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Abstract

Tumor-derived exosomes (TDEs) participate in formation and progression of different cancer processes, including
tumor microenvironment (TME) remodeling, angiogenesis, invasion, metastasis and drug-resistance. Exosomes
initiate or suppress various signaling pathways in the recipient cells via transmitting heterogeneous cargoes. In this
review we discuss exosome biogenesis, exosome mediated metastasis and chemoresistance. Furthermore, tumor
derived exosomes role in tumor microenvironment remodeling, and angiogenesis is reviewed. Also, exosome
induction of epithelial mesenchymal transition (EMT) is highlighted. More importantly, we discuss extensively how
exosomes regulate drug resistance in several cancers. Thus, understanding exosome biogenesis, their contents and
the molecular mechanisms and signaling pathways that are responsible for metastasis and drug-resistance
mediated by TDEs may help to devise novel therapeutic approaches for cancer progression particularly to
overcome therapy-resistance and preventing metastasis as major factors of cancer mortality.

Introduction
Intercellular communication is crucial for cells to adapt
to diverse intra- and extra-cellular alterations occurring
in different processes such as embryonic development,
response to injury, homeostasis, and other functions [1].
Different mechanisms for cell-cell communications from
direct contact to distant interactions through body fluids
and circulation are used for transmitting various signals.
Transfer of biological mediators via microparticles and
exosomes is a specific and extensively regulated trans-
port mechanism [2, 3].
A plethora of evidence indicates that exosome-mediated

factors can promote tumor initiation, metastasis, and
therapy-resistance in cancer cells through cell-cell com-
munication within the TME [3–5]. A normal niche is
composed of various cells such as fibroblasts, endothelial
and immune cells and a collection of extracellular matrix
components, including cytokines, growth factors, and

exosomes [6, 7]. Niche formation can lead to the survival
and proliferation of the cancer stem cells (CSCs) and
other tumor cells lead to a malignancy [8]. According to
the cancer stem cell hypothesis, CSCs, a subpopulation of
tumor cells, are responsible for the maintenance and re-
currence of tumors [9]. Numerous studies confirmed that
CSCs play key roles in the resistance of tumors to chemo-
therapy and radiotherapy [10]. The critical role of the
TME in changing tumor behavior has been depicted by
multiple studies revealing how the tumor microenviron-
ment can change malignant behavior of the tumor cells
[11]. It has been shown that exosomes influence different
tumorigenic pathways in TME such as stemness, angio-
genesis, metastasis, and hypoxia induced the EMT [12].
Moreover, other studies indicate that elimination of exo-
somes from the circulation inhibits tumor progression
[13]. The initiation of tumorigenesis is not only based on
the sufficient mutations to gain cancerous potential but
also a functional alteration in the tumor microenviron-
ment via different interactive mediators, such as exosomes
[14–16]. Biological roles of TDEs as the microvesicles in
the body fluids in TME progression is a subject of consid-
erable interest in many studies [17]. Altogether, it is of

* Correspondence: salaha@lsuhsc.edu
†Ladan Mashouri and Hassan Yousefi these authors contributed equally to
this work.
2Department of Biochemistry and Molecular Biology, LSUHSC School of
Medicine, New Orleans, USA
Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Mashouri et al. Molecular Cancer           (2019) 18:75 
https://doi.org/10.1186/s12943-019-0991-5

http://crossmark.crossref.org/dialog/?doi=10.1186/s12943-019-0991-5&domain=pdf
mailto:salaha@lsuhsc.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


paramount importance to elucidate exosome-mediated
molecular mechanisms and signaling pathways that pro-
mote metastasis and therapy-resistance of the cancer cells
in order to devise novel and more effective treatment
strategies.

Exosome discovery and composition
The experiment of Chargaff and West on the human
plasma in 1946 determined that removal of pelleted
plasma fraction after high-speed centrifugation inhibits
plasma clotting [18]. Years later Peter Wolf discovered
that these clotting suppressors are 20–50 nm vesicles de-
rived from platelets [19]. In 1983, two papers published
almost at the same time in JCB and Cell reported that
transferrin receptors on reticulocytes interact with about
50 nm active vesicles that are derived from maturing
sheep reticulocytes and secreted into the extracellular
environment [5, 20]. Extracellular Vesicles (EVs) are
classified into different groups of microvesicles, exo-
somes and apoptotic bodies based on morphological fea-
tures and content [21]. Exosomes are intraluminal
vesicles (ILV) of multivesicular bodies (MVB) which are
30–100 nm in diameter [5, 22]. High resolution analysis
by electron microscopy together with advanced prote-
omic techniques disclosed the composition of exosomes
secreted from different cells [5, 23].
Exosome contents not only mirror the composition of

the donor cell but also reflect a regulated sorting mech-
anism [24]. A complex of various proteins including re-
ceptors, transcription factors, enzymes, extracellular
matrix proteins, lipids, nucleic acids (DNA, mRNA, and
miRNA) inside and on the surface of the exosomes con-
stitute their content [25, 26]. Analysis of exosome pro-
tein composition revealed that some proteins specifically
arise from cell and tissue of origin, and some are com-
mon among all exosomes [23]. Adhesion molecules such
as CAMs, integrins, tetraspanins, MHC class I, II pre-
sented on B lymphocytes and dendritic cells together
with transferrin receptors (TfR) on the surface of reticu-
locytes are among the typical examples of specific types
of exosome proteins. On the other hand, a range of fu-
sion and transferring proteins like Rab2, Rab7, flotillin
and annexin, heat shock proteins such as Hsc70 and
Hsc90, cytoskeleton proteins including actin, myosin,
tubulin, and proteins such as Alix that mediate MVBs
formation belong to non-specific protein types of exo-
somes [23, 27].
In addition, the lipid content of exosomes is

cell-specific or conserved. Lipids not only have an im-
portant role in protecting exosome shape but also take
part in exosome biogenesis and regulating homeostasis
in the recipient cells [28–30]. The high density of lipids
like lyosbisphosphatidic acid (LBPA) in the internal
membrane of MVBs results in ILV formation and thus

exosomes [29, 31]. LBPA interaction with Alix facilitates
the sprouting of MVBs membrane inwardly [32].
Sphingomyelin, phosphatidylcholine and BMP are
among factors that help distinguishing numerous types
of vesicles. Different types of microvesicles have a simi-
lar content of sphingomyelin and phosphatidylcholine
while sphingomyelin concentration is higher in exo-
somes. BMP is exclusive to endosomes as the origin of
exosomes [33, 34]. Moreover, studies have shown that
exosomes transferred to target cells could change the
lipid composition of the recipient cells especially in chol-
esterol and sphingomyelin, and hence influence the cell
homeostasis. ExoCarta is a database that involves all the
published and unpublished data about exosome content,
and it has more than 47,000 entries for protein, mRNA
and lipid. Moreover, ExoCarta is a good resource for in-
formation that will be helpful for exosome
characterization [35].

Exosome biogenesis
Activation of cell-specific receptors and the signaling
pathways initiating exosome biogenesis are intensely reg-
ulated [36]. The fusion of primary endocytic vesicles is
the first step of the early endosome (EE) formation [33].
Many incoming endocytic cargoes share their contents
and membrane composition by combining the EEs in a
clathrin- or caveolin-dependent or independent path-
ways [37]. EEs, undergo two pathways either by return-
ing the cargo to the plasma membrane as the “recycling
endosomes” or changing into “late endosomes” (LEs), also
called MVBs (Fig. 1). Rab5 with its effector VPS34/p150
function as the key regulator of EV to LE conversion in
the plasma membrane. Within several minutes after recyc-
ling their cargo to the cell membrane, ILV formation be-
gins in EEs by inward membrane budding that leads to
cargo sequestration and distribution into vesicles [33].
The protein sorting of ILVs is a highly regulated mech-

anism which is dependent on endosomal-sorting complex
required for transport (ESCRT) machinery, and some-
times ESCRT-independent as well. ESCRT-0, ESCRT-I,
ESCRT-II, and ESCRT-III are four complexes that consti-
tute the components of ESCRT apparatus. At the begin-
ning of the ESCRT-dependent pathway, there is a
crossroad for cargo delivery, which is determined by the
protein ubiquitin (ub) checkpoint. In the Ub-dependent
pathway, all the ESCRT subunits are involved. ESCRT-0 is
responsible for recognizing mono-ubiquitinated proteins
by means of an HRS heterodimer and STAM1/2 [23, 38,
39]. HRS is a cytosolic protein associates with other pro-
teins such as Eps15 and Clathrin. HRS-recruited-clathrin
helps to encounter the ubiquitinated cargo [23, 40]. Next,
ESCRT-I and ESCRT-II join the ESCRT-0 to make a
strong recognition domain with high affinity to the ubi-
quitinated substrates on the part of the endosomal
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membrane where it will ultimately to sprout in [41]. Fi-
nally, ESCRT-III converges with the complex to pinch off
the membrane and release the buds into the endosome
[42]. ILVs are now targeted to be delivered to the lysosome
for degradation unless the cargoes become
de-ubiquitinated by de-ubiquitylating enzymes (DUBs)
[43] (Fig. 1). Eventually, the components of the complex
will be dissociated by the ATPase VPS4 with its co-factor
VTA, and will be used for the next round [23].
As mentioned, Alix is a marker protein of exosomes

with an important role in their biogenesis. Alix binds
to ESCRT-III and deliver un-ubiquitinated cargoes to
the ILVs by directly binding to the cargo like PAR1
or carrying the syndecans and tetraspanin CD63 in-
directly [41]. It has been shown that direct interaction
of syntenin (syndecan adaptor) with ALIX via three
LYPX L motifs helps the budding of endosomal mem-
brane [44]. The ESCRT-independent mechanism takes

place in melanosomes, a lysosome/endosome related
organelle, in melanocytes. Pmel17 is a melanosomal
protein which engages its luminal domains along with
lipids to contribute in ILV formation [45, 46]. Pmel17
is independent of ESCRT machinery and exists in
clathrin-coated EEs. Tetraspanin CD63 is another
protein which mediates the melanosome membrane
invagination in an independent manner for that of
ESCRT and ceramide [45, 47]. It has been demon-
strated that protein PLP (proteolipid protein) is deliv-
ered to the ILVs from the lipid-enriched parts of an
endosomal membrane such as cholesterol, ceramide,
and sphingomyelin in an ESCRT independent manner.
Since it has been proved that ceramide-rich parts of
endosomes have a high susceptibility to inward bud-
ding, defection of sphingomyelinase (SMase or
SMPD2), as a converter of sphingomyelin into cer-
amide leads to suppression of ILV formation [41].

Fig. 1 Exosome biogenesis and secretion within endosomal system. Early endosomes (EEs) are formed by the fusion of endocytic vesicles. Two
pathways shown by the EEs: returning to the plasma membrane or conversion into LEs/ MVBs via inward budding of the membrane which pack
the cargoes into ILVs. Protein sorting of ILVs can be ESCRT dependent or independent. ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III are four
components of ESCRT machinery which ubiquitinate the substrates on the part of the inward budding endosomal membrane. Later, targeted
ILVs are ready to be degraded within lysosome or rescue by DUBs. Rab27A and Rab27B are the essential mediators to lead the MVBs toward the
cell periphery. Finally, SNARE complex helps fusion of MVBs with plasma membrane to release ILVs into the extracellular space which now are
called exosomes
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After these primary steps, the MVBs arrive at their final
intracellular destination. MVBs may be obliged to fuse with
lysosomes and become degraded because of the ubiquiti-
nated cargo they contain, or they may go toward the
plasma membrane and release their ILVs to the extracellu-
lar environment [44, 48]. Some of the Rab family compo-
nents such as Rab27A and Rab27B are the crucial
mediators of exosome release, which is done by inducing
MVBs transfer to the cell periphery and finally their fusion
with the plasma membrane. [44, 49]. The soluble N-ethyl
maleimide (NEM)-sensitive factor attachment protein re-
ceptor (SNARE) complex drives membrane fusion and thus
exosome secretion. The fusion process begins with the
interaction of synaptotagmin protein that acts as a calcium
sensor and locates on MVBs and the plasma membrane
protein, syntaxin. Then, accumulated MVBs dock the
plasma membrane through trans-SNARE complex, which
consists of V-SNARE and T-SNARE on MVB and plasma
membrane respectively, leads to releasing of exosomes to
the extracellular environment [50]. It is essential to under-
stand exosome biogenesis (Fig. 1) and release because it will
be helpful in developing new therapeutic strategies.

TDEs play key role in tumor microenvironment
remodeling
Fibroblasts, endothelial cells and infiltrating immune
cells are the major cell types within a tumor microenvir-
onment that interacts with tumor cells by exosome sig-
naling. The consequences of these interactions depend
on the origin of the exosomes determining the exosomal
cargo [51, 52]. Stress conditions such as hypoxia, starva-
tion, and acidosis increase exosome release from malig-
nant cells leading to TME alteration and expansion
which subsequently results in tumor progression [53,
54]. Thus, content analysis of the exosomes will reveal
their function in TME progression in malignancies, and
this will further lead to developing more efficient
microvesicle-based strategies for cancer prognosis and
therapy [55].
TDEs are capable of modulating tumor microenviron-

ment and ECM by stimulation of the extracellular recep-
tor signaling and disruption of cell adhesion formation
[56–59]. Many types of integrins and integrin ligands have
been reported to be carried by TDEs. Exosomal integrins
participate in the initiation of cancer cell colonization and
formation of a pre-metastatic niche [60]. In breast cancer
cells, exosome-mediated transfer of miR-105 from meta-
static breast cancer cells induces metastasis and vascular
permeability in distant organs by downregulating and tar-
geting tight junction protein ZO-1 and destroying the bar-
rier function of endothelial monolayers [61]. Exosomal
miR-25-3p from colorectal cancer cells regulates the ex-
pression of VEGFR2, ZO-1, Occludin and Claudin5 in
endothelial cells via targeting KLF2 and KLF4. The

miR-25-3p further promotes vascular leakiness and pre-
pares pre-metastatic niche in distant sites, including liver
and lung [62]. Additionally, cancer cell exosomes induce
differentiation of many types of TME cells to
cancer-associated fibroblasts (CAFs) that are dominant
cell population of the tumor microenvironment in most
cancers, thus exosomes playing a crucial role in ECM re-
modeling and TME reprogramming [63, 64]. Exosomes
derived from CAFs contain different molecules such as
growth factors and miRNAs that have different effects on
the target cells of TME. Gemcitabine treatment of CAFs
in pancreatic cancer induce the expression of Snail and
miR-146a along with extended exosome secretion which
stimulates epithelial cell proliferation [65]. It has been
shown that CAF-derived exosomes supply nutrients for
prostate and pancreatic cancer cells and drive them to gly-
colysis. On one hand, CAF-derived exosomes increase
glucose uptake and inject metabolites to TCA cycle, on
the other hand, they reduce the oxidative phosphorylation
in mitochondria. These findings may help explain the ra-
tionale for ongoing cancer growth even under hypoxia or
reduced nutrition sources [66].

TDEs promote angiogenesis, invasion and metastasis
TDEs play important functions in different stages of in-
vasion and metastasis cascade including angiogenesis,
EMT, invasion, migration and establishment of a preme-
tastatic niche [67, 68], which are described below.

TDEs promote angiogenesis
Angiogenesis, a multi-step process by which tumors de-
velop new vasculature, is essential for tumor growth and
metastasis [69]. The vascular endothelial growth factor
(VEGF)/VEGF receptor (VEGFR) signaling pathway is
the most promising angiogenic target due to its key role
in angiogenesis and tumor growth [70, 71]. Exosomes
released by tumor cells is one of the main mechanisms
that induce vascular formation. VEGF, fibroblast growth
factor (FGF), Platelet-derived growth factor (PDGF),
basic fibroblast growth factor (bFGF), transforming
growth factor β (TGF-β), tumor necrosis factor α
(TNF-α) and interleukin-8 (IL-8) are among main angio-
genic stimulatory factors which are carried by TDEs.
[72, 73] (Fig. 2). Exosomes from endothelial tip cells (the
leading cells at the tips of vascular sprouts) contain high
levels of delta-like-4 (Dll-4) protein that activates the
Notch pathway within the neighboring microvascular
endothelial cells resulting in the induction of capillary
sprouts [74]. Cell line- or plasma-derived exosomes from
a variety of human tumors including, glioblastoma,
pancreatic and nasopharyngeal carcinomas, are known
to be potent inducers of angiogenesis in vitro and in vivo
[75, 76]. In vitro analysis of glioblastoma as an acutely
angiogenic tumor type revealed that glioblastoma-derived
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exosomes contain high levels of miR-221, proteoglycans
glypican-1 and syndecan-4 that increase revascularization
via enhancing proliferation and formation of endothelial
cells and tubules [77]. TDEs containing MALAT1 (metasta-
sis-associated lung adenocarcinoma transcript 1) which is
associated with angiogenesis and metastasis in epithelial
ovarian cancer (EOC), induce pro-angiogenesis gene expres-
sion in human umbilical vein endothelial cells (HUVECs)
[78] (Fig. 2). Also TDEs from head and neck squamous cell
carcinoma (HNSCC) cell lines induced angiogenesis
through reprogramming and modulation of endothelial cells
[79]. Human breast-cancer-derived exosomes promote vas-
cular leakiness in the lung by upregulating a subset of S100
proteins and activating Src kinase signaling [80]. Growing
information on exosome roles in angiogenesis indicates that
microvesicles are functional tools for suppressing endothelial
cell migration, their phenotype alteration, and vessel sprout-
ing in the solid tumors.

Exosome-mediated induction of EMT
The more aggressive malignant tumor cells become, the
more likely they are to migrate to distant sites. To help

facilitate this, a new metastatic niche is needed in the
distant site, and tumor epithelial cells must go through
epithelial to mesenchymal transition (EMT) process
[81]. During EMT, ECM is degraded and tumor epithe-
lial cells change morphologically and functionally to be-
come more invasive. TGF-β, HIF1α, β-catenin, IL-6,
caveolin-1 or vimentin and nucleic acids like
EMT-inducer miRNAs are among the essential EMT el-
ements that are carried by the TDEs (Fig. 3). Tumor
cells lose their epithelial features and gain mesenchymal
properties by losing E-Cadherin and cell polarity while
gaining N-cadherin, twist, snail, and vimentin. As a re-
sult of EMT epithelial cells become aggressive and attain
stem cell-like properties [82–84]. Increased levels of pro-
teins such as casein kinase II α and annexin A2 in the
lumen of metastatic bladder cancer cells derived from
exosomes are associated with EMT [85]. Exosomal
LMP1, an EBV-encoded primary oncogene, contributes
to severe metastatic features of NPC by upregulating
EMT which is accompanied by the expression of cancer
stem cell markers [86]. Hypoxia-mediated TDEs
enriched with miR-301a-3p in pancreatic cancer cells

Fig. 2 Tumor-derived exosomes promotes angiogenesis. Tumor derived exosomes promotes vascular formation. VEGF, Platelet-derived growth
factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor β (TGF-β), tumor necrosis factor α (TNF-α), syndecan-4, Glypican-1,
interleukin-8 (IL-8), Malat1, Dil4 and some microRNAs are some of the angiogenic stimulatory factors which can be carried by tumor exosomes
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enhance transition of macrophages into the M2 pheno-
type. This transition promotes migration and EMT of
pancreatic cancer cells which is due to activation of
PTEN/PI3K pathway [87]. Matrix metalloproteinase
(MMP) 13-containing exosomes facilitate the metastasis
of nasopharyngeal cancer (NPC) cells (an endemic type
of head and neck cancer) and it is through induction of
EMT [88]. These reports suggest that exosomes play a
pivotal role in regulating EMT.

Role of TDEs in promoting migration, invasion and
metastasis
It has been shown that Rab27b-mediated exocytic re-
lease of HSP90 exosomes from metastatic breast cancer
cells activate MMP2. This activation leads to degrad-
ation of ECM components, release of growth factors,
and promotion of cancer cell invasion [89]. Through ini-
tiating PI3K/AKT and MAPK signaling pathways and
upregulation of MMPs, TDEs from metastatic HCC cell
lines promote the migration and invasion of non-motile
hepatocyte cells. This enhancement is partly due to shut-
tling various tumor progression factors including RNAs
and proteins such as caveolins, MET proto-oncogene,
and S100 family members [90]. Also in a study by

Peinado et al, it was reported that exosome-derived
MET oncoprotein released by highly metastatic melan-
oma cells increased the metastatic behavior of bone
marrow (BM) progenitors and induce vascular leakiness
and inflammation at pre-metastatic sites through activat-
ing MET pathway [91]. This lead to the up-regulation of
many factors including heat-shock proteins, S100a8,
S100a9 and TNF-α. Urothelial cells treated with bladder
cancer exosomes showed an increased expression in sev-
eral mesenchymal markers, including α-SMA, S100A4
and snail, and associated with decreased expression of
epithelial markers such as E-cadherin and β-catenin,
thus promoting EMT [92] (Fig. 3). An experiment by
Sanchez et al revealed that differentially expressed miR-
NAs via Prostate Cancer (PCa) bulk and CSCs, and exo-
somes collaboratively cause PCa progression and
metastasis. Transfection of normal prostate fibroblasts
with exosomal miR-21-5p, miR-100-5p and miR-139-5p
increased the expression of MMP-2, MMP-9 and
MMP-13 and RANKL lead to promoting their migration
[93]. Exosomal miR-494 and miR-542-3p taken up by
lymph node stromal cells and lung fibroblasts contribute
to target cell reprogramming by downregulation of cad-
herin- 17 (Cdh17) and upregulation of MMP2, MMP3,

Fig. 3 Tumor derived exosomes promote Epithelial Mesenchymal Transition (EMT) and Invasion. EMT initiators include TGF-β, HIF1α, β-catenin, IL-
6, β-catenin or Vimentin, Casein Kinase and several miRNAs are among the essential EMT promoting factors that are carried by the tumor derived
exosomes. Zeb family members are the main players in EMT transition
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and MMP14 establishing a premetastatic niche [9]. Exo-
somal miR-222-3p stimulates invasion, and anti-anoikis
behavior in NSCLC cells by targeting SOCS3 (Suppres-
sor of cytokine signaling 3) which is a negative regulator
of the JAK/STAT signaling pathway. Furthermore, in-
creased level of exosomal miR-222-3p in serum of the
NSCLC patients was associated with poor prognosis [94,
95]. TDEs containing miR-222 enhanced the migration
and invasion ability of breast cancer cells through
down-regulation of PDLIM2- (a tumor suppressor)
which lead to activation of NF-κB signaling pathway
[96]. Studies on the metastatic niche have endorsed that
high amounts of integrins and MMPs increase matrix
and basement membrane degradation [97]. Evidence
suggests that TDEs transfer to new metastatic niche
(pre-metastatic niche) based on targeting specific recipi-
ent cells. Membrane proteins and lipids are engaged in
organotropic metastasis of tumor exosomes. For ex-
ample, primary tumor-derived exosomes carrying α6β4
and α6β1 integrins destined to lung while αvβ5 home to
the liver. Furthermore, in the new destination, exosomes
undertake roles for establishment and progression of the
pre-metastatic niche [67]. Normal cells within the
pre-metastatic organ influenced by exosomal miRNAs
that are responsible for transformation and angiogenesis
and metastatis [98]. In HCC, exosomes transferring
SMAD Family Member 3 (SMAD3) protein and mRNA
that potentiated adhesive ability in the recipient HCC
cells by enhancing SMAD3 signaling in these cells [99].
In summary, TDEs play a significant role in regulating
metastatic niche through various proteins and micro-
RNAs. (Fig. 3).

TDEs promote therapy-resistance
In normal cells, exosomes function in removing unfavor-
able biomolecules, however in cancer cells this could be
hijacked in the context of cancer chemotherapy. It has been
shown that exosomes play a key role in all steps of EMT
multistage process, from the induction of invasive pheno-
type to distant metastasis [67, 84]. Drug-resistant cancer
cells are able to pack the chemotherapeutic agents in exo-
some and shuttle anti-cancer drugs out of the tumor cell
[100]. Furthermore, delivery of exosomal cargo containing
miRNA, mRNA and proteins to cancerous cells is associ-
ated with tumor drug resistance [101]. Since exosomes are
used as a genetic exchange vector in the tumor micro-
environment, drug-resistant tumor cells hijack this mech-
anism to confer resistance to sensitive cells [102].
Therapy-resistance mechanisms mediated by exosomes
are summarized in Additional file 1: Table S1.

Therapy-resistance through induction of EMT
The role of EMT in tumor drug resistance has been
widely investigated. Multiple EMT-mediated signaling

pathways mostly anti-apoptotic pathways and the
up-regulation of drug efflux pumps, characteristics simi-
lar to CSCs, are involved in drug resistance [103]. In
MCF-7 and MDA-MB-231 breast cancer cells,
exosome-mediated miR-155 induces chemoresistance
through increasing EMT markers and targeting TGF-β,
FOXO-3a and C/EBP-β mRNA [104]. In ovarian cancer
cells, TDEs promote platinum resistance through alter-
ation of TGF- β/SMAD signaling and up-regulation of
EMT markers [105]. In gastric cancer cells, miR-155-5p
causes paclitaxel resistance through inducing EMT, and
targeting GATA binding protein 3 (GATA3) and tumor
protein p53-inducible nuclear protein 1 (TP53INP1)
[106]. Moreover, oncogenically transformed human
bronchial epithelial cell (HBEC) have been shown to in-
duce gemcitabine and cisplatin resistance in NSCLC
cells by promoting EMT [107]. Exosomes from epithelial
ovarian cancer A2780 platinum-resistant cells achieve
resistance through promoting EMT [105]. Exosomes de-
rived from glioblastoma cells contain PTPRZ1-MET fu-
sion proteins which confer temozolomide resistance
through EMT [108].

TDEs induce therapy-resistance through promoting anti-
apoptotic pathways
Apoptotic pathway inhibitors have been shown to
sensitize tumor cells to chemotherapy. Both acquired or
intrinsic resistance to chemotherapies, frequently make
tumor cells resistant from undergoing sufficient levels of
apoptosis which results in cancer survival and dismal
treatment outcome [109]. LncRNA-SNHG14 in Her2+
breast cancer induces exosome-mediated trastuzumab
resistance by targeting the apoptosis regulator Bcl-2 /
BAX signaling pathway [110]. Elevated p-AKT levels as
a result of exosome- mediated miR-21 delivery to
NSCLC cells increase gefitinib resistance [111]. In HCC
cells, exosomes containing miR-32-5p cause multi-drug
resistance through activating PI3K/AKT pathway and
inhibiting PTEN by promoting angiogenesis and EMT
[112]. Moreover, exosomes from cisplatin-resistant oral
squamous cell carcinoma (OSCC) cells target PTEN and
PDCD4 which results in therapy-resistance [113]. In
colon cancer, cetuximab-resistant RKO colon cancer
cells through downregulating PTEN and increasing
phosphorylation of AKT levels induce cetuximab resist-
ance [114]. In addition, PLX-4720 BRAF inhibitor–re-
sistant melanoma cells have shown resistance to
BRAF inhibitor by activating of PI3K/AKT signaling
and escaping from MAPK pathway [115]. Recently it
has been revealed that hepatocellular carcinoma
(HCC) derived exosomes containing miR-221 lead to
sorafenib resistance by modulating caspase-3 and
apoptosis inhibition [116].
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Therapy-resistance via drug efflux or drug sequestration
Several multidrug resistance (MDR) mechanisms lead to
chemotherapy-resistance including attenuation in uptake
of drugs soluble in water and increase in
energy-dependent efflux of hydrophobic drugs.
P-glycoprotein (P-gp) is among the main anticancer
pumping transporters [117]. Recent studies on the treat-
ment of human ovarian carcinoma with cisplatin
(CDDP) has shown that exosomal malformed protein
sorting and releasing lead to more CDDP export and
drug resistance behavior. Increase in MRP2, ATP7A,
and ATP7B CDDP transporters expression enhances
CDDP exclusion accumulated in lysosomes [100]. TDEs
from gemcitabine -resistant pancreatic cancer cells in-
duce chemoresistance through trapping P-gp and
MRP-5 or to allow gemcitabine to flow back to the
microenvironment [118]. Tumor-associated macro-
phages (TAM) derived exosomes contain miR-365 which
upregulates the triphospho-nucleotide and induces the
enzyme cytidine deaminase leads to inactivation of gem-
citabine pool in pancreatic ductal adenocarcinoma
(PDAC) cancer cells [119]. Exosomes derived from hu-
man breast cancer cells (MCF7/WT) contain UCH-L1
and P-gp proteins that are capable of inducing adriamy-
cin resistance by up-regulating the expression of
P-glycoprotein [120]. Adriamycin-resistant breast cancer
cells contain GSTP1 which detoxifies several anti-cancer
drugs by conjugating them with glutathione [121]. In-
creased expression of GSTP1 decreased the apoptotic
rate in recipient cells. It has been suggested that GSTP1
regulates cell survival by inactivating NF-κB and pERK
pathways in cervical cancer [122]. HER2-overexpressing
exosomes contain an intact HER2 molecule which coun-
teract trastuzumab-based therapy by binding to the anti-
body [123]. Exosomes directly or indirectly regulate drug
efflux pumps which in turn affect drug resistance.

Therapy-resistance through signal transduction alteration
The EGFR, PI3K/AKT, PTEN and mTORC signaling
pathways play critical roles in tumor progression and
drug resistance. The aberration of these pathways has
been associated with resistance to chemotherapies [124].
TDEs and exosomes from surrounding cells including
CAFs, TAMs and tumor-associated vasculature are cap-
able of altering various signal transduction pathways and
their regulations [125, 126]. Exosomes from A549 cells,
a cisplatin (CDDP) resistant human lung adenocarcin-
oma cell line induce therapy-resistance via up-regulation
of mTOR expression [127]. In addition, heparanase con-
taining exosomes from myeloma cells enhance activation
of ERK signaling pathway [128]. In another study, colo-
rectal cancer cells secrete exosomes which are able to
cause 5-FU and Oxaliplatin resistance via activating the
Wnt/β-catenin pathway by promoting the stabilization

and nuclear translocation of β-catenin [129].
Triple-negative breast cancer (TNBC) cells released exo-
somes induce docetaxel and gemcitabine resistance in
non-tumorigenic breast cells (MCF10A). Gene and
miRNA expression profiling revealed that, resistance
mediated by up-regulation of mostly the PI3K/AKT,
MAPK, and HIF1A pathways in MCF10A cells [130].
These reports suggest that exosomes alter various signal
transduction pathways to regulate drug resistance.

Therapy-resistance through immune cell modulation
Recent studies have shown that there is one main mech-
anism through which tumor-derived exosomes modulate
the tumor microenvironment by repressing the immune
effector cells response and inducing immune suppressor
cells [67, 131]. Another exosome-mediated mechanism
that helps cancer cells evade the immune effector cells is
by using decoy [132]. In addition, neutralizing
antibody-based drugs via TDEs is another mechanism to
decrease the drug’s effects [132]. In chronic lymphocytic
leukemia, exosomal CD20 has been confirmed to inter-
cept the anti-CD20 antibody rituximab and reduce its ef-
ficacy due to attenuation of the antibody deposition on
target cells [133]. During treatment of
HER2-overexpressing breast carcinoma cell lines with
trastuzumab (anti-Her2 antibody), these cells release
exosomes containing high levels of the Her-2 molecule
which is less active than originated cells. Trastuzumab
in tumor microenvironment can interact with Her-2 ex-
pressing exosomes in order to reduce its activity on the
original tumor cells [123]. In addition, HER2+ breast
cancer cells confer trastuzumab resistance by secreting
exosomes containing immunosuppressive cytokine
TGFb1 and the lymphocyte activation inhibitor PDL1-
[134]. Recently, it has been shown that exosomal content
includes proteins, RNA and DNA that contribute to the
tumor immunity modulation [135]. TDEs were proved
to be able to promote therapy-resistance via carrying un-
shielded RN7SL1 which activate the pattern recognition
receptor (PRR) retinoic acid-inducible gene I (RIG-I)
[136].

Cancer stem cell-derived exosomes promote drug-
resistance
Currently, many studies on therapeutic strategies have
focused on CSCs due to their function in tumor initi-
ation, therapy-resistance, and disease recurrence [137].
Studies on breast cancer stem cells (BCSCs) have shown
that after cancer treatment, Notch, Wnt, and Hedgehog
signaling pathways promote CSCs survival and prolifera-
tion. These pathways control self-renewal and differenti-
ation of the BCSCs. Under environmental stress such as
radiation and hypoxia, the levels of various CSCs sur-
vival and growth factors including TNF-α, TGF-β, PDGF,
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CXCL12, MMP, and HIF elevate within the TME [138].
CSC-derived exosomes maintain the stemness features
within the TME via transferring their cargo. This cargo
consists of Hedgehog, Wnt, β-catenin and other CSC spe-
cific mRNAs and proteins for CSCs to sustain their
self-renewal and other stemness characteristics, therefore,
enhancing resistance to different cancer therapies [139]. In-
tegrin is a transmembrane receptor with α and β subunits
which controls conformational changes and participate in
cell migration, differentiation, proliferation, and survival
[140]. Many types of integrins and integrin ligands have
been reported to be carried by TDEs. Exosomal integrins
participate in the initiation of cancer cell colonization and
formation of a pre-metastatic niche [60]. Integrins are es-
sential in the maintenance of stem cell phenotype and be-
havior. Moreover, it has been shown that integrin β1 is a
crucial resistance factor in head and neck cancer radiother-
apy and Erlotinib treatment in lung cancer [141].

Exosomes in cancer therapy
Exosomes could be a functional means of drug-delivery
in cancer therapy specifically because they are non-toxic
and non-immunogenic. Exosome-based delivery ap-
proach of adriamycin and paclitaxel has been used for
targeted cancer therapy and resulted in minimal im-
munogenicity and toxicity [142, 143]. In addition, many
different cell types can generate exosomes. Moreover,
exosomes can permeate through tumor cells at a higher
rate than liposomes. Another advantage of exosomes is
that they can target specific cells and tissues through
specific proteins, therefore, they could deliver drugs tar-
geted to cancer cells. Furthermore, exosomes are small
in size, therefore, they can easily pass through various
barriers such as the blood-brain barrier [144]. In
addition, exosomes can be manipulated easily to increase
their efficiency in targeting cancer cells [145]. Increasing
evidence has shown that tumor derived exosomal RNA
from the blood and other bodily fluids can be used as
biomarkers in cancer screening and diagnosis [146].
Bioengineered exosomes have been used to deliver

anti-cancer drugs and functional RNAs to cancer cells in-
cluding CSCs in a cell-specific manner. Targeting CSCs by
exosomes is one of the promising approaches in develop-
ing cancer therapies. To create modified exosomes, the
donor cells are engineered to produce specific proteins on
the exosome’s membrane. Specific makers of CSCs such
as CD44, CD24, CD133, and CD200 can be used as targets
for exosomes [147] (Fig. 4).
Dendritic cells (DCs) play key roles in both primary

and secondary immune response, thus, exosomes de-
rived from DCs are potential candidates for specific can-
cer therapy. Astrocyte-derived exosomes transfer
PTEN-targeting miRNAs to metastatic tumor cells
which suppress PTEN expression. Following loss of

PTEN in invading tumor cells, CCL2 secretion elevates
IBA1-expressing myeloid cell recruitment and metastatic
seeding [148]. In addition, the human embryonic kidney
cells have been modified to secrete exosomes which ex-
press GE11 peptide. These exosomes are capable of
binding to the Epidermal Growth Factor Receptor
(EGFR), which is expressed by many tumor cells with
epithelial origin. In addition, these exosomes can be used
to deliver specific non-coding RNAs such as miRNA
let7a to the target cells [149] (Fig. 4).
Recently, the utilization of chemotherapeutic drug-loaded

exosomes have been shown to be a novel approach in
cancer therapy. The exosomes have improved the
anti-tumor effects of these drugs. Paclitaxel-loaded exo-
somes are used for the treatment of several cancers includ-
ing prostate, lung and pancreatic cancer [150, 151].
Moreover, Doxorubicin-loaded exosomes in a mouse model
of colon cancer resulted in the reduction of tumor size
[152]. Furthermore, in the mouse model of inflammatory tu-
mors, the exosomes containing doxorubicin had an efficient
anti-tumor effects. Doxorubicin-loaded exosomes also
showed a great efficiency in targeting breast cancer cells
[142]. The exosomes that are derived from DCs could be
used to present tumor antigens to the Naïve T cells to in-
duce a response to the tumor cells. The exosomes that are
derived from two MHC type-distinct mouse cell lines were
used to express tumor antigen human mucin1 (hMUC1).
These exosomes have been shown to induce the immune
system effectively [153] (Fig. 4).
Exosomes could serve as potential vehicles to trans-

port functional proteins to cancer cells in a specific and
targeted fashion. Tumor Necrosis Factor (TNF)-related
Apoptosis-inducing Ligand (TRAIL) is a protein which
induces apoptosis in cancer cells. The exosomes that are
modified to secrete TRAIL showed great efficacy in in-
ducing apoptosis in tumor cells and resulted in the
tumor size reduction [154]. Survivin is an anti-apoptotic
protein that is highly expressed in many types of can-
cers. An inactivating mutation (T34A) in Survivin im-
pairs its normal function. Exosomes transferring this
type of mutated Survivin promotes apoptosis in pancre-
atic adenocarcinoma cells [155] (Fig. 4).
Furthermore, exosomes have been used to deliver

therapeutic RNAs such as siRNA and miRNAs to cancer
cells. miRNA-122 induces chemosensitivity in hepatocel-
lular carcinoma. Exosomes derived from adipose mesen-
chymal stem cells are used to deliver miR-122 promoted
chemosensitivity of the HCC cells [156]. The siRNA
against RAD51 was delivered to Hela and, HT1080 cells
by exosomes resulted in massive cell death in recipient
cancer cells [157]. The exosomes that are derived from
MSC and HEK293 were used to deliver siRNA that target
PKL-1 in bladder cancer cells and showed the reduced ex-
pression of polo-like kinase 1 (PLK-1) [158] (Fig. 4).
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Concluding remarks
In this review, we elaborated upon exosome biogenesis and
the main mechanisms for exosome-mediated metastasis
and chemoresistance. Understanding the molecular mecha-
nisms underlying exosome biogenesis, metastasis and che-
moresistance will aid in designing novel therapeutics
targeting exosome-mediated tumorigenesis metastasis, and
chemoresistance. Exosomes are versatile and critical inter-
cellular connectors which follow a regulated mechanism
for transferring biomolecules. Since exosomes are
multi-purpose vehicles with organotropic behavior, aberra-
tion of their normal function provides favorable mechanism
for tumors to utilize. Tumor-derived exosomes facilitate
tumor growth, angiogenesis, invasion, formation of the
pre-metastatic niche, and increase the therapy-resistance
behavior of the tumor cells. Since exosomes are involved in
many pathophysiological conditions, there has been a drive
in research to utilize exosomes as a treatment strategy by
loading them with therapeutic agents including functional
proteins, miRNAs and various chemotherapeutics. There is
still a long way to overcome the barriers presently impeded
exosome-based therapeutic strategies for cancer therapy.

Nevertheless, several key aspects regarding the underlying
mechanisms of exosome-mediated crosstalk in tumor
microenvironment, distant cell interactions, exosome het-
erogeneity, molecular mechanisms responsible for resistance
and metastasis, have become increasingly apparent. Finally,
designing different research approaches in this new vast area
of study based on the tumor context will direct our under-
standings of exosomal-mediated therapy-resistance in differ-
ent cancers and the translation of these findings to the
clinical realm will provide a novel and effective treatment
modality for future cancer patients.
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