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Lung cancer remains a significant global health concern with
limited treatment options and poor prognosis, particularly in
advanced stages. Small extracellular vesicles such as exosomes,
secreted by cancer cells, play a pivotal role in mediating drug
resistance in lung cancer. Exosomes have been found to facili-
tate intercellular communication by transferring various bio-
molecules between cancer cells and their microenvironment.
Additionally, exosomes can transport signaling molecules pro-
moting cancer cell survival and proliferation conferring resis-
tance to chemotherapy. Moreover, exosomes can modulate
the tumor microenvironment by inducing phenotypic changes
hindering drug response. Understanding the role of exosomes
in mediating drug resistance in lung cancer is crucial for devel-
oping novel therapeutic strategies and biomarkers to overcome
treatment limitations. In this review, we summarize the current
knowledge on conventional and emerging drug resistance
mechanisms and the involvement of exosomes as well as
exosome-mediated factors mediating drug resistance in lung
cancer.

INTRODUCTION

Lung cancer remains a significant health concern accounting for a
substantial number of cancer-related deaths despite advancement in
treatment modalities. Therapy resistance is considered as a major
concern contributing to the poor survival rates of lung cancer pa-
tients. Several mechanisms like phenotypic heterogeneity, apoptotic
bypass, metabolic reprogramming, epithelial-mesenchymal transi-
tion, enhanced angiogenesis, increased drug efflux, and decreased
drug intake, are responsible determinants and major modulators of
drug resistance in lung cancer.' From the past decade, new investiga-
tions on exosomes have found them to be transporter vehicles in
cellular communication and major modulators of drug resistance.”

Exosomes are types of small extracellular vesicles of size ranging from
30 to 200 nm, secreted by almost all cells including cancer cells. These
nanovesicles once thought to be the “cellular waste,” are now realized
to be acting as molecular players in regulating multiple biological
functions and assisting as a cargo in cellular communication and
transport by delivering lipids, proteins, and nucleic acids to neigh-
boring as well as distant cells.” Recent investigations propose that can-
cer stem cells could be a responsible mediator, intervening in drug
resistance, influencing neighboring cells via exosomes. Also some ev-
idence suggests that cancer-derived exosomes act as a promoter in

different cancers such as breast cancer, oral cancer, cervical cancer,
and colorectal cancer.”” Nevertheless, there has been limited explo-
ration into the potential influences of exosomes in the microenviron-
ment of lung cancer and their contribution to drug resistance. This
review summarizes emerging drug resistance mechanisms along
with the cross-signaling between exosomes secreted by heterogeneous
populations of cancer cells and how they modulate drug resistance in
bystander and distant cells by transporting various factors in the lung
tumor microenvironment (TME). Also these exosomes may be assist-
ing via autocrine or paracrine signaling to the cancer cell and regulate
the tumor microenvironment. This will provide new therapeutic stra-
tegies and targeted therapy options focusing on exosomes that have
the potential to overcome drug resistance in lung cancer.

DRUG RESISTANCE MECHANISMS IN LUNG CANCER
Drug resistance is a common and formidable obstacle in the treat-
ment of lung cancer. Despite significant advances in therapy, cancer
cells can develop different mechanisms to evade the effects of chemo-
therapy drugs and targeted therapies. In the context of drug resis-
tance, exosomes have been implicated in several mechanisms and
transfer of drug resistance proteins, nucleic acids, survival signal mol-
ecules, and genetic materials and lipids to bystander cells. Addition-
ally, cancer cells can develop efflux pumps that may be transferred
via exosomes, reducing their concentration within the cells. Altered
drug metabolism and the presence of heterogeneous cancer cell pop-
ulations within tumors further contribute to drug resistance.® There
are several different mechanisms involved in drug resistance mecha-
nisms in lung cancer, such as TME remodeling, tumor heterogeneity,
drug inactivation, reduced drug uptake, and increased drug efflux.”"’
But the role of exosome involvement in resistance mechanisms is a
little obscured, so this review will solely focus on the implications
of exosomes in drug resistance mechanisms in lung cancer. Following
are some of the traditional and emerging mechanisms such as pheno-
typic heterogeneity, metabolic reprogramming, TME remodeling,
apoptotic evasion, and epithelial-to-mesenchymal transition (EMT)
associated with exosomes that may uncover several pathways for
the targeted therapies and therapy resistance in lung cancer.

https://doi.org/10.1016/j.o0mtn.2024.102177.

Correspondence: Bijesh Kumar Biswal, PhD, Cancer Drug Resistance Laboratory,
Department of Life Science, National Institute of Technology Rourkela, Odisha
769008, India.

E-mail: biswalb@nitrkl.ac.in

Molecular Therapy: Nucleic Acids Vol. 35 June 2024 © 2024 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Updates


https://doi.org/10.1016/j.omtn.2024.102177
mailto:biswalb@nitrkl.ac.in
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2024.102177&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

Review

PHENOTYPIC HETEROGENEITY AS A PERVASIVE
FEATURE: CAN EXOSOMES MODULATE THE
PHENOTYPIC CHARACTERS?

Cancer cells often exhibit plasticity, allowing them to switch between
different phenotypic states according to their influential environ-
ment. This phenotypic plasticity can lead to the emergence of drug-
resistant subpopulations. However, cancer cells may undergo an
EMT, transforming to a more invasive and drug-resistant phenotype.
Conversely, cells can also undergo a mesenchymal-to-epithelial tran-
sition (MET), leading to increased sensitivity to certain therapies.
This phenotypic switching contributes to the dynamic nature of
drug resistance in cancer."'

Recent investigations suggest that phenotypic heterogeneity may play
a role in drug resistance in cancer that explains the occurrence of
“contrasting” cells within an isogenic population. Those cells show
a different expression profile of phenotypic changes from the
remainder of the population.'” It depends upon cell intrinsic and
extrinsic factors that play a significant role in drug resistance. Dy-
namic phenotypic switching may occur when the drug-tolerant cells
act like “persister cells” to affect neighboring cells and instruct via
exosomes, to become resistant against chemotherapy. Resistant cells
can become sensitive after the lower dose of chemotherapeutic treat-
ment showing the intercellular signaling to change in phenotypes that
may transform sensitive cells to resistant cells via exosomes.'* Exper-
imental findings indicate that transforming growth factor (TGF)-B
induced cytoskeletal remodeling and phenotypic heterogeneity in
non-small cell lung cancer (NSCLC) cells, which leads to increased
cellular stiffness and migratory capabilities, that could serve as poten-
tial targets for pharmaceutical interventions of lung cancer.'* Also
some reports suggest that TGF- can be transported via exosomes
while exosomes derived from dormant cancer cells can transfer
dormancy-inducing signals to other cancer cells, promoting the
acquisition of a dormant phenotype.'® Dormant cells are often less
responsive to chemotherapy and targeted therapies, contributing to
drug resistance. In addition, exosomes can transfer proteases, such
as MMPs (matrix metalloproteinase-1) and tissue inhibitors of metal-
loproteinase (TIMPs), which regulate the balance of ECM degrada-
tion and synthesis changing the phenotypes. Increased MMP activity
promotes ECM remodeling, facilitating tumor invasion and metas-
tasis and phenotypic remodeling possibly via exosomes.'® This evi-
dence suggests that exosomes might have a role in promoting pheno-
typic switching, which has a role in therapeutic resistance in lung
cancer.

Studies have revealed that phenotypic transformation of lung cancer
subtypes into small cell lung cancer (SCLC) occurs in approximately
3%—15% of patients who exhibit clinical indications of acquired resis-
tance to epidermal growth factor receptor (EGFR) tyrosine kinase in-
hibitors (TKIs) by osimertinib.'” Earlier studies on EGFR gene
sequencing have demonstrated that a potential phenotypic transfor-
mation from NSCLC to SCLC in some tumors.'® Transportation of
EGEFR via exosomes might have a role in promoting the resistance
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mechanisms in NSCLC contributing to drug resistance. Still there is
no clearer evidence of phenotypic transformation developed by
chemotherapeutic treatments via exosomes that may lead to drug
resistance in lung cancer. Additionally, there might be some underly-
ing mechanisms where exosomes may play a role in transporting
different factors altering phenotypes modulating TME in lung cancer.
Understanding the sources and underlying regulatory mechanisms
regulated by exosomes and how they are correlated with metabolic re-
programming could provide key insights to help in improving the
treatment of lung cancer.

METABOLIC REPROGRAMMING AS A NEW
EMERGING MECHANISM: CAN EXOSOMES RE-WRITE
METABOLIC NEED OF CANCER CELLS?

Metabolic reprogramming is recognized as an emerging hallmark of
cancer cells in recent years. It is an important aspect of cancer cells
where they reprogram the microenvironment according to the need
of nutrients, energy, redox force for rapid proliferation, and suppos-
edly drug resistance. Metabolic reprogramming via glucose, amino
acid, lipid, and cholesterol metabolism tends to be involved in rewir-
ing the cancer cells into resistant cells by diverse mechanisms.
Various glycolytic enzymes like PFK1, PKM2, and LDH are shown
to be involved in glycolytic reprogramming of cancer cells that leads
to drug-resistant cells via exosomes.'”*’ In a recent discovery, it was
revealed that Nrf2 is involved in metabolic reprogramming in NSCLC
and was found to be transported via exosomes to sensitive cells medi-
ating drug resistance.”’ Mitochondrial metabolism plays a central role
in cellular energy metabolism where it may have a role in drug resis-
tance by changing the dynamics, which may help to promote drug
resistance in various cancers. A study showed that PGC-1a, a prin-
cipal regulator of mitochondrial biogenesis and energy metabolism,
appears to be increased by reprogramming OXPHOS in cisplatin-
induced drug-resistant NSCLC and colorectal cancer. It was hypoth-
esized that PGC-1a. is a sole regulator of exosome biogenesis in skel-
etal muscles.”” PGC-1a. can be transported via exosomes to nearby
cells altering energy metabolism and promoting drug resistance in
lung cancer.

A new investigation revealed that Fyn-related kinase (FRK) plays an
oncogenic role by enhancing stemness and metabolic reprogramming
in lung cancer, which could be transported via exosomes to drug-sen-
sitive cells.”” Recent evidence indicates that glycogen branching
enzyme (GBE1), a downstream regulator of the hypoxia-inducible
factor-1 (HIF1) signaling pathway, induces metabolic changes under
hypoxia in in vitro as well as in vivo conditions.”* There might be a
role of exosomes in transporting GBE1 enzymes participating in
the mechanism of metabolic reprogramming, which further needs
to be investigated. Also some research shows that cancer-associated
fibroblasts (CAFs) deliver snail protein through exosomes, which reg-
ulates the hypoxic tumor microenvironment by overexpressing HIF-
1a,, that leads to drug resistance.” There have been reports suggesting
that exosomes carrying ALDOA and ALDH3AL act as signaling fac-
tors for the neighboring cells, which can be important for promoting
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glycolytic activity and motility in recipient cells.”® Furthermore, exo-
somes derived from lung cancer cells were found to express TRIM59,
which can be transferred to macrophages via exosomes, activating
macrophages, and promotes the progression of lung cancer both
in vitro and in vivo, promoting drug resistance.”” This evidence sug-
gests that metabolic reprogramming has a role in lung cancer drug
resistance that is mediated via exosomes in lung cancer. Exosomes
may contribute to the resistance mechanism by transporting specific
enzymes, different metabolites that serve in metabolic reprogram-
ming in lung cancer cells. Exploiting the underlying transporting
mechanisms via exosomes in the metabolic reprogramming and
TME crosstalk may help to decipher different strategies improving
drug resistance in lung cancer.

TME REMODELING AS AN ADAPTIVE STRATEGY: CAN
EXOSOMES TRANSFORM THE SURROUNDING
NICHE?

The TME consists of heterogeneous cell population consisting of
CAFs, endothelial cells, immune cells, stem cells, adipocytes, and
altered extracellular matrix architecture. These players have a critical
role in modulating cancer cells toward invasion and progression ulti-
mately leading to drug resistance. CAFs play a vital role in producing
extracellular matrix adaptation to the TME; also growth factors, me-
tabolites via exosomes that can remodel the microenvironment lead-
ing to drug resistance in lung cancer.”® Ke Xu et al. reported that a
higher level of Annexin A3 expression shown in CAFs than normal
fibroblasts in cisplatin-resistant cells plays an important role in
metastasis and drug resistance and Annexin A3 may be transported
via exosomes from drug-resistant cells to sensitive cells promoting
drug resistance.”” One group investigated that vascular cell adhesion
molecule-1 (VCAM-1), secreted from CAFs, tends to be expressed
higher by regulating AKT and MAPK signaling via receptor a4 in
lung cancer cells possibly via exosomes.’® Exosomes released by can-
cer cells can carry immunosuppressive molecules, such as pro-
grammed death-ligand 1 (PD-L1), TGF-B, and interleukin (IL)-10
that can promote an immunosuppressive TME by inhibiting the acti-
vation and function of immune cells via exosomes contributing to
TME remodeling and resistance mechanisms.”'

There is certain evidence showing growth factors like vascular endo-
thelial growth factor (VEGF) can also play a part in suppressing the
TME. Overexpression of VEGF may promote myeloid-derived sup-
pressor cell (MDSC) infiltration decreasing T cell infiltration and re-
modeling the TME via exosomes.>” In addition, it was shown that Hif-
la and Hif-2a are upregulated in cisplatin-resistant lung cancer cells
by promoting hypoxia, which further increased BNIP3 and BNIP3L
expression safeguarding the cells from cell death.” Exosomes derived
from NSCLC may contain inflammatory mediators, such as cyto-
kines, chemokines, and growth factors like VEGF, Hif-1a, and Hif-
20. that can induce an inflammatory response in the TME, recruiting
immune cells and promoting a proinflammatory state.”* There is new
emerging research surfacing, where exosomes can be used as a nano-
carrier to deliver various molecules remodeling the microenviron-
ment in NSCLC promoting drug resistance. Also shedding light on

different molecules transported across the TME via exosomes may
allow scientists to reinforce a novel therapeutic approach and eluci-
date key pathways in drug resistance.

DRUG TRANSPORTERS IN INCREASED DRUG EFFLUX
AND DECREASED DRUG UPTAKE: CAN EXOSOMES
ACT AS A MOLECULAR PLAYER?

Increased drug efflux and decreased drug uptake are two mechanisms
commonly associated with drug resistance in all the cancer cells as
well as bacterial multidrug resistance (MDR). These mechanisms
contribute to the reduced effectiveness of multiple drugs and develop
resistant strains that worsen the treatment options.

Drug efflux pumps are generally ATP-dependent transporters that
actively pump drugs out of the cell, reducing their intracellular con-
centration. By removing drugs from the cell, efflux pumps can mini-
mize their interaction with the target molecule, leading to reduced
drug efficacy leading to drug resistance. Some efflux pump families
implicated in drug resistance include ATP-binding cassette (ABC)
transporters, such as P-glycoprotein (P-gp), and multidrug resis-
tance-associated proteins.””> For example, MDRI is a well-known
drug transporter that effluxes chemotherapeutic agents out of cancer
cells, leading to drug resistance. MDRI1 as well as P-gp can be trans-
ported via exosomes and deliver them to lung cancer cells promoting
drug resistance.”® Moreover, ABCG2 has emerged as a key player in
drug resistance across different cancer types, including lung cancer.
The expression of ABCG2 has been detected in both NSCLC and
SCLC subtypes. Elevated levels of ABCG2 expression supposedly
transported via exosomes, are frequently linked to resistance against
multiple chemotherapeutic drugs commonly employed in lung can-
cer treatment. Exosomes loaded with ABCG2 inhibitors or modula-
tors can disrupt ABCG2-mediated drug efflux in cancer cells,
increasing the intracellular drug concentration and overcoming resis-
tance to chemotherapy.”” A group of researchers demonstrated that
M3814, which is a DNA-PK inhibitor can modulate the function of
ABCG2 and overcome ABCG2-mediated MDR, where ABCG2 pro-
teins are found in higher concentrations in exosomes.’® Moreover,
exosomes play a vital role in transferring information from tumor
cells to immune and stromal cells within the microenvironment
niche. Additional investigations may uncover how different exosomes
might play a role in transporting crucial factors related to drug efflux
and influx, which would confirm the mechanisms behind drug resis-
tance by the exosomal route in lung cancer.

APOPTOSIS EVASION: CAN EXOSOMES INTERFERE
IN THIS TRADITIONAL MECHANISM?

Apoptosis evasion plays a significant role in the development of drug
resistance in lung cancer. However, cancer cells often acquire the abil-
ity to evade apoptosis, allowing them to survive and continue prolif-
erating even in the presence of anticancer drugs. Apart from that,
exosomes are in the limelight for the transportation of various anti-
apoptotic factors between drug-resistant cells to drug-sensitive cells
promoting drug resistance in lung cancer.
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There have been some reports that survivin is secreted via exosomes
inhibiting apoptosis and promoting growth in lung cancer cells lead-
ing to therapy resistance.” In addition, X-linked inhibitor of
apoptosis protein (XIAP), a potent inhibitor of apoptosis, was found
to be carried by exosomes and delivered to recipient cells, where it in-
hibits apoptosis and promotes cell survival.*” Moreover, insulin-like
growth factor 1 (IGF-1) has been implicated in promoting cell sur-
vival and inhibiting apoptosis in lung cancer. Exosomes derived
from lung cancer cells can transport IGF-1 and deliver it to recipient
cells activating pro-survival signaling pathways contributing to tumor
progression and drug resistance.”’ In a study, it was demonstrated
that miR-103a-3p, secreted by CAFs, plays a role in suppressing
apoptosis and promoting cisplatin resistance in NSCLC.** Experi-
mental evidence confirmed that miR-103a-3p is highly expressed in
both CAFs and CAF-derived exosomes in NSCLC. Furthermore, it
was observed that miR-103a-3p inhibited apoptosis by directly target-
ing BAK1, a pro-apoptotic protein.** Similarly, Na Shao et al. showed
that exosomal circRNA phosphatidylinositol-4-phosphate 5-kinase
type 1 alpha (circ_PIP5K1A) from NSCLC helps in regulating pro-
gression and cisplatin sensitivity by regulating the miR-101/ABCC1
axis showing that exosomes may act as mediators in transporting
circ_PIP5K1A.** Also, exosomal FOXD3-AS1 upregulated ELAVLI
expression activating the PI3K/Akt pathway to promote lung cancer
proliferation, invasion, and progression as well as 5-FU resistance by-
passing apoptotic pathways.** A recent publication revealed that exo-
some-derived NSCLC cells exerted a promoting effect on cell prolif-
eration while inhibiting apoptosis in both normal lung fibroblasts
and NSCLC cells. This effect was attributed to the delivery of
alpha-smooth muscle actin by exosomes. Specifically, when exosomes
isolated from A549 cells were co-cultured with normal lung fibroblast
cells (HLFs), an increase in cell proliferation and a decrease in
apoptosis were observed.”® Future research focusing on exosomes
and their role in apoptotic evasion in lung cancer drug resistance
holds great potential for enhancing our comprehension of this intri-
cate process. By delving into the intricate interplay between exosomes
and apoptotic pathways scientists may shed light on previously un-
known drug resistance mechanisms to anticancer medications, which
may help in cellular phenotypic transitions.

EMT: CAN EXOSOMES INTERPLAY IN THIS
AGGRESSIVE PATHWAY?

EMT is a remarkably conserved phenomenon distinguished by the
conversion of epithelial cells into mesenchymal cells. EMT is associ-
ated with various aspects of tumor biology, including metastasis, drug
resistance, and overall tumor advancement. The molecular mecha-
nisms underlying the process of EMT involve the activation of key
transcription factors, including SNAIL, Slug, zinc-finger E-box-
binding (ZEB), and certain basic-helix-loop-helix transcription fac-
tors. The reprogramming of gene expression during EMT is initiated
and regulated by various signaling pathways that respond to extracel-
lular signals. Notably, the NOTCH pathway, ERK pathway, PI3K/
AKT pathway, and HIPPO pathway play prominent roles in orches-
trating this cellular transition, while TGF-f signaling has a predom-
inant role in lung cancer progression.*’
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A study conducted by Xiaoyin Zhao et al. demonstrated that exo-
somes derived from mesenchymal stem cells (MSCs) promote
EMT, invasion, and progression of A549 lung cancer cells activating
multiple signaling pathways. Interestingly, when TGF-B1 expres-
sion in MSCs was silenced, it resulted in the deactivation of both
Smad-dependent and independent pathways that were activated
by MSC-derived exosomes.*” Additionally, when the expression of
TGF-B1 was silenced in MSCs, it not only reversed the EMT-pro-
moting effect but also enhanced the anti-proliferative and pro-
apoptotic effects of MSCs on lung cancer cells through the delivery
of MSC-derived exosomes showing that there might be a role of exo-
somes transporting TGF-B1 in NSCLC.*® Subsequent investigations
revealed that MSC-derived exosomes activated several key signaling
pathways, including Smad2/3, Akt/GSK-3p/B-catenin, NF-kB, ERK,
JNK, and p38 MAPK, within the TGF-B1 signaling pathway in lung
cancer cells. Conversely, silencing TGF-B1 expression in MSCs re-
sulted in the deactivation of these pathways, thereby suggesting their
dependency on TGF-B1 for activation in the context of MSC-exo-
some-mediated effects.*” Moreover, the levels of Snail-1 in exo-
somes released by CAFs were found to be correlated with the induc-
tion of EMT in NSCLC. Notably, when CAFs were treated with
GW4869, an inhibitor of exosome release, it effectively inhibited
their ability to induce EMT in recipient cells.”” A study demon-
strated that there was a significant upregulation of CircFARSA in
NSCLC cells. Moreover, the overexpression of CircFARSA was
found to enhance the metastatic potential of NSCLC.”' However,
when NSCLC cells were co-cultured with macrophages transfected
with circFARSA, it resulted in enhanced EMT and metastasis. The
underlying mechanism involving exosomal circFARSA that induces
M2 polarization through PTEN ubiquitination and degradation,
subsequently activates the PI3K/AKT signaling pathway.”” These
findings highlight the role of exosomal circFARSA in promoting
NSCLC progression by modulating macrophage polarization and
activating key signaling pathways. Multiple research studies have
shown the importance of exosomes from CAFs and MSCs in pro-
moting EMT, invasion, and progression and developing drug resis-
tance. More research is needed to explore the underlying mecha-
nisms of how exosomes support in assisting the normal cells to
switch their phenotypic character during EMT and MET, escaping
different therapeutic strategies promoting drug resistance in lung
cancer (Figure 1).

TRANSPORT OF DIFFERENT FACTORS PROMOTING
DRUG RESISTANCE IN LUNG CANCER VIA
EXOSOMES

Protein factors transport

There are various kinds of proteins that are transported via exosomes
and regulate intracellular communication, signaling, and several
other mechanisms leading to drug resistance in cancer as previously
discussed. For example, CD44 and integrins, involved in cell adhe-
sion, can be carried to recipient cells via exosomes to nearby cells
in the TME.> Cancer cells with enhanced DNA repair capabilities
are often resistant to DNA-damaging agents, such as chemotherapy
or radiation therapy. Exosomes released by DNA repair-proficient
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Figure 1. The role of exosomes in modulating drug
resistance mechanisms in lung cancer

This figure illustrates the potential roles of exosomes in
modulating various drug resistance mechanisms in lung
cancer. The drug-sensitive cancer cells are transformed
into resistant cells by changing their morphology and
forming heterogeneous types of cells where exosomes
play a critical role in changing the phenotypes. Also,
exosomes may help in rewriting the recipient cells by
delivering drug transporters, anti-apoptotic factors, or
transferring survival signals, EMT-inducing factors,
signaling molecules, or genetic material, promoting drug
resistance in lung cancer cells.
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tions are needed to establish the mechanisms
of involvement of exosomes in transporting
various protein factors in developing drug resis-
tance in lung cancer (Table 1).

Anti-apoptotic factors transport
Anti-apoptotic factors are a group of cellular
constituents that inhibit the apoptotic process,

promoting cell survival. These factors can pro-
tect cells from apoptosis by preventing the acti-
vation of apoptotic pathways, inhibiting the
release of pro-apoptotic factors, or promoting
cell survival signals. While the transport of
apoptotic factors is a well-documented process,
the transfer through exosomes is a relatively less
explored area of research. Several studies have
shown that exosomes derived from cells ex-
pressing anti-apoptotic proteins can transfer
these proteins to recipient cells, influencing their
apoptotic susceptibility. For example, exosomes
derived from cancer cells that overexpress anti-

METASTASIZED CELLS

cancer cells can transfer DNA repair proteins, such as RAD51, O6-
methylguanine-DNA methyltransferase (MGMT), or DNA-PK, to
neighboring cells enhancing their DNA repair capacity and confer-
ring resistance to DNA-damaging treatments conferring therapeutic
%5 Increased expression of
DNA repair proteins enhances the capacity of recipient cells to repair

resistance and relapse mechanisms.

DNA damage induced by chemotherapy or radiation therapy, leading
to drug resistance. In addition, EGFR is a receptor tyrosine kinase that
plays a role in cell growth and survival. Overexpression or mutation of
EGEFR is associated with resistance to targeted therapies, such as
EGFR-TKIs, in certain cancers as well as lung cancer. Exosomes
derived from EGFR-driven resistant cancer cells can transfer EGFR
and its mutant variants to recipient cells.”® This transfer can lead to
activation of downstream signaling pathways, circumventing the
inhibitory effects of targeted therapies. Emerging research is going
on to unveil the underlying mechanisms of exosomal protein trans-
port in multiple cancers including lung cancer. Thorough investiga-

apoptotic proteins such as Bcl-2 or survivin have

been found to confer resistance to apoptosis in
recipient cells in breast cancer.”” In hematological malignant cells,
caspase-3 cleaved Bcl-xL is shown to be transferred via exosomes
and uptake by recipient cells.”® Exosomal survivin also was shown
to be an activator of TME promoting lung cancer and evading
apoptosis.”® Another anti-apoptotic protein, XIAP was found to be
carried by exosomes in prostate cancer restraining apoptosis and pro-
moting metastasis, which might have a role in drug resistance in lung
cancer.” Heat shock proteins (HSPs) encompass a cluster of molec-
ular chaperones that play a crucial role in shielding cells against
various forms of stress while bolstering cellular viability. Certain
HSPs, such as Hsp70 and Hsp90, have been identified as markers
in exosomes. These exosomal HSPs can be taken up by recipient cells,
where they may confer cytoprotective effects by inhibiting apoptotic
pathways and promoting cell survival.”” Akt, also known as protein
kinase B, is a key signaling molecule involved in promoting cell sur-
vival and inhibiting apoptosis. Activated Akt has been detected in
some exosomes and can be delivered to recipient cells.”’ Once inside
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Table 1. Exosomal factors responsible for drug resistance in lung cancer and their functions

Types of exosomal factor ~ Exosomal factors Functions Expression level ~ Reference
Jati f cell proliferati ’
YAP1 Regulation of cetl prot feratlon Upregulated Song et al.*
and apoptosis, drug resistance.
c-Src Signaling pathways related to Upregulated Clark et al.””

cancer progression and drug resistance.

Promotes cancer stemness, ) 9
CD44 . Upregulated Szatanek, R. and M. Baj-Krzyworzeka”'
enhances drug resistance.

Immune regulation, apoptosis
FasL resistance, enhance resistance Upregulated Cai et al.””
to chemotherapy.

Inhibits immune cell activation,
PD-L1 proliferation, and survival and Upregulated Kim et al.
cytotoxic secretion within cancer cell.

Proteins 93

DNA repair enzyme involved

ERCC1 . . o .
in nucleotide excision repair.

Upregulated Ridder et al.”*

Facilitates tumor cell proliferation,
invasion, metastasis, angiogenesis,
and confers resistance to
anticancer therapies.

COX2 Upregulated Kim et al.”

Mediates chemotaxis, migration,

SDF1 . L
and secretion of angiopoietic factors.

Upregulated Wang et al.”

Regulates cell survival,

0 97
modulates drug response. Upregulated Tallima et al.

Sphingomyelin

Ceramide Induces apoptosis, modulates drug response. Upregulated Hsu et al.”®

Modulates membrane fluidity,

Cholesterol affects drug response.

Upregulated Hsu et al.”®
Lipids

Regulates cell signaling,
affects drug response.

99

Phosphatidylserine Upregulated Xia et al.

proliferation, differentiation,
Phosphatidylethanolamine ~ metastasis and therapy Upregulated Hsu et a
resistance of tumors.

198

Enhances drug resistance,

miR-126 ; .
promotes angiogenesis.

Upregulated Chen et al.'””

Enhances resistance to docetaxel and
miR-125b cisplatin by targeting BAK1 and Bcl-2, Upregulated Zhang et al.""!
inhibiting apoptosis, and promoting cell survival.

Confers resistance to cisplatin and
miR-17-92 paclitaxel by targeting PTEN and BIM, Upregulated Yang et al.'”
promoting cell survival, and inhibiting apoptosis.

Suppresses resistance to cisplatin and
doxorubicin by targeting Bcl-2 and Notchl,
promoting apoptosis, and inhibiting

cell proliferation.

miR-34a Downregulated Wu et al.'”

RNAs Mediates resistance to EGFR inhibitors
by targeting EGFR itself, activating the
NF-kB pathway, and promoting cell
survival and proliferation.

miR-146a Upregulated Wani et al.'*

Contributes to resistance to cisplatin and
geﬁtinib by targeting mTOR, activating
the PI3K/Akt pathway, and promoting
cell survival and proliferation.

miR-99a Upregulated Akbarzadeh et al.'"”

Contributes to resistance against various
miR-10b chemotherapeutic agents by targeting HOXD10, Upregulated Iswariya et al.'%°
promoting cell survival, and inhibiting apoptosis.

Induction of EMT, activation of oncogenic
H19 (LncRNA) signaling pathways, and changes in the Upregulated Pan, R. and H. Zhou'"”’
tumor microenvironment.
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the recipient cells, exosomal Akt can activate downstream signaling
pathways that promote cell survival and inhibit apoptosis.”® Certain
miRNAs with anti-apoptotic functions, such as miR-21 and miR-
29a, also have been found to be transported via exosomes.®” These
miRNAs can be transported to recipient cells targeting pro-apoptotic
genes, promoting cell survival and drug resistance. Ongoing research
must continue to identify additional anti-apoptotic factors trans-
ported via exosomes and their involvement in pathway modulation
and drug resistance in lung cancer.

Transport of transcription factors

While the primary role of exosomes is to transport various biomole-
cules, such as proteins, lipids, and nucleic acids, the transport of tran-
scription factors via exosomes is still an area of ongoing research and
is not fully understood yet. Although the transport of transcription
factors through exosomes has not been extensively characterized,
there is emerging evidence suggesting that certain transcription fac-
tors are found in exosomes. Twistl, a transcription factor involved
in EMT, can be packaged into exosomes derived from cancer cells
and may induce EMT in recipient cells, leading to increased invasion
and metastasis in lung cancer.” Likewise, STATS and STAT3 have
been observed to be transferred via exosomes between immune cells,
such as regulatory T cells and dendritic cells. Exosomal STATS5 can be
transferred to recipient cells to influence immune responses and regu-
late gene expression.”* A recent study showed that Runx1 (known as
AML1), a transcription factor that plays a critical role in hematopoi-
esis and leukemia, can be transported via exosomes derived from leu-
kemia cells.”” Exosomal transfer of HIF-1c has been proposed as a
mechanism for intercellular communication and modulation of
cellular responses to hypoxia, where some reports suggest that HIF-
la. can be transported via exosomes.’® In addition, LMP1, a transcrip-
tion factor, plays a crucial role in promoting the growth, survival,
EMT, angiogenesis, and metastasis of cancer cells by modulating
the stromal cells within the TME. Some reports have found that
LMP1 can be transported via exosomes.””*® YAP and TAZ are tran-
scriptional coactivators that play a crucial role in the Hippo signaling
pathway, responsible for regulating cell proliferation and organ size.
Interestingly, these factors have been identified in exosomes derived
from lung cancer cells. The presence of YAP and TAZ in these exo-
somes can significantly impact the behavior of recipient cells, ulti-
mately promoting tumor growth and metastasis and drug resis-
tance.®® Further research is needed to fully elucidate the extent and
functional implications of transcription factor transport via exosomes
in lung cancer. The understanding of transcription factor transport
via exosomes is in its early stages; these initial findings suggest that
exosomes may have a role in the intercellular transfer of transcription
factors, potentially influencing drug resistance mechanisms in lung
cancer.

EMT factors transport

EMT factors are transcription factors and other molecules that regu-
late the transition of epithelial cells into a mesenchymal phenotype,
characterized by increased migratory and invasive properties. For
example, Snail is shown to be packaged into exosomes and transferred

to neighboring or distant cells promoting drug resistance in
NSCLC.” Exosomal Snail can trigger EMT and enhance cancer cell
invasiveness. Also Slug, closely related to Snail, regulates EMT by
modulating the expression of genes involved in cell adhesion and
migration. Exosomal transfer of Slug may be possible in NSCLC,
and it can promote EMT-related changes in recipient cells. Some
research shows that zinc-finger E-box-binding Homeobox 1 (ZEB1)
and ZEB2 are transcription factors that are critical regulators of
EMT. Both ZEB1 and ZEB2 mRNA have been detected in exosomes
derived from cancer cells.”' Exosomes derived from lung cancer cells
have been found to carry E-Cadherin, suggesting a potential mecha-
nism for the removal or sequestration of E-Cadherin from cancer
cells. This transfer of E-Cadherin via exosomes can contribute to
the loss of cell-cell adhesion and promote the invasive behavior of
recipient cells.”> Moreover, certain integrins, such as avB6 and
a6PB4, have been identified in exosomes derived from lung cancer
cells.”” The transfer of integrins via exosomes can modulate cell-ma-
trix interactions and contribute to the migratory and invasive
behavior of recipient cells, which can develop therapy resistance in
lung cancer cells.

Further research must continue to unravel the role of various EMT
factors involved with exosomes in lung cancer progression and ther-
apy resistance mechanisms.

Angiogenesis factors transport

Angiogenesis is a critical process in various physiological and patho-
logical conditions, including cancer. Several angiogenesis factors have
been identified to be transported via exosomes.”* Angiogenesis factors
such as VEGF, one of the most well-known angiogenesis factors, have
been found to carry VEGF in cancer cells, including lung cancer.
Fibroblast growth factor (FGF) is another potent angiogenesis factor
that promotes endothelial cell proliferation and migration. It has been
detected in exosomes derived from cancer cells. Exosomal FGF can
induce angiogenic responses in recipient cells and facilitate the forma-
tion of new blood vessels.”” Angiogenin is a protein involved in pro-
moting angiogenesis. Exosomes derived from glioblastoma cells
contains seven angiogenin proteins.”* These proteins stimulate endo-
thelial cell proliferation and migration, leading to the formation of
newer blood vessels. There might be a possibility that exosomes
derived from lung cancer cells carry angiogenin, which may unravel
newer avenues in lung cancer research involving angiogenic factors.
Some cytokines like IL-1, IL-6, IL-8, and tumor necrosis factor
(TNF)-a are proinflammatory cytokines that can also act as a potent
angiogenic factor. Exosomes derived from lung cancer and colon can-
cer cells have been shown to carry IL-8. The transfer of exosomal IL-8
can stimulate angiogenesis and contribute to tumor vascularization.”®
Likewise, other proinflammatory cytokines can be carried by exo-
somes creating an inflammatory environment supporting the growth
of tumor. In addition, TSP-1 is a matricellular protein with both anti-
angiogenic and pro-angiogenic properties and is shown to be carried
via exosomes derived in breast cancer cells.”” The transfer of exoso-
mal TSP-1 can influence endothelial cell behavior and modulate
angiogenesis in recipient cells.”® TSP-1 may be transported via
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exosomes and may promote angiogenesis in lung cancer, which is not
yet reported and holds a great promise in therapeutic drug resistance
research. Some angiogenesis factors, as discussed above, have been re-
ported to be transported via exosomes in different types of cancer as
well as lung cancer. Besides that, lung cancer-derived exosomes car-
rying angiogenesis factors have not been explored yet. Ongoing
research must continue to uncover additional angiogenesis factors
and shed light on their roles in exosome-mediated drug resistance
in lung cancer.

Lipid factors transport

Lipids play crucial roles in cellular functions, including membrane
structure, energy storage, and signaling. Recent research shows exo-
somes have been implicated in the transport of lipids such as choles-
terol, fatty acids, and eicosanoids in various cellular processes,
including cancer.”” During the formation of exosomes, lipid molecules
can be selectively sorted and incorporated into the exosomal mem-
brane and transported to the neighboring cells.** However, cancer cells
release exosomes that contain unique lipid signatures. These lipid sig-
natures can differ from those of normal cells and may reflect the meta-
bolic alterations and pathological state of the cancer cells.*' The trans-
fer of these lipids via exosomes in cancer can have functional
implications for cancer progression and resistance. These lipids trans-
ferred via exosomes can serve as signaling molecules in recipient cells.
For instance, lipid molecules like lysophosphatidic acid or sphingosine-
1-phosphate (S1P) carried by exosomes can activate signaling pathways
associated with cancer cell survival, migration, and metastasis.®” Also,
cholesterol-rich exosomes can be released by cancer cells and taken up
by recipient cells, contributing to altered cholesterol homeostasis and
promoting tumorigenesis.”> Moreover, exosomes can transfer specific
lipids and lipid-associated enzymes that can reprogram recipient cells’
lipid metabolism, supporting the unique lipid requirements of cancer
cells.”” Additionally, fatty acids such as palmitic acid and oleic acid,
can be carried by exosomes. These fatty acids can affect cellular
signaling pathways, including inflammation, lipid metabolism, and
cancer progression.”* Numerous studies have proved that lipids may
play a vital role in cancer invasion and progression pathways in
different types of cancer; there are a few studies showing that lipids
are carried and transported by exosomes to neighboring cells and trans-
form them into resistant cells. Exploring the roles of lipids transported
via exosomes may open new possibilities of research for the treatment
of drug resistance in lung cancer (Table 1).

miRNA transport

The transport of microRNAs (miRNAs) via exosomes is an active area
of research and well-established. Exosomes serve as vehicles for inter-
cellular communication, and they can transfer miRNAs between cells,
influencing gene expression, various cellular processes in cancer. Dur-
ing the biogenesis of exosomes, specific miRNAs can be selectively
incorporated into the exosomes and this packaging is mediated by in-
teractions between miRNAs and RNA-binding proteins, such as the
RNA-induced silencing complex, which plays a role in miRNA
loading into exosomes.’” Similarly, miR-21 is one of the most well-
studied miRNAs in exosomes. It is often upregulated in cancer and
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has been found to be transferred from cancer cells to recipient cells
via exosomes. Exosomal miR-21 has been associated with promoting
tumor growth, invasion, metastasis by targeting various tumor sup-
pressor genes, and most importantly is involved in therapy resis-
tance.®” Additionally, mir-155 is an important miRNA involved in
immune responses and inflammatory processes. It has been detected
in exosomes derived from immune cells, such as B cells and dendritic
cells. Exosomal miR-155 can be transported to recipient cells, modu-
lating gene expression and immune responses.”® Moreover, the let-7
miRNA family plays a crucial role in developmental processes and is
often dysregulated in cancer.’” Also, exosomal miR-1246, miR-146a,
and miR-29 are found in different cancers, which are involved in tu-
mor progression, drug resistance, and metastasis.”® The transfer of
miRNAs via exosomes provides a mechanism for cells to communi-
cate and influence gene expression in recipient cells, shaping various
cellular processes and disease outcomes. These examples signify the
diverse roles of miRNAs transported via exosomes in lung cancer.
Targeting these domains will uncover new realms underlying miRNA
and lung cancer crosstalk intervening in lung cancer drug resistance
(Figure 2; Table 1).

PROGRESSION AND MAINTENANCE OF DRUG
RESISTANCE BY EXOSOMAL FACTORS IN LUNG
CANCER

As this extensive review suggests, exosomal factors may play a crucial
role in the progression of drug resistance in lung cancer by transport-
ing bioactive molecules between cancer cells. These exosomes may
contribute to drug resistance by transmitting resistance-conferring
molecules, activating survival pathways, and enhancing TME remod-
eling. Exosomal cargo can foster cellular adaptations, such as
enhanced DNA repair and altered drug efflux mechanisms, ultimately
promoting treatment evasion and tumor growth. Also, these exoso-
mal factors might have a role in maintaining drug resistance capacity
by autocrine or paracrine signaling in lung cancer cells for a pro-
longed period of time supporting the cells to maintain resistant phe-
notypes.'”® In addition, exosomes may have a conflicting role in
suppressing the TME, promoting apoptosis. For example, M1-macro-
phage-derived exosomes (M1-exos) can inhibit tumor progression by
enhancing immune response and promoting apoptosis. These M1-
exos can carry miR-181a-5p to target ETS1, inhibiting the expression
of STK16 (Serine/threonine kinase-16) in tumor cells.'” Likewise,
M1-exos can carry miR-16-5p, exerting an inhibitory effect on gastric
cancer progression via PD-L1 activating T cell immune response.' "’
Similarly, exosomes from other immune cells such as NK cells, den-
dritic cells, B cells, Mast cells, and neutrophils have direct anti-tumor
activity having a positive effect.''" There is no compelling evidence
for this least explored area between exosomes and cancer, more spe-
cifically lung cancer, and how their crosstalk helps to maintain the
phenotypic characteristics and microenvironment of resistant cells.

THE INTERPLAY BETWEEN EXOSOMES AND DRUG
RESISTANCE IN LUNG CANCER

From the above literature review it can be concluded that exosomes
may play a significant role in intercellular communication by
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Figure 2. Transport of various exosomal factors from chemotherapy drug-resistant cells to drug-sensitive cells in lung cancer
The figure highlights the role of exosomes in transporting various factors such as protein factors, lipid factors, RNAs, anti-apoptotic factors, transcription factors, and

epithelial-mesenchymal factors promoting drug resistance in lung cancer.

transferring bioactive molecules from donor cells to recipient cells. In
the context of cancer, exosomes have been implicated in tumor pro-
gression, metastasis, and drug resistance. While the mechanisms un-
derlying drug resistance in lung cancer are multifactorial, exosomes
may have a role in the development of resistance by facilitating
communication between cancer cells. Additionally, exosomes may in-
fluence the TME by modulating the behavior of surrounding cells. For
example, some anti-apoptotic molecules, EMT factors, and angiogen-
esis factors can be transferred and modulate the TME, so the altered
microenvironment can contribute to the development of drug resis-
tance by providing a supportive niche for drug-resistant cancer cells.
Understanding the mechanisms by which exosomes contribute to
drug resistance can potentially lead to the development of novel ther-
apeutic strategies to overcome resistance and improve the outcomes
for lung cancer patients.

CLINICAL ASPECTS OF EXOSOMES

Exosomes contain a variety of biomolecules that reflect the composi-
tion of their parent cell and travel through the bloodstream and other
body fluids to interact with distant cells and modulate their functions.
These nanovesicles can be engineered to deliver specific cargos and
used as drug delivery agents and targeted therapy. Due to biocompat-
ibility and lower immunogenicity than other drug delivery systems,
these bioengineered exosomes can be the future of drug delivery sys-

tems to some larger extent. These bioengineered nanovesicles can
cross the lipid bilayer and blood-brain barrier easily and target spe-
cific molecules on the cancer cells allowing more precise delivery of
therapies and reduced side effects on healthy tissues,"'* so it will be
advantageous to target cells that are different from other traditional
therapies. Apart from drug delivery, exosomes can also be used for
biomarker studies, vaccine development, and gene therapies as well.
These vesicles are currently being explored for a wide range of clinical
applications, including cancer immunotherapy, neurological disor-
ders, cardiovascular disease, etc. A survey on Clinicaltrials.gov
(https://clinicaltrials.gov/) displays the major applications of exo-
somes including biomarker study, exosome therapy, drug delivery
systems, and cancer vaccines. There are more than 100 trials done
involving exosomes, from which 50% belong to exosome biomarker
applications, 30% belong to exosome therapy, 10% belong to drug
delivery systems, and 15% belong to basic analysis of exosomes.'"’
For example, a clinical trial was conducted to explore the ability
of grape plant exosomes to prevent oral mucositis, which is
associated with chemoradiation treatment of head and neck cancer
(NCT01668849).'" Also, many other articles published compilations
of exosome use in pre-clinical and clinical trials.""*~"'®

In addition to that, high-throughput screening identifies selective in-
hibitors and activators of exosome biogenesis such as tipifarnib,
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climbazole, triadimenol, sitafloxacin, nitrefazole, and pentetrazol,
which can be potentially utilized as novel therapeutic options in
advanced cancers. By exploring the underlying mechanisms of deliv-
ery systems of exosomes and targeting exosome biogenesis, new ther-
apeutic avenues will be established for the betterment of personalized
cancer treatment.

DISCUSSION AND CONCLUSIONS

Exosomes have emerged as key mediators of drug resistance in lung
cancer, offering new avenues for understanding and addressing this
major clinical challenge. They play a significant role in promoting
drug resistance in cancer, and the future in this area of research holds
great promise. By transferring specific mnRNAs, ncRNA, miRNA, and
proteins, exosomes can induce drug resistance in tumor cells."'” So,
these exosomes can modulate drug resistance via different mecha-
nisms by transporting drug efflux pumps, DNA damage repair pro-
teins, TME acidity, autophagy, dysregulation of oncogenes, and tu-
mor suppressor genes, which is well documented.” The field of
exosomes research in cancer is rapidly evolving, and there are several
exciting directions and potential future developments. By harnessing
the potential of exosomes, researchers and clinicians can potentially
overcome drug resistance, improve patient outcomes, and advance
the field of lung cancer treatment. Understanding precise mecha-
nisms by which exosomes contribute to drug resistance is crucial.
Further research efforts should aim to unravel the intricate molecular
cargo carried by exosomes, which may play pivotal roles in modu-
lating drug resistance. By elucidating these mechanisms, researchers
can identify potential therapeutic targets and develop strategies to
disrupt exosome-mediated drug resistance.

Future research efforts will focus on elucidating the complex mecha-
nisms by which exosomes contribute to drug resistance in lung cancer
as well as other cancers. A deeper understanding of exosome-medi-
ated drug resistance will facilitate the development of targeted thera-
peutic strategies.

ACKNOWLEDGMENTS

The authors would like to thank the Ministry of Education and Na-
tional Institute of Technology Rourkela, Odisha, India, for providing
fellowship and laboratory facilities to carry out the research.

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

AUTHOR CONTRIBUTIONS

S.K.P.: Conceptualization, Formal analysis, Visualization, Writing -
original draft; review & editing; R.K.S.: Visualization, designing fig-
ures, review & editing; S.B.: Review & editing; S.S.P.: Review & editing;
B.K.B.: Conceptualization, Supervision, Writing-review & editing.

DECLARATION OF INTERESTS

The authors declare no competing interests.

10 Molecular Therapy: Nucleic Acids Vol. 35 June 2024

REFERENCES

1.

~

]

11.

12.

13.

16.

18.

21.

Deshmukh, S., and Saini, S. (2020). Phenotypic Heterogeneity in Tumor
Progression, and Its Possible Role in the Onset of Cancer. Front. Genet. 11, 604528.

. Maacha, S., Bhat, A.A., Jimenez, L., Raza, A., Haris, M., Uddin, S., and Grivel, J.-C.

(2019). Extracellular vesicles-mediated intercellular communication: roles in the tu-
mor microenvironment and anti-cancer drug resistance. Mol. Cancer 18, 55.

. Herrmann, LK., Wood, M.J.A., and Fuhrmann, G. (2021). Extracellular vesicles as a

next-generation drug delivery platform. Nat. Nanotechnol. 16, 748-759.

. Gurung, S., Perocheau, D., Touramanidou, L., and Baruteau, J. (2021). The exosome

journey: From biogenesis to uptake and intracellular signalling. Cell Commun.
Signal. 19, 47.

. Dong, X, Bai, X,, Ni, J., Zhang, H., Duan, W., Graham, P, and Li, Y. (2020).

Exosomes and breast cancer drug resistance. Cell Death Dis. 11, 987.

. Wang, ], Jing, J., Zhou, C., and Fan, Y. (2024). Emerging roles of exosomes in oral

diseases progression. Int. J. Oral Sci. I6, 4.

. Kok, V.C.,, and Yu, C.-C. (2020). Cancer-derived exosomes: their role in cancer

biology and biomarker development. Int. J. Nanomed. 15, 8019-8036.

. Bukowski, K., Kciuk, M., and Kontek, R. (2020). Mechanisms of multidrug resis-

tance in cancer chemotherapy. Int. J. Mol. Sci. 21, 3233.

. Li, ], Zhu, L., and Kwok, H.F. (2023). Nanotechnology-based approaches overcome

lung cancer drug resistance through diagnosis and treatment. Drug Resist. Updates
66, 100904.

. Biswal, S., Panda, M., Sahoo, RK,, Tripathi, S.K., and Biswal, B.K. (2023). Tumour

microenvironment and aberrant signaling pathways in cisplatin resistance and stra-
tegies to overcome in oral cancer. Arch. Oral Biol. 151, 105697.

Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., Campbell, K.,
Cano, A., Casanova, J., Christofori, G., et al. (2020). Guidelines and definitions
for research on epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 21,
341-352.

Lenz, G., Onzi, G.R, Lenz, L.S., Buss, ].H., Dos Santos, J.A., and Begnini, K.R. (2022).
The Origins of Phenotypic Heterogeneity in CancerPhenotypic Heterogeneity in
Cancer. Cancer Res. 82, 3-11.

Nam, A., Mohanty, A., Bhattacharya, S., Kotnala, S., Achuthan, S., Hari, K,
Srivastava, S., Guo, L., Nathan, A., Chatterjee, R, et al. (2021). Dynamic phenotypic
switching and group behavior help non-small cell lung cancer cells evade chemo-
therapy. Biomolecules 12, 8.

. Gladilin, E., Ohse, S., Boerries, M., Busch, H., Xu, C., Schneider, M., Meister, M., and

Eils, R. (2019). TGFB-induced cytoskeletal remodeling mediates elevation of cell
stiffness and invasiveness in NSCLC. Sci. Rep. 9, 7667.

. Zhang, L., and Yu, D. (2019). Exosomes in cancer development, metastasis, and im-

munity. Biochim. Biophys. Acta Rev. Canc 1871, 455-468.

Clément, V., Roy, V., Paré, B., Goulet, C.R., Deschénes, L.T., Berthod, F., Boldug, S.,
and Gros-Louis, F. (2022). Tridimensional cell culture of dermal fibroblasts pro-
motes exosome-mediated secretion of extracellular matrix proteins. Sci. Rep. 12,
19786.

. Leonetti, A., Sharma, S., Minari, R., Perego, P., Giovannetti, E., and Tiseo, M. (2019).

Resistance mechanisms to osimertinib in EGFR-mutated non-small cell lung cancer.
Br. J. Cancer 121, 725-737.

Dorantes-Heredia, R., Ruiz-Morales, J.M., and Cano-Garcia, F. (2016).
Histopathological transformation to small-cell lung carcinoma in non-small cell

lung carcinoma tumors. Transl. Lung Cancer Res. 5, 401-412.

. Li, X,, Tang, L., Deng, J., Qi, X,, Zhang, J., Qi, H,, Li, M,, Liu, Y., Zhao, W., Gu, Y.,

etal. (2022). Identifying metabolic reprogramming phenotypes with glycolysis-lipid
metabolism discoordination and intercellular communication for lung adenocarci-
noma metastasis. Commun. Biol. 5, 198.

. Li, X, Liu, M., Liu, H,, and Chen, J. (2022). Tumor metabolic reprogramming in

lung cancer progression. Oncol. Lett. 24, 1-8.

Kahroba, H., and Davatgaran-Taghipour, Y. (2020). Exosomal Nrf2: From anti-
oxidant and anti-inflammation response to wound healing and tissue regeneration
in aged-related diseases. Biochimie 171-172, 103-109.


http://refhub.elsevier.com/S2162-2531(24)00064-7/sref1
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref1
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref2
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref2
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref2
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref3
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref3
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref4
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref4
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref4
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref5
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref5
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref6
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref6
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref7
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref7
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref8
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref8
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref9
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref9
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref9
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref10
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref10
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref10
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref11
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref11
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref11
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref11
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref12
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref12
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref12
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref13
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref13
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref13
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref13
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref14
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref14
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref14
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref15
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref15
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref16
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref16
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref16
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref16
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref17
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref17
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref17
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref18
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref18
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref18
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref19
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref19
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref19
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref19
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref20
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref20
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref21
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref21
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref21
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Deng, J., Pan, T., Lv, C,, Cao, L, Li, L., Zhou, X,, Li, G, Li, H., Vicencio, ] M., Xu, Y.,
et al. (2023). Exosomal transfer leads to chemoresistance through oxidative phos-
phorylation-mediated stemness phenotype in colorectal cancer. Theranostics 13,
5057-5074.

Zhang, L., Yang, Y., Chai, L., Bu, H,, Yang, Y., Huang, H,, Ran, J., Zhu, Y., Li, L.,
Chen, F., and Li, W. (2020). FRK plays an oncogenic role in non-small cell lung can-
cer by enhancing the stemness phenotype via induction of metabolic reprogram-
ming. Int. J. Cancer 146, 208-222.

Li, L, Yang, L., Fan, Z., Xue, W., Shen, Z., Yuan, Y., Sun, X., Wang, D,, Lian, J.,
Wang, L, et al. (2020). Hypoxia-induced GBE1 expression promotes tumor progres-
sion through metabolic reprogramming in lung adenocarcinoma. Signal Transduct.
Targeted Ther. 5, 54.

Chen, C,,Hou, J., Yu, S., Li, W., Wang, X., Sun, H.,, Qin, T, Claret, F.X., Guo, H., and
Liu, Z. (2021). Role of cancer-associated fibroblasts in the resistance to antitumor
therapy, and their potential therapeutic mechanisms in non-small cell lung cancer.
Oncol. Lett. 21, 413.

Wang, C,, Xu, J., Yuan, D., Bai, Y., Pan, Y., Zhang, J., and Shao, C. (2020). Exosomes
carrying ALDOA and ALDH3A1 from irradiated lung cancer cells enhance migra-
tion and invasion of recipients by accelerating glycolysis. Mol. Cell. Biochem.
469, 77-87.

Liang, M., Chen, X., Wang, L., Qin, L., Wang, H., Sun, Z., Zhao, W., and Geng, B.
(2020). Cancer-derived exosomal TRIM59 regulates macrophage NLRP3 inflamma-
some activation to promote lung cancer progression. J. Exp. Clin. Cancer Res. 39,
176-217.

Feng, B., Wu, ], Shen, B,, Jiang, F., and Feng, J. (2022). Cancer-associated fibroblasts
and resistance to anticancer therapies: status, mechanisms, and countermeasures.
Cancer Cell Int. 22, 166.

Wang, L., Li, X, Ren, Y., Geng, H., Zhang, Q., Cao, L., Meng, Z., Wu, X., Xu, M., and
Xu, K. (2019). Cancer-associated fibroblasts contribute to cisplatin resistance by
modulating ANXA 3 in lung cancer cells. Cancer Sci. 110, 1609-1620.

Zhou, Z., Zhou, Q., Wu, X, Xu, S, Hu, X,, Tao, X,, Li, B,, Peng, J., Li, D., Shen, L.,
et al. (2020). VCAM-1 secreted from cancer-associated fibroblasts enhances the
growth and invasion of lung cancer cells through AKT and MAPK signaling.
Cancer Lett. 473, 62-73.

Ye, L., Zhu, Z., Chen, X, Zhang, H., Huang, J., Gu, S., and Zhao, X. (2021). The
Importance of Exosomal PD-L1 in Cancer Progression and Its Potential as a
Therapeutic Target. Cells 10, 3247.

Ren, S., Xiong, X., You, H., Shen, J., and Zhou, P. (2021). The combination of im-
mune checkpoint blockade and angiogenesis inhibitors in the treatment of advanced
non-small cell lung cancer. Front. Immunol. 12, 689132.

Wu, H.-M,, Jiang, Z.-F., Ding, P.-S,, Shao, L.-J., and Liu, R.-Y. (2015). Hypoxia-
induced autophagy mediates cisplatin resistance in lung cancer cells. Sci. Rep. 5,
12291.

Zhao, H., Wu, L, Yan, G., Chen, Y., Zhou, M., Wu, Y., and Li, Y. (2021).
Inflammation and tumor progression: signaling pathways and targeted intervention.
Signal Transduct. Targeted Ther. 6, 263.

Emran, T.B., Shahriar, A., Mahmud, A.R., Rahman, T., Abir, M.H., Siddiquee,
M.ER, Ahmed, H., Rahman, N, Nainu, F, Wahyudin, E, et al. (2022).
Multidrug resistance in cancer: understanding molecular mechanisms, immunopre-
vention and therapeutic approaches. Front. Oncol. 12, 891652.

Yousafzai, N.A., Wang, H., Wang, Z., Zhu, Y., Zhu, L,, Jin, H., and Wang, X. (2018).
Exosome mediated multidrug resistance in cancer. Am. J. Cancer Res. 8, 2210-2226.

Xiao, H., Zheng, Y., Ma, L., Tian, L., and Sun, Q. (2021). Clinically-relevant ABC
transporter for anti-cancer drug resistance. Front. Pharmacol. 12, 648407.

Zhang, W., Zhou, Q., Wei, Y., Da, M., Zhang, C., Zhong, J., Liu, J., and Shen, J.
(2019). The exosome-mediated PI3k/Akt/mTOR signaling pathway in cervical can-
cer. Int. J. Clin. Exp. Pathol. 12, 2474-2484.

Zheng, H., Zhan, Y., Liu, S., Lu, J., Luo, J., Feng, J., and Fan, S. (2018). The roles of
tumor-derived exosomes in non-small cell lung cancer and their clinical implica-
tions. J. Exp. Clin. Cancer Res. 37, 226-311.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Wang, Y., Shen, L, Li, G., Chen, J., and Ge, R. (2022). Upregulation of XIAP pro-
motes lung adenocarcinoma brain metastasis by modulating ceRNA network.
Front. Oncol. 12, 946253.

Alfaro-Arnedo, E., Lopez, LP., Pifieiro-Hermida, S., Canalejo, M., Gotera, C., Sola,
J.J., Roncero, A., Peces-Barba, G., Ruiz-Martinez, C., and Pichel, ].G. (2022).
IGFIR acts as a cancer-promoting factor in the tumor microenvironment facili-
tating lung metastasis implantation and progression. Oncogene 41, 3625-3639.

Wang, H., Huang, H., Wang, L., Liu, Y., Wang, M., Zhao, S., Lu, G., and Kang, X.
(2021). Cancer-associated fibroblasts secreted miR-103a-3p suppresses apoptosis
and promotes cisplatin resistance in non-small cell lung cancer. Aging (Albany
NY) 13, 14456-14468.

Shao, N, Song, L., and Sun, X. (2021). Exosomal circ_PIP5KIA regulates the pro-
gression of non-small cell lung cancer and cisplatin sensitivity by miR-101/
ABCCI axis. Mol. Cell. Biochem. 476, 2253-2267.

Mao, G., Mu, Z., and Wu, D.A. (2021). Exosomal IncRNA FOXD3-AS1 upregulates
ELAVLI expression and activates PI3K/Akt pathway to enhance lung cancer cell
proliferation, invasion, and 5-fluorouracil resistance. Acta Biochim. Biophys. Sin.
53, 1484-1494.

Huang, J., Ding, Z., Luo, Q., and Xu, W. (2019). Cancer cell-derived exosomes pro-
mote cell proliferation and inhibit cell apoptosis of both normal lung fibroblasts and
non-small cell lung cancer cell through delivering alpha-smooth muscle actin. Am. J.
Transl. Res. 11, 1711-1723.

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of epithelial-
mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178-196.

Zhao, X., Wu, X,, Qian, M., Song, Y., Wu, D., and Zhang, W. (2018). Knockdown of
TGF-B1 expression in human umbilical cord mesenchymal stem cells reverts their
exosome-mediated EMT promoting effect on lung cancer cells. Cancer Lett.
428, 34-44.

Lai, X.-N,, Li, J., Tang, L.-B., Chen, W.-T., Zhang, L., and Xiong, L.-X. (2020).
MiRNAs and LncRNAs: dual roles in TGF-B signaling-regulated metastasis in
lung cancer. Int. J. Mol. Sci. 21, 1193.

Wu, F, Yang, ., Liu, J., Wang, Y., Mu, J., Zeng, Q., Deng, S., and Zhou, H. (2021).
Signaling pathways in cancer-associated fibroblasts and targeted therapy for cancer.
Signal Transduct. Targeted Ther. 6, 218.

You, ], Li, M., Cao, L.M., Gu, Q. H., Deng, P.B,, Tan, Y., and Hu, C.P. (2019). Snaill-
dependent cancer-associated fibroblasts induce epithelial-mesenchymal transition
in lung cancer cells via exosomes. QJM: Int. J. Med. 112, 581-590.

Chen, T., Liu, Y., Li, C, Xu, C, Ding, C., Chen, J., and Zhao, J. (2021). Tumor-
derived exosomal circFARSA mediates M2 macrophage polarization via the
PTEN/PI3K/AKT pathway to promote non-small cell lung cancer metastasis.
Cancer Treat. Res. Commun. 28, 100412.

Xu, Z., Chen, Y., Ma, L., Chen, Y., Liu, J., Guo, Y., Yu, T., Zhang, L., Zhu, L., and Shu,
Y. (2022). Role of exosomal non-coding RNAs from tumor cells and tumor-associ-
ated macrophages in the tumor microenvironment. Mol. Ther. 30, 3133-3154.

Mu, W, Xu, Y., Gu, P., Wang, W, Li, J., Ge, Y., and Wang, H. (2021). Exosomal
CD44 cooperates with integrin a6B4 to support organotropic metastasis via regu-
lating tumor cell motility and target host cell activation. Engineering 7, 1413-1423.

Zhu, L., Xia, B., and Ma, S. (2021). P68. 17 Exosome-Mediated Transfer of
SERPINE2 Regulates Non-Small Cell Lung Cancer Cells Repopulation After
Ionizing Radiation. J. Thorac. Oncol. 16, S1207.

Mostafazadeh, M., Samadi, N., Kahroba, H., Baradaran, B., Haiaty, S., and Nouri, M.
(2021). Potential roles and prognostic significance of exosomes in cancer drug resis-
tance. Cell Biosci. 11, 1-15.

Frawley, T., and Piskareva, O. (2020). Extracellular vesicle dissemination of
epidermal growth factor receptor and ligands and its role in cancer progression.
Cancers 12, 3200.

Kreger, B.T., Johansen, E.R., Cerione, R.A., and Antonyak, M.A. (2016). The enrich-
ment of survivin in exosomes from breast cancer cells treated with paclitaxel pro-
motes cell survival and chemoresistance. Cancers 8, 111.

Wojtuszkiewicz, A., Schuurhuis, G.J., Kessler, F.L., Piersma, S.R., Knol, J.C., Pham,
T.V., Jansen, G., Musters, R.J.P., van Meerloo, J., Assaraf, Y.G., et al. (2016).
Exosomes secreted by apoptosis-resistant acute myeloid leukemia (AML) blasts

Molecular Therapy: Nucleic Acids Vol. 35 June 2024 11


http://refhub.elsevier.com/S2162-2531(24)00064-7/sref22
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref22
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref22
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref22
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref23
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref23
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref23
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref23
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref23
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref24
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref24
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref24
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref24
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref25
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref25
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref25
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref25
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref26
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref26
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref26
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref26
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref27
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref27
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref27
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref27
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref28
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref28
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref28
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref29
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref29
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref29
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref29
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref30
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref30
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref30
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref30
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref31
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref31
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref31
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref32
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref32
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref32
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref33
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref33
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref33
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref34
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref34
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref34
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref35
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref35
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref35
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref35
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref36
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref36
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref37
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref37
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref38
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref38
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref38
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref39
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref39
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref39
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref40
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref40
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref40
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref41
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref41
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref41
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref41
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref42
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref42
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref42
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref42
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref43
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref43
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref43
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref44
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref44
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref44
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref44
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref45
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref45
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref45
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref45
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref46
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref46
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref47
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref47
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref47
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref47
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref48
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref48
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref48
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref49
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref49
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref49
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref50
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref50
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref50
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref51
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref51
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref51
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref51
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref52
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref52
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref52
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref53
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref53
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref53
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref54
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref54
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref54
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref55
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref55
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref55
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref56
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref56
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref56
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref57
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref57
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref57
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref58
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref58
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref58
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

harbor regulatory network proteins potentially involved in antagonism of apoptosis.
Mol. Cell. Proteomics 15, 1281-1298.

Kang, F., Yan, Y, Liu, Y., Liang, Q., Xu, Z,, Zhu, W., and Thakur, A. (2023).
Unraveling the significance of exosomal circRNAs in cancer therapeutic resistance.
Front. Pharmacol. 14, 1093175.

Reddy, V.S., Madala, S.K., Trinath, J., and Reddy, G.B. (2018). Extracellular small
heat shock proteins: exosomal biogenesis and function. Cell Stress Chaperones 23,
441-454.

Song, X., Ding, Y., Liu, G., Yang, X., Zhao, R., Zhang, Y., Zhao, X., Anderson, G.J.,
and Nie, G. (2016). Cancer cell-derived exosomes induce mitogen-activated protein
kinase-dependent monocyte survival by transport of functional receptor tyrosine ki-
nases. J. Biol. Chem. 291, 8453-8464.

Zheng, D., Huo, M,, Li, B, Wang, W., Piao, H., Wang, Y., Zhu, Z,, Li, D., Wang, T.,
and Liu, K. (2020). The role of exosomes and exosomal microRNA in cardiovascular
disease. Front. Cell Dev. Biol. 8, 616161.

Dai, J, Su, Y., Zhong, S., Cong, L., Liu, B., Yang, J., Tao, Y., He, Z., Chen, C., and
Jiang, Y. (2020). Exosomes: key players in cancer and potential therapeutic strategy.
Signal Transduct. Targeted Ther. 5, 145.

Zhang, Y., Wu, X.-H,, Luo, C.-L., Zhang, J.-M., He, B.-C,, and Chen, G. (2010).
Interleukin-12-anchored exosomes increase cytotoxicity of T lymphocytes by
reversing the JAK/STAT pathway impaired by tumor-derived exosomes. Int. J.
Mol. Med. 25, 695-700.

Thakuri, BK.C.,, Zhang, J., Zhao, J., Nguyen, LN., Nguyen, LN.T., Schank, M.,
Khanal, S., Dang, X,, Cao, D, Lu, Z,, et al. (2020). HCV-associated exosomes upre-
gulate RUNXOR and RUNXI1 expressions to promote MDSC expansion and sup-
pressive functions through STAT3-miR124 axis. Cells 9, 2715.

Luo, H, and Yi, B. (2021). The role of Exosomes in the Pathogenesis of
Nasopharyngeal Carcinoma and the involved Clinical Application. Int. J. Biol. Sci.
17, 2147-2156.

Lo, AK.-F., Dawson, C.W., Lung, H.L., Wong, K.-L., and Young, L.S. (2021). The
role of EBV-encoded LMP1 in the NPC tumor microenvironment: from function
to therapy. Front. Oncol. 11, 640207.

Zuo, L., Xie, Y., Tang, J., Xin, S., Liu, L., Zhang, S., Yan, Q., Zhu, F., and Lu, J. (2019).
Targeting exosomal EBV-LMP1 transfer and miR-203 expression via the NF-kB
pathway: the therapeutic role of aspirin in NPC. Mol. Ther. Nucleic Acids 17,
175-184.

Cheng, Y., Lu, X, Li, F., Chen, Z., Zhang, Y., Han, Q., Zeng, Q., Wu, T,, Li, Z,, Lu, S,
et al. (2023). NDFIP1 limits cellular TAZ accumulation via exosomal sorting to
inhibit NSCLC proliferation. Protein & Cell 14, 123-136.

Richards, K.E., Zeleniak, A.E., Fishel, M.L., Wu, ], Littlepage, L.E., and Hill, R.
(2017). Cancer-associated fibroblast exosomes regulate survival and proliferation
of pancreatic cancer cells. Oncogene 36, 1770-1778.

Lobb, RJ., van Amerongen, R., Wiegmans, A., Ham, S., Larsen, J.E., and Moller, A.
(2017). Exosomes derived from mesenchymal non-small cell lung cancer cells pro-
mote chemoresistance. Int. J. Cancer 141, 614-620.

Zhang, Y., Liu, Z.,Li, S., Wang, M., Dai, D., Jing, H,, and Liu, L. (2020). Upregulation
of E-cadherin in bronchoalveolar lavage fluid-derived exosomes in patients with
lung cancer. Thorac. Cancer 11, 41-47.

Zhao, L., Ma, X,, and Yu, J. (2021). Exosomes and organ-specific metastasis. Mol.
Ther. Methods Clin. Dev. 22, 133-147.

Olejarz, W., Kubiak-Tomaszewska, G., Chrzanowska, A., and Lorenc, T. (2020).
Exosomes in angiogenesis and anti-angiogenic therapy in cancers. Int. J. Mol. Sci.
21, 5840.

Rashid, M.-H,, Borin, T.F., Ara, R., Angara, K, Cai, J., Achyut, B.R,, Liu, Y., and
Arbab, A.S. (2019). Differential in vivo biodistribution of 1311-labeled exosomes
from diverse cellular origins and its implication for theranostic application.
Nanomedicine 21, 102072.

Xiong, H., Ye, ], Xie, K., Hu, W., Xu, N., and Yang, H. (2022). Exosomal IL-8 derived
from Lung Cancer and Colon Cancer cells induced adipocyte atrophy via NF-kB
signaling pathway. Lipids Health Dis. 21, 147-214.

Molecular Therapy: Nucleic Acids Vol. 35 June 2024

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Cen, J., Feng, L., Ke, H., Bao, L., Li, L.Z., Tanaka, Y., Weng, J., and Su, L. (2019).
Exosomal thrombospondin-1 disrupts the integrity of endothelial intercellular junc-
tions to facilitate breast cancer cell metastasis. Cancers 11, 1946.

Sun, S., Dong, H., Yan, T., Li, J., Liu, B,, Shao, P., Li, J., and Liang, C. (2020). Role of
TSP-1 as prognostic marker in various cancers: a systematic review and meta-anal-
ysis. BMC Med. Genet. 21, 139-211.

Wang, W., Zhu, N,, Yan, T, Shi, Y.-N., Chen, J., Zhang, C.-J,, Xie, X.-J,, Liao, D.-F,,
and Qin, L. (2020). The crosstalk: Exosomes and lipid metabolism. Cell Commun.
Signal. 18, 119-212.

Wei, H., Chen, Q., Lin, L., Sha, C., Li, T., Liu, Y., Yin, X, Xu, Y., Chen, L., Gao, W.,
etal. (2021). Regulation of exosome production and cargo sorting. Int. J. Biol. Sci. 17,
163-177.

Hough, K.P., Wilson, L.S., Trevor, J.L., Strenkowski, J.G., Maina, N., Kim, Y.-I,
Spell, M.L., Wang, Y., Chanda, D., Dager, J.R., et al. (2018). Unique lipid signatures
of extracellular vesicles from the airways of asthmatics. Sci. Rep. 8, 10340.

Khasabova, I.A., Khasabov, S.G., Johns, M., Juliette, J., Zheng, A., Morgan, H.,
Flippen, A., Allen, K., Golovko, M.Y., and Golovko, S.A. (2022). Exosome-associated
lysophosphatidic acid signaling contributes to cancer pain. Pain 10, 1097.

Pfrieger, F.W., and Vitale, N. (2018). Cholesterol and the journey of extracellular
vesicles. J. Lipid Res. 59, 2255-2261.

Fu, Y., Zou, T., Shen, X, Nelson, P.J., Li, ], Wu, C,, Yang, J., Zheng, Y., Bruns, C.,
Zhao, Y., et al. (2021). Lipid metabolism in cancer progression and therapeutic stra-
tegies. MedComm 2, 27-59.

Sun, L.-H., Tian, D., Yang, Z.-C,, and Li, J.-L. (2020). Exosomal miR-21 promotes
proliferation, invasion and therapy resistance of colon adenocarcinoma cells
through its target PDCD4. Sci. Rep. 10, 8271.

Sun, J.-F., Zhang, D., Gao, C.-]., Zhang, Y.-W., and Dai, Q.-S. (2019). Exosome-
mediated MiR-155 transfer contributes to hepatocellular carcinoma cell prolifera-
tion by targeting PTEN. Med. Sci. Monit. Basic Res. 25, 218-228.

Gilles, M.-E., and Slack, F.J. (2018). Let-7 microRNA as a potential therapeutic target
with implications for immunotherapy. Expert Opin. Ther. Targets 22, 929-939.
Karami Fath, M., Azami, J., Jaafari, N., Akbari Oryani, M., Jafari, N., Karim Poor, A.,
Azargoonjahromi, A., Nabi-Afjadi, M., Payandeh, Z., Zalpoor, H., and Shanehbandi,
D. (2022). Exosome application in treatment and diagnosis of B-cell disorders: leu-
kemias, multiple sclerosis, and arthritis rheumatoid. Cell. Mol. Biol. Lett. 27, 74.
Song, Y., Sun, Y., Lei, Y., Yang, K., and Tang, R. (2020). YAP1 promotes multidrug
resistance of small cell lung cancer by CD74-related signaling pathways. Cancer
Med. 9, 259-268.

Clark, D.J., Fondrie, W.E., Yang, A., and Mao, L. (2016). Triple SILAC quantitative
proteomic analysis reveals differential abundance of cell signaling proteins between
normal and lung cancer-derived exosomes. J. Proteonomics 133, 161-169.

Szatanek, R., and Baj-Krzyworzeka, M. (2021). CD44 and tumor-derived extracel-
lular vesicles (TEVs). Possible gateway to cancer metastasis. Int. J. Mol. Sci. 22, 1463.
Cai, Z., Yang, F., Yu, L, Yu, Z, Jiang, L., Wang, Q., Yang, Y., Wang, L., Cao, X,, and
Wang, J. (2012). Activated T cell exosomes promote tumor invasion via Fas
signaling pathway. J. Immunol. 188, 5954-5961.

Kim, D.H., Kim, H., Choi, Y.J., Kim, S.Y,, Lee, J.-E., Sung, K.J., Sung, Y.H., Pack,
C.-G,, Jung, M.-K,, Han, B,, et al. (2019). Exosomal PD-L1 promotes tumor growth
through immune escape in non-small cell lung cancer. Exp. Mol. Med. 51, 1-13.
Ridder, K., Sevko, A., Heide, J., Dams, M., Rupp, A.-K., Macas, J., Starmann, J., Tjwa,
M., Plate, K.H., Stiltmann, H., et al. (2015). Extracellular vesicle-mediated transfer of
functional RNA in the tumor microenvironment. Oncolmmunology 4, e1008371.
Kim, J., Hong, S.-W., Kim, S., Kim, D., Hur, D.Y,, Jin, D.-H., Kim, B., and Kim, Y.S.
(2018). Cyclooxygenase-2 expression is induced by celecoxib treatment in lung can-
cer cells and is transferred to neighbor cells via exosomes. Int. J. Oncol. 52, 613-620.
Wang, Y., Lan, W, Xu, M,, Song, J., Mao, J., Li, C., Du, X,, Jiang, Y., Li, E., Zhang, R.,
and Wang, Q. (2021). Cancer-associated fibroblast-derived SDF-1 induces epithe-
lial-mesenchymal transition of lung adenocarcinoma via CXCR4/B-catenin/
PPARSD signalling. Cell Death Dis. 12, 214.

Tallima, H., Azzazy, HM.E,, and El Ridi, R. (2021). Cell surface sphingnmyelin: Key
role in cancer initiation, progression, and immune evasion. Lipids Health Dis. 20,
150-212.


http://refhub.elsevier.com/S2162-2531(24)00064-7/sref58
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref58
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref59
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref59
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref59
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref60
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref60
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref60
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref61
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref61
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref61
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref61
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref62
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref62
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref62
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref63
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref63
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref63
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref64
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref64
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref64
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref64
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref65
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref65
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref65
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref65
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref66
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref66
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref66
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref67
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref67
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref67
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref68
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref68
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref68
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref68
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref69
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref69
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref69
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref70
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref70
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref70
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref71
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref71
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref71
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref71
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref72
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref72
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref72
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref72
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref72
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref73
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref73
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref74
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref74
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref74
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref75
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref75
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref75
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref75
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref76
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref76
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref76
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref77
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref77
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref77
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref78
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref78
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref78
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref79
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref79
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref79
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref80
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref80
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref80
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref81
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref81
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref81
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref82
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref82
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref82
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref83
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref83
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref84
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref84
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref84
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref85
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref85
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref85
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref86
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref86
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref86
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref87
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref87
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref88
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref88
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref88
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref88
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref89
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref89
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref89
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref89
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref90
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref90
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref90
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref91
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref91
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref92
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref92
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref92
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref93
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref93
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref93
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref94
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref94
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref94
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref95
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref95
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref95
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref96
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref96
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref96
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref96
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref97
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref97
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref97
http://www.moleculartherapy.org

www.moleculartherapy.org

Review

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hsu, M.-T., Wang, Y.-K,, and Tseng, Y.J. (2022). Exosomal proteins and lipids as
potential biomarkers for lung cancer diagnosis, prognosis, and treatment. Cancers
14, 732.

Xia, Z., Qing, B., Wang, W., Gu, L., Chen, H., and Yuan, Y. (2021). Formation, con-
tents, functions of exosomes and their potential in lung cancer diagnostics and ther-
apeutics. Thorac. Cancer 12, 3088-3100.

Chen, Q., Chen, S., Zhao, J., Zhou, Y., and Xu, L. (2021). MicroRNA-126: A new and
promising player in lung cancer. Oncol. Lett. 21, 35.

Zhang, Z., Tang, Y., Song, X., Xie, L., Zhao, S., and Song, X. (2020). Tumor-derived
exosomal miRNAs as diagnostic biomarkers in non-small cell lung cancer. Front.
Oncol. 10, 560025.

Yang, C,, Jia, X., Zhou, J., Sun, Q., and Ma, Z. (2020). The MiR-17-92 gene cluster is a
blood-based marker for cancer detection in non-small-cell lung cancer. Am. J. Med.
Sci. 360, 248-260.

Wu, X,, Cheng, Y.-S.L., Matthen, M., Yoon, A., Schwartz, G.K., Bala, S., Taylor,
AM.,, and Momen-Heravi, F. (2021). Down-regulation of the tumor suppressor
miR-34a contributes to head and neck cancer by up-regulating the MET oncogene
and modulating tumor immune evasion. J. Exp. Clin. Cancer Res. 40, 70.

Wani, J.A., Majid, S., Khan, A., Arafah, A., Ahmad, A, Jan, B.L., Shah, N.N.,, Kazi,
M., and Rehman, M.U. (2021). Clinico-pathological importance of miR-146a in
lung cancer. Diagnostics 11, 274.

Akbarzadeh, M., Mihanfar, A., Akbarzadeh, S., Yousefi, B., and Majidinia, M.
(2021). Crosstalk between miRNA and PI3K/AKT/mTOR signaling pathway in can-
cer. Life Sci. 285, 119984.

Iswariya, G.T., Paital, B., Padma, P.R,, and Nirmaladevi, R. (2019). microRNAs:
epigenetic players in cancer and aging. Front. Biosci. 11, 29-55.

Pan, R., and Zhou, H. (2020). Exosomal Transfer of IncRNA H19 Promotes
Erlotinib Resistance in Non-small Cell Lung Cancer via miR-615-3p/ATG7 axis,
12 (Cancer management and research), p. 4283.

Asare-Werehene, M., Nakka, K., Reunov, A., Chiu, C.-T., Lee, W.-T., Abedini, M.R.,
Wang, P.-W., Shieh, D.-B., Dilworth, F.J., Carmona, E., et al. (2020). The exosome-
mediated autocrine and paracrine actions of plasma gelsolin in ovarian cancer che-
moresistance. Oncogene 39, 1600-1616.

109.

110.

111.

112.

113.

115.

116.

117.

118.

119.

Wang, X, Huang, R, Lu, Z., Wang, Z., Chen, X, and Huang, D. (2022). Exosomes
from M1-polarized macrophages promote apoptosis in lung adenocarcinoma via the
miR-181a-5p/ETS1/STK16 axis. Cancer Sci. 113, 986-1001.

Li, Z., Suo, B, Long, G., Gao, Y., Song, J., Zhang, M., Feng, B., Shang, C., and Wang,
D. (2020). Exosomal miRNA-16-5p derived from M1 macrophages enhances T cell-
dependent immune response by regulating PD-L1 in gastric cancer. Front. Cell Dev.
Biol. 8, 572689.

Wang, S., and Shi, Y. (2022). Exosomes derived from immune cells: The new role of
tumor immune microenvironment and tumor therapy. Int. J. Nanomed. 17,
6527-6550.

Sahoo, R.K,, Tripathi, S.K., Biswal, S., Panda, M., Mathapati, S.S., and Biswal, B.K.
(2024). Transforming native exosomes to engineered drug vehicles: A smart solution
to modern cancer theranostics. Biotechnol. J. 19, 2300370.

Rezaie, J., Feghhi, M., and Etemadi, T. (2022). A review on exosomes application in
clinical trials: Perspective, questions, and challenges. Cell Commun. Signal. 20, 145.

. Lotfy, A, AboQuella, N.M., and Wang, H. (2023). Mesenchymal stromal/stem cell

(MSC)-derived exosomes in clinical trials. Stem Cell Res. Ther. 14, 66.

Tan, F., Li, X,, Wang, Z., Li, J., Shahzad, K., and Zheng, J. (2024). Clinical applica-
tions of stem cell-derived exosomes. Signal Transduct. Targeted Ther. 9, 17.

Duong, A., Parmar, G., Kirkham, AM., Burger, D., and Allan, D.S. (2023).
Registered clinical trials investigating treatment with cell-derived extracellular ves-
icles: a scoping review. Cytotherapy 25, 939-945.

Ahmed, SH., AlMoslemany, M.A., Witwer, KW., Tehamy, A.G., and El-Badri, N.
(2024). Stem Cell Extracellular Vesicles as Anti-SARS-CoV-2 Immunomodulatory
Therapeutics: A Systematic Review of Clinical and Preclinical Studies. Stem Cell
Rev. Rep. 1-31.

Chen, X., and Luo, Q. (2022). Potential clinical applications of exosomes in the diag-
nosis, treatment, and prognosis of cardiovascular diseases: A narrative review. Ann.
Transl. Med. 10, 372.

Zhong, Y., Li, H,, Li, P., Chen, Y., Zhang, M., Yuan, Z., Zhang, Y., Xu, Z., Luo, G.,
Fang, Y., and Li, X. (2021). Exosomes: a new pathway for cancer drug resistance.
Front. Oncol. 11, 743556.

Molecular Therapy: Nucleic Acids Vol. 35 June 2024 13


http://refhub.elsevier.com/S2162-2531(24)00064-7/sref98
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref98
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref98
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref99
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref99
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref99
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref100
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref100
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref101
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref101
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref101
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref102
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref102
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref102
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref103
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref103
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref103
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref103
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref104
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref104
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref104
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref105
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref105
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref105
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref106
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref106
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref107
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref107
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref107
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref108
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref108
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref108
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref108
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref109
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref110
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref110
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref110
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref110
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref111
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref111
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref111
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref112
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref112
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref112
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref113
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref113
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref114
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref114
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref115
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref115
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref116
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref116
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref116
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref117
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref117
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref117
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref117
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref118
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref118
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref118
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref119
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref119
http://refhub.elsevier.com/S2162-2531(24)00064-7/sref119
http://www.moleculartherapy.org

	Enigmatic exosomal connection in lung cancer drug resistance
	Introduction
	Drug resistance mechanisms in lung cancer
	Phenotypic heterogeneity as a pervasive feature: can exosomes modulate the phenotypic characters?
	Metabolic reprogramming as a new emerging mechanism: can exosomes re-write metabolic need of cancer cells?
	TME remodeling as an adaptive strategy: can exosomes transform the surrounding niche?
	Drug transporters in increased drug efflux and decreased drug uptake: can exosomes act as a molecular player?
	Apoptosis evasion: can exosomes interfere in this traditional mechanism?
	EMT: Can exosomes interplay in this aggressive pathway?
	Transport of different factors promoting drug resistance in lung cancer via exosomes
	Protein factors transport
	Anti-apoptotic factors transport
	Transport of transcription factors
	EMT factors transport
	Angiogenesis factors transport
	Lipid factors transport
	miRNA transport

	Progression and maintenance of drug resistance by exosomal factors in lung cancer
	The interplay between exosomes and drug resistance in lung cancer
	Clinical aspects of exosomes
	Discussion and conclusions
	Acknowledgments
	Author contributions
	Declaration of interests
	References


