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Abstract Exosomes are cell-derived nanovesicles with diameters from 30 to 150 nm, released upon

fusion of multivesicular bodies with the cell surface. They can transport nucleic acids, proteins, and lipids

for intercellular communication and activate signaling pathways in target cells. In cancers, exosomes may

participate in growth and metastasis of tumors by regulating the immune response, blocking the epithelial

emesenchymal transition, and promoting angiogenesis. They are also involved in the development of
assette transporter A3; APCs, antigen-presenting cells; CAFs, cancer-associated fibroblasts; CCRCC, clear-cell

CD-UPRT, cytosine deaminase-uracil phosphoribosyltransferase; circRNAs, circular RNAs; CRC, colorectal

pmental endothelial locus-1; DEXs, DC-derived exosomes; DLBCL, diffuse large B-cell lymphoma; DNM3,

MT, epithelialemesenchymal transition; ESCRT, endosomal sorting complex required for transport; GPC1,

patocellular carcinoma; HIF1, hypoxia-inducible factor 1; hTERT, human telomerase reverse transcriptase; HTR,

man umbilical vein endothelial cells; ILVs, intraluminal vesicles; lamp2b, lysosome-associated membrane

ing RNAs; MDSCs, myeloid-derived suppressor cells; MIF, migration inhibitory factor; miRNA, microRNA;

itochondrial DNA; MVB, multivesicular body; ncRNA, non-coding RNAs; NKEXOs, natural killer cell-derived

on-small cell lung cancer; PA, phosphatidic acid; PCC, pheochromocytoma; PDAC, pancreatic ductal adeno-

h receptor ligand 1; PGL, paraganglioma; dsDNA, double stranded DNA; PI, phosphatidylinositol; PS, phos-

nscript release factor; RCC, renal cell carcinoma; SM, sphingomyelin; SNARE, soluble NSF-attachment protein

TSG101, tumor susceptibility gene 101.

3165313, þ86 10 63165184.

nhua Wang), dugh@imm.ac.cn (Guanhua Du).

se Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:wjh@imm.ac.cn
mailto:dugh@imm.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2021.01.001&domain=pdf
https://doi.org/10.1016/j.apsb.2021.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2021.01.001
https://doi.org/10.1016/j.apsb.2021.01.001


2784 Jinyi Liu et al.
Biomarkers;

Drug delivery
resistance to chemotherapeutic drugs. Exosomes in liquid biopsies can be used as non-invasive bio-

markers for early detection and diagnosis of cancers. Because of their amphipathic structure, exosomes

are natural drug delivery vehicles for cancer therapy.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Overview of exosomes

Exosomes are subcellular vesicles averaging 100 nm in diameter
enclosed by a lipid bilayer membrane. They have been found in
nearly all body fluids, including blood, sweat, tears, urine, saliva,
breast milk, ascites, and cerebrospinal fluid. Exosomes are part of
novel intercellular communication system carrying and trans-
mitting signal molecules that modulate the physiological state of
cells and are closely related to the occurrence and progression of
various diseases.

Exosomes were discovered in 1981 by EG Trams who found
small vesicles surrounded by a bilayer membrane in supernatants
of sheep reticulocytes cultured in vitro1. In 1987, Johnstone named
these extracellular vesicles as exosomes2. Exosomes were origi-
nally considered to be garbage bins for ridding cells of degraded
and unwanted cellular components. With continuing research
progress on exosomes, it was gradually revealed that they were
important for intercellular communication and involved in antigen
presentation, cell differentiation, growth, the immune response in
tumors, migration and invasion of tumor cells3,4.

1.1. Composition and contents of exosomes

Exosomes carry various types of macromolecules from cells of
different tissues and organs. The contents of exosomes are
enwrapped within multivesicular body (MVB) membranes
through inward invagination. The components of exosomes
mainly include proteins, nucleic acids, and lipids (Fig. 1). Proteins
commonly found in exosomes include those related to membrane
transport, such as RAB GTPases, annexins, flotillins, MVB-
producing proteins like ALIX, and tumor susceptibility gene
101 protein (TSG101). Exosomes also contain tetraspanins,
including CD9, CD63, and CD81 and the heat shock proteins,
HSP60 and HSP905e7. Various nucleic acids were included in
exosomes, such as microRNA (miRNA) and mRNA, the first two
types to be identified8,9, followed by lncRNA, tRNA, snRNA,
snoRNA and circRNA9,10. These RNAs function as gene expres-
sion modulators and may be useful as potential biomarkers11. The
lipid components in exosomes include sphingomyelin (SM),
phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidic
acid (PA), ceramide, and cholesterol12.

Exosome components are heterogeneous group, the composi-
tion of which reflects the cell type that produced them4. It was
commonly believed that exosomes derived from the same type of
cells contained similar proteins, nucleic acids, and lipids, but more
recent studies revealed that the cargo depends not only on the cell
type, but also on the origin of the cells. Proteomic profiling of
breast cancer cells and their exosomes showed that exosomes
secreted by epithelial and mesenchymal-like cells contained
different proteins and nucleic acids13. The cholesterol and phos-
pholipids contained in exosomes secreted by cancer cells and non-
cancer cells are also different14.
Currently, there are three databases to query the contents of
exosomes, namely Vesiclepedia (http://microvesicles.org/index.
html), ExoCarta (http://exocarta.org/index.html) and EVpedia
(http://evpedia.info/)15e17. The three databases contained data of
exosome contents of various organisms to help researchers explore
the function of exosomes.

1.2. Biogenesis and release of exosomes

Exosome formation begins with endocytosis on the surface of the
cell membrane with the formation of early endosomes via inward
budding. Early endosomes mature into late endosomes, which
encapsulate specific proteins, nucleic acids and other substances to
form multiple intraluminal vesicles (ILVs), which are the pre-
cursors of exosomes. The late endosomes contain multiple ILVs
and develop into MVBs6,7,18. Subsequently, most MVBs were
fused with lysosomes, which resulted in degradation of container
in MVBs. Membranes of a few MVB contain CD63, lysosomal
membrane protein LAMP1, LAMP2, which can mediate their
fusion with the plasma membrane and release exosomes to the
extracellular milieu6,19,20 (Fig. 2).

1.2.1. The mechanism of exosome biogenesis
The biogenesis of ILVs and MVBs is driven by a multiprotein
complex called ‘endosomal sorting complex required for trans-
port (ESCRT)’ that is composed of thirty kinds of proteins. The
main function of ESCRT is to sort specific components into
ILVs, which are the precursors of exosomes. ESCRT is made up
of four kinds of complexes: ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III, which contain specific proteins, VPS4, VTA1, and
ALIX, etc. Each of the complexes plays a different role in the
biogenesis of exosomes6,19. ESCRT-0 is responsible for cargo
clustering in a ubiquitin-dependent process. ESCRT-I and
ESCRT-II work synergistically to cause the endocytic membrane
wrap specific molecules through germination. ESCRT-III drives
scission of vesicles19. ESCRT-0 contains hepatocyte growth
factor-regulated tyrosine kinase substrate (HRS), which can
recognize ubiquitinated proteins and interact with STAM,
another component of ESCRT-0. HRS can recruit TSG101 to
ESCRT-I, and then ESCRT-I recruits ESCRT-III through
ESCRT-II or ALIX20.

Recent studies have shown that the biogenesis of exosome is
reduced when the expression of HRS is inhibited in different cell
types, such as HeLa cells, mouse dendritic cells (DC),
HEK293 cells, and head and neck squamous cell carcinoma
cells21e24. This indicates that HRS in ESCRT-0 has an important
function in the biogenesis of exosomes. It was found that
expression of the exosome markers, CD63 and MHC-II, was
decreased, indicating inhibition of exosome release when STAM1
expression in ESCRT-0 and TSG101 expression in ESCRT-I were
silenced by RNA interference in HeLa cells which have high
expression of MHC-II21. The ESCRTeIIIerelated protein, ALIX,
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Figure 1 Schematic representation of structure of exosomes con-

taining RNA, DNA, protein and metabolites surrounded by lipid

bilayer.
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can interact with syndecanesyntenin and also participate in the
regulation of exosome formation. The expression of syndecan,
ALIX and exosome markers, CD63 and HSP70, was increased in
exosomes when syntenin was overexpressed whereas the expres-
sion of exosome syndecan, CD63 and HSP70 were decreased
when ALIX or syntenin was knocked down in MCF-7 cells25.
These results demonstrate that the ESCRT protein complex plays
an important role in biogenesis of exosome.

ILVs and MVBs can also be generated by ESCRT-independent
pathways involving lipids, tetraspanins, andHSPs. For example, the
oligodendroglial precursor cell line, oli-neu cells, released exo-
somes with proteolipid protein when ESCRT was suppressed.
Ceramide production was reduced when neutral sphingomyelinase
was inhibited in oli-neu cells, which in turn inhibits the inward
budding of MVB membranes and reduces release of exosomes26.
Cholesterol is another lipid enriched in exosomemembranes and an
important component of MVBs27. Drug-induced or gene mutation-
induced accumulation of cholesterol in MVBs can increase the
Figure 2 Schematic representation of the origin and release of exosome

MVBs. ESCRT, lipids and tetraspanins are involved in the biogenesis of M

membrane, which allows the release of their contents to the extracellular m

plasma membrane and secretion of exosomes.
secretion of flotillin-2, ALIX, CD63 and cholesterol-rich vesicles in
a flotillin-2-dependent manner in oli-neu cells28. Themembranes of
MVBs and exosomes also contain tetraspanins29, which are thought
to be involved in sorting of exosome contents. The tetraspanin,
CD63, can sort melanoma-related proteins and ceramide in mela-
noma cells into ILVs without ESCRT30. The heat-shock cognate
protein, HSC70, can recruit transferrin receptor to exosomes31.
Tumor cells can activate multiple signaling pathways to promote
biogenesis of exosomes under hypoxic condition32.
1.2.2. The mechanism of exosomes secreted from cells
After MVBs are produced in the cells, some degraded MVBs are
fused with lysosome, which resulted in the degradation of MVBs
and their contents. The secreted MVBs are fused with the plasma
membrane and release exosomes to the extracellular environment.
In recent years, the process of exosome secretion to the extra-
cellular milieu has gradually been elucidated, which mainly relied
on the assistance of the RAB family and the soluble NSF-
attachment protein receptor (SNARE) family.

RABs are small GTPase proteins that interact with the cyto-
skeleton to control intracellular vesicle sprouting, transporting,
and positioning on the plasma membrane33, which suggests that
RABs might be involved in secretion of exosomes. RAB11 was
the first RAB protein reported to be associated with exosome
secretion. RAB11 was related to the release of exosomes con-
taining TFR and HSC70 from the myelogenous leukemia cell line,
K56234. In oli-neu cells, inhibition of RAB35 reduced the secre-
tion of exosomes loaded with proteolipid protein35. ShRNA-based
screening results in HeLa cells showed that silencing RAB2B,
RAB5A, RAB9A, RAB27A and RAB27B reduced the release of
exosomes containing CD63, CD81, and MHC-II36.

SNARE is a complex of multiple proteins, which can cause the
fusion of two plasma membranes in contact with each other, and is
thought to promote the fusion of vesicle membranes and plasma
membranes37. VAMP7 is a member of the SNARE family. In
K562 cells, VAMP7 is an essential component of exosomes con-
taining acetylcholinesterase38. Inhibition of VAMP7 expression
s. Exosomes are formed as ILVs by budding into early endosomes and

VBs. MVBs can be either fused with lysosomes or with the plasma

ilieu. RAB and SNARE are involved in the transport of MVBs to the
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prevented the release of secreted lysosomes and inhibited the
secretion of exosomes to the extracellular environment in MDCK
cells39. In HEK293 cells, the SNARE protein component YKT6
promoted the production of exosomes loaded with WNT3A
morphogen23.
1.3. Physiological functions of exosomes

Exosomes were originally thought to be extra-membranal proteins
secreted by reticulocytes to regulate membrane function during
maturation2. In 1996, Raposo et al.40 found that some immune cells
like B-lymphocytes could release antigen-presenting vesicles. The
secreted exosomes directly stimulated the anticancer activity of
effector CD4þ T cells. In 2007, Valadi et al.8 discovered that cells
were able to exchange genetic material through RNA in exosomes.
With these findings, scientists developed a better understanding of
the composition and function of exosomes, and began to see how they
might be used in diagnosis and treatment of disease. Exosomes are
widely involved inmaterial transport and signal transmission through
the release of the specific components they carry into the recipient
cells4. In pancreatic cancer cells, the KRAS mutation promotes
macrocytosis and the absorption of exosomes41. Melanoma cells
absorb exosome components by promoting the fusion of the plasma
membrane with the exosomes42. In vivo studies in mice have shown
that some exosomes can directly deliver mRNA to recipient cells,
especially under the stimulation of acute or chronic infections42.
Exosomes also have immunoregulatory activities including antigen
presentation and immune tolerance. Exosomes carrying MHC class
II complexes that bind to tumor-specific antigens were able to
significantly inhibit tumor growth in mice43. These exosomes may
indirectly activate naı̈ve T cells and B cells by interacting with
antigen-presenting cells, and may also promote the proliferation of
CD4þ T cells44. Exosomes derived frommelanoma cells were found
to carry programmed cell death receptor ligand 1(PD-L1), which
could directly inhibit the anticancer function of CD8þ T cells
in vivo45. Tumor-derived exosomes (TEXs) inhibited the maturation
ofDCs in a PD-L1-dependentmanner and thereby reduced the T cell-
mediated immune response46. The nucleic acids carried by exosomes
may regulate innate and adaptive immune activities, and exosomes
derived from mesenchymal stem cells and tumor cells also played a
special role in the immune response4. Exosomeswere involved in the
transmission of some viruses47. Exosomes promoted tumorigenesis
and metastasis, and were associated with the acquisition of cancer
resistance4,48. Thus, the unique structure and function of exosomes
may allow them to be used as diagnostic biomarkers and their ca-
pacity for carrying a payload of proteins or nucleic acids to target
cells may prove highly effective in developing novel cancer therapies
that are less devastating to the body than chemotherapy.
2. The functional roles and mechanisms of exosomes in
cancer
2.1. Exosomes and cancer immunity

Many studies have demonstrated a close relationship between
exosomes and the development and progression of cancers49,50. In
the tumor microenvironment, exosomes can transfer bioactive
molecules between tumor cells, immune cells and stromal cells to
help cancer cells escape immune surveillance and induce immune
tolerance. In contrast, exosomes derived from immune cells can
inhibit tumor growth, proliferation, and metastasis. Thus, exo-
somes play a double-edged sword role in cancer immunity.

2.1.1. Exosome-mediated cancer immunosuppression
Multiple studies have suggested that TEXs can promote immu-
nosuppression51,52. TEXs have ligands on their surfaces that can
bind to homologous receptors in immune cells and transmit
inhibitory signals to them53. Exosomal PD-L1 is capable of
mediating immune escape for cancer cells. If TEXs carrying PD-
L1 enter the lymphatic system from the blood, they could inhibit
the activity of T cells and prevent immune cells from recognizing
and killing tumor cells45,54. Exosomes can also exert an immu-
nosuppressive effect by inhibiting proliferation and inducing
apoptosis of T cells by transmitting death signals through the FAS/
FASL pathway55. Tumor exosomes were also able to inhibit NK
cell activity and interfere with monocyte differentiation52. HSP72
carried by TEXs induced the STAT3-dependent immunosuppres-
sive function of myeloid-derived suppressor cells (MDSCs),
thereby achieving immune tolerance56. Besides, TEXs could
prevent tumor cells from attacking by immune system and assist
tumor cells to escape immunosurveillance57. The inhibition of
type I interferon production by EGFR delivered by TEXs to host
macrophages revealed a potential mechanism for the decline of
cancer patient immunity58.

2.1.2. Exosomes and cancer immunotherapy
The main goal of cancer immunotherapy is to stimulate the
immunosuppressed host to recognize and eradicate cancer cells.
Exosomes can be used as a delivery system for immunotherapy
drugs, antigens or genes by modifying the cells that secrete exo-
somes59. Both immature and mature dendritic cells can produce
exosomes, and DC-derived exosomes (DEXs) were able to over-
come tumor-induced immunosuppression through direct and in-
direct means. The exosomes released by mature DCs contained
higher levels of MHC I, MHC II and costimulatory molecules than
those of immature DCs, which should endow them with stronger
immune stimulating effects60. DEXs had MHC/peptide complexes
on the surface, which promoted the proliferation and activation of
IL-15Ra and NKG2D-dependent NK cells and enhanced T cell-
dependent antitumor activity61. DEXs could also activate T
cells, enhance T cell-mediated immune responses, and inhibit the
growth of breast cancer cells62. DEX-based antitumor vaccines
have entered phase I and II clinical trials after animal model
testing63,64. Study showed that exosomes had no secondary
toxicity at the maximum tolerated dose in fifteen patients with
metastatic melanoma, indicating the safety of DEXs as tumor
vaccine65. In the treatment of patients with non-small cell lung
cancer, DEXs could carry the melanoma antigen gene MAGE,
which demonstrated the feasibility and potential effectiveness of
the DEX vaccine66. In addition, exosomes derived from mouse
cell lines expressing hMUC1 promoted the immune response and
antitumor activity against the growth of tumor cells expressing
hMUC1 in vivo59. CAR-T cell-derived exosomes could replace
CAR-T cells as an approach of tumor immunotherapy67. The
exosomes secreted by antigen-presenting cells (APCs) were able
to stimulate the proliferation of T cells in vitro and induce anti-
tumor immune responses in vivo. TEXs contain tumor-associated
antigens, costimulatory molecules, and MHC I and MHC II
molecules, which may induce effective antitumor immune re-
sponses. TEXs can be cross-presented by APC to cytotoxic T
lymphocytes, thus exerting tumor-killing effects68. Other study54

has shown that inhibiting the release of PD-L1 from exosomes
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may result in long-term, systemic tumor growth inhibition. This
may constitute a valuable new immunotherapy direction in cancer
treatment.

2.2. Exosomes and cancer metastasis

Tumor metastasis is the main cause of cancer death. For a long
time, the research on the mechanism of tumor metastasis was
focused on the interaction between tumor and body. However, in
recent years, it has been discovered that exosomes play an
important role in the metastasis of tumors by transmitting specific
information between cells. Exosomes may also participate in
regulation of the epithelialemesenchymal transition (EMT) and
extracellular matrix (ECM) remodeling. In addition, exosomes can
promote tumor angiogenesis and immune escape, facilitate for-
mation of pre-metastatic niches and determine organotropic
metastasis (Fig. 3).

2.2.1. Regulation of EMT
The EMT was involved in a loss of epithelial cell polarity,
extracellular matrix remodeling and the formation of pre-
metastatic niches, which can enhance the ability of cancer cells
to enter the circulatory system to promote metastasis of tumor
cells. During the EMT process, epithelial tumor cells acquire
mesenchymal characteristics under the influence of cancer-
associated fibroblasts (CAFs) in the tumor matrix. The tumor
cells lose polarity and cellecell connections, then enter a low
proliferation state with enhanced migration and invasion ability69.
Many studies have shown that exosomes play an important role in
EMT. Co-culture of nasopharyngeal cancer cell lines with exo-
somes isolated from similar cell lines increased expression of the
mesenchymal marker proteins vimentin and N-cadherin and
down-regulation of E-cadherin, indicating that exosomes could
induce the EMT of nasopharyngeal carcinoma cells and promote
tumor metastasis70. Treatment of urothelial cells with exosomes
isolated from muscle-invasive bladder cancer cells produced a
phenotype resembling the EMT and increased cell migration and
invasion. In contrast to control exosomes from embryonic kidney
cells, exosomes from the bladder cancer induced the expression of
Figure 3 Schematic representation of exosomes in tumor metastasis

transition, angiogenesis and extracellular matrix remodeling in the tumor

immune surveillance, promote formation of pre-metastatic niches and allow

therapeutic payloads including small molecule drugs, proteins and nucleic a

tissues.
vimentin, snail and twist proteins in the urothelial cells, and
reduced the expression of E-cadherin via the TGF-b1
pathway71,72. TEXs not only enable other tumor cells to acquire
the mesenchymal phenotype, but also transform the mesenchymal
stem cells into CAFs. TGF-b-positive TEXs increase the expres-
sion of a-SMA and transform stem cells into CAFs, which can
stimulate EMT by secreting TGF-b1 and activating the TGF-b1-
SMAD signaling pathway73. CAFs also produce exosomes,
which can activate the WNT signaling pathway in breast cancer
cells and enhance cell migration74.

Oncogenic microRNAs (miRNAs) contained in exosomes are
also involved in the regulation of EMT. MiR-23a in exosomes
regulates the expression of E-cadherin in lung cancer cells and
perpetuates the EMT process through the TGF-b pathway75.
Exosomes from bone marrow-derived mesenchymal stem cells
contain miR-193a-3p, miR-210-3p, and miR-5100, which can
activate the STAT3 signaling pathway, induce EMT, and promote
the invasion of lung cancer cells76. Exosomes derived from
CD103þ cancer stem cells promote metastasis of clear-cell renal
cell carcinoma (CCRCC) cells by delivering miR-19b-3p and
initiating EMT. CD103 can guide cancer stem cells-derived exo-
somes to target cancer cells and organs and confer greater lung
metastatic capacity on CCRCC, suggesting that CD103þ exo-
somes are potential diagnostic biomarkers for tumor metastasis77.
MiR-21 in exosomes in the serum of patients with esophageal
cancer was correlated with recurrence and metastasis of cancer,
and was also a biomarker of tumor recurrence in lung cancer and
melanoma78e80.

2.2.2. Regulation of tumor angiogenesis
Angiogenesis is an essential process for growth and metastasis of
tumors, especially under hypoxic conditions. Exosomes are
important messengers between tumor cells and vascular endo-
thelial cells in hypoxia-driven pro-angiogenic tumor responses81.
Carbonic anhydrase 9 (CA9) is induced by hypoxia-inducible
factor 1 (HIF1) in response to hypoxia and is overexpressed in
renal cell carcinoma (RCC). It has been shown that CA9 in exo-
somes released from hypoxic RCC can enhance angiogenesis in
the microenvironment, thereby promoting cancer progression82. In
and targeted therapy. Exosomes promote epithelialemesenchymal

microenvironment. Exosomes can also help tumor cells escape from

cancer cells to invade and colonize distant organs. Different types of

cids can be loaded into exosomes, which can then be targeted to tumor
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contrast to exosomes isolated from normal thyroid follicular cells,
Nthy-ori-3-1, and normoxic papillary thyroid carcinoma cells,
BCPAP, exosomes isolated from hypoxic BCPAP cells signifi-
cantly enhanced angiogenesis in human umbilical vein endothelial
cells (HUVECs). Under hypoxia, miR-21-5p was significantly up-
regulated in exosomes secreted by BCPAP cells, and directly
targeted and inhibited TGF-b1 and COL4A1 to promote the for-
mation of blood vessels. The angiogenic effect of exosomes iso-
lated from hypoxic BCPAP cells with knockdown of miR-21-5p
was inhibited, indicating that hypoxic papillary thyroid carcinoma
cells increase the angiogenic pathway through exosomal miR-21-
5p/TGF-b1 and miR-21-5p/COL4A1 interaction83. Exosomes
secreted from melanoma cells can induce a pro-angiogenic
signaling cascade characterized by vascular endothelial forma-
tion in a dose-dependent manner84. Exosomes secreted by head
and neck squamous cell carcinoma can promote angiogenesis by
reprogramming endothelial cells85. Exosomes released from
mesenchymal stem cells (MSC) promote angiogenesis by trans-
ferring pro-angiogenic miRNAs (e.g., miR-30b) to endothelial
cells86. miR-100 are enriched in MSC-derived exosomes, which
can promote angiogenesis in breast cancer by activation of the
mTOR/HIF-1a signaling axis and decrease the expression of
VEGF in breast cancer cells87.

2.2.3. Regulation of ECM remodeling
The main components of the ECM include collagens, fibronectins,
glycosaminoglycans, and proteoglycans, which are associated
with alteration of the phenotype and function of tumor cells and
stromal cells88. Exosomes can change the tumor microenviron-
ment by mediating ECM remodeling and ultimately promote
tumor metastasis. Exosomes derived from highly metastatic he-
patocellular carcinoma (HCC) cells are loaded with oncoproteins,
such as Met, caveolin and S100. After uptake by normal hepato-
cytes (MIHA cells), exosomes from the HCC activate the PI3K/
AKT and MAPK signaling pathways and induce the secretion of
active MMP2 and MMP9, promote degradation of ECM, and
accelerate tumor cell migration and invasion89. MMP13 can
degrade components of the ECM and exosomes loaded with
MMP13 promote metastasis of nasopharyngeal carcinoma by
degrading ECM70. Exosomes derived from melanoma contain
integrin b1, which activates pro-MMP2 and degrades type one
collagen and gelatin90.

2.2.4. Regulation of organotropic metastasis
The target organ of tumor metastasis is not a random choice. In
1889, Paget91 proposed the ‘seed and soil’ hypothesis, which is,
certain tumor cells (seeds) tend to metastasize to specific organs
(soils). Only when the soil is suitable for the seeds will they grow
and successfully metastasize. Up to now, organ-specificity has
continued as one of the biggest mysteries of tumor metastasis.
Studies have shown that ‘seeds’ can affect the ‘soil’ by secreting
exosomes before they arrive, thereby preparing the pre-metastatic
microenvironment for metastasis of tumor cells. Proteomic anal-
ysis revealed that exosomes derived from tumor cells of different
organs have different integrin expression profiles. Integrin a6b4
and a6b1 are related to lung metastasis, while integrin avb5 is
related to liver metastasis. Knockdown of integrin a6b4 and avb5
expression can reduce the acquisition of exosomes by target organ
cells, which in turn reduces lung and liver metastases, respec-
tively92. Studies of a pancreatic ductal adenocarcinoma (PDAC)
mouse model showed that TEXs played an important part in
promoting the implantation of metastatic pancreatic cells in the
liver by interacting with Kupffer cells. Macrophage migration
inhibitory factor (MIF) was highly expressed in PDAC-derived
exosomes, and the inhibition of MIF expression prevented the
formation of a pre-metastatic niche in the liver. Compared to
patients without progression of pancreatic tumors, there was
higher MIF expression in exosomes from patients with stage I
PDAC who developed liver metastases. This finding indicated that
MIF in exosomes could trigger liver metastasis and may be a
prognostic biomarker for the liver metastasis of PDAC93. It was
found in malignant melanoma that exosomes tended to colonize
the interstitial spaces of kidney, liver, bone marrow and lung, and
these organs were the sites where melanoma was prone to
metastasis94. There was evidence that RNA from TEXs recruited
neutrophils by activating alveolar epithelial TLR3 and promoted
the formation of a pre-metastasis niche. There was less lung
metastasis in the spontaneous metastasis model of TLR3-deficient
mice95.

The proliferation and metastasis of tumor cells is also related
to their ability to escape from immune surveillance, and exosomes
are instrumental in tumor immune escape (see Section 2.1.1).
Thus, exosomes are involved in multiple processes of tumor
metastasis to ensure the formation of the pre-metastasis niche and
subsequent tumor metastasis and have the potential to be used
clinically to predict and prevent tumor metastasis.
2.3. Exosomes and tumor drug resistance

Drug resistance of tumors is a common cause of therapeutic
failure. In recent years, more and more studies have shown that
exosomes can promote drug resistance through various mecha-
nisms. Exosomes can transport miRNAs, lncRNAs and proteins to
the target cells and achieve signal transmission between drug-
resistant cells and sensitive cells, stromal cells and tumor cells,
which can induce drug resistance of tumor cells96e98. The
expression of miRNAs was different in exosomes secreted by
MDA-MB-231 breast cancer cells compared to drug-resistant
cells, indicating that these differential miRNAs may induce drug
resistance99. Exosomes secreted by chemotherapy-resistant
MCF-7 cells contain miR-221/222, which can make sensitive
MCF-7 cells tamoxifen-resistance by inhibiting the expression of
p27 and estrogen receptor a (ERa)100. In the microenvironment of
ovarian cancers, exosomes secreted by tumor-associated adipo-
cytes and tumor-associated fibroblasts can transfer miR-21 to
ovarian cells, directly downregulate APAF1 expression, and
inhibit tumor apoptosis, resulting in resistance to paclitaxel101.
The EMT is also involved in regulating resistance of tumor.
In MCF-7 and MDA-MB-231 cells, exosomal miR-155 targets
TGF-b, FOXO-3a and C/EBP-b to induce tumor drug resistance
by up-regulating the EMT markers SNAIL, SOX9 and EZH2102.
In colorectal cancer (CRC), CAF exosomes loaded with miR-92a-
3p target FBXW7 and MOAP1 in the tumor microenvironment to
activate the WNT/b-catenin pathway, inhibit mitochondrial
apoptosis, promote cell stemness, EMT, tumor metastasis, and
5-FU/L-OHP resistance103.

The delivery of lncRNA in exosomes can also promote tumor
resistance, as evidenced by increased expression of lncRNA H19
in a gefitinib-resistant human non-small cell lung cancer (NSCLC)
cell line. lncRNA H19 can be encapsulated into exosomes spe-
cifically mediated by hnRNPA2B1 and transferred to non-drug-
resistant NSCLC cells to produce gefitinib resistance104.
Temozolomide-resistant glioblastoma cells can also remodel the
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tumor microenvironment by secreting exosomes loaded with
lncRNA SBF2-AS1 to promote chemotherapy resistance105.

Proteins in exosomes can also affect tumor drug resistance.
Exosomes containing ubiquitin C-terminal hydrolase-1 (UCH-L1)
and P-glycoprotein (P-gp) proteins derived from MCF-7 breast
cancer cells resistant to doxorubicin were secreted into the
extracellular microenvironment and taken up by doxorubicin-
sensitive MCF-7 cells, thereby leading to drug resistance106. One
of the first-line drugs of prostate cancer, docetaxel, can induce
hormone resistance in tumor cells. The MDR-1/P-gp multidrug-
resistance efflux transporter carried in TEXs can enhance drug
resistance in prostate cancer cells107. During treatment of HER2þ

breast cancer with trastuzumab (HER2 antibody), the cancer cells
can secrete exosomes with high levels of HER2. Trastuzumab in
the tumor microenvironment can bind to exosomal HER2 thus
reducing its activity on tumor cells57. In addition, HER2þ breast
cancer cells can also secrete exosomes containing the immuno-
suppressive cytokine TGF-b1 and PD-L1, that increase resistance
to trastuzumab48. Many studies were done in recent years to find
ways to circumvent this exosome-mediated induction of drug
resistance. The biosynthesis of exosomes is dependent on ATP-
binding cassette transporter A3 (ABCA3) and inhibition of
ABCA3 expression can increase drug retention in tumor cells.
Diffuse large B-cell lymphoma (DLBCL) cells can acquire drug
resistance by exosomes coated with adriamycin and picoxenone,
and indomethacin can improve the anticancer effect of these drugs
on DLBCL by inhibiting ABCA3108. In imatinib-resistant chronic
myeloid leukemia, dasatinib can be used to inhibit the release of
exosomes, downregulate AKT/mTOR activity, and reduce drug
resistance of tumor cells109.
3. Exosomes and cancer diagnosis

Identification of the contents in exosomes provides more infor-
mation on specific biomarkers than traditional tumor biomarker
assays. Monitoring tumor exosome contents for specific bio-
markers would be a convenient non-invasive method for diagnosis
and a way to follow disease progression and treatment.

3.1. Exosomal nucleic acids

Nucleic acids, such as mRNA, miRNA, lncRNA, circRNA and
DNA, have all been found in exosomes. The mRNAs in tumor cell
exosomes carries a large amount of genetic information, which
can be used to diagnose diseases, and monitor treatment re-
sponses. It has been reported that the level of PD-L1 mRNA
expression in plasma exosomes is related to the immunotherapy
response in terms of PD-L1 antibodies in melanoma and non-
small cell lung cancer. This study confirmed that mRNA in exo-
somes can be used as a biomarker for tumor immunotherapy and
provide guidance for clinical treatment110. The mRNAs in urine
exosomes of prostate cancer patients have the same transcriptome
as in the prostate cancer cells. For example, the expression of
cadherin 3 (CDH3) mRNA was downregulated in both PC tissues
and corresponding patients’ urine exosomes111. In another study,
the human telomerase reverse transcriptase (hTERT) expression in
exosomes from the plasma of pancreatic cancer and lung cancer
patients was significantly higher than that of the control group,
indicating that mRNA in exosomes can be useful for the early
diagnosis of tumors112. The expression of dynamin 3 (DNM3) and
P65 mRNAs in exosomes was also found to be upregulated in
glioblastoma multiforme, which can be used for the diagnosis and
treatment of this disease113.

MiRNAs are small non-coding RNAs of about 22 nucleotides.
The content of miRNAs is the highest among all types of RNA in
exosomes. MiRNAs are sequestered from RNases within the
exosome, which makes them more stable. MiRNAs in exosomes
appear to be more useful as diagnostic tumor biomarkers than
miRNAs in body fluids. Exosomal miRNAs are not randomly
loaded into exosomes, but are recruited through a specific sorting
mechanism114. The lipid membrane of exosomes prevents degra-
dation of the contained miRNAs, allowing them to be maintained
at higher concentration than intracellular miRNAs115. In 2008,
Taylor et al.116 first proposed diagnosing ovarian cancer by
detecting specific miRNAs in serum exosomes, and further used
miRNA tracking to predict the prognosis of patients. They found
that the miRNAs in TEXs isolated from serum were closed
associated with the miRNAs in ovarian tissue, and that there were
significant differences between the miRNA level of the patient
group and the control group. MiR-375 and miR-1307 in exosomes
isolated from serum could be used as potential biomarkers in
diagnosis of ovarian cancer and combined with traditional bio-
markers CA125 and HE4, can improve the specificity and accu-
racy of cancer diagnoses117. The markers, miR-373, miR-200a,
miR-200b and miR-200c, in exosomes were also associated with
diagnosis and clinical prognosis of ovarian cancer118. Another
study showed that expression of miRNA-34a, miRNA-34b and
miRNA-34c were significantly downregulated in patients with
hepatoblastoma, and that miRNA-34 could be used as a biomarker
for diagnosis and prognosis of hepatoblastoma119. In hepatocel-
lular cancer, the expression of miR-18a, miR-221, miR-222 and
miR-224 in serum exosomes was significantly increased whereas
expression of miR-101, miR-106b, miR-122 and miR-195 was
significantly decreased, which suggests that miRNAs in serum
exosomes could be used as biomarkers for diagnosis of HCC120. In
breast cancer patients, miR-373, miR-21, miR-182, miR-1246 and
miR-105 in exosomes could be used as promising serum bio-
markers121. It has been reported that the miRNAs, let-7a, miR-
1224-5p, miR-1229, miR-1246, miR-150, miR-21, miR- 223 and
miR-23a, were significantly upregulated in exosomes from serum
of patients with primary colon cancer and downregulated after
surgery by detection with miRNA microarray assays122,123. MiR-
320d in serum exosomes could be used to distinguish metastatic
colorectal cancers from non-metastatic cancers124. The expression
of exosomal miRNA-21 in cerebrospinal fluid was correlated with
poor prognosis and recurrence of patients with glioma125. MiR-
1290 and miR-375 in plasma exosomes were shown to be prom-
ising biomarkers in patients with castration-resistant prostate
cancer126. In addition, the level of miR-2909 in urine exosomes
could be used as a diagnostic marker of prostate cancer127. There
are significant differences of miR-20a-5p, miR-103a-3p and miR-
4505 in serum exosomes between multiple myeloma or smol-
dering myeloma patients and healthy individuals; thus, miRNAs in
serum exosomes could be used as novel biomarkers of
myeloma128. MiR-150, miR-1246 and miR-155 in serum exo-
somes could be used as early non-invasive biomarkers of acute
myeloid leukemia129 (Table 1116e128).

Long non-coding RNAs (lncRNAs) are a large group of RNAs
longer than 200 nucleotides without the function of encoding
protein due to that lack of a complete open reading frame. Exo-
somal lncRNAs could also be used as tumor biomarkers. HOTTP
in serum exosomes is a potential biomarker for diagnosis of
gastric cancers and has higher accuracy than traditional
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biomarkers, such as CEA and CA19-9130. The expression of
lncRNA-p21 in urine exosomes of prostate cancer patients was up-
regulated compared with prostate hyperplasia patients; therefore,
lncRNA-p21 could be used as a diagnostic marker of different
stages of prostate cancer, which could better guide individualized
therapy131. Upregulation of lncRNA PCAT-1 and MALAT1 in
urine exosomes was correlated with poor recurrence-free survival,
and could be used for diagnosis and recurrence prediction of
bladder cancer132. LncRNA PTENP1 in exosomes secreted from
normal cells could be transported into bladder cancer cells to
inhibit progression of the disease133. Lee et al.134 demonstrated
that in hepatocellular carcinoma, the overall survival and
progression-free survival were significantly lower in patients with
higher circulating levels of exosomal lncRNA-ATB, thus lncRNA-
ATB may be a novel diagnostic biomarker and therapeutic target.

Circular RNAs (circRNAs) are a group of endogenous non-
coding RNAs (ncRNAs) consisting of a covalently closed circular
molecule formed by reversed splicing. CircRNAs are highly
conserved and stable, which are good characteristics of potential
biomarkers for cancer diagnosis. Pan et al.135 demonstrated that,
compared with healthy individuals, expression of hsa-circ-
0004771 in serum exosomes was increased in patients with
CRC and could be a prospective biomarker for diagnosis of CRC.
CircRNA PDE8A in TEXs can promote invasion of pancreatic
cancers via the miR-338/MACC1/MET pathway, which could be a
biomarker for diagnosing and monitoring progression of pancre-
atic cancers136. The level of circRNA PRMT5 in serum and urine
in patients with urothelial carcinoma was increased and could be
used to predict risk of metastasis137. In addition to the foregoing
types of RNAs, tRNA, piRNA and snoRNA are also found in
exosomes138.

Genomic DNA and mitochondrial DNA (mtDNA) are also found
in exosomes. Exosomal DNA is largely similar to the DNA in tumor
cells from which the exosomes were released, which means that the
DNA in exosomes can be used for detecting carcinogenic muta-
tions4. The exosomes of patients with pheochromocytoma (PCC)
and paraganglioma (PGL) contain double stranded DNA (dsDNA)
that can reflect the mutation status of susceptible genes over almost
all chromosomes. Exosomal dsDNA can be used as a non-invasive
biomarker for genetic diagnosis and preoperative evaluation of
PCCs and PGLs, and can be one of the most effective methods for
somatic mutation screening139. The circulating exosomes in patients
with hormone therapy-resistant (HTR) breast cancer can package
and transfer of mtDNA and act as a carcinogenic signal to regulate
Table 1 Exosomal miRNAs as biomarkers for diagnosis of cancers

Cancer miRNA

Ovarian cancer miR-373, miR-375, miR-1307, miR-200a, miR-

Hepatocarcinoma miRNA-34, miR-18a, miR-221, miR-222, miR-

miR-122, miR-195

Breast cancer miR-373, miR-21, miR-182, miR-1246, miR-10

Colorectal cancer let-7a, miR-1224-5p, miR-1229, miR-1246, miR

miR-23a, miR-320d

Glioma miR-21

Prostate cancer miR-1290, miR-375

miR-2909

Multiple myeloma miR-20a-5p, miR-103a-3p, miR-4505

Acute myeloid

leukemia

miR-150, miR-1246, miR-155
the HTR breast cancer escape from dormancy140. However, some
researchers do not believe that exosomes are carriers of extracellular
DNA. A study141 from Vanderbilt University showed that dsDNA
and DNA-binding histones did not exist in exosomes or other types
of extracellular vesicles. It is thought that extracellular dsDNA and
histones are actively secreted through autophagy and MVE-
dependent mechanisms, rather than via exosomes.
3.2. Proteins in exosomes

In recent years, with the popularization of proteomics technology,
the composition and function of proteins in exosomes have been
revealed and their roles in predicting tumor occurrence, diagnosis
and development have received much attention. Many studies have
shown that proteins loaded into exosomes are differentially
expressed in different tumors. Melo et al.142 analyzed numerous
serum samples of patients with pancreatic cancer and found that the
proportion of glypican-1 (GPC1)-positive exosomes was signifi-
cantly increased compared with healthy people. Further study
showed that the level of exosomal GPC1 in the serum of patients
with early pancreatic cancer was significantly higher than that in
normal people, and could be used to diagnose early and late
pancreatic cancer with 100% accuracy and sensitivity. Serum exo-
somes from NSCLC patients contained overexpressed proteins, such
as NY-ESO-1, EGFR, PLAP, EpCam and Alix, which are closely
associated with poor overall survival143. In another study, 144 highly
phosphorylated proteins were identified from the plasma exosomes
of breast cancer patients using proteomics methods. Among this
group of phosphoproteins, RALGAPA2, PKG1, and TJP2 had even
higher phosphorylation level in breast cancer patients. Thus, it was
believed that phosphoproteins in exosomes isolated from blood
could be used as new biomarkers for the diagnosis and prognosis of
breast cancer144. In addition, the expression of the ECM protein,
developmental endothelial locus-1 (Del-1), in exosomes can help to
identify breast cancer at an early stage and distinguish malignant
breast cancer from benign hyperplasia and non-cancerous dis-
ease145. It was also found that polymerase I and transcript release
factor (PTRF) in serum exosomes of glioma patients positively
correlated with tumor grade, and could be used as a biomarker for
tumor diagnosis as well as a potential therapeutic target146. Sun
et al.147 systematically compared the proteomes of salivary and
serum exosomes of healthy volunteers and lung cancer patients by
liquid chromatography/mass spectrometry and identified
.

Biofluid Ref.
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differentially expressed proteins. This discovery of potential bio-
markers provided a basis for the diagnosis of lung cancer.
3.3. Exosomal lipids and small molecule metabolites

Compared with source cells, sphingomyelin, phosphatidylserine,
phosphatidylic acid, ceramide and cholesterol are generally
enriched in exosomes12. Lipids in exosomes are necessary to
maintain external morphology, but they can also be used as signal
molecules for biological processes in tumors12. Studies have
shown that lipids in exosomal membranes may transfer ‘mobile
rafts’, thus converting exosomes into extracellular signaling
bodies and spreading the activation of cell signaling pathways in
tumorigenesis and metastasis. Ceramide may regulate the func-
tions of ’mobile rafts’ and their effects on signal pathways in the
cell148. Skotland et al.149 identified several different lipids in
exosomes isolated from urine and cell culture supernatants from
patients with prostate cancer and healthy controls by high-
throughput mass spectrometry and quantitative lipidomics, and
further confirmed the diagnostic value of exosomal lipids in
prostate cancers. Using targeted ultra-high performance liquid
chromatography with tandem mass spectrometry, Puhka et al.150

analyzed one hundred metabolites in urine samples, platelets
and exosomes isolated from patients with prostate cancer before
and after prostatectomy. The results showed that the small-
molecule metabolites in exosomes were associated with tumori-
genesis. In addition, targeted quantitative lipidomics methods
based on LCeMRM-MS were used to screen for potential
candidate biomarkers in serum exosomes from patients with
pancreatic cancer. The results revealed an imbalance of lipids in
exosomes, which may be used as biomarkers for diagnosis of
pancreatic cancer and help to uncover the pathological processes
of pancreatic cancer151.

With the current sophisticated analytical methods, the possi-
bility of combining exosomal protein, lipid, RNA, and miRNA in
cancer diagnosis and prognostic evaluation is currently being
considered. Using a combination of exosomal biomarkers
including metabolites, RNAs, and proteins that distinctively reflect
aspects of disease could potentially improve the specificity and
sensitivity of exosome-based cancer diagnosis4. Cho et al.152

developed a method for multiplexed in situ detection of exoso-
mal miRNAs and proteins, which allowed the quantitative analysis
of various disease-specific miRNAs and surface proteins in pros-
tate cancer cell-derived exosomes in a single reaction.
4. Exosomes as drug carriers for antitumor therapy

For most drugs, only a relatively small amount reaches the lesion
to exert a therapeutic effect. This reduces the efficacy and can
cause toxicity and adverse side effects to the patient. Exosomes, as
natural carrier of intercellular information, participate in the ex-
change of biomolecules between cells, and therefore have great
potential as novel drug carriers. Exosomes have many advantages,
such as small size, natural molecular transport properties, and
good biocompatibility153. Therefore, they are more suitable for
use as drug delivery systems than synthetic lipid carriers. As a
drug carrier, exosomes can maintain the activity of the drug within
the membrane and can release it without triggering an immune
response. Tumor therapy based on exosomes may become an
important part of personalized medicine, as many studies on
exosome as drug carriers used in therapy of tumors seem to
show154.

Exosomes can be loaded with different types of compounds,
such as small-molecule chemical drugs, proteins and nucleic
acids. Small-molecule chemical drugs usually have low solubility,
high toxicity, and poor specificity. Therefore, exosomes were used
for wrapping small-molecule chemical drugs to avoid these dis-
advantages and they can easily enter the tumors. For example,
when paclitaxel with high concentration was added to the culture
medium of MSCs derived from bone marrow, the MSCs took up
the paclitaxel and released exosomes containing the drug, which
were transported into pancreatic cancer cells to exert a targeted
antitumor effect155. Exosomes derived from immature DC cells
incubated with doxorubicin can be used for targeted therapy of
breast cancer. Exosomes were first used to deliver adriamycin to
solid tumors in mice and provided a new route for the delivery of
hydrophobic chemotherapy drugs156. Exosomes were also used to
deliver proteins for disease treatment. It was found that exosomes
loaded with therapeutic cytosine deaminase-uracil phosphor-
ibosyltransferase (CD-UPRT) mRNA/protein combined with 5-
fluorouracil were able to significantly inhibit the growth of
schwannomas in mice157. Exosomes loaded with siRNAs and
miRNAs were used to target cells and induce genetic modification
in biological and pathogenic processes. It is well known that
siRNA has low stability and is easily degraded when unprotected
in the circulation. Exosomes can be loaded with specific siRNAs
to protect and deliver them to target cells. One study showed that
exosomes derived from HeLa cells could deliver RAD51 siRNA
into human cervical cancer cells and effectively induce their
death, which proved the feasibility of using exosomes to transport
siRNAs for antitumor treatment158. In hepatocellular carcinoma,
exosomes derived from MSC transported the tumor suppressor
miR-122 and induced autophagy and cell cycle arrest of HCC
cells by changing the expression of its target genes (Table 2)159.

Depending on how exosomes are used for drug transport, they
can be divided into two categories: direct carriers and indirect
carriers. In the direct carrier method, the drug is loaded into the
exosomes by incubating them with the desired small-molecule
compound160. Some drugs can also be directly loaded into exo-
somes by liposome transfection, which is mainly used for gene
drugs. Drugs can also be transferred into the exosomes by elec-
troporation, which makes a recoverable small hole in the phos-
pholipid bilayer of exosome by applying a weak current pulse in
an electrolyte solution. The direct carrier method is obviously
convenient for drug loading. Both the size of the nucleic acid and
the diameter of the exosomes played an important role in the
loading of genetic drugs161. For protein drugs, saponin-assisted
method can be used. Exosomes and drugs were incubated with
saponin. Then, hypotonic dialysis was performed by transferring
exosomes and drugs into dialysis membranes and purified by size-
exclusion chromatography and finally obtained drug-loaded exo-
somes162. As indirect carriers, exosomes will be given their
payload by manipulating the cells from which the exosomes are
derived. The donor cells can be cultured in the presence of a drug
with low cytotoxicity, which will be taken up and incorporated
into the intracellular vesicles and subsequently appear in the
secreted exosomes163. Nucleic acids for exosome loading can be
transfected into the donor cells (Table 2 and Fig. 3)164.

For use in cancer therapy, exosomes should be administrable
by conventional routes and must maintain their stability in the
body. Intravenous administration is the commonest method, but
exosomes only exist in the blood circulation for a short time.



Table 2 Drug-loaded exosomes in cancer therapy.

Drug type Drug loading method Therapy

Small molecule

chemical drugs

Drugseexosomes co-cultivating

Drugsecells co-cultivating

Paclitaxel-loaded exosomes target to pancreatic cancer

Doxorubicin-loaded exosomes target to breast cancer

Proteins Expression of target protein after transfection

Saponin-assisted

CD-UPRT-loaded exosomes target to schwannomas

Nucleic acids Electroporation

Liposome transfection

RAD51 siRNA-loaded exosomes target to cervical

cancer miR-122-loaded exosomes target to HCC
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Studies in mice have shown that the half-life of intravenous
exosomes was about 2 min; therefore, it is necessary to modify the
exosomes to prevent them from being eliminated too quickly and
increase the likelihood of their reaching the target cells165. One
way to accomplish this is by injecting loaded exosomes directly
into the tumor, but this only works for accessible cancers. Oral
administration of exosomes can also be used. In a mouse lung
cancer model, oral administration of paclitaxel-loaded exosomes
suppressed the growth of lung cancer cells better than intraperi-
toneal paclitaxel166. Intraperitoneal, subcutaneous and intranasal
administrations can also be used for delivery of exosomes167,168.

To enhance the therapeutic effect of exosomes and reduce drug
toxicity on healthy cells, it is necessary to improve the targeting of
exosomes by modifying their surface proteins to recognize cognate
molecules on the surface of the tumor cells. For example, immature
DCs were modified by the fusion of av integrin-specific iRGD
peptide (CRGDKGPDC) with lysosome-associated membrane
glycoprotein 2b (LAMP2b). The modified immature DCs secreted
doxorubicin-loaded exosomes, which specifically recognized integ-
rin avb3 on breast cancer cells. These exosomes had a stronger
antitumor effect than doxorubicin alone or doxorubicin in exosomes
derived from unmodified DCs156. Alternatively, magnetic nano-
particles can be used to increase targeting of exosomes. Exosomes
loaded with adriamycin and magnetic particles could be drawn to the
tumor site in mice by the application of a magnetic field169.

5. Additional studies on exosomes

Although the clinical application of exosomes is still in its infancy,
some progress has been made in tumor diagnosis and therapy. In
2016, Exosome Diagnostics Company launched the world’s first
exosomal cancer diagnostic product ExoDx Lung (ALK), which
utilized liquid biopsy technology to screen for specific exosomal
RNAs in the blood. The method was sensitive and accurate, and
could detect EML4-ALK mutations in patients with NSCLC.
Since then, other diagnostic products such as ExoDx Lung
(EGFR) have been successfully launched170. A clinical trial
published in 2016 proved that HSP70 exosomes can be used for
early diagnosis of malignant solid tumors, and the study was
completed on April 8, 2019 (ClinicalTrials.gov Identifier:
NCT02662621). A novel integrated microfluidic device has been
specifically designed for isolation and in situ detection of lung
cancer-specific exosomes collected from patient’s urine. Urine
samples from lung cancer patients and controls were used to
validate this method, which showed great promise for differenti-
ating early-stage lung cancer patients from healthy individuals171.
Paul et al.172 used high-resolution atomic force microscopy
(AFM) and spectroscopy (AFS) techniques to demonstrate dif-
ferences between EVs derived from colon cancer cells and colon
epithelial cells at the single-vesicle level. Compared with normal
cells, the EVs of colon cancer cells have a significantly increased
surface density of hyaluronic acid (HA). This is the first report of
HA-coated EVs used as a potential indicator of colon cancer.

For cancer treatment, Kamerkar et al.41 explored the possibility
of using exosomes to carry antitumor RNAi. Exosomes secreted
by normal fibroblast-like mesenchymal cells were engineered to
encapsulate siRNA or shRNA against the mutant KRAS G12D.
The engineered exosomes (iExosomes) targeted KRAS G12D in
mouse models of pancreatic cancer, inhibited tumor growth and
significantly increased overall survival. Researchers submitted an
investigational drug application to the FDA in 2018, and entered
phase I clinical trials in March 2020 (ClinicalTrials.gov Identifier:
NCT03608631). Gustave Roussy and the Curie Institutes have
developed an immunotherapy technique involving metronomic
cyclophosphamide (mCTX) followed by vaccinations with tumor
antigen-loaded DEX. The mCTX inhibits Treg functions and the
DEX activates innate and adaptive immunity (ClinicalTrials.gov
Identifier: NCT01159288). Another study showed that sulfisox-
azole, a FDA-approved oral antibiotic, inhibited exosome secre-
tion from breast cancer cells through interference with endothelin
receptor A, and showed significant antitumor and anti-metastatic
effects against breast cancer xenografts in mouse models173. A
prospective study evaluated the usefulness of PD-L1 screening in
exosomes in melanoma patients during follow-up. Results showed
that PD-L1 level in circulating exosomes was a more reliable
marker than PD-L1 expression in tumor biopsies, and measure-
ment of circulating exosomal PD-L1 may be useful for monitoring
tumor response to treatment and predicting clinical outcomes174.
Huang et al.175 developed a homogeneous, low-volume, efficient,
and sensitive exosomal PD-L1 (HOLMES-ExoPD-L1) quantita-
tion method for cancer diagnosis and immunotherapy response
prediction. The level of circulating exosomal PD-L1 detected by
HOLMES-ExoPD-L1 can effectively distinguish cancer patients
from healthy volunteers.

In the tumor organoid system, MMP3 affected tumor pro-
gression through EVs, and knockout of MMP3 weakened solid
tumor organoids and secretion of cancer EVs176. Wang et al.177

reported a novel ‘cocktail therapy’ strategy based on excess nat-
ural killer cell-derived exosomes (NKEXOs) in combination with
biomimetic coreeshell nanoparticles (NNs) for tumor-targeted
therapy. The NN/NKEXO cocktail showed highly efficient tar-
geting and therapeutic miRNA delivery to neuroblastoma cells
in vivo, leading to dual inhibition of tumor growth. A recent study
showed that disruption of CD47eSIRPa interaction by SIRPa-
exosomes led to an increase in cells being engulfed by macro-
phages and a concomitant inhibition of tumor growth in tumor-
bearing mice. SIRPa exosomes promoted an intensive T cell
infiltration in syngeneic mouse models of cancer, raising the
possibility of CD47-targeted therapies to unleash both an innate
and adaptive antitumor response178. Exosomal miR-1910-3p
promoted proliferation, metastasis, and autophagy of breast can-
cer cells by targeting MTMR3 and activating the NF-kB signaling

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
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pathway. Serum miR-1910-3p in exosomes was an effective
diagnostic marker for improving the sensitivity of breast cancer
diagnosis when used in combination with the traditional tumor
marker CA153179. A recent study showed that exosomes derived
from bone marrow mesenchymal stem cells can act as PDAC-
homing vehicles to surpass the restrictions of pathological ECM
and increase the accumulation of therapeutics in tumor site.
What’s more, paclitaxel and gemcitabine monophosphate loaded
exosomes helped to overcome chemoresistance of PDAC180.

6. Conclusions and future prospects

In recent years, more and more studies have focused on exosomes
and their roles in intercellular and intracellular communication.
Understanding the physiological functions of exosomes is essential
for clarifying how they influence cancer progression. Exosomes
can play opposite effects in the immune response to tumors. They
can help tumor cells to escape immune surveillance and develop
immune tolerance whereas exosomes derived from immune cells
can also inhibit growth, proliferation, and metastasis of tumor cells.
Exosomes participate in many processes of tumor metastasis,
including the epithelialemesenchymal transition, tumor angio-
genesis, remodeling of the extracellular matrix, organ-specific
metastasis, and evading attack by the immune system. Exosomes
can also promote drug resistance of cancers by many mechanisms.

In summary, exosomes can modulate the signal transduction
pathways in cancers by involving in multiple processes related to
initiation, development and metastasis. This capability provides us
with a wealth of new approaches for cancer diagnosis and treat-
ment. It is easy to obtain liquid biopsies and isolate exosomes from
patients with cancer. In the future, more and more studies will be
focused on exosomes in diagnosis of cancers at early stage. For
treatment, safe and effective tumor vaccines can be prepared by
utilizing the ability of exosomes to regulate the immune reaction in
the tumor microenvironment and tumor antigen presentation.
Furthermore, exosomes are natural drug carriers with targeting
potential that can be exploited for killing cancer cells while leaving
healthy cells untouched. Despite many advantages of exosomes,
they still face some critical problems in clinical application, such
as low targeting efficiency and easy phagocytosis by the immune
system. The method of separation and purification of exosomes
also has limitations, because it is time-consuming and laborious.
Exosomes also exhibit much heterogeneity. The composition of
exosomes differs depending on the cell type that produced them,
and this must be controlled in the clinic. Therefore, more re-
searches will have to be done to focus on solving these problems
and developing more effective clinical applications of exosomes.
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Exosomal lncRNA-p21 levels may help to distinguish prostate cancer

from benign disease. Front Genet 2015;6:168.

132. Zhan Y, Du L, Wang L, Jiang X, Zhang S, Li J, et al. Expression

signatures of exosomal long non-coding RNAs in urine serve as

novel non-invasive biomarkers for diagnosis and recurrence predic-

tion of bladder cancer. Mol Cancer 2018;17:142.

133. Zheng R, Du M, Wang X, Xu W, Liang J, Wang W, et al. Exosome-

transmitted long non-coding RNA PTENP1 suppresses bladder

cancer progression. Mol Cancer 2018;17:143.

134. Lee YR, Kim G, Tak WY, Jang SY, Kweon YO, Park JG, et al.

Circulating exosomal noncoding RNAs as prognostic biomarkers in

human hepatocellular carcinoma. Int J Cancer 2019;144:1444e52.

135. Pan B, Qin J, Liu X, He B, Wang X, Pan Y, et al. Identification of

serum exosomal HSA-circ-0004771 as a novel diagnostic biomarker

of colorectal cancer. Front Genet 2019;10:1096.

136. Li Z, Yanfang W, Li J, Jiang P, Peng T, Chen K, et al. Tumor-released

exosomal circular RNA PDE8A promotes invasive growth via the

miR-338/MACC1/MET pathway in pancreatic cancer. Cancer Lett

2018;432:237e50.
137. Chen X, Chen RX, Wei WS, Li YH, Feng ZH, Tan L, et al. PRMT5

circular RNA promotes metastasis of urothelial carcinoma of the

bladder through sponging miR-30c to induce epithelial-mesenchymal

transition. Clin Cancer Res 2018;24:6319e30.

138. Elsharkasy OM, Nordin JZ, Hagey DW, de Jong OG, Schiffelers RM,

Andaloussi SE, et al. Extracellular vesicles as drug delivery systems:

why and how?. Adv Drug Deliv Rev 2020;S0169e409X:30024e7.
139. WangL,LiY,GuanX, Zhao J, ShenL, Liu J. Exosomal double-stranded

DNA as a biomarker for the diagnosis and preoperative assessment of

pheochromocytoma and paraganglioma. Mol Cancer 2018;17:128.

140. Sansone P, Savini C, Kurelac I, Chang Q, Amato LB, Strillacci A,

et al. Packaging and transfer of mitochondrial DNA via exosomes

regulate escape from dormancy in hormonal therapy-resistant breast

cancer. Proc Natl Acad Sci U S A 2017;114:9066e75.

141. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q,

Zimmerman LJ, et al. Reassessment of exosome composition. Cell

2019;177:428e45.

142. Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST,

Kaye J, et al. Glypican-1 identifies cancer exosomes and detects early

pancreatic cancer. Nature 2015;523:177e82.

143. Sandfeld-Paulsen B, Aggerholm-Pedersen N, Bæk R, Jakobsen KR,

Meldgaard P, Folkersen BH, et al. Exosomal proteins as prognostic

biomarkers in non-small cell lung cancer.MolOncol 2016;10:1595e602.

144. Chen IH, Xue L, Hsu CC, Paez JS, Pan L, Andaluz H, et al. Phos-

phoproteins in extracellular vesicles as candidate markers for breast

cancer. Proc Natl Acad Sci U S A 2017;114:3175e80.

http://refhub.elsevier.com/S2211-3835(21)00005-8/sref105
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref105
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref105
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref106
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref106
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref106
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref106
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref107
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref107
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref107
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref107
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref108
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref108
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref108
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref108
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref108
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref109
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref109
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref109
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref109
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref110
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref110
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref110
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref110
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref110
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref111
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref111
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref111
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref111
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref111
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref112
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref112
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref112
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref112
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref112
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref113
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref113
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref113
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref113
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref113
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref114
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref114
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref114
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref114
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref114
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref115
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref115
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref115
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref115
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref116
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref116
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref116
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref116
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref117
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref117
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref117
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref117
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref118
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref118
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref118
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref118
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref118
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref119
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref119
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref119
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref119
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref120
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref120
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref120
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref121
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref121
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref121
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref121
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref122
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref122
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref122
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref122
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref123
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref123
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref123
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref123
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref123
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref124
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref124
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref124
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref125
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref125
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref125
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref125
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref125
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref126
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref126
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref126
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref126
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref127
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref127
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref127
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref127
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref128
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref128
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref128
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref128
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref129
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref129
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref129
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref130
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref130
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref130
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref131
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref132
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref132
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref132
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref132
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref133
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref133
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref133
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref134
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref134
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref134
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref134
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref135
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref135
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref135
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref136
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref136
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref136
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref136
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref136
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref137
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref137
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref137
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref137
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref137
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref138
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref138
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref138
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref138
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref138
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref139
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref139
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref139
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref140
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref140
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref140
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref140
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref140
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref141
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref141
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref141
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref141
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref142
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref142
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref142
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref142
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref143
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref143
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref143
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref143
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref144
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref144
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref144
http://refhub.elsevier.com/S2211-3835(21)00005-8/sref144


Exosomes in cancer 2797
145. Moon PG, Lee JE, Cho YE, Lee SJ, Jung JH, Chae YS, et al.

Identification of developmental endothelial locus-1 on circulating

extracellular vesicles as a novel biomarker for early breast cancer

detection. Clin Cancer Res 2016;22:1757e66.

146. Huang K, Fang C, Yi K, Liu X, Qi H, Tan Y, et al. The role of

PTRF/Cavin1 as a biomarker in both glioma and serum exosomes.

Theranostics 2018;8:1540e57.

147. Sun Y, Liu S, Qiao Z, Shang Z, Xia Z, Niu X, et al. Systematic

comparison of exosomal proteomes from human saliva and serum for

the detection of lung cancer. Anal Chim Acta 2017;982:84e95.

148. Elsherbini A, Bieberich E. Ceramide and exosomes: a novel target in

cancer biology and therapy. Adv Cancer Res 2018;140:121e54.
149. Skotland T, Ekroos K, Kauhanen D, Simolin H, Seierstad T, Berge V,

et al. Molecular lipid species in urinary exosomes as potential

prostate cancer biomarkers. Eur J Cancer 2017;70:122e32.

150. Puhka M, Takatalo M, Nordberg ME, Valkonen S, Nandania J,

Aatonen M, et al. Metabolomic profiling of extracellular vesicles and

alternative normalization methods reveal enriched metabolites and

strategies to study prostate cancer-related changes. Theranostics

2017;7:3824e41.

151. Tao L, Zhou J, Yuan C, Zhang L, Li D, Si D, et al. Metabolomics

identifies serum and exosomes metabolite markers of pancreatic

cancer. Metabolomics 2019;15:86.

152. Cho S, Yang HC, Rhee WJ. Simultaneous multiplexed detection of

exosomal microRNAs and surface proteins for prostate cancer

diagnosis. Biosens Bioelectron 2019;146:111749.

153. Guo Q, Jiang C. Delivery strategies for macromolecular drugs in

cancer therapy. Acta Pharm Sin B 2020;10:979e86.

154. Srivastava A, Babu A, Filant J, Moxley KM, Ruskin R,

Dhanasekaran D, et al. Exploitation of exosomes as nanocarriers for

gene-, chemo-, and immune-therapy of cancer. J Biomed Nano-

technol 2016;12:1159e73.
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