from traditional antibody and antigen screening test (sum-
marized in Table 1). This is supported by the fact that HIV-1 RNA and protein- 
loaded exosomes can be found in the blood of seropositive HIV-1 patients. 
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TABLE 1  Potential molecules within exosomes that can serve as HIV-1 biomarkers

Molecule Biomarker Functions References

MHC II Diagnostic Antigen presentation [4]

Nef Diagnostic Viral replication, immune response evasion [65, 66]

Vif Diagnostic Viral replication, inhibition of APOBEC3G [67]

Vpu Diagnostic Viral replication, enhancement of viral release [68]

Vpr Diagnostic Viral replication, immune evasion [69]

Gag Diagnostic Core structural proteins [70]

Tat Diagnostic Enhance viral transcription [71]

Pol (reverse transcriptase, 
integrase, protease)

Diagnostic Viral replication [72]

Env Diagnostic Envelop protein [72]

Rev Diagnostic Gene expression [72]

miRNA Diagnostic RNA silencing and post-transcriptional 
regulation of gene expression

[73]

HMGB1 Prognostic DAMP, alarmin [74]

NF-L Prognostic Axonal degeneration marker [74]

Aβ proteins Prognostic Neuroinflammation, oxidative stress, cell 
signaling

[74]
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Together with viral load monitoring, these exosomes can be harvested and be 
evaluated for the efficacy of anti-retroviral treatment [15].

Accumulative observations have also reported the protective nature of exo-
somes against HIV-1 infection in breast milk [53, 75] and semen [20, 40]. Cells 
in vitro were less susceptible to an infection when treated with breast milk and 
semen, indicating that these exosomes may be used as a prevention method, or 
even as treatment. In 2015, Madison and his colleagues co-infected the vagina 
of mice with murine AIDS (mAIDS) and human-derived semen exosomes, and 
found that viral replication was inhibited, and systemic viral spread and viral 
load were decreased [21]. While we are now aware of the beneficial protec-
tive properties of exosomes, the mechanisms behind its protective attributes are 
mostly not known [4, 15].

Recently, extracellular vesicles from the urine of HIV-1 positive patients 
were found to be an attractive non-invasive source for biomarkers. Generally, 
protein is very scarce in the urine of healthy individuals (0.01%), but in the pres-
ence of certain diseases, the protein content and number of extracellular vesi-
cles can elevate [76]. In patients infected with HIV-1, HIV-1 proteins including 
but not limited to Gag, Pol, Tat, Vif, Vpu, Vpr, and especially Nef [77] can 
be detected in the extracellular vesicles of urine [78]. All HIV-1 positive urine 
samples have exosomes containing at least one HIV-1 related proteins while all 
HIV-1 negative samples have exosomes with no HIV-1 proteins. While HIV-1 
virions have been reported in urine, the sensitivity is extremely low. Because of 
this, the extracellular vesicles in urine is more reliable and can potentially be 
used for the diagnosis of many diseases [78]. Nef has also been indicated to be 
consistently present in the extracellular vesicles of transiently transfected cells, 
systemically circulating in extracellular vesicles, and can be transferred to un-
infected cells through exosomes, including uninfectable cells lacking CD4 [65].

Besides urine, neuron-derived exosomes (NDE) are also potential biomark-
ers for cognitive impairment by HIV-1. Many cells in the nervous system includ-
ing astrocytes, neurons, microglia, and oligodendrocytes also shed exosomes 
under normal and pathological conditions, and these neuronal exosomes can be 
isolated from the brain [79], CSF [8], and even plasma [80]. They can be found 
in these sites because they can cross the blood brain barrier into other parts of 
the body. Sun et al. [74] reported that NDE from cognitively impaired patients, 
regardless of their HIV-1 status will have a marked increase in proteins such as 
HMGB1, NF-L and Aβ proteins. While it is not entirely specific to HIV-1, NDE 
is useful in monitoring neuronal health in “real-time” for patients suffering from 
HIV-1-related cognitive impairment [74].

Exosomes are not only useful as a biomarker for the pathogenesis of HIV-1, 
it also carries information in relation to immune responses and oxidative stress. 
Generally, the amount of plasma exosomes was shown to be higher in HIV-1 
positive patients in comparison to HIV-1 negative controls. An increase in oxi-
dative stress markers such as cystine, oxidized cys-gly, PRDX1, PRDX2, CAT, 
and TXN was observed together with the decrease of polyunsaturated fatty 
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acids such as EPA, DHA, and DPA. Immune activation markers such as CD14, 
HLA-A, HLA-B, and CRP were also detected [81]. Chettimada et al. [81] found 
that exosomes in HIV-1 patients treated with antiretroviral therapy (ART) carry 
immune activation and oxidative stress proteins, and these exosomes are ca-
pable of immunomodulatory effects on myeloid cells. It is also possible that 
these exosomes can affect pro-inflammatory and redox responses during the 
pathogenesis [81].

6  Therapeutic potential of targeting exosomes

6.1  Targeting viral proteins

The potential exosomal pathway targets include the cellular enzymes (lipases, 
RNAses, and proteases), cytoplasmic proteins (TSG101, MHC-II, tetraspanins, 
and cyclophilins), and HIV-1 proteins (CCR5, CXCR4, and Nef) [4]. Gag, Pol, 
Tat, Vif, Vpu, and Vpr are also HIV-1 proteins found in exosomes that are po-
tential therapeutic targets [78] (depicted in Fig. 2). Reports have also found that 
inhibitors of exosomes can reduce the effectiveness of Env-dependent infection 
[28, 75], thus the applicability of complementing exosome inhibitors with cur-
rent anti-viral therapy could be useful. Furthermore, exosomes with anti-viral 
properties can be purified and potentially be developed as therapy.

FIG.  2  Therapeutic application using exosomes against HIV-1. There are multiple exosome-
associated molecules that could be potentially targeted for antiviral therapies. These include extracel-
lular proteins (e.g. MHC-II, CCR5 and CXCR4), cytoplasmic proteins (e.g. HIV proteins, TSG101, 
ESCRT, RAB, etc.), nucleic acids (e.g. mRNA and miRNA), and targeting the whole exosomes.
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As discussed previously, several cytoplasmic proteins involved in the exo-
somal pathway are potential therapeutic targets. TSG101, or also known as 
Tumour Suppressor Gene 101, is a component of cellular ESCRT required for 
the replication and budding of HIV-1 [82]. MHC-II are cell surface proteins in-
volved in the regulation of immune responses through its ability to interact and 
process antigens to T-cells [83]. While MHC-II is important in the modulation 
of immune responses against pathogens, studies have found that a high expres-
sion of MHC-II in T-cells is related to an increase in the expression of HIV-1 
[84, 85]. The high expression of MHC-II promotes the assembly and budding 
of HIV-1 particles. Even though MHC-II is a potential therapeutic target, it is 
important to note that its inhibition can lead to a loss of antigen-presenting abili-
ties, subsequently leading to increased susceptibility to other pathogens [84].

CCR5 and CXCR4 are related G-protein coupled chemokine receptors that 
HIV-1 exploits to gain entry into the cell. CCR5-deficient individuals have been 
shown to be highly resistant to CCR5-dependent HIV-1 infection but are not 
completely resistant due to viral entry via CXCR4 [86]. HIV-1 infected cells are 
also capable of improving viral dissemination by exporting these receptors to 
recipient cells through exosomes [4]. With these facts in mind, it is only natural 
to target these receptors and receptors-containing exosomes [86]. There are two 
ways in which these receptors can be targeted for prevention of entry. Based on 
the biology and mechanism of these receptors, therapeutic drugs can be mol-
ecules that induce stearic blockade to the binding domain of CCR5/CXCR4. 
Second, the drugs can be an inducer for the internalization or recycling of these 
receptors, masking the recipient cells from the virus. The internalization of 
these two receptors have been shown to be a potential inhibitor of HIV-1 entry 
[87–89]. That said, the inhibition of CCR5 may have deleterious side effects as 
it plays a role in the host immune system.

The Nef protein is an accessory protein that is expressed by primate lentivi-
ruses, including HIV-1, HIV-2, and SIV. Nef protein is critical for the survival 
of the virus as it promotes viral replication and infection through the down-
regulation of important cell surface molecules. They include MHC-I, MHC-II, 
CD4 and CD28, all of which are crucial for anti-viral immune responses. This 
made the development of a vaccine difficult as the immune system cannot elimi-
nate infected cells without the proper functioning of antigen-presenting cells. 
A study by Geyer et al. [90] identified and described the functional motifs and 
structures of the Nef protein in detail that can be used as a reference for drug 
and therapy development [90]. Recently, Dekaban and Dikeakos [91] reviewed 
the mechanism of a Nef inhibitor, 2c-like compound that blocks the MHC-I-
downregulation function of Nef. The restoration of the antigen-presenting func-
tion allows for cytotoxic T-cell-mediated killing of infected cells which may 
potentially act as immune adjuvants to vaccines. However, the author stressed 
that the current 2c-like Nef inhibitors only restores MHC-I on the cell surface. 
A second generation 2c-like Nef inhibitor will need to be developed to block the 
other deleterious functions of Nef [91].
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Other than inhibiting Nef protein, Gag, Pol, and Env are also viral proteins 
found in exosomes that can potentially be targeted for therapeutic applications. 
HIV-1 Gag is the master orchestrator for viral assembly and is imperative for the 
formation and release of infectious particles. This makes it an attractive target 
for drug development. As of current, there are already existing drugs targeting 
Gag and novel antivirals under development seem to be promising [92]. The 
Env protein mediates viral entry into the host cell through interaction with the 
CD4 and CCR5/CXCR4 co-receptor. Because viral entry through this process is 
complicated, they are vulnerable to inhibition via small molecules. Herschhorn 
et al. [93] has reviewed several potential Env inhibitors together with the iden-
tification of a new compound 18A, which warrants further investigations [93]. 
Polymerases encoded by HIV-1 which includes reverse transcriptase are neces-
sary for replication. Nucleoside analogs, which targets these polymerases were 
among the first few to show clinical efficacy and are broadly utilized in the 
treatment of HIV-1, hepatitis and herpes-simplex virus [94].

Vpr, Vpu, and Vif are viral proteins that are involved in viral replication and 
are also found in exosomes. Vpr protein can be inhibited by hematoxylin and 
its derivatives [95]. Vpu is another potential therapeutic target as it is known to 
downregulate the host protein BST-2, a protein that inhibits the release of viral 
particles [96]. Vif on the other hand is notoriously known for its ability to inhibit 
APOBEC3G, a protein that restricts HIV-1 replication through introduction of 
hypermutations. Pery et al. [97] reported the discovery of a compound that can 
inhibit the Vif-APOBEC3G interaction while at the same time increasing cellu-
lar APOBEC3G levels, resulting in improved attenuation of viral particles [97].

Tat and Rev. are both proteins that are important for gene expression. 
Without the involvement of Tat in viral transcription, HIV-1 will mostly remain 
in latency [71]. A recent study by Balachandran et al. [98] revealed the potential 
of several small molecules in inhibiting the protein expression of not only Tat 
and Rev., but also Gag and Env. While these molecules show great potential, its 
biological effects were only demonstrated in vivo [98].

The loss of CD4 T-cells is one of the hallmark features of HIV-1 infec-
tion, and HIV-1 infected DCs residing in mucosal tissues have been implied to 
facilitate the spread and maintenance of HIV-1, with the former through exo-
somes. Contrary to that, a study demonstrated that DCs exhibited greater exo-
somal production in the presence of HIV-1 compared to controls. The greater 
production of exosomes was associated with lesser viral infectivity and better 
apoptotic rates in CD4 T-cells through the upregulation of pro-apoptotic pro-
teins such as Apaf-1 and Dap-3. The extent to which these proteins affect apop-
tosis is however still unclear. Through this study, it is now known that DCs 
pulsed with HIV-1 can significantly improve exosomal secretion [99]. Another 
group also showed that improved exosomal release by cells can be stimulated 
through specific receptors associated with the modulation of the immune sys-
tem [100]. With these results, it is likely that exosomes can act like cytokines by 
regulating the immune system. Interestingly, Subra also found that mature DCs 
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release more exosomes than immature DCs, indicating that exosomes could be 
important in inflammatory reactions. All in all, DCs-derived exosomes show 
immune-modulating properties which helps to fight against HIV-1. However, 
there are challenges associated with the use of DCs-derived exosomes as a tool 
for therapy since HIV-1 is notorious for being easily adaptable to its microen-
vironment [101].

Interestingly, the HIV-1 protein Tat has been recently shown to activate la-
tent HIV-1 in primary, resting CD4+ T-cells by more than 30-fold in HIV-1 
mRNA expression. Tang et al. packaged these proteins into exosomes and tar-
geted them towards infected resting CD4+ T cells with minimal toxicity and 
found that it was a specific HIV-LTR activation instead of a generalized immune 
stimulation [71]. Tat protein activates the HIV-1 promoter in the long terminal 
repeat (LTR) region of proviral DNA in which transcription has been initiated 
and its safety and tolerability by animal models and humans were well docu-
mented [102, 103]. That said, it is not likely that Tat will be able to reactivate 
all latent viruses and will most likely favor proviruses where transcription was 
previously initiated. In addition, the generation of exosomes containing Tat can 
be tedious and not be suitable for clinical applications for the time being [71].

6.2  Targeting viral RNAs

In the last 30 years, there have been significant progression in the development of 
RNA-based gene therapy for HIV-1. These include the use of antisense-ssRNA 
[104, 105], ribozyme [104], RNA decoy [106], RNA interference (RNAi) [107], 
and CRISPR involving Cas9 and single-guide RNA [108]. The ability of these 
RNA species to inhibit active replication and eliminate hidden reservoirs of in-
fection are also well documented [109]. For the RNA-based therapy to be a suc-
cess, they must be delivered to the target tissues and be stable at adequate doses 
for an effective amount of time. Knowing how unstable RNA species are, they 
can easily be cleared out by the host's immune system through RNAse activities. 
Furthermore, the hydrophilic nature of RNA reduces its affinity to the lipid-
based membranes of recipient cells, and the relatively large molecular size of 
RNA impedes their movement across cell membranes. Consequently, this leads 
to poor cellular uptake and therefore reduced anti-viral efficacy. These limita-
tions call for more efficient RNA delivery systems with better bioavailability. 
Traditional drug delivery methods such as the use of viral vectors, liposomes, 
nano-polymers, and target peptides are commonly used, but even with constant 
modifications for improvements, they have not met the requirement for an ef-
fective gene therapy [104].

Exosomes will be practical replacements for these drug delivery systems as 
exosomes are naturally occurring and the delivery of RNA such as mRNA and 
miRNA from one cell to another has been its inherent role for many species and 
situations [4]. Exosomes that are loaded with the aforementioned RNA spe-
cies can specifically recognize and target viral proteins or nucleic acid through 
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different mechanisms. Antisense ssRNA can induce RNAse H-dependent 
degradation of the target RNA through the formation of complimentary base-
pairing with HIV-1 RNA or by blocking ribosomal binding [105]. Ribozymes, 
especially hammerhead and hairpin ribozymes, are catalytically active small 
RNA molecules which can be engineered to cleave specific sequences of the 
viral RNA [104]. RNA decoys are also ssRNA with sequences that are like 
that of viral RNA. As a result, it competes with the viral RNA in binding to 
replicated-related regulatory proteins such as the ribosome [106]. RNAi on the 
other hand is a naturally occurring phenomenon [110] that can be used to si-
lence the expression of HIV-1 genes through the assembly of RNA-induced 
silencing complex (RISC), which leads to the degradation of mRNA in a tightly 
regulated process. The RISC can be introduced in the form of a double-stranded 
siRNA or as a short-hairpin RNA [107]. Lastly, CRISPR is a relatively recent 
technology that is heralded as the future of molecular biology. It is an adaptive 
immunity system derived from the bacteria Streptococcus pyogenes [111] to 
fight against bacteriophages [112]. It is comprised of the Cas9 protein and a 
short-guide RNA with a specific sequence designed against the target DNA to 
be cleaved [108]. Currently, there have been success in permanently inactivat-
ing the integrated DNA of HIV-1 through large deletions. Current therapies are 
unable to effectively suppress the activities of integrated proviral DNA [113].

Exosomes are the ideal nanocarriers of anti-HIV-1 RNA because of sev-
eral crucial intrinsic properties. The first property is the size of the exosome. 
The small size allows escape of phagocytosis by the mononuclear phagocyte 
system, which generally clears particles bigger than 100nm. This allows for 
the retention of exosomal carriers in vivo. Second, exosomes are endogenously 
produced from existing cells in the human body and are therefore less cyto-
toxic and more biocompatible with the immune system. In fact, some exosomes 
have privileged immune status. Third, exosomes have been shown to be able to 
cross biological barriers such as the mucosal barrier and the blood-brain barrier 
that artificial nanocarriers and other drug delivery system cannot. Specifically, 
semen-derived exosomes have been shown to naturally cross the mucosal barri-
ers [15] while brain endothelial cell-derived exosomes can deliver their cargoes 
across the blood-brain barrier [114]. Fourth, exosomes are naturally equipped 
with a high affinity toward recipient cells which can facilitate the internaliza-
tion of their cargoes through membrane fusion, phagocytosis, or endocytosis 
[115–117]. Finally, exosomes have a low affinity toward the liver, allowing for a 
low toxicity profile as the cargoes are not transported for liver processing [118]. 
Consequently, the cargoes are effectively transported to its intended recipient 
cell with minimal wastage.

For the past 20 years, there have been success with the use of therapeutic exo-
somes in vivo, and the use of such for cancer therapy is blooming [119]. While 
the use of exosomes in HIV-1 therapy remains in its infancy stage, the results 
and data gathered through therapeutic RNA exosomes in cancer therapy will 
prove useful in developing a similar system for HIV-1 therapy. Three distinct 
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methods can be utilized to load exosomes with RNA for HIV-1 therapy. The 
first method involves loading isolated exosomes from parental cells with RNA. 
The loading process can involve steps such as freeze thawing, sonication, per-
meabilization, and transfection. This method is the most convenient and direct 
way to load exosomes with RNA and can yield large amounts of RNA-loaded 
exosomes within a few isolations. In addition, exosomes from several different 
cell types can be loaded simultaneously [104, 120]. The second method involves 
loading the parental cells with exogenous RNA, which will then be encased into 
the exosomes through inward budding during exosomal biogenesis, followed 
by the release and isolation of the exosomes. This method is not commonly 
practiced but have been shown to be useful as a drug delivery system. For ex-
ample, a study by Qazi and colleagues showed that the elicitation of specific 
immune response can vary between in vivo and in vitro just by the RNA-loading 
method used [104, 121]. The third method requires the transfection or infection 
of parental cells with DNA that can be transcribed into therapeutically-capable 
RNAs, which will then be encased into exosomes. This method produces RNA 
with superior integrity but can be expensive and requires specialized equipment. 
Yeo and colleagues suggested for mesenchymal stem cells (MSCs) to be used as 
an ex vivo producer of exosomes in a clinically applicable scale as they produce 
large amounts of exosomes [122]. Another advantage of this method is that a 
continuous supply of exosomes can be obtained using transfected immortalized 
MSCs [123], justifying the use of this method compared to the first method 
of loading isolated exosomes. There is also evidence that genetically-modified 
macrophages producing such exosomes can help attenuate neuroinflammation 
for more than 40 days in mouse models because of its ability to continuously 
produce cargo-bearing exosomes [124]. While all three approaches share the 
same goal of producing and isolating RNA-loaded exosomes, the decision on 
which approach to use will depend on the availability of equipment, facilities, 
type of parental cell, and the overall objective and design of the experiment 
[104]. While we now have the technology and means to load exosomes with 
anti-HIV-1 RNA, the next step will be to ensure that the exosomes are efficiently 
transported to their intended recipient cells. Exosomes in general interact with 
recipient cells through binding of surface adhesion proteins or other molecules. 
To maximize the efficiency of exosomal transfer, the surface protein of exo-
somes can be engineered to have a high affinity with recipient cells. That said, 
the surface-modifying process of exosomes in targeting the exosomes to CD4 
T-cells has yet to be established. Yong et al. [104] has suggested for the DNA of 
gp-120 fused with exosomal protein Lamp2b (Lamp2b-gp120) be included in a 
multicistronic plasmid that can simultaneously express anti-HIV short-hairpin 
RNA to be transfected into parental cells [104].

While RNA-loading and surface-modifying of exosomes show great prom-
ises for anti-HIV-1 therapy, there are obstacles and uncertainties that come to-
gether in a package. Protein families including RAB [125], tetraspanins [31], 
and ESCRT [29] are now known to contribute to exosomal cargo assembly. 
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The precise mechanisms behind the assembly and loading of exosomal cargoes 
are still in the shadows and need to be elucidated [126]. For these reasons, it 
is uncertain as to whether the RNA loading through transfection/infection can 
be efficiently sorted, and the surface proteins expressed from the plasmid can 
successfully be furnished on the exosomes. More importantly, exosomes are 
naturally loaded with a myriad of endogenous cargoes depending on the paren-
tal cell, which may inhibit the artificial cargo or present toxicity to the recipient 
cell. The presence of existing endogenous cargoes may also limit the capacity 
of the exosome to store more cargoes. The choice of parental cell from which 
exosomes are obtained will also be crucial as this will determine the yield of 
exosomes [104]. Lastly, if all works, the production of exosomes will need to 
be scaled-up for clinical applications. Hupfeld et al. [127] and Mitchell et al. 
[128] have demonstrated the superior exosomal yield of specifically-designed 
bioreactor systems compared to culture flask methods [127, 128].

7  Lessons from the past

7.1  Understanding exosomal pathway in revising therapeutic 
strategy against viruses

As studies on exosomes continue to flourish, especially in the field of cancer, 
the pathways, mechanisms, physical and chemical structures, mediators and sig-
naling cascades are now accessible for researchers studying exosomes in viral 
pathogenesis. Accumulative findings have demonstrated that exosomes are used 
both by cancer tumors and viruses as a mean of immune evasion through sev-
eral methods including but not limited to downregulation of surface molecules 
[4, 129], and the export of deleterious molecules away from the cell [4, 130]. 
Furthermore, exosomes have been reported to also improve pathogenesis of can-
cer and viral spread [4, 130]. With the exosomal pathway elucidated, we see that 
both viruses and cancer tumors share similarities in terms of exosome biogen-
esis, and potential therapeutic drugs targeting cancer tumors can be considered 
and tested in HIV-1 infected cells.

As reported previously, some of the antiretroviral drugs for HIV-1 targets vi-
ral entry by inhibiting virus-cell fusion. The fact that HIV-1 can spread through 
Env negative and receptor-independent pathways through exosomes calls for a 
better therapeutic strategy, possibly through a combination of exosomal inhibit-
ing drug with Nucleoside Reverse-Transcriptase Inhibitors. From another point, 
purified exosomes from semen has been found to be inhibitory toward HIV-1 
replication [42]. It will be interesting to understand the stimuli that induces exo-
somal liberation, and perhaps the release of such exosomes can be artificially 
stimulated in individuals at high risk of an HIV-1 infection.

The identification of the mediators will also allow for their use in therapeutic 
applications. For example, exosomes can be engineered to contain these specific 
mediators, or more effective analogs can be designed for better anti-viral prop-
erties. Nanoparticle delivery systems resembling semen exosomes can also be 
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considered as they are efficiently transported to their recipient sites and are able 
to naturally overcome mucosal barriers that other vesicle systems cannot [15].

7.2  Advancement of technologies in exosome detection and 
characterization

7.2.1  General methods
Exosomes and cell-derived vesicles are abundant in biological fluids and can 
carry important information on the health and disease status of an individual. 
Because of this, the detection of vesicles in general have garnered strong clinical, 
scientific and diagnostic interests. For many years, there have been many tech-
niques developed by researchers worldwide to detect and/or quantify vesicles, 
but the development of these techniques is challenging because they are nor-
mally hindered by the extremely small size of vesicles (less than 100 nm). This 
is made more challenging when these vesicles have low refractive indexes and 
vary in shape and sizes [131]. Traditionally, exosomes can be isolated through 
ultra-centrifugation, however it requires a very long time, expensive equipment, 
has low yield, low recovery, co-purification with non-exosomal debris, and 
has low specificity. Isopycnic centrifugation is an improved version of ultra-
centrifugation, where exosomes can be recovered with higher purity and yield, 
however it has the same limitations as ultra-centrifugation in terms of time and 
expensive laboratory equipment. This makes both the techniques impractical 
in clinical settings [132]. With these challenges in mind, scientists have man-
aged to come up with several detection methods by working around with other 
unique properties of vesicles [131]. Several relatively high-throughput vesicle 
detection methods include flow cytometry, resistive pulse sensing (RPS), and 
nanoparticle tracking analysis (NTA).

7.2.2  Flow cytometry
Flow cytometry has been used to study vesicles even before the year 2000, but 
because the methods have been pushed to their limits to detect such small par-
ticles, the measurement of false positives or artifact vesicles is difficult to avoid. 
This method detects and quantify vesicles through the detection of forward and 
side scatter, similar to how cells are sorted and quantified through a “flow”.

With the advent of other technologies such as NTA and RPS, it is then known 
that flow cytometry is not sensitive enough in detecting the extremely small vesi-
cles as single particles. These findings surprised the exosome and vesicle research 
community, thus sparking research in the development of better detection meth-
ods. At the same time, attempts have been made to standardize the measurements 
of vesicles. As of now, no gold standard exists for vesicle detection [131]. In 2017 
however, Suarez and the team showed that an improved flow cytometry method 
for the semi-quantitation of extracellular vesicles involving beads coated with 
antibodies against vesicular proteins such as tetraspanins, MHC molecules, and 
CD59 can be easily applied in most laboratories with adequate accuracy [133].
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7.2.3  Resistive pulse sensing (RPS)
RPS is a method that utilizes the Coulter principle to detect and measure the 
size of nanoparticles ranging from 50 nm [134, 135]. It looks at the change in 
current during the analysis, and the bigger the change, the bigger the volume of 
the vesicle. This allows for accurate size measurements of single vesicles [134].

The limitation for this technology generally depends on the instrument used, 
and in the case of qNano (Izon Science Ltd., Christchurch, New Zealand), the 
clogging of the pores in the instrument can hinder the turn-around time of the 
results, making the qNano unsuitable as a clinical diagnostic tool [131].

7.2.4  Nanoparticle tracking analysis (NTA)
NTA is a technology made commercial by Nanosight (Amesbury, UK) is simi-
lar to RPS in that it measures the distribution of vesicles in suspension ranging 
from around 50 nm. The difference is that vesicles scatter light or emit fluores-
cence in the presence of laser illumination. The position of the moving vesicles 
due to Brownian motion are then tracked through a dark-field microscope, and 
the mean squared velocity of each vesicles measured. The mean squared veloc-
ity of the Brownian motion is determined by the diameter of vesicle and thus 
will provide information on the absolute size distribution of vesicles [132, 134, 
136]. NTA can also be used to measure the size of vesicle subgroups through 
fluorescence labeling [131, 137]. In terms of its use in clinical diagnostics, NTA 
is convenient to use as it only uses a few minutes for analysis. Real-time feed-
back from the visualization of samples will also help to identify the presence of 
cells after vesicle isolation.

The limitation is that each video data generated per measurement can be up 
to 2GB in size and will therefore require considerably big storage spaces and 
powerful processing hardware. Skilled operators will also be required to process 
the data as it involves multiple operations and variables [131].

7.2.5  Immunoassays
Enzyme-linked immunosorbent assay (ELISA) is a method that uses specific 
capture antibodies to immobilize target antigens followed by detection of flu-
orescence by a secondary antibody containing a fluorophore/chromophore. 
ELISA is used to detect exosomes by some researchers through the targeting of 
vesicle proteins such as tetraspanins, CD9, CD63, and CD81 [138]. The signal 
given off using this method is proportional to the amount of exosomal protein in 
the sample. Lateral flow immunoassay (LFIA) on the other hand has a similar 
basis to ELISA in that it utilizes antibodies to capture antigens. The samples are 
however first mixed with detection antibodies attached to gold nanoparticles for 
visualization. In the case of LFIA, the detection signal is inversely proportional 
to the amount of exosomal protein in the sample. This is because exosomes 
can be completely covered with antibodies, generating strong stearic hindrances 
that may prevent its capture by capture antibodies.



Emerging therapeutic roles of exosomes in HIV-1 infection  Chapter | 7  165

With these findings in mind, the use of ELISA or LFIA in clinical diagnosis 
will need to be carefully considered as both will give completely different out-
comes depending on the abundance of exosomal protein. As abundance in dif-
ferent patients can vary greatly, the use of ELISA or LFIA may not be suitable 
in clinical settings now. Of course, with immunoassays being easily available 
in most research and clinical laboratories, its potential in clinical diagnostics 
remain open for exploration [138].

7.2.6  Other methods
In recent years, there are many more advancements in exosome and vesicle de-
tection techniques. These techniques are not commercially available but have the 
potential to be used in clinical settings for the rapid and accurate measurement 
of exosomes. They include but not limited to nanowire-on-micropillar from the 
Liu group [139], acoustic sorting from Lee and Weissleder group [140], alter-
nating current electrohydrodynamic induced nanoshearing by the Trau group 
[141], on-chip nano biographic imaging by the Ozcan group [142], magnetic 
resonance by the Lee and Weissleder group [143], Surface Plasmon Resonance 
by Grigorenko group [144, 145], label-free Frequency-Locked Microtoroid 
Optical Resonators [146], and others.

7.3  Key challenges of clinical application of exosomes

As mentioned in the previous sections, there are challenges that need overcom-
ing for exosomes to be applied for clinical use. For exosomes to be applied in 
clinical settings, they must be produced at a large scale. 1mL of culture medium 
generally yields less than 1 μg of exosomal protein, and the effective dose in 
most studies is around 10–100 μg. Exosomes are generally prepared by cultur-
ing exosome-producing cells in medium for up to a few days, but Riches et al. 
[147] and Yamashita et al. [73] found that production of exosomes is capped 
after 12 h of incubation, depending on the cell type [73, 147]. As mentioned 
previously, the use of a bioreactor may help improve exosomal yield [127]. 
Additionally, the yield of exosomes has been shown to be increased in the pres-
ence of stress such as low pH, anti-cancer drug treatment, and hypoxia [148]. 
The potentially detrimental effects of these stressed-induced exosomes should 
however be carefully evaluated as the changes to the composition of the exo-
somes have been indicated. Furthermore, stressed-induced exosomes may con-
tain elevated levels of apoptotic bodies, which may result in detrimental effects 
and overestimation of exosome count [73]. Efficient isolation of exosomes 
can be another approach to be explored. As mentioned previously, ultracen-
trifugation is a way in which exosomes can be isolated and there are several 
modifications to the method which may improve isolation yield. Besides that, 
methods such as size exclusion chromatography [149], aqueous two-phase sys-
tems [150], polymer-based precipitation [151], and ultrafiltration [152] can be 
applied for large-scale exosomal production [73]. It is important to take note 
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however that the differences in exosomal yield, resources, time, and efficiency 
of these different methods have not been properly compared and evaluated and 
thus requires further attention.

Another challenge associated with clinical applications of exosome is the 
collection of uniform and high-quality exosomes. As discussed earlier, there 
are many methods in which exosomes can be isolated and purified. The method 
of isolation will greatly affect the physicochemical properties and purity of 
the exosomes [153]. To be specific, three different ultracentrifugation-based 
methods can be used for exosome purification including simple pelleting, den-
sity cushion method, and density gradient method [153]. The simple pelleting 
method is easily scalable and has a relatively low running cost, but the exo-
somes isolated can be highly contaminated with protein. The density cushion 
method and density gradient method both produces high purity exosomes with 
the latter being gentler to the exosomes but has low sample capacity. With the 
lack of efficiency, ultracentrifugation may not be the ideal method for exosomal 
isolation in clinical settings. Polymer-based precipitations on the other hand is 
not suitable for use in clinical settings as they are known to cause contamination 
and severe aggregation [151]. Size-based isolation such as ultrafiltration [152] 
and size exclusion chromatography [149] also come with their advantages and 
drawbacks. The former method is very efficient but produces exosomes of low 
purity and possible damages by shear stress while the chromatography produces 
exosomes with high purity but has low sample capacity [149, 152].

Another factor to consider is the existence of exosomal sub-populations, 
which varies in size and composition [154]. Different isolation methods will 
isolate different sub-populations [155]. This further complicates the use of exo-
somes for treatment as different sub-populations with different chemical and 
physical properties may potentially elicit different biological effects. In a nut-
shell, different isolation methods will produce exosomes with different purity, 
physical and chemical properties, and composition. For them to be useful in 
therapeutic applications, the isolation method must be arduously optimized to 
preserve the properties of exosomes and to ensure the consistency of exosomal 
contents per every production batch [73].

After successful purification and isolation of exosomes, the next challenge 
will be to store the exosomes. Accordingly, exosomes can be stored in PBS [156] 
at −80°C. The addition of trehalose have been shown to protect exosomes from 
cryodamage [157]. Higher temperatures are associated with fewer exosomes and 
their contents (80) but is desirable in clinical settings because it does not require 
specialized equipment. While there is evidence from a patent that exosomes from 
cardiosphere-derived cells can be lyophilized with minimal loss of biological 
activity [158], there is no evidence that this will apply to exosomes derived from 
other sources. The shelf-life of the lyophilized exosomes remain unclear and 
additional studies will need to be carried out to answer these uncertainties [73].

Now that the strategies on using exosomes in therapeutic applications are 
discussed, the delivery of purified exosomes into the patient, modified or not, 
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should be discussed. The biological effect of exosomes can only be appreci-
ated upon uptake by intended recipient cells, thus it is important to control the 
biodistribution of exosomes. Takahashi et al. [159] reported that exosomes that 
are intravenously injected accumulates rapidly in the spleen, liver and lung. 
[159]. In the liver and spleen, these exosomes are eventually phagocytosed by 
macrophages, possibly owing to the fact that phosphatidylserine is contained 
in the exosomal membrane [160]. Thanks to Wiklander et  al. [161], we now 
know that the route of injection will affect the biodistribution of exosomes. 
Specifically, intraperitoneal injection led to exosomal accumulation in the gas-
trointestinal tract and pancreas while subcutaneous injection resulted in lower 
exosomal accumulation in all measured organs. Generally, most of the injected 
exosomes end up in macrophages in the reticuloendothelial system regardless of 
cell origin and administration route [161]. The rapid macrophagic clearance of 
exosomes from the blood stream will limit systemic administration and calls for 
research on better delivery and biostability of exosomes in the host.

It can also be challenging when it comes to therapeutic targeting or inhi-
bition of exosomal contents. As discussed previously, Balachandran et al. has 
identified several small molecules which show great potential in blocking the 
protein expression of Tat, Rev, Env, and Gag [98]. While these drugs may be 
effective in a non-exosomal context, it may not be as effective in penetrating 
the exosomes. It has been shown that the loading of exosomes with cargoes re-
quire the participation of several proteins such as RAB [125], ESCRT [29], and 
tetraspanins [31], but the exact mechanism remains unclear [104]. In addition, 
because the biophysical and biochemical properties of exosomes vary depend-
ing on the cell origin [33], the surface molecules on the exosomes may vary, 
and this may potentially prevent the entry of small molecules through stearic 
hindrance. Furthermore, the surface of exosomes generally carries a negative 
charge [104]. This may render some drugs or molecules ineffective due to elec-
trostatic repulsion.

7.4  Enhancement of exosomal therapeutic efficacy

Since there are challenges associated with producing exosomes for clini-
cal applications, one possible solution is to improve its therapeutic potential. 
Overexpression of therapeutic molecules or proteins is one simple way to in-
crease efficacy. Zhang et al. and Qu et al. reported that the overexpression of 
miRNAs increased the therapeutic potential of exosomes [162, 163], and over-
expression of proteins in which the miRNA expression profile is increased is 
also another effective method [164, 165]. Another way is to modify exosomes 
with functional molecules. Morishita et al. managed to reduce the dose of exo-
somes needed to induce cancer antigen-specific immune response by up to 100 
folds by modifying B16BL6-derived exosomes with an immune adjuvant, CpG 
DNA [166]. As mentioned previously, hypoxia treatment has also been reported 
to alter exosomal composition, resulting in improved biological effects [167, 
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168]. Whilst it is tempting to apply these modifications to clinical applications, 
changes to the exosome structure and composition may result in undesirable 
side effects. As such, the safety and effects of exosomal modifications must be 
evaluated separately [73].

7.5  Future perspectives

We now know that the pathogenesis of HIV-1 can be greatly enhanced by exo-
somes through the hijacking of the host's biogenesis pathway and can be dis-
seminated through exosomes in receptor and Env-independent pathways. In 
addition, the anti-viral properties of exosomes derived from breast milk and 
semen have been demonstrated in several publications, with the mechanism of 
semen exosomes partly explained [42]. With these contradictions in mind, ex-
isting strategies for HIV-1 treatment need to be re-evaluated and this calls for 
better therapeutics. Since we now know that HIV-1 can be disseminated through 
exosomes in receptor and Env-independent pathways, a more sensible approach 
will be to look at exosome inhibitors previously discussed. That said, the speci-
ficity of the therapy must be considerably high as exosomes play important roles 
in other physiological functions. As technology continues to improve every 
year, the accurate detection and measurement of exosomes in clinical settings 
without expensive equipment is starting to realize as exosomes carry a wealth 
of genetic and proteomic information of the host. A simple literature search for 
methods to detect exosomes and vesicles will yield results ranging from ELISA, 
LFIA, and flow cytometry to advanced technologies capable of detecting single 
exosomes. This is because exosomes are not only implicated in HIV-1 infection 
and other viruses such as HBV [16], HCV [169], and HSV [170], they are also 
major contributors to the pathogenesis and disease progression for cancer [132]. 
The implementation of exosome detection and measurement devices in clinical 
settings will potentially improve and complement existing tests for HIV-1, other 
viruses, and cancer. Detection aside, purified exosomes containing anti-viral 
properties can also potentially be used as a prophylaxis for high-risk individu-
als or as treatment for HIV-1 infected patients. With the recent discovery on 
the inhibitory mechanism of semen exosomes, exosomes can be engineered to 
contain mediators or proteins that have similar inhibitory effects.

8  Concluding remarks

In a nutshell, host exosomes could improve the pathogenesis of HIV-1 through 
intercellular dissemination and immune evasion, while some studies show the 
anti-viral properties of exosomes derived from breast milk and semen. This 
goes to show that the properties of said exosome depends on the cellular ori-
gin, recipient cell, and its contents. Because HIV-1 can be disseminated via 
exosomes, a better understanding of exosomes in the pathogenesis of HIV-1 
would help in the development of more comprehensive treatment strategies. 
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Currently, methods for the detection, measurement, and purification of exo-
somes remain labor intensive and are not suitable for clinical settings. This will 
however change as it could be seen that increasing articles on newer detection 
methods for exosomes and vesicles in general are being published. Exosomes 
with anti-viral properties are also potential therapeutics capable of complement-
ing existing treatment therapies. Finally, even in the field of cancer research, 
our understanding of the biology of exosomes and the role they play in cancer 
has only scratched the surface. Far lesser studies have been done on exosomes 
regarding HIV-1 and this would need to be improved if we are to achieve an 
HIV-1-free world. As more discoveries are made on exosomes, be it on cancer 
or HIV-1, this will drive the development of robust and sensitive tests to aid 
clinical decisions.
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1  Extracellular vesicles and parasite

Pathogens shed extracellular vesicles (EVs) in the host microenvironment. EVs 
released by the pathogens and those produced by the host have been character-
ized and isolated from diverse organisms and these EVs have been shown to 
play an important role in intracellular communication between pathogens and 
hosts [1–4].

Virus, bacteria, fungi, protozoa and helminth release EVs continuously into 
extracellular environment [1–3]. These EVs measure between 20 and 200 nm 
in diameter and contain proteins, glycoconjugates, lipids, nucleic acid (RNAs, 
non-transcribed RNAs and microRNAs). They can be detected in various body 
fluids (serum, plasma, saliva, urine, breast milk, etc.). EVs modulate the com-
munication and interaction with the host, also delivering virulence factors and 
antigens. Indeed, EVs isolated from parasites act either as messengers priming 
host cells for specific interactions, promoting invasion by the pathogen, or acti-
vating host innate and acquired immunity [1, 2, 5, 6].

Many studies have shown that EVs released from parasites are able to affect 
host cells. For example, this interaction changes the composition of exosomes 
released by macrophages. Pathogens can also stimulate the release of host EVs 
containing proteins or other components of the parasite as a mechanism for 
transporting contents of these microorganisms. Moreover, some pathogens have 
as mechanism of adaptation to the host, the release of EVs, which facilitates 
their dissemination or escape of the immune system.

In this chapter, we intend to present updated information regarding the role 
of EVs released by some major Protozoan parasites.
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2  Leishmania

Leishmaniasis are neglected diseases (WHO, 2015) (https://www.who.int/
leishmaniasis/en), which are endemic in several countries. The diseases are 
caused by protozoa belonging to the Leishmania genus and can be grouped into 
different clinical forms: (a) localized cutaneous leishmaniasis (CL), (b) mu-
cocutaneous leishmaniasis (MCL), (c) diffuse cutaneous leishmaniasis (DCL), 
and visceral leishmaniasis (VL). Currently, it is estimated that 556 million and 
almost 399 million people are living in areas at risk to contract VL and CL, 
respectively, located mostly in high-burden countries [7, 7a, 7b].

The cycle of Leishmania is digenetic occurring between mammalian hosts 
and the insect vectors of the Phlebotomine family [8]. During the blood re-
past, the female sandflies ingest the amastigotes present in infected mammalian 
hosts. Inside the vectors, the amastigotes become metacyclic promastigotes, and 
in a new blood uptake the promastigotes are egested by the vector and phago-
cytosed by host macrophages. Inside the phagocytes, the parasites differentiate 
into amastigotes and multiply. Rupture of the host cell membrane allow infec-
tion of new macrophages [9].

The innate immunity plays an important role in infection by Leishmania [10]. 
Neutrophils, macrophages and dendritic cells can recognize and be activated in 
response to contact or infection with Leishmania [11]. However, macrophages 
are the major cells involved in immunity and pathogenesis of leishmaniasis. 
Leishmania are phagocytosed by macrophages by binding of surface molecules 
of the parasites, such as lipophosphoglycan (LPG), to receptors expressed on 
the surface of macrophages, such as complement 1 and 3 receptors (CR1 and 
CR3), mannose receptor (MR), Fc receptors (FcR) and fibronectin receptors 
[12]. Activated macrophages release reactive oxygen species (ROS), and in-
crease the expression of nitric oxide synthase (iNOS), which leads to the pro-
duction of nitric oxide (NO). ROS and NO are highly toxic to Leishmania [10].

Innate immune cells express pattern recognition receptors (PRRs) that recog-
nize pathogen-associated molecular patterns (PAMPs). These receptors include 
Toll-like receptors (TLRs), cytosolic DNA sensors (CDSs), NOD-like receptors 
(NLRs), RIG-I-like receptors (RLRs) and C-type lectin receptors (CLRs). Toll re-
ceptor 2 (TLR2) and TLR4 recognize Leishmania extracellularly, while TLR3 and 
TLR9 recognize the parasite in the vacuole. The role of each TLRs in Leishmania 
defense or persistency will depend on the species of the parasite [13]. The function 
of NLRP3 inflammasome are, however, still controversial. Some studies showed 
that NLRP3 can be activated by Leishmania and lead to the production of the pro-
inflammatory cytokines IL-1β and IL-18 (reviewed in [10]. On the other hand, L. 
donovani stimulated the expression of A20 by macrophages, a molecule that inhib-
its NLRP3 inflammasome activation and the production of IL-1β [14].

Adaptative immunity to Leishmania can then contribute to the clearance of the 
parasite or can participate in the pathogenesis processes [15]. Protective immu-
nity to Leishmania requires appropriate activation of innate cells. The production 
of the IL-12, IL-18 and IL-27 cytokines by activated dendritic cells stimulates the 

https://www.who.int/leishmaniasis/en
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differentiation of IFN-γ-producing Th1 CD4+ T cells. The cytokines produced 
by Th1 (especially IFN-alpha increase the activation of macrophages to produce 
higher amounts of NO and ROS, thus contributing to the elimination of the para-
sites) (reviewed in [16]). On the other hand, the Th2 response, with high levels of 
IL-4 and IL-13, as well as the hyper-inflammation, associated with high produc-
tion of TNF-α, can contribute to the susceptibility or development of the DCL, 
respectively [17]. The role of the other Th subsets has not been completely un-
derstood. The Th17 T cells have a controversial, species-specific role [18]. The 
IL-10-producing Treg cells have been associated with parasite latency, treatment 
resistance and disease relapse in Leishmania infection [19].

Although the immune system has mechanisms to eliminate the parasite, 
Leishmania developed several strategies to avoid the immune response. Molecules 
produced by Leishmania can interfere with cell signaling pathways altering the 
expression of proinflammatory receptors and cytokines leading to parasite sur-
vival [20]. GP63 is an abundant major surface protease considered a virulence 
factor that participates in the parasite evasion by altering complement mediated 
lysis, interfering with PKC signaling in macrophages, and acting on the interac-
tion of the parasite with host cells and extracellular matrix [21]. The Leishmania 
surface coat also contains a lipophosphoglycan (LPG) that protects the parasite 
from complement-mediated lysis. However, LPG induced complement activation, 
promotes parasite phagocytosis with a delay in the formation of phago-lysosomes, 
allowing the parasite differentiation into the proliferative amastigote form [22].

Components released by the parasite can modulate the function and activa-
tion of phagocytic cells and the immune response. Several studies showed that 
parasite’s secretoma contain molecules with potential to modulate the immune 
cells [23]. In addition to secreted molecules, Leishmania also spontaneously re-
leases extracellular vesicles (Fig. 1) that showed biological effects in immunity 
and disease progression [24, 25].

Silverman et al [26] reported for the first time the presence of EVs budding 
from the flagellar pocket and plasma membrane of stationary phase Leishmania 
infantum promastigotes. Other studies showed that Leishmania EVs contain 
virulence factors (such as GP63 and LPG) and several molecules involved in 
the pathogenesis of Leishmania [25, 27], suggesting that these EVs can par-
ticipate in the leishmaniasis infection and disease progression. EVs released by 
Leishmania were detected in the supernatant of promastigotes cultures. They 
were also detected within the lumen of the sand fly midgut, corroborating the 
idea that Leishmania EVs may contribute to the host infectious process [27]. 
Cultured macrophages engulf Leishmania exosomes through surface binding, 
fusion with the plasma membrane, or by endocytosis [25, 28]. EVs released 
by Leishmania donovani increased IL-8 production by differentiated THP-1 
macrophages [25]. However, human monocytes exposed to L. donovani EVs, 
subsequently infected with the parasite, and then treated with IFN-γ showed a 
significant decrease in IL-8 and TNF-α levels and an increase in IL-10 levels, 
suggesting that EVs produced by the parasite show immunosuppressive effect 
on human monocytes [29].
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Experiments using mice models have also contributed to better understand 
the role of EVs released by Leishmania in disease progression. C57Bl/6 mice 
previously treated with L. donovani EVs showed higher parasitic load and IL-10 
levels, than untreated animals [25]. Similar results were obtained with BALB/c 
mice treated with Leishmania major EVs. Mice pre-injected twice with 15 μg 
of L. major EVs showed a prominent Th2 polarization and disease exacerbation 
with higher lesion volume (mm), as compared to control group after infection 
with L. major promastigotes [25]. The impact of L. major EVs in the infec-
tion site was also evaluated by co-injecting the parasite and EVs in BALB/c 
footpads. L. major EVs significantly enhance lesion development by favoring 
parasite replication and by enhancing cytokine expression, especially IL-17a (a 
pro-inflammatory cytokine) [27]. Thus, Leishmania EVs seems to be a mecha-
nism used by the parasite to establish the infection, favoring its survival and 
contributing to disease progression.

The presence of pathogens components has been identified in EVs released 
by infected cells [30]. Thus, several studies have been conducted to evaluate 
the release of EVs by cells infected with Leishmania [29, 31]. Proteomic an-
alyzes showed the presence of GP63 in EVs released by J774 cells infected 
with L. mexicana promastigotes [31]. It has also been found that EVs released 
by J774 infected with L. mexicana were able to induce the phosphorylation 
of MAP kinases in naive macrophages [31]. Primary cultures of murine bone 
marrow-derived macrophages significantly increased the inflammatory cytokines 
production after treatment with EVs from macrophages infected with L. ama-
zonensis promastigotes, which contributes to elimination of the pathogen [32].  

FIG. 1  Scanning electron microscopy (SEM) of Leishmania (Leishmania) amazonensis MHOM/
BR/1973/M2269 strain showing shedding of EVs. The panels show promastigotes forms incubated 
in DMEM with 2% glucose and attached to glass coverslips containing poly-lysine, fixed and pro-
cessed for SEM. Briefly, the samples were fixed in 2.5% glutaraldehyde solution according to es-
tablished preparation protocols, washed in 0.1 M cacodylate solution, fixed with osmium tetroxide, 
treated with tannic acid, dehydrated with ethanol, and dried in a CPD 030 critical point dryer. 
The samples were coated with a gold layer using a sputtering method (‘sputtering’, © Leica EM 
500 SCD, Germany) and then observed in a Field Emission FEI Quanta 250 FEG scanning electron 
microscope. The bar sizes are indicated in each image.
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In addition to pathogen molecules EVs also contain cell immune molecules 
such as, MHC-antigenic peptide complexes, unbound antigens, cytokines and 
co-stimulatory molecules, contributing to their immunomodulatory effects [30]. 
Therefore, EVs from Leishmania-infected cells should be considered relevant in 
cell-cell communications, affecting immune cells for antigen presentation and 
immune activation.

3  Trypanosoma cruzi

Trypanosoma cruzi, also a protozoan parasite, is the causative agent of Chagas’ 
disease, or American trypanosomiasis, one of the deadliest infectious diseases 
in Latin and Central America. It is estimated that 6–8 million people are con-
taminated, and approximately 25 million are at risk of acquiring the disease. 
More than 5 million people do not know they have the disease (www.who.int/
tdr/en/). Chagas Disease is also an emerging disease in U.S and Europe due to 
migration of chronically infected individuals from endemic countries and no 
regular screening on blood bank and hospitals in these areas. This protozoan is 
transmitted to humans by deposition of insect-vector in wounds and mucosa, 
or orally by foods contaminated with the insect such as observed in acai fruit 
or sugar cane juice. The parasite is also transmitted through blood transfusion, 
organ transplantation, and through the placenta during gestation and/or deliv-
ery. Vector-mediated transmission begins when the insect-derived metacyclic-
trypomastigote form, present in the insect feces, enter mammalian hosts and 
invade cells by forming a parasitophorous vacuole. Inside the host cell, the para-
site transforms into amastigotes that multiply freely in the cytoplasm. In the 
cell, the amastigotes differentiate into infective trypomastigotes, which rupture 
the cell plasma membrane, reach the extracellular matrix, and then the blood-
stream to invade surrounding cells and tissues [33]. Bloodstream forms are then 
available to the insect vector, or can be transmitted to other hosts.

In human, Chagas disease is characterized by an acute followed by a chronic 
phase. The acute phase shows microscopically detectable blood parasitemia and 
can last up to 8 weeks after the initial contact. Chronic phase, the diagnostic 
relies on serologic assays as the parasite can only be detected by highly sensi-
tive PCR techniques. Patients with chronic T. cruzi infection but without signs 
or symptoms of Chagas disease are considered to have the indeterminate form. 
It is estimated that from 20% to 30% of those people, who initially were sero-
logically positive, will progress over a period of years, or decades, to clinically 
evident cardiomyopathies, or mega gastrointestinal diseases, or both.

T. cruzi employs a highly elaborated array of molecules and strategies to invade 
a wide range of host cells [34, 35], as well as to escape from host immune defense 
mechanisms [36]. The invasion and immune resistance are both vital processes re-
quired for the successful survival, proliferation, and perpetuation of T. cruzi inside 
the mammalian hosts. Several parasite surface molecules have been implicated 
in host cell invasion and/or host immunomodulation [37]. From 60% to 80% of 

http://www.who.int/tdr/en/
http://www.who.int/tdr/en/


184  Exosomes

trypomastigote surface is composed by glycoconjugates. These are mostly mucin-
like glycoproteins, mucin-associated surface proteins (MASP), and members of 
superfamily gp85/trans-sialidase like glycoproteins [38, 39]. All these are asso-
ciated to the membrane via glycosylphosphatidyl inositol (GPI) lipids. Glycosyl 
phospholipids, called GIPLs are also present in the parasite surface [37]. When the 
parasites enter the host cells, macrophages are activated, and a cascade of events 
culminates in cytokines production, leukocyte attraction and activation, and in-
creased IL-12- versus IL-10 expression. The production of IL-12 and IFN-gamma 
by macrophages and natural killer (NK) cells influences macrophage effectors 
functions. This induces the polarization towards pro-inflammatory responses, in 
which helps to eliminate T. cruzi, versus a the Th2-type response, which favors 
parasite maintenance [37].

Many studies were conducted to identify parasite components that were 
able to induce these cytokines and NO production. Isolated mucin-like glyco-
proteins, the most abundant surface protein of trypomastigotes, were found to 
activate pro-inflammatory responses, and this have been attributed to the pres-
ence of unique unsaturated fatty acids in the GPI anchor [37]. However, it was 
unclear how these and other surface and GPI-anchored molecules are delivered 
and how they trigger specific signaling pathways through their cognate recep-
tors. Two possibilities have been envisaged: (i) release as soluble molecules; 
and/or (ii) in the form of extracellular vesicles. Enzyme-mediated, or spontane-
ous release of GPI-anchored components has been observed in protozoa [37]. 
Shedding of antigens is also a well-documented phenomenon in T. cruzi [1, 40]. 
However, these studies did not reveals whether these antigen were released as 
soluble and/or membrane-bound form.

In parallel, it has been shown that trypomastigotes spontaneously release 
EVs of approximately 20–200 nm, as demonstrated by electron scanning mi-
croscopy (Fig. 2). EVs are released by different isolates of T. cruzi in a process 

FIG. 2  SEM of T. cruzi trypomastigotes from Y strain showing shedding of EVs. Protozoa parasite 
were pre-incubated in DMEM with 2% glucose and attached to glass coverslips containing poly-
lysine, fixed and processed for SEM as described in Fig. 1. The bar sizes are indicated in each image.
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that occur without lost in parasite infectivity, suggesting that cell death does 
not occur during the process of vesicle secretion. The EVs were shown to con-
tain members of TS/gp85 and mucin-like superfamily of glycoproteins and to 
have potent proinflammatory activity [40, 41]. EVs purified by gel-filtration 
presented as a major component the mucin-like glycoproteins containing sub-
stituted α-galactosyl residues, which are with highly immunogenic, as well as 
several members of the TS-like glycoproteins. These α-galactosyl-enriched  
(α-Gal) EVs strongly trigger proinflammatory responses in murine macro-
phages via TLR2-dependent pathway [42]. The interaction between T. cruzi 
EVs and the host TLR2 leads to inflammation and enhancement of cell inva-
sion, which may favor the long-term maintenance of the parasite within the 
host (unpublished data). Indeed, BALB/c mice pretreated with these EVs before 
infection with T. cruzi trypomastigotes developed more severe heart pathology 
with an intense inflammatory reaction and an increased number of intracellular 
amastigote nests in heart tissue [4].

EVs are released by different isolates of T. cruzi. However, the secretome of 
YuYu strain, which is more infective than Y, contains more EVs than Y strain 
[41]. The proteomic analysis of these EVs revealed the presence of several 
members of the TS/gp85 superfamily in both cases. As these proteins are most 
likely involved in adhesion of the parasite to the host cells, it is possible that 
differences in infectivity could be due to the presence of more EVs in the more 
virulent strain. In addition, some members of these family of proteins corre-
spond to trans-sialidase enzymes that catalyzes the transfer of sialic acid from 
host molecules to parasite mucins and have been shown to participate in host 
cell adhesion and invasion, parasite escaping from the phagolysosome in the 
host cell cytoplasm and exit from the mammalian cell. In addition, the presence 
of TS could protect the parasite from host complement and lytic Ch anti-α-Gal 
antibodies and modulate host immune and apoptotic response. It has been pro-
posed that the immune evasion mechanism of relies on the ability of the parasite 
to induce the release of host cell-derived vesicles, which contribute to immune 
evasion by protecting the parasite from the complement attack, and ultimately 
resulting in increased parasite infectivity and survival [43].

Noteworthy, TS is differentially expressed by the two major T. cruzi phyloge-
netic lineages, namely T. cruzi I and T. cruzi II. In the latter, which is commonly 
found associated to human infection, TS is expressed and shed in much higher 
quantities. This observation clearly underscores the relevance of active TS, pos-
sible in EVs as a virulence factor for the parasite. Other related members of the  
TS/gp85 superfamily which do not have enzymatic activity, present in EVs could 
be playing a major role in the interaction with host cells. EVs released by YuYu 
strain (more virulent) caused a lower infection but higher intracellular prolifera-
tion in macrophages than EVs from Y strain. In contrast, YuYu strain-derived EVs 
caused higher infection of epithelial cells than Y strain-derived EVs [41]. Other 
qualitative differences in EVs from different T. cruzi strains were found, but at the 
present it is not possible to correlate them with infectivity/virulence differences.
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Other parasite stages besides blood trypomastigotes also release specific 
EVs. For example proliferative epimastigotes, which are non-infective and the 
infective metacyclic-trypomastigote form of T. cruzi formed at the hindgut of 
the insect vector showed distinct proteins sets in their EVs population [44]. 
These differences may arise from differences in the metabolism and gene ex-
pression of these parasite stages and suggest specific roles for each EVs, prob-
ably related to the interaction with the insect vector and/or in the initial steps of 
the parasite infection. The EVs seems to appear as a consequence of exocytic 
fusion of multivesicular bodies (MVB) resulting in exosomes, and budding of 
vesicles directly from the plasma membrane, resulting in microvesicles (MVs, 
also named ectosomes or plasma membrane-derived vesicles). In conclusion, 
all parasite T. cruzi stages uses EVs as a strategy to release major surface com-
ponents, which are involved in parasite adhesion, invasion, survival and evasion 
from host immune response.

4  Trypanosoma brucei

The Kinetoplastida Trypanosoma brucei (genus Trypanosoma) is the causative 
agent of sleeping sickness or African Trypanosomiasis that affects millions 
of people in 36 countries in sub-Saharan Africa and Nagana in animals [45]. 
There are three subspecies group, the T. b. brucei, which infect mammals, and 
T. b. gambiense and T. b. rhodesiense, which infect humans. These parasites are 
transmitted the Tsetse fly (Glossina spp.). The insect injects trypomastigotes 
into skin tissue during the blood meal. From the bite, parasites first enter the 
lymphatic system and then pass into the bloodstream. The parasite persist in 
blood causing anemia, neurological disorders and death if left untreated [45]. 
T. brucei is an extracellular parasite and divide in the mammalian bloodstream 
or in the insect gut and salivary glands of the insect vector. The bloodstream try-
pomastigotes express majorly a surface glycoprotein that form a protective coat 
around the parasite. The protein, named variant surface glycoprotein (VSG) is 
encoded by a multigene family and only one member of this family is expressed 
at each time. During the infection, once the host establish an immune response, 
another VSG is expressed allowing the parasite to escape the immune defenses 
and leading to chronic infection. In prolonged infection, the parasite cross blood 
brain barrier.

The VSGs which are attached to the membrane via GPI-anchors protects the 
parasite from lysis by the alternative pathway of the complement and against 
non-specific antibodies [46]. In infected hosts, VSG and parasite DNA contain-
ing CqG are recognized by SR-A and TLR9, respectively, promoting macro-
phage and dendritic cells (DC) activation and production of proinflammatory 
cytokines (TNF-α, IL-6 and IL-12). These parasite components and production 
of INF-γ by activated NK- and T-cells induce activated type 1 macrophages 
(M1). These strong Th1 type of response induces the production of NO, which 
contributes to parasitic control. At same time it enhances uptake of erythrocytes 
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causing anemia during acute phase of the disease [47]. More recently it has been 
shown that T. brucei EVs can also promote erythrocytes clearance resulting in 
anemia [48].

EVs of T. b. gambiense are released through nanotubes that extend from 
the flagellar pocket. These EVs were obtained from secreted material as well 
as from infected rat sera and range from 50 to 100 nm in diameter, which cor-
respond to exosomes size [49]. The proteins identified in the secretome appear 
to have a direct role in the parasite survival strategies [49]. For example, EVs 
released by bloodstream forms of T. b. rhodesiense were shown to contain the 
serum resistance-associated protein (SRA) that allow the parasite to survive in 
human blood. This protein, is not present in T. b. brucei, one of the reasons why 
this subspecies does not infect humans and some primates that present host in-
nate immune factor [48]. It has been shown that EVs derived from T. brucei fuse 
with erythrocytes membranes transferring lipids and VSG glycoproteins. This 
alteration of the erythrocytes membrane results in recognition and phagocytosis 
by macrophages in the liver and spleen leading to anemia [48].

Many orthologs of the secretory machinery of eukaryote cells (ESCRT ma-
chinery) have been described in T. brucei [50] and it was shown that inhibiting 
Vsp36 (an ESCRT component) compromises EVs secretion is compromised, 
but not of nanotube derived EVs [51]. Therefore, different mechanisms of se-
cretion may occur for these two types of vesicles that are also biochemically 
distinct [51].

T. brucei EVs are also related the social motility of parasites, which induces 
these parasites to migrate away from either damaged cells and from harmful en-
vironments. These EVs are internalized by insect form (procyclics of T. brucei 
in the insect host and are key components in the parasite-parasite communica-
tion [51]. Taken together, the release of T. brucei EVs plays a role in cell-cell 
communication with the host and among themselves and open new insights to 
development new potential therapeutic targets or diagnostic markers.

5  Plasmodium

Malaria is a disease found in 91 countries in tropical and subtropical 
regions (WHO, 2017) (https://www.who.int/malaria/en). The World Health 
Organization reported 219 million cases and 435,000 malaria deaths worldwide. 
Currently, it is estimated that approximately 3.3 billion people are living in risky 
areas (WHO, 2017) (https://www.who.int/malaria/en). The etiologic agent of 
malaria are parasites of Plasmodium genus and three species present a signifi-
cant health threat for humans, Plasmodium vivax, Plasmodium malariae and 
Plasmodium falciparum. The human infection is initiated with the injection of 
the sporozoites into the dermis by a feeding female anopheline mosquito. The 
parasites reach the liver, and invade hepatocyte. Inside the cells, the sporozo-
ites undergo schizogony and thousands of merozoites are released in the blood. 
In P. falciparum, merozoites invade erythrocytes and begin a chronic cycle of 

https://www.who.int/malaria/en
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asexual schizogony in the bloodstream. The host reticulocytes are infected by 
P. vivax. A proportion of asexually reproducing merozoites are reprogrammed 
to undergo gametocytogenesis that gives rise to male and female gametocytes. 
The mosquitos ingest both gametocytes present in peripheral circulation, which 
undergoes several process and in the midgut of the vector until giving rise to 
sporozoites that migrate to the salivary glands where they can be injected into 
the next human host [52].

Immune responses are involved in malaria pathogenesis and disease control, 
although repeated Plasmodium infections do not result in complete immunity, 
leading populations of endemic regions to develop several infections throughout 
life. After inoculation in the skin, an innate immune response is triggered [53]. 
Some innate receptors are activated by Plasmodium PAMPs and contribute to 
dendritic cells functions, such as T and B activation [54]. However, the parasite 
is able to evade the immune response by using several mechanisms including 
the inhibition of DCs maturation.

It has been shown that several species of Plasmodium, including human and 
rodent malaria release of EVs in human and mouse serum or plasma during ac-
tive infection [1, 2, 55]. In the case of malaria, EVs injection was found to con-
trol infection by Plasmodium yoelii-infected reticulocytes in the mouse model 
[56]. In mice infected with Plasmodium berghei (ANKA strain) EVs isolated 
from infected erythrocytes induce a potent macrophages stimulation via toll-like 
receptor (TLR) [57]. The EVs isolates from infected erythrocytes contain para-
site protein and RNA and pro-inflammatory effect and stimulate TLR pathways. 
Exosomes derived from infected reticulocytes contained many host and parasite 
proteins and have also been found to control host immune response in P. yoelii 
17X infection of BALB/c mice [56]. These proteins included merozoite surface 
proteins 1 and 9 and enzymes related to proteolysis and metabolic processes, 
which induced strong IgG responses. Furthermore, these exosomes combined 
with CpG-oligodeoxynucleotides induced protection against lethal infections in 
85% of the mice tested. In other studies, it was found that P. falciparum-infected 
erythrocytes also release EVs, and that these particles contained host and para-
sites proteins. These particles acts in the intercellular communication between 
host and parasite [6]. In addition, EVs released by infected erythrocytes (iRBC) 
transfer genetic material to cells. The EVs isolated from iRBC also induce ga-
metocytogenesis and confer resistance to the parasites that receive genetic ma-
terials. There are many reports showing that Plasmodium EVs localize in brain 
and that can modulate host immune system, originating severe clinical symp-
toms in malaria. In patients with cerebral pathogenesis there is an increase of 
EVs. Furthermore, platelet EVs are involved in iRBC cytoadhesion.

The EVs have been considered biomarkers in severe cerebral malaria and 
its presence is correlated with clinical manifestations such as fever and cere-
bral dysfunctions such as inflammatory responses [58]. Therefore, EVs derived 
from reticulocytes or red blood cells could be explored as connection between 
parasite and host cells and the modulation of pathogeneses of several malaria 
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infections. More relevant, is the fact that exosomes derived from reticulocytes 
could be explored as a vaccine platform against malaria infections.

6  Toxoplasma gondii

Toxoplasmosis is caused by Toxoplasma gondii, an obligatory intracellular pro-
tozoan that infects nearly one-third of the world’s human population [59]. Most 
individuals infected with the parasite are asymptomatic but the disease can be 
symptomatic or fatal in immunocompromised patients. The congenital infec-
tion can cause severe sequelae or death in fetus in primary infection of pregnant 
women [60].

The sexual cycle of Toxoplasma gondii occurs in the small intestine of the 
feline family and an asexual cycle is present in infected animals, including hu-
mans. The infection in humans initiates by ingestion of oocysts (released in 
feces of infected cats) or cysts (found in undercooked meat). In the intestinal 
lumen, the cysts or oocysts release bradyzoites and sporozoites that invade cells, 
transform in tachyzoites that reach the vasculature or lymphatic system. The 
tachyzoites can virtually infect all nucleated cells and tissues and are detected 
in biological fluids during the acute phase. In chronic phase, the tachyzoites 
transform in slow growing bradyzoites that can persist inside cysts in the host 
tissues [61].

In healthy individuals, the activation of innate and adaptative response elim-
inates most parasites. This occur because macrophages and dendritic cells can 
be activated in response to parasite products during infection. The stimulation 
of TLRs and other PAMPs receptors induce an innate immune response with 
the production of pro-inflammatory cytokines, contributing to an appropriated 
inflammatory milieu followed by the recruitment of neutrophils, monocytes and 
NK cells. Later on the activation of adaptative immune cells (T and B lym-
phocytes) ensues. However, the immune pressure on tachyzoites induce their 
conversion into bradyzoites that evades the host immune response, contributing 
to the disease progress to the chronic phase [62].

T. gondii express several antigens on the cell surface of the tachyzoites and 
bradyzoites [63]. These antigens have several roles including adhesion of the 
parasite to host cells and parasite survival on the cell environment [63]. The sur-
face antigen 1 (SAG1) and SAG2 families are GPI anchored and one of the most 
important surface antigens [64]. In addition, T. gondii secretes antigens that are 
able to stimulate the antibodies and T-cells responses. Molecules from dense 
granules, micronemes, and rhoptries, which are structures involved in the para-
site entry into the cells, highly immunogenic and elicit a protective response in 
addition to serves in serologic diagnosis [65–67].

Some cell surface antigens and secreted proteins were detected extracellu-
lar vesicles released by T. gondii by proteomic approach [68]. Small RNA and 
miRNA were also detected in EVs released by these parasites [69], suggest-
ing that EVs from T. gondii can delivery virulence factors and other molecules 
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contributing to the host-parasite interactions. The recognition of these EVs by 
sera from chronically infected human or mice also confirmed the presence of 
the immunogenic molecules expressed in EVs [69].

The effects of T. gondii-EVs in immunity were demonstrated by in  vitro 
and in vivo studies. EVs from T. gondii stimulate murine macrophages to in-
crease the expression of IL-10, iNOS and TNF-alpha [69]. RAW264.7 cells 
treated with T. gondii-EVs induce the production of IL-12, TNF-alpha, IFN-
gamma with a concomitant inhibition of IL-10 expression [70]. In vivo, mice 
immunized with T. gondii-EVs showed a predominance of IgG2a over IgG1 and 
high levels of both IFN-γ and IL-12, as compared with control groups, suggest-
ing a Th1-type cell immune profile induced by immunizations with EVs [70]. 
Immunized mice challenged with lethal infection with the parasites had signifi-
cant increase in the survival time, as compared to control group, demonstrating 
a partial protective effect in experimental toxoplasmosis [70].

Dendritic cells infected with the parasite and pulsed EVs with T. gondii 
antigens release exosomes with immunomodulatory properties. These EVs in-
duced a specific Th1 immune response in immunized animals [71]. In addition, 
these EVs led to a protective systemic immunity to T. gondii in mice challenged 
with the parasites [71]. Immunomodulatory effects were also observed by EVs 
released by THP-1 cells infected with T. gondii. These EVs stimulate TNF-α 
production by uninfected THP-1 cells [72]. Thus, immune cells infected with 
T. gondii release EVs that can stimulate proinflammatory response, contributing 
to efficient immunity against the parasite. The better understand of EVs released 
by T. gondii or by infected cells in immunity and immune surveillance can con-
tribute to the development of new strategies to protection in pregnant women 
and people living in risk areas.

7  Giardia duodenalis

The enteric protozoan Giardia duodenalis is responsible for 280 million 
worldwide cases per year of diarrhea infections (giardiasis), with the highest 
prevalence found in developing countries [73]. Giardia infection range from as-
ymptomatic to a severe malabsorption syndrome. Intestine epithelial cells play 
an important role in protection against invading microbes and express Pathogen 
Recognition Receptors PRRs that are capable of sense pathogens promoting a 
first line in immune response. The IL-17 production by CD4 + Th17 cells in-
duce production of NO, antimicrobial peptides, chemokines and transports IgA 
by intestinal epithelial cells [74].

Cyst of Giardia, which is its infective form are ingested through contami-
nated food or water. Excystation (release of trophozoites) occurs after the cysts 
enters in contact with acid pH and intestinal proteases degrading the cyst wall 
proteins (CWPs) in stomach. Then, cysts release trophozoites (replicative form) 
in the intestine that attach to the epithelial cells. Trophozoites release through 
exocytosis encystation-specific vesicles (ESV) containing CWPs in membrane 
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during encysting [75, 76]. The released of these vesicles is associated with the 
process of encysting. Some authors reported that in response to pH changes and 
presence of bile the ESVs formation increases in trophozoites [77]. This could 
be important for parasite survival in the host during infection.

Cysteine-rich proteins called variable surface proteins (VSPs) cover tropho-
zoite surface and they help to evade the host immune system due their constant 
switching [78, 79]. Some of these proteins have cysteine protease activity that 
can be secreted, acting as virulence factors [80–83]. Giardia secretes a cathep-
sin B-like cysteine protease that degrades CXCL8 and attenuates neutrophils 
chemotaxis [82]. A proteomic study identified several proteins in parasite sec-
retome and it has been shown that some are released as cargo of EVs [84]. 
EVs from Giardia range from 100 to 250 nm in size [84]. Recent studies have 
shown that EVs released by Giardia contribute to parasite colonization, increas-
ing adhesion to epithelial cells and also induction of immune responses [85]. 
The vesicle trafficking and biogenesis is not completely understood in Giardia 
as this organisms does not have Golgi complex and a well-defined endosomal 
system [86]. Orthologs of the subunits of ESCRT complex that is involved in 
endosomal-lysosomal sorting processes in yeast and mammals were found but 
it seems that these proteins diverge not only in sequence but also in functional 
characteristics [87]. These observations highlight to the importance of vesicles 
in pathogenesis of giardiasis and more work is necessary to clarify the role of 
EVs in the course of its infection.

8  Concluding remarks

Here we illustrate how extracellular vesicles are related to many aspects of some 
pathogenic protozoan parasites during the interaction with their host. The ac-
knowledgment that many microbial pathogens secrete membrane and cytosolic 
materials as exosomes and/or any type of extracellular vesicles is allowing us 
to better understand the complex mechanisms of parasite interaction with the 
host. EVs participate in multiple events such as tissue and cell invasion. They 
also directly affect the host innate and adaptative immune responses, which 
ultimately promote parasite survival and transmission. Therefore, the release of 
EVs have also many effects in the pathogenesis. Table 1 summarizes the present 
knowledge about the biogenesis and characterization of parasite and the main 
roles during the interaction with host cell-derived EVs. Furthermore, EVs are 
also released from infected cells, some of them containing parasite components, 
extending the role of these structures in the disease and healing process. Some 
major questions, however, remain unanswered. For example, the mechanism 
by which the different parasite release EVs remains elusive and should more 
studied as a possible strategy to prevent disease progression. Moreover, the ob-
servations that EVs isolate from parasite have a strong potential for immunopre-
vention and therapy should be further explored, mainly in the case of Neglected 
Tropical Diseases.



TABLE 1  Parasite extracellular vesicles-associated distinct glycoproteins, 
lipids or nucleic acid and their effect on host parasite interaction.

Parasite Molecules Effect on host Reference

L. donovani
L. infantum
L. mexicana

GP63
LPG
HSP

Parasite evasion by altering 
complement mediated lysis 
and promoting parasite 
phagocytosis

[25, 88]

T. cruzi Trans-sialidase 
Mucin Cruzipain 
GP85 Parasite 
antigen

Interaction, invasion and 
induce host inflammation 
and induce innate immune 
response via TLR2 parasites 
escaping the complement 
attack (TGF-β-bearing EVs 
released from monocytes and 
lymphocytes EVs enhance 
communication T. cruzi and 
host human cell promoting 
invasion

[1, 41–43, 89]

T. gondii Small RNAs/
miRNA

Induce humoral and cellular 
immune responses

[69]

P. vivax
P. falciparum
P. berghei
P. yoelii

Parasite
Protein
CSP?
ABCA1 transporter

Interaction host cells
EVs correlated with clinical 
manifestations such as fever 
and cerebral dysfunctions, 
suggesting a role of EVs in 
malaria pathogenesis
Induced a potent activation 
of macrophages via TLR
Modulator of the presence 
of phosphatidylserine (PS) in 
the outer layer of the plasma 
membrane, and PS is a major 
component of the surface 
of MVs
Role in modulating immune 
responses in vivo
EVs shown to promote the 
transference of genetic 
material between iRBCs 
(iRBC-derived EVs and 
induce gametocytogenesis)

[2, 6, 56]

T. brucei VSG protease Evasion from the host 
immune system and increase 
invasion BBB

[48]

G. 
duodenalis

Protein Mechanism to the parasite to 
adapt to the host changing 
environment in the course of 
the infection

[85]

LPG, lipophosphoglycan; VSG, variant surface glycoprotein; CSP, circumsporozoite protein; PS, 
phosphatidylserine; MVs, microvesicles; iRBCs, infected red blood cells; BBB, blood brain barrier.
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1  Introduction

The secretome of the cell is considered to contain all the proteins secreted by the 
cell and includes paracrine substances, exosomes and microvesicles [1]. Although 
there is still no consensus on the nomenclature of the vesicles released by a cell, 
considerable efforts are being made to quench this desideratum [2]. Reunited un-
der the generic name of extracellular vesicles (a term introduced by introduced 
by International Society of Extracellular Vesicles), exosomes and microvesicles, 
along with apoptotic bodies, can influence by cargo molecules the nearby or 
remote cells [3]. At present, several public online databases are available such 
as Vesiclepedia (www.microvesicles.org), EVpedia (www.evpedia.info) and 
ExoCarta (www.exocarta.org) [4].
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Exosomes mediate intercellularly, communication in normal and pathologi-
cal conditions and they are found in body fluids such as plasma, malignant 
ascites, urine, amniotic fluid, sputum, seminal fluid, breast milk saliva and peri-
cardial fluid [5–8].

Exosomes are cell-derived small extracellular membrane vesicles, with 
50–100 nm in diameter, that are actively secreted and released both in physi-
ological and pathological conditions. Often, there is no clear distinction be-
tween exosomes and microvesicles [9]. Exosomes originate in the cytoplasmic 
multivesicular bodies, which fuses with plasma lemma to release the exosomes. 
Microvesicles, also named ectosomes, are larger vesicles than exosomes which 
result from direct budding of the plasma membrane [10]. Exosomes also differ 
from microvesicles in chemical composition, being enriched in lipids, particu-
larly cholesterol (while microvesicles abound in GM1 ganglioside, also pres-
ent in small quantities in exosomes) and transmembrane proteins—tetraspanins 
such as CD9, CD63, and CD81 (considered as exosome markers) [11].

Exosomes are important cargos for proteins (e.g., cytokine receptors, tumor-
associated antigens, oncoproteins, and antigen presentation molecules), coding 
RNA (mRNA), non-coding RNA (miRNAs), or even DNA, and ensure com-
munication at cellular, tissue or organ level [12–16]. Due to their small size 
and protection have given by exosomes, miRNAs can escape from protease and 
nuclease degradation in the serum or plasma [17].

Although not much is known about the role of exosomes in normal condi-
tions, their roles in pathological conditions have been much more extensively 
studied [18]. Exosomes were proposed as an effective means to detect a variety 
of disease states since they have specific genomic and proteomic signatures char-
acteristic of the cells which they are derived from [19]. Exosomes-based bio-
markers are highly relevant for the prognosis of cardiovascular diseases [20, 21]  
and are widely recognized as key players in the prevention, repair or progres-
sion of cardiovascular disease [22].

In this chapter, we aim to update the knowledge about exosomes in various 
cardiovascular and cerebrovascular pathologies. We are reviewing the methods 
used for isolation and analysis of circulating exosomes, and we provide an ex-
tensive overview of the current knowledge about exosomes in the clinical prac-
tice as biomarkers of various cardiovascular diseases.

2  Exosomes biogenesis and release

The biogenesis and release of exosomes is an autoregulated process. Thus, dur-
ing exosome biogenesis, the message send/released to the target cells depends 
on exosomes content, which, in turn, is influenced by the cell of origin and by the 
local microenvironment [23]. Exosomes that ensure the intercellular communi-
cation in physiological and pathological states of the cardiovascular system and 
cerebrovascular system (Fig. 1) derive from and act on various cell subtypes, 
including cardiomyocytes, endothelial cells, mesenchymal stem/stromal cells, 
erythrocytes, brain cells derived exosomes and others.
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Studies have also demonstrated that exosomes released by different 
types of stem cells, including mesenchymal stem cells, hematopoietic stem 
cells, cardiac progenitor stem cells, cardiosphere cells, induced pluripo-
tent cells, are directed to endothelial cells, cardiomyocytes, fibroblasts and 
other types of cells, and play a cardioprotective role, by increasing cardiac 
angiogenesis, diminishing oxidative stress and inflammation, and reducing 
apoptosis [24].

2.1  Cardiomyocytes-derived exosomes

Cardiomyocytes release extracellular vesicles (e.g., exosomes or microvesicles) 
in physiological and physiopathological conditions. To date, stress conditions, 
such as hypoxia, inflammation or injury trigger in cardiac cells the secretion of 
extracellular vesicles that contribute to heart regeneration by their content (i.e., 
angiogenic, anti-apoptotic, mitogenic and growth factors) [25].

There is important crosstalk between cardiomyocytes and endothelial cells 
that is ensured by means of the cardiomyocytes-derived exosomes that are up-
taken by endothelial cells. In this cardio-endothelial communication system, 
exosomes contain functional glucose transporters and glycolytic enzymes that 
were demonstrated to be transferred to the endothelial cells [26]. Interestingly, 
the biogenesis of cardiomyocytes-derived exosomes can be stimulated by glu-
cose starvation, and the exposure of endothelial cells to exosomes delivered in 
these stress conditions induced angiogenesis [27].

Endothelial cells

Monocytes

Vascular smooth
muscle cells

Mesenchymal
stem cells

Erythrocytes

Lymphocytes

Platelets

Cardiomyocytes

Brain cells

Exosomes

FIG. 1  Exosomes ensure the intercellular communication in the cardiovascular system and cere-
brovascular system.
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The extensive crosstalk between different cardiac cells (e.g., cardiomyocytes—
endothelial cells—stem cells—fibroblasts—smooth muscle cells) is essential in 
maintaining cardiac homeostasis. Beside the active communication between car-
diomyocytes and endothelial cells, cardiomyocytes-derived exosomes were also 
demonstrated to be transferred to fibroblasts [28, 29].

Cardiomyocytes progenitor cells also release exosomes that were described 
to be efficiently uptaken by endothelial cells and to stimulate the endothelial 
cell migration and angiogenesis, by the activation of the ERK/Akt-signaling 
pathways [30].

2.2  Endothelial cell-derived exosomes

In vitro and in vivo studies demonstrated that exosomes from circulating en-
dothelial progenitor cells transfer cargo mRNA and activate angiogenesis in 
recipient endothelial cells [31, 32]. On the other hand, exosomes derived from 
various cell types have the potential to deliver their content that induces pro- 
(e.g., transfer of microRNAs, proteins, lipids, transcription factors or activation 
of signaling pathways) or antiangiogenic (LDL receptor-mediated endocytosis, 
CD36-dependent uptake of extracellular vesicles, induction of oxidative stress) 
signaling in endothelial cells. This is a dynamic process, where exosomes adapt 
their composition in response to local microenvironmental changes and modu-
late angiogenesis [23].

The circulating levels of endothelial cell-derived microvesicles were un-
changed for type 2 diabetes patients [33, 34], while they were significantly in-
creased for patients with metabolic syndrome [35].

Pharmacological therapy in patients with vascular complications, diabetes 
or metabolic syndrome might increase or decrease the levels of endothelially 
derived microvesicles [36, 37].

Cardiac endothelial cells (CEC) are important players in cardiac physiology 
and pathophysiology, with a distinct transcriptome in comparison with other 
endothelial cells (e.g., renal, cerebral, or pulmonary endothelial cells) [38]. 
CEC-derived exosomes express the marker integrin αvβ6 and determine the ac-
tivation of the latent transforming growth factor (TGF)-β into its active form in 
B cells [38].

2.3  Mesenchymal stem/stromal cells derived exosomes

Mesenchymal stem cells (MSCs) are multipotent progenitors that can be iso-
lated from different types of tissue (e.g., bone marrow, adipose, muscle bone, 
brain, spleen, liver, kidney, lung, thymus, and pancreas). MSCs-derived exo-
somes have been described to play multiple roles, including tissue repair, anti-
inflammatory effects, immunomodulation, and neuroprotection. Interestingly, 
the MSCs-derived exosomes are more stable than MSCs per se, and when 
in vivo injected exosomes are more prone not to be rejected by the immune 
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system due to the lack of aneuploidy in comparison with the origin cells [39]. 
However, human MSCs-derived exosomes were demonstrated to exert in vitro 
immunomodulatory effects against peripheral blood mononuclear cells (e.g., 
T lymphocytes), increasing their apoptosis but without any effects on the pro-
liferation [40].

It has been demonstrated that MSCs were able to produce larger quantities 
of exosomes in comparison with other cell subtypes, including myoblasts, hu-
man acute monocytic leukemia cells or human embryonic kidney cells [41].

2.4  Platelet-derived exosomes

Platelet-derived exosomes have also been described [42]. Interestingly, platelets 
host a complex transcriptome, including approximately 9500 mRNAs, differ-
ent classes of non-coding RNAs (e.g., microRNAs), and proteins (involved in 
adhesion, aggregation, granule secretion, RNA transfer, mRNA translation, and 
immune regulation processes [43–49]. Platelet-derived exosomes have simi-
lar size, protein markers, and ratio of the amount of CD81 marker-to-exosome 
count, in comparison with exosomes derived from other cell subtypes [42, 50]. 
Extracellular calcium influences the content of the platelet-derived exosomes, 
by changing the total exosomal content and the levels per exosome of platelet 
glycoprotein VI, CXCL7, or high-mobility group box 1 protein [50].

In patients with sepsis, platelet-derived exosomes were shown to contribute 
to myocardial dysfunction [51]. Platelets play an essential role in recovery af-
ter the blood vessels damage and in thrombosis. To detail, upon vessel injury, 
platelets interact with the endothelial cells and release their cargo (e.g., adhesive 
molecules, including von Willebrand factor and fibrinogen, growth factors and 
inflammatory and angiogenic mediators) [52]. In mice, platelet-derived exo-
somes were demonstrated to increase the protein ubiquitination and to increase 
the proteasome degradation of CD36 and thus to contribute to the inhibition 
of the athero-thrombotic processes [53]. Moreover, platelet-derived exosomes 
were described to the apoptosis of endothelial cells apoptosis [54].

2.5  Leukocyte-derived exosomes

Leukocyte-derived microparticles express different protein markers in corre-
lation with the cellular origin, such as leukocyte (CD45), neutrophil (CD15, 
CD64, CD66b, CD66e), monocyte (CD11a, CD14, CD18), lymphocyte (CD2, 
CD3, CD4, CD8, CD19, CD20) [55]. If stimulated by starvation or by exposure 
to endotoxin or calcium ionophore A23187, monocytes (i.e., monocyte cell line 
THP-1) release exosomes expressing the following markers, Tsg 101, negative 
phospholipids, CD18, CD14 and the active tissue factor (TF) [56]. Interestingly, 
if endothelial cells were exposed to these monocytes-derived microvesicles, en-
dothelial apoptosis and nuclear fragmentation were triggered, and procoagula-
tion effects were activated [56].
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An analysis of the protein markers between the cultured leukocytes (e.g., 
T cells, monocytes, NK cells, and B cells) and their derived exosomes revealed 
that some cell surface proteins are not transferred to the surface of the extracel-
lular vesicles, including CD3, CD14, CD16, and CD19 [57]. On the other hand, 
other cell surface proteins, like CD9, CD63, and CD81 are transferred from par-
ent cells to the extracellular vesicles for the majority of cultured leukocytes [57].

2.6  Erythrocytes-derived exosomes

Erythrocytes release both exosomes and ectosomes depending on their phase of 
development. In particular, erythrocytes-derived exosomes (EDE) are released 
only during the development of red blood cells in the bone marrow [58]. EDE 
were identified in the blood and had been characterized to bind to monocytes 
inducing secretion of proinflammatory cytokines (e.g., TNF-α) and to boost the 
mitogen-induced CD4 + and CD8 + T-cell proliferation [59]. The proinflam-
matory effect (i.e., production of TNF, IL-6, and IL-8) induced by erythrocyte-
derived exosomes is influenced by the storage duration of the red blood cells [60]. 
In particular, EDE may contribute to the negative effects of blood storage that pre-
vents blood transfusion. Mechanisms involve the altered NO scavenging by hae-
moglobin inside the red blood cells [61], and the abnormal vasoregulation [62].

The production of vesicles by red blood cells may be triggered by various 
stimuli, including increased cytosolic Ca2+ [63], ATP depletion, increased K+ 
leakage [64], and activation of various intracellular signaling cascades (e.g., 
GPCR, PI3K-Akt, Jak-STAT, and Raf-MEK pathways) [65].

EDE also play an essential role in various blood and cardiovascular pa-
thologies. To date, EDE contribute to the cell-to-cell communication in blood 
infective diseases (e.g., malaria) [66]. In patients with sickle cell disease, eryth-
rocytes release spectrin-free haemoglobin-containing spicules as rods and 
microspheres, and rods containing polymerized haemoglobin may eventually 
become chains of microvesicles [67]. The spicules released by sickled erythro-
cytes were demonstrated to the altered blood clotting probably due to the reor-
ganization of the phospholipids inside their spectrin-free membrane [68]. High 
levels of erythrocyte-derived microvesicles CD235a-positive were detected in 
the plasma of obese patients with type 2 diabetes, without a direct correlation 
with the plasma haemoglobin A1c levels [69]. Erythrocyte-derived microvesi-
cles were also significantly increased in patients with metabolic syndrome, with 
diabetes as comorbidity (⅓ of the patients) [70].

2.7  Vascular smooth muscle cells derived exosomes

Vascular smooth muscle cells (VSMCs) are also producing exosomes with po-
tential proangiogenic activity. VSMCs-derived exosomes have a diameter of 
60–150 nm and express protein markers like flotillin-1, CD81, and syntenin-1 
[71]. The protein profile of the human VSMC-derived exosomes analyzed by 



Exosomes as intercellular communication messengers  Chapter | 9  205

nanoLC-MS/MS-based proteomics revealed the presence of 459 proteins [72]. 
Another extensive proteomic study identified 349 proteins in the VSMC-derived 
exosomes, most of them being an extracellular matrix (ECM) or ECM-related 
proteins and cell adhesion molecules, which implies that VSMC-derived exo-
somes are involved in focal adhesion and to intercellular signaling [73].

VSMC-derived exosomes play an important role in vascular pathologies, 
including restenosis, atherosclerosis, calcification, and coagulation [74, 75]. In 
VSMCs-overexpressing Krüppel-like factor 5 (KLF5) was demonstrated that 
VSMCs-derived exosomes transfer miR-155 from VSMCs to endothelial cells, 
thus disturbing the integrity of the endothelial barrier and stimulating the ath-
erosclerosis progression [76].

2.8  Brain cells derived exosomes

Beside the extracerebral sources of exosomes, all brain cells (i.e., neurons, as-
trocytes, cerebral endothelial cells, microglia, oligodendrocytes and others) can 
synthesize and release exosomes [77–80]. To date, cultured glioblastoma cells 
[81], brain microvascular endothelial cells [82, 83], primary cultured rat mi-
croglia [84], PC12 neuronal differentiated cells [85] and astrocytes [80] secrete 
exosomes.

Activation of different cellular components of the neurovascular unit by 
physiological or pathological stimuli determines the release of exosomes. In 
HIV infection the communication between brain microvascular endothelial 
cells and macrophages is ensured by exosomes derived from TLR3-activated 
brain microvascular endothelial cells [86]. The angiogenesis process in brain 
cancer was also mediated extracellular vesicles that contribute to the commu-
nication between brain microvascular endothelial cells and glioblastoma [87]. 
In neuronal stress conditions (e.g., oxidative stress, hypoxia, ischemia or hypo-
glycemia), the release of exosomes by astrocytes with a high content of prion 
proteins ensured the neuronal survival [88]. In spinal cord regeneration, upon 
treatment with retinoic acid receptor β (RARβ) agonist, phosphatase and tensin 
homolog were inactivated in the neuronal cytoplasm being further transferred 
by exosomes to astrocytes and thus contributing to axonal regeneration [89].

In this context, brain remodeling is strongly influenced by the exosome-
mediated intercellular communication, and the vascular component plays an 
essential role.

3  Exosomes characterization and methods of study  
and analysis

3.1  Exosomes size

It is generally stated that exosomes size varies between 40 and 100 nm in diam-
eter. The size of exosomes varies between geometric (hydrated or desiccated), 
hydrodynamic and volumetric estimations. Various methods or cell subtypes 
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were used for exosomes characterization and results indicated differences in 
exosomes size and shape [90]. The size of exosomes might be obtained em-
ploying several techniques, including atomic force microscopy, dynamic light 
scattering, nanoparticle tracking analysis, endothelial colony forming cells, 
scanning electron microscopy, transmission electron microscopy, and freeze-
fracture transmission electron microscopy.

The size of exosomes might also be affected by the method of drying or desic-
cating. For example, the hydrodynamic diameter of mesenchymal stem cell derived 
exosomes was approximately ~ 98 nm by nanoparticle tracking analysis, while it was 
approximately 55.5 nm by transmission electron microscopy measurements [91].

The method used for isolating exosomes is also a factor that contributes to 
size variability [92–94]. Interestingly, the number of circulating exosomes and 
their size distribution might be influenced by the age, the gender and the health 
status of the patients [95, 96].

3.2  Exosomes separation

Exosomes are generally separated from conditioned culture media and body flu-
ids (e.g., blood, urine, saliva, cerebrospinal fluid, joint fluid, breast milk, ascitic 
fluid, etc.) Fig. 2. Although multiple methods of exosome separation have been 
developed, there is no reliable protocol for exosome purification and analysis [97].

The most employed methods for exosome purification include differential 
centrifugation (low speeds, approx. 1500 × g), high-speed ultracentrifugation 
(> 100,000 × g), ultrafiltration, solvent precipitation, microfluidic techniques, 
immunoaffinity isolation, density gradient and size-exclusion chromatography 
[92, 98–102].

Exosomes

BIOGENESIS RELEASE ANALYSIS

Cell 
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Body fluids
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Electron microscopy
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FIG. 2  Overview of the exosomes biogenesis and analysis.



Exosomes as intercellular communication messengers  Chapter | 9  207

Immunoaffinity capture was considered to be the best method for exosomes 
separation compared to ultracentrifugation, density gradient separation, due to 
the enrichment in exosome markers and exosome-associated proteins [92].

In particular, isolation of neuron-derived exosomes is challenging. Methods 
of fetal neuronal exosomes separation from maternal blood have also been de-
veloped, followed by subsequent neuronal markers analysis to determine the 
fetal origin (e.g., CD81, neuron-specific enolase, neurofilament light chain,  
L1 cell adhesion molecule), or to exclude the placental origin (type 1 
pregnancy-specific β-1-glycoprotein) [50]. Recently, exosomes have been 
separated from the in vivo brain tissue [103].

Exosome isolation is clinically relevant especially due to the accessibility 
and diversity of body fluids in which exosomes are present. However, there 
are difficulties related to the lack of standardized clinical protocols for exo-
somes isolation [104]. The protocols of extracellular vesicles separation in clini-
cal practice should be adapted to the required output parameters, e.g., the final 
concentration of extracellular vesicles, the purity of the extracellular vesicles, 
selection of extracellular vesicle subtype, and the time/cost benefits [102].

3.3  Exosomes analysis

Several methods have been employed for exosome analysis, including Western 
blot analysis, mass spectrometry [105], dynamic light scattering, bicinchoninic 
acid microassay [97], electron microscopy [106], flow-cytometry [107, 108], 
and gradient electrophoresis [109].

The exosome’s size of tens of nanometer does not allow it to be visualized 
by conventional optical microscopy, making electron microscopy necessary to 
characterize its morphology [110]. By transmission electron microscopy, col-
lapsed extracellular vesicles appear with characteristic cup-shaped or doughnut 
morphology, while intact exosomes are spherical (diameter from 30 nm to 1 μm),  
as seen by cryo-electron microscopy [108]. The atomic force microscopy is also 
a method used for the characterization of extracellular vesicles and exosomes, 
in particular, primarily to analyze their size and topology [111].

Exosomes are detergent-resistant due to their rich content in choles-
terol, sphingomyelin, and ganglioside GM3, or lipids [109]. For some exo-
somes the flotation density was measured in a sucrose gradient at values of  
1.10–1.18 g/mL [107].

Cardiac exosomes have specific protein markers, including proteins from 
the endosomal sorting complexes required for transport machinery, tetraspanins 
(e.g., CD9, CD63, CD81), and heat shock protein 70 [112]. Depending on their 
origin, leukocyte-derived microparticles have various markers [55].

Exosomal protein content is influenced by the cell source and stimulus for 
exosome formation. Western blot analyses provided evidence that cardiac exo-
somes retained their protein cargo under different physiological/pathological 
conditions. Moreover, mass spectrometry demonstrated that the protein content 
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of cardiac exosomes differed significantly from other types of exosomes, and 
contained cytosolic, sarcomeric, and mitochondrial proteins [105].

In the case of erythrocyte-derived exosomes, their detection was strongly 
influenced by the storage conditions of the red blood cells concentrates. Flow-
cytometry and dynamic light scattering were unable to detail erythrocyte-
derived exosomes until a particular concentration was reached at approximately 
42–43 days of storage of the red blood cells concentrates [113].

4  Exosomes and coronary artery disease

4.1  Exosomes as biomarkers in coronary artery disease

Although there is expanding evidence about the importance of extracellular 
vesicles, and in particular of exosomes, in cardiovascular disease, their utiliza-
tion as markers for a specific disease is still limited by different technological 
obstacles (e.g., most studies are done in vitro).

Coronary artery disease (CAD), the most common type of heart disease, is 
a result of the existence of inflammation and cholesterol-containing deposits 
(plaque) in the arteries. It is known that plaque formation is accompanied by 
the presence of extracellular vesicles originating in leukocytes, erythrocytes, 
smooth muscle cells, and endothelial cells [114]. By contrast, extracellular ves-
icles circulating in plasma are platelet-derived and show no smooth muscle cell 
origin. It was shown that extracellular vesicles are active participants in endo-
thelial dysfunction, intravascular calcification, unstable plaque progression, and 
thrombus formation after rupture [115].

For assessing CADs, to predict or stratify the risk of mortality, various meth-
ods were used, starting with Killip classification, The Canadian Cardiovascular 
Society Angina Grading Scale, and finishing with prognostic biomarkers in-
cluding high sensitivity cardiac troponin, high-sensitivity C-reactive protein, 
and creatine kinase MB. Unfortunately, nowadays there are no specific mark-
ers included in the guidelines. Studies showed that PTX3 appears to be more 
specific than C-reactive protein for predicting cardiovascular disease [116]. 
Recent studies showed that miRNAs identified in plasma are transported by 
circulating proteins and lipoproteins and also by exosomes [117] which can 
be determined as useful biomarkers because they can reflect disease stage or 
progressions [118]. Several miRNAs were shown to be altered in coronary heart 
diseases (miR-17, miR-19a, miR-21, miR-92a, miR-126, miR-146a, miR-222, 
and miR-223) [119].

More on more studies pointed that miRNAs may serve as prognostic and 
therapeutic targets for cardiovascular diseases [120]. In 2017, Karakas et  al. 
performed the most extensive study, so far, evaluating the prognostic value of 
circulating miRNAs in cardiovascular disease. They showed that miR-132, miR-
140-3p, and miR-210 were able to predict cardiovascular death reliably. Three 
miRNAs miR-223, miR-197, and miR-126 reached statistical significance; 
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however none was predictive for both early and late cardiovascular events [121]. 
Another very recent study showed that miR-142–3p and miR-17-5p might be 
useful as future biomarkers in assessing the risk in CAD [122]. Moreover, in 
patients with CADs significantly reduced levels of miR-126 were found in com-
parison with healthy controls [119], and it was suggested that in the future the 
development of extracellular vesicle-based miR-126 therapeutic strategy might 
be of use to treat CADs.

4.2  Exosomes in the recovery after coronary artery disease

The formation of the atherosclerotic plaque on the arteries of the heart is fol-
lowed in evolution by the different degrees of obstruction of the vessel leading 
to myocardial ischemia. In the worst scenario, the plaque can rupture causing 
thrombotic occlusion of the artery resulting in acute myocardial infarction. 
The most appropriate treatment in these cases is to try reperfusion of infarcted 
myocardial territory. However, this is accompanied by so-called reperfusion 
ischemia syndrome responsible for additional injury [123]. Many researchers 
aim to reduce the effects of reperfusion in order to improve the activity of the 
affected myocardial area. Among these attempts are listed those that address 
factors released by stem cells [124] or even a by a new cell type described in the 
myocardium, namely telocytes [21, 125, 126]. These factors might act by para-
crine or autocrine effect, and they can be transported with the aid of exosomes 
[127]. Sahoo et al. demonstrated that exosome secreted by CD34 + stem cells 
might exhibit independent angiogenic activity both in vitro and in vivo [128]. 
Exosomes secreted by mesenchymal stem cells confer cardioprotective effects 
if they are perfused in rats, directly in the myocardium or intravenously before 
reperfusion [76, 129, 130]. It has been proposed that exosomes have cardiopro-
tective effects in Langendorff-perfused rat heart [131].

Exosomes have been proposed as an alternative to cell therapies since for 
example, exosomes secreted by human cardiosphere-derived cells possess re-
generative and cardioprotective properties by inhibiting apoptosis and promot-
ing proliferation of cardiomyocytes and angiogenesis [132].

5  Exosomes in myocardial ischemia and infarction

5.1  Exosomes as biomarkers in myocardial  
ischemia/infarction

5.1.1  Exosomes as biomarkers in myocardial  
ischemia/infarction
Biomarkers are well known as useful diagnostic tools in many diseases. In car-
diovascular medicine, the discovery of such biomarkers, especially for early di-
agnosis of the pre-necrotic stage occurred prior to the infarction, will be of great 
value [133]. Experiments performed in  vitro showed that exosomes released 
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from cardiomyocytes subjected to hypoxia, carry cytokine TNFα and the heat 
shock protein HSP60 [134, 135]. These findings introduce the possibility that 
some markers might be released from cardiomyocytes prior to necrosis when 
the cells are in hypoxia, idea supported by the increased plasmatic levels of exo-
somes after coronary artery bypass surgery [136]. There are many studies aim-
ing to identify an acute myocardial infarction (AMI) cardiomyocyte-specific 
miRNA, although some authors suggested that not all changes in miRs lev-
els indicate a cardiomyocyte origin since other cell types are involved in AMI, 
e.g., endothelial cells [137]. In this sense, recently, a panel of miRs which can 
be used to differentiate Takotsubo cardiomyopathy from AMI was described: 
miR-1, miR-16, miR-26a, and miR-133a differentiated TTC from healthy sub-
jects and STEMI patients [138]. Results showed that cardiac-specific miR-1 
and miR-133a were up-regulated in ST segment elevation myocardial infarction 
(STEMI) patients compared with healthy controls [138].

Exosomal miRNA-133a can be considered among the biomarkers for myo-
cardial infarction [139, 140]. miR-1, miR-133a, miR-208a, and miR-499 lev-
els were documented in mice as being significantly reduced in infarcted and 
adjacent infarcted cardiac areas [140]. Additionally, the capture of miR-133a by 
adjacent infarcted cardiac areas can contribute to hypertrophy inhibition [139]. 
In cardiac injuries, such as AMI, the above-mentioned cardiomyocyte produced 
miRNAs (miR-1, miR-133a/b, miR-208a, and miR-499) are found at dramati-
cally increased levels in the blood, indicating myocardial damage [141, 142]. 
This suggests a potential value these miRNAs as future diagnostic biomarkers 
for early diagnosis of AMI [143, 144].

5.2  Exosomes in the recovery after myocardial  
ischemia/infarction

5.2.1  Exosomes involved in the endogenous recovery 
mechanisms after myocardial ischemia/infarction
Several cell subtypes, including mesenchymal stem cells, cardiac fibroblasts, 
cardiac progenitor cells, and hematopoietic stem cells have been described to 
release exosomes that contribute to cardiac regeneration upon myocardial isch-
emia or infarction.

To date, mesenchymal stem cells derived exosomes and their microRNA 
profile were described to be involved in the cardiac tissue regeneration upon 
ischemic heart injury, by several mechanisms including, reduction of colla-
gen production, protection against apoptosis, and increased angiogenesis [91]. 
Moreover, in the murine model of acute ischemia/reperfusion injury, cardiac 
progenitor-derived exosomes were demonstrated to protect ischemic myocar-
dium by inhibiting the cardiomyocyte apoptosis [145]. In particular, cardiac 
progenitor-derived exosomal miR-21 was shown to inhibit apoptosis in car-
diomyocytes by targeting the programmed cell death 4 (PDCD4) gene [146]. 
Human cardiac progenitor cells derived exosomes were also demonstrated to 
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inhibit cardiomyocyte apoptosis and to improve cardiac function upon myocar-
dial infarction when injected in the area surrounding the infarction of rat hearts 
one hour after in vivo coronary artery occlusion [147].

Cardiac fibroblasts were also described to play an important role in the car-
diac repair process upon infarction. To date, myocardial infarction is associated 
with acute inflammation processes that trigger the production of inflammatory 
mediators, the activation of the matrix-degrading activity, and the proliferation 
and subsequent migration of cardiac fibroblasts [148]. At the site of the myo-
cardial damage, fibroblasts migrate and transdifferentiate into myofibroblasts 
in response to local inflammatory mediators (e.g., TGF-β), and thus contribute 
to the repair process [149]. The proliferative phase of the myocardial repair is 
characterized by the multiplication of cardiac fibroblasts in response to prolif-
erative agents (e.g., fibroblast growth factor 2, platelet-derived growth factor, 
angiotensin II, vasopressin, endothelin I, cardiotrophin, tryptase, and chymase) 
and their migration to the injury site [150–155]. In the recovery upon myocar-
dial infarction, a complex intercellular communication is involved by means 
of exosomes, that implies the cross-talk between cardiomyocytes—endothelial 
cells—stem cells—fibroblasts—smooth muscle cells [156].

It is known that miR-302–367 promote embryonic cardiomyocyte prolif-
eration and therefore, studies were performed about its role in myocardial in-
farction [157]. Myocardial regeneration after myocardial infarction is directly 
influenced by transient activation of miR-302–367, miR-17-92, miR-590, 
miR-199a, miR-17-92 cluster, miR-199a-214 cluster, miR-34a, and miR-15 
family [158]. Moreover, miR-31a-5p has been reported to control postnatal 
cardiomyocyte proliferation in vivo by targeting RhoBTB1, suggesting that it 
might have therapeutic implications promoting cardiac regeneration in diseased 
myocardium [159].

5.2.2  Exosomes used in the therapeutic approaches  
after myocardial ischemia/infarction
The therapeutic potential of exosomes in the heart recovery after myocardial 
ischemia and infarction was tested by in vitro, ex vivo, or in vivo approaches de-
livering them to the injury site. Moreover, a large variety of engineering meth-
odology has been employed in order to encapsulate and deliver exosomes.

In vitro assays demonstrated that extracellular vesicles derived from AC10 
ventricular cardiomyocyte cell line were more prone to be internalized by en-
dothelial cells compared to fibroblasts, and the paracrine crosstalk between 
cardiomyocytes-endothelial cells-fibroblasts was proposed to contribute in car-
diac remodeling upon ischemic injury [160].

In vivo injection of exosomes derived from mesenchymal stem cells proved 
to be efficient in the myocardial recovery after ischaemia/reperfusion injury by 
triggering autophagy in cardiomyocytes via AMPK/mTOR and Akt/mTOR sig-
naling pathways [161]. Moreover, injection of mesenchymal stem cell-derived 
exosomes into the areas bordering the myocardial infarction was demonstrated 
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to exert local effects, by stimulating angiogenesis and reducing the inflamma-
tion response [162]. Additionally, dendritic cells derived exosomes injection af-
ter myocardial infarction improved the cardiac function by activating CD4(+) 
T lymphocytes [163].

Cardiac stem cells exosomes conjugated with cardiac homing peptide (CHP; 
CSTSMLKAC) have been successfully delivered within heart sections or in 
neonatal rat cardiomyocytes and demonstrated their efficacy in the treatment of 
myocardial infarction [164]. Additionally, exosomal enriched membrane protein 
(Lamp2b) fused with ischemic myocardium-targeting peptide CSTSMLKAC 
(IMTP) had an efficient anti-apoptotic effect upon in  vitro internalization by 
hypoxia-injured H9C2 cells, while IMTP-exosomes injected systematically into 
the mice experiencing myocardial infarction were able to target ischemic myo-
cardium preferentially and to reduce cardiac inflammation and apoptosis within 
the ischemic area [165].

Recent technologies advances enabled researchers to obtain human cardiac 
muscle patches engineered from cardiomyocytes, smooth muscle cells, and en-
dothelial cells differentiated from human induced pluripotent stem cells, that 
were successfully tested in vitro or transplanted in mice models of myocardial 
infarction. Experiments demonstrated that human cardiac muscle patches re-
lease exosomes that exert cardiomyocyte cytoprotective effects and stimulate 
the angiogenic activity in endothelial cells [166].

6  Exosomes in heart failure

6.1  Exosomes as biomarkers in heart failure

Many CADs progress up to chronic heart failure (HF), and the number of pa-
tients developing HF is increasing each year. A challenge in HF management is 
to identify a reliable approach for the prognosis of the disease. HF development 
is determined by complex processes of cardiac remodeling and vascular dys-
function [167]. Exosome analysis might represent a useful tool for evaluating 
the development of HF in patients and multiple studies reported their role in 
regulating this pathological condition [168, 169].

A novel paracrine regulator mediating intercellular communications is repre-
sented by exosomes. The cross-talk between cardiomyocytes and cardiac fibro-
blasts are mediated by cardiac fibroblast-derived microRNA-enriched exosomes, 
a process leading to cardiomyocyte hypertrophy and contributing to HF [170].

Using exosomes as biomarkers have some advantages, though there are still 
limitations in risk stratification among HF patients. A classical way to evalu-
ate the extent of HF is The New York Heart Association (NYHA) Functional 
Classification, which remains arguably the most important prognostic method 
in routine clinical, though this is an assessment with limitations such as the 
challenge of consistently classifying patients in class II or III. Furthermore, the 
accuracy of the results might be significantly influenced if relying on patients’ 
subjective statements instead of the objective condition [171].
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The plasma endothelium-derived extracellular vesicles levels were found to 
be significantly increased in HF patients with NYHA functional class I or more. 
Analysis proved that high extracellular vesicles level was associated with a sig-
nificantly increased probability of cardiovascular events [172].

6.1.1  Proteins from exosomes in heart failure
Several studies show that degeneration of endothelial function and vascular in-
tegrity, imbalanced angiogenesis, and inflammation critically contribute to the 
progression of HF. Vascular endothelial dysfunction its been shown to be closely 
related to the levels of circulating extracellular vesicles derived from endothelial 
cells [21]. Patients with chronic HF have high levels of extracellular vesicles 
CD144 +/CD31 +/AnnexinV + and CD31 +/AnnexinV + levels. A good clini-
cal prediction for HF may be obtained by the detection of endothelial extra-
cellular vesicles (i.e., CD144 +/CD31 +/AnnexinV + and CD31 +/AnnexinV + 
extracellular vesicles) with the NYHA Functional Classification [169]. Other 
studies on patients with chronic HF reported a correlation between mortality 
and an elevated ratio of CD31 +/Annexin V + endothelial-derived apoptotic 
extracellular vesicles to mononuclear progenitor cells [173]. The detection of 
these extracellular vesicles HF patients may be considered as a good potential 
biomarker associated with a high risk of developing this pathology [21].

The European Society of Cardiology and the American Heart Association/
American Colleges of Cardiology recommend natriuretic peptides, pentraxin-3, 
galectin-3, and cardiac-specific troponin as HF biomarkers with high predictive 
value [174].

One of the most studied and validated biomarkers used in chronic HF is the 
B-type natriuretic peptide, that is employed for the assessment of severity and 
diagnosis of the pathology. However, its prognostic value is under debate due to 
the fact that some clinical trials reported the lack of correlation between the lev-
els of B-type natriuretic peptide and the death rate or the clinical outcome [175].

Heat shock protein 20 (Hsp20) is responsive to both acute and chronic prog-
ress of hyperglycemia in a mouse heart, assuming that low levels of Hsp20 
could affect the evolution of diabetic cardiomyopathy and the propagation to-
wards HF [176].

The circulating exosomes containing AT1R, delivered from cardiomyocytes 
over pressure overload, may play important roles in regulating the blood pres-
sure in deleterious circumstances such as hypertension and HF [21].

SCL8A1 is involved in Ca2 + homeostasis in both mitochondria and cardiomy-
ocytes and has been implicated in the development of arrhythmias and HF [177].

Guescini et al. showed that both of the plasma exosome particles numbers 
and exosomal mitochondrial DNA (mtDNA) copy number were increased in 
chronic HF patients. Exosomes originating from astrocytes, glioblastoma cells, 
and C2C12 cells had been found to contain mtDNA [178, 179].

Plasma-derived exosomes from HF patients and healthy controls exposed to 
THP-1 cells or Raji were incorporated by cells. Subsequently, the internalized 
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exosomes induce the secretion of IL-1 and IL-8 and increase the expression of 
proteins in the TLR9-NF-κB (toll-like receptor 9-nuclear factor-κB) pathway. 
The increasing of the inflammatory cytokines is very related to mtDNA copy 
number, and not precisely related to the source of exosomal mtDNA, patients 
or control. Chloroquine, an inhibitor of TLR9, could block the TLR9-NF-κB 
pathway and reduce the expression of the proteins in this pathway. A recent 
study reported that THP-1 cells expressed TLR2 and TLR4, a fact related the 
exosome-induced inflammation. Excluding the TLR2/4 pathway, exosomes 
could also activate TLR9-NF-κB pathway through mtDNA and contribute to 
inflammation. In chronic HF patients, with increased plasma exosome numbers, 
more exosomal mtDNA enters the target immune cells and promotes the secre-
tion of cytokines by activating TLR9-NF-κB pathway, which contributes to the 
process of chronic inflammation observed in HF patients [180].

Peripartum cardiomyopathy (PPCM) HF related has a high mortality risk, 
since lacks of specific diagnosis biomarkers [181]. Though specific biomark-
ers of PPCM are not discovered yet, routine blood work is still useful for the 
early diagnosis of PPCM. Inflammatory markers as IL-6, TNF-α, and CRP are 
highly expressed. Marker of apoptosis, Fas/Apo-1 is also elevated. Brain na-
triuretic peptide (BNP) and N-terminal portion of proBNP (pro-NT BNP) are 
sensitive biomarkers to HF but not specific for PPCM. High level of pro-NT 
BNP is associated with worse prognosis [182]. Additionally, evidence suggests 
that specific exosomes-associated miRNAs are differentially regulated in the 
failing heart [183, 184], suggesting their potential complementary role in the 
diagnosis of HF [21].

6.1.2  miRNAs from exosomes in heart failure
Previous reports have indicated miRNAs as biomarkers in multiple human car-
diovascular diseases [185]. A number of dysregulated miRNAs are recurrent in 
the HF literature and confirmed to be altered in various forms of diseased and 
damaged human cardiac tissue [186].

Clinical studies have shown that microRNA-27a, one of the predicted mi-
croRNAs targeting nuclear factor erythroid 2-related factor 2 (Nrf2), was signif-
icantly upregulated in the human HF [187], and suggested that microRNAs may 
be involved in the dysregulation of Nrf2 during the onset and progression of HF. 
Recent studies have demonstrated that microRNAs can be actively transported 
by either binding to RNA-binding proteins resistant to nuclease or entrapped in 
exosomes to be implicated in signaling and intercellular communication [188, 
189]. MicroRNA-enriched exosome-mediated intercellular communication be-
tween cardiac fibroblasts and cardiomyocytes contributes to the dysregulation 
of the Nrf2/ARE signaling pathway. The studies demonstrated that microRNA 
potentially targeting Nrf2 mRNA were highly expressed in the post-myocardial 
infarction (post-MI) heart and abundant in exosomes released from cardiac fi-
broblasts, which may have the potential to communicate with cardiomyocytes. 
This mechanism may contribute to the inhibition of Nrf2 expression induced 
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by myocardial infarction and oxidative stress in chronic HF. It is still unclear 
if Nrf2-related microRNAs participate in the dysregulation of Nrf2 in the in-
farcted heart and HF [190].

Some studies suggested that exosomes based circulating p53-responsive 
miRNAs (miRNA-34a, miRNA-192, and miRNA-194) are highly related to the 
development of HF [191], increase significantly in the HF patients after acute 
AMI development [184], and may be regarded as predictors of ischemic HF 
that develops after AMI. Interestingly, the three miRNAs were determined to 
be abundant in the exosome fraction in HF patients [192]. Knockdown of the 
miRNAs mentioned above, enhanced cell viability after doxorubicin treatment, 
while overexpression of these miRNAs decreased cell survival in  vitro, sug-
gesting that higher level of these miRNAs may cause heart malfunction [21]. 
Remarkably, the miR-34a and miR-194 levels were related to left ventricle end-
diastolic dimension after MI, indicating that the two might be useful in diagnos-
ing HF development in MI patients [193].

Several studies proved that circulating miRNA-92 is in close relation with 
cardiovascular diseases [182, 194], and its concentration in the serum, was 
determined to be in higher level in the exosomal fraction of the HF patients 
compared to control [Goren et al. 2012]. A significantly higher plasma miRNA 
expression level has miR-210, in patients with NYHA class III and IV HF than 
in those with class II HF and controls [195].

MiRNA-146a is reported to be a contingent tool for diagnosing PPCM asso-
ciated HF. A study carried out by Halkein et al. showed that patients with acute 
PPCM have significantly higher levels of circulating miRNA-146a, meanwhile, 
in patients with acute PPCM after following the usual therapy of HF, the level of 
circulating exosomal miRNA-146a was reduced, implying to consider miRNA-
146a a promising biomarker for PPCM associated acute HF [181].

miR-1 [139, 196], miR-21 [197], miR-24, miR-29b [198], miR-133a and 
b [197], miR-199 [197], miR-208 [199, 200], miR-214 [197] and miR-499 
[201] are consistently affected in human HF of varying origin and degree. This 
panel of miRNAs may serve as a preliminary template for the miRNA-mediated 
heart–skeletal muscle communication during HF [202]. MiR-21 is up-regulated 
with various degrees of diagnosed HF [203].

More experiments are needed to describe the miRNA profile of human 
cardiomyocyte-derived extracellular vesicles, but consistent with what is found in 
myocardial tissue and the circulation with HF, cardiomyocytes cultured from hu-
man progenitor cells robustly express miR-1 and miR-499 [30]. Interestingly, cir-
culating miR-1 levels are diminished in direct relationship with the severity of HF 
in aged patients [204]. An interaction between aging and aging with HF appears to 
manifest in the expression of circulating miRNAs [202]. Of the miRNAs enriched 
in both cardiac muscle and the circulation during HF, myomiRs (namely miR-1, 
miR-133, miR-208, and miR-499 [205], are shown to affect developed skeletal 
muscle strongly. Of these myomiRs, miR-1 and miR-133a are elevated in the cir-
culation within various forms of cardiovascular disease [140] and remain elevated 
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for more than three months post-MI [206]. It was also reported that circulating 
myomiRs (including miR-1) are upregulated in the most advanced HF patients 
[207]. Inhibition of miR-1 and miR-133a are involved in mature skeletal muscle 
hypertrophy [208], probably through anti-repressive targeting of the insulin-like 
growth factor-1 (IGF-1) growth signaling axis [209, 210]. Thus, increased circu-
lating miR-1 and miR-133a could facilitate skeletal muscle atrophy in the wake 
of a traumatic cardiovascular event. Interestingly, once HF is compensated with 
a left ventricular assist device, myomiR levels in the myocardium (specifically 
miR-1, miR-133a, and miR-133b) are decreased [211].

More recently, a panel of circulating miRNAs sensitive enough to differenti-
ate between chronic HF with preserved versus reduced ejection fraction was 
identified and circulating miR-221, and miR-328 levels increased the discrimi-
natory power of circulating B-type natriuretic peptide for assessing HF [212].

Several studies have identified markers akin to an acute exhaustive exer-
cise in patients with chronic HF. As an example, one study showed that serum 
miR-21, miR-378, and miR-940 levels were significantly increased shortly after 
acute exercise [213].

In patients with relatively stable chronic HF, the levels of miR-548 fam-
ily members (i.e., miR-548c, miR-548i) in peripheral blood mononuclear cells 
were decreased compared to controls [214], while levels of miR-22, miR-92b, 
miR-320 appeared to be increased [203].

In a post-infarct mouse HF model, a group investigated whether post-
infarction exosomes treatment, synthesized by human embryonic stem cell-
derived cardiovascular progenitors (hESC-Pg) can accord similar benefits to 
administered hESC-Pg. The data revealed that the exosomes were as effective as 
the stem cells in improving cardiac function, which was mediated by paracrine 
factors that stimulate cell division and viability [215].

In veterinary patients, changes in various miRNA concentrations have 
been observed in canine ventricular and atrial muscles after chronic HF evo-
lution followed by experimental ventricular pacing, covering downregula-
tion of cfa-miR-1, cfa-miR-26a, cfa-miR-26b, cfa-miR-29a, cfa-miR-30a,  
cfa-miR-133a, cfa- miR-133b, cfa-miR-208a and cfa-miR-218, and the upregu-
lation of cfa-miR-21 and cfa-miR-146b [216]. Another study show that cfa-
miR-9, cfa-miR-181c, cfa-miR-495, and cfa-miR-599 expressions differ with 
disease development and progression of HF, but also reveal modifications as a 
function of age [217].

6.2  Exosomes in the recovery after heart failure

Spironolactone and digoxin are involved in traditional medication for HF [193]. 
Angiotensin-converting enzyme inhibitors (ACEI) and β blockers have been rec-
ognized to be some of the fundamental medications for HF for many years. It is 
recommended, and it decreases mortality for any tolerated HF patients. Studies 
showed that, despite these benefits, numerous side effects on the fetus had been 
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observed, as prematurity, bony deformity, oligohydramnios, limb contractures, 
intrauterine growth delay, neonatal death and pulmonary hypoplasia [218]. A 
better alternative is hydralazine which usually replaces ACEI. Treatment for 
dilated HF is similar to current treatment for PPCM [219].

Studies revealed that a specific molecular pattern in children with HF con-
tributes to age-related variations in response to therapy, including multitudinous 
effects of phosphodiesterase treatment, adrenergic receptor system adjustment, 
the fibrotic gene profile, and miRNA expression level [220, 221].

Nrf2-related microRNAs could be considered as potential therapeutic tar-
gets in chronic HF or post-MI states [190].

A previous study showed that recovery of normal cardiac activity, improve-
ment of coronary blood flow, an increase of expression levels of Sirtuin 1 and 
B-cell leukemia/lymphoma 2 after miRNA-195 inhibition, prove that decreas-
ing miRNA-195 levels can delay the establishment or development of diabetic 
cardiomyopathy towards complete HF [222].

Several guidelines for the cardiac condition diagnosis and therapies for pa-
tients with HF have been published by European Society of Cardiology and the 
American Heart Association/American Colleges of Cardiology [223, 224].

7  Exosome in cardiac hypertrophy

7.1  Exosomes as biomarkers in cardiac hypertrophy

Cardiac hypertrophy is due to extensive cardiac stress and often is associated 
with cardiac remodeling. It should be emphasized that cardiac hypertrophy 
might contribute to heart failure. Analysis of the cardiac fibroblast-derived 
exosomes content revealed the abundance of several miRNA, e.g., miR-21_3p 
(miR-21), that are inducing cardiac hypertrophy. Additionally, proteome analy-
sis indicated some miR-21 targets, including sorbin, SH3 domain-containing 
protein 2 (SORBS2), PDZ and LIM domain 5 (PDLIM5), and cardiomyocyte 
hypertrophy was associated with silencing SORBS2 or PDLIM5 [170].

Human and animal studies have demonstrated that oxidative stress is among 
the key factors contributing to cardiac hypertrophy [225]. To date, in patients 
affected by Friedreich’s ataxia was described an association between oxidative 
stress and cardiac hypertrophy, and the administration of idebenone (i.e., a short 
chain analogue of coenzyme Q10) reduced the cardiac hypertrophy in approxi-
mately 50% of the patients [226]. Additionally, isoproterenol-induced cardiac 
hypertrophy in Wistar rats was demonstrated to be associated with an increase 
of lipid peroxides in plasma and myocardial tissue, while fosfobion treatment 
had a protective effect against free radicals production [227].

Another biomarker in cardiac hypertrophy is the posttranslational alteration 
of SERCA2a, the cardiac isoform of sarcoplasmic reticulum calcium ATPase 
pump, that can be diminished by the small ubiquitin-like modifier type 1 
(SUMO-1) [228].
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In rats with cardiac hypertrophy induced by right renal artery, the ligature 
was demonstrated that cardiomyocyte-derived exosomes containing heat shock 
protein 90 and interleukin-6 migrate to cardiac fibroblasts, thus contributing 
to the biphasic activation of signal transducer and activator of transcription 3 
(STAT-3) signaling in cardiac fibroblasts that triggers an increased collagen 
synthesis [229].

7.2  Exosomes in the recovery after cardiac hypertrophy

Cardiac hypertrophy due to myocardial infarction was demonstrated to be re-
duced by the capture of exosomal miRNA-133a in normal cells surrounding 
the infarcted areas [139]. Stimulating oxidative stress might also reduce cardiac 
hypertrophy. Thus, oxidative stress induced in cardiac progenitor cells by stimu-
lation with H2O2, determines the release of exosomes containing high levels of 
miRNA-21, that finally prevent cardiomyocytes apoptosis [146].

It has been proposed as a therapeutic approach in cardiac hypertrophy the 
targeting of angiotensin II-induced exosome release from cardiac fibroblasts, by 
the activation of angiotensin II receptor types 1 and 2 [230].

In vitro delivery of miR-200a in adipocyte-derived exosomes to cardiomyo-
cytes, induced their hypertrophy, while delivery of the antagomir to miR-200a 
reversed cardiomyocytes hypertrophy. Moreover, in  vivo ablation of peroxi-
some proliferator-activated receptor gamma (PPAR-γ) reduced cardiac hyper-
trophy [231].

Overexpression of heat shock protein 20 (Hsp20) in transgenic mice reduced 
the streptozotocin-induced cardiac dysfunction and hypertrophy. In these trans-
genic mice, cardiomyocytes-derived exosomes had a high content of Hsp20, 
p-Akt, survivin, and superoxide dismutase 1 and ensured protection against 
in vivo streptozotocin-induced heart remodeling [232].

8  Exosome in cardiac arrhythmia

8.1  Exosomes as biomarkers in arrhythmia

The role played by exosomes in cardiac arrhythmia is mostly unknown. 
However, some studies indicated that exosomes rich in miR-1 and miR-133, 
commonly identified as being secreted by cardiomyocytes in patients affected 
coronary artery disease or in rat models of heart ischemia, are also playing 
an important role in cardiac arrhythmia, being able modulate action potential 
and cardiac conduction via the Ca2+/calmodulin-dependent protein kinase II  
signaling [233].

Additionally, some exosomal miRs (e.g., miR-328) were suggested to have 
proarrhythmogenic properties [234, 235]. Studies indicated that ischemia was 
associated with miR-328 upregulation in exosomes and suggested that its proar-
rhythmogenic effects might be correlated with the targeting of L-type calcium 
channels [234]. It should be emphasized that the targeting of L-type calcium 
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channels by exosomal miRs is very important in arrhythmia, as clinical and 
experimental atrial fibrillation was demonstrated to be linked with a decrease 
of L-type Ca2+ currents and the reduction of the action potential duration 
[236–238].

8.2  Exosomes in the recovery after arrhythmia

Some studies demonstrated the positive role of stem cells upon arrhythmia, 
while others proved the induction of arrhythmogenicity upon stem cells trans-
plantation. The administration of adult human mesenchymal stem cells into 
the canine left ventricular myocardium normalized the pacemaking without 
rejection of the xenograft for six weeks [239]. Interestingly, incubation of neo-
natal rat cardiomyocytes with exosomes derived from human mesenchymal 
stem cells did not increase the action potential duration (APD). On the other 
hand, engraftment of human adult mesenchymal stem cells should be treated 
with caution due to the proarrhythmogenic induced effects, such as slowing 
the conduction or reducing the repolarization rate [240]. An integrated experi-
mental and simulation study demonstrated that exosomes released by human 
mesenchymal stem cells affect the human cardiac contractility and arrhythmo-
genicity mainly by paracrine signaling, and to a lesser extent by heterocellular 
coupling [241].

9  Exosome in cerebrovascular diseases

9.1  Exosomes as biomarkers in cerebrovascular diseases

Exosomes content can be used to identify valuable biomarkers in cerebrovascu-
lar diseases (see Table 1).

In the serum of acute ischemic stroke patients were identified increased lev-
els of exosomes containing brain-specific miR-9 and miR-124, that had a posi-
tive correlation with scores in the National Institutes of Health Stroke Scale, the 
infarct volumes and the IL-6 serum levels [242], being promising biomarkers 
for acute ischemic stroke. Moreover, in the serum of neonates affected by acute 
hypoxic–ischemic encephalopathy was detected the neuronal exosome synap-
topodin as a promising biomarker, its levels being associated with short-term 
neurologic outcomes [243].

In patients with hypoxia associated pathologies (i.e., stroke, myocardial in-
farction, preeclampsia, tumor hypoxia, and others) were identified circulating 
exosomes as biomarkers associated with the state of the disease [249].

In glioblastoma multiforme patients, exosomes obtained from tumors in-
dicate the hypoxic status of the U87MG glioma cells and their content is rich 
in hypoxia-regulated mRNAs and proteins, such as matrix metalloproteinases, 
IL-8, PDGFs, caveolin 1, and lysyl oxidase. Moreover, exosomes released by 
glioma cells modulate the activity of endothelial cells and thus contribute to 
tumor development [244].
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TABLE 1  Exosomes as biomarkers in human cerebrovascular diseases.

Cerebrovascular 
disease

Type of 
exosomes Biomarkers Reference

Acute ischemic 
stroke

Serum exosomes Brain-specific miR-9 and 
miR-124

[242]

Acute hypoxic-
ischemic 
encephalopathy

Serum exosomes Synaptopodin [243]

Malignant 
brain tumor 
glioblastoma 
multiforme

Cell supernatant Hypoxia regulated 
proteins

[244]

Alzheimer’s 
disease
Frontotemporal 
dementia

Plasma (astrocyte- 
and neuron-
derived exosomes)

•	 β-site amyloid precursor 
protein-cleaving 
enzyme 1 (BACE-1)

•	 γ-secretase
•	 soluble Aβ42
•	 soluble amyloid 

precursor protein β 
(sAPPβ)

•	 soluble amyloid 
precursor protein α 
(sAPPα), glial-derived 
neurotrophic factor 
(GDNF)

•	 P-T181-tau
•	 P-S396-tau

[80]

Parkinson’s  
disease

Erythrocyte-derived 
exosomes

α-Synuclein [245]

Traumatic brain 
injury

Brain derived 
extracellular 
vesicles
Cerebrospinal fluid 
(brain-derived 
exosomes)

↓ miR-212
↑ miR-21, miR-146, miR-
7a, and miR-7b
Nucleotide-binding and 
oligomerization domain-
like receptor protein-1 
inflammasome
αII-spectrin breakdown 
products, GFAP, and its 
breakdown products, and 
ubiquitin carboxy-terminal 
hydrolase L1

[246]
 [247, 248]
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In Alzheimer’s disease, astrocyte-derived exosomes have a higher protein 
content (e.g. β-site amyloid precursor protein-cleaving enzyme 1, γ-secretase, 
soluble Aβ42, soluble amyloid precursor protein β, soluble amyloid precursor 
protein α, glial-derived neurotrophic factor, P-T181-tau, and P-S396-tau) than 
the neuronal-derived exosomes in the plasma of the patients [80].

The initiation/propagation of Parkinson’s disease is influenced by the pas-
sage through the blood-brain barrier of the erythrocyte-derived exosomes con-
taining α-synuclein [245].

In traumatic brain injury, several biomarkers can be identified in the body 
fluids exosomes, especially blood and cerebrospinal fluid. miRNAs in brain-
derived exosomes have been shown to mediate traumatic brain injury, their 
expression being downregulated (miR-212) or upregulated (miR-21, miR-146, 
miR-7a, and miR-7b) [246]. In rat brain with induced traumatic brain injury 
was also demonstrated that phosphorylation of connexin 43 stimulated the re-
lease of brain-derived exosomes and the activation of ERK signaling is required 
[250]. In patients affected by spinal cord injury or by traumatic brain injury,  
components of the nucleotide-binding and oligomerization domain-like recep-
tor protein-1 inflammasome were identified as a biomarker in exosomes in 
cerebrospinal fluid [247]. Additionally, an extensive proteomic study in trau-
matic brain injury patients indicated several biomarkers in the cerebrospinal 
spinal, including αII-spectrin breakdown products, GFAP, and its breakdown 
products, and ubiquitin carboxy-terminal hydrolase L1 [248].

9.2  Exosomes as cargo in the brain

Exosomes are essential for the intercellular communication, and the current 
knowledge is considering them as cargo for the transfer of exosomal protein 
and RNA from various sources (e.g., cells and body fluids) to the brain tissue. 
On the other hand, exosomes transfer was also evidenced in the opposite direc-
tion upon brain injury. Thus, it was shown that brain-derived exosomes could 
pass through the blood-brain barrier (BBB) (Fig. 3) and their presence was evi-
denced in peripheral blood or the cerebrospinal fluid [78, 251, 252]. In vitro 
studies on brain microvascular endothelial cells monolayers, demonstrated the 
passage of exosomes through BBB in stroke-like and TNF-α induced inflamma-
tion conditions but not in control conditions [253].

Brain

Cells
(outside of the brain)

Body fluids
(peripheral blood, 

cerebrospinal fluid)

Exosomes

Exosomes

Blood brain barrier

FIG. 3  Exosomes transfer through the blood-brain barrier.
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Brain vascular integrity is regulated by neuronal miR-132-containing exo-
somes that are transferred to endothelial cells [254]. Moreover, MSCs-derived 
exosomes exert in vitro positive effects by promoting the axonal growth of corti-
cal neurons [255].

Interestingly, in early human neurodevelopment, exosomes also serve as 
cargo from the maternal blood [50].

9.3  Exosomes in the treatment of cerebrovascular diseases

After a stroke, the intravenous administration of exosomes released from mes-
enchymal stem cells was tested in several animal models and could represent a 
translational treatment strategy for brain repair [79, 252, 256]. To date, systemic 
administration of MSCs-derived exosomes in adult male Wistar rats, previously 
subjected to 2 h of middle cerebral artery occlusion, improved the functional 
recovery upon stroke, by stimulating neurite remodeling, neurogenesis, and 
angiogenesis [256].

Additionally, systemic administration of exosomes derived from plurip-
otent mesenchymal stromal cells or microglia was demonstrated to induce 
functional recovery upon traumatic brain injury (Fig. 4). To detail, transplan-
tation of multipotent mesenchymal stromal cells into Wistar rats with induced 
traumatic brain injury improved their functional sensorimotor recovery, 
promoted angiogenesis and neurogenesis, and reduced inflammation [257]. 
Systemic administration of exosomes from human bone marrow-derived mes-
enchymal stem cells in rats after traumatic brain injury determined an in-
creased generation of new cells (i.e., endothelial cells and neurons) in the 
lesion site, the reduction of neuroinflammation, and the improvement of the 
functional recovery [255]. Moreover, exosomes derived from stem cells of 
human exfoliated deciduous teeth were injected into rat models of traumatic 
brain injury, and these exosomes were able to reduce neuroinflammation by 
changing the polarization of microglia (i.e., preventing the M1 microglia phe-
notype and promoting the M2 microglia phenotype) and to recover the motor 
function [258]. In an in vitro model was demonstrated that miR-124-3p from 
microglia-derived exosomes was transferred to neurons, and exosomes inhib-
ited the neuronal inflammation, promoted neurite outgrowth in brain extracts 
from mice with induced traumatic brain injury [165].

Stroke

Traumatic brain injury

Neurodegenerative 
disorders

Alzheimer’s disease
Parkinson’s disease

Exosomes
Systemic 

administration

FIG. 4  Systemic administration of exosome for cerebrovascular conditions.



Exosomes as intercellular communication messengers  Chapter | 9  223

Neurodegenerative disorders are also considered as cerebrovascular 
diseases. In vivo studies on mice with induced Alzheimer’s disease demon-
strated that preventing exosomes secretion by the intraperitoneal injection 
with GW4869, an inhibitor of neutral sphingomyelinase 2, determined a re-
duction in the amyloid plaque formation [259]. Exosomes-based therapeutic 
approaches have also been tempted in Parkinson’s disease. Thus, exosomes 
derived from dental pulp stem cells were demonstrated to prevent apopto-
sis in human dopaminergic neurons [260]. Exosomes loaded with catalase 
were uptaken in vitro by neurons and were able to exert in vivo neuroprotec-
tive effects upon intranasal administration in mice with induced Parkinson’s 
disease [261].

10  Concluding observations

Exosomes are cargo vesicles of interest in the future because they reflect the 
pathophysiological state of their cells of origin. Donor cell exosomes contain 
RNA messages capable of influencing recipient cells found either locally or at 
long distance. It was even hypothesized that they might carry epigenetic modu-
lators capable of influencing recipient cells. Also, exosomes could be used as 
biomarkers of evolution and progression of cardiovascular disease, but to the 
same extent as a means of treating or regenerating various degrees of cardiac 
damage. Messages carried by exosomes may be protective or destructive on 
the cardiovascular apparatus, depending on the cell from which they originate. 
Some of the transported miRNAs, protected from degradation by RNAses and 
proteinases, were suggested to be attractive biomarker candidates in the cardio-
vascular system, e.g., sera miR-192, miR-194, and miR-34a present in patients 
with AMI. These markers can predict the next year’s evolution towards heart 
failure of ventricular remodeling. In the future, some other biomarkers will be 
discovered and exosomes will become more and more useful as biomarkers, 
diagnostic, and prognostic factors.

Although in vitro and in vivo studies have indicated positive effects of 
using stem cells cardiac recovery upon injury, the engraftment stem cells in 
cardiovascular pathologies should be considered with caution. Many studies 
are indicating that the results are mediated by paracrine actions. Nowadays 
exosomes are regarded as natural nanoparticles capable of being delivered 
to a specific target location. Depending on their origin, such as stem cells 
or cardiac progenitors, somatic cells or different body fluids, exosomes will 
play an important role in the processes of repair or regeneration in the car-
diovascular system. Moreover, artificially engineered exosomes were pro-
duced by manipulating their cargo, with a specific destination for ischemic 
heart disease.

Prospects related to the use of exosomes as drug delivery systems are very 
promising, but many preclinical and clinical studies are needed before their use 
in practice.
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1  Keratinocytes, the major cells of the upper skin, 
secrete exosomes that modulate pigment production  
by melanocytes

Exosomes play a role in one of the most fundamental aspects of basic skin 
biology – skin pigmentation. Skin pigmentation relies on communication be-
tween keratinocytes and melanocytes. Skin pigmentation is a primary way to 
protect skin cells and their DNA from damage induced by ultraviolet light. 
In the outermost layer of the skin, keratinocytes with melanocytes form the 
epidermal-melanin unit, which can be activated by ultraviolet radiation [1]. 
This radiation, partly in the form of UVA and UVB, activates signaling path-
ways that induce secretion of growth factors and extracellular proteins that 
lead to production of melanin, the major pigment in the skin. Cells secrete ex-
tracellular vesicles (exosomes and microvesicles), which can transfer proteins, 
lipids, and RNAs to regulate functions of the recipient cells [1]. Keratinocytes 
secrete exosomes that enhance melanin synthesis via increasing expression 
and activity of melanosomal proteins [1]. The functions of these exosomes 
are dependent on the phototype (the lightness or darkness of the skin, and 
how easily the skin typically burns in the sun), and this effect is modulated 
by ultraviolet B [1]. Exosomes carrying selected microRNAs (miRNAs) are 
targeted to melanocytes and modulate skin pigmentation via alterating of gene 
and protein expression in melanocytes (Fig.  1) [1]. When keratinocytes are 
co-cultured with melanocytes, the multivesicular bodies (containing CD63+-
intraluminal vesicles that are destined to be extruded as CD63+-exosomes) are 
redistributed to areas in which keratinocytes make contact with melanocytes 
[1]. Keratinocyte exosomes are taken up by melanocytes shortly after secretion 
into the extracellular environment [1]. Exosomes from keratinocytes derived 
from phototype V skin (darker pigmented individuals) significantly increased 
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the melanin content in melanocytes derived from type I-II/light-complected 
or Caucasian individuals [1]. Thus, secreted exosomes from high phototype-
derived keratinocytes may have intrinsic properties and cargo that stimulate 
melanin production [1]. When Caucasian-derived keratinocyte exosomes were 
used to stimulate melanocytes from the same donor, there was no increase 
in the tyrosinase enzyme (the main enzyme in the melanin production path-
way); however, when exosomes derived from UVB-stimulated keratinocytes 
were used to stimulate melanocytes from the same donor, there was a signifi-
cant increase in tyrosinase expression and microphthalmia-transcription fac-
tor expression (which is the master regulator of melanogenesis), suggesting 
UVB-stimulated keratinocyte exosomes are powerful inducers of pigmented 
production in Caucasians [1]. The same effects were seen when UVB-induced 

FIG. 1  Ultraviolet B stimulates keratinocytes to secrete exosomes that stimulate melanin produc-
tion by melanocytes. UVB stimulates keratinocytes to produced microRNAs miR-203 and miR-
3196 that ultimately stimulate melanogenesis via upregulated MITF, TRY, and Rab21a. Credit: 
Illustration created by Divya Aickara. Based on information in article by Lo Cicero A, et  al. 
Exosomes released by keratinocytes modulate melanocyte pigmentation. Nat Commun 2015;6:7506.
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keratinocyte exosomes were applied to human-constructed epidermis in vitro 
[1]. Exosomes carry miRNAs that regulate pigmentation, and the miRNA con-
tent is altered after exposure to UVB, specifically miR-3196 [1]. Additionally, 
miR-203, a key regulator of melanogenesis in melanoma cells via upregula-
tion of TYR protein, was found to be highly expressed in exosomes derived 
from dark-complected individuals [1]. miRNAs likely depend on contextual 
molecules, such as proteins or lipids, that supplement or modulate the overall 
effect of the differentially expressed keratinocytes [1]. Keratinocyte exosomal 
miRNA likely fine-tunes melanocyte pigmentation via both miR-3196 and 
MITF-dependent and miR-203 and MITF-independent signaling pathways. 
Thus, skin pigmentation relies on exosome relay between keratinocytes, and 
environmental and genetic factors likely play a role in the exosomal cargo that 
ultimately impacts skin pigmentation.

Ultraviolet light irradiation induced pigmentation in the skin via intercel-
lular transfer of melanin from melanocytes to keratinocytes [2]. Wäster et al. 
showed a novel cell response after UVA irradiation, resulting in transfer of 
lysosomal-derived extracellular vesicles from melanocytes to keratinocytes [2]. 
UVA induces an immediate shedding of extracellular vesicles from the plasma 
membrane of melanocytes, which is likely following UVA-induced plasma 
membrane damage [2]. Many of these vesicles were positive for CD63 and 
other canonical exosome markers [2]. These EVs are preferentially endocytosed 
by keratinocytes [2]. Melanosome transfer from melanocytes to keratinocytes 
is equally stimulated by IVA and UVB and relies on a functional cytoskeleton 
[2]. UVA-induced plasma membrane damage in melanocytes is rapidly repaired 
via calcium-dependent lysosomal exocytosis [2]. Furthermore, the melanocyte-
derived exosomes enhanced keratinocyte proliferation [2].

One group discovered that extracellular vesicles containing fibronectin can 
protect melanocytes against UV radiation-induced cytotoxicity [3]. UV irra-
diation activates skin melanocytes to secrete melanosomes as a mechanism to 
protect against the UV-induced damage [3]. It appears that melanocytes can 
use their own extracellular vesicles, coupled with an extracellular matrix com-
ponent, to protect each other from UV radiation [3]. Using proteome analy-
sis, fibronectin was identified [3]. Interestingly, in patients with melasma, the 
extracellular space around melanocytes contained more fibronectin compared 
with normal skin, correlating with the model that extracellular fibronectin is 
involved in promoting even pathologic survival of melanocytes [3]. Because 
melanocytes cycle slower, express higher levels of anti-apoptotic Bcl-2, and 
therefore have a high need to protect their genomic stability, there is a high 
need for a biologic mechanism that protects melanocytes from UV-induced ge-
nomic damage [3]. In this study, analysis of EV-associated proteins showed fi-
bronectin to be a major component with the highest centrality based on degree, 
betweenness, closeness and radiality among membrane proteins [3]. Confocal 
microscopy analysis demonstrated that CD81 (exosome markers) colocalized 
with fibronectin [3].
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2  Keratinocyte and immune system exosomes modulate 
fibroblast expression of proteins that modify the 
extracellular matrix

Keratinocytes secrete proteins associated with exosomes that ultimately regu-
late expression of proteins, such as matrix metalloproteinases, that are known 
to modify the extracellular matrix. Stratifin (also known as 14-3-3σ) is a protein 
that was known to be “externalized” by keratinocytes and stimulates matrix 
metalloprotein-1 in fibroblasts, but the mechanism of “externalization” was un-
known, until it was discovered to be associated with exosomes [4]. It was found 
that stratifin (14-3-3σ) exited in purified exosomes from keratinocytes and these 
stratifin-containing exosomes were able to stimulate expression of MMP-1 
from fibroblasts, related to activation of the p38/MAPK pathway (Fig. 2) [4]. 
This concept opens the possibility that keratinocytes utilize their exosomes to 
induce fibroblasts to remodel the extracellular matrix, which is important in 
skin homeostasis and will likely be important in understanding the pathogenesis 
of fibrotic diseases in dermatology. For example, it is unknown if a lack of kera-
tinocyte exosome transfer to fibroblasts may result in reduced MMP production, 
resulting in a skewed homeostasis toward fibrosis. In general, in various organs, 
the epithelial layers likely modulate the underlying connective tissues via these 
mechanisms. Furthermore, the immune system also secretes exosomes with 14-
3-3 protein that modulate MMP expression-1 (Fig. 3) [5]. Thus, both the epithe-
lium and the immune system can influence the major dermal cells, fibroblast, 
to modulate expression of MMPs that can remodel the surrounding collagen. 
These concepts demonstrate the complexity of multiple cell-to-cell communica-
tion pathways that affect expression of extracellular matrix remodeling proteins. 
These concepts suggest that defects in the epithelium or immune system could 
result in effects on the status of the fibroblasts and fibrosis in the dermis.

Keratinocytes
Exosomes 50-100 nm

14-3-3σ
Fibroblast

Increased MMP-1
mRNA expression

(p38MAPK)

Stratifin

FIG. 2  Keratinocytes secrete exosome-associated stratifin to increase matrix metalloproteinase 
expression. Activation of p38/MAPK pathways results in secretion of MMP-1 from fibroblasts. 
Credit: Illustration created by Divya Aickara. Based on information in article by Chavez-Munoz 
C, et al. Primary human keratinocytes externalize stratifin protein via exosomes. J Cell Biochem 
2008;104(6):2165–73.
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3  Keratinocyte exosomes modulate the immune system

The interaction of the epithelium with microbiota utilizes exosomes to relay 
information to the immune system. The skin can be considered a large organ 
of the immune system, with cells each have different functions contributing 
to overall optimal immune system function. Staphylococcus aureus are com-
mon bacteria present on the healthy skin. Infections with S. aureus are com-
mon among atopic dermatitis (eczema) patients, as their impaired skin barrier, 
increased inflammation, and poor skin hydration makes the skin more prone 
to infection. Exosomes from the skin play vital roles in the function of the im-
mune system and response to infections. In both atopic dermatitis and psoria-
sis, for example, infection and colonization with S. aureus induces the onset of 
inflammation, partly through secretion of its enterotoxin B. The major cell type 
of the epidermis, keratinocytes make up approximately 90% of the epidermis 
and act as non-professional antigen presenting cells and promote superantigen-
induced proliferation of T cells [6]. Previous work suggests that keratinocytes 
support the proliferation of T cells after interaction with antigens [7]. In an ex-
periment involving a transwell co-culture system, human keratinocytes can in-
duce T cells to proliferation via indirect contact—via exosomes [6]. Exosomes 

FIG. 3  Monocytes secrete exosomes with 14-3-3 proteins that induce matrix metalloproteinase 
expression. Increased fibroblast MMP-1 expression promotes extracellular matrix remodeling and 
fibroblast migration. Credit: Illustration created by Divya Aickara. Based on information in article 
by Medina A, Ghahary A. Transdifferentiated circulating monocytes release exosomes containing 
14-3-3 proteins with matrix metalloproteinase-1 stimulating effect for dermal fibroblasts. Wound 
Repair Regen 2010;18(2):245–53.
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can transfer antigens to recipient T cells; keratinocyte exosomes contained 
MHC I and MHC II molecules and interact with T cells as a part of antigen 
presentation [6]. Following stimulation with interferon-γ, keratinocytes (pre-
viously loaded with staphylococcal aureus enterotoxin B) secreted exosomes 
to induce proliferation of CD4 and CD8 T cells [6]. Thus, keratinocytes use 
exosomes in order to prime T cells to respond to S. aureus infection. Exosomes 
are an important part of the communication system between the external envi-
ronment and the immune system's response. In another study, a murine kera-
tinocyte cell line (MPEK cells) produced exosomes under both inflammatory 
and non-inflammatory conditions and that these exosomes were absorbed by 
bone marrow dendritic cells (likely via direct fusion or other mechanisms—see 
previous chapters in this book for a discussion of these mechanisms of uptake), 
inducing a mature phenotype via increased CD40 expression and cytokine pro-
duction, including IL-6, IL-10 and IL-12 (Fig. 4) [8]. When keratinocytes were 
exposed to the antigen ovalbumin, they transferred it to their exosomes; but 
interestingly these exosomes did not induce specific immune responses to T 
cells via the bone marrow dendritic cells [8]. Thus, this report suggests kera-
tinocytes, via exosomes, may activate broad responses in T cells, independent 
of the stimulatory antigen. Keratinocyte-derived exosomes were able to affect 
bone marrow dendritic cell phenotypes and interleukin production, indicating 
that this crosstalk between keratinocytes and dendritic cells using exosomes 
are important for immune system activation [8].

4  The dermis fibroblasts, specifically the dermal papilla 
cells, secrete exosomes that stimulate hair follicle growth 
phase, known as the anagen phase

Hair follicle density is critical to skin-bacteria homeostasis, temperature regulation, 
sexual signaling, and even human cosmetics and self-esteem. Exosomes secreted 
by dermal papilla cells were found to be important in the development of hair fol-
licles [9]. Dermal papilla cells play a crucial role in the regulation of hair follicle 
growth, formation and cycling [9]. It was hypothesized that the dermal papilla 

FIG.  4  Keratinocytes secrete exosomes which stimulate the development of mature dendritic 
cells. Keratinocyte exosomes induced increased expression of CD40 and interleukins IL-6, IL-10, 
and IL-12 by mature dendritic cells. Credit: Illustration created by Divya Aickara. Based on infor-
mation in article by Kotzerke K, et al. Immunostimulatory activity of murine keratinocyte-derived 
exosomes. Exp Dermatol 2013;22(10):650–5.



Exosomes in cutaneous biology and dermatologic disease  Chapter | 10  245

regulated hair follicle growth via paracrine mechanisms, in part via exosomes 
[9]. In this study, hair follicles at different stages of cycling were injected with 
exosomes derived from dermal papilla cells, which expressed CD9, CD63, and 
TSG101 [9]. The effects of the exosomes on outer root sheath cells proliferation, 
migration and cell cycle status were evaluated [9]. Dermal papilla cells-derived 
exosomes accelerated the onset of hair follicle transition from telogen (resting 
phase) to anagen phase (the follicle growth phase) and delayed catagen (the fol-
licle breakdown phase) in mice [9]. Exosomes upregulated both beta-catenin and 
Shh levels in the hair follicle and increased outer root sheet proliferation and mi-
gration [9]. Thus, it is likely that the developing hair follicle is stimulated from 
exosomes from the dermal papilla that stimulate the Wnt/beta-catenin signaling 
pathways and the sonic hedgehog pathway [9]. Thus, exosomes from fibroblasts 
stimulate the growth of hair follicles, critical for skin homeostasis.

5  Disorders of fibrosis have dysregulated expression  
of fibroblasts exosomes

Systemic sclerosis is a chronic, autoimmune disease characterized by tissue 
fibrosis of the skin and internal organs. One study sought to determine a puta-
tive role of exosomes in systemic sclerosis and to elucidate the effect of exo-
somes on wound healing [10]. Common markers for exosomes (CD9, CD63, 
and CD81) were increased in dermal fibroblasts of systemic sclerosis compared 
to fibroblasts from normal subjects [10]. Exosomes derived from fibroblasts 
of systemic sclerosis patients stimulated the production of type I collagen in 
normal fibroblasts [10]. It appeared that the content of exosomes (specifically 
mRNAs) from systemic sclerosis patients were altered [10]. Interestingly, the 
sera of patients with systemic sclerosis had significantly decreased levels of 
exosomes [10]. The authors hypothesized that the vascular abnormalities in 
systemic sclerosis may be the result of these decreased exosomes [10]. This 
decrease in exosomes in the serum of systemic sclerosis patients may contribute 
to delayed wound healing due to down-regulation of collagen, higher likeli-
hood of ulcers and pitting scars [10]. Still, not much is known regarding the 
role of exosomes in modulation of fibrotic diseases such as systemic sclerosis. 
Nevertheless, fibroblast exosome release is likely critical for the status of con-
nective tissue diseases, such as systemic sclerosis.

6  Mast cell exosomes, containing phospholipase 
activity, stimulate Langerhans cell presentation of lipid 
antigens to T cells

Psoriasis is considered a chronic inflammatory disease of the skin, but also 
can involve other organs, and is associated with a T helper 17 response [11]. 
It is associated with infiltration of a variety of cell types, including CD4+ 
and CD+ T cells, neutrophils, NK cells, mast cells, innate lymphoid cells 
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and monocytes/macrophages [11]. The role of peptide-based antigens has re-
mained unclear; it has been hypothesized that non-peptide antigens, such as 
lipids, may play a role in the pathogenesis of psoriasis. In addition, activation 
and degranulation of mast cells, and their proinflammatory cytokines, may 
contribute to the pathology of psoriasis in skin [11]. Langerhans cells are an-
tigen presenting cells in the skin, and in psoriatic lesions expressive high lev-
els of CD1a, which present lipid antigens (such as fatty acids, wax esters and 
squalene, to T cells [11]. In psoriasis, interferon-alpha-induced mast cells 
release of exosomes transferred phospholipase A2 (an enzyme that generates 
lipid antigens and has been linked to lipid-specific T cell inflammatory skin 
reactions) to CD1a-expressing cells (Fig. 5) [11]. There was a larger propor-
tion of exosome-responsive CD1a-reactive T cells in lesional psoriatic skin 
than in peripheral blood and nonlesional skin of psoriasis patients [11]. These 
exosomes resulted in an increase in lipid antigen presentation to T-cells, in-
ducing production of IL-17a and IL-22 [11]. Finding phospholipase A2 activ-
ity in the exosomes explained how mast cells contribute to generation of lipid 
antigens for ultimate presentation by Langerhans cells to T cells, which until 
this discovery has been unexplained [11]. Thus, this model suggests that mast 
cell exosomes are upstream in the pathogenesis of psoriasis [11].

FIG. 5  Expression of exosomes carrying phospholipase A activity promotes lipid antigen expres-
sion to T cells in psoriasis. IFN-gamma-induced release of exosomes carrying phospholipase by 
mast cells stimulate neolipid antigen presentation by CD1a-Langerhans cells to T cells, contribut-
ing to the pathogenesis of psoriasis via IL-17 and IL-22 expression by T cells. Credit: Illustration 
created by Divya Aickara. Based on information in article by Cheung KL, et al. Psoriatic T cells 
recognize neolipid antigens generated by mast cell phospholipase delivered by exosomes and pre-
sented by CD1a. J Exp Med 2016;213(11):2399–2412.
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7  Exosomes in the fluid of bullous pemphigoid patients 
potentiates pathogenic inflammation

Bullous pemphigoid is an autoimmune blistering disease in which antibodies, 
produced by B cells, are directed against basement membrane hemidesmosomal 
antigens, BP180 and BP230, leading to formation of subepidermal blisters. 
Within the blister, there is fluid containing numerous inflammatory cells, in-
cluding eosinophils and neutrophils, and CD9+, CD63+, and CD81+ exosomes 
[12]. These blister-fluid derived exosomes, most likely from the infiltrating gran-
ulocytes, were internalized by primary keratinocytes, inducing the expression of 
pro-inflammatory cytokines and chemokines and activating ERK1/2 and STAT3 
signaling pathways, constituting a proinflammatory amplification loop (Fig. 6) 
[12]. In mass spectrometry analysis of blister fluid exosomes, immune and in-
flammatory molecules, such as s100-A8, matrix metalloproteinase 1, heat shock 
protein, and HLA class II histocompatibility antigen were enriched compared 
to control exosomes [12]. Neutrophil markers, including MPO, and eosinophils 
biomarkers, including eosinophil peroxidase and eosinophil cationic protein 
were present in blister fluid exosomes but control exosomes [12]. Overall, the 
proteomic profile of bullous pemphigoid blister-fluid-derived exosomes sug-
gest they may contribute, or at least reflect, the inflammatory pathogenesis of 
bullous pemphigoid [12]. Overall, exosomes in blistering disease contribute to 
maintenance of pathogenic inflammation.

8  Skin repair

8.1  Stem cell exosomes stimulate skin repair

While skin trauma and breakdown are common, many cutaneous wounds are 
difficult to heal; when they do heal, they result in scarring that impairs cosmetic 
or functional outcomes. Conventional methods to accelerate healing include 
skin grafting, special biomaterials or dressings, application of growth factors, 
gene therapy and even laser therapy. Injection of growth factors alone may re-
sult in degradation by proteinase in the extracellular fluids. Goals of skin repair 
include shortening healing time and reducing scarring. There has been a focus 
on exosomes as regenerative tools in that they can shield growth factors from 
degradation and help transport proteins from one cell to the other. The role 
of exosomes in cutaneous wound healing has been an area of active explora-
tion, because they are considered highly stable and of low immunogenicity. 
Furthermore, their ability to home to the site of tissue damage is crucial to po-
tential repair of skin. In terms of pharmaceutical potential, they may be easier 
to standardize dosing and concentration [13]. In dermatology, exosomes are 
considered promising potential regenerative tools for cutaneous wound healing.

Accumulating evidence suggests mesenchymal stem cells are beneficial for 
repair and regeneration of the skin. Bone marrow-derived mesenchymal stem 
cells (BM-MSCs) dose-dependently enhanced proliferation and migration of 
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FIG. 6  Blister fluid exosomes in bullous pemphigoid are absorbed by keratinocytes to further promote proinflammatory activities. CD9, CD63, CD81 and 
HSP70+ exosomes are internalized by keratinocytes and result in increased secretion of IL-6, TNF-alpha, and CXCL8, stimulate pro-inflammatory kinases, 
ERK1/2 and STAT3 pathways, and induce migration of neutrophils. Credit: Illustration created by Divya Aickara. Based on information in article by Fang H, 
et al. Proinflammatory role of blister fluid-derived exosomes in bullous pemphigoid. J Pathol 2018;245(1):114–125.
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fibroblasts derived from normal donors and chronic wound patients [14]. BM-
MSC-exosomes activated several signaling pathways in fibroblasts, includ-
ing the Akt, ERK, and STAT3 mediated pathways and induced the expression 
of numerous growth factors, including hepatocyte growth factor, insulin-like 
growth factor-1, nerve growth factor, and stromal-derived growth factor-1 [14]. 
Furthermore, BM-MSCs have been found to contain active transcription fac-
tors (STAT3) [14], and helps facilitate transport of hydrophobic/lipidated gly-
coprotein growth factors (ex. Wnt3a) [15] and basement membrane proteins 
(ex. Collagen VII) [16]. BM-MSC-exosomes transfer of Wnt3a stimulated fi-
broblast proliferation, migration and endothelial angiogenesis [15]. BM-MSC-
extracellular vesicle-mediated transfer of collagen VII protein and COL7A 
mRNA stimulated proliferation of recessive dystrophic epidermolysis bullosa 
(RDEB) fibroblasts (that lack collagen VII production) and induced them to 
make new collagen VII protein [16]. When cells were treated with BM-MSC 
extracellular vesicles, then washed and allowed to secreted new proteins in 
serum-free conditioned media, there was a dose-dependent accumulation of 
collagen VII in the media, suggesting BM-MSC extracellular vesicles can in-
duce production of collagen VII in RDEB fibroblasts (Fig. 7) [16]. Excessive 
scar formation caused by myofibroblasts is an important therapeutic target in 

FIG. 7  Bone marrow-derived mesenchymal stem cell extracellular vesicles induce collagen VII 
production in fibroblasts from recessive dystrophic epidermolysis bullosa patient. (A) Treatment of 
RDEB fibroblasts at Day 1, for 48h followed by extensive washing, resulted in detectable production 
of collagen VII by day 6 in the serum-free conditioned media. (B) COL7A1 mRNA was detected 
in BM-MSC extracellular vesicles; when these vesicles fuse with RDEB fibroblasts, the mRNA can 
be internalized into the cell, making it available for use in production of new collagen VII protein. 
Credit: Illustration created by Divya Aickara. Based on information in article by McBride JD, et al. 
Dual mechanism of type VII collagen transfer by bone marrow mesenchymal stem cell extracellular 
vesicles to recessive dystrophic epidermolysis bullosa fibroblasts. Biochimie 2018.
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scar prevention and treatment [17]. In a murine full-thickness cutaneous wound 
model, Umbilical cord-derived mesenchymal stem cells reduced scar formation 
and myofibroblast accumulation, in a manner largely dependent on exosomes 
and their microRNA contents, specifically miR-21, -23a, -125b, and 145, which 
suppressed myofibroblast formation via inhibition of the TGF-beta2/SMAD2 
pathway [17].

Exosomes derived from human adipose mesenchymal stem cells (AD-
MSC-exosomes) have also been shown to accelerate cutaneous wound healing 
via fibroblast reprogramming [13]. Because fat tissue is an active endocrine 
organ, supports the skin's normal physiologic state, provides nutrients and 
support, and contain stem cells and growth factors, there has been a focus on 
harnessing the potential of fat tissue to promote skin regeneration [13]. After 
AD-MSC-exosomes treatment, fibroblasts were stimulated to proliferation, 
migration, and produce collagens I and III and elastin in a dose-dependent 
manner [13]. Expression of various genes were enhanced: N-cadherin, 
cyclin-1, PCNA and collagen I and III [13]. In vivo, the AD-MSCs homed 
to the wound environment and secreted exosomes, with histologic evidence 
of increased collagens I and III in the wound in the early stages of wound 
healing [13]. Interestingly, in the late stage of acute wound healing, it ap-
pears AD-MSC-exosomes paradoxically inhibit collagen expression to reduce 
the scarring process. Human umbilical cord-MSCs secrete exosomes that can 
induce Wnt/beta-catenin signaling to accelerate skin repair [18]. However, in 
high cell density environments, umbilical cord-exosomes, via 14-3-3ζ protein, 
inhibited Wnt/beta-catenin signaling via YAP phosphorylation, ultimately to 
attenuate the Wnt signal, possibly contributing to decreased scarring of the 
wound repair in the remodeling phase [18].

Angiogenesis, the formation of new vascular sprouts and vessels from 
pre-existing vessels, is an important process in cutaneous wound healing. 
Angiogenesis requires cooperation between endothelial cells and their 
surrounding environment, resulting in proliferation, migration, invasion, 
sprouting and three-dimensional organization of endothelial cells to form 
new blood vessels [19]. AD-MSCs have been a candidate endogenous regu-
lator of endothelial cells during angiogenesis, as they have been thought to 
create environments prime for neovessel formation via paracrine mecha-
nisms [19, 20]. Both BM-MSC-exosomes and AD-MSC-exosomes were 
absorbed by endothelial cells (HUVECs) and promoted angiogenesis both 
in vitro and in vivo [14, 19]. In the AD-MSC-exosomes, miR-125a was en-
riched and repressed the expression of the delta-like 4 (DLL4), an angio-
genic inhibitor, by targeting its 3′ untranslated region, promoting formation 
of endothelial vessel tip cells [19]. Overall, exosomes, especially from stem 
cells, induce a complex program that results in improved cutaneous repair 
in a variety of models.
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9  Intercellular adhesion molecules associated with 
exosomes, such as desmogleins, secreted from malignant 
cells can modulate the extracellular environment  
to promote tumor progression

Interestingly, some components of the intercellular adhesion molecules have 
been shown to modulate expression of exosomes from certain types of skin 
cancer. Accumulating evidence has shown that cancer-derived extracellular 
vesicles, secreted into bodily fluids, can play an important role in modulat-
ing the tumor microenvironment, pathogenesis and metastasis of cancer [21]. 
Squamous cell carcinoma-derived extracellular vesicles were enriched with 
the C-terminal fragment of desmoglein 2 (Dsg2) [21]. When Dsg2 was overex-
pressed, extracellular vesicles release was increased by the squamous cell carci-
noma cells [21]. When fibroblasts were co-cultured with SCC cells expressing 
Dsg2-green fluorescent protein (GFP), detection of GFP was found inside of 
the fibroblasts [21]. Dsg2 enhanced the mitogenicity of extracellular vesicles to 
enhance fibroblast cell growth [21]. SCC extracellular vesicles activated Erk1/2 
and Akt signaling and stimulated fibroblast proliferation [21]. In head and neck 
SCCs, Dsg2 was highly upregulated; extracellular vesicles in SCC patients' sera 
showed enrichment of Dsg2 C-terminal fragment and growth factors, such as 
epidermal growth factor [21]. In SCC cells, Dsg2 down-regulated caveolin-1 
levels, suggesting that Dsg2 may enhance endocytosis of Cavolin-1 [21].

10  Exosomes are critical in the pathogenesis  
of malignant melanoma

Exosome have been shown to be critical in the pathogenesis of melanoma cells. 
CD147, originally identified as a cell-surface protein on the immunoglobulin 
superfamily, is highly expressed on the surface of various tumor cells and is 
a marker of malignant tumors on the cell surface of melanoma [22]. CD147 
expressed on malignant cells can induce tumor cell invasion by stimulating the 
production of matrix metalloproteinases (ex. MMP2) by fibroblasts and pro-
motes angiogenesis [22]. Cleaved CD147 fragments exist on the surface of 
melanoma extracellular vesicles [22]. Matrix metalloproteinases are a family 
of enzymes that degrade different components of the extracellular matrix, and 
a number of studies indicate that they play an important role in remodeling of 
the extracellular environment [22]. It was found that malignant melanoma cells 
could stimulate the production of MMPs in fibroblasts without direct contact, 
giving a hint that exosomes may be involved in transporting a stimulating fac-
tor to the fibroblasts (ex. CD147 via extracellular exosomes) [22]. Melanoma 
is a highly aggressive form of cancer that accounts for 4% of cancers among 
men and women and approximately 80% of skin-cancer related deaths in the 
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US [23]. microRNAs (miRNAs) are a class of 22–25 nucleotide RNAs that 
modulate gene expression post-transcription [23]. A noninvasive screening 
tool to identify patients with a predisposition to melanoma is currently lacking, 
and blood holds several key advantages as a biomarker specimen, in that sam-
pling and processing is much simpler than skin, or alternatively, as an extreme, 
performing whole body PET-CT scans to look for metastatic melanoma in all 
at-risk patients. In plasma-derived exosomal miRNAs from clinically affected 
familial melanoma patients (CDKN2A/p16 gene carriers), versus unaffected 
control subjects, miR-17, miR-19a, miR-21, miR-126, and miR-149 were 
significantly higher in patients with metastatic melanoma compared to those 
without [23]. These miRNAs were involved in regulation of nuclear hormone 
receptors, cell-cell adhesion molecules, tyrosine kinase receptors, lymphocyte 
transcription factors, p63 expression, zinc finger proteins, and tumor necrosis 
factor receptor superfamily members, and many others [23]. The miRNAs that 
are differentially expressed in metastatic melanoma patients may be used as 
predictive biomarkers to monitor onset, remission and relapse, and therapeu-
tic responses [23]. The remarkable stability of exosomal miRNAs makes them 
great candidates to monitor disease progression in a variety of cancers [23].

While metastatic cancers can produce exosomes that condition pre-
metastatic niches in remote microenvironments to promote metastasis, there is 
evidence that before melanoma metastasizes, it secretes exosomes that suppress 
metastasis [24]. These anti-metastatic exosomes stimulate an innate immune 
response through the expansion of a certain subset of monocytes, called Ly6Clow 
patrolling monocytes in the bone marrow [24]. These monocytes in turn can 
clear cancer cells from the pre-metastatic niche via NK cell and macrophage 
recruitment [24]. Very interestingly, these events depended on induction of the 
Nr4a1 transcription factor and pigment epithelium-derived factor (PEDF) on 
the outer surface of exosomes [24]. Exosomes isolated from patients with pri-
mary melanomas (but no metastases) have an ability to suppress lung metas-
tases. Thus, exosomes from melanoma cells may initially suppress metastases 
indirectly via stimulation of the bone marrow and immune system to enhance 
surveillance and cancer cell clearance at potential sites of metastases [24].

11  Exosomes in the circulation signal presence of 
metastatic squamous cell carcinomas, especially in 
recessive dystrophic epidermolysis bullosa patients

Squamous cell carcinomas utilize exosomes to promote tumor progression. 
Transforming growth factor beta (TGFbeta) signaling promotes cancer growth 
and fibrosis but can act as a tumor suppressor or promoter depending on con-
text [25]. Oral squamous cell carcinomas (SCCs) frequently have loss of func-
tion mutations in TFG-beta type II receptor [25]. Heterogeneity of TGFbeta 
activity in the leading edge of SCCs, which can influence drug resistance 
[25]. Exosomes from oral SCC-derived fibroblasts contained TGFbeta type 
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II receptor [25]. SCC transfer of TGF-beta type II receptor allowed keratino-
cytes devoid of the receptor to become responsive to TGF-beta, suggesting that 
stromal communication between tumor cells and non-tumor cells can alter the 
sensitivity to TGF beta signaling [25]. Patients with recessive dystrophic epider-
molysis bullosa (RDEB) carry loss-of-function mutations in COL7A1, which is 
essential for maintaining the basement membrane in the skin and mucous mem-
branes. Due to the constant and repeated cycles of wounding, inflammation, 
infection, and attempted wound healing, patients with recessive dystrophic epi-
dermolysis bullosa are susceptible to developing invasive and aggressive squa-
mous cell carcinomas. It was hypothesized that these squamous cell carcinoma 
tumors may emit exosomes containing detectable signatures in the circulation 
that may signal the presence of invasive squamous cell carcinomas [26]. Tumors 
that have metastasized to internal tissues are not easily detected or screened for 
on every clinical visit. One research group investigated the feasibility of using 
SCC-derived extracellular vesicles as a “liquid biopsy” to detect a tumor marker 
gene Ct-SLCO1B3, which encodes a member of the organic anion transporting 
polypeptide superfamily whose expression is typically in the liver, but had been 
reported to be overexpressed by RDEB-SCCs [26]. Ct-SLCO1B3 was detected 
in extracellular vesicles from seven difference RDEB-SCC cell lines, but not in 
exosomes from normal keratinocytes or keratinocytes of RDEB patients [26].

12  Exosomes in circulation of patients with melanoma 
signal metastases and worsened prognosis

Accumulating evidence suggests that exosomes can regulate tumor metastasis; 
exosomes derived from dermatologic tumors are no exception. Tumor-derived 
exosomes are emerging as mediators of tumorigenesis. Exosomes from highly 
metastatic melanomas increased the metastatic behavior of the primary mel-
anoma by activating tyrosine kinase MET in bone marrow progenitors [27]. 
Melanoma-derived exosomes induced vascular leakage at the pre-metastatic 
sites and reprogrammed bone marrow progenitors to support pathogenic blood 
vessel formation [27]. MET was elevated in the bone marrow progenitors of pa-
tients with metastatic melanoma and reduction of MET expression in exosomes 
diminished the pro-metastatic behavior of the bone marrow progenitors in the 
context of malignant melanoma [27]. In this same work, Peinado et al. identified 
an exosome-specific melanoma signature with both prognostic and therapeutic 
potential, comprising TRYP2, VLA-4, HSP70, an HSP90 isoform and the MET 
oncoprotein, with many of the genes relating to extracellular matrix remodel-
ing and inflammation [27]. MET was higher in circulating exosomes in both 
stage 3 and stage 4 melanoma compared to control subjects or stage 1 disease 
[27]. In patients with Stage 4 melanoma, the cumulative survival probabilities 
of patients was significantly lower if the total amount of protein in isolated 
circulating exosomes per milliliter of plasma was greater than 50 micrograms 
per milliliter (versus less than 50 micrograms per milliliter), with all patients 
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dying by 11months in the former group (versus greater than 50% surviving 
after 28months in the latter group). Thus, exosome content in the circulation of 
patients with metastatic melanoma, both in terms of total protein in exosomes 
and specific gene products, may help predict survival [27].

13  Conclusion

The role of exosomes in dermatology are beginning to be understood as criti-
cal for our understanding of fundamental biological processes in the skin. 
Furthermore, exosomes play key roles in the pathogenesis of atopic dermati-
tis, bullous pemphigoid, psoriasis, and skin cancer. As therapeutics, stem cell 
exosomes can stimulate skin repair and regeneration. With all that has been 
discovered to date, it is clear that the field of dermatology will benefit from exo-
some research, allowing developing better biomarkers for disease detection and 
prognosis and therapeutic tools to manage dermatologic disease.
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1  Introduction

1.1  Aim

In this chapter, we aim to provide an up-to-date insight into exosomes in the kid-
ney. We will review the role of exosomes in normal physiology and in disease.

We will begin by considering urinary exosomes, the main source of clini-
cal and experimental exosomal material from the kidney and urinary tract. We 
will discuss the potential for urinary exosomes to provide biomarkers of ne-
phrological disease. We will review the evidence that exosomes have important 
physiological (and pathophysiological) functions by mediating communication 
between kidney cells. Finally, we will consider the potential for exosome-based 
therapies in kidney disease.

1.2  Exosomes in the kidney and urinary tract: 
Special considerations

In several respects, the kidneys and urinary tract constitute a “special case” with 
regards to exosome signaling. First, they have—in the urine—a highly acces-
sible and near-inexhaustible supply of organ-specific EVs, providing an unpar-
alleled bioresource for researchers and clinicians. Second, the urinary tract is 
lined with distinct spatially-separated cell types that all contribute to a mixed 
population of EVs in the urine. This constitutes an ideal system in which to 
study cell-specific EV signaling and furthermore the flow of urine allows for 
the study of directional EV signaling (from proximal to distal along the urinary 
tract). Third, the complex micro-anatomy of the glomerular filtration barrier 
and the tubular-interstitial-vascular interface provides a system in which we 
can examine the mechanisms through which EVs can travel through the body 
tissues.

Each of these features presents opportunities and challenges to the researcher 
and clinician, which we will elaborate on throughout this chapter.

Chapter 11

Exosomes in nephrology
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1.3  A word on nomenclature

As in other fields, much of the literature on exosomes in nephrology suffers 
from a confused nomenclature. In particular those studies carried out in the 
early years of this century, extracellular vesicle sub-populations were either not 
defined or were defined by a hotchpotch of non-standardized criteria. Therefore 
the terms “extracellular vesicle”, “exosome”, “microvesicle”, “microparticle”, 
“nanovesicle” (and more besides) were used to refer to populations of vesicles 
displaying various characteristics. Some terms have even been coined for vesi-
cles peculiar to the urinary tract (“prostasomes”).

In this chapter, we will adhere to recent consensus statements regarding no-
menclature [1, 2], in which extracellular vesicles are classified according to 
their biogenesis. We will therefore restrict the term “exosome” to those vesicles 
displaying properties compatible with origin from a vesiculation event from 
endosomal pathways (diameter 30–100 nm and enriched markers such as CD63, 
CD81, flotillin-1 and Tsg101) [3, 4]. We will use the term “microvesicle” to 
refer to those particles likely to have originated from a vesiculation event at the 
plasmalemma (diameter 100–1000 nm). When discussing extracellular vesicles 
that are not so rigorously defined, we will use the broad term “extracellular 
vesicle” (EV).

2  Urinary exosomes

2.1  Isolation methods

Cells in the kidney and urinary tract release EVs into the urine; these were 
first characterized in a seminal paper from the Knepper lab [5]. This highly-
accessible supply of biomaterial has been enormously helpful in the study of 
EVs in nephrology. However, the isolation of EVs from urine requires some 
special methodological considerations.

2.1.1  Interference of urinary proteins with isolation of EVs
Urinary proteins can interact with urinary exosomes and interfere with at-
tempts at their isolation. The most abundant urinary protein, uromodulin (also 
known as Tamm-Horsfall protein) is structurally related to the zona pellucida 
proteins and precipitates in the cold (~4°C) and with changes in urine pH and 
ionic strength [6, 7]. The precipitates form long, rope-like polymeric filaments 
which are visible on electron microscopy [6, 8]. EVs may become entrapped 
within a uromodulin mesh and lost in the low-speed pellet during differential 
centrifugation protocols. This can be circumvented by using reducing agents 
(e.g. dithiothrietol) to disrupt polymeric uromodulin [6, 7, 9] or by isopycnic 
centrifugation on a D2O-sucrose gradient [8].

The confounding effects of urinary protein become more significant in the 
context of pathological proteinuria, such as in the nephrotic syndrome. Using 
standard ultracentrifugation protocols, abundant proteins such as albumin and 
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α1-antitrypsin are co-purified with exosomes. To an extent, this problem can 
be solved by using size-exclusion chromatography to separate the exosomal 
and free protein fractions [10] or by isopycnic centrifugation on a D2O-sucrose 
gradient [11]. Subtle variations in the method used to isolate EVs may have 
a bearing on the composition of the final sample. For example, fractionation 
by density gradient ultracentrifugation can yield sub-populations of EVs en-
riched for aquaporin-2, polycystins-1 and -2 or podocin [8]. These proteins 
are expressed in different nephron segments and therefore these EV fractions 
are likely derived from different nephron segments. For example, the podocin-
enriched fraction possesses molecular markers compatible with a glomerular 
origin [11].

2.1.2  Normalization of EVs and EV cargo in urine samples
Another challenge that faces the researcher or clinician when working with uri-
nary EVs is that of normalizing any result. Urine flow rate varies enormously 
during health and disease and therefore it is probably not particularly meaning-
ful to express results as a concentration (e.g. number of EV particles or micro-
grams of EV protein per ml or urine). It may be that the flow rate of renal tubular 
fluid or urine alters the rate at which EVs are released or taken up by the cells 
lining the urinary tract (to our knowledge this has yet to be rigorously tested). 
Therefore measuring excretion rates—the number of EV particles excreted in 
the urine per unit time—may not be sensible either.

Different investigators have adopted different approaches to this problem, 
often normalizing to urinary creatinine concentration, which is widely used 
clinically to normalize urinary excretion of protein and other solutes in untimed 
urine samples. One proposed alternative is to normalize to the concentration of 
uromodulin because this protein will usually be isolated along with EVs and 
because the abundance of uromodulin is highly correlated with that of canonical 
EV markers in the urine of healthy volunteers [6]. However, rates of uromodulin 
excretion vary significantly between different individuals, so this approach is 
imperfect when normalization is required to allow comparison of urinary EV 
products between different subjects [12]. A similar approach is to normalize to 
total urinary protein—which is a reasonable thing to do, except in subjects with 
pathological proteinuria.

2.1.3  Methods of isolation of EVs from urine
Other than taking into account the presence of interfering urinary proteins, the 
only other special consideration for urine—compared to other biofluids—is that 
sample volume can be large (typically 10s or 100s of milliliters). Differential 
ultracentrifugation is still considered by many to be the gold-standard method 
of preparing exosomes from urine; but methods employing filtration, precipita-
tion, immunoaffinity capture or size-exclusion chromatography provide alterna-
tives that can be better suited to large input volumes [13–15]. In a head-to-head 
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comparison of alternative protocols, a modified precipitation protocol gave the 
highest yield of exosomes and RNA [13].

2.2  Cellular origin and molecular cargo of urinary exosomes

The molecular cargo of urinary EVs has been well-characterized and is similar 
to that carried by EVs in other biofluids in that it comprises lipids, proteins 
and nucleic acid and is particularly enriched in non-coding RNA. Urinary EVs 
exhibit complex surface glycosylation [16].

The concentration of exosomal protein in urine is ~2 μg/mL, accounting for 
~3% of total urinary protein [17]. The urinary exosomal proteome (and phos-
phoproteome) is enriched in apical membrane proteins [9], consistent with their 
likely biogenesis: that is, the release of EVs directly into the urinary space from 
the apical surface for cells lining the urinary tract. However cytosolic and nu-
clear proteins, such as transcription factors, are also detected [18].

The nucleic acid in urinary EV preparations predominantly comprises DNAse-
susceptible DNA (presumed to coat the outside of vesicles) and RNAse-resistant 
RNA (presumed to lie protected within vesicles) [19]. In RNA-sequencing data 
from healthy human subjects, almost 90% of the reads aligned to ribosomal 
RNA and of the remainder, ~60% aligned to non-coding RNA sequences [20]. 
mRNA sequences were enriched in transcripts that are specifically expressed in 
the nephron, collecting system and lower urinary tract [19, 20].

2.3  Uptake of EVs by kidney cells

The cells lining the urinary tract release EVs into the urine, but they are also 
able to internalize EVs from the urinary and vascular space. Furthermore, the 
uptake of EVs (or at least a subset of EVs) by kidney cells appears to be selec-
tive and physiologically regulated.

2.3.1  Molecular basis of EV uptake
The cellular uptake of EVs in the kidney has been studied most extensively in 
the renal tubular epithelial cell. EVs can be taken up across either the apical or 
basolateral cell membrane [21]. There may be role for apical cilia in facilitat-
ing EV uptake: some EVs physically interact with the primary cilium on renal 
tubular (IMCD) cells and biliary epithelial cells [8].

The cellular uptake of fluorescent EVs (derived from renal tubular cells ex-
pressing CD63-GFP) is competitively inhibited by non-fluorescent EVs. Thus 
EV uptake occurs through saturable pathways [22].

Trypsinization of EVs abolishes their ability to be taken up by kidney cells 
in vitro and in vivo [23], suggesting that their uptake is dependent on surface 
protein expression. Some investigators have defined specific surface proteins 
that are important for EV uptake (for specific cells and specific EVs). For ex-
ample, blockade of CD29 or CD44 inhibited the uptake of MSC-derived EVs 
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by renal tubular cells [23, 24]. The likely endogenous ligand for CD44, hyal-
uronic acid, is expressed in the renal interstitium and along the tubular basement 
membrane [25, 26]. The interaction of podocyte-derived EVs with renal tubular 
epithelial cells can be inhibited by CD36 blockade [27].

To an extent, the cellular uptake of EVs is selective with respect to the origin 
of the EVs. Mouse distal renal tubular epithelial cells internalized EVs derived 
from human proximal renal tubular epithelial cells but not mouse juxtaglomeru-
lar cells [21].

These data are all consistent with a model in which the uptake of EVs 
is dependent on specific interactions between surface proteins on cell and 
EV (Fig. 1). Such a model is gaining acceptance in the broader EV field: it 
seems likely that EVs dock selectively with recipient cells through specific 
receptor-ligand interactions and are then internalized through an active en-
docytic process [28].

2.3.2  Physiological regulation of EV uptake and release
The uptake of EVs by collecting duct cells is known to be regulated by vaso-
pressin and endothelin-1: both established physiological regulators of collecting 
duct cell function [21, 29]. As all urinary EVs must have passed through the 
collecting duct, this suggests that the exosomal composition of the urine might 

FIG. 1  Model of exosome signalling in the renal tubule. (A and B) In theory, EVs could enter the 
urinary space through a number of pathways. They could be released by the cells lining the urinary 
tract or enter from the vascular or interstitial space by crossing the glomerular filtration barrier or 
the renal tubule. There is some experimental evidence to support all of these routes (see text). (C) In 
common with other body systems, EVs enter kidney cells by interacting with specific cell-surface 
molecules. They can influence target cell function through the transfer of a bioactive cargo (nucleic 
acid/protein/lipid) or by stimulating cell-surface receptors that activate second-messenger cascades.
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vary according to vasopressin signaling activity (e.g. with hydration status). 
In support of this hypothesis, the urinary excretion of EVs expressing podo-
cyte and proximal tubule markers fell after vasopressin treatment in a patient 
with central diabetes insipidus [21]. The physiological regulators of EV uptake 
in other (non-vasopressin-responsive) kidney cells has not been extensively 
investigated.

In proximal tubular cells, EV release was stimulated (at least in vitro) by 
dopamine and angiotensin II [22]; the authors speculated that both agents might 
stimulate EV release by raising intracellular calcium levels, but this was not 
tested directly.

2.3.3  In vivo delivery of EVs to kidney cells
One controversial question that has yet to be definitively resolved is whether or 
not EVs arising from distant organs can enter the urine. On the one hand, the 
size and charge-profile of EVs should mean that they cannot traverse the glo-
merular and tubular basement membranes [30, 31]. In keeping with this, the vast 
majority of RNA and protein molecules detected in urinary EVs from healthy 
subjects are derived from the kidney and urinary tract [9, 19].

On the other hand, there is evidence that circulating EVs (or EV cargo) 
are taken up by kidney cells, at least in the context of kidney injury. After 
fluorescently-labeled EVs are injected into the systemic circulation of mice, the 
fluorescent label can be detected in renal tubular cells [21, 23, 32]. Similarly, 
markers of blood cell-derived EVs are detected in the kidney cells of humans 
and mice with E. coli-associated hemolytic uremic syndrome [33]. However, in 
some systems this phenomenon is only observed in the context of acute kidney 
injury and not in healthy controls [23, 32].

Remarkably, there is also evidence that intact EVs can pass from the vas-
cular space into kidney cells and the urine. Fluorescently-labeled EVs injected 
into the circulation were detected in urine by nanotracking analysis [21]. This 
urinary fluorescent signal was not detected after the injection of free dye and 
was greatly reduced by detergent treatment of the urine.

3  Urinary exosomes as biomarkers

3.1  Two broad approaches to biomarker research

EVs have the potential to act as biomarkers because their molecular cargo could 
be used to infer the molecular status of the cell of origin. Proteomic, transcrip-
tomic and lipidomic approaches have been used to identify molecular biomark-
ers in urinary EVs.

The potential for EVs to act as biomarkers has been explored for two broad 
applications: as mechanistic biomarkers, to provide insight into the function of 
specific cell types in human disease or animal models and as clinical biomark-
ers, to help diagnose renal or urological diseases.
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3.2  Mechanistic biomarkers reporting on renal 
tubular function

3.2.1  Water transport
The abundance of tubular transport proteins in urinary EVs has been shown to 
correlate with in vivo transport activity in a variety of settings. In fact the first 
demonstration of this phenomenon predated the widespread appreciation of uri-
nary EVs: vasopressin was shown to increase urinary aquaporin 2 (AQP2) ex-
cretion in patients with central diabetes insipidus [34]. We have since learnt that 
most urinary AQP2 is excreted in exosomes [35] and the correlation between 
AQP2 expression in urinary EVs and in vivo vasopressin signalling activity has 
been replicated several times [29, 36].

3.2.2  Sodium transport
The transport activity of tubular sodium transporters correlates with their abun-
dance in the apical cell membrane and is regulated by post-transcriptional 
modifications such as phosphorylation. It is therefore plausible that the abun-
dance and/or phosphorylation status of tubular sodium transporters in urinary 
EVs should correlate with their in vivo transport activity. As proof-of-concept, 
this was verified in rare Mendelian disorders. Gitelman and Gordon syndrome 
respectively cause under- and over-activity of the thiazide-sensitive NaCl co-
transporter, NCC. In Gitelman syndrome, the abundance of NCC protein in 
urinary EVs is markedly reduced [37, 38], whereas in Gordon syndrome it is 
increased [39]. An analogous phenomenon is observed in type I Bartter syn-
drome, caused by mutations in the furosemide-sensitive Na-K-Cl co-transporter 
NKCC2 [9, 37].

But does the abundance of sodium transporters in urinary EVs correlate 
with expression in the kidney during physiological conditions? This has been 
tested in animal models and humans. Esteva-Font et al. found that this correla-
tion was indeed observed for NCC and NKCC2 in rats during perturbations 
in dietary sodium content [40]. However, they did not observe changes in uri-
nary exosomal NCC and NKCC2 expression in hypertensive human subjects 
in response to manipulations in dietary sodium that were sufficient to change 
the fractional excretion of sodium. Other groups have found increased in the 
expression of NCC and phosphorylated NCC in urinary exosomes in human 
subjects with primary aldosteronism: a disease that would be expected to in-
crease renal tubular expression [41]. Similarly, cyclosporin therapy (known to 
increase NCC expression through its effects on WNK-SPAK signalling) in renal 
transplant recipients increased the abundance of NCC and NKCC2 in urinary 
exosomes [42]. Treatment with thiazide diuretics (inhibitors of NCC) increased 
both the abundance and phosphorylation of NCC in urinary exosomes and this 
effect was greater in patients who mounted a blood pressure response to the 
thiazide [43]. This is in keeping with rodent studies, in which chronic thiazide 
exposure causes increased NCC expression. Similarly, the abundance of NCC 
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and phosphorylated NCC in urinary EVs from kidney transplant recipients 
was influenced by calcineurin inhibitor exposure and predicted blood pressure 
response to thiazides [44].

Urinary exosomal NCC expression exhibits diurnal variation in humans and 
rodents [45, 46]. This is in keeping with the known diurnal variation in kidney 
expression in rodents, but interestingly diurnal variation was also observed for 
many other exosomal proteins [45].

3.2.3  Acid-base transport
Similar to the effects observed for water and sodium transporters, the abundance 
of acid-base transporters in urinary EVs changes in response to perturbations in 
acid-base homeostasis. In acidosis, the excretion of the B1 subunit of V-ATPase 
(expressed on acid-excreting intercalated cells) increases whereas that of pen-
drin (expressed on base-excreting cells) decreases [47, 48]. The opposite is ob-
served in alkalosis.

3.2.4  Tubular profiling
Some groups have attempted to quantify a panel of transporter proteins in uri-
nary EVs in order to obtain a “profile” of transport activity in different tubular 
segments. This approach was used in an attempt to investigate the mechanism 
responsible for urinary concentrating and acidification defects in patients 
with American cutaneous Leishmaniasis. Expression of exosomal trans-
porter proteins changed in a direction that would—if representative of kidney 
expression—provide a mechanistic explanation. Patients with a urinary con-
centrating defect had lower AQP2 and (possibly compensatory) higher NKCC2 
expression; patients with a urinary acidification defect had higher NHE3, 
H+-ATPase and pendrin expression [49].

Healthy human subjects treated with an endothelin agonist exhibited in-
creased free water clearance. Analysis of urinary exosomal protein demonstrated 
that this occurred in the context of increased NKCC2 and AQP2 excretion. This 
suggests that the aquauresis was caused by increased sodium transport on the 
loop of Henle (rather than by reduced AQP2 activity in the collecting ducts) 
and in keeping with this, renal clearance parameters also suggested increased 
sodium absorption in the loop [50].

In patients with thiazide-induced hyponatremia, urinary exosomal abun-
dance of NCC and AQP2 were reduced and increased respectively rela-
tive to normonatremic controls [51]. These changes—if representative of 
transporter/channel activity in the kidney—could account for the hypona-
tremia as they would favor sodium loss and water retention. Furthermore 
these differences persisted several months after thiazides were withdrawn, 
suggesting that they may have pre-dated thiazide exposure and could thus 
be potentially used as biomarkers to predict the risk of thiazide-induced 
hyponatremia.
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3.3  Biomarkers of renal disease

Urinary EVs have a clear potential to aid in the diagnosis of rare monogenic 
diseases (such as those discussed above). However, given the diverse array of 
nucleic acids, proteins, lipids and other macromolecules carried by urinary EVs, 
many investigators have used systems biology in an attempt to discover clini-
cally useful signals encoded within the complex urinary EV cargo.

EVs offer several potential advantages as a biomarker reservoir over whole 
urine or the soluble fraction. First, certain molecular classes are enriched in 
EVs (e.g. membrane-bound proteins, non-coding RNA). RNA may even be pro-
tected within the vesicle core from nuclease degradation. Moreover, by looking 
for co-expression of markers that are associated with the cell of origin, it might 
be possible to estimate the abundance of a biomarker of interest in a cell type 
of interest—thus improving the signal-to-noise ratio compared to whole urine.

3.3.1  EV abundance as a biomarker of cell damage
One hypothesis is that the number or physio-chemical properties of EVs could 
provide information about the status of the cells from which they originated. To 
take a simple example, if the rate of EV release was increased in cell injury then 
the number of EVs detected in the urine could correlate with cell damage. There 
is some support for this approach in diabetic kidney disease and pre-eclampsia. 
In both cases the abundance of podocyte-derived urinary EVs is increased, in 
keeping with the glomerular damage observed in these conditions [52–54]. In 
this approach, a single molecular marker is used to define the cell of origin: for 
example, podocin or nephrin for the podocyte.

More sophisticated approaches have used the co-expression of more than 
one molecular marker to define EVs derived from subpopulations of cells. For 
example, CD133+ urinary EVs (i.e. derived from progenitor cells) that co-
express glomerular or proximal tubular markers increase in abundance in the 
days after kidney transplantation. This may suggest that progenitor cells are 
contributing to glomerular and tubular repair after transplant [55, 56].

3.3.2  EV cargo as biomarkers in disease
Alternatively, the molecular cargo of the EVs might provide information about 
disease states. Transcriptomic, proteomic and lipidomic approaches have dis-
covered potential biomarkers of various renal diseases such as acute tubular 
injury, glomerular disease and transplant rejection (Table 1); this has been re-
viewed extensively [72, 56]. To take one example, urinary EVs from a cohort 
of 15 patients with CKD (of mixed etiology) displayed differential expression 
of 30 non-coding RNAs, compared to EVs from 10 health controls [66]. This 
pilot work is encouraging; it remains to be seen whether larger studies in more 
focused disease groups will discover RNA ‘signatures’ that can be used to make 
reliable, clinically useful decisions.
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TABLE 1  Biomarkers in urinary EVs that have been tested in human 
disease subjects.

Cell of origin Biomarker Disease Reference

Glomerular diseases and diabetic kidney disease

Podocyte EV number DKD (in T1DM) [54]

? miRNAs DKD (in T2DM) [57]

? EV size, density & 
proteome

DKD (in T2DM) [58]

? Regucalcin DKD [59]

Podocyte WT-1 Podocyte injury/FSGS [60]

? Proteome IgAN and TBMN [61]

Podocytes ADAM10 Glomerular diseases [62]

? miRNA SLE and lupus nephritis [63]

Podocytes EV number Pre-eclampsia [53]

Tubular disorders, AKI, CKD, hypertension

? Fetuin A AKI [64]

rTECs Osteoprotegerin CKD [65]

rTECs ncRNA CKD [66]

Podocyte  Renovascular 
hypertension

[67]

? Proteome Essential hypertension [68]

rTECs NCC, AQP2, PGT Thiazide-induced hypoNa [51]

Kidney transplant

Progenitor CD133 Graft function [55]

? NGAL Delayed-graft function [69]

? Proteome Rejection/tubular injury [70]

? Proteome Acute rejection [71]

AKI, acute kidney injury; AQP2, aquaporin-2; CKD, chronic kidney disease; DKD, diabetic kidney 
disease; FSGS, focal segmental glomerulosclerosis; hypoNa, hyponatraemia; IgAN, IgA nephropathy; 
NCC, sodium-chloride co-transporter; ncRNA, non-coding RNA; PGT, PGE2-specific prostaglandin 
transporter; rTEC, renal tubular epithelial cell; SLE, systemic lupus erythematosus; TBMN, thin 
basement membrane nephropathy; T2DM, type 2 diabetes mellitus.
? = cell type not known.
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As with the work on “mechanistic biomarkers”, animal studies have been 
essential in exploring the correlation between the abundance of a given “injury” 
biomarker in urinary exosomes and its abundance in the kidney. For example, 
transcriptomic analysis of urinary EVs from a podocyte injury model showed 
cystatin C was differentially regulated in injury. This differential expression 
was mirrored by mRNA and protein expression in podocytes and tubular cells 
in vivo [73].

4  Functional role of exosomes in the kidney  
and urinary tract

As in other body systems, accumulating data support the hypothesis that exo-
somes play a functional role in the kidneys and urinary tract: they are not merely 
cellular waste products. Broadly, they may exert function by interacting with 
surface receptors on recipient cells or by transferring a functional protein, lipid 
or nucleic acid cargo to recipient cells. There are numerous reports of EVs 
modifying the function of kidney cells (Table 2; Fig. 2). The majority describe 
effects on the renal tubular epithelial cell and we have therefore focused our 
discussion on these cells.

4.1  Exosome signalling regulating tubulointerstitial cells

4.1.1  Regulation of tubular cell transport function  
by EV signalling
One of the first reports described how EVs released by vasopressin-stimulated 
collecting duct cells stimulated water transport in recipient (vasopressin-naïve) 
collecting duct cells [29]. The abundance of APQ2 in the EVs was increased 
after vasopressin treatment whereas the abundance of “exosome markers” 
flotillin-1 and Tsg101 remained constant and we have since learnt that urinary 
EVs contain functional AQP2 water channels [98]. Therefore it is possible that 
this effect is mediated by the transfer of functional AQP2 channels but this has 
yet to be tested rigorously.

Another early report examined signalling from proximal to distal renal tubu-
lar cells in vitro. EVs from proximal tubule cells that had been stimulated with a 
dopamine agonist reduced reactive oxygen species production in recipient distal 
tubular cells [22]. The mechanism responsible for this effect was not determined 
but the investigators were able to demonstrate, using fluorescent CD63 and CD9 
tags, that EVs were internalised by recipient cells and in some cells the fluores-
cent label subsequently localized to multivesicular bodies. The potential for EVs 
to carry signals from the proximal to distal nephron was also examined by Jella 
et al. They found that exosomes from proximal renal tubular cells decreased the 
activity of the epithelial sodium channel, ENaC in distal tubular cells, with a 
greater effect exerted by exosomes released from the apical rather than the ba-
solateral cell surface [91]. They found strong evidence to support a mechanism 



268 
Exosom

es

TABLE 2  Functional communication by EVs in the kidney.

Donor cell Recipient cell Transfer material Functional effect Experiment Reference

EVs from stem cells inducing protection from injury

MSCs rTECs RNA Enhanced recovery from AKI; 
resistance to apoptosis

In vitro and in vivo; RNAse as 
negative control

[23]

MSCs ? ? Protection against renal injury 
(5/6 nephrectomy model)

In vivo; effect comparable to 
infusion of MSCs

[74]

MSCs ? ? Protection against kidney injury 
(oxidative stress pathways)

in vitro and in vivo (IRI model) [75]

MSCs rTECs miRNA Protection from AKI In vitro; Actinomycin D used to 
infer transfer of miRNA

[24]

MSCs rTECs Hepatocyte growth 
factor (HGF) mRNA

Protection against tubular injury In vitro and in vivo; RNAse used to 
demonstrate RNA-dependent effect

[76]

MSCs rTECs (HK-2) miR Protection against TGFβ-induced 
EMT; protection against UUO-
induced kidney injury

In vitro and in vivo [77]

MSCs rTECs miRNA Protection from AKI In vivo; Drosha knock-down 
negative control

[78]

MSCs rTECs (NRK-
52E)

miRNA (let7c) Protection from fibrosis In vitro and in vivo; Cy3-labelled 
pre-miRNA used to visualize 
transfer

[79]

MSCs rTECs miRNA/mRNA Recovery from AKI and rTEC 
proliferation

In vitro and in vivo [80]

MSCs rTECs and 
macrophages

IL-10 Inhibition of renal inflammation In vivo (porcine model of 
metabolic syndrome and renal 
artery stenosis)

[81]
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Continued

MSCs and 
HLSCs

Mesangial cells miR-222 Protection from high-glucose 
injury

In vitro [82]

BMDCs Fibroblasts miR Protection against 
tubulointerstitial fibrosis (tPA 
signalling pathway)

In vivo and in vitro; demonstrate 
miR-144 in EVs targets 3’UTR of 
tPA in renal fibroblasts

[83]

EPCs rTECs miRNA Protection from AKI In vivo; RNase, Dicer knock-down 
and miR-antagomir negative 
controls

[84]

EPCs Mesangial cells mRNA Protection against mesangial 
injury (Thy1.1 nephritis)

In vitro and in vivo; RNAse used to 
demonstrate RNA-dependent effect

[85]

Signalling from renal tubular epithelial cells to renal tubular epithelial cells

? (whole 
urine)

rTECs miRNA Change in expression of solute 
transport pathways

In vitro [86]

rTECs rTECs Protein (AQP2) Transfer of water transport 
capacity

In vitro [29]

rTECs rTECs ? Enhanced recovery from AKI In vivo [87]

rTECs rTECs miRNA Down-regulation of miRNA target 
genes

In vitro and in vivo; exogenous 
miRNAs as positive control

[21]

rTECs rTECs ? Transfer of dopamine signalling 
pathway activation

In vitro; fluorescently-tagged CD9 
and CD63 to demonstrate transfer

[22]

rTECs rTECs HIF-1α Protection from apoptosis In vitro [88]

Whole 
kidney/HK-2

? ? Hypoxia-induced EVs protect 
kidneys from IRI

In vitro and in vivo [89]

rTECs rTECs ? Inhibition of wound healing In vitro; effects of exosomes on 
EGFR signalling tested

[90]
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rTECs 
(proximal)

rTECs (distal) GAPDH ENaC activity In vitro [91]

rTECs rTECs ATF3 (transcription 
factor)

Protection against kidney injury 
(MCP-1 pathway)

In vitro and in vivo [92]

Signalling between other kidney compartments

HUVECs/
monocytes

Podocytes ? Transfer of TNFα-induced pro-
inflammatory phenotype

In vitro [93]

Podocytes rTECs None (surface 
interaction)

Pro-fibrotic signalling In vitro; blockade of CD36 used to 
demonstrate surface interaction

[27]

Mesangial Podocytes TGFβ1 Transfer of high-glucose induced 
injury

In vitro [94]

Leukocytes Glomerular 
endothelial & 
HEK

Kinin B1-receptor Kinin signalling in vasculitis In vitro and in vivo in human 
disease subjects

[95]

rTECs MSCs miRNA Induction of MET In vitro; miR-mimics as positive 
control

[96]

rTECs Macrophages CCL2 mRNA Induction of inflammation in 
response to albuminuria

In vitro and in vivo; GFP-
CCL2 fusion construct used to 
demonstrate transfer of mRNA to 
macrophages

[97]

?, not determined; AKI, acute kidney injury; AQP2, aquaporin 2; BMDC, bone-marrow-derived cell; EPC, endothelial progenitor cell; HLSC, human liver stem cell; HUVEC, 
human umbilical vein endothelial cell; IRI, ischemia-reperfusion injury; MET, mesenchymal-to-epithelial transition; miRNA, microRNA; MSC, mesenchymal stem (or stromal) 
cell; rTEC, renal tubular epithelial cell; UUO, unilateral ureteric obstruction.

TABLE 2  Functional communication by EVs in the kidney.—cont’d

Donor cell Recipient cell Transfer material Functional effect Experiment Reference
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involving the transfer of GAPDH protein: the exosomes expressed catalytically-
active GAPDH, pharmacological inhibition of GAPDH in exosomes abolished 
their stimulatory effects on ENaC and co-immunoprecipitation experiments 
suggested a physical interaction between ENaC subunits and GAPDH in distal 
tubular cells.

Fiona Karet’s group took a broader approach, testing the general hypoth-
esis that urinary exosomes might transfer regulatory microRNAs to renal tu-
bular cells. Using small RNA-sequencing, they found that urinary exosomes 
in healthy volunteers were enriched in miRNAs predicted to target membrane 
transporters and their regulators. In culture, urinary exosomes were able to regu-
late the expression of solute transporters in distal and proximal tubular cells 
[86]. This suggests—but does not directly prove—that miRNAs might form a 
critical element of the EV cargo responsible for exerting functional effects in 
target renal tubular cells.

4.1.2  Stem-cell derived EVs confer resistance to kidney 
injury in renal tubular cells
In the early 2000s, many groups investigated the potential for stem cell therapy 
to ameliorate organ injury. They found that stem cells could protect against or-
gan injury—including kidney injury—but that this effect was not mediated by 
engraftment and proliferation of the infused stem cells. Rather, it seemed likely 

FIG. 2  Functional role of EVs signalling to renal tubular epithelial cells. Several studies have 
shown that EVs can exert functional effects on renal tubular epithelial cells. These are summarized 
here; see Table 2 for details.
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that stem cells migrated to the site of injury where they secreted paracrine fac-
tors that re-programmed resident cells (reviewed by [99]). Extracellular vesicles 
derived from MSCs were found to be sufficient to account for most, if not all, 
of the protective effect conferred by MSCs in kidney injury models [23, 74].

Camussi’s group have published a large series of studies examining the ca-
pacity for stem-cell derived EVs to promote renal repair [23, 24, 78, 84, 96]. 
EVs derived from either mesenchymal stem cells (MSCs) or endothelial pro-
genitor cells (EPCs) are able to confer protection against kidney injury when 
injected into the systemic circulation of the mouse [23, 78, 84]. Comparing EV 
preparations enriched in exosomes (100,000 g pellet) or microvesicles (10,000 g 
pellet), it seems likely that only exosomes exert this therapeutic effect [80]. 
This therapeutic effect depends on the transfer of critical RNA species to renal 
tubular cells. The evidence is strongest for microRNAs. The EVs are enriched in 
miRNA and when this is depleted by general (Dicer or Drosha knockdown) or 
specific (antagomirs) means, this protective effect is abolished [78, 84].

Other groups have published similar findings. Wang et al. found that MSCs 
over-expressing miRNA-let7c conferred protection against kidney injury in vivo. 
In vitro, they showed that MSCs transferred fluorescently-labeled miRNA to re-
nal tubular cells via EVs and that these EVs mitigated the pro-fibrotic effects of 
TGFβ signalling in renal tubular cells [79]. Dominguez et al. showed that EVs 
derived from renal tubular epithelial cells were able to accelerate recovery from 
kidney injury in a rat model [87]. The effect was greater when the EVs were 
obtained from hypoxic tubular cells: a form of ischemic pre-conditioning.

Taken together, this body of literature supports two key conclusions: that 
stem-cell-derived exosomes can re-program renal tubular cells in order to pro-
tect them from injury and that EV-bound RNA is critical in mediating this effect. 
We might therefore ask whether the RNA exerts its effects directly or indirectly 
in the target cell. In order words: are the mRNA molecules delivered to target 
cells by EVs translated into proteins? Do delivered miRNA molecules enter the 
RISC (RNA-induced silencing complex) and repress target mRNA expression? 
This has yet to be answered conclusively but the available evidence supports a 
direct effect. In vitro, MSC-derived EVs were internalised by renal tubular cells 
and mitigated the injurious effects of ATP depletion [24]. EV treatment altered 
miRNA expression within target cells. Experiments in which actinomycin D 
was used to inhibit transcription suggested that some effects were mediated 
by direct transfer of miRNA from EVs and others by EV-mediated changes in 
miRNA transcription in the target cell. There is also evidence that EV-bound 
miRNA released by endogenous stem cells can directly silence target gene ex-
pression. Erythropoetin therapy induced protection against kidney injury in a 
murine ureteric obstruction model. The mechanism was intriguing: erythropoi-
etin stimulated the release of miR-144-containing EVs from bone marrow cells. 
A miR-144 antagomir blocked this effect and miR-144 targeted the 3’UTR of 
tissue plasminogen activator in fibroblast cells [83].

miRNA target prediction and gene ontology analyses have been used to pre-
dict the key cellular processes that might be regulated by an MSC-derived EV 



Exosomes in nephrology  Chapter | 11  273

RNA cargo. These include pathways regulating cell proliferation, apoptosis, 
fatty acid metabolism, inflammation, matrix-receptor interaction, cell adhesion 
and cytoskeleton organization [24, 78, 80].

4.1.3  EV signalling from renal tubular cells  
to other compartments
In addition to being a target of EV-signalling, renal tubular cells are also a source of 
functional EVs. Such signalling might be important in disease states. Renal tubular 
cells exposed to albumin release exosomes able to induce a pro-inflammatory state 
in macrophages. These exosome are enriched in mRNA encoding the chemokine 
CCL2 and experiments using a GFP-CCL2 fusion mRNA construct suggest that 
EV-bound mRNA is delivered directly to macrophage cells [97]. This pathway 
could contribute to the tubulointerstitial inflammation seen in albuminuria. Tubular 
cell-derived EVs have also been shown to induce partial mesenchymal-to-epithelial 
transition in MSCs, probably by transferring microRNA [96].

4.1.4  EVs signalling to renal tubular cells via cell-surface 
receptors
RNA transfer mediates many of the functional effects of EVs but this does not 
preclude contributions from other mechanisms. Podocyte-derived microvesicles 
induced pro-fibrotic changes in intracellular signalling pathways in cultured re-
nal tubular cells but this effect was completely inhibited by blockade of the sur-
face receptor CD36 [27]. This suggests that either the surface receptor is critical 
for EV internalization or that the EVs exert their effects by binding the surface 
receptor and activating intracellular second messenger cascades.

4.2  Exosome-mediated interactions with urinary pathogens

EVs may interact with recipient cells within the same organism but there is also 
evidence of trans-species communication in the context of urinary tract infections.

Host-derived urinary exosomes are enriched in proteins of the innate immune 
system including antibacterial peptides. They demonstrate an antibacterial function 
in vitro, being able to lyse the common urinary pathogen E. coli [100]. Conversely, 
pathogen-derived exosomes can be internalised by host urothelial cells, with im-
plications for host cell function. Exosomes released by the sexually-transmitted 
parasite Trichomonas vaginalis were internalised by urothelial cells, increasing the 
binding of parasites to the recipient cells [101]. Exosome-mediated interactions 
between pathogen and host are well-described in other body systems [102].

5  Potential for exosome-based therapies

Given the functional effect that EVs can exert in animal disease models, there 
is understandable enthusiasm to explore the potential for novel EV-based 
therapies in human kidney disease. EVs offer a number of theoretical advan-
tages over both conventional small-molecule drugs and cellular therapies. They 
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could be used to re-program multiple pathways in target cells by delivering 
complex, pleiotropic signals (such as a mix of microRNAs) but they have a 
stable phenotype, in contrast to cell therapies which might retain the potential 
for malignancy transformation [103]. Outside of the kidney and urinary tract, 
proof-of-principle studies have demonstrated that engineered exosomes carry-
ing a small non-coding RNA cargo are able to target cancer cells and improve 
survival in a mouse cancer model [104].

However, there are several hurdles to the development of safe and effective EV-
based therapeutics, not least the need to develop and adequate understanding of ba-
sic EV biology. We need to better understand the mechanisms through which EVs 
exert functional effects and how they are targeted selectively to certain cell types.

The renal tubule is an attractive target for exosome-based therapies. As dis-
cussed above, systemically-delivered exosomes enter renal tubular cells and are 
perhaps even trafficked preferentially to sites of tubular injury. Proof-of-concept 
studies in rodent models have demonstrated that exosomes delivered in this way 
can protect against acute kidney injury. Renal tubular cell pathology underpins 
many clinically important diseases, including most forms of acute kidney injury 
and chronic kidney disease [105–107]. However intervening to improve outcomes 
is likely to involve complex reprogramming of co-ordinated cellular processes, 
such as those driving epithelial-to-mesenchymal transition [108]. With their abil-
ity to deliver a pleiotropic cargo, EVs could be ideally placed to effect this.

EVs could be exploited in innovative ways to provide clinical benefits. 
For example, it may be possible to manipulate the release of endogenous 
EVs—following on from exploratory studies such as that from Zhou et al. 
(discussed above) in which erythropoietin increased the release of a popula-
tion of EVs from bone marrow cells [83]. Or EVs might be used as adjuvant 
therapies to enhance response to conventional drugs. Microvesicles released 
from bladder cancer cells were able to potentiate the effects of chemotherapy 
in a mouse model of bladder cancer by increasing drug delivery to the cell 
nucleus [109].

6  Conclusions

Exosomes in the kidney and urinary tract have a lot of common with other sys-
tems. We are beginning to understand the mechanisms governing exosome re-
lease and uptake and the determinants of exosome cargo (Fig. 1). Exosomes can 
re-program target cell function, probably by transferring a mixed cargo of RNA, 
protein and lipid; the evidence is strongest for microRNA. Pilot studies show 
potential for exosomes to become useful biomarkers and therapeutic agents but 
this has not yet translated into clinical practice.

However, exosomes in the kidneys and urinary tract also have some distinct 
features. The urine as a source of EVs presents unique challenges and opportuni-
ties. The flow of urinary fluid allows for the study of directional EV signalling 
from proximal to distal along the nephron. The discovery that EVs can pass from 
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the systemic circulation into the urinary space suggests that the kidney provides 
a model in which we can explore the mechanisms of EV transport in detail.

Renal tubular cells take up EVs from the urinary and vascular space 
and this process is, at least in part, physiologically regulated (Fig. 1). EV 
uptake is saturable, dependent on cell-surface receptors and controlled by 
known hormonal regulators of renal tubular cells. Internalization of exo-
somes by tubular cells induces changes in cell function. EV-mediated sig-
nalling between tubular cells (in the same or distant nephron segments) can 
influence transport function in the target cell; signalling from stem cells 
to tubular cells influences cell survival, proliferation and susceptibility to 
injury (Fig. 2).

Excitingly, research into exosomes is in its infancy and there many more 
open questions than there are answers. In closing, we list some of the pressing 
unresolved questions regarding exosomes in the kidney in Box 1.

BOX 1  Unresolved research questions regarding exosomes in the kidney 
and urinary tract.

Fundamental mechanisms of EV release, uptake and transport

●	 Is EV uptake specific (with respect to the type of EV and type of target cell)? 
If so, how is this specificity determined?

●	 What are the physiological regulators of EV release and do these differ in dif-
ferent kidney cell types?

●	 What are the physiological regulators of EV uptake in different kidney cell 
types?

●	 How do EVs travel from the vascular to the urinary space? Is this different in 
disease states in which the structural integrity of the glomerular or tubular 
basement membrane is compromised?

Mechanisms of EV signaling

●	 To what extent are the direct effects of protein and RNA transfer sufficient to 
account for the functional effect of EV signalling in the kidney?

●	 To what extent do cell-surface EV interactions account for the functional ef-
fects of EV signalling?

Clinical applications

●	 What is the best method of harvesting urinary EVs for use as biomarkers (op-
timizing cost, time and stability of the EV cargo)?

●	 Will the potential utility of urinary EV-based biomarkers be confirmed in 
large clinical studies?

●	 How could exogenous EVs be used to deliver therapies in kidney disease?
●	 How can we modulate endogenous EV signalling to therapeutic effect in 

kidney disease?
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1  Introduction

In the central nervous system (CNS), extracellular vesicles (EVs) are an impor-
tant part of a signaling and communication network which helps to ensure the 
normal physiological functions of the brain. As compared to other intercellular 
signal transducers (e.g. neurotransmitters, neurotropic factors, hormones and 
cytokines), EVs contain a large number of different signaling molecules in the 
same package. During their biogenesis, EVs become packed with biologically 
active proteins (both receptors and ligands), lipids, and genetic material (both 
coding and non-coding RNA), as discussed in detail within other Chapters of 
this book, and reviewed thoroughly elsewhere [1, 2].

There are multiple factors which define the content and thus the potential 
biological functions of secreted EVs (Fig. 1). First and foremost, EVs reflect 
to a certain extent their cells of origin, although many cargoes are specifically 
enriched within EVs as compared to their parent cells. This, of course, is not 
surprising because cells can package only those cargoes to EVs which are pres-
ent in a given cell type itself. However, depending on the cell state and stress 
conditions, there can be vast changes not only in the gene expression profile but 
also in the intracellular trafficking of organelles, and in the activation/inactiva-
tion of different biological processes (such as the ubiquitin-proteasome system, 
autophagy, and protein post-translational modifications). The latter, in turn, can 
affect EV composition by changes in EV secretion pathways (e.g. membrane 
budding vs secretion via the endo-lysosomal system; secretion via the ESCRT-
dependent pathway vs the ceramide-dependent pathway; etc.). Recent stud-
ies have indicated very clearly that the level of heterogeneity of EVs secreted 
by one cell type can be very large [1, 3, 4], and that a number of distinct EV 
subpopulations can be defined based on the hydrodynamic size of EVs alone  
[3, 5–7], including small membrane-free particles called exomeres [4], whereas 
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functional diversity can exist within these size-defined EV subpopulations  
[5, 8–10]. This means that by switching between different secretion modes due 
to stress or other extracellular stimuli, the gross composition of secreted EVs 
could change greatly.

It should be highlighted that the EV intercellular communication network 
in the CNS is functioning simultaneously to the network of other signal trans-
duction molecules. Thus, the resulting communication network is likely very 
complex, especially because it involves many different cell types, both in the 
context of paracrine and autocrine signaling (Fig. 2). However, studying the en-
tire multifactorial EV-mediated communication network is highly challenging; 
many current works attempt to address that complexity.

FIG. 1  (A) The biological function of EVs is determined by EV composition, which in turn is 
affected by the specific gene expression profile of its producing cell type, cell state and stress en-
vironment, and cell-specific EV subtype biogenesis pathways which are activated. (B) A number 
of different EV subpopulations with distinct biogenesis pathways can be secreted by a given cell. 
While microvesicles are generated by the direct outward budding of the cell membrane, exosome 
release is related to the trafficking of multivesicular bodies and other components of the endo-
lysosomal pathway. Furthermore, several exosome subpopulations exist, most often separated by 
their hydrodynamic diameter. Separation of EV subpopulations by size only is, however, a difficult 
task as there can be a considerable overlap between different vesicle types.
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The majority of evidence about the importance of EV mediated signaling 
networks in the CNS is perhaps not surprisingly derived from studying different 
diseases. As discussed below, EVs have been shown or suggested to mediate dif-
ferent aspects of the pathology in a range of neurodegenerative diseases, such as 
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, amyotrophic lateral 
sclerosis and prion diseases, as focused on in this Chapter as examples (Fig. 3).

The importance of EVs in healthy CNS maintenance is somewhat more dif-
ficult to study, partially because EVs have now been shown to contain a number 
of cargo molecules which are traditionally considered to be secreted as soluble 

FIG. 2  EVs are secreted by multiple cell types of the CNS, including both resident cells (e.g. 
astrocytes, neurons, oligodendrocytes and microglia), cells of the blood-brain and blood-CSF bar-
rier (i.e. brain microvascular endothelial cells and choroid plexus epithelial cells), and infiltrated 
monocytes and lymphocytes in disease. EVs from multiple sources can act both in a paracrine as 
well as an autocrine manner, forming thereby a complex communication network with multiple 
interactions between individual cellular components which may be deregulated in numerous patho-
logical conditions.

FIG. 3  EVs of virtually all CNS cell types are involved in the pathology of a range of neurode-
generative diseases. On the other hand, EVs are also an important part of the system which ensures 
correct functioning of the normal CNS physiology. Some of these properties have been attempted to 
exploit to develop EVs for promoting CNS repair in different disease models.
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factors or morphogenes. However, there is a growing body of evidence highlight-
ing the significance of the EV signaling network in the maintenance of many pro-
cesses in the normal physiology too. In the following sections we will discuss the 
involvement of EVs in the physiology and pathology of the CNS more in detail.

2  EV-mediated healthy CNS maintenance

A significant amount of evidence of EVs being involved in CNS physiology 
comes from experiments focusing on neuronal cells. Both neuron-derived EVs 
themselves as well as EVs secreted by a number of different types of glial cells 
regulate or support neuronal functions. For example, oligodendrocytes, a type 
of glial cells involved in myelination of axons, secrete EVs in a Ca2+-dependent 
manner, which is triggered by the neurotransmitter glutamate [11]. Neuronal 
activity thereby leads to increased oligodendrocyte EV secretion which in turn 
provides protection to neurons in oxidative stress and starvation condition by 
increasing the metabolic activity of neurons [11] potentially in part by the trans-
fer of superoxide dismutase and catalase [12] or other enzymes. In addition to 
neuroprotection, oligodendrocyte EVs also increase neuronal firing rate, and 
regulate cellular signaling pathways and gene expression with effects on normal 
neuronal physiology [12].

However, it should be highlighted that neurons are not the only cell type 
that can interact with oligodendrocyte EVs. For example, a select group of mi-
croglial cells can internalize and degrade oligodendrocyte EVs [13] which may 
indicate that the amount of oligodendrocyte EVs available to regulate neuronal 
functions may depend on the activity of microglia. Furthermore, to complicate 
the EV-mediated signaling network further, other neuronal secreted factors can 
instead inhibit oligodendrocyte EV production [14], contrary to the increased 
EV secretion in response to glutamate [14], as explained above. This inhibitory 
cell communication pathway seems to be related to the auto-regulatory effects 
of oligodendrocytes to produce myelin via the secretion of self-inhibitory EVs 
[14], rather than neuronal protection to stress. It is yet to be determined which 
are the precise differences between the neuroprotective and myelin production-
regulatory oligodendrocyte EVs.

While microglia can clear EVs secreted by other cells, they can at the same 
time secrete their own EVs as well, which have functional consequences in tar-
get cells. For example, a population of endocannabinoid-containing microglia 
EVs can inhibit presynaptic transmission in GABAergic neurons [14]. On the 
other hand, EVs secreted by microglia in response to ATP can increase the ex-
citatory activity of neuronal cells, including increased exocytosis of glutamate 
by regulating sphingolipid metabolism [15, 16]. Of note, as sphingolipid meta-
bolic pathways are also involved in EV secretion, it would be important to elu-
cidate, how EV-mediated microglia-neuron interactions feed into other parts of 
vesicle-mediated CNS cell communication networks, such as protection against 
stress conditions, as discussed above.
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In addition to the regulation of myelination, resistance to stress, and neu-
ronal activity, CNS EVs take part in the modulation of synaptic plasticity. The 
capacity to regulate synaptic plasticity is mostly attributed to EVs secreted by 
neurons. During their biogenesis, neuronal EVs become loaded with multiple 
cargo molecules that can be directly relevant for plasticity, such as the Arc 
protein [17, 18], AMPA receptor [19], Wnt-family signaling proteins [20–24], 
ephrins [25], sonic hedgehog (SHH) [26, 27] and Syt4 [28]. While the latter 
EV-bound molecules are secreted and act mainly across synapses and neuro-
muscular junctions to support their functions in neuronal plasticity, other neuro-
nal EV components seem to trigger synapse elimination (i.e. synaptic pruning) 
instead when interacting with microglia. This process seems to be related to the 
increased activity of microglia to phagocytose neurites, potentially in a comple-
ment component C3 dependent manner [29]. The transfer and/or presentation of 
such signaling molecules across synapses facilitates plasticity-related molecu-
lar and phenotypic effects, however, more work needs to be carried out to better 
understand the role of EVs in regulating synaptic plasticity on a whole organism 
level, e.g. in the regulation memory, learning and other top level processes.

The examples above represent only a certain proportion of likely roles of 
EVs in the CNS in the maintenance of its normal physiology. As mentioned 
earlier, EV communication is complex as it depends on the state and activation 
status of involved cell types as a whole (Figs. 1 and 2). Many functions of EVs 
in the CNS are thus revealed more clearly at pathological conditions (Fig. 3) 
when EV producing cells are defective, over-activated or misregulated in other 
ways. These functions are discussed below, in sections focusing on the involve-
ment of EVs in CNS pathologies.

3  EVs in neurodegenerative diseases

3.1  Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of dementia which severely 
affects memory and other mental abilities [30]. The exact pathophysiology and 
the causes of the disease are not completely understood, but many mechanisms 
have been thoroughly studied and described [31]. Many aspects of AD are 
related to the increased production of the amyloid beta (Aβ) peptide from its 
precursor amyloid precursor protein (APP), which in turn is related to the muta-
tions in several other genes such as APP, PSEN1 and PSEN2. Increased levels 
of Aβ accumulate in extracellular plaques, the presence of which is correlated 
with the AD pathology. Another hallmark of AD is hyper-phosphorylation of 
tau proteins which stabilize cytoskeleton/microtubules, particularly in neuronal 
cells. Hyper-phosphorylated tau proteins aggregate to neurofibrillary tangles by 
a largely unknown mechanism. Both those events are related to increased neu-
ronal loss, neuro-inflammation, oxidative stress, and activation of microglia and 
astrocytes.
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The understanding that EVs are involved in the pathogenicity of AD has ma-
tured via stepwise discoveries [30, 31]. The first indications about the potential 
role of EVs in the disease were related to the discovery that the Aβ42 peptide, 
i.e. the isoform of the Aβ peptide that is associated with AD, accumulates in 
multivesicular bodies (MVBs) in disease [32, 33]. As MVBs are the site of 
biogenesis of exosomes, one type of EVs, this implies that at least one subtype 
of EVs can be associated with the plaque-forming Aβ42 peptide. The latter was 
confirmed in subsequent studies where EV markers Flotillin-1 [34] and Alix 
[35] were found to co-localize with Aβ in the brains of AD mice and patients, 
respectively. In support of latter observations, inhibition of an enzyme that is 
important for exosome biogenesis, neutral sphingomyelinase 2 (nSmase2), 
has been reported to lead to reduce disease pathology in mouse models [36]. 
Even though nSmase2 is involved in many cellular processes, i.e. by far not 
exclusively in the exosome secretion pathway, this evidence may be considered 
indirect. Nevertheless, reports that astrocyte-derived EVs can stimulate Aβ42 
peptide aggregation and concurrently inhibit Aβ42 clearance by microglia cells 
[36] strongly supports the involvement of the EV network in AD pathology. The 
latter effect is dependent of ceramide [37], however, it needs to be further clari-
fied if this it is directly related to the presence of ceramide in EVs or to some 
other EV component in ceramide-positive vesicles.

Interestingly, it seems that EVs themselves can be involved in the patho-
genic processing of the APP protein [38]. There are several APP-processing 
enzymes present in EV preparations, such as BACE1 and other secretases, 
PSEN1, PSEN2, and ADAM10. Upon APP cleavage, the level of APP 
C-terminal fragments as well as the cleavage products (incl. Aβ peptides) can 
be found in EVs [39].

Thus, there are many mechanisms that can lead to increased Aβ42 produc-
tion and aggregation in the extracellular environment, including EV-mediated 
secretion, processing and aggregation induction of Aβ. Astrocyte-derived EVs 
can accelerate Aβ aggregation, leading to the impairment of microglial clear-
ance and degradation of Aβ [36]. At the same time, the high level of extracellular 
Aβ is related to increased apoptosis of astrocytes themselves, which also leads 
to the secretion of apoptosis-promoting EVs from these cells [40]. The presence 
of excessive Aβ also triggers microglia to secrete neurotoxic EVs, however, this 
could be related to pre-fibrillary Aβ and not the pre-formed aggregates [41]. 
These microglia-derived EVs can solubilize Aβ aggregates to a certain extent, 
potentially via interaction with microglia EV lipids [41], contrary to the astro-
cytic EV-induced Aβ aggregation. Of note, the secretion of neurotoxic EVs by 
microglia in AD is related not only to the spread of Aβ, but also other proteins, 
such as the phosphorylated Tau protein [38, 42–45]. Instead of degrading the 
phosphorylated Tau, microglia have been reported to package this protein into 
EVs, expel from cells, and induce cytotoxic effects in recipient cells [42].

Above mentioned observations further underline the complicated nature of 
EV interaction network in disease conditions where certain type of EVs may 
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be protective whereas other pathogenic, depending on their composition. This 
is illustrated, for example, by the complex nature of nSmase2-dependent secre-
tion of ceramide-containing EVs. Whereas the evidence above suggests that 
inhibition of nSmase2 activity to inhibit EV secretion might be an interesting 
therapeutic intervention strategy [36, 41], other evidence points to the oppo-
site direction. For example, the promotion of nSmase2-dependent EV secretion 
from neurons could be protective at least under some conditions, as it can help 
to eliminate neurotoxic properties of Aβ and to engage microglia to clear up the 
toxic peptide [46, 47], and to neutralize Aβ-induced defects in synaptic plastic-
ity [48]. Why neuronal EVs might behave different in that respect compared 
to astrocytic and microglial EVs remains to be addressed, however one of the 
hypothesis is that it could be related to the presence of specific glycosphingolip-
ids or the cellular prion protein (PrPC) on neuronal EVs [30, 49–51] or specific 
enzymes such as insulin-degrading enzyme (IDE) [52–54].

To summarize the somewhat contradictory findings about the involvement 
of EVs in AD above, the cumulative effects of EVs in AD pathology may be 
dependent not only the subtype-specific secretion of EVs of a given cell type 
but also on the balance and stoichiometry of EV secreted by different cell types 
in CNS.

3.2  Parkinson’s disease

Parkinson’s disease (PD) is another common neurodegenerative disease. The 
cells affected in PD are mainly the dopaminergic neurons in the substantia nigra 
area of the brain, degeneration of which gives rise to the typical motor symptoms 
of the PD such as resting tremor, bradykinesia and postural instability [55]. The 
main contributor to this pathology is α-synuclein (α-syn) which is expressed 
in the presynaptic region of neurons, but other genes are linked to PD as well 
(e.g. DJ-1, PINK1, LRRK2) [56]. Even though not all the functions of α-syn are 
known, it has been established that in PD (as well as in other synucleinopathies) 
α-syn misfolding, propagation from cell-to-cell, and aggregation to structures 
called Lewy bodies are key features of the underlying pathology. Emerging evi-
dence suggests that EVs are involved in all of these processes [2, 31].

The role of EVs in the propagation of aggregated α-syn is thought to be 
somewhat similar to that of the spread of prion protein [57–60], as discussed 
later in this chapter. While α-syn is clearly detectable in EVs of CNS origin, it is 
not necessarily the main secretion route of α-syn [57]. A big proportion of α-syn 
is secreted independently of vesicles, but nevertheless the EV-related smaller 
fraction of the protein seems to be more important in the pathology [51, 61–63]. 
It has been argued that the secretion of α-syn may be related to the requirement 
to adjust the cytosolic concentration of that protein; the failure to do so might 
be linked to increased probability of misfolding/aggregation of genetic variants 
and mutated forms of α-syn [56, 64]. Certain genes such as the ATP13A2 seem 
to be important for the regulation of cytosolic level of α-syn, as suggested by the 
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evidence that high expression of this gene in neurons is related to their higher 
survival rate and increased secretion of α-syn EVs [65–68].

However, when the toxic form of α-syn is expelled from cells, EVs con-
taining this protein can become neurotoxic when taken up by other neuronal 
cells [51, 61–63, 69]. Importantly, the EV-associated α-syn is reportedly more 
neurotoxic than soluble α-syn oligomers [59, 62]. This neurotoxicity can be 
counteracted by other cells, such as astrocytes and microglia, which can clear 
extracellular α-syn and reduce the extracellular concentration of neurotoxic 
α-syn aggregates [70]. However, even though the clearance of α-syn from the 
extracellular environment might seem a good strategy to reduce neurotoxicity, 
it actually can lead to the formation of α-syn inclusions in glial cells, microglia 
over-activation, induction of pro-inflammatory signaling pathways, and reduc-
tion of redox enzymes catalase, superoxide dismutase and other antioxidants 
[70–74]. By secreting EVs, these inflammatory cell to cell signaling pathways 
are amplified, for example by the induction of tumor necrosis factor-containing 
EVs from microglia, which can initiate apoptotic processes in recipient cells, 
including neurons [75].

Another factor contributing to α-syn spread is related to lysosomal dysfunc-
tion which accompanies PD, whereby defects in lysosomal processing can in-
crease the fraction of α-syn positive EVs [63]. The change in the secretion of 
α-syn-containing EVs in PD is significant enough that it could be detected in 
elevated levels not only in the cerebrospinal fluid of patients but also in blood 
plasma [76, 77]. Not only could this observation be important for developing 
a sensitive biomarker for PD, but it also sheds additional information on ad-
ditional potential disease pathology mechanisms, particularly in the spread of 
the pathology.

The likelihood of uptake of α-syn via EVs is greater than that of soluble α-
syn oligomers, as mentioned above, and moreover, the aggregation of soluble 
α-syn oligomers is enhanced in the presence of increased concentration of EVs, 
including EVs isolated from the cerebrospinal fluid of PD patients [59, 60, 76]. 
This seems to suggest that similarly what is observed in AD, as described above, 
EVs seem to play a role in PD by transferring toxic proteins between neurons, 
astrocytes and microglia as a signaling network in a positive feedback regulated 
fashion. Nevertheless, similarly to what was seen I the case of AD, the composi-
tion of EVs of PD patients seems to indicate that at least a population of EVs 
may indeed be neuroprotective [78].

3.3  Multiple sclerosis

Multiple sclerosis (MS) is the most common acquired demyelinating disease 
that affects the CNS. The disease is characterized by focal plaques of primary 
demyelination and diffuse neurodegeneration in the grey and white matter of the 
brain and spinal cord [79]. Risk of disease development has been shown to be 
linked to genetic factors related to immune modulation [80], and environmental 
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factors such as Epstein-Barr virus infections [81]. However, the ultimate patho-
genesis of MS is yet to be fully understood. Thus far, it has been established 
that autoreactive CD4+ T-cells that target myelin proteins are a key component 
in MS pathogenesis. What’s more, peripheral T-helper CD4+ cell activation has 
been observed, leading to the generation of pro-inflammatory, autoreactive, Th1 
and Th17 T-cell subsets [82]. In addition, B-cells and monocytes/macrophages 
have also been shown to be active in MS. B cells and CD8+ T-cells constitute a 
large fraction of the brain-infiltrating cells in MS lesions, although neither the 
effector cells nor target antigens have been well established thus far [83].

As is the case with multiple other neurodegenerative diseases, there is 
strong evidence which supports the involvement of immunoregulatory EVs in 
the pathology of MS. For example, the overall number of secreted EVs in the 
cerebrospinal fluid is significantly higher in MS patients than that of healthy 
individuals [84, 85], suggesting imbalance of EV homeostasis in the disease. 
There are several cell types, including CNS-infiltrated pathology-related cells, 
that can contribute to the increased EV concentration, leading to specific func-
tional effects.

One of the cell types that secretes pro-inflammatory EVs in MS is microglia. 
Exogenous microglia EVs, when injected into the brain of mice with experi-
mental autoimmune encephalomyelitis (EAE), which models MS in animals, 
considerably exaggerate the disease symptoms [84]. Concurrently, aSmase-
deficient mice whose EV secretion is impaired are more resistant to EAE [84]. 
However, it must be noted that aSmase deficiency can reduce EV secretion from 
other cell types than microglia as well, and that aSmase is also involved in cel-
lular processes other than EV secretion.

The involvement of brain endothelium derived EVs seems highly pertinent 
to MS pathogenesis too. At certain conditions, endothelial EVs can activate both 
monocytes [86], and CD4+ and CD8+ T lymphocytes [87]. This occurs via mul-
tiple mechanisms, such as the transfer of ICAM-1 receptor (in case of mono-
cytes), and induction of CD40, CD275, MHC II, β2-microglobulin and CCL5 
expression (in case of T cells). This can lead to the increased adhesion and trans-
endothelial migration of both monocytes [86] and T cells [88, 89]. In addition 
to the increased trans-endothelial migration, endothelial EVs can induce direct 
blood-brain barrier (BBB) breakdown as well [90, 91]. The latter is not, however, 
unique to only endothelial EVs. BBB breakdown can be triggered for example 
by EVs derived from platelets of MS patients [90, 91], and leukocytes, microglia, 
and astrocytes via triggering metalloproteinase and caspase 1 containing EVs in 
response to stimulation with pro-inflammatory cytokines [92, 93]. Cumulatively, 
these data strongly suggest that exosomes are involved in the facilitation of MS 
pathogenesis and disease progression, via propagation of inflammatory signals 
and the transmigration of lymphocytes and myeloid cells through the BBB.

However, in MS, similarly to what was observed in case of AD and PD (see 
above), not all EVs seem to be pathogenic. There is evidence for the protective 
benefits of EVs that contain a specific set of cargoes. For example, EVs from 
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glutamate-activated oligodendrocytes support myelination via transfer of my-
elin proteins and RNA [11, 12], and EVs from interferon gamma-stimulated 
dendritic cells promote oligodendrocyte progenitor cell growth, increasing my-
elination, decreasing oxidative stress and promoting remyelination [94]. In ad-
dition to supporting myelination, oligodendrocyte EVs increase the resistance 
of neurons to stress, and enhance their survival and viability, which may have 
a positive effect on myelination [12]. As such, the role of EVs in this capacity 
may not just be limited to the development of myelin in healthy individuals, but 
also the regeneration of damaged myelin sheaths in MS and other demyelinat-
ing diseases.

Aside from the implications of EVs in both the pathogenesis and therapeutic 
intervention of MS, EVs and their cargo have presented themselves as a promis-
ing source of biomarkers for the disease. The current diagnostic procedure of 
MS is a complex one, which is based on clinical findings and MRI imaging 
results. The complex diagnostic procedure has warranted a thorough search for 
simpler, faster and more reliable diagnostic methods, and both for prognos-
tic and therapeutic biomarkers [95]. Thusly, over the last decade, efforts have 
been made by numerous research groups to identify biomarkers of MS, with 
particular focus on light (NF-L) and heavy (NF-H) neurofilament protein, and 
astrocyte derived chitinase 3-like 1 (CHI3L1) and glial fibrillar acidic protein 
(GFAP) [96–99].

However, the conventional biomarker research has suffered from limited 
success [100]. Consequently, focus has shifted to EVs as a source of biomarkers 
for MS, which has shown some important promise. For example, the level of 
myeloid cell-derived EVs in the cerebrospinal fluid of MS patients correlates to 
MRI lesions in MS patients [84]. Similarly, the number of CD61+, CD45+ and 
CD14+ EVs in plasma seems to correlate to disease severity [85]. Current suc-
cesses are not limited to EVs derived from myeloid cells. As there is EV efflux 
from the CNS, a fraction of oligodendrocyte EVs containing myelin proteins 
are found in patient serum might be a predictive biomarker as well [101]. There 
seem to be differences in circulating EV miRNA too between MS patients and 
controls [102], however, which cells contribute to that difference is largely un-
known. While most of the studies focus on biomarker differences in patients 
versus controls, there are a few reports on normalization of some potential bio-
markers but not of others in response to MS treatments [103–105].

It should be emphasized that in MS, similarly to what has been observed in 
AD and PD, the evidence about the involvement of EVs in disease pathology is 
clear. Moreover, EVs from different cells seem to have specific functions in the 
pathophysiology and disease progression, which can be related to cell-specific 
contents of EVs, and likely even to specific EV subtypes secreted by a given 
cell at pathological conditions. The importance to consider the entire communi-
cation network of all EV types and subpopulations is revealed by these studies 
as well, particularly in the light that certain kind of EVs can be protective and 
alleviate the disease.
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3.4  Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neurodegenerative 
disorder that causes muscle weakness and paralysis, and eventually death, due 
to the degeneration of motor neurons in the cortex, brain stem and spinal cord. 
ALS has an incidence of 2–3/100,000 and a prevalence of 6–7/100,000, mak-
ing it the most common motor neuron disease in Europe [106, 107]. Typically, 
patient mortality is roughly 2 to 5years following symptom emergence, however 
some patients have a shorter survival due to respiratory impairment, and some 
survive for >30years due to slow progression [108, 109].

Cytoplasmic inclusions positive for the nuclear DNA binding protein TAR 
DNA-binding protein 43 (TDP-43), encoded by TARDBP, are the most char-
acteristic neuropathological feature of ALS [110, 111]. TDP-43-positive inclu-
sions are seen in nearly all patients with ALS, including familial ALS [112]. The 
inclusions contain hyper phosphorylated, ubiquitylated aggregates that mostly 
consist of C-terminal fragments of TDP-43. Mutations in TARDBP are found 
almost exclusively within the C-terminus, however these mutations account for 
<1% of ALS cases [113]. In cases of ALS in which TDP-43-positive inclusions 
are not seen (<3%), aggregates consist of protein produced by mutant genes, 
most commonly superoxide dismutase 1 (SOD1) or, in rare cases, fused in sar-
coma (FUS) [114, 115].

When insoluble TDP-43 from ALS brains is introduced to human neuroblas-
toma cells expressing TDP-43, TDP-43-positive inclusions are formed, indicat-
ing that templated aggregation occurs [116]. Templated aggregation of SOD1 
has also been observed in a similar manner [117]. SOD1 aggregates are secreted 
and endocytosed by neighbouring cells, where they seed aggregation of nor-
mal, cytoplasmic mutant SOD1 and thus propagate ALS. When the aggregated 
SOD1 seed is removed, aggregation persists, suggesting that the newly formed 
aggregates are capable of continual ALS propagation [118].

The involvement of EVs in ALS is unclear, however there is some evidence to 
suggest that they do play a role in disease propagation through the spread of ag-
gregates, similarly what can be observed in other neurodegenerative diseases such 
as AD, PD and prion disease. EVs isolated from conditioned media used to culture 
TDP-43-expressing neuroblastoma cells show TDP-43 enrichment. Furthermore, 
TDP-43 has also been detected in EVs isolated from the cerebrospinal fluid (CSF) of 
ALS patients. Together these findings support the hypothesized transport of aggre-
gates via EVs as a means of ALS propagation [116, 119]. What’s more, there is also 
evidence of SOD1 propagation via exosomes from a cell models of ALS [118, 120].

As of yet, no biomarkers are available for the detection of ALS, although 
EVs are an attractive source of biomarkers. The analysis of 14 ALS patient 
serum samples revealed that the miRNA signature of circulating EVs might be 
a possible biomarker [121]. However, more work is needed to identify which 
subpopulation of circulating EVs is responsible for this observation and what 
is the function of those EV miRNA biomarker candidates. In addition, one case 
study has reported an increase of leukocyte-derived EVs in the CSF of one ALS 
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patient compared to healthy controls [122], and TDP-43 has been detected in 
EVs isolated from the CSF of an ASL patient cohort [119], although these find-
ings have been relatively inconclusive.

As for the therapeutic benefits of EVs with respect to ALS, there has been 
some previous evidence to suggest that exosomes originated from adipose de-
rived multipotent stem cells (ASCs) exert neuroprotective effects. This has been 
observed in an ALS in vitro model based on mutated SOD1-transfected NSC-34 
motoneuron-like cells, in which ASC EVs increased ALS motoneuron survival 
to a certain extent in response to H2O2 as pathological insult [123]. ASC derived 
EVs could also reduce increased SOD-1 aggregation in neuronal cells, from a 
G93A ALS mouse in vitro model, and restore mitochondrial functions in pri-
mary neurons [124]. However, as is the case with both of these studies, as of yet, 
evidence of these findings is yet to be replicated in vivo.

Even though there is some evidence in the involvement of EVs in ALS 
pathogenesis, underlined by early successful attempts in EV-based ALS bio-
marker discovery, there is much less information available to date whether 
naturally-occurring EV signaling network in the CNS could provide neuropro-
tection as a part of a disease protection mechanism. However, given the simi-
larities with other neurodegenerative diseases, there will likely be significantly 
more information available in the future about these matters.

3.5  Prion diseases (transmissible spongiform 
encephalopathies)

Prion diseases, technically known as transmissible spongiform encephalopa-
thies (TSEs), are a group of progressive neurodegenerative conditions that 
affect the brain and nervous system. Prion diseases cause impairment of neuro-
logical functions, leading to changes in memory and personality, problems with 
movement, balance, and coordination, which invariably leads to death [125]. 
Misfolded isoforms (PrPSc) of the host encoded cellular prion protein (PrPC) are 
believed to be at the heart of the pathogenesis of prion diseases. Misfolding, ag-
gregation, and accumulation of PrPSc cause degeneration and subsequent death 
of neurons, ultimately leading to clusters of liquid filled cavities which give the 
brain tissue a sponge-like appearance (hence the name spongiform).

Prion diseases differ from other neurodegenerative diseases in their abil-
ity to spread within and occasionally between species (i.e. prion diseases are 
transmissible). The dangerous and potentially devastating implications of this 
characteristic are highlighted by the bovine spongiform encephalopathy (BSE; 
‘mad-cow’ disease) crisis which occurred predominantly in the UK but also in 
other parts of Europe from the late 1980s to the 1990s [126]. Unfortunately, 
prions are not destroyed by cooking or heat-treatment, which meant PrPSc could 
be transmitted to humans through consumption of contaminated meat products. 
Cows are believed to have been infected through animal feed which contained 
processed remains/bone meal of sheep infected with scrapie, a prion disease 
affecting sheep [127]. Disturbingly, cattle are also believed to be infected 
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through being fed remains of other infected cows, which were processed into 
bone meal. The crisis has resulted in two hundred cases of variant Creutzfeldt-
Jakob (vCJD) in humans. CJD is the most well-known type of human prion 
disease. It was first described in the 1920s by the German neurologists Hans 
Gerhard Creutzfeldt and Alfons Maria Jakob, is not related to BSE exposure 
and has a worldwide incidence of approximately 1 case per million people per 
year [128, 129].

However, alongside CJD other prion diseases exist, and likely more are to be 
discovered. For example, the prion-like spread of α-syn protein in Parkinson’s 
disease was discussed in the respective section above, while some other known 
prion diseases are very rare, such as the kuru and fatal familial insomnia. Kuru 
is a very rare type of prion disease that was common among the Fore people of 
Papua New Guinea. The disease was transmitted among members of the Fore 
tribe through funerary or ritualistic endocannibalism [130]. Fatal familial in-
somnia is a rare type of hereditary sleep disorder, characterized by progressive 
insomnia leading to dementia and death. It is a type of inherited prion disease, 
associated with mutations in the prion protein gene, which in extremely rare 
cases can develop sporadically [131].

Prion diseases can occur sporadically, genetically through inheritance of mu-
tations in PRNP gene (e.g. familial CJD and Gerstmann-Sträussler-Scheinker 
syndrome), or they can be acquired through transmission of pre-existing pri-
ons (e.g. variant CJD and kuru). The term prion is coined from ‘proteinaceous 
infectious particle’, as indicated by this name, a protein is at the heart of the 
disease pathology of prion diseases. The physiologically occurring PrPC(C for 
cellular) is involved in many different processes, such as neuronal differentia-
tion, synaptic function, and copper homeostasis [132]. As discussed above in 
the Alzheimer’s disease section, PrPC can even be neuroprotective in neurode-
generative diseases. However, it is the misfolded variant of PrP (PrPSc) that is 
mostly relevant to prion diseases.

The secondary protein structure of PrPC mainly consists of alpha helices and 
it is soluble and digested by protein degrading proteases. Conversion of PrPC 
into toxic PrPSc (Sc for scrapie) lead to changes in the secondary structure of 
the protein. The secondary structure is dominated by beta sheets which render 
it insoluble and highly resistant to digestion by proteases. PrPSc can promote 
misfolding of PrPC and induce misfolding of PrPC in neighbouring cells. This 
positive feedback loop leads to disease progression and spread.

Prion proteins have been found associated with exosomes, and PrPSc bear-
ing EVs can propagate prion infection [132]. PrPSc specifically reside in lipid 
rafts present in plasma membrane, where they are linked to these rafts through 
so called glycophosphatidylinositol (GPI) anchors. Lipid rafts containing GPI-
anchored proteins are enriched in EVs and GPI-anchoring has been success-
fully used as an approach to tether molecules to the EV surface [133]. Studies 
looking at the inhibition and stimulation of EV biogenesis pathways have been 
shown to affect transmission of PrPSc between cells [134–136]. These findings 
support the role of EVs in the propagation of PrPSc.
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Alternative mechanisms such as direct cell-to-cell contact and tunnelling 
nanotubes have been proposed to play a role in the intercellular transfer of 
infectious prion proteins a well [137, 138]. However, it seems that misfolding 
of PrPC into PrPSc is triggered in the presence of PrPSc in multivescular bod-
ies [139], the organelle that is integral to the biogenesis of EVs, as discussed 
in detail in other chapters of this book. EVs secreted by PrPSc infected cells 
change significantly in their morphology, supporting further the involvement 
of multivesicular bodies and EV in the spread of prion disease [140]. As a posi-
tive feedback loop, this can lead to secretion of PrPSc on EVs, reuptake, and 
a subsequent round of PrPSc seeding [132, 140–142]. Of note, those observa-
tions may also indicate that in addition to the neurotoxic properties of PrPSc 
can be modulated by altered EV composition in response to the prion protein 
misfolding.

It appears that EVs may be involved in the spread of the neurotoxic prion 
protein not only in the CNS, but also in the whole organism, as PrPSc has been 
found on EVs extracted from blood [143, 144]. Thorough studies on EV biology 
in relation to PrPSc secretion can help to shed light whether PrPSc-containing 
EVs found in the blood circulation are part of prion disease spread pathology 
or an indicative sign of disease presence, which could be exploited as an early 
biomarker of a prion disease [132].

4  Summary and conclusions

EVs are multifaceted and complex cell to cell signaling entities. In neurode-
generative diseases this is reflected by their dualistic roles in some cases both 
to be disease mediators as well as harbouring neuroprotective roles in some 
cases. This is likely dependent on the cell type of origin of EVs and disease-
specific changes in EV composition. Studying these effects is not straightfor-
ward because EVs are highly heterogeneous in their composition and properties. 
Moreover, EVs from different cell sources are a part of a complex cell commu-
nication network, which functions alongside other cell signaling molecules such 
as cytokines, neurotransmitters, neurotropic factors and hormones. This means 
that the functions of EVs might depend not only on its cargo composition but 
also on the state of the cell that is receiving the signal. Both of which factors 
could be significantly altered in neurodegenerative diseases. Nevertheless, ex-
ploiting the properties of EVs and EV sub-fractions in neurodegenerative dis-
eases have shown promise in disease biomarker research, and helped to devise 
novel treatment strategies of these diseases.
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1  Introduction

Fibrosis is commonly characterized by the formation and accumulation of extra 
cellular matrix (ECM) components, leading to the development of remodeling 
in tissues and organs. Such extensive tissue remodeling causes organ failure 
and can result in death. It is estimated that fibrotic disorders contribute to up 
to 45% of all deaths in the United States [1]. Although this estimation includes 
atherosclerosis, fibrotic diseases have a variety of high mortality and less com-
mon conditions such as idiopathic pulmonary fibrosis (IPF), liver cirrhosis, 
cardiac fibrosis, systemic sclerosis and renal fibrosis. Thus, we now recognize 
that fibrogenesis is an important diseases process caused by a wide array of 
the cellular and molecular mechanisms. However, current treatment strategies 
for fibrosis are of limited number and efficacy. These facts highlight the need 
for greater comprehension of the fibrosis pathogenesis and to identification of 
potential therapeutic approaches.

Extracellular vesicles (EVs) include a wide variety of small membranous 
vesicles, ranging from approximately 50nm to a few micrometers in size, which 
are released into the extracellular environment by almost all cell types [2, 3]. 
EVs are often categorized as exosomes, microvesicles, and apoptotic bodies, 
based on their size, biogenesis, and secretion mechanisms [2, 3]. Exosomes are 
generated by the inward and reverse budding of an endosomal membrane and 
are released into the extracellular fluid by the fusion of the multivesicular bodies 
(MVBs) with the plasma membrane [2, 3]. Microvesicles, which are larger than 
exosomes, are generated from the plasma membrane via shedding or budding 
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in normal circumstances or in response to stimuli [2, 3]. Apoptotic bodies are a 
few micrometers in diameter and are released from the plasma membrane during 
cell apoptosis via indiscriminate blebbing. Although the origins of these vesicles 
have been defined, current methodologies cannot distinguish among those dif-
ferent types of EVs [4]. Thus, in this chapter, we use the term EV as a general 
term for all types of vesicles in the extracellular fluid [5]. Recently, EVs have 
identified as regulatory mediators of intercellular communication through the 
transfer of their contents such as proteins, messenger RNAs (mRNAs) and mi-
croRNAs (miRNAs) [6, 7], in diverse biological and pathological processes in-
cluding fibrogenesis. In addition, there is overwhelming evidence that EVs have 
potential to be used as biomarkers of pathological states or as therapeutic agents. 
Therefore, investigating the roles of EVs in fibrotic diseases could not only ad-
vance our understanding of the pathogenesis of this condition but also provide 
new clinical applications for the diagnosis and treatment of patients with fibrotic 
diseases. In this chapter, we outline our understanding of how tissue injury and 
repair lead to fibrosis. We also summarize the current knowledge of the involve-
ment of EVs in fibrosis diseases including liver, lung and heart. Furthermore, we 
propose EV-based biomarkers and treatments for fibrotic diseases.

2  Mechanisms of fibrosis

Common pathological mechanisms for fibrosis development can be existed in 
many chronic diseases or injuries. Indeed, involved signaling pathways and me-
diators related to fibrogenesis in fibrosis are similar across various tissues and 
organs. For instance, Makarev et  al. revealed a number of common pathways 
between lung and liver fibrosis, such as transforming growth factor (TGF-β), 
interleukin-6 (IL-6), and integrin-linked kinase signaling [8]. Some antifibrotic 
drugs such as pirfenidone were also effective against fibrosis across different tis-
sues and organs [9, 10]. Moreover, fibrotic diseases in different tissues and organs 
can interact with each other. For instance, heart and kidney simultaneously de-
velop fibrosis along with aging through imbalance between the natriuretic peptide 
system (NPS), renin-angiotensin-aldosterone system (RAAS) and TGF-β1 path-
ways [11]. Therefore, revealing core molecular mechanisms shared by fibrosis in 
multiple organs is crucial to understanding the pathogenesis of fibrotic diseases.

Fibrogenesis has been recognized as a part of wound-healing process in re-
sponse to tissue injury. Fibrogenesis is required to rapidly repair and fix damage 
through myofibroblast proliferation and extracellular matrix (ECM) deposition 
in all organs [12]. When an injury naturally resolves, the fibrogenic response 
is usually limited and resorption of extracellular matrix proteins occurs, which 
promotes organ repair. On the other hand, when chronic or iterative injury per-
sists, the unremitting activation of effector cells causes a state of overactive 
wound healing and loss of the normal regenerative process. As a result, the 
exaggerated and disorganized deposition of ECM ultimately impairs the archi-
tecture and functioning of the organ [13].
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The wound healing process is orchestrated by a complex layer of regulatory 
mechanisms, including interplay of a multitude of cell types and molecular sys-
tems. In most chronic fibrotic disorders, inflammation can be initial step for fibro-
genesis [14] (Fig. 1A). Various stress-induced injury of resident epithelial cells and 
often endothelial cells leads to production of a variety of inflammatory mediators, 
such as cytokines, chemokines, and other factors, resulting in stimulation and re-
cruitment of a wide range of inflammatory cells, such as macrophages and neu-
trophils. These inflammatory cells elicit the activation of mesenchymal cells, such 
as fibroblasts, through the profibrotic mediators, including platelet-derived growth 
factor (PDGF), TGF-β1 and IL-13 [15, 16]. In particular, TGF-β1 plays a promi-
nent role in inducing the differentiation of precursor cells into myofibroblasts. The 
other way to develop fibrosis is the epithelium-driven fibrotic response without 
inflammatory cell infiltration, represented by IPF17 (Fig. 1B). In IPF pathogenesis, 
injured and aberrant activated lung epithelial cells induce the migration of mes-
enchymal cells and their differentiation to myofibroblasts that can occur without 
a primary immunopathogenic component [17]. In both inflammatory and non-
inflammatory mechanisms, myofibroblasts rapidly produce a variety of ECM to 
maintain the integrity of the injured tissue during repair and further increase pro-
duction of cytokines, chemokines, growth factors and other factors in an autocrine 
and paracrine fashion, which further trigger and promote fibrosis [18].

3  The involvement of EVs in pathogenesis of organ 
fibrosis

Bioactive soluble mediators of fibrogenesis include chemokines (CCL2, MCP-
1, MIP-1β), cytokines (TGF-β1, PDGF, IL-1β, IL-6, IL-13, IL-2, IL-33, and 
TNF-α), angiogenic factors (VEGF), growth factors (PDGF), peroxisome 
proliferator-activated receptors (PPARs), caspases, and components of the 
renin–angiotensin–aldosterone system (ANG II) [13, 19]. Furthermore, non-
peptide mediators such as reactive oxygen species (ROS) and lipid mediators 
have been identified as crucial factors relevant in fibrogenesis [19]. Recently, 
EVs have emerged as new regulators of fibrogenesis. In this section, we re-
viewed the growing body of evidence that suggests that EVs are involved in the 
process of fibrosis in several organs, including liver, lung and heart (Table 1).

3.1  EVs and hepatic fibrosis

Liver fibrosis is a common outcome in chronic liver diseases such as viral hepa-
titis, alcohol abuse and non-alcoholic fatty liver disease, which can lead to liver 
cirrhosis and hepatic failure. The activation of sinusoidal hepatic stellate cells 
(HSC) is a critical event of liver fibrosis, as these cells become the primary 
source of extracellular matrix in liver upon injury [29]. Following liver injury, 
HSCs lose their lipid droplets, migrate to injured sites and acquire myofibro-
blast differentiation, which secrete excessive extracellular matrix proteins.
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FIG. 1  Schematic representation of fibrosis progression. A wide range of injurious stimuli lead to epithelial cell injury, which induces cell death including 
apoptosis and/or cellular senescence. In the most cases (A), injured epithelial cells recruit and activate various immune cells, including macrophages and lym-
phocytes, which in turn, release profibrotic mediators. This response leads to expansion, recruitment, and/or activation of tissue myofibroblasts, the principal 
source of the pathologic ECM that characterizes organ fibrosis. In contrast, noninflammatory epithelial-driven fibrotic response is the other way to develop 
fibrosis, which is represented by idiopathic pulmonary fibrosis (B). Injured epithelial cells produce various mediators, leading to fibroblast activation and ECM 
accumulation that can occur without a primary immunopathogenic component. Once the fibrotic response is established, activated fibroblasts have autocrine and 
paracrine effects on its microenvironment cells such as epithelial cells and immune cells.
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TABLE 1  Extracellular vesicles in organ fibrosis pathogeneis

Organ Source Recipient cell Cargo Effect References

Liver HSC HSC, hepatocyte miR-214 CCN2 suppression [20]

 HSC HSC Twistl CCN2 suppression [21]

 HSC HSC CCN, CCN mRNA |- [22]

 Endothelial cell HSC Sphingosine kinase 1 HSC migration [23]

Lung – Lung fibroblast Wint5 Fibroblast proliferation [24]

 Endothelial cell Lung fibroblast – Fibroblast migration capacity [25]

Heart Fibroblast Cardiomyocyte miR-23-3p Development of cardiac hypertrophy [26]

 Cardiomyocyte Fibroblast Hsp90 Development of cardiac fibrosis [27]

 Cardiac fibroblast Cardiomyocyte miRNAs Nrf2 dysregulation [28]

HSC, hepatic stellate cell CCN, ysteine-rich-61/connective tissue growth factor/nephroblastoma. Nrf2, Nuclear factor erythroid 2-related factor 2.
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To date, there are several reports regarding the function of EVs in liver fibro-
sis development [20, 23]. CCN2 is a member of the cysteine-rich-61/connective 
tissue growth factor/nephroblastoma-overexpressed (CCN) family of proteins, 
which plays a pivotal role in various fibrotic diseases. In liver fibrosis, CCN2 is 
increasingly expressed in activated HSCs, which directly promote mitogenesis, 
chemotaxis, and fibrogenesis [30]. Charrier et al. described that HSC-derived 
EVs contained increased CCN2 or CCN2 mRNA during HSC activation and 
transferred to other quiescent or activated HSCs [22]. Chen et al. demonstrated 
that miR-214 directly regulates CCN2 expression in experimental liver fibrosis 
or during HSC activation and was transferred from HSCs to neighboring HSCs 
or hepatocytes via EVs [20]. The same group also reported a unique function 
for twistrelated protein 1 (Twist1), a member of the basic helix-loop-helix fam-
ily of DNA-binding transcription factors in CCN2-dependent fibrogenesis [21]. 
HSC-derived EVs contain high levels of Twist1, which drives miR-214 expres-
sion and results in CCN2 expression in recipient HSC cells via EV transfer 
during HSC activation. In addition to the regulation of HSC activation, EVs are 
also associated with HSC migration. Wang et al. demonstrated that sphingosine 
kinase 1 in endothelial cell-derived EVs regulates HSC signaling and migration 
through fibronectin-integrin-dependent EV adherence and dynamin-dependent 
EV internalization [23]. In liver cirrhosis, angiogenesis contributes to vascular 
remodeling during cirrhosis. Witek et al. found that activated HSCs and reactive 
cholangiocytes transfer Hedgehog ligand-containing EVs to sinusoidal endo-
thelial cells (SECs), resulting in increased hepatic SEC activation markers [31]. 
Therefore, these EVs may promote vascular remodeling during cirrhosis.

3.2  EVs and pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is the most common form of fibrotic pul-
monary diseases and is a chronic, progressive, irreversible and fatal lung disease 
characterized by diffuse alveolar epithelial cell injury and structural remodeling 
[17]. IPF is typically refractory to antiinflammatory therapies such as glucocor-
ticosteroids [32]. Although the etiology is still not clearly delineated, one of the 
most well-accepted theories in IPF pathogenesis is the aberrant activation of 
alveolar epithelial cells and fibroblasts in an aging lung [33].

Currently, there are a few studies on the roles of EVs in IPF pathogenesis. 
Martin-Medina et  al. showed that increased WNT5A is secreted on EVs in 
bronchoalveolar lavage fluid from IPF patients, which promotes proliferation 
of lung fibroblasts [24]. Bacha et al. found that the levels of circulating en-
dothelial microparticles isolated from plasma are significantly higher in se-
vere IPF patients, which stimulated the migration capacity of lung fibroblasts 
[25]. In addition, we revealed that cigarette smoke extract-induced human 
bronchial epithelial cell-derived EVs promote myofibroblast differentiation 
in lung fibroblasts through autophagy regulation by the EV miR-210 [34]. 
Because cigarette smoke is an important risk factor for IPF, the EV-induced 
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myofibroblast differentiation could be involved in the pathogenesis of IPF. 
Furthermore, our recent study showed that lung fibroblast-derived EVs from 
IPF patients increase mitochondrial reactive oxygen species (mtROS) and as-
sociated mitochondrial damage in lung epithelial cells, leading to mtROS-
mediated activation of the DNA damage response and subsequent epithelial 
cell senescence. Mechanistically, significantly upregulated miR-23b-3p and 
miR-494-3p in the EVs are responsible for suppressing SIRT3, resulting in 
the EV-induced phenotypes in lung epithelial cells. Senescent cells not only 
impair regeneration but also the secretion of bioactive molecules, which is 
crucial for the initiation and progression of fibrosis in IPF [33, 35]. These 
results suggest that EVs act as important mediators in IPF pathogenesis  
(T. Kadota et al., unpublished data).

3.3  EVs and cardiac fibrosis and hypertrophy

Cardiac fibrosis results from pathological myocardial remodeling triggered by 
most myocardial diseases. In the heart, cardiac fibroblasts are the most abundant 
cell type and are central regulators of the production of extracellular matrix. 
Cardiac fibroblasts also communicate with cardiomyocytes via paracrine factors 
such as TGF-β and fibroblast growth factor (FGF)-2 [36, 37]. In addition, unlike 
other organs, the heart has very limited regenerative capacity. Consequently, ex-
tensive scarring is necessary to prevent rupture following myocardial infarction 
and other injuries [26]. This compensation mechanism provokes pathological 
changes such as chamber dilation and cardiomyocyte hypertrophy, ultimately 
leading to the development of heart failure.

Considering the roles of EVs in cardiac fibrosis and hypertrophy patho-
genesis, Bang et al. showed that miR-21-3p in cardiac fibroblast-derived EVs 
transfers to cardiomyocytes, inducing cardiac hypertrophy by downregulating 
Sorbin and SH3 Domain Containing 2 (SORBS2) or PDZ and LIM Domain 
5 (PDLIM5), both known as regulators of cardiac muscle structure and func-
tion [27]. On the other hand, Datta et  al. revealed that the mechanism of 
Hsp90-mediated modulation of IL-6 from cardiomyocytes either in secreted 
form or in EV form, in which IL-6 alters the fibrotic responses via biphasic 
activation of STAT-3 signaling in fibroblasts during the development of car-
diac fibrosis [28]. In addition, Tian et al. identified EV-associated miRNA-
mediated communication between cardiac fibroblasts and cardiomyocytes, 
contributing to the dysregulation of the Nuclear factor erythroid 2-related 
factor 2 (Nrf2) /antioxidant response element (AREs) signaling pathway and 
potentially leading to cardiac fibrosis [38]. Nrf2 is a major regulator of these 
AREs. Additionally, many Nrf2-regulated enzymes have been implicated in 
the pathogenesis of heart diseases and are associated with oxidative stress-
mediated cardiac remodeling and heart failure [39]. These findings indicate 
that EV-mediated interactions between cardiomyocytes and fibroblasts con-
tribute to cardiac fibrosis.
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The involvement of cardiomyocyte-derived EVs in cardiac repair by exer-
cise was also investigated. In a mouse model of type 2 diabetes, an exercising 
group had increased levels of cardiomyocyte-derived EVs in the extracellular 
space, vessel walls and regions lining cardiomyocytes and had upregulated 
miR-29b and miR-455. Interestingly, these miRNAs in the EVs attenuated fi-
brosis and cardiomyocyte uncoupling through suppression of MMP-9, a deter-
minant of ECM degradation, which suggests the involvement of miRNAs in 
cardiomyocyte-derived EVs in cardiac fibrosis pathogenesis [40].

4  The involvement of EVs in fibrotic disease diagnosis

The risk of mortality increases exponentially with increase in fibrosis stage, 
as evidenced for non-alcoholic fatty liver [41], pulmonary fibrosis [42] and 
chronic kidney diseases [43]. Thus, the early and accurate detection of the pres-
ence and extent of organ fibrosis has a potential benefit. The gold standard for 
diagnosis and staging of organ fibrosis is histology, which is usually performed 
on fine-needle biopsies or surgically obtained samples. However, assessment of 
organ fibrosis by histology has several limitations: invasiveness for obtaining 
histology, difficulty of repeat biopsy, and lack of representative for the distribu-
tion of fibrosis. Therefore, many additional methods have been proposed and 
already used to noninvasively assess the stage of organ fibrosis such as imaging, 
mechanical and functional tests, and liquid biopsies.

Recently, EVs have been identified as novel disease biomarkers for several 
reasons. First, EVs reflect the physiological state and microenvironment of their 
parental cells, and most cells secrete EVs that contain specific proteins, nucleic 
acids and lipids [44, 45]. Second, EVs are found in blood and other bodily flu-
ids. Third, EVs are very stable in the extracellular environment because of their 
phospholipid bilayers. To date, numerous EV-derived proteins and miRNAs 
have been investigated as potentially useful biomarkers for various diseases [46, 
47]. In this section, we review the EV biomarker of fibrosis in liver and lung.

4.1  EV-based biomarker in liver fibrosis

Several studies documented the potential utility of EVbased biomarkers in the 
degree and existence of liver fibrosis (Table 2). Morattini et al. found that full
length soluble receptortype tyrosineprotein phosphatase γ (sPTPRG) isoforms 
in EVs have been identified as a biomarker for liver injury in human and mouse 
plasma [48]. PTPRG belongs to a family of enzymes that remove phosphate 
groups from phosphotyrosine residues of specific intracellular targets and be-
have as tumor suppressor genes subjected to loss of heterozygosity deletion, 
hypermethylation, and point mutation. They showed a positive correlation be-
tween high plasma levels of sPTPRG and liver damage in human plasma with 
low or high ALT level. In another study, soluble CD81 was increased in the 
serum EV fraction in patients with chronic hepatitis C compared with healthy 
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individuals and recovered patients. EVassociated soluble CD81 levels were 
also associated with plasma ALT levels and severe forms of liver fibrosis [49]. 
Moreover, Lambrecht et  al. investigated the expression profile of circulating 
EV-associated miRNAs of fibrotic patients with early stage HBV and HCV, 
which suggest the potential use of these EV-associated miRNAs as markers 
for early stages of liver fibrosis [50]. Furthermore, Kornek et al. revealed that 
microparticles from immune cells such as CD4+ and CD8+T cells and invari-
ant natural killer T cells and macrophages/monocytes (CD14+) in serum have 
potential to assess the histological grade, severity and biopsy stage in patients 
with CHC and nonalcoholic fatty liver (NAFL) or nonalcoholic steatohepatitis 
(NASH) [51].

4.2  EV-based biomarkers in pulmonary fibrosis

There are several studies about biomarkers of IPF using EVs (Table  2). 
Makiguchi et  al. showed that the level of miR-21 in EVs is higher in serum 
from patients with IPF compared to healthy controls [52]. Njock et  al. also 
found that miR-142-3p levels in EVs derived from sputum in IPF patients are 
inversely correlated with the IPF severity, as evaluated by diffusing capacity of 
the lungs for carbon monoxide/alveolar volume [53]. These results indicated 
that circulating EVs have potential to be promising biomarkers for diagnosis 
and disease severity.

TABLE 2  Extracellular vesicles in organ fibrosis pathogeneis

Diseases Body fluid Cargo Control References

Liver injury Serum, plasma sPTPRG People without 
liver

[48]

Hepatitis C  soluble CD81 Healthy 
individuals

[49]

HBV and 
HCV

 miRNAs Healthy 
individuals

[50]

CHC Serum, plasma CD4+ 
microparticle

Healthy 
individuals

[51]

NAFL/
NASH

Serum, plasma CD14+ 
microparticle

Healthy 
individuals

[51]

IPF Plasma miR-21-5p Healthy 
individuals

[52]

IPF Sputum miR-142-3p Healthy 
individuals

[53]

sPTPRG, soluble receptor-type tyrosine-protein phosphatase γ.
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4.3  Current limitations of EVs analysis in disease diagnosis

Although there are a great number of advantages to using EVs as biomarkers, 
there are several challenges that currently limit their clinical applicability. First, 
novel methods to isolate and enrich EVs are required to analyze thousands of 
clinical samples. Currently, the most commonly used method for isolating EVs 
is ultracentrifugation. However, the ultracentrifugation method for EV isolation 
needs expensive equipment, is time consuming, and requires high volume of 
sample. Although alternative methods that depend on EV surface markers are 
being studied such as microfluidic chips, magnetic beads, and flow cytometry 
[54], the diagnostic performance of these methods in clinical practice remains 
unknown. Second, current isolation technologies make it difficult to distinguish 
different EV subpopulations. EVs are mainly separated by size via ultracentri-
fugation. However, studies show that the EV family is heterogenous when sepa-
rated by size [55]. Third, the mechanisms regarding EV biogenesis are required 
to be elucidated. Therefore, further research is needed to develop technologies 
at a reasonable price to isolate highly pure EVs for disease biomarker analysis.

5  EVs as new applications for fibrosis treatment

5.1  Reversibility of organ fibrosis

Traditionally, fibrosis has been considered an irreversible process, the end stage 
of disordered wound healing, and thus refractory to therapy. However, accumu-
lating evidence now suggests that fibrosis is to a large extent reversible, even 
at later stages [56]. In animal models, fibrosis is reversible with complete or 
near complete restitution of the organ structure in most cases after the incit-
ing fibrogenic agent is removed. For instance, in a well-established bleomycin-
induced murine pulmonary fibrosis model, spontaneous fibrosis resolution with 
restitution of tissue architecture can occur 3–4weeks after the intratracheal ad-
ministration [57]. In contrast to animal models where the inducer of fibrosis is 
well defined, human fibrotic diseases are often multifactorial, and the degree 
of fibrosis resolution appears to depend on the organ resolution capacity and 
the mechanism of the fibrosis diseases. The most compelling evidence for the 
resolution of organ fibrosis in humans is observed in the liver. It is known that 
liver cirrhosis caused by hepatitis infection demonstrates marked resolution 
after antiviral treatment [58]. In contrast, heart and lung display very limited 
regenerative capacity [56]. Nonetheless, recovery of the organ functions such 
as left ventricular ejection function in cardiac fibrosis and forced vital capacity 
in IPF has been documented with presumably antifibrotic interventions [59].

With respect to optimal strategies for fibrotic diseases, eradication of the 
underlying cause of injury may be the most efficacious approach to fibrosis res-
olution, as exemplified by antiviral treatment of liver cirrhosis. When etiology 
is unclear or effective treatments for the underlying cause of injury are unavail-
able, therapeutics targeting fibrosis should be considered. However, although 
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many interventions have been investigated with the aim of fibrosis resolution, 
few have shown efficacy in patients with fibrosis [56]. Therefore, new therapeu-
tic approaches are needed to overcome fibrotic diseases.

5.2  The roles of EVs as new applications for fibrosis treatment

EVs have received much attention for their potential applications as a source of 
regenerating or immunomodulatory agents or as a drug delivery vehicle. There 
are several advantages to using EV-based therapy. First, EVs show low immuno-
genicity and toxicity and are stable in tissues and in circulation. EVs, especially 
exosomes, have already been used for antitumor vaccines in several clinical 
trials. In lung cancer, phase I and II clinical trials using dendritic cell-derived 
EVe (Dex) have been performed [60, 61]. Although grade-three hepatotoxicity 
occurred in one of 22 NSCLC patients in a phase II study, the Dex therapy was 
feasible and well-tolerated. Second, EVs can be selectively and quickly taken 
up by target cells, which may target specific cell types or tissues [62]. Third, 
they have unique characteristics such as a lipid bilayer architecture, nanoscale 
size and stability in the blood circulation and tissue [63]. In this section, we 
summarized the utility of EVs in therapy applications for reversing fibrosis.

5.3  Mesenchymal stem cell-derived EVs

EVs secreted from stem cells are naturally loaded with various molecules de-
rived from the stem cells. There are various types of stem cell-derived EVs 
studied for fibrosis in experimental models and in clinical trials, such as em-
bryonic stem cells [64], induced pluripotent stem cells [65], and multipotent/
unipotent adult stem cell lineages such as mesenchymal stem cells (MSCs) [66]. 
In particular, MSCs have been intensively studied and appear to be a promising 
treatment, especially in the fields of fibrotic diseases.

MSCs are multipotent stem cells that have the capacity to self-renew and dif-
ferentiate into mesenchymal lineages, such as bone, cartilage, muscle and adipose, 
under specific conditions of culture [67]. Homing and migration are other distinc-
tive functions of MSCs. Moreover, they can orchestrate tissue repair, immunomod-
ulation, and antiinflammation and/or immunosuppression due to the secretion of 
various cytokines and soluble factors [68]. Currently, preclinical and clinical trials 
have shown the ability of MSCs to improve outcomes in various diseases, such as 
cardiovascular diseases, stroke, spinal cord injury, kidney injury, lung injury and 
graft-versus-host disease (GvHD) [66]. Importantly, the meta-analysis of 36 clini-
cal trials did not reflect any serious complications related to MSC injections [69].

Numerous studies have suggested that MSC-derived EVs (MSC-EVs) may 
be an alternative to MSCs. In addition, use of MSC-derived EVs will allow for 
the delivery of biologically active molecules to injured organs without admin-
istration of heterologous divergent cells [66]. Thus, to date, many studies have 
investigated the use of MSC-EVs for fibrosis therapy.
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In liver fibrosis, Li et al. found that EVs derived from human umbilical cord 
MSCs reduced CCL4-induced liver injury in vivo through inhibiting the TGF-β1/
Smad signaling pathway and inhibiting the epithelial-mesenchymal transition 
of hepatocytes [70]. Another study showed that EV-associated miR-125b from 
chorionic plate-derived MSCs suppressed the activation of Hedgehog signaling, 
which promoted reduced liver fibrosis [71]. Moreover, it has been demonstrated 
that EVs released from adipose tissue-derived MSCs inhibited the proliferation 
and activation of the human primary HSCs. These results suggested that EVs 
have antifibrotic effects via shuttling effective EV cargos from MSCs.

In lung fibrosis, Shentu et al. have shown that human bone marrow (BM)-
MSC-derived EVs can block TGFβ1-induced myofibroblastic differentiation 
[72]. Human BM-MSC-derived EVs are taken up by fibroblasts and may utilize 
a Thy-1-integrin interaction-dependent pathway to facilitate cell-cell communi-
cation by EVs. The cell surface protein Thy-1, a GPI-anchored glycoprotein, is 
highly expressed on the MSC cell surface and is known to interact with integrin. 
The BM-MSC-derived EVs are enriched for several miRNAs, including miR-630, 
which targets the profibrotic genes that are upregulated in IPF fibroblasts [72].

In the heart, MSC-derived EVs mediate cardiac tissue repair through vari-
ous mechanisms such as modulating the injured tissue environment, induc-
ing angiogenesis, promoting proliferation, and preventing apoptosis [73, 74]. 
Moreover, administration of MSC-derived EVs after myocardial infarction en-
hances myocardial repair [75]. In addition, Ma et  al. showed that EVs from 
Akt-overexpressing human umbilical cord MSCs improve cardiac regeneration 
and promote angiogenesis through PDGFD activation [76].

5.4  Body fluid-derived EVs

EVs isolated from body fluid have also been shown to have a therapeutic ef-
fect in fibrosis models. For instance, serum EVs from healthy individuals are 
therapeutic for liver fibrosis due to their ability to attenuate activation of hepatic 
stellate cells, hepatocyte injury and inflammation. EV treatment improved liver 
function, reduced apoptosis of hepatocytes, suppressed inflammatory response 
in the injured liver, reduced release of hepatic or circulating proinflammatory 
cytokines, reduced inflammatory infiltration, and reduced circulating aspartate 
aminotransferase/alanine aminotransferase levels in CCL4-injured or thioace-
tic acid-injured fibrosis mouse models [77]. Another study showed that EVs 
isolated from rat plasma have the ability to protect the heart from ischemia re-
perfusion injury [78]. The effect is mediated by HSP70 present on EVs, stimu-
lating TLR4 signaling and leading to the activation of ERK1/2, p38 MAPK, and 
subsequent HSP27 phosphorylation in cardiomyocytes. In addition, Beltrami 
et al. found that EVs derived from human pericardial fluid have shown the ca-
pacity to promote therapeutic angiogenesis in vivo in a mouse limb ischemia 
model, suggesting their importance in the context of cardiovascular protection 
and repair. They mechanistically implicated that the EVs transfer a functional 
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let-7b-5p to endothelial cells, which reduce their TGFBR1 expression and in-
duce their proangiogenic ability [79]. Overall, although the underlying mecha-
nism is not fully understood, body fluid-derived EVs from healthy individuals 
can be beneficial for patients with fibrotic diseases.

5.5  Current limitations of EV-based therapy

EV-based therapy for fibrotic diseases has several remaining challenges. First, 
standardized and quality-controlled protocols for EV isolation should be devel-
oped. The appropriate isolation method would deliver high-quality and uniform 
EVs with reproducible purity and potency. Second, effective large-scale produc-
tion of EVs is required for clinical applicability of the therapy because of low 
productivity of EVs. Third, a stricter characterization of EVs is urgently needed 
to better explore vesicle biogenesis and applied EVs in clinical settings. Fourth, 
it is important to develop appropriate preclinical in vivo models to determine 
EV dosage, biodistribution, toxicity and immunogenicity. In particular, in vivo 
imaging of EVs is needed to visualize the kinetics of EVs in the body and quan-
tify the amount of EVs delivered to target damaged tissue [80].

6  Conclusions and perspectives

Recent evidence indicates that fibrosis is reversible in fibrotic diseases under 
some circumstances. Eradication of the underlying deleterious stimuli should be 
the most effective strategy toward fibrosis resolution. Where treating the cause 
of fibrosis is not possible, it appears that inhibiting the deleterious mediators 
involved in fibrosis development is a promising approach. EVs are important 
regulators of cell-cell communication in both physiologic and pathologic pro-
cesses. The findings described herein confirm that EVs play a pivotal role in 
the pathogenesis of fibrotic diseases. Thus, inhibiting deleterious EVs could be 
the potential therapeutic options for fibrotic diseases. In addition, accumulating 
evidence indicates that EVs derived from stem cells or healthy body fluid have 
a therapeutic effect in fibrotic diseases. Although significant challenges still re-
main in the clinical application of EVs, further research and development of EVs 
will likely help patients with fibrosis management and treatment in the future.
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1  Transfer of exosomes during immune cell-interactions 
participate in the inflammatory response

Tissue repair and regeneration in healthy tissues is a coordinated response of 
multiple cell types that has until recently been considered to be mediated by 
direct inter-cellular interactions and by the release of secreted factors [1–5]. 
The discovery of exosomes in the 1980s as products of multi-vesicular en-
dosomes (MVEs) whose intraluminal vesicles (now called exosomes) were 
released from the surface of maturing blood reticulocytes [6–8] has led to an 
understanding of exosomes as ubiquitous mechanisms for cell-cell communi-
cation that is critically important in inflammation [9–12]. Recent studies of 
exosomes have focused on mechanisms of their biogenesis, their biological 
activity in mediating cellular signaling at a distance, characterizations of their 
payload, exosomes as biomarkers, and exosomes as therapeutics. In addition, 
advances in mouse and human genetics and exosome analysis technology 
have transformed a class of extracellular vesicles from being a constitutive 
class of secreted vesicles, to being recognized as regulated bioactive media-
tors of cell biology, immunology and inflammation. For example, exosomes 
as mediators of cell-cell communication has emerged as an important mecha-
nism for the regulation of immune responses by professional antigen present-
ing cells (APCs) [13–19]. APCs include dendritic cells (DCs), and present 
MHC I and MHC II complexes with peptides through canonical direct cel-
lular interactions as well as by exosomes present on the APC surface through 
two different models. First, co-stimulation of regulatory molecules present 
on the APC surface along with exosomes also on the APC surface contain 
MHCI/II, B7-1, B7-2 and other molecules that regulate the docking of DCs to 
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acceptor cells [9, 20–22], a mechanism termed cross-dressing. Second, APCs 
can uptake exosomes that lead to changes in the expression of cytokines that 
affects expression of co-stimulatory molecules and release of APC-derived 
exosomes for presentation to T cells. While APCs are more efficient than 
exosomes in activating naïve T cells, antigens present on isolated exosomes 
can mediate immune-stimulation or immunosuppression based on studies in 
models of cancer [23–28], infection [29], tolerance [30], immune privilege 
[31] and arthritis [32, 33]. Immunomodulatory cytokines can also reprogram 
the biological activity of the exosomes released, demonstrating the plastic-
ity of exosomes and their potential to regulate inflammation signaling at a 
distance, especially in primary tumors and injury models where local tissue 
damage mediates immune-surveillance responses in sentinel lymph nodes [9]. 
The capacity for exosomes to amplify immune responses [4, 5, 20] has been 
demonstrated by transfer of macrophage-derived exosomes to T cells with 
subsequent activation of lymphocyte expansion and differentiation, termed 
an “immune synapse” [29, 34, 35]. Immune responses regulated by tumor-
derived exosomes [10, 36, 37] include control of tolerance and immunoge-
nicity [32, 38–41] by direct presentation of tumor derived antigens such as 
carcinoembryonic antigen (CEA), melan-A, mesothelin, and immunomodula-
tory molecules such as FasL, RAIL, CD154/CD40L and programmed death 
ligand-1 (PD-L1) [31, 42–44].

Since exosomes can mediate both immune-stimulatory and immunosup-
pressive activities, characterization of the cellular source, mechanism of 
release, payload and effector cell is an important consideration for distin-
guishing the biological relevance of exosomes in healthy baseline vs. dis-
ease models. For example, following bacterial or viral infections, exosomes 
isolated from infected macrophages confer protection in the presence of 
APCs and T cells from mice showing that exosomes regulate immune re-
sponses in acute models [45–48]. In contrast, tumor-derived exosomes me-
diate immunosuppression by blocking differentiation and cytokine release 
in effector cells, and may present PD-L1 and CD40, both known to suppress 
T cell responses. In contrast, tumor-derived exosomes mediate immunosup-
pression upon APCs in the tumor microenvironment, as well as secondary 
responses in the circulation. The systemic effects of tumor-derived exo-
somes include reprogramming of bone marrow-derived progenitor cells 
[26], while the presence of specific integrins on the surface of exosomes 
defines the tropism of tumor-derived exosomes that can direct their hom-
ing and biological activity in the local microenvironment and in secondary 
sites [28]. While beyond the scope to comprehensively summarize in this 
review, the study of exosomes in infection and cancer has established a cen-
tral role for exosomes in immunomodulation and provided a foundation for 
the development of diagnostics and therapeutics, by exploiting the capacity 
for tumor-derived exosomes to affect specific immune responses mediating 
immunosurveillance.
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2  Relevance of exosome biogenesis and secretion 
pathways in health and disease

Exosomes mediate intercellular cross-talk signaling in numerous biological sys-
tems, signaling that is perturbed in disease, and leads to distinct exosome pro-
files. Although exosomes are often assumed by investigators in the field to be 
a “snapshot” of the proteins on the plasma membrane surface of the cells from 
which the exosomes are released, they represent a more complex cargo from 
their cell of origin. In fact, proteins present in, and on, the surface of exosomes 
released from fusion of the multivesicular endosomes (MVEs) with the plasma 
membrane may also have an intracellular source.

To define the biogenesis of exosomes, and the effects of heath and disease 
on this machinery, an overview of the biochemistry of endosomal vesicle traf-
ficking machinery that sorts intracellular vesicles to the lysosome, or to the 
MVE, shows that there are specific cellular mediators of processes that “edit” 
the payload of vesicles prior to fusion and release from the plasma membrane. 
The regulation of the biogenesis of exosomes has identified proteins that are 
associated with secretory and endocytic pathways such as Endosomal Sorting 
Complexes Responsible for Transport (ESCRTs), lipids and tetraspanins. 
Various in vitro screening and functional studies have classified ESCRTs into 
ESCRT-0 (e.g., Hrs, STAM), ESCRT-I (e.g., TSG101), ESCRT-II, and ESCRT-
III (e.g., CHMP4C). Sphingomyelinases (nSMase2) and ceramide production 
are also essential for exosome biogenesis, while Rabs and related activating pro-
teins (i.e., Rab GTPase activating proteins, RabGAPs) [49–53] are implicated 
in the secretion step of exosome release. As Rabs are part of the superfamily 
of GTPases, Rab utilization may be cell type-specific. In vitro screening has 
identified Rab 27 as mediating up to 50% of exosome secretion, consistent with 
double knockout mouse of the Rab27a and Rab27b, with the activity of these 
Rabs mediated regulatory RabGAPs. These studies suggest that parallel mecha-
nisms are involved in exosome biogenesis and secretion, with additional path-
ways required for the intracellular sorting of specific MHCI/II, tetraspanins, and 
integrins into secreted exosomes.

The loading of microRNAs can be regulated by specific RNA-binding 
proteins, which when loaded along with proteins into exosomes by the pro-
tein folding and packaging machinery, begins to provide an insight into the 
complexity of exosome payload. The packaging of specific miRNAs, although 
at a low absolute concentration per exosome, involves specific RNA binding 
proteins that likely facilitate packaging in the source cell, stabilization in the 
exosome, and perhaps incorporation into the RNA processing pathways in re-
cipient cells thus allowing for communication of miRNA message between cells 
[54]. Protein payload as defined primarily by immunoblotting, immuno‑gold 
electron microscopy antibody staining, and proteomics, demonstrates that exo-
some proteins are diverse and include those mediating antigen presentation 
(MHC I, MHC II), adhesion (tetraspanins and integrins), membrane trafficking 
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(Annexins, Rabs, Arfs, clathrin), ESCRT proteins (Alix, Tsg101), heat shock re-
sponse (Hsp70, Hsp90), cytoskeleton (actin, cofilin, tubulin), enzymes (kinases, 
enolases), signal transduction (14-3-3, syntenin), and lipid rafts (flotilins) [55]. 
The International Society for Extracellular Vesicles (ISEV) establishes stan-
dards for reporting, with Exocarta (www.exocarta.org) being a database of exo-
some payload providing comprehensive databases detailing the protein, nucleic 
acid and lipid composition of exosomes. While isolation methods and quality 
control vary for exosome isolation and the characterization of exosome pay-
loads, it is clear that the population and content of exosomes can be regulated by 
various factors and disease processes. Therefore, based on the intracellular ori-
gin for exosomes, the contribution of constitutive release of exosomes, and pres-
ence of small vesicles resulting from the pinching-off of the plasma membrane 
into the extracellular space (i.e., microvesicles), it will be to focus future studies 
of exosomes in a cell-type specific manner, under disease-specific conditions.

Single cell transcriptomics of complex organ systems such as the brain has 
identified distinct gene expression profiles that are cell type-specific. This ap-
proach has greatly advanced an understanding of gene superfamilies in which 
there is substantially greater cell-type specific expression of kinases, transcrip-
tion factors and transporters. By extension, we propose that the mechanisms 
regulating exosome release may be cell type-specific, and regulated by disease 
state. Thus, the challenge for in vivo mechanistic studies will be the definition 
of specific pathways and for biomarker studies, the detection of more complex 
exosome signatures in easily accessed tissues and fluids such as plasma, urine, 
saliva and cerebrospinal fluid.

3  Mechanisms of exosome release in vivo in disease

Advances in the understanding of mechanisms of exosome release that carry bi-
ological payloads have provided the molecular basis for the study of exosomes 
in disease models with particular attention to their potential for therapeutics and 
diagnostics. With a focus on exosomes with biological activity upon the immune 
system we review recent discoveries in the area of (1) exosomes and oncology, 
and (2) exosomes in non-CNS injury and inflammation. The field of oncol-
ogy has been revolutionized by recent advances in immune checkpoint inhibitor 
therapy that has established the central importance of targeting the immune sys-
tem to activate/re-activate host adaptive immune cell populations to recognize 
and reduce tumor burden. Paget’s “Seed and Soil” hypothesis proposed that 
the tumor microenvironment would provide important factors that would sup-
port the growth and metastasis of tumors that would be dependent on localized 
accumulation of aberrant ECM proteins, growth factors/chemokines, immune 
cells, and more recently exosomes. The negative consequences of exosomes 
accumulating in the tumor microenvironment that carry payloads that could 
support tumor malignancy while suppressing immune responses, would also 
provide the potential for the detection of circulating exosomes as biomarkers in 

http://www.exocarta.org)/
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plasma. Under a generalized overview of cancer as a wound that doesn’t heal, 
the mechanisms of action of tumor-associated exosomes can provide testable 
hypotheses for models of acute and chronic injury and inflammation.

4  Exosomes and immune checkpoint inhibition  
in oncology

Exosomes are known to mediate specific tumor-induced immune response 
[11, 56, 57] that may be associated with how an individual will respond to 
immune checkpoint inhibitors and potentially guide the development of indi-
vidualized treatment plans. Recent advances that we detail in subsequent sec-
tions utilize multiplex analysis of exosome profiles [58, 59] and single exosome 
particle analysis to define specific surface targets (i.e., VFC) [60, 61]. Targets 
relevant to the regulation of APCs and the activation of T cells can be selected 
on the basis of their known function and abundance in immune cell signaling 
and crosstalk [11, 62, 63]. Analyses can be performed with only a small sample 
of peripheral blood for exosome profiling and quantification of target epitopes 
from plasma with commercially available instrumentation and appropriate qual-
ity assurance (QA) and quality control (QC) standards [64–66]. It has been es-
tablished in experimental tumor models that exosomes are one of the important 
“atypical” mechanisms of antigen presentation that activate T cells [67–69]. 
While several studies have correlated plasma exosomes with tumor progression 
[70–73], thus establishing their clinical relevance, there are no published stud-
ies that analyze exosomes as a measure of the efficacy of immune checkpoint 
inhibitor therapy. Since quantitative approaches now exist for the rapid assess-
ment of exosome size and number, followed by surface profiling to assess exo-
some source and complexity, there exists a strategy for EV analysis of specific 
epitopes that is well-aligned with the clinical relevance of those epitopes with 
adaptive immune cell signaling. While, the transformative potential of the wide-
spread implementation of these profiling strategies in stratified patient popula-
tions, while cross-compared with existing molecular and clinical standards, the 
further study of the biological activity of exosomes in experimental models sup-
ports the goals of analyzing exosomes in human cancer. In the case of exosome 
analyses where freezing and storage of biologically active specimens is more 
practical than for cells, plasma is an ideal for sampling from healthy volunteers 
and cancer patients alike, further enhancing translation to clinic.

5  Exosomes in trauma and ischemia/reperfusion injury

Traumatic injury causing hemorrhagic shock (T/HS) leads to tissue injury where 
ischemia/reperfusion triggers a cascade of inflammatory reactions leading to a 
systemic inflammatory response syndrome (SIRS) [74]. Although this response 
is required as part of the initial inate response to injury, and resolves in most 
patients as they recover, uncontrolled SIRS can lead to distant organ injury, such 
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as acute lung injury, and multiple organ failure [75]. While the pathophysiology 
of post-injury multiple organ failure in T/HS remains poorly understood, the 
biological activity of exosomes for the delivery of biologically active immuno-
modulatory factors from injured gut epithelium, immune cells, enteric nervous 
system and vasculature that drain into the mesenteric lymph (ML) can regulate a 
significant component of SIRS. We have postulated that ML exosomes regulate 
immune cell activation in both ML and mesenteric lymph nodes (MLN), and 
when they disseminate into the systemic circulation, they can induce secondary 
organ injury. The inflammation-relevant functional payload of these exosomes 
includes miRNA, protein and lipids that can be used to define immune signal-
ing, as a biomarker, or deployed as therapeutic exosomes. We have previously 
shown that APCs in the ML activate T cells in mesenteric lymph nodes (MLNs), 
and more recently profiled exosomes to show that immune-relevant epitopes on 
the surface of exosomes such as MHCII can be used as markers that distinguish 
sham vs. injury in ML. Nucleic acid and proteomic analysis of exosomes in 
the ML shows that exosomes bear distinct miRNA and protein payloads fol-
lowing injury, an opportunity to further study exosomes as therapeutic targets 
and diagnostics (i.e., “theranostics”). For example, exosomes can be engineered 
by loading with specific regulatory miRNAs to attenuate inflammation by re-
introduction into the mesenteric lymphatics or peripheral circulation of injured 
animals. With the substantial neural-immune regulatory network mediating gut 
homeostasis, we have explored the possibility of neural regulation of inflam-
mation in the gut wall that can be detected by changes in the exosome profile. 
In this example, upon electrical stimulation of the vagus nerve, a well-defined 
mediator of anti-inflammatory parasympathetic inputs on the gut and other or-
gans, we have observed protective effects following trauma and ischemic injury 
such as improved gut epithelial integrity, reduced immune cell activation, and 
defined changes in the protein payload of exosomes in the ML. These studies 
provided the scientific premise for the study of systemic effects of ML exo-
somes in secondary organs such as the lung. Exosomes traffic though the ML 
into the thoracic duct and enter the systemic circulation where fluorescently 
labeled exosomes can be identified in the lung and associated with an increase 
in markers of lung injury [76]. These observations are consistent with studies 
in the fields of oncology and immunology where dissemination of tumor/in-
fection/inflammation-associated exosomes via draining lymph nodes has been 
associated with disease progression and the capacity to propagate intercellular 
signaling at a distance [77, 78]. For example, it is known that ML contains 
inflammatory mediators [79] and several studies have shown that (a) ligation 
of the ML duct attenuates lung inflammation and (b) injection of post-shock 
ML into the circulation of naïve animals recapitulates a lung-injury phenotype 
[80, 81]. Our own studies of exosomes in animal models have demonstrated a 
similar role for exosomes as inflammatory mediators in the ML using a well-
established experimental approach that is consistent with the pathophysiology 
of the shock and resuscitation phases of trauma and ischemia in humans.
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6  Exosomes and inflammatory bowel disease

Inflammatory bowel disease (IBD), including Crohn’s Disease and Ulcerative 
Colitis, is a chronic immune-mediated disease of the gastrointestinal tract that 
afflicts over 1.5 million Americans and is characterized by episodes of remis-
sion and relapse [82, 83]. As a rule, IBD is also associated with an activation of 
immune cells, recruitment of inflammatory factors, and an expansion of mesen-
teric lymphatic vasculature [84, 85]. Yet a role for ML in the progression of IBD 
remains unknown. Our group [13, 76, 86–90] has identified pro-inflammatory 
biological activity in ML that is mediated by exosomes, and proposed that the 
neuro-immune axis regulates gut inflammation via ML. Exosomes released into 
the mesenteric lymphatic system travel through the thoracic duct into the sub-
clavian vein and into the systemic circulation [91]. We have shown that pro-
inflammatory biological activity in ML is mediated by exosomes. Therefore, 
ML exosomes released after gut injury are pro-inflammatory to macrophages 
and suppress dendritic cell activation. Because exosomes released from tumor, 
epithelial and immune cells mediate intercellular signaling, we propose that gut 
wall-derived exosomes modulate inflammation in IBD. The capacity for acti-
vated immune cells to stimulate neuronal circuits that regulate innate and adap-
tive immunity [92] has led to several gut injury studies in which stimulation of 
the vagus nerve provides protection to the gut wall by enhancing barrier integ-
rity and reducing inflammation [93–95]. As detailed above, our previous studies 
have shown that vagal nerve stimulation attenuates gut inflammation, decreases 
the toxicity of ML, and reduces peripheral tissue inflammation and subsequent 
distant organ injury [13, 76, 87–90]. With a focus on ML exosomes, it will be 
important to determine the functional relevance of specific exosome payloads, 
such as miRNAs that mediate intercellular communication by regulating signal 
transduction pathways in target cells. Whether neural regulation of the enteric 
immune cells alters the phenotype of ML exosomes in IBD and other chronic 
diseases is an open question, but we suggest that neural control of gut immunity 
and systemic inflammatory responses can be monitored by analysis of exosome 
profile and biological activity in the draining ML.

7  Exosomes and wound healing

Clinical observations, experimental findings and dogma in the field of wound 
healing and tissue repair hold that the resolution of injury comprises four main 
phases of hemostasis, inflammation, vascularization, and epithelialization [96]. 
We suggest that exosomes carry payloads of protein and nucleic acids that re-
flect the phases of injury, affecting the profile, payload and biological activity 
of exosomes [13, 76, 97]. The coordinated phases of the tissue repair response 
contrast with the dysregulation of the response that define chronic wounds as-
sociated with obesity, diabetes, aging, infection, and scarring following burn 
injury [98, 99]. We suggest that the role of exosomes in mediating the immune 
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response in a chronic wound may have parallels with the biology of exosomes 
in the tumor microenvironment. In contrast, the exosome-mediated inflamma-
tion observed in healthy tissue may provide a template for the exosome pro-
teins and nucleic acids that promote the biology of pro-reparative exosomes 
and the resolution of tissue injury. We have linked the biochemical activity of 
specific mediators of exosome biogenesis with the release of exosome popula-
tions with a payload and biological activity that regulates the balance of pro-
inflammatory vs. pro-reparative macrophages by focusing on the biochemical 
activity of RabGAPs. We have established a model based on subcutaneous im-
plants of synthetic polyvinylalcohol (PVA) sponges for the in vivo production 
of exosomes where the cells releasing the exosomes (i.e., the donor cells) can 
be targeted by local gene delivery to test the biochemical activity of specific 
mediators of exosome biogenesis. While most genetic studies defining exosome 
biogenesis to date have used cultured cell lines, the PVA implants when targeted 
with lentiviral gene delivery enables the collection of recruited leukocytes and 
the exosomes released into the conditioned media, referred to as wound fluid 
since the PVA model is a model of sterile inflammation and wound macrophage 
recruitment. Therefore, the PVA model can be used as an in vivo 3D scaffold 
that generates a higher density of CD9+, CD63+, and CD81+ exosomes, with-
out the limitations of cell culture plastic and calf serum generally used to grow 
cells in vitro [100]. PVA can also be coated with ECM proteins to modify the 
microenvironment of leukocytes recruited and therefore, exosomes released. 
Protein epitope analysis for ECM-relevant integrins can then be used to predict 
the tropism for exosome subpopulations in a wound bed and provides many 
unexplored opportunities to engineer the tropism of exosomes and validate their 
physiological relevance in vivo [28].

8  Exosomes and diabetes

Chronic diseases such as diabetes are significant risk factors for complications 
of wound healing, trauma, and infection. The pro-inflammatory state of the dia-
betic wound bed, liver, and adipose tissue is characterized by pro-inflammatory 
cytokines such as TNFα, and insulin resistance. Recent studies show that adi-
pose tissue macrophage-derived exosomes are released into the circulation and 
contain miRNAs that mediate insulin resistance. Uptake of miRNA-containing 
exosomes can mediate cellular insulin action and systemic insulin sensitivity 
that has led to the identification of PPARγ as a therapeutic target. Circulating 
cell free nucleic analyses, including miRNAs have been the subject of extensive 
studies in human patient samples and animal models, however, a confounding 
factor for these studies is the often non-overlapping population of miRNAs. The 
use of mice that have a tissue-specific knockout for Dicer, the gene regulating 
the miRNA processing enzyme, can be used to define the functional require-
ment for specific miRNAs- a genetic tool to refine the subset of miRNAs that 
are functionally relevant in a disease process [101].
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9  Potential for species-specific mechanisms of exosome 
release

Gene duplications and rearrangements in the evolution of the species have 
emerged as important mediators of fundamental developmental processes with 
such genes termed human-specific or uniquely human genes (UHGs). In the 
neurosciences, specific UHGs have evolved from gene families such as Notch 
(i.e., Notch2NL) that mediate the formation of neurons, and others from the Ras 
GTPase superfamily (i.e., ARHGAP11b) that regulate the formation of cortical 
folds. In the area of exosome biogenesis, members of the RabGTPase activat-
ing protein family (i.e., TBC1D3) regulate growth factor signaling, macropi-
nocytosis, a process known to enhance antigen uptake and presentation, and 
exosome biogenesis. Interestingly, TBC1D3 has also been implicated in the 
formation of cortical folds, an activity that highlights the importance of further 
studies of UHGs in the neurosciences. In the context of exosomes and the regula-
tion of the formation and release, there have been extensive studies of Rabs and 
RabGAPs, in particular, based on the size of their respective superfamilies. The 
over-arching hurdle in the study of genetic mediators of exosome formation 
is determining their functional requirement. While most studies to date have 
used yeast and vertebrate cell lines, the use of knockout mice to target specific 
exosome biogenesis has been slow. Furthermore, the relevance of most of the 
members of gene families such as the Rabs or RabGAPs have been determined 
to date in vitro. In combination with the possibility that some members of a 
family that are sequence-related may in fact regulate un-related pathways, there 
is also the likelihood that family members are expressed in different cell types 
or in different times in development. We have considered the possibility that 
species-specific expression of genes regulating exosome biogenesis may also 
need to be interpreted in the context of evolution and the selection pressures on 
the immune system. We have recently proposed that the immune system, and 
the adaptive immune system in particular, are likely hotspots for the emergence 
of UHGs. Like in neural development, the inflammatory response is a primary 
defense response to infection and injury, and it is clear that the fundamental 
differences in the composition of immune cells in humans and rodent animal 
models may confound the translation of experimental studies to the clinical set-
ting. We suggest that as increasingly comprehensive screens identify novel and 
known regulators of exosome biogenesis and secretion, the relevance of in vitro 
and in vivo models will need to be considered, especially species- and cell-type 
specific functions of exosome regulatory genes.

10  Exosomes and technology-driven advances

Exosomes are isolated from conditioned media or biological fluids using vari-
ous techniques that include serial centrifugation followed by filtration and 
ultracentrifugation or bead enrichment. These considerations are critical in 
the deployment of analytical assays of clinical samples in animal models or 
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humans. For example, while variations in isolation methods and quality con-
trol limit absolute comparisons, light scattering methods such as Nanoparticle 
Tracking Analysis (NTA), provide a standardized quantification technique for 
exosomes stratified based on size. However, NTA does not address the payload 
or diversity of exosomes, beyond differences in size. Furthermore, debate ex-
ists in the field regarding the source of exosomes as extracellular vesicles that 
arise from intracellular MVEs, vs. microvesicles, which pinch off of the plasma 
membrane. Although microvesicles have been defined as being released from a 
different source, the plasma membrane, small microvesicles in the 30–150 nm 
range could confound interpretations. Bead-based enrichment of specific sub-
populations of exosomes has advanced the understanding of the complexity of 
exosomes that could be deployed for the analysis of exosomes in health and 
disease, however, these techniques require preparative quantities for miRNA or 
proteomics.

A technology that addresses the complexity of exosomes in biological fluids 
is vesicle flow cytometry (VFC) that uses an optimized flow cytometry analysis 
procedure based on the use of fluorescent membrane dyes. VFC is particularly 
important for the analysis of exosomes of clinical samples since it addresses 
three hurdles in the field of exosome clinical research that are essential for 
analyses of patient plasma samples. A hurdle to the limited adoption of VFC 
technology is the heterogeneity of surface epitopes on individual exosomes 
that are generally not defined for the analysis of exosomes in patient plasma 
samples. The VFC workflow minimizes the bias of specific antibodies based on 
abundance and affinity for first step analysis by instead incorporating a sensi-
tive lipophilic fluorescent dye, (i.e., di-8-ANEPPS), that fluoresces in the lipid 
bilayer [102], allowing one to reproducibly detect exosomes on the basis of 
fluorescent-triggering on the membrane dye in a sample independent of size and 
antibody specificity. To address the limitation of available validated antibodies 
for VFC, multiplex assays can be used to screen for levels on the surface of 
exosomes. An important caveat is that there a great range of antibody affinities 
of different epitopes, thus limiting cross-interpretation unless appropriate cali-
bration techniques are performed. The combination of quantitative approaches 
now exist for the rapid assessment of exosome size, number, profile, payload, 
and biological activity can provide a liquid biopsy based on a blood draw from 
patient cohorts and matched volunteers to define the pathophysiological role of 
exosomes in health and disease.

11  Conclusion

Exosomes are increasingly being recognized for their importance in mediating 
cell-cell communication and the immune response in normal health and across 
a spectrum of human disease. Understanding the regulation of exosome pro-
cessing and release, as well as the cargo carried both on the surface and within 
the exosome will be critical to better define exosome biology. Combined with 
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improved technology to better characterize subsets of exosomes with molecular 
studies defining their processing and release, exosomes may be an important 
diagnostic and therapeutic target in the future.
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1  Introduction

As indicated by the last report of the World Health Organization, lifestyle 
changes such as physical inactivity due to the increasingly sedentary and in-
creased intake of energy-dense foods rich in fat and glucose, lead to an increase 
of non-communicable diseases including cancers, chronic respiratory diseases, 
cardiovascular diseases, and diabetes [1]. Genetics and many environmental 
factors, such as insufficient sleep, tobacco and/or alcohol consumption or en-
docrine disruptors seem to be also involved in the development of these chronic 
diseases. More in detail, the presence of several troubles associated with over-
weight, hypertension, and biochemical alterations, chiefly dyslipidemia and 
hyperglycemia, accounts for an approximate twofold increased risk of athero-
sclerotic cardiovascular diseases leading to myocardial infarction, cerebrovas-
cular stroke and peripheral arterial diseases. The conjunction of these alterations 
defines the metabolic syndrome (MetS), a cluster of abdominal obesity, insulin 
resistance (IR), elevated blood pressure (BP), and obesity-related dyslipidemia 
consisting in low levels of HDL-cholesterol and high levels of triglycerides.

Despite the efforts made by various health organizations to define the MetS, 
some differences still persist with regard to the values of blood pressure, waist 
circumference illustrating central obesity or plasma HDL levels. Nevertheless, 
central obesity and the insulin resistance seem to be the main and preliminary 
screening tools to describe MetS patients (Fig.  1). Indeed, the prevalence of 
MetS is increasing in all countries independently of the economic developmental 
level showing the clinical and public health importance of MetS management. 
In occidental countries, the increase of the prevalence of MetS is directly cor-
related with the increase of obesity. For instance, MetS prevalence is estimated 
in approximately 25% of all adults with increased prevalence in advanced ages; 
however, recent data highlight the prevalence increase in young adults [2].
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2  Different components of MetS

The interlacing of the five criteria defining the MetS makes difficult to establish 
the participation of each criterion separately. As indicated above, since patients 
with MetS are frequently obese and resistant to insulin, it is plausible that both 
criteria contribute to the development of MetS in greater proportion than hyper-
tension and dyslipidemia [3].

2.1  Obesity

In MetS patients, central or visceral obesity is one of the most important factors 
in its ability to increase the risk for the development of IR which would facili-
tate the accumulation of fat in the heart, atherosclerosis and hypertension [4, 
5]. In more detail, adipocytes as well as adipose tissue stromal cells including 
pro-inflammatory macrophages [6] produce pro-atherogenic adipokines such 
as IL-6, TNFα and MCP-1 implicated in the installation of oxidative stress and 
chronic inflammation [7]. These effects are reversible as shown by the decrease 
in the production of pro-inflammatory molecules associated with a reduction in 
macrophage infiltration after bariatric surgery [8].

FIG. 1  Criteria for the diagnosis of the metabolic syndrome according to the following associa-
tions: WHO, World Health Organization; NCEP-ATPIII, National Cholesterol Education Program-
Adult Treatment. Panel III, IDF, International Diabetes Foundation; HDL, high density lipoprotein.
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2.2  Dyslipidemia

Two MetS criteria concern lipid disorders: on the one hand, an increase 
in the plasma concentration of triglycerides and, on the other hand, a de-
crease in that of HDL cholesterol [5, 9]. These lipid disorders directly re-
flect excessive consumption of saturated fatty acids, partially hydrogenated 
unsaturated fatty acids and carbohydrates [10]. In vitro, it has been shown 
that fatty acid or LDL overload induces hepatocytes apoptosis [11]. Also, 
animals fed a high-fat diet (HFD) have a lipid accumulation in the liver 
that can lead in some cases to cirrhosis [12]. Finally, the accumulation of 
LDL in monocytes-macrophages infiltrated into the vascular wall facilitates 
their transformation into foam cells leading to the formation of atheroma-
tous plaque [13].

2.3  Arterial hypertension

During MetS, the increase in systolic and diastolic blood pressure reflects a 
complex interaction between different systems. In fact, the secretion of an-
giotensin II by the adipose tissue can stimulate the production of aldosterone, 
which plays a crucial role in the control of blood pressure [14]. Moreover, in 
hyperinsulinemic patients, an increase in the activity of the sympathetic nervous 
system has been described [15], mainly exacerbated activation of carotid bodies 
[16] which could lead to the development of hypertension.

2.4  IR and diabetes

The activation of the insulin receptor by its ligand leads to a signaling cascade 
responsible for increasing glycogen synthesis, glucose uptake, and protein syn-
thesis to increase energy stores. However, in certain pathophysiological situa-
tions, this signaling pathway is failing resulting in a reduction of the metabolic 
effects of insulin, also called IR, in the target tissues (adipose tissue, liver, vas-
cular endothelium and skeletal muscle). IR is characterized by a mobilization 
of fatty acids in adipocytes that will accumulate in skeletal muscle. In the liver, 
IR increases glycogenolysis and gluconeogenesis, which contributes to hyper-
glycemia. With respect to the endothelium, IR reduces nitric oxide (NO) pro-
duction and increases vasoconstriction, and consequently, hypertension [17]. 
Finally, IR is the leading cause of type 2 diabetes mellitus (T2DM), charac-
terized by fasting hyperglycaemia. In the long term, the high concentration of 
glucose in the blood affects certain tissues and organs (eyes, nervous system, 
heart, vessels, kidneys, etc.) responsible for their failure. All these data show 
that a vicious circle is set up and that all these factors contribute to the genesis 
and maintenance of the MetS.
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3  EVs: Biomarkers of MetS components

Risk factors defining the MetS are often intrinsically related and, thereby, con-
tribute to MetS genesis and maintenance. Although it is often difficult to distin-
guish the contribution of each individual MetS component, clinical studies have 
demonstrated their involvement in exosome production which suggests these 
small extracellular vesicles (EVs) may be used as prognostic and/or diagnostic 
biomarkers of metabolic complications (Table 1).

3.1  Obesity

Visceral obesity is considered as one of the most deleterious MetS component, 
since it highly associates with IR, which favors ectopic lipid accumulation, ath-
erosclerosis and hypertension. Moreover, obesity is characterized by a chronic 
low-grade inflammation state characterized by pro-inflammatory macrophage 
infiltration. [8].

TABLE 1  Exosomes as potential biomarkers for diagnostic/prognostic of 
metabolic complications

 Characteristics References

Obesity Increased circulating exosomes in obese patients [18, 19]

Positive correlation between circulating 
exosomes and HOMA IR

[20, 21]

Dyslipidemia Saturated fatty acids exposure enhanced 
exosome secretion by adipocytes, hepatocytes 
and muscle cells

[22–24]

Positive correlation between circulating 
exosomes and elevated serum triglycerides

[25]

Hypertension Angiotensin-II infusion in rats increase serum 
exosomes

[26]

Increase urinary exosomes following RAAS 
activation

[27]

Correlation between sodium transporters 
expression levels and hypertension development

[27, 28]

T2DM Increased circulating exosomes in diabetic 
patients

[21, 29]

Specific increase of erythrocyte-derived 
exosomes

[21]

IR enhances exosome secretion [21]

HOMA, homeostasis model assessment; RAAS, renin angiotensin aldosterone system; T2DM, type 2 
diabetes mellitus; IR, insulin resistance.
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Others and we have shown that both circulating microvesicle and exosome 
concentrations raise with obesity, and correlate with body mass index (BMI) 
suggesting that adipose tissue-derived EVs may contribute to such circulating 
EV concentration increase [18, 19]. Pre-clinical studies have confirmed the 
ability of adipose cells to secrete exosomes in abundance, secretion moreover 
enhanced by fat overloading conditions [22, 30]. Despite evidences reporting 
the presence of adipocyte-derived exosomes in the human circulation [31], 
contribution of fat-derived exosomes in the overall circulating exosome pool 
is unknown, mainly due to the lack of a reliable and specific marker to identify 
specifically fat-derived exosomes. Nonetheless, positive correlation was estab-
lished between the number of exosomes released by omental adipose tissue and 
the Homeostasis Model Assessment (HOMA) IR index suggesting the role of 
fat-derived exosomes in the development of T2DM [20, 21].

3.2  Dyslipidemia

Hypercholesterolemia and hypertriglyceridemia are often reflecting lipid and 
glucose-enriched diets. In vitro exposure of hepatocytes, muscular cells or ad-
ipocytes to high glucose or lipid concentrations enhances exosome secretion 
[22–24]. Particularly, exosomes produced following palmitic acid-treatment of 
cells, a saturated fatty acid known to mediate inflammation and insulin-resistant 
processes, induce fibrotic activation in hepatic cells and IR in muscle cells [24]. 
Circulating exosome number most strongly correlates with elevated serum tri-
glycerides, by comparison to other metabolic parameters, in MetS patients sug-
gesting that fatty acid overloading will also favor EV secretion in humans [25].

3.3  Hypertension

Hypertension is one of the most important cardiovascular risk factors favor-
ing macrophage infiltration of blood vessels. In fact, arterial pressure elevation 
occurring in MetS reflects the complex interaction operating between differ-
ent regulating systems. Secretion of angiotensin-II by adipose tissue participate 
to aldosterone production, thereby arterial pressure regulation. Sympathetic 
nervous system activation induced by hyperinsulinemia also contribute to 
hypertension.

Whereas different publications reported increased circulating concentration 
of large EVs (namely microvesicles) in hypertensive animal models [32] and 
demonstrated their potential as predictive/diagnostic marker of atherothrombotic 
pathologies in humans [33], a limited number of studies focused on circulating 
exosomes in the context of hypertension. One study reported that hypertensive 
rats, following angiotensin-II infusion, display an increase of serum exosomes, 
which are able to upregulate the expression levels of inflammation markers 
when incubated on endothelial cells in vitro [26]. These results suggest that en-
dothelial damage occurring in hypertension may be partially induced by cargos 
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carried by circulating exosomes. Besides, studies have reported an alteration 
of urinary exosome content following the renin-angiotensin-aldosterone system 
activation [27]. Particularly, expression levels of exosomal sodium transporters 
strongly correlate with hypertension development [27, 28] revealing the promis-
ing pronostic application of urinary exosomes to evaluate hypertension.

3.4  IR and type 2 diabetes mellitus (T2DM)

T2DM has been associated with higher levels of both circulating large (mi-
crovesicles) and small (exosomes) vesicles [21, 29]. This is particularly true for 
erythrocyte-derived exosomes shown to be significantly higher with diabetes 
[21]. These authors moreover demonstrated that IR state enhanced EV secre-
tion identifying a vicious circle where obesity, a major factor risk for T2DM, 
could initiate EV secretion that could be further entertained by IR and associ-
ated chronic inflammation.

3.5  All MetS components gathered

The interlocking of the five definitive criteria characterizing the MetS makes 
the process difficult to establish the participation of each criterion separately. 
To date, only circulating microvesicles subclasses have been phenotyped by 
flow cytometry with regard to the context of MetS. It appears that MetS pa-
tients display higher circulating amount of platelets, endothelial, erythrocyte-
derived microvesicles by comparison to healthy subjects [34, 35]. Moreover, 
tissue factor-positive microvesicles are associated with components of the MetS 
[36] whereas Cystatin C-positive EVs correlate with metabolic complications 
of obesity development [37].

4  EVs: Bioeffectors of the MetS

4.1  Exosomes and metabolic complications of obesity: A role 
for fat-derived exosomes?

In recent works, Li et al. [38] and Nie et al. [39] have shown that increased cir-
culating exosomal miR-29a and miR-194 levels in obese patients were strongly 
associated with impaired human cardiac function, including ejection fraction 
and N-terminal pro b-type natriuretic peptide levels, a biomarker for the heart 
failure. Furthermore, in vitro treatment of mouse cardiomyocytes with circulat-
ing exosomes from obese patients evoked cardiomyocyte mitochondrial inac-
tivity, and similar results were obtained in mice fed with a HFD. These data 
highlight that both exosomal miRNA (miR-29a and miR-194) can be an inter-
esting target against obesity-induced cardiac dysfunctions.

Numerous studies have highlighted that exosomes released by adipose tis-
sue can act as a mode of communication between fat and others cells and tis-
sues (Fig. 2). Such network of exosome-mediated exchange has been recently 
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illustrated in adipose tissue where caveolin-1 protein has been shown to use 
these exosomes to traffic between endothelial cells and adipocytes thereby re-
placing protein caveolin-1 levels in adipocytes despite gene disruption [40].

This exosome-based cell material exchange does not restrict to proteins since 
adipose tissue-derived exosomal miRNAs have been shown to regulate gene ex-
pression in liver and muscle to modulate in vivo insulin sensitivity by conveying 
circulating miRNAs [41, 42]. Previous reports have in fact identified the abil-
ity of obese fat-derived exosomes to induce IR state and macrophage activation 
[43, 44]. This pro-inflammatory response is likely related to the activation of the 
TLR4 signaling pathway, since mice invalidated for this receptor are unaffected 
by deleterious effects of obese fat-derived exosomes [43]. Different cargos of 
fat-derived exosomes have been shown to be involved in this immune response 
including inflammatory adipocytokines [19, 45] or specific miRNA such as miR-
155 which might act by targeting the pivotal regulator of cytokine signaling path-
ways SOCS1 (suppressor of cytokine signaling 1) [42, 44] or miR-99b which in 
turn inhibits Fibroblast Growth Factor 21 (FGF21) in the liver [41].

Interestingly, exosomes from visceral adipose tissue, but not from subcutane-
ous adipose tissue, induced macrophage foam cell generation through the down-
regulation of ATP-binding cassette transporter (ABCA1 and ABCG1)-mediated 

FIG.  2  Metabolic effects of adipose-tissue derived exosomes. Whereas exosomes from lean 
adipose tissue possess protective effects including the reversion of obesity-related metabolic dys-
functions, exosomes from obese adipose tissue favor development of T2DM, chronic low-grade 
inflammation, NASH and atherosclerosis.
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cholesterol efflux [46]. Similarly, only visceral adipose tissue-derived exo-
somes from HFD-fed mice increased pro-inflammatory macrophage phenotype 
and cytokine secretion. These effects were accompanied by activation of NF-
κB-p65 pathway. Remarkably, intravenous injection of HFD-visceral adipose 
tissue-derived exosomes intensely enhanced atherosclerosis in hyperlipidemic 
apolipoprotein E-deficient mice, without affecting the plasma lipid profile and 
body weight. This study suggests a proatherosclerotic role for HFD-visceral 
adipose tissue-derived exosomes, by regulating macrophage foam cell forma-
tion and pro-inflammatory polarization.

By contrast to exosomes produced in obese conditions, lean fat-derived exo-
somes display beneficial effects. Hence, exosomes obtained from adipose tissue 
macrophages from lean mice improved glucose tolerance and insulin sensitivity 
when administered to obese mice [42]. These authors suggest that the effects are 
mediated by miR-155 overexpressed by exosomes since miR-155 KO animals 
are insulin sensitive and glucose tolerant compared to controls. Treatment of 
obese mice with adipose-derived stem cells-derived exosomes also lead to im-
proved insulin sensitivity, reduced obesity, and alleviated hepatic steatosis [47]. 
These exosomes are able to activate M2 macrophage polarization, inflammation 
reduction, and beiging in white adipose tissue of diet-induced obese mice, likely 
through the transactivation of arginase-1 by exosome-carried active STAT3.

Altogether, these results illustrate the complexity of fat-derived exosomes, 
which gather proteins, genetic material and lipids reflecting the metabolic state 
of producing cells. Hence, it is likely that a combination of factors carried by 
these fat-derived exosomes will be involved in the crosstalk between stroma-
vascular fraction (including endothelial cells, macrophages, preadipocytes, etc.) 
and adipocytes to induce metabolic actions on tissue/cell targets.

4.2  Exosomes as promoters of endothelial dysfunction

As reviewed by Zamani et al. [48], cardiac, endothelial and vascular cells are able 
to generate exosomes harboring a variety of molecules including miRNAs which 
may be transferred to recipient cells and modulate their functions. Other types of 
cells such as adipocytes and hepatocytes can release exosomes and act on cardio-
vascular cells. Transfer of information between cells through exosomes has been 
evidenced even in basal (unstimulated) conditions. For instance, exosomes from 
non-stimulated human aortic smooth muscle cells carrying miRNA-221/222, 
which is involved in autophagy process regulation, induces downregulation of 
LC3 II, ATG5, and Beclin-1 expression in human endothelial cells, reflecting an 
inhibition of endothelial autophagy [49]. By contrast, other authors have shown 
that endothelial exosomes enriched with miR-143 and miR-145 modulate gene 
expression in smooth muscle cells and induce an atheroprotective effect via re-
duction of atherosclerotic lesion formation in an atherosclerotic mouse model 
[50]. Taken together, these data illustrate the complexity of the dialog between 
vascular smooth muscle cells and endothelial cells.
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Recently, a direct effect of exosomes from the serum of diabetic db/db mice 
on endothelial function has been described. In fact, internalized exosomes into 
endothelial cells of intact aortas profoundly impair endothelium-dependent 
relaxations of aortas of nondiabetic db/+ mice. Interestingly, these exosomes 
carry arginase 1, an enzyme that reduces the availability of l-arginine, which is 
the substrate for eNOS-mediated NO production in endothelium resulting to a 
reduced NO bioavailability. When arginase 1 was silenced, the vaso-harmful ef-
fects of db/db-derived exosomes was markedly diminished showing the cellular 
mechanism by which diabetic mouse exosomes induce endothelial dysfunction 
[47]. Moreover, during diabetes, cardiomyocyte-derived exosomes inhibit en-
dothelial cell proliferation, migration and tube-like formation resulting in an 
anti-angiogenic effect in a model of T2DM in rats. These effects are mediated 
by miR-320-enriched exosomes [51].

4.3  Role of exosomes in blood pressure regulation

Circulating exosomes from spontaneously hypertensive rats (SHR) can regulate 
blood pressure in normotensive rats. Indeed, SHR-derived exosomes signifi-
cantly increased systolic blood pressure and structural changes of thoracic aorta 
in Wistar-Kyoto (WKY) rats, while WKY-derived exosomes decreased these 
parameters in SHR. Moreover, wet weight and perivascular fibrosis of left ven-
tricles in WKY were significantly increased by SHR-derived exosomes, while 
the fibrosis but not ventricular weight was significantly decreased by WKY-
derived exosomes in SHR. This work underlines the crucial role of circulating 
exosomes in the regulation of blood pressure [52].

Also, exosomes from adventitial fibroblasts isolated from the aorta of SHR 
were compared with those generated from WKY rats. Interestingly, exosomes 
from SHR, but not from WKY rats, promoted vascular smooth muscle cell 
migration. In addition, exosomes from SHR increased angiotensin II and 
angiotensin-converting enzyme (ACE) contents and ACE activity in vascular 
smooth muscle cells of both rat strains (WKY and SHR). These effects were 
prevented by a neutral sphingomyelinase inhibitor GW4869 able to block exo-
some production, an angiotensin II type 1 receptor antagonist, or an inhibitor 
of angiotensin-converting enzyme. Altogether, these results indicate the trans-
fer of ACE via the exosomes from adventitial fibroblasts of SHR to vascular 
smooth muscle cells, resulting in an increase of their migration [53].

The reported differences between the effects of exosomes of SHR or WKY 
rats might be related, at least in part, with their miRNA content. Accordingly, 
the analysis of the miRNA expression profile of plasma exosomes in SHR and 
WKY rats has revealed that percentages of miRNA in the total small RNA 
isolated from SHRs and WKYs were not significantly different; however, 27 
miRNAs were significantly differentially expressed between SHR and WKY 
exosomes, including 23 up-regulated and 4 down-regulated in SHR exosomes 
as compared to WKY exosomes [54].
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Circulating exosomes from angiotensin II-evoked hypertensive rats evoke 
similar results than in  vitro exosomes generated from angiotensin II-treated 
macrophages, that is, ICAM1 over-expression in human coronary artery endo-
thelial cells. These effects are linked to a reduced level of miR-17, a negative 
regulator of ICAM1 expression, in exosomes from hypertensive rats. These data 
suggest that exosomes from macrophages transfer pro-inflammatory messages 
to endothelial cells [26].

4.4  Exosomes as vectors promoting lipid disorders

Exosomes secretion from adipocytes, hepatic and muscular cells can be en-
hanced by saturated fatty acids [22, 24, 55]. This fatty acids class is known 
to be particularly deleterious, since they induce IR though enhancement of 
ceramide and diacylglycerol synthesis. Exosomes secreted following palmitic 
acid exposure are indeed enriched in ceramides and able to transfer these li-
potoxic lipids to muscular cells or macrophages [24, 55]. Lipid-enriched exo-
somes also display fibrotic and inflammatory properties as illustrated by the 
ability of obese adipocyte-derived exosomes to induce a pro-fibrotic response 
in hepatocytes [56]. Altogether, these data underline the potential role that exo-
somes might play in the development of non-alcoholic steatohepatitis and their 
use for prognostic/diagnostic purposes in order to assess the progression of this 
disease [55].

Since exosomes are enriched in cholesterol and other lipids, some authors 
have evaluated whether they can be involved in atherogenic processes. Exosomes 
generated from activated human CD4+ T lymphocytes induced cholesterol ac-
cumulation into THP-1 monocytes subsequent to exosome internalization via 
the phosphatidylserine receptor [57]. Interestingly, since lipid droplets found in 
exosome-treated monocytes contained free cholesterol and cholesterol esters, 
and that this can occur within an atheromatous plaque, these data suggest that 
exosomes might be considered as atherogenic factors under cholesterol excess 
conditions [57].

5  Exosomes as a new mode of communication between 
hosts and microbiota

This last decade has highlighted the importance of the gut microbiota in the 
development of metabolic complications. Dysbiosis of microbiota is associated 
with obesity and the severity of liver diseases. EVs might represent a new mode 
of communication since they will relay information between the host and its 
microbiota acting as metabolic relays. Thus, intestinal epithelial cells produce 
exosomes enriched in some small RNAs that will be internalized by bacteria 
and will consequently modulate growth and microbial gene expression pattern 
[57a]. By contrast, exosomes isolated from the gut microbiota of obese mice 
induce IR on in vitro and in vivo models [58]. EVs therefore appear as a new 
player in the complex communication linking the host to its microbiota.
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6.  Conclusion

Altogether, these data suggest that exosomes could represent predictive bio-
markers of cardiometabolic diseases and participate to the development of 
metabolic dysfunctions through their ability to mediate intercellular communi-
cation. A better understanding of the composition of exosomes and their actions 
could lead to the design of innovative strategies to modulate their biogenesis 
and actions. These can introduce changes in medical practice, moving from 
traditional care approaches to personalized medicine based on exosome better 
knowledge regarding their compositions and biological activities.
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1  Introduction

Pregnancy is a unique physiological state characterized by several maternal 
adaptations for accommodating and maintaining the growing embryo or fe-
tus. The purview of maternal physiological adaptations in pregnancy, involves 
changes in endocrine, metabolic, cardiovascular, hematologic and immuno-
logical systems, to sustain the proper growth and development of the fetus. 
Most importantly, the temporal and spatial co-ordination of the physiological 
events is quintessential for successful pregnancy outcomes and molecules and 
factors released by various organs play key roles in mediating this phenom-
enon. Placenta, the principal organ in pregnancy, releases various hormones, 
growth factors, cytokines, miRNAs and proteins which are crucial for mater-
nal and fetal wellbeing. In recent years, our understanding about intercellular 
communication has been changed, by growing research in the field of extra-
cellular vesicles (EVs), particularly the nanosized vesicles called ‘exosomes’. 
Interestingly, placenta secretes large quantities of exosomes into maternal cir-
culation during normal and pregnancy complications such as preeclampsia, 
gestational diabetes mellitus, fetal growth restriction and preterm birth, and 
play important roles in several different aspects of pregnancy including feto-
maternal signaling.
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2  Extracellular vesicles: Their diversity, biogenesis  
and secretion

Over the past few decades, there has been immense interest in the field of EVs, 
as they form a novel and efficient method by which cells communicate [1]. In 
the beginning EVs were thought to be cellular ‘debris’, but later it was observed 
that they can interact with specific target cells and modulate their bioactivity 
[2]. Typically, EVs are vesicles formed of lipid bilayer, released by cells into the 
extracellular environment and varies in size from 100 to 1000 nm [3]. Notably, 
they encapsulate a wide variety of messenger molecules including proteins, lip-
ids, RNAs and DNA. EVs are released from almost every cell type, can cross 
the physiological barriers and enriched in a variety of body fluids including 
blood, urine, saliva, breast milk and cerebrospinal fluid [4]. EVs, comprise a 
heterogeneous vesicle population of different origin and varying morphology. 
Specifically, there are three subclasses, distinguished by their size and bio-
genesis, namely (1) exosomes (50–150 nm) (2) microvesicles (0.2–1μm) and 
(3) apoptotic bodies (large EVs, above 1 μm) [5]. Exosomes are nanovesicles 
formed from the endocytic pathway. Exosome biogenesis begins with the in-
ward invagination of the plasma membrane leading to formation of structures 
called multivesicular bodies (MVBs), from which subsequent invagination leads 
to formation of intraluminal vesicles (ILVs). Interestingly, selective packaging 
mechanisms that packages molecular cargo including proteins and miRNAs 
into the ILVs has been reported [6, 7]. The ILVs when released into the extra-
cellular environment via exocytosis are called ‘exosomes’. Hence exosomes are 
enriched in proteins present in the endosomal pathway such as CD63, CD9, 
CD81, Tumor Susceptibility Gene 101 (TSG101) and Apoptosis-linked gene 
2-interacting protein X (ALIX). In addition to these protein markers, the typical 
cup-shaped morphology and a buoyant density in a sucrose gradient ranging 
from 1.13–1.19 g/mL distinguish exosomes from other EVs [1, 8, 9]. Other EV 
populations such as microvesicles originate from the plasma membrane through 
direct budding or shedding of the membrane and apoptotic bodies are released 
after apoptosis of cells [10, 11]. Table 1 represents the biogenesis, characteris-
tics and functions of different sub-populations of EVs.

2.1  Exosomes: Intercellular interactions and functions

Exosomes carry a wide repertoire of molecules which includes proteins (both 
cytoplasmic and membrane-bound), mRNAs, non-coding RNAs such as miR-
NAs and long non-noncoding RNAs or lncRNAs, fragments of DNA and lipids 
and this molecular profile forms a representation of their cells of origin. In this 
way, they carry the genetic information or potent biological signals, from their 
cells of origin to a neighboring or distally located recipient cell, mediating inter-
cellular communication. Moreover, exosomes are enriched in various biologi-
cal fluids [28, 29] owing to their ability to cross physiological barriers such as 
the endothelial [30] and blood-brain barrier [31] and endowing them with the 



TABLE 1  Biogenesis, characteristics and functions of different sub-populations of EVs

Types of EV
Mechanism of 
biogenesis Size Proteins presenta Cargo Method of isolationb

Reported 
functions

Exosomes Correspond to the 
ILVs formed inside 
the late endosomes. 
Released by fusion 
of MVBs with the 
plasma membrane. 
Proteins belonging 
to the ESCRT and 
ESCRT-independent 
mechanisms (lipids 
and tetraspanins), 
Rab GTPases and 
SNARE are involved 
in the biogenesis [12]

Present a 
diameter of 50–
150 nm, similar 
to the diameter of 
ILVs on electron 
microscopy [13]

Tetraspanins (CD81, 
CD63, CD9), ESCRT 
components, Alix, 
TSG101, syntenins, 
flotillins, integrins, 
disintegrin and 
metalloproteinase 
domain-containing 
protein 10/ADAM10/
ADA10, HSC70/
HSPA8/HSPC7 
[13–15]

Proteins, 
miRNAs, mRNAs, 
lncRNAs, small 
fragments of 
DNA Devoid 
of nuclear, 
mitochondrial, 
endoplasmic 
reticulum and 
golgi complex 
proteins [13, 14]

Differential 
centrifugation and 
ultracentrifugation 
at 100,000 g for 
90 m, flotation in 
density gradient 
(sucrose or iodixanol), 
ultrafiltration, 
size exclusion 
chromatography, 
immunoisolation 
using antibodies and 
commercial kits (using 
precipitation) [16, 17]

Cell to cell 
communication by 
transfer of molecular 
cargo to recipient 
cells [18, 19]

Immunoregulation 
[20, 21]

Tumor progression 
and metastasis [22, 
23]

Microvesicles Direct budding 
from the plasma 
membrane by various 
mechanisms such 
as release of early 
endosomal EVs, 
rise in intracellular 
Ca+ and remodeling 
of cytoskeleton, 
activation of 
phospholipase D2 
etc. [1]

Present a larger 
diameter up to 
few micrometers 
or as small as 
exosomes, which 
is <150 nm [13]

CD63, CD9, HSC70/
HSPA8/HSPC7, 
flotillin-1, KIF23, 
RACGAP,

CSE1L, ARF6, 
EMMPRIN [13–15]

Proteins, 
miRNAs, mRNAs, 
small fragments 
of DNA [14]

Differential 
centrifugation. 
Centrifugation at 
10000 g for 40 m 
yields microvesicles 
[15]

Involved in cellular 
communication, 
inflammation and 
immunity, tumor 
progression and 
invasiveness [24, 
25]

Continued



Types of EV
Mechanism of 
biogenesis Size Proteins presenta Cargo Method of isolationb

Reported 
functions

Apoptotic 
bodies

Formed from 
dying cells by 
apoptosis. Apoptotic 
cells undergo 
morphological 
changes such as 
membrane blebbing, 
thin membrane 
protrusion leading 
to formation 
microtubule spikes 
or apoptopodia 
which are released as 
apoptotic bodies [26]

>1 μm CD63, CD9, HSC70/
HSPA8/HSPC7, 
alpha-actinin-4/
ACTN4/ACTN4, 
GP96 = endoplasmin/
HSP90B1/ENPL, 
Phosphatidylserine, 
histones, calnexin, 
cytochrome c, 
CX3CL1 and 
ICAM-3, ICAM-3, 
phosphatidylserine, 
sialylated and 
glycosylated ligands, 
MHC II [13–15, 26]

Nuclear 
proteins, cellular 
organelles [14]

Differential 
centrifugation. 
Generally 
centrifugation at 
2000 g for 20 m yields 
apoptotic bodies [15]. 
Also, centrifugation at 
400 g to remove cells, 
and filtration through 
1.2 μm filter yield 
apoptotic bodies [27]

Transport 
proinflammatory 
cytokines and 
damage-associated 
molecular patterns 
and promote 
inflammation

Involved in immune 
cell responses and 
immunoregulation 
against bacterial and 
viral infection [26]

a	Proteins present may vary depending upon the cellular origin of the EV and on the proteomic characterization method used.
b	There are variations in the EV isolation method depending on the starting material such as biological fluid or cell culture supernatant and the goal of experiments.

TABLE 1  Biogenesis, characteristics and functions of different sub-populations of EVs—cont’d
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prospects of ideal therapeutic tools [32]. Of note, presence of specific cell sur-
face molecules on the membrane of exosomes, such as differential expression of 
exosomal integrins, facilitate their targeting to recipient cells [33, 34].

Exosomes can be taken up by target cells in different ways. In some cases, 
the classical receptor-ligand interaction between membrane proteins of the exo-
somes and recipient cells, can activate the downstream signaling that can alter 
the recipient cell function [35, 36]. In other cases, the internalization of exo-
somes can be mediated by different mechanisms such as phagocytosis, clathrin- 
mediated endocytosis, caveolin-dependent endocytosis, micropinocytosis and 
lipid-raft mediated uptake [37]. Additionally, the direct fusion of exosome mem-
brane with the cell membrane, mediating transfer of their contents within the 
cell has been reported [38, 39]. However, the mechanisms by which exosomal 
cargo such as proteins and miRNAs can influence or change the behaviour of 
the recipient cells requires further studies. Interestingly, the proteins in exo-
somes are reported to activate or deactivate signaling pathways by altering the 
phosphorylation events and there by transferring genetic information between 
cells [18]. Regarding miRNAs in exosomes, they can alter the expression of 
specific target proteins and change the recipient cell phenotype [40, 41]. Fig. 1 
is a schematic representation of extracellular vesicle biogenesis, structure of 
exosome and their interaction with the target cell.

3  The origin and functions of exosomes in pregnancy

Exosomes has been described to play a crucial role in pregnancy by modu-
lating several processes including maternal immune response and metabolic 
adaptations [42, 43]. It has been identified that the total circulating exosomes 
in pregnancy increases across gestation [44] and increases in complications of 
pregnancy such as Gestational Diabetes Mellitus (GDM) and pre-eclampsia 
(PE) [45, 46]. Until now, the precise origin, cargo and functions of these exo-
somes in maternal circulation is not fully understood and warrants further in-
vestigation. However, the principal organ in pregnancy, the placenta, secretes 
exosomes into maternal circulation and placental exosomes have been detected 
as early as 6 weeks of pregnancy [44]. Remarkably, exosomes derived from pla-
centa form an important link by which the placenta communicates with other 
maternal tissues in normal and complicated pregnancies.

3.1  Exosomes from placenta

Placenta is a unique feto-maternal organ that secretes hormones and molecules 
essential for the maintenance of pregnancy and acts as a critical connection 
between the mother and fetus, by trafficking nutrients, oxygen and metabolic 
wastes. The basic functional units of placenta, the placental villi are covered 
by three main types of trophoblast cells namely (1) villous cytotrophoblast 
(2) extravillous cytotrophoblast (EVT) and (3) syncytiotrophoblast (STB)  
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FIG. 1  See figure legend on opposite page.
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(which is formed by the fusion of villous cytotrophoblast) [47] and the functions 
of each set of cells vary. Placenta releases several hormones such as the placen-
tal growth hormone, placental lactogen, estrogens and progesterone, and inflam-
matory mediators such as TNFα and cortisol, which integrate or co-ordinate the 
maternal physiological changes to the demands of the growing fetus [48, 49]. 
In addition to hormones and cytokines, placenta releases a rich repertoire of 
EVs into the maternal circulation throughout gestation [50]. The EVs origi-
nate mainly from the STB layer of placenta and four major sub-populations of 
placental EVs have been identified. They are (1) exosomes (30–100 nm) (2) 
microvesicles (MVs) (100 nm- 1 μm, also named as STB micro particles) (3) 
syncytial nuclear aggregates (20–500 μm, cells expel aging nucleus in these 
vesicles) and (4) apoptotic bodies (1–4 μm) [51]. Exosomes from other sources 
such as follicular fluid, endometrium, embryo and trophoblast cells may influ-
ence the female fertility, implantation and early stages of pregnancy, whereas 
the placenta STB-derived exosomes are the key players in advanced stages of 
pregnancy [51, 52]. Also, EVT cell-derived exosomes, has been identified both 
in maternal circulation and from first trimester placental explants and EVT like 
cell line Swan71 cells, by the presence of HLA-G antigen [20, 53, 54] (HLA-G 
is expressed on EVT and not on STB).

Notably, the mechanism of biogenesis, biological functions and effect on 
maternal physiology varies between each sub-type of placenta-derived EVs. 
Interestingly, exosomes are unique in their biogenesis as they originate from 
the endosomal pathway and several mechanisms exist that selectively pack-
age the molecular cargo, including proteins and miRNAs into exosomes [6]. 
Additionally, a plethora of literature demonstrates its potential roles in inter-
cellular communication [1, 55]. The circulating exosome concentration in 
pregnancy is higher when compared to non-pregnant state and the exosome 

FIG. 1  Schematic representation of extracellular vesicle biogenesis, the structure of exosome and 
their interaction with the target cell. There are different subpopulations of extracellular vesicles (1) 
Exosomes (50–150 nm) originating in the endosomal pathway, (2) Microvesicles (200 nm–1 μm) 
formed by direct budding of plasma membrane, and (3) Apoptotic bodies (larger than 1 μm) formed 
by apoptosis in dying cells. Exosome biogenesis begins with the inward invagination of the plasma 
membrane forming early endosomes. Early endosomes when mature to late endosomes acquire 
intraluminal vesicles (ILVs) formed by invagination of early endosomal membrane and encapsulate 
proteins, lipids and nucleic acids which are specifically sorted for packaging. The late endosomes 
with ILVs are called multivesicular bodies (MVBs), which can either fuse with lysosomes and 
get degraded or fuse with the plasma membrane and released into the extracellular environment. 
The important proteins of ESCRT-dependent and ESCRT-independent mechanisms of exosome 
biogenesis and proteins involved in the exosome secretion has been given. Exosomes present trans-
membrane receptors and adhesion molecules on their surface and encapsulate variety of proteins 
including cytosolic, cytoskeletal, signal transduction proteins, proteins of exosome biogenesis ma-
chinery and nucleic acids including single and double stranded DNA, mRNAs and non-coding 
RNAs. At the target cell, exosomes mediate downstream signaling via receptor-ligand interaction or 
taken up by phagocytosis or clathrin or caveolin mediated endocytosis or release their contents by 
direct fusion with the cell membrane.
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concentration increases in a progressive manner, across gestation, leading to 
maximum concentration in the 3rd trimester [44, 56].

Microenvironment such as oxygen tension and glucose concentration in 
the placenta can regulate the biogenesis and release of placenta-derived exo-
somes. Low oxygen tension or hypoxia increases the release of placenta-derived 
exosomes and alters the content as well as the bioactivity on cell targets [57]. 
Similarly, a higher concentration of glucose can increase the release of exosomes 
from placental cells [58]. The exact mechanisms leading to this is currently not 
well understood. However, it has been identified that in the presence of hypoxia 
the Hypoxia Inducible Factor (HIF) can regulate the process of exosome biogen-
esis [59, 60] as well as in the presence of glucose, activation of intracellular Ca2+ 
channels may play a role in modulating the exosomal pathways [61, 62].

3.2  Detection and isolation of placental exosomes

It has been reported that placental exosomes attributes around 10–25% of the 
total circulating exosomes during pregnancy [63]. It is important, how the pla-
cental exosomes are identified from exosomes originating from other cell types 
and specifically isolated from the total exosome population. Placental exosomes 
can be identified specifically by the presence of a protein, Placental Alkaline 
Phosphatase (PLAP), which forms an integral membrane protein, mainly on 
the surface of STB [64, 65]. In addition, PLAP expression has been identi-
fied in a majority of trophoblast cells in the placenta [66] including the pri-
mary cytotrophoblast cells [67] and ED27 trophoblast-like cells isolated from 
first trimester chorionic villi [68]. Various techniques has been employed for 
the detection and quantification of PLAP+ exosomes from the total circulat-
ing exosomes. Dragovic et al., characterized the PLAP+ exosomes in placental 
perfusate, using fluorescence NTA, by enriching the PLAP+ exosomes using 
anti-PLAP antibody coated Dynabeads and labelling them with quantum dots 
(Qdot) conjugated to anti-PLAP antibody [69]. Similarly, the placental exo-
somes in maternal circulation were quantified using immunofluorescent NTA 
with Qdots coupled with CD63+ and PLAP+ antibodies [63, 70]. Additionally, 
the placental exosome profile in maternal circulation has been characterized by 
using commercial PLAP ELISA kits [44, 71]. Interestingly, Lai et al., described 
the isolation of PLAP+ exosomes from maternal circulation using immunoaffin-
ity capture by anti-PLAP coated beads [72]. Most recently, a method for direct 
isolation of PLAP+ exosomes (without pre-isolation of exosome) using gold-
loaded nanoporous ferric oxide nanocubes has been reported [73], opening up 
new avenues of exosome detection for clinical applications. However, isolation 
of specific placenta-derived exosomes from maternal circulation is challenging 
due to the levels of placental exosomes present in maternal circulation (around 
15% and depending of the gestational age), relatively lower expression of PLAP 
on the surface of exosome and highly dependent on the specificity of the PLAP 
antibody used for procedure.
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Several experimental designs have been used to study the role of placental 
exosomes in pregnancy, including isolation of placental exosomes from ma-
ternal plasma/serum, placental cell culture (primary and cell lines), placental 
perfusion, and placental explants (Table 2 is a representation of the experimen-
tal models and isolation methods used for the study of placental exosomes). 
Maternal plasma has been the most extensively used biological fluid to purify and 
profile placenta-derived EVs including exosomes. The most commonly used iso-
lation method for obtaining exosomes from maternal plasma is density gradient 
centrifugation using a sucrose cushion or iodixanol [44, 45, 63]. Subsequently, 
the placenta derived exosomes were quantified from the total circulating exo-
somes using any of the previously described methods [44, 67, 70, 71]. Placental 
exosomes can be isolated from the cell-conditioned media of primary tropho-
blast cells, trophoblast cell lines such as BeWo, JEG-3 and HTR8 cells and 
placental explant cultures. The most common method used for the isolation 
of exosome from cell conditioned media is sequential centrifugation fol-
lowed by ultracentrifugation or density gradient centrifugation [74, 88, 94].  
Another attractive model for the isolation and analysis of placental exosomes 
is the placental perfusion system based on the dual perfusion of placental coty-
ledon. Enrichment of EVs and removal of contaminating RBCs in placental 
perfusate can be achieved by various EV isolation method including ultracen-
trifugation and filtration [69, 81, 95, 96]. The placental exosomes isolated from 
biological fluids, in vitro and ex vivo models were quantified and analyzed for 
their cargo and bioactivity on target cells.

3.3  Bio-distribution of placental exosomes and their effect  
on target cells

Exosomes released from placenta once enter the circulation can be transported to 
various target cells and play important roles in mediating the cross talk between 
placenta and other organs. Tong et al., demonstrated that exosomes derived from 
first trimester human placenta, when injected in mice, can target specific organs 
including lungs, liver and kidneys and interact with mesenteric endothelial cells 
leading to vasodilation via nitric oxide dependent pathway [92]. Furthermore, 
Miranda et  al., identified the presence of human placental exosomes in fetal 
circulation and demonstrated its relation to fetal growth [70]. In addition, stud-
ies in agricultural animals, reported the presence of placental exosomes in um-
bilical cord blood in sheep and evaluated the transfer of miRNAs via exosomes 
[97]. This shows that exosomes may be involved in maternal-fetal trafficking, 
which is the bidirectional passage of maternal cells or molecules to fetal cir-
culation and vice versa. Maternal-fetal trafficking is important for transferring 
maternal and fetal signals in normal and adverse pregnancy and provides an ad-
ditional mechanism in protecting the fetus via compensatory mechanisms [98, 
99]. However, the mechanism by which placental exosomes cross the special-
ized barrier of placenta is not clearly known. Concurrently, the establishment of 



TABLE 2  Representation of experimental models and isolation methods used for the study of placental exosomes

Experimental model Exosome isolation method Key findings Ref.

Primary human trophoblasts and 
JEG-3 cells

Ultracentrifugation and density 
gradient centrifugation

C19MC miRNAs are transferred via exosomes and regulate 
immunity to viral infections

[74]

BeWo and Jurkat cells Ultracentrifugation Exosome miRNA miR-517a-3p targets PRKG1 in natural killer 
cells and modulate its activity

[75]

Trophoblast cell culture and 
explant culture

Density gradient centrifugation Immunomodulatory molecules are secreted from placenta via 
exosomes

[20]

Sw71 human trophoblast cells Ultracentrifugation and 
ultrafiltration

Pro-inflammatory role of trophoblast derived exosomes [53]

First-trimester primary trophoblast 
cells

Differential centrifugation and 
density gradient centrifugation

The exosomal release was significantly increased under high 
glucose concentration (25 mM) and hypoxia. The exosomes induced 
the secretion of cytokines from HUVECs compared to control

[76]

Sw71 human trophoblast cells Ultracentrifugation

Ultrafiltration and density gradient 
centrifugation

Morphologic and proteomic characterization of exosomes 
released by cultured EVT cells

[77]

Primary trophoblast cell culture Ultracentrifugation and density 
gradient centrifugation

C19MC miRNAs are the predominant miRNA species expressed in 
exosomes released from PHT

[78]

Placenta-derived villous 
cytotrophoblasts

Differential centrifugation, 
ExoQuick, Ultrafiltration and 
Ultracentrifugation

The exosomes are enriched in Syncytin-1 and -2 and synctin-2 
was reduced in exosomes in PE

[79]

Cytotrophoblast cells Density gradient centrifugation The secretion of exosomes is higher in hypoxia and exosomes 
from cytotrophoblast increase EVT migration

[57]

Plasma Density gradient centrifugation Placental exosomes are identified at 6 weeks of gestations and 
the concentration of exosome from placenta increased across 
gestation

[44]



Explant culture Ultracentrifugation and density 
gradient centrifugation

Bioactive FasL- and TRAIL-carrying exosomes are secreted by the 
placenta and have immunomodulatory role in pregnancy

[80]

Dual ex vivo perfusion of placental 
cotyledon

Ultracentrifugation Exosomes were characterized using NTA and fluorescence NTA [81]

Plasma Density gradient centrifugation Placental exosome profile in maternal circulation was identified 
and exosomes can alter endothelial migration

[67]

BeWo cell line Ultrafiltration and 
immunoisolation

Placenta-specific miRNAs are extracellularly released via 
exosomes

[82]

Explant culture, primary 
trophoblasts and Bewo cell line

Density gradient centrifugation

Ultracentrifugation

The presence of syncytin-1 in placental exosomes and its 
immunosuppressive effects reported

[83]

Plasma and dual ex vivo perfusion 
of placental cotyledon

Ultracentrifugation The difficulties and limitations of ex vivo flow cytometric analysis 
of plasma EVs was analyzed

[84]

Explant culture Ultracentrifugation

Density gradient centrifugation

Exosomes bearing NKG2D ligands are released by human 
placenta

[85]

Human first trimester EVT cell line 
and HTR8 cell line

ExoQuick aPL-induced up-regulation of trophoblast miR-146a-3p is 
mediated by Toll-like receptor 4 (TLR4), and miR-146a-3p in turn 
drives the cells to secrete interleukin (IL)-8

[86]

Plasma Density gradient centrifugation The number of placental derived exosomes increases with 
increase in gestation age in normal and GDM pregnancies. The 
exosomes from GDM pregnancies significantly increased the 
release of proinflammatory cytokines from endothelial cells

[71]

Plasma Ultracentrifugation The differences in the contribution of placental-derived exosomes 
to total exosomes in maternal circulation and its role in PE was 
reported

[87]

Continued



JEG-3 and HTR-8/SVneo cell lines Density gradient centrifugation The exosomes were characterized for their proteomic cargo and 
increased the migration of the vascular smooth muscle cells

[88]

Plasma and EVT cells Density gradient centrifugation Exosomes isolated from EVT cultured at 8% oxygen increased 
endothelial cell migration compared to exosomes cultured at 1% 
oxygen

[89]

Plasma Size exclusion chroma-tography 
and ultracentrifugation

Size exclusion chromatography 
Ultracentrifugation

Placental exosomes suppressed T-cell signaling components and 
identified the role of FasL and PD-L1 in immunoregulation

[90]

Dual ex vivo perfusion of placental 
cotyledon and plasma

Ultracentrifugation Functional endothelial nitric oxide (eNOS)synthase is present in 
the STBEVs of plasma and placenta and lower levels of eNOS is 
reported in PE

[91]

Plasma Density gradient centrifugation Differentially expressed miRNAs (hsa-miR-486-1-5p and hsa-miR-
486-2-5p) in exosomes in PE identified

[45]

Plasma Density gradient centrifugation Between ∼12% and ∼25% of circulating exosomes in maternal 
blood are of placental origin during gestation. Contribution of 
placental exosomes to the total exosomal population decreases 
with higher maternal BMI across gestation

[63]

Explant culture Ultracentrifugation Nanovesicles from first trimester human placentae localized to the 
lungs, liver and kidneys 24 h after injection into pregnant mice. 
Placental nanovesicles rapidly interacted with endothelial cells 
and mediated vaso-dialation

[92]

Plasma Density gradient centrifugation Identified placental exosome profile in fetal growth restriction 
compared to small for gestational age

[70]

Plasma and placental syncytial 
lipid rafts

ExoQuick, density gradient 
centrifugation

The vascular effects of truncated endoglin released via exosomes 
in the pathophysiology of PE has been studied

[93]

TABLE 2  Representation of experimental models and isolation methods used for the study of placental exosomes—cont’d

Experimental model Exosome isolation method Key findings Ref.
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maternal exosomes in fetal system and its role in fetal growth and development 
awaits further investigation.

Growing evidences demonstrate the potential effect of placental- derived 
exosomes in their target cells and their significant roles in mediating intercellu-
lar communication influencing placentation and maternal-fetal vascular system. 
Establishment of the fetal-maternal circulation is a key event in placentation 
which begins with invasion of EVT cells and achieved within 10 weeks of ges-
tation. This invasion by EVTs remodels the uterine spiral arteries (SpA) and 
establishes the maternal blood flow in the intervillous space. The terminal part 
of the first trimester occurs is characterized by fusion of cytotrophoblasts to 
form multinucleated layers of syncytiotrophoblasts, which is bathed in mater-
nal blood, soluble proteins and nutrients and cover a major portion of the sur-
face of the placenta [100]. Hence, the maternal blood in direct contact with the 
EVTs and syncytiotrophoblasts, receive a major proportion of EVs including 
exosomes, released from these cells. Exosome signaling has been implicated in 
the invasion of EVTs, cytotrophoblast fusion and endothelial cell migration and 
spiral artery remodeling [79, 88, 89, 101, 102].

Specifically, placental cytotrophoblast exosomes under low oxygen tension 
promote increased migration of extravillous cytotrophoblast (HTR-8) cells in-
dicating placental response to hypoxia [57]. Additionally, exosomes isolated 
from placental mesenchymal stem cells increase endothelial cell migration and 
vascular tube formation both in vitro and in vivo indicating vascular adaptation 
of placenta [57, 103]. Exosomes derived from placental cell lines, JEG-3 (cho-
riocarcinoma cell line) and HTR-8/SVneo (transformed EVT cell line) were 
characterized for their proteomic cargo and identified a higher proportion of 
proteins in HRT8/SVneo exosomes to be involved in migration compared to 
JEG-3 cells [88]. Interestingly, exosomes are involved in trans-cellular metabo-
lism of eicosanoids [104, 105] and reported to carry phospholipases and free 
fatty acids [104]. These exosome when internalized can influence the metabolic 
pathways in target cells and contribute to various pathophysiological conditions 
[105]. Fig. 2 is a schematic representation of exosome biogenesis from the syn-
cytiotrophoblast, the influence of extracellular milieu on the exosome biogen-
esis machinery and their functional role in their target cells.

The immune-modulatory effects of placental exosomes and its potential role 
in offering immunotolerance to the developing fetus has been widely studied [42]. 
Interestingly, a large variety of molecules involved in immunological regulation 
in pregnancy are closely associated with the exosome biogenesis in placental 
cells and are secreted in their active forms with exosomes. This includes im-
munomodulatory molecules such as Fas Ligand (FasL), TNF-related apoptosis- 
inducing ligand (TRAIL), NKG2D ligands and several members of the B7 fam-
ily of immune-regulatory ligands, which bind to receptors in lymphocytes and 
mediate immune response offering immune privilege to fetus [20, 80, 85, 90, 
106]. In addition, immune-suppressant molecules such as HLA-G [20, 89] and 
syncitin-1 [83] are secreted with exosomes, mediating immunotolerance and 
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FIG. 2  Schematic representation of exosome biogenesis from the syncytiotrophoblast, the influence of extracellular milieu on the exosome biogenesis machin-
ery and their functional role in their target cells. Placental exosomes released from syncytiotrophoblast can interact with neighboring placental cells, endothelial 
cells and immune cells mediating placentation, placental vascular development, cell metabolism and immune response. Additionally, placental exosomes can 
cross physiological barriers and reach various organs including lungs, liver and kidneys. Extracellular environment such as high glucose and low oxygen tension 
can influence the exosome biogenesis pathway, altering the exosome release and content. High glucose can influence exosome release and bioactivity via induc-
ing release of reactive oxygen species (ROS), increasing the intracellular Ca2+ concentration and changing the sumoylation of heterogeneous nuclear ribonucleo-
protein (hnRNP). Hypoxia can influence exosome biogenesis via induction of ROS species and Hypoxia Inducible Factor (HIF) signaling.
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Th1 to Th2 shift of cytokine profile in pregnancy. Exosomes are also reported 
to induce pro-inflammatory response and mediate systemic inflammation of 
pregnancy [53, 54]. For example, placental exosomes increase the recruitment 
of monocytes from the maternal system into the fetal-maternal interface and 
increase the release of pro-inflammatory cytokines like IL-1β, IL-6, serpin-E1, 
granulocyte/monocyte colony stimulating factor and TNF α [54]. Fibronectin 
present on the exosome membrane binds to α5β1 integrin on the surface of 
macrophage mediating this effect [53].

Another important method by which exosomes alter the behaviour of their 
target cells is by exosome-mediated delivery of miRNAs to recipient cells. The 
chromosome 19 miRNA cluster (C19MC) is a miRNA cluster consisting of 46 
miRNAs, expressed solely in human placenta [78]. However, the importance 
of C19MC for placental heath and pregnancy is not well understood. Delorme-
Axford et al., reported C19MC miRNAs namely miR-512-3p and miR-517-3p 
to transfer viral resistance between trophoblast cells via exosome mediated para-
crine delivery and suppress viral replication in placental cells by induction of 
autophagy [74]. Another C19MC miRNA, miR-517a-3p is carried by placental 
exosomes and internalized by maternal immune cells regulating their activation 
and proliferation by targeting the nitric oxide/cGMP signaling pathway [94].

4  Exosomes in complications of pregnancy

4.1  Gestational diabetes mellitus (GDM)

GDM is any degree of glucose intolerance first recognized during pregnancy 
and is associated with short term and long term adverse outcomes in mother 
and offspring, leading to significant impact on public health [107]. The meta-
bolic dysfunction in GDM involves decreased insulin secretion from pancreas, 
decreased hepatic suppression of glucose production and decreased glucose 
uptake by skeletal muscle [108]. GDM is characterized by poor glycaemic 
control or hyperglycaemia, hypoxia and changes in the inflammatory or cy-
tokine profile, which contributes to defects in feto-maternal vascularization 
and placentation [109]. As previously mentioned, hypoxia and a higher level 
of glucose in the placental cells induce the release of higher concentrations of 
exosomes, in vitro, when compared to non-diabetic environment [76, 89]. In 
addition, low oxygen concentrations can alter the bioactivity of exosomes and 
interestingly, these hypoxic exosomes are reported to increase the release of 
inflammatory cytokines namely TNF-α and IL-6 and decrease cell migration in 
their target cells [89]. Exosome released under hyperglycaemia, promotes the 
release of pro-inflammatory cytokines including IL-6 and TNF-α from endo-
thelial cells [76]. A study performed by Salomon et al., in a longitudinal cohort 
identified higher concentration of placental exosomes in GDM patients com-
pared to normal pregnant women across gestation and identified that plasma 
exosomes of GDM women increase the expression of pro-inflammatory cyto-
kines (GM-CSF, IL-4, IL-6, IL-8, IFN-y and TNF-α) from endothelial cells. 
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[71]. Moreover, exosomes obtained from GDM patients were analyzed for 
their proteomic cargo, using quantitative, information-independent acquisition 
(Sequential Windowed Acquisition of All Theoretical Mass Spectra [SWATH]) 
approach and the major proteins that differ in GDM exosomes compared with 
exosomes from normal glucose tolerant patients were identified. Among these 
proteins the most important were the calcium/calmodulin-dependent protein 
kinase II beta (CAMK2β) and Pappalysin-1 (PAPP-A) which are implicated in 
pathophysiology of GDM [110].

In addition to proteomic characterization, the exosomal miRNA profile 
has been identified in GDM by Almohammadi et  al., with an upregulation 
of C19MC miRNAs such as miR-518a-5p, miR-518b, miR-518c, miR-518e, 
miR-520c-3p, and miR-525-5p in exosomes from GDM patients [111]. Nair 
et al., analyzed the exosomal miRNA profile in GDM by next generation se-
quencing of chorionic villi—derived exosomes and identified those miRNAs 
targeting glucose homeostasis and insulin signaling. Their study also analyzed 
the effect of GDM chorionic villi-derived exosomes on glucose uptake in skel-
etal muscles and identified that placental exosomes can alter the glucose uptake 
in skeletal muscle in normal pregnancy and GDM [112].

Obesity is central to the development of metabolic disorders including GDM 
[113] and a higher BMI can lead to a higher exosome concentration in maternal 
circulation with increased release of pro-inflammatory cytokines, IL-6, IL-8 and 
TNF-α from endothelial cells [63]. Adipocyte-derived exosomes are identified 
to be key players in mediating the metabolic effects in pregnancy and are im-
plicated in contribution of obesity to the development of GDM [114]. Recently, 
proteomic profiling of adipocyte- derived exosomes revealed differential pro-
tein expression and identified to influence the metabolic pathways in placental 
cells. Interestingly, adipocyte-exosomes can alter the expression of genes asso-
ciated with glycolysis and gluconeogenesis in placental cells, thereby indicating 
their potential role in altering the placental nutrient transfer and excessive fetal 
growth in GDM [115]. Another important pathophysiological event in GDM 
is defects in fetoplacental vasculature characterized by endothelial dysfunction 
induced by hyperglycaemia [109]. Saez et al., reported that exosomes derived 
from endothelial cells under high glucose altered the endothelial cell activation 
and migration [116]. Additionally, endothelial cell derived exosomes in GDM 
modulate the L-arginine/NO signaling pathway and acts in a paracrine manner 
spreading the pathological phenotype of GDM in the fetoplacental vasculature 
[117]. Together, these studies establish a potential link between exosome profile 
and bioactivity with the pathophysiology of GDM. Although the exosome con-
tent and bioactivity changes with GDM, its potential role as diagnostic or thera-
peutic targets in this pregnancy-related complication warrants further studies.

4.2  Pre-eclampsia (PE)

PE is a potentially dangerous placenta-related disorder and a leading cause of 
maternal and fetal mortality [118]. Improper placentation involving defective 
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spiral artery remodeling leading to placental hypoxia, maternal hypertension and 
proteinuria as well as abnormal regulation of maternal thrombo-inflammatory  
systems characterize the pathophysiology of PE [118, 119]. An increased release 
of circulating microparticles including placenta-derived vesicles eliciting in-
creased inflammatory response is key to the pathophysiology of PE [120, 121]. 
Additionally, altered expression of proteins and miRNAs in placenta-derived 
vesicles, characterized by an increased expression of tissue factor, endoglin 
and fms-like tyrosine kinase (Flt-1) is central to the development of this condi-
tion [95]. The concentration of placental exosomes were significantly higher 
in pre-eclamptic patients compared to their normal controls, with an increased 
expression of miRNAs has-miR-486-1-5p and has-miR-486-2-5p in PE [45]. 
Also, it has been reported that, miR-141 carried by STB-derived exosomes, 
suppressed T cell proliferation and mediated the maternal tolerance to fetus 
and miR-141 is up-regulated in preeclamptic placenta contributing to the 
patho-physiology of this condition [122]. Interestingly, Chaparro et al., [123] 
reported the level of sFlt-1 concentrations in the saliva and gingival crevicular 
fluid of PE patients to be higher compared to normal ones and the levels of 
placenta-derived exosomes were found to be elevated in the gingival crevicular 
fluid of PE patients.

The exact role of exosomes in the development of PE has been studied 
extensively by analyzing the effect of placenta-derived exosomes in vari-
ous target cells. The changes in As mentioned before, hypoxia increases the 
release of exosomes from placenta and hypoxic exosomes induce the release 
of pro-inflammatory cytokines and decrease cell migration in their target cells  
[76, 89]. Also, placenta-derived exosomes can influence the endothelial cell mi-
gration in vitro and these alterations in endothelial cell migration can contribute 
to defective spiral artery remodeling and placentation [67, 102]. Changes in exo-
some release and content can also influence the maternal immunomodulation 
mediated by these nanovesicles, subsequently contributing to maternal com-
plications such as PE and intrauterine growth restriction (IUGR) [20, 79, 106].  
Regarding IUGR, differences in the placental exosome profile in mater-
nal and fetal circulation has been reported, showing a lower contribution of 
placental-exosomes to total exosomes in fetal growth restriction [70]. In general, 
exosomes are involved in multiple pathophysiological events such as maternal 
systemic inflammatory response, thrombo-coagulatory functions, placentation, 
oxidative response of placenta and vascular remodeling in PE and serves as pos-
sible biomarkers for the diagnosis and prognosis of PE [124].

4.3  Preterm birth

Pre-term birth is a pregnancy associated adverse condition characterized by 
short and long term consequences onchild survival and birth [125]. Not many 
studies analyzed the exosome profile, content or bioactivity in pre-term birth. 
Interestingly, in this condition, a 1.8-fold lesser concentration of exosomes than 
full-term pregnancies (at >36 weeks) is reported [126]. The role of exosomes in 
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inducing premature senescence and sterile inflammation in the fetal membrane 
and transferring these signals to maternal tissues has been recently under in-
vestigation [127]. Exosomes from late gestation carry inflammatory mediators 
which can act as paracrine mediators of labor and delivery in animal models 
[128]. Maternal plasma exosomes from patients with pre-term delivery, re-
vealed difference in proteomic cargo compared to term-in-labor patients and 
these differentially expressed proteins were targeting pathways associated with 
inflammatory and metabolic signals [129]. Moreover, the circulating exosomal 
miRNA concentrations differs between mothers delivering term and preterm, 
targeting pathways associated with TGF-β signaling, p53, and glucocorticoid 
receptor signaling [130]. Specifically, changes in the concentration and pro-
teomic profile of amniotic fluid-derived exosomes has been reported in pregnan-
cies with pre-term birth [131]. Further, efforts have been made in investigating 
the predictive and therapeutic role of exosomes in bronchopulmonary dyspla-
sia (BPD), which is a common pathological condition with premature infants  
[132, 133]. Overall, these studies show that exosomes may influence the mo-
lecular mechanism leading to parturition and could be exploited as biological 
markers of pre-term birth [134]. However, the role of exosomes in influencing 
the signaling pathways associated with initiation of parturition needs to be in-
vestigated further.

5  Conclusions

Exosomes are nanosized extracellular vesicles that originate in the endosomal 
pathway and play crucial roles in intercellular communication. Exosome sig-
naling has been implicated in various aspects of pregnancy such as maternal 
metabolic and inflammatory adaptations, maternal-fetal vascular exchange and 
placentation. Changes in the concentration, cargo and bioactivity of exosomes 
have been reported in various pathological conditions associated with preg-
nancy. This ability of exosomes to transfer critical information between cells 
can be translated into clinical utility by harnessing their potential as attractive 
biomarker candidates and therapeutic targets in these conditions. Improving the 
methods to obtain pure populations of placental exosomes and understanding 
the molecular mechanism by which they regulate key functions related to preg-
nancy can contribute significantly to the clinical applications of exosomes in 
reproductive medicine.
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Chapter 17

Cell-to-cell communication is the major hallmark of multicellular organisms. 
Lung is a pair of complicated organs containing a broad range of cells within the 
parenchyma and airway structures. So, intracellular communication is pivotal in 
the optimal functioning of lung [1].

Intracellular communication is mediated through multiple mechanisms such 
as direct contact of cells or via secreted molecules. Recently, a third mechanism 
has emerged that introduce exosomes for transferring the messages between the 
live cells [2]. The discovery of exosomes has changed the way the vital functions 
of body such as physiological and signal orchestration have been understood.

Exosomes are small-sized vesicles (30–100 nm) that embed from almost all 
cell types and enclose cellular content including functional molecules such as 
RNA (mRNA and noncoding RNA), DNA (mtDNA, ssDNA, and dsDNA), pro-
teins, lipids, lipidic mediators, etc. (Fig. 1). Exosome secretion allow the cells to 
release a selective source of molecules for transferring their message and exert 
the specific modulation in distance cells as well as the removal of unwanted 
molecules. For example, after being captured, the exosome can trigger various 
cell signaling processes, impress cell growth in target cells, or promote cell in-
vasion as well as tumor growth in a tumor microenvironment [3].

The exosomes were first described in the mid-1980s referred to small vesicles 
that were produced by maturating sheep reticulocytes to eliminate some membrane 
bound proteins and obsolete cellular components [4–6]. These structures were 
originally considered as the cell's “garbage bin” but further studies demonstrated 
that B cell-derived exosomes have immune regulatory effect and can stimulate T 
cell [7, 8]. Additional studies emphasized the involvement of exosomes in many of 
biological and pathological conditions such as shuttling infectious agents, tumori-
genicity, immune modulation as well as neurodegenerative diseases [9, 10].
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The turning point in exosome research was the finding that these microves-
icles contribute to genetic exchange between cells by their functional nucleic 
acid contents such as mitochondrial DNA, messenger RNA as well as small 
noncoding miRNA which are functional in recipient cells [11]. It was first 
reported in 2007 that mast cells (MCs)-derived exosomes contain over 1200 
mRNAs, which could be translated into proteins after delivery into recipient 
cells [12]. The presence of miRNAs and mRNAs has been now demonstrated in 
the exosomes from different origin [11].

The range of biological molecule cargos inside the exosomes may dif-
fer based on their cell of origin as well as the physiological condition of 
the cells when the exosomes are released. Generally, these vesicle contain 
tetraspanins, integrins, major histocompatibility complex (MHC), adhesion 
molecules, membrane-trafficking proteins, lipid rafts, membrane transport 
proteins, and fusion proteins, which are most frequently detected as exo-
somal content.

Exosomes also carry metabolic enzyme, cytoskeletal proteins, signal trans-
duction proteins, lipid mediators such as cholesterol, diglycerides, phospholip-
ids, chaperones, prostaglandins, and leukotrienes (LTs). Tetraspanins molecules 
such as CD63, CD81, CD9, and heat-shock protein (Hsp70) are universal exo-
somal protein content and considered as exosomal markers [13].

FIG. 1  Schematic diagram of components generally found within exosomes. Exosomes are se-
creted membrane vesicles released into the extracellular space and shuttle hosts’ cellular content 
such as proteins, lipids, nucleic acids, etc. HSP, heat-shock protein; miRNA, microRNA; TAA, 
tumor-associated antigen; TRAIL, tumor-necrosis-factor-related apoptosis-inducing ligand; ICAM-
1, intercellular adhesion molecule 1; PD-L1, programmed death-ligand 1; MHC, major histocom-
patibility complex; EGFR, epidermal growth factor receptor.
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ExoCarta is a database of exosomal proteins, RNAs, and lipids [14]. 
According to this database, 4563 proteins, 194 lipids, 1639 mRNAs, and 764 
miRNAs have been identified in the exosomes from different species [14].

Packaging within a lipid bilayers protects exosomal contents such as pro-
teins and miRNAs from degradation, which may be present in body fluids. 
This results in a relatively long and stable duration providing a great deal of 
information about the physiological status of the originating cell [15]. On 
the other hand, packaging of functional molecules inside the exosome gives 
an advantage of simultaneous delivery of multiple components to recipient 
cells [16].

Exosomes can be easily found in almost all body fluids such as urine, plasma, 
breast milk, bronchoalveolar lavage (BAL) fluid, saliva, seminal fluid, amniotic 
liquid, ascites, synovial fluid, breast milk, and cerebrospinal fluid (CSF), so at-
tract more attention in the field of medical application.

Exosomes properties such as stability in circulation, low immunogenicity, 
and biocompatibility made them suitable as delivery systems of small RNAs, 
signaling molecules, or drugs [17, 18]. In addition, since exosomal composi-
tion may differ according to the physiological or pathological situations of the 
cells, this made them attractive as biomarkers for diagnosis or therapy monitor-
ing [19].

As such, exosome can exert autocrine, paracrine, and endocrine effect on 
the other cells, which can be exploited for therapeutic usage [20]. For example, 
in cell therapy, exosomes derived from mesenchymal stem cells (MSCs) and 
other progenitor cells can resemble their parent cell's properties and activity in 
cytoprotective, angiogenic, and regenerative effects which make them highly 
interesting for “cell therapy without cells” techniques [21].

In this section, we take a look on exosomes roles in lung microenvironment 
including their role in lung function and in the pathological condition in respira-
tory diseases.

1  Exosome in lung microenvironment and pathogenesis

Lung diseases are the most common causes of death worldwide. Air pollutions, 
smoking, and toxic agents as well as infectious factors have important roles in 
the increasing incidence of these diseases.

In the lung, bronchial and alveolar epithelial cells (AECs) in the upper and 
lower airways are the largest surface area exposed to the external environment 
and provides first line defense against environmental pollutants.

The exposure to toxic smoking agents, microorganisms, or toxic gases may 
result in airway injury which lead to the development of various lung diseases 
such as lung cancer, asthma, or chronic obstructive pulmonary disease (COPD).

Lung protection in airway is done by a range of mechanisms including me-
chanical barriers, mucociliary apparatus accompanied with enzymes, and se-
cretory immunoglobulin A (IgA) in the innate immune system. On the other 
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hand, invading microorganisms can be captured by the dendritic cell (DC) 
network in the respiratory mucosa which will be transferred to the draining 
lymph nodes. After the bronchioles, alveolar macrophages (AM), capture the 
introducing particles in a microenvironment that is rich in IgG, fibronectin, 
complement elements, surfactant, and other defense elements. Other inflam-
matory cells, in particular neutrophils, may be recruited depending on the load 
of pathogens. Excessive inflammatory reactions in airway microenvironment 
result in epithelial cell damage which leads to further inflammatory immune re-
sponses and phenotypic alteration in epithelial cells. This alteration may result 
in “epithelial-mesenchymal transition”(EMT) which may contribute to airway 
remodeling resulting in pathological outcome such as COPD, lung cancer, or 
bronchial asthma.

Based on these facts, paracrine cell-to-cell communication in lung cell net-
work such as epithelial, endothelial, immune, and mesenchymal cells have im-
portant roles in the orchestration of physiological homeostasis and pathological 
condition in respiratory microenvironment.

Exosomes have recently gained more interest because of their roles in intra-
cellular and paracrine communication.

Admyer et al. in 2003 for the first time reported the presence of exosomes 
containing major histocompatibility and co-stimulatory molecules in BAL ob-
tained from healthy individuals [22].

These exosomes contain miRNAs, functional RNAs, and proteins that can 
shuttle their functional cargo to other cells that affect cell homeostasis or physio-
logical conditions. For example, AM-derived exosomes promote differentiation 
of naïve monocytes by delivering mir-223 [23]. The presence of membrane-
bound mucins in the epithelial cell-derived exosomes alter surface charge and 
structural properties of exosomes which can impress local mucociliary defense 
mechanisms in lung innate immune system [24]. Exosomes have also been 
shown to be important in the regulation of inflammation pathways within air-
way by transferring signaling molecules. For example, the delivery of suppres-
sor of cytokine signaling (SOCS)1 by the macrophage-derived exosomes results 
in the reduced activity of signal transducer and activator of transcription (STAT) 
in AECs [25]. On the other hand, exosomes have been reported to play pivotal 
roles in the mechanisms underlying cellular cross talk and final phenotype of 
disease in asthma [26]. In allergic airway inflammation, epithelial cells produce 
exosomes with pro-inflammatory effect [27]. Exosomes originated from airway 
epithelial cells had neutralizing effect on human influenza virus because of their 
mucins and alpha 2,6-linked sialic acid cargo [28](Fig. 2).

Exosome also may contribute to stress response in the airway. In sarcoidosis, 
exosomes elevate the production of pro-inflammatory elements such as INF-ɣ, 
interleukin (IL)-13, and CXCL-8 in respiratory milieu and lead to the devel-
opment of an inflammatory reaction [29]. Furthermore, infection condition can 
change the secretion and cargo of exosomes. For example, macrophages infected 
with mycobacterium secrete exosomes that are enriched in HSP-70 [30]. These 
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exosomes recruit immune cells and active immune system. Pathological condi-
tion also alter the miRNA content of exosomes [31–33]. These strategy may be 
a part of cell stress response.

In hypoxic pulmonary hypertension, mesenchymal stromal cells exert pro-
tective activity against lung inflammation via paracrine mechanisms mediated 
by exosomes [34].

Almost all respiratory cells including lung epithelial cells, fibroblasts, endo-
thelial cells (ECs), and various immune cells release exosomes into the extracel-
lular space and are involved in diverse physiologic processes and maintenance 
of lung hemostasis. In the following, the roles of these exosomes are discussed.

2  The roles of exosomes derived from the 
effector immune cells and structural cells in lung 
microenvironment

Lung structural cells release exosomes that play important roles in lung health 
or disease [35]. These exosomes have important roles in fine-tuning the intracel-
lular communication in lung microenvironment [1, 32].

These demonstrate that the production of exosomes by lung structural cells 
increases and their contents change in lung pathological conditions [32].

Airway space
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FIG. 2  Exosomes in stressed airway physiology. A broad range of respiratory cell types in the air-
way can release exosomes. Exposure to various types of stress such as infection or oxidative stress 
modify exosome composition and enhance their secretion. Injured macrophage-derived exosomes 
contain a variety of pro-inflammatory cytokines which may affect immunity efficacy. Alveolar 
macrophage-derived exosomes can control cellular homeostasis and differentiation by shuttling 
miR-223 and regulate the inflammatory signaling by transferring SOCS (suppressor of cytokine 
signaling) protein to lung epithelial cells. Lung EC-derived exosomes released into the blood and 
shuttle modified biomolecules in stress conditions.
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Among the lung structural cells, airway smooth muscle cells (ASMCs), gob-
let cells, and epithelial cells are the key cells subjected to change in pathologi-
cal conditions. There are no studies addressing ASMCs or goblet cell-derived 
exosomes [36] whereas alveolar or bronchial epithelial cells (BECs) release 
exosomes with different morphology, that is, size and shape [37].

AECs-derived exosomes enclose important molecules including mucins and 
sialic acid that contribute to innate immunity mechanisms, so play an important 
role in the modulation of airway inflammation [37].

Mechanical stress and cytokines such as IL-13 increase exosome release 
by BECs and induce alteration in the composition of BEC-derived exosomes. 
BECs stimulated by mechanical stress released exosomes containing a source 
of tissue factors (TFs), so can trigger TF signals. These exosomes also can 
promote cell proliferation in monocytes [38]. Mechanical stress during epi-
sodes of bronchoconstriction in asthmatics can induce exosome secretion from 
BECs [38]. In addition, exosomes derived from the bronchial fibroblasts con-
tain transforming growth factor (TGF)-2 that can induce proliferation in BECs 
upon uptake [39].

Lymphocytes are the key factors of immune function and have important 
roles in stress responses and inflammatory reactions in lung microenvironment. 
B cell, as an antigen presetting cell (APC), can trigger asthmatic responses 
without the involvement of immunoglobulin E (IgE) and T-lymphocytes [40].

IFN-ɣ or IL-4 producing B-lymphocytes also can be involved in the dif-
ferentiation of naive T0-lymphocytes into T1- or T2-lymphocytes. In addition,  
B regulatory (Breg) cells downregulate inflammation in hyperresponsive airway 
[41] and have an important role in providing relief from allergic inflammation 
in asthma pathologic condition by recruitment of natural Treg (CD4+ CD25+ 
FoxP3+ cells) to the lung [42].

There are a large number of evidence that demonstrate the production of 
exosomes by B cells. B cell-derived exosomes resemble their parent phenotype 
with expression of MHC, integrins (ß1 and ß2), as well as co-stimulatory mol-
ecules like CD40, CD80, and CD86 [26]. These exosomes could induce T-cell 
responses by presenting antigenic peptides [43] and also promote DC matura-
tion by shuttling HSP70 [44]. Exosomes from B cells contain birch peptide (Bet 
v 1-derived peptides) and can induce proliferation and IL-5 and IL-13 synthesis 
in T cell. These exosome-associated responses resemble those observed upon 
direct contact between B and T cells. These findings bypass the need for direct 
cell-to-cell contact and indicate the influential role of B cell-derived exosomes 
in the modulation of lung immunity [43].

T-lymphocytes also can release exosomes [45–47] however their biological 
activity has been not completely understood [48]. Exosome secreted by T cells 
are saucer-shaped exosomes containing Src-like tyrosin kinases, MHCs, CD3, 
adhesion molecules CD2, lysosomal-associated membrane protein 1 (LAMP-
1), chemokine receptor CXCR4, lymphocyte function-associated antigen-1 
(LFA-1), and T-cell receptor subunits [45, 48].
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The production of exosomes by T cells is highly induced by TCR activa-
tion; however stimulation with mitogenic signals such as phorbol esters and 
ionomycin does not induce exosome release, so exosome production by T cells 
is a highly regulated process [45].

Activated T cells also secrete exosomes with Fas ligand that increased 
the expression of matrix metalloproteinase 9 and promoted tumor invasion in 
mice lung [49]. T regulatory (Treg; CD8 + CD45 + cells) as well as CD4 + T 
cells release exosomes with antitumor activity that inhibit CD8 + cytotoxic 
T-lymphocyte in lung microenvironment [46].

Activated CD3 + T cells cross talk with resting autologous T cells via exo-
somes. In fact, exosomes produced by activated CD3 + T cells together with 
IL-2 induce cell proliferation and a distinct cytokine profile in the autologous 
resting CD3 + T cells [50].

Eosinophils are the major granulocytes that produce, store, and release an 
array of immune mediators in lung microenvironment such as chemokines, lipid 
mediators, classical eosinophil proteins including eosinophil peroxidase (EPX), 
eosinophil cationic protein (ECP), and eosinophil-derived neurotoxin (EDN) as 
well as major basic protein (MBP). So these cells play important roles in the 
inflammatory pathologic condition such as asthma and allergy [51].

Eosinophils can uptake exosomes via a mechanism of internalization of the 
whole vesicle. On the other hand, eosinophils release saucer-shaped exosomes 
with eosinophil characteristic proteins cargo such as MBP and EPO (eosinophil 
peroxidase) [52].

Eosinophil-derived exosomes also carry proteins that are implicated in 
different cell function including S100 proteins (S100A8 and S100A9) with 
antifungal and antibacterial activity [53]; HSP70 involved in protein folding; 
cell adhesion molecules such as integrins; Filaggrin and periostin as well as 
metabolic enzymes [52]. These exosomes could resemble their parent cell activ-
ity and trigger tissue damage, so can play an important role in the modulation of 
lung hemostasis as well as response to stress in lung microenvironment.

MCs play an important role in lung health through immune responses to 
respiratory pathogens and tissue injury. However, MCs may drive disease pro-
cesses via triggering inflammation and remodeling tissue structure in the case 
of inappropriate and chronic activation such as asthma, pulmonary fibrosis, pul-
monary hypertension, COPD, acute respiratory distress syndrome (ARDS), and 
lung cancer [54].

Activated MCs release allergic and pro-inflammatory mediators such as his-
tamine, prostaglandins, LTs, tumor necrosis factor (TNF)-α, and IL-13 and pro-
mote innate and adaptive immune responses in lung microenvironment [55, 56]. 
MCs cross talk with lung microenvironment including airway structural cells 
and other inflammatory cells through different mechanisms including exosomes 
production. Exosomes are derived from MCs uptake by other immune cells in 
lung microenvironment and impress their phenotype and biological activities. 
For example, the uptake of MC-derived exosomes by DCs induces expression 
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of costimulatory MHC class II, CD80, CD86, and CD40 molecules which en-
able DC to present antigen to T cells [57]. These exosomes can also stimulate 
the production of cytokines by B- and T-lymphocytes [58].

MC-derived exosomes can trigger cell signaling via cell surface receptors. 
For example, these exosomes promote IgE production via CD40 surface ligand 
on B cells in the absence of T cells [59]. In addition, bone marrow-derived mast 
cells (BMMCs) release exosomes with surface CD63 and OX40L which enable 
them to induce proliferation and differentiation naive T cells to T2 cells through 
ligation with their ligand. It has been demonstrated that these exosomes also 
impress T-cell functions by transferring their cargo [60].

DCs are known as the specialized APCs that process and present antigens to 
T cells. On the other hand, because of their capacity for phagocytosis activity, 
they can contribute to innate immunity [61].

DCs release exosomes that possess their parent properties and express MHC 
as well as co-stimulatory molecules CD86 and CD54 on their surface. These 
exosomes have ability to stimulate T cells by their surface MHC molecules 
[36]. Besides, they have potential to induce proliferation and differentiation in 
T cells via their surface CD86 and interact with LFA-1 on T-lymphocytes by 
their surface CD54 [62].

DC-derived exosomes may induce T2 response by presenting the allergens 
to these cells [63]. The enzymatic cargo of these exosomes can convert LTA4 
to other LTs such as LTB4 and LTC4 [64]. In addition, the enzymatic cargo of 
DC-derived exosomes can produce lipid metabolites of arachidonic acid (5-keto 
eicosatetraenoic acid, KETE, and LTB4) that act as pro-inflammatory metabo-
lites and trigger migration of granulocytes and leukocytes to the site of inflam-
mation [62].

3  Exosomes in lung diseases

The roles and functions of exosomes in the initiation, development as well as 
treatment of lung disease such as asthma, COPD, sarcoidosis, and tuberculosis 
are reviewed further in the following sections.

3.1  Asthma

Asthma is a heterogeneous chronic airways disease, characterized by reversible 
airway obstruction in response to nonspecific stimuli [65]. There is a limited 
knowledge regarding underlying pathophysiology of asthma which has made the 
asthma treatment a big challenge. There is a broad phenotypes of asthma with dif-
ferent underlying pathophysiology. Although, two forms of asthma have been de-
fined clinically (T2 and non-T2), asthma is increasingly considered as a syndrome 
rather than a single disease [66]. Several research programs in asthma issue aims 
to link asthma classification based on phenotypes with pathophysiological mech-
anism thereby defining asthma endotypes which will predict drug efficacy [67].
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The main aspect of asthma is the pathophysiological effects of activated 
CD4 + T-cell pro-inflammatory cytokines in response to environmental aller-
gens such as infections or air pollutants. The release of the mediators such as 
IL-4, 5, and 13 promote activation of MCs, Th2 cells as well as eosinophils 
which in turn caused reversible obstruction, remodeling, and hyperresponsive-
ness of airway [26].

In asthma a broad range of cells from the innate and adaptive immune sys-
tem are involved to trigger an inflammatory reaction on lung epithelial cells. 
A large amount of lymphocytes, plasma cells, eosinophils, and neutrophils are 
detectable in the bronchial tissues and mucus of asthmatic airways.

During an asthma attack which is triggered upon airway simulation with 
allergens, a rapid-phase IgE-mediated decrease in bronchial airflow occur that 
may be accompanied with a late IgE-mediated reaction and reduced bronchial 
airflow that may persist up to 4–8 h [56].

In asthma, it is important to have readily accessible biomarkers that define 
patient subsets to ensure that the correct drug is given to the right patient at the 
right time.

This is essential from the patients’ perspective and for the health-care pro-
vider when the current blunt measures such as blood eosinophils do not distin-
guish differences in underlying pathophysiological process [26].

Exosome context has opened a new window for biomarker discovery in di-
agnosis and treatment monitoring of asthmatic patients. In addition, regarding 
the role of exosomes in intracellular communication, they have undeniable ef-
fect on pathology of asthma so considering of the role of exosomes in asthma 
pathological conditions play an important role in the understanding of its un-
derlying mechanism.

3.1.1  Exosomes in asthma
Regarding the biology and structural properties of exosomes, the roles of these 
microvesicles in the pathobiology of asthma is undeniable. In asthma patho-
physiology, inflammation is the main pathogenic deriver and exosomes can 
promote the chronic inflammatory processes via modulation of the function 
of immune cells at the levels of recruitment, activation, or differentiation. In 
asthma, a broad range of immune and structural cells release exosomes such as 
DCs eosinophils, T cells, epithelial or BECs, etc.

DCs produce and release exosomes that carry co-stimulatory molecules and 
MHC classes I and II and can trigger allergen-specific T2 cells as their parent 
cell [68].

Exosomes containing mucine-1 marker are detected in the BAL from the 
asthmatic patient which indicate their BECs origin [69]. These exosomes can 
induce the expression of CXCL-8 and LT C4 in target BECs [27]. Acting in a re-
ciprocal manner, IL-13 enhances exosome release by airway epithelial cells and 
these exosomes in turn promote the proliferation of undifferentiated lung mac-
rophages [70]. Interestingly in an asthma mice model the inhibition of exosome 
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production by GW4869 alleviated the induction of asthmatic features in this 
model [26].

Eosinophil-derived exosomes containing eosinophilic proteins such as EPO, 
MBP, and ECP can mimic the function of their parent in driving the progression 
of inflammatory process in asthmatics via autocrine or paracrine functions [52].

In asthmatic patient the amount of exosome production and release from 
eosinophils is greater than those released from cells of healthy subjects. These 
exosomes increase the production of inflammatory mediators such as chemo-
kines, reactive oxygen species (ROS), and nitric oxide (NO) in the recipient 
eosinophils. In addition, they upregulate the expression of adhesion molecules 
such as intercellular adhesion molecule 1 (ICAM-1) and integrin 2 [71] in the 
eosinophils, thus enhance the migration capacity of these cells which is so 
important in asthma process [72]. Interestingly, eosinophilic exosomes from 
healthy subject does not have any effect on the function of asthmatic eosino-
phil [73].

Exosome also can prevent the initiation and development of an allergic re-
sponse [74]. Exosome from the BAL fluid of a tolerized mice inhibits allergic 
sensitization upon intranasal delivery. This indicates the potential of exosome-
based vaccine in the treatment of asthma and other allergic diseases [74]. CD8 + 
T-cells produce exosomes that are coated with antigen-specific antibody and 
contain miR-150. Uptake of these exosomes by T cells has induced antigen-
specific tolerance in mice [75].

MC-derived exosomes can bind and decrease serum level of free IgE via 
their surface FcεRI which in turn restrict the consequence of MC activation 
[76]. Fibroblast-derived exosomes from asthmatic patient have enhancing effect 
on the proliferation of epithelial cells due to their TGFβ-2 content. The level 
of exosomal TGF-β2 in asthmatic fibroblasts were lower than that in healthy 
subjects [39].

Lipopolysaccharide-stimulated neutrophils release exosomes with prolifera-
tive and remodeling effect on the ASMCs [77].

Interaction between MCs and ASMCs in human airway can modulate in-
flammation and provoke asthma symptoms. MCs-ASMC interaction can lead 
to enhanced secretion of ASMC cytokines which result in the recruitment of 
more MCs and promote asthma manifestation [78]. Interaction between MCs 
and ASMCs can occur without direct contact via MC-derived exosomes and 
promote asthma process. So the depletion of MC-derived exosomes or other 
soluble factors may contribute to subside the stimulatory asthma responses [1].

Exosomal miRNA contents in asthmatic exosomes also undergo change. 
Exosomal dysregulated miRNAs in asthmatic patient were correlated with 
some clinical features such as eosinophil count or FEV1 [79] and mostly have 
contributed to pathways related to airway integrity. In addition, the differential 
exosomal miRNAs profile in SA patients were associated with TGF-ß signaling 
pathway, the ErbB signaling pathway, and focal adhesion [80] as well as IL-13-
mediated events [33].
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3.2  Lung cancer

Lung cancer is one of the most common cancer in the world and despite consid-
erable achievements in lung cancer diagnosis and treatment, it still remains the 
leading cause of cancer-related deaths worldwide. The main challenge of global 
control of this disease is the lack of early diagnosis methods as well as limited 
understanding of its underlying pathophysiology mechanisms.

Regarding the physiology and function of exosomes in the intracellular 
communication, they can influence physiological process of the recipient cell 
which may result in pathological conditions such as cancer [81].

Tumor cells can produce and release exosomes. The exosomes derived from 
the tumor cells are known as TEX [82].

TEXs are the main mechanism of cross talk in tumor microenvironment that 
enable cancerous cells to favor their surrounding environment for their own 
growth and survival. In fact, the fate of tumor malignancy is determined by the 
molecular and cellular components in tumor microenvironment [83] and exo-
somes impress this microenvironment based on their content.

Exosomes derived from turmeric cells transfer a lot of tumorigenic mes-
sages from their parent cells by delivering a broad range of immune stimulatory 
and immune inhibitory factors as well as oncoproteins that induce reprogram-
ming in target cells. For example, TEX contain K-RAS and MET or oncogenic 
miRNAs, which promote cancer initiation and growth in otherwise healthy cells 
after delivery [84].

TEXs have the key role in creating pre-metastatic niche and promoting 
metastasis by directing the disseminated tumor cells to future metastatic sites  
[85, 86], which is directed by integrin expression on TEX surface [87]. However, 
TEX may induce an antitumor immune response by modulating natural killer 
(NK) cell activity and expressing their surface receptors such as killer cell 
lectin-like receptor K1 (KLRK1 or NKG2D) [88, 89]. In addition; TEX can 
modulate EMT, cancer-associated fibroblast function, and angiogenesis.

Lung cancer-associated TEXs induce pro-metastatic inflammatory re-
sponses. Lung cancer-associated TEXs bind to intracellular toll-like recep-
tors (TLRs) on immune cells via their miR-21 and -29a cargo and in turn  
trigger activation of NF-κB eventually resulting in metastasis and tumor 
growth [90] (Fig. 3).

3.2.1  The role of exosomes in immune cell function 
in lung cancer
In a mouse model of lung cancer, TEXs caused reduction in NK cell percent-
age in lung tissue [91]. Reduced activity of NK cells in lung tissue is also ob-
served in human lung cancer [92]. NK cells via their C-type lectin-like receptor 
NKG2D trigger cytotoxic pathways against cancerous cells [93]. TEXs reduce 
the expression of this receptor by transferring TGF-β1 to the NK cells thereby  
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reducing NK cell cytotoxic activation [94]. TEXs also can downregulate 
NKG2D expression by shedding NKG2D ligands on the tumor cells, which 
results in the desensitization and internalization of receptor [95].

In addition, miR-23a cargo from lung cancerous TEXs can directly bind to 
CD107a molecule which protects NKs from granule-associated damages [96].

TEXs may also use other mechanisms to interfere with NK cell antitumor 
activity by impressing IL-2-associated pathways [97], perforin, or cyclin D3 
production [91] as well as Janus kinase3 (Jak3) activation [91].

Tumor-associated exosomes induce polarization and differentiation of im-
mune cells in tumor microenvironment. DCs represent different phenotypes 
and activities at the tumor site and may exert either pro-tumorigenic or anti-
tumorigenic functions. The function of DC is determined by the nature of tumor 
microenvironment, which is so intricate and valuable. In fact, although DCs 
normally act through the induction and maintenance of antitumor immunity, 
the tumor microenvironment may educate them to promote tumorigenicity, 
so the antigen-presenting function of DC may be reduced or lost in cancers. 
DCs also may differentiate to immunosuppressive/tolerogenic regulatory DCs 
in the tumor microenvironment that subside the function effector T cells and 
promotes tumorigenic condition. Various mechanisms may be responsible for 
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FIG. 3  The function of lung tumor-derived exosome (TEX). TEX impact on the tumor microen-
vironment by enhancing tumor cell growth and progression (1); modulating immune responses (2); 
regulating epithelial-mesenchymal transition (EMT) (3); angiogenesis (4); and inducing metastatic 
behavior in bone marrow progenitors (5).



Exosomes in respiratory disease  Chapter | 17  395

malfunction of DCs in cancer but tumor-derived exosomes have important role 
in this concept by transferring a broad range of molecules.

Approximately 80% of exosomes isolated from the lung cancer biopsy have 
potential to induce tolerogenic DC and regulatory T cell due to their epidermal 
growth factor receptor (EGFR) cargo and can lead to the inhibition of tumor 
antigen-specific CD8 + cells activity [98]. miR-203a in TEX decreases TLR4 
expression on DCs which in turn lead to a reduced level of down stream cy-
tokines such as TNF-α and IL-12 [98] as well as fault in cellular immunity 
and DC dysfunction [99]. TEXs also interfere DC maturation via their TGF-β1 
cargo and induce myeloid-derived suppressor cells (MDSCs) [100]. MDSCs 
are a heterogeneous and immature population of cells with myeloid origin that 
strongly expand in cancer and have remarkable potential to suppress T-cell pro-
liferation and function with frequent secretion of immune inhibitory cytokines 
such as TGF-β and prostaglandin E2 [100]. TEX also may direct the differentia-
tion of CD14 + monocytes to MDSCs rather than to DC [100]. The presence 
of heat-shock protein 72 (HSP72) on the surface of TEX enhances suppres-
sive activity of MDSCs via STAT3 pathway and autocrine IL-6 production in 
MDSCs [101]. Interaction of TEX with monocyte leads to the maintenance of 
an immature monocyte status with downregulated or loss of costimulatory mol-
ecules [102] and human leukocyte antigen-DR along with unchanged CD14 
surface expression [103] on monocytes. Injection of mice model of lung cancer 
with TEX significantly increased recruitment of MDSCs into lung and promote 
metastasis. TEXs have ability to promote metastasis due to their MyD88 cargo 
which is involved in integration and transduction of TLR signaling [104].

TEXs contribute to the generation of tumor-associated macrophages (TAMs) 
from monocyte precursor by delivering functional receptor tyrosine kinase, trig-
gerring the mitogen-activated protein kinase (MAPK) pathway and inhibition of 
apoptosis-related caspases [105]. In lung cancers, TAMs induce STAT3 activa-
tion and promote tumor progression [105]. Interaction of TAM and tumor cells 
is mediated by TEXs. In addition, TAM-derived exosomes have a reciprocal 
supportive role in providing factors that maintain TAM survival within the in-
flammatory niche [106]. TAM-derived exosomes contain a specific proteomic 
signature with higher proteolytic activity [107]. Overall, the existence of differ-
ent types of cancerous exosome with different functions in tumor microenviron-
ment enforces the role of exosomes as the major player in the promotion of the 
tumor development and progression.

3.2.2  The role of exosomes in EMT in lung cancer
EMT is an important process in cancer development and metastasis. In this pro-
cess the epithelial cells lose their cell polarity and adhesion properties, acquire 
mesenchymal cell properties, and gain a motile trait [108], which enables them 
to migrate to distant sites allowing metastasis and tumor progression [108].

TEX isolated from the serum of patient with highly metastatic lung cancer 
show that TEX can induce EMT in recipient human BECs [109]. These TEXs 
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contain high level of vimentin. Vimentin is a member of type III intermediate 
filament protein family, is widely expressed in mesenchymal cells and is known 
as marker for EMT [110]. The association of the level of vimentin with metasta-
sis and invasion potency is observed in lung cancer [111]. In addition, it is also 
detected in prostate [112] and gastric cancers [113].

In lung cancer, vimentin alters tumor cell adhesion properties by modifying 
the VAV2–Rac1 pathway and focal adhesion kinase activity [113].

TGF-ß-induced EMT in epithelial adenocarcinoma A549 cells alter the exo-
somal cargo in these cells [114]. The exosomes released from the mesenchymal-
like A549 cell contain an enhanced level of β-catenin, vimentin, E-cadherin, and 
miR-23a in comparison to those from epithelial-like A549 cells.

Mir-23a cargo in these exosomes directly target E-cadherin and regulate 
TGF-β-induced A549 cell EMT in a smad-dependent manner [115].

3.2.3  The role of exosomes in angiogenesis in lung cancer
Angiogenesis and vascular network formation is a crucial process for cancer 
progression and metastasis. Different mechanisms contribute to this process but 
exosomes play an important role in the vascular tube formation by transferring 
angiogenic factors including VEGF, TGF-β, and fibroblast growth factor.

The presence of pathogenic condition such as hypoxia in tumor microenvi-
ronment induce production and release exosomes with specific cargo that gain 
ability to induce angiogenesis which enable cells to alleviate the stress condi-
tions in the tumor microenvironment [115].

In CL1-5 lung adenocarcinoma cells, hypoxia condition induce angio-
genesis by increasing the production of exosomes with enhanced level of  
miR-23a cargo. Exosomal mir-23a directly target prolyl hydroxylase 1 and 2 
(PHD1 and 2), which lead to the accumulation of hypoxia-inducible factor-1 α 
(HIF-1 α) in ECs. In addition, exosomal miR-23a also increase vascular perme-
ability and cancer trans-endothelial migration by targeting tight junction protein 
ZO-1 [116].

Tissue inhibitor of metalloproteinases (TIMP)-1 is an important player in 
lung cancer progression and metastasis [117]. Overexpression of this factor in 
lung adenocarcinoma cells enhances the expression of tumorigenic miR-210 in 
these cells and also in their derived exosomes via the modulation of the PI3K/
Akt/HIF-1 pathway. These exosomes can promote angiogenesis via downregu-
lation of Ephrin A3 upon uptake by ECs [117].

The expression level of exosomal mir-210 in the serum of lung cancer pa-
tients is significantly higher than that in healthy subjects [118]. EGFR cargo 
in lung cancer-derived exosomes trigger EGFR-dependent responses in ECs 
which leads to autocrine activation of vascular endothelial growth factor 
(VEGF) receptor 2 (VEGFR-2) and promotes angiogenesis [119]. Interestingly, 
injection of exosomes isolated from lung cancer patient into a rat critical limb 
ischemia model significantly enhanced the expression of VEGFR-2, increased 
angiogenesis, and improved blood flow in this model [120].
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3.2.4  The role of exosomes in metastasis in lung cancer
The role of TEX in the formation of pre-metastatic niches (PMN) and develop-
ment of metastasis has recently attracted more attention [121]. The importance 
of exosomes in metastasis in lung cancer was first described by Janowska-
Wieczorek et al. in 2005 [122].

In lung cancer, the upregulation of angiopoietin 2 (Angpt2), MMP3, and 
MMP10 in pre-metastatic stage increase vascular permeability and vascular 
leaking in the lung. This process is regulated and managed by exosomes.

In addition, melanoma-derived TEXs can increase vascular permeability in 
the lung by transferring and overexpressing oncogene MET in BM progeni-
tor cells and reprogramming bone marrow progenitors toward a pro-vascular 
phenotype by increasing the pro-angiogenic c-Kit +Tie2+ cell population in 
the lung pre-metastatic niche [123]. Vascular leaking promotes extravasation, 
facilitates attraction of CTCs to the pre-metastatic site [124], and promotes me-
tastasis and tumor progression.

In fact, melanoma TEXs have important role in the cancer metastasis to lung 
and this effect is associated with the degree of metastatic ability of melanoma. 
Interestingly, TEX obtained from highly metastatic melanomas in comparison 
to those from the poorly metastatic showed a greater burden on the lung [123].

The administration of melanoma TEXs into a naïve mice demonstrated lung 
residency within 24h and increased permeability of lung epithelial cells at the 
TEX-induced pre-metastatic site. This effect was associated with upregulated 
expression of pre-metastatic niche effector molecules such as S100A8, s100A9, 
and TNF-α at the site of TEX injection [125]. TEX administration also caused 
an upregulation of inflammatory and extracellular matrix (ECM)-related mela-
noma genes [123].

The platelets play an important role in tumor progression, angiogenesis, 
and metastasis in lung cancer through the exosomes. Platelet-derived exosomes 
(PMV) shuttle integrin α2β (CD41) which enhance proliferation and tumor pro-
gression in mice [122].

In addition, the exosomal small RNAs in lung cancer trigger TLR3 ac-
tivation in epithelial cells which in turn increase chemokine production and 
subsequent recruitment of inflammatory immune cells to the lung, promoting 
pre-metastatic niche formation [126].

Exosome surface integrins have determinant role in the target cell selection. 
A specific profiles of surface integrins direct tumor-derived exosomes (TEX) 
to a specific organ, driving metastatic organotropism [87]. For example, lung 
fibroblasts with up-regulated s100 gene uptake exosomes with surface α6α4 
integrin heterodimer which in turn promote lung PMN formation [87].

Exosomes with surface α6β4 and α6β1 integrins such as those derived from 
4175-LuT breast cancer cells promote lung metastasis with preferentially local-
ization in laminin-rich regions of lung [87].

A common metastatic site for NSCLC is bone which causes osteolytic 
lesions [127]. In NSCLC, cancerous cells with upregulated EGFR [128], 
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releasing exosomes contain amphiregulin (AREG), an EGFR ligand [129], that 
can trigger EGFR pathway in pre-osteoclasts and enhance the expression of 
RANKL and proteolytic enzymes which in turn can provoke a vicious cycle 
driving osteolytic bone metastasis [128]. On the contrary, exosomes derived 
from highly metastatic bone tumors are preferentially localized to lung and pro-
mote metastatic process [130].

The lung is one of the most common metastatic targets and cancer metastatic 
to the lung is more common than primary lung cancers [130]. The molecular 
mechanism underlying this tissue-specific metastasis is not completely under-
stood but possibly TEXs play crucial roles in this process. More focused studies 
is needed to understand the precise mechanism of exosome-specific functions 
in tumor microenvironment, driving lung metastasis.

3.3  Tuberculosis

Mycobacterium tuberculosis (MTB) has ability to remain passive in human 
body for years without causing any symptoms which is referred to as “latent 
tuberculosis.” This ability has hampered the disease eradication up to now [131].

Til 2010, some studies have demonstrated the presence of mycobacterial 
proteins in the exosomes released from the M. tuberculosis infected macro-
phages by western blots.

The comprehensive proteomic analysis was used to identify the protein con-
tent of the exosomes derived from the macrophages infected with either live or 
dead M. tuberculosis. The results demonstrated the incorporation of a cluster 
of 41 mycobacterial proteins in these exosomes [132]. Further analysis of this 
cluster demonstrated the presence of highly immunogenic Mycobacterium pro-
teins including antigen SAT-6 (Rv3875), Ag85 complex (Rv3804c, Rv1886c, 
and Rv0129c), MPT64 (1980c), and MPT63 (1926c) [133].

Subsequent studies analyzed serum exosomes from tuberculosis (TB) pa-
tients and identified 20 mycobacterial proteins in these exosomes with domi-
nant presence of 85b, BfrB, GlcB, and Mpt64 antigens [134]. Interestingly, the 
pulmonary and extrapulmonary TB were distinguishable based on serum exo-
somal markers such as MPT64 [134].

The effort to distinguish active and latent TB also showed some evidences 
of specific exosomal markers [134]. The possibility of latent TB detection is 
particularly important within an endemic population, which makes it possible to 
monitor the risk persons and limit the transmission of infection.

The exosomal content from macrophages after treatment with M. tubercu-
losis culture filtrate proteins (CFP) activates both innate and acquired immune 
responses. The majority of proteins cargo of these exosomes overlapped with 
those present in the exosomes isolated from M. tuberculosis-infected macro-
phages. These evidences suggested that the exosomes with M. tuberculosis 
antigen cargo may be an appropriate approach for developing tuberculosis CFP-
based vaccine [135].
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Exosomes may shuttle pathogen-associated molecular patterns (PAMPs) and 
modulate immune response in this manner [136]. M. tuberculosis can induce 
partial resistance to INF-ɣ in infected macrophages. This effect is performed 
by Mtb- associated PAMPs such as the 19 kDa lipoprotein and mycolyl-arabino 
galactan that bind to macrophage receptors such as TLR 2 and result in the sup-
pression of IFN-gamma responsiveness [137]. This behavior can be mimicked 
by exosomes released from Mtb-infected macrophages [138].

In fact, macrophages that are exposed to the exosomes containing mycobac-
terial components had limited response to IFN-γ stimulation which indicate that 
exosomes can act as carriers of PAMPs and lead to the suppression of a host 
immune response in the target cells [139].

Interestingly, Mtb infection modulate the profile of host miRNA expression 
[133]. Infected human macrophages with virulent Mtb H37Rv and avirulent M. 
bovis BCG induced patterns of miRNA expression that were mostly similar be-
tween the two live mycobacteria, while a substantially different pattern emerged 
from infection with killed Mtb bacilli [140]. This result reveals the active influ-
ence of live intracellular bacteria on host cell miRNA network.

On the other hand, the amount and content of exosomal miRNAs signif-
icantly changes after M. tuberculosis infection in macrophages. Infection of 
macrophage-derived monocytes (MDM) with BCG induces release of specific 
exosomal miRNAs from BCG-infected MDMs that mostly involved in host me-
tabolism and energy production [32]. Additionally, more than 100 mRNAs were 
unique to the exosome released by Mtb infected cells that mostly were involved 
in the modulation of host immune responses [141]. Overall, these findings em-
phasize the functional and diagnostic potentials of exosomal mRNAs and miR-
NAs in tuberculosis.

3.4  COPD

COPD is characterized by slow progressive airflow obstruction, accompanied 
by infiltration of inflammatory cells, thickening of the alveolar wall and ulti-
mately damage the lung parenchymal and epithelium. The main characteristic 
of COPD is the presence of inflammation [142, 143] and exosomes have inten-
sive roles in this pathologic condition [143].

In emphysema, injury of the ECs within lung parenchyma play the main 
role [144]. In patients with stable COPD, the production of endothelial-derived 
exosomes increases during exacerbation and the level of these particles is sig-
nificantly correlated with destruction and airflow limitation in the lungs. These 
microparticles enclose vascular endothelial cadherin, platelet EC adhesion 
molecules, and E-selectin [145]. These findings clearly emphasize the roles 
of exosomes in lung damage and pathophysiology of COPD. The exposure 
of airway to irritants such as cigarette smoke (CS) can trigger epithelial cell 
injury and COPD development by promoting pulmonary capillary vasculature 
destruction, epithelial cell senescence, acerbation as well as airway remodeling 
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which together results in the loss of lung function [146]. Damaged epithelial 
cells act as a source of inflammatory mediators such as TNF-α, IL-1α, GM-
CSF, TGF-ß, and CXCL-8 that exert their effect through autocrine and para-
crine effects.

In this way, TGF-ß promotes myofibroblast differentiation and fibrosis de-
velopment and induces airway remodeling [147]. The paracrine effect of this me-
diators, at least in part, is modulated by exosomes [148]. Continues exposure of 
lung epithelial cells to CS induces the secretion of exosomes that were enriched 
with CCN1. CCN1 as an extra cellular matrix has important role in remodeling 
and repair process [149] and through wnt signaling pathways enhances CXCL-8 
expression [150]. Hence, CCN1-enriched exosomes could lead to the recruit-
ment of inflammatory cells such as neutrophils to lung mesenchyme or paren-
chyma via paracrine induction of CXCL-8 secretion which subsequently results 
in lung tissue fibrosis [150]. CS also increases the level of exosome secretion 
by lung epithelial cells [151]. Almost 1.5% of COPD patients suffer from Alpha 
1 anti-trypsin (AAT1) deficiency [145]. AAT1 is a glycoprotein serine protease 
inhibitor that protects the lungs from damage due to inflammatory insult [152]. 
Transportation of AAT1 from lung ECs to the alveolar epithelium and air space 
by exosomes with rapid uptake by epithelial cells. Efficient trafficking of en-
riched AAT1 exosomes across the lung endothelial barrier mediate protection 
against CS [153]. One of the important symptom in COPD is EMT that leads 
to a small airway remodeling and fibrosis [154]. EMT may be accompanied by 
angiogenesis in the large airway and leads to development of pro-cancer stromal 
niche [155]. Regarding the biological roles of exosome in shuttling bioactive 
molecules and intracellular communication, exosomes impart important effect 
on EMT process [155]. COPD progression is accompanied by an increase in 
small airway wall thickness that occur followed by a repair and remodeling pro-
cess mediated by the fibroblast of epithelial mesenchymal trophic unit (EMTU). 
The EMTU consists of one epithelial cell layer, the basement membrane zone 
(BMZ), and mesenchymal cells including fibroblasts [1]. Remodeling process is 
the result of cross talk between injured and stressed epithelium with the under-
lying fibroblast layer which result in mesenchymal cell proliferation and remod-
eling. This process is highly regulated by the exosomes. In addition to being 
important drivers of COPD pathophysiology, exosomes have potential to serve 
as biomarkers of COPD progress or improvement [145]. The amount of lung 
EC damage in COPD may be determined by the level of circulating exosomes. 
It is suggested that the plasma level of exosomal miRNAs is associated with the 
degree of damages to the skeletal muscle and can be considered as the potential 
biomarker of skeletal muscle dysfunction [156]. The different expression of five 
exosomal miRNAs in BAL fluid of COPD patients were found to be associated 
with degree of disease. These miRNAs target ribosomal s6 kinase (S6K) which 
is part of TORC1 signaling pathway and a crucial regulator of skeletal muscle 
wasting. This finding emphasize the potential of exosomal miRNAs as noninva-
sive diagnostic biomarkers in COPD progression and treatment [156].
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3.5  Sarcoidosis

Pulmonary sarcoidosis is a systematic and inflammatory disease that predomi-
nantly affects lungs. Sarcoidosis is characterized by the presence of non-caseating 
granulomas (NCGs) and interferon producing T cells in affected organ followed 
by inflammation and tissue damage especially in the lung [157]. Sarcoidosis 
etiology is not completely understood but based on the molecular characteristic 
of sarcoidosis pathophysiology, it seems that exosomes play the major role in 
the initiation and progression of inflammation in this disease. BAL fluid of a 
sarcoidosis patient contains an increased number of exosomes in comparison to 
healthy subjects. The exosomes isolated from the BAL fluid from sarcoidosis 
patients increased the expression of IFN-gamma and IL-13 [158] by peripheral 
blood mononuclear cells (PBMCs), and CXCL-8 production by epithelial cells 
[29]. In addition, a different profile of exosomal miRNAs was detected in se-
rum and BAL fluid exosomes in sarcoidosis patients [159]. Overall, the potential 
roles of exosomes in the initiation and progression of inflammation in sarcoid-
osis is deniable, however, more sophisticated and practical studies is needed to 
fulfill the promise of the exosome usage for the treatment of sarcoidosis.

3.6  Other respiratory diseases

In addition to the lung diseases mentioned above, the function of exosomes in 
some of other lung disorders has been investigated.

In hypoxia, the expression of pro-inflammatory mediators and alternatively 
activated macrophages increases and cause the progression of hypoxic pulmo-
nary hypertension [34].

Hypoxia triggers endoplasmic reticulum (ER) stress and leads to the se-
cretion of a large number of exosomes from the lung epithelial cells. These 
exosomes contain high level of caspase-3 that activate AM and promote inflam-
matory responses resulting in lung injury. These observations emphasize the 
role of exosomes in cross talk between lung epithelial cells and macrophages 
toward the development of tissue injury [160].

Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease characterized 
by a progressive lung fibrosis which leads to irreversible decline in lung func-
tion [161].

In exosomes from IPF patient, decreased level of anti-fibrotic miRNAs such 
as miR-141 and increased level of fibrogenic miRNAs such as miR-7 has been 
detected compared with healthy subjects. Interestingly, a significant correla-
tion was found between the degree of miR-7 upregulation and the burden of 
disease and also between miR-125b upregulation and milder disease. These re-
sults highlight the potential roles of exosomal miRNAs as biomarker to gain an 
insight into the pathogenesis of IPF [162].

Cystic fibrosis (CF) is a progressive lung disorder that is characterized by 
a genetic deficiency in CF transmembrane conductance regulator (CFTR) that 
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affects the chloride channel activity and results in the massive neutrophil granu-
locyte influx in the airways and mucostasis [163]. Since the exosomes secretion 
from the BECs is increased in CF patients, so the use of biofluid exosomes as 
the source of disease biomarkers for noninvasive diagnosis of CF is worth con-
sidering [164].

In addition, the high level of prolyl endopeptidase (PE) enzyme is detected 
in the exosome isolated from the CF patient with persistent bacterial infection.

PE enzyme is involved in the synthesis of chemo-attractant tri-peptide Pro-
Gly-Pro (PGP) from collagen by neutrophils [165]. This enzyme is secreted by 
the airway epithelial cells packaged in exosomes. The production and release of 
PE are enhanced by lipopolysaccharides (LPS) which act through TLR4.

The presence of enhanced level of PE enzyme in CF patient may be respon-
sible for the hyperinflammatory state observed in these patients [165].

In gut biology, the secretion of exosomes from the gastrointestinal epithelium 
to the basolateral side is linked to the antigen presentation, whereas luminal re-
lease of exosomes from the biliary and intestinal epithelium is highly triggered 
upon TLR4 signaling and increased upon infection [166]. The differential route 
of exosome release is worth considering in CF patient. Exosomes produced by 
airway epithelial cells have particular size and physical properties based on the 
type and physiological condition of their cell of origin, which may have diag-
nosis value in aberrant conditions [37]. For example, in CF patient, the amount 
and type of exosomal surface mucins are altered and characterized by exces-
sive mucus production. Mucin surface determines the size and surface charge of 
exosomes.

In addition, the alteration in miRNA and protein content of exosomes was 
detected in CF patient which reflects the cellular change upon an inflammatory 
challenge. These findings emphasize the role of exosomes in promoting a hyper 
inflammatory state in the airway microenvironment in CF [167].

A major aim in current CF research is the restoration of CFTR function 
which has been promising with the emergence of exosome utilization as a target 
of drug delivery [163]. Usage of exosomes as a vector to transfer of CFTR to 
human CFTR-deficient nasal epithelial cells was successful and leads to restore 
CFTR function in these cells in a dose-dependent manner [163]. Exosomes de-
rived from CFTR-positive Calu-3 cells or from A549 cells transduced with an 
adenoviral vector overexpressing green fluorescent protein (GFP)-tagged CFTR 
(GFP-CFTR) were able to package and transfer the GFP-CFTR glycoprotein 
and mRNA (GFP-CFTR) to target cell and correct the genetic defect in human 
CF cells [163].

4  Clinical applications of exosomes in respiratory 
diseases: Clinical trials and future perspectives

Exosomes have important roles in the maintenance of the homeostatic state in 
respiratory microenvironment and supporting lung normal function.
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In lung, exosomes secret a broad range of cell types from structural to im-
mune cells. The number and content of these exosomes differ based on the dis-
ease status and carried distinct disease-specific constituents. Regarding these 
evidences, exosomes can provide novel biomarkers in diagnosis and treatment 
monitoring for a various range of respiratory diseases and may also be used for 
therapeutic interventions.

Exosomes derived from MSCs is now considered for their potential for 
wound healing and tissue repair particularly in tissue generation in lung [164].

The MSC-derived exosomes are also of interest because of their antiapoptotic 
and anti-inflammatory properties [168] that can be effective in lung chronic in-
flammatory conditions [168]. These exosomes have capacity to accelerate lung 
tissue regeneration and wound healing which may be effective for soothing and 
repair of airway remodeling in asthma [168].

In an animal model of ARDS, MSC-derived exosomes induced the expres-
sion of keratinocyte growth factor (KGF) in the injured alveolus, improved the 
protein permeability, and reduced the inflammation in the lung [169]. Clinical 
trial using exosome-based therapy in ARDS is being now conducted [170].

Using DC-derived exosomes (dexosomes) loaded with tumor antigens with 
the aim of NSCLC immunotherapy is in phase I clinical trials [171]. The result 
of this trial showed that these exosomes can induce both innate and adaptive 
immune responses in the patients and also introduced “dexosome therapy” as 
a safe and feasible method that may be a good alternative for current therapy 
methods for cancer or other lung inflammatory diseases.

Further studies are needed to find the effect of this therapy method on dis-
ease stability and on long-term survival.

Exosomes can also be harnessed as a trap to subside immune response. 
MC-derived exosomes can capture serum-free IgE via their surface FCεR1 
receptors and in turn limit the subsequent activation of MCs. In addition, 
CD8+ cell-derived exosomes can induce an antigen-specific tolerance in 
mice and alleviate allergic contact dermatitis (ACD) in this model [75].

Since the exosomal content reflect the aberrations in their parent cells and 
because of their stability in the biological fluids, exosomes may serve as a 
promising “liquid biopsy” biomarkers of lung cancer [172]. Exosome-based 
biomarkers bypass the need to surgery for tissue biopsy which provide a 
noninvasive diagnostic approach [172]. Exosomal biomarkers such as miRNAs 
and proteins have been measured in serum and plasma of lung cancer patients. 
Microarray-based analysis of serum exosomal miRNAs of lung cancer patient 
showed that upregulation of miR-21 and miR-4257 is significantly associated 
with a recurrence of the disease [173]. The analysis of serum exosomal proteins 
in 276 NSCLC indicated some of them such as NY-ESO-1 have correlation with 
survival [174].

NSCLC TEXs also show enhanced expression of EGFR [175]. Two tumor 
suppressor miRNA, miR-51 and miR-373, were reduced in lung cancer patients 
and this diminution was associated with poor prognosis [175].
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In addition, exosomal miRNAs analysis in lung cancer patient showed 
the variation in the expression level of miR-378a, miR-379, miR-139-5p, 
miR-200b-5p [70], miR-21 [173], miR-155 [173], miR-23b, miR-10b-5p [173], 
and miR-4257 [173] in comparison to healthy subjects.

Exosomal miRNAs also have been considered as a marker for therapeutic 
evaluation in lung cancer. The tumorgenic miR-208a and miR-1246 that, re-
spectively, target p21 and DR5 mRNAs are considered as a marker for resis-
tance to radiotherapy [176].

Despite providing noninvasive methods with higher sensitivity and speci-
ficity in diagnosis or therapeutic monitoring of lung cancer; TEX-based bio-
markers still face many challenges. The lack of standardized exosome isolation 
methods and the heterogeneity in cancer-derived exosomes are in these issue 
[177]. However, there is much interest in combining the information of miR-
NAs and proteins cargo from lung cancer TEXs with next-generation sequenc-
ing and proteomic analysis to drive greater achievement into TEX-based lung 
cancer diagnosis or therapy.

A new method has been recently suggested the use of surface-enhanced Raman 
Spectroscopy (SERS) combined with principle component analysis (PCA) to char-
acterize the exosomes surface protein and lipid molecules. Since lipids and pro-
teins have their specific Raman spectra, the exosomes from tumor or normal cells 
with different pattern of surface lipid and proteins vary in their Raman spectral pat-
terns. This method differentiate lung cancer TEXs from the normal cell exosomes 
by 95.3% sensitivity and 97.3% specificity [178]. Despite current challenges in 
exosome congenital methods such as heterogeneity in isolated tumor-derived exo-
somes as well as requirement of large amounts of highly concentrated sample, this 
approach may be good choice to be translated in clinical practice [178].

Mass spectrometric quantification of 1369 serum exosomal proteins in 46 
patient with advanced NSCLC demonstrated CD91 as a exosomal antigen in 
lung adenocarcinoma [179].

Another effort in this concept introduced a multivariate extracellular vesi-
cle array (EV Array) as a potential complementary method in the diagnosis of 
NSCLC with phenotyping the plasma exosomes. Using this approach, a panel 
of 30 exosomal surface protein markers including CD91, CD317, and EGFR 
was introduced that could identify patients with 75% specificity [180].

The analysis of urinary exosomes in NSCLC patients with proteomic mass 
spectrometry showed that the presence of Lucien rich alpha-2-glycoprotein 1 
(LRG1) in these exosomes is significantly higher than those from healthy sub-
jects. LRG1 was also highly expressed in NSCLC tissue [181]. Other markers 
such as CD171, CD151, and tetra-spanin 8 were also reported as potential exo-
somal biomarkers for NSCLC diagnosis [182].

In addition to diagnosis applications, exosomes has been of particular inter-
est as suitable vehicles for the delivery of drug or nucleic acids to target organ.

Cow milk exosomes loaded with Aferin-A were used for drug delivery in a 
murine model of lung cancer. The exosome containing Aferin-A apply a tumor 
inhibitory effect after injection in murine lung cancer models [183].
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Exosomes released from the brain endothelial cell line (bEND.3) have the 
ability to pass through the blood-brain barrier and showed successful effect in 
the in vivo drug delivery and reduction in VEGF level in a brain tumor [184].

The unique biological properties of exosomes make them valuable tar-
gets for developing novel strategies in cancer therapy. Considering that the  
tumor-derived exosomes shuttle tumor-specific antigens, they are very attractive 
as anticancer vaccines [185].

Since the target selection of exosomes is organotropism and performed 
through integrin-mediated signaling [87], thus blocking integrins by decoy pep-
tides can prevent exosome fusion and uptake which in turn inhibit tumor pro-
gression [186].

One of the recent advances in immunotherapy of lung cancer is blocking 
the inflammatory signals and the negative regulators of T-cell activation such as 
PD-1 and PD-L1 in the tumor microenvironment that is described to be modu-
lated by exosomes [174].

The strategies to block exosomal secretion or inhibit exosome-mediated cel-
lular cross talk may be functional in the prevention of a favorable tumor micro-
environment development [185].

However, exosomes may significantly increase the efficacy of immunother-
apy in lung cancer by regulating anti-inflammatory signals in tumor microen-
vironment [187].

Overall, because of their particular properties such as specific targeting, 
small size, shuttling signaling, and biological molecules, as well as the ability to 
cross biological barriers, exosomes are considered in wider spectrum of medical 
applications from cancer diagnosis biomarkers to cancer treatment, drug deliv-
ery, and tumor immunotherapy.

Overall, current knowledge highlights the role of exosomes in cellular cross 
talk within the lung microenvironment and also in pathogenegenicity. Exosomes 
offer not only noninvasive diagnostic methods but also are highly considered as 
new potential avenues for lung treatment disorders.

Despite the presence of constraints and inconvenient nature of exosome iso-
lation and purification methods, it is expected that exosomes will be exploited 
in cancer concepts in the near future. However, further more sophisticated clini-
cal studies are needed to address these limitations in exosome usage before 
exosome-based technologies can be translated in to clinical application.
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1  Introduction

The retina is a specialized sensory tissue that lines the back of the eye (Fig. 1). 
It functions to sense light and communicates images to the brain in the form of 
electoral signals. The retina is organized into layers of cells, the major types 
of which include photoreceptors, horizontal cells, bipolar cells, amacrine cells, 
and ganglion cells. External to the photoreceptor layer is a monolayer of post-
mitotic cells known as the retinal pigment epithelium (RPE) (Fig.  1). These 
cells carry out numerous specialized functions that are critical in maintaining 
the health of the overlying neuroretina.

Blood supply to the retina derives from two sources: the central retinal 
artery, which supplies the inner retina, and the choroid, a rich vascular layer 
located between the retina and sclera, which supplies the outer retina. The base-
ment membrane of the capillaries in the choroid form the outer layer of Bruch’s 
membrane (Fig. 1), a multi-layered extracellular matrix that is of clinical sig-
nificance in multiple retinal diseases. The innermost layer of Bruch’s is formed 
by the RPE basement membrane, and additional layers of collagens and elastic 
fibers form the middle three layers.

Due to the nature of its function, the retina cannot ethically be biopsied from 
patients. Direct study of retinal tissue or cells thus comes from postmortem eyes, 
animal models, or cell culture studies, each of which has some form of arti-
fact. An additional method that allows direct analysis of patient-derived tissue is 
interrogation of ocular fluids, which is frequently accomplished via proteomic 
approaches. The most proximal biofluid in relation to the retina is the vitreous 
humor, but aqueous humor from retinal disease patients is frequently studied as 
well. Both of these fluids can be safely biopsied from patients during surgery 
or in a clinical setting [1, 2]. Although aqueous and vitreous are both believed 
to contain proteins relevant to retinal disease and they do show some overlap in 
their proteomes, in general their protein contents appear to be quite distinct [3]. 
For anatomical reasons as well as a vast body of evidence demonstrating the 
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presence of retinal disease proteins in vitreous [4–9], we emphasize interrogation 
of vitreous rather than aqueous as a proximal biofluid of the retina.

Substantiating the premise that vitreous can provide insight into retinal disease, 
an abundant population of exosomes, a subclass of extracellular vesicles (EVs), 
were recently identified in vitreous from patients with no retinal vascular disease. 
This finding was validated in postmortem donors with no known ocular pathology 
and in mice [5]. Exosomes have been identified in aqueous humor as well [10].

EVs function in cell-cell communication in both health and disease [11, 12]. 
As EVs are secreted by most cell types, these functions span a wide array of 
conditions and systems. Because of their abundance and integral roles in so 
many pathological processes, they are often interrogated as a biomarker source. 
EV-based therapeutics are a budding research interest as well. Despite these 
growing investigational fields, EV research in the eye has not kept pace. Our 
understanding of the roles of EVs in retinal disease is exceedingly limited, al-
though their extreme abundance in vitreous fluid suggests a potential role in the 
neighboring retina. Fortunately, studies investigating the role of EVs in general 
mechanisms of disease that are known to contribute to retinal pathology can 
provide valuable preliminary findings for application to retina research. These 
include oxidative stress, endoplasmic reticulum (ER) stress, inflammation and 
immune responses, angiogenesis, and cancer and are outlined in the following 
sections. Additional inferences can be drawn from investigations of EVs in the 
context of disease processes in other organ systems that mirror those that occur 
in retinal disease. EV studies fulfilling these criteria have been incorporated into 
the sections below where applicable.

EVs are a heterogenous group vesicles that are commonly divided into sub-
classes according to size, surface markers, or biogenesis mechanism. Criteria 

FIG. 1  Left: cross-sectional diagram of gross eye anatomy. Right: schematic of retinal cell layers, 
expanded from boxed area on left.



Exosomes in retinal diseases  Chapter | 18  417

for these classifications have been dynamic throughout the past several years as 
researchers have expanded the current knowledgebase regarding these vesicles. 
Two major EV classes are exosomes, which are of endosomal origin and tend 
to range from 50 to 150 nm, and microvesicles, which are shed from the plasma 
membrane and generally have diameters between 50 and 500 nm [13]. For the 
purposes of this chapter, we will refer to EV subtypes according to their clas-
sification in the original study and use the general term “EV” for unspecified 
vesicles as well as to refer to exosomes and microvesicles collectively.

2  General disease mechanisms

2.1  Oxidative stress

Oxidative stress refers to an increase in the amount of biomolecule-damaging 
reactive oxygen species (ROS) that are present within cells [14]. ROS are gen-
erated via normal metabolic processes and are combatted by antioxidant mol-
ecules or enzymes. When ROS production exceeds cellular antioxidant capacity 
and redox balance is disrupted, pathology ensues.

The pathological changes that occur in both inherited and age-related mac-
ular degenerations are associated with increased levels of oxidative stress. In 
these diseases, gradual degeneration of retinal cells leads to blindness. Macular 
degeneration is marked by the formation of deposits beneath the retina or RPE. 
In age-related macular degeneration (AMD), these deposits are termed drusen. 
As deposits increase in number and size, they coalesce, compromising the over-
lying cells’ access to nutrients. Eventually, large patches of retinal tissue be-
come atrophic and die; this lesion is referred to as geographic atrophy (GA) 
and defines advanced dry AMD. Wet AMD, in contrast, is defined by aberrant 
formation of new blood vessels (neovascularization; NV) that originate from the 
choroid and grow into the retina through breaks in Bruch’s membrane (Fig. 2).

Occurrence of AMD is linked to oxidative stress-producing environmental 
factors [15]. Much of the oxidative stress-induced pathology in macular degen-
erations can be traced back to RPE cell damage. Oxidative stress leads to debris 
accumulation and cell death, ultimately resulting in drusen and GA in AMD 
[16]. Additionally, the accumulation of oxidized molecules may disrupt the 
RPE cells’ ability to modulate angiogenesis, leading to NV [16]. Multiple stud-
ies have demonstrated a potential role for exosomes in these oxidative stress-
induced RPE cell changes. For example, in a study using ARPE-19 cells, Wang 
et al. examined RPE changes associated with exposure to a toxic element of 
cigarette smoke, a known AMD risk factor [17], and found an increase in exo-
some markers CD63, CD81, and LAMP2 [18]. These three proteins were also 
found in drusen from AMD patients [19].

The role of exosomes in AMD pathology may also extend to GA. Recently, 
Shah et al. proposed that EVs may be the vector by which RPE damage spreads 
over long distances from one location to another, resulting in regions of GA. 
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They showed that EVs derived from cultured primary RPE cells subjected to 
oxidative stress decreased barrier function in recipient RPE monolayers. This 
effect was mediated by histone deacetylase 6 [20], which regulates autophagy 
in response to oxidative stress [21].

Other researchers have demonstrated a potential role of exosomes in angio-
genesis under oxidative stress conditions. It is known that ROS stimulate vascu-
lar endothelial growth factor (VEGF) expression [22] and that VEGF is a major 
factor driving angiogenesis in retinal diseases like macular degenerations and 
diabetic retinopathy (DR) [23]. It has been shown that the number of exosomes 
secreted by ARPE-19 cells increases upon exposure to oxidative stress and that 
the content of these vesicles becomes pro-angiogenic, with greater amounts of 
vascular endothelial growth factor receptor (VEGFR)-1 and VEGFR-2 mem-
brane proteins and encapsulated messenger (m)RNA expression as well as a 
greater ability to induce angiogenesis in vitro [24]. The phosphorylation states 
of proteins in ARPE-19 cell-derived exosomes have also been shown to change 
after exposure to oxidative stress, and these proteins were found to be involved 
in apoptosis, cell survival, and metabolic pathways [25].

Further investigation into the involvement of EVs in oxidative stress un-
derlying retinal pathology is needed, but studies focusing on RPE cell-derived 
exosomes suggest the two are interlinked.

2.2  ER stress

The balance between protein biosynthesis and degradation and the ability to 
fold proteins properly are both critical aspects in the maintenance of cellu-
lar homeostasis. The ER is the master regulator of these processes, and when 

FIG. 2  Schematic representations of dry and wet AMD pathology.
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they are out of balance, ER stress occurs. The cellular response to ER stress 
is the activation of downstream signaling pathways—collectively termed the 
unfolded protein response (UPR)—that aim to restore balance through proper 
protein folding, halted translation, increased degradation, or—if the damage is 
irreparable—apoptosis [26].

ER stress has been implicated in numerous retinal diseases. In multiple in-
herited retinal degenerations (IRDs), mutant, misfolded proteins may accumu-
late in the ER, inducing stress. These include IRDs caused by mutations in the 
genes encoding rhodopsin [27, 28], interphotoreceptor retinoid-binding protein 
[27], carbonic anhydrase IV [29], and fibulin-3 [30]. Other IRD-causing muta-
tions, such as those in ELOVL fatty acid elongase 4 [31], phosphodiesterase 6B 
[32], and usherin [33], are associated with upregulation of ER stress and UPR 
mediators. Both IRDs and AMD share the feature of deposits, which in part 
are composed of protein aggregates, indicating disrupted proteostasis. Although 
direct evidence for involvement of exosomes in these conditions is lacking, 
substantial evidence from studies of analogous processes and diseases in other 
systems has accumulated.

Recently, it was found that ER stress increases exosome release [34]. 
Additional studies have suggested that exosomes play a role in prion transmis-
sion and aggregation in neurodegenerative diseases in the central nervous system 
[35]. These diseases are marked by aberrant accumulation of insoluble protein 
aggregates, such as β-amyloid plaques in Alzheimer’s disease, α-synuclein ag-
gregation in Parkinson’s disease, and prion plaques in multiple prion diseases. 
Multiple Aβ peptides—which contribute to β-amyloid plaque formation in 
Alzheimer’s disease—have been shown to be secreted via exosomes [36], and 
exosomes incubated with Aβ were found to promote protein aggregation in 
cultured glial cells [37]. Tau, which forms aggregates in both Alzheimer’s and 
Parkinson’s diseases, can also be secreted via exosomes [38, 39], and cerebro-
spinal fluid-derived exosomes from patients with Alzheimer’s have been shown 
to increase tau aggregation in vitro [39]. Similarly, α-synuclein can be secreted 
via exosomes [40] and is more toxic to recipient cells in its exosome-associated 
form than in its free form [41]. Prion proteins have also been shown to be as-
sociated with exosomes [42], and stimulation of exosome secretion was recently 
found to increase intercellular prion transmission [43]. In addition to secretion 
and toxicity, exosomes may play a role in deposit formation in these diseases 
[44, 45]. Deposit formation is a unifying feature between these diseases and 
macular degenerations, and deposits in retinal degenerations share characteris-
tics with those of neurodegenerative diseases. In AMD donor eyes, 129 proteins 
have been identified in sub-retinal deposits, and 20% of components are shared 
between Alzheimer’s plaques and AMD deposits [46]. The deposits that occur 
in IRDs are phenotypically and compositionally similar to those of AMD, and 
in at least one IRD, amyloid peptide has been identified in deposits [47]. Thus, 
it is possible that exosomes play a similar role in deposit formation in macular 
degenerations.
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In addition to this potential role in propagating pathological changes, exo-
somes may also function in maintenance of proteostasis. Molecular chaperones 
such as heat shock proteins (HSPs) are major players in the maintenance of 
proteostasis, as they aid the process of protein folding and regulate degradation 
of improperly folded proteins [48, 49]. HSPs are thus upregulated in response 
to stress. Takeuchi et al. showed that the molecular chaperones Hsp40, Hsp70, 
and Hsp90 are secreted via exosomes. Importantly, exosomes containing these 
proteins reduced aggregate formation in a neurodegenerative disease model, 
contributing to maintenance of proteostasis [50]. Increased retinal HSP expres-
sion has been observed in AMD [51], although others have shown decreased 
HSP expression in RPE cells during earlier stages of AMD [52].

Another, smaller chaperone protein, αB-crystallin, is secreted by RPE cells 
via exosomes and is thought to confer neuroprotection to the abutting photore-
ceptors [53]. Inhibition of αB-crystallin expression in RPE cell culture resulted 
in blockage of exosome secretion [54], underlining its integral interaction with 
exosomes. αB-crystallin has a generalized capacity to reduce protein aggrega-
tion and has been associated with numerous neurodegenerative diseases, includ-
ing Alzheimer’s disease, Parkinson’s disease, and prion disease [55]. It has also 
been proposed that αB-crystallin may serve as a biomarker for AMD, as its 
expression has been shown to be elevated in RPE cells from AMD patients in 
a manner that appeared to correlate with disease severity [56]. In a proteomic 
analysis of drusen, αB-crystallin was found to be among the most common 
proteins identified [57]. Because of its close relationship with exosomes and 
its association with diseases marked by aberrant protein aggregation, it is fea-
sible that αB-crystallin plays a role in macular degeneration via an exosome-
mediated mechanism involving ER stress.

These findings from studies of retinal cells as well as other systems indicate 
that the ER stress underlying and contributing to retinal pathology may in part 
be mediated by exosomes. In addition to functioning in the disease state, exo-
somes may play a role in maintenance of proteostasis in retinal cells and preven-
tion of diseases that are exacerbated by ER stress.

2.3  Inflammation and immune responses

Although the eye is considered immune-privileged, multiple retinal diseases are 
caused or exacerbated by aberrant inflammation or disrupted immune responses. 
These include conditions heavily driven by inflammation, such as uveitis, as 
well as multifactorial conditions in which inflammation is one of multiple inte-
grated components contributing to pathology, such as AMD and DR.

Uveitis is an inflammation of the uvea and can be subclassified according to 
the particular structures affected as well as the cause of inflammation. Here we 
focus on autoimmune uveitis affecting the retina.

Uveitis is thought to derive largely from T cell activity and is character-
ized by perturbances in the levels of diverse cytokines in both ocular fluids and 
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serum [58]. RPE cells are known to play an immunosuppressive role in the eye 
and specifically function to suppress T cell activity [59, 60], and EVs have been 
shown to mediate immune activity in other systems [61–63]. Recent evidence 
suggests that RPE cell-derived EVs may play a role in mediating inflammation 
in uveitis. Knickelbein et al. demonstrated that RPE cell-derived EVs cultured 
with peripheral blood mononuclear cells derived from noninfectious uveitis pa-
tients inhibited T cell proliferation. When cultured with monocytes, RPE cell-
derived EVs increased the amount of monocytes belonging to a subpopulation 
known to regulate immune responses in patients with noninfectious uveitis [64]. 
EVs derived from other cell types may be able to play a similar immunosup-
pressive role. Bai and colleagues recently demonstrated therapeutic effects of 
mesenchymal stem cell (MSC)-derived exosomes in a rat model of autoimmune 
uveoretinitis. Specifically, they found that periocular injection of MSC-derived 
subdued disease intensity by decreasing migration of immune cells, including 
T cells, into the eye [65].

Although less dramatic than in uveitis, immune activation and inflammation 
also play a role in AMD. Multiple studies have demonstrated an association be-
tween genetic polymorphisms of complement components and AMD [66–68]. 
In a proteomic analysis of Bruch’s membrane and choroidal tissue from maculae 
of AMD donors, the majority of identified proteins were found to be involved in 
immunity or defense [69]. The cells responsible for the bulk of immunoregula-
tion in the eye, the RPE, are also the primary cell type affected in AMD. RPE 
cells secrete regulatory molecules like tumor growth factor beta and express 
complement-regulating proteins in their membranes [70–72]. The role of inflam-
mation in AMD progression may be partially mediated by exosomes. Among the 
complement regulatory proteins expressed by the RPE are CD59 and CD46. In a 
study of maculae from AMD eyes, the levels of these proteins were found to be 
decreased in areas displaying pathological changes. CD59 and CD46 levels were 
also decreased in vitro in ARPE-19 cells treated with a complement-triggering 
compound. As the increased CD59 and CD46 staining in the supernatant dis-
played significant overlap with that of an exosome marker, the authors of this 
study proposed that these proteins were released by RPE cells via exosomes [73]. 
Further substantiating the possibility that exosomes play a role in RPE immuno-
regulation, a generalized increase in the amount of EVs secreted by RPE cells 
has been demonstrated in response to stimulation with inflammation-promoting 
cytokines [64].

In both AMD and DR, senescence—cellular “aging” in which cells lose 
their ability to divide—has effects that appear to impact inflammation. A major 
consequence of senescence is adoption of the senescence-associated secretory 
phenotype (SASP), which is in part characterized by upregulation of a particu-
lar body of proinflammatory cytokines and other molecules [74]. Increased ex-
pression of SASP markers has been demonstrated in ARPE-19 cells exposed to 
oxidative stress. Additionally, senescent ARPE-19 cells were shown to increase 
VEGF expression and decrease complement factor H (CFH) expression [75]. As 
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RPE-derived VEGF is thought to drive NV in exudative AMD [76], and CFH 
polymorphisms are associated with AMD susceptibility [67], the findings from 
this study suggest that RPE senescence contributes considerably to AMD pathol-
ogy. SASP has also been shown to play a pathological role in an ischemic retinop-
athy mouse model, in which intravitreal delivery of SASP inhibitors decreased 
retinal NV. In the same study, SASP markers including plasminogen activator 
inhibitor 1, interleukin (IL)-6, IL-8, and VEGF were identified in vitreous from 
proliferative diabetic retinopathy (PDR) patients [77]. Vitreous levels of SASP 
markers including IL-6, IL-8, and CC motif chemokine 2 have also been shown 
to correlate strongly with those of VEGF [78], the driver of NV in this disease. 
Mounting evidence suggests that EVs play a substantial role in senescence and 
aging (reviewed in [79]), and thus they may play a role in the senescent changes 
that contribute to AMD and DR. EV secretion has been shown to increase with 
senescence [80], and may represent one mechanism by which senescent cells re-
move unwanted DNA [81]. As mentioned above, SASP is associated with upregu-
lation of myriad proinflammatory cytokines. Recently, it was shown that many 
cytokines, including many that are associated with SASP, can be secreted in asso-
ciation with EVs and that this association is dynamic and system-dependent [82].

Based on the well-established role of exosomes in inflammation in other 
systems as well as emerging evidence regarding RPE-derived exosomes, senes-
cence, and EV-associated cytokines, it is possible that exosomes contribute to 
immune activation and inflammation in multiple retinal diseases.

2.4  Retinal and choroidal angiogenesis

Aberrant blood vessel formation, termed NV, occurs in numerous retinal dis-
eases and often results in significant vision loss. NV associated with retinal 
disease can be classified as retinal or choroidal, named according to the vascu-
lature from which the newly formed, pathological blood vessels extend. Retinal 
NV occurs in DR, retinopathy of prematurity, retinal vein occlusions, and other 
retinopathies, whereas choroidal NV is characteristic of exudative AMD, other 
macular degenerations, myopia, trauma, and others [83]. Although anatomically 
distinct, both types of NV are driven by shared angiogenic factors and inhib-
ited by common antiangiogenic factors. Major angiogenic factors in the retina 
include VEGF [84], fibroblast growth factor (FGF)-2 [85], angiopoietins and 
Tie2 [84], Wnt [86, 87], and matrix metalloproteinases (MMPs) [88], while 
antiangiogenic factors include pigment epithelium-derived factor (PEDF) [89], 
angiostatin [90], and endostatin [91]. Few studies have examined the role of 
exosomes in retinal or choroidal NV specifically, but substantial evidence from 
other fields has demonstrated an integral role for EVs in angiogenesis in other 
systems.

RPE-derived exosomes are the focus of the majority of studies examining 
the role of EVs in retinal or choroidal NV. It was recently shown that exosomes 
derived from stressed ARPE-19 cells contained increased VEGFR proteins and 
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transcripts and were able to stimulate angiogenesis in vitro [24]. RPE exosomes 
may also mediate antiangiogenic properties. Naga et al. found that the intravit-
really injected anti-VEGF antibody bevacizumab, which is capable of penetrat-
ing the retina to be taken up by RPE cells, appears to be released from RPE cells 
via exosomes [92]. The antiangiogenic factor PEDF, which is apically secreted 
from RPE cells to prevent aberrant angiogenesis from occurring in the retina, 
was identified in RPE-derived exosomes and was present in greater propor-
tions in apically secreted vesicles [93]. Another protein with anti-angiogenic 
properties, peroxisome proliferator-activated receptor gamma, was shown to be 
elevated in the vitreous and aqueous fluids of PDR patients [94]. As this protein 
is known to be present in circulating plasma exosomes [95], it is possible that it 
is exosome-associated in ocular fluids as well.

Additional studies have examined the effects of exosomes derived from 
other cell types on the retina. Exosomes derived from MSC cells cultured under 
hypoxic conditions were found to decrease retinal ischemia upon intravitreal 
injection in a mouse model of oxygen-induced retinopathy [96]. In a laser-
induced choroidal NV mouse model, retinal astroglial cell-derived exosomes 
containing anti-angiogenic molecules were able to suppress leakage of the reti-
nal vasculature and inhibit choroidal NV. In this model, RPE-derived exosomes 
did not have these effects [97].

Further evidence for the involvement of EVs in NV comes from other sys-
tems. Multiple angiogenic factors that drive retinal and choroidal NV have been 
identified in exosomes or other EVs. Tumor-derived exosomes have been shown 
to be capable of delivering VEGF and similar growth factors as well as pro-
angiogenic mRNAs and miRNAs to other cells [98]. Additionally, exosomes 
from healthy cells have been shown to stimulate VEGF mRNA expression 
in  vitro [99]. Microvesicle-associated VEGF has been shown to cause more 
sustained activation of VEGF receptors than free VEGF and to be insensitive to 
bevacizumab, resulting in an EV-associated VEGF-induced inability to block 
VEGF signaling [100]. In a glioblastoma model, similar effects were observed 
with the angiogenic factor FGF-2. In this study, glioblastoma-derived exosomes 
were enriched with FGF-2 co-receptors and stimulated increased vasculariza-
tion compared to FGF-2 alone [101]. Tie2 signaling components have also been 
identified in EVs. Specifically, angiopoietin (Ang) 1 and Ang2 proteins have 
been shown to be secreted in exosomes [102, 103], while larger EVs have been 
shown to contain Ang1 mRNA [104]. Numerous studies have reported exosomal 
secretion of Wnt signaling components [105–109], and it has been shown that 
a significant portion of active Wnt pathway components are secreted on these 
vesicles [105, 106]. MMPs are also critical factors for angiogenesis, as they 
degrade the extracellular matrix (ECM) into which new blood vessels grow. 
Active MMPs have been previously identified on exosomes [110]. Treatment 
with exosomes secreted by cancer cells were shown to stimulate secretion of 
multiple MMPs and VEGFA by recipient cells [111], and cancer cell-derived 
exosomes overexpressing MMP-13 were found to stimulate angiogenesis [112].
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Although studies specific to retinal and choroidal NV are limited, prelimi-
nary work suggests that EVs play a role in NV in retinal disease. This concept 
is substantiated by a much vaster body of evidence demonstrating the pro-
angiogenic capacity of EVs in other systems, meriting further investigation into 
similar mechanisms in the retinal and choroidal vasculature.

2.5  Cancer

Exosomes play a well-established role in cancer, and evidence for their on-
cologic effects across diverse organ systems continues to mount. They have 
been shown to mediate immune responses in cancer, influence the tumor mi-
croenvironment, and contribute to metastasis. For example, exosomes derived 
from antigen-presenting cells have been shown to aid immune responses against 
cancer in mice [113, 114]. In the tumor microenvironment, bidirectional vesicle 
effects have been observed. In one study, exosomes secreted by prostate can-
cer cells activated fibroblasts in the tumor microenvironment [115], while in 
another, exosomes derived from cancer-associated fibroblasts induced a pro-
invasion cargo change in breast cancer cell-derived exosomes [108]. Cancer 
cell-derived exosomes are able to aid in metastasis by contributing to ECM 
degradation [116, 117], directing organotropism [116], and helping to establish 
premetastatic niches [118].

In addition to these functional studies, exosomes are increasingly being in-
vestigated as biomarkers in cancer, with their micro (mi)RNA commonly the 
area of focus. Exosomes serve to protect these nucleic acids, which are fre-
quently dysregulated in cancer. Accumulating evidence points to functional 
roles for miRNAs similar to those described above for exosomes generally 
[119]. Although limited relative to that of the cancer field in general, some evi-
dence demonstrates exosomal miRNA dysregulation in uveal melanoma. Uveal 
melanoma is the most common primary intraocular tumor and arises from me-
lanocytes. It has a poor prognosis, with about half of patients succumbing to 
metastatic disease and the majority of those dying in the first 5 years of disease 
[120]. Of those who develop metastases, about 90% are to liver [121]. A study 
by Eldh et al. identified exosomes positive for the melanoma-specific marker 
Melan-A in the liver perfusates of patients with uveal melanoma, suggest-
ing that tumor-derived exosomes reached the metastatic site in these patients. 
Profiling of the miRNA content of these vesicles revealed distinct miRNA cargo 
in comparison to melanoma cell lines [122]. Another study examined miRNAs 
in native vitreous, vitreous exosomes, and serum in uveal melanoma patients and 
compared them to non-diseased control patients. They identified 32 miRNAs 
that were differentially expressed in at least two of the three samples types, with 
the majority of these changes occurring in native vitreous and vitreous exo-
somes [123].

Exosomes are widely studied in the context of cancer, and findings from 
this research can serve to guide further investigation into ocular cancers. Recent 



Exosomes in retinal diseases  Chapter | 18  425

studies examining miRNA dysregulation in uveal melanoma lay the ground-
work for applying strategies for exosome analysis to the eye.

3  Exosome-based therapeutic approaches

In addition to the above findings suggesting that exosomes contribute to reti-
nal pathology, other data have demonstrated therapeutic effects of exosomes 
in the retina. The majority of these studies have examined MSC-derived 
exosomes. These vesicles are frequently favored over stem cells themselves, 
as the therapeutic effects of MSCs appear to derive mainly from the soluble 
factors they secrete, and cell-free approaches avoid safety issues intrinsic to 
cell transplantation [124]. A few studies have examined the effects of MSC-
derived exosomes in the retina. Mead et al. observed an increase in retinal 
ganglion cell survival and axonal regeneration after intravitreal injection 
of exosomes from bone marrow-derived MSCs in a rat optic nerve crush 
model. In primary retinal cell cultures, these vesicles demonstrated neuro-
protective effects [125]. Similarly, Yu et  al. observed a reduction in laser 
damage, apoptosis, and inflammation after intravitreal injection of MSC-
derived exosomes in a laser-induced retinopathy mouse model [126]. As 
mentioned in the above sections, MSC-derived exosomes also reduced the 
severity of experimental autoimmune uveitis in rats via inhibition of migra-
tion of inflammatory cells into the eye [65]. In an experimental autoimmune 
uveitis mouse model, MSC-derived EVs prevented disease onset and inhib-
ited immune cell activation [127].

In addition to serving as therapeutics in and of themselves, exosomes may 
be able to enhance other therapeutic techniques that are already in use. Wassmer 
et  al. demonstrated that exosome-associated adeno-associated virus (AAV) 2 
allowed superior gene delivery to the retina after intravitreal injection in mice, 
relative to conventional AAV2-mediated delivery [128]. As the first gene ther-
apy in the US was recently approved for an IRD, these findings provide a foun-
dational framework for future application to retinal disease in humans.

As the roles of EVs in retinal disease are only beginning to be uncovered, so 
too are their therapeutic applications in these conditions. Based on the studies 
outlined here, however, EV-based therapeutics are a promising option for future 
treatment of retinal disease.

4  Conclusions

It is clear from other fields that EVs play integral roles in both health and dis-
ease. Although data demonstrating a role for EVs in retinal health and disease 
directly is only beginning to accumulate, inferences drawn from other fields 
substantiate this preliminary evidence and provide a foundational prem-
ise for further investigation. Numerous studies have demonstrated roles for 
EVs in universal pathological mechanisms that underlie retinal diseases and  
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diseases of other tissues. These mechanisms include oxidative stress, ER, stress, 
inflammation and immune responses, angiogenesis, and cancer. More recent 
research suggests that EVs can also confer therapeutic benefits to the retina. 
Further research is needed in order to expand and deepen current understanding 
of these topics.
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1  Introduction

Regenerative medicine aims at restoring diseased and injured tissues and whole 
organs through applying engineering and life science principles to promote re-
generation. Strategies include the use of materials and de novo generated cells, 
as well as their various combinations, to contribute to tissue healing and recon-
struct missing or damaged tissues and organs [1]. The current trend in the field 
of regenerative medicine is to use stem cells, including mesenchymal stromal 
(stem) cells (MSCs). MSCs are multipotent nonhematopoietic adult stem cells 
that were first identified by Friedenstein et al. in bone marrow in the 1960s [2]. 
MSCs possess various unique properties, including homing to damaged tissues, 
multilineage differentiation potential, colony forming and self-renewal abilities 
[3, 4]. Due to these properties, MSCs have received significant attention as a 
promising cell-based therapy for treatment of injured, malfunctioning tissues 
and organs in the field of regenerative medicine (Fig. 1). It was initially thought 
that MSCs exert their therapeutic effects by migrating to the sites of damage, en-
grafting and subsequently differentiating into target cells for tissue regeneration 
[3]. However, several recent studies have indicated that the beneficial actions 
of MSCs are attributable not only to their differentiation potential but also pre-
dominantly to their paracrine activity because only a small fraction of the trans-
planted MSCs survive and fuse with the existing cells at the site of injury site in 
host tissues [5–7]. The paracrine function of MSCs is exerted through secretion 
of soluble factors and release of extracellular vesicles (EVs), such as exosomes. 
Indeed, these soluble factors, which include growth factors, chemokines, and 
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cytokines, can reduce apoptosis and fibrosis, increase angiogenesis, enhance 
neuronal survival and differentiation, restrict local inflammation and modulate 
immune responses [8–10]. Recent studies have revealed that EVs released by 
MSCs may also play a critical role in the physiological function of these cells 
and at least in part be responsible for the therapeutic effects of MSCs [11–13].

2  Exosomes derived from mesenchymal stromal cells

Extracellular vesicles (EVs) comprise a heterogeneous group of nanosized lipid 
bilayer membrane vesicles that are secreted by a variety of cell types, including 
T cells, B cells, dendritic cells, mast cells, endothelial cells neuronal cells, can-
cer cells, embryonic cells and MSCs [14, 15]. EVs are categorized into several 
subpopulations, exosomes, microvesicles and others, based on their origin, size, 
morphology and cargo content. The classical view of exosome biogenesis holds 
that they are initially produced by invagination of the endosomal membrane to 
create multivesicular bodies (MVBs). In fact, exosomes themselves comprise a 
fairly heterogeneous population in terms of their biochemical composition and 
phenotype, which is determined by their cell source. As research in the field of 
exosomes and extracellular vesicles progresses, the nomenclature continues to 
be defined and refined. It has recently been revealed that exosomes have at least 
three subpopulations with unique N-glycosylation, protein, lipid, DNA and 
RNA profiles and biophysical properties [16]. Exosomes, ranging from 40 to 
150  nm, with a density of 1.09–1.19 g/mL, were first identified during research 
on maturation of sheep reticulocytes [17]. Initially, exosomes were considered 
cellular debris or a means to excrete cellular metabolic waste, but it has been 
shown that they act as an additional intercellular communication mechanism 
and are involved in multiple physiological and pathological processes.

FIG. 1  General summary of MSCs in regenerative medicine.
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Exosomes are enveloped in a lipid bilayer membrane that protects their 
contents from degradation and enables them to move long distances in tissues 
and be internalized by recipient cells. The membrane is enriched in annexins; 
tetraspanins, such as CD9, CD63, and CD81; and heat-shock proteins, includ-
ing Hsp60, Hsp70, and Hsp90. The internal biological contents of exosomes 
include a variety of RNA species (e.g., mRNA, miRNA, premiRNA, and long-
noncoding RNA), DNA, lipids, and soluble proteins that are transferred to target 
cells [18–20].

Exosome cargoes are cell-type-specific and are often influenced by the 
physiological or pathological state of the parental cells, as well as the external 
stimuli that regulate their secretion, and the molecular mechanisms involved in 
their biogenesis [21, 22]. Furthermore, it has been shown that exosomes derived 
from MSCs can inherit their parental cell pleiotropic functions of promoting tis-
sue repair and regeneration [23–25]. It was revealed that some surface receptors 
(CD29, CD44, CD73, and CD105), signaling molecules (involved in modulation 
of BMP, MAPK, and PPAR recipient cell signaling pathways), adhesion mol-
ecules and MSC-related markers contribute to the therapeutic benefit of MSC-
derived EVs [26, 27]. Similarly, MSC-derived exosomes decreased apoptosis 
and increased cell proliferation in an acute kidney injury model partly through 
exosome-mediated RNA transfer [28]. Recently, MSC-derived exosomes and 
microvesicles were distinguished through high-resolution proteomics analysis 
[29]. In short, exosomes generated from MSCs can act as a targeted delivery 
system by transporting exogenous biological and chemical molecules for cell-
free regenerative medicine. In addition, exosomes derived from MSCs obtained 
from younger and older hosts showed different miRNA expression patterns, 
indicating that exosomes are biomarker candidates to assess the state of the 
parental cells [30, 31]. Therefore, MSC-exosomes hold promise as biomarkers 
for identification of the specific requested transplant cells for the current stem 
cell-based therapy in regenerative medicine.

3  Application of MSC-EVs in regenerative medicine

Regenerative medicine utilizes MSCs due to their obvious capabilities, such 
as homing to injured and inflamed tissues, multilineage differentiation and im-
munomodulatory effects. However, there are still many challenges in aspects of 
engrafting, homing and differentiation long-term safety. The clinical limitations 
of MSC-based regenerative medicine therapy include their immune-associated 
rejection, genetic instability, low survival rate and function restriction. In ad-
dition, tumor formation by MSCs after transplantation is a major risk [32]. 
Standards for ex-vivo expansion of MSCs, large-scale production, storage and 
delivery, and quality control should be verified and validated [33].

Recently, MSC-exosomes have shown potential in cell-free regenerative 
therapy because they offer several superior advantages compared with cells, 
synthetic nanoparticles, and single molecules. In contrast with whole MSCs, 
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exosomes possess beneficial qualities, such as their lack of a nucleus to avoid 
neoplastic transformation; enhanced stability allowing long-term preservation 
and long-transfer of biomolecules in the body; greater ease of surface modi-
fication with targeting molecules; and loading capacity for small molecules, 
proteins and RNAs. In addition, exosomes can also be engineered with distinct 
receptors or antibodies to transfer therapeutic cargoes to specific cells and tis-
sues. Because exosomes are generated from cells, they show excellent biocom-
patibility and systemic biodistribution [34, 35]. Furthermore, exosomes host 
various types of biomolecules, enabling them to contribute to different thera-
peutic mechanisms simultaneously, which cannot be achieved with traditional 
small single molecules. Therefore, here, we address the molecular mechanisms 
of exosomes applied in regenerative medicine.

3.1  Neurological regeneration

With respect to the relationship between MSC-exosomes and neurological dis-
ease, stem cell-therapy should be discussed first. Currently, stem cell-therapy 
is considered a promising therapeutic option for several neurological disor-
ders, including stroke, Parkinson’s disease, amyotrophic lateral sclerosis and 
Huntington's disease [36]. Below, we introduce studies related to the use of 
MSC-exosomes as a therapeutic strategy for neurological disease.

Alzheimer's is characterized by the accumulation of b-amyloid peptide 
(Ab) in the brain due to an imbalance between Ab production and clearance. 
Neprilysin (NEP) is the most important Ab-degrading enzyme in the brain. It 
was shown that exosomes derived from human adipose tissue mesenchymal stem 
cells contained a large amount of enzymatically active NEP and could decrease 
both secreted and intracellular Ab levels in neuroblastoma cells after coculture, 
which might be a therapeutic approach for Alzheimer's disease [37]. Similarly, 
exosomes isolated from stem cells derived from the dental pulp of human ex-
foliated deciduous teeth (SHEDs) suppressed 6-OHDA-induced apoptosis in 
dopaminergic neurons in a 3D culture environment, suggesting that exosomes 
derived from SHEDs are a promising new therapeutic tool in the treatment of 
Parkinson's disease [38]. Exosomes generated from bone marrow mesenchymal 
stem cells significantly improved functional recovery by promoting neurite re-
modeling, neurogenesis, and angiogenesis after systemic administration in a rat 
stroke model [39]. It was similarly reported that MSC-exosomes led to an im-
provement in neurological impairment, long-term neuroprotection and enhanced 
angioneurogenesis. These effects were in parallel with adjusted postischemic 
immune responses in a mouse stroke model [40]. Ophelders et  al. found that 
MSC-exosomes protected brain function by reducing the neurological sequelae 
following hypoxic-ischemic injury [41]. In another study, it was demonstrated 
that treatment with MSC-exosomes significantly ameliorated inflammation-
induced neuronal cellular degeneration, reduced microgliosis and prevented 
reactive astrogliosis, resulting in improved long-lasting cognitive function [42].
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miRNAs associated with MSC-exosomes are also critical in neurological re-
generation. Xin et al. demonstrated that MSC-exosomes transferred miR-133b 
to neuron cells and astrocytes, which subsequently benefited neurite remodeling 
and functional recovery in a rat stroke model [43]. Xin et al. reported that MSC-
exosomes enriched with the miR-17-92 cluster enhanced oligodendrogenesis, 
neurogenesis, neural plasticity and neurological recovery via PTEN targeting to 
activate the PI3K/Akt/mTOR/GSK-3b signaling pathway [44]. Loss of retinal 
ganglion cells (RGCs) and their axons is one of the primary causes of blindness, 
resulting from either traumatic (optic neuropathy) or degenerative eye disease. 
Exosomes derived from bone marrow MSCs promoted statistically obvious sur-
vival of RGCs and regeneration of their axons while partially preventing RGC 
axon loss and RGC dysfunction. These exosomes transferred their cargo into 
the inner retinal layers, and the effects were reliant on miRNA [45]. Traumatic 
brain injury (TBI) involves a set of secondary pathological and/or functional 
alterations within the brain due to a sudden external force and is a major cause 
of death and long-term disability worldwide [46]. It has been demonstrated that 
bone marrow MSC-exosomes induced reproduction of endothelial cells in the 
lesion boundary zone and dentate gyrus and immature and mature neurons and 
reduced neuroinflammation in rats after TBI [47]. In another TBI mouse model, 
isolated MSC-exosomes suppressed neuroinflammation after TBI and rescued 
pattern separation and spatial learning impairments; therefore, these exosomes 
interrupted the self-perpetuating cycle of tissue destruction and inflammation 
[48]. Exosomes derived from MSCs reduced neuroinflammation by suppressing 
the activation of astrocytes and microglia and promoted neurogenesis, possibly 
by targeting the neurogenic niche, and these effects contributed to nervous tis-
sue repair and functional recovery after TBI [49].

Although newly reported studies have revealed that MSC-exosomes improve 
functional recovery, promote neurogenesis and reduce neuroinflammation, the 
exact cellular and molecular mechanisms involved are unclear. Hence, mecha-
nistic studies should be conducted to take full advantage of MSC-exosomes and 
support their potential in neurological regeneration.

3.2  Cardiovascular regeneration

Cardiovascular disease is the major cause of death and disability not only in de-
veloped countries but worldwide [50]. A major cause of cardiovascular disease 
is damage to the vasculature resulting in gradual build-up of atherosclerotic 
plaques that can partially occlude vessels, followed by the distal myocardium, 
and lead to ischemia under situations of increased cardiac demand. It is crucial 
to quickly reperfuse the vessel to prevent death of the ischemic myocardium. 
However, reperfusion may cause additional injury. The application of MSC-
exosomes in cardiovascular regeneration was first reported in 2010 by Lai 
et al. [51]. Exosomes isolated from human embryonic stem cell-derived MSC-
conditioned medium (CM) were shown to mediate cardioprotection by reducing 
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infarct size during myocardial ischemia/reperfusion injury in a mouse model. 
Subsequently, another study by the same group showed that MSC-exosome 
treatment in a myocardial infarction mouse model resulted in decreased infarct 
size, enhanced NADH and ATP levels, and reduced oxidative stress. Meanwhile, 
MSC-exosomes increased phosphorylated-Akt and phosphorylated-GSK-3b 
levels and reduced the phosphorylated-c-JNK level in ischemic/reperfused 
hearts. Therefore, MSC-exosomes can improve cardiac function by restoring 
bioenergetics, reducing oxidative stress and activating pro-survival signaling 
pathways [52]. Other researchers have found that intramyocardial administra-
tion of MSC-derived exosomes markedly enhanced blood flow recovery, re-
duced infarct size and preserved cardiac systolic and diastolic performance; 
thus, MSC-exosomes protected cardiac tissue through stimulation of neoan-
giogenesis [53]. In addition, it was reported that MSC-exosomes significantly 
promoted tube formation of human umbilical vein endothelial cells, impaired 
T-cell function, reduced infarct size, and preserved cardiac systolic and diastolic 
performance, hence stimulating neovascularization and restraining the inflam-
mation response [54].

Recently, various studies have focused on the role of miRNAs delivered 
by MSC-exosomes in cardiovascular regeneration. It was shown that miR-221 
delivered by exosomes derived from MSCs downregulated p53 and upregulated 
modulator of apoptosis (PUMA) expression, hence, significantly cardioprotec-
tion [55]. Another study by the same group reported that MSC-exosomes trans-
ferred miR-19a in  vitro and into ischemic myocardium in  vivo, producing a 
greater cardioprotective effect by reducing the expression of phosphatase and 
tensin homolog (PTEN) and subsequent activation of the Akt and ERK signal-
ing pathways [56]. Li et al. found that MSC-exosomes inhibited cardiac fibrosis 
and inflammation and improved cardiac function in a rat myocardial infarction 
model. In addition, they verified that MSC-exosomes and MSCs have similar 
miRNA expression profiles, indicating that MSC-exosomes could replace MSCs 
for cardiac repair. In addition, several specific and critical miRNAs present in 
MSC-exosomes were significantly different from those in MSCs, suggesting 
that MSC-exosomes may work even better than MSCs in cardiac regeneration. 
For instance, increased miR-29 expression and reduced miR-34 expression in 
both MSC-exosomes and MSCs might be responsible for the therapeutic ef-
fects of MSC-exosomes. The significantly lower expression of miR-21 and 
miR-15 in exosomes compared with MSCs likely helps explain the superior 
benefits of exosomes over MSCs [57]. However, another study investigating 
exosomal miR-21 revealed that human endometrium-derived MSCs (EnMSCs) 
conferred better cardioprotection than human bone marrow MSCs and adipose 
tissue MSCs because of the enhanced paracrine actions of secreted exosomes 
enriched with miR-21. Antagonism of miR-21 by anti-miR treatment abolished 
the antiapoptotic and angiogenic effects of EnMSCs, and these results indicated 
that exosomal miR-21 is a potential mediator of the cardioprotection effect of 
EnMSCs via the PTEN/Akt pathway [58]. Cardiac injury and dysfunction are 
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commonly observed in sepsis and result in poor blood perfusion in multiple tis-
sues [59]. It was reported that miR-233 contained in MSC-exosomes attenuated 
sepsis-trigged myocardial depression downregulated the expression of Sema3A 
and Stat3, leading to a reduction in the inflammatory response and cell death [60]. 
Zhang et al. found that pretreatment of cardiac stem cells with MSC-exosomes 
decreased cardiac fibrosis and increased survival and capillary density, thereby 
improving cardiac function in a rat myocardial infarction model [61].

Several pathways are involved in the therapeutic effects of exosomes in car-
diovascular disease: (1) exosomes produced from intramyocardially injected 
stem cells exert paracrine effects; (2) resident cardiac stem cells may cause 
autotrophic stimulation of themselves or other cell types in the heart; (3) exo-
somes injected intramyocardially can affect different types of cells directly; (4) 
exosomes administered systemically interact with cells of the cardiovascular 
system, such as endothelial, blood, and cardiac cells [62].

3.3  Hepatic regeneration

The liver is a vital organ that possesses a powerful regeneration capability and 
exerts detoxification functions in the body. Liver disease, including viral hep-
atitis, alcoholic liver disease, nonalcoholic fatty liver disease, and associated 
end-stage liver disease, is a global health concern. Several studies have been 
conducted to examine the use of MSC-exosomes for treatment of liver injury. 
Xu et al. established carbon tetrachloride (CCl4)-induced liver fibrosis mouse 
models. Then, the mouse livers were directly injected with human umbilical 
cord MSC-exosomes. It was revealed that transplantation of human umbilical 
cord MSC-exosomes reduced the surface fibrous capsules and softened their tex-
tures and alleviated hepatic inflammation and collagen deposition by inhibiting 
epithelial-to-mesenchymal transition [63]. In another CCl4-induced liver injury 
mouse model, MSC-exosomes inhibited acetaminophen (APAP)- and hydrogen 
peroxide (H2O2)-induced hepatocyte apoptosis, thereby eliciting hepatoprotec-
tive effects against toxicant-induced injury primarily through activation of pro-
liferative and regenerative responses [64]. Additionally, human umbilical cord 
MSC-exosomes transferred glutathione peroxidase 1 (GPX1) and promoted 
the recovery of hepatic oxidant injury [65]. In a hepatic ischemia-reperfusion 
(I/R) injury rat model, after human-induced pluripotent stem cell-derived MSC 
(hiPSC-MSC)-exosomes were injected systemically via the inferior vena cava, 
the infiltration of inflammatory cells was inhibited, the release of inflamma-
tory factors was reduced, and liver oxidative stress was alleviated. These re-
sults suggest that hiPSC-MSC-exosomes confer liver protection in I/R injury 
via suppression of inflammatory responses, attenuation of the oxidative stress 
response and inhibition of apoptosis [66]. Du et  al. found that hiPSC-MSC-
exosomes suppressed hepatocyte necrosis and sinusoidal congestion in the 
ischemia/reperfusion injury model. Moreover, hiPSC-MSC-exosomes pro-
moted primary hepatocyte proliferation, increased the activity of sphingosine 
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kinase and synthesis of sphingosine-1-phosphate (S1P) [67]. Human menstrual 
blood-derived stem cells (MenSCs) are a novel source of MSCs that provide the 
advantage of being easy to collect and isolate. MenSC-exosomes were found to 
possess the ability to alleviate fulminant hepatic failure because they expressed 
various cytokines, such as IL-6 and angiopoietin-1, and reduced the number of 
liver mononuclear cells and the amount of the active apoptotic protein caspase-1 
in fulminant hepatic failure [68]. In response to liver injury, IL-6 mediated the 
acute phase response and induced both cytoprotective and mitogenic functions. 
IL-6-induced signaling pathways have been verified to play a critical role in 
early onset as well as progression and maintenance of the liver regenerative 
process [69]. In conclusion, MSC-exosomes can inhibit the storm of inflamma-
tory factors, suppress apoptosis, promote angiogenesis, provide energy support, 
promote hepatocyte proliferation and contribute to biliary restoration to reverse 
liver failure and may be an alternative to MSC therapies.

3.4  Renal regeneration

Evidence has shown that the kidney is a target organ of several diseases (for 
example, hypertension, anemia, and dyslipidemia, among others), and when 
kidney physiology is compromised, it can initiate or exacerbate other patho-
physiological conditions, such as cardiovascular disease [70]. In a rat model of 
established chromic kidney disease (CKD), MSC-derived conditioned medium 
promoted therapeutic rescue shown by decreasing CKD progression and re-
ducing hypertension and glomerular injury, suggesting that the paracrine fac-
tors, including cytokines and exosomes secreted by MSCs, contributed to the 
reno protective effects [71]. In a cisplatin-induced acute kidney injury (AKI) rat 
model, MSC-exosome treatment reduced the number of apoptotic cells, oxidative 
stress, and activation of the p38 mitogen-activated protein kinase (p38 MAPK) 
pathway. It was revealed that MSC-exosomes promoted cell proliferation through 
activation of the ERK1/2 pathway, indicating that MC-exosomes could repair 
cisplatin-induced AKI in rats and NRK-52E cell injury by ameliorating oxida-
tive stress and cell apoptosis, promoting cell proliferation in  vivo and in  vi-
tro [72]. In addition, Zou et al. reported that exosomes generated from human 
Wharton-Jelly MSCs (hWJMSCs) ameliorated renal injury at both the acute 
and chronic stage after ischemic AKI. They observed that after administration 
of hWJMSC-exosomes renal cell apoptosis was mitigated and proliferation was 
enhanced, the expression of CX3CL1 was down-regulated and the number of 
CD68+ macrophages in the kidney was decreased. These results indicate that 
hWJMSC-exosomes exert therapeutic effects through anti-inflammatory ac-
tivity via suppression of CX3CL1 [73]. In kidney injury following ischemia/
reperfusion, the chemokine CCR2 and its receptor CX3CR1 mediate signaling 
pathways that regulate monocyte/macrophage trafficking and hence contribute 
to inflammation-related kidney injury [74]. However, exosomes secreted from 
MSCs enriched in CCR2 were able to reduce the concentration of free CCL2, 
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thereby suppressing its ability to recruit or activate macrophages and conse-
quently improving renal injury repair in ischemia/reperfusion-induced renal 
injury [75]. Another cytokine, IL-10, was found to be involved in the renopro-
tective effects of MSC-exosomes. In a porcine model of metabolic syndrome 
and renal artery stenosis, adipose tissue MSC-derived exosomes attenuated re-
nal inflammation and improved medullary oxygenation and fibrosis, whereas 
the renoprotective therapeutic effects were blunted in pigs treated with IL10-
depleted exosomes [76]. Additionally, miRNAs transferred by MSC-exosomes 
participate in AKI recovery. Collino et al. decreased global miRNA expression 
in exosomes via knockdown of Drosha in MSCs and treated glycerol-induced 
mouse models with these exosomes. They found that global downregulation 
of miRNAs enriched in MSC-exosomes halted the renal regenerative effects, 
suggesting that the delivery of miRNAs mediated by exosomes plays a critical 
role in renoprotective function [77]. Recently, application of MSC-exosomes 
to patients has been conducted to assess the safety and therapeutic efficacy of 
exosomes derived from human cord blood in ameliorating the progression of 
grade III and IV chronic kidney disease. The results showed that administration 
of cord blood MSC-exosomes was safe and could ameliorate the inflammatory 
immune response and improve the overall kidney function in grade III and IV 
CKD patients [78]. Taken together, accumulated evidence suggests that MSC-
exosomes possess renoprotective potential through their biological cargoes, in-
cluding miRNAs and proteins.

3.5  Skeletal, chondral, and muscular regeneration

Pathological destructive bone diseases, including osteoporosis, osteoarthritis 
and rheumatoid arthritis, are associated with a persistent decrease in patient 
quality of life and are considered to present a major global health problem 
[79–81]. It was reported that adipose tissue MSC-derived exosomes precondi-
tioned by tumor necrosis factor-alpha (TNF-a) could promote proliferation and 
differentiation of primary osteoblastic cells by suppressing the Wnt signaling 
pathway [82]. These results indicated that MSC-exosomes might potentially be 
used for bone tissue regeneration and replace direct stem cell transplantation for 
bone repair and regeneration. Zhang et al. reported that exosomes isolated from 
human-induced pluripotent stem cell-derived MSCs could enhance the osteo-
inductivity of b-TCP by activating the PI3K/Akt signaling pathway in human 
bone marrow MSCs [83]. Another study demonstrated that MSC-exosomes pro-
moted orderly cartilage regeneration in an immunocompetent rat osteochondral 
defect model. Weekly intra-articular injections of MSC-exosomes promoted 
early cell infiltration and proliferation, reduced the number of apoptotic cells in 
the reparative tissue, and induced polarization of synovial macrophages into a 
regenerative M2 phenotype, thus facilitating orderly cartilage and subchondral 
bone generation [84]. In addition, injection of MSC-exosomes rescued the slow 
fracture healing in CD9−/− femur fracture mouse models. Because the levels 
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of bone repair-related cytokines, including monocyte chemotactic protein-1 
(MCP-1), MCP-3, and stromal cell-derived factor-1, in exosomes were lower 
compared with levels in conditioned medium, it was suggested that bone repair 
might be partly mediated by other exosome cargoes, such as miRNAs. miR-21, 
an anti-apoptotic miRNA, was most abundant in MSC-exosomes [85]. Previous 
studies have also demonstrated that miR-21 promotes osteogenic differentia-
tion of MSCs by targeting small mothers against decapentaplegic 7 (Smad7) 
[86] and the PI3K/b-catenin pathway [87], and local injection of miR-21 
overexpressing MSCs promoted fracture healing in a rat model [88]. In an es-
tablished rat osteochondral defect model, weekly intra-articular injections of 
human embryonic MSC-derived exosomes led to an enhanced gross appearance 
and improved histological scores. Furthermore, by 12weeks, exosome-treated 
defects displayed complete restoration of cartilage and subchondral bone that 
exhibited characteristic features, including hyaline cartilage with good surface 
regularity, complete bonding to adjacent cartilage, and extracellular matrix 
deposition, that closely resembled those of age-matched unoperated controls 
compared with PBS-treated defects with fibrous reproduction [89]. In addition 
to enhanced osteogenesis, exosomes derived from human-induced pluripotent 
stem cell-derived MSCs (hiPSC-MSCs) enhanced angiogenesis in osteoporotic 
rats. The in  vitro results showed that hiPSC-MSC-exosomes promoted cell 
proliferation and alkaline phosphatase (ALP) activity, and upregulated mRNA 
and protein expression of osteoblast-related genes in bone marrow MSCs de-
rived from ovariectomized rats [90]. MSC-exosomes promote skeletal muscle 
regeneration and cartilage and subchondral bone restoration. Nakamura et al. 
reported that human bone marrow MSC-secreted exosomes enhanced myogen-
esis and angiogenesis in vitro and skeletal muscle regeneration in an in vivo 
model of muscle injury. They also verified that miR-494 in the MSC-exosomes 
might be partially responsible for the promotion of muscle regeneration [91]. 
Treatment with MSC-exosomes and cardiac-specific overexpression of miR-
494 have been reported to protect against ischemia/reperfusion-induced cardiac 
injury [51, 53, 92]. For restoration of bone defects through the endochondral 
pathway, the main challenges include the neovascular system to recruit mesen-
chymal progenitors, chondrogenic differentiation and hypertrophic maturation 
of these progenitors, and remodeling of hypertrophic cartilage [93]. However, 
exosome-based therapy may overcome one or more of these bottlenecks. In 
conclusion, MSC-exosomes show potential advantages in the bone defect mi-
croenvironment. They exert therapeutic effects through their abundant contents 
and work in a multifunctional manner.

3.6  Cutaneous regeneration

Following a skin injury, the damaged tissue is repaired through coordinated 
biological actions that constitute the cutaneous healing response. Wound heal-
ing is a complex process involving a cascade of molecular and cellular events, 
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including cell migration, inflammation, angiogenesis, granulation formation, 
re-epithelialization, and extracellular matrix (ECM) remodeling [94].

A variety of studies have focused on the beneficial accelerating effects of 
MSC-exosomes on cutaneous wound healing. It was reported that bone marrow 
MSC-derived exosomes were internalized by human umbilical vein endothelial 
cells and induced dose-dependent increases in tube formation by endothelial 
cells. Moreover, these MSC-exosomes activated several signaling pathways in-
volved in wound healing, such as Akt, ERK, and STAT3 pathways, and induced 
the expression of a number of growth factors, including hepatocyte growth fac-
tor (HGF), insulin-like growth factor-1 (IGF-1), nerve growth factor (NGF), 
and stromal-derived growth factor-1 (SDF-1). Thereby, MSC-exosomes were 
shown to enhance proliferation and migration of fibroblasts derived from nor-
mal donors and chronic wound patients in a dose-dependent manner [95]. It was 
also revealed that exosomes generated from human-induced pluripotent stem 
cell-derived MSCs accelerated re-epithelialization, reduced scar widths and 
promoted maturity of collagen after injection. Not only was the generation of 
newly formed vessels enhanced, but their maturation in wound sites was accel-
erated. In vitro results demonstrated that these exosomes stimulated the prolif-
eration and migration of human dermal fibroblasts and HUVECs and increased 
the secretion of Type I and III collagen and elastin in fibroblasts and tube for-
mation by HUVECs in a dose-dependent manner [96]. The specific expression 
pattern of miRNAs enriched in MSC-exosomes was verified to be at least in 
part responsible for the therapeutic wound healing effects of MSC-exosomes. 
During wound healing, exosomes isolated from umbilical cord-derived MSCs 
contained a group of distinct miRNAs (miR-21, -23a, -125b, and -145) that 
were correlated with negative regulation of myofibroblast formation through 
suppression of the transforming growth factor-b2/SMAD2 signaling pathway 
[97]. Another study reported that miR-125a transferred by adipose tissue MSC-
exosomes repressed the expression of the angiogenesis inhibitor delta-like 4 
(DDL4) and modulated endothelial cell angiogenesis by promoting formation 
of endothelial tip cells [98]. In a severe burn rat model, miR-181c in human um-
bilical cord MSC-exosomes effectively alleviated inflammation by suppressing 
the TLR4 signaling pathway [63]. Additionally, human umbilical cord MSC-
exosomes promoted beta-catenin nuclear translocation and induced increased 
expression of proliferating cell nuclear antigen, cyclin D3, N-cadherin, and 
b-catenin and decreased E-cadherin expression. Furthermore, activation of the 
Wnt4/b-catenin signaling pathway participated in the enhanced angiogenesis 
[99]. These results suggested that human umbilical cord MSC-exosomes dis-
play strong promise for wound healing applications. Flap necrosis is the most 
frequent postoperative complication encountered in reconstructive surgery, and 
the main reason might be deficient neovascularization and diminished levels 
of proangiogenic factor production. It has been found that exosomes from adi-
pose tissue MSCs can significantly increase the survival and capillary density of 
flaps subjected to ischemia-reperfusion injury, and this MSC-exosome activity 
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was possibly mediated through the IL-6/STAT3 pathway [100]. Though the im-
portance of the effects of exosomes derived from MSCs on the wound healing 
process is well established and is commonly accepted in most studies in this 
field, many of the detailed mechanisms underlying the functions of the bioactive 
molecules delivered by exosomes are still unknown. More research is required 
to clarify how exosomes regulate the wound healing process.

4  Exosomal modification in regenerative medicine

Exosomes have shown great potential for therapeutics and possess various 
properties allowing them to be an alternative to stem-cell-based therapies for 
support of endogenous repair and enhancement of existing regenerative medi-
cine approaches. The biocompatibility of exosomes, with suitable modification, 
could increase the stability and efficacy of therapeutics while enhancing cellular 
uptake. In general, exosome modification primarily involves modification of 
their surface with specific ligands and loading with therapeutic agents, such as 
short-interfering RNA (siRNA), miRNA, DNA, proteins and small molecules.

4.1  Engineering the exosomal surface

Exosomes represent a new type of long-distance transfer of bioactive molecules 
due to the protection from degradation and deactivation provided by the lipid 
bilayer membrane. Theoretically, exosomes can be engineered to target specific 
cell types. Exosomes derived from MSCs inherit characteristics that can influ-
ence tissue responses to injury, infection, and disease. Successful treatment for 
ischemic stroke requires safe and effective delivery of drugs, including a variety 
of chemicals, peptides and genetic molecules; however, the main obstacle is the 
blood-brain barrier (BBB) [101, 102]. Tian et al. proposed a simple, rapid and 
efficient method to conjugate ligands that have high affinity to integrins onto 
MSC-exosomal surfaces through bio-orthogonal copper-free azide alkyne cy-
cloaddition. First, they established a cerebral ischemia mouse model. The cyclo-
conjugated MSC-exosomes were then injected intravenously and were shown to 
target the lesion region of the ischemic brain and enter microglia, neurons and 
astrocytes. In addition, these exosomes preloaded with curcumin promoted the 
release of pro-inflammatory cytokines and activation of microglia [103].

It has been reported that the targeted dendritic exosomes conjugate with the 
neuron-specific RVG peptide Lamp2b were able to transfer GAPDH siRNA and 
BACE1 siRNA across the BBB. Subsequently, mRNA and b-amyloid expres-
sion in the brain were significantly suppressed [104]. Based on the therapeu-
tic effects of MSC-exosomes in Alzheimer's disease [37], these adipose tissue 
MSC-derived exosomes could be modified with Lamp2b to target recipient neu-
roblastoma cells, thereby decreasing secreted and intracellular Ab levels. In an-
other example, exosomes were modified with GE11 peptide, which specifically 
bound to EGFR on their surfaces delivered miRNA to xenograft breast cancer 
cells in mouse models [105].
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4.2  Engineering effective exosome contents

The exosome lipid bilayer membrane surrounds and contains a hydrophilic 
core. Based on a thorough understanding of the exosome structure, another crit-
ical aspect of exosome modification is exosomal content. Therapeutic agents, 
such as small molecules, proteins, and nucleic acids, can be incorporated into 
exosomes using two major approaches: active or passive encapsulation [106, 
107]. These different approaches lead to different loading efficiencies and drug 
stabilities in the extracellular vesicles. Passive cargo-preloading strategies are 
relatively simple and are mainly divided into two types: incubation of the drug 
with exosomes or with parental cells. The hydrophobicity of small chemical 
molecules accounts for the significantly higher loading because hydrophobic 
drugs can interact with the lipid layers of the membrane [108]. For instance, 
curcumin is a hydrophobic polyphenol compound that is soluble in aqueous 
solution. It was reported that curcumin could be incorporated into exosomes 
through incubation with exosomes derived from mouse lymphoma cells at 22°C 
in phosphate-buffered saline (PBS) for 5min before sucrose gradient centrifuga-
tion and protected mice against lipopolysaccharide (LPS)-induced septic shock 
[108]. The in vivo and in vitro results demonstrated that the target specificity 
was determined by exosomes, and an improvement in curcumin activity was 
achieved by directing curcumin to inflammatory cells. Moreover, therapeutic 
but not toxic effects were observed. Similarly, catalase, a potent antioxidant, 
was loaded into exosomes through incubation at room temperature. Catalase-
loaded exosomes protected SNpc neurons against oxidative stress in mice with 
acute brain inflammation [109]. In addition, hydrophobically modified siRNAs 
(hsiRNAs) were efficiently loaded into exosomes derived from U87 cells upon 
co-incubation and delivered to mouse primary cortical neurons and efficiently 
silenced up to 35% of the target mRNA, Huntington mRNA [110]. Active drug 
loading refers to electroporation, sonication, extrusion, freeze/thaw cycles, per-
meabilization, and click chemistry methods.

4.2.1  Electroporation
This strategy involves creating small pores in exosome membranes via 
application of an electrical field to exosomes suspended in a conductive solu-
tion. The electrical current disturbs the phospholipid bilayer, resulting in the 
formation of temporary pores, which allow for free diffusion of the drug into 
the interior of the vesicle. Then, the integrity of the exosomal membrane is 
recovered after the drug loading process. Electroporation has been applied to 
preload several types of cargos, including siRNA and miRNA. GAPDH and 
BACE1 siRNAs were electroporated at 400V and 125μF into exosomes and 
exhibited the greatest siRNA retention. Furthermore, transfer of this siRNA 
by exosomes successfully knocked down GAPDH and BACE1 expression 
[104]. Similar results were shown in the report by Wahlgren et al. They used 
exosomes from plasma as a drug delivery system to T cells and monocytes 
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and preloaded them with siRNA against mitogen-activated protein kinase 1 
(MAPK1) via electroporation [111]. In another example, two selected siRNAs 
against RAD51 and RAD52 were electroporated into exosomes, and these 
exosomes were verified to deliver the siRNAs to recipient cells and strongly 
suppressed the expression of RAD51 [112]. However, it has been reported that 
electroporation of exosomes with siRNA is accompanied by extensive siRNA 
aggregate formation, which might lead to overestimation of the amount of 
siRNAs actually loaded into exosomes [113].

A miR-155 mimic was introduced into exosomes via electroporation and 
significantly increased miR-155 levels in primary mouse hepatocytes and the 
liver of miR-155 knockout mice [114]. In addition to siRNA and miRNA, 
small molecule drugs have been loaded into exosomes via electropora-
tion. Doxorubicin was electroporated into exosomes derived from immature 
dendritic cells with an encapsulation efficiency of up to 20% [115]. Johnsen 
et al. reported that electroporation did not change the endogenous stimulatory 
capacity of adipose tissue MSC-exosomes to induce glioblastoma multiforme 
cell proliferation but induced adverse morphological changes, including ag-
gregation of the exosomes [116].

4.2.2  Sonication
After being mixed with drugs and proteins, exosomes can be sonicated with 
a homogenizer probe. The mechanical shear force from the sonicator probe 
compromises the exosome membrane integrity and allows the drug to diffuse 
into the exosomes during membrane deformation. Paclitaxel was loaded into 
exosomes derived from RAW 264.7 macrophages through sonication, and the 
loading capacity was nearly 30%, higher than that achieved via incubation 
(~2%) and electroporation (~5.5%) [117]. In another study, catalase was loaded 
into exosomes using several different methods, including sonication, saponin, 
freeze-thaw cycles and extrusion. Additionally, it has been verified that sonica-
tion of exosomes might alter the surface protein content as well as the lipid 
bilayer organization and lead to increased exosomal interactions with cellular 
membranes of target cells. Furthermore, extensive reformation and reshaping 
of exosomes upon sonication and extrusion enabled catalase diffusion across 
relatively tight and highly structured lipid bilayers and resulted in a high loading 
efficiency [109].

4.2.3  Freeze/thaw cycles
After incubation of exosomes with drugs at room temperature, the mixture can 
be rapidly frozen at −80°C or in liquid nitrogen and then thawed at room tem-
perature. Repeating this freeze/thaw cycle at least 3 times ensures the effective-
ness and efficiency of encapsulation. This method can optimize the properties 
of the exosome surface to decrease immunogenicity and increase colloidal 
stability and improve the half-life of exosomes in blood [118]. Based on a 
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nanoparticle tracking analysis, this strategy has been shown to induce aggrega-
tion of exosomes and lead to a broad size distribution of the drug-loaded exo-
somes. Additionally, the exosomes preloaded with catalase using freeze/thaw 
cycles displayed intermediate loading efficiency values compared with those 
loaded with the enzyme via incubation at room temperature, sonication, extru-
sion and permeabilization. However, these particles were considerably larger in 
size, likely due to aggregation [109].

4.2.4  Permeabilization
Typically, permeabilization is applied to cells after fixation in order to detect in-
tracellular antigens [119]. Because the membrane of exosomes is similar to that 
of cells in composition and structure, exosomes can be permeabilized to make 
them permeable to antibodies. Two general types of reagents are commonly 
used for permeabilization: organic solvents, such as methanol; and detergents, 
such as saponin and Triton X-100 [119]. It was reported that saponin-assisted 
permeabilization increased drug loading into exosomes by 11-fold compared 
with passive loading without saponin [106].

Other classifications of exosome-based drug formulations include (A) 
loading of naïve exosomes isolated from parental cells ex  vivo; (B) loading 
of parental cells with a drug, which is then released from exosomes; and (C) 
transfection/infection of parental cells with DNA encoding therapeutically 
active compounds, specifically, miRNA and siRNA, which are then released 
from exosomes [120]. The previously described active or passive encapsula-
tion strategies involved incorporation of drug into isolated exosomes. As a sec-
ond approach, parental cells can be preloaded with exogenous compounds. The 
mouse MSC cell line SR4987 was incubated with paclitaxel and then released a 
significant amount of exosomes enriched with paclitaxel [121]. Similarly, treat-
ment of resistant HepG2 cells with anticancer drugs (paclitaxel, carboplatin, 
etoposide and irinotecan hydrochloride) induced the cells to secrete exosomes 
with upregulated expression of heat shock proteins (HSPs) on the surface, sub-
sequently leading to superior immunogenicity in inducing HSP-specific NK 
cell responses [122]. In addition, it was eported that chemotherapeutic-loaded 
nanovesicles were produced via breakdown of monocytes or macrophages using 
serial extrusion through filters with diminishing pore sizes. These nanoparticles 
possessed natural cell targeting ability by maintaining the topology of plasma 
membrane proteins and induced TNF-α-stimulated endothelial cell death in vi-
tro and reduced tumor growth in vivo [123]. It was also shown that exogenous 
compounds could be packaged in extracellular vesicles (EVs) through engineer-
ing the parental cells via liposomes, and the EVs mediated autonomous inter-
cellular migration of the compounds through multiple cancer cell layers [124]. 
Finally, isolation and purification of drug-preloaded exosomes from genetically 
modified parental cells has been commonly used for manufacturing exosome-
based formulations. Generally, DNA encoding miRNA, siRNA, DNA or mRNA 
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sequences is transfected or electroporated into source cells, and then, the genes 
are encapsulated into exosomes derived from these parental cells (Table 1).

GAPDH-siRNA and BACE1-siRNA loading into exosomes via electropora-
tion was demonstrated strong mRNA (60%) and protein (62%) knockdown of 
BACE1, and these siRNA-loaded exosomes displayed therapeutic effects in 
Alzheimer's disease in mouse models [104]. miRNAs can suppress protein lev-
els by degrading mRNA or inhibiting translation of target genes, and exosomes 
can deliver miRNAs to target recipient cells. Exosomes derived from MSCs 
transfected with a miR-146b expression plasmid decreased EGFR and NF-kB 
protein levels in glioma cells in vitro. The in vivo results showed that the vol-
ume of glioma tumors were reduced after treatment with the miR-146-loaded 
exosomes [128]. In another neuronal disease, exosomes generated from MSCs 
transfected with anti-miR-9 were internalized by glioblastoma multiforme 
(GBM) cells and decreased the expression of the drug transporter gene MDR1 
in chemoresistant GBM cells and increased the chemosensitivity of GBM cells 
[129]. It was reported that exosomes isolated from MSCs and loaded with miR-
124 subsequently delivered miR-124 to infarct sites, promoting cortical neural 
progenitors to obtain a neuronal identity and protecting against ischemic injury 
via robust cortical neurogenesis [132]. miR-124 is also involved in Huntington's 
disease; decreased miR-124 expression increases RE1-silecing transcription 
factor (REST) levels, resulting in repression of key target genes, such as brain-
derived neurotrophic factor [144]. It was reported that exosomes derived from 
human Wharton Jelly MSCs transfected with miR-30 can be delivered to injured 
renal tubular epithelial cells and restore the expression of miR-30 in injured rat 
kidney [135]. In addition, DNA is another type bioactive molecule that can be 
carried to target cells and tissues. The BCR/ABL hybrid gene, which is involved 
in the pathogenesis of chronic myeloid leukemia (CML), was transferred from 
exosomes derived from donor K562 cells to neutrophils and decreased their 
phagocytic activity in vitro [145]. Lamichhane et al. reported that exogenous 
linear DNA could be loaded into exosomes via electroporation in quantities 
sufficient to yield an average of hundreds of DNA molecules per vesicle. They 
suggested that the DNA loading efficiency and capacity in exosomes was de-
pendent on DNA size, with linear DNA molecules less than 1000bp in length 
being more efficiently loaded compared with larger linear DNA and plasmid 
DNA molecules. It was further shown that exosomes delivered the exogenous 
DNA to recipient cells [139]. In addition to DNA, microvesicles, including exo-
somes, can transfer mRNA and proteins. A fragment of Y RNA was enriched in 
exosomes derived from cardiosphere-derived cells. These exosomes were deliv-
ered to macrophages and induced IL-10 production. Moreover, these Y RNA-
loaded exosomes reduced infarct size and elicited a cardioprotective response 
following myocardial ischemia/reperfusion (I/R) [141]. Overall, a variety of 
DNA molecules encoding miRNA, siRNA, DNA and mRNA sequences can be 
loaded into exosomes, suggesting that MSC-exosomes represent a promising 
DNA ‘drug’ delivery system in regenerative medicine.
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TABLE 1  Exosome-based gene delivery

Parental cells Loading method Gene biotype Effects Ref.

Dendritic cells Electroporation siRNA-GAPDH Knockdown GAPDH in vitro and in vivo [104]

Endothelial cells Transfection siRNA Inhibit luciferase expression in target cells [125]

Fibroblast L929 cells Transfection siRNA-TGF-beta1 Suppress TGF-beta1 expression and inhibit growth and 
metastases in mice

[126]

HEK293T cells Transfection siRNA-MOR (opioid  
receptor Mu)

Deliver siRNA to the brain and suppress MOR expression [127]

MSCs Transfection miR-146b Reduce glioma xenograft growth of rats [128]

MSCs Transfection Anti-miR-9 Reverse the chemoresistance of glioblastoma multiforme 
cells

[129]

HEK293 cells Transfection let-7a Deliver let-7a to EGFR-expressing breast cancer cells and 
tissues

[105]

Human adult liver  
stem cells

Transfection miRNA Inhibit the growth and survival of hepatocellular carcinoma 
in mice

[130]

HEK293 cells Transfection miR-124 Suppress target gene [131]

Bone marrow MSCs Electroporation miR-124 Deliver miR-124 to the infarct site and protect against 
ischemic injury

[132]

Endothelial cells Transfection miR-195 Inhibit 5-HTT (5-hydroxytryptamine) expression [133]

Adipose tissue MSCs Transfection miR-450a-5p Promote adipogenesis through suppression of WISP2 [134]
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Parental cells Loading method Gene biotype Effects Ref.

Human Wharton Jelly 
MSCs

Transfection miR-30 Ameliorate acute renal IRI by inhibiting mitochondrial [135]

HEK293T cells Transfection miR-29a/c Control gastric cancer growth by blocking angiogenesis [136]

Bone marrow MSCs Transfection miR-200b Prevent EMT and alleviate colon fibrosis [137]

HL-1 Transfection DNA Change gene expression [138]

HEK293T cells, 
HUVEC cells, HRVT, 
MSCs

Electroporation dsDNA Deliver DNA [139]

Human glioma cancer 
stem cells

Transfection DNA Extracellular vesicles cross the intact blood-brain barrier [140]

Cardiosphere-derived 
cells

Transfection Y RNA fragment Cardioprotection via modulation of IL-10 expression and 
secretion

[141]

ES-2, SKOV3 Transfection MMP1 mRNA Induce apoptosis in mesothelial cells [142]

HEK293T cells Transfection Cytosine deaminase 
uracil mRNA

Inhibit Schwannoma tumor growth [143]
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5  Clinical application of MSC-exosomes  
in regenerative medicine

Recently, exosomes have been approved for application in several clinical tri-
als, and the process of exosome-based therapies in humans has been boosted. 
Dendritic cell (DC)-derived exosomes have attracted much interest as tumor 
vaccines due to their specific regulation of the immune system. It was revealed 
that DC-exosomes stimulated naïve CD4 + T cells and CD8 + T cells by present-
ing both MHC-I and MHC-II [146, 147]. Three phase I clinical trials confirmed 
the safety and feasibility of DC-exosomes in cancer therapies; however, the 
injected DC-exosomes exerted limited therapeutic effects in stimulating MHC-
restricted T cell responses [148, 149]. Another Phase II clinical trial was con-
ducted using exosomes derived from IFN-γ-matured DCs rather than immature  
DCs. It was demonstrated that activation of NK cells through NKp30 might be 
an effective immunomodulatory strategy for patients with stage IIIB/IV NSCLC 
[150]. Unfortunately, the end point to 50% nonprogressors by 4months post-
chemotherapy was not reached. In addition, there is at least one company that 
has been focusing on the commercial use of DC-exosomes. Anosys, Inc. has 
produced an autologous DC-exosomes vaccine for cancer therapy (http://chro-
mos.com). Other effective applications of exosomes from MSCs, endothelial 
progenitors, Tregs, and other types of cells include regenerative medicine and 
immunotherapy for nonmalignant disorders. Clinical trials of exosomes derived 
from MSCs are ongoing. Another two companies are developing commercial 
use of MSC-exosomes [151]. ReNeuron Group PLC is practical experience in 
neurological and ischemic fields (http://www.reneuron.com). Capricor, Inc. is 
investigating the therapeutic effects of exosomes in cardiac and muscle diseases 
(http://capricor.com).

6  Limitations and challenges

Currently, it has been demonstrated that exosomes derived from MSCs play a 
critical role in various physiological and pathological processes. It was initially 
suggested that MSCs are of great interest as candidates for cell-therapy in tissue 
repair and regeneration due to their differential potential and immunomodulation 
benefits [152–154]. However, accumulating evidence indicates that the paracrine 
action of MSCs tends to be primarily responsible for the therapeutic effects of 
MSCs in regenerative medicine [119, 155, 156]. Exosomes, one of the factors 
that MSCs secrete, mediate interactions between cells and mimic the biological 
functions of their parental cells. Due to their multiple and comprehensive char-
acteristics, exosomes hold outstanding potential as an alternative for MSC-based 
cell therapy. For use in clinical trials, the first step is to prepare the source cells 
for exosome isolation. Second, expand the culture system to obtain the required 
number of exosomes. Then, the exosomes must be separated and purified via 
several methods. Finally, exosomes with therapeutic potential need to be admin-
istered to the patient intravenously or intranasally (Fig. 2) [104, 157, 158].

http://chromos.com
http://chromos.com
http://www.reneuron.com
http://capricor.com
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As for application of MSC-exosomes in clinical trials, there are still several 
obstacles in production, modification, storage, transport, and quality control 
(Table 2).

For different types and stages of diseases, several questions need to be ad-
dressed. For instance, which type of stem cells should be the exosome source. 
It has been verified that the contents of exosomes, at least in part, mimic that 
in parental cells. Thus, distinct parental mesenchymal stromal cells may be 
selected depending on their tissue origin and the therapeutic goals. The cells 
can be isolated from the patient himself/herself or from an allogeneic donor, 
and the cells should be cultured in a common microenvironment or with spe-
cial stimulation. Application of MSCs for clinical purposes takes advantage of 
their poor immunogenicity, which supports the possibility of obtaining MSCs 
or even exosomes from allogeneic donors [3]. Then, to implement accurate 
targeted delivery and/or to enhance therapeutic effects, exosomes may be 
modified with distinct peptides or receptors, and specific types of therapeutic 
cargos (genetic drugs and/or chemical compounds) or their combination may 

FIG. 2  Schematic of representative steps of clinical application of exosomes-based therapy.
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be loaded into exosomes. It is also necessary to select the loading strategy 
according to the contents to be loaded to ensure encapsulation efficiency. 
Furthermore, additional labeling markers are likely necessary to track the 
biodistribution of exosomes and their homing to target tissues and organs via 
in vivo imaging techniques. In addition, to obtain sufficient quantities of exo-
somes for large-scale application in clinical trials, the first approach is to ex-
pand the source MSC cells ex vivo. It was reported that TSAP6 enhanced the 
secretion of exosomes by cells with a p53 response to stress [159]. It is also 
been demonstrated that modulate modulating the expression of some genes or 
the pH of the culture environment may increase exosomes production by MSCs 
[160–162]. The second step is to select the isolation method. The current com-
mon methods for isolating and purifying exosomes are differential centrifuga-
tion, size exclusion chromatography, polymer precipitation, immunomagnetic 
isolation, and filtration.

Differential centrifugation is the most widely used method for exosome 
isolation [163]. It has been widely adopted as a reliable technique for isolat-
ing exosomes from biological fluids [164]. In this method, cells and apoptotic 
debris are removed via low-speed centrifugation, larger-sized microvesicles 
are removed at a higher speed, and finally exosomes are precipitated through 
high-speed ultracentrifugation. However, this time-consuming process is less 
efficient when the source biological liquids are plasma and serum [165]. Size-
exclusion chromatography (SEC) is a separation method based on the size of 
the compound and depends on how efficiently a compound penetrates the pores 
of the stationary phase. Compared with differential centrifugation, this method 

TABLE 2  Challenges in clinical application of exosomes

Problems Detailed questions

Cell source The types of MSCs

The culture and stimulation conditions

Autologous/exogenous

Modification Target molecules

Bioactive contents

Label

Quality control cGMP (clinical good manufacturing practice)

Homogenous

A large scale

Viability/efficiency

Storage and transport
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achieves high yields and stable recovery of exosomes due to the complete re-
moval of contaminating proteins. On the negative side, there is a possibility of 
contamination by the chromatography column, and a large number of fractions 
need to be collected and postanalyzed, representing a series of time-consuming 
steps [166]. The biofluid mixed with precipitation solution is incubated over-
night at 4°C and then centrifuged at low speed to obtain the exosome pellet. 
This method is relatively easy to perform and does not require specialized 
equipment or an extensive length of time. However, it is expense due to the 
cost of commercial precipitation-based kits [167]. Immunomagnetic isolation 
isolates exosomes through binding of specific surface proteins or antigens and 
attachment to beads. Although the yield is low through this immunoaffinity ap-
proach, the isolated exosomes are much purer compared with those obtained 
through other methods. Taken together, each method has advantages and dis-
advantages, requires different sample preprocessing techniques, and produces 
exosome preparations of varying purity and quality. The user may choose a 
method for exosome isolation according to the intended downstream applica-
tion. Further research is required to develop novel approaches for mass produc-
tion of exosomes.

Exosomes for clinical application are required for clinical good manufactur-
ing practice (cGMP) standards, including cell banking and storage, scalability, 
stability, lot and batch tracking, pathogen screening, and other physical, chemi-
cal, and biological methods for quality control [157, 168]. In addition to the pro-
duction, and quality control of exosomes, other key points for future exploration 
should be proposed that the exosome treatment may correlates closely with the 
patient's condition and the safety considerations including toxicity and side ef-
fects. Hence, much work should be conducted to take full advantages of MSC-
exosomes and support their potential for clinical and personalized treatment.

7  Conclusion and perspectives

In this chapter, we have introduced the biological characteristics and therapeu-
tic functions of exosomes derived from MSCs and highlighted the potential of 
MSC-exosomes for clinical application in regenerative medicine. Since it has 
been well accepted that the biogenesis of exosomes is involved in intercellular 
communication, exosomes exert a variety of superior properties as therapeu-
tics compared with cells, synthetic nanoparticles and single molecules. Because 
exosomes are released by most cell types, they can be engineered to be low 
or even nonimmunogenic, and they possess exceptional biocompatibility, bio-
stability and safety. Due to their lack of a nucleus, exosomes avoid neoplastic 
transformation relative to whole cells. They remain viable after freeze/thaw cy-
cles, long-distance transport and long-term storage and hold bioactive therapeu-
tics inside a membrane, which protects the therapeutics from degradation and 
inactivation. In addition, they can be genetically modified with specific surface 
receptors to offer specific delivery to cells and organs. Hence, exosomes have 
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attracted much attention as vehicles for drug delivery and gene therapy. For 
regenerative medicine, exosomes may hold promise for activating injured cells 
and tissues and promote restoration via their bioactive contents and functional 
molecules. Additionally, MSC-exosomes can be applied as biomarkers for iden-
tification of parental MSCs of high quality for transplantation using current 
regenerative medicine approaches.

Despite the increasing number of studies and encouraging results in vitro 
and in animal models, the approaches applied to utilize exosomes derived from 
MSCs for therapeutics need to be addressed and normalized. In particular, pro-
duction scale-up to obtain sufficient quantities while maintaining cGMP stan-
dards of exosomes for use in clinical trials and treatments is a current barrier. It 
is especially crucial to further investigate the side effects of MSC-exosomes in 
animal studies and preclinical tests. Therefore, not only does their novel thera-
peutic potential need to be explored but also their safety and efficacy must be 
carefully assessed.

In summary, additional work should be conducted to determine the underly-
ing mechanisms by which exosomes derived from mesenchymal stromal cells 
contribute to tissue repair and regeneration. Encouraging preclinical studies fuel 
the hope that MSC-exosomes will become promising candidates for regenera-
tive medicine.
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1  Exosomes as biomarkers of diseases and therapeutic 
or vaccine candidates for infections

Exosomes are small intracellular membrane-based vesicles that are naturally 
released by eukaryotic cells into the circulation. These so-called extracellular 
vesicles (EV) have important functions in cell-to-cell communication, and 
bodily fluids display different proteins and other cellular contents such as 
mRNA and microRNA in healthy subjects and patients with various diseases, 
which can be measured as potential diagnostic markers (see [1–3]). Tumor-
derived exosomes are abundant in miRNAs that may serve as tumor markers 
(see [4–6]). For example, the RNA contents in serum EVs of patients with glio-
blastoma multiforme markedly differed from those in healthy subjects (see [7, 
8]), which showed its diagnostic potential as a biomarker.

The levels of EGFRvIII mRNA are increased in circulating exosomes from 
patients with glioblastoma multiforme, and thus it can be used as a diagnos-
tic biomarker for this disease (see [9]). This method may serve the role of a 
“liquid-biopsy,” thus avoiding the need to remove tissue samples from the brain 
for detection of EGFRvIII protein. EGFR localized to exosome membranes 
also was detected as a possible diagnostic biomarker for lung cancer (see [10]). 
Proteoglycan glypican-1 (GP1)-positive exosomes have been detected in the 
serum of patients with pancreatic cancer with absolute specificity and sensitiv-
ity, distinguishing them from healthy subjects and patients with benign pancre-
atic disease (see [11]). Levels of GP1-positive exosomes correlated with tumor 
effect and survival of pre- and post-surgical patients, suggesting a valuable 
prognostic biomarker for pancreatic cancer. In mice, GP1-positive exosomes 
were reliable for detecting pancreatic intraperitoneal lesions despite negative 
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magnetic resonance imaging findings. Plasma exosomes derived from prostate 
acinar cells were investigated as new biomarkers for diagnosis of prostate can-
cer (see [12]). Proteomics profiling of exosomes showed potential biomarkers 
of the disease (see [13]). Patients who experienced recurrence of hepatocellular 
carcinoma after liver transplantation showed increased levels of a miRNA bio-
marker in serum exosomes (see [14]).

Exosomes have also been evaluated as biomarkers for various non-cancer 
diseases of multiple organs including the central nervous system (CNS) (see 
[15]), liver (see [16]), kidney (see [17]), lung (see [18]), and arteries (see [19]). 
In the CNS, tau-mediated neuropathology is the result of extracellular accu-
mulation of abnormally processed tau protein (see [20]). In the M1C cell neu-
roblastoma tauopathy model, tau protein appeared to be spread via exosomes, 
and AT270 phosphorylated-tau was increased in the cerebrospinal fluid (CSF), 
a biomarker for early stages of Alzheimer’s disease (AD). The elevated lev-
els of AT270-phosphorylated tau in the CSF seen in mild to moderate cases of 
sporadic AD resulted from selective abundance of phosphorylated tau in the 
exosome portion of the CSF relative to total CSF tau. The increase in CSF phos-
phorylated tau level with attack of AD was associated with an increase in the 
exosome-associated portion in the CSF. In another study, levels of autolyso-
somal proteins (cathepsin D, lysosomal-associated membrane protein 1, and 
ubiquitinylated proteins) in neuron-derived serum exosomes distinguished pa-
tients with pre-clinical AD from matched controls and patients with frontotem-
poral dementia (see [21]). Altered microRNA profiles in CSF/blood exosomes 
associated with neurodegenerative disorders are possible new biomarkers in the 
early diagnosis of AD and PD (see [22]), and the fact that exosomes can deliver 
siRNA offers a therapeutic potential in AD (see [23, 24]). Proteomics profiling 
of serum exosomes identified proteins that were abundant in patients with PD 
compared with healthy subjects (see [25]).

With regard to lung disease, exosomes isolated from bronchoalveolar lavage 
fluids of patients with asthma compared with healthy subjects showed different 
miRNA profiles (see [18]). Exosomes are released from the key cells implicated 
in asthma such as mast cells, eosinophils, dendritic cells (DCs), T-cells, and 
bronchial epithelial cells. These in turn can provoke the activation or repres-
sion of other asthma-related cells and stimulate allergic responses (see [26, 27]).  
The DC-derived exosomes (Dex, dexosome) have costimulatory molecules on 
their surfaces that can stimulate allergen-specific Th2 cells (see [28, 29]). The 
eosinophil-derived exosomes also have important roles in the modulation of 
asthma, and their numbers are increased in asthmatic patients (see [30, 31]). The 
exosomal miRNA content in patients with severe asthma was significantly differ-
ent compared with healthy subjects (see [32]). The dysregulated miRNAs were 
associated with pathways related to airway integrity as well as being correlated 
with certain clinical features such as eosinophil count or FEV1 (see [33]). In a 
different study, the exosomal miRNA profile in patients with severe asthma was 
related to the TGF-ß and ErbB signaling pathway and focal adhesion (see [34]).
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Exosomes may also serve as vaccines for allergic diseases (see [35]). 
Exosomes isolated from the bronchoalveolar lavage fluid of mice after respi-
ratory exposure to the olive pollen allergen induced tolerance and protection 
against allergic sensitization in mice (see [31]).

Increased miR-192 levels in serum exosomes predicted the development of 
heart failure after acute myocardial infarction (see [36]). Finally, urinary exo-
somes have been used as starting material for diagnostic biomarkers for renal, 
urogenital, and systemic diseases (see [17, 37]).

Despite the number of studies showing the relevance of EV biomarkers 
with diverse diseases, the results of individual studies have shown inconsistent 
trends. Methodological differences in EV purification may explain this contra-
diction (see [38]). For a given application, it is mandatory to inspect the method 
in terms of its sensitivity and specificity including quality control measures un-
der well-defined settings.

Exosomes are preferential candidates for use in vaccines for infectious dis-
eases such as toxoplasmosis, diphtheria, tuberculosis, and atypical severe acute 
respiratory syndrome (SARS). It has been reported that immunization using 
DCs with Toxoplasma gondii antigens (T-Ag) in healthy mice induced protec-
tion against a virulent strain of T. gondii after oral application, but it was diffi-
cult to obtain a sufficient amount of DCs pertinent to vaccination (see [39–41]). 
Murine bone marrow-derived DCs pulsed in  vitro with intact diphtheria toxin 
(DT)-released exosomes after injection into mice showed induction of IgG2b and 
IgG2a responses specific for DT (see [42]). Infection with Mycobacterium tuber-
culosis excites macrophages to stimulate the release of exosomes, and it should 
be noted that exosomes containing M. tuberculosis peptide-MHC-II complexes 
can induce antimicrobial T-cell responses (see [43, 44]). Exosomes as vaccination 
materials have also been studied in SARS-related coronavirus (CoV), an infection 
that causes a fatal atypical pulmonary disease. Kuate et al. [35] found that exo-
somes with the SARS-CoV spike S protein produced neutralizing antibody titers, 
which was further reinforced by priming with the SARS-S exosome vaccine and 
then boosting with the presently applied adenoviral vector vaccine (see [35]).

Stimulating a potent and general cytotoxic T lymphocyte (CTL) immune 
reaction has therapeutic potential for various diseases, including viral infec-
tions. For example, inducing anti-Ebola virus (EboV)-specific CTL immunity 
could have benefits in both therapeutic and preventive settings (see [45]). In 
fact, stimulation of virus-specific CTLs has been recognized in survivors of 
acute EboV infections (see [46]), and virus-specific CTL immunity plays a cru-
cial role in protection in several nonhuman primates, including macaques (see 
[47]). Furthermore, transfusion of CD8+ T lymphocytes from mice infected 
with mouse-adapted EboV to naïve recipient mice defended them against EboV 
infection (see [48]). Consistently, a powerful CTL-related immunity response 
could also have pertinent therapeutic effects with influenza viruses A (Flu) 
(see [49]) and hepatitis C (HCV) virus infections (see [50]). Anticoli et al. [45] 
suggested an exosome-based vaccine platform to design exosomes in vivo with 
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the E7 protein of human papilloma virus (HPV). This method involves intra-
muscular injection of a DNA vector encoding HPV-E7 fused at the C-terminus 
of an exosome-anchoring Nef mutant protein (Nefmut). Human immunodefi-
ciency virus type-1 (HIV-1) Nefmut is a 27-kDa protein (see [51]) connecting 
with raft microdomains at cellular membranes (see [52]). Nefmut lacks several 
anti-cellular effects generally caused by wild-type Nef, including CD4 down-
regulation, increase of HIV-1 infectivity, PAK-2 stimulation, and MHC Class I 
down-regulation, and is found in exosomes at very high levels (see [53, 54]).  
In this alignment, the ≈11-kDa E7 protein produced both potent and effective 
antigen-specific CTL immunity. To establish the general application of this 
technology, immunogenicity studies were performed with an array of viral 
products of various origins and sizes including EboV, West Nile Virus NS3 and 
HCV NS3. All antigens were stable upon fusion with Nefmut, and were trans-
ferred into exosomes at levels compared to Nefmut. When injected into mice, 
DNA vectors expressing the various fusion products produced a clearly detect-
able antigen-specific CD8+ T cell response with sufficient cytotoxicity to kill 
peptide-loaded and/or antigen-expressing syngeneic cells (see [45]).

DCs are the most competent cells at presenting antigens, and are the only 
antigen-presenting cell able to stimulate naïve T cells, creating the adaptive im-
mune reaction (see [55]). Indeed, we can define cancer immunosurveillance 
as a stage of stepwise results leading to the effective killing of cancer cells by  
T cells: specifically, DC capturing and processing of tumor neoantigens is the 
first phase, a process that depends on molecular signals such as pro-inflammatory 
cytokines, co-stimulatory ligands, dying tumor cells-derived molecules, and 
gut microbiome products (see [56]). Accordingly, potent DC-based cancer 
vaccinations have been researched for some time; some positive results using 
these technologies have emerged, such as Sipuleucel-T immunotherapy for 
castration-resistant prostate cancer (see [57]). However, the diverse application 
of DC-based cancer vaccines shows some main limitations (see [58, 59]). Fig. 1 
describes DC-based immunotherapeutic strategies. Dexosome (Dex)-based can-
cer vaccines have recently emerged as an alternative that may overcome some of 
these obstacles. First, the Dex molecular component is simple to analyze, thus 
enabling the rigid definition of validation parameters (see [60]). Second, Dex 
components are more plentiful in peptide-MHC class II complexes, allowing for 
higher yields (see [58, 60]). Third, Dex compared with DC can tolerate longer-
term frozen storage, for up to 6 months (see [58]). In addition to these merits, 
the immunosuppressive tumor microenvironment often inhibits antigen presen-
tation and T cell stimulation by DCs, but this should not affect Dex (see [61, 
62]). Finally, Dex are not associated with most of the risks related to the admin-
istration of viable cells, such as generation of immune dysfunction or microvas-
cular occlusions (see [63]). Tumor peptide-pulsed Dex produced in vivo CTL 
priming, tumor growth repression, and tumor remission. Indeed, single intrader-
mal injections stimulated significant tumor growth repression after a week, and 
40–60% of the animals were tumor-free after 60 days (see [62]). Furthermore, 
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FIG. 1  DCs-based immunotherapeutic strategies: (1) to harvest peripheral blood mononuclear cells, (2) to generate immature DCs with cytokine stimulation, 
(3) to mature DCs by sensing the presence of a potential pathogen (“stress signal”) via detection of PAMPs (exogenous signal) or infection-induced alteration in 
self-markers (endogenous signal), (4) cancer cells brought into contact with dendritic cells are consumed, thereby imprinting the dendritic cells with the cancer 
marker (5) to transfer activated antigen-presenting DCs back to the patients, (6) to stimulate robust anti-tumor immune effector cells such as T cells and NK cells.
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these cell-free immunotherapeutic vaccines were more potent than directly ad-
ministered viable DC vaccines, with which only 20% of the mice were tumor-
free after 60 days. These differences may illustrate the exosomes’ resistance 
to the immunomodulatory effects of the tumor microenvironment, which can 
block the ability of DCs to present antigens (see [62]). In the past decade, sev-
eral successful clinical trials were performed assessing the feasibility, safety 
and efficacy of Dex-based cancer vaccines in patients with non-small cell lung 
cancer (NSCLC) (see [64]) and metastatic melanoma (see [65]), and in general 
the results were promising. In both trials, the patients received four doses of 
vaccine that consisted of autologous Dex loaded with several different MHC 
class II peptides. Vaccine production was shown to be practical, and the therapy 
was well tolerated with only minor grade 1–2 adverse events (see [64, 65]). A 
more recent phase II clinical trial evaluated the use of IFN-γ-Dex, Dex derived 
from IFN-γ-stimulated mature DC, as maintenance immunotherapy after the 
use of first-line chemotherapy in patients with advanced NSCLC (see [66]). 
This study showed the feasibility of production and safety of IFN-γ-Dex, with 
only one of 26 patients developing a grade 3 hepatotoxicity. This trial did not 
show any objective tumor response among clinical outcomes, according to the 
Response Evaluation Criteria in Solid Tumors. However, it did show that the 
patients with the longest progression-free survival had a notable improvement 
in NK cell function after Dex treatment, showing that Dex can stimulate the NK 
cell arm of antitumor immunity in patients with advanced NSCLC (see [66]).

Tumor-derived exosomes also function as an antigen delivery system, ca-
pable of blocking tumor development in a CD4+ and CD8+ T cell-dependent 
pattern (see [67]). Because of this, cell-free vaccines based on the use of tumor-
derived exosomes are another possibility for clinical application. However, the 
isolation of tumor-derived exosomes is inconvenient and has a low preparation 
efficiency, with a low yield from in vitro culture of the patients’ tumor cells 
(see [68]). However, malignant effusions from patients with melanoma are rich 
in exosomes, which can transmit tumor antigens to DCs, which in turn stim-
ulate tumor-specific CTL capable of an effective in vitro antitumor response 
(see [69]). A phase I clinical trial examined the effects of exosomes harvested 
from the ascites of patients with advanced CRC as immunotherapy, and showed 
that a combination of tumor exosomes with GM-CSF permitted a more effec-
tive induction of systemic anti-tumor immunity and CTL responses compared 
with tumor exosomes alone. The patients treated with only tumor exosomes 
showed no therapeutic response, while one patient with stable disease and one 
patient with a minor clinical response were observed in the group treated with 
ascites-derived exosomes combined with GM-CSF (see [68]). Despite the at-
tempts engaged thus far, Dex-based immunotherapy as a novel cancer control 
remains a highly encouraging possibility. Dex are proficient mediators of im-
mune responses and the technical simplicity of managing their immunostimula-
tory characteristics (via the donor DC) along with their advantages over whole 
cell-based applications, confirms their therapeutic promise (see [60]).
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Of particular interest to this section, exosomes can serve as both promot-
ers of tumor growth and invasion by establishment of an immunosuppressive 
microenvironment and as agents for cancer immunosurveillance by inducing 
antigen presentation and stimulating destruction of tumor cells by CD4+ (see 
[70]) and CD8+ (see [69]) T cells and by components of the innate immune 
system, such as NK cells (see [71]) (Fig. 1).

2  Extracellular vesicles (EVs) as a drug delivery system

The most important characteristic for a successful nanocarrier is satisfactory 
in vivo behavior. The development of EVs as delivery systems requires compre-
hension of their in vivo kinetics after administration. However, understanding 
of extracellular behavior, pathways of cell uptake, and subcellular paths of EVs 
remains obscure. EVs released by various types of cells can be found and are 
relatively stable in the blood circulation and biological fluids. This suggests that 
EVs are more slowly cleared and remain longer than synthetic nanocarriers in 
biological systems. However, different in  vivo pharmacokinetic studies have 
shown that when EVs are injected into the circulation, they are rapidly cleared. 
EVs derived from B16 melanoma cells and splenocytes underwent rapid clear-
ance and showed a very short half-life, approximately 2 min, after intravenous 
administration in mice (see [72, 73]). Increased levels of fetuin-A in urinary 
exosomes correlated with acute urinary injury (see [74]).

Exosomes and microvesicles participate in a large variety of body processes. 
They are carriers of concentrated genetic and proteomic information, and thus 
are believed to play important roles in cell-to-cell communication. Secreted 
vesicles can carry their messages in different ways. Firstly, they may stimulate 
recipient target cells via ligands expressed on their surface. For example, it has 
been verified that antigen-presenting exosomes derived from DC induce the  
T cell-mediated immune response in vivo (see [75]). In addition, ligand-receptor 
signaling via exosomes can also play a role in other regulatory processes, such 
as angiogenesis (see [76]), hemostasis (see [77]), cancer progression (see [78]), 
and metastasis (see [79]). Secondly, secreted EVs may transfer surface recep-
tors from one cell to another by fusion with the plasma membrane of target cells 
(see [80, 81]). With this mechanism, HIV increase susceptibility to infection by 
transferring CD4 receptors from infected cells to intact cells (see [82]). EVs ap-
pear to have multiple obvious advantages, such as high delivery capacity, innate 
targeting properties, and low immunogenic potentiality, which position them as 
efficient biological delivery systems for therapeutics ranging from small mol-
ecules to macromolecular nucleic acids and proteins (see [83]) (Table 1).

Despite the development of various methodologies for EV-based delivery, a 
major hurdle is the lack of standardized, efficient, and reasonable approaches 
for isolation of EVs. Isolation methods need to be validated when considering 
the reproducibility, yield, purity, and functional properties of EVs for its gen-
eral application. Also, there is no validated standard procedure for storage time, 
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which needs to be carefully evaluated for EV-based products (see [88]). Fig. 2 
shows the overall scheme of different modalities for using exosome-based for-
mulations (see [89]).

Also, the loading efficiency of therapeutics into EVs remains inadequate. 
The relatively tight and ordered lipid bilayer impedes efficient loading of drugs 
into EVs without reducing membrane integrity. Such damage might alter the 
immune-oriented characteristics of EVs and make them visible to the mono-
nuclear phagocyte system (see [89]). Therefore, ideal loading methods should 
not only possess high loading efficiency but also preserve the structural integrity 
of EVs and the functional integrity of therapeutics (see [83]).

A growing area of interest is the application of diverse nanotechnology-
based DDS such as liposomes, polymeric nanoparticles, dendrimers, and mag-
netic nanoparticles (see [90]). These delivery systems are being used to deliver 
various types of cargo including chemotherapeutics, anti-inflammatory drugs 
and miRNAs (see [91, 92]). The nano-sized diameters of these DDS facilitate 
delivery through the blood and lymphatic systems with effective drug-loading 
capacity (see [93]). Moreover, our understanding has progressed regarding the 

TABLE 1  Pros and cons of extracellular vesicles for therapeutic delivery  
(see [1, 24, 68, 83–87])

Pros (advantages) Cons (disadvantages)

-	 Nanoscale vesicles for biocompatibility 
and stability in body fluids.

-	 Naturally derived low immunogenicity.

-	 Stealth capacity against immune 
system.

-	 Inherent target properties with reduced 
off-target effects.

-	 Ability of guiding therapeutic cargo 
across biological barriers, especially 
BBB.

-	 Capacity to be loaded with specific 
small molecules such as miRNA and 
drugs.

-	 Unique composition allows direct 
membrane fusion with target cell, for 
efficient cell uptake.

-	 Safe in clinical trials.

-	 Low inherent toxicity.

-	 Secretion and uptake mechanism, 
composition, and biological functions 
are not yet understood.

-	 Impact on the target cell is unknown.

-	 Isolation techniques with high 
efficiency and robust yield are lacking.

-	 Scalable production difficult-there are 
no optimal purification methods: large-
scale production is expensive and 
challenging.

-	 Efficient loading methods without 
damaging EV integrity are lacking.

-	 In vivo data have been less studied, 
and in vivo tracking requires further 
studies.

-	 Clinical studies on therapeutic delivery 
are lacking.

-	 Vesicles with heterogeneous 
constituents can be immunogenic.
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FIG. 2  Schematic representation of various strategies of exosome-based diagnostic and therapeutic approaches in translational and clinical medicine. EV, 
extracellular vesicle.
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in vivo pharmacokinetic behaviors of EVs such as circulatory half-life, tissue 
distribution in  vivo, cellular uptake, and intracellular fates. This understand-
ing is crucial to the clarification of the biological functions of exosomes and 
practical application of exosome-based therapeutics. To define the pharma-
cokinetics of exosomes clearly, the first step includes the evaluation of tissue 
distribution in vivo, in other words the so-called biodistribution of exosomes. 
Several labeling methods with small lipophilic fluorescence dyes have been 
introduced and used for that purpose for in vivo tracking. Although the reli-
ability of in vivo analysis would be decreased by the release of free dye from 
exosomes, this strategy is a useful approach to assess the localization of exo-
somes to tissues (see [94, 95]). PKH67, a lipophilic fluorescent dye, was used 
to label highly metastatic B16F10 murine melanoma cell-derived exosomes 
that accumulated in the lung, bone marrow, spleen, and liver, enhanced endo-
thelial permeability in the lung, and facilitated tumor metastasis to the lung 
(see [96]). In addition to fluorescent dyes, lipophilic near-infrared dyes such as 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiD) and 
1,1′-dioctadecyltetramethylindotricarbocyanine iodide (DiR) have been widely 
used for the imaging of exogenously administered exosomes. DiD-labeled MSC 
exosomes were well distributed to the spleen and liver after intravenous admin-
istration in normal mice (see [94]). On the other hand, in a mouse model of acute 
kidney injury, these exosomes accumulated in the kidney, as well as the spleen 
and liver, after intravenous injection. This finding may explain how the intra-
venous administration of MSC-derived exosomes stimulates the recovery from 
cisplatin-induced acute kidney injury in SCID mice (see [97]). In the study of 
in vivo behavior of DiR-labeled exosomes of various cell types such as B16F10 
murine melanoma cells, C2C12 murine myoblast cells, bone marrow-derived 
DCs, and HEK293T human embryonic kidney cells, exosomes were mainly 
distributed in the liver, spleen, lung, and gastrointestinal tract after intravenous 
administration. Among these exosomes, B16F10 murine melanoma cell-derived 
exosomes mainly accumulated in the lung compared with the exosomes derived 
from the other two types of murine cells. The highest accumulation in the spleen 
and liver was observed with DC exosomes and C2C12 exosomes, respectively. 
HEK293T exosomes mainly accumulated in the liver after intravenous injec-
tion and the liver, pancreas, or gastrointestinal tract after intraperitoneal or sub-
cutaneous injection, respectively (see [98]). Because of its higher sensitivity 
and stability, the labeling of exosomes with radiotracer is a more appropriate 
method for quantitative assessment of the pharmacokinetics and tissue distribu-
tion of exosomes compared with labeling with fluorescence dyes or chemilumi-
nescent proteins. For example, 111In-labeled PC3 exosomes rapidly disappeared 
from blood circulation and were primarily distributed in the liver (12% injec-
tion dose [ID]/g at 24 h) after intravenous injection (see [99]). Various types 
of cells recognize and take up exosomes. Therefore, identifying these cells is 
important for further exploration of the biology of exosomes and for the de-
velopment of exosome-based therapeutics. The mouse DC-derived exosomes 
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were picked up by macrophages in the spleen and liver (see [90]), and exosomes 
derived from MDA-MB-231 breast cancer cells were taken up by macrophages 
in the lung and brain after intravenous administration, respectively. Exosomes de-
rived from C2C12 cells, NIH3T3 cells, MAEC cells, and RAW264.7 cells were 
mainly picked up by macrophages in the liver after intravenous administration (see 
[100]). These results suggest that macrophages are the main cells that actively take 
up exogenous exosomes (see [101]). It has been predicted that exosomes are taken 
up by cells through the recognition of surface molecules on the membranes of 
the exosomes. Several studies investigated the molecules that may contribute to 
the in vivo pharmacokinetics of exosomes. An in vitro study proved that carbohy-
drate moieties on the membranes of exosomes contributed to the cellular uptake 
of exosomes (see [102]). Exosomes derived from tumor cells that metastasized to 
the lung (MDA-MB-231 and 4175) or to the liver (BxPC-3 and HPAF-II) mainly 
gathered in the lung and liver, respectively. A proteomic analysis of exosomes 
showed high expression of integrins α6β4 and αVβ5, respectively. Exosomes col-
lected from integrin β4-knocked down 4175 cells showed reduced accumulation in 
the lung. These results demonstrate that integrins play a key role in the pharmaco
kinetics and tissue distribution of exosomes in vivo (see [101]). Exosomes derived 
from genetically modified immature DCs expressing the iRGD peptide showed a 
selective distribution to αv integrin-positive tumor tissues (see [103]).

In addition to delivery of small RNA molecules, which depend on intracel-
lular delivery to perform intrinsic functions, EVs have also been applied to de-
liver chemotherapeutic agents with the aim to increase their efficacy and reduce 
adverse effects. One study involved the use of exosomes to deliver curcumin 
to treat an inflammatory disease (see [104]). Exosomes are applied to form a 
complex with curcumin to enhance curcumin anticancer activity (see [105]). 
The intravenous injection of integrin-targeted, dendritic cell-derived EVs with 
the chemotherapeutic doxorubicin led to significant repression of tumor growth 
compared to free doxorubicin in a mouse model of breast tumor. Moreover, 
doxorubicin when loaded into EVs was shown to cause less cardiac damage, 
which is otherwise its most important dose-limiting adverse effect (see [103]). 
The advantage of exosomal doxorubicin versus liposomal doxorubicin involves 
the natural orientation of exosomal membrane proteins and their ability to in-
teract with the receptors in the target cell plasma membrane (see [106, 107]). 
Furthermore, exosome-encapsulated paclitaxel compared with free taxol was 
shown to be more effective in controlling the growth of Lewis lung carcinoma 
metastases, and it holds significant potential for the delivery of various chemo-
therapeutics to treat drug-resistant cancers (see [108]). Repeated intraperito-
neal injections of cisplatin-loaded EVs improved long-term survival of ovarian 
cancer-bearing mice as compared to free cisplatin, and intravenous injection of 
doxorubicin-loaded EVs delayed growth of established subcutaneous hepatic 
cancer (see [109]). Importantly, these exosome-encapsulated drugs did not ad-
versely affect liver or kidney function, which is frequently observed after ad-
ministration of free drugs.
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Regrettably, the movement of large proteins through the blood-brain barrier 
(BBB) is severely limited. In fact, 98% of all potent drugs that may be better 
options for various CNS diseases are not applied in the clinic because they can-
not cross the BBB (see [110]). Various nano-sized drug formulations have been 
developed to overcome this hurdle (see [111, 112]). Parkinson’s disease (PD) is 
known to be associated with brain inflammation, microglia activation and secre-
tory neurotoxic activities, including reactive oxygen species (ROS) (see [113, 
114]). Samples of brain tissue from patients with PD have shown reduced levels 
of redox enzymes, catalase, and superoxide dismutase, and other antioxidants 
(see [115–117]), which indicates an impaired defense against oxidative stress 
and neurodegeneration in these patients. Among these molecules, catalase is 
one of the most effective natural antioxidants: it scavenges one million free radi-
cals through a catalytic reaction. Therefore, successful delivery of catalase into 
the brain may be an important and possible approach to PD therapy (see [84]). 
EVs have been proposed as therapeutic delivery vehicles for the treatment of 
PD. Exosomes are readily taken up by neuronal cells in vitro, and a considerable 
number of exosomes was detected in PD mouse brain after intranasal adminis-
tration. Catalase-loaded exosomes (ExoCAT) were shown to suppress microg-
lial activation and protect neurons against ROS more efficiently compared to 
free catalase in in vitro and in vivo models of PD (see [84]). Therefore, ExoCAT 
is a more adaptable strategy for treating inflammatory and degenerative disor-
ders such as PD (see [84, 118]). Although these reports are preliminary, the re-
sults have shown that exosomes are promising candidate drug delivery systems 
for the treatment of a variety of diseases.

Exosomes derived from human adipose tissue-derived mesenchymal stem 
cells (MSCs) are considered to have therapeutic value for treating AD (see 
[119]). Exosomes can be used in vivo as a vehicle to carry active neprilysin 
(NEP), the most important enzyme for β-amyloid (Aβ) peptide degradation in 
the brain. MSC-derived exosomes also decrease intracellular and extracellular 
Aβ levels in the neuroblastoma cell line N2A in vitro. Therefore, human adipose 
tissue-derived MSC-originated exosomes are proposed as a potential therapy 
against AD from the point of view of their Aβ-degrading capacity. Recent stud-
ies have demonstrated that multipotent mesenchymal stromal cells (MSCs) hold 
great promise for neurovascular remodeling and neurological function recovery 
following a stroke. It has been demonstrated that MSC-derived exosomes have a 
neuroprotective effect against stroke due in part to changing the miRNA profile 
of exosomes during and after stroke (see [120]).

When we consider the problems associated with many current nanoparticu-
late delivery systems, exosomes as a mimic of “natural delivery systems” are a 
potential alternative for delivery of the biological molecules described above. 
Because of their small size and host-derived cellular product, these vesicles 
can avoid phagocytosis or degradation by macrophages and also circulate for 
long periods of time in the body. One of the interesting advantages of these 
delivery vehicles includes their ability to cross the BBB and arrive in the CNS 
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(see [121]). Insufficient knowledge of the nature of exosomes and their role in 
the pathophysiology of overall health and disease makes it complicated and 
difficult to predict long-term safety and therapeutic effects. In  vivo traffick-
ing of exosomes, their biological fate and their impact on targeted organs need 
to be understood with regard to therapeutic cargo loading and assembly for 
drug delivery (see [122]). Currently, there is no distinct optimal purification 
technique for isolation of exosomes with high purity (see [123]). The current 
isolation methods yield low quantities of exosomes, and their large-scale pro-
duction for clinical studies and post drug approval is expensive and compli-
cated (see [38]). It is highly likely that future clinical use will demand hybrid 
designs of exosomes (see [124]), and when combined with therapeutic cargo 
they may show undesirable effects. Even though extensive exosome biology is 
already known, exosomes comprise heterogeneous constituents and may show 
immunogenicity (stimulatory or suppressive) effects based on the nature of the 
donor cells. Exosomes provide immense promise and are a new therapeutic area 
for delivery of various synthetic and biological molecules in cellular therapy. 
Exosomes as drug delivery systems provide a major advantage as there is no 
undesired aggregation or homing of exosomes in the liver and/or first-pass ef-
fect before arriving in target sites. Well-characterized exosomes with long-term 
safety that deliver nucleic acids and therapeutic molecules between cells and 
through difficult-to-cross membranes such as BBB would have major practical 
significance. However, before these drug delivery systems become a therapeu-
tic reality, components and processes including immune reactions need to be 
clarified (see [122]). The emerging evidence that tumor cell-derived exosomes 
have unique properties may be used to develop an exosome-based drug delivery 
system that is better than synthetic drug carriers. However, some limitations 
and hurdles must be overcome before exosome-based drug delivery systems can 
be used in the clinic. Important issues still need to be autologous or can non-
immunogenic exosome factories. Therefore, a strategy needs to be developed 
for manufacturing vesicles for therapeutic application, with establishment of 
the producer cell type, physical methods to produce vesicular nanoparticles, 
enhancement of EV yield and scale-up, measurement of potency of EV-based 
products, and EV-inspired bioengineered artificial vesicles. Recently, a group of 
researchers developed a method to produce exosome-mimetic vesicles, which 
can overcome natural exosome limitations as like low drug-loading efficiency 
and low exosome production yields (see [125]). These chemotherapeutic-loaded 
nanovesicles, which are 100–200 nm in diameter, were generated by breaking 
down cells by serial extrusion through filters with diminishing pore size (see 
[126]). It was further suggested that these nano-vesicles with exosome-mimetic 
properties can be used as a platform for RNAi transfer to the cell cytoplasm (see 
[127]). However, the high level of cholesterol, ganglioside, and sphingomy-
elin in exosomal membranes leads to a more rigid bilayer structure than that of 
their parent cells (see [128]), which suggests that their fusion with lipid-based 
particles requires rough conditions (see [129]), such as aggressive freeze-thaw 
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processes (see [130]). To avoid the need for such conditions, Yang et al. [131] 
designed a virus-mimetic fusogenic exosome platform to deliver membrane 
proteins to target cell membranes, involving integrated vascular stomatitis virus 
G protein, a viral fusogen (see [131]). Interestingly, these methods allow easy 
exosome modification by fusing exosomes derived from modified cells with 
liposomes inserted with peptides, antibodies or polyethylene glycol.

Although there are currently many challenges in the treatment of cancer 
and other refractory diseases, exosomes, including exosome-mimetic nanovesi-
cles, are considered valid diagnostic biomarkers and potential therapeutic tools. 
Moreover, along with chemical, physical, cellular and genetic engineering tech-
niques, many existing exosome modification strategies are promising for appli-
cation in various clinical situations (Fig. 2).
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1  Introduction

This chapter takes the form of a historical note. I will first explain why the 
recent discovery of exosomes and their importance is strongly compatible with 
some of the ideas of Charles Darwin as expressed in his books and correspon-
dence. I will then explain why those ideas were deliberately removed from stan-
dard evolutionary biology as it developed after Charles Darwin’s death in 1882, 
and through to the formulation of the neo-Darwinist Modern Synthesis during 
the first half of the twentieth century. Finally, I will comment on current trends 
in Evolutionary Biology that can be viewed as returning to a modern form of 
Darwin’s more nuanced multi-mechanism position. I will then briefly review 
modern work showing that the mechanisms for transgenerational transmission 
via sperm exist and are functional.

2  The Darwinist view

If Charles Darwin were alive today, what would he think of the discovery of 
exosomes and their importance? What would he say about this book? To answer 
these questions we need to understand Darwin’s character as a scientist and 
thinker, and how he reacted to his own doubts about his theories.

2.1  The origin of species

Darwin was a cautious and slow thinker. When he published his ground-breaking 
work The Origin of Species in 1859 [1], the book was finished in a hurry, partly 
because Alfred Russel Wallace was hot on his heels with important informa-
tion supporting the same ideas from his work in the Malay Archipelago. The 
ideas that Darwin developed into the theory of evolution by natural selection 
had previously slowly matured through three decades since his famous voyage 
on The Beagle in 1831–1836. For all that period of time he allowed his ideas 
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to mature before publishing them, and even then he was not sure he had fully 
arrived at his goal.

After finishing The Origin of Species Darwin wrote to the geologist Charles 
Lyell:

I suppose that I am a very slow thinker, for you would be surprised at the number 
of years it took me to see clearly what some of the problems were, which had to 
be solved—such as the necessity of the principle of divergence of character—the 
extinction of intermediate varieties on a continuous area with graduated condi-
tions—the double problem of sterile first crosses & sterile hybrids, &c &c—.

One consequence of the sudden rush to publish is that Darwin did not fully 
acknowledge his predecessors until the third edition of his book. His predeces-
sors even included his grandfather, Erasmus Darwin. So Charles Darwin knew 
that he was by no means the first to propose a theory of the transformation of 
species, as evolution was called in his time. When he did get around to acknowl-
edging his predecessors, in the third (1861) edition of his book, he referred to 
no fewer than 30 of them. He was generous in his selection. Even Aristotle was 
listed. In the fourth edition (1866) the list had grown to 38. Prominent in this list 
was Jean-Baptiste Lamarck, of whom Darwin wrote:

“this justly celebrated naturalist….who upholds the doctrine that all species, 
including man, are descended from other species.”

He had good reason to praise Lamarck. Half a century earlier in his 
Philosophie Zoologique [2] published in 1809, exactly 50 years before Darwin’s 
Origin, Lamarck had laid out the reasons for transformationism, which he had 
to defend against severe critics amongst his scientific colleagues, just as Darwin 
would have to do. Darwin was greatly helped in this task by Thomas Henry 
Huxley, ‘Darwin’s bulldog’, who acted as the public face of Darwinism, while 
Darwin himself worked quietly away at his country home. Lamarck had to 
fight his battles in the intellectually challenging Parisian culture largely alone 
against powerful opponents like Georges Cuvier, who wrote an obituary ora-
tion that systematically trashed Lamarck’s reputation.a That oration was read 
at Lamarck’s pauper burial and it was to reverberate like a death knell across 
time. It was written from a highly biased perspective. Cuvier proposed a form 
of creationism in which new species were separately created following global 
catastrophes, and he was strongly opposed to Lamarck’s more radical ideas of 
evolution as a gradual transformation from one species to another.

A further example of Darwin’s caution is found in a letter that he sent to the 
explorer and natural historian Moritz Wagner in 1876:

In my opinion, the greatest error which I have committed, has not been allowing 
sufficient weight to the direct action of the environment, i.e. food, climate, etc., 
independently of natural selection.

a.	http://www.victorianweb.org/science/science_texts/cuvier/cuvier_on_lamarck.htm.

http://www.victorianweb.org/science/science_texts/cuvier/cuvier_on_lamarck.htm
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It is significant that this was written later than the preface to the fourth edi-
tion of The Origin of Species. His doubts seem to have increased with time, not 
the reverse. Note that he refers to the direct action of the environment, indepen-
dently of natural selection. This is extraordinary, given the strong bias in favor 
of attributing everything to natural selection in the neo-Darwinist synthesis. 
This is one, but by no means the only, reason that it would be wrong to view 
Darwin as a neo-Darwinist.

It is often thought that, apart from both favoring gradual transformation of 
species, Lamarck and Darwin were poles apart on the question of the processes 
involved. There are two key defining aspects. First, Lamarck is usually repre-
sented as favoring a ‘Ladder of Life’, a single continuum of increasing com-
plexity, while Darwin is famous for his sketch of the ‘Tree of Life’, a branching 
process of differentiation radiating from a common origin (Fig.  1). Second, 
Lamarck is famous (or infamous) for espousing the inheritance of acquired 
characteristics, while Darwin is famous for his theory of natural selection, a 
process which, in the neo-Darwinist view, no longer requires the inheritance of 
acquired characteristics.

2.2  Trees of life

The historical facts do not support this common misunderstanding of the differ-
ence between the Lamarckian and Darwinian positions.

First, consider who developed the Ladders and Trees of Life. It is true that, 
when Lamarck wrote his great work, Zoologie Philosophique, published in 
1809, he described his idea of a Ladder of Life, moving upwards to increasing 
complexity through a tendency that he called “le Pouvoir de la Vie”. Translated 
as “the Force of Life” this has been misinterpreted to mean that Lamarck was 
a vitalist favoring the idea of a “vital force”. This is far from the truth. In his 
introduction to the Flammarion (1994) reprint, the French historian of genetics, 
André Pichot, wrote [3]:

Lamarck’s claim that … there is a radical difference between living beings and 
inanimate objects might lead people to think that he was a vitalist. But he is not. 
On the contrary, his biology is a mechanistic reply to the physiological vitalism of 
Bichat, which was then the dominant theory (my translation of Pichot’s French).

But even more importantly, toward the end of the book, in a not very 
widely known addendum, Lamarck completely changed his mind. His research 
on worms led him inexorably to the conclusion that what he called ‘internal 
worms’ (e.g. tapeworms) and external worms (e.g. earthworms) could not be 
part of a single ladder of life. Once he had realized that, many other facts fell 
into place. The outcome is shown in Fig. 2: he constructed an absolutely clear 
Tree of Life, to the extent that was possible from scientific knowledge in 1809. 
This discovery is 28 years before Darwin’s 1837 notebook. Darwin cannot have 
known of this Table in Lamarck’s book.
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Not only did Lamarck change his theory while writing his 1809 book, he ex-
plicitly repeated the branching Tree of Life theory in two later books published 
in 1815 [4] and 1820 [5]. The 1809 addendum was not therefore just a token 
passing whim.

Reviewing this aspect of Lamarck’s research Stephen J Gould wrote:

How can we view his [Lamarck’s] slow acknowledgement of logical error, and 
his willingness to construct an entirely new and contrary explanation, as any-
thing other than a heroic act, worthy of our greatest admiration and identifying 
Lamarck as one of the finest intellects in the history of biology? [6]

FIG. 1  Darwin's first sketch of the evolutionary Tree of Life. From his “B” notebook begun in 
1837.
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On the Tree of Life theory Lamarck unambiguously predated Darwin. Now 
let’s turn to the other widely-assumed difference.

2.3  The inheritance of acquired characteristics

Why did Darwin write to Moritz Wagner (see above) that he (Darwin) had not 
given “sufficient weight to the direct action of the environment, i.e. food, cli-
mate, etc., independently of natural selection.” What influence could the envi-
ronment exert “independently of natural selection” if it was not to be a form of 
the inheritance of acquired characteristics? And so, indeed, we find the evidence 
in The Origin of Species itself. In his introduction to Harvard’s 1964 republica-
tion of The Origin of Species, Ernst Mayr wrote:

Curiously few evolutionists have noted that, in addition to natural selection, 
Darwin admits use and disuse as an important evolutionary mechanism. In this 
he is perfectly clear. For instance,… on page 137 he says that the reduced size 
of the eyes in moles and other burrowing mammals is ‘probably due to gradual 
reduction from disuse, but aided perhaps by natural selection’. In the case of cave 
animals, when speaking of the loss of eyes he says, ‘I attribute their loss wholly to 
disuse’ (p. 137). On page 455 he begins unequivocally, ‘At whatever period of life 
disuse or selection reduces an organ...’ The importance he gives to use or disuse 
is indicated by the frequency with which he invokes this agent of evolution in the 

FIG. 2  Lamarck’s Tree of Life. Redrawn from the addendum to Philosophie Zoologique, 1809.
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Origin. I find references on pages 11, 43, 134, 135, 136, 137, 447, 454, 455, 472, 
479, and 480. [7]

As with Lamarck’s Tree of Life in his 1809 book, we can ask whether this 
was just a passing phase in Darwin’s thinking. Many evolutionary biologists 
have thought that it must have been. This idea is also completely incorrect. 
Darwin did much more than refer to use and disuse as a mechanism in his 1859 
book. In fact he developed it into a theory for how it might happen.

The problem that Darwin saw is that it is not obvious how such a process 
could happen in multicellular organisms possessing a separate germ line. If 
changes in the soma occur as a consequence of adaptation to the environment, 
there is no reason why this should change the germ line cells unless the adapta-
tion is somehow transmitted to them. How for example could an adaptation in 
a sense organ like the eye, forming part of the soma, have an effect on sperm 
or egg cells far away in the reproductive organs containing the germ cells? 
Something would have to transmit the information to the germ cells so that it 
could be inherited by the next generation. To deal with this problem Darwin in-
vented the idea of gemmules, little particles that he supposed to travel (presum-
ably through the blood stream) to carry the relevant influences. The gemmule 
theory of what is usually called pangenesis is found in Darwin’s 1868 book The 
Variation of Animals and Plants under Domestication [8].

Readers of this book on exosomes do not have to go far to identify what 
might correspond to Darwin’s gemmules.

I think therefore that we may answer the question at the beginning of this 
section of my chapter: Darwin would surely be thrilled to see his idea mirrored 
by modern discoveries in this way. Of course, discovering exosomes does not 
itself prove that they are used in the way Darwin envisaged.

3  The neo-Darwinist (modern synthesis) view

Darwin’s work was done with no knowledge of genetics. Mendel’s work on the 
genetics of hybridization in peas was not rediscovered until the late nineteenth 
century, when the first experiments to test the inheritance of acquired character-
istics were also done.

3.1  Early experiments to test inheritance of acquired 
characteristics

August Weismann was the first to do this in 1890 [9]. He decided to do so not 
by exposing animals, and particularly their embryos, to different environments, 
but rather by treating them surgically. This fact is crucial.

The experiments consisted in amputating the tails of mice and then observ-
ing whether this had any effect on the progeny. The answer was a clear ‘no’. 
Since this work forms a foundation stone of Neo-Darwinism it is important to 
ask whether it really answers the relevant question. Even on the older versions 
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of Lamarckism, as expressed by Lamarck himself, this is a curiously inappro-
priate way of testing the idea. The idea is that Lamarckian inheritance may 
occur in a functional interaction between the organisms and their environment, 
through use and disuse of the organism’s structures and functions, not whether 
the non-functional results of surgery can be inherited.

Furthermore, Darwin must have known already that such inheritance did not 
occur from the work of animal breeders. Tail amputation in dogs for aesthetic 
reasons does not result in stunted tails in the offspring, no matter how many 
generations are bred from the animals. To put the question in a more modern 
form, it is whether the germ-line is or is not isolated from environmental influ-
ences. The relevant way to do a tail-cutting experiment or any other experiment 
to answer that question would be to change the environment in a way that makes 
tail-lessness a functional advantage. Quite apart from the obvious question why 
a surgical change should be inherited, even a standard Lamarckian would notice 
that the environment, apart from the surgery, is not different. Furthermore, even 
if there were environments that would favor tail-lessness the experiment would 
not test for that.

The work of Conrad Waddington in the 1950s showed the more successful 
way forward for such experiments, which is to investigate environmental effects 
on embryos. His classic 1957 book The Strategy of the Genes [10] contains his 
experimental work showing that acquired characteristics can be assimilated into 
the genome after just a dozen or so generations of exposing embryos to envi-
ronmental change.

Nevertheless, the tail-cutting experiment convinced Weismann and others 
that Lamarckism is impossible. The Weismann Barrier, i.e. the isolation of the 
germ cells from the soma, then became a cornerstone of the development of 
Neo-Darwinism into the Modern Synthesis. To quote Weismann directly:

In my opinion this [the hereditary substance] can only be the substance of the 
germ cells; and this substance transfers its hereditary tendencies from generation 
to generation, at first unchanged, and always uninfluenced in any corresponding 
manner, by that which happens during the life of the individual which bears it. If 
these views... be correct, all our ideas upon the transformation of species by means 
of exercise (use and disuse), as proposed by Lamarck, and accepted in some cases 
by Darwin, entirely collapses.

(1883 Lecture On Inheritance)

Weismann was therefore fully aware of Darwin’s acceptance of the inheri-
tance of acquired characteristics as part of evolutionary theory.

It is curious, to say the least, that such a distinguished and widely praised 
scientist should have put up such an inappropriate Straw Man to knock down, 
and even more curious that so many other eminent scientists should have ac-
cepted it as the basis of a major evolutionary theory. No major publishable sci-
ence today could be based on such flimsy and inappropriate evidence. Why did 
Weismann and his successors do that?
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In Weismann’s case, part of the answer lies in the little-known fact that 
he fully acknowledged that his experiments disproved only the inheritance of 
surgical mutilation. He performed these experiments because he was aware of 
‘Lamarckian’ claims that such mutilations could be inherited. The Straw Man 
had already been set up by over-imaginative Lamarckians, who had claimed, for 
example, that repeated circumcision in the generations of populations that prac-
tice this particular surgery, could lead to babies born without foreskins. He well 
knew the limitations of his experiments and that their crudeness was responding 
to a similarly crude and incorrect alternative.

The answer to this puzzle is that Weismann was already convinced of the 
correctness of his other assumption, the randomness of variations. In the same 
1883 lecture (before his tail-cutting experiments) he rejected the inheritance of 
acquired characteristics and proposed alternative explanations for the use and 
disuse examples Darwin gave in the Origin. But showing that there are alterna-
tive explanations for Darwin’s examples does not prove that they are the correct 
explanations. So far as I am aware, the tail-cutting experiments Weismann per-
formed are the only direct experimental tests.

3.2  Randomness of mutations

Weismann is also credited with the idea, which he developed in his Essays upon 
Heredity [11] as early as 1889, that changes in the germ line cells were largely 
random, which, like the Weismann Barrier, also became a kind of dogma. He 
was therefore responsible for the two main assumptions of the Modern Synthesis 
and it is not surprising that he is often judged to be the most important evolu-
tionary biology thinker forming the link between Darwin and the formulation of 
the Modern Synthesis in the 1930s and 1940s. Ernst Mayr, author of the magis-
terial 1982 book The Growth of Biological Thought [12], described him as “one 
of the great biologists of all time.”

3.3  Is the Weismann barrier now “embodied by the Central 
dogma of molecular biology”?

We now know that the Weismann Barrier is not absolute. It can be bypassed in 
many ways. This is how maternal and paternal effects are transmitted across 
generations [13] and it is now an important question to what extent exosomes 
may mediate such transmission. Evolutionary biologists have therefore known 
for many years that a theory based on absolute isolation of the germline cannot 
be correct.

So, why was neo-Darwinism not abandoned when these effects became 
known during the later part of the twentieth century? After all, the main reason 
for distinguishing neo-Darwinism from Darwin’s own theories was the exclu-
sion of the inheritance of acquired characteristics. This was the very essence of 
the distinction, and it was also supported by Alfred Russel Wallace who, like 
Weismann, took a hard line on this issue.
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The issue was never debated in Darwin’s lifetime since Darwin died in 1882, 
just a year before Weismann’s seminal 1883 lecture.

This realization that the cellular barrier is permeable led to a subtle shift in 
the Barrier concept. Instead of defending the supposed absolute nature of the 
Weismann Barrier, some neo-Darwinist theorists proposed that it had become 
embodied in the Central Dogma of Molecular Biology, which is the fact 
that sequences of nucleotides can specify sequences of amino acids, but change 
in sequences of amino acids cannot be used to determine changes in nucleotide 
sequences.

The idea that the Weismann Barrier is now “embodied by the central dogma” 
is widespread. It even appears on the Simple Wikipedia entry on the central 
dogma: “The dogma is a modern version of the Weismann barrier”.b

The statement on the main Wikipedia page is more circumspect: “This [the 
Weismann Barrier] does not predict the central dogma, but does anticipate its 
gene-centric view of life, albeit in non-molecular terms.” The grossly mis-
leading statement on Simple Wikipedia is repeated on a website designed for 
schoolchildren.c

This confusion is unfortunate. The difference between germ line cells and 
the genome is fundamental. The cell contains much more than its genome. In 
most of life on earth, it is the complete organism. Moreover, it can be shown 
that the information content of the rest of the cell matches that of the genome 
[14]. So how did the idea that the barrier could be embodied in the dogma come 
about?

3.4  Shifting definition of a gene

This development is explained by a shift in the definition of a gene. When 
Johannsen first introduced the word in 1909, it was defined as an inheritable 
phenotype characteristic [15]. This was also essentially Mendel’s concept. Their 
concept of a gene would therefore have included anything that went through the 
germline cells. Johannsen made this clear when he explained that the gene could 
be anything (ein etwas) in the organism that was responsible for inheritance 
of the characteristic. Had he known of them, RNAs, and epigenetic marks on 
DNAs and histones, would have been included, as would cellular structures that 
make the replication and inheritance possible. This is clearly not the modern 
molecular biological definition of a gene, which is restricted to a DNA sequence 
forming a template for a protein [16, 17].

This major shift in definition was not known at the time the Modern Synthesis 
was formulated. DNA was not even known to be the genetic material, so it is 
not surprising that the shift in definition did not matter to those who formulated 
the Modern Synthesis. The great advances in, for example, the mathematical 

b.	https://simple.wikipedia.org/wiki/Central_dogma_of_molecular_biology.
c.	https://wiki.kidzsearch.com/wiki/Central_dogma_of_molecular_biology.

https://simple.wikipedia.org/wiki/Central_dogma_of_molecular_biology
https://wiki.kidzsearch.com/wiki/Central_dogma_of_molecular_biology
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theories of population genetics [18] worked perfectly well with the gene being 
defined as a phenotype characteristic. In fact, for most applications of genetics 
to the social sciences, such as economics and sociology, retaining the phenotype 
definition is important and even necessary.

But, to return to the definition of a gene, the difference between phenotype 
and genotype definitions matters enormously to versions of neo-Darwinism, 
such as selfish gene theory, based on distinguishing the replicator (regarded as 
DNA) from the vehicle (the phenotype) [19].

There are two fatal difficulties in the selfish gene version of neo-Darwinism. 
The first is that, from a physiological viewpoint, it doesn’t lead to a testable 
prediction. The problem is that the central definition of selfish gene theory is 
not independent of the only experimental test of the theory, which is whether 
genes, defined as DNA sequences, are in fact selfish, for example, whether their 
frequency in the gene pool increases [20]. The second difficulty is that DNA 
can’t be regarded as a replicator separate from the cell [16]. The cell, and spe-
cifically its living physiological functionality, is what enables DNA to be repli-
cated faithfully.

This difficulty leads to the next error in the development toward the Central 
Dogma, since the fact that the cell, not its DNA, is the real replicator is funda-
mental. This is the core issue so I will now explain how the development toward 
the Central Dogma got this part of the story wrong.

When the Central Dogma was first formulated, Watson and Crick acknowl-
edged their indebtedness to Schrödinger’s famous book What is Life? [21]. In 
that book, Schrödinger made two predictions, one of which was spectacularly 
successful, the other is necessarily incorrect [22] (pp. 176–181).

The correct prediction was that the genetic material would be found to be 
what he called an aperiodic crystal. If one allows a polymer to be regarded as a 
kind of crystal, this is a good description of DNA.

The incorrect prediction was that the molecule would behave like a deter-
minate crystal. This idea leads directly to strong interpretations of the Central 
Dogma that attribute faithful replication and determinate qualities to DNA 
alone.

If you compare the DNA in a daughter cell with that of its parent cell, you 
will indeed find a copying error rate of less than one base pair in a complete ge-
nome. The error rate is around only 1 in 1010 base pairs, which is remarkably ac-
curate. But now suppose that we could compare the DNA sequence immediately 
after being copied. We would find an error rate of around 1 in 104, which in a 
genome of 3 billion base pairs would mean millions of errors. No eukaryotic 
cell could survive such an error rate. Schrodinger was therefore wrong about the 
molecule itself behaving like a determinate crystal. Crystal structure growth is 
indeed determinate, but that is the wrong metaphor for DNA. That is not how it 
grows and replicates. On its own, it would be left with millions of errors.

It replicates accurately only in a complete cell containing all the objective 
functionality that enable cells to be alive. Cells achieve this accurate outcome in 
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DNA copying through a very complex three-stage process in which the millions 
of errors are detected and corrected. The famed ‘immortality’ of the genome is 
actually a function of the complete cell, not of the genome alone.

Moreover the fact that the error-correcting process is under control by the 
cell, not by the genome itself, leads to the genome being much more than a 
“ready-only” database. Varying the efficiency of error correction, and allow-
ing insertions and deletions, enables organisms to perform what James Shapiro 
calls Natural Genetic Engineering [23–25].

4  The new trends view

There is now considerable debate about whether neo-Darwinism needs fine-
tuning, extending, or perhaps abandoned altogether. Before I try to answer 
that question I want to acknowledge the fact that the neo-Darwinist modern 
Synthesis was very useful. Whole fields of mathematical biology, such as popu-
lation genetics, would probably not have flourished in the twentieth century 
without the modern synthesis as a framework.

But, I also think that we have reached a watershed in relation to the issue 
of the utility of the neo-Darwinist modern synthesis. As I have argued in de-
tail elsewhere [22], there are too many experimental breaks with the original 
theory as formulated by Weismann and Wallace. The time has come to see that 
evolutionary biology would progress faster if we used a different framework to 
develop a more inclusive theory, as illustrated in Figs. 3 and 4. Fig. 3 shows the 
Extended Evolutionary Synthesis, EES (Pigliucci and Mueller, [26]).

FIG. 3  The extended evolutionary synthesis. Each extension includes all that went before. Based 
on Pigliucci and Mueller [26].
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Fig. 4 shows the version of this diagram that I think better represents the 
conclusions of this chapter. There are several important differences. First, it 
represents the fact that Darwin’s view of inheritance included the inheritance of 
acquired characteristics, which was excluded by neo-Darwinism. Darwin’s con-
cept of inheritance is therefore shown as being partly outside the neo-Darwinist 
modern synthesis. So also is his ideas on sexual selection [28]. Second, it repre-
sents the features of the extended synthesis (highlighted in bold in both Figs. 3 
and 4) that lie outside the range of neo-Darwinism as defined by Weismann 
and Wallace. The features of that theory that were excluded are shown as cor-
responding bold-face items. The highlighted items on the far left correspond 
with the highlighted items at the far right. Sexual selection is also included as 
overlapping Darwinism and Integrated Synthesis (see Ref. [29]).

As Fig. 4 makes clear, the integrated synthesis flows more naturally as ex-
tensions of Darwin’s ideas than as extensions of neo-Darwinism. I believe that a 
key field of experimental facts that will enable us to more accurately decide on 
a more inclusive theory is that of exosome research, i.e. the focus of this book. 
The field is at the very frontier of questions concerning the fundamentals of 
modern biology, which is why this book will command widespread attention. I 
therefore finish this chapter with a brief review of modern work on exosomes 
and transmission of DNA and microRNA by sperm cells.

5  Modern work on trans-generational role of exosomes 
and microRNAs

The reason for the great interest in this possible role for exosomes is that any 
transmission of exosome RNAs, DNAs, protein transcription factors, etc. via 

FIG. 4  The integrated evolutionary synthesis. Darwinism no longer completely contained within 
neo-Darwinism, but is contained within the integrated synthesis. From Noble 2017 [27].
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the germline would cross the Weismann Barrier [30]. Furthermore, the trans-
mission of a pattern of such molecules will represent, at least in part, the state 
of genome regulation by the cells from which the exosomes come. Smith and 
Spadafora reviewed this field in 2005 and concluded:

It is now well established that spermatozoa can play a role in transgenesis in 
virtually all species. …the underlying mechanism of SMGT [Sperm Mediated 
Gene Transfer] is best viewed essentially as a retrotransposition-mediated pro-
cess. Inasmuch as sperm cells are vectors of exogenous genetic information, there 
is little doubt that they have the potential to cause both genetic and phenotypic 
modification in individuals of a variety of species and are worthy of further meth-
odological investigation for optimal use in biotechnology. [31]

A more recent review by Spadafora reinforces this conclusion:

Epigenetics is increasingly regarded as a potential contributing factor to evolu-
tion. Building on apparently unrelated results, here I propose that RNA-containing 
nanovesicles, predominantly small regulatory RNAs, are released from somatic 
tissues in the bloodstream, cross the Weismann barrier, reach the epididymis, and 
are eventually taken up by spermatozoa; henceforth the information is delivered 
to oocytes at fertilization. [32]

Lavitrano et al. [33] have demonstrated that SMGT can be used to generate 
transgenic pigs, leading to the possible development of multigene transgenic 
animals suitable for organ transplantation to humans. Similar methods had pre-
viously been demonstrated in mice [34]. In humans, the expression profiles of 
RNAs in exosomes from seminal fluid can be used as a marker for mechanisms 
of male infertility [35, 36].

That the microRNAs transmitted by exosomes can be functional when trans-
ferred between different species has been shown by Valadi et al. [37], who found 
that “After transfer of mouse exosomal RNA to human mast cells, new mouse 
proteins were found in the recipient cells, indicating that transferred exosomal 
mRNA can be translated after entering another cell.”

This is a rapidly developing field. We have probably not heard the last from 
Darwin’s gemmules idea. Nor have the echoes of Lamarck died away.
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