Pan et al. Cancer Drug Resist 2024;7:43
DOI: 10.20517/cdr.2024.97 Pancer
Drug Resistance

Review Open Access

'.’ Check for updates

The role and clinical applications of exosomes in
cancer drug resistance

Wenxuan Pan"**, Qun Miao"**, Wenqjian Yin'?, Xiaobo Li"?, Wencai Ye'?, Dongmei Zhang'?, Lijuan Deng?®,
Jungiu Zhang"? Minfeng Chen"?

'State Key Laboratory of Bioactive Molecules and Druggability Assessment, Jinan University, Guangzhou 510632, Guangdong,
China.

“College of Pharmacy, Jinan University, Guangzhou 510632, Guangdong, China.

3School of Traditional Chinese Medicine, Jinan University, Guangzhou 510632, Guangdong, China.

*Authors contributed equally.

Correspondence to: Prof. Minfeng Chen, Dr. Jungiu Zhang, State Key Laboratory of Bioactive Molecules and Druggability
Assessment, Jinan University, No. 601, Huangpu Road West, Guangzhou 510632, Guangdong, China. E-mail:
minfengchan@126.com; jgzhang@jnu.edu.cn; Prof. Lijuan Deng, School of Traditional Chinese Medicine, Jinan University, No.
601, Huangpu Road West, Guangzhou 510632, Guangdong, China. E-mail: lideng@jnu.edu.cn

How to cite this article: Pan W, Miao Q, Yin W, Li X, Ye W, Zhang D, Deng L, Zhang J, Chen M. The role and clinical applications
of exosomes in cancer drug resistance. Cancer Drug Resist 2024,;7:43. https://dx.doi.org/10.20517/cdr.2024.97

Received: 27 Jul 2024 First Decision: 4 Sep 2024 Revised: 27 Sep 2024 Accepted: 16 Oct 2024 Published: 4 Nov 2024

Academic Editors: Godefridus J. Peters, Gerrit Jansen Copy Editor: Pei-Yun Wang Production Editor: Pei-Yun Wang

Abstract

Tumor-secreted exosomes are heterogeneous multi-signal messengers that support cancer growth and
dissemination by mediating intercellular crosstalk and activating signaling pathways. Distinct from previous
reviews, we focus intently on exosome-therapeutic resistance dynamics and summarize the new findings about the
regulation of cancer treatment resistance by exosomes, shedding light on the complex processes via which these
nanovesicles facilitate therapeutic refractoriness across various malignancies. Future research in exosome biology
can potentially transform diagnostic paradigms and therapeutic interventions for cancer management. This review
synthesizes recent insights into the exosome-driven regulation of cancer drug resistance, illuminates the
sophisticated mechanisms by which these nanovesicles facilitate therapeutic refractoriness across various
malignancies, and summarizes some strategies to overcome drug resistance.
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INTRODUCTION

Despite advancements in early detection, precision medicine, and targeted therapies, a substantial
proportion of patients still develop resistance to chemotherapeutic agents, which often hinders successful
treatment outcomes and compromises patient survival across multiple cancer types. Millions of new cancer
cases and deaths occur annually, emphasizing the pressing need to understand and overcome this issue™”.
In recent years, increasing evidence has indicated that substantial cargos of information are released from
cells via lipid bilayer-enclosed vesicles typically termed exosomes and microvesicles. It has been

3]

demonstrated that these vesicles are closely associated with drug resistance®.

Exosomes are endosomal-derived nanoscale extracellular vesicles (EVs) that have become important players
in the intricate interactions between cancer cells and their surroundings. These vesicles are released by both
tumor and stromal cells and transport a variety of bioactive substances, such as proteins, lipids, and non-
coding RNAs (ncRNAs), which can dramatically alter the phenotypic and functional traits of recipient cells
and foster a milieu of therapeutic evasion. Exosomes have been shown to contribute to resistance against
chemotherapeutic, hormonal, and targeted therapies, as well as to shape the immune-suppressive

microenvironment, promoting cancer progression and metastasis**.

The details of the mechanisms by which resistance appears to occur are outlined. Exosomes from drug-
resistant cancer cells can reduce drug accumulation by interacting with chemotherapeutic agents, limiting
their cytotoxic effects', facilitating the transfer of functional proteins and ncRNAs, activating pro-survival
signaling pathways, such as epithelial-mesenchymal transition (EMT), and enhancing chemotherapy
resistance””. Moreover, exosomes can mediate the transfer of drug resistance traits from resistant to
sensitive cells, as exemplified by the transfer of miR-155 via exosomes, which promotes chemoresistance in
recipient cancer cells®”. Exosomes also modify the tumor microenvironment (TME) by delivering
immunosuppressive factors, such as TGF-p and Fas ligands, triggering immune cell apoptosis or recruiting
myeloid-derived suppressor cells (MDSCs), thus dampening antitumor immune responses™ ™. As
previously stated, the multifaceted function of exosomes in cancer drug resistance underscores their
capacity as prognostic and surveillance indicators for treatment outcomes. The unique exosomal cargo
profiles observed in drug-resistant cells and their ability to reflect the dynamic changes in response to
therapy make them valuable candidates for liquid biopsy-based diagnostics".

The secretion of exosomes is an important way to influence the behavior of cancer cells (and vice versa).
This review focuses on the role of exosomes in modulating drug resistance by influencing the different
facets of the TME. We aspire to consolidate the current understanding of the underlying mechanisms,
elucidate how exosomes contribute to the process of resistance, and subsequently outline potential strategies
that could attenuate or reverse this resistance, thereby contributing to the advancement of precision
oncology.

EXOSOMES

Exosomes, a subset of EVs

[14-16

J, these nanoscale lipid membrane-enclosed vesicles, typically 30 to 150 nm in

17,18

diameter, are secreted by most eukaryotic cells and found in various bodily fluids"***. Exosome biogenesis

involves the inward budding of the endosomal membrane, creating intraluminal vesicles (ILV's) within
multivesicular bodies (MVBs)"***). The endosomal sorting complex required for transport is a complex with
membrane-severing activity that plays a major role in many membrane remodeling processes, including
endosomal trafficking, nuclear envelope organization, and cytokinesis. The process of exosome biogenesis is

10,15,20]

governed by the endosomal sorting complexes required for transport (ESCRT)-dependent pathways! .

[18]

MVBs can degrade with lysosomes or secrete exosomes'”, carrying diverse cargoes”*’ based on the parent
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Figure 1. Schematic representation of the exosome production process. The biogenesis of exosomes is linked to the endosomal
pathway, which begins with the creation of ILVs within MVBs through two mechanisms, and formed MVBs can fuse with lysosomes or
the plasma membrane for different fates. ILVs: Intraluminal vesicles; MVBs: multivesicular bodies.

cell’s physiological state, allowing exosomes to transmit specific signals to recipient cells**** [

Figure 1].
Exosomes are essential for both intercellular communication and the pathophysiology of various
diseases”*. Exosomes contain a variety of materials, including lipids, proteins, nucleic acids, and even
metabolites, which can indicate the health or pathology of the cell” . Exosomes, derived from various
sources, contain unique proteins®*’, lipids””**, genomic DNA™*), ncRNAs"****"! and bioactive metabolites
[Figure 2]. They can transmit genetic information between cells, alter gene expression, and transport
bioactive metabolites, highlighting their roles in metabolic regulation and disease progression”. Their
stability and targeting capabilities are influenced by these factors. The versatility of exosomal cargo extends
to its capacity to convey immunomodulatory signals, as seen by the presence of programmed death ligand-1
(PD-L1) on exosomes from cancer cells, which influences immune evasion mechanisms™'. This highlights
the potential of exosomal content for immune surveillance and therapeutic interventions””*",

Exosomes, through regulated cell-to-cell communication, play a crucial role in maintaining physiological
homeostasis by delivering customized cargo to target cells, such as cancer cells promoting tumor
progression and immune cells modulating responses”*. The specificity of exosome uptake is achieved
through various mechanisms, including surface receptor-ligand interactions and membrane fusion
events. The study of exosome-mediated communication has far-reaching implications, ranging from
understanding fundamental biological processes to the development of novel therapeutic strategies”**.
Exosomes, as mediators of cell-to-cell communication, shuttle through the TME, are absorbed by
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Figure 2. The different types of molecules found in exosomes, including nucleic acids (DNA, mRNA, miRNA, IncRNA, circRNA),
proteins (TM4SF, HSPs, syntenin-1, membrane transporters), lipids (cholesterol, sphingomyelin, ceramides), and metabolites. circRNA:
Circular RNAs.

surrounding cancer cells or stromal cells, and can transmit information by releasing contents, thereby
causing the proliferation, invasion, metastasis and drug resistance of tumor cells.

In summary, exosomes are highly developed messengers that facilitate complex cellular communications.
Recent studies have shown that exosomes, as mediators of cell-to-cell drug resistance signaling, play an
important role in tumor chemotherapy resistance, metastasis, and immune evasion.

MECHANISM OF EXOSOMES REGULATING TUMOR DRUG RESISTANCE

Exosomes are essential for coordinating and spreading drug resistance pathways within the TME""**. These
EVs transfer resistance traits to cells, influencing apoptotic, metabolic, and immune responses, and
promoting systemic resistance*'. They also contribute to cancer cell chemoresistance by targeting the
survival, proliferation, and drug response pathways'** [Figure 3].

Targeting exosomal communication, particularly the exchange of resistance-inducing factors, represents an
unexplored avenue for therapeutic intervention*. Understanding the specific roles and mechanisms of
exosomal cargoes in different cancer types holds promise for developing novel strategies to overcome
therapeutic resistance. By interrupting these exosome-mediated pathways, researchers have aimed to
sensitize tumors to conventional treatments, thereby revitalizing the efficacy of chemotherapy and
immunotherapy in cancer management.

Exosomes derived from tumor cells regulate tumor drug resistance

Tumor-derived exosomes (TDEs) have emerged as key mediators in the establishment and propagation of
drug resistance, a phenomenon that poses a substantial challenge to cancer therapy**. These EVs,
harboring a cargo of proteins, lipids, and nucleic acids, including miRNAs and IncRNAs, can transfer
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Figure 3. The mechanism of exosomes regulating tumor drug resistance involves many factors and pathways. Exosomes derived from
different cells (tumor cells, fibroblasts, and other cells) can regulate different mechanisms by delivering various contents, thus affecting
tumor resistance.

resistance traits to neighboring sensitive cells or even distant sites, fostering a systemic resistant
phenotype["6’5°‘52‘5"‘55].

In non-small cell lung cancer (NSCLC), exosomes transfer miR-4443, which induces chemotherapy
resistance by regulating ferroptosis-related gene expression*”. Another study highlighted the role of
exosomal PKM2 in transmitting cisplatin resistance from hypoxic NSCLC cells to sensitive cells, implicating
an altered cellular metabolism in the resistance mechanism®". Similarly, exosomes from hypoxic glioma
cells harboring a specific fusion gene were found to disseminate pro-oncogenic signals, including miR-106a-
5p, contributing to temozolomide (TMZ) resistance'*). In gastric cancer, exosomes from paclitaxel-resistant
cells were shown to enrich miR-155-5p, which was transferred to sensitive cells, inhibiting apoptosis and
mediating resistance by suppressing GATA3 and TP53INP1"". Exosomes from adriamycin-resistant breast
cancer cells were found to carry miR-222-5p, which promoted macrophage M2 polarization via phosphatase
and tensin homolog (PTEN)/Akt inhibition, fostering a tumor-permissive microenvironment and drug
resistance!™. Similarly, exosomal miR-9-5p from tamoxifen-resistant breast cancer cells was demonstrated
to be transferred to sensitive cells, where it downregulated adiponectin (ADIPOQ), thereby contributing to
drug resistance and enhanced tumor growth. In glioblastoma (GBM), exosomal miR-1238 mediates the
acquired resistance of GBM cells to TMZ by directly targeting the CAV1/EGFR pathway and affecting the
activation of the PI3K-AKT-mTOR signaling pathway'*”, while exosomal circUHRF1 was found to induce
natural killer cell exhaustion and contribute to anti-PD1 therapy resistance!”.

Moreover, exosomes derived from pancreatic cancer cells were shown to induce apoptosis in CD8" T cells,
thereby suppressing immune surveillance and facilitating tumor growth". Similarly, exosomes from
NSCLC cells carry circUSP7 and modulate the miR-934/SHP2 axis, leading to CD8" T cell dysfunction and
resistance to anti-PD1 therapy™. In gastric cancer, exosomes contribute to the immunosuppressive milieu
by suppressing CD8" T cells and natural killer cells while expanding regulatory T cells and MDSCs"**.
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TDEs, enriched with PD-L1, can engage with PD-1 on T cells, dampening immune responses and fostering
tumor resistance to PD-1/PD-L1 blockade therapies. Strategies targeting exosomal PD-L1 could enhance
immunotherapy outcomes™. Recent studies have also explored the potential of exosomes as carriers for
immune checkpoint inhibitors, suggesting their utility in improving cancer treatment efficacy*.
Additionally, an innovative approach using curvature-sensing peptides to disrupt TDEs has shown promise
in boosting cancer immunotherapy by inhibiting TDEs-mediated immunosuppression and reshaping the

TME"",

These findings collectively underscore the importance of TDEs in mediating crosstalk between cancer cells
and their microenvironment, highlighting exosome-mediated drug resistance as a complex and multifaceted
phenomenon that spans different cancer models. Understanding the specific cargo and its targets within
exosomes could pave the way for novel therapeutic interventions aimed at overcoming drug resistance in
cancer therapy.

Exosomes from cancer-associated fibroblasts regulate tumor resistance

Cancer-associated fibroblasts (CAFs) have been identified as pivotal contributors to the acquisition of
chemoresistance in cancer cells, primarily through exosome-mediated communication'””. Similar to
tumor cells, CAFs secrete exosomes loaded with diverse cargoes, including miRNAs, IncRNAs, and
proteins, that orchestrate resistance mechanisms in neighboring cancer cells'***.

Previous studies have indicated that exosomes derived from gemcitabine-treated CAFs contain elevated
levels of miR-148b-3p, which, upon transfer to bladder cancer cells, downregulates PTEN and activates the
Wnt/-catenin pathway, thereby promoting chemoresistance and EMT'*”. Similarly, CAFs-derived
exosomes carrying miR-106b were found to induce gemcitabine resistance in pancreatic cancer by targeting
TP53INP1. Another study highlighted that CAF-derived exosomal miR-196a promotes proliferation and
drug resistance in head and neck squamous cell carcinoma (HNC) cells by targeting CDKN1B and ING5'**..
Additionally, CAFs secrete exosomes that highly express miR-3173-5p, which inhibits ferroptosis by
targeting ACSL4, thereby promoting gemcitabine resistance in pancreatic cancer cells*”. Moreover,
exosomes from CAFs facilitate colorectal cancer (CRC) metastasis and chemoresistance by enhancing
stemness and EMT through miR-92a-3p transfer, further validating the role of exosomal miRNAs in these
processes”'. Furthermore, CAF-derived exosomes transfer IncRNA CCAL, which upregulates glycolytic
pathways and STAT3/NF-«B signaling, promotes chemoresistance, and emphasizes the relevance of ncRNA
content in exosomes in tumor progression'.

Additionally, proteins and other activated materials in CAF-derived exosomes are crucial. For example,
studies have demonstrated that CAFs secrete exosomes loaded with cytokines and chemokines, such as IL-6
and CXCL1, which activate the STAT3/NF-xB pathway, contributing to cisplatin resistance in esophageal
squamous cell carcinoma (ESOC) and gastric carcinoma (GC)'”\. An important component of pancreatic
ductal adenocarcinomas, CAFs, release exosomes that improve chemoresistance in recipient cancer cells by
expressing Snail. They also exhibit intrinsic resistance to gemcitabine™”. This observation aligns with
findings where exosomes from CAFs have been shown to promote resistance to anti-pyrimidine drugs by
suppressing the pyrimidine transporter, ENT2, highlighting the role of exosomal cargo in modulating
therapeutic sensitivity™. Exosomes derived from pancreatic cancer CAFs increase the release of exosomes
upon gemcitabine treatment, which in turn induces chemoresistance in pancreatic cancer cells by
modulating the expression of Snail and miR-146a. This study highlights the potential of using exosome
secretion inhibitors as a combinational approach to improve chemotherapy effectiveness””. Finally, recent
studies have highlighted that exosomes derived from CAFs can significantly influence the immunological
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landscape within the tumor. These CAF-derived exosomes have been shown to carry immunosuppressive
molecules, such as PD-L1, which can dampen the antitumor immune response by interacting with immune
checkpoint receptors on T cells. This interaction not only subdues the cytotoxic potential of T cells but also
promotes a tolerant environment that fosters tumor resistance to immunotherapies, thereby contributing to

the development of therapeutic resistance in cancer'”.

These results highlight the intricate relationship between CAFs and cancer cells, in which exosomes act as
carriers for factors that lead to resistance. This suggests that focusing on CAF-derived exosomes may be a
useful strategy for cancer therapy that aims to overcome chemoresistance.

The content of exosomal circular RNA regulates tumor resistance

Circular RNAs (circRNAs), a distinct class of ncRNAs characterized by their covalently closed loop
structures, have emerged as crucial regulators in the complex interplay between cancer cells and their
microenvironment, particularly in the context of chemotherapy resistance. These circRNAs, packaged
within exosomes, act as mediators of intercellular communication and convey messages that influence
tumor progression and drug responsiveness”**.

For instance, in CRC, hsa_circ_0000338 was found to be differentially upregulated in exosomes from
FOLFOX-resistant cells, potentially serving as a biomarker for chemoresistance and exerting dual regulatory
roles”. Similarly, in gliomas, exosomal circ_0072083, enriched under hypoxia, promotes TMZ resistance by
sponging miR-421 and enhancing SIRT1 expression”. Furthermore, the role of exosomal circVMP1 in
NSCLC demonstrated its capacity to enhance cisplatin resistance through the miR-524-5p-METTL3/SOX2
axis"”®. In neuroblastoma (NB), exosomal circDLGAP4 contributes to drug resistance by regulating the miR-
143-HK2 axis"™. The involvement of exosomal circRNAs in prostate cancer (PCa) chemoresistance is
exemplified by circ-XIAP, which promotes resistance to docetaxel through the miR-1182/TPDs52
pathway"™. Similarly, circSFMBT2 in PCa facilitates resistance to docetaxel by interacting with miR-136-5p
and modulating TRIB1™". Breast cancer research also revealed circ_UBE2D2 in exosomes as a mediator of
tamoxifen resistance, whereas in osteosarcoma, exosomal circZNF91 enhances resistance to chemotherapy
by sponging miR-23b-3p and upregulating SIRT 1",

Notably, circRNAs within exosomes can interact with immune checkpoint molecules, thereby influencing
the sensitivity of tumors to immunotherapy. For instance, exosomal circRNAs, such as circUHRF1 and
circTMEM181, can modulate immune responses by targeting immune checkpoint molecules, leading to

resistance to immunotherapies like anti-PD1 in hepatocellular carcinoma (HCC)"®"*".,

Exosomal circRNAs play a crucial role in cancer treatment by mediating drug resistance mechanisms. They
affect drug efflux, intracellular concentrations, cell cycle progression, apoptosis, invasion, and metabolic
reprogramming. These findings from various cancer models highlight the central role of exosomal
circRNAs in modulating chemotherapy resistance”*’, suggesting that targeting these exosome-carried
circRNAs could be a novel strategy to overcome treatment failure in cancer therapy. Similarly, some studies
highlight the intricate relationship between exosomal circRNAs, immune cell modulation, and the
development of resistance to immune checkpoint blockade in cancer therapy. The identification of these
mechanisms offers promising avenues for the development of novel therapeutic strategies aimed at
overcoming immunotherapy resistance in cancer patients.
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The content of exosomal miRNA regulates tumor resistance
Like circRNAs, tissue-specific regulatory networks of miRNAs and their effects on drug transporters, DNA

repair systems, and cell survival pathways have become key factors in regulating drug resistance in cancer'®.

For example, exosome-mediated transfer of miR-3613-5p has been shown to enhance doxorubicin (DOX)
resistance in breast cancer cells by inhibiting PTEN, underscoring the importance of miRNA shuttling in
modulating treatment outcomes®. MiR-21, which targets PTEN, is known to play a key role in promoting
resistance to multiple drugs in breast and stomach cancers"™. Another example of exosome-mediated
miRNA transfer was presented, which used arginine-glycine-aspartic acid (RGD)-modified exosomes to
deliver miR-484 to ovarian cancer cells, normalizing the tumor vascular system and making it sensitive to
chemotherapy™. In breast cancer, exosomes can mediate resistance and migration to sensitive cells via
miR-155"), and miR-140-3p can suppress PD-L1 expression in cancer cell-derived exosomes, thereby
attenuating chemoresistance induced by DOX'".

Collectively, these findings illustrate the extensive influence of exosomal miRNAs on drug resistance in
various cancer types. Strikingly, engineered exosomes have great therapeutic potential for co-delivering
miRNA inhibitors and chemotherapy agents to reverse colon cancer resistance. Specifically, the loading of
miR-21 inhibitor oligonucleotides and 5-fluorouracil with exosomes can effectively downregulate miR-21
expression in drug-resistant cells, thereby restoring the sensitivity to drugs"*”. By manipulating exosomal
miRNA content, it might be possible to restore chemosensitivity, thereby enhancing the efficacy of cancer
treatments.

THE DIAGNOSTIC AND THERAPEUTIC SIGNIFICANCE OF EXOSOMES IN TUMOR DRUG
RESISTANCE

In the realm of cancer research, exosomes have emerged as pivotal players in the development and
management of drug resistance, underscoring their diagnostic and therapeutic significance in tumor
treatment [Figure 4]. These small EVs, with their unique molecular signatures, are instrumental in
intercellular communication, transferring proteins, RNAs, and other biomolecules that can significantly
alter the TME and influence therapeutic responses'®*°.

Exosomes are important in the diagnosis and treatment of tumor drug resistance, as they can transfer
resistance traits to sensitive cells, promoting resistance by transmitting cargoes, suppressing immune
activity, influencing chemotherapeutic efficacy””, and so on, highlighting the complexity of exosome-
mediated resistance in various cancer types.

In NSCLC, exosomes derived from bone marrow mesenchymal stem cells (MSCs) have been shown to
enhance chemosensitivity to cisplatin by delivering miR-193a, which targets LRRC1 and reduces drug
resistance”. Conversely, lung cancer cell-derived exosomes (LCCDEs) are implicated in mediating drug
resistance through the transfer of resistance-associated proteins and RNA, offering a novel avenue for

therapeutic intervention””.

In HCC, exosomes play a crucial role in drug resistance by transferring molecules that can alter TME and
affect drug responsiveness. Strategies targeting exosomes, such as siRNA-mediated silencing of circRNA-
SORE, have demonstrated potential in enhancing sorafenib efficacy and overcoming resistance in HCC
models®**.
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Figure 4. Clinical significance of exosomes in tumor drug resistance: biomarkers, prognostic markers, diagnostic markers, fluid biopsy
tools, drug resistance prediction tools, delivery vehicles, changing drug targets, modulating the immune response and competitive
binding molecules.

Exosomes derived from MSCs have emerged as a promising therapeutic strategy for GBM, a highly
aggressive brain cancer, by enhancing the delivery of chemotherapeutic agents and overcoming drug
resistance. These nanoscale vesicles can ferry miRNAs that sensitize tumor cells to chemotherapies, thereby

[101]

offering a novel avenue to combat the refractoriness of brain tumors

PCa treatment resistance is associated with exosomes, as the presence of androgen receptor splice variant 7
(AR-V7) in exosomal RNA correlates with resistance to hormonal therapy. This highlights the potential of
exosomal biomarkers in predicting treatment outcomes and personalizing therapeutic strategies for PCa

102,103]

patients!

Exosomes derived from CAFs play a pivotal role in the chemoresistance of CRC by promoting cancer cell
stemness and EMT, which are key factors in therapy resistance. The transfer of exosomal miR-92a-3p from
CAFs to CRC cells has been shown to enhance stemness and EMT, thereby contributing to the
chemoresistance of CRC to 5-FU/L-OHP regimens. This finding underscores the potential of targeting

[71,104]

exosomal components as a novel therapeutic strategy to overcome chemoresistance in CRC

In triple-negative breast cancer (TNBC), EVs, including exosomes, play a crucial role in the development of
drug resistance by transferring proteins, miRNAs, and other biomolecules that can modulate therapeutic
responses. EVs derived from gemcitabine-resistant TNBC cells have been shown to transfer resistance traits
to sensitive cells, highlighting their potential as mediators of chemoresistance!*.

Exosomes hold great promise in clinical research for their diagnostic and therapeutic potential in diseases,
particularly cancer. They exhibit unique molecular signatures in the bodily fluids of cancer patients, making
them valuable for early detection and prognosis assessment. For instance, GPC1-positive exosomes are
diagnostic indicators for early-stage pancreatic cancer™, while exosomal IncRNA SNHG14 levels are
associated with trastuzumab resistance in breast cancer®”. The interplay between exosomes and the immune
system is crucial for their function in cancer. Exosomes can modulate the immune response by delivering
immunosuppressive factors or antigens, as well as by promoting the polarization of immune cells, such as
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macrophages and T cells, toward protumoral phenotypes®'*. In contrast, engineered exosomes hold
promise for immunotherapy, as they can be designed to express immuno-stimulatory proteins or loaded
with cytokines to enhance immune cell activation and antitumor immunity"*.

Exosomes have also emerged as crucial vectors in conveying bioactive molecules, such as proteins, lipids,
nucleic acids, and metabolites. For example, exosomes from drug-resistant cancer cells can horizontally
transfer miRNAs that confer resistance to neighboring sensitive cells, and IncRNA ARSR within exosomes
can competitively bind miR-34 and miR-449 to enhance AXL and MET expression, leading to sunitinib
resistance in renal cancer™®. This suggests that exosomal contents can shape the therapeutic
microenvironment by disseminating resistance traits among cancer populations.

The potential of exosomes as therapeutic targets and diagnostic tools is further emphasized by their
inherent ability to traverse biological barriers, including the blood-brain barrier (BBB)"*/, making them
attractive candidates for delivering therapeutic nucleic acids. For instance, engineered exosomes carrying

L1 while exosomes

siRNA against MALAT1 were shown to reduce docetaxel resistance in lung cancer
loaded with a miRNA cocktail were found to suppress enzalutamide-resistant PCa"®, highlighting the

potential for reversing resistance mechanisms.

In summary, the diagnostic and therapeutic significance of exosomes in tumor drug resistance is profound.
They serve as biomarkers for early detection and prognosis assessment, modulate the immune response,
and convey bioactive molecules that can shape the therapeutic microenvironment. The ability of exosomes
to traverse biological barriers further enhances their potential as therapeutic agents. Future research
leveraging exosome-mediated intercellular communication and their unique biological properties could
unlock new dimensions in precision medicine for cancer treatment and management.

CONCLUSION

This review has encapsulated the recent advances in our understanding of exosome-mediated regulation of
tumor drug resistance, shedding light on the intricate mechanisms by which these nanoscale vesicles
contribute to the development and dissemination of therapeutic refractoriness across various cancer types.
We have elucidated the pivotal role of exosomes in ferrying a myriad of bioactive molecules, including
miRNAs, IncRNAs, circRNAs, and proteins, which act in concert to alter cellular pathways, modulate
metabolism, interfere with drug efficacy, and shape the TME in favor of chemoresistance. A key highlight is
the recognition of exosomes as conveyors of resistance traits from both tumor cells and CAFs, underscoring
the complexity of intercellular communication in fostering treatment-resistant phenotypes.

Despite the progress outlined, several questions persist in the exosome-mediated drug resistance landscape.
Above all, the heterogeneity of exosomal cargoes and their differential effects on recipient cells across cancer
types pose a significant challenge. Exosomal heterogeneity, stemming from differences in their cellular
origins, cargo composition, and functional properties, significantly influences tumor response to
therapeutics. The heterogeneity of exosomes can lead to the acquisition of drug resistance in cancer cells
through various mechanisms. For instance, TDEs can transfer drug resistance-conferring proteins, lipids,
and nucleic acids, such as miRNAs, to sensitive cells, thereby spreading resistance within the TME™".

Additionally, exosomes from CAFs have been shown to modulate the TME, promoting a phenotype that
favors chemoresistance and conferring a survival advantage to cancer cells"”. The heterogeneity of
exosomes also presents challenges in their isolation and analysis, which is crucial for understanding their
role in drug resistance. Standardization of isolation techniques, such as differential ultracentrifugation and
size-exclusion chromatography, is essential for obtaining pure and consistent exosome preparations*. To
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address the impact of exosome heterogeneity on tumor drug resistance, a multifaceted approach is
warranted. First, an in-depth study of the exosome biogenesis and cargo loading mechanism is necessary to
help reveal the molecular mechanisms of how they mediate drug resistance. Second, the development of
strategies to selectively target and neutralize exosomes carrying resistance-promoting cargo is crucial. This
could involve the use of exosome inhibitors or the design of exosome mimetics that compete with TDEs for
uptake by recipient cells. Third, leveraging the natural tumor-tropic properties of exosomes, researchers can
engineer exosomes to deliver therapeutic agents directly to cancer cells, potentially reversing drug

resistance!®”'*,

Moreover, the exact molecular determinants that dictate the selective packaging and delivery of resistance-
inducing factors remain to be fully elucidated. The dynamics of exosome secretion and uptake in the
context of evolving therapeutic pressures and their impact on treatment outcomes also require further
investigation.

Here, we propose several avenues for future research to address these gaps. First, the development of high-
throughput techniques for the comprehensive profiling of exosomal cargoes at different stages of disease
and under varying therapeutic regimes will enhance our ability to identify signature biomarkers predictive
of treatment response. Second, elucidating the molecular machinery governing exosome biogenesis, sorting,
and release, particularly in drug-resistant cells, may uncover novel therapeutic targets. Third, leveraging the
natural tropism of exosomes for specific cell types and their ability to cross biological barriers presents a
unique opportunity to design exosome-based therapeutics to reverse resistance mechanisms or deliver
targeted therapies. Finally, exploring the potential of exosome interception or engineering exosomes to
express therapeutic payloads holds promise for restoring sensitivity to conventional treatments and
enhancing patient outcomes. Collectively, these endeavors aim to transform our strategic approach toward
combating drug resistance in cancer, paving the way for advancements in precision oncology.

DECLARATIONS

Acknowledgments

The authors are grateful for Prof. Liwu Fu (Sun Yat-sen University Cancer Center, State Key Laboratory of
Oncology in South China, Guangzhou, China).

Authors’ contributions

Made substantial contributions to conceptualization: Chen M, Zhang J, Deng L

Drafted the manuscript: Pan W, Miao Q, Yin W, Li X

Organized the figures: Miao Q, Pan W

Supervised the conceptualization of the review and revised the manuscript: Ye W, Zhang D

Availability of data and materials
Not applicable.

Financial support and sponsorship

This work was supported by the National Natural Science Foundation of China (82273941), the Local
Innovative and Research Teams Project of Guangdong Pearl River Talents Program (2017BT01Y036), the
Guangdong Basic and Applied Basic Research Foundation (2024B1515020098, 2414050006410,
2023A1515030276), and The Fundamental Research Funds for The Central Universities (21624103).



Page 12 of 15 Pan et al. Cancer Drug Resist 2024;7:43 | https://dx.doi.org/10.20517/cdr.2024.97

Conflicts of interest

All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.

REFERENCES

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA Cancer J Clin 2023;73:17-48. DOI PubMed

Kocarnik JM, Compton K, Dean FE, et al; Global Burden of Disease 2019 Cancer Collaboration. Cancer incidence, mortality, years
of life lost, years lived with disability, and disability-adjusted life years for 29 cancer groups from 2010 to 2019: a systematic analysis
for the global burden of disease study 2019. JAMA Oncol 2022;8:420-44. DOI PubMed PMC

Namee NM, O’Driscoll L. Extracellular vesicles and anti-cancer drug resistance. Biochim Biophys Acta Rev Cancer 2018;1870:123-
36. DOI PubMed

Dong X, Bai X, Ni J, et al. Exosomes and breast cancer drug resistance. Cell Death Dis 2020;11:987. DOI PubMed PMC

Lu Z, Chen Y, Luo W, et al. Exosomes in genitourinary cancers: emerging mediators of drug resistance and promising biomarkers.
Int J Biol Sci 2023;19:167-82. DOI PubMed PMC

Hoshino A, Costa-Silva B, Shen TL, et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015;527:329-35.
DOI PubMed PMC

Li XJ, Ren ZJ, Tang JH, Yu Q. Exosomal MicroRNA MiR-1246 promotes cell proliferation, invasion and drug resistance by
targeting CCNG?2 in breast cancer. Cell Physiol Biochem 2017;44:1741-8. DOI PubMed

Kreger BT, Johansen ER, Cerione RA, Antonyak MA. The enrichment of survivin in exosomes from breast cancer cells treated with
paclitaxel promotes cell survival and chemoresistance. Cancers 2016;8:111. DOI PubMed PMC

Xuan Z, Chen C, Tang W, et al. Corrigendum: TKI-resistant renal cancer secretes low-level exosomal miR-549a to induce vascular
permeability and angiogenesis to promote tumor metastasis. Front Cell Dev Biol 2021;9:726535. DOI PubMed PMC

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

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

Klibi J, Niki T, Riedel A, et al. Blood diffusion and Thl-suppressive effects of galectin-9-containing exosomes released by Epstein-
Barr virus-infected nasopharyngeal carcinoma cells. Blood 2009;113:1957-66. DOI PubMed

Xiang X, Poliakov A, Liu C, et al. Induction of myeloid-derived suppressor cells by tumor exosomes. /nt J Cancer 2009;124:2621-
33. DOI PubMed PMC

Chang WH, Cerione RA, Antonyak MA. Extracellular vesicles and their roles in cancer progression. Methods Mol Biol
2021;2174:143-70. DOI PubMed PMC

Radler J, Gupta D, Zickler A, Andaloussi SE. Exploiting the biogenesis of extracellular vesicles for bioengineering and therapeutic
cargo loading. Mol Ther 2023;31:1231-50. DOI PubMed PMC

Xu M, Ji J, Jin D, et al. The biogenesis and secretion of exosomes and multivesicular bodies (MVBs): intercellular shuttles and
implications in human diseases. Genes Dis 2023;10:1894-907. DOI PubMed PMC

van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol 2018;19:213-
28. DOI PubMed

Di Bella MA. Overview and update on extracellular vesicles: considerations on exosomes and their application in modern medicine.
Biology 2022;11:804. DOI PubMed PMC

Alia Moosavian S, Hashemi M, Etemad L, Daneshmand S, Salmasi Z. Melanoma-derived exosomes: versatile extracellular vesicles
for diagnosis, metastasis, immune modulation, and treatment of melanoma. Int Immunopharmacol 2022;113:109320. DOI PubMed
Qiao L, Hu S, Huang K, et al. Tumor cell-derived exosomes home to their cells of origin and can be used as Trojan horses to deliver
cancer drugs. Theranostics 2020;10:3474-87. DOI PubMed PMC

Tang MK, Wong AS. Exosomes: emerging biomarkers and targets for ovarian cancer. Cancer Lett 2015;367:26-33. DOI PubMed
Krylova SV, Feng D. The machinery of exosomes: biogenesis, release, and uptake. /nt J Mol Sci 2023;24:1337. DOI PubMed PMC
Shahabi A, Naghili B, Ansarin K, Zarghami N. The relationship between microRNAs and Rab family GTPases in human cancers. J
Cell Physiol 2019;234:12341-52. DOI PubMed


https://dx.doi.org/10.3322/caac.21763
http://www.ncbi.nlm.nih.gov/pubmed/36633525
https://dx.doi.org/10.1001/jamaoncol.2021.6987
http://www.ncbi.nlm.nih.gov/pubmed/34967848
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8719276
https://dx.doi.org/10.1016/j.bbcan.2018.07.003
http://www.ncbi.nlm.nih.gov/pubmed/30003999
https://dx.doi.org/10.1038/s41419-020-03189-z
http://www.ncbi.nlm.nih.gov/pubmed/33203834
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7673022
https://dx.doi.org/10.7150/ijbs.78321
http://www.ncbi.nlm.nih.gov/pubmed/36594094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9760437
https://dx.doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788391
https://dx.doi.org/10.1159/000485780
http://www.ncbi.nlm.nih.gov/pubmed/29216623
https://dx.doi.org/10.3390/cancers8120111
http://www.ncbi.nlm.nih.gov/pubmed/27941677
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5187509
https://dx.doi.org/10.3389/fcell.2021.726535
http://www.ncbi.nlm.nih.gov/pubmed/34350190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8327907
https://dx.doi.org/10.1016/j.drup.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31369918
https://dx.doi.org/10.1002/ctm2.257
http://www.ncbi.nlm.nih.gov/pubmed/33377643
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7752167
https://dx.doi.org/10.1182/blood-2008-02-142596
http://www.ncbi.nlm.nih.gov/pubmed/19005181
https://dx.doi.org/10.1002/ijc.24249
http://www.ncbi.nlm.nih.gov/pubmed/19235923
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2757307
https://dx.doi.org/10.1007/978-1-0716-0759-6_10
http://www.ncbi.nlm.nih.gov/pubmed/32813249
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8008708
https://dx.doi.org/10.1016/j.ymthe.2023.02.013
http://www.ncbi.nlm.nih.gov/pubmed/36805147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10188647
https://dx.doi.org/10.1016/j.gendis.2022.03.021
http://www.ncbi.nlm.nih.gov/pubmed/37492712
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10363595
https://dx.doi.org/10.1038/nrm.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29339798
https://dx.doi.org/10.3390/biology11060804
http://www.ncbi.nlm.nih.gov/pubmed/35741325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9220244
https://dx.doi.org/10.1016/j.intimp.2022.109320
http://www.ncbi.nlm.nih.gov/pubmed/36274482
https://dx.doi.org/10.7150/thno.39434
http://www.ncbi.nlm.nih.gov/pubmed/32206102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7069079
https://dx.doi.org/10.1016/j.canlet.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26189430
https://dx.doi.org/10.3390/ijms24021337
http://www.ncbi.nlm.nih.gov/pubmed/36674857
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9865891
https://dx.doi.org/10.1002/jcp.28038
http://www.ncbi.nlm.nih.gov/pubmed/30609026

Pan et al. Cancer Drug Resist 2024;7:43 | https://dx.doi.org/10.20517/cdr.2024.97 Page 13 of 15

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Yang D, Zhang W, Zhang H, et al. Progress, opportunity, and perspective on exosome isolation - efforts for efficient exosome-based
theranostics. Theranostics 2020;10:3684-707. DOI PubMed PMC

Rizwan MN, Ma Y, Nenkov M, et al. Tumor-derived exosomes: key players in non-small cell lung cancer metastasis and their
implication for targeted therapy. Mol Carcinog 2022;61:269-80. DOI PubMed

Runz S, Keller S, Rupp C, et al. Malignant ascites-derived exosomes of ovarian carcinoma patients contain CD24 and EpCAM.
Gynecol Oncol 2007;107:563-71. DOI PubMed

Movahedpour A, Khatami SH, Karami N, et al. Exosomal noncoding RNAs in prostate cancer. Clin Chim Acta 2022;537:127-32.
DOI PubMed

Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesicles and nanoparticles: emerging complexities. Trends Cell Biol
2023;33:667-81. DOI PubMed PMC

Hallal S, Tlizesi A, Grau GE, Buckland ME, Alexander KL. Understanding the extracellular vesicle surface for clinical molecular
biology. J Extracell Vesicles 2022;11:¢12260. DOI PubMed PMC

Golchin A, Hosseinzadeh S, Ardeshirylajimi A. The exosomes released from different cell types and their effects in wound healing. J
Cell Biochem 2018;119:5043-52. DOI PubMed

Haraszti RA, Didiot MC, Sapp E, et al. High-resolution proteomic and lipidomic analysis of exosomes and microvesicles from
different cell sources. J Extracell Vesicles 2016;5:32570. DOI PubMed PMC

Kugeratski FG, Hodge K, Lilla S, et al. Quantitative proteomics identifies the core proteome of exosomes with syntenin-1 as the
highest abundant protein and a putative universal biomarker. Nat Cell Biol 2021;23:631-41. DOI PubMed PMC

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

Pathan M, Fonseka P, Chitti SV, et al. Vesiclepedia 2019: a compendium of RNA, proteins, lipids and metabolites in extracellular
vesicles. Nucleic Acids Res 2019;47:D516-9. DOI PubMed PMC

De Sousa KP, Rossi I, Abdullahi M, Ramirez MI, Stratton D, Inal JM. Isolation and characterization of extracellular vesicles and
future directions in diagnosis and therapy. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2023;15:¢1835. DOI PubMed PMC
Paskeh MDA, Entezari M, Mirzaei S, et al. Emerging role of exosomes in cancer progression and tumor microenvironment
remodeling. J Hematol Oncol 2022;15:83. DOI PubMed PMC

Yafiez-Mo6 M, Siljander PRM, Andreu Z, et al. Biological properties of extracellular vesicles and their physiological functions. J
Extracell Vesicles 2015;4:27066. DOI PubMed PMC

Yang Q, Xu J, Gu J, et al. Extracellular vesicles in cancer drug resistance: roles, mechanisms, and implications. Adv Sci
2022;9:¢2201609. DOI PubMed PMC

Wang Y, Lou P, Xie Y, et al. Nutrient availability regulates the secretion and function of immune cell-derived extracellular vesicles
through metabolic rewiring. Sci Adv 2024;10:eadj1290. DOI PubMed PMC

Buzas EI. The roles of extracellular vesicles in the immune system. Nat Rev Immunol 2023;23:236-50. DOI PubMed PMC

Zhou X, Xie F, Wang L, et al. The function and clinical application of extracellular vesicles in innate immune regulation. Cell Mol
Immunol 2020;17:323-34. DOI PubMed PMC

Vahabi M, Comandatore A, Franczak MA, et al. Role of exosomes in transferring chemoresistance through modulation of cancer
glycolytic cell metabolism. Cytokine Growth Factor Rev 2023;73:163-72. DOI PubMed

Gurung S, Perocheau D, Touramanidou L, Baruteau J. The exosome journey: from biogenesis to uptake and intracellular signalling.
Cell Commun Signal 2021;19:47. DOI PubMed PMC

Wang J, Hendrix A, Hernot S, et al. Bone marrow stromal cell-derived exosomes as communicators in drug resistance in multiple
myeloma cells. Blood 2014;124:555-66. DOI PubMed

Song Z, Jia G, Ma P, Cang S. Exosomal miR-4443 promotes cisplatin resistance in non-small cell lung carcinoma by regulating FSP1
m6A modification-mediated ferroptosis. Life Sci 2021;276:119399. DOI PubMed

Wu P, Guo J, Yang H, Yuan D, Wang C, Wang Z. Exosomes derived from hypoxic glioma cells reduce the sensitivity of glioma cells
to temozolomide through carrying miR-106a-5p. Drug Des Devel Ther 2022;16:3589-98. DOI PubMed PMC

Yin J, Zeng A, Zhang Z, Shi Z, Yan W, You Y. Exosomal transfer of miR-1238 contributes to temozolomide-resistance in
glioblastoma. EBioMedicine 2019;42:238-51. DOI PubMed PMC

Liu J, Zhu S, Tang W, Huang Q, Mei Y, Yang H. Exosomes from tamoxifen-resistant breast cancer cells transmit drug resistance
partly by delivering miR-9-5p. Cancer Cell Int 2021;21:55. DOI PubMed PMC

Chen WX, Wang DD, Zhu B, et al. Exosomal miR-222 from adriamycin-resistant MCF-7 breast cancer cells promote macrophages
M2 polarization via PTEN/Akt to induce tumor progression. Aging 2021;13:10415-30. DOI PubMed PMC

Zhou C, Wei W, Ma J, et al. Cancer-secreted exosomal miR-1468-5p promotes tumor immune escape via the immunosuppressive
reprogramming of lymphatic vessels. Mol Ther 2022;30:976-7. DOI PubMed PMC

Wang M, Qiu R, Yu S, et al. Paclitaxel-resistant gastric cancer MGC-803 cells promote epithelial-to-mesenchymal transition and
chemoresistance in paclitaxel-sensitive cells via exosomal delivery of miR-155-5p. Int J Oncol 2019;54:326-38. DOI PubMed PMC
Cao S, Fu B, Cai J, Zhang D, Wang C, Wu H. Linc00852 from cisplatin-resistant gastric cancer cell-derived exosomes regulates
COMMD7 to promote cisplatin resistance of recipient cells through microRNA-514a-5p. Cell Biol Toxicol 2023;39:483-96. DOI
PubMed

Li Z, Meng X, Wu P, et al. Glioblastoma cell-derived IncRNA-containing exosomes induce microglia to produce complement CS5,


https://dx.doi.org/10.7150/thno.41580
http://www.ncbi.nlm.nih.gov/pubmed/32206116
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7069071
https://dx.doi.org/10.1002/mc.23378
http://www.ncbi.nlm.nih.gov/pubmed/34897815
https://dx.doi.org/10.1016/j.ygyno.2007.08.064
http://www.ncbi.nlm.nih.gov/pubmed/17900673
https://dx.doi.org/10.1016/j.cca.2022.10.018
http://www.ncbi.nlm.nih.gov/pubmed/36330945
https://dx.doi.org/10.1016/j.tcb.2023.01.002
http://www.ncbi.nlm.nih.gov/pubmed/36737375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10363204
https://dx.doi.org/10.1002/jev2.12260
http://www.ncbi.nlm.nih.gov/pubmed/36239734
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9563386
https://dx.doi.org/10.1002/jcb.26706
http://www.ncbi.nlm.nih.gov/pubmed/29377240
https://dx.doi.org/10.3402/jev.v5.32570
http://www.ncbi.nlm.nih.gov/pubmed/27863537
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5116062
https://dx.doi.org/10.1038/s41556-021-00693-y
http://www.ncbi.nlm.nih.gov/pubmed/34108659
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9290189
https://dx.doi.org/10.1007/s00018-017-2595-9
http://www.ncbi.nlm.nih.gov/pubmed/28733901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5756260
https://dx.doi.org/10.1093/nar/gky1029
http://www.ncbi.nlm.nih.gov/pubmed/30395310
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6323905
https://dx.doi.org/10.1002/wnan.1835
http://www.ncbi.nlm.nih.gov/pubmed/35898167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10078256
https://dx.doi.org/10.1186/s13045-022-01305-4
http://www.ncbi.nlm.nih.gov/pubmed/35765040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9238168
https://dx.doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4433489
https://dx.doi.org/10.1002/advs.202201609
http://www.ncbi.nlm.nih.gov/pubmed/36253096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9731723
https://dx.doi.org/10.1126/sciadv.adj1290
http://www.ncbi.nlm.nih.gov/pubmed/38354238
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10866539
https://dx.doi.org/10.1038/s41577-022-00763-8
http://www.ncbi.nlm.nih.gov/pubmed/35927511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9361922
https://dx.doi.org/10.1038/s41423-020-0391-1
http://www.ncbi.nlm.nih.gov/pubmed/32203193
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7109106
https://dx.doi.org/10.1016/j.cytogfr.2023.07.004
http://www.ncbi.nlm.nih.gov/pubmed/37541790
https://dx.doi.org/10.1186/s12964-021-00730-1
http://www.ncbi.nlm.nih.gov/pubmed/33892745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8063428
https://dx.doi.org/10.1182/blood-2014-03-562439
http://www.ncbi.nlm.nih.gov/pubmed/24928860
https://dx.doi.org/10.1016/j.lfs.2021.119399
http://www.ncbi.nlm.nih.gov/pubmed/33781830
https://dx.doi.org/10.2147/dddt.s382690
http://www.ncbi.nlm.nih.gov/pubmed/36248244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9556335
https://dx.doi.org/10.1016/j.ebiom.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30917935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6491393
https://dx.doi.org/10.1186/s12935-020-01659-0
http://www.ncbi.nlm.nih.gov/pubmed/33451320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7809732
https://dx.doi.org/10.18632/aging.202802
http://www.ncbi.nlm.nih.gov/pubmed/33752173
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8064228
https://dx.doi.org/10.1016/j.ymthe.2021.12.014
http://www.ncbi.nlm.nih.gov/pubmed/34982969
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8822128
https://dx.doi.org/10.3892/ijo.2018.4601
http://www.ncbi.nlm.nih.gov/pubmed/30365045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6254863
https://dx.doi.org/10.1007/s10565-021-09685-y
http://www.ncbi.nlm.nih.gov/pubmed/35088190

Page 14 of 15 Pan et al. Cancer Drug Resist 2024;7:43 | https://dx.doi.org/10.20517/cdr.2024.97

54.

S55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

promoting chemotherapy resistance. Cancer Immunol Res 2021;9:1383-99. DOI PubMed

Chen SW, Zhu SQ, Pei X, et al. Cancer cell-derived exosomal circUSP7 induces CD8" T cell dysfunction and anti-PD1 resistance by
regulating the miR-934/SHP2 axis in NSCLC. Mol Cancer 2021;20:144. DOI PubMed PMC

Shen T, Huang Z, Shi C, et al. Pancreatic cancer-derived exosomes induce apoptosis of T lymphocytes through the p38 MAPK-
mediated endoplasmic reticulum stress. FASEB J 2020;34:8442-58. DOI PubMed

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

Zhang PF, Gao C, Huang XY, et al. Cancer cell-derived exosomal circUHRF1 induces natural killer cell exhaustion and may cause
resistance to anti-PD1 therapy in hepatocellular carcinoma. Mol Cancer 2020;19:110. DOI PubMed PMC

Liu J, Wu S, Zheng X, et al. Immune suppressed tumor microenvironment by exosomes derived from gastric cancer cells via
modulating immune functions. Sci Rep 2020;10:14749. DOI PubMed PMC

Yin Z, Yu M, Ma T, et al. Mechanisms underlying low-clinical responses to PD-1/PD-L1 blocking antibodies in immunotherapy of
cancer: a key role of exosomal PD-L1. J Immunother Cancer 2021;9:¢001698. DOI PubMed PMC

Najafi S, Majidpoor J, Mortezaee K. Extracellular vesicle-based drug delivery in cancer immunotherapy. Drug Deliv Transl Res
2023;13:2790-806. DOI PubMed PMC

Shin S, Ko H, Kim CH, et al. Curvature-sensing peptide inhibits tumour-derived exosomes for enhanced cancer immunotherapy. Nat
Mater 2023;22:656-65. DOI PubMed

Shan G, Zhou X, Gu J, et al. Downregulated exosomal microRNA-148b-3p in cancer associated fibroblasts enhance chemosensitivity
of bladder cancer cells by downregulating the Wnt/B-catenin pathway and upregulating PTEN. Cell Oncol 2021;44:45-59. DOI

PubMed PMC

Qin X, Guo H, Wang X, et al. Exosomal miR-196a derived from cancer-associated fibroblasts confers cisplatin resistance in head and
neck cancer through targeting CDKN1B and INGS. Genome Biol 2019;20:12. DOI PubMed PMC

Fang Y, Zhou W, Rong Y, et al. Exosomal miRNA-106b from cancer-associated fibroblast promotes gemcitabine resistance in
pancreatic cancer. Exp Cell Res 2019;383:111543. DOI PubMed

Gao Y, Li X, Zeng C, et al. CD63" cancer-associated fibroblasts confer tamoxifen resistance to breast cancer cells through exosomal
miR-22. Adv Sci 2020;7:2002518. DOI PubMed PMC

Qi R, Bai Y, Li K, et al. Cancer-associated fibroblasts suppress ferroptosis and induce gemcitabine resistance in pancreatic cancer
cells by secreting exosome-derived ACSL4-targeting miRNAs. Drug Resist Updat 2023;68:100960. DOI PubMed

Ham IH, Lee D, Hur H. Cancer-associated fibroblast-induced resistance to chemotherapy and radiotherapy in gastrointestinal cancers.
Cancers 2021;13:1172. DOI PubMed PMC

Deng X, Ruan H, Zhang X, et al. Long noncoding RNA CCAL transferred from fibroblasts by exosomes promotes chemoresistance
of colorectal cancer cells. Int J Cancer 2020;146:1700-16. DOI PubMed

Zhou Y, Tang W, Zhuo H, et al. Cancer-associated fibroblast exosomes promote chemoresistance to cisplatin in hepatocellular
carcinoma through circZFR targeting signal transducers and activators of transcription (STAT3)/ nuclear factor -kappa B (NF-kB)
pathway. Bioengineered 2022;13:4786-97. DOI PubMed PMC

Kunou S, Shimada K, Takai M, et al. Exosomes secreted from cancer-associated fibroblasts elicit anti-pyrimidine drug resistance
through modulation of its transporter in malignant lymphoma. Oncogene 2021;40:3989-4003. DOI PubMed PMC

Hu JL, Wang W, Lan XL, et al. CAFs secreted exosomes promote metastasis and chemotherapy resistance by enhancing cell
stemness and epithelial-mesenchymal transition in colorectal cancer. Mol Cancer 2019;18:91. DOI PubMed PMC

Richards KE, Zeleniak AE, Fishel ML, Wu J, Littlepage LE, Hill R. Cancer-associated fibroblast exosomes regulate survival and
proliferation of pancreatic cancer cells. Oncogene 2017;36:1770-8. DOI PubMed PMC

Li C, Teixeira AF, Zhu HJ, Ten Dijke P. Cancer associated-fibroblast-derived exosomes in cancer progression. Mol Cancer
2021;20:154. DOI PubMed PMC

Ding C, Yi X, Chen X, et al. Warburg effect-promoted exosomal circ_0072083 releasing up-regulates NANGO expression through
multiple pathways and enhances temozolomide resistance in glioma. J Exp Clin Cancer Res 2021;40:164. DOI PubMed PMC

Li Q, Zhang Y, Jin P, et al. New insights into the potential of exosomal circular RNAs in mediating cancer chemotherapy resistance
and their clinical applications. Biomed Pharmacother 2024;177:117027. DOI PubMed

Hon KW, Ab-Mutalib NS, Abdullah NMA, Jamal R, Abu N. Extracellular vesicle-derived circular RNAs confers chemoresistance in
colorectal cancer. Sci Rep 2019;9:16497. DOI PubMed PMC

Wang X, Zhang H, Yang H, et al. Exosome-delivered circRNA promotes glycolysis to induce chemoresistance through the miR-122-
PKM2 axis in colorectal cancer. Mol Oncol 2020;14:539-55. DOI PubMed PMC

Xie H, Yao J, Wang Y, Ni B. Exosome-transmitted circVMP1 facilitates the progression and cisplatin resistance of non-small cell
lung cancer by targeting miR-524-5p-METTL3/SOX2 axis. Drug Deliv 2022;29:1257-71. DOl PubMed PMC

Pan Z, Zhao R, Li B, et al. EWSR1-induced circNEIL3 promotes glioma progression and exosome-mediated macrophage
immunosuppressive polarization via stabilizing IGF2BP3. Mol Cancer 2022;21:16. DOI PubMed PMC

Guo X, Gao C, Yang DH, Li S. Exosomal circular RNAs: a chief culprit in cancer chemotherapy resistance. Drug Resist Updat
2023;67:100937. DOI PubMed

Lu JC, Zhang PF, Huang XY, et al. Amplification of spatially isolated adenosine pathway by tumor-macrophage interaction induces
anti-PD1 resistance in hepatocellular carcinoma. J Hematol Oncol 2021;14:200. DOI PubMed PMC


https://dx.doi.org/10.1158/2326-6066.cir-21-0258
http://www.ncbi.nlm.nih.gov/pubmed/34667108
https://dx.doi.org/10.1186/s12943-021-01448-x
http://www.ncbi.nlm.nih.gov/pubmed/34753486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8576933
https://dx.doi.org/10.1096/fj.201902186r
http://www.ncbi.nlm.nih.gov/pubmed/32350913
https://dx.doi.org/10.7150/thno.51797
http://www.ncbi.nlm.nih.gov/pubmed/33456577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7806469
https://dx.doi.org/10.1186/s12943-020-01222-5
http://www.ncbi.nlm.nih.gov/pubmed/32593303
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7320583
https://dx.doi.org/10.1038/s41598-020-71573-y
http://www.ncbi.nlm.nih.gov/pubmed/32901082
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7479614
https://dx.doi.org/10.1136/jitc-2020-001698
http://www.ncbi.nlm.nih.gov/pubmed/33472857
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7818841
https://dx.doi.org/10.1007/s13346-023-01370-3
http://www.ncbi.nlm.nih.gov/pubmed/37261603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10234250
https://dx.doi.org/10.1038/s41563-023-01515-2
http://www.ncbi.nlm.nih.gov/pubmed/36959501
https://dx.doi.org/10.1007/s13402-020-00500-0
http://www.ncbi.nlm.nih.gov/pubmed/33423167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7906940
https://dx.doi.org/10.1186/s13059-018-1604-0
http://www.ncbi.nlm.nih.gov/pubmed/30642385
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6332863
https://dx.doi.org/10.1016/j.yexcr.2019.111543
http://www.ncbi.nlm.nih.gov/pubmed/31374207
https://dx.doi.org/10.1002/advs.202002518
http://www.ncbi.nlm.nih.gov/pubmed/33173749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7610308
https://dx.doi.org/10.1016/j.drup.2023.100960
http://www.ncbi.nlm.nih.gov/pubmed/37003125
https://dx.doi.org/10.3390/cancers13051172
http://www.ncbi.nlm.nih.gov/pubmed/33803229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7963167
https://dx.doi.org/10.1002/ijc.32608
http://www.ncbi.nlm.nih.gov/pubmed/31381140
https://dx.doi.org/10.1080/21655979.2022.2032972
http://www.ncbi.nlm.nih.gov/pubmed/35139763
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8973934
https://dx.doi.org/10.1038/s41388-021-01829-y
http://www.ncbi.nlm.nih.gov/pubmed/33994542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8195743
https://dx.doi.org/10.1186/s12943-019-1019-x
http://www.ncbi.nlm.nih.gov/pubmed/31064356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6503554
https://dx.doi.org/10.1038/onc.2016.353
http://www.ncbi.nlm.nih.gov/pubmed/27669441
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5366272
https://dx.doi.org/10.1186/s12943-021-01463-y
http://www.ncbi.nlm.nih.gov/pubmed/34852849
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8638446
https://dx.doi.org/10.1186/s13046-021-01942-6
http://www.ncbi.nlm.nih.gov/pubmed/33975615
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111743
https://dx.doi.org/10.1016/j.biopha.2024.117027
http://www.ncbi.nlm.nih.gov/pubmed/38925018
https://dx.doi.org/10.1038/s41598-019-53063-y
http://www.ncbi.nlm.nih.gov/pubmed/31712601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6848089
https://dx.doi.org/10.1002/1878-0261.12629
http://www.ncbi.nlm.nih.gov/pubmed/31901148
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7053238
https://dx.doi.org/10.1080/10717544.2022.2057617
http://www.ncbi.nlm.nih.gov/pubmed/35467477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9045767
https://dx.doi.org/10.1186/s12943-021-01485-6
http://www.ncbi.nlm.nih.gov/pubmed/35031058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8759291
https://dx.doi.org/10.1016/j.drup.2023.100937
http://www.ncbi.nlm.nih.gov/pubmed/36753923
https://dx.doi.org/10.1186/s13045-021-01207-x
http://www.ncbi.nlm.nih.gov/pubmed/34838121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8627086

Pan et al. Cancer Drug Resist 2024;7:43 | https://dx.doi.org/10.20517/cdr.2024.97 Page 15 of 15

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Si W, Shen J, Zheng H, Fan W. The role and mechanisms of action of microRNAs in cancer drug resistance. Clin Epigenetics
2019;11:25. DOI PubMed PMC

Luo L, Zhang X, Rousuli Y, Aini A. Exosome-mediated transfer of miR-3613-5p enhances doxorubicin resistance by suppression of
PTEN expression in breast cancer cells. J Oncol 2022;2022:9494910. DOI PubMed PMC

Zhao Z, Shuang T, Gao Y, et al. Targeted delivery of exosomal miR-484 reprograms tumor vasculature for chemotherapy
sensitization. Cancer Lett 2022;530:45-58. DOI PubMed

Santos JC, Lima NDS, Sarian LO, Matheu A, Ribeiro ML, Derchain SFM. Exosome-mediated breast cancer chemoresistance via
miR-155 transfer. Sci Rep 2018;8:829. DOI PubMed PMC

Zhang X, Wang C, Huang C, Yang J, Wang J. Doxorubicin resistance in breast cancer xenografts and cell lines can be
counterweighted by microRNA-140-3p, through PD-L1 suppression. Histol Histopathol 2023;38:1193-204. DOI PubMed

Liang G, Zhu Y, Ali DJ, et al. Engineered exosomes for targeted co-delivery of miR-21 inhibitor and chemotherapeutics to reverse
drug resistance in colon cancer. J Nanobiotechnology 2020;18:10. DOI PubMed PMC

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

PMC

Li J, Zhang Q, Ge P, et al. FAM225B is a prognostic IncRNA for patients with recurrent glioblastoma. Dis Markers
2020;2020:8888085. DOI PubMed PMC

Cheng Z, Wang G, Zhu W, Luo C, Guo Z. LEF1-AS1 accelerates tumorigenesis in glioma by sponging miR-489-3p to enhance
HIGDIA. Cell Death Dis 2020;11:690. DOI PubMed PMC

Arun G, Aggarwal D, Spector DL. MALAT1 long non-coding RNA: functional implications. Noncoding RNA 2020;6:22. DOI

PubMed PMC

Wang X, Sun C, Huang X, et al. The advancing roles of exosomes in breast cancer. Front Cell Dev Biol 2021;9:731062. DOI

PubMed PMC

Su K, Wang N, Shao Q, Liu H, Zhao B, Ma S. The role of a ceRNA regulatory network based on IncRNA MALATTI site in cancer
progression. Biomed Pharmacother 2021;137:111389. DOI PubMed

Wang X, Huang J, Chen W, Li G, Li Z, Lei J. The updated role of exosomal proteins in the diagnosis, prognosis, and treatment of
cancer. Exp Mol Med 2022;54:1390-400. DOI PubMed PMC

Andaloussi S, Méger I, Breakefield XO, Wood MJ. Extracellular vesicles: biology and emerging therapeutic opportunities. Nat Rev
Drug Discov 2013;12:347-57. DOI PubMed

Li W, Li C, Zhou T, et al. Role of exosomal proteins in cancer diagnosis. Mol Cancer 2017;16:145. DOI PubMed PMC

Wu H, Mu X, Liu L, et al. Bone marrow mesenchymal stem cells-derived exosomal microRNA-193a reduces cisplatin resistance of
non-small cell lung cancer cells via targeting LRRC1. Cell Death Dis 2020;11:801. DOI PubMed PMC

Li MY, Liu LZ, Dong M. Progress on pivotal role and application of exosome in lung cancer carcinogenesis, diagnosis, therapy and
prognosis. Mol Cancer 2021;20:22. DOI PubMed PMC

Xu J, JiL, Liang Y, et al. CircRNA-SORE mediates sorafenib resistance in hepatocellular carcinoma by stabilizing YBX1. Signal
Transduct Target Ther 2020;5:298. DOI PubMed PMC

Liu M, Lai Z, Yuan X, et al. Role of exosomes in the development, diagnosis, prognosis and treatment of hepatocellular carcinoma.
Mol Med 2023;29:136. DOI PubMed PMC

Ghasempour E, Hesami S, Movahed E, Keshel SH, Doroudian M. Mesenchymal stem cell-derived exosomes as a new therapeutic
strategy in the brain tumors. Stem Cell Res Ther 2022;13:527. DOI PubMed PMC

Long G, Ma S, Shi R, Sun Y, Hu Z, Chen K. Circular RNAs and drug resistance in genitourinary cancers: a literature review. Cancers
2022;14:866. DOI PubMed PMC

Del Re M, Conteduca V, Crucitta S, et al. Androgen receptor gain in circulating free DNA and splicing variant 7 in exosomes predict
clinical outcome in CRPC patients treated with abiraterone and enzalutamide. Prostate Cancer Prostatic Dis 2021;24:524-31. DOI

PubMed PMC

Rahmati S, Moeinafshar A, Rezaei N. The multifaceted role of extracellular vesicles (EVs) in colorectal cancer: metastasis, immune
suppression, therapy resistance, and autophagy crosstalk. J Trans! Med 2024;22:452. DOl PubMed PMC

Yi YW. Therapeutic implications of the drug resistance conferred by extracellular vesicles derived from triple-negative breast cancer
cells. Int J Mol Sci 2023;24:3704. DOI PubMed PMC

Kugeratski FG, Kalluri R. Exosomes as mediators of immune regulation and immunotherapy in cancer. FEBS J 2021;288:10-35.

DOI PubMed PMC

Wang X, Tian L, Lu J, Ng 10. Exosomes and cancer - diagnostic and prognostic biomarkers and therapeutic vehicle. Oncogenesis
2022;11:54. DOI PubMed PMC

Witwer KW, Buzas EI, Bemis LT, et al. Standardization of sample collection, isolation and analysis methods in extracellular vesicle
research. J Extracell Vesicles 2013;2:20360. DOI PubMed PMC

Kim MS, Haney MJ, Zhao Y, et al. Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells.
Nanomedicine 2016;12:655-64. DOI PubMed PMC


https://dx.doi.org/10.1186/s13148-018-0587-8
http://www.ncbi.nlm.nih.gov/pubmed/30744689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6371621
https://dx.doi.org/10.1155/2022/9494910
http://www.ncbi.nlm.nih.gov/pubmed/36276272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9586760
https://dx.doi.org/10.1016/j.canlet.2022.01.011
http://www.ncbi.nlm.nih.gov/pubmed/35051533
https://dx.doi.org/10.1038/s41598-018-19339-5
http://www.ncbi.nlm.nih.gov/pubmed/29339789
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5770414
https://dx.doi.org/10.14670/HH-18-577
http://www.ncbi.nlm.nih.gov/pubmed/36621840
https://dx.doi.org/10.1186/s12951-019-0563-2
http://www.ncbi.nlm.nih.gov/pubmed/31918721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6950820
https://dx.doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7717626
https://dx.doi.org/10.1155/2020/8888085
http://www.ncbi.nlm.nih.gov/pubmed/33299501
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7704151
https://dx.doi.org/10.1038/s41419-020-02823-0
http://www.ncbi.nlm.nih.gov/pubmed/32826866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7442828
https://dx.doi.org/10.3390/ncrna6020022
http://www.ncbi.nlm.nih.gov/pubmed/32503170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7344863
https://dx.doi.org/10.3389/fcell.2021.731062
http://www.ncbi.nlm.nih.gov/pubmed/34790660
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8591197
https://dx.doi.org/10.1016/j.biopha.2021.111389
http://www.ncbi.nlm.nih.gov/pubmed/33601150
https://dx.doi.org/10.1038/s12276-022-00855-4
http://www.ncbi.nlm.nih.gov/pubmed/36138197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9535014
https://dx.doi.org/10.1038/nrd3978
http://www.ncbi.nlm.nih.gov/pubmed/23584393
https://dx.doi.org/10.1186/s12943-017-0706-8
http://www.ncbi.nlm.nih.gov/pubmed/28851367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5576100
https://dx.doi.org/10.1038/s41419-020-02962-4
http://www.ncbi.nlm.nih.gov/pubmed/32978367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7519084
https://dx.doi.org/10.1186/s12943-021-01312-y
http://www.ncbi.nlm.nih.gov/pubmed/33504342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7839206
https://dx.doi.org/10.1038/s41392-020-00375-5
http://www.ncbi.nlm.nih.gov/pubmed/33361760
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7762756
https://dx.doi.org/10.1186/s10020-023-00731-5
http://www.ncbi.nlm.nih.gov/pubmed/37848835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10580543
https://dx.doi.org/10.1186/s13287-022-03212-4
http://www.ncbi.nlm.nih.gov/pubmed/36536420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9764546
https://dx.doi.org/10.3390/cancers14040866
http://www.ncbi.nlm.nih.gov/pubmed/35205613
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8869870
https://dx.doi.org/10.1038/s41391-020-00309-w
http://www.ncbi.nlm.nih.gov/pubmed/33500577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8134038
https://dx.doi.org/10.1186/s12967-024-05267-8
http://www.ncbi.nlm.nih.gov/pubmed/38741166
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11092134
https://dx.doi.org/10.3390/ijms24043704
http://www.ncbi.nlm.nih.gov/pubmed/36835116
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9960576
https://dx.doi.org/10.1111/febs.15558
http://www.ncbi.nlm.nih.gov/pubmed/32910536
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9116040
https://dx.doi.org/10.1038/s41389-022-00431-5
http://www.ncbi.nlm.nih.gov/pubmed/36109501
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9477829
https://dx.doi.org/10.3402/jev.v2i0.20360
http://www.ncbi.nlm.nih.gov/pubmed/24009894
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3760646
https://dx.doi.org/10.1016/j.nano.2015.10.012
http://www.ncbi.nlm.nih.gov/pubmed/26586551
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4809755

