
 International Journal of 

Molecular Sciences

Review

Focus on Extracellular Vesicles: Introducing the
Next Small Big Thing

Hina Kalra 1, Gregor P. C. Drummen 2,*,† and Suresh Mathivanan 1,*,†

1 Department of Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe University,
Melbourne, VIC 3086, Australia; hkalra@students.latrobe.edu.au

2 Cellular Stress and Ageing Program, Bionanoscience and Bio-Imaging Program, Bio&Nano-Solutions,
D-33647 Bielefeld, Germany

* Correspondences: gpcdrummen@bionano-solutions.de (G.P.C.D.); s.mathivanan@latrobe.edu.au (S.M.);
Tel.: +49-521-3988-2959 (G.P.C.D.); +61-0394-7925-65 (S.M);
Fax: +49-3222-240-7500 (G.P.C.D.); +61-0394-7912-26 (S.M.)

† These authors contributed equally to this work.

Academic Editor: Ritva Tikkanen
Received: 14 October 2015; Accepted: 12 November 2015; Published: 6 February 2016

Abstract: Intercellular communication was long thought to be regulated exclusively through direct
contact between cells or via release of soluble molecules that transmit the signal by binding to a
suitable receptor on the target cell, and/or via uptake into that cell. With the discovery of small
secreted vesicular structures that contain complex cargo, both in their lumen and the lipid membrane
that surrounds them, a new frontier of signal transduction was discovered. These “extracellular
vesicles” (EV) were initially thought to be garbage bags through which the cell ejected its waste.
Whilst this is a major function of one type of EV, i.e., apoptotic bodies, many EVs have intricate
functions in intercellular communication and compound exchange; although their physiological roles
are still ill-defined. Additionally, it is now becoming increasingly clear that EVs mediate disease
progression and therefore studying EVs has ignited significant interests among researchers from
various fields of life sciences. Consequently, the research effort into the pathogenic roles of EVs
is significantly higher even though their protective roles are not well established. The “Focus on
extracellular vesicles” series of reviews highlights the current state of the art regarding various topics
in EV research, whilst this review serves as an introductory overview of EVs, their biogenesis and
molecular composition.

Keywords: exosome; ectosome; microvesicle; apoptotic body; extracellular vesicle; molecular
composition; signal transduction; biogenesis; isolation

1. Introduction

Intercellular communication is mostly thought to be mediated by direct cellular interaction or
through the secretion of soluble factors [1]. Recently, extracellular vesicles (EVs) are proposed as a
novel mode of intercellular communication for both short and longer-range signaling events [2–4].
EVs (Figure 1) carry a rich cargo of DNA, RNA, proteins, lipids and metabolites reflective of their
cellular origin and are released into the extracellular space by multiple cell types during both
physiological and pathological conditions [4,5]. Whilst the role of EVs in normal physiology is
poorly understood, their role in pathological conditions is relatively well characterized [6]. EVs have
been isolated from many biological fluids, including blood, milk, saliva, malignant ascites, amniotic
fluid and urine [7–9]. Though the presence of proteins in EVs was reported alongside the discovery of
EVs [10], the existence of RNA in EVs was only demonstrated during the past decade.
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Figure 1. Schematic representation of subtypes of extracellular vesicles (EVs) released by a cell.  
Three subtypes of EVs, namely exosomes, shedding microvesicles or ectosomes and apoptotic  
bodies, are known to be secreted by a cell into the extracellular space. Exosomes are released by 
exocytosis, whereas shedding microvesicles or ectosomes are secreted by outward budding of the 
plasma membrane. Apoptotic bodies are released by dying cells during the later stages of apoptosis 
so that cell debris can easily be eliminated by neighboring and immune system cells. MVB: 
multivesicular body. 

In 2007, Valadi et al. were the first to confirm the presence of RNA inside EVs and also showed 
that mRNA inside EVs could be translated into proteins in vitro [11]. Interestingly, the secretion of 
EVs is conserved in multiple species and thus EVs from one species have the potential to regulate 
cellular processes in another species, either by inducing benefit (e.g., cow milk exosomes in humans—at 
least infants) or mediating disease/infection (e.g., fungal exosomes in plants/humans) [12]. In addition, 
EVs were shown to carry single-stranded DNA (ssDNA), amplified oncogene sequences, transposable 
elements and mitochondrial DNA [3,13]. Though the presence of mitochondrial DNA has not been 
validated by other groups, double stranded DNA (dsDNA) in tumor-derived EVs was also 
discovered and reported recently by several research groups [14–16]. This unparalleled horizontal 
transfer of multiple gene and protein products among cells was until recently considered impossible 
because some researchers argued that such transfers violate the cell’s autonomy [17–19]. 

EVs can broadly be divided into three categories based on the current state of knowledge  
of their biogenesis. Discrete biogenesis pathways result in subsets of EVs namely: (i) exosomes;  
(ii) ectosomes or shedding microvesicles (SMVs); and (iii) apoptotic bodies (ABs), as schematically 
depicted in Figure 1. A common feature in all the three EV subtypes is a lipid bilayer membrane that 
surrounds a specific cargo of biomolecules, e.g., proteins, RNA, or cellular debris. However, their 
size and buoyant densities vary significantly [20]; albeit that both size and buoyant density ranges 
for the various EV subtypes have been heterogeneously reported in the literature. Nonetheless, 
exosomes are thought to be around 30–150 nm in diameter and have a buoyant density of  
1.10–1.14 g/mL. Furthermore, exosomes display cup-like morphology when observed under the 
transmission electron microscopy [20–22]. When discovered more than three decades ago, exosomes 

Figure 1. Schematic representation of subtypes of extracellular vesicles (EVs) released by a cell.
Three subtypes of EVs, namely exosomes, shedding microvesicles or ectosomes and apoptotic bodies,
are known to be secreted by a cell into the extracellular space. Exosomes are released by exocytosis,
whereas shedding microvesicles or ectosomes are secreted by outward budding of the plasma
membrane. Apoptotic bodies are released by dying cells during the later stages of apoptosis so that cell
debris can easily be eliminated by neighboring and immune system cells. MVB: multivesicular body.

In 2007, Valadi et al. were the first to confirm the presence of RNA inside EVs and also showed
that mRNA inside EVs could be translated into proteins in vitro [11]. Interestingly, the secretion of EVs
is conserved in multiple species and thus EVs from one species have the potential to regulate cellular
processes in another species, either by inducing benefit (e.g., cow milk exosomes in humans—at least
infants) or mediating disease/infection (e.g., fungal exosomes in plants/humans) [12]. In addition,
EVs were shown to carry single-stranded DNA (ssDNA), amplified oncogene sequences, transposable
elements and mitochondrial DNA [3,13]. Though the presence of mitochondrial DNA has not been
validated by other groups, double stranded DNA (dsDNA) in tumor-derived EVs was also discovered
and reported recently by several research groups [14–16]. This unparalleled horizontal transfer of
multiple gene and protein products among cells was until recently considered impossible because
some researchers argued that such transfers violate the cell’s autonomy [17–19].

EVs can broadly be divided into three categories based on the current state of knowledge of their
biogenesis. Discrete biogenesis pathways result in subsets of EVs namely: (i) exosomes; (ii) ectosomes
or shedding microvesicles (SMVs); and (iii) apoptotic bodies (ABs), as schematically depicted in
Figure 1. A common feature in all the three EV subtypes is a lipid bilayer membrane that surrounds
a specific cargo of biomolecules, e.g., proteins, RNA, or cellular debris. However, their size and
buoyant densities vary significantly [20]; albeit that both size and buoyant density ranges for the
various EV subtypes have been heterogeneously reported in the literature. Nonetheless, exosomes
are thought to be around 30–150 nm in diameter and have a buoyant density of 1.10–1.14 g/mL.
Furthermore, exosomes display cup-like morphology when observed under the transmission electron
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microscopy [20–22]. When discovered more than three decades ago, exosomes were initially thought
to be a mechanism of discarding plasma membrane (PM) proteins in maturing reticulocytes [10,23].
These small membranous vesicles are formed by inward budding of endosomal membranes, resulting
in the progressive accumulation of intraluminal vesicles (ILVs) within large multivesicular bodies
(MVBs) as shown in Figure 2. MVBs can either traffic to lysosomes for degradation (degradative MVBs)
or, alternatively, to the PM where, upon fusion with the PM, they release their contents (the ILVs) into
the extracellular space (exocytic MVBs). ILVs released into the extracellular space are referred to as
“exosomes” (Figure 2). Among the EV subtypes, exosomes have been and are extensively studied [5,20].
While multiple studies have implicated Alix, TSG101, CD63 and CD9 as exosomal markers [20], it is
becoming clear that these molecules are enriched in exosomes, but are not markers per se as considered
previously [24]. In agreement with this, Keerthikumar et al. identified enrichment of Alix, TSG101, CD9
and CD63 in exosomes compared to ectosomes [22]. Their study further confirmed that CD81 might
distinctly be utilized as an exosomal marker which was further supported by Minciacchi et al. [25].
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Figure 2. Pathways involving various types of vesicles. In the classical secretory pathway, vesicles 
with protein cargo, sorted and packed in the Golgi apparatus, transport their cargo to the plasma 
membrane (PM). By fusing with the PM, both membrane proteins and secretory proteins are 
effectively transported to their intended destinations. Various types of cargo, e.g., proteins, RNA, can 
also be transported into the extracellular space via outward PM budding and formation of shedded 
vesicles (ectosomes). Cargo is taken up by the cell via endocytosis (receptor-mediated and free 
uptake) and formation of early endosomes. In early endosomes, proteins are either recycled to the 
PM or sequestered into the intraluminal vesicles (ILV) of MVBs. Formation of exosomes starts with 
inward budding of the early endosome’s membrane and subsequent formation of MVBs. In the 
exocytic pathway ① , MVBs fuse with the PM to release their contents (exosomes) into the 
extracellular space; In the degradative pathway ②, the MVBs are trafficked to lysosomes for 
enzyme-assisted degradation. This pathway is particularly important for restricting signaling 
by activated growth factor receptors. Exosomal cargo delivery to the recipient cell can occur through 
various mechanisms, i.e., direct fusion with the recipient cell’s membrane, pinocytosis/phagocytosis, 
or ligand–receptor binding. 

Contrary to exosomes, ectosomes (SMVs) are large vesicles ranging from 100–1000 nm in 
diameter [26], ubiquitously assembled at and released from the PM through outward protrusion or 
budding (Figure 2). Ectosomes were first defined by Stein and Luzio when they observed ectocytosis 
and shedding of PM vesicles in stimulated neutrophils [27]. The rate of ectosome shedding has been 

Figure 2. Pathways involving various types of vesicles. In the classical secretory pathway, vesicles with
protein cargo, sorted and packed in the Golgi apparatus, transport their cargo to the plasma membrane
(PM). By fusing with the PM, both membrane proteins and secretory proteins are effectively transported
to their intended destinations. Various types of cargo, e.g., proteins, RNA, can also be transported
into the extracellular space via outward PM budding and formation of shedded vesicles (ectosomes).
Cargo is taken up by the cell via endocytosis (receptor-mediated and free uptake) and formation of
early endosomes. In early endosomes, proteins are either recycled to the PM or sequestered into
the intraluminal vesicles (ILV) of MVBs. Formation of exosomes starts with inward budding of the
early endosome’s membrane and subsequent formation of MVBs. In the exocytic pathway 1©, MVBs
fuse with the PM to release their contents (exosomes) into the extracellular space; In the degradative
pathway 2©, the MVBs are trafficked to lysosomes for enzyme-assisted degradation. This pathway is
particularly important for restricting signaling by activated growth factor receptors. Exosomal cargo
delivery to the recipient cell can occur through various mechanisms, i.e., direct fusion with the recipient
cell’s membrane, pinocytosis/phagocytosis, or ligand–receptor binding.

Contrary to exosomes, ectosomes (SMVs) are large vesicles ranging from 100–1000 nm in
diameter [26], ubiquitously assembled at and released from the PM through outward protrusion
or budding (Figure 2). Ectosomes were first defined by Stein and Luzio when they observed ectocytosis
and shedding of PM vesicles in stimulated neutrophils [27]. The rate of ectosome shedding has been
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observed to be variable between various cell types, but even resting cells shed ectosomes at a low
rate. Unlike exosomes, the molecular composition of ectosomes is still largely unknown, but matrix
metalloproteinases (MMPs) [28–31], glycoproteins, e.g., GPIb, GPIIb–IIIa and P-selectin [32–35], and
integrins, e.g., Mac-1, [35,36] seem to be enriched in ectosomes, depending on the cell type. Recent
studies also suggest that MMP2 might be utilized as a marker of ectosomes [22,37]. However, ectosomal
enriched proteins are largely cell type dependent. For instance, the epithelial cell marker CK18 was
enriched in ectosomes [22] and oncosomes [25] secreted by epithelial cells and hence cannot be utilized
as markers of ectosomes secreted by fibroblasts. Oncosomes are larger vesicles ranging from 1 to 10 µm
in diameter that are thought to follow the biogenesis pathway of ectosomes and are extensively studied
by Di Vizio and colleagues [25,38]. Though abundance of large oncosomes in patient plasma and tissue
biopsies are shown to be correlated with tumor progression, until now, these large oncosomes are
exclusively shown to be released by prostate cancer cells and are poorly characterized in comparison
to exosomes [25,39].

Apoptotic bodies (Figure 1) are heterogeneous vesicles that are known to be released from cells
undergoing apoptotic cell clearance [40,41] and are thought to be around 50–5000 nm in diameter [20].
Apoptosis or programmed cell death [41], first introduced by Kerr and co-workers in 1972 [42], and
the subsequent phagocytic corpse removal are essential during embryonic development, growth, and
maintenance of multicellular organisms. Furthermore, apoptosis ensures the selective removal of aged,
damaged, infected or aberrant cells from healthy tissues. Essentially, apoptosis is the coordinated
dismantling of the cell and cellular debris is packed into ABs. These vesicular structures have external
features that trigger phagocytosis; the final step in cell dismantling and recycling of biomolecule
building blocks.

The “Focus on extracellular vesicles” series of reviews highlights recent developments in EV
research and their role in normal physiology, degenerative and cancerous diseases, and as emerging
novel therapeutics [43–47]. The following sections of this introductory review offer a compact overview
of various aspects of extracellular vesicles—THE NEXT SMALL BIG THING.

2. Exosomes and Colleagues—The Next Small Big Thing

2.1. Exosome Biogenesis

The processes that govern the formation of ILVs inside MVBs and the ensuing fusion with the
PM to release exosomes into the extracellular space (Figure 2) are incompletely understood. One of
the proposed molecular machineries implicated in the biogenesis and secretion of exosomes is the
Endosomal Sorting Complex Required for Transport (ESCRT) [48]. In conjunction with a number of
accessory proteins, the ESCRT machinery is predominantly involved in binding, sorting, and clustering
of ubiquitinylated proteins and receptors. The process of ILV formation starts when the endosomal
membrane is reorganized into specialized tetraspanins-enriched microdomains (TEMs), with the
involvement of CD9 and CD63, that function to cluster the ILV formation machinery [49]. Tetraspanins
are transmembrane proteins that contain four transmembrane domains, N- and C-terminal cytoplasmic
tails (<20 residues), and two unequally sized extracellular domains (ED; Short ED < 30; Long ED
76–131 residues) [50]. The ESCRT machinery comprises of ESCRT-0, I, II, and III, which act sequentially
to sort ubiquitinylated proteins in the late endosome, as shown schematically in Figure 3. The abundant
presence of phosphatidylinositol 3-phosphate (PI(3)P) and the ubiquitinated proteins results in
binding of Hrs (ESCRT-0 subunit) to PI(3)P via its FYVE domain and the ubiquitinated protein.
Subsequently, Hrs/STAM recruits ESCRT-I (TSG101 and Vps28) to the endosomal membrane and
forms an ESCRT-0/ESCRT-I complex. Next, segregation of ubiquitinylated proteins into microdomains
occurs and mobilization of ESCRT-II (Vps22) to the membrane. ESCRT-I and ESCRT-II then initiate
reverse budding of nascent ILVs within MVBs and uptake of cytosolic cargo (e.g., RNAs and proteins).
Recruitment of ESCRT-III subunits (Alix and Vps2) by ESCRT-II and oligomerization of ESCRT-III
subunits inside the neck of the nascent ILVs results in closing of the cargo-containing vesicle and
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pinching off of the vesicles. How ESCRT-III oligomerization induces membrane curvature has remained
elusive. However, recent in vitro research by Chiaruttini et al. has shown that the major component
of ESCRT-III, Snf7 (Figure 3), oligomerizes into spring-like spirals at the lipid membrane surface [51].
The authors observed that elastic expansion of compressed Snf7 spirals induced area differences
between endo- and exofacial membrane sides with the consequence that membrane curvature was
induced. However, whether an analogous process occurs in ILVs in vivo remains to be established.
Overall, the components of ESCRT-0, I and II are responsible for sequestering ubiquinated proteins at
the endosomal membrane, whereas ESCRT-III contributes towards vesicle closure and detachment
of ILVs from the membrane [52–55]; the accessory proteins, in particular the AAA-ATPase Vps4, are
involved in the dissociation and recycling of the ESCRT machinery. Most importantly, ESCRT-III in
conjunction with deubiquitinating enzymes, such as HD-PTP, directs deubiquitination of proteins.
Alix was recently shown to promote intraluminal budding of vesicles in endosomes upon interaction
with syntenin [54]; the cytoplasmic adaptor of syndecan heparan sulphate proteoglycans. Furthermore,
interaction of Alix with the ESCRT machinery seems to be driving the accumulation of luminal
cargo [56,57].

Besides the ESCRT-dependent pathway, recent research implicates the existence of an
ESCRT-independent pathway that involves glycolipoprotein microdomains, i.e., lipid rafts. Indeed,
Stuffers et al. have shown that MVBs can still be formed in cells depleted of all four ESCRT components,
which confirms the presence of an alternate pathway [58]; although some aberrant ILV morphology
was observed, whilst the early and late endosomes remained clearly differentiated. Further evidence
comes from research on oligodendrocytes in which Trajkovic et al. showed that sorting of proteolipid
proteins into ILVs is ESCRT independent [59]. In the ESCRT-independent pathway, ILVs and exosome
formation are thought to involve the conversion of sphingomyelin to ceramide by sphingomyelinases
(Figure 3) [59]. Although this pathway is not fully elucidated, sphingomyelin is shown to be clustered
in lipid rafts (enrichment with cholesterol), where it is then converted to ceramide. Ceramide
accumulation then induces microdomain coalescence and triggers ILV formation. Although a recent
in vitro study involving giant unilammellar vesicles questioned this “lipid-only” hypothesis of ILV
formation [60], since the authors found that no particular lipid magic bullet was required for ILV
formation, several discrepancies between in vitro and in vivo observations preclude dismissing the
ceramide-dependent pathway altogether. Presumably, the two pathways are not clearly separated but
occur concomitantly or one becomes dominant in response to the cargo’s physical properties.

Once ILVs are formed in the MVB, trafficking to the cell periphery, subsequent fusion with the
PM, and exosome release into the extracellular space all require coordinated and multilevel changes in
cytoskeletal-PM interactions, local enzymatic degradation, and the activation of the fusion machinery.
Most importantly, the aforementioned tetraspanins (enriched in exosomes) [2] and the small RAB
GTPases (e.g., RAB27A, RAB27B, and RAB11) [61,62] are thought to be involved in both the biogenesis
and secretion of exosomes. RAB27A RNA interference in melanoma cells was shown to decrease
exosome production [63], whereas in HeLa cells, MVB size was strongly increased upon RAB27A
RNA interference and redistribution to the perinuclear region occurred upon RAB27B silencing [61].
RAB27A is thought to promote docking of MVBs and fusion to the PM, whereas RAB27B plays a role
in vesicle transfer from the Golgi to MVBs and in the mobilization of MVBs to the actin-rich cortex
under the plasma membrane. However, RAB27A is not expressed or at very low levels in many cell
types, unlike melanoma cells, alluding to the existence of alternate machinery for MVB docking and
fusion with the PM. Similarly, RAB11 is also assumed to promote fusion of MVBs to the PM, but rather
in response to an increase in cytosolic calcium, as observed in K562 erythroleukaemic cells [61,63].

Finally, a prime physiological role of MVBs is to serve as intermediate vehicles in the degradative
lysosomal pathway (Figure 2), in which they fuse with lysosomes. The ILVs within the MVB are then
discharged into the lysosomal lumen resulting in degradation of the ILVs and the cargo they potentially
carry; this is a particularly important process for limiting activated growth factor signaling [64,65].
Various surface proteins play a key role in the fusion of MVBs with lysosomes, including HD-PTP, the
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HOP complex, and the GTPase RAB7. Furthermore, the formation of a membrane-fusion system, i.e.,
soluble NSF attachment protein receptor (SNARE), is required and includes VAMP7, VTL1B, syntaxin
7 and 8 [56,66–68].
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Figure 3. Biogenesis, secretion and composition of exosomes. (A) The biogenesis and secretion
of exosomes is believed to be mediated via a ceramide and/or ESCRT-dependent pathway.
The ceramide-dependent pathway is based on the formation of lipid rafts in which sphingomyelin
is converted to ceramide by sphingomyelinases. These ceramide-enriched domains have structural
imbalances between monoleaflets causing the membrane to bend inward. In the ESCRT-dependent
pathway, components of the ESCRT machinery are sequentially recruited to the endosomal membrane,
which starts with Hrs, and bind to phosphatidylinositol-3-phosphate (PI(3)P) and the 3,5-bisphosphate
(PI(3,5)P2) through lipid binding domains (e.g., FYVE, GLUE), and to the ubiquitinated protein
(ESCRT-0). ESCRT-I and -II drive budding of ILVs, during which cargo is transported into the lumen,
and ESCRT-III is recruited by Alix to complete budding and drive vesicle scission (spiral formation
and pulling). DUBs deubiquitinate the protein and Vps4 recycles the ESCRT machinery. The now
formed MVB is transported to the PM and through fusion, the ILVs are released into the extracellular
environment and are now called “exosomes”; (B) Exosomal luminal cargo predominantly consists of
mRNA, miRNA and gDNA fragments, and a myriad of different proteins depending on the cell of
origin. Generally, proteins involved in MVB formation, tetraspanins, membrane transport and fusion,
transmembrane proteins, cytoskeletal components and proteins of cytosolic origin are part of exosomes.
In addition, biomolecules associated with various diseases, including cancer, neurodegenerative
diseases, such as Parkinson’s, Alzheimer’s and transmissible spongiform encephalopathies (prion
disease), and inflammatory disorders have been identified in exosomes.

2.2. Ectosome Biogenesis

Ectosomes or SMVs are formed through outward budding of the PM and involves distinctly
different mechanisms compared to exosome biogenesis [69]. Generally these vesicles are larger than
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exosomes, with some overlap in their size distributions, and ectosomes have compositions that lack
many of the endosomal features found in exosomes. The formation of ectosomes at the PM primarily
involves membrane constituents and their rearrangement, the cytoskeleton, and recruited proteins
involved in membrane abscission.

Upon nucleation (Figure 4A), the interaction between cytoskeletal proteins and the PM is gradually
lost, both by a local increase in cytosolic Ca2+ and protein degrading enzymes that induce disassembly
of the cytoskeleton (e.g., calcium-activated calpains). In this way, an initial delamination of the PM
from the cortical cytoskeleton occurs. Concomitantly, lipid translocases, enzymes that are involved
in the exchange of lipids between the inner and outer leaflet of the membrane bilayer to maintain
membrane asymmetry, are activated to induce changes within the bilayer favoring budding and
membrane abscission. In particular, externalization of the phospholipid phosphatidylserine (PS)
occurs, which normally exclusively resides in the inner monoleaflet and is actively flipped back
to that leaflet by flippases to prevent externalization (PS externalization induces blood clotting
and phagocytosis, amongst other events). Although quiescent scramblases [70]—bidirectional lipid
translocases that reduce lipid asymmetry—have been alleged to be activated by elevation of cytosolic
Ca2+, which is clearly associated with cytoskeleton disruption and plasma membrane budding, their
exact identity and role in PS externalization during membrane budding remained elusive. Equally,
an ATP-driven unidirectional translocase belonging to the floppases was purported to be responsible
for the extrafacial enrichment of PS, which drives PM curvature induction and thus vesicle formation
(Figure 4B). Concomitantly, flippase activity is attenuated by the influx of free Ca2+ ions [71]. Floppases
are members of the ATP-binding cassette (ABC) transporter superfamily and especially ABCA1
has been shown to translocate PS; even though cholesterol seems to be its main substrate [72].
However, in human erythrocytes it was shown that vesicle shedding was attenuated when cells
were treated with R5421 [73], a scramblase-specific inhibitor [74]. Recent work by Nagata finally
identified transmembrane protein 16F (TMEM16F) as the elusive calcium-dependent phospholipid
scramblase [75].

Irrespective of whether scramblases, floppases, or both are involved, the unidirectional
translocation of PS to the outer leaflet generates a structural imbalance within the lipid bilayer.
Consequently, the bilayer bulges in the direction of the outer leaflet (Figure 4B). If translocase
activity is high enough, the resulting curvature itself might be sufficient for vesicular fission to
occur; analogous to what is known for flippases in the other direction [76]. However, since enzymatic
destabilization of cytoskeleton-PM interactions seems to be a major process, proteins that promote
cytoskeleton contraction have been implicated to aid in vesicle budding and abscission. In particular
the GTP-binding protein ADP-ribosylation factor 6 (ARF6) has been alleged to play a role in
ectosome secretion [26]. As shown in Figure 4B, ARF6 initiates a signaling cascade by activating
phospholipase D (PLD). Hydrolysis of phosphatidylcholine (PC) by ARF-activated PLD produces
membrane-bound phosphatidic acid (PA), which in turn recruits extracellular-signal-regulated kinase
(ERK) and molecules that affect vesicle curvature. ERK then phosphorylates myosin light-chain kinase
(MLCK), which in turn phosphorylates the myosin light chain and leads to actomyosin contraction
and subsequent pinching off of the ectosome.

To complicate matters further, changes in the PM organization may occur via
translocase-independent mechanisms, as determined in B lymphocytes [77], and indeed annexin
V-negative ectosomes derived from platelets and endothelial cells have also been detected [78,79].
These results suggest that ectosome biogenesis might in some cases proceed whilst lipid asymmetry
is maintained and be a direct result of directed cytoskeleton cleavage or the involvement of an
abscission machinery. Whilst ESCRT complexes are distinctly associated with processes that occur in
endosomes and exosome biogenesis, components of the ESCRT machinery have important functions
in PM-associated processes, such as cytokinesis and virus budding. In fact, recent research has shown
that ESCRT components may play a key role in the biogenesis of ectosomes at the PM. Nabhan
and co-workers showed that budding at the PM is driven by the interaction of the TSG101 subunit
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of ESCRT-I with the tetrapeptide PSAP motif of arrestin domain-containing protein 1 (ARRDC1);
the N-terminal arrestin domain of ARRDC1 directs PM targeting [55]. TSG101 is recruited from its
endosomal origin to the PM by the PSAP motif, which is also found in Hrs, and in conjunction with
Alix may be involved in the later stages of vesicle budding and fission. The interaction between
arrestin-related proteins, TSG101 and Alix in viral budding has been described previously [80]. Finally,
ESCRT-III and Vps4 ATPase are recruited and assembled to allow pinching-off of the ectosome and
recycling of the vesicle-forming machinery.
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Figure 4. Biogenesis and secretion of ectosomes. (A) Initial nucleation at the plasma membrane
(PM) starts with clustering of transmembrane proteins and lipids in distinct domains. Recruited
and PM associated proteins such as tetraspanins (largely still unidentified) may be involved in
sorting of components analogous to exosomal sorting. Additionally, Ca2+ release/accumulation
and activation of enzymes induce degradation of cytoskeletal components. Outward budding is
promoted by externalization of phosphatidylserine (PS) by specific translocases (floppase, scramblase;
see also (B)). As the cytoskeleton disintegrates locally and becomes more traversable, cytosolic proteins
and genetic material are sorted into the lumen. Budding and pinching off are generally thought to occur
either through the model proposed in (B), where budding involves initiation of a signaling cascade by
ARF6 through activation and recruitment of PLD/ERK and phosphorylation of MLCK. This triggers
actomyosin contraction and pinching off of the ectosome. Alternatively, recent evidence suggests that
recruited TSG101 induces translocation of ESCRT-III to the PM, which in turn results in conical spiral
assembly (budding initiator), and finally Vps4 ATPase constriction of the ring of ESCRT-III spirals at
the budding neck leads to membrane scission and pinching off, as shown in (A).
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To conclude, it is worth mentioning that in particular in aberrant cells, activation of purinergic
ATP receptors, protein kinase C, acid sphingomyelinase, p38MAPK, and the increase in Ca2+, act as
initiating and sustaining shedding mechanisms and signals [81–85]. Furthermore, several important
problems with regard to ectosome biogenesis are conspicuous and remain to be resolved. First of all,
the specific steps and components involved in ectosome biogenesis might be cell-type or function
specific and hence various distinct mechanisms have been reported in the literature. The mechanisms
by which the cell controls ectosome biogenesis and fate are still elusive. Foremost, even though PS
externalization may be required for vesicle budding, this fact might potentially be problematic, since
PS externalization has long been known to be an “eat me” signal that initiates phagocytosis, binds C1q
and activates complement, and also initiates the blood clotting cascade. In ectosomes from particular
cell types, such as platelets (these have the highest scrambling rate known [70]), local shedding of
procoagulant ectosomes represents a physiological function that allows assembly of the prothrombinase
and tenase complexes, leading to rapid thrombin generation [86] (50- to 100-fold higher procoagulant
activity compared with the platelet surface [87]) and therefore is a wanted process. Increased levels of
circulating ectosomes from activated platelets on the other hand have been implicated in thrombotic
and systemic inflammatory disorders [86,88]. In apoptotic cells and ABs, phagocytosis is a necessary
outcome to prevent immunogenic responses and tissue destruction. The question is how initiation
of such effects is prevented in ectosomes that have long life-times and distinct functions, such as
intercellular signaling. The answer to this question might be multifaceted. First, for phagocytosis to
occur, competent cells must be present or recruited via “find me” signals, which might be absent in
particular ectosome versions. Second, adapter proteins, recruited during vesicle budding, might in
turn recruit proteins that prevent interactions with PS via surface coating. Third, both the number
of surface exposed PS molecules and the way that these are presented to recognition receptors on
phagocytes determines whether phagocytosis occurs; the same goes for factors involved in blood
clotting. However, the critical PS fraction and the way that PS is presented are still largely unknown;
multiple PS receptors exist on the surface of phagocytes that bind PS directly, e.g., TIM receptor family
(T-cell-transmembrane/immunoglobulin/mucin) and stabilin-2 [89,90], or via bridging molecules
such as soluble thrombospondins, milk fat globule epidermal growth factor 8 (MFG-E8), which links to
integrins αvβ3 and αvβ5, or growth arrest-specific gene 6 (Gas6) and protein S (a vitamin K-dependent
glycoprotein), which both link to TAM receptors (Tyro-3–Axl–Mer) [91–95]. Additionally, necrotic
cells potentially have a significantly higher extrafacial PS fraction compared with apoptotic cells [96],
but it has long been known that resting dendritic cells only respond to necrotic and not to apoptotic
cells [97]. This suggests that co-factors might be responsible for the initiation of phagocytosis. Fourth,
the presence of “don’t eat me” signals, such as CD47, might prevent phagocytosis. In fact, CD47 has
recently been detected in exosomes of various origins and ectosomes from human mesenchymal stem
cells [98], human platelets [99], and Jurkat cells [100]. Fifth, as described above, annexin V-negative
ectosomes have been detected in platelets and endothelial cells [78,79]. Finally, phagocytosis might
in particular cases be a wanted outcome for ectosome-based signal transfer. Overall, the exact (and
potentially diverse) mechanisms by which a response is elicited toward ectosomes and their processing
during their life-time remain to be resolved.

2.3. Apoptotic Body Formation

Apoptotic cells undergo a series of distinct changes, such as chromatin condensation,
internucleosomal DNA fragmentation, nuclear rupture, mitochondrial swelling and cytochrome
c release, proteolytic cleavage of the cytoskeleton and focal adhesion complexes, PS externalization,
PM blebbing, disruption of key survival functions, cell shrinkage and commitment to the apoptotic
phenotype that all culminate in the packing of the dying cell into ABs, which are then released for
phagocytic clearance [41,101,102]. This dismantling of the cell and the formation of ABs is a controlled
mechanism to prevent leakage of potentially toxic, enzymatically active or immunogenic components
of dying cells into tissues, thereby preventing tissue destruction, inflammation, and autoimmune
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reactions. The process of AB formation might, however, only be important for large cells that are
difficult to engulf in their intact state, since it is known that cells such as neutrophils do not readily
form ABs, but are rather phagocytized whole [103,104].

To allow the dismantling of the cell, key structures such as the cytoskeleton need to be weakened.
This is predominantly performed by caspases; cysteine proteases designed for protein cleavage rather
than degradation, which are normally present within the cell as catalytically inactive zymogens [105].
Effector caspases (caspases-3, -6 and -7) are typically activated through proteolytic cleavage by initiator
caspases (caspases-8, -9 and -10) and upon activation initiate cell dismantling. Furthermore, the early
stage detachment from the extracellular matrix and cell rounding involves the caspase-dependent
dismantling of cell–matrix focal adhesions and cell–cell adhesion complexes. These events are followed
by a plethora of events geared toward the demolition stage and AB formation.

In multiple cell types, the outward protrusion that leads to PM blebbing (zeiosis) and ultimately
formation of ABs (Figure 1)—blebs are considered to be progenitors of ABs [106]—seems to be driven by
local membrane rearrangements that are initiated by caspase-3-mediated activation of Rho-associated
coiled-coil-forming kinase I (ROCK1) [107–109] and actin polymerization in the cortical microfilament
network. As stated previously, PS externalization, one of the hall marks of apoptosis, serves as an “eat
me” signal involving multiple phagocyte surface receptors and results in engulfment and digestion of
cellular remains by phagocytic cells [41,102,110,111]. Analogous to ectosome budding, externalization
of PS induces a structural imbalance within the lipid bilayer, but in this case, with the size of the
bleb, membrane tension alone is insufficient to cause delamination. Unlike ectosome budding, PS
externalization during apoptosis is mainly driven by a Ca2+-independent scramblase in most cell
types. This scramblase was recently determined by Nagata’s group to be the evolutionarily conserved
Xk-related protein 8 (Xkr8), which is activated by caspase cleavage (caspase-3 or -7) [112]. In addition,
results from the same group implicate the caspase-dependent inactivation of the flippase adenosine
triphosphate type 11C (ATP11C) and cell division cycle protein 50A (CDC50A), which is required for
PM localization of ATP11C, in apoptotic PS externalization [113].

Bleb formation follows a series of distinct steps, i.e., enucleation, expansion, and retraction,
during which cellular debris is packed into the blebs’ lumen and finally pinches off as ABs. Actin
polymerization results in the formation of restriction rings where bleb enucleation and formation
occur [114,115]. This is achieved through caspase-3-mediated activation of gelsolin, which cleaves
actin filaments in a calcium-independent manner [116]. After bleb enucleation, bleb expansion
occurs through ROCK1-induced phosphorylation of the myosin light chain, which in turn promotes
actomyosin contraction with consequential delamination of the PM from the cortical cytoskeleton
membrane. The subsequent blebbing of the PM is a purely physical process that is a result of
both the loss of interaction with the cytoskeleton and the increase in hydrostatic pressure due
to apoptotic volume decrease (cell shrinkage causes the cytosol to push against the PM and the
size of the bleb is proportional to the cortical tension [115]). Although the externalization of PS
is scramblase-dependent and ROCK-independent, its subcellular localization during apoptosis is
distinctly ROCK-dependent [107,117]. Specifically, the apoptotic blebs become highly enriched
with externalized PS and consequently serve as focal recognition points for macrophages to trigger
engulfment (vide supra). Bleb retraction has been shown to occur ~30 s after bleb initiation and
takes nearly 90 s for full completion [118,119]. Retraction is driven by reassembly of the contractile
cortex under the bleb membrane. Repetitive cycles of bleb expansion and retraction have been
suggested to play a major role in the actual packing of cellular debris into the lumen of the blebs
before they pinch off as ABs. However, other mechanisms seem to be involved as well. For instance,
actin-myosin clearly plays a central role in apoptotic cellular remodeling, whereas all other cytoskeletal
components are dismantled. Recent research, however, shows that rapid dynamic de novo assembly
of microtubules throughout the cytoplasm aids in packing condensed chromatin into PM blebs,
promotes cellular fragmentation, and assist in binding apoptotic cells to phagocytes through extension
of rigid spikes [120]. In addition, in late blebs, the condensed chromatin is often surrounded by
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a cortical layer of endoplasmic reticulum, which might be the result of active translocation and
remodeling [106]. Finally, the recent discovery of novel PM protrusions that give rise to ABs shows
that AB formation might not be as stochastic as previously assumed; at least in some cell types. For
instance, in T lymphocytes, “string-like” membrane protrusions (apoptopodia) are formed after the
onset of membrane blebbing and facilitate the separation of blebs into ABs [121]. This formation of
apoptopodia (and ABs) in T lymphocytes is negatively regulated by the caspase-activated pannexin 1
(PANX1) channel [122]. In monocytes, a recently discovered “beads-on-a-string” and fragmentation
mechanism of AB formation might be involved in facilitating sorting and localization of particular
intracellular contents into ABs [123]. These results point in the direction that packing of cellular debris
might be a controlled mechanism rather than a random effect due to bleb oscillation. However, more
studies are needed to understand this highly regulated process as the formation of ABs is cell type
dependent. For instance, the newly discovered “bead-on-a-string” mode of AB biogenesis is not
conserved in some of the adherent epithelial cells.

3. Extracellular Vesicle Composition

3.1. Molecular Composition of Exosomes

Exosomes typically comprise of luminal cargo, i.e., proteins, DNA, RNA, peptides, lipid-derivatives,
surrounded by a lipid bilayer membrane (Figure 3B), which serves as a transport vehicle and protects
the luminal cargo from the harsh extracellular environment. The luminal contents of exosomes
predominantly contain cytosolic proteins derived from the donor cell [20,124]. Interestingly, the
composition of the lipid bilayer in exosomes differs from the lipid composition of the PM of the cell of
origin [3,125,126]. Development of ExoCarta (Available online: http://www.exocarta.org), a manually
curated database that lists proteins, RNA and lipids identified in exosomes [127–129], and Vesiclepedia
(Available online: http://microvesicles.org), a community annotation compendium for all EVs [130],
have allowed researchers to successively deposit identified constituents of exosomes and provide a
general overview of their molecular composition [127]. These two databases are regularly supplemented
with contributions from different authors working in the EV field. Furthermore, ExoCarta now provides
annotations with International Society of Extracellular Vesicles standards thereby aiding researchers in
quickly comprehending the characterization done on the exosomes [126].

Since exosomes originate from endosomes, proteins involved in MVB formation (e.g., Alix and
TSG101), membrane transport and fusion (e.g., annexins, flotillins, GTPases), adhesion (e.g., integrins),
tetraspanins (e.g., CD9, CD63, CD81, CD82), antigen presentation (MHC class molecules), heat shock
proteins (HSP70, HSP90) and lipid-related proteins [124,131–133] are often identified in exosomes
irrespective of the cell type of origin (Figure 3B). Apart from proteins, exosomes are also enriched in
particular lipids; primarily ceramide, cholesterol, PS, and sphingolipids [59,134,135]. Interestingly,
exosome membranes do not contain lysobisphosphatidic acid (LBPA) [135–137], even though LBA has
clearly been detected in ILVs and purported to be essential, together with Alix, for their formation [138].
As pointed out by Brouwers et al., LBPA might play an exclusive role in the formation of lysosomally
targeted MVBs rather than in exosome-generating MVBs [136]. Additionally, the discrepancies in
lipid composition between these types of MVBs may also suggest that their formation is strictly
controlled and a significantly higher degree of cellular control over EVs and their fate might be present
as currently thought. Exosomes also contain detergent-resistant domains in their lipid membrane, i.e.,
lipid rafts. These rafts are not only enriched in the aforementioned lipids, but also various proteins
such as flotillins seem to accumulate in lipid rafts and not surprisingly, lipid rafts have been implicated
in exosome biogenesis.
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Exosomes also have polysaccharide and glycan signatures on their outer surface,
predominantly comprising of mannose, α-2,3- and α-2,6-sialic acids, complex N-linked glycans, and
polylactosamine [139,140]. Exosomes have been reported to carry RNA, including mRNAs, miRNAs
and some non-coding RNAs [11]. Considering the fact that ILVs bud into the MVBs by invagination of
the limiting membrane of MVBs in the cytosol, this invagination also sequesters a considerable amount
of cytosol, including the therein contained proteins and RNA. Whilst exosomes contain a common set
of proteins irrespective of the cell type (some of which are presumably involved in exosome biogenesis),
recent studies have shown a tissue/cell type-specific signature in exosomes [133]. It is unclear how
these proteins are targeted to exosomes. More studies are needed to unravel any sorting/packaging
signals in exosomes and address the question of selectivity versus randomness.

3.2. Molecular Composition of Ectosomes

Ectosomes are relatively heterogeneous, both in size and in their composition. Like exosomes,
ectosome membranes are not identical to the PM of the cell of origin, but rather specific changes are
induced upon nucleation and budding of the PM that cause this discrepancy. Although ectosomes
contain similar types of cargo as exosomes, the molecular composition of ectosomes is less well
defined compared with exosomes. Nevertheless, an increasing number of studies have led to a
significant number of entries into the aforementioned databases. Several studies have highlighted the
fact that ectosomes contain a diverse population of proteins (see also Figure 5), including matrix
metalloproteinases (MMPs) [28–31], glycoproteins, e.g., GPIb, GPIIb-IIIa and P-selectin [32–35],
integrins, e.g., Mac-1 [35,36], receptors, e.g., EGFRvIII [141], and cytoskeletal components such as
β-actin and α-actinin-4 [142]. In fact, proteomic analysis of monocytic THP-1 cell-derived ectosomes,
predominantly in the range of 780-990 nm, by Bernimoulin and co-workers revealed distinct expression
patterns involving 1076 proteins upon different stimuli and 100 proteins that were commonly present,
including cytoskeletal components, adhesion receptors, signaling molecules, and mitochondrial
proteins [142]. Similarly, Keerthikumar et al. confirmed the enrichment of mitochondrial, centrosomal
and ribosomal proteins in ectosomes by proteomic analysis [22]. The analysis also confirmed the
depletion of ESCRT proteins, tetraspanins and proteins implicated in fusion and trafficking (e.g.,
annexins, integrins and flotillins). Interestingly, the study also highlighted an exclusive set of RAB
GTPases that is enriched in exosomes and ectosomes, at least in neuroblastoma cells. Minciacchi
et al. also reported a distinct cargo in large oncosomes and showed that particularly mitochondrial
proteins were enriched [25]. Recently, Lunavat and collaborators described the existence of unique
RNA cargo in ectosomes [143]. Weerheim et al. determined that circulating ectosome membranes, next
to PS (3.63%), which is involved in vesicle budding, predominantly contained phosphatidylcholine
(PC; 59.2%), sphingomyelin (20.6%), and also phosphatidylethanolamine (PE; 9.4%) [144]. However,
lysophospholipids were also detected (<2%/class). Additionally, an extensive lipidomic analysis,
including fatty acyl moiety evaluation, was recently performed by Losito and co-workers [145].
The examples presented in Figure 5, which serves to illustrate that ectosomes are as diverse in
composition as exosomes, represent only a fraction of the identified components. What complicates the
unperturbed assignment of components to ectosomes is the fact that a diverse nomenclature is used in
the literature for various vesicles, both based on their origin and size. Whilst exosomal vesicles have
been relatively easy to identify based on their size and the term “exosome” is widely used, vesicles
larger than exosomes have been classified almost ambiguously and this affects both ectosomes and
ABs. Consequently, assignment of components to ectosomes should be taken with care.
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Figure 5. Molecular composition of ectosomes. Ectosomal membranes consist of various classes
of lipids. Furthermore, in recent years, numerous components with diverse functions have been
identified, predominantly from blood, immune and endothelial cells, and atherosclerotic plaques.
The overview serves to illustrate this diversity and is far from complete. Data was retrieved
from Vesiclepedia (Available online: http://www.microvesicles.org). ANXA5, annexin A5; ApoAII,
apolipoprotein AII; ARF6, ADP-ribosylation factor 6; CD45, protein tyrosine phosphatase; CEACAM8,
carcinoembryonic antigen-related cell adhesion molecule 8; CES1, carboxylesterase 1; Cyt C, cytochrome
C; ECM, extracellular matrix; EGFRvIII, mutated form of epidermal growth factor receptor; ERK,
extracellular-signal-regulated kinase; FN1, fibronectin 1; GPR150, G protein-coupled receptor 150;
HMGCL, 3-hydroxymethyl-3-methylglutaryl-coenzyme A lyase; HSP90AB1, heat shock protein
90 kDa alpha (cytosolic) class B member 1; LAIR1, leukocyte-associated immunoglobulin-like
receptor 1; LFA-1, lymphocyte function-associated antigen 1; LPC, lysohosphatidylcholine; LPE,
lysophosphatidylethanolamine; LPS, lysophosphatidylserine; Mac-1, macrophage-1 antigen; MCAM,
melanoma cell adhesion molecule; MLCK, myosin light-chain kinase; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PECAM1, platelet/endothelial cell adhesion
molecule 1; PI, phosphatidylinositol; PLD, phospholipase D; PS, phosphatidylserine; SCP2, sterol
carrier protein 2; SELE, selectin E; Snap23b, synaptosomal-associated protein 23b; SOD, superoxide
dismutase; SpM, sphingomyelin; TPI1, triosephosphate isomerase 1.

3.3. Molecular Composition of Apoptotic Bodies

Although apoptosis has been the subject of intense research over the past decades, apoptotic
remnants of cells have long been regarded as “garbage bags”. That relatively little is known about
the molecular composition of ABs might be a result of their size heterogeneity, diverse cell origins,
the diverse apoptosis triggers involved, and the premise that ABs are randomly stuffed with cellular
debris. A quick look in the literature and Vesiclepedia provides little evidence for structural molecular
composition studies and indicates that a thorough characterization is urgently needed. Naturally
some information is already available, but it is rather locked in various publications on apoptosis and
deposition of the information by the authors into compendiums such as Vesiclepedia might provide
an initial basis for further characterization studies.
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Nonetheless, a study by Mallat et al. showed that ABs of human monocytic and lymphocytic
origin from atherosclerotic plaques were enriched with PS, coagulation factor III, and annexin A5
(a phospholipase A2 and protein kinase C inhibitory protein with calcium channel activity) [146].
A more recent proteomic evaluation of thymocyte-derived ABs in BALB/c mice identified 142 different
proteins, including a myriad of heat shock, histone-related and cytosolic proteins, (pseudo)oncogenes,
and proteins with immunological relevance [147]. Shotgun proteomics of ABs from human biliary
epithelial cells identified 11 distinct proteins, including annexin A6, heat shock protein β6, low-density
lipoprotein receptor-related protein 1, and RAB11A [148]. The identified proteins were largely involved
in (auto)immune reactions such as nuclear factor kappa B (NF-κB) activation, ERK and Notch signaling
pathways, and IL8- and CXCR2-mediated signaling events. More recently, a total of 1028 proteins were
differentially abundant between whole apoptotic sample and apoptotic body-enriched samples [123].
The study highlighted the marked depletion of nuclear components in ABs.

4. Extracellular Vesicle Isolation Methods

Isolation of the various classes of EVs is generally performed by strategic purification of rough
isolates from cell cultures, cell suspensions, tissues, and body fluids. Isolation methods exploit the
physical properties of EVs, in particular their buoyant densities, size, and surface composition, and
include ultra-centrifugation, density gradient centrifugation, gel filtration, polymer-based precipitation,
immuno-affinity methods, filtration, and flow field–flow fractionation [149–153]. However, with the
available techniques, it is currently impossible to separate any single EV subtype devoid of other EV
subpopulations to homogeneity [22,24]. Consequently, reports on experimental results from allegedly
purified EVs need to be considered with caution.

4.1. Exosome Isolation Methods

The most commonly used method for isolating exosomes is ultracentrifugation at
100,000–120,000ˆ g [8,21,154]. However, the major disadvantage of using a series of differential
centrifugation steps coupled with ultracentrifugation is its inefficiency in separating EV subtypes [40].
To avoid co-isolation of EV subtypes, researchers utilize filtration (0.1 or 0.2 µm pore size) and/or
perform differential centrifugation (medium speed 10,000ˆ g) that sediment larger EVs including
ectosomes and ABs [26]. Ultrafiltration and microfiltration have been utilized to rapidly isolate
exosomes from urine [155,156]. Multiple studies have highlighted the fact that ultracentrifugation
can be used in conjunction with other isolation methods including density gradient centrifugation
(sucrose, sucrose-deuterium oxide (D2O), and OptiPrep™ (iodixanol) [154], which separates exosomes
according to their buoyant density. Based on the purity of the exosome preparation, density gradient
separation is the best enrichment technique that is currently in use [21]. Whilst optimal exosome
isolation can be achieved through density gradient centrifugation, the technique requires more sample,
is tedious and time consuming. In addition to density gradient centrifugation, immunoaffinity based
methods (immunobeads and FACS), have also been utilized to isolate exosomes. Multiple exosomal
membrane molecules have been used for this purpose including EPCAM, CD63, CD9, HER2 and
A33. While this method can be robust, one of the inherent problems with immunocapture techniques
is that the negative population (EPCAM negative when EPCAM immune beads are used) is often
ignored [40]. In addition, non-specific protein binding can also confound the interpretation of the
results [21,154].

With the increasing interest in the physiological and pathological roles of exosomes, many
commercial kits that allow “easy and quick isolation procedures” are now routinely developed and are
available for use. While most of these kits isolate/precipitate exosomes, the kits invariably suffer from
co-isolation of other EVs and protein complexes. Hence, we emphasize caution while interpreting
data obtained from precipitation kits [157]. On the other hand, the commercial kits are robust, fast,
use very little sample and therefore serve as ideal choice for identification of exosome-related disease
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biomarkers. Currently, there is no gold standard method for isolating exosomes and, hence, the method
of choice should be determined based on the (patho)biological question of interest.

4.2. Ectosome Isolation Methods

Since the physical differences between exosomes and ectosomes are relatively small and a
significant overlap occurs as far as their sizes are concerned, separation of these two classes of
EVs is relatively difficult. For the isolation of ectosomes, the same strategies may be employed as
for exosomes (vide supra). However, since ectosomes have distinctly different surface compositions,
isolation based on these specifics through affinity-based methods might be the best strategy to obtain
enriched fractions. Unfortunately, membrane antigens that can reliably serve as markers of ectosomes
are currently non-existent.

4.3. Studying Apoptotic Bodies

Generally, apoptotic bodies are not isolated as other EVs are, but are rather studied in well-defined
cell models of apoptosis. Nonetheless, when it is necessary to isolate ABs from cell cultures or body
fluids, differential centrifugation may be employed. Since ABs are large, they easily sediment at
low g values. A general approach would start with a low speed spin at ~300´500ˆ g to remove
cells, followed by a short centrifugation of the rough isolate at ~1000ˆ g to remove cellular debris,
followed by a longer centrifugation at higher g forces (~10,000 < x < ~16,000ˆ g) to obtain the AB
fraction [152,158,159]. Further AB purification steps such as immunoaffinity purification or filtration
might be necessary depending on the goal of the isolation and the question under investigation.
Moreover, unlike exosomes and ectosomes, ABs may not be stable for longer time periods and hence
harsh isolation methods cannot be utilized.

4.4. General Isolation Problems

Besides the aforementioned specific problems, isolation procedures suffer from a number of
general restrictions. First of all, since centrifugation protocols are not standardized, discrepancies
within differential centrifugation protocols invariably lead to inconsistencies in the isolates. This fact
may, at least partially, explain the differences in biological effects of EVs reported by various research
groups. Second, an inherent problem with isolating exosomes and ectosomes from body fluids is the
fact that these potentially contain high amounts of non-EV particles such as lipoproteins, viruses, and
aggregate-forming (bio)molecules. Exosomes generally overlap in size with viruses and lipoproteins,
whereas ectosomes overlap with the size range of bacteria. Such contaminants need to be removed in
order to obtain sufficiently pure isolates. With regard to viruses, sucrose gradients are inefficient at
separating them from exosomes, but Cantin et al. recently showed that the use of iodixanol gradients do
allow their separation and purification [160]. Contamination with proteins and protein complexes, such
as insoluble immune complexes, also perturb the isolation of both exosomes and ectosomes [161,162].
Furthermore, filtration of EV isolates under pressure to remove particular contaminants or fractions
carries the inherent risk that fragmentation of vesicles occurs and thus sample might be lost. Finally,
specific purification protocols after ultracentrifugation not only affect EV purity and yield, but often
lead to protein loss in the preparation [163,164]. However this loss of protein does not correlate with
loss of vesicles. With regard to vaccination, the method of purification is therefore extremely important
to take note of when comparing manuscripts from different research groups.

Isolation of EVs for diagnostic purposes in a clinical setting currently has a number of distinct
limitations. These include the time required for isolation and analysis and a potential lack of
suitable infrastructure. Recently, Sáenz-Cuesta and co-workers compared various protocols with
regard to urine and blood EV samples [153]. They conclude that any method used should be
compatible with the simple infrastructure found in general clinical laboratories, where apparatus
such as ultracentrifuges are not readily available, allow isolation of EVs with high accuracy and
in sufficiently high concentrations, permit isolation of both small and large EVs, and validation
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of the isolation procedure should be performed by a group with significant expertise in the EV
research field. Furthermore, the workflow from sample collection to EV characterization would require
standardization to allow a direct comparison between clinical diagnostic labs. Overall, a medium-speed
differential centrifugation protocol would currently be most suitable in a clinical setting [153].

For further information on currently available isolation methods, their strengths and caveats,
and their impact on the quality of the final isolates, the reader is referred to several excellent and
comprehensive reviews [149,152,153].

5. Function of EVs and Development of EV-Based Technologies

Although the exact physiological functions of EVs are poorly understood, when generalizing
for all classes of EVs, these all function as transport vehicles of some sort. Exosomes have been
shown to contain molecules, predominantly from an endosomal and cytosolic origin, for intercellular
communication over a short range. Ectosomes contain ubiquitous cargo and are believed to also be
involved in cell-cell communication, whereas ABs function to transport and present cellular debris
from intentional cell suicide to phagocytic cells for further dismantling and recycling of building-blocks.
Furthermore, increasingly evidence accumulates that cells modify the content of EVs in response to
extrinsic stressors such as heat shock, hypothermia, hypoxia, oxidative stress, and infectious agents.
These results suggest that the EVs are connected to intracellular signaling and are part of the global
intricate mechanism to maintain physiological homeostasis; the levels of which we are just beginning
to understand. It also suggests that perturbation of the roles that EVs play in homeostasis potentially
results in disease and a link can indeed be established between EVs and various diseases. Consequently,
EVs have also become of interest with regard to their pathophysiology, the development of novel
therapeutic modalities, and because particularly exosomes are ubiquitously present in bodily fluids,
exosomes are deemed ideal as diagnostic biomarkers. In this focus edition, Iraci and co-workers
provide an extensive overview of the physiological roles of EVs and their signaling properties [44].

Tumor cells have been reported to secrete increased amounts of exosomes [165]. Since these
tumor-derived exosomes carry the tumor-specific genomic and proteomic signatures, tumor-derived
exosomes are ideal and unique targets for cancer detection. However, the fact that tumor-derived
exosomes carry the hallmark properties for tumorigenicity also means that these exosomes might
aggravate the tumorigenic potential already present in cells [133]. Indeed a number of studies seem
to confirm that exosomes secreted by tumor cells play a role in the growth and dissemination of
tumor cells [166–170]. For instance, Lázaro-Ibáñez et al. recently showed that the various prostate
cancer cell-derived EVs subgroups carried different fractions of genomic DNA (gDNA) fragments
of MLH1, PTEN, and TP53 genes, including mutations [158]. Their results suggest that nucleic acids
are selectively and cell-dependently packed into the various EV subtypes and that circulating EVs
potentially contribute to both pre-metastatic niche formation and tumor metastasis. On the other
hand, some investigations report quite the opposite, i.e., anti-tumorigenic properties, such as tumor
cell apoptosis induction in pancreatic carcinoma or enhancement of anti-tumor immunity [171,172].
Furthermore, even if tumor-derived EVs are found in the circulation of cancer patients, this must not
necessarily mean that EVs are actively involved in tumor progression, but could simply be the result
of tumor expansion and thus enhanced EV secretion. Nonetheless, tumor-derived EVs show both
the potential as cancer biomarkers as well as the possibility to develop novel anti-cancer therapeutics.
In this focus edition, Ciardiello et al. discuss the current state of the art regarding the EV-cancer
connection [43], whereas Ohno and Kuroda focus on the development of EV-based therapeutics [45].

Similarly, EVs have drawn the attention of researchers investigating degenerative brain disorders,
such as Alzheimer’s dementia and Parkinson’s disease, ischemic stroke, neuro-inflammation, and
epilepsy. However, the study of EVs of neuronal origin in neurological disorders is still challenging
due to technical and ethical limitations; in vivo sampling of brain material cannot readily be
performed, apart from biopsies for diagnostic purposes, and repetitive sampling of cerebrospinal
fluid is overall considered unethical, but still recent research results from brain tumors seem to be



Int. J. Mol. Sci. 2016, 17, 170 17 of 30

promising. For instance, Skog et al. showed that nested-PCR-based detection of the tumor-specific
epidermal growth factor receptor EGFRvIII transcript in serum-purified exosomes allows diagnosis
of a glioblastoma sub-set [170]. Overall, particularly exosomes are implicated to facilitate the
spread and accumulation of key disease-causing neuronal proteins, such as β-amyloid [173–175] and
α-synuclein [176–178]. Here, Vella and co-workers review the role of exosomes in protein trafficking
with respect to Alzheimer’s and Parkinson’s disease and not only highlight recent advances but also
the remaining challenges [46].

EVs have been shown to be secreted by stem cells, which in itself is not surprising given their
undifferentiated nature and the potential that stem cells carry. The fact that stems cells are the
“mother of all cells” and potentially can produce any cell type, stem cell therapy has been heralded
as the ultimate regenerative therapy. However, the results from various experimental and clinical
studies have not produced the expected results for multiple reasons. It is known that stem cells
secrete a myriad of biomolecules in order to communicate with the cells in the surrounding tissue.
Consequently, researchers tried to determine the factors involved, but no single biomolecule or
combination could induce the desired therapeutic effects of stem cell transplantation. Since EVs
are involved in intercellular communication and may contain all the signals required for successful
communication, even at multiple levels and via multiple pathways, EVs have attracted the attention
of researchers in the stem cell therapeutics field. Stem-cell derived EVs might themselves constitute
potent therapeutics against various degenerative diseases. Recent research already validates this
assumption, since various groups have found encouraging results from various stem cell types, e.g.,
mouse embryonic stem cells EVs enhanced survival and expansion of hematopoietic progenitor
cells [179], endothelial progenitor cells-derived EVs protect against angiotensin II-induced cardiac
hypertrophy [180], and mesenchymal stem cell EVs reduce infarct size in a mouse model of myocardial
ischemia/reperfusion injury [181]. Focusing on the effects of EVs, Zhang and colleagues briefly review
the current advances in the stem cell therapeutics field [47].

Some indications that ABs are not just garbage bags advertising “eat me” signals to phagocytic
cells, but rather might have more intricate roles, both positive and negative ones, come from recent
research. Kogianni and co-workers showed that osteocyte ABs were able to initiate de novo osteoclastic
bone resorption on quiescent bone surfaces in vivo, which suggests a physiological signaling role
of ABs in directed osteocyte apoptosis in damaged bone [182]. Phagocytosis of HepG2-derived
ABs by hepatic stellate cells (HSC) activates JAK1/STAT3 and, to a lesser extent, PI3K/Akt/NF-κB
survival pathways, upregulating Mcl-1 and A1 anti-apoptotic proteins, which leads to HSC survival
and propagation of liver fibrosis [183]. That ABs can be used in a therapeutic setting was recently
demonstrated by Marin-Gallen et al. [184]. These authors showed that tolerogenic dendritic cells (DCs)
could be generated that reestablished peripheral tolerance in type 1 diabetes by pulsing DCs in vitro
with ABs from β cells. Consequently, treated DCs diminished the expression of the co-stimulatory
molecules CD40 and CD86 and reduced secretion of proinflammatory cytokines, thereby reducing
autoimmunity towards β cells and thus insulitis. Furthermore, Schiller and co-workers observed that
active packing of immunogenic molecules into ABs occurred early during apoptosis, well before DNA
degradation [185]. These results indeed suggest that formation of ABs might follow a distinct “plan”
and thus a significant level of control by the cell might be present.

Finally, the positive and negative modulation of the immune response by both immune and
non-immune cell-derived EVs is one of the best established (patho)physiological functions of EVs.
Exosomes have been shown capable of direct antigen presentation since they preserve the topology
of the antigen-presenting cell (APC) from which they originate and directly stimulate CD8+ and
CD4+ T cells through surface MHC-I and II molecules [186,187]. Exosomes have also been shown
to be involved in indirect antigen presentation either through transfer of antigenic peptides to
APCs [188,189] or by cross-dressing APCs [188,190,191]. Not surprisingly, EVs have been shown
to carry a variety of antigens from various origins, including the aforementioned tumor-derived
antigens, pathogens-derived antigens, e.g., antigens from Cytomegalovirus [192] or Mycobacterium bovis
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bacillus Calmette-Guérin [193], and B cell-derived antigens [194,195]. Besides the tolerogenic effect
elicited by ABs through DC modulation, epithelial cells of the small intestine have been shown to
release MHC class II+ exosome-like structures, called “tolerosomes”, which induce specific tolerance to
orally administered antigen ovalbumin [196]. Lastly, recent research suggests that EVs not only transfer
antigens to APCs, but also signals that induce transformation of recipient cells into immunogenically
competent APCs [197]. Notwithstanding these important results, it is imperative to emphasize that
the majority of results to date have been derived from in vitro experiments on immune cells or lab
animals treated with in vitro purified EVs. A significant gap exists between the knowledge gained from
these experiments and the potential in vivo immunomodulatory roles of EVs, especially in humans.
Nonetheless, as our understanding of the roles that EVs play in immune regulation develops, new
therapeutic options will certainly become available that might allow inhibition of tumor-derived
EVs and modulation of the tumor microenvironment, modification of the release of endogenous
immunosuppressive EVs, or even specifically engineered EVs as novel therapeutics. In this focus
edition, Ohno and Kuroda discuss the potential of EV-based therapeutics [45], whereas comprehensive
reviews covering the role of EVs in immune system-related processes were recently provided by
Robbins and Morelli [198] and Théry et al. [124].

6. Current Issues in EV Research

Although a significant amount of knowledge regarding EVs has been accumulated over the past
few years and researchers in various fields of life sciences have turned their attention to EVs, the field
is still nascent and faces a number of potential hurdles:

1. Owing to the characteristics of EVs, past studies named them based on the sample source thereby
creating multiple names, e.g., ectosomes have aliases such as exosome-like vesicles, shedding
vesicles, microvesicles, nanoparticles, microparticles, and oncosomes. These names, apart from
a lack of uniform use, are often misleading. For instance, the term “nanoparticle” is normally
reserved for solid particulate matter with a size below 100 nm in at least one dimension, e.g.,
silver colloidal nanoparticles, carbon nanoneedles, etc. Hence, there is an urgent need to perform
standardization of EV nomenclature [40]. However, such a standardization is also only possible
when genuine and unique markers for different types of EVs can be identified [24]. Furthermore,
a potential conflict exists with respect to the term “exosome” since this term is also used to denote
a multi-protein complex that contains multiple 31Ñ51 exoribonucleases and is involved in the
degradation of various types of RNA [199].

2. Robust isolation methods that do not compromise on the purity of the isolate are required in
order to exploit EVs in biomedical research and therapeutics.

3. The size distribution of vesicles released by apoptotic cells has not yet been systematically investigated.
4. Linked to the aforementioned problems is the fact that the various size-ranges used by researchers

to denote the EV they are investigating is extremely heterogeneous. There is a need for consensus
on the size-ranges that typify each form of EV.

5. With the current strategies to purify EV types, it is impossible to assess how various types of
EVs interact and produce a synergistic and/or antagonistic effect. Consequently, the exclusion of
particular EV types from experiments might lead to loss of relevant information regarding EVs in
general (synergistic, antagonistic, interconnected networks?).

6. The exact mechanisms involved in the biogenesis of EVs have not yet been fully elucidated. It is
also largely unknown whether packaging of cargo into exosomes, ectosomes, and ABs and their
secretion into the extracellular space is a selective or a random process; although some recent
data is emerging that suggests some measure of cellular control.
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7. Multiple studies have highlighted the functional roles of EVs in vitro using variable concentrations
of EVs. Despite this acquired knowledge, very little is known about the stoichiometry of EVs
and the most relevant physiological concentrations of EVs. Equally, little is known about their
half-lives in tissues and organs. However, several studies have found that the half-life of EVs in
circulation is approximately 1.5–3 min [140,200–202].

8. It is still unclear why EVs are abundant (at least based on the detection of enriched proteins such
as Alix and TSG101) in bodily fluids that can be secreted (e.g., breast milk, saliva and urine) and
relatively depleted in internal bodily fluids (e.g., blood, cerebrospinal fluid).

9. Very little is known about the physiological role of EVs and their contribution to homeostasis,
which makes it virtually impossible to understand their pathobiological role and develop safe
and effective therapeutic interventions.

10. The question also arises why all types of EVs are released by apoptotic cells, and what their
interplay is. Additionally, why are different fractions of gDNA fragments from deranged cells
packed into the various EV types?

11. The underlying mechanism of how EVs communicate with the target cells and how selectivity
is achieved is poorly understood. Understanding this is again a prerequisite to develop
effective therapeutics that target this communication and for the development of engineered
exosome-derived therapeutic vehicles.

12. Finally, cells modulate the composition of EVs in response to exogenous stress. Understanding the
mechanisms involved might lead to the development of therapeutics that exploit this property.

7. Conclusions

Extracellular vesicles are highly specific and multi-purpose vehicles that are purported to be
involved in vast intercellular communication and/or biomolecule (mass) transfer networks. Some
researchers have compared their function with the extension of the borders of the cell of origin to the
distant target cell. One major advantage over secreted signaling molecules is the fact that EVs deliver
their signal at great distances without dilution or degradation, since the biomolecules are securely
transferred within their capsule. Furthermore, various cargos are not only selectively delivered to
the target cell, but also potentially to specific structures within that cell, e.g., the target cell’s PM.
However, disruption of their normal function may lead to disease. In this sense the correct size and
composition may play key roles in whether the particular EV involved plays a physiological role or a
pathological one. It is perhaps this fact that is responsible for the Janus-faced results that have been
obtained. One is tempted to assume that the existence of EVs, at least in part, might be one reason why
so many diseases have eluded us thus far. Understanding their physiological roles and the factors that
induce the switch to a pathological role are important when developing novel therapeutic strategies.
However, much still remains to be discovered, since we have just scratched the surface of the enigma
called “EXTRACELLULAR VESICLE”.
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