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Current research is focused on utilizing EVs as a biopsy tool to improve the

diagnostic accuracy of HCC, reduce surgical risk, and explore their potential in

modulating drug resistance and advancing immunotherapeutic strategies.

Extracellular vesicles (EVs) have been increasingly recognized as important

non-invasive biomarkers in hepatocellular carcinoma (HCC) due to the

presence of a variety of biomolecules within them, such as proteins and RNAs,

etc. EVs play a key role in the early detection, diagnosis, treatment, and

prognostic monitoring of HCC. These vesicles influence the development of

HCC and therapeutic response in a variety of ways, including influencing the

tumor microenvironment, modulating drug resistance, and participating in

immune regulatory mechanisms. In addition, specific molecules such as

miRNAs and specific proteins in EVs are regarded as potential markers for

monitoring treatment response and recurrence of HCC, which have certain

research space and development prospects. In this paper, we summarize the

aspects of EVs as HCC diagnostic and drug resistance markers, and also discuss

the questions that may be faced in the development of EVs as markers.
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1 Introduction

As a non-invasive biomarker, extracellular vesicles (EVs) contain

a variety of biomolecules that may play an important role in the early

detection diagnosis, precise treatment, and prognostic monitoring of

HCC (1–3). The adoption of EV as a biomarker for HCC may

improve diagnostic accuracy, enhance therapeutic efficacy, and

improve prognostic outcomes (4). Currently, such innovative

markers have attracted extensive scientific attention (5–8).

This is a heterogeneous group of lipid bilayer boundary particles

actively secreted by cells into their surroundings (9), which are

divided into three main subtypes: microvesicles/extranuclear

granular bodies (Ectosomes) (100-500 nm), Exosomes (30-150

nm), and Apoptotic Bodies (500-2000 nm) (10). They are carriers

of a wide range of bioactive molecules originating from the mother

cell, including lipids (phosphatidylserine, etc.), RNAs (long non-

coding RNAs, mRNAs, etc.), carbohydrates (glycoproteins,

glycolipids), and proteins (growth factors, tumor suppressors,

enzymes, membrane-integrating proteins, etc.) (11). They are

widely distributed in various biological fluids with different sizes,

cellular sources of secretion, biological functions and release

pathways (12). Meanwhile, EVs play an important role in

controlling the tumor microenvironment (TME), and they can

control the development of certain cancers, immune escape,

angiogenesis, tumor metastasis, proliferation and migration,

etc. (Figure 1A).
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EV secretion is an emerging mechanism by which tumor cells

communicate with their surroundings (13). In a variety of cancers,

EV can transfer a variety of molecular to the target organ, creating a

microenvironment conducive to tumor cell colonization and

growth by regulating local cell function, inducing the

transformation of mesenchymal cells into fibroblasts (CAF) with

pro-tumorigenic properties or directly transforming resident cells

into tumor-supportive cells (14, 15). In HCC, EVs can be derived

from tumor cells versus non-tumor cells. Since EVs can carry

different molecules, and these biomarkers can provide specific

information on tumor type, subtype, genetic variation, and drug

sensitivity, and the secretion, composition, and functional status of

EVs change dynamically with tumor progression, metastasis, the

development of drug resistance, and other pathological processes,

EVs can be used as a carrier of biomarkers for liver cancer (7, 16).

Through the technical means of liquid biopsy, DNA and RNA

in EVs with the help of finer molecular profiling (17), can provide

valuable information about early detection, therapeutic monitoring

and prognostic assessment of hepatocellular carcinoma (HCC) (18).

Exosomes carry genetic information consistent with their parent

cells, including DNA fragments, mRNA, miRNA, lncRNA, and

others. Detection and analysis of these molecular cargoes provide

new methods for non-invasive and precise tumor diagnosis. For

example, some experiments have shown that DNA carried by

exosomes can be examined by digital PCR (dPCR) or next-

generation sequencing (NGS), and that the gene mutation profile
FIGURE 1

The figure present EV as a marker for diagnosis and drug resistance in HCC in terms of non-invasive testing, EV of tumor cell origin, and EV of
immune cell origin. (A) Diagnostic markers and resistance markers by non-invasive testing. (B) Macrophage, fibroblast-derived EV as drug resistance
markers in HCC. (C) Hepatocellular carcinoma cell-derived EV as a diagnostic marker in HCC.
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of cells can be recognized in the presence of low DNA

concentrations (19).
2 EV as a biomarker for the diagnosis
of HCC

In the past, extracellular vesicles (EV) have (20, 21) become

another novel marker for diagnosis by virtue of its special

composition (e.g., carrying various types of biomolecules including

DNA, RNA, metabolic substances, etc.) and biological functions

(involved in inter-cellular communication and cancer progression,

etc.) (22). Compared with the low positive rate of traditional direct

detection of mi-RNA and protein, EV for diagnosis has more natural

advantages: it is widely distributed and can be detected in the blood and

other biological fluids of cancer patients; it carries a wide range of

tumor-associated molecules, which can specifically reflect the tumor

situation. Moreover, EV can protect the nucleic acids within it from

decomposition, and EV is highly correlated with the state of its parental

cells and can inherit the expression of parental cell traits (23). In

addition, the use of EV as a biopsy tool in the diagnostic process can

reduce the risk of cancer cell dissemination and infection

(24) (Figure 1B).

Some data studies have shown that the area under the curve (AUC)

of the summarized subject work characteristics (SROC) is 0.88, which

may indicate that EV is highly conservative as an early diagnostic

marker (25). Meanwhile, subgroup analysis showed that the use of

small EV as a biomarker was more accurate (p < 0.001) in serum-based

neurological cancer samples (26). In addition, a team of researchers

retrieved a total of 3993 records related to HCC by analyzing relevant

literature in various databases and screened 18 studies for diagnostic

analysis. The results showed that the combined sensitivity of exosomal

miRNA amounted to 0.86, which increased to 0.89 when exosomal

RNA was used in combination with AFP for diagnostic purposes (27).

Various types of studies have demonstrated the greater diagnostic

ability and sensitivity of EV (28).

Extraction and purification techniques for EV have been

advancing, and the exosome extraction methods currently in use are

ultracentrifugation and total exosome isolation kits, among others (29).

In terms of testing technologies, emerging technologies such as nano-

flow cytometry and super-resolution microscopy have emerged.

The former nano-flow cytometry provides high-throughput

characterization of exosomes (30), and the latter ultra-high-

resolution microscopy provides high-resolution structural

information (31), which has become a more precise and efficient tool

for exosome research. The importance of exosomes in the diagnostic

field is gradually emerging as the RNA and protein content and classes

in exosomes are further investigated using cutting-edge technologies.
2.1 RNA sorting

The RNA components expressed by exosomes differ between

HCC patients and healthy individuals (32–34). Taking miR-224 as

an example, several studies demonstrated that its expression level in

HCC tissues was significantly higher than that in normal controls
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(35), suggesting that miR-224 may serve as a potential biomarker

for hepatocellular carcinoma. Further validation revealed that the

expression of miR-224-containing exosomes was also higher in

HepG2 and SKHEP1 hepatocellular carcinoma cell lines compared

with normal controls (35). And this high expression of miR-224 was

associated with larger tumor volumes and advanced stages of

disease (35). From hepatocellular carcinoma cells to sera of

hepatocellular carcinoma patients, in conclusion, differential

expression of miR-224-containing exosomes may provide more

informative support for early noninvasive diagnosis and prediction

of HCC.

The diagnostic performance of exosome-derived miRNA as a

diagnostic marker for HCC was higher than that of conventional

HCC markers. In the HCC group, the area under the curve of miR-

148a from serum exosomes was higher than that of alpha-

fetoprotein (36). Not only that, some of the mi-RNAs carried by

EV had high specificity and sensitivity on HCC. For example, the

prediction of HCC using miR-224 had a sensitivity of 92.5%, a

specificity of 90%, and an accuracy of 0.94, which was higher than

the sensitivity of AFP (37).

In addition to miR-224, there are other EV-carrying miRNAs

that have been suggested as biomarkers of early potentiality. For

example, miR-21-5p, miR-92a3p, miR-4661-5p, miR-10b-5p, miR-

655, miR-3129, miR-19-3 (38–44) and others.

Furthermore, at the level of tumor heterogeneity, RNA and

protein cargoes in EVs secreted by different subpopulations of HCC

cells reflect tumor suppressive and metastatic potentials, and these

molecules reveal phenotypic differences between different

subpopulations of HCC cells. Taking miR-122 as an example, it

was demonstrated that deletion of miR-122 resulted in increased

cell migration and invasion, and conversely, restoration of miR-122

reversed this phenotype (45). This suggests that miR-122 is a

marker of hepatocyte-specific differentiation, and that there are

differences in the levels of miR-122 in EVs secreted by different

subpopulations of HCC cells, which affects tumor suppression and

metastatic potential, and can be used to distinguish between

different subtypes of HCC.

miRNAs have a clear biological mechanism and a broad

research base, however, other RNAs contained within EV, such as

highly stable circRNAs and tsRNAs, as well as lincRNAs, which

have complex regulatory capabilities and specific expression, have

been less studied for possible use as biomarkers. For example, the

demonstration of a cohort experiment showed that lincRNA00853

in serum-derived EV showed a high degree of specificity in patients

with primary hepatocellular carcinoma (HCC), whereas another

scientific team observed differential changes in lincRNA by

controlling themselves before and after resection of the tumor

(46).Thus, there is an opportunity for lincRNA to be used as a

diagnostic marker for early HCC, especially in patients with early-

stage tumors who have negative AFP test results (46).
2.2 Protein sorting

Previously, the conventional protein-based marker in clinical

HCC diagnosis was AFP, which has a sensitivity between 60% and
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70% and a specificity of 90% (47). Using a simplified HCC-derived

EV surface protein assay (SPA) test, the possibility of utilizing EV-

loaded proteins as novel markers was identified, which possessed

higher sensitivity and specificity, providing new ideas for the use of

proteins in diagnosis (48). For example, tumor cells derived from

hepatocellular carcinoma secreted elevated levels of RasGAP SH3

structural domain binding protein (G3BP) and polymeric

immunoglobulin receptor (PIGR) contained in EVs. In addition,

proteomic profiles constructed by mass spectrometry also

demonstrated differential expression of a variety of proteins

between different groups (49). These differential expressions

provide a basis for the use of protein-carrying EVs as biomarkers.

In addition, some EV piggybacked proteins can be used to

differentiate early HCC from cirrhosis, including EpCAM,

CD147, GPC3 and ASGPR1 (48).
3 EV from different cellular sources

Systemic drugs including multikinase inhibitors such as

sorafenib and lenvatinib are widely used in the treatment of HCC

(3, 50–52). However, after drug application, the dynamics of the

cancer cells and the cells in the TME change, and relevant measures

are rapidly adopted to relieve the stress generated by cancer

treatment. Ultimately this leads to mechanisms of resistance to

tumor therapy and provides new therapeutic targets. Tumor cell-

derived EV promotes cancer progression by transferring aggressive

and drug-resistant phenotypes to other cancer cells (23), and EV is

involved in a key metastatic pathway for the development of drug

resistance and is a promising liquid biopsy marker, so here we

discuss the role of EV produced by various types of cells in HCC

tissues in the regulation of drug resistance, and explore whether EV

carrying different types of molecules can serve as a mechanism for
Frontiers in Immunology 04
the development of drug resistance. Therefore, we herein

discuss the role of EVs produced by various types of cells in HCC

tissues in the regulation of drug resistance, and explore whether EVs

carrying different types of molecules can be used as markers for

monitoring the development of drug resistance as well as references

for precision medicine, in order to provide more strategies for the

treatment of HCC.
3.1 Mechanisms of HCC drug resistance

Drug resistance in HCC may exist prior to drug administration

and can manifest or be enhanced after treatment with the same

drug. Although anticancer drugs have multiple targets on HCC,

these targets are affected by genetic polymorphisms and

heterogeneity, leading to resistance and treatment failure (53).

The development of resistance in HCC involves altered cell

transduction signaling pathways, dysregulated apoptosis, and the

tumor microenvironment (54) (Table 1).

Typical cellular pathways include the PI3K/AKT pathway (65),

MAP/ERK pathway (66), and others. Alterations in these pathways

simultaneously activate cancer cell survival and dysregulation of

apoptosis. Taking the PI3K/AKT pathway as an example, activation

of AKT by PI3K promotes cell survival by inhibiting programmed

cell death. At the same time, AKT helps cancer cells avoid death in

the presence of drug-induced apoptosis by inactivating pro-

apoptotic factors (67).When EV-carried factors activate the PI3K/

AKT/mTOR pathway, drug-resistant cells are less sensitive to

apoptosis induced by sorafenib action, and in these drug-resistant

cells, phosphorylated AKT, and tumor suppressor phosphatases are

down-regulated, leading to drug resistance (68). The tumor

microenvironment consists of cells, extracellular matrix, and

signaling molecules. Immune cells release EVs representing the
TABLE 1 Biomarkers carried by EVs from different parental cell sources.

EV Source Biomarker Drug Resistance
Receptor Cell

Mechanisms Effecttion Reference

M2-TAM VEGF, IL-
6, ARG1

Hepatocellular
Carcinoma Cell

Stimulation of vascular growth of tumour tissue, enhancement of
tumour invasiveness, suppression of tumour immunity

Promotion (55–57)

CAF miR-1228-3p Hepatocellular
Carcinoma Cell

Activation of PLAC8-mediated PI3K/Akt signalling pathway Promotion (58)

Hepatocellular
Carcinoma Cell

miR-21 Normal Hepatic
Stellate Cell

Down-regulation of oncogene PTEN and up-regulation of
PI3K/AKT

Promotion (59)

Hepatocellular
Carcinoma Cell

circRNA-
SORE

Specific Sensitive
Hepatocellular
Carcinoma Cells

Blocking PRP19-catalysed breakdown of the key cancer
protein YBX1

Promotion (60)

Hepatocellular
Carcinoma Cell

circPAK1 Hepatocellular
Carcinoma Cell

Inhibition of the Hippo signalling pathway Promotion (61)

HepG2 Cell miR-774 Low Level MiR-744
Level Cells

Targeted PAX2 Inhibition (62)

Hepatocellular
Carcinoma Cell

CD9, CD63 Hepatocellular
Carcinoma Cell

Activation of the HGF/c-Met/Akt signalling pathway Promotion (63)

M1-TAM – Hepatocyte Blunt targeting of hepatocyte sensitivity Promotion (64)
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expression of parental cellular molecules, which exert an

immunomodulatory function on the disease progression process.

After the action of sorafenib, the redevelopment of HCC is

promoted, and the mechanism of redevelopment is related to

tumor-associated neutrophil infiltration and the release of

cytokines (69). On the one hand, they exacerbate tumor

inflammation by driving angiogenesis (70), remodeling the

extracellular matrix, and suppressing the immune response. On

the other hand, they exert antitumor effects by directly attacking

tumor cells or by modulating drug-resistant cell networks of

antitumor cells (71).
3.2 Tumor cells and mesenchymal cells

3.2.1 RNA sorting
Numerous studies have shown that in HCC tissues, different

types of cells release exosomes (EVs) that are piggybacked with

specific RNAs, and this leads to a degree of resistance to multikinase

inhibitors (72, 73) (Figure 1C).

EVs derived from tumor-associated fibroblasts (CAF) also

enhance the resistance of HCC to sorafenib treatment. On the

one hand, these fibroblasts, after being activated by HCC cell-

derived EVs carrying miR-21, produced CAF-EVs containing miR-

1228-3p, which enhanced HCC resistance by targeting PLAC8 and

activating the PI3K/Akt signaling pathway (58). HCC cells

containing miR - 21, on the other hand, the source of EVs by

converting normal hepatic stellate cells to CAF, cut tumor

suppressor gene PTEN, which make the PI3K/AKT signaling

pathway increases (59). Activation of the AKT signaling pathway

inhibits autophagy, leading to acquired resistance to sorafenib, a

critical step in miR-21-mediated resistance to sorafenib in HCC

patients (74).

In addition, cancer cells that have developed drug resistance

also produce corresponding EVs to further regulate the

development of drug resistance. Taking sorafenib-resistant cells as

an example, the EVs produced by them contain circRNA-SORE.

circRNA-SORE is transmitted to specific sensitive cells, which can

prevent the breakdown of YBX1, a key cancer protein catalyzed by

PRP19, and then inhibit the activation of related downstream

factors (e.g., AKT, Raf1, ERK, etc.), thus spreading the resistance

generated by chemotherapeutic drugs. And a research team

demonstrated that silencing circRNA-SORE by injecting siRNA

can greatly overcome sorafenib resistance (60). Similarly,

lenvatinib-resistant cells induce drug resistance in recipient cells

via EV-delivered circPAK1, which works by inhibiting the Hippo

signaling pathway, the role of Hippo channels in inhibiting cell

growth, proliferation, promoting apoptosis and regulating

hepatocytes is critical for tumor suppression, and dysregulation of

the Hippo signaling pathway leads to uncontrolled cell proliferation

(75). Therefore, it promotes the resistance of receptor cells to

lenvatinib drug (61). The above process also demonstrates the

transfer of drug resistance from drug-resistant cancer cells to

other cancer cells at the level of extracellular vesicles.
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3.2.2 Protein sorting
Studies have shown that exosomes containing protein factors

can modulate drug resistance in hepatocellular carcinoma (HCC)

by activating specific signaling pathways.

Researchers explored the role of exosomes in sorafenib

resistance using a subcutaneous tumor transplantation model in

thymus-free mice. They found that exosomes enriched with CD9

and CD63 markers promoted resistance to sorafenib by activating

the HGF/c-Met/Akt signaling pathway and inhibiting sorafenib-

induced apoptosis, enhancing the manifestation of resistance (63).

Activation of the HGF/c-Met axis is also one of the causes of

resistance to Renvastinib in patients (76).Activation of this pathway

resulted in the following resistance effects: HGF attenuated the anti-

proliferative, pro-apoptotic, and anti-invasive functions of

lenvatinib in HCC cells with high c-MET expression (77). It can

be hypothesized that if the activation status of the HGF/c-Met/Akt

pathway is monitored in the clinic, the potential resistance of

patients to sorafenib or lenvatinib can be predicted, leading to the

development of individualized and precise treatment strategies.
3.3 Tumor cells and immune cells

The tumor microenvironment (TME) is complex and evolving.

In addition to stromal cells, fibroblasts and endothelial cells, the

TME includes innate and adaptive immune cells. There is a causal

relationship between these immune cells and hepatocellular

carcinoma (78). Mechanistically, cytokines within the TME

manipulate immune function, ultimately leading to a diminished

immune response that directs tumor progression (79). Tumor cell-

derived EVs and immune cell-derived EVs are able to interact with

each other and together play a role in tumor cell resistance (80, 81).

For example, it was experimentally demonstrated that miR-21

transfer carried by tumor-associated macrophage-derived EVs

conferred drug resistance in gastric cancer ce.

3.3.1 Macrophage-derived EVs
Macrophage-derived EVs have multiple functions, depending

on the various phenotypes of the parental cells, and carry LncRNAs

capable of regulating the tumor microenvironment and

participating in tumor pathogenesis (82). Excessive insulin levels

were found to be significantly associated with an increased risk of

hepatocellular carcinoma (83). Exos in pro-inflammatory M1-like

macrophage-derived EVs blunts insulin sensitivity in target cells

(64), which may be one of the reasons for the dysfunction of insulin

signaling pathway in hepatocytes, thus helping hepatocellular

carcinoma cells to build up resistance to drugs associated with

insulin-sensitizing therapies.

M2 tumor-associated macrophages (M2-TAM) contribute to

tumor development through multiple mechanisms, including

stimulation of tumor tissue vascular growth, enhancement of

tumor invasiveness, and suppression of tumor immunity (55–57,

84). The above mechanisms are realized through their release of

EVs enriched with factors such as VEGF, IL-6, and ARG1 (85).
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In particular, EVs released by M2-TAM not only play the role of

transmitting information and regulating gene expression in the tumor

microenvironment, but also influence the behavior and therapeutic

response of cancer cells through complex mechanisms. Cutting from

the gene expression perspective, these exosomes affect gene expression

in cancer cells through two main pathways (86). One is that EVs

released by M2-TAM can increase the levels of specific competing

endogenous RNAs (ceRNAs). For example, it was found that M2-

TAM-derived EV containing MSTRG.292666.16 could significantly

increase the level of miR-6386-5p. ceRNAs indirectly increase the

expression of target genes by binding to miRNAs and decreasing their

inhibition. It promotes the proliferation and survival of tumor cells,

thus enhancing resistance to chemotherapeutic drugs. Secondly, it

directly regulates the expression of specific genes to enhance the

resistance of tumor cells to chemotherapeutic drugs (87). Using

known resistance mechanisms, intervention by targeting components

in the context of personalized therapy by monitoring EVs containing

STRG.292666.16 can be aligned with the goal of precision therapy (88).

3.3.2 Treg cell-derived EVs
Treg (regulatory T) cells are key mediators of tumor-associated

immunosuppression (89). Treg cell-derived EVs may represent a

fine-grained intercellular exchange apparatus with the ability to

modulate the immune response, thereby creating a tolerogenic

microenvironment in a cell-free manner. Mechanisms by which

Treg cell-derived EVs may mediate immune response include

miRNA-induced gene silencing and surface proteins and enzyme

delivery. It was found that secretion of EV by CD8 Treg cells

stimulated a significant decrease in CD8 T cell responses and

protective anti-tumor immunity, while secretion of exosomes by

CD8 Treg cells was also able to suppress DC-induced CD8 cytotoxic

T lymphocyte (CTL) responses (90, 91). These vesicles were

demonstrated to be able to suppress the immune response, thus

enabling tumor cells to develop drug resistance (92, 93).
4 Conclusion and prospect

Extracellular vesicles (EVs) are gaining attention from the research

community as potential biomarkers for the diagnosis and recurrence

detection of hepatocellular carcinoma (HCC) (94). EVs as markers also

have certain practical difficulties. For example, in terms of

standardization, there is a lack of a unified standardized process for

purification and isolation, purification and characterization of EVs, the

number of target exosomes required is much higher than can now be

efficiently produced, and differences in standards and techniques among

different laboratories can lead to poor reproducibility and comparability

of results (95). If the problem of poor reproducibility and comparability

is to be solved in the future, more precise isolation and identification

techniques will need to be developed, and exosomes will need to be

more finely characterized by emerging means. In terms of samples, the

complexity of clinical samples also increases the difficulty of testing.

Serum or plasma contains a large number of non-EV components that

may interfere with the isolation and detection of EVs, thus affecting the

accuracy of the results (96). When selecting substances carried or
Frontiers in Immunology 06
embedded in EVs as markers, they will face low abundance of

markers, which is difficult to detect and identify (97). The

development of internationally recognized standardized protocols

would provide some assurance of the reproducibility and consistency

of EVs study results. As for drug resistance, the limited understanding of

the biological mechanisms of EVs in hepatocellular carcinoma drug

resistance limits their development and application as diagnostic

markers. More basic studies are needed to go deeper, and these basic

studies can be combined with multidisciplinary and multi-omics to

delve into the specific mechanisms of the role of EVs in HCC. For

example, transcriptomics could be combined to study how mRNAs

carried in EVs affect drug resistance by influencing gene expression in

recipient cells. Machine learning and neural networks can also be used

to construct a diagnostic model for hepatitis B-related hepatocellular

carcinoma (98, 99). In addition, immune cell-derived EVs can be used

as diagnostic tools and preventive strategies at the level of potential

biomarkers, e.g., for the development of vaccines, making targeted

drugs, etc. Despite the promising research on EVs as biomarkers for

hepatocellular carcinoma, they are still at a relatively early stage, and

more large-scale clinical studies are needed to validate their specificity,

sensitivity and assess the long-term safety and efficacy of EVs in the

treatment of HCC, as well as to establish a more standardized detection

method (100).
Author contributions

LS: Conceptualization, Data curation, Visualization, Writing –

original draft. YYu: Data curation, Writing – original draft. YYa:

Conceptualization, Data curation, Writing – original draft. JS: Writing

– original draft. LM: Writing – original draft. JLu: Writing – original

draft. LZ: Writing – original draft. JLi: Writing – original draft. HC:

Conceptualization, Writing – original draft, Writing – review & editing.

SL: Conceptualization, Writing – original draft, Writing – review &

editing. ZY: Conceptualization, Writing – original draft, Writing –

review & editing. XT: Conceptualization, Writing – original draft,

Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This study

was funded by The Xinglin Scholar Research Premotion Project of

Chengdu University of TCM (Grant No. YYZX2022176), The

project of Hubei Chen Xiaoping Science and Technology

Development Foundation (CXPJJH123003-008), and The project

of Sichuan Medical Association (Q23095).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1485628
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Su et al. 10.3389/fimmu.2024.1485628
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Immunology 07
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Nimitrungtawee N, Inmutto N, Chattipakorn SC, Chattipakorn N. Extracellular
vesicles as a new hope for diagnosis and therapeutic intervention for hepatocellular
carcinoma. Cancer Med. (2021) 10:8253–71. doi: 10.1002/cam4.v10.23

2. Qi X, Chen S, He H, Wen W, Wang H. The role and potential application of
extracellular vesicles in liver cancer. Sci China Life Sci. (2021) 64:1281–94. doi: 10.1007/
s11427-020-1905-7

3. Li H, Wu Z, Chen J, Su K, Guo L, Xu K, et al. External radiotherapy combined
with sorafenib has better efficacy in unresectable hepatocellular carcinoma: a systematic
review and meta-analysis. Clin Exp Med. (2023) 23:1537–49. doi: 10.1007/s10238-022-
00972-4

4. D’Agnano I, Berardi AC. Extracellular vesicles, a possible theranostic platform
strategy for hepatocellular carcinoma-an overview. Cancers (Basel). (2020) 12:261.
doi: 10.3390/cancers12020261

5. Abhange K, Kitata RB, Zhang J, Wang YT, Gaffrey MJ, Liu T, et al. In-depth
proteome profiling of small extracellular vesicles isolated from cancer cell lines and
patient serum. J Proteome Res. (2024) 23:386–96. doi: 10.1021/acs.jproteome.3c00614

6. Borhani A, Luu H, Mohseni A, Xu Z, Shaghaghi M, Tolosa C, et al. Screening for
exclusion of high-risk bleeding features of esophageal varices in cirrhosis through CT
and MRI. Clin Imag. (2024) 110:110168. doi: 10.1016/j.clinimag.2024.110168

7. Li X, Liu Y, Fan Y, Tian G, Shen B, Zhang S, et al. Advanced nanoencapsulation-
enabled ultrasensitive analysis: unraveling tumor extracellular vesicle subpopulations
for differential diagnosis of hepatocellular carcinoma via DNA cascade reactions. ACS
Nano. (2024) 18:11389–403. doi: 10.1021/acsnano.4c01310

8. Yan R, Chen H, Selaru FM. Extracellular vesicles in hepatocellular carcinoma:
progress and challenges in the translation from the laboratory to clinic.Med (Kaunas).
(2023) 59:1599. doi: 10.3390/medicina59091599

9. van de Wakker SI, Meijers FM, Sluijter JPG, Vader P. Extracellular vesicle
heterogeneity and its impact for regenerative medicine applications. Pharmacol Rev.
(2023) 75:1043–61. doi: 10.1124/pharmrev.123.000841

10. Li M, Zeringer E, Barta T, Schageman J, Cheng A, Vlassov AV. Analysis of the
RNA content of the exosomes derived from blood serum and urine and its potential as
biomarkers. Philos Trans R Soc Lond B Biol Sci. (2014) 369:20130502. doi: 10.1098/
rstb.2013.0502

11. Jin Y, Xing J, Xu K, Liu D, Zhuo Y. Exosomes in the tumor microenvironment:
Promoting cancer progression. Front Immunol. (2022) 13:1025218. doi: 10.3389/
fimmu.2022.1025218

12. Tan M, Ge Y, Wang X, Wang Y, Liu Y, He F, et al. Extracellular vesicles (EVs) in
tumor d iagnos i s and the rapy . Techno l Cance r Re s Tr ea t . ( 2023)
22:15330338231171463. doi: 10.1177/15330338231171463

13. Bonner SE, Willms E. Intercellular communication through extracellular vesicles
in cancer and evolutionary biology. Prog Biophys Mol Biol. (2021) 165:80–7.
doi: 10.1016/j.pbiomolbio.2021.08.006

14. Guo Y, Ji X, Liu J, Fan D, Zhou Q, Chen C, et al. Effects of exosomes on pre-
metastatic niche formation in tumors. Mol Cancer. (2019) 18:39. doi: 10.1186/s12943-
019-0995-1

15. Gong X, Chi H, Strohmer DF, Teichmann AT, Xia Z, Wang Q. Exosomes: A
potential tool for immunotherapy of ovarian cancer. Front Immunol. (2022)
13:1089410. doi: 10.3389/fimmu.2022.1089410

16. ChenW, Zhang F, Xu H, Hou X, Tang D. Prospective analysis of proteins carried
in extracellular vesicles with clinical outcome in hepatocellular carcinoma. Curr
Genomics. (2022) 23:109–17. doi: 10.2174/1389202923666220304125458

17. San Lucas FA, Allenson K, Bernard V, Castillo J, Kim DU, Ellis K, et al.
Minimally invasive genomic and transcriptomic profiling of visceral cancers by next-
generation sequencing of circulating exosomes. Ann Oncol. (2016) 27:635–41.
doi: 10.1093/annonc/mdv604

18. Li S, Yi M, Dong B, Tan X, Luo S, Wu K. The role of exosomes in liquid biopsy
for cancer diagnosis and prognosis prediction. Int J Cancer. (2021) 148:2640–51.
doi: 10.1002/ijc.v148.11

19. Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al. Detection
of circulating tumor DNA in early- and late-stage humanMalignancies. Sci Transl Med.
(2014) 6:224ra24. doi: 10.1126/scitranslmed.3007094

20. Lee YT, Tran BV, Wang JJ, Liang IY, You S, Zhu Y, et al. The role of extracellular
vesicles in disease progression and detection of hepatocellular carcinoma. Cancers
(Basel). (2021) 13:3076. doi: 10.3390/cancers13123076
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