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stemness in hepatocellular
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Hepatocellular carcinoma (HCC) is a highly aggressive malignancy, with high
recurrence rates and notorious resistance to conventional chemotherapy.
Cancer stemness refers to the stem-cell-like phenotype of cancer cells and
has been recognized to play important roles in different aspects of
hepatocarcinogenesis. Small extracellular vesicles (sEVs) are small
membranous particles secreted by cells that can transfer bioactive molecules,
such as nucleic acids, proteins, lipids, and metabolites, to neighboring or distant
cells. Recent studies have highlighted the role of sEVs in modulating different
aspects of the cancer stemness properties of HCC. Furthermore, sEVs derived
from diverse cellular sources, such as cancer cells, stromal cells, and immune
cells, contribute to the maintenance of the cancer stemness phenotype in HCC.
Through cargo transfer, specific signaling pathways are activated within the
recipient cells, thus promoting the stemness properties. Additionally, sEVs can
govern the secretion of growth factors from non-cancer cells to further maintain
their stemness features. Clinically, plasma sEVs may hold promise as potential
biomarkers for HCC diagnosis and treatment prediction. Understanding the
underlying mechanisms by which sEVs promote cancer stemness in HCC is
crucial, as targeting sEV-mediated communication may offer novel strategies in
treatment and improve patient outcome.

KEYWORDS

extracellular vesicles, cancer stemness, immune cells, hepatocellular carcinoma, cancer
associated fibroblasts (CAF)

1 Introduction

Hepatocellular carcinoma (HCC) is the most prevalent form of primary liver cancers,
representing approximately 90% of the cases. It ranks sixth among all malignancies and
third among all cancer deaths worldwide (1). The risk factors of HCC are well established
and include chronic hepatitis B and C, chronic alcohol consumption, metabolic
dysfunction-associated fatty liver disease (MAFLD) (previously named non-alcoholic
fatty liver disease [NAFLD]), and cirrhosis of all causes. Notably, the incidences of
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MAFLD-related HCC have been rising in Western countries in
recent years. Unfortunately, HCC is often diagnosed at advanced
stages and hence inoperable. Even after operation, there is a high
tumor recurrence rate. In addition, HCC is notoriously resistant to
conventional chemotherapy. For advanced HCC, the combinational
therapy of immune checkpoint inhibitors and anti-vascular
endothelial growth factor (anti-VEGF) as well as targeted therapy
with tyrosine kinase inhibitors is the first line treatment; however,
their therapeutic efficiencies are not satisfactory. Therefore, there is
an urgent need for further investigation for better detection
methods and more effective treatments for HCC.

Cancer stemness, referring to the stem-cell-like phenotype of
cancer cells, has been recognized to play important roles in different
aspects of hepatocarcinogenesis. With stem-cell-like or stemness
phenotype, the cancer cells possess the ability to regenerate and
maintain tumor growth, including tumor initiation, progression,
and resistance to chemotherapy (2). Furthermore, metastasis is also
a hallmark feature of stemness and involves a series of progressive
steps, making it a significant obstacle for effective cancer treatment
(3). The Wnt, Notch, Jak, and other pathways are crucial for
maintaining stem cell-like traits in tumor cells. Within the tumor
microenvironment (TME), neovascular formation and hypoxic
conditions enhance the acquisition of stemness features in tumor
cells. Additionally, the interaction of immune cells and cancer stem
cells (CSCs) facilitates in culturing an immunosuppressive
microenvironment. For example, CSCs could polarize the

10.3389/fimmu.2024.1368898

macrophages to tumor associated macrophages (TAMs), which in
turn help to maintain the CSC signatures (4).

Extracellular vesicles (EVs) are membrane-bound vesicles that
are secreted by cells and can transport nucleic acids, proteins, lipids,
and metabolites, hence acting as important mediators of
intercellular communication. The two main types of EVs that are
extensively studied are exosomes and microvesicles (MVs), which
can be distinguished based on their sizes and biogenesis processes.
Exosomes, also known as small EVs (sEVs), are typically 30-200 nm
in diameter. Their biogenesis begins with the maturation of
multivesicular bodies (MVBs), where intraluminal vesicles (ILVs)
are generated through cargo sorting. These MVBs are eventually
tethered to the plasma membrane and the ILVs are released into the
extracellular space. On the other hand, MVs (50-1000 nm in
diameter) emerge from the budding of plasma membranes and
are directly liberated (5, 6). Since sEVs are distinguished from other
types of EVs in their contents and functions and regarded as the
principal vehicles that mediate intercellular communication, in this
review, we will focus on sEVs or exosomes, excluding other types
such as MVs, exomeres, apoptotic bodies, and shed vesicles.
Exosomes and sEVs are used interchangeably throughout
this article.

In this review, we aim to summarize the current understanding
on various aspects of the effects of sEVs on HCC stemness,
particularly those secreted from (1) cancer cells (Table 1), (2)
immune cells (Figure 1), and (3) stromal cells (Figure 2), as well

TABLE 1 Summary of reports on effects and mechanisms of sEVs from cancer cells on stemness-related features.

Ref. Exosome Origin EV content  Functions

(7) Spheroid-cultured Rab27a drug resistance and CSC
HCC CSCs

(8) CD133" HCC CSCs circZEB1 CSC and EMT

and circAFAP1

Mechanisms

NANOG

E-cadherin, EpCAM, CD90

9) CD44" EpCAM"* miR-200c EMT and migration OCT4, SOX9, NANOG, PI3K/Akt/mTOR
colorectal CSCs
(10) High-metastatic HCC CPE proliferation and migration cyclin D1, c-myc
cell lines
(11) High-metastatic HCC S100A4 CSC and migration Stat3, osteopontin
cell lines
(12) High-metastatic HCC TMPRSS2, NID proliferation and migration NID
cell lines
(13) HCC cell lines miR-4800-3p CSC and EMT CD44, CD133, Oct4, E-cadherin, ZO-1, STK25p-YAP, TAZ, PCNA
(14) HCC patient serum pIgR CSC and migration PDK1, Akt, GSK3b, b-catenin
(15) HCC cell lines slug CSC and EMT CD133, FN1, COL2A1
(16) HCC cell lines S100A10 drug resistance, CSC, MMP2, EGF, fibronectin, ITGAV
proliferation, and migration
(17) HCC cell lines circCCAR1 drug resistance PD1
(18) Sorafenib resistant HCC cells = miR-744 drug resistance and proliferation PAX2
(19) HCC cell lines miR-3129 proliferation and migration N-cadherin, E-cadherin, TXNIP

(20) HCC cell lines circ_002136 apoptosis

miR-19a-3p, RABIA
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TABLE 1 Continued
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Ref. Exosome Origin EV content  Functions Mechanisms
(21) HCC cell lines DDX55 proliferation, migration, BRD4, PI3K, p-Akt, b-catenin, p-GSK3b
and angiogenesis
(22) HCC cell lines LINCO00161 proliferation, angiogenesis miR-590-3p, ROCK2, MMP-2, MMP-9, VEGFA
and migration
(23) HCC cell lines miR-25 proliferation, apoptosis, CSC, SIK1
and migration
(24) HCC cell lines CTLA proliferation, drug resistance, CAPG
and migration
(25) HCC cell lines Rab27a EMT, migration, and proliferation  N-cadherin, vimentin, XEB2, OVOLI, Slug, p-Erk1/2
(26) HCC cell lines circGSE1 EMT, migration, and miR-423-5p, TGFBR1, SMAD3
drug resistance
(27) HCC and mammary Rab27a EMT, migration, and proliferation = Twist, Slug, vimentin, N-cadherin, VEGF, TGFb
adenocarcinoma cells
(28) HCC cell lines ENO1 EMT, migration, and proliferation E-cadherin, Vimentin, FAK/Src/MAPK
(29) Adenocarcinoma and HCC LOXL4 EMT and migration p-FAK, p-Src
cell lines
(30) HCC cell lines ST6Gal-1 EMT and migration MMP2, MMP9, p-Smad2, p-Smad3, p-AKT, p-GSK, p-catenin, p-
ERK1/2, p-JNK, p-P38, p-NF-kB
(31) HCC tissues circTTLL5 EMT, migration, and proliferation miR-136-5p, KIAA1522
(32) HCC cell lines circPTGR1 EMT and migration CCND1, CDK4, MET, miR-449a
(33) HCC cell lines Inc_SNHG16 angiogenesis, migration, PI3K/Akt/mTOR
and proliferation
(34) HCC cell lines miR-584-5p angiogenesis, EMT, and migration VEGF, VEGFA, MMP-2, MMP-9, PCK1, Nrf2
(35) HCC cell lines 14-3-3( TME and drug resistance PD1
(36) Hypoxic HCC cell lines miR-155 angiogenesis Not explored
(37) HCC cell lines miR-155 proliferation PTEN
(38) Hypoxic HCC cell lines miR-1273f proliferation and migration E-cadherin, miR-221-3p, miR-93-5p
(39) Hypoxic colorectal cancer miR-361-3p Proliferation and apoptosis TRAF3, NF-kB
cell lines

as the interactions between sEVs and different cell types (Figure 3).
We will also highlight the potential clinical implications of sEV's in
the diagnosis and treatment of HCC. In addition, we will address
the limitations of the current sEV-related research and technologies
and discuss future research directions that could help overcome
these limitations.

2 sEVs derived from HCC cancer cells
and cancer stemness

In general, sEVs derived from either HCC cells or HCC CSCs
were found to promote various CSC features of recipient HCC cells
or non-cancer cells. At the beginning of this section, we would like
to highlight the few studies that particularly investigated the
distinctive or additional effects of sEVs derived from CSC HCC
cells. Huang et al. demonstrated that sEVs derived from spheroid
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cultures promoted regorafenib resistance of various recipient non-
CSC HCC cell lines as compared to adherent cultures. Specifically,
RAB27A upregulation in CSC-derived sEVs induced Nanog
expression in recipient non-CSC HCC cells (7). Besides, Han
et al. sorted CD133" HepG2 and Huh7 cells as representative of
CSC HCCs. The sEVs derived from these CD133" HCCs, as
compared to the sEVs secreted by the CD133" cells, were shown
to promote migration, proliferation, self-renewal, and epithelial-
mesenchymal transition (EMT) of target non-CSC HCC cells in
vitro, via transfer of circ-ZEB1 and circ-AFAP1 (8). Similar to HCC
CSCs, CD44" EpCAM" colorectal CSCs secreted exosomes that
were enriched in miR-200c, resulting in subsequent activation of
PI3K/Akt/mTOR signaling in target cells, which suggested that the
metastatic properties could be transferred from highly to lowly
metastatic cells via SEVs (9). sEVs from highly metastatic cell lines
were found to be enriched in carboxypeptidase E (CPE) and S100A4
and promote the proliferation and metastatic potential of non-CSC
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FIGURE 1

Immune cell-derived sEVs and cancer stemness. (A) The mechanisms by which macrophage-derived sEVs modulate the stemness properties of
cancer cells, including maintaining their stemness properties, augmenting the stem cell population, expanding the stem cell diversity, and educating
the immune cells to an immunosuppressive phenotype. M1-derived sEVs demonstrate antitumoral properties, while M2-derived sEVs exhibit
protumoral characteristics, aligning with their parental cells. (B) sEVs derived from DCs influence the cancer stemness through regulating the
recruitment, polarization, or activation of immune cells. (C) sEVs derived from cytotoxic NK and T cells enhance their own tumor killing ability and

promote tumor cell apoptosis through ligand-receptor interaction

HCC cells, through activating c-myc/cyclin D1 and STAT3/OPN
signaling, respectively, in the recipient cells (10, 11). Moreover,
highly metastatic HCC cells were also found to secrete sEVs that
were deprived of transmembrane serine protease TMPRSS2; those
sEV's were found to suppress the packaging of pro-tumoral nidogen
into exosomes and inhibit proliferation and migration of
immortalized hepatic cell LO2 (12).

In this section, we will summarize the various contents of
exosomes that have been identified to promote cancer stemness.
Additionally, we will discuss the different features of CSCs that can
be regulated by cancer cell-derived sEVs, as well as the underlying
mechanisms involved in these processes.

2.1 sEVs from cancer cells upregulate the
expression levels of stemness markers

Upregulation of relevant CSC markers is one of the key features
that represent the enhanced stemness properties. Several studies
identified specific exosomal proteins and miRNAs that induced the
expression of CSC markers in HCC. For instance, miR-4800-3p was
found to be overexpressed in exosomes derived from Huh7 cells
treated with TGEF-J3, as well as in the exosomes from HCC patients’
blood. This upregulation of miR-4800-3p was associated with
enhanced stemness potential and upregulation of CSC markers,
including CD44, CD133, and OCT4 (13). Another study revealed
that the polymeric immunoglobulin receptor (pIgR) was elevated in
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the plasma-derived sEVs from late-stage HCC patients compared to
those from early-stage, cirrhotic, HBV positive patients or healthy
subjects. Importantly, elevation of pIgR was associated with
metastasis, and treatment with these sEVs led to a significant
upregulation of CSC markers, including CD90 and CD133 (14).
Furthermore, exosomes from Slug-overexpressing HCC cells were
found to increase CD133 expression in recipient cells compared to
control exosomes (15). These findings highlight the role of specific
exosomal miRNAs and proteins in promoting CSC marker
expressions and enhancing stemness properties of HCC.

2.2 sEVs from cancer cells enhance
drug resistance

CSCs are resistant to chemotherapies and radiotherapies due to
higher levels of drug efflux transporters and dysregulated apoptotic
pathways. Many exosomal cargos were reported to promote HCC
drug resistance through regulating the stemness potential. Among
those, proteins located on the surface of cancer cell-derived sEVs
were research hotspots on drug resistance, as their functions could
be blocked by neutralizing antibody or small molecule inhibitors,
therefore providing potential clinical application. HCC cell-derived
sEVs containing S100 calcium binding protein A10 (S100A10) was
found to facilitate HCC progression through promoting
multifaceted functions including stemness validated by enhanced
sphere formation. Neutralizing antibody targeting sEV-S100A10
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was able to sensitize HCC cells to sorafenib treatment, and
combination treatment synergistically reduced tumor growth in
subcutaneous xenograft model. The neutralizing antibody also
suppressed metastasis in intrasplenic and tail-vein injection
models (16). Besides proteins, circular RNAs or miRNAs within
cancer cell-derived exosomes were also found to promote drug
resistance of HCC cells. Specifically, tumoral exosomal circCCARI
level was significantly and negatively correlated with the number of
infiltrating CDS8™T cells, and the exosomal circCCAR1 could inhibit
the cytotoxicity of CD8" T cells while suppressing PD1 degradation.
These findings suggest a potential mechanism behind HCC
resistance to anti-PD1 therapy (17). Additionally, exosomes
secreted by sorafenib-resistant HCC cells were found to contain
lower levels of miR-744 than non-resistant HepG2 cells. When
treated with miR-744-enriched exosomes, HCC cells exhibited a
reduction in proliferation (18). Treatment with HCC sEVs activated
multiple molecules that were associated with enhanced drug
resistance. These molecules included p-AKT, p-GSK3B3, EMT,
matrix metalloproteinases (MMP), and p-STAT3 (11, 14, 16).
These findings emphasized that sEVs derived from tumor cells
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could enhance drug resistance of recipient cells through multiple
signaling pathways.

2.3 sEVs from cancer cells dysregulate
proliferative and apoptotic abilities of
recipient HCC cells

sEVs derived from HCC cells were found to promote
proliferation and inhibit apoptosis in the recipient cells of
different HCC cell lines. This phenotypic change could be
mediated by the transfer of miR-3129 through sEVs, which
targeted TXNIP (19). Furthermore, transfer of exosomal
Circ_002136 was found to inhibit apoptosis in HCC cells.
Circ_002136 inhibited miR-19a-3p, thus relieving its suppression
on the miRNA target, Ras-related protein Rab-1A (RAB1A) (20). In
another study, highly metastatic HCC cells, as compared to lowly
metastatic cells, were shown to secrete exosomes with a lower level
of TMPRSS2, a transmembrane serine protease. TMPRSS2-
enriched exosomes were found to suppress the packaging of pro-
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Interactions between sEVs and different cell types within the TME. sEVs derived from tumor cells, immune cells, and stromal cells exhibit diverse
effects on their own cells of origin as well as on other cell types. These sEVs play a crucial role in sustaining the stemness of tumor cells by
enhancing the aggressive properties of tumors, cultivating an immunosuppressive microenvironment, and facilitating angiogenesis.

tumoral nidogen into exosomes and inhibit proliferation and
migration of immortalized hepatic cell (12). In addition, various
molecules, including DEAD-box helicase 55 (DDX55), CPE, miR-
3129, LINC00161, clathrin light chain A (CTLA), and miR-25, were
found to be enriched in cancer-derived exosomes and induce cell
proliferation (10, 19, 21-24). Signaling alterations upon sEV
treatment primarily involved EMT markers, Wnt/B-catenin
signaling, and cell cycle pathways (19, 21, 23). These findings
suggest potential mechanisms behind the crosstalk between drug
resistance pathways and proliferation signaling via sEVs in HCC.

2.4 sEVs from cancer cells
promote metastasis

Enhanced metastatic ability is one of the stemness features.
HCC cell-derived exosomes have been found to generally promote
EMT and migration in both recipient HCC cells (25, 26) and
endothelial cells (27). Treatment of HCC cells with exosomes
derived from enolase 1 (ENO1)-overexpressing HCC cells
resulted in higher levels of E-cadherin and vimentin, and lower
levels of N-cadherin. Additionally, treatment with ENOI-
overexpressed exosomes induced the activation of integrin o6,
integrin 4, phosphorylated p38, phosphorylated FAK, and
phosphorylated Src, indicating the activation of the FAK/MAPK
pathway and the induction of metastatic potential (28). Similarly,
exosomes derived from lysyl oxidase homolog 4(LOXL4)-enriched
HCC cells were found to promote EMT and migration in recipient
HCC cells through the activation of the FAK/MAPK pathway (29).
02,6-sialyltransferase I (ST6Gal-I), an important mediator in the
exosome biogenesis pathway, was found to play a critical role in
activating AKT/GSK and JNK1/2 signaling in the recipient cells, as

Frontiers in Immunology

06

well as inducing MMP2 and MMP9 secretion, thereby promoting
proliferation and migration (30). Besides proteins, circular RNAs
packed within the exosomes were also found to regulate EMT
signaling within the recipient cells. Liu et al. isolated exosomes from
HCC tumor samples and identified circTTLL5 to be significantly
upregulated in tumor-derived as well as serum-derived exosomes in
HCC patients. Mechanistically, circTTLL5 was found to sponge and
inhibit miR-136-5p. This inhibition activated pro-metastatic
KIAA1522, led to upregulation of EMT markers and induced
proliferation (31). Similarly, exosomal circPTGR1 was shown to
promote EMT of target HCC cells and increase the number of
metastatic lymph nodes in vivo, through suppressing miR-449 (32).

2.5 sEVs from cancer cells modulate
tumor microenvironment

In addition to directly regulating the behavior of tumor cells,
tumor exosomes can also regulate the activation of stromal cells and
immune response. One study found that the IncRNA small
nucleolar RNA host gene 16 (Inc-SNHG16) activated the PI3K/
AKT/mTOR pathways in HUVEC cells by sequestering miR-4500
and releasing the expression of polypeptide N-
acetylgalactosaminyltransferase 1 (GALNT1). This led to
increased angiogenesis and proliferation of HUVEC cells (33).
Furthermore, another study demonstrated that exosomal miR-
584-5p promoted HCC angiogenesis by being taken up by
endothelial cells and suppressing PCK1-mediated NRFG2
activation (34). In addition to endothelial cells, fibroblasts can
also be activated when exposed to sEVs derived from HCC cells.
Specifically, the tumor sEVs carried decreased levels of TMPRSS2,
which led to the activation of fibroblasts through the
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phosphorylation of p65 and increased o-SMA expression. This
activation was accompanied by the production of higher levels of
proinflammatory cytokines, ultimately enhancing the proliferation,
migration, and colony formation abilities of fibroblasts (12). In
some cases, tumor sEVs did not directly affect tumor cells or
stromal cells but instead regulated the function of immune cells.
For instance, exosomes carrying 14-3-3( could be taken up by T
cells and thus inhibited their proliferation, activation, and anti-
tumor functions. In addition, exosomal 14-3-3{ could induce PD1
expression on T cells, potentially leading to resistance towards PD1/
PD-LI1 therapy (35). Therefore, not only the stemness properties
could directly be regulated by cancer-derived sEVs, but could also
be enhanced through the activation of fibroblasts or suppression of
immune responses.

2.6 sEVs from hypoxic cancer cells
promote tumor growth

Because of its fast-growing property, the TME of HCC is
frequently hypoxic. sEVs secreted under hypoxia generally
displayed supporting roles in HCC. For example, miR-155 was
often enriched in exosomes secreted by HCC cells under hypoxic
condition. Administration of miR-155-enriched exosomes to
HUVEC cells could induce tube formation and potentially
facilitate HCC metastasis (36). Furthermore, administration of
exosomal miR-155 could directly suppress the PTEN expression
of HCC cells, thus promoting proliferation and tumor growth (37).
Similar to miR-155, miR-1273f was upregulated in hypoxia-induced
exosomes, and it could suppress the expression of LHX6, an
inhibitor of the Wnt/B-catenin pathway (38). In addition to HCC,
hypoxia was able to induce the expression of miR-361-3p in
colorectal cancer cell-derived sEVs, which facilitated tumor
growth and suppressed the cell apoptosis through NF-xB
pathway (39).

3 sEVs from immune cells and
HCC stemness

Immune cells make up a significant proportion of a tumor mass.
They either originate from the primary organ or are recruited from
circulating bone marrow cells. As the first line of defense, innate
immune cells, such as macrophages, neutrophils, dendritic cells
(DCs), and natural killer (NK) cells, induce nonspecific, quick
immune responses to eliminate tumor cells. In addition, adaptive
immune cells, mainly T and B cells, can elicit humoral and cellular
immunity to specifically destroy tumor cells. However, during tumor
progression, the roles of immune cells may shift from anti-tumoral to
pro-tumoral, and various immune components exert synergistic or
disparate functions based on their characteristics. In this section, we
will provide a summary of how immune cell-derived sEVs influence
the behavior of tumor cells, with a particular focus on HCC (Figure 1).
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3.1 Macrophage-derived sEVs

Macrophage-derived sEVs play a complex role in tumors and
have both pro-tumorigenic and anti-tumorigenic effects, depending
on whether they originate from M1 (anti-tumorigenic) or M2 (pro-
tumorigenic) macrophages. Furthermore, sEVs derived from M1
macrophages (M1-sEVs) can be utilized as therapeutic vehicles
loaded with anti-tumoral chemical drugs or specific antineoplastic
proteins to enhance tumor cell apoptosis at the tumor site. On the
other hand, the genetic materials present in M2-sEVs, such as
miRNAs, IncRNAs, and circRNAs, contribute to the recruitment,
polarization, and metabolic reprogramming of macrophages to
support tumor development. Notably, macrophage-derived sEVs
can facilitate cancer cells in maintaining their stemness properties
and augmenting the stem cell population and diversity.
Additionally, these sEVs are able to educate immune cells to
adopt an immunosuppressive phenotype, thus facilitating the
survival and expansion of CSCs. In HCC, sEVs derived from
tumor-associated macrophages (TAM-sEVs) within HCC tissues
can transfer enhanced proliferative potential, migratory ability, and
sphere-forming capacities, as compared to sEVs derived from
macrophages in the peritumoral tissues. These effects were
attributed to the downregulation of miR-125a and miR-125b,
which relieved the suppression of the stemness marker CD90 in
HCC cells (40). Zhang et al. demonstrated that overexpression of
RBPJ in macrophages resulted in the upregulation of circ_0004658,
both in the parental cells and the secreted EVs. Functionally, these
EVs suppressed cell proliferation and promoted apoptosis by
abolishing the suppression of miR-499b-5p towards JAM3 (41).
In addition to the reported function of sEVs from pan macrophages,
it was found that M1- and M2-sEVs exhibited distinct functions
towards HCC cells. Specifically, M1-sEVs upregulated miR-326,
leading to HCC cell apoptosis and cell cycle arrest via the NF-xB
pathway (42). M2-sEVs with overexpressed miR-660-5p were
observed to enhance cell stemness in HepG2 cells by suppressing
Kruppel-like factor 3 (KLF3) (43). Moreover, transfer of miR-17-92
clusters from M2-sEVs to tumor cells was found to stimulate an
imbalance of the TGF-b1/BMP-7 pathways in HCC cells, thereby
facilitating EMT and stemness potential (44).

3.2 Dendritic cell-derived sEVs

Studies have shown that sEVs derived from DCs (DC-sEVs)
carry the functional MHC-peptide complexes and immune-
stimulating molecules. DC-sEVs mainly modulate the
differentiation of monocytes, boost the tumor-killing ability of T
cells and NK cells, and impair the immunosuppressive effect of Treg
cells (45). In HCC, exosomes derived from AFP-expressing DCs
triggered potent antigen-specific immune responses leading to
substantial inhibition of tumor growth, and improved the survival
rates of mice. This effect was mediated by an increase of IFN-y-
expressing CD8" T lymphocytes, accompanied with higher levels of
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IFN-y and IL-2 production, and a decrease of CD25" Foxp3™
regulatory T cells with reduced levels of IL-10 and TGF-B in
xenograft tumors (46). Moreover, DC-sEVs can act on both
tumor cells and NK cells to exert anti-tumor roles. For instance,
DC-sEVs expressed TNF, FasL, and TRAIL on their surfaces,
enabling them to induce cancer cell apoptosis through caspase
signaling in tumor cells. Simultaneously, DC-sEVs activated NK
cells and stimulated the secretion of IFN-y (47). Notably, DC-sEV-
based vaccines have been one of most promising and widely used
cancer immunotherapies (48). The therapeutic potential of DCs will
be further discussed in the section on clinical implications.

3.3 Neutrophil-derived sEVs

The role of neutrophils in tumor progression has been a topic of
debate, and their plasticity has been suggested to explain their dual
roles in the TME. Neutrophils possess the ability to interact with
other immune cells, including macrophages, lymphocytes and NK
cells, and this interaction is recognized as a critical aspect of their
biology. Neutrophil-derived sEVs (N-sEVs) are distinct from others
since they are synthesized and secreted on-demand and thus their
compositions are customized for the specific pathological
conditions. Similar to macrophages, neutrophils are generally
classified as inflammatory N1 neutrophils or N2 neutrophils,
which are involved in tissue regeneration and angiogenesis and
are especially important for supporting tumor growth. Overall, N1-
sEVs can induce anti-tumor effects and augment immune responses
against tumors. In addition, N1-sEVs contain several other factors
that play a role in cell migration, including 5-lipoxygenase-
activating protein (FLAP), 5-lipoxygenase (5-LO), and leukotriene
B4 (LTB4) (49). Conversely, N2-sEVs contain high levels of
myeloperoxidase and have been linked to tumor progression (50,
51). To date, there is still a lack of studies regarding the functions of
N-sEVs in HCC.

3.4 NK and T cell-derived sEVs

sEVs from cytotoxic cells, such as NK and T cells, inherit the
antitumor properties from their parental cells and can induce tumor
cell apoptosis either directly or via immunomodulation. For
instance, V82-T derived exosomes promoted the apoptosis of
EBV-associated tumor cells and stimulated CD4 and CD8 T cell-
mediated antitumor immunity (52). Besides, NK-sEVs exhibited a
higher efficiency in targeting tumor cells through natural
cytotoxicity receptors (53). For instance, Fas-L was detected on
the surface of NK-sEVs, and the binding of Fas-L to FAS or TRAIL
on the tumor cell surface could trigger caspase-dependent apoptosis
(54). Moreover, DNAX accessory molecule-1 (DNAM1), present in
NK-sEVs, enhanced its uptake and cytotoxicity within target tumor
cells. Blocking DNAMI1 using antibodies delayed NK-EV-mediated
apoptosis of tumor cells (55). Similar to DC-sEVs, NK-sEVs are
promising therapeutic vehicles under extensive research.
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4 skEVs from stromal cells and
HCC stemness

Stromal cells encompass a diverse population, including cancer
associated fibroblasts (CAFs), mesenchymal stem cells (MSCs),
adipocytes, and endothelial cells. These cells play crucial roles in
shaping the TME and influencing tumor progression (Figure 2).

4.1 Cancer associated fibroblast-
derived sEVs

CAF-sEVs interact with various cell types, including tumor cells,
stem cells, endothelial cells, fibroblasts, and macrophages. These sSEV's
can modulate the behavior of tumor cells directly or educate immune
cells to generate immunosuppressive environments to support tumor
progression in a comprehensive manner.

In HCC, CAF-sEVs could enhance tumor aggressive features,
including enhanced proliferation, augmented invasive potential, and
heightened stemness properties. In regulating the tumor cell behavior,
CAF-sEVs were found to induce, maintain, and expand the stemness
properties in various cancers. Several miRNAs and circRNAs were
reported to be transferred from CAFs to other cells through sEVs and
activate corresponding signaling to induce cellular phenotypic changes.
For example, miR-200b-3p (56), circ N4BP2L2 (57), miR92a-3p (58),
and IncRNA H19 (59), which were transferred from CAFs to the colon
cancer cell cells via sEVs, were able to regulate tumor properties,
including stemness, chemoresistance, metastasis, and EMT changes.
Moreover, several components derived from CAF-sEVs are highlighted
for driving stemness or chemoresistance, including miR-146a-5P in
bladder cancer (60); miR-181d-5p in renal cell carcinoma (61); miR-
34c-5p in laryngeal cancer (62); miR-580-5p (63), miRs-21, -378e and
-143 (64), survivin (65) in breast cancer; and miR-21 in oral cancer
(66). Regarding HCC, one study demonstrated that the loss of miR-320
in CAF-sEVs activated the ERK1/2 signaling through PBX3 to facilitate
HCC progression (67). Interestingly, CAF-sEVs were also reported to
contribute to the survival of HCC cells through macrophages. Miyazoe
et al. demonstrated that the sEVs from senescent hepatic stellate cells
(HSCs) did not affect the secretion of growth factors of hepatoma cells.
Instead, macrophages treated with HSC-sEVs showed EGF
upregulation. Subsequently, the sEV-treated macrophages promoted
HCC cell survival (68). The CAF-sEVs induced not only aggressive
properties of tumor cells, but they also primed an immune-suppressive
TME. Dou et al. demonstrated that the upregulated miR-92 in CAF-
sEVs promoted tumor cell growth and migration as well as suppressed
the cytotoxic function of NK cells and T cells, via upregulating the PD-
L1 expression on breast cancer cells. A suppressed target, LATS2,
further activated the YAP nuclear translocation to contribute to the
upregulation of PD-L1 (69). These findings pinpointed a more
complicated interaction and feedback network among stromal cells,
immune cells, and tumor cells. Of significance, mTOR, TGF-$ and
Wnt/B-catenin signaling were identified to be associated with CAF-
sEVs functions across different cancer types (57, 58, 60, 61, 70).
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4.2 Mesenchymal stem cell-derived sEVs

MSCs display multi-lineage differentiation potential. Likewise,
depending on the specific cancer type, MSC-sEVs exhibit dual roles,
both supportive and suppressive. Through the transfer of cargos directly
to recipient cells or by interacting with ligand-receptor pairs, they
activate various signaling pathways. MSC-sEVs were reported to
primarily regulate stemness features in target cells. With MSC-sEV
treatment, IncRNA C50rf66.AS1 was found to be upregulated, with
consequential elevated expression of dual specificity phosphatase 1
(DUSP-1) and suppression of p-ERK, which resulted in the inhibition
of malignant behavior of HCC CSCs (71). MSC-sEVs also showed
tumor supporting roles in other several cancer types. For example, sEV's
from BM-MSCs promoted the chemoresistance of leukemia cells
through upregulating S100A4 (72). Contradictory results were
observed in other cancer types, in which MSC sEVs had the potential
to be used as therapeutic strategy to suppress tumor progression. M6A
regulator AlkB homolog 5 (ALKBHS5) could suppress the stemness and
metastasis of triple-negative breast cancer (TNBC) through modulating
the m6A modification of UBE2C cells and reducing p53 expression.
ALKBHS5 could be loaded within sEVs and exert a tumor suppressive
role (73). In addition, exosomal circ-0030167 suppressed the stemness
of pancreatic cancer cells through inhibiting miR-338-5p and targeting
the Wnt/B-catenin axis (74). These data pinpoint that MSCs may hold
promise for a wide range of applications in the treatment of cancer.

4.3 Adipocyte-derived sEVs

MAFLD may develop into cirrhosis or even HCC; however, the
underlying mechanism of how adipocytes affect the biological behavior
of hepatocytes and confer the stemness and aggressive potential to HCC
cells is unclear. Recently, emerging evidence has unveiled that the sEVs
aid the communication between adipocytes and hepatocytes or HCC
cells. Adipocyte-derived sEVs are mainly reported to modulate chronic
inflammation, insulin resistance, macrophage activation, metabolic
reprogramming, and deposition of extracellular matrix (ECM) with
subsequent fibrosis or MAFLD. The visceral adipose tissue (VAT)-
derived EVs from obese patients, but not the lean donors, could
maintain the ECM turnover through upregulating TIMP-1 and
downregulated MMP7 and plasminogen activator inhibitor 1 (PAI)
(75). Moreover, it could upregulate the integrin aV35 to activate TGF-3
signaling with consequent NAFLD. Besides, adipocyte-derived sEVs
also facilitated HCC development through transferring miR-23/b to
HCC cells (76). Moreover, the sEVs derived from adipocyte MSC
(AMSC-EVs) were able to transfer miR-199a to HCC cells, sensitizing
them to doxorubicin treatment (77). This was achieved by suppressing
mTOR signaling, as evidenced by decreased expression levels of mTOR
and phosphorylated 4EBP1 and 70S6K in HCC cells.

4.4 Endothelial cell-derived sEVs

Few studies on the role of exosomes from endothelial cells (ECs)
have been reported. Want et al. found that exosomal SK1 from ECs
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enhanced HSC migration, accompanied with upregulation of p-
AKT (78). Additionally, sEVs from human cerebral ECs (hCEC)
carrying abundant miR-214 could sensitize HCC cells towards
oxaliplatin and sorafenib treatment through inhibition of splicing
factor 3B subunit 3 (SF3B3) expression (79).

5 Clinical implications and
therapeutic opportunities

5.1 Diagnostic and predictive values
of skVs

Current methods for HCC diagnosis involve utilizing plasma
markers, such as alpha-fetoprotein (AFP) and des-gamma-carboxy
prothrombin (DCP), in combination with imaging techniques.
sEVs have emerged as promising biomarkers for HCC due to
their higher levels of expression of candidate markers, non-
invasiveness, and higher marker stability. Potential prognostic
biomarkers, such as miR-21 (80), are usually selectively enriched
in sEVs during sEV biogenesis. Moreover, sEVs can be isolated
from various body fluids, such as blood or urine, allowing non-
invasive detection and monitoring. In addition, thanks to the
unique membrane structure of sEVs, cargos are protected from
degradation by RNAse or proteinase. As a result, as compared to
cell-free DNAs, sEVs-DNAs exhibited an enhanced stability,
resulting in a greater detectability of their mutations (81).

Plasma sEVs have been implicated in the diagnosis of HCC
through various approaches, such as individual cargo analysis,
combined analysis of multiple SEV cargos, or in conjunction with
traditional biomarkers. As a single marker, exosomal miR-10b-5p
demonstrated the ability to distinguish early-stage HCC patients from
healthy individuals, achieving an impressive area under the ROC curve
(AUC) value of 0.934 (82). Through combining multiple sEV cargos,
an HCC EV ECG score, which is an EV-based protein assay and
calculated from the readouts of three HCC EV subpopulations
(EpCAM*CD63", CD147"CD63", and GPC3"CD63" EVs), was
established for detecting early-stage HCC (83). Moreover, the
combination of four exosomal miRNAs (miR-10b-5p, miR-21-5p,
miR-221-3p, and miR-223-3p) was significantly effective in
differentiating low-AFP HCC from other liver diseases with an AUC
of 0.80 (84). In conjunction with traditional markers, the combination
of miR-122, miR-148a and AFP gained the highest AUC (0.990) in
differentiating HCC from normal controls (85). Besides, AFP together
with the levels of HCC-associated EV markers, such as miR-483-5p or
AnnV" CD44v6", was found to significantly raise the sensitivity and
specificity of HCC diagnosis (86, 87).

For detecting AFP-negative HCC, it has been shown that of the five
plasma sEV-miRNAs that were upregulated in HCC, miR-19-3p
demonstrated the most effective diagnostic performance and had a
high sensitivity (88). Compared to chronic HBV and liver cirrhosis,
circ_0028861 exhibited downregulation in HCC patients and showed
greater significance than AFP in diagnosing small, early-stage, and
AFP-negative HCC (89). Through profiling IncRNA from plasma
exosomes, the expression level of exosomal RP11-85G21.1
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demonstrated its effectiveness as a biomarker for AFP-negative
HCC (90).

sEVs have been utilized not only as diagnostic markers, but they
also as predictive indicators for treatment response and prognosis
prediction. For instance, the reduced levels of miR-125b in sEVs was
reported to predict a higher recurrence rate after surgery in HCC (91).
Another study showed that higher levels of miR-320d in serum EVs
were linked to better recovery in HCC patients after surgery (92).
Moreover, the expression of plasma exosomal miR-4669 could predict
HCC recurrence after liver transplantation with specificity and
sensitivity at around 75% (93). The expression of exosomal miR-122
was found to be significantly reduced post transarterial
chemoembolization (TACE), and the ratio of serum exosomal miR-
122 post TACE as compared to pre-TACE was positively correlated
with prolonged disease-specific survival, indicating its potential clinical
utility (94). Additionally, the level of exosomal circ-G004213 can serve
as a predictor of cisplatin resistance in HCC (95).

In summary, EV cargos, encapsulated with a significant portion of
cancer-related attributes, have the potential to be used as liquid biopsy
markers to monitor treatment response and predict prognosis in HCC.

5.2 Therapeutic implications of sEVs

As mentioned in previous sections, sEVs have emerged as a
potential vehicle for drug delivery in cancer therapy as well as
neuron disease (96), with their advantages in solubility, stability,
specificity, and biocompatibility. sEVs originating from specific
cells, like mesenchymal stem cells and immune cells, hold
promise for clinical therapy since they carry traits similar to those
of their parent cells (97). sEV-based therapy involves altering EV
contents, or blocking EV-mediated pro-tumoral functions.
Compared to small molecular chemical drugs, especially
hydrophobic drugs, nano-size sEVs with membrane structure
showed much higher solubility and effectively penetrate biological
barriers (blood-tumor barrier, blood-brain barrier, blood-marrow
barrier, gastrointestinal barrier, etc.) (98-100). Based on the
findings that exosomal integrins (a6B4 and a6B1) could direct
tumor metastasis to the lung, while exosomal integrin aVB5 was
associated with liver metastasis (101), manipulation of the surface
proteins such as integrins of SEVs could alter their organ tropism
and hence delivery of anti-cancer drugs or nucleic acids by sEV's to
target organs. In addition, compared to some naked RNA such as
siRNAs, RNAs loaded in sEV's could protect them from degradation
and maintain their high stability.

In engineering sEVs, the chemical drugs or nucleic acids could be
loaded into sEVs directly, by transfection, electroporation, and
saponin-assisted methods, or indirectly by manipulation of the donor
cells to produce sEVs with altered expression of specific cargos.
Additionally, sEVs could potentially be loaded with anti-cancer drugs
and magnetic particles simultaneously, and the sEVs could be attracted
to the tumor site by the application of a magnetic field. Apart from
acting as vehicles to deliver drugs specifically and effectively, SEVs can
be used as an adjuvant to modulate the immune response or as cancer
vaccines to potentially prevent tumor early progression.
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Currently, EVs derived from immune cells (imEVs) or MSCs
are being explored for their potential in cancer therapy. imEVs
inherit the intrinsic features of their donor cells regarding antigen
presenting and cytotoxic functions. Either original or manipulated
imEVs can be used for drug delivery or immunoadjuvant with high
specificity, efficiency, and biosafety. DC-sEVs are the most well-
studied imEVs and are earliest to enter clinical trials due to their low
immunogenicity and innate capacity for inflammation-directed
tumor accumulation. Clinical trials utilizing DC-sEV vaccines
have demonstrated the safety and potential for treatment of
advanced non-small cell lung cancer, melanoma, and colorectal
cancer (102). Furthermore, cargo loading enhances the
immunogenicity of DCs, making personalized immunotherapy a
promising approach for eradicating heterogeneous tumors. For
instance, a study utilized an HCC-targeting peptide (P47-P), an
AFP epitope (AFP212-A2), and a functional domain of high
mobility group nucleosome-binding protein 1 (NIND-N) as
exosomal anchor peptides to create a “trigger” DC sEV vaccine
(DEXP&A2&N) (103). This tailored approach induces an immune
response based on individual patients and can serve as a method for
personalized immunotherapy of HCC. Interestingly, a study
demonstrated that DCs loaded with the tumor derived exosomes
(TEX) could promote T cell proliferation and enhance the release of
multiple cytokines, including IFN-y, IL-2, TNF-a, IL-10, and TGF-
B. However, the DC-TEX also elevated the population of
PD17CD8T cells (48). In addition, DCs co-cultured with plasma
sEVs from HCC patients showed higher levels of IL-2 and IL-12 and
could activate T cells. These DC-TEX also showed antitumor effects
in subcutaneous tumors (104).

6 Challenges, future directions,
and conclusions

sEVs from cancer, immune, and stromal cells have been shown to
be capable of promoting or suppressing HCC stemness by modulating
various signaling pathways. Understanding the cargos and functions of
those sEVs can provide valuable insights into the development of novel
diagnostic or therapeutic approaches targeting CSCs.

sEVs have shown diagnostic and therapeutic implications in
clinical settings (105). For the clinical use of sEVs as biomarkers, a
major challenge lies in the lack of standardized methods for sEV
isolation. Ultracentrifugation is recognized as the gold standard and
most commonly used method for sEV isolation due to its high purity.
However, it is laborious and time-consuming, and the yield is relatively
poor. Polymer-based precipitation is a quick and easy method with
high yields of sEVs. However, it can also co-precipitate non-vesicular
components, leading to poor purity. In recent years, immunoaffinity
capture has emerged as a highly specific and sensitive method that can
isolate SEVs based on specific markers. However, it requires specialized
antibodies or aptamers, which can be expensive, and may not be
suitable for large quantities of samples. In addition, microfluidic
techniques have gained significant interest in EV-based diagnostics,
but there is a need to bridge the gap between lab-on-chip techniques
and current standards in EV characterization and bioproduction.
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Scaling up devices for high-volume EV bioproduction and ensuring
simplicity, reproducibility, and transferability of technology are crucial
(106). Furthermore, defining the precise source of sEVs in plasma is
challenging as they originate from various blood cells and multiple
organs, thus the analysis can be complicated. Since most of the plasma
sEVs are derived from peripheral blood cells, depletion of blood cell-
sEVs from the pool of sEVs is a strategy to uncover candidates derived
from tumor cells. Furthermore, apart from the altered expression levels
of some candidate cargos in sEVs, more attention should be paid to
some genetic, translational, or post-translational modifications that
may be upregulated or uniquely detected in plasma sEVs.

In addition to manipulation of sEVs, intervention of EV
biogenesis is also a therapeutic method. Neutral sphingomyelinase
1 (NSMasel), an enzyme essential in the exosome biogenesis
pathway, is downregulated in HCC tissues. NSMasel enrichment
in the exosomes was found to disrupt the ceramide/sphingomyelin
balance and thus induce apoptosis within the recipient HCC cells
(107). SNARE is a highly conserved protein that is responsible for
the vesicle fusion, and manipulation or inhibition of some fusogenic
proteins, such as the synaptotagmin (Syt) and Muncl3, have
significant implications in treating cancers (108). Therefore,
developing therapeutic strategies that specifically target the
exosome synthesis pathways, particularly those crucial for tumor
cells, may be a promising direction for further research.

Currently, the functions of imEVs have been relatively
understudied in HCC. Further exploration of the crosstalk between
sEVs and the immune system in the context of HCC stemness is
necessary. We also need to be aware that some cargos from plasma
sEVs could promote HCC progression through regulating immune
cells. For example, LncRNA FAL1 was upregulated in the blood
exosomes in HCC patients and was able to induce polarization of
macrophage into pro-tumorigenic M2, which resulted in higher
proliferation and upregulated B-catenin signaling in HCC cells (109).
However, targeting the interaction of sEVs and immune cells may
potentially alter the immune response to effectively combat tumors.

DC-sEVs stimulated by tumor antigen exhibit higher cytolytic rate
and induced T cell activity. In HCC, it was found that the combination
of DC-sEVs with microwave ablation significantly inhibited tumor
growth as compared with microwave ablation monotherapy, with
increased CD8'T cells and fewer Treg cells in tumor sites (110).
Although promising results have been observed in preclinical trials
in some cancer types, the clinical application of DC- sEVs faces a
primary challenge in terms of their limited efficacy in activating T cells.

There are several ongoing clinical trials registered on the
ClinicalTrials.gov website that investigate the use of EVs as
therapeutic interventions for head and neck cancer (NCT03109873,
NCT01668849), colon cancer (NCT01294072), and metastatic
pancreatic cancer with KRAS G12D mutation (NCT03608631).
However, currently there are no ongoing clinical trials using sEVs
for HCC treatment. The clinical applications of sEVs are still in their
early stages, and the most therapeutic research using sEVs is currently
being done with DCs and MSCs. Although sEVs have shown
advantages over traditional therapeutic methods, such as increased
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biosafety and selectivity, the main hurdles for their translation to
clinical use are the high impurities, low yields, insufficient anticancer
effects in vivo, and concerns around stability and toxicity. Despite these
challenges, sEVs hold great promise for future clinical therapies for
fighting cancer. Utilizing sEV's as therapeutic agents for HCC and other
cancers is a promising avenue for future research. Development of
methods to selectively target and eliminate CSCs while sparing normal
stem cells is much awaited.

Author contributions

LT: Conceptualization, Formal analysis, Funding acquisition,
Resources, Visualization, Writing - original draft. JL:
Conceptualization, Formal analysis, Resources, Visualization,
Writing - original draft. IN: Conceptualization, Formal analysis,
Resources, Visualization, Funding acquisition, Project
administration, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was supported in part by grants from the Research Grants Council
of Hong Kong Theme-based Research Scheme (T12-716/22R),
Innovation and Technology Commission grant to State Key
Laboratory of Liver Research (ITC PD/17-9), National Natural
Science Foundation of China (No. 82203849), and University
Development Fund of The University of Hong Kong. IN is Loke
Yew Professor in Pathology.

Acknowledgments

All figures were created with BioRender.com.

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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
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.

frontiersin.org


https://www.biorender.com
https://doi.org/10.3389/fimmu.2024.1368898
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tian et al.

References

1. Aquino IMC, Pascut D. Liquid biopsy: New opportunities for precision medicine
in hepatocellular carcinoma care. Ann Hepatol. (2023) 29:101176. doi: 10.1016/
j.aohep.2023.101176.

2. Aponte PM, Caicedo A. Stemness in cancer: stem cells, cancer stem cells, and their
microenvironment. Stem Cells Int. (2017) 2017:5619472. doi: 10.1155/2017/5619472.

3. Liu M, Yang J, Xu B, Zhang X. Tumor metastasis: Mechanistic insights and
therapeutic interventions. MedComm (2020). (2021) 2:587-617. doi: 10.1002/
mco2.100.

4. Manni W, Min W. Signaling pathways in the regulation of cancer stem cells and
associated targeted therapy. MedComm (2020). (2022) 3:e176. doi: 10.1002/mc02.176.

5. 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: 10.1038/nrm.2017.125.

6. Wang X, Tian L, Lu J, Ng IO. Exosomes and cancer - Diagnostic and prognostic
biomarkers and therapeutic vehicle. Oncogenesis. (2022) 11:54. doi: 10.1038/s41389-
022-00431-5.

7. Huang H, Hou J, Liu K, Liu Q, Shen L, Liu B, et al. RAB27A-dependent release of
exosomes by liver cancer stem cells induces Nanog expression in their differentiated
progenies and confers regorafenib resistance. J Gastroenterol Hepatol. (2021) 36:3429—
37. doi: 10.1111/jgh.15619.

8. Han T, Chen L, Li K, Hu Q, Zhang Y, You X, et al. Significant CircRNAs in liver
cancer stem cell exosomes: mediator of Malignant propagation in liver cancer? Mol
Cancer. (2023) 22:197. doi: 10.1186/s12943-023-01891-y.

9. Tang D, Xu X, Ying J, Xie T, Cao G. Transfer of metastatic traits via miR-200c in
extracellular vesicles derived from colorectal cancer stem cells is inhibited by
atractylenolide I. Clin Transl Med. (2020) 10:e139. doi: 10.1002/ctm2.139.

10. Hareendran S, Albraidy B, Yang X, Liu A, Breggia A, Chen CC, et al. Exosomal
carboxypeptidase E (CPE) and CPE-shRNA-loaded exosomes regulate metastatic
phenotype of tumor cells. Int ] Mol Sci. (2022) 23:3113. doi: 10.3390/ijms23063113.

11. Sun H, Wang C, Hu B, Gao X, Zou T, Luo Q, et al. Exosomal S100A4 derived
from highly metastatic hepatocellular carcinoma cells promotes metastasis by
activating STAT3. Signal Transduct Target Ther. (2021) 6:187. doi: 10.1038/s41392-
021-00579-3.

12. Ma YB, Qiao JW, Hu X. Transmembrane serine protease 2 cleaves nidogen 1 and
inhibits extrahepatic liver cancer cell migration and invasion. Exp Biol Med (Maywood).
(2023) 248:91-105. doi: 10.1177/15353702221134111.

13. Lin H, Peng J, Zhu T, Xiong M, Zhang R, Lei L. Exosomal miR-4800-3p
Aggravates the Progression of Hepatocellular Carcinoma via Regulating the Hippo
Signaling Pathway by Targeting STK25. Front Oncol. (2022) 12:759864. doi: 10.3389/
fonc.2022.759864.

14. Tey SK, Wong SWK, Chan JYT, Mao X, Ng TH, Yeung CLS, et al. Patient pIgR-
enriched extracellular vesicles drive cancer stemness, tumorigenesis and metastasis in
hepatocellular carcinoma. ] Hepatol. (2022) 76:883-95. doi: 10.1016/j.jhep.2021.12.005.

15. Karaosmanoglu O, Banerjee S, Sivas H. Identification of biomarkers associated
with partial epithelial to mesenchymal transition in the secretome of slug over-
expressing hepatocellular carcinoma cells. Cell Oncol (Dordr). (2018) 41:439-53.
doi: 10.1007/s13402-018-0384-6.

16. Wang X, Huang H, Sze KM, Wang ], Tian L, Lu J, et al. S100A10 promotes HCC
development and progression via transfer in extracellular vesicles and regulating their
protein cargos. Gut. (2023) 72:1370-84. doi: 10.1136/gutjnl-2022-327998.

17. Hu Z, Chen G, Zhao Y, Gao H, Li L, Yin Y, et al. Exosome-derived circCCAR1
promotes CD8 + T-cell dysfunction and anti-PD1 resistance in hepatocellular
carcinoma. Mol Cancer. (2023) 22:55. doi: 10.1186/s12943-023-01759-1.

18. Wang G, Zhao W, Wang H, Qiu G, Jiang Z, Wei G, et al. Exosomal miR-744
inhibits proliferation and sorafenib chemoresistance in hepatocellular carcinoma by
targeting PAX2. Med Sci Monit. (2019) 25:7209-17. doi: 10.12659/MSM.919219.

19. Yang Y, Mao F, Guo L, Shi J, Wu M, Cheng S, et al. Tumor cells derived-
extracellular vesicles transfer miR-3129 to promote hepatocellular carcinoma
metastasis by targeting TXNIP. Dig Liver Dis. (2021) 53:474-85. doi: 10.1016/
j.dld.2021.01.003.

20. Yuan P, Song J, Wang F, Chen B. Exosome-transmitted circ_002136 promotes
hepatocellular carcinoma progression by miR-19a-3p/RAB1A pathway. BMC Cancer.
(2022) 22:1284. doi: 10.1186/s12885-022-10367-z.

21. Yu B, Zhou S, Long D, Ning Y, Yao H, Zhou E, et al. DDX55 promotes
hepatocellular carcinoma progression by interacting with BRD4 and participating in
exosome-mediated cell-cell communication. Cancer Sci. (2022) 113:3002-17.
doi: 10.1111/cas.15393.

22. You LN, Tai QW, Xu L, Hao Y, Guo WJ, Zhang Q, et al. Exosomal LINC00161
promotes angiogenesis and metastasis via regulating miR-590-3p/ROCK axis in
hepatocellular carcinoma. Cancer Gene Ther. (2021) 28:719-36. doi: 10.1038/s41417-
020-00269-2.

23. Fu X, Tang Y, Wu W, Ouyang Y, Tan D, Huang Y. Exosomal microRNA-25
released from cancer cells targets SIK1 to promote hepatocellular carcinoma
tumorigenesis. Dig Liver Dis. (2022) 54:954-63. doi: 10.1016/j.d1d.2021.07.017.

Frontiers in Immunology

12

10.3389/fimmu.2024.1368898

24. Xu Y, Yao Y, Yu L, Fung HL, Tang AHN, Ng IO, et al. Clathrin light chain A
facilitates small extracellular vesicle uptake to promote hepatocellular carcinoma
progression. Hepatol Int. (2023) 17:1490-9. doi: 10.1007/s12072-023-10562-5.

25. Chen L, Guo P, He Y, Chen Z, Chen L, Luo Y, et al. HCC-derived exosomes elicit
HCC progression and recurrence by epithelial-mesenchymal transition through
MAPK/ERK signalling pathway. Cell Death Dis. (2018) 9:513. doi: 10.1038/s41419-
018-0534-9.

26. Huang M, Huang X, Huang N. Exosomal circGSE1 promotes immune escape of
hepatocellular carcinoma by inducing the expansion of regulatory T cells. Cancer Sci.
(2022) 113:1968-83. doi: 10.1111/cas.15365.

27. Zhang Z, Zhou Y, Jia Y, Wang C, Zhang M, Xu Z. PRR34-AS1 promotes
exosome secretion of VEGF and TGF-B via recruiting DDX3X to stabilize Rab27a
mRNA in hepatocellular carcinoma. J Transl Med. (2022) 20:491. doi: 10.1186/s12967-
022-03628-9.

28. Jiang K, Dong C, Yin Z, Li R, Mao ], Wang C, et al. Exosome-derived ENO1
regulates integrin alpha6beta4 expression and promotes hepatocellular carcinoma
growth and metastasis. Cell Death Dis. (2020) 11:972. doi: 10.1038/s41419-020-
03179-1.

29. LiR, Wang Y, Zhang X, Feng M, Ma ], Li ], et al. Exosome-mediated secretion of
LOXL4 promotes hepatocellular carcinoma cell invasion and metastasis. Mol Cancer.
(2019) 18:18. doi: 10.1186/s12943-019-0948-8.

30. Wang L, Chen X, Wang L, Wang S, Li W, Liu Y, et al. Knockdown of ST6Gal-I
expression in human hepatocellular carcinoma cells inhibits their exosome-mediated
proliferation- and migration-promoting effects. I[UBMB Life. (2021) 73:1378-91.
doi: 10.1002/iub.2562.

31. Liu C, Ren C, Guo L, Yang C, Yu Q. Exosome-mediated circTTLL5 transfer
promotes hepatocellular carcinoma Malignant progression through miR-136-5p/
KIAA1522 axis. Pathol Res Pract. (2023) 241:154276. doi: 10.1016/j.prp.2022.154276.

32. Wang G, Liu W, Zou Y, Wang G, Deng Y, Luo J, et al. Three isoforms of
exosomal circPTGRI promote hepatocellular carcinoma metastasis via the miR449a-
MET pathway. EBioMedicine. (2019) 40:432-45. doi: 10.1016/j.ebiom.2018.12.062.

33. Li S, De Qi Y, Huang Y, Guo Y, Huang T, Jia L. Exosome-derived SNHG16
sponging miR-4500 activates HUVEC angiogenesis by targeting GALNT1 via PI3K/
Akt/mTOR pathway in hepatocellular carcinoma. J Physiol Biochem. (2021) 77(4):667-
82. doi: 10.1007/s13105-021-00833-w.

34. Shao Z, Pan Q, Zhang Y. Hepatocellular carcinoma cell-derived extracellular
vesicles encapsulated microRNA-584-5p facilitates angiogenesis through PCKI-
mediated nuclear factor E2-related factor 2 signaling pathway. Int ] Biochem Cell
Biol. (2020) 125:105789. doi: 10.1016/j.biocel.2020.105789.

35. Wang X, Shen H, Zhangyuan G, Huang R, Zhang W, He Q, et al. 14-3-3zeta
delivered by hepatocellular carcinoma-derived exosomes impaired anti-tumor function
of tumor-infiltrating T lymphocytes. Cell Death Dis. (2018) 9:159. doi: 10.1038/s41419-
017-0180-7.

36. Matsuura Y, Wada H, Eguchi H, Gotoh K, Kobayashi S, Kinoshita M, et al.
Exosomal miR-155 derived from hepatocellular carcinoma cells under hypoxia
promotes angiogenesis in endothelial cells. Dig Dis Sci. (2019) 64:792-802.
doi: 10.1007/s10620-018-5380-1.

37. Sun JF, Zhang D, Gao CJ, Zhang YW, Dai QS. Exosome-mediated miR-155
transfer contributes to hepatocellular carcinoma cell proliferation by targeting PTEN.
Med Sci Monit Basic Res. (2019) 25:218-28. doi: 10.12659/MSMBR.918134.

38. Yu Y, Min Z, Zhou Z, Linhong M, Tao R, Yan L, et al. Hypoxia-induced
exosomes promote hepatocellular carcinoma proliferation and metastasis via miR-
1273f transfer. Exp Cell Res. (2019) 385:111649. doi: 10.1016/j.yexcr.2019.111649.

39. LiJ, Yang P, Chen F, Tan Y, Huang C, Shen H, et al. Hypoxic colorectal cancer-
derived extracellular vesicles deliver microRNA-361-3p to facilitate cell proliferation by
targeting TRAF3 via the noncanonical NF-kappaB pathways. Clin Transl Med. (2021)
11:e349. doi: 10.1002/ctm?2.349.

40. Wang Y, Wang B, Xiao S, Li Y, Chen Q. miR-125a/b inhibits tumor-associated
macrophages mediated in cancer stem cells of hepatocellular carcinoma by targeting
CD90. J Cell Biochem. (2019) 120:3046-55. doi: 10.1002/jcb.27436.

41. Zhang L, Zhang J, Li P, Li T, Zhou Z, Wu H. Exosomal hsa_circ_0004658
derived from RBPJ overexpressed-macrophages inhibits hepatocellular carcinoma
progression via miR-499b-5p/JAM3. Cell Death Dis. (2022) 13:32. doi: 10.1038/
541419-021-04345-9.

42. Bai ZZ, Li HY, Li CH, Sheng CL, Zhao XN. M1 macrophage-derived exosomal
microRNA-326 suppresses hepatocellular carcinoma cell progression via mediating
NF-kappaB signaling pathway. Nanoscale Res Lett. (2020) 15:221. doi: 10.1186/s11671-
020-03432-8.

43. Tian B, Zhou L, Wang ], Yang P. miR-660-5p-loaded M2 macrophages-derived
exosomes augment hepatocellular carcinoma development through regulating KLF3.
Int Immunopharmacol. (2021) 101:108157. doi: 10.1016/j.intimp.2021.108157.

44. Ning]J, Ye Y, BuD, Zhao G, Song T, Liu P, et al. Imbalance of TGF-betal/BMP-7
pathways induced by M2-polarized macrophages promotes hepatocellular carcinoma
aggressiveness. Mol Ther. (2021) 29:2067-87. doi: 10.1016/j.ymthe.2021.02.016.

frontiersin.org


https://doi.org/10.1016/j.aohep.2023.101176
https://doi.org/10.1016/j.aohep.2023.101176
https://doi.org/10.1155/2017/5619472
https://doi.org/10.1002/mco2.100
https://doi.org/10.1002/mco2.100
https://doi.org/10.1002/mco2.176
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/s41389-022-00431-5
https://doi.org/10.1038/s41389-022-00431-5
https://doi.org/10.1111/jgh.15619
https://doi.org/10.1186/s12943-023-01891-y
https://doi.org/10.1002/ctm2.139
https://doi.org/10.3390/ijms23063113
https://doi.org/10.1038/s41392-021-00579-3
https://doi.org/10.1038/s41392-021-00579-3
https://doi.org/10.1177/15353702221134111
https://doi.org/10.3389/fonc.2022.759864
https://doi.org/10.3389/fonc.2022.759864
https://doi.org/10.1016/j.jhep.2021.12.005
https://doi.org/10.1007/s13402-018-0384-6
https://doi.org/10.1136/gutjnl-2022-327998
https://doi.org/10.1186/s12943-023-01759-1
https://doi.org/10.12659/MSM.919219
https://doi.org/10.1016/j.dld.2021.01.003
https://doi.org/10.1016/j.dld.2021.01.003
https://doi.org/10.1186/s12885-022-10367-z
https://doi.org/10.1111/cas.15393
https://doi.org/10.1038/s41417-020-00269-2
https://doi.org/10.1038/s41417-020-00269-2
https://doi.org/10.1016/j.dld.2021.07.017
https://doi.org/10.1007/s12072-023-10562-5
https://doi.org/10.1038/s41419-018-0534-9
https://doi.org/10.1038/s41419-018-0534-9
https://doi.org/10.1111/cas.15365
https://doi.org/10.1186/s12967-022-03628-9
https://doi.org/10.1186/s12967-022-03628-9
https://doi.org/10.1038/s41419-020-03179-1
https://doi.org/10.1038/s41419-020-03179-1
https://doi.org/10.1186/s12943-019-0948-8
https://doi.org/10.1002/iub.2562
https://doi.org/10.1016/j.prp.2022.154276
https://doi.org/10.1016/j.ebiom.2018.12.062
https://doi.org/10.1007/s13105-021-00833-w
https://doi.org/10.1016/j.biocel.2020.105789
https://doi.org/10.1038/s41419-017-0180-7
https://doi.org/10.1038/s41419-017-0180-7
https://doi.org/10.1007/s10620-018-5380-1
https://doi.org/10.12659/MSMBR.918134
https://doi.org/10.1016/j.yexcr.2019.111649
https://doi.org/10.1002/ctm2.349
https://doi.org/10.1002/jcb.27436
https://doi.org/10.1038/s41419-021-04345-9
https://doi.org/10.1038/s41419-021-04345-9
https://doi.org/10.1186/s11671-020-03432-8
https://doi.org/10.1186/s11671-020-03432-8
https://doi.org/10.1016/j.intimp.2021.108157
https://doi.org/10.1016/j.ymthe.2021.02.016
https://doi.org/10.3389/fimmu.2024.1368898
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tian et al.

45. Hodge AL, Baxter AA, Poon IKH. Gift bags from the sentinel cells of the
immune system: The diverse role of dendritic cell-derived extracellular vesicles. ]
Leukoc Biol. (2022) 111:903-20. doi: 10.1002/JLB.3RU1220-801R.

46. Lu Z, Zuo B, Jing R, Gao X, Rao Q, Liu Z, et al. Dendritic cell-derived exosomes
elicit tumor regression in autochthonous hepatocellular carcinoma mouse models. J
Hepatol. (2017) 67:739-48. doi: 10.1016/j.jhep.2017.05.019.

47. Munich S, Sobo-Vujanovic A, Buchser WJ, Beer-Stolz D, Vujanovic NL.
Dendritic cell exosomes directly kill tumor cells and activate natural killer cells via
TNF superfamily ligands. Oncoimmunology. (2012) 1:1074-83. doi: 10.4161/
onci.20897.

48. Chang C, Pei Y, Zhang C, Zhang W, Qin Y, Shi S. Combination therapy with
dendritic cell loaded-exosomes supplemented with PD-1 inhibition at different time
points have superior antitumor effect in hepatocellular carcinoma. Cancer Immunol
Immunother. (2023) 72:3727-38. doi: 10.1007/500262-023-03525-0.

49. Szatmary AC, Nossal R, Parent CA, Majumdar R. Modeling neutrophil
migration in dynamic chemoattractant gradients: assessing the role of exosomes
during signal relay. Mol Biol Cell. (2017) 28:3457-70. doi: 10.1091/mbc.e17-05-0298.

50. Bekeschus S, Lackmann JW, Gumbel D, Napp M, Schmidt A, Wende K. A
neutrophil proteomic signature in surgical trauma wounds. Int ] Mol Sci. (2018) 19:761.
doi: 10.3390/ijms19030761.

51. Reber LL, Gillis CM, Starkl P, Jonsson F, Sibilano R, Marichal T, et al. Neutrophil
myeloperoxidase diminishes the toxic effects and mortality induced by
lipopolysaccharide. J Exp Med. (2017) 214:1249-58. doi: 10.1084/jem.20161238.

52. Wang X, Xiang Z, Liu Y, Huang C, Pei Y, Wang X, et al. Exosomes derived from
Vdelta2-T cells control Epstein-Barr virus-associated tumors and induce T cell
antitumor immunity. Sci Transl Med. (2020) 12:eaaz3426. doi: 10.1126/
scitranslmed.aaz3426.

53. Zhu L, Kalimuthu S, Oh JM, Gangadaran P, Baek SH, Jeong SY, et al.
Enhancement of antitumor potency of extracellular vesicles derived from natural
killer cells by IL-15 priming. Biomaterials. (2019) 190-191:38-50. doi: 10.1016/
j.biomaterials.2018.10.034.

54. Zhang M, Shao W, Yang T, Liu H, Guo S, Zhao D, et al. Conscription of immune
cells by light-activatable silencing NK-derived exosome (LASNEO) for synergetic
tumor eradication. Adv Sci (Weinh). (2022) 9:e2201135. doi: 10.1002/advs.202201135.

55. Di Pace AL, Tumino N, Besi F, Alicata C, Conti LA, Munari E, et al.
Characterization of human NK cell-derived exosomes: role of DNAMI receptor in
exosome-mediated cytotoxicity against tumor. Cancers (Basel). (2020) 12:66.
doi: 10.3390/cancers12030661.

56. Gong W, Guo Y, Yuan H, Chai R, Wan Z, Zheng B, et al. Loss of exosomal miR-
200b-3p from hypoxia cancer-associated fibroblasts promotes tumorigenesis and
reduces sensitivity to 5-Flourouracil in colorectal cancer via upregulation of ZEBI
and E2F3. Cancer Gene Ther. (2023) 30:905-16. doi: 10.1038/s41417-023-00591-5.

57. Qu Z, Yang KD, Luo BH, Zhang F. CAFs-secreted exosomal cricN4BP2L2
promoted colorectal cancer stemness and chemoresistance by interacting with EIF4A3.
Exp Cell Res. (2022) 418:113266. doi: 10.1016/j.yexcr.2022.113266.

58. Hu JL, Wang W, Lan XL, Zeng ZC, Liang YS, Yan YR, 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: 10.1186/5s12943-019-1019-x.

59. Ren J, Ding L, Zhang D, Shi G, Xu Q, Shen S, et al. Carcinoma-associated
fibroblasts promote the stemness and chemoresistance of colorectal cancer by
transferring exosomal IncRNA H19. Theranostics. (2018) 8:3932-48. doi: 10.7150/
thno.25541.

60. Zhuang J, Shen L, Li M, Sun J, Hao J, Li ], et al. Cancer-associated fibroblast-derived
miR-146a-5p generates a niche that promotes bladder cancer stemness and chemoresistance.
Cancer Res. (2023) 83:1611-27. doi: 10.1158/0008-5472.CAN-22-2213.

61. Ding M, Zhao X, Chen X, Diao W, Kan Y, Cao W, et al. Cancer-associated
fibroblasts promote the stemness and progression of renal cell carcinoma via exosomal
miR-181d-5p. Cell Death Discovery. (2022) 8:439. doi: 10.1038/s41420-022-01219-7.

62. Wang M, Zhuoma C, Liu X, Huang Q, Cai G, Sang G, et al. Loss of exosomal
miR-34c-5p in cancer-associated fibroblast for the maintenance of stem-like
phenotypes of laryngeal cancer cells. Head Neck. (2022) 44:2437-51. doi: 10.1002/
hed.27155.

63. Zhan Y, Du J, Min Z, Ma L, Zhang W, Zhu W, et al. Carcinoma-associated
fibroblasts derived exosomes modulate breast cancer cell stemness through exonic
circHIFIA by miR-580-5p in hypoxic stress. Cell Death Discovery. (2021) 7:141.
doi: 10.1038/s41420-021-00506-z.

64. Donnarumma E, Fiore D, Nappa M, Roscigno G, Adamo A, Iaboni M, et al.
Cancer-associated fibroblasts release exosomal microRNAs that dictate an aggressive
phenotype in breast cancer. Oncotarget. (2017) 8:19592-608. doi: 10.18632/
oncotarget.v8il2.

65. Li K, Liu T, Chen J, Ni H, Li W. Survivin in breast cancer-derived exosomes
activates fibroblasts by up-regulating SOD1, whose feedback promotes cancer
proliferation and metastasis. J Biol Chem. (2020) 295:13737-52. doi: 10.1074/
jbc.RA120.013805.

66. Chen JH, Wu ATH, Bamodu OA, Yadav VK, Chao TY, Tzeng YM, et al.
Ovatodiolide suppresses oral cancer Malignancy by down-regulating exosomal mir-21/
STAT3/beta-catenin cargo and preventing oncogenic transformation of normal
gingival fibroblasts. Cancers (Basel). (2019) 12:56. doi: 10.3390/cancers12010056

Frontiers in Immunology

13

10.3389/fimmu.2024.1368898

67. Zhang Z,Li X, Sun W, Yue S, Yang J, Li ], et al. Loss of exosomal miR-320a from
cancer-associated fibroblasts contributes to HCC proliferation and metastasis. Cancer
Lett. (2017) 397:33-42. doi: 10.1016/j.canlet.2017.03.004.

68. Miyazoe Y, Miuma S, Miyaaki H, Kanda Y, Nakashiki S, Sasaki R, et al
Extracellular vesicles from senescent hepatic stellate cells promote cell viability of
hepatoma cells through increasing EGF secretion from differentiated THP-1 cells.
Biomed Rep. (2020) 12:163-70. doi: 10.3892/br.

69. Dou D, Ren X, Han M, Xu X, Ge X, Gu Y, et al. Cancer-Associated Fibroblasts-
Derived Exosomes Suppress Immune Cell Function in Breast Cancer via the miR-92/
PD-L1 Pathway. Front Immunol. (2020) 11:2026. doi: 10.3389/fimmu.2020.02026.

70. Liu L, Zhang Z, Zhou L, Hu L, Yin C, Qing D, et al. Cancer associated fibroblasts-
derived exosomes contribute to radioresistance through promoting colorectal cancer
stem cells phenotype. Exp Cell Res. (2020) 391:111956. doi: 10.1016/
j-yexcr.2020.111956.

71. GuH, Yan C, Wan H, Wu L, Liu J, Zhu Z, et al. Mesenchymal stem cell-derived
exosomes block Malignant behaviors of hepatocellular carcinoma stem cells through a
IncRNA C50rf66-AS1/microRNA-127-3p/DUSP1/ERK axis. Hum Cell. (2021)
34:1812-29. doi: 10.1007/s13577-021-00599-9.

72. Lyu T, Wang Y, Li D, Yang H, Qin B, Zhang W, et al. Exosomes from BM-MSCs
promote acute myeloid leukemia cell proliferation, invasion and chemoresistance via
upregulation of S100A4. Exp Hematol Oncol. (2021) 10:24. doi: 10.1186/s40164-021-
00220-7.

73. Hu Y, Liu H, Xiao X, Yu Q, Deng R, Hua L, et al. Bone marrow mesenchymal
stem cell-derived exosomes inhibit triple-negative breast cancer cell stemness and
metastasis via an ALKBH5-dependent mechanism. Cancers (Basel). (2022) 14:6059.
doi: 10.3390/cancers14246059.

74. Yao X, Mao Y, Wu D, Zhu Y, Lu J, Huang Y, et al. Exosomal circ_0030167
derived from BM-MSCs inhibits the invasion, migration, proliferation and stemness of
pancreatic cancer cells by sponging miR-338-5p and targeting the Wifl/Wnt8/beta-
catenin axis. Cancer Lett. (2021) 512:38-50. doi: 10.1016/j.canlet.2021.04.030.

75. Koeck ES, Iordanskaia T, Sevilla S, Ferrante SC, Hubal MJ, Freishtat R], et al.
Adipocyte exosomes induce transforming growth factor beta pathway dysregulation in
hepatocytes: a novel paradigm for obesity-related liver disease. J Surg Res. (2014)
192:268-75. doi: 10.1016/].js5.2014.06.050.

76. LiuY, Tan ], Ou S, Chen J, Chen L. Adipose-derived exosomes deliver miR-23a/b
to regulate tumor growth in hepatocellular cancer by targeting the VHL/HIF axis. ]
Physiol Biochem. (2019) 75:391-401. doi: 10.1007/s13105-019-00692-6.

77. Lou G, Chen L, Xia C, Wang W, Qi J, Li A, et al. MiR-199a-modified exosomes
from adipose tissue-derived mesenchymal stem cells improve hepatocellular carcinoma
chemosensitivity through mTOR pathway. J Exp Clin Cancer Res. (2020) 39:4.
doi: 10.1186/s13046-019-1512-5.

78. Wang R, Ding Q, Yaqoob U, de Assuncao TM, Verma VK, Hirsova P, et al.
Exosome adherence and internalization by hepatic stellate cells triggers sphingosine 1-
phosphate-dependent migration. J Biol Chem. (2015) 290:30684-96. doi: 10.1074/
jbc.M115.671735.

79. Semaan L, Zeng Q, Lu Y, Zhang Y, Zreik MM, Chamseddine MB, et al.
MicroRNA-214 enriched exosomes from human cerebral endothelial cells (hCEC)
sensitize hepatocellular carcinoma to anti-cancer drugs. Oncotarget. (2021) 12:185-98.
doi: 10.18632/oncotarget.v12i3.

80. Wang H, Hou L, Li A, Duan Y, Gao H, Song X. Expression of serum exosomal
microRNA-21 in human hepatocellular carcinoma. BioMed Res Int. (2014)
2014:864894. doi: 10.1155/2014/864894.

81. Allenson K, Castillo J, San Lucas FA, Scelo G, Kim DU, Bernard V, et al. High
prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage
pancreatic cancer patients. Ann Oncol. (2017) 28:741-7. doi: 10.1093/annonc/mdx004.

82. Cho HJ, Eun JW, Baek GO, Seo CW, Ahn HR, Kim SS, et al. Serum exosomal
microRNA, miR-10b-5p, as a potential diagnostic biomarker for early-stage
hepatocellular carcinoma. J Clin Med. (2020) 9:281. doi: 10.3390/jcm9010281.

83. Sun N, Zhang C, Lee YT, Tran BV, Wang J, Kim H, et al. HCC EV ECG score:
An extracellular vesicle-based protein assay for detection of early-stage hepatocellular
carcinoma. Hepatology. (2023) 77:774-88. doi: 10.1002/hep.32692

84. Ghosh S, Bhowmik S, Majumdar S, Goswami A, Chakraborty J, Gupta S, et al.
The exosome encapsulated microRNAs as circulating diagnostic marker for
hepatocellular carcinoma with low alpha-fetoprotein. Int J Cancer. (2020) 147:2934—
47. doi: 10.1002/ijc.33111.

85. Wang Y, Zhang C, Zhang P, Guo G, Jiang T, Zhao X, et al. Serum exosomal
microRNAs combined with alpha-fetoprotein as diagnostic markers of hepatocellular
carcinoma. Cancer Med. (2018) 7:1670-9. doi: 10.1002/cam4.1390.

86. Urban SK, Sanger H, Krawczyk M, Julich-Haertel H, Willms A, Ligocka J, et al.
Synergistic effects of extracellular vesicle phenotyping and AFP in hepatobiliary cancer
differentiation. Liver Int. (2020) 40:3103-16. doi: 10.1111/liv.14585.

87. Lin ], Lin W, Bai Y, Liao Y, Lin Q, Chen L, et al. Identification of exosomal hsa-
miR-483-5p as a potential biomarker for hepatocellular carcinoma via microRNA
expression profiling of tumor-derived exosomes. Exp Cell Res. (2022) 417:113232.
doi: 10.1016/j.yexcr.2022.113232.

88. Boonkaew B, Satthawiwat N, Pinjaroen N, Chuaypen N, Tangkijvanich P.
Circulating extracellular vesicle-derived microRNAs as novel diagnostic and
prognostic biomarkers for non-viral-related hepatocellular carcinoma. Int J Mol Sci.
(2023) 24:16043. doi: 10.20944/preprints202308.1314.v1.

frontiersin.org


https://doi.org/10.1002/JLB.3RU1220-801R
https://doi.org/10.1016/j.jhep.2017.05.019
https://doi.org/10.4161/onci.20897
https://doi.org/10.4161/onci.20897
https://doi.org/10.1007/s00262-023-03525-0
https://doi.org/10.1091/mbc.e17-05-0298
https://doi.org/10.3390/ijms19030761
https://doi.org/10.1084/jem.20161238
https://doi.org/10.1126/scitranslmed.aaz3426
https://doi.org/10.1126/scitranslmed.aaz3426
https://doi.org/10.1016/j.biomaterials.2018.10.034
https://doi.org/10.1016/j.biomaterials.2018.10.034
https://doi.org/10.1002/advs.202201135
https://doi.org/10.3390/cancers12030661
https://doi.org/10.1038/s41417-023-00591-5
https://doi.org/10.1016/j.yexcr.2022.113266
https://doi.org/10.1186/s12943-019-1019-x
https://doi.org/10.7150/thno.25541
https://doi.org/10.7150/thno.25541
https://doi.org/10.1158/0008-5472.CAN-22-2213
https://doi.org/10.1038/s41420-022-01219-7
https://doi.org/10.1002/hed.27155
https://doi.org/10.1002/hed.27155
https://doi.org/10.1038/s41420-021-00506-z
https://doi.org/10.18632/oncotarget.v8i12
https://doi.org/10.18632/oncotarget.v8i12
https://doi.org/10.1074/jbc.RA120.013805
https://doi.org/10.1074/jbc.RA120.013805
https://doi.org/10.3390/cancers12010056
https://doi.org/10.1016/j.canlet.2017.03.004
https://doi.org/10.3892/br
https://doi.org/10.3389/fimmu.2020.02026
https://doi.org/10.1016/j.yexcr.2020.111956
https://doi.org/10.1016/j.yexcr.2020.111956
https://doi.org/10.1007/s13577-021-00599-9
https://doi.org/10.1186/s40164-021-00220-7
https://doi.org/10.1186/s40164-021-00220-7
https://doi.org/10.3390/cancers14246059
https://doi.org/10.1016/j.canlet.2021.04.030
https://doi.org/10.1016/j.jss.2014.06.050
https://doi.org/10.1007/s13105-019-00692-6
https://doi.org/10.1186/s13046-019-1512-5
https://doi.org/10.1074/jbc.M115.671735
https://doi.org/10.1074/jbc.M115.671735
https://doi.org/10.18632/oncotarget.v12i3
https://doi.org/10.1155/2014/864894
https://doi.org/10.1093/annonc/mdx004
https://doi.org/10.3390/jcm9010281
https://doi.org/10.1002/hep.32692
https://doi.org/10.1002/ijc.33111
https://doi.org/10.1002/cam4.1390
https://doi.org/10.1111/liv.14585
https://doi.org/10.1016/j.yexcr.2022.113232
https://doi.org/10.20944/preprints202308.1314.v1
https://doi.org/10.3389/fimmu.2024.1368898
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tian et al.

89. Wang Y, Pei L, Yue Z, Jia M, Wang H, Cao LL. The potential of serum exosomal
hsa_circ_0028861 as the novel diagnostic biomarker of HBV-derived hepatocellular
cancer. Front Genet. (2021) 12:703205. doi: 10.3389/fgene.2021.703205.

90. Huang X, Sun L, Wen S, Deng D, Wan F, He X, et al. RNA sequencing of plasma
exosomes revealed novel functional long noncoding RNAs in hepatocellular carcinoma.
Cancer Sci. (2020) 111:3338-49. doi: 10.1111/cas.14516.

91. Liu W, HuJ, Zhou K, Chen F, Wang Z, Liao B, et al. Serum exosomal miR-125b
is a novel prognostic marker for hepatocellular carcinoma. Onco Targets Ther. (2017)
10:3843-51. doi: 10.2147/OTT.

92. Li W, Ding X, Wang S, Xu L, Yin T, Han §, et al. Downregulation of serum
exosomal miR-320d predicts poor prognosis in hepatocellular carcinoma. J Clin Lab
Anal. (2020) 34:e23239. doi: 10.1002/jcla.23239.

93. Nakano T, Chen CL, Chen IH, Tseng HP, Chiang KC, Lai CY, et al.
Overexpression of miR-4669 enhances tumor aggressiveness and generates an
immunosuppressive tumor microenvironment in hepatocellular carcinoma: its
clinical value as a predictive biomarker. Int ] Mol Sci. (2023) 24:7908. doi: 10.3390/
ijms24097908.

94. Suehiro T, Miyaaki H, Kanda Y, Shibata H, Honda T, Ozawa E, et al. Serum
exosomal microRNA-122 and microRNA-21 as predictive biomarkers in transarterial
chemoembolization-treated hepatocellular carcinoma patients. Oncol Lett. (2018)
16:3267-73. doi: 10.3892/0l.

95. Qin L, Zhan Z, Wei C, Li X, Zhang T, Li J. Hsa-circRNA-G004213 promotes
cisplatin sensitivity by regulating miR—513b—5p/PRPF39 in liver cancer. Mol Med Rep.
(2021) 23:720. doi: 10.3892/mmr.

96. Meldolesi J. Extracellular vesicles (exosomes and ectosomes) play key roles in the
pathology of brain diseases. Mol Biomed. (2021) 2:18. doi: 10.1186/s43556-021-00040-5.

97. Guo Y, Wang H, Huang L, Ou L, Zhu J, Liu S, et al. Small extracellular vesicles-
based cell-free strategies for therapy. MedComm (2020). (2021) 2:17-26. doi: 10.1002/
mco2.57.

98. Bashyal S, Thapa C, Lee S. Recent progresses in exosome-based systems for
targeted drug delivery to the brain. J Control Release. (2022) 348:723-44. doi: 10.1016/
j.jconrel.2022.06.011.

99. Chen J, Cao F, Cao Y, Wei S, Zhu X, Xing W. Targeted therapy of lung

adenocarcinoma by the nanoplatform based on milk exosomes loaded with paclitaxel. /
BioMed Nanotechnol. (2022) 18:1075-83. doi: 10.1166/jbn.2022.3278.

Frontiers in Immunology

14

10.3389/fimmu.2024.1368898

100. Rehman FU, Liu Y, Yang Q, Yang H, Liu R, Zhang D, et al. Heme Oxygenase-1
targeting exosomes for temozolomide resistant glioblastoma synergistic therapy. ]
Control Release. (2022) 345:696-708. doi: 10.1016/j.jconrel.2022.03.036.

101. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M,
et al. Tumour exosome integrins determine organotropic metastasis. Nature. (2015)
527:329-35. doi: 10.1038/naturel5756

102. Xia J, Miao Y, Wang X, Huang X, Dai J. Recent progress of dendritic cell-
derived exosomes (Dex) as an anti-cancer nanovaccine. BioMed Pharmacother. (2022)
152:113250. doi: 10.1016/j.biopha.2022.113250.

103. Zuo B, Qi H, Lu Z, Chen L, Sun B, Yang R, et al. Alarmin-painted exosomes
elicit persistent antitumor immunity in large established tumors in mice. Nat Commun.
(2020) 11:1790. doi: 10.1038/s41467-020-15569-2.

104. Shi S, Wang L, Wang C, Xu J, Niu Z. Serum-derived exosomes function as
tumor antigens in patients with advanced hepatocellular carcinoma. Mol Immunol.
(2021) 134:210-7. doi: 10.1016/j.molimm.2021.03.017.

105. Song SY, Zhu L, Wang C, Yang YL. In vitro diagnostic technologies for the
detection of extracellular vesicles: current status and future directions. View-China.
(2023) 4. doi: 10.1002/VIW.20220011.

106. Piffoux M, Silva AKA, Gazeau F, Salmon H. Potential of on-chip analysis and
engineering techniques for extracellular vesicle bioproduction for therapeutics. View-
China. (2022) 3. doi: 10.1002/VIW.20200175.

107. Lin M, Liao W, Dong M, Zhu R, Xiao J, Sun T, et al. Exosomal neutral
sphingomyelinase 1 suppresses hepatocellular carcinoma via decreasing the ratio of
sphingomyelin/ceramide. FEBS J. (2018) 285:3835-48. doi: 10.1111/febs.14635.

108. CuiL, LiH, XiY, Hu Q, Liu H, Fan J, et al. Vesicle trafficking and vesicle fusion:
mechanisms, biological functions, and their implications for potential disease therapy.
Mol Biomed. (2022) 3:29. doi: 10.1186/s43556-022-00090-3.

109. Lv S, Wang J, Li L. Extracellular vesicular IncRNA FAL1 promotes
hepatocellular carcinoma cell proliferation and invasion by inducing macrophage
M2 polarization. J Physiol Biochem. (2023) 79:669-82. doi: 10.1007/s13105-022-
00922-4.

110. Zhong X, Zhou Y, Cao Y, Ding J, Wang P, Luo Y, et al. Enhanced antitumor
efficacy through microwave ablation combined with a dendritic cell-derived exosome
vaccine in hepatocellular carcinoma. Int | Hyperthermia. (2020) 37:1210-8.
doi: 10.1080/02656736.2020.1836406.

frontiersin.org


https://doi.org/10.3389/fgene.2021.703205
https://doi.org/10.1111/cas.14516
https://doi.org/10.2147/OTT
https://doi.org/10.1002/jcla.23239
https://doi.org/10.3390/ijms24097908
https://doi.org/10.3390/ijms24097908
https://doi.org/10.3892/ol
https://doi.org/10.3892/mmr
https://doi.org/10.1186/s43556-021-00040-5
https://doi.org/10.1002/mco2.57
https://doi.org/10.1002/mco2.57
https://doi.org/10.1016/j.jconrel.2022.06.011
https://doi.org/10.1016/j.jconrel.2022.06.011
https://doi.org/10.1166/jbn.2022.3278
https://doi.org/10.1016/j.jconrel.2022.03.036
https://doi.org/10.1038/nature15756
https://doi.org/10.1016/j.biopha.2022.113250
https://doi.org/10.1038/s41467-020-15569-2
https://doi.org/10.1016/j.molimm.2021.03.017
https://doi.org/10.1002/VIW.20220011
https://doi.org/10.1002/VIW.20200175
https://doi.org/10.1111/febs.14635
https://doi.org/10.1186/s43556-022-00090-3
https://doi.org/10.1007/s13105-022-00922-4
https://doi.org/10.1007/s13105-022-00922-4
https://doi.org/10.1080/02656736.2020.1836406
https://doi.org/10.3389/fimmu.2024.1368898
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Extracellular vesicles and cancer stemness in hepatocellular carcinoma – is there a link?
	1 Introduction
	2 sEVs derived from HCC cancer cells and cancer stemness
	2.1 sEVs from cancer cells upregulate the expression levels of stemness markers
	2.2 sEVs from cancer cells enhance drug resistance
	2.3 sEVs from cancer cells dysregulate proliferative and apoptotic abilities of recipient HCC cells
	2.4 sEVs from cancer cells promote metastasis
	2.5 sEVs from cancer cells modulate tumor microenvironment
	2.6 sEVs from hypoxic cancer cells promote tumor growth

	3 sEVs from immune cells and HCC stemness
	3.1 Macrophage-derived sEVs
	3.2 Dendritic cell-derived sEVs
	3.3 Neutrophil-derived sEVs
	3.4 NK and T cell-derived sEVs

	4 sEVs from stromal cells and HCC stemness
	4.1 Cancer associated fibroblast-derived sEVs
	4.2 Mesenchymal stem cell-derived sEVs
	4.3 Adipocyte-derived sEVs
	4.4 Endothelial cell-derived sEVs

	5 Clinical implications and therapeutic opportunities
	5.1 Diagnostic and predictive values of sEVs
	5.2 Therapeutic implications of sEVs

	6 Challenges, future directions, and conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


