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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.

Keywords: Lung cancer, Exosome, Metastasis, Clinical application, Biomarker, Diagnosis, Drug resistance, Therapy

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

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 

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 

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-γ (IFN-γ), 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)-β1 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 Th0 cells produced tumor anti-
gen-specific Treg, which could inhibit the tumor anti-
gen-specific CD8 + 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-β1-treated mesenchymal cells, 
exhibited upregulated level of β-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/
β-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.

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/β-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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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-β 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 α6β1 and α6β4, 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].

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 NK and T cells, while enhancing the recruitment, activation, and expansion of 
immunosuppressive cells such as MDSCs and Tregs. Exosomal cargoes including EFGR, PD-L1, TGF-β, miR-23a, Wnt, and their associated signaling, 
facilitate immune evasion and induce EMT, resulting in tumor metastasis
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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 S100A9, and S100A8, 
and tumor necrosis factor α (TNFα) 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 

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
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T cell apoptosis [62, 63]. In the lung tumor microenvi-
ronment, M0 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-κ-B (NF-κB)/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-β 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-β results in increased migration, vascular per-
meability, and invasive potential of lung cancer cells 
via TGF-β-mediated exosomal carriage of intercel-
lular communication. In this process, exosomal long 
noncoding-matrix metalloproteinase 2 (lnc-MMP2-2) 
RNA regulates the migration and invasion of lung can-
cer cells by enhancing MMP2 expression [69]. Simi-
larly, lnc-RNAs AC026904.1 and XIST are crucial in 
the promotion of TGF-β-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 

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-Β 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/β-catenin pathway, and miR-423-3p and miR-
328-3p, activators of Wnt/β-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)‐l [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].
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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-β enhances tumor invasion and metasta-
sis by inducing EMT in lung cancer partly via interaction 
with circular RNAs (circRNAs). CircPTK2 and TIF1γ 
are significantly decreased in NSCLC cells undergoing 
TGF-β-induced EMT. However, circPTK2 overexpres-
sion augments the expression of TIF1γ, suppresses TGF-
β-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 

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 TGF-β1 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-3β/
β-catenin, NF-κB, extracellular-signal-regulated kinase 
(ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-
activated protein kinase (MAPK) activated by TGF-β1 
signaling [84]. The association between adipose-derived 
exosomes and tumor metastasis has been investigated. In 

Fig. 3 Lung tumor microenvironmental factors associated with exosomal metastatic promoting effects. Several factors, classified as growth/
cytokine factors, exosomal cargoes, genes, pathways/axes, and receptors are directly or indirectly influenced by exosomes to participate in the 
promotion of lung tumor metastasis. Distant organs commonly prone to lung tumor metastasis include the liver, bone, kidney, brain, and other the 
contralateral unaffected lung



Page 8 of 16Yin et al. J Transl Med          (2021) 19:312 

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 α-smooth muscle actin, vimentin, and fibro-
blast activation protein leading to trans-differentiation of 
BMMSCs into CAFs via TGF-β 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 

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 Atg12 to inhibit 
autophagy [96]. Other studies of lung cancer drug resist-
ance include tumor release of lncRNA H19 which pro-
motes resistance to gefitinib by packaging into exosomes 
[97] and exosome-mediated transfer of lncRNA 
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 



Page 9 of 16Yin et al. J Transl Med          (2021) 19:312  

Ta
bl

e 
1 

Pa
rt

ic
ip

at
io

n 
of

 e
xo

so
m

es
 in

 lu
ng

 c
an

ce
r m

et
as

ta
si

s

So
ur

ce
 o

f e
xo

so
m

e
Ex

os
om

al
 c

om
po

ne
nt

M
ec

ha
ni

sm
 o

r p
at

hw
ay

Pr
in

ci
pa

l e
ffe

ct
s

Re
fe

re
nc

es

BM
SC

s
m

iR
-2

10
-3

p,
 m

iR
-1

93
a-

3p
, a

nd
 m

iR
-5

10
0

Ex
os

om
e-

m
ed

ia
te

d 
tr

an
sf

er
 o

f m
iR

N
A

s 
ac

tiv
at

es
 

ST
AT

3 
pa

th
w

ay
En

ha
nc

ed
 c

an
ce

r c
el

l i
nv

as
io

n 
an

d 
EM

T
[8

6]

M
el

an
om

a
RA

B1
A

, R
A

B5
B,

 R
A

B7
, a

nd
 R

A
B2

7A
Re

pr
og

ra
m

m
ed

 c
el

ls
 w

er
e 

po
si

tiv
e 

fo
r c

-K
it,

 re
ce

pt
or

 
ty

ro
si

ne
 k

in
as

e 
Ti

e2
, a

nd
 M

et
In

cr
ea

se
d 

m
et

as
ta

tic
 b

eh
av

io
r, 

in
du

ce
d 

va
sc

ul
ar

 le
ak

-
in

es
s 

at
 p

re
-m

et
as

ta
tic

 s
ite

s, 
an

d 
re

pr
og

ra
m

m
ed

 
bo

ne
 m

ar
ro

w
 p

ro
ge

ni
to

r c
el

ls

[5
3]

Tu
m

or
sn

RN
A

s
A

ct
iv

at
io

n 
of

 lu
ng

 e
pi

th
el

ia
l T

LR
3 

to
 re

cr
ui

t n
eu

tr
o-

ph
ils

TL
R3

-d
efi

ci
en

t m
ic

e 
sh

ow
ed

 re
du

ce
d 

lu
ng

 m
et

as
ta

si
s

[4
9]

Ph
os

ph
or

yl
at

io
n 

of
 N

F-
κB

 p
65

 s
ub

un
it 

an
d 

M
A

PK
s 

ER
K,

 JN
K,

 a
nd

 p
38

 s
ig

na
lin

g 
pa

th
w

ay
Ex

os
om

al
 s

nR
N

A
s 

ac
tiv

at
ed

 T
LR

3 
to

 in
du

ce
 

ch
em

ok
in

e 
se

cr
et

io
n 

an
d 

ne
ut

ro
ph

il 
re

cr
ui

tm
en

t

hu
cM

SC
s

–
A

ct
iv

at
io

n 
of

 S
m

ad
2/

3,
 A

KT
/G

SK
-3

β/
β-

ca
te

ni
n,

 
N

F-
κB

, E
RK

, J
N

K,
 a

nd
 p

38
 M

A
PK

 in
 T

G
F-

β1
 s

ig
na

lin
g 

pa
th

w
ay

s

Pr
om

ot
ed

 E
M

T,
 in

va
si

on
, a

nd
 m

ig
ra

tio
n,

 y
et

 in
hi

bi
te

d 
pr

ol
ife

ra
tio

n 
an

d 
pr

om
ot

ed
 a

po
pt

os
is

 o
f l

un
g 

ca
nc

er
 c

el
ls

[8
4]

Lu
ng

 tu
m

or
ci

rc
SA

TB
2

Po
si

tiv
e 

re
gu

la
tio

n 
of

 F
SC

N
1 

ex
pr

es
si

on
 v

ia
 m

iR
-3

26
 

in
 lu

ng
 c

an
ce

r c
el

ls
En

ha
nc

ed
 p

ro
lif

er
at

io
n,

 m
ig

ra
tio

n,
 a

nd
 in

va
si

on
 o

f 
N

SC
LC

 c
el

ls
, a

s 
w

el
l a

s 
an

 in
du

ce
d 

ab
no

rm
al

 p
ro

lif
-

er
at

io
n 

of
 n

or
m

al
 h

um
an

 b
ro

nc
hi

al
 e

pi
th

el
ia

l c
el

ls

[6
6]

Lu
ng

 tu
m

or
m

iR
-6

60
-5

p
m

iR
-6

60
-5

p 
ta

rg
et

in
g 

of
 K

LF
9 

to
 p

ro
m

ot
e 

tu
m

or
i-

ge
ne

si
s

En
ha

nc
ed

 p
ro

lif
er

at
io

n,
 m

ig
ra

tio
n,

 v
ia

bi
lit

y,
 a

nd
 

m
et

as
ta

si
s

[6
7]

Lu
ng

 tu
m

or
ci

rc
-C

PA
4 

an
d 

le
t-

7 
m

iR
N

A
C

PA
4-

re
gu

la
te

d 
eff

ec
ts

 v
ia

 le
t-

7 
m

iR
N

A
/P

D
-L

1 
ax

is
Pr

om
ot

ed
 c

el
l s

te
m

ne
ss

, m
ob

ili
ty

, a
nd

 d
ru

g 
re

si
st

-
an

ce
 o

f N
SC

LC
[6

8]

Lu
ng

 tu
m

or
ln

c-
M

M
P2

-2
TG

F-
β-

m
ed

ia
te

d 
ex

os
om

al
 m

iR
N

A
 re

gu
la

tio
n

In
cr

ea
se

d 
ca

nc
er

 c
el

l m
ig

ra
tio

n,
 in

va
si

on
 p

ot
en

tia
l, 

an
d 

va
sc

ul
ar

 p
er

m
ea

bi
lit

y
[6

9]

M
ou

se
 a

nd
 h

um
an

 lu
ng

 tu
m

or
in

te
gr

in
s 

α6
β4

 a
nd

 α
6β

1
A

ct
iv

at
io

n 
of

 S
rc

 p
ho

sp
ho

ry
la

tio
n 

an
d 

pr
o-

in
fla

m
m

a-
to

ry
 S

10
0 

ge
ne

 e
xp

re
ss

io
n

A
ss

oc
ia

te
d 

w
ith

 lu
ng

 m
et

as
ta

si
s 

an
d 

pr
ed

ic
t o

rg
an

-
sp

ec
ifi

c 
m

et
as

ta
si

s
[5

0]

SC
LC

 p
at

ie
nt

s 
an

d 
m

ou
se

 m
od

el
m

iR
-1

41
A

ct
iv

at
io

n 
of

 m
iR

-1
41

/K
LF

12
 p

at
hw

ay
SC

LC
 a

ng
io

ge
ne

si
s

[4
2]

A
dm

in
is

tr
at

io
n 

of
 lu

ng
 c

an
ce

r-
de

riv
ed

 e
xo

so
m

es
 to

 N
IH

/3
T3

 
ce

lls

m
iR

-2
10

M
od

ul
at

io
n 

of
 JA

K2
/S

TA
T3

 s
ig

na
lin

g 
pa

th
w

ay
 a

nd
 

TE
T2

 in
 re

ci
pi

en
t fi

br
ob

la
st

s
In

cr
ea

se
d 

an
gi

og
en

es
is

 v
ia

 e
le

va
te

d 
ex

pr
es

si
on

 o
f 

pr
oa

ng
io

ge
ni

c 
fa

ct
or

s 
M

M
P9

, F
G

F2
 a

nd
 V

EG
FA

[4
3]

N
SC

LC
 c

el
ls

m
iR

-6
19

-5
p

Ta
rg

et
ed

 in
hi

bi
tio

n 
of

 R
C

A
N

1.
4

Pr
om

ot
ed

 g
ro

w
th

 a
nd

 m
et

as
ta

si
s 

of
 N

SC
LC

s
[7

3]

A
di

po
cy

te
s

M
M

P3
 a

nd
 M

M
P9

Tr
an

sf
er

 o
f M

M
P3

 to
 a

ct
iv

at
e 

M
M

P9
Pr

om
ot

ed
 lu

ng
 tu

m
or

 m
et

as
ta

si
s

[8
5]

Pl
as

m
a

Th
re

e 
cl

us
te

rs
 o

f m
iR

N
A

s 
in

cl
ud

in
g 

m
iR

-
57

4-
5p

, 3
28

-3
p 

an
d 

m
iR

-4
23

-3
p

Re
gu

la
tio

n 
of

 th
e 

W
nt

/β
-c

at
en

in
 p

at
hw

ay
In

vo
lv

ed
 in

 p
re

co
nd

iti
on

in
g 

th
e 

m
et

as
ta

tic
 n

ic
he

 a
nd

 
pr

om
ot

in
g 

bo
ne

 m
et

as
ta

si
s 

of
 lu

ng
 c

an
ce

r
[7

8]



Page 10 of 16Yin et al. J Transl Med          (2021) 19:312 

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-β1, 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 EGFR were highly expressed on 
the exosomal surface and could be reliable biomarkers for 
diagnosing NSCLC [101]. Leucine-rich α-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.

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-ROCK1 [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 LINC00680 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.

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-βRII/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 TIF1γ are significantly 
downregulated in NSCLC cells undergoing TGF-β-
induced EMT. Further analysis revealed that circPTK2 

Table 2 Predictive utility of exosomes in lung cancer

Experimental model/source Exosomal component Predictive effect References

Mouse syngeneic tumor model miR-210-3p, miR-193a-3p, and miR-5100 miR-193a-3p alone can differentiate cancer 
patients from non-cancerous controls, but 
the combination of the three gives better 
diagnostic accuracy

[86]

Primary SCLC tissues and NSCLC tissues FLI1 exonic circular RNAs Serum exosomal FECR1 is associated with poor 
survival and clinical response to chemo-
therapy

[104]

Human NSCLC tissue miR‐18a, miR‐20a, miR‐92a, miR‐210, and 
miR‐126

Prognostic biomarkers in patients with 
NSCLC—poor prognosis

[109]

NSCLC patients eIF4E Independent prognostic factor for shorter 
overall survival and progression-free survival

[111]

Lung cancer patients’ serum miR-574-5p, 328-3p and miR-423-3p Deferential in lung cancer patients with bone 
metastasis

[78]

NSCLC patients miR-330-3p Biomarker for identifying NSCLC with meta-
static potential, especially brain metastasis

[80]

Serum of NSCLC patients and lung 
squamous cell carcinoma of patients

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

Deferential in lung cancer patients and cor-
relates with cancer stage

[99]

NSCLC cells miR-34c-3p Diagnostic and prognostic marker for NSCLC 
with low levels indicating tumor invasion 
and migration

[116]

Serum of lung cancer patients miR-106b Promising diagnostic biomarker and drug 
target for patients with lung cancer

[100]

Serum of lung cancer patients CD317 and EGFR Diagnostic biomarker of NSCLC [101]

Urine and lung tissue of NSCLC patients LRG1 Diagnostic biomarker of NSCLC [102]

Plasma of lung cancer patients CD151, CD171, and tetraspanin 8 Diagnostic biomarker of lung cancer [103]
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(hsa_circ_0008305) could suppress TGF-β-induced 
EMT and metastasis through the regulation of TIF1γ in 
NSCLC [82], presenting a novel mechanism by which 
circRNA modulates TGF-β-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 
(ROCK1). 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 α2β1. Furthermore, integrin α2β1 
is a direct target of miR-34c-3p, and the upregulation of 
integrin α2β1 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-1β secretion 
[117]. Inhibiting VEGFR1 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].

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, effectively 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-κB 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 

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.
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