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Abstract

Lung cancer is the leading cause of cancer-associated deaths accounting for 24% of all cancer deaths. As a cru-

cial phase of tumor progression, lung cancer metastasis is linked to over 70% of these mortalities. In recent years,
exosomes have received increasing research attention in their role in the induction of carcinogenesis and metastasis
in the lung. In this review, recent studies on the contribution of exosomes to lung cancer metastasis are discussed,
particularly highlighting the role of lung tumor-derived exosomes in immune system evasion, epithelial-mesenchy-
mal transition, and angiogenesis, and their involvement at both the pre-metastatic and metastatic phases. The clinical
application of exosomes as therapeutic drug carriers, their role in antitumor drug resistance, and their utility as predic-
tive biomarkers in diagnosis and prognosis are also presented. The metastatic activity, a complex multistep process

of cancer cell invasion, survival in blood vessels, attachment and subsequent colonization of the host’s organs, is
integrated with exosomal effects. Exosomes act as functional mediating factors in cell-cell communication, influenc-
ing various steps of the metastatic cascade. To this end, lung cancer cell-derived exosomes enhance cell proliferation,
angiogenesis, and metastasis, regulate drug resistance, and antitumor immune activities during lung carcinogenesis,
and are currently being explored as an important component in liquid biopsy assessment for diagnosing lung cancer.
These nano-sized extracellular vesicles are also being explored as delivery vehicles for therapeutic molecules owing to
their unique properties of biocompatibility, circulatory stability, decreased toxicity, and tumor specificity. The current
knowledge of the role of exosomes highlights an array of exosome-dependent pathways and cargoes that are ripe
for exploiting therapeutic targets to treat lung cancer metastasis, and for predictive value assessment in diagnosis,
prognosis, and anti-tumor drug resistance.
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Background

Regardless of the advances made in our understanding of
risk, development, immunologic control, and treatment
options, lung cancer remains the leading cause of cancer
death globally [1, 2]. Metastasis is a major cause of death
in lung cancer patients, during which cancer cells spread
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to new areas of the body, usually through the blood-
stream or lymphatic systems. The metastatic process,
from initial primary tumor growth through angiogenesis
and intravasation, to survival in the bloodstream, extrava-
sation, and metastatic growth, is an inefficient series of
steps, and a few released cancer cells complete the entire
process. Microenvironmental interactions and associated
factors such as exosomes and their cargos contribute to
each of these steps to ensure successful tumor migra-
tion and invasion, hence the discovery of mechanisms by
which cancer cells interact with the microenvironment
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could contribute to uncover key molecules, such as bio-
markers or potential drug targets [3, 4]. It has been dem-
onstrated that cancer cells secrete approximately tenfold
more exosomes than normal cells and that these tumor-
derived exosomes facilitate cellular communication via
delivery of growth factors, chemokines, RNAs, proteins,
and lipids [5-7]. Tumor-derived exosomes participate
in the formation of a pre-metastatic niche which plays
an important role in the metastatic process by preparing
an appropriate microenvironment in specific organs for
tumor metastasis. In effect, exosomes are key contribu-
tors to the formation and remodeling of the lung cancer
microenvironment by enhancing immune cell evasion,
epithelial-mesenchymal transition (EMT), and angio-
genesis, aimed at increasing the metastatic ability of lung
cancer cells [8].

Exosomes are 30—-150 nm membrane vesicles that are
produced in the endosomal compartment of cells and
play a role in intercellular modulation of both physiologi-
cal and pathological activities [9]. As a subset of extra-
cellular vesicles, the biogenesis of exosomes involves
their origin in endosomes, and subsequent interactions
with other intracellular vesicles and organelles produce
the final content of the exosomes [10]. They are actively
released by cells via an exocytosis pathway during cross-
talk between cells and in receptor uptake mechanisms.
This pathway involves initiation of activated growth fac-
tor receptors located on the plasma membrane surface
[11, 12]. Exosomes from different sources share com-
mon exosomal constituents and are composed of varying
quantities of macromolecules mainly proteins, messenger
RNAs (mRNAs), microRNAs (miRNAs), and lipids [10,
13]. In addition to tumor-derived exosomes, many other
sources of exosomes include stem cells, immune cells,
body fluids (such as blood, amniotic fluid, saliva, urine,
and breast milk), intestinal epithelial cells, and food [9].

The high mortality of lung cancer is attributed to the
fact that most cases are diagnosed at the advanced stage
when metastasis might have already taken place, offer-
ing limited treatment options and 5-year survival rates
of approximately 4%. Therefore, the identification of reli-
able predictive biomarkers for diagnosis and prognosis,
as well as effective therapeutic targets and strategies is
an unmet medical need in lung cancer [14, 15]. Inter-
estingly, researchers have shown that tumor-derived
exosomes possess unique miRNA and mRNA expression
profiles that may differ from healthy individuals, hence
a promising predictive biomarker for lung tumors [16,
17]. Moreover, exosomes can be engineered as delivery
vehicles for transferring functional biomolecules, such
as nucleic acids (DNA, miRNA, mRNA), proteins, lipids,
and other drugs to target sites to influence inflammation,
apoptosis, angiogenesis, and metastasis. Several studies
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have demonstrated the effective application of exosomes
as therapeutic carriers in many conditions such as cancer
[18], inflamed brain [19], Parkinson’s disease [20], among
others [9, 21-23].

In the background that tumor metastasis often indi-
cates poor prognosis and remains the leading cause of
cancer-associated death, meaningful studies providing
further insight in this process are crucial to identifying
preventive and diagnostic targets. In this paper, recent
data on the contribution of exosomes in lung cancer
metastasis are discussed, particularly highlighting the
role of lung tumor-derived exosomes in immune evasion,
EMT, and angiogenesis, and involvement at both the pre-
metastatic and metastatic phases. The clinical application
of exosomes in diagnosis, prognosis, drug resistance, and
therapeutics are also presented.

General exosomal functions that aid lung cancer
metastasis

Exosomes expressed in the tumor microenvironment
are known to actively modulate the activity of recipient
cells, and contribute to the process of tumor growth and
metastasis by participating in cellular communications,
regulating cell signaling, and encouraging the formation
of a pre-metastatic niche [24, 25]. Key outcomes of these
modulations include enhanced immune system evasion,
increased angiogenesis, and induced EMT, consequently
assisting lung cancer cells to metastasize.

Immune system evasion in lung cancer

Tumor-derived exosomes transfer immunosuppressive
molecules via direct contact or paracrine signaling to
immune cells, leading to suppressed functions and pro-
motion of tumor progression [26]. To efficiently evade
the host immune system, the tumor derives exosomes
to modulate antitumor immune responses via the inhi-
bition of T-cell activation and proliferation, induction
of regulatory T-cells (Tregs) and myeloid-derived sup-
pressor cells (MDSCs), and inhibition of natural killer
(NK) and CD8+ T-cells function, thus facilitating
tumor progression and metastasis [27, 28]. Further-
more, exosomes from lung cancer cells, melanoma,
and breast cancer cells carry immunosuppressive pro-
grammed death-ligand 1 (PD-L1), which binds to PD-1
through its extracellular domain to inactivate T cells.
The expression of exosomal PD-L1 is upregulated by
interferon-y (IFN-y), which causes the suppression
of CD8+T cell function and facilitates tumor growth
[29]. Other studies have demonstrated that exoso-
mal PD-L1 enables tumor cell survival, hence genetic
blockade or antibody inhibition of exosomal PD-L1
can facilitate T-cell activity in the draining lymph node,
improving systemic antitumor immunity and memory
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[30]. These exosomes also impair immune functions
by reducing cytokine production and inducing apop-
tosis in CD8+ T cells [31]. It has been reported that
hypoxia preconditioned tumor-derived microvesicles
produce transforming growth factor (TGF)-f1 and
miR-23a that can inhibit the cytotoxicity of NK cells
in vitro and in vivo [32]. Another study found that
approximately 80% of exosomes purified from lung can-
cer biopsies contained endothelial growth factor recep-
tor (EGFR), which was present in only 2% of exosomes
obtained from chronic lung inflammation samples. The
purified exosomes induced tolerogenic dendritic cells
(DCs). Further analysis indicated that co-culture of the
tolerogenic DCs and ThO cells produced tumor anti-
gen-specific Treg, which could inhibit the tumor anti-
gen-specific CD8 4 T cell functions [33]. These findings
collectively show that tumor-derived exosomes can res-
cue tumor cells by evading immune cell surveillance,
presenting a therapeutic target that could contribute to
the development of immunotherapeutic approaches for
cancer therapy.

Epithelial-mesenchymal transition in lung cancer

EMT, a highly conserved process that favors tumor cell
migration and invasion occurs due to the loss of cell—cell
adhesion properties, and the resultant acquisition of the
mesenchymal phenotype. Evidence from several recent
studies indicates that exosomes are key contributors to
the EMT process, during which they mediate the trans-
fer of mesenchymal-associated information between
cancer cells and their microenvironment, and modulate
signal transduction in recipient cells [34, 35]. Exosomes
obtained from TGF-Bl-treated mesenchymal cells,
exhibited upregulated level of B-catenin but decreased
expression of E-cadherin and vimentin. Moreover, miR-
23a was significantly increased in the secreted exosomes.
Further analysis indicated that exosomes activated TCF4/
[-catenin transcriptional activity and initiated canonical
Wnt signaling in A549 cells undergoing EMT [36]. The
exosomal profile of small RNAs alters following EMT,
and these specific miRNAs potentially drive signal trans-
duction networks in EMT and cancer progression [37].
Exosomes derived from highly metastatic lung cancer
cells, PC14HM, express a higher levels of vimentin than
those from non-metastatic lung cancer cells, PC14. Treat-
ment of human bronchial epithelial cells with PC14HM-
derived exosomes, resulted in a significantly increased
level of vimentin, triggering EMT in recipient HBECs
[38]. These results suggest tumor-derived exosomes to be
key drivers of EMT via the transformation of tumor cells
to a more aggressive phenotype. Figure 1 summarizes the
EMT and immune evasion activities of these exosomes.

Page 3 of 16

Angiogenesis in lung cancer

Exosomes induce tumor-associated angiogenesis (Fig. 2),
a process through which new blood vessels are formed
from pre-existing vessels by transferring or expressing
protein molecules such as vascular endothelial growth
factor (VEGF), fibroblast growth factors (FGF), interleu-
kin (IL)-8, IL-6, and angiopoietin [7, 39, 40]. Angiogenesis
is a basic requirement for the survival of tumor cells and
is considered to be a malignant feature of small cell lung
cancer (SCLC) which is closely linked to the poor prog-
nosis of SCLC patients. Exosomes produced by lung can-
cer cells promote angiogenesis as evidenced by enhanced
human umbilical vein endothelial cells (HUVECs) prolif-
eration and tube formation, as well as inhibited apoptosis
of HUVECs. Conversely, growth arrest-specific 5 (GAS5)
competitively bound miRNA-29-3p with phosphatase
and tensin homolog (PTEN), leading to upregulated
PTEN mRNA and protein expression, and suppressed
levels of phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (PI3K) and serine/threonine
kinase 1 (Akt) phosphorylation in HUVECs to inhibit
lung tumor-associated angiogenesis [41]. Circulating
miR-141 is upregulated in samples of SCLC patients
and significantly correlates with advanced TNM stages.
SCLC-derived exosomes deliver miR-141 to HUVECs
via exosomes facilitating HUVEC proliferation, migra-
tion, invasion, and tube formation, causing enhanced
microvessel sprouting from mouse aortic rings. Further,
exosomal miR-141 trigger neoangiogenesis in vivo with
higher microvessel density and growth via the miR-
141/KLF12 pathway [42]. Cancer-associated fibroblasts
(CAFs) capably increases the process of tumor angiogen-
esis. In one study, lung cancer-derived exosomes induced
fibroblast reprogramming into CAFs, with the exosomes
overexpressing miR-210 as well as other proangiogenic
factors such as MMP9, VEGFA, and FGF2, thus stimu-
lating an increased level of angiogenesis. Mechanistically,
exosomal miR-210 enhanced the proangiogenic switch of
CAFs through the regulation of JAK2 (Janus kinase 2)/
STAT3 (signal transducer and activator of transcription
3) signaling pathway and TET2 in recipient fibroblasts
[43]. MORC family CW-type zinc finger 2 (MORC2)
promotes cancer progression by enhancing angiogenesis
and recruitment of tumor-associated macrophage via the
Wnt/B-catenin pathway in lung cancer [44].

Exosomes and lung cancer metastasis

As the main cause of lung cancer mortality, metastasis is
of great concern in cancer research. Exosomes serve as
key mediators of intercellular communication and are
important components of the cancer microenvironment
that contributes to cancer development, progression,
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Fig. 1 The role of exosomes in immune evasion and EMT promotion in lung cancer. In the lung cancer tumor microenvironment, there is increased
expression of exosomes which inhibit tumor-cytotoxic cells such as NKand T cells, while enhancing the recruitment, activation, and expansion of
immunosuppressive cells such as MDSCs and Tregs. Exosomal cargoes including EFGR, PD-L1, TGF-3, miR-23a, Wnt, and their associated signaling,

and metastasis [45, 46]. Because of the unstable nature
of oncogenes, factors such as inflammation, hypoxia, and
acidosis can trigger tumor cells to secrete more exosomes
to help form a tumor microenvironment that favors the
rapid growth of tumor cells and enhances their ability
for invasion and metastasis. The exosome-induced can-
cer cell migration is associated with increased expres-
sion of molecules like TGF-f and IL-10 in tumor-derived
exosomes [47]. In addition to tumor derived-exosomes,
the effects of exosomes derived from other sources such
as the bone marrow, adipocytes, and human umbilical
cord, among others has also been investigated.

Tumor-derived exosome

Involvement in the pre-metastatic niche phase

The pre-metastatic niche educated by primary tumor-
derived factors such as exosomes and host stromal cells
contributes to cancer metastasis. The expression of
niche-characteristic genes, such as BV8, MMP9, S100A8,
and S100A9 have been implicated in pre-metastatic
niche formation, as well as the promotion of tumor cell
migration, invasion, and colonization in the metastatic

site [48]. It has been shown that lung epithelial cells
play a crucial role in the initiation of neutrophil recruit-
ment and formation of lung metastatic niche by sensing
tumor exosomal RNAs via toll-like receptor 3 (TLR3).
In spontaneous metastatic mice models, TLR3-deficient
mice showed decreased lung metastasis, while tumor-
derived exosomal small nuclear RNAs activated TLR3
in lung epithelial cells to induce chemokine secretion
(chemokine [C-X-C motif] ligand 1 [CXCL1], CXCL2,
CXCL5, and CXCL12), and neutrophil recruitment [49].
Tumor-derived exosomes are capable of stimulating bone
marrow-derived cell mobilization to form a pre-meta-
static niche and even determine organotropic metastasis
through the expression of membrane-bound integrins
[50]. Certain exosomal integrins are linked with cancer
cells of specific organs and predict organ-specific metas-
tasis, such as exosomal integrins a6p1 and a6p4, which
are associated with lung metastasis. This tumor-derived
exosome uptake by organ-specific cells prepares the pre-
metastatic niche. Moreover, the exosomal integrin uptake
by resident cells activates Src phosphorylation and pro-
inflammatory S100 gene expression [50].
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Fig. 2 Exosomal-induced angiogenesis in lung tumor. Lung tumor-derived exosomes induce fibroblasts to secrete exosomes that express factors
such as MMP9, VEGF-A, FGF2, and miR-210 via the JAK2/STAT3 signaling pathway. These exosomes together with tumor-produced vesicles enhance
the activation of tumor-promoting cells such as macrophages and neutrophils. Other exosomal cargoes directly trigger angiogenesis by increasing
blood vessel proliferation, sprouting, and density, resulting in promoted metastasis

Increased angiogensis

Other studies that have investigated the role of tumor-
derived exosomes in the formation of primary tumors
and pre-metastases. In both mice and human sub-
jects exosomes trigger tissue matrices remodeling and
micro anatomic niche preparation that facilitate lym-
phatic metastasis by cancer cells [51]. Bone marrow-
derived hematopoietic progenitor cells that express
VEGFR1 home to tumor-specific pre-metastatic sites
and form cellular clusters before the arrival of tumor
cells [52], while the metastatic ability of primary tumors
is increased by permanent exosomal education of bone
marrow progenitor cells via the receptor tyrosine kinase
MET [53]. Exosomes also trigger vascular leakiness at
pre-metastatic sites to reprogram bone marrow pro-
genitor cells toward a pro-vasculogenic phenotype with
enhanced permeability of lung endothelial cells [53]. The
RNAs RAB1A, RAB5B, RAB7, and RAB27A, regulators
of exosome formation and membrane trafficking are sig-
nificantly expressed in cells, with interference in Rab27A
RNA levels causing reduced exosome production, tumor
growth, and metastasis [53]. Similarly, the administra-
tion of B16-F10 exosomes into the lung tissue resulted in
increased levels of genes involved in extracellular matrix

remodeling and inflammation, including pre-metastatic
niche formation molecules such as SI00A9, and S100AS8,
and tumor necrosis factor a (TNFa) as a mediator of
vascular permeability [54]. The exosomal miR-25-3p is
involved in pre-metastatic niche formation by regulating
the expression of VEGFR2, occludin, ZO-1, and Claudin5
in endothelial cells via targeting KLF2 and KLF4, and
consequently promoting vascular permeability, angio-
genesis, and metastasis [55]. Tumor-associated exosomes
also promote angiogenesis and vascular leakage [56] and
stimulate coagulation and thus increase adherence to cir-
culating tumor cells [57].

Reduction in immune surveillance is another important
process in the establishment of the pre-metastatic niche.
Tumor-derived exosomes have been shown to participate
in the suppression of innate immune responses by mobi-
lizing myeloid-derived suppressor cells [58], activating
tumor-favorable macrophages [59], and neutrophils [60],
causing natural killer (NK) cell dysfunction via expos-
ing NKGD ligands [61], and impede adaptive immune
responses through the inhibition of antigen-presenting
cells (APCs) and cytotoxic T cells through the blockade
of their activation, proliferation, and enhancement of
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T cell apoptosis [62, 63]. In the lung tumor microenvi-
ronment, MO macrophages internalize tumor-derived
exosomes, leading to their differentiation into M2 pheno-
type, which exhibits anti-inflammatory and pro-tumoral
effects [64].

Involvement in the metastatic phase

Tumor-derived exosomes influence lung cancer pro-
gression and metastasis by modulating the physiological
activities of both surrounding tissue cells and micro-
environmental factors. For example, tumor-associated
exosomes trigger the transformation of mesenchymal
stem cells (MSCs) into a pro-inflammatory phenotype
through the nuclear factor-k-B (NF-«xB)/TLR signaling
pathway to promote the acquisition of tumor support-
ive characteristics. Lung cancer-derived exosomes are
enriched in signal transduction molecules such as EGFR,
GRB2, and SRC [65], and functional exosomal RNAs such
as circSATB2 and miR-660-5p [66, 67], that actively mod-
ulate recipient cells proliferation, and promote tumor
growth, metastasis, as well as the abnormal proliferation
of normal human bronchial epithelial cells. A study that
investigated the regulatory mechanism of circ-CPA4,
let-7 miRNA, and programmed cell death ligand 1 (PD-
L1) in lung cancer reports that circ-CPA4 regulates cell
growth, stemness, mobility, and drug resistance in non-
small-cell lung carcinoma (NSCLC) cells and inactivates
CD8+T cells in the tumor microenvironment via the
let-7 miRNA/PD-L1 axis. Conversely, the knock-down of
circ-CPA4 inhibits cell growth, mobility, and EMT, while
enhancing cell death in NSCLC cells by downregulating
PD-L1, which serves as an RNA sponge for let-7 miRNA
[68].

TGF-B has been shown to mediate exosomal miR-
NAs regulation of the migration and invasion of lung
cancer cells. Pretreatment of lung cancer cells with
TGF-B results in increased migration, vascular per-
meability, and invasive potential of lung cancer cells
via TGF-B-mediated exosomal carriage of intercel-
lular communication. In this process, exosomal long
noncoding-matrix metalloproteinase 2 (Inc-MMP2-2)
RNA regulates the migration and invasion of lung can-
cer cells by enhancing MMP2 expression [69]. Simi-
larly, Inc-RNAs AC026904.1 and XIST are crucial in
the promotion of TGF-B-induced migration and EMT
by functioning as an enhancer of SLUG in lung cancer
cells [70], and by modulating the miR-367/141-ZEB2
axis in NSCLC [71]. A study confirmed that miR-378
is significantly differentially expressed in NSCLC cells
of patients with brain metastasis, and promotes cell
migration, invasion, and tumor angiogenesis [72]. Exo-
somal miR-619-5p is also identified as a potent inducer
of lung cancer-associated angiogenesis by targeting
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and suppressing RCAN1.4. The targeted inhibition of
RCAN1.4 not only induces angiogenesis but also cell
proliferation and metastasis in NSCLC cells [73].

Bone metastasis, occurring in about 20-40% of lung
cancer patients, is the most frequent complication in
NSCLC resulting in osteolytic lesions through the lost
balance between bone-forming osteoblasts and bone-
resorbing osteoclasts activity. In this process, the epi-
dermal growth factor receptor (EGFR) pathway is
constitutively activated and bound to amphiregulin.
Lung cancer-derived exosomes express a high quan-
tity of amphiregulin that contributes to the induction of
bone metastasis. Mechanistically, the NSCLC-derived
exosomes produce amphiregulin which induces EGFR
pathway activation in pre-osteoclasts, consequently caus-
ing increased expression of receptor activator of nuclear
factor-kappa-B ligand (RANKL), associated with the
vicious cycle in osteolytic bone metastasis [74]. Lung
tumor-derived exosomal induction of osteoclastogenesis
is also linked with factors such as acceleration by C-X-C
chemokine receptor type 4 (CXCR4) through self-poten-
tiation and vascular cell adhesion molecule 1 (VCAM1)
secretion [75], differential expression of the RANKL/
RANK/OPG system [76], and activation of the EGF path-
way by multiple myeloma-derived exosomes enriched
in amphiregulin in the bone microenvironment [77].
Sequencing of plasma-derived exosomal miRNAs of lung
cancer patients revealed three consensus clusters that
showed significant differential expression. Further analy-
sis indicated that the cluster is likely involved in precon-
ditioning the metastatic niche and promoting EMT and
bone metastasis. The exosomal miR-574-5p, an inhibitor
of the Wnt/p-catenin pathway, and miR-423-3p and miR-
328-3p, activators of Wnt/B-catenin pathway were down-
regulated and upregulated in bone metastasis patients
respectively [78].

SCLC has a strong predilection for early brain metas-
tases, the main contributor to its mortality. Co-culture
of SCLC cells with human brain microvascular endothe-
lial cells (HBMECs) results in increased expression
of S100A16, a protein-encoding gene associated with
SCLC brain metastases. Exosomal mediated transfer and
expression of S100A16 in recipient SCLC cells caused
increased survival of the recipient SCLC cells, inhib-
ited the loss of mitochondrial membrane potential, and
encouraged cellular resistance to apoptosis under stress-
ful conditions through prohibitin (PHB)-1 [79]. Exosomal
cargoes that differentiate patients with and without brain
metastasis in lung cancer have also been reported. There
are higher levels of serum miR-330-3p in NSCLC patients
with brain metastasis than those without metastasis, and
its overexpression promotes proliferation, migration,
invasion, and EMT of NSCLC in vivo and in vitro [80].



Yin et al. J Transl Med (2021) 19:312

Tumor-derived exosomes contribute to the formation
of invadopodia, actin-rich protrusions of the plasma
membrane that are linked with degradation of the extra-
cellular matrix in cancer invasiveness and metastasis.
Several exosomal contents have also been shown to pro-
mote metastasis and transfer metastatic ability to recipi-
ent cells [46, 81]. EMT is a crucial process that occurs
before tumor metastasis, and it encompasses a com-
plex process that includes cytoskeleton alterations, and
downregulation of the expression of the adherens junc-
tion molecule E-cadherin. Exosomes derived from highly
metastatic lung cancer cells and human late-stage lung
cancer serum induce EMT and cause enhanced prolifera-
tion, migration, and invasion of non-cancerous recipient
cells [38]. TGF-P enhances tumor invasion and metasta-
sis by inducing EMT in lung cancer partly via interaction
with circular RNAs (circRNAs). CircPTK2 and TIFly
are significantly decreased in NSCLC cells undergoing
TGF-B-induced EMT. However, circPTK2 overexpres-
sion augments the expression of TIF1y, suppresses TGF-
B-induced EMT, and inhibits NSCLC cell invasion [82].
Exosomes released by CAFs also promote EMT in lung
cancer cells in a SNAI1-dependent manner [83]. Figure 3
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provides an overview of factors associated with exosomal
regulation to enhance lung tumor metastasis.

Other sources of exosomes and lung cancer metastasis

Available data on the effect of MSCs on lung cancer cells
is controversial with underlying mechanisms remaining
unclear; this impedes the utilization of MSCs in tumor
therapy. For instance, it has been reported that, although
human umbilical cord MSC-conditioned medium (huc-
MSC-CM) promotes EMT, invasion, and migration, it
also inhibits lung cancer cell proliferation and promotes
their apoptosis. The EMT-promoting effect was mediated
by hucMSC-derived exosomes, which were eliminated
through inhibition of exosome release. Moreover, silenc-
ing TGE-P1 expression in the huMSCs reverted the EMT-
promoting effect and enhanced the pro-apoptotic and
anti-proliferative effects of hucMSCs on lung cancer cells
via the exosomes, by deactivating Smad2/3, Akt/GSK-3f/
B-catenin, NF-«B, extracellular-signal-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-
activated protein kinase (MAPK) activated by TGF-f1
signaling [84]. The association between adipose-derived
exosomes and tumor metastasis has been investigated. In
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promotion of lung tumor metastasis. Distant organs commonly prone to lung tumor metastasis include the liver, bone, kidney, brain, and other the
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one such study, the researchers demonstrated that adipo-
cytes increase the invasive ability of lung tumor cells by
secreting exosomes with a high concentration of MMP3,
which in turn stimulates MMP9 activity in Lewis lung
carcinoma (3LL) cells and promotes invasion in vitro and
in vivo. Additionally, MMP3 protein levels in lung tumor
tissues from obese patients are elevated, and positively
correlate with MMP9 activity in lung tumor tissues [85].

Bone marrow-derived MSCs (BMMSCs) promote
tumor growth and metastasis through paracrine-soluble
cytokines or exosomes. BMSCs-derived exosomes cul-
tured in hypoxic conditions are taken up by neighboring
lung cancer cells and enhance cancer cell invasion and
EMT. Exosome-mediated transfer of selected miRNAs,
including miR-210-3p, miR-193a-3p, and miR-5100 from
BMSCs to epithelial cancer cells activates STAT3 sign-
aling and upregulates the expression of mesenchymal
related molecules [86]. Platelets increase the tumor-pro-
moting ability of BMMSCs by upregulating the protein
levels of a-smooth muscle actin, vimentin, and fibro-
blast activation protein leading to trans-differentiation of
BMMSCs into CAFs via TGF-p signaling. The resultant
effect is BMMSCs-promoted tumor metastasis through
enhanced proliferation and migration of tumor cells [87].
Table 1 presents some of the studies on the contribution
of exosomes in lung cancer metastasis.

Clinical applications

Exosomal cargoes such as miRNAs and proteins are
regarded as potentially ideal non-invasive predictive tools
for early diagnosis, prognosis, and therapeutic targets in
lung cancer since they contain important information
on signaling pathways associated with tumor biological
responses. Their participation in conferring drug resist-
ance to tumor cells also provides an avenue for clinical
exploration and application.

Drug resistance

Drug resistance is a phenomenon that occurs due to the
adaptation of intracellular pathways or stimulation of
survival-supporting paracrine and autocrine pathways,
along with several expressed factors by drug-sensitive
tumor cells following exposure to different therapies
[88]. As key contributors to cell-cell communication,
exosomes have been implicated in the induction of anti-
tumor drug resistance [89, 90]. For instance, they transfer
functional P-glycoprotein as they bind to drug-sensitive
recipient cells, a key process in the induction of sig-
nal pathways necessary for drug resistance in recipient
cells [91, 92]. Drug resistance to cisplatin, a platinum-
based DNA damage drug administered intravenously to
treat many cancers, has been demonstrated in NSCLC.
Hypoxia exacerbated the drug resistance in lung cancer
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cells owing to upregulated expression of pyruvate kinase
isozymes M2 (PKM2), which was observed in exosomes
expressed by hypoxic cisplatin-resistance cells. Mecha-
nisms associated with this process include enhanced gly-
colysis in NSCLC cells to generate reductive metabolites
which neutralize cisplatin-induced reactive oxygen spe-
cies (ROS), inhibition of apoptosis by exosomal PKM2
via a PKM2-BCL2-dependent manner, and reprogram-
ming of CAFs to produce an acidic microenvironment
that promotes NSCLC cell proliferation and cisplatin
resistance [93].

Exosomes derived from lung cancer cells confer cispl-
atin resistance to other cancer cells and are associated
with decreased expression of miR-100-5p which nega-
tively regulates mammalian target of rapamycin (mTOR)
expression [94]. Moreover, miR-206 regulates cisplatin
resistance and EMT in human lung adenocarcinoma
cells partly by targeting MET [95]. Certain serum exoso-
mal RNAs such as miR-146a-5p may predict the efficacy
of cisplatin for NSCLC patients, hence may represent
a possible biomarker for real-time monitoring of drug
resistance. In the event of cisplatin-induced drug resist-
ance, the expression of miR-146a-5p gradually decreases
in either NSCLC cells or the secreted exosomes. Mecha-
nistically, miR-146a-5p increases the chemosensitivity
of NSCLC cells to cisplatin by targeting Atgl2 to inhibit
autophagy [96]. Other studies of lung cancer drug resist-
ance include tumor release of IncRNA H19 which pro-
motes resistance to gefitinib by packaging into exosomes
[97] and exosome-mediated transfer of IncRNA
RP11-838N2.4 which enhances erlotinib resistance [98].

Predictive value

Exosomes have been employed to effectively differentiate
lung cancer patients from healthy individuals. Specifi-
cally, exosomal components such as RNAs and proteins
continue to be explored as promising diagnostic and
prognostic biomarkers.

Diagnostic biomarkers

In addition to the contribution of exosomal miR-
210-3p, miR-193a-3p, and miR-5100 to lung cancer cell
invasion and EMT, the diagnostic efficacy of these indi-
vidual miRNAs indicates that plasma exosomal miR-
193a-3p can significantly differentiate cancer patients
from non-cancerous controls. However, a panel of these
three plasma exosomal miRNAs exhibited a better diag-
nostic accuracy in discriminating lung cancer patients
with or without metastasis than individual exosomal
miRNAs [86]. A study has shown that miR-378 is dif-
ferentially expressed in NSCLC of patients with brain
metastasis, and may be a potential biomarker for char-
acterizing NSCLC brain metastasis. Further miR-378
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levels have also aided clinicians in stratifying high-risk
patients on a clinical trial for either prophylactic cra-
nial irradiation or a new intervention that may abrogate
brain metastasis development, ultimately causing a new
standard of care for NSCLC patients [72]. Similarly,
serum miR-330-3p levels are higher in NSCLC patients
with brain metastasis than those without metastasis.
The underlying mechanism indicates that miR-330-3p
targets GRIA3 to mediate the interaction between
GRIA3-TGF-B1, resulting in EMT, tumor prolifera-
tion, migration, and invasion. This suggests miR-330-3p
may be a potentially useful biomarker for identifying
NSCLC patients with metastatic potential [80]. A study
evaluating the differential expression of miRNAs in
the serum of patients with NSCLC reported that miR-
15a-5p, miR-25-3p, miR-320a, miR-192-5p, let-7d-5p,
let-7e-5p, miR-92a-3p, miR-148a-3p, but also miR-
10b-5p and miR-375 were significantly downregulated
in the serum of NSCLC patients and lung squamous cell
carcinoma patients, respectively. Although none of the
miRNAs correlated with the therapeutic response or
survival outcomes, the expression of miR-25-3p, miR-
320a, and miR-148a-3p significantly correlated with the
lung cancer stage [99]. Exosomal miR-106b levels were
found to be much higher in the serum of lung cancer
patients than in healthy individuals and was linked
with TNM stages and lymph node metastasis. Moreo-
ver, miR-106b enhanced the expression of MMP-2 and
MMP-9 and targeted PTEN to promote lung cancer cell
migration and invasion [100]. This presents exosomal
miR-106b as both a promising diagnostic biomarker
and a possible drug target for patients with lung cancer.

Exosomal proteins have also been assessed as poten-
tial biomarkers for lung cancer. Serum exosomal analysis
for lung cancer-related proteins in 109 NSCLC patients
with advanced-stage (IIIa-IV) disease and 110 matched
control subjects, generated a comprehensive 30-marker
model which differentiated the two groups at an accuracy
rate of 75.3%. CD317 and EGER were highly expressed on
the exosomal surface and could be reliable biomarkers for
diagnosing NSCLC [101]. Leucine-rich a-2-glycoprotein
(LRG1) is found to be highly expressed in urinary
exosomes and lung tissue of NSCLC patients, indicating
it potential as a candidate biomarker [102]. The exosomal
markers CD151, CD171, and tetraspanin 8 were identi-
fied as the strongest differentiators of patients with lung
cancer of all histological subtypes from patients without
lung cancer. In squamous cell cancer and SCLC, multi-
marker models were not superior to CD151 as an indi-
vidual marker in differentiating cancer patients from
non-cancer patients [103]. These findings present exo-
some protein profiling as a promising diagnostic tool in
lung cancer.
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Prognostic biomarkers

The prognostic value of FLI1 exonic circular RNA
(FECR), as a new malignant driver that determines the
metastatic phenotype in SCLC, has been assessed. It was
shown that CRISPR Cas9 knockout and shRNA knock-
down of FLI1 identified FECRs as a new noncanonical
malignant driver in SCLC, as FECR1 (exons 4-2-3) and
FECR2 (exons 5-2-3-4) were aberrantly upregulated in
SCLC tissues, and positively correlated with lymph node
metastasis. Notably, the serum concentration of exoso-
mal FECR1 was associated with poor survival and clinical
response to chemotherapy, making FECR1 a promising
prognostic biomarker to track disease progression of
lung cancer [104]. Other studies have reported signifi-
cantly upregulated levels of FLI1 in small cell lung can-
cer (SCLC) tissues compared to NSCLC and normal lung
tissues. The expression of FLI1 oncoprotein positively
correlates with the extensive stage of SCLC and overex-
pressed Ki67, a nuclear marker that is closely related to
tumor cell proliferation. Mechanistically, FLI1 promotes
tumorigenesis by activating the miR-17-92 cluster family
[105] and miR584-ROCK]1 [104] pathways. Considering
the reported involvement of long intergenic non-protein
coding RNA 680 (LINC00680) in various cancers, Wang
et al. investigated its effects in lung cancer. The study
reported that LINCO00680 is upregulated in NSCLC
and is closely associated with malignancy and the poor
prognosis of NSCLC patients. LINC00680 enhanced
the growth of NSCLC cells in mice, increased prolifera-
tion and colony formation, and suppressed apoptosis of
H1299 and A549 cells, by functioning as a sponge of miR-
410-3p to improve HMGB1 expression [106].

Several studies have proven that tumor growth and
metastasis greatly contribute to poor prognosis in
patients with NSCLC through pathological angiogenesis
that produces new abnormal and poorly organized ves-
sels based on a pre-existing vascular network [107, 108].
A study examined the predictive value of angiogenic
miRNAs for disease-free survival (DFS) and overall sur-
vival (OS) of patients with NSCLC. The results showed
a median DFS of 30.0 (14.0—-49.0) months, and a median
OS of 41.5 (23.0-58.0) months, with the 5-year DFS
and OS rates being 11.3% and 32.3%, respectively. Fur-
ther analysis indicated that high plasma concentrations
of miR-18a, miR-20a, miR-92a, miR-210, and miR-126
correlated with poor prognosis of lung cancer patients.
Moreover, increased expression of plasma miR-18a, miR-
20a, and miR-92a, as well as in lymphatic nodes, was
identified as an independent risk factor for both DFS and
OS in NSCLC patients [109]. Evaluation of the prognostic
value of circulating angiopoietin-2 (Ang-2) mRNA lev-
els before treatment of NSCLC patients has been docu-
mented. Patients with a high concentration of circulating
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Ang-2 mRNA have diminished OS which even wors-
ens in patients with stage IV lung cancer [110]. Tumor-
derived exosomal RNA eIF4E in serum was proposed as
a practical tool to predict the prognosis of NSCLC. Lung
cancer patients with higher exosomal eIF4E expression
were more likely to present distant metastasis, advanced
TNM stage, and serum positive cytokeratin fragment 19
(CYFRA21-1), and exosomal eIF4E was also determined
to be an independent prognostic factor for shorter OS
and progression-free survival [111]. The application of
exosomal components in the diagnosis and prognosis of
lung cancer are summarized in Table 2.

Therapeutics

Available conventional therapies for lung cancer are not
effective for metastatic lung cancer treatment. Consid-
ering the critical role played by exosomes in the tumor
microenvironment, studies continue to explore exosomal
targets as a possible novel therapeutic strategy for can-
cer. In this quest, exosomal components that suppress
tumor growth are targeted to increase their upregulation
while tumor-promoting cargoes are inhibited. Moreover,
exosomes could also be engineered or modified to deliver
certain active molecules to target sites or express desired
molecules with therapeutic effects.

Table 2 Predictive utility of exosomes in lung cancer
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Tumor-suppressive exosomal components

Several studies have reported the tumor-suppressive
effect of exosomal components, including oncogenic
miRNAs and tumor suppressor miRNAs. For instance,
miR-302b is known to inhibit cancer progression by
targeting oncogenes post-transcriptionally. Mecha-
nistically, the exosomes-derived miR-302b suppresses
lung cancer cell proliferation and migration through
the TGF-BRII/ERK pathway, thus may represent a
potential target for human lung cancer therapy [112].
Pigment epithelium-derived factor (PEDF) is an anti-
cancer protein that modulates lung cancer progression
and metastasis; thus, regulating cancer cell-derived
exosomal secreted factors. According to Huang et al.,
PEDF inhibits the metastatic potential of lung cancer
cells by increasing thrombospondin 1 release in cancer
cell-derived exosomes, leading to suppressed cytoskel-
etal remodeling and exosome-induced lung cancer
cell motility, migration, and invasion [113]. Exosomal
pretreatment with PEDF produces antitumor effects
including enhanced autophagy and activation of can-
cer cell apoptotic pathways [114, 115], hence a prom-
ising therapy. CircPTK2 and TIFly are significantly
downregulated in NSCLC cells undergoing TGEF-f3-
induced EMT. Further analysis revealed that circPTK2

Experimental model/source Exosomal component

Predictive effect References

Mouse syngeneic tumor model

Primary SCLC tissues and NSCLC tissues ~ FLI1T exonic circular RNAs

Human NSCLC tissue
miR-126

NSCLC patients elF4E

Lung cancer patients’serum
NSCLC patients miR-330-3p

Serum of NSCLC patients and lung
squamous cell carcinoma of patients

NSCLC cells miR-34c-3p

Serum of lung cancer patients miR-106b

CD317 and EGFR
LRGT1
CD151,CD171, and tetraspanin 8

Serum of lung cancer patients
Urine and lung tissue of NSCLC patients
Plasma of lung cancer patients

miR-210-3p, MiR-193a-3p, and miR-5100

miR-18a, miR-20a, miR-92a, miR-210, and

miR-574-5p, 328-3p and miR-423-3p

miR-15a-5p, miR-320a, miR-25-3p, miR-192-5p,
let-7d-5p, let-7e-5p, miR-148a-3p, miR-
92a-3p, miR-375 and miR-10b-5p

miR-193a-3p alone can differentiate cancer [86]
patients from non-cancerous controls, but
the combination of the three gives better
diagnostic accuracy

Serum exosomal FECR1 is associated with poor
survival and clinical response to chemo-
therapy

Prognostic biomarkers in patients with
NSCLC—poor prognosis

Independent prognostic factor for shorter
overall survival and progression-free survival

Deferential in lung cancer patients with bone 78]
metastasis

Biomarker for identifying NSCLC with meta- [80]
static potential, especially brain metastasis

Deferential in lung cancer patients and cor- [99]
relates with cancer stage

Diagnostic and prognostic marker for NSCLC ~ [116]
with low levels indicating tumor invasion
and migration
Promising diagnostic biomarker and drug [100]
target for patients with lung cancer
Diagnostic biomarker of NSCLC [101]
Diagnostic biomarker of NSCLC [102]
Diagnostic biomarker of lung cancer [103]
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(hsa_circ_0008305) could suppress TGF-B-induced
EMT and metastasis through the regulation of TIF1ly in
NSCLC [82], presenting a novel mechanism by which
circRNA modulates TGF-B-induced EMT and lung
cancer metastasis, and suggesting that targeted overex-
pression of circPTK2 could provide a therapeutic strat-
egy for advanced NSCLC.

Tumor-promoting exosomal components

Exosomal circular RNA circ-CPA4 is known to interact
with NSCLC cells derived intracellular and extracel-
lular programmed cell death ligand PD-L1 to enhance
lung cancer progression and drug resistance, and facili-
tate tumor immune evasion. It has been demonstrated
that knock-down of circ-CPA4 effectively prevents
this occurrence as evidenced by inhibited cell growth,
cell mobility, and EMT, and increased cell death in
lung cancer as PD-L1 is downregulated by serving
as an RNA sponge for let-7 miRNA [68]. FECRs pro-
mote lung cancer malignancy metastasis and reduced
response to chemotherapy through FECRs sequestra-
tion and subsequent inactivation of tumor suppressor
miR-584-3p, leading to the activation of the Rho Asso-
ciated Coiled-Coil Containing Protein Kinase 1 gene
(ROCKT1). The inhibition of FECRs significantly reduces
the migration in two highly aggressive SCLC cell lines
and decreased tumor metastasis in vivo [104]. Lung
cancer-derived exosomes carrying low levels of miR-
34c-3p could be shuttled into the cytoplasm of NSCLC
cells, and accelerate NSCLC migration and invasion by
upregulating integrin a2p1. Furthermore, integrin a2f1
is a direct target of miR-34c-3p, and the upregulation of
integrin a2B1 could encourage lung tumor cell invasion
and migration. Serum-derived exosomes from NSCLC
patients showed significantly reduced expression of
miR-34c-3p compared to normal individuals [116]. Tri-
partite motif-containing 59 (TRIM59) is expressed in
lung cancer cell-derived exosomes and could be trans-
ferred to macrophages via exosomes, leading to mac-
rophage activation, which in turn promotes lung cancer
progression. The mechanism underlying this process
indicates that tumor-derived exosomal TRIM59 trig-
gers macrophages to exhibit tumor-promoting activi-
ties by modulating abhydrolase domain containing 5
(ABHD5) proteasomal degradation, which activates
the NLRP3 inflammasome signaling pathway and pro-
motes lung cancer progression by IL-1p secretion
[117]. Inhibiting VEGFRI1 function through the use of
antibodies or by the removal of VEGFR1(+) cells from
the bone marrow of wild-type mice abrogates the for-
mation of pre-metastatic clusters and prevents tumor
metastasis [52].

Page 12 of 16

Engineered exosomes

In recent years, engineered exosomes have attracted
growing research attention as drug delivery carriers for
cancer treatment. This is partly because of their distinc-
tive property of organotropism, which plays a crucial role
in organ distribution following systemic administration
[118, 119]. Nie et al. designed lung-specific exosomes
(231-Exo) for miRNA-126 delivery into lung cancer. They
observed that the miRNA-126 loaded exosome effectively
escaped immune surveillance, and significantly inhibited
A549 lung cancer cell proliferation and migration via
the interruption of the PTEN/PI3K/AKT (phosphatase
and tensin homolog/phosphatidylinositol 3-kinase/pro-
tein kinase B) signaling pathway. Further analysis in a
lung metastasis mouse model showed that the miRNA-
231-Exo effectively targeted the lung and produced an
effective suppression of lung metastasis formation [120].
Based on a previous study that showed that soluble FMS-
like tyrosine kinase-1 (sFlt-1) exerts anti-tumor activity
by suppressing angiogenesis in many cancers, exosomes
have been used to load sFlt-1 and tested in both in vitro
and in vivo as potential lung cancer therapy. The thera-
peutic formulation resulted in higher inhibition efficacy
on pro-angiogenesis, significant anti-tumor activity via
the inhibition of the growth of NCI-H69 tumor xeno-
grafts, increased tumor apoptosis, and inhibition of
tumor cell proliferation in mice [121]. Researchers have
engineered a drug delivery system consisting of nano-
somes, by conjugating gold nanoparticles (GNPs) with
the anticancer drug doxorubicin (Dox) and then linking
these to the exosome pH-sensitive hydrazone. The result-
ant complex showed stable cell viability with the con-
structed nanosomes exhibiting preferential cytotoxicity
against cancer cells [122].

Anthocyanidins have also been encapsulated into
exosomes and applied in the treatment of multi-
ple tumors, including lung cancer in nude mice with
enhanced therapeutic effects [123]. Another study
engineered and optimized a formulation comprising
exosomes loaded with the potent anti-cancer agent pacli-
taxel that incorporated the aminoethylanisamide-pol-
yethylene glycol (AA-PEG) vector moiety to target the
sigma receptor overexpressed by lung cancer cells. The
engineered exosomal complex exhibited a high loading
capacity, profound ability to accumulate in cancer cells
upon systemic administration, and improved therapeutic
outcomes [124]. Pretreatment of exosomes with Sangui-
narine, a benzo[c|phenanthridine alkaloid obtained from
the roots of Sanguinaria canadensis, eftectively averted
the effects of lung cancer-derived exosomes, including
tumor cell proliferation, invasion, migration activities,
and suppressed apoptosis via inhibition of macrophages
and the NF-«B pathway [125].
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Discussion and conclusion

Lung cancer metastasis is a crucial phase of tumor
progression and targets mainly the brain, bone, adre-
nal gland, and liver, and is a major cause of lung cancer
mortality. NSCLC accounts for over 80% of lung cancer
cases and has an overall five-year survival rate of only
15%. Patients who present with advanced-stage NSCLC
die within 18-months of diagnosis. Over 70% of these
mortalities are attributable to metastatic spread of the
lung tumor, thus elucidation of the underlying mecha-
nistic basis of lung cancer metastasis would have a sig-
nificant impact on patient quality of life and survival.
Recent studies have provided evidence to the effect that,
the formation of tumor-promoting pre-metastatic niches
in secondary organs adds a previously unnoticed level
of complexity to the undertaking of treating patients
with metastatic diseases including lung cancer. In this
context, primary tumor cells orchestrate pre-metastatic
niche formation by secreting a variety of growth factors
and cytokines that favor the mobilization and recruit-
ment of bone marrow-derived cells to future metastatic
sites [126]. The secretion of tumor-derived exosomes and
induction of hypoxia within the primary tumor continue
to emerge as crucial vehicles and processes, respectively,
for tumor-derived factors to regulate pre-metastatic sites.
It has also been demonstrated that reduced immune sur-
veillance is a novel mechanism by which primary tumors
produce favorable niches in secondary organs.

The inadequacy of current diagnostic techniques for
lung cancer hampers the ability of early detection of lung
cancer, resulting in increased mortality and failure of
available therapeutic approaches. This calls for the con-
duct of in-depth studies that stratify the various stages
of lung cancer progression, for the focused discovery of
biomarkers that can effectively predict early diagnosis,
prognosis, and treatment efficacy. Interestingly, tumor-
derived exosomes have been shown to be involved in
the formation of not only the tumor but also the pre-
metastatic niche at the site of future metastasis and
encourages the growth of disseminated lung tumor cells.
Exosomal miRNAs and proteins play an important role
in the regulation of a variety of targets and, consequently
multiple pathways, which make them a powerful tool for
early detection of disease, risk assessment, and progno-
sis. The application of non-invasive techniques such as
blood-based methods in the identification of biomarkers
is of utmost significance for early diagnosis and predic-
tive prognosis of advanced-stage lung cancer patients.
Continuous pursuit of the promising effects of exosomes
in lung cancer for future clinical application is a hopeful
quest in the right direction.

Moreover, engineering exosomes as carriers of thera-
peutic agents is emerging as promising drug delivery
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system, specifically in anti-tumor high precision medi-
cine due to their special biological properties such as
intrinsic intercellular communication ability, outstand-
ing biocompatibility, low toxicity and immunogenicity,
long blood circulation capability, biodegradable char-
acteristics, and ability to cross various biological barri-
ers and homing to the target site [3, 9]. Regardless, it is
highly essential to further explore other characteristic
properties of exosomes, such as tumor specificity, bio-
molecular transport and loading capacity, circulatory
stability, among others to validate their contribution to
lung cancer treatment.

In future, insight into the mechanisms of distinct
exosomal proteins and RNA packaging, as well as spe-
cific exosome biogenetic pathways active in cancer
cells, is highly necessary. Because exosomal cargoes are
unique, research into their high selectivity for cancer
cells and associated microenvironment could uncover
tumor-specific pathways and molecules for more effi-
cient cancer prediction and therapeutic targeting.
Notwithstanding, the current knowledge of the role of
exosomes as presented here highlights an array of exo-
some-dependent pathways and cargoes that are ripe for
exploitation as therapeutic targets to treat lung cancer
metastasis, and for predictive value assessment in diag-
nosis, prognosis, and anti-tumor drug resistance.

Abbreviations

BMSCs: Bone marrow mesenchymal stem cell; EMT: Epithelial mesenchymal
transition; RNAs: Ribonucleic acids; mRNA: Messenger RNA; miRNA: Micro-
RNA; DNA: Deoxyribonucleic acid; STAT3: Signal transducer and activator of
transcription 3; snRNAs: Small nuclear RNAs; hucMSCs: Human umbilical cord
mesenchymal stem cell; Inc-MMP2-2: Long noncoding- matrix metallopro-
teinase 2; TET2: Ten-eleven translocation 2; NSCLC: Non-small cell lung cancer;
SCLC: Small cell lung cancer; FLIT: Friend leukemia virus integration 1; Treg:
Regulatory T-cells; MDSCs: Myeloid-derived suppressor cells; NK: Natural killer;
PD-L1: Programmed death-ligand 1; IFN-y: Interferon-y; TGF-31: Tissue growth
factor-31; EGFR: Endothelial growth factor receptor; DCs: Dendritic cells; VEGF:
Vascular endothelial growth factor; FGF: Fibroblast growth factors; IL: Inter-
leukin; HUVECs: Human umbilical vein endothelial cells; GAS5: Growth arrest
specific 5; PTEN: Phosphatase and tensin homolog; PI3K: Phosphatidylinositol
3-kinases; CAFs: Cancer-associated fibroblasts; MMP-9: Matrix metalloprotein-
ase 9; JAK2: Janus kinase 2; STAT: Signal transducer and activator of transcrip-
tion; MORC2: MORC family CW-type zinc finger 2; TLR: Toll-like receptor; CXCL:
Chemokine [C-X-C motif] ligand; TNFa: Tumor necrosis factor a; NFkB: Nuclear
factor-k-B; EGFR: Epidermal growth factor receptor; RANKL: Receptor activator
of nuclear factor kappa-B ligand; CXCR4: C-X-C chemokine receptor type 4;
VCAM1: Vascular cell adhesion molecule 1; ERK: Extracellular-signal-regulated
kinase; JNK: C-Jun N-terminal kinase; MAPK: Mitogen-activated protein kinase;
mTOR: Mammalian target of rapamycin.

Acknowledgements
Not applicable.

Authors’ contributions

XL and LY designed the study and participated in manuscript writing; XS, TF
and QW constructed the tables and figures; SH and JX revised the manuscript.
All authors contributed to the final manuscript. All authors read and approved
the final manuscript.



Yin et al. J Trans| Med

(2021) 19:312

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 21 April 2021 Accepted: 10 July 2021
Published online: 19 July 2021

References

1.
2.

Bade BC, Cruz CSD. Lung cancer 2020. Clin Chest Med. 2020;41:1-24.
Romaszko A, Doboszyriska A. Multiple primary lung cancer: a literature
review. Adv Clin Exp Med. 2018,;27:725-30.

Li M-Y, Liu L-Z, Dong M. Progress on pivotal role and application of exo-
some in lung cancer carcinogenesis, diagnosis, therapy and prognosis.
Mol Cancer. 2021;20:22.

Wood SL, Pernemalm M, Crosbie PA, Whetton AD. The role of the
tumor-microenvironment in lung cancer-metastasis and its relationship
to potential therapeutic targets. Cancer Treat Rev. 2014;40:558-66.
Fang T, LvH, Lv G, LiT,Wang C, Han Q, et al. Tumor-derived exosomal
miR-1247-3p induces cancer-associated fibroblast activation to foster
lung metastasis of liver cancer. Nat Commun. 2018;9:191.

LiW, Li C, ZhouT, Liu X, Liu X, Li X, et al. Role of exosomal proteins in
cancer diagnosis. Mol Cancer. 2017;16:145.

Alipoor SD, Mortaz E, Varahram M, Movassaghi M, Kraneveld AD, Gars-
sen J, et al. The potential biomarkers and immunological effects of
tumor-derived exosomes in lung cancer. Front Immunol. 2018;9:819.
Fujita Y, Kosaka N, Araya J, Kuwano K, Ochiya T. Extracellular vesicles

in lung microenvironment and pathogenesis. Trends Mol Med.
2015;21:533-42.

Ocansey DKW, Zhang L, Wang Y, Yan Y, Qian H, Zhang X, et al. Exosome-
mediated effects and applications in inflammatory bowel disease. Biol
Rev Camb Philos Soc. 2020;95:1287-307.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications
of exosomes. Science. 2020;367: eaau6977.

Mashouri L, Yousefi H, Aref AR, Ahadi AM, Molaei F, Alahari SK.
Exosomes: composition, biogenesis, and mechanisms in cancer metas-
tasis and drug resistance. Mol Cancer. 2019;18:75.

Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev Cell
Dev Biol. 2014,30:255-89.

Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and
release. Cell Mol Life Sci. 2018;75:193-208.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin.
2018;68:7-30.

Hu C, Meiners S, Lukas C, Stathopoulos GT, Chen J. Role of exosomal
microRNAs in lung cancer biology and clinical applications. Cell Prolif.
2020;53: €12828.

Wu J, Shen Z. Exosomal miRNAs as biomarkers for diagnostic and prog-
nostic in lung cancer. Cancer Med. 2020,9:6909-22.

Reclusa P, Taverna S, Pucci M, Durendez E, Calabuig S, Manca P, et al.
Exosomes as diagnostic and predictive biomarkers in lung cancer. J
Thorac Dis. 2017,9:51373-82.

Arrighetti N, Corbo C, Evangelopoulos M, Pastd A, Zuco V, Tasciotti E.
Exosome-like nanovectors for drug delivery in cancer. Curr Med Chem.
2019;26:6132-48.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

Page 14 of 16

Yuan D, ZhaoY, Banks WA, Bullock KM, Haney M, Batrakova E, et al.
Macrophage exosomes as natural nanocarriers for protein delivery to
inflamed brain. Biomaterials. 2017;142:1-12.

Haney MJ, Klyachko NL, Zhao'Y, Gupta R, Plotnikova EG, He Z, et al.
Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J
Control Release. 2015;207:18-30.

Luan X, Sansanaphongpricha K, Myers |, Chen H, Yuan H, Sun D.
Engineering exosomes as refined biological nanoplatforms for drug
delivery. Acta Pharmacol Sin. 2017;38:754-63.

Ha D, Yang N, Nadithe V. Exosomes as therapeutic drug carriers and
delivery vehicles across biological membranes: current perspectives
and future challenges. Acta Pharm Sin B. 2016;6:287-96.

Barile L, Vassalli G. Exosomes: therapy delivery tools and biomarkers of
diseases. Pharmacol Ther. 2017;174:63-78.

Amiri A, Pourhanifeh MH, Mirzaei HR, Nahand JS, Moghoofei M,
Sahebnasagh R, et al. Exosomes and lung cancer: roles in patho-
physiology, diagnosis and therapeutic applications. Curr Med Chem.
2020;28:308-28.

Frydrychowicz M, Kolecka-Bednarczyk A, Madejczyk M, Yasar S,
Dworacki G. Exosomes—structure, biogenesis and biological role in
non-small-cell lung cancer. Scand J Immunol. 2015;81:2-10.

Chen R, Xu X, Qian Z, Zhang C, Niu Y, Wang Z, et al. The biological func-
tions and clinical applications of exosomes in lung cancer. Cell Mol Life
Sci. 2019;76:4613-33.

Tian X, Shen H, Li Z, Wang T, Wang S. Tumor-derived exosomes, mye-
loid-derived suppressor cells, and tumor microenvironment. J Hematol
Oncol. 2019;12:84.

Whiteside TL. Exosomes and tumor-mediated immune suppression. J
Clin Invest. 2016;126:1216-23.

Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, et al. Exosomal
PD-L1 contributes to immunosuppression and is associated with anti-
PD-1 response. Nature. 2018;560:382-6.

Poggio M, Hu T, Pai C-C, Chu B, Belair CD, Chang A, et al. Suppression of
exosomal PD-L1 induces systemic anti-tumor immunity and memory.
Cell. 2019,177:414-27 e13.

Kim DH, Kim H, Choi YJ, Kim SY, Lee J-E, Sung KJ, et al. Exosomal PD-L1
promotes tumor growth through immune escape in non-small cell
lung cancer. Exp Mol Med. 2019;51:1-13.

Berchem G, Noman MZ, Bosseler M, Paggetti J, Baconnais S, Le cam E,
et al. Hypoxic tumor-derived microvesicles negatively regulate NK cell
function by a mechanism involving TGF-3 and miR23a transfer. Onco-
immunology. 2016;5: €1062968.

Huang S, LiY, Zhang J, Rong J, Ye S. Epidermal growth factor receptor-
containing exosomes induce tumor-specific regulatory T cells. Cancer
Invest. 2013;31:330-5.

Greening D, Gopal S, Mathias R. Emerging roles of exosomes during
epithelial-mesenchymal transition and cancer progression. Semin Cell
Dev Biol. 2015;40:60-71.

Blackwell R, Foreman K, Gupta G. The role of cancer-derived exosomes
in tumorigenicity & epithelial-to-mesenchymal transition. Cancers.
2017;9:105.

Kim J, Kim TY, Lee MS, Mun JY, lhm C, Kim SA. Exosome cargo reflects
TGF-B1-mediated epithelial-to-mesenchymal transition (EMT) status in
A549 human lung adenocarcinoma cells. Biochem Biophys Res Com-
mun. 2016;478:643-8.

Tang Y-T, Huang Y-Y, Li J-H, Qin S-H, Xu Y, An T-X, et al. Alterations in exo-
somal miRNA profile upon epithelial-mesenchymal transition in human
lung cancer cell lines. BMC Genomics. 2018;19:802.

Rahman MA, Barger JF, Lovat F, Gao M, Otterson GA, Nana-Sinkam P.
Lung cancer exosomes as drivers of epithelial mesenchymal transition.
Oncotarget. 2016;7:54852-66.

Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, Rodrigues G,
et al. Pre-metastatic niches: organ-specific homes for metastases. Nat
Rev Cancer. 2017;17:302-17.

Whiteside TL. Tumor-derived exosomes and their role in cancer pro-
gression. Adv Clin Chem. 2016;74:103-41.

Cheng Y, Dai X, Yang T, Zhang N, Liu Z, Jiang Y. Low long noncoding
RNA growth arrest-specific transcript 5 expression in the exosomes

of lung cancer cells promotes tumor angiogenesis. J Oncol.
2019;2019:1-13.



Yin et al. J Trans| Med

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2021) 19:312

Mao S, Lu Z, Zheng S, Zhang H, Zhang G, Wang F, et al. Exosomal miR-
141 promotes tumor angiogenesis via KLF12 in small cell lung cancer. J
Exp Clin Cancer Res. 2020;39:193.

Fan J, Xu G, Chang Z, Zhu L, Yao J. miR-210 transferred by lung cancer
cell-derived exosomes may act as proangiogenic factor in cancer-
associated fibroblasts by modulating JAK2/STAT3 pathway. Clin Sci.
2020;134:807-25.

Liu M, Sun X, Shi S. MORC2 enhances tumor growth by promoting
angiogenesis and tumor-associated macrophage recruitment via
Wnt/[-catenin in lung cancer. Cell Physiol Biochem. 2018;51:1679-94.
Zhou L, LvT, Zhang Q, Zhu Q, Zhan P, Zhu S, et al. The biology, function
and clinical implications of exosomes in lung cancer. Cancer Lett.
2017;407:84-92.

Igbal MA, Arora S, Prakasam G, Calin GA, Syed MA. MicroRNA in lung
cancer: role, mechanisms, pathways and therapeutic relevance. Mol
Aspects Med. 2019;70:3-20.

Wang,YiJ, Chen X, Zhang Y, Xu M, Yang Z. The regulation of cancer
cell migration by lung cancer cell-derived exosomes through TGF-3
and IL-10. Oncol Lett. 2016;11:1527-30.

Wu C-F, Andzinski L, Kasnitz N, Kroger A, Klawonn F, Lienenklaus S, et al.
The lack of type | interferon induces neutrophil-mediated pre-meta-
static niche formation in the mouse lung. Int J Cancer. 2015;137:837-47.
LiuY,GuY, HanY, Zhang Q, Jiang Z, Zhang X, et al. Tumor exosomal
RNAs promote lung pre-metastatic niche formation by activating alve-
olar epithelial TLR3 to recruit neutrophils. Cancer Cell. 2016;30:243-56.
Hoshino A, Costa-Silva B, Shen T-L, Rodrigues G, Hashimoto A, Mark MT,
et al. Tumour exosome integrins determine organotropic metastasis.
Nature. 2015;527:329-35.

Hood JL, San RS, Wickline SA. Exosomes released by melanoma cells
prepare sentinel lymph nodes for tumor metastasis. Cancer Res.
2011;71:3792-801.

Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, et al.
VEGFR1-positive haematopoietic bone marrow progenitors initiate the
pre-metastatic niche. Nature. 2005;438:820—7.

Peinado H, Aleckovi¢ M, Lavotshkin S, Matei |, Costa-Silva B, Moreno-
Bueno G, et al. Melanoma exosomes educate bone marrow progeni-
tor cells toward a pro-metastatic phenotype through MET. Nat Med.
2012;18:883-91.

Weidle UH, Birzele F, Kollmorgen G, Riiger R. The multiple roles of
exosomes in metastasis. Cancer Genomics Proteomics. 2017;14:1-16.
Zeng Z,LiY,PanY, Lan X, Song F, Sun J, et al. Cancer-derived exosomal
miR-25-3p promotes pre-metastatic niche formation by inducing
vascular permeability and angiogenesis. Nat Commun. 2018;9:5395.
Kucharzewska P, Christianson HC, Welch JE, Svensson KJ, Fredlund E,
Ringner M, et al. Exosomes reflect the hypoxic status of glioma cells and
mediate hypoxia-dependent activation of vascular cells during tumor
development. Proc Natl Acad Sci. 2013;110:7312-7.

Rak J. Microparticles in cancer. Semin Thromb Hemost.
2010;36:888-906.

Chalmin F, Ladoire S, Mignot G, Vincent J, Bruchard M, Remy-Martin

J-P et al. Membrane-associated Hsp72 from tumor-derived exosomes
mediates STAT3-dependent immunosuppressive function of

mouse and human myeloid-derived suppressor cells. J Clin Invest.
2010;120:457-71.

Benito-Martin A, Di Giannatale A, Ceder S, Peinado H. The new deal:

a potential role for secreted vesicles in innate immunity and tumor
progression. Front Immunol. 2015;6:66.

Bobrie A, Krumeich S, Reyal F, Recchi C, Moita LF, Seabra MC, et al.
Rab27a supports exosome-dependent and -independent mechanisms
that modify the tumor microenvironment and can promote tumor
progression. Cancer Res. 2012;72:4920-30.

Ludwig S, Floros T, Theodoraki M-N, Hong C-S, Jackson EK, Lang S, et al.
Suppression of lymphocyte functions by plasma exosomes correlates
with disease activity in patients with head and neck cancer. Clin Cancer
Res. 2017;23:4843-54.

Czernek L, Duchler M. Functions of cancer-derived extracellular vesicles
in immunosuppression. Arch Immunol Ther Exp. 2017;65:311-23.
Plebanek MP, Angeloni NL, Vinokour E, Li J, Henkin A, Martinez-Marin

D, et al. Pre-metastatic cancer exosomes induce immune surveil-

lance by patrolling monocytes at the metastatic niche. Nat Commun.
2017;8:1319.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

Page 150f 16

Pritchard A, Tousif S, Wang Y, Hough K, Khan'S, Strenkowski J, et al. Lung
tumor cell-derived exosomes promote M2 macrophage polarization.
Cells. 2020;9:1303.

Clark DJ, Fondrie WE, Yang A, Mao L. Triple SILAC quantitative proteomic
analysis reveals differential abundance of cell signaling proteins
between normal and lung cancer-derived exosomes. J Proteomics.
2016;133:161-9.

Zhang N, Nan A, Chen L, Li X, Jia Y, Qiu M, et al. Circular RNA circSATB2
promotes progression of non-small cell lung cancer cells. Mol Cancer.
2020;19:101.

QiY, Zha W, Zhang W. Exosomal miR-660-5p promotes tumor growth
and metastasis in non-small cell lung cancer. J BUON. 2019;24:599-607.
Hong W, Xue M, Jiang J, Zhang Y, Gao X. Circular RNA circ-CPA4/ let-7
mIiRNA/PD-L1 axis regulates cell growth, stemness, drug resistance
and immune evasion in non-small cell lung cancer (NSCLC). J Exp Clin
Cancer Res. 2020;39:149.

Wu D, Deng S, LiuT, Han R, Zhang T, Xu Y. TGF-B-mediated exosomal
Inc-MMP2-2 regulates migration and invasion of lung cancer cells

to the vasculature by promoting MMP2 expression. Cancer Med.
2018;7:5118-29.

Yao J, Lu X, Wang Y, Li J, Ni B. Long noncoding RNAs AC026904.1 is
essential for TGF-B-induced migration and epithelial-mesenchymal
transition through functioning as an enhancer of slug in lung cancer
cells. Environ Toxicol. 2020;35:942-51.

LiC,Wan L, Liu Z, Xu G,Wang S, Su Z, et al. Long non-coding RNA XIST
promotes TGF-B-induced epithelial-mesenchymal transition by regulat-
ing MiR-367/141-ZEB2 axis in non-small-cell lung cancer. Cancer Lett.
2018;418:185-95.

Chen L, Xu S, Xu H, Zhang J, Ning J, Wang S. MicroRNA-378 is associ-
ated with non-small cell lung cancer brain metastasis by promot-

ing cell migration, invasion and tumor angiogenesis. Med Oncol.
2012;29:1673-80.

Kim DH, Park S, Kim H, Choi YJ, Kim SY, Sung KJ, et al. Tumor-derived
exosomal miR-619-5p promotes tumor angiogenesis and metastasis
through the inhibition of RCAN1.4. Cancer Lett. 2020;475:2-13.

Taverna S, Pucci M, Giallombardo M, Di Bella MA, Santarpia M, Reclusa P,
et al. Amphiregulin contained in NSCLC-exosomes induces osteo-
clast differentiation through the activation of EGFR pathway. Sci Rep.
2017;7:3170.

Liao T, Chen W, Sun J, Zhang Y, Hu X, Yang S, et al. CXCR4 accelerates
osteoclastogenesis induced by non-small cell lung carcinoma cells
through self-potentiation and VCAM1 secretion. Cell Physiol Biochem.
2018;50:1084-99.

Peng X, GuoW, RenT, Lou Z, Lu X, Zhang S, et al. Differential expression
of the RANKL/RANK/OPG System is associated with bone metastasis in
human non-small cell lung cancer. PLoS ONE. 2013;8: €58361.
Raimondo S, Saieva L, Vicario E, Pucci M, Toscani D, Manno M, et al.
Multiple myeloma-derived exosomes are enriched of amphiregulin
(AREG) and activate the epidermal growth factor pathway in the bone
microenvironment leading to osteoclastogenesis. J Hematol Oncol.
2019;12:2.

Yang X-R, Pi C, Yu R, Fan X-J, Peng X-X, Zhang X-C, et al. Correlation of
exosomal microRNA clusters with bone metastasis in non-small cell
lung cancer. Clin Exp Metastasis. 2020;38:109-17.

Xu Z-H, Miao Z-W, Jiang Q-Z, Gan D-X, Wei X-G, Xue X-Z, et al. Brain
microvascular endothelial cell exosome-mediated STO0A16 up-
regulation confers small-cell lung cancer cell survival in brain. FASEB J.
2019;33:1742-57.

Wei C, Zhang R, Cai Q, Gao X, Tong F, Dong J, et al. MicroRNA-330-3p
promotes brain metastasis and epithelial-mesenchymal transition via
GRIA3 in non-small cell lung cancer. Aging. 2019;11:6734-61.

Leong HS, Robertson AE, Stoletov K, Leith SJ, Chin CA, Chien AE, et al.
Invadopodia are required for cancer cell extravasation and are a thera-
peutic target for metastasis. Cell Rep. 2014;8:1558-70.

Wang L, Tong X, Zhou Z, Wang S, Lei Z, Zhang T, et al. Circular RNA hsa_
circ_0008305 (circPTK2) inhibits TGF-B-induced epithelial-mesenchymal
transition and metastasis by controlling TIF1y in non-small cell lung
cancer. Mol Cancer. 2018;17:140.

You J, Li M, Cao LM, Gu QH, Deng PB, Tan Y, et al. Snail1-dependent
cancer-associated fibroblasts induce epithelial-mesenchymal transition
in lung cancer cells via exosomes. QJM An Int J Med. 2019;112:581-90.



Yin et al. J Trans| Med

84.

85.

86.

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

101.

103.

105.

(2021) 19:312

Zhao X, Wu X, Qian M, Song Y, Wu D, Zhang W. Knockdown of TGF-31
expression in human umbilical cord mesenchymal stem cells reverts
their exosome-mediated EMT promoting effect on lung cancer cells.
Cancer Lett. 2018;428:34-44.

Wang J, WuY, Guo J, Fei X, Yu L, Ma S. Adipocyte-derived exosomes
promote lung cancer metastasis by increasing MMP9 activity via trans-
ferring MMP3 to lung cancer cells. Oncotarget. 2017;8:81880-91.
Zhang X, Sai B, Wang F, Wang L, Wang Y, Zheng L, et al. Hypoxic BMSC-
derived exosomal miRNAs promote metastasis of lung cancer cells via
STAT3-induced EMT. Mol Cancer. 2019;18:40.

Wang Q, Li Z, Sun L, Chen B, Zhao Y, Shen B, et al. Platelets enhance the
ability of bone-marrow mesenchymal stem cells to promote cancer
metastasis. Onco Targets Ther. 2018;11:8251-63.

Obenauf AC, Massagué J. Surviving at a distance: organ-specific metas-
tasis. Trends Cancer. 2015;1:76-91.

Milman N, Ginini L, Gil Z. Exosomes and their role in tumorigenesis and
anticancer drug resistance. Drug Resist Updat. 2019;45:1-12.

Bach D-H, Hong J-Y, Park HJ, Lee SK. The role of exosomes and miRNAs
in drug-resistance of cancer cells. Int J Cancer. 2017;141:220-30.

LiS,Yi M, Dong B, Jiao Y, Luo S, Wu K. The roles of exosomes in cancer
drug resistance and its therapeutic application. Clin Transl Med.
2020;10: 257.

Pasquier J, Galas L, Boulangé-Lecomte C, Rioult D, Bultelle F, Magal P,
et al. Different modalities of intercellular membrane exchanges medi-
ate cell-to-cell p-glycoprotein transfers in MCF-7 breast cancer cells. J
Biol Chem. 2012;287:7374-87.

Wang D, Zhao C, Xu F, Zhang A, Jin M, Zhang K, et al. Cisplatin-resistant
NSCLC cells induced by hypoxia transmit resistance to sensitive cells
through exosomal PKM2. Theranostics. 2021;11:2860-75.

Qin X,Yu'S, Zhou L, Shi M, Hu'Y, Xu X, et al. Cisplatin-resistant lung
cancer cell-derived exosomes increase cisplatin resistance of recipient
cells in exosomal miR-100-5p-dependent manner. Int J Nanomed.
2017;12:3721-33.

Chen Q, Jiao D, Wang J, Hu H, Tang X, Chen J, et al. miR-206 regulates
cisplatin resistance and EMT in human lung adenocarcinoma cells
partly by targeting MET. Oncotarget. 2016;7:24510-26.

Yuwen D-L, Sheng B-B, Liu J, Wenyu W, Shu Y-Q. MiR-146a-5p level in
serum exosomes predicts therapeutic effect of cisplatin in non-small
cell lung cancer. Eur Rev Med Pharmacol Sci. 2017;21:2650-8.

LeiY, Guo W, Chen B, Chen L, Gong J, Li W. Tumor-released IncRNA H19
promotes gefitinib resistance via packaging into exosomes in non-
small cell lung cancer. Oncol Rep. 2018;40:3438-46.

Zhang W, Cai X, Yu J, Lu X, Qian Q, Qian W. Exosome-mediated transfer
of IncRNA RP11-838N2.4 promotes erlotinib resistance in non-small cell
lung cancer. Int J Oncol. 2018;53:527-38.

Kumar S, Sharawat SK, Ali A, Gaur V, Malik PS, Kumar S, et al. Identifica-
tion of differentially expressed circulating serum microRNA for the
diagnosis and prognosis of Indian non-small cell lung cancer patients.
Curr Probl Cancer. 2020;44: 100540.

Sun'S, Chen H, Xu C, Zhang Y, Zhang Q, Chen L, et al. Exosomal miR-
106b serves as a novel marker for lung cancer and promotes cancer
metastasis via targeting PTEN. Life Sci. 2020,244: 117297.

Jakobsen KR, Paulsen BS, Baek R, Varming K, Sorensen BS, Jargensen
MM. Exosomal proteins as potential diagnostic markers in advanced
non-small cell lung carcinoma. J Extracell Vesicles. 2015;4: 26659.

LiY, Zhang Y, Qiu F, Qiu Z. Proteomic identification of exosomal LRG1:
a potential urinary biomarker for detecting NSCLC. Electrophoresis.
2011;32:1976-83.

Sandfeld-Paulsen B, Jakobsen KR, Baek R, Folkersen BH, Rasmussen TR,
Meldgaard P, et al. Exosomal proteins as diagnostic biomarkers in lung
cancer. J Thorac Oncol. 2016;11:1701-10.

LiL, LiW, Chen N, Zhao H, Xu G, ZhaoY, et al. FLI1 exonic circular RNAs
as a novel oncogenic driver to promote tumor metastasis in small cell
lung cancer. Clin Cancer Res. 2019;25:1302-17.

LiL, SongW, Yan X, Li A, Zhang X, Li W, et al. Friend leukemia virus
integration 1 promotes tumorigenesis of small cell lung cancer cells by
activating the miR-17-92 pathway. Oncotarget. 2017,8:41975-87.
Wang H, Feng L, Zheng Y, LiW, Liu L, Xie S, et al. LINCO0680 promotes
the progression of non-small cell lung cancer and functions as a
sponge of miR-410-3p to enhance HMGB1 expression. Onco Targets
Ther. 2020;13:8183-96.

107.

110.

112.

115.

116.

117.

118.

120.

122.

124.

125.

126.

Page 16 of 16

Hall RD, Le TM, Haggstrom DE, Gentzler RD. Angiogenesis inhibition as a
therapeutic strategy in non-small cell lung cancer (NSCLC). Trans| Lung
Cancer Res. 2015;4:515-23.

Lammers PE, Horn L. Targeting angiogenesis in advanced non-small cell
lung cancer. J Natl Compr Cancer Netw. 2013;11:1235-47.

Xu X, Zhu S, Tao Z, Ye S. High circulating miR-18a, miR-20a, and miR-92a
expression correlates with poor prognosis in patients with non-small
cell lung cancer. Cancer Med. 2018;7:21-31.

Coelho AL, Aratjo A, Gomes M, Catarino R, Marques A, Medeiros R.
Circulating Ang-2 mRNA expression levels: looking ahead to a new
prognostic factor for NSCLC. PLoS ONE. 2014;9: €90009.

Dong Q, Dong L, Liu S, Kong Y, Zhang M, Wang X. Tumor-derived
exosomal elF4E as a biomarker for survival prediction in patients with
non-small cell lung cancer. Med Sci Monit. 2020;26: €923210.

LiJ, YuJ, Zhang H, Wang B, Guo H, Bai J, et al. Exosomes-derived
MiR-302b suppresses lung cancer cell proliferation and migration via
TGFBRIl inhibition. Cell Physiol Biochem. 2016;38:1715-26.

Huang W-T, Chong I-W, Chen H-L, Li C-Y, Hsieh C-C, Kuo H-F, et al.
Pigment epithelium-derived factor inhibits lung cancer migration and
invasion by upregulating exosomal thrombospondin 1. Cancer Lett.
2019;442:287-98.

Broadhead ML, Dass CR, Choong PFM. Cancer cell apoptotic path-
ways mediated by PEDF: prospects for therapy. Trends Mol Med.
2009;15:461-7.

Huang X, Ding J, Li'Y, Liu W, Ji J, Wang H, et al. Exosomes derived from
PEDF modified adipose-derived mesenchymal stem cells ameliorate
cerebral ischemia-reperfusion injury by regulation of autophagy and
apoptosis. Exp Cell Res. 2018;371:269-77.

Huang W, Yan'Y, LiuY, Lin M, Ma J, Zhang W, et al. Exosomes with low
miR-34c-3p expression promote invasion and migration of non-small
cell lung cancer by upregulating integrin a231. Signal Transduct Target
Ther. 2020;5:39.

Liang M, Chen X, Wang L, Qin L, Wang H, Sun Z, et al. Cancer-derived
exosomal TRIM59 regulates macrophage NLRP3 inflammasome
activation to promote lung cancer progression. J Exp Clin Cancer Res.
2020;39:176.

Xu K, Zhang C, Du T, Gabriel ANA, Wang X, Li X, et al. Progress of
exosomes in the diagnosis and treatment of lung cancer. Biomed
Pharmacother. 2021;134: 111111.

Wu P, Zhang B, Ocansey DKW, Xu W, Qian H. Extracellular vesicles: a
bright star of nanomedicine. Biomaterials. 2020. https://doi.org/10.
1016/j.biomaterials.2020.120467.

Nie H, Xie X, Zhang D, Zhou Y, Li B, Li F, et al. Use of lung-specific
exosomes for miRNA-126 delivery in non-small cell lung cancer.
Nanoscale. 2020;12:877-87.

Hao D, LiY, Zhao G, Zhang M. Soluble fms-like tyrosine kinase-1-en-
riched exosomes suppress the growth of small cell lung cancer by
inhibiting endothelial cell migration. Thorac Cancer. 2019;10:1962-72.
Srivastava A, Amreddy N, Babu A, Panneerselvam J, Mehta M, Muralid-
haran R, et al. Nanosomes carrying doxorubicin exhibit potent antican-
cer activity against human lung cancer cells. Sci Rep. 2016;6: 38541,
Munagala R, Agil F, Jeyabalan J, Agrawal AK, Mudd AM, Kyakulaga AH,
et al. Exosomal formulation of anthocyanidins against multiple cancer
types. Cancer Lett. 2017;393:94-102.

Kim MS, Haney MJ, Zhao Y, Yuan D, Deygen |, Klyachko NL, et al. Engi-
neering macrophage-derived exosomes for targeted paclitaxel delivery
to pulmonary metastases: in vitro and in vivo evaluations. Nanomedi-
cine. 2018;14:195-204.

YuY, LuoY, Fang Z, Teng W, Yu Y, Tian J, et al. Mechanism of sanguinarine
in inhibiting macrophages to promote metastasis and proliferation of
lung cancer via modulating the exosomes in A549 cells. Onco Targets
Ther. 2020;13:8989-9003.

Sceneay J, Smyth MJ, Méller A. The pre-metastatic niche: finding com-
mon ground. Cancer Metastasis Rev. 2013,32:449-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.biomaterials.2020.120467
https://doi.org/10.1016/j.biomaterials.2020.120467

	The role of exosomes in lung cancer metastasis and clinical applications: an updated review
	Abstract 
	Background
	General exosomal functions that aid lung cancer metastasis
	Immune system evasion in lung cancer
	Epithelial-mesenchymal transition in lung cancer
	Angiogenesis in lung cancer

	Exosomes and lung cancer metastasis
	Tumor-derived exosome
	Involvement in the pre-metastatic niche phase
	Involvement in the metastatic phase

	Other sources of exosomes and lung cancer metastasis

	Clinical applications
	Drug resistance
	Predictive value
	Diagnostic biomarkers
	Prognostic biomarkers

	Therapeutics
	Tumor-suppressive exosomal components
	Tumor-promoting exosomal components
	Engineered exosomes


	Discussion and conclusion
	Acknowledgements
	References




