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A B S T R A C T

Cell secretion is a general process involved in various biological responses. Exosomes are part of this

process and have gained considerable scientific interest in the past five years. Several steps through

investigations across the last 20 years can explain this interest. First characterized during reticulocyte

maturation, they were next evidenced as a key player in the immune response and cancer

immunotherapy. More recently they were reported as vectors of mRNAs, miRNAs and also lipid

mediators able to act on target cells. They are the only type of vesicles released from an intracellular

compartment from cells in viable conditions. They appear as a vectorized signaling system operating

from inside a donor cell towards either the periphery, the cytosol, or possibly to the nucleus of target

cells. Exosomes from normal cells trigger positive effects, whereas those from pathological ones, such

as tumor cells or infected ones may trigger non-positive health effects. Therefore regulating the

biogenesis and secretion of exosomes appear as a pharmacological challenge to intervene in various

pathophysiologies. Exosome biogenesis and molecular content, interaction with target cells, utilisation

as biomarkers, and functional effects in various pathophysiologies are considered in this review.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction: the exosome pathway

Exosomes are nanovesicles (50–100 nm) released from viable
cells, either constitutively or upon activation of cell secretion, but
neither from lysed nor apoptotic cells. They are not released from
plasma membrane shedding but they are secreted from an
intracellular compartment, the multivesicular bodies (MVB), or
late endosomes [1,2]. The exosome pathway is illustrated in Fig. 1.

2. Biogenesis and release of exosomes by producer cells: from
inside the cell to an extracellular network (Fig. 1A)

Exosomes bear specific protein markers such as tetraspanins
(CD63, CD9, CD81), Heat-shock proteins (HSP 70) or the transferin
receptor in the case of reticulocyte (TfR), that make the exosomes
distincts from vesicles released upon plasma membrane shedding
and called ectosomes [3]. These latter contain distinct markers
such as CD41 or CD45. Exosomes are also totally distincts from
apoptotic microparticles which bear markers like CD31 or Annexin
V binding [4].

They have been described for the first time by Jonhstone and
collaborators in 1987 during the reticulocytes maturation process
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[1]. Initially, exosomes were thought to be implicated in removing
unneeded membrane proteins from cells that have poor capacities
to degrade proteins with a lysosomal system, or cells which are
located towards a drainage system such as the tubule kidney or gut
[5]. Since then, several cell types have been described to release
exosomes in extracellular medium in vitro as hematopoietic cells
(B cells, T cells, dendritic cells, mast cells, platelets), intestinal
epithelial cells, Schwann cells, neuronal cells, adipocytes, fibro-
blast (NIH3T3), tumor cells, etc. Exosomes are found in vivo in
several biological fluids such as urine, plasma, epididymal fluid,
amniotic liquid, malignant and pleural effusions of ascites,
bronchoalveolar lavage fluid, synovial fluid and breast milk.

They feature a density ranging from 1.13 g/ml for B cell
exosomes [2] to 1.19 g/ml for epithelial intestinal cell exosomes
[6].

The initial step in exosome biogenesis is the intralumenal
vesicle (ILV) formation by inward budding of the MVB membrane
inside the cell [7]. The resulting vesicles contain cytosol and expose
internal membrane of the MVB at their surface. Subsequently, the
repartition of proteins between the two leaflets of the plasma
membrane should be maintained in the ILVs, which progressively
accumulate during endosome maturation. However phospholipid
asymmetry may be not preserved during ILV formation since
exosomes appear to have a similar lipid composition between the
two membrane leaflet [8], consistent with the presence of a
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Fig. 1. The ‘‘exosome pathway’’. Intralumenal vesicles (ILV) are formed in viable cells in a subset of late endosomes called MultiVesicular Bodies (MVB) (A). Once released

outside the cells these vesicles are called ‘‘exosomes’’ (B) which can be taken up by target cells (C) or be swept away by the blood stream or by other biological fluids (D).
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phospholipid scramblase [9]. Thus, late endosomes can accumu-
late up to hundred intraluminal vesicles (ILVs) [10]. Similar
conclusion can be drawn from observations performed in the mast
cell line RBL-2H3 [9]. This type of cell contains about 30 MVBs [9]1,
which means that one RBL-2H3 cell could contain 3000 ILVs,
providing that all MVBs were filled. Actually ILV release is
sectorized in the cell, i.e. is limited in some region of the cell
periphery, indicating that the whole MVB cell content is not
released at once.

2.1. Sorting proteins in exosomes

2.1.1. Sorting via the endosomal sorting complex required for

transport (ESCRT) machinery

The sorting of protein complexes into MVB vesicles is a highly
regulated process and a variety of studies indicate that mono-
ubiquitination serves as a signal that directs protein complexes
into the MVB pathway. The endosomal sorting complex required
for transport (ESCRT) play a role in the ILV formation. Some of the
ESCRT proteins and ESCRT-associated proteins such as Tsg101 and
Alix are recovered in exosomes.

The ESCRT machinery is transiently recruited to the cytosolic side
of the endosomal membrane for sorting of selected protein to ILV
and for ILV formation [11]. The ESCRT machinery is constituted of
three separate protein complexes called ESCRT-I, ESCRT-II, ESCRT-III.

Vps27/Hrs recruits Tsg101 which belongs to the ESCRT-I
complex and binds the ubiquitinated cargo protein and activates
ESCRT-II. Tsg101 then recruits ESCRT-III via ESCRT-II or AIP1(Alix).
Indeed, ESCRT-II initiates the oligomerization and the formation of
the ESCRT-III complex that seems to have a function in the
concentration of MVB proteins and sequesters proteins into the
inward budding vesicles of the MVB. Then ESCRT-III recruits the
deubiquitinating enzyme Doa4 which removes the ubiquitin tag
from the cargo protein prior to sorting into the MVB vesicles.
Finally, a multimeric AAA-type (ATPase associated with various
cellular activities) ATPase Vps4 binds to ESCRT -III and disas-
sembles the ESCRT-III complex in an ATP-dependent manner
[12,13].
1 14 intralumenal vesicles (ILVs) of about 70 nm of diameter were observed

inside an electron microscopy focal plan of 70 nm thick (see [9] supplementary data

Fig S1). Thus a 600 nm average diameter MVB [9], corresponding to about 8 focal

plans, contains a 100 of ILVs, i.e exosomes.
The ESCRT-associated protein AIP1/Alix has also been implicat-
ed in intraluminal vesicle formation. It has been demonstrated that
Alix associates with a specific lipid of the late endosomes called
lyso-bisphosphatidic acid [(LBPA), or BMP for bis(monacylglycer-
o)phosphate], in reconstituted liposomes with an interior low pH
[14]. LBPA has been shown to be located mainly in late endosomes
and ILV [15].

Some proteins without ubiquitination interact with component
of ESCRT complex and are engulfed in exosomes. The transferin
receptor (TfR) can associate with Alix for instance, suggesting that
different protein interactions can provide access to the final steps
of ESCRT processing [16].

2.2. Sorting via an ESCRT independent sorting process

2.2.1. Sorting by protein incorporation into detergent-resistant

protein complexes

In immature dendritic cells (DC), an alternative MVB sorting
mechanism for MHC class II in antigens loaded DCs was observed
in response to cognate interactions with T cells [17]. This pathway
is characterized by the incorporation of MHC class II in detergent-
resistant protein complexes. MHC class II is sorted in MVB to ILVs
for lysosomal targeting in a process that is driven by ubiquitina-
tion of the cytoplasmic domain of MHC class II. When DC interacts
with a cognate T cell, ubiquitination is blocked and MHC class II is
sorted together with CD9 into ILVs of the MVB resulting in
secretion via exosomes [17]. Two distinct MVB pathways were
characterized: one for lysosomal targeting and the other for
exosome secretion.

2.2.2. Sorting by lipid affinity

Tetraspan protein (tetraspanins) have a high affinity for
cholesterol and sphingolipids such as ceramides which may create
domains as it occurs in membrane models. Tetraspanins and others
proteins may partition into these domains because of their intrinsic
physical properties and therefore into the budding vesicles [18,19].

It has been evidenced for instance, that in Oli-neu cells (mouse
oligodendroglial cell line, myelinating cells of the central nervous
system) the proteolipid protein PLP (a major component of myelin)
is released in association with exosomes. PLP is segregated into
distinct subdomains on the MVB membrane and their transfer in
exosomes is independent of the ESCRT machinery but requires the
sphingolipid ceramide. They provide an alternative pathway for
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sorting cargo into MVB, that seems to depend on raft-based
microdomains [18,19].

2.2.3. Sorting by protein affinity

Tetraspanins are known to form oligomers with other tetra-
spanins or with other proteins (transmembrane or cytosolic) and
to participate to protein segregation. Tetraspanins associate with
proteins such as integrins, growth factor receptors, MHC class II
and the costimulator CD86. Other type of protein interactions
between heat-shock proteins Hsp70 and Hsc70 and the transferin
receptor (TfR) allow proteins to be addressed in exosomes [20].

2.2.4. Higher-order oligomerization

A different type of exosomal protein-sorting pathway in Jurkat
T cells that selectively incorporates proteins into exosomes has
been described. Protein targeting operates on the basis of higher-
order oligomerization (i.e. the aggregation of oligomers) without
regard to protein function or sequence, or mechanism of
membrane association. This sorting mechanism concerns pro-
teins which tend to form aggregates in the cells, and appears
independent of the vacuolar protein-sorting machinery (VPS)
[21].

2.2.5. Incorporation of cytosolic proteins into exosomes

This engulfment of cytosolic proteins results of a microauto-
phagy process [22], and appears to involve proteins located close to
the MVB outer membrane during its inward budding, which could
explain the presence of mRNAs and miRNAs in exosomes [23]. In
that respect two major components of the RNA-Induced Silencing
Fig. 2. Example of lipid sorting in MVB and exosomes. The lysophospholipid named LBP

starts to appear at the stage of MVB along the endocytic track, whereas its precursor, pho

converted into LBPA in the MVB [28]. LBPA regulates the ILV turn-over within the MVB

transported outside the cells [9]. The 3 families of phospholipases A2 and the COXs (c
Complex (RISC) have been shown to associate with MVB and to be
sorted into exosomes [24].

2.3. Sorting lipids in exosomes (Fig. 2)

Exosomes display a specific lipidic composition which is
distinct from that of the parental MVB. As for proteins, lipid
content of exosomes presents some common features whatever
the cell type they are released from, but also reflects partly their
parental cells. Thus lipid sorting also occurs during exosome
biogenesis. Localization of lipids depends upon the respective
intracellular localization of biosynthetic enzymes, transporters,
and catabolic enzymes. The MVB specific lipid named lysobispho-
sphatidic (LBPA, or BMP) interacts strongly with Alix, a protein
involved in exosome biogenesis. Knocking down Alix expression
triggers the diminution of the number of MVB in cells. However
LBPA by itself when added to a lipid mixture mimicking the
composition of the MVB membrane can induce internal budding of
small vesicles from large liposomes [14]. Exosomes appeared not
to be enriched in LBPA as compared with parental cells [8,25]. By
remaining on the MVB membrane, LBPA might reach the critical
concentration allowing its fusogenic properties [26] with subse-
quent fission of the nascent intralumenal vesicle (ILV). Also LBPA
appears to control the back-fusion process of ILVs with the
endosome membrane, since the number of ILVs is maintained in a
dynamic state between formation and disappearance [27]. LBPA is
biosynthesized from phosphatidylglycerol (PG) whose biosynthe-
sis occurs in the mitochondria. PG would then be transported to the
MVB (Fig. 2) which appears to contain the conversion machinery of
A (lysobis-phosphatidic acid), also called BMP (bis-(monoacylglycero)-phosphate)

sphatidylglycerol (PG) is biosynthesized in the mitochondria. Exogenous PG can be

[27]. Bioactive lipids such as prostaglandins are enriched in exosomes and are thus

yclo-oxygenase 1 and 2) are embedded in exosomes [9].



Fig. 3. Constitutive secretion of exosomes from T cell hybridomas. Enhanced

constitutive exosome production was observed when T cell hybridomas (2B4) were

transduced by the retroviral particles containing LXSP-PLD2 construct. LXSP was

derived from Murine Moloney Leukemia retroVirus (MMLV). LXSP-PLD2 construct

contained the human phospholipase D2 (PLD2) sequence and was packaged as a

transcript into infectious particles derived from BOSC packaging cells. As shown for

the regulated pathway (Fig 1 and Ref. [101]), PLD2 enhanced secretion of exosomes.

Carrier vesicles containing only one or two exosome were formed from the

tubulovesicular system (arrows 1, 2) and next fused with the plasma membrane,

allowing the release of exosomes (arrow 3), which accumulated between proximal

cells (arrow 4). Some of the vesicles contained material with high density to

electron transmission (inset in [4]) which evoked a viral capsid formation, which

would originate from the retroviral transduction of cells. This suggests that both

exosomes and retroviral particles might be produced at the same time (M.R.

unpublished observations).
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PG into LBPA since adding PG-containing liposomes in the
endocytic track enhances the amount of LBPA recovered in MVB
[28].

It was shown that knocking down Alix induces a decrease of the
LBPA (BMP) level and reduces the number of intraluminal vesicles
in late endosomes, concomitant with a decrease of cellular
cholesterol rate [29] without affecting LDL endocytosis and
cholesterol synthesis. Authors explained the decrease of cellular
cholesterol by an incapacity of MVB to store and retain cholesterol
given the reduced amount of intralumenal vesicles, suggesting that
LBPA controls the cholesterol capacity of endosomes. The
exogenously addition of LBPA in Alix knocked down cells restores
the internal vesicles and cellular cholesterol level. It has been
shown that LBPA is limiting in Niemann-Pick type C (NPC) cells
characterized by substantial cholesterol accumulation in these
endosomes, since LBPA addition can reverse this cholesterol
accumulation [29]. LBPA strongly enhances the function of the
transporter NPC2 in cholesterol transfer potentiated by ceramide,
and also promotes NPC2-mediated membrane fusion [30].
Treatment of normal cells with an anti-LBPA antibody however
results in a NPC-like phenotype suggesting that the antibody might
prevent LBPA-cholesterol interaction. The hydroxyl group of the
ester bond linking the fatty acid at the glycerol backbone of the
LBPA molecule appears critical for LBPA-induced cholesterol
redistribution which emphasize a key role of ILV in that process
[29].

Interestingly, bioactive lipids such as prostaglandins are sorted
into exosomes [9]. Those lipidic mediators display multiple
biological effects related to inflammation. They are not produced
in the MVB, but in the endoplasmic reticulum from where two key
enzymes for their biosynthesis, Cox 1 and Cox 2, are sorted into
exosomes [9]. Only few proteins from endoplasmic reticulum are
recovered in exosomes. However the presence of another enzyme
of the prostaglandin biosynthesis, the PGE synthase, has been
reported [23]. Also exosomes were shown to carry the PPARg
nuclear receptor modulator 15d-PGJ2 [9]. PPARg regulates
cholesterol homeostasis, and cholesterol ester have been shown
to trigger cell proliferation [31]. Cholesterol biosynthesis involves
enzymes organized at the site of the anti estrogen binding site
(AEBS). AEBS is a molecular complex constituted by two
cholesterogenic enzymes, the DHCR7 reductase and the D8D7I
isomerase, whose association makes a third catalytic activity,
namely the cholesterol epoxyde hydrolase [32]. Ligands of AEBS
trigger macroautophagy in tumor cells through modulation of
cholesterol metabolism [33], and a link between microautophagy
of the late endosome compartment and exosome production has
been proposed [22], suggesting a role of cholesterol in exosome
biogenesis. Noteworthy, the ATPase Vps4 which binds ECRTIII in
the ESCRT machinery (see Section 2.1) also interacts with oxysterol
binding proteins and sterol metabolism [34]. Therefore investigat-
ing cholesterol metabolism in relation with exosome production
should bring new insights in that field.

In conclusion, lipid sorting as well as protein sorting leads to a
specific content of exosomes as compared with parental cells and
other cellular structures.

2.4. Exosome secretion

Two types of secretion mechanisms have been characterized,
i.e. secretion of exosomes can be constitutive or inducible,
depending on the cell type and on the activation state of the cell
[35].

2.4.1. Constitutive secretion from the Golgi

Proteins destinated to the cell surface or to be secreted into
the extracellular medium can be routed from the Trans Golgi
Network (TGN) by an ubiquitary constitutive pathway that does
not require a specific stimulus, albeit controlled according to cell
activity (intracellular signalling, cell growth, differentiation,
etc.). Structures involved in this anterograde pathway are
pleiomorphic secretory vesicules and tubules ranging from
50nm–200 nm up to 2 mm in length and leave the TGN, move
through the cytoplasm along cytoskeletal tracks and fuse with
plasma membrane [36]. Some Rab GTPases have been identified
in the regulation of the traffic from TGN to plasma membrane
such as Rab8, rab13 and Rab11. In the same manner, hetero-
trimeric G-protein and protein kinase D (PDK1-2) are thought to
be involved [36]. During this constitutive secretion, exosomes are
transported within vesicles containing only one or two exo-
somes, and appeared not to transit via MVB. An illustration of this
process is reported in Fig. 3.

2.4.2. Regulated secretion from the MVB (Fig. 1A)

This secretion pathway is regulated by various cell activation
processes. Changes in intracellular calcium in mast cells and in
human erythroleukemia cell line [37] induced exosome release.
Also cell depolarisation induced by K+ appears to increase the
secretion of neuronal exosomes.

Cell activation by cross-linking of receptors such as IgE in mast
cells or CD3 in T cells triggers secretion with release of exosomes.
This process involves the small GTPase Rab11 and the citron
kinase, a rhoA effector [38,39], and recently rab27 [40]. Other Rab
GTPases associated with the endocytic system, Rab 7 and Rab 11,
did not modify exosome secretion, suggesting that a specific subset
of multivesicular endosomes participates in the generation of
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exosomes. Also a brefeldin A-inhibited guanine-nucleotide ex-
change protein 2 (BIG2 or ARFGEF2) has been proposed to have a
role in the secretion of exosomes or exosome-like vesicles [35].

Exosomes secretion from immature dendritic cells (imDCs) can
be transiently increased by T cell clones interaction or cognate
CD4+ T cells [17,35]. Also Ag specific CD4+T cells stimulates
exosome release by activated B cells [41]. On the opposite, another
type of stimulus such as LPS decrease the release of exosomes from
activated DC [42].

Among receptor-mediated exosome release, the GPCR-type
receptor related to adenosine triphosphate (ATP)-gated ion
channels, namely P2X7 receptor, susceptible to rapid changes in
ionic fluxes, regulate the release of exosomes in immune and
inflammatory effector cells [43].

Exosomes production appears as a tightly controlled biological
process dependent upon p53 regulated transcription genes such as
the Tumor Supression Activated Pathway 6 (TSAP6) [44]. Thus,
TSAP6 has been shown to increase the exosome secretion following
stress events such as those inducing DNA damage (senescence,
radiations, etc.) [44].

Lipids are also involved in the regulation of exosome secretion.
The lipid mediator phosphatidic acid originating either from the
activity of the diacylglycerol kinase [45] or from phospholipase D
(PLD2) activities promotes exosome secretion [46].

3. Exosomes exhibit a specific content (Fig. 4)

3.1. Molecular composition of exosomes

3.1.1. Protein content

Exosomes protein composition analyses have revealed both an
ubiquitary composition and a cell type-specific protein composi-
tion. Most of the exosomal proteins that have been identified are
found in parent’s cell membranes of endocytic compartment or
the plasma membrane, also in the cytosol, the Golgi, even the
nucleus, but rarely the endoplasmic reticulum or mitochondria.
Exosomes contain both typical membrane proteins like GPI-
anchored proteins, CD63 and Tumor Necrosis Factor Receptor 1
(TNFR1), and typical luminal proteins as annexin 2 and cytokines.
Types of molecules involved are related to antigen-presentation
(MHC-I, MHC-II) an co-presentation molecules (CD86), cell
adhesion (Integrins, MFGE8, etc.), cell structure and motility
(actins, myosin, tubulin, etc.), Heat shock proteins and chaperones
(HSP70, HSP90), metabolic enzymes (b-enolase, fatty acid
synthase, glyceraldehyde-3-phosphate dehydrogenase, peroxi-
dases, pyruvate kinase) and proteins referring to exosomes
biogenesis or MVB biogenesis (proteins of ESCRT machinery as
Tsg101, lysobisphosphatidic acid (LBPA) binding protein as Alix),
lysosomal markers (LAMP-1/2), signalling proteins (kinases, 14-
3-3, GTPase Hras, RhoA, RAP1B, Guanine nucleotide-binding
protein subunits -G proteins-, etc.), tetraspanins (CD9, CD63,
CD81, CD82), proteins involved in transcription and protein
synthesis (histones, ribosomal proteins, ubiquitin, etc.), and
proteins involved in trafficking and membrane fusion (Annexins,
Rab protein family, ARF.).The functional significance of certain
proteins is not completely understood. It is worth noting that
markers commonly used to characterize a composition of
exosomes may have varying distribution between cell types.
For instance, the Transferring Receptor (TfR) is absent in exosomes
derived from B cells [2] whereas it is present in erythrocyte-
derived exosomes [47] (see Fig. 4).

In addition to a common set of lipids and proteins, exosomes
harbor particular characteristics inherited from the cell type of
origin, like CD3 from exosomes derived from T lymphocytes,
perforin and granzyme for exosomes from cytotoxic T cells [48].
Intestinal epithelial cells are able to secrete 2 types of exosomes
originating from apical and basolateral sides and which display
different proteic compositions [6].

3.1.2. Lipid content

It has been characterized that exosomes display a particular
lipid organization and composition. A common feature is an
enrichment in sphingomyelins ranging from 1.3 times (erythro-
cytes) to 2.3 times (B lymphocytes) [49]. Cholesterol is enriched
only in B-lymphocyte-derived exosomes and phosphatidylserine
only in dendritic cell-derived exosomes [49], whereas mast cell-
derived exosomes are enriched in lyso-phosphatidylcholine [8].
The phosphatidylcholines and phosphatidylethanolamines pres-
ent in exosomes are enriched in saturated fatty acids compara-
tively to the parent cell. Saturated phospholipids are rather rigid
molecules at physiological temperature, and subsequently trigger
some rigidity of the membrane, which could account for the
stability of exosomes in vivo. In that respect, exosomes remain
functional in lymph nodes for as long as two weeks [50].

It has been shown the presence of lipid raft-like domains in
exosome membranes. It has been proposed that lipid micro
domains could be involved in the generation of the ILVs since
proteins contained in raft-domains (flotilin and stomatin) are
incorporated in reticulocytes and B lymphocytes exosomes
[12,51], or in concert with tetraspanins [25,51]. Tetraspanins are
highly enriched in exosomes, and have been localized to raft like
microdomains. Indeed, lipid composition analyses have demon-
strated that purified exosomes from B cells are enriched in
cholesterol, sphingomyelin (SM), glycolipid GM3 [12,25,49],
glycerophospholipids with long and saturated fatty acyl chains,
i.e. lipids that have been found in membrane rafts.

Another important particularity is that exosomes from the mast
cell line RBL-2H3 feature an unconventional random transmem-
brane phospholipid organization [8]. Consistently, proteomic
analyses have revealed the presence of a phospholipid scramblase
which is involved in mixing the phospholipids between the two
membrane leaflets [52]. Exosomes contain phosphatidylserine (PS)
which appears to be an essential requirement for their budding
within the late endosome.

Among phospholipids, sphingomyelin can be hydrolysed into
ceramide by sphingomyelinases. Purified exosomes from Oli-
neu cells (mouse, myelinating cells of the central nervous
system) are enriched in ceramide, and the release of exosomes
was reduced by the inhibition of the neutral sphingomyelin [19].
The lipid composition of these exosomes are similar to lipid
rafts, i.e. enriched in cholesterol, containing high amount of
sphingolipids (sphingomyelin and hexocylceramide) and lower
amount of phosphatidylcholine, an increase in saturated PC at
the expense of polyunsaturated species, similar to what we
reported earlier [8]. Ceramides are proposed to induce aggrega-
tion of lipid microdomains into larger ones. The cone-shape
structure of ceramide molecule might trigger membrane
curvature by creating an area difference between the membrane
leaflets. Ceramides seem to be used for generation of ILV in MVB
that are not destinated to the lysosomes but secreted as
exosomes.

3.1.3. RNA content

An unexpected finding was that exosomes contain RNA. The
first evidences demonstrating that exosomes could contain mRNA
and microRNA were brought by Valadi and coll. in 2007 [23].
Actually, 1300 different mRNA were identified in exosomes from a
mouse mast cell line MC/9, as many as in BMMC and human mast
cell HMC-1 that was estimated to represent approximatively 8% of
the mRNA detected in the donor cells. No less than 270 gene
transcripts were exclusively found present in exosomes whereas
they were indetectable in the donor cell, and they were related to



Fig. 4. Some proteins and lipids present in exosomes. About a hundred fold enrichment of tetraspanins (CD9, CD63, CD81, CD82) in exosomes comparatively to parent cells is a

hallmark of exosomes [10]. Heat shock proteins (Hsp 90, Hsp 70, Hsc 70) also are enriched. Activation of phospholipases by GTPases (Rab, Rap, ran, RhoA, Arf) and their

regulation by aldolase, casein kinase II, and Hsp/Hsc 70 has been reported in the literature and in Ref. [9]. The major phospholipids are present in exosomes but in distinct

proportions as compared to parent cells, and lipid rafts have been characterized. The specific MVB lyso-lipid LBPA (BMP) is also found in exosomes.
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cellular development, protein synthesis, RNA post-translational
modification. Exosomes were also enriched in about 121 micro-
RNA. MicroRNAs are small (22-25 nucleotides in length) noncoding
RNAs which interfere with RNA post-transcriptionally by binding
to the 3G0 untranslated regions of their target mRNAs to degrade it,
or suppress, or stimulate translation. Their function are in stem cell
differentiation control (let-7), differentiation and organogenesis
(miR-1), hematopoiesis (miR-181) and exocytosis and tumorigen-
esis (miR-17, -18, -19, -20, -19b and -92-1).

An important finding is that these mRNA and microRNA are
functional since they could be in vitro transcribed into mouse protein
(from mast cells exosomes MC/9) in human mast cells HMC-1. Thus,
exosomes appear as vehicle for RNA probably intervening both in the
microenvironment and in the systemic circulation, able to deliver
their content and modulate recipient-cell protein production.

It was reported that placental specific miRNAs, released via
exosomes, can be exported from the placental trophoblast into
maternal circulation where they can be found abundantly. Glioblas-
toma tumor cells release exosomes containing mRNA and microRNA,
translated into brain microvascular endothelial recipient cells, after
internalization [53]. Exosomes also contain ESCRT-II subunits able to
specifically bind mRNA. It was also discovered the presence of
microRNAs within exosomes isolated from fresh and frozen
glandular and whole human saliva [54] Recently, exosomes from
human saliva have been characterized for their mRNA content and
509 mRNA were found. In vitro, exosomes were able to transfer their
genetic information to human oral keratinocytes modifying gene
expression. In EBV-transformed lymphoblastoid B cells (LCL), the
presence of miRNA has been detected in purified exosomes among
which BHRF1 and BART EBV-miRNAs that are abundantly repre-
sented in EBV-associated tumors. LCL-exosomes were capable of
transfer EBV-miRNA in recipient monocyte-derived dendric cell, and
theEBV-miRNABHRF1orEBV-miRNABARTpermitted therepression
of their specific target mRNAs: CXCL11 or LMP1 respectively. An
interesting finding was the discovery of EBV-miRNA in non B cell
populations of PBMC recovered from asymptomatic HIV patients,
whereas, EBV-DNA was exclusively restricted to B cell population,
suggesting miRNA transfer between these cells in vivo.

All these studies agree with the fact that either specific
microRNAs, proteins and lipids found in exosomes could represent
a basis on which can be developed future biomarkers of the
diagnosis and prognosis of diverse pathologies.

3.2. Exosome as biomarkers of pathologies

It has been observed that biological fluids in the body carry
exosomes, and because of their specific protein, lipid and RNA
content, biomarkers associated with these exosomes may be useful
for early detection of diseases.

Exosomes in urine are useful markers of kidney diseases. It is
possible to detect the mRNA of two molecules known to be
overexpressed in prostate cancer, PCA3 and a specific product
resulting from a chromosomal rearrangement, the TMPRSS2:ERG
fusion [55]. Also aquaporin 1 and 2 as markers of renal ischemia/
reperfusion injury or anti diurectic hormone action respectively
[56], have been characterized.
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Exosomes released from tumor cells can also be recovered in
blood [57]. Analyses of specific microRNA associated with lung
tumor, reveal the presence of a set of microRNA in exosomes, purified
from serum, and similar to those found in tumor tissues. Therefore
microRNA in circulating exosomes are representative of those
expressed in the tumor, opening a perspective for early detection of
the disease using circulating exosomes as screening tool.

Also exosomes secreted in human saliva contain mRNA that
may serve as disease biomarkers. [58], and it has been recovered
exosomes from amniotic fluids which could provide potent
markers for prenatal diagnosis [59]

Thus exosomes could constitute a source of multiple markers of
malignancy that could provide clinically useful information.
Moreover, exosomes can be easily recovered in a non invasive
manner without the need of tissue. In that respect, specific proteins
borne by exosomes derived from tumors constitute potential
disease biomarkers [60].

4. Exosomes as signalosomes in recipient cells: from the cell
periphery towards the nucleus (Fig. 1C)

4.1. Exosomes are signalosomes

Exosomes feature a high content in protein [49] and proteomic
analysis revealed a range of 350–400 different proteins [61] [9].
Exosomes contain peripheral membrane proteins such as MHC I and
II [2] integrins, transferring receptors [62], tetraspanins [63] which
are active towards downstream signaling pathways in target cells,
triggering for instance calcium signaling [64], MAPK activation [65],
or NKG2D signalling [66–68]. Exosomes also contain active lipolytic
activies such as phospholipases leading to the formation of bioactive
lipid mediators (fatty acids and prostaglandins) which can interact
with peripheral G-protein coupled receptors and nuclear receptors
in target cells [9]. Therefore exosomes behave as a vectorized
signalling device which appears more efficient than a soluble agonist
which can disperse in the outer cell medium.

4.2. Molecular interaction of exosomes with recipient cell periphery

ICAM-1 (intercellular adhesion molecule 1) and LFA-1 (leukocyte
function–associated antigen-1) play a role in the capture of the
exosomes at the cell surface [5,69,70]. It has been shown that
ICAM1-bearing exosomes derived from mature DC are captured by
binding to LFA1 (a ligand for ICAM1), on the surface of CD8+ DCs [70]
and activated T cells [69,70]. Exosomes express various adhesion
molecules such as VLA-4 (reticulocytes and B cell exosomes), aM
integrin, b2 integrin (dendritic cell exosomes), which potentially
mediate adhesive interactions to a multitude of ligands, including
cell surfaces and/or to extracellular matrix components.

A diminution of exosome uptake by dendritic cells was
observed in vivo by inhibition of avb3 integrins, CD11a and its
ligands CD54, antibodies directed against the tetraspanins CD9
and CD81, or a soluble analogue of phosphatidylserine (PS) [71].
Thus exosomes adhesion to the recipient cell membrane are
mediated through lipids (PS) and ligand-receptor interactions.
An implication of the Milk fat globule-Epidermal Growth factor
VIII protein (MFGE8 or lactadherin) was also established [71].
The amino-terminal domain of MFGE8 binds to avb3 and avb5
integrins, and promotes their phagocytosis by macrophages
[72].

CD91 has been identified as the common receptor for several
heat shock proteins (including Hsp90, Hsp70, Hsp60, etc.) and as
an endocytic receptor that internalizes antigenic proteins or
peptides chaperoned by Hsp. Treating a target cell with an anti-
CD91 antibody or the RAP peptide (a ligand for CD91 receptor)
decreases the functional effect of mast cell-derived exosomes [73].
Exosome phospholipids are randomly distributed between the
two membrane leaflets, but because of their membrane curvature,
about two third of the phospholipids are exposed to the outer layer
of their membrane [8]. This accounts for an apparent enrichment of
PS in the outer layer. Thus, multiple PS binding proteins on
recipient cell are susceptible to link exosomes, and this includes
several classes of scavenger receptors, integrins, complement
receptors and CD14 [5] and PS receptors [74]. Two PS receptors
have been described, i.e. TIM1 and TIM-4 (T-cell Immunoglobulin–
Mucin domain containing molecules 4) which recognizes PS via the
immunoglobulin domain, but it is TIM-4 which preferentially
binds exosomes and mediates their engulfment [75].

TIM-1 is expressed on the surface of activated lymphocytes
(Th2 cells) and TIM-4 is expressed in phagocytes (macrophages)
and various tissues such as the spleen, thymus, lymph nodes and
salivary glands. PS receptor plays a key role in exosome-mediated
cholesterol accumulation in human monocytes and related cell
lines such as THP-1 cells [74].

4.3. Exosome internalization

Exosome internalization by target cells appears to depend upon
the type of recipient cells. During T cell activation, LFA-1 present on
the cell periphery undergoes a transient conformational change
resulting in a high-affinity conformation against its receptor ICAM-
1 borne by exosomes. In that case, exosomes can be presented by
mouse dendritic cells without being internalized and processed
[70].

However evidences have also been reported for internalisation
of exosomes by recipient cells ([23,71,53]) and the extent of
exosome internalization might depend upon the phagocytic
capabilities of the recipient cell [76]. In any cases, since miRNA
vehiculated by exosomes are able to modulate genes in a target cell
[23], this indicates that exosomes are able to deliver their content
into the recipient cells. Delivery of exosome content can occur
either by fusion between exosome and the plasma membrane [77],
internalization of exosome with subsequent opening of the
vesicule inside target cell [78], or internalization and degradation
of the exosome membrane inside the cell [35].

Internalization of exosome content by its fusion with the plasma
membrane might be limited to acidic pH conditions such as that
found inside a tumor [77]. Membrane fusion requires similar fluidity
between the two membranes supposed to fuse. Exosome and plasma
membrane display the same fluidity at pH 5 [8], but not at neutral pH
which makes the membrane more rigid, therefore precluding a
fusion with another membrane [9]. Noteworthy pH value of the MVB
is about 5, and fusion of the ILVs present in MVB (Fig. 1) back to the
MVB limiting membrane has been reported to occur [79].

Internalization of exosomes appears as a general process. It has
been argued however that many works reporting internalization
actually monitored the fate of exosome aggregates, since exosomes
spontaneously aggregate in vitro. However exosomes exit the cell as
aggregates in activated T cells [80], and natural transfer of exosomes
between two different type of cells in co-culture by macropinocy-
tosis has been recently reported [81]. In hematopoietic-derived cell
lines (K562, MT4) exosomes were shown to enter cells via
phagocytosis and not by macropinocytosis or by internalization
pathways involving caveolae or clathrin-coated vesicles [76]. In the
mast cell line RBL-2H3, exosome internalization occurs after a lag
time of about 15–20 min, and thereafter accumulated in late
endosomes (MVB) of target cells following a sustained pulse [9]. This
observation indicates that the MVB compartment features a dual
function of being a producer of exosomes but also a receiver of
exogenous exosomes. In each case a different subset of MVB would
be involved, since exosome release is sectorized in the cell [80] and
appears not involve all the MVBs. In that respect two distincts MVB
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pathways, one for lysosomal targeting and the other for exosome
secretion have been characterized [17].

One can conceive that exogenous exosomes being internalized
into a resting cell could in turn be released upon activation of this cell
and reach another recipient cells. Therefore exosomes issued from an
initial producer cell could propagate from cells to cells. This ‘‘jumping
pathway’’ could provide a way for exosomes to cross the thickness of
a tissue. This could explain how viruses like HIV can cross the blood-
brain barrier. HIV and exosome feature a similar size and share some
protein content [82]; and HIV virions are partly generated into the
MVB [82]. In addition recent developments demonstrated that HIV
enters the endocytic track of target cells for infection [83].

Internalization of exosomes could have another functional
involvement, i.e. to deliver nuclear receptor modulators. It has been
recently shown that exosomes carry bioactive lipidic mediators such
as the PPARg nuclear receptor modulator 15d-PGJ2 [9]. Whether this
exosome-mediated transport of modulator is further able to activate
PPARg-dependent gene transcription remains to be established, but
if so, it would make exosomes the first adressing mechanism
operatingfromtheMVBof acelldirectlytothenucleusofanothercell.

5. Exosomes in the body: an integrated network involved in
multiple pathophysiologies (Fig. 1D)

5.1. Beneficial effects of exosomes in health

5.1.1. Reticulocyte differentiation

Although there is a growing interest in exosome secretion,
which now appears as a general process from different type of cells,
it has to be borne in mind that they were first described about
30 years ago by Dr. Rose Johnstone working on reticulocyte
maturation, as a mechanism to release obsolete proteins [1].
Reticulocyte differentiation is a permanent biological process in
the body and about 1% of the total red blood cells (i.e. 230 � 109

cells) is renewed every day from reticulocytes. It has been
estimated that about 2 � 1012 exosome particles from reticulo-
cytes would be released per day in the blood stream2. Exosomes
exhibit a higher protein/phospholipid ratio than parental cells [49]
i.e. they are enriched in proteins. Considering that 6 � 105

exosome particles contain 1 mg of protein [9], exosome accumu-
lation in the body from reticulocyte maturation would constitute a
mass of 3 kilos a day. Therefore an efficient exosome clerarance
mechanism appears necessary to maintain a steady-state content
of these vesicles in the body. So far, clearance of reticulocyte
exosomes has been shown to involve a similar mechanism to that
involved in elimination of apoptotic cells and regulated by the
activity of a calcium-independent phospholipase A2 (iPLA2) [84].
Exosomes are enriched in a phospholipid, namely the lyso-
phosphatidylcholine (LPC) [8] which can originate from an iPLA2
activity, which itself is activated by reactive oxygen species [84].
LPC constitutes a ‘‘eat-me signal’’ for apoptotic cells, allowing the
clearance of the reticulocyte exosomes [84]. Also exosome surface
proteins such as galectin-5 has been shown to modulate
reticulocyte exosomes uptake by macrophages [85]. Alltogether
these data indicate a very high turn-over of exosomes in the body.

5.1.2. Stimulation of immunocompetent cells

About ten years later after the characterization of reticulocyte-
derived exosomes, the observation by Dr. Graça Raposo that B
lymphocytes secrete antigen presenting vesicles brought the
exosomes in the field of immunology [2]. This is one example of
constitutive exosome secretion from MVB (Fig. 1). The observation
that dendritic cell-derived exosomes bear molecules involved in
2 Communicated at the 1st Exosome Workshop, Mc Gill University, Montreal,

2005.
direct T cell activation, including MHC class I and II complex,
costimulatory molecules such as CD40, CD80, CD86, Heat shock
proteins, conferring them a role in antigen presentation has
triggered numerous investigations to assess exosomes potency to
modulate the immune response. A few years later, exosomes were
brought in the field of cancer treatment by immunotherapy, since
exosomes derived from murine bone marrow dendritic cells
loaded with tumor peptides display antitumor activity in vivo,
both towards the murine mastocytoma P815 and the murine
mammary carcinoma TS/A tumor models [86]. It was also observed
that T cells were primed by exosomes in an antigen specific
manner and an antitumor activity mediated by cytotoxic
lymphocytes was revealed in treated animals [87].

Moreover, exosomes can be viewed as an amplification process
for dendritic cell-mediated T cytotoxic responses, based on the fact
that 2 � 109 exosomal MHC class I molecules can be released by
104–105 immature DCs in vitro in 24 h [88]. Dendritic cells derived
exosomes were also shown to regulate NK cells functions, such as
inflammatory cytokines (TNFa and IFNg) production, via the
protein HLA-B associated transcript-3 (BAT3) expressed on their
surface [89]. This intracellular protein which is involved in DNA
damage-induced apoptosis represents the ligand for a natural
cytotoxicity receptor expressed on NK cell, the NKp30, involved in
direct cytotoxicity against tumor cells.

The first clinical trials using immature DC derived exosomes
(Dex) as a cell free vaccine against advanced melanoma and lung
cancer bearing patients failed to detect vaccine specific T cell
responses while observing potent Dex-related NK cell activation
[90], suggesting that Dex can also stimulate the innate immune
response.

Mast cell exosomes also participate in the immune response
since they have the capacity to stimulate B and T cell proliferation
and cytokines production such as IL-2 and IFNg [91]. It was shown
that peptide-loaded exosomes from mast cells elicit an efficient
antibodies production in vivo following a subcutaneous injection
in mice. Mast cell-derived exosomes can trigger phenotypic and
functional maturation of dendritic cells.

5.1.3. Exosomes as therapeutic tool

Following injection in patients of Dex loaded with antigenic
peptides from human melanoma during the phase I clinical trials, it
was observed an increase of NK cells number and that NKG2D
expression was restored in NK cells and CD8 T cells in some
patients [92]. Given the requirement of IL-2 and transpresentation
of IL-15 to IL-15Ra for NK cell survival, homeostasis and
proliferation, it was reported that Dex can directly trigger NK cell
proliferation involving IL-15Ra NKG2D is an activating receptor
with a C type lectin-like domain, expressed on all natural killer
(NK) cells, TCRgd and CD8+ TCRab T cells. NKG2D can either
costimulate the activation of naı̈ve T cells or trigger cytotoxicity in
the absence of T cell receptor (TCR) ligation.

A phase II clinical trial was also evaluated on patients bearing
inoperable stage III/IV non-small cell lung cancer (NSCLC) after
stabilization or regression with cycles of conventionnal chemo-
therapy. Dex vaccination with exosomes bearing IL-15Ra and
NKG2D are used in association with cyclophosphamide treatments
after chemotherapy [90]. In this approach, cyclophosphamide
allows the inhibition of regulatory T lymphocytes (Treg), facilitates
T cell priming mediated by Dex, and permits to restore T and NK
cell functions in end stage patients.

Therefore exosomes appear as a therapeutic tool able to trigger
an immune response against a tumor. In the above-mentionned
clinical trials, tumors displayed well-defined antigens, which is not
the case of most of tumors. In these assays, antigenic tumor
peptides were acid-pulsed directly on exosomal MHC I, or loaded
by endocytosis on MHC II of exosomes at the stage of ILV inside the
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MVB of dendritic cells [92]. Fluid-phase endocytosis also allows to
load exogenous proteins inside the ILV, which illustrates a way to
load exosomes which tumor cell extracts when specific tumor
antigens are not known. Exosome-mediated immunotherapy
could be refered as a cellular type of therapy since they are a
biological product. However they are more convenient to handle
than a cell, since they are stable vesicles which keep their
biological activities for at least two years at –80 8C. After storage
there is no need to expand them, and they can be used directly,
either alone or in combination with other pharmacological agent.
In addition, they maintain the antigen presentation within a lymph
node two times longer than an antigen presenting cell, which
indicates they potentiate the immune response [50]. The only
limitations are that they must be autologous, prepared and used in
the same patient, and that the yield of tumor antigen-loaded
exosomes prepared from dendritic cells features large variations
between individuals.

5.2. Diversion of the exosome pathway in pathologies

5.2.1. Tumor promoter activity

Opposite to the potent immune stimulatory properties of
exosomes issued from immunocompetent cells, many studies have
demonstrated that tumor cell-derived exosomes display detri-
mental effects on immune response against tumors, leading to
suppressive pathways hampering immune defenses in patients
[91]. Consequently, tumor exosomes may contribute to tumor
growth and to participate in tumor evasion.

Exosomes from tumors cells harbor NKG2D ligand such as
MICA*008 or ULBP3 proteins, which suppress Natural Killer cell
toxicity [93]. Ligation of NKG2D with its ligands led to a down
regulation of NKG2D expression. Thus, tumor exosomes bearing
NKG2D ligands can act on effector cells to down regulate NKG2D,
impairing part of the immune response.

In addition to NKG2D ligands, it was shown that tumor
exosomes carry and express growth factors such as TGFb1.
Membrane-bound transforming growth factor-b1 on these vesi-
cles displays the same function as NKG2D ligands i.e. the down
regulation of surface NKG2D expression by NK cells and CD8+T
cells following a direct interaction between exosomes and cells.

Also exosomes secreted from tumor cell lines or tumor cells
coming from patients can induce T cell apoptosis in vitro through
the expression of death ligands such as CD95 ligand (FASL) and
TRAIL [35,66].

Tumor-derived exosomes promote other immune escape
mechanisms by triggering myeloid suppressive cells proliferation
(MDSC). 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 myeloid marker stimulatory
molecules (CD14 and CD11b) and are devoid of co-stimulatory
molecules (HLA DR, CD80, CD86). They spontaneously secret TGFb
and have suppressive activity on activated T lymphocytes since
they are able to inhibit T cells proliferation and cytolytic functions
[94]. It was shown that melanoma and colorectal carcinoma-
derived exosomes altered the monocyte differentiation into
dendritic cells, leading to the generation of myeloid suppressive
cells [94]. Furthermore, it was demonstrated that MDSC-mediated
promotion of tumor progression was dependent on TGF-b present
on exosomes, but also depended upon the lipidic mediator
prostaglandin E2 (PGE2) transported by tumor exosomes [95].

The angiogenic properties displayed by tumor exosomes has
also been documented. In a model of endothelial spheroid
generated in matrigel with an endothelial cell line capable of
spontaneously aggregates in spheroids, it was demonstrated that
melanoma (B16) exosomes could promote angiogenesis, raising
the communication network between cells. [96]. Given that
hypoxic cells are thought to acquire a metastatic character, a
quantitative proteomic of carcinoma exosomes under hypoxia
have been performed and revealed the presence of proteins
involved in metastasis and angiogenesis [97]. It was observed that
mRNA found in glioblastoma exosomes could be translated in
recipient cells such as endothelial cells and revealed the presence
of proteins with angiogenic properties, stimulating tubule forma-
tion [53]. Also transcripts related to cell cycle were evidenced in
colorectal exosomes that was concordant with their capacity to
modulate endothelial cells cycle and proliferation, underlying their
involvement in angiogenesis [98].

5.2.2. Spreading pathogens

Various pathogens are able to divert the ‘‘exosome pathway’’
such as the HIV virus. When infected, dendritic cells, monocytes,
macrophages and lymphocytes can produce both exosomes and
HIV virions [82] with similar density, which require separation by
immunocapture or appropriate gradient density separation. Also
exosomes compete with HIV for the virus entry in endocytic
compartment [83]. About 10% proteins are identical between HIV
virions and exosomes issued from the same cell type [82].

Mycobacterium avium is a major opportunistic pathogen in
HIV-positive individuals and is responsible for increased morbidity
and mortality in AIDS patients. M. avium express glycopeptido-
lipids (GLPs) as a major cell wall constituent. M avium-infected
macrophages (J774) release exosomes containing GLPs. Thus, they
permit the transfer of GLPs from infected to uninfected macro-
phages. Infected macrophages release exosomes that incorporate
bacterial molecules PAMPs (Pathogen-Associated Molecular Pat-
tern) which acts as TLR ligands and lead to uninfected macro-
phages activation. Thus exosomes from infected macrophages can
stimulate a proinflammatory response (TNF-a and RANTES
secretion) in resting macrophages [99]. Interestingly, exosomes
loaded with curcumin, a natural polyphenol, display anti-
inflammatory properties [100].

In central nervous system, proteins such as Prion responsible of
Creutzfeldt-Jacob disease or Amyeloid Precursor Protein (APP)
involved in Alzheimer disease are carried by exosomes. Prion
disease leads to the accumulation in the central nervous system of
the abnormally folded prion protein (PrP) scrapie (PrPsc).
Alzheimer’s disease is characterized by a continuous loss of
neurons and the extracellular accumulation of insoluble amyloid
fibrils of APP in the brain

Therefore the normal exosome biogenesis pathway can be
‘‘hijacked’’ by viruses and bacteria in cells, and also by abnormal
proteins responsible of diseases of the central nervous system.

6. Pharmacology of exosomes: the future challenge

The qualitative and quantitative modulation of exosomes
produced by cells appears as a challenge to intervene in their
biological effect and fight diseases. To favor the immune response
against tumors one can conceive to enhance the production of
immunocompetent exosomes and to decrease those released from
tumor cells. In the clinical trials undertaken so far, the amount of
immunocompetent exosomes produced ‘‘ex vivo’’ by dendritic cells
issued from patients bearing melanoma was highly variable and
was a limiting step in that immunotherapy approach. Therefore
understanding in depth the biogenesis and release mechanisms of
exosomes in cells is essential. It has been shown that some lipid
mediators could enhance their production [45,101]. On the
reverse, decreasing the amount of tumor exosomes released by
modifying the pH of MVB with amiloride enhances the efficacy of
chemotherapeutic agents [102].

Exosomes carry a variety of receptor ligands towards the close
environment as well as to distant cells. Exosomes from tumors
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cells harbor NKG2D ligand such as MICA*008 or ULBP3 proteins,
which suppress Natural Killer cell toxicity [93]. They are also
enriched in an immunosuppressive lipid, the prostaglandin E2
(PGE2) [9] which interacts with a family of four GPCR (EP1 to EP4).
PGE2 provides a coordinated regulation of tumor immunosupres-
sion by inhibiting NK cell and T-CD8 cell functions, dendritic cell
maturation, and by triggering Tregulator and Myeloid Derived
Suppressor Cells (MDSC) expansion. On the reverse, exosomes
carry the ligand (prostaglandin 15d-PGJ2) of the nuclear receptor
PPARg, whose engagement triggers tumor growth inhibition by
antiproliferative and pro-apoptotic effects, anti-angiogenic prop-
erties and by promoting cell differentiation [103]. It remains to
establish that exosome-transported 15d-PGJ2 can interact with
PPARg, as recently suggested [9]. Also it was reported that
exosomes contain a coactivator (the phosphatidate phosphatase
PAP1) of the nuclear PPARa receptor [9]. Exosomes also transport
high concentrations of polyunsaturated fatty acids such as
arachidonic acid [9], which is the precursor of prostaglandins,
and which can potentially be addressed to nuclear receptors such
as LXR. Therefore exosomes could signal between the MVB of a
donor cell and the nucleus of a target cell, providing that nuclear
receptor activation by exosome-bound ligands be established.
Since 15d-PGJ2 and PGE2 display opposite effects on tumor
growth, the balance between these two ligands could define
exosome function in a tumor microenvironment. Results on
prostaglandins were obtained on exosomes released from a rat
basophil leukemia cell line (RBL-2H3) [9], and it is required to
screen more tumor-derived exosomes to assess whether the
prostaglandin profile of exosomes could account for tumor-
progression in vivo. It is worth to note that incubating tumor
exosomes with anti-PGE2 antibody decreases their effect on
myeloid-derived suppressor cell expansion [95].

Exosomes released in the circulation can interact with distant
cells by means of receptor adhesion such as ICAM1 which interacts
with LFA1 on target cells, or the Milk Fat Globulin MFGE8 which
links phosphatidylserines (PS) on exosomes with integrins of
targets cells. PS are also the ligand of Tim1 and Tim4, receptors
involved in internalization of exosomes. Exosome uptake can also
be mediated by CD91, a common receptor of heat shock proteins
(Hsp 70, Hsp 90) borne by exosomes. Therefore one can conceive
that distant supply of immunosuppressive molecules such as PGE2
by tumor exosomes could prepare a premetastatic niche. Inhibiting
the release of tumor exosomes would be a therapeutic strategy to
prevent tumor growth and metastasis. In that respect, decreasing
tumor exosome production using dimethyl amiloride, a drug used
to treat high blood pressure, enhanced the in vivo antitumor
efficacy of the chemotherapeutic drug cyclophosphamide [102].
This observation suggests that sodium channel blockers could
constitute a pharmacological class of agents to block tumor
exosome release. In that respect it would be worth to screen the
effect of various anticancer drugs on their ability to inhibit tumor
exosome release. However a general treatment avoiding exosome
release in cancer patients might have side effects, since the release
of immunocompetent exosomes which can enhance tumor
recognition by the immune system [86] would be inhibited as
well. Therefore an optimal treatment would require differential
therapeutic targets between tumor and immunocompetent cells.
One can consider that an efficient cancer treatment would trigger
an enhanced immunocompetent exosome biogenesis and/or
release, while inhibiting tumor exosome production. Therefore a
screening of drugs used to cure cancers regarding their effect on
the ratio between immunocompetent (MHC bearing)-exosomes
and tumor (immunosuppressive-containing molecules)-exo-
somes, both in vitro in cell culture and in vivo in serum from
patients, would bring new perspectives on the efficacy of the
various treatments.
Actually, increasing the production of immunocompetent
exosomes loaded with tumor peptide ligands on their MHC
molecules would provide a higher engagement of the immune
system towards tumors [86]. New generation of dendritic cell-
derived exosomes for cancer immunotherapy have been devised
[90] and clinical trials are ongoing. The biogenesis of exosomes
from dendritic cells was reported earlier to be variable between
patients and could affect the issue of the therapy [92]. Thus
enhancing exosome production would improved the process, and
this could be achieved by manipulating the biosynthesis of a
fusogenic lipid, namely phosphatidic acid, by overexpression of the
lipolytic enzyme phospholipase D (PLD2), which increases by two
times exosome amount [101]. Therefore PLD2 appears also as a
pharmacological target to enhance exosome production (although
it would not apply in case of viral infection; see Fig. 3) and its role
should be assessed by newly developped specific inhibitors [104].

The heat shock protein Hsp 70 is also involved in antigen
presentation by enhancing peptide transfer on MHCs, and over-
expression of Hsp 70 in tumor cells reverses the deleterious effects
of tumor exosomes [105]. Thus the phenotypic modification of
exosomes represents an alternative strategy to switch tumoro-
genic exosomes into anti-tumor ones. This can be achieved by
treating tumor cells with recently characterized new lipidic
molecules, namely alkylaminooxysterols [106], able to enhance
the Hsp70 expression in exosomes from tumor cells, thus leading
to tumor-derived exosomes with anti-tumor activities [107].

Modification of the quality of exosomes, i.e. the panel of protein
and lipids or mRNA/miRNA they contain, appears as a therapeutic
strategy. Since exosome formation occurs in a well-defined cellular
compartment, the MVB, modification of the molecular content of
this compartment constitutes a possibility to modify also
exosomes. Interestingly MVB is accessible from outside of the cell
via the endocytic track. Chanelling therapeutics to the MVB
compartment might be an innovative strategy.

7. Conclusion

Generation of vesicles has been for long considered only (i) for
cells undertaking activation states, such as hematopoietic cells
involved in host defense against pathogens and which release
plasma membrane-derived microvesicles also called ectosomes
(generally with higher size than exosomes), and (ii) for cells in the
course of apoptotic processes, and which release microparticles
containing processed DNA. Among this panel of vesicles, exosomes
feature a unique place. They are released by viable cells, whether
they are quiescent or activated, from an intracellular compart-
ment, and display a panel of protein which is distinct from the
other types of cell-derived vesicles. In addition, they have been
evidenced to carry functional mRNAs/miRNAs, and although the
same observation has been claimed for microvesicles, many of the
microvesicle preparations reported in the literature appeared to
contain also exosomes. Well-defined protocols for exosome
purification have been established [108]. Since one can assume
that all cell types release exosomes, a large diversity of proteins are
released and account for a large part of the secretome, i.e. the pool
of proteins secreted by cells (http://spd.cbi.pku.edu.cn). Specific
markers of exosomes are tentatively summarized by the ExoCarta
database (http://exocarta.ludwig.edu.au).

In summary, exosomes contain protein and lipid determinants
which allow them to interact with target cells, avoiding their
dilution in the intercellular space. This ‘‘vectorized’’ signaling
appears more efficient than soluble agonists that can be diluted in
the outside cellular medium. They provide a unique mechanism to
deliver mRNAs to another cells [23], as well as nuclear receptor
agonists [9]. Exosomes appear as a ‘‘multisignalling device’’, able to
signal to target cells, either at the cell periphery or to bring

http://spd.cbi.pku.edu.cn/
http://exocarta.ludwig.edu.au/
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information to the cytosol and the translation machinery, and
possibly to the nucleus as well. They appear as a promising tool for
therapeutic improvements. Because of their involvement in both
positive and negative aspects of health, researches related to
exosomes will keep increasing in the future3.

We apologize to authors whose work has not been cited or
indirectly cited because of space constraints.
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