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Abstract In multicellular organisms, effective commu-

nication between cells is a crucial part of cellular and

tissue homeostasis. This communication mainly involves

direct cell–cell contact as well as the secretion of mole-

cules that bind to receptors at the recipient cells.

However, a more recently characterized mode of inter-

cellular communication—the release of membrane

vesicles known as exosomes—has been the subject of

increasing interest and intensive research over the past

decade. Following the discovery of the exosome-mediated

immune activation, the pathophysiological roles of exo-

somes have been recognized in different diseases,

including cancer. In this review, we describe the bio-

genesis and main physical characteristics that define

exosomes as a specific population of secreted vesicles,

with a special focus on their role in oncogenic transfor-

mation and cancer progression.
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Introduction

The term ‘‘exosomes’’ was first proposed in the early 1980s

to refer to membrane vesicles that are released from neo-

plastic cell lines and are rich in 50-nucleotidase activity [1].

Early reports then unraveled the endocytic origin of

exosomes and focused on their role in the expulsion of cell

surface proteins during the process of maturation of

mammalian reticulocytes into erythrocytes [2–4]. Sub-

sequent to exosomes discovery in reticulocytes, multiple

cell types, including numerous tumor cell lines, have been

shown to release exosomes in extracellular medium [5].

Exosomes are also found in abundance in many biological

fluids such as blood, saliva, and urine [5]. The biological

significance of exosomes is still not completely understood.

However, whether secreted by cells into culture media, or

by various organs and tissues into body fluids, exosomes

have been suggested to mediate local and systemic inter-

cellular communication by the transfer of various bioactive

molecules thereby modulating physiological processes in

the target cells and contributing to different aspects of

physiology and disease. These nanoscale membrane

structures represent natural vehicles in which cellular

macromolecules, including lipids, proteins, and nucleic

acids, can exit the donor cell, transit often over relatively

long distances and exert their activities in another cell in an

intact state [6–8].

Definition, biogenesis, and composition of exosomes

Exosomes are 30–100 nm phospholipid bilayer-enclosed

vesicles that are secreted by the cells into the extracellular

milieu [7]. They are generated through the endocytic

pathway by intra-luminal invagination and budding from

the limiting membrane of the late endosome giving rise to

multivesicular body (MVB) with small cytosol-containing

intraluminal vesicles (ILVs). The MVB is either sorted for

cargo degradation by fusion with the lysosomes or sorted to

fuse with the plasma membrane releasing the ILVs as

exosomes into the extracellular space [7, 8]. The endocytic
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membrane trafficking is well coordinated and tightly con-

trolled through several cytosolic regulatory and sorting

mechanisms that dictate the number, composition and fate

of ILVs and exosomes [7–10]. An important exosome

biogenesis and cargo sorting mechanism involves the

coordinated recruitment and utilization of ESCRT (endo-

somal sorting complex required for transport) machinery

and associated proteins [9]. Other ESCRT-independent

mechanisms have also been found to regulate biogenesis

and secretion of exosomes [10].

Besides exosomes, cells are known to secrete a large

variety of membrane vesicles of diverse size and compo-

sition into the extracellular space depending on the type

and the current state of the cell [11]. Based on the mode of

biogenesis and release, extracellular vesicles can be clas-

sified into three broad classes: (i) exosomes, (ii) ectosomes

or shedding microvesicles that are derived directly from the

plasma membrane through the outward budding and fission

of membrane vesicles from the cell plasma membrane, and

(iii) apoptotic bodies which are produced from cells

undergoing cell death by apoptosis as a mechanism to

prevent the leakage of potentially toxic cellular contents of

dying cells [11–16] (Table 1). Exosomes are distinguished

from other cell-derived vesicles by their origin, size,

morphology, and composition. Although, in practice, other

secreted vesicles might often be confused and/or co-iso-

lated with exosomes; as the current purification protocols

usually produce heterogeneous vesicle preparations, but

vesicle type can often be verified based on the electron

microscopic appearance and the presence of several (but

not necessarily all) of the other listed features in Table 1

[11, 12].

High-resolution electron microscopy coupled with

advanced proteomic analysis of exosomes from different

cells and disease models has provided deeper insights into

the structural composition of exosomes [7] (Fig. 1). Due

to their endosomal origin, all exosomes carry certain

proteins, or protein families, including membrane trans-

port and fusion proteins such as Rab GTPases, Annexins,

heat shock proteins (Hsp70, Hsp 90), proteins involved in

MVB biogenesis (Alix, TSG101), tetraspanins such as

CD9, CD63, CD81, CD82 [5, 11, 17]. Exosomes also

carry some cell-specific proteins depending on the cell of

origin and the putative target function. For example, MHC

class II and CD86 are abundant on exosomes from mature

dendritic cells that stimulate CD4? T cells [7, 18]. Lip-

idomic analysis showed that exosomes are enriched in

lipid-rafts cholesterol [11, 19], the sphingolipid ceramide

[10] and other lipid classes [20]. Besides proteins and

lipids, exosomes contain nucleic acid cargo, most

importantly mRNA and microRNA that can regulate

protein expression and signaling pathways in recipient

cells [21].T
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Exosomes in normal physiology

Exosomes could be considered miniature versions of the

cell from which they originate. They contain cytosol and

their membrane orientation is the same as that of the donor

cell exposing the extracellular side of the cell membrane at

their outer surface, which involves exposing various cell-

specific membrane proteins/receptors that can be employed

for specific interactions with recipient cells [8, 11]. Upon

release, exosomes, with their large array of biologically

active constituents, form a critical part of the cell’s

microenvironment and are distributed to various locations

where they interact with recipient cells [21, 22]. Several

mechanisms have been hypothesized to describe the

interactions of exosomes and recipient cells. Exosomes

could fuse with the recipient cell membrane merging their

membrane contents into the plasma membrane and deliv-

ering cytosolic contents to the recipient cell [21].

Alternatively, exosomes can activate cell surface receptors

via protein and bioactive lipid ligands through receptor–

ligand interactions and antigen presentation [8, 12].

Finally, exosomes may also be internalized by the recipient

cells by mechanisms such as pinocytosis, phagocytosis or

receptor-mediated endocytosis [23] (Fig. 2).

Although the functions of exosomes are not completely

understood, research efforts in the past 20 years have

unraveled important aspects of the biological significance of

exosomes. Originally, exosomes were viewed as simply

‘‘garbage bags’’ or ‘‘inert cellular debris’’ allowing cells to

dispose of the unwanted proteins in bags (vesicles) [23].

Early reports described exosomes as a major route for

externalization of obsolete membrane proteins during reti-

culocytes maturation [24]. Exosomes were then discovered

to be important conveyors of immune response by partici-

pating in antigen presentation and communication between

immune cells, which has been intensively documented [7,

11]. Subsequently, as the exosome secretion is studied in

more types of cells/tissues, more functions are being pro-

posed/attributed to exosomes. For instance, studies have

suggested a role for exosomes in coagulation [13, 25, 26],

cell migration [27], cell phenotype modulation [28–30],

inflammation [28–30], angiogenesis [34] and wound healing

[35]. Multiple cell types have been reported to release

exosomes in extracellular medium in vitro, including:

hematopoietic cells (reticulocytes, T cells, B cells, macro-

phages, mast cells, dendritic cells, and platelets), intestinal

Fig. 1 Exosome structure.

a Morphologic characterization

of exosomes by cryo-scanning

electron microscope. Scale bar

100 nm. Micrograph adapted

from Ref. [22]. b Schematic

representation of an exosome

with the main classes of

‘‘cargo’’ molecules

Fig. 2 Schematic exosome biogenesis, release to the extracellular

space, and interaction with target cell. Membrane proteins (polygons)

and RNAs (curved symbols) are selectively incorporated into the

intraluminal vesicles (ILVs). The multivesicular body (MVB) either

fuses with lysosome or is destined to the cell membrane to release

ILVs as exosomes into the extracellular space. Released exosomes

can bind via specific receptors on the surface of recipient cell, fuse

directly with the recipient cell membrane, or be internalized by the

recipient cell

Tumor-derived exosomes 3
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epithelial cells, adipocytes, neuronal cells, fibroblasts, and

numerous tumor cell lines [5, 36–38]. Exosomes are also

found abundantly in vivo in many biological fluids including

blood, urine, saliva, ascites, pleural effusions, synovial flu-

ids, and breast milk [5]. Nevertheless, this widespread

release of exosomes by cells is an indication of more bio-

logical roles that are yet to be discovered.

Exosomes in cancer

Cancers sustain on robust biological interaction networks

that involve complex signaling systems that are maintained

by constant mobilization of biological material across the

membranes of cells [39]. Cancer cells actively secrete

exosomes that constitute a critical part of tumor microen-

vironment and are released to the peripheral circulation and

other biological fluids [40]. There is a growing interest by

cancer researchers to elucidate the involvement of exo-

somes-mediated signaling in various tumor-related

pathways. Current evidence suggests that exosomes par-

ticipate in many key tumor-promoting processes. They can

manipulate the local and systemic environment to aid in

cancer growth and dissemination as well as programming

the immune system to evade anti-tumor response [40].

Exosomes in cellular transformation

Exosomes released by neoplastic cells carry arrays of

functional oncogenic molecules including proteins and

microRNAs that could convey phenotypic transforming

signals to non-malignant cells, including stem cells, which

could have a great implication in tumor progression and

metastasis [21, 41]. Indeed, studies have shown that exo-

somes play an important role in communication between

cancer cells and mesenchymal stem cells (MSCs) and in

the transformation and/or recruitment of MSCs to tumor

sites [22, 42–45]. We recently demonstrated that prostate

cancer cell-derived exosomes can induce neoplastic trans-

formation of patient-derived adipose stem cells [22]. The

neoplastic reprogramming of the patient-derived MSCs are

associated with exosomal trafficking of oncogenic mi-

croRNAs (miR-125b, miR-130b and miR-155), K-ras and

H-ras mRNAs and oncoproteins, such as Ras superfamily

of GTPases Rab1a, Rab1b, and Rab11a [22]. The trans-

formed MSCs undergo mesenchymal-to-epithelial

transition (MET) and express neoplastic, vasculogenic and

epithelial markers reminiscent of molecular features of

prostate tumors in vivo [22]. Similarly, breast and ovarian

cancer-derived exosomes induce adipose tissue-derived

mesenchymal stem cells to acquire the physical and func-

tional characteristics of tumor-supporting myofibroblasts,

thus contributing to the generation of tumor-associated

myofibroblasts from MSCs in tumor stroma [42, 43]. In

addition, cancer cells induced to express mesenchymal

phenotype by epithelial-to-mesenchymal transition (EMT)

release tissue factor-containing exosomes [44]. These

exosomes are capable of transferring procoagulant activity

to endothelium and thus influencing tumor-vascular inter-

actions [44]. On the other hand, bone marrow

mesenchymal stromal cells (BM-MSCs)-derived exosomes

were reported to support multiple myeloma clone expan-

sion and promote multiple myeloma (MM) formation in an

animal model system [45].

The role of exosomes in tumor microenvironment

and angiogenesis

Malignant tumors are complex structures that contain the

transformed cells as well as the surrounding tumor stroma

that consists of extracellular matrix, cancer-associated

fibroblasts, cells of the immune system, endothelial cells,

and tumor-associated vasculature. It is now evident that

effective tumor growth requires a continuous cross-talk and

interaction between cancer cells and other cellular com-

ponents of tumor microenvironment [39]. Emerging

evidence suggests that exosome secretion contributes to the

tumor microenvironment in various ways by mediating

intercellular communication. Exosomes are produced in

abundance by all cells in the tumor microenvironment,

leading to a network of complex interactions between the

subsets of cells in the tumor niche [17, 40].

Exosomes from glioma and glioblastoma cells were

shown to transfer oncogenic activity between cancer cells

via horizontal propagation of active oncogenes and their

associated phenotype among subsets of cancer cells [46].

The oncogenic mutant epidermal growth factor receptor

EGFRvIII expressed by a subset of glioma cells is asso-

ciated with aggressiveness and was found to be transferred

in vesicles to adjacent tumor cells lacking this

mutant receptor. This exosome-mediated transfer leads to

the production of downstream anti-apoptotic and angio-

genic mediators such as vascular endothelial growth factor

(VEGF) in the recipient cells and results in morphological

transformation and increase in anchorage-independent

growth capacity of cells [46]. Colon cancer cells expressing

mutant K-ras utilize their exosomes to transfer this onco-

gene to cells expressing the wild-type protein leading to

enhanced growth and tumorigenicity [47]. Exosomes from

prostate and other cancer cells can trigger the differentia-

tion of fibroblast and mesenchymal stem cells within tumor

stroma into myofibroblasts [43, 48]. This provides a

favorable environment for tumor progression since the

myofibroblasts are key source of matrix-remodeling pro-

teins and participate in tumor angiogenesis [48]. Several

studies have also demonstrated the angiogenic capability of

4 S. N. Saleem, A. B. Abdel-Mageed
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cancer-derived exosomes in vitro and in vivo by carrying

various angiogenic proteins [40, 46, 49]. Additionally,

microRNAs in cancer-derived exosomes support tumor

growth by binding and activating toll-like receptors (TLRs)

in surrounding immune cells leading to a prometastatic

inflammatory response in tumor microenvironment [50].

In solid tumors, a substantial fraction of the tumor cells

is subjected to hypoxic conditions, which is an important

feature of the tumor microenvironment [51]. Emerging

evidence has suggested that hypoxia promotes aggres-

siveness and therapeutic resistance of cancers [51–53];

however, the precise underlying mechanisms remain

unclear. A number of studies have indicated that hypoxic

conditions enhance exosomes secretion in different tumor

types [54, 55]. In the highly malignant glioblastoma sys-

tem, hypoxia was shown to promote pro-angiogenic

pathways through cancer-associated exosome-like vesicles

secretion. The angiogenic effect of those vesicles was

mediated through the protease-activated receptor 2 (PAR-

2) signaling in endothelial cells [56]. Similarly, in other

reports, hypoxia was found to stimulate different types of

cancer cells to secrete exosomes with enhanced angiogenic

and pro-metastatic potential, indicating that tumor cells

may respond to hypoxia by secreting exosomes to modify

their microenvironment, enhance angiogenesis and

increase invasiveness; thereby, potentiating cancer

aggressiveness [53, 57].

The role of exosomes in metastatic niche formation

and cancer metastasis

Most cancer deaths are attributed to metastasis, which is

generally refractory to any form of available therapies.

Metastasis is a multistep process that involves the acqui-

sition of migratory malignant phenotype that allows the

cancer cells to invade the primary tumor microenviron-

ment, then disseminate, and establish new growth at distant

sites [58]. To metastasize, cancer cells must manipulate

their microenvironment to optimize conditions for migra-

tion, implantation and growth both locally and at distant

metastatic sites. This requires complex tumor-stromal

interactions that involve various intercellular communica-

tion pathways [58]. Recent emerging evidence points to the

importance of exosomes in various metastatic pathways

owing to their ability to function as an escape route for

metastasis-promoting proteins, microRNAs and other ele-

ments from the site of tumor to distant locations [22, 39,

59].

Exosomes secreted from primary tumors were found to

contribute to the formation of metastatic niche, a permis-

sive environment at the potential metastatic sites, by

educating non-transformed cells in selected host tissues

toward a pro-metastatic phenotype [59]. Exosomes from

highly metastatic melanomas are able to permanently

educate bone marrow progenitor cells (BMDCs) toward a

pro-vasculogenic and pro-metastatic phenotype through

upregulation of the MET oncoprotein, also known as

hepatocyte growth factor receptor or SF receptor [60].

Melanoma-derived exosomes can also induce vascular

leakiness at pre-metastatic sites. Additionally, homing of

melanoma exosomes to sentinel lymph nodes imposes

synchronized molecular signals that promote melanoma

cell recruitment, extracellular matrix deposition, and vas-

cular proliferation in the lymph nodes [61]. Further

evidence supporting the involvement of tumor-secreted

microvesicles in promoting invasion and metastasis

includes the transfer of the extracellular matrix metallo-

proteinase inducer (EMMPRIN) in microvesicles from

tumor cells, which stimulates expression of matrix

metalloproteinase in fibroblasts and remodeling of the

extracellular matrix [12, 62]. Interestingly, in addition to

tumor-derived exosomes, studies have reported that

stroma-derived exosomes can also support tumor metasta-

sis; tumor-associated macrophages were reported to use

exosomal secretion to shuttle invasion-potentiating mi-

croRNAs to breast cancer cells to promote their local

invasiveness and metastasis [63]. Additionally, fibroblast-

secreted exosomes were shown to stimulate breast cancer

cells’ protrusive activity, motility, and invasion via Wnt-

planar cell polarity (PCP) signaling pathway [64, 65].

Exosomes in cancer immunology

Evading destruction by the immune system is an important

emerging hallmark for the development and progression of

cancer. Cancer cells have evolved complex strategies to

avoid being recognized by the immune system [8]. Those

strategies involve an array of interactions between cancer

cells and immune cells, including T- and B-lymphocytes,

macrophages, and natural killer cells, leading to the sup-

pression of their antitumor functions [39]. Exosomes

derived from virtually any nucleated cell type, including

cancer cells, display MHC class I molecules on their sur-

face that could potentially induce CD8? T cell activation

[8, 11]. Initial reports suggested that exosomes released by

tumor cells act as a source of tumor antigens for activating

antigen-presenting cells (APCs), including dendritic cells,

which in turn induce cytotoxic T lymphocyte-dependent

antitumor response [66, 67]. However, extensive reports

have suggested that tumor-derived exosomes might rather

suppress tumor-specific and nonspecific immune responses

of the host; for example, tumor-derived exosomes carrying

Fas ligand, TRAIL or galectin 9 can promote T cell

apoptosis [8, 68–70]. Tumor-derived exosomes can affect

the APCs function by promoting the differentiation of

monocytes to the immunosuppressive myeloid-derived

Tumor-derived exosomes 5
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suppressor cells (MDSCs) through the presence of prosta-

glandin E2 (PGE2), TGFb, HSP72 and microRNAs in the

exosomes [71–75]. MDSCs in turn support the function of

regulatory T cells (Treg), which inhibit antitumor respon-

ses. In addition, tumor-derived extracellular vesicles can

directly enhance regulatory T cells function and promote

their expansion [76]. Other studies have demonstrated that

tumor-derived microvesicles induce apoptosis of activated

tumor-reactive T-lymphocytes, especially the CD8? cells

[76–78]. Conversely, activated T cell exosomes can pro-

mote tumor invasion and migration of some cancer cells

via Fas signaling pathway [79]. Tumor-derived exosomes

can also inhibit the differentiation and maturation of

myeloid dendritic cells and macrophages through a

TGFb1-dependent mechanism, thereby exerting an immu-

nosuppressive function [8, 80].

Cancer exosomes and the major signaling pathways

In the past few years, significance has been given to exo-

somes in the induction and modulation of cell-fate-

inducing signaling networks that play a pivotal role in the

initiation and sustenance of cancer [81]. The exosomal role

in many pathways is not fully elucidated, but numerous

reports have highlighted the impact of exosomal secretion

on several cellular and intercellular signaling pathways.

Some of those signaling pathways can modulate exosome

secretion [81].

Transforming growth factor beta (TGF-b), which plays

an important role in the promotion and maintenance of

tumor stroma as well as the induction of EMT, is exported

in exosomes of different types of cancer [48]. Tumor-

derived exosomes have been shown to increase expression

of TGF-b receptors I and II and induce TGFb-related

downstream signaling pathways in recipient cells.

For example, breast cancer-derived exosomes activate the

TGFb receptor-mediated signaling pathway in mesenchy-

mal stem cells promoting their differentiation to

myofibroblasts, a key component of tumor stroma [42, 43].

Additionally, TGFb1-rich exosomes can function in

immune suppression by impairing the lymphocytes

response to interleukin 2 [78].

Wnt-b-catenin signaling is another evolutionary con-

served pathway that plays a crucial role in normal

development and in cancer. Active Wnt proteins are

secreted on exosomes that can modulate the activity of Wnt

cellular signaling pathways [82, 83]. Two tetraspanins

CD82 and CD9, abundantly expressed in exosomes, were

found to regulate the Wnt signaling pathway through the

exosomal discharge of b-catenin [84]. Additionally, fibro-

blast-derived exosomes were found to be loaded with

autocrine Wnt-11 that was shown to stimulate breast cancer

cells invasive behavior via the Wnt-planar cell polarity

(PCP) signaling pathway [65].

The tumor suppressor P53 protein, which is a central

player in cancer pathogenesis regulating different cell

surveillance pathways, was found to regulate exosome

secretion in cultured cells [84]. The rate of exosome

secretion can be induced by p53 activation. P53 regulates

the transcription of important genes such as TSAP6 that

enhance exosome production. Conversely, suppression of

TSAP6 in a mice model severely impairs the p53-mediated

production of exosomes [85]. P53 also regulates the tran-

scription of a set of genes that regulate the endosomal

compartment and endosomal clearance of the EGFR

receptor from the plasma membrane [86]. These studies

have provided insights into the communications between

endosomes, exosomes and p53-mediated transcriptional

signaling [87].

Phosphatase and tensin homolog (PTEN) is one of the

most frequently mutated/lost tumor suppressors in human

cancers. It acts by regulating PI3 K–AKT signaling, cell

Table 2 Important tumor-promoting molecules transported by exosomes and their cancer-related effects

Molecules carried in exosomes Effects in cancer References

TGF-b Induce myofibroblastic phenotype in tumor stroma. Immune suppression [42, 43, 78]

Wnt signaling components Promote invasiveness [65, 82]

PTEN Reduce proliferation of recipient cells [89]

EGFR Angiogenesis-modulation via autocrine VEGF Production in Endothelial Cells. [93]

PGE2, TGFb, HSP72 and miRNAs Immune suppression, monocyte differentiation to MDSCs [71–75]

Fas ligand, TRAIL or galectin 9 Immune suppression, apoptosis in activated T cells [8]

EGFRvIII, mutant KRAS Transfer of oncogenic proteins between cancer cells [46, 47]

Tissue factor (TF) Thrombosis, Angiogenesis [44, 94]

EMMPRIN Promote invasion, remodeling of the extracellular matrix [62]

Tumor-specific antigens Immunogenic antitumor effects [67]

TGF-b transforming growth factor beta, PTEN phosphatase and tensin homolog, EGFR epidermal growth factor receptor, PGE2 prostaglandin

E2, HSP72 heat shock protein 72, TRAIL TNF-related apoptosis-inducing ligand

6 S. N. Saleem, A. B. Abdel-Mageed
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growth and cell survival [88]. PTEN was found to be secreted

in exosomes and exerts phosphatase activity in recipient

cells, resulting in reduced cellular proliferation [89].

Notch signaling, a critical survival pathway that is

deregulated in many cancers, was also found to be

impacted by exosomes [89–91]. Interactions of pancreatic

tumor-derived exosomes with target cells hamper the

functioning of the Notch-1 survival pathway and activate

apoptosis in a PTEN/GSK-3beta dependent manner [92].

A simplified summary of the main tumor-promoting

molecules transported in exosomes and their biological

effects is illustrated in Table 2.

Conclusions

Understanding the communication codes sent by cancer

cells is crucial for the development of successful cancer

treatment. Exosomal signaling is emerging as a big player

in cell–cell communication under many different entities,

especially in cancer development and progression. The

various pro-tumorigenic effects of exosomes are being

increasingly reported. Some reports have suggested anti-

tumor roles of exosomes, especially due to their potential

to elicit anti-tumor immune response. However, the pro-

tumorigenic potential of tumor-derived exosomes in cancer

patients is supported by the observation that the level of

circulating exosomes in cancer patients is higher than in

normal individuals and increases with tumor progression

[95]. Notably, cancer cells use their exosomes to transmit

various detrimental effects onto their local and distant

environment and the host immune system to facilitate their

survival, growth, and metastasis. Given the relatively

recent history of exosomal discovery and characterization,

the exact mechanisms mediating the exosomal role in

cancer are not yet fully elucidated. In this review, we

described a direct role for tumor-derived exosomes in

neoplastic transformation of tumor-tropic MSCs and some

of the major cancer-related pathways impacted by exo-

somes, as reported in published literature. An important

potential role of tumor-derived exosomes in drug resistance

is now emerging, which further highlights the need for

more work to better understand exosomes and to delineate

these novel mechanisms [17, 96]. Nevertheless, further

advances in exosomal analysis and elucidation of the

intricacies of the exosomes biogenesis, secretion and

uptake by recipient cells will provide us with the knowl-

edge to interfere directly with exosome production and

function in vivo and to further improve anti-cancer thera-

peutics. Being close replicas of their parental cells,

relatively stable, and easily accessible from body fluids,

exosomes have a great potential to become valuable tools

in early diagnosis and targeted therapy of cancer.
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