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In recent years, cancer, especially primary liver cancer (including hepatocellular
carcinoma and intrahepatic cholangiocarcinoma), has posed a serious threat to
human health. In the field of liver cancer, exosomes play an important role in liver
cancer initiation, metastasis and interaction with the tumor microenvironment.
Exosomes are a class of nanoscale extracellular vesicles (EVs)secreted by most
cells and rich in bioactive molecules, including RNA, proteins and lipids, that
mediate intercellular communication during physiological and pathological
processes. This review reviews the multiple roles of exosomes in liver cancer,
including the initiation, progression, and metastasis of liver cancer, as well as their
effects on angiogenesis, epithelial-mesenchymal transformation (EMT), immune
evasion, and drug resistance. Exosomes have great potential as biomarkers for
liver cancer diagnosis and prognosis because they carry specific molecular
markers that facilitate early detection and evaluation of treatment outcomes.
In addition, exosomes, as a new type of drug delivery vector, have unique
advantages in the targeted therapy of liver cancer and provide a new strategy
for the treatment of liver cancer. The challenges and prospects of exosome-
based immunotherapy in the treatment of liver cancer were also discussed.
However, challenges such as the standardization of isolation techniques and the
scalability of therapeutic applications remain significant hurdles.
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1 Introduction

In recent years, the incidence of cancer has been increasing, posing a major threat to
human health and life safety. According to the 2024 Global Cancer Statistics, the survival rate
for liver cancer is only 22%. Liver cancer includes hepatocellular carcinoma (HCC),
intrahepatic cholangiocarcinoma, cholangiocarcinoma, and fibrolamellar carcinoma. Most
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of them are HCC. Primary liver cancer has become the fifth leading
cause of cancer diagnosis in the world and the third leading cause of
cancer death threatening human health (1). Currently, clinical
treatments for liver cancer primarily include surgery, radiotherapy,
and chemotherapy. However, liver cancer cells may evade the attack
of human immune system and make themselves survive and
proliferation in the host (2). In the context of hepatocellular
carcinoma treatment, while surgery is commonly employed for
tumor eradication, the presence of underlying conditions such as
liver cirrhosis in most patients elevates surgical risks and the
likelihood of recurrence (3, 4).

Recent studies have pointed to EVs, especially exosomes, as
potential biomarkers for the diagnosis of liver cancer (5, 6). As the
“carrier” of intercellular communication, exosomes are stable and
rich in composition, which can effectively convey tumor
information, including cell origin and gene mutation (7, 8). In the
context of liver cancer, exosomes play pivotal roles by transmitting
various bioactive molecules that regulate cancer cell proliferation,
invasion, and metastasis processes (9, 10). The detection of
exosomes in the blood of patients can achieve early diagnosis,
condition monitoring, and prognosis assessment of liver cancer
(11). Exosomes also hold promise in liver cancer therapy, serving as
carriers for drug delivery to achieve precise treatment and
potentially for immunotherapy applications by modulating
immune cell activity within the tumor microenvironment to
enhance anti-tumor immune responses (9, 12, 13). Liver cancer
stem cell-derived exosomes in the microenvironment promote the
growth, progression and metastasis of HCC by reducing cell
apoptosis, increasing angiogenesis, enhancing metastatic
invasiveness and inducing epithelial-mesenchymal transition
(14, 15). Research on exosomes offer novel directions and hope
for the diagnosis and treatment of liver cancer.

This review reviews the multiple roles of exosomes in liver
cancer, including the initiation, progression, and metastasis of liver
cancer, as well as their effects on angiogenesis, epithelial
mesenchymal transformation (EMT), immune evasion, and drug
resistance. This review aims to fill the knowledge gap in the current
research on the biological functions and clinical applications of
exosomes in liver cancer, delving into the regulatory mechanisms,
signal transduction pathways, and potential clinical applications of
exosomes in the process of liver cancer development and
progression, providing new insights and directions for future
research and clinical practice.

2 Formation, release and uptake
of exosomes

2.1.Exosome formation

Exosomal formation is a complex and delicate process involving
many cellular mechanisms (16, 17). The formation of exosomes
begins with endocytosis within the cell, leading to the formation of
early endosomes through invagination. Then, early endosomes fuse
with lysosomes to form multivesicular bodies (MVBs) (18). MVBs is
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the central site of exosome biogenesis. Typically, MVBs originate
from endocytosis, and different mechanisms mediate the outgrowth
of the plasma membrane and the formation of early endosomes.
MVBs formation involves mechanisms of plasma membrane growth
and early endosome formation, and cells decide which proteins and
other molecules should be included in exosomes through
mechanisms such as ESCRT complexes (19). After MVBs fuses
with cell membrane, exosomes are released, and this process needs
precise regulation. The released exosomes can spread with body fluids
to other cells and tissues and participate in long-term regulation of
immune response, tissue repair and disease progression. Recent
studies have shown that different cellular stress factors such as
hypoxia and oxidative stress can significantly affect the release
process of exosomes. After stress stimulation, cells will regulate the
generation and release of exosomes, which in turn affects the type and
content of bioactive molecules carried by exosomes (20). In addition,
studies on post-translational modifications of exosomes have also
shown that glycosylation, phosphorylation and other modifications
can affect the interaction and uptake efficiency of exosomes with
target cells (21).

In summary, the formation of exosomes begins with
endocytosis, forming early endosomes, and then fusing with
lysosomes to form MVBs, which is the core of their biogenesis.
When MVBs is formed, cells use mechanisms such as ESCRT
complexes to sort goods into exosomes. Ultimately, MVBs fuses
with cell membranes to precisely regulate exosome release and
participate in a variety of biological processes (Figure 1).

2.2 Exosome release and absorption

Multivesicular bodies release exosomes through budding, a
process that requires the involvement of vesicle transport and
fusion mechanisms. The internalizing selectivity complex
(ESCRT) and its related proteins, such as basket proteins,
TSG101 and Alix, are necessary for this process.The ESCRT
system promotes the invagination of endosomal membrane and
the formation of ILVs through a series of complex molecular
interactions and membrane reorganization processes (22).
However, to achieve cargo sorting and ILV formation, the ESCRT
complex alone is not sufficient; assistance from sphingolipid
ceramide is required. In addition,Some studies have shown that
shown that tetranester proteins play an important role in the
biogenesis and secretion of exosomes independent of the ESCRT
mechanism (23). Exosome release and absorption involves the
mediation of a variety of cell surface receptors, such as receptor
tyrosine kinases and G-protein-coupled receptors. Exosomes are
released into the extracellular space through mechanisms such as
binding to surface receptors of target cells, membrane fusion with
target cells, and endocytosis by target cells.Subsequently, exosomes
are absorbed by other cells into their endosomes, or lysosomes,
where the contents are released and put to use (24).

In summary, exosomes are absorbed by target cells through a
series of complex and precise mechanisms after being released.
This includes specific binding to cell surface receptors, membrane
fusion, and endocytosis.
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Exosome formation, release and absorption. The formation of exosomes begins with membrane invagination to form endosomes, which then
develop into multivesicular bodies (MVBs) containing multiple intracavitary vesicles (ILVS). This process is regulated by a variety of proteins and
enzymes, ensuring proper assembly of exosomes. Polyvesicles (MVB) have two fates: fusion with lysosomes leading to ILV degradation, or fusion
with the plasma membrane of the cell to release ILV outside the cell to form exosomes. The release of exosomes is strictly regulated and involves a

variety of proteins and molecular mechanisms.

3 Isolation and purification
of exosomes

The study of exosomes is faced with the problem of low yield
and insufficient purity. The separation techniques should be
carefully selected according to the study objectives and sample
characteristics (25).

The isolation and purification of exosomes refers to the various
methods and technologies used to separate and purify exosomes from
cell culture supernatants and biological fluids. The isolation and
purification of exosomes involve techniques like ultracentrifugation,
commercial kits (e.g., EonuickTM), immunomagnetic bead separation,
ultrafiltration, sucrose gradient centrifugation, polymer enrichment,
size exclusion, field flow fractionation, microfluidic chips (26, 27). But
all of them have certain limitations. Ultracentrifugation is a commonly
used separation and purification method, and the use may lead to co-
purification of non-exosome particles, which may affect the accuracy
and interpretation of downstream applications. Ultracentrifugation
works by separating particles based on their size and density
differences under centrifugal force. However, due to the wide range
of exosome sizes, about 30 to 150 nm, and the overlap with other EV's
and protein particles, non-exosome particles easily settle down with the
exosomes during ultracentriollation (28). The EonuickTM kit may
isolate at a relatively low purity and may contain non-exosomal
components. Because the separation method is mainly based on
polymer precipitation method, the obtained exosome samples may
contain more non-exosome components such as proteins and lipid
particles, with low purity. This lack of purity may interfere with high-
precision molecular analyses such as proteomics or RNA sequencing
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(29). Immunomagnetic bead separation method separates exosomes by
specifically binding the antigens on the surface of exosomes with
specific antibodies, achieving rapid separation of exosomes, but the cost
is relatively higher and requires specific antibodies and magnetic beads
(30). Ultrafiltration, a classical method for exosome isolation, is suitable
for purifying exosomes from large volumes of culture medium. It relies
on size differences to separate exosomes, offering a simple process
without complex steps or expensive reagents. Ultrafiltration efficiently
preserves the integrity and biological activity of exosomes, enabling
large-scale preparation for clinical research and applications. However,
smaller exosomes may be lost during filtration, depending on the
choice and performance of the filter membrane. Advanced methods
such as microfluidics use micrometer scale fluid manipulation to
efficiently separate exosomes by their physical size, density, and
charge characteristics. Compared with traditional methods, it has the
advantages of less sample consumption, shorter separation time and
automatic operation, which is especially suitable for high-throughput
and rapid isolation of exosomes in clinical applications. However,
microfluidic technology still faces some problems in practical
applications, such as high cost, low popularity, relatively low device
throughput, and no unified standard (31, 32) (Table 1).

4 The role of exosomes in the liver
cancer microenvironment

Tumor microenvironment (TME) is a complex environment
composed of tumor cells, innate and adaptive immune cells,
endothelial cells, cancer-associated fibroblasts, vasculature, and the
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TABLE 1 Isolation and detection technologies for exosome.

Contents Platfrom References
Isolation and Ultracentrifugation (28)
purification methods

Sucrose- (33)

gradient centrifugation

ExoQuick™ test kit (29)

Polymer co-precipitation (34)

Antibody-coated (30, 35)

magnetic bead

Ultrafiltration

Field flow fractionation (30, 32)

Microfluidic chip (36, 37)
Analysis of morphology and Transmission electron (38)
size distribution microscopy (TEM)

Scanning electron (39)

microscopy (SEM)

Cryo-electron microscopy

(cryo-EM)

Atomic force

microscopy (AFM)
Analysis of concentration and = Nanoparticle tracking (40)
size distributio analysis (NTA)

Dynamic light

scattering (DLS)

Tunable resistive pulse (41)

sensing(TRPS)
Protein quantification Western blotting (38)
and characterization

Enzyme-linked

immunosorbent

assay (ELISA)

Mass spectrometry (42)
Nucleic acid amplification Polymerase chain (43)
and sequencing reaction (PCR)

Next-generation (44)

sequencing (NGS)

surrounding matrix, among other cell types (45). The impact of
tumors on the microenvironment is complex and varied, including
metabolic changes, angiogenesis, immune suppression, and
extracellular matrix remodeling. These effects work together to
provide favorable conditions for the survival, proliferation,
invasion, and metastasis of tumor cells (6). Exosomes can regulate
immune cells in the tumor microenvironment through a variety of
ways. For example, exosomes secreted by liver cancer cells can bind to
PD-1 on the surface of tumor infiltrating lymphocytes (TILs) by
carrying PD-L1, and inhibit the activation of T cells, thereby
promoting tumor immune escape. In addition, molecules such as
microRNA-21 in exosomes can inhibit anti-tumor immune response
and promote the maintenance of inflammatory microenvironment
by regulating signaling pathways in immune cells, such as NF-xB and
STATS3. At the same time, exosomes can also induce the proliferation
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of immunosuppressive regulatory T cells (Tregs) by carrying
cytokines such as transforming growth factor-beta (TGF-f3), which
further weakens the immune surveillance function (46).
Hepatocellular carcinoma has complex and diverse cell-to-cell
communication mechanisms in its microenvironment. These
communication methods play a crucial role in regulating the
occurrence, proliferation, invasion, apoptosis, immune evasion,
angiogenesis, EMT of hepatocellular carcinoma cells (47). These
cells interact with each other, promoting or inhibiting the
occurrence and development of tumors. When tumor cells enter
the TME, they stimulate immune cells and other immune-related
cells in the TME, promoting immune evasion and tumor progression
(48). A recent study has shown that exosomes secreted by
hepatocellular carcinoma cells can promote the activation of
tumor-associated fibroblasts (CAFs) by carrying specific micrornas,
such as miR-1247-3p, and then enhance the invasion and metastasis
of tumors (49). In addition, another study found that exosome-
mediated communication by carrying IncRNA TUC339 could inhibit
natural killer (NK) cell activity in the liver, thereby helping tumor
cells to evade immune surveillance and promote tumor growth in
vivo (50). These in vivo studies provided direct evidence for the
specific mechanism of exosomes in the progression of HCC,
demonstrating the importance of exosomes in regulating the HCC
microenvironment and promoting tumor malignant behavior
(Figure 2).

5 Exosomes in liver
cancer angiogenesis

Liver tumor-derived exosomes can activate endothelial cells to
support liver tumor angiogenesis and thrombosis. At the same time,
they can transform fibroblasts and bone marrow mesenchymal stem
cells into myofibroblasts, further promoting the generation of liver
tumor blood vessels and metastasis (51). Yang et al. studied that
HCC-derived exosomal miR-3174 can be transmitted to human
umbilical vein endothelial cells (HUVECs) and can induce HCC
angiogenesis and increase its ex vivo permeability. It can also
promote its metastasis (52).

Targeting exosome-mediated angiogenic pathways may provide
an effective complementary strategy for antiangiogenic therapy.
Exosomes secreted by liver cancer cells can carry angiogenic
molecules, such as VEGF, miR-210, miR-21 and promote
angiogenesis by activating signaling pathways in endothelial cells,
such as PI3K/AKT and MAPK pathways. These exosome-mediated
molecules are different from the targets of existing anti-VEGF
therapies and provide new mechanisms of angiogenesis regulation
(53-55). Jiang et al. found that miR-30a-5p derived from ICCA can
be transferred to endothelial cells and promote their recruitment and
proliferation through an exosome dependent mechanism. Further
induce angiogenesis and enhance vascular permeability (51).

The conclusions drawn from these various studies suggest that
exosome-based strategies have broad application prospects in liver
cancer vascular therapy. By adjusting the use of exosomes, a novel,
targeted liver cancer treatment may be developed in the future (6, 56).
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Exosomes, as the medium of intercellular communication, play an important role in the microenvironment of liver cancer. They affect the growth,
proliferation, angiogenesis, immune escape, metastasis and invasion of hepatocellular carcinoma cells through the delivery of growth factors,
cytokines and other bioactive molecules. Exosomes not only provide a new perspective for the study of liver cancer, but also provide a new

potential target for the diagnosis and treatment of liver cancer.

6 Exosomes regulate the growth of
liver cancer

Exosomes affect the growth, migration and invasion of tumor
cells in the microenvironment of HCC (57).

The PI3K/AKT pathway is one of the most frequently activated
growth pathways in liver cancer cells, which can enhance cell
proliferation and inhibit apoptosis by regulating cyclin and anti-
apoptotic proteins (58). Studies have shown that miR-155 can
inhibit SOCS1 through exosomes, and then activate the JAK/
STAT signaling pathway to promote the proliferation of liver
cancer cells and the inflammatory response in the tumor
microenvironment (59). Further studies also revealed the
interaction of exosomal mirnas with other tumor-driven
pathways such as Wnt/B-catenin and MAPK, whose activation
provides growth and invasion advantages to HCC cells (60).
Exosomes also play a role in gene expression regulation in HCC.
Some research results show that UBXN9 plays a key role in
promoting the stimulatory RNA-induced retinoic acid-inducible
gene-I-interferon signaling pathway, which can induce effective
anti-tumor T cell responses in liver tumorigenesis (61). Higher
levels of miR-30a-5p are associated with higher microvascular
density (MVD) and poorer prognosis. This suggests that miR-
30a-5p may promote the growth and progression of liver cancer
by affecting angiogenesis. Further research has found that hypoxia
stress can induce the expression of HIF-la in hepatocellular
carcinoma cells, thereby enhancing the expression of miR-30a-5p
(51). Additionally, research has found that miR-934 in exosomes
derived from tumors can regulate the interaction between CRC cells
and TAMs, thereby promoting the occurrence of CRLM (colorectal
cancer liver metastasis) (62).
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In addition to promoting effect, exosomes also have inhibitory
effect on the growth of liver cancer.Hu et al. conducted experiments
to study proliferation and migration and found that exosomes
released by transgenic tumors had high transfection efficiency and
reduced the activity of Wnt signaling pathway, thus inhibiting HCC
(63). It has been suggested that some exosomal mirnas may
function as tumor suppressors under specific circumstances.
Exosomal miR-193-5p can inhibit the growth of HCC by
targeting cyclin D1 and inhibiting the MAPK pathway (53).
Although exosomes are generally considered promoters of HCC
progression, several findings, especially regarding specific mirnas,
such as miR-193-5p, suggest potential antitumor effects under
specific conditions. Resolving these contradictions will be critical
to translating exosome-based therapies into clinical practice.

Based on the relevant studies and experiments, exosomes play a
multifaceted role in regulating cancer growth, including promoting
tumor proliferation, angiogenesis, immune evasion, and drug
resistance. These actions collectively provide favorable conditions
for cancer growth and dissemination.

7 Exosomes and liver cancer
immune escape

The immune system eliminates tumor cells, but some tumor cells
are deceptive. Tumor-derived exosomes carry immunosuppressive
substances, which are transmitted to immune cells and directly or
indirectly inhibit the function of immune cells, thereby accelerating
tumor development (64). This discovery determines the crucial role
of exosomes in the development of tumor cells. Exosome PD-L1 can
bind to the PD-1 receptor on T cells and inhibit the activation and
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proliferation of T cells, thereby helping tumor cells evade the attack of
the immune system (65).

Meanwhile, some studies have found that high levels of
exosomal PD-L1 are associated with poor response to immune
checkpoint inhibitors(ICIs) such as PD-1/PD-L1 blockade therapy.
Patients with elevated exosomal PD-LI levels showed reduced
responsiveness to PD-1 inhibitors, suggesting that these exosomes
may serve as biomarkers to predict the efficacy of immunotherapy
(53, 66). Many experimental studies have confirmed that by
inhibiting the generation of exosomes in cancer and stromal cells,
the growth and metastasis process of cancer can be effectively
slowed down (67). Furthermore, Lu et al. recently proved that
exosomes derived from head and neck squamous cell carcinoma
(HNSCC) are taken up by tumor-associated macrophages (TAMs),
thereby activating the NF-xB pathway in TAMs, thereby creating an
immunosuppressive microenvironment conducive to tumor
growth. Therefore, by inhibiting the phagocytic function of
macrophages through CD73, it is expected to break the
mechanism of tumor immune evasion and improve the
therapeutic effect of tumors (68).

Elevated levels of circulating exosomal PD-L1 have been
associated with reduced efficacy of ICIs like PD-1/PD-L1 blockers
(69). Preclinical studies have shown that targeting exosomal PD-L1
can reverse immunosuppression and improve the efficacy of
immunotherapy. In mouse models, inhibiting exosome release or
neutralizing exosomal PD-L1 restores T-cell function and reduces
tumor growth, improving the success of immunotherapy in patients
who exhibit resistance (70). Combining exosomal PD-L1 inhibitors
with standard immunotherapy is under investigation to improve
patient outcomes. The focus of these trials is to assess how targeting
exosomal PD-L1 can overcome HCC resistance to PD-1
inhibitors (71).

The ability to measure exosomal PD-L1 by liquid biopsy offers a
non-invasive method to monitor the possibility of patient response
to immunotherapy. This may allow for more personalized
treatment planning, allowing clinicians to predict which patients
are likely to benefit most from ICIs or alternative therapies (59).
Exosomal PD-L1 not only promotes immune evasion in HCC, but
also provides a potential biomarker for evaluating patient response
to immunotherapy. This opens new avenues for integrating
exosome analysis into clinical decision making for HCC treatment.

8 Exosomes and liver
cancer metastasis

In the process of tumor cell migration, exosomes act as a key
cell-to-cell communication medium, exerting important influence
on each link in the chain reaction. This complex process includes
the invasion behavior of tumor cells, their survival state in the blood
vessels, and attachment and growth with host organs (72, 73).

Recent studies have shown that exosomal miR-3174 plays a key
role in HCC progression and metastasis. According to Yang et al.,
miR-3174 can promote the deterioration of the disease by
enhancing vascular permeability and inducing angiogenesis (52).

Frontiers in Immunology

10.3389/fimmu.2024.1473030

One of the key exosomal miRNAs involved in HCC metastasis is
miR-3174. Recent studies have shown that miR-3174 enhances
vascular permeability by targeting the tight junction protein ZO-1,
disrupting endothelial barrier integrity. This breakdown in vascular
structure allows tumor cells to intravasate into the bloodstream,
facilitating metastatic spread. Furthermore, high levels of exosomal
miR-3174 correlate with increased metastatic potential and poor
prognosis in HCC patients (74, 75). Another critical miRNA is miR-
21, which is enriched in HCC-derived exosomes. Exosomal miR-21
promotes tumor progression by reprogramming the tumor
microenvironment, particularly through its interaction with
CAFs. miR-21 drives CAFs to secrete VEGF, enhancing
angiogenesis and supporting metastasis (76). Exosomal proteins
like TGF-B also contribute to HCC metastasis. Exosomes
containing TGF-P can activate stromal fibroblasts, promoting the
secretion of matrix metalloproteinases (MMPs) that degrade the
extracellular matrix and enhance the invasive ability of HCC cells
(77). This exosomal-mediated stromal remodeling is a critical step
in enabling metastatic dissemination. Xiaopeng et al. found that
under acidic conditions, the metabolic pathway of cancer cells
changes, leading to an increase in the number of exosomes
released by liver cancer cells and the expression level of functional
miRNAs (such as miR-21 and miR-10b), further promoting the
proliferation and metastasis of cancer cells (46). Lumin Wang and
others found that HOXD3 was proven to target the promoter region
of CCR6 and induce its transcription, thereby being delivered to
endothelial cells through exosomes and promoting tumor
migration. Zhuo-Zhen Lyu and others found that exosomes
regulate the expression of miRNAs (such as miR-148a-3p) and
target genes (such as MTF-1) by delivering specific non-coding
RNAs (such as circ563), thereby affecting the biological behaviors of
hepatocellular carcinoma cells (78). Lu et al. found that the level of
miR-23a-3p in exosomes derived from M2 macrophages was
higher, further promoting the proliferation and metastasis of
HCC. These exosomes regulate target genes such as phosphatase
and tensin homolog (PTEN) and tight junction protein 1 (TJP1)
expression, and stimulate tumor cells to secrete more growth factors
and chemokines, thereby promoting the malignant progression of
tumors (79). Liu et al. found that exosomes could activate or inhibit
specific signaling pathways, such as MAPK/ERK and PDK1/AKT,
thereby regulating the proliferation, migration, and metastasis of
hepatocellular carcinoma cells (80).

Additionally,EMT has been demonstrated to play a crucial role
in the progression of lung cancer from initiation to metastasis. EMT
is also associated with various other molecular processes, including
tumor immune evasion, as well as the abundance of immune-
suppressive cells and the expression of immune checkpoints in liver
cancer cells (81, 82). Some studies have indicated that exosomes
participate in EMT-related processes by serving as mediators of
communication. Huang et al. experimentally identified the pyruvate
dehydrogenase complex as a key substrate for activating EMT,
demonstrating that the combination of EMT and autophagy
inhibitors significantly enhances the therapeutic efficiency of liver
cancer in vitro and in mice. Exosomes derived from liver cancer
cells can induce EMT by activating the TGF-B/Smad signaling
pathway, leading to decreased expression of E-cadherin and
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increased expression of vimentin to promote the migration and
invasion of target cells (83). Chen et al. found in their research that
exosomes from highly metastatic MHCC 97 H cells can
communicate with low-metastatic liver cancer cells, enhancing
their role in the EMT process. Furthermore, exosomes derived
from liver cancer cells carry B-catenin, thereby inhibiting EMT and
metastasis in HCC. Given the pivotal role of exosomes in metastasis,
targeting exosome biogenesis and release offers a promising
therapeutic approach. For example, GW4869, a neutral
sphingomyelinase inhibitor, has been shown to inhibit exosome
production. Future studies could explore the efficacy of exosome
inhibitors like GW4869 in preventing HCC metastasis in vivo (84).

In summary, exosomes play a crucial role in HCC metastasis by
facilitating cell-to-cell communication and promoting key processes
such as angiogenesis, tumor cell migration, and EMT. Specific
exosomal miRNAs, including miR-3174 and miR-21, have been
identified as major drivers of metastasis (85). miR-3174 enhances
vascular permeability to promote tumor cell dissemination, while
miR-21 reprograms the tumor microenvironment by interacting
with CAFs to stimulate angiogenesis (86). Additionally, exosomal
proteins like TGF-f contribute to stromal remodeling and increased
tumor invasiveness. Exosomes also regulate key signaling pathways
such as MAPK/ERK and PDK1/AKT, further driving the metastatic
progression of HCC (87). Targeting exosome biogenesis and
release, as well as specific exosomal cargo like miR-3174 and
miR-21, presents a promising therapeutic approach to prevent
HCC metastasis (88).

9 Exosomes as diagnostic and
prognostic biomarkers in liver cancer

Nowadays, exosomes are being used as valuable biomarkers for
diagnosing and predicting various types of cancer due to their own
properties and composition. The exosomes contain a variety of
functional molecules, including proteins, lipids, DNA, various
RNAs, and metabolites (89). Among these, proteins and ncRNAs
are the most abundant substances in exosomes. Therefore, when
referring to them as biomarkers, their value and utility are greater
than those of other substances and are more widely used (90).

Under the protection of phospholipid bilayer membrane,
exosomes cannot be degraded by any enzyme, and exosomes are
considered to be suitable diagnostic tools.Researcher Lee et al.
reported that the IncRNA-ATB contained in the serum exosomes
of HCC patients was positively correlated with the TNM staging
and volume of the tumor and negatively correlated with OS (91).
Sohn et al. found that the levels of miR-18a, miR-221, miR-222, and
miR-224 in the exosomes produced by HCC patients were lower
than those of HBV patients.Therefore, exosomes can be used as
independent markers for the diagnosis and prognosis of HCC.

In the detection of exosomes, several studies have used nucleic
acid detection methods that can distinguish between patients and
healthy individuals by detecting samples from plasma. Although
this detection method is more expensive, it still has great potential
in clinical applications (92). The clinical and research experiments
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mentioned above all indicate that exosomes can serve as reliable
biomarkers for cancer detection and diagnosis of its type (84).
Exosome proteins have a greater potential for use in cancer
diagnosis, while exosome non-coding RNA plays a more
important role in predicting various types of cancer. Their role in
carrying specific molecular signatures, such as miRNAs, proteins,
and non-coding RNAs, makes them valuable tools for monitoring
disease progression and response to treatment. However, while their
potential is compelling, several challenges must be addressed to
translate these findings into routine clinical practice.

One of the key challenges in utilizing exosomes as clinical
biomarkers is the standardization of detection methods. Currently,
exosome isolation techniques such as ultracentrifugation, size-
exclusion chromatography, and immunoaffinity capture vary
widely in terms of efficiency, purity, and reproducibility (93).
Another significant challenge is the variability in exosome content
among patients. Exosomal cargo is influenced by several factors,
including tumor heterogeneity, disease stage, and even the patient’s
immune response, which may result in significant variability in
exosomal biomarkers across individuals (94). Furthermore, there is
the issue of EV heterogeneity, where exosomes are just one subtype
among many EVs. This complicates biomarker studies, as
differentiating between exosomes and other EVs is challenging,
yet crucial for the specificity of diagnostic tests (95) (Table 2).

Although AFP is widely used in clinical practice, it has
significant limitations in terms of sensitivity and specificity,
especially in early-stage HCC. Exosome-based biomarkers have
been shown to be superior to conventional serum AFP in
detecting early HCC and predicting outcome. For example,
exosomal mirnas such as miR-21, miR-122, and miR-155 can
provide insight into tumor behavior and perform noninvasive
detection with higher diagnostic accuracy (101-103). However,
there are many challenges to integrating exosome biomarkers into
routine clinical practice. In contrast, AFP testing is mature, cost-
effective, and widely available, but it often fails to detect early-stage
HCC and can produce false positives, especially in patients with
chronic liver disease (104-106) (Table 3).

10 Exosomal microRNA

Some researches have found that microRNAs are a key
mechanism component of tumor-derived Exosomes in executing
their functions, and exosomes have been determined as an
important medium for communication between tumor cells and
the microenvironment (107). Exosome microRNAs are highly
abundant in exosomes and are associated with immunoregulation,
chemotherapy resistance, and metastasis of various tumor types
(108). The influence of exosome microRNA on the liver
microenvironment and its role in GC-LM are significant. Some
researchers have found that miRNAs account for about 43% of the
RNA in exosomes, and play an important role in the biological
regulation function of exosomes. Exosome miRNA has also been
proven to participate in organ-specific metastasis of various cancers,
including lung cancer, breast cancer, pancreatic cancer, and
melanoma, by reshaping the target organ microenvironment (109).
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TABLE 2 Exosomes as diagnostic and prognostic biomarkers in
liver cancer.

Exosomal Method Clinical Reference
Cargos significance
Exosomal By comparing the EV proteins can (90)
proteins proteomic profiles of be used as
(VCAN, TNC,  tumor tissue and reliable
THBS2, plasma-derived EVs, biomarkers for
PD-L1) the cancer-specific cancer detection
protein signatures of and diagnosis of
EVs can be identified cancer types
miRNA (miR- = The levels of different Different (96-98)
21, miRNA- miRNAs within miRNAs of
373, miR- exosomes are exosomes have
1290, miR-19 associated with been detected as
a, miR-221, different cancer cells biomarkers in
miR-122- 5 p) the plasma of
cancer patients.
IncRNA IncRNAs are selectively | IncRNA can be (91, 99)
(IncRNA-ATB, = sorted into used as a
IncRNA-UCA | cancer exosomes potential
1, HOTTIP) diagnostic
biomarker for
liver cancer
circRNA circRNA can be circRNA can be (100)
identified at levels used as a
in exosomes potential
diagnostic
biomarker for
liver cancer
dsDNA Double-stranded DNA dsDNA can be

(dsDNA) is
characterized in tumor-
derived exosomes

used as a
potential
diagnostic
biomarker for
liver cancer

TABLE 3 Exosomes-based biomarkers of liver cancer were directly
compared with traditional biomarkers such as AFP.

Biomarkers

Exosome-
based
biomarkers

AFP

Advantages

High sensitivity and
specificity for early
HCC detection

Real-time tumor
dynamics
were reflected

It is possible to
monitor
treatment response

Widely available

Mature and
cost-effective
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Limitations

Lack of
standardization of
isolation and
detection methods

Differences in
exosome content
between patients

The sensitivity is
low, especially for
early HCC

False positive
rates are high,
especially in
patients with
liver disease

Reference

(92, 102, 103)

(104-106)

10.3389/fimmu.2024.1473030

Exosome microRNA has been applied in the clinical treatment
of autoimmune diseases. A related study shows that the exosomal
microRNA released by Tlymphocytes in rodents and humans can
transfer to beta cells in an active form, leading to beta cell apoptosis
(110). According to recent research findings, exosomes can promote
cancer progression by mediating miRNA communication between
tumor cells and surrounding cells, thereby affecting tumor
angiogenesis. In addition, detecting circulating exosomal miRNA
in serum for cancer diagnosis has been proven to be a
reliable method.

Exosomal miRNAs are heavily implicated in HCC’s progression
by regulating gene expression in recipient cells. For example, miR-21
in HCC-derived exosomes is known to facilitate tumor progression
by transforming hepatic stellate cells into CAFs, which then promote
tumor growth and metastasis (86). Another significant miRNA, miR-
122, a liver-specific miRNA, is under-expressed in HCC exosomes.
Restoring its expression has been shown to suppress tumor growth by
regulating metabolic pathways, such as the Warburg effect, and
inhibiting the PI3K/Akt pathway (111).

Combining the above review, microRNA provides diagnostic
biomarkers and valuable therapeutic targets, which can serve as
potential diagnostic or prognostic biomarkers in the tumor
microenvironment and have great potential (112) (Figure 3).

11 Exosomal proteins

Exosome proteins are proteins that are packed inside or embedded
on the surface of exosome membranes, and are an extremely important
exosome transport protein (7). Exosome proteins have become a
potential important source of biomarkers for observing exosome
production, targeted therapy, and cancer diagnosis and prediction.
Exosomal proteins also play a role in regulating the treatment of
tumor-related processes (113). Many experiments have demonstrated
that exosomal proteins play an important role in tumor therapy,
angiogenesis, epithelial-mesenchymal transformation, tumor
microenvironment and drug resistance research. However, the
interaction mechanism between exosomal proteins and
hepatocellular carcinoma therapy is rarely studied (114).

Exosomal proteins consist of various types, including MHC,
tetraspanins, various enzymes, glycoproteins, as well as a range of
ligands and receptors (21). These exosomal proteins provide
sufficient diagnostic, monitoring and prognostic information for
the treatment of liver cancer (115). Arbelaiz et al. compared the
protein levels in exosomes from liver cancer patients and healthy
cohorts in the study and found that exosomal G3 BP can better
diagnose liver cancer and differentiate it from other liver diseases.
Fu et al. reported in their study that SMAD 3 protein is present in
exosomes derived from liver cancer cells and is positively correlated
with the pathological grade of liver cancer. Wang et al. reported in
their study that the level of 14-3-3 protein in exosomes derived from
liver cancer cells increases, and 14-3-3 protein can weaken the anti-
tumor activity of T cells.

Exosomal proteins play a critical role in intercellular
communication and remodeling the tumor microenvironment.
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Different exosomal mirnas (such as miR-21, miR-221, miR-155, and miR-16) regulate the growth, survival, migration, and immune escape mechanism
of hepatocellular carcinoma cells through three major signaling pathways (PI3K/AKT, JAK/STAT, and Wnt/B-catenin):PI3K/AKT pathway: By inhibiting
PTEN, activation of the PI3K/AKT pathway further activates mTOR signaling, thereby enhancing cell survival, proliferation, and leading to anti-
apoptotic properties. JAK/STAT pathway: By inhibiting SOCS1, the JAK/STAT signaling pathway is activated to promote inflammatory response and
cell proliferation, while inhibiting immune function. Wnt/B-catenin pathway: by inhibiting GSK-3p and stabilizing B-catenin, it enhances cell migration

and proliferation.

For instance, proteins like HSP70 and EGFR are highly expressed in
HCC-derived exosomes, promoting cancer cell migration and
invasion (116, 117). These proteins also contribute to the
development of drug resistance by altering the surrounding
stroma, making them key players in HCC progression and
therapeutic resistance.

The most important role of exosome proteins in cancer
treatment is drug delivery. By engineering the surface proteins of
exosomes, drugs and therapeutic agents can be directly packaged
into exosomes, thereby achieving higher efficiency (118). Xu et al.
evaluated in their paper that the immune function of exosomes may
make them specific drug delivery tools or vaccines for cancer
immunotherapy (119). In summary, exosome proteins play a key
role as biomarkers in the prediction and diagnosis of various
cancers, can be used as drug delivery carriers to selectively deliver
drugs to designated cell receptors, and have good potential
applications in these areas. However, the knowledge of the
functions and applications of exosome proteins is still limited.

12 Exosomal IncRNA

There are already some long non-coding RNAs (IncRNAs) that
have been evaluated as playing important roles in the carcinogenesis
and progression of liver cancer. The exosomes carrying IncRNAs
from HCC cells have been identified as key mediators for the
treatment of HCC (120). IncRNA H19, transferred via exosomes,
enhances the invasiveness of HCC cells by interacting with miRNAs
and influencing the tumor microenvironment (121). Similarly,
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IncRNA TUC339 promotes the proliferation and migration of
HCC cells by modulating various signaling pathways (122).

Wang et al. found in their study that a novel IncRNA was
overexpressed in hepatocellular carcinoma by using qRT-PCR and
fluorescence in situ hybridization, and it was positively correlated with
the predictive index of cancer, thus being a novel oncogenic IncRNA
(123). Furthermore, M. Xu et al. confirmed in their experiment that
incMMPA (an IncRNA) could regulate the tumor of HCC through
immunohistochemical analysis and fluorescence, and it could
increase the proliferation of HCC cells by interacting with miR-548
s in vivo (124). H. Cha et al, in their study, also evaluated a novel
regulatory factor that modulates hepatocarcinogenesis through
IncRNA-HEIH, which may serve as a potential therapeutic target
for hepatocellular carcinoma (125). In summary, IncRNAs from
exosomes have great potential for the proliferation of hepatocellular
carcinoma and its treatment, and can be used as a key mediator for
the treatment of liver cancer.

13 Exosomal lipids

The exosomal lipids refer to the biologically active lipids carried
by exosomes, which have great potential to be used as liver delivery
vehicles and cancer agents targets. Exosomal lipids contribute to
both the structural stability of exosomes and the regulation of
metabolic processes in recipient cells. Lipids like sphingomyelin and
cholesterol are known to facilitate communication between HCC
cells and are implicated in drug resistance mechanisms. By
influencing metabolic pathways, exosomal lipids could offer new
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biomarkers for early detection and therapeutic targets (126). Both
artificially synthesized liposomes and naturally derived exosomal
lipids are ideal drug delivery carriers (127). In addition, exosomal
lipids have good functionalities in targeted therapy and natural
affinity to liver cells (128). Some studies have evaluated the above
functions of exosomal lipids.

Tabernero and colleagues first achieved liver cancer targeted
therapy by using exosomal lipids as drug delivery carriers in phase
I studies. Some researchers evaluated in the experiment the ability of
exosomal lipids loaded with miR-375 and sorafenib to inhibit
autophagy process and reduce tumor burden to achieve high
efficiency and stability in treatment (129). Woitok et al. delivered
exosomal lipids loaded with siRNA targeting Jnk 2 to mice with
chronic liver disease, showing a reduction in precancerous nodules in
liver cells and a benign shift in the cancer microenvironment (130).

In conclusion, exosomal cargo, including micrornas, proteins,
Incrnas, and lipids, plays a multifaceted role in HCC biology and
progression. Exosomal micrornas contribute to immune regulation,
chemotherapy resistance and metastasis in regulating gene
expression. For example, miR-21 and miR-122 affect HCC growth
and tumor microenvironment (86, 111). Exosomal proteins such as
HSP70 and EGFR are involved in cancer cell migration, invasion
and drug resistance, and can be used as potential biomarkers for
diagnosis and targeted drug delivery (116, 117). Exosomal Incrnas,
such as H19 and TUC339, enhance HCC cell invasiveness and
proliferation by interacting with mirnas and altering signaling
pathways (122). Finally, exosome lipids contribute to the
structural stability of exosomes and regulate the metabolic
processes of recipient cells, which are promising targets for drug
delivery and liver-specific therapy. Collectively, these exosome
components provide a dynamic network that influences HCC
progression, providing potential diagnostic biomarkers and
therapeutic targets (126).

14 The role of exosomes in liver
cancer therapy

In the treatment of liver cancer, exosomes are used to deliver
RNA complexes of viruses to liver cells, which are then used by T
cells to suppress immune responses. And exosomes can be used as
independent tumor markers in the assessment of HCC staging,
efficacy, and prognosis. Therefore, exosomes play a key role in the
occurrence, diagnosis, and treatment of HCC and have broad
clinical applications (131).

Some researchers have shown that exosomes can affect the
growth and metastasis of liver cancer cells by secreting substances
for regulation (3). Additionally, some researchers have found that,
in addition to liver cancer cells, other cells can also secrete exosomes
to promote the growth of liver cancer cells and reduce DNA
damage (132).

Camel milk exosomes show therapeutic potential, particularly
in slowing breast cancer progression by inducing apoptosis and
reducing oxidative stress, inflammation, and metastasis, with local
injection proving more effective than oral use.They also enhance the

Frontiers in Immunology

10

10.3389/fimmu.2024.1473030

effects of tamoxifen in chemotherapy and, when combined with
chitosan nanoparticles and sorafenib, significantly reduce tumor
burden in cancer models. Additionally, camel milk proteins exhibit
immunomodulatory and antioxidant properties (15, 133-138).
Curcumin and ginger-derived exosomes reduce inflammatory
cytokines in the tumor microenvironment, suppressing cancer
progression (57). In the treatment of liver cancer, Tcm-derived
exosomes can inhibit cell proliferation by regulating cell cycle and
inducing apoptosis, anti-inflammation by inhibiting pro-
inflammatory cytokines and regulating immune response, anti-
oxidation by scavenging free radicals and regulating antioxidant
enzyme activity, and reducing liver fibrosis by inhibiting hepatic
stellate cell activation and regulating extracellular matrix
metabolism (139-142).

Therefore, using exosomes to trigger anti-tumor immunity has
become a promising therapeutic strategy (142). Exosomes play a key
role in the occurrence, diagnosis, and treatment of hepatocellular
carcinoma, and many of its substances, such as mRNA, can serve as
new biomarkers, laying a foundation for subsequent research and
clinical applications.

14.1 Exosome-based immunotherapy

Some studies have concluded that exosomes play a regulatory
role in the immune response. The substance that exerts an
inhibitory effect is TDE, which is mainly found in exosomes. TDE
has been shown to have immunosuppressive effects and promote
tumor growth (143). Zhi et al. explained in their research paper that
exosomes derived from tumor cells, dendritic cells, B lymphocytes,
T lymphocytes, and natural killer cells have immune stimulating
and inhibitory effects in the immune response (119). Furthermore,
exosome-based immunotherapy has been applied to animal models
in previous studies. Because exosomes have the ability to carry
various immune-suppressive signals, they have great potential as
cancer biomarkers (144). Another study shows that the
accumulation of PD-LI1 on exosomes can be used as a predictive
factor for the effectiveness of NSCLC immunotherapy, conveying
diagnostic and prognostic information (145). The above studies
have shown that exosomes can be used as biomarkers through many
different components and have great potential for immune
response, but there are still some problems that need to be solved
(Figure 4).

14.2 Exosomes serve as anticancer drug
delivery carriers

In clinical treatment, the therapeutic effect of anti-cancer drugs
is limited by the properties of the drugs themselves, such as poor
solubility and short half-life, the limitations of drug transport and
action pathways, leading to cancer cell resistance and significant
local and systemic toxicity, resulting in unsatisfactory treatment
effects (146).

Researchers have tested various formulations to address these
clinical challenges, and although these formulations have shown
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different promise in clinical trials, they all have limitations (147).
More and more researchers and research results show that
exosomes are a promising drug delivery vehicle with natural
advantages. So researchers have turned their attention to
exosomes (148).

Many studies have evaluated the advantages of exosomes as
drug delivery vehicles. First, Schindler et al. concluded in their study
that exosomes are able to enter cells and internalize and distribute
drugs faster than general drug carriers. They also found that
exosomes have the highest intracellular accumulation and
cytotoxicity in tumor cells compared to other formulations. In the
process of drug transportation, exosomes selectively deliver drugs to
cancer cells, with the least toxicity to normal cells (149). The various
properties of exosomes support their application in anti-cancer
therapy. Kim et al. used exosomes as a drug carrier for
immunosuppressive treatment in their study and evaluated the
treatment effect. The results showed that tumor growth was
completely inhibited without significant side effects (150).
Additionally, exosomes can be customized as precise carriers
targeting tumor cells, providing new possibilities for cancer
treatment (151). However, exosomes are prone to degradation
and aggregation during isolation, storage, and drug delivery,
which can impair their integrity and therapeutic efficacy.
Therefore, it is essential to develop the best storage conditions
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and preservation methods, such as freeze-drying and
cryopreservation. However, these techniques may alter the
exosome membrane or affect the cargo release curve, so further
studies are needed to maintain stability without compromising
function (152). Exosomes are prone to degradation and
aggregation during isolation, storage, and drug administration,
which can compromise their integrity and therapeutic efficacy
However, there are challenges in ensuring the safety and targeting
specificity of exosomes. For example, while Mir-210-loaded
exosomes show promise in reducing ischemia-reperfusion injury,
there is still concern about off-target effects when exosomes are
administered systemically (53). Exosomes can be taken up by non-
target cells due to their inherent ability to fuse with various cell
types, leading to unintended delivery of therapeutics and possible
side effects (153, 154).

By modifying the surface of exosomes, researchers aim to
enhance their ability to deliver therapeutic agents directly to
tumor cells, minimizing oft-target effects. One strategy involves
the use of ligand-receptor interactions; for example, exosomes
can be engineered to express ligands or antibodies on their
surface that specifically bind to receptors overexpressed on
HCC cells (155). Another approach includes the insertion of
peptides or aptamers on the exosomal membrane to increase
binding affinity to target cells (156).
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The dual mechanism of exosomes in tumor immune response. The mechanism of anti-tumor immune response involves the binding of specific new
antigens such as HSP70 and MART1 to the extracellular matrix of the tumor by the extracellular matrix outside the tumor, which is then presented to
dendritic cells (DC) or directly stimulated by T cells. These extracellular matrices not only promote the expression enhancement of CD80, CD86 and
MHC-II on the surface of dendritic cells, thereby effectively activating CD4+ T cells, but also activate DC and CD8+ T cells directly through the
exosomal DNA they carry. Furthermore, tumor extracellular matrices induce the activation of natural killer cells and macrophages by releasing heat
shock protein 70, thereby enhancing the anti-tumor immune response. In particular, dendritic cells release exosomes containing antigens and MHC-
| complexes, which are crucial for activating cytotoxic T cells and help suppress the growth and spread of tumors. However, tumor extracellular
matrices also exhibit pro-tumor effects in the immune system. They weaken the immune system’s ability to strike at the tumor by suppressing the
function of dendritic cells, T cells, and natural killer cells, while increasing the number of myeloid-derived suppressor cells (MDSCs) and Tregs. In
addition, tumor extracellular matrices carry PD-L1 molecules from tumor cells and transfer them to dendritic cells or macrophages, further blocking
T cell activation and function, providing favorable conditions for the growth and spread of tumors. This dual action mechanism reflects the
complexity of the tumor exosome in the tumor immune response and provides a new perspective and strategy for tumor immunotherapy.
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Combining exosome-based drug delivery with existing
therapeutic modalities, such as chemotherapy, radiotherapy, and
immunotherapy, has shown promising results. For instance,
exosomes loaded with chemotherapeutic agents, like doxorubicin,
can be combined with immune checkpoint inhibitors to enhance
the anti-tumor immune response and improve therapeutic
outcomes (157). An innovative strategy involves loading
exosomes with specific therapeutic agents such as siRNA,
miRNA, and CRISPR-Cas9 components to target oncogenic
pathways in HCC cells. By using electroporation or chemical
transfection methods, these genetic materials can be efficiently
loaded into exosomes and delivered to target cells (158).

Although many researchers have conducted extensive and detailed
studies to prove that exosomes have great potential as drug carriers in
liver cancer treatment, there are still some problems in terms of
technology, function, and safety that need to be solved. Therefore,
more research is needed to find solutions to these problems.

15 Conclusion

In summary, the application of exosomes in liver cancer has
attracted much attention in the field of tumor therapy. Exosomes can
deliver drugs to target organs and cells in the body more efficiently by
encasing drugs in exosomes, thereby reducing side effects and
enhancing therapeutic effectiveness. In this paper, we review that
exosomes play a multifaceted role in regulating cancer growth,
including promoting tumor proliferation, angiogenesis, immune
evasion, and drug resistance, actions that together provide favorable
conditions for cancer growth and spread. Therefore, the study of
exosomes is of great significance for revealing the pathogenesis of
cancer and developing new therapeutic strategies.

In addition, cell-derived exosomes can be used to estimate
biomarkers for various cancer diagnoses, predictions, therapeutic
efficacy, and outcomes. Exosomal RNA, DNA, proteins, lipids and
other substances provide valuable therapeutic targets for the
treatment of hepatocellular carcinoma and serve as potential
diagnostic or prognostic biomarkers in the microenvironment of
liver cancer. However, the current understanding of the function
and application of exosomal proteins is still limited. Exosomes still
have some technical, functional and safety issues that need to be
addressed. Firstly, the development of more reliable and efficient
exosome isolation techniques is the key to ensure high purity and
yield, which is essential for basic research and clinical translation.
Secondly, exploring the heterogeneity of exosomes is crucial to fully
understand their different roles in liver cancer and to exploit this
diversity to obtain treatment. Finally, the clinical translation of
exosome-based therapies needs to be rigorously validated in human
trials to address issues of safety, efficacy, and scalability.

References

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer ] Clin.
(2024) 74:12-49. doi: 10.3322/caac.21820

Frontiers in Immunology

10.3389/fimmu.2024.1473030

Despite these challenges, the prospect of using exosomes for the
treatment of liver cell tumors is still very promising. As technology
continues to advance, these challenges will be overcome one by one,
and exosomes will become an important tool for tumor treatment.
It is believed that exosomes will be widely used in the treatment of
liver cancer in the future.

Author contributions

YZ: Writing - original draft, Writing - review & editing. CZ:
Writing - original draft, Writing - review & editing, Conceptualization,
Funding acquisition, Project administration, Supervision. NW:
Conceptualization, Formal analysis, Supervision, Project
administration, Writing - review & editing. YF: Conceptualization,
Supervision, Validation, Writing - review & editing. JW: Writing -
original draft, Writing — review & editing. LM: Conceptualization,
Formal analysis, Methodology, Supervision, Writing - review &
editing. YC: Conceptualization, Formal analysis, Methodology,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Natural Science Foundation of China (grant
no. 82204900), the Key Technologies R&D Program of Henan
province (grant no. 232102311190) and the HSRP-DFCTCM-
2023 (grant no. 15102046-2023).

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.

2. Wang Y, Wang W, Liu K, Liu Y, Shen X, Li Q, et al. The mechanism of Xihuang
pills’ intervention in the tumour immune microenvironment for the treatment of liver

frontiersin.org


https://doi.org/10.3322/caac.21820
https://doi.org/10.3389/fimmu.2024.1473030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

cancer based on the STAT3-PDL1 pathway. ] Ethnopharmacol. (2024) 331:118278.
doi: 10.1016/j.jep.2024.118278

3. ChenR,XuX, Tao Y, Qian Z, Yu Y. Exosomes in hepatocellular carcinoma: a new
horizon. Cell Commun Signal. (2019) 17:1. doi: 10.1186/s12964-018-0315-1

4. Tian Z, Hu Q, Sun Z, Wang N, He H, Tang Z, et al. A booster for radiofrequency
ablation: advanced adjuvant therapy via in situ nanovaccine synergized with anti-
programmed death ligand 1 immunotherapy for systemically constraining hepatocellular
carcinoma. ACS Nano. (2023) 17:19441-58. doi: 10.1021/acsnano.3c08064

5. Singal AG, Llovet JM, Yarchoan M, Mehta N, Heimbach JK, Dawson LA, et al.
AASLD Practice Guidance on prevention, diagnosis, and treatment of hepatocellular
carcinoma. Hepatology. (2023) 78:1922-65. doi: 10.1097/HEP.0000000000000466

6. ZhouX, Jia Y, Mao C, Liu S. Small extracellular vesicles: Non-negligible vesicles in
tumor progression, diagnosis, and therapy. Cancer Lett. (2024) 580:216481.
doi: 10.1016/j.canlet.2023.216481

7. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. (2020) 367:1-11. doi: 10.1126/science.aau6977

8. Munoz-Hernandez R, Rojas A, Gato S, Gallego J, Gil-Gomez A, Castro MJ, et al.
Extracellular vesicles as biomarkers in liver disease. Int ] Mol Sci. (2022) 23:1-14.
doi: 10.3390/ijms232416217

9. Mallela VR, Rajtmajerova M, Trailin A, Liska V, Hemminki K, Ambrozkiewicz F.
miRNA and IncRNA as potential tissue biomarkers in hepatocellular carcinoma.
Noncoding RNA Res. (2024) 9:24-32. doi: 10.1016/j.ncrna.2023.10.010

10. Balaphas A, Meyer ], Sadoul R, Morel P, Gonelle-Gispert C, Biihler LH.
Extracellular vesicles: Future diagnostic and therapeutic tools for liver disease and
regeneration. Liver Int. (2019) 39:1801-17. doi: 10.1111/liv.v39.10

11. Jo H, Shim K, Jeoung D. Exosomes: diagnostic and therapeutic implications in
cancer. Pharmaceutics. (2023) 15:1-17. doi: 10.3390/pharmaceutics15051465

12. Han QF, Li WJ, Hu KS, Gao J, Zhai WL, Yang JH, et al. Exosome biogenesis:
machinery, regulation, and therapeutic implications in cancer. Mol Cancer. (2022)
21:207. doi: 10.1186/s12943-022-01671-0

13. Zhang H, Wang S, Sun M, Cui Y, Xing J, Teng L, et al. Exosomes as smart drug
delivery vehicles for cancer immunotherapy. Front Immunol. (2022) 13:1093607.
doi: 10.3389/fimmu.2022.1093607

14. Alzahrani FA, El-Magd MA, Abdelfattah-Hassan A, Saleh AA, Saadeldin IM, El-
Shetry ES, et al. Potential effect of exosomes derived from cancer stem cells and MSCs
on progression of DEN-induced HCC in rats. Stem Cells Int. (2018) 2018:8058979.
doi: 10.1155/2018/8058979

15. Zahran R, Ghozy A, Elkholy SS, El-Taweel F, El-Magd MA. Combination
therapy with melatonin, stem cells and extracellular vesicles is effective in limiting
renal ischemia-reperfusion injury in a rat model. Int J Urol. (2020) 27:1039-49.
doi: 10.1111/iju.v27.11

16. Ghaemmaghami AB, Mahjoubin-Tehran M, Movahedpour A, Morshedi K,
Sheida A, et al. Role of exosomes in Malignant glioma: microRNAs and proteins in
pathogenesis and diagnosis. Cell Commun Signal. (2020) 18:120. doi: 10.1186/s12964-
020-00623-9

17. Xie X, Xiong Y, Panayi AC, Hu L, Zhou W, Xue H, et al. Exosomes as a novel
approach to reverse osteoporosis: A review of the literature. Front Bioeng Biotechnol.
(2020) 8:594247. doi: 10.3389/fbioe.2020.594247

18. Khatami SH, Karami N, Taheri-Anganeh M, Taghvimi S, Tondro G, Khorsand
M, et al. Exosomes: promising delivery tools for overcoming blood-brain barrier and
glioblastoma therapy. Mol Neurobiol. (2023) 60:4659-78. doi: 10.1007/s12035-023-
03365-0

19. Moghassemi S, Dadashzadeh A, Sousa MJ, Vlieghe H, Yang ], Leon-Félix CM,
et al. Extracellular vesicles in nanomedicine and regenerative medicine: A review over
the last decade. Bioact Mater. (2024) 36:126-56. doi: 10.1016/j.bioactmat.2024.02.021

20. Krylova SV, Feng D. The machinery of exosomes: biogenesis, release, and
uptake. Int J Mol Sci. (2023) 24:1-10. doi: 10.3390/ijms24021337

21. Wang X, Huang J, Chen W, Li G, Li Z, Lei ], et al. The updated role of exosomal
proteins in the diagnosis, prognosis, and treatment of cancer. Exp Mol Med. (2022)
54:1390-400. doi: 10.1038/s12276-022-00855-4

22. Sorop A, Constantinescu D, Cojocaru F, Dinischiotu A, Cucu D, Dima SO.
Exosomal microRNAs as biomarkers and therapeutic targets for hepatocellular
carcinoma. Int ] Mol Sci. (2021) 22:1-15. doi: 10.3390/ijms22094997

23. Willms E, Cabafias C, Miager I, Wood MJA, Vader P. Extracellular vesicle
heterogeneity: subpopulations, isolation techniques, and diverse functions in cancer
progression. Front Immunol. (2018) 9:738. doi: 10.3389/fimmu.2018.00738

24. Gurunathan S, Kang MH, Qasim M, Khan K, Kim JH. Biogenesis, membrane
trafficking, functions, and next generation nanotherapeutics medicine of extracellular
vesicles. Int ] Nanomedicine. (2021) 16:3357-83. doi: 10.2147/IJN.S310357

25. Park SH, Lee EK, Yim ], Lee MH, Lee E, Lee YS, et al. Exosomes: nomenclature,
isolation, and biological roles in liver diseases. Biomol Ther (Seoul). (2023) 31:253-63.
doi: 10.4062/biomolther.2022.161

26. Kawano K, Kuzuma Y, Yoshio K, Hosokawa K, Oosugi Y, Fujiwara T, et al.
Extracellular-vesicle catch-and-release isolation system using a net-charge invertible
curvature-sensing peptide. Anal Chem. (2024) 96:3754-62. doi: 10.1021/
acs.analchem.3c03756

Frontiers in Immunology

13

10.3389/fimmu.2024.1473030

27. Iannotta D, A A, Lai A, Nair S, Koifman N, Lappas M, et al. Chemically-induced
lipoprotein breakdown for improved extracellular vesicle purification. Small. (2023):
€2307240. doi: 10.1002/smll.202307240

28. Lai JJ, Chau ZL, Chen SY, Hill JJ, Korpany KV, Liang NW, et al. Exosome
processing and characterization approaches for research and technology development.
Adv Sci (Weinh). (2022) 9:¢2103222. doi: 10.1002/advs.202103222

29. Suzuki K, Nakano M, Nakashima S, Fukami T, Nakajima M. Activation of
inflammation by MCF-7 cells-derived small extracellular vesicles (sEV): comparison of
three different isolation methods of SEV. Pharm Res. (2023) 40:863-71. doi: 10.1007/
§11095-022-03368-x

30. Gorgzadeh A, Nazari A, Ali Ehsan Ismaeel A, Safarzadeh D, Hassan JAK,
Mohammadzadehsaliani S, et al. A state-of-the-art review of the recent advances in
exosome isolation and detection methods in viral infection. Virol J. (2024) 21:34.
doi: 10.1186/s12985-024-02301-5

31. Zhang H, Lyden D. Asymmetric-flow field-flow fractionation technology for
exomere and small extracellular vesicle separation and characterization. Nat Protoc.
(2019) 14:1027-53. doi: 10.1038/541596-019-0126-x

32. Liu WZ, Ma ZJ], Kang XW. Current status and outlook of advances in exosome
isolation. Anal Bioanal Chem. (2022) 414:7123-41. doi: 10.1007/s00216-022-04253-7

33. Seo K, Yoo JH, Kim ], Min SJ, Heo DN, Kwon IK, et al. Ginseng-derived
exosome-like nanovesicles extracted by sucrose gradient ultracentrifugation to inhibit
osteoclast differentiation. Nanoscale. (2023) 15:5798-808. doi: 10.1039/D2NR07018A

34. Abhange K, Makler A, Wen Y, Ramnauth N, Mao W, Asghar W, et al. Small
extracellular vesicles in cancer. Bioact Mater. (2021) 6:3705-43. doi: 10.1016/
j.bioactmat.2021.03.015

35. Roseborough AD, Myers SJ, Khazaee R, Zhu Y, Zhao L, Iorio E, et al. Plasma
derived extracellular vesicle biomarkers of microglia activation in an experimental
stroke model. ] Neuroinflamm. (2023) 20:20. doi: 10.1186/s12974-023-02708-x

36. Krivitsky V, Krivitsky A, Mantella V, Ben-Yehuda Greenwald M, Sankar DS,
Betschmann J, et al. Ultrafast and controlled capturing, loading, and release of
extracellular vesicles by a portable microstructured electrochemical fluidic device.
Adv Mater. (2023) 35:€2212000. doi: 10.1002/adma.202212000

37. Shirejini SZ, Inci F. The Yin and Yang of exosome isolation methods:
conventional practice, microfluidics, and commercial kits. Biotechnol Adv. (2022)
54:107814. doi: 10.1016/j.biotechadv.2021.107814

38. Dash M, Palaniyandi K, Ramalingam S, Sahabudeen S, Raja NS. Exosomes
isolated from two different cell lines using three different isolation techniques show
variation in physical and molecular characteristics. Biochim Biophys Acta Biomembr.
(2021) 1863:183490. doi: 10.1016/j.bbamem.2020.183490

39. Nooshabadi VT, Khanmohammadi M, Shafei S, Banafshe HR, Malekshahi ZV,
Ebrahimi-Barough S, et al. Impact of atorvastatin loaded exosome as an anti-
glioblastoma carrier to induce apoptosis of U87 cancer cells in 3D culture model.
Biochem Biophys Rep. (2020) 23:100792. doi: 10.1016/j.bbrep.2020.100792

40. Bachurski D, Schuldner M, Nguyen PH, Malz A, Reiners KS, Grenzi PC, et al.
Extracellular vesicle measurements with nanoparticle tracking analysis - An accuracy
and repeatability comparison between NanoSight NS300 and ZetaView. ] Extracell
Vesicles. (2019) 8:1596016. doi: 10.1080/20013078.2019.1596016

41. Misra R, Fung G, Sharma S, Hu J, Kirkitadze M. Assessment of tunable resistive
pulse sensing (TRPS) technology for particle size distribution in vaccine formulations -
A comparative study with dynamic light scattering. Pharm Res. (2024) 2024:1-8.
doi: 10.1007/s11095-024-03698-y

42. Luo HT, Zheng YY, Tang J, Shao L], Mao YH, Yang W, et al. Dissecting the
multi-omics atlas of the exosomes released by human lung adenocarcinoma stem-like
cells. NPJ Genom Med. (2021) 6:48. doi: 10.1038/s41525-021-00217-5

43. Roux Q, Van Deun J, Dedeyne S, Hendrix A. The EV-TRACK summary add-on:
integration of experimental information in databases to ensure comprehensive
interpretation of biological knowledge on extracellular vesicles. J Extracell Vesicles.
(2020) 9:1699367. doi: 10.1080/20013078.2019.1699367

44. Hwang SM, Oh I, Kwon SR, Lee JS, Seong MW. Comparison of measurable
residual disease in pediatric B-lymphoblastic leukemia using multiparametric flow
cytometry and next-generation sequencing. Ann Lab Med. (2024) 44:354-8.
doi: 10.3343/alm.2023.0412

45. Li X, Ramadori P, Pfister D, Seehawer M, Zender L, Heikenwalder M. The
immunological and metabolic landscape in primary and metastatic liver cancer. Nat
Rev Cancer. (2021) 21:541-57. doi: 10.1038/s41568-021-00383-9

46. Tian XP, Wang CY, Jin XH, Li M, Wang FW, Huang WJ, et al. Acidic
Microenvironment Up-Regulates Exosomal miR-21 and miR-10b in Early-Stage
Hepatocellular Carcinoma to Promote Cancer Cell Proliferation and Metastasis.
Theranostics. (2019) 9:1965-79. doi: 10.7150/thno.30958

47. Wang WT, Jin WL, Li X. Intercellular communication in the tumour
microecosystem: Mediators and therapeutic approaches for hepatocellular
carcinoma. Biochim Biophys Acta Mol Basis Dis. (2022) 1868:166528. doi: 10.1016/
j.bbadis.2022.166528

48. Yin X, Tian M, Zhang J, Tang W, Feng L, Li Z, et al. MiR-26b-5p in small
extracellular vesicles derived from dying tumor cells after irradiation enhances the
metastasis promoting microenvironment in esophageal squamous cell carcinoma.
Cancer Lett. (2022) 541:215746. doi: 10.1016/j.canlet.2022.215746

frontiersin.org


https://doi.org/10.1016/j.jep.2024.118278
https://doi.org/10.1186/s12964-018-0315-1
https://doi.org/10.1021/acsnano.3c08064
https://doi.org/10.1097/HEP.0000000000000466
https://doi.org/10.1016/j.canlet.2023.216481
https://doi.org/10.1126/science.aau6977
https://doi.org/10.3390/ijms232416217
https://doi.org/10.1016/j.ncrna.2023.10.010
https://doi.org/10.1111/liv.v39.10
https://doi.org/10.3390/pharmaceutics15051465
https://doi.org/10.1186/s12943-022-01671-0
https://doi.org/10.3389/fimmu.2022.1093607
https://doi.org/10.1155/2018/8058979
https://doi.org/10.1111/iju.v27.11
https://doi.org/10.1186/s12964-020-00623-9
https://doi.org/10.1186/s12964-020-00623-9
https://doi.org/10.3389/fbioe.2020.594247
https://doi.org/10.1007/s12035-023-03365-0
https://doi.org/10.1007/s12035-023-03365-0
https://doi.org/10.1016/j.bioactmat.2024.02.021
https://doi.org/10.3390/ijms24021337
https://doi.org/10.1038/s12276-022-00855-4
https://doi.org/10.3390/ijms22094997
https://doi.org/10.3389/fimmu.2018.00738
https://doi.org/10.2147/IJN.S310357
https://doi.org/10.4062/biomolther.2022.161
https://doi.org/10.1021/acs.analchem.3c03756
https://doi.org/10.1021/acs.analchem.3c03756
https://doi.org/10.1002/smll.202307240
https://doi.org/10.1002/advs.202103222
https://doi.org/10.1007/s11095-022-03368-x
https://doi.org/10.1007/s11095-022-03368-x
https://doi.org/10.1186/s12985-024-02301-5
https://doi.org/10.1038/s41596-019-0126-x
https://doi.org/10.1007/s00216-022-04253-7
https://doi.org/10.1039/D2NR07018A
https://doi.org/10.1016/j.bioactmat.2021.03.015
https://doi.org/10.1016/j.bioactmat.2021.03.015
https://doi.org/10.1186/s12974-023-02708-x
https://doi.org/10.1002/adma.202212000
https://doi.org/10.1016/j.biotechadv.2021.107814
https://doi.org/10.1016/j.bbamem.2020.183490
https://doi.org/10.1016/j.bbrep.2020.100792
https://doi.org/10.1080/20013078.2019.1596016
https://doi.org/10.1007/s11095-024-03698-y
https://doi.org/10.1038/s41525-021-00217-5
https://doi.org/10.1080/20013078.2019.1699367
https://doi.org/10.3343/alm.2023.0412
https://doi.org/10.1038/s41568-021-00383-9
https://doi.org/10.7150/thno.30958
https://doi.org/10.1016/j.bbadis.2022.166528
https://doi.org/10.1016/j.bbadis.2022.166528
https://doi.org/10.1016/j.canlet.2022.215746
https://doi.org/10.3389/fimmu.2024.1473030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

49. Li X, Li C, Zhang L, Wu M, Cao K, Jiang F, et al. The significance of exosomes in
the development and treatment of hepatocellular carcinoma. Mol Cancer. (2020) 19:1.
doi: 10.1186/512943-019-1085-0

50. Yang Z, Li X, Pan C, Li Y, Lin L, Jin Y, et al. A comprehensive study based on
exosome-related immunosuppression genes and tumor microenvironment in
hepatocellular carcinoma. BMC Cancer. (2022) 22:1344. doi: 10.1186/s12885-022-
10463-0

51. Jiang W, Shi X, Sun L, Zhang Y, Kong X, Yang X, et al. Exosomal miR-30a-5p
promoted intrahepatic cholangiocarcinoma progression by increasing angiogenesis and
vascular permeability in PDCD10 dependent manner. Int J Biol Sci. (2023) 19:4571-87.
doi: 10.7150/ijbs.83170

52. Yang X, Wu M, Kong X, Wang Y, Hu C, et al. Exosomal miR-3174 induced by
hypoxia promotes angiogenesis and metastasis of hepatocellular carcinoma by
inhibiting HIPK3. iScience. (2024) 27:108955. doi: 10.1016/j.is¢i.2024.108955

53. Zhang H, Wu ], Wu J, Fan Q, Zhou J, Wu J, et al. Exosome-mediated targeted
delivery of miR-210 for angiogenic therapy after cerebral ischemia in mice. J
Nanobiotechnology. (2019) 17:29. doi: 10.1186/s12951-019-0461-7

54. Olejarz W, Kubiak-Tomaszewska G, Chrzanowska A, Lorenc T. Exosomes in
angiogenesis and anti-angiogenic therapy in cancers. Int ] Mol Sci. (2020) 21:1-14.
doi: 10.3390/ijms21165840

55. Gregorius J, Wang C, Stambouli O, Hussner T, Qi Y, Tertel T, et al. Small
extracellular vesicles obtained from hypoxic mesenchymal stromal cells have unique
characteristics that promote cerebral angiogenesis, brain remodeling and neurological
recovery after focal cerebral ischemia in mice. Basic Res Cardiol. (2021) 116:40.
doi: 10.1007/s00395-021-00881-9

56. Yang Q, Li S, Ou H, Zhang Y, Zhu G, Li S, et al. Exosome-based delivery
strategies for tumor therapy: an update on modification, loading, and clinical
application. ] Nanobiotechnology. (2024) 22:41. doi: 10.1186/s12951-024-02298-7

57. 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

58. He Y, Sun MM, Zhang GG, Yang J, Chen KS, et al. Targeting PI3K/Akt signal
transduction for cancer therapy. Signal Transduction Targeted Ther. (2021) 6:425.
doi: 10.1038/541392-021-00828-5

59. Jia J, Zhou X, Chu Q. Mechanisms and therapeutic prospect of the JAK-STAT
signaling pathway in liver cancer. Mol Cell Biochem. (2024) 2024:1-11. doi: 10.1007/
s11010-024-04983-5

60. Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. PI3K/AKT/
mTOR signaling transduction pathway and targeted therapies in cancer. Mol Cancer.
(2023) 22:138. doi: 10.1186/s12943-023-01827-6

61. Zhang L, Jiao K, Liu Y, Xu G, Yang Z, Xiang L, et al. UBXNY inhibits the RNA
exosome function to promote T cell control of liver tumorigenesis. Hepatology. (2023)
2023:1-14. doi: 10.1097/HEP.0000000000000711

62. Zhao S, Mi Y, Guan B, Zheng B, Wei P, Gu Y, et al. Tumor-derived exosomal
miR-934 induces macrophage M2 polarization to promote liver metastasis of colorectal
cancer. ] Hematol Oncol. (2020) 13:156. doi: 10.1186/s13045-020-00991-2

63. HuJ, Liu WF, Zhang XY, Shi GM, Yang XR, Zhou KQ, et al. Synthetic miR-26a
mimics delivered by tumor exosomes repress hepatocellular carcinoma through
downregulating lymphoid enhancer factor 1. Hepatol Int. (2023) 17:1265-78.
doi: 10.1007/s12072-023-10527-8

64. Whiteside TL, Diergaarde B, Hong CS. Tumor-derived exosomes (TEX) and
their role in immuno-oncology. Int J Mol Sci. (2021) 22:1-11. doi: 10.3390/
ijms22126234

65. Suriyo T, Fuangthong M, Artpradit C, Ungtrakul T, Sricharunrat T, Taha F, et al.
Inhibition of T-cell-mediated immune response via the PD-1/PD-L1 axis in
cholangiocarcinoma cells. Eur | Pharmacol. (2021) 897:173960. doi: 10.1016/
j.ejphar.2021.173960

66. Xie F, Xu M, Lu J, Mao L, Wang S. The role of exosomal PD-L1 in tumor
progression and immunotherapy. Mol Cancer. (2019) 18:146. doi: 10.1186/s12943-019-
1074-3

67. LiY, Chen ZK, Duan X, Zhang HJ, Xiao BL, Wang KM, et al. Targeted inhibition
of tumor-derived exosomes as a novel therapeutic option for cancer. Exp Mol Med.
(2022) 54:1379-89. doi: 10.1038/s12276-022-00856-3

68. Lu T, Zhang Z, Zhang ], Pan X, Zhu X, Wang X, et al. CD73 in small extracellular
vesicles derived from HNSCC defines tumour-associated immunosuppression
mediated by macrophages in the microenvironment. J Extracell Vesicles. (2022) 11:
e12218. doi: 10.1002/jev2.12218

69. Huang L, He Q, Liu L, Huang J, Chang F. Correlation between exosomal PD-L1
and prognosis in patients with cancer: a systematic review and meta-analysis. Clin
Transl Oncol. (2024) 2024:1-9. doi: 10.1007/s12094-024-03620-3

70. TangY, Zhang P, Wang Y, Wang ], Su M, Wang Y, et al. The biogenesis, biology,
and clinical significance of exosomal PD-L1 in cancer. Front Immunol. (2020) 11:604.
doi: 10.3389/fimmu.2020.00604

71. Hao L, Li S, Deng J, Li N, Yu F, Jiang Z, et al. The current status and future of
PD-L1 in liver cancer. Front Immunol. (2023) 14:1323581. doi: 10.3389/
fimmu.2023.1323581

Frontiers in Immunology

14

10.3389/fimmu.2024.1473030

72. Wee I, Syn N, Sethi G, Goh BC, Wang L. Role of tumor-derived exosomes in
cancer metastasis. Biochim Biophys Acta Rev Cancer. (2019) 1871:12-9. doi: 10.1016/
j.bbcan.2018.10.004

73. Yin L, Liu X, Shao X, Feng T, Xu J, Wang Q, et al. The role of exosomes in lung
cancer metastasis and clinical applications: an updated review. J Transl Med. (2021)
19:312. doi: 10.1186/s12967-021-02985-1

74. Patel SA, Nilsson MB, Le X, Cascone T, Jain RK, Heymach JV. Molecular
mechanisms and future implications of VEGF/VEGEFR in cancer therapy. Clin Cancer
Res. (2023) 29:30-9. doi: 10.1158/1078-0432.CCR-22-1366

75. Gerlich W. Hepatitis B virus - an anaerobic organism? ] Hepatol. (2021) 75:16-8.
doi: 10.1016/j.jhep.2021.03.002

76. Haynes HR, Scott HL, Killick-Cole CL, Shaw G, Brend T, Hares KM, et al.
shRNA-mediated PPARa. knockdown in human glioma stem cells reduces in vitro
proliferation and inhibits orthotopic xenograft tumour growth. J Pathol. (2019)
247:422-34. doi: 10.1002/path.2019.247.issue-4

77. Seo N, Shirakura Y, Tahara Y, Momose F, Harada N, Ikeda H, et al. Activated
CD8(+) T cell extracellular vesicles prevent tumour progression by targeting of lesional
mesenchymal cells. Nat Commun. (2018) 9:435. doi: 10.1038/s41467-018-02865-1

78. Lyu ZZ, Li M, Yang MY, Han MH, Yang Z. Exosome-mediated transfer of
circRNA563 promoting hepatocellular carcinoma by targeting the microRNA148a-3p/
metal-regulatory transcription factor-1 pathway. World ] Gastroenterol. (2023)
29:6060-75. doi: 10.3748/wjg.v29.i46.6060

79. Lu Y, Han G, Zhang Y, Zhang L, Li Z, Wang Q, et al. M2 macrophage-secreted
exosomes promote metastasis and increase vascular permeability in hepatocellular
carcinoma. Cell Commun Signal. (2023) 21:299. doi: 10.1186/512964-022-00872-w

80. Liu M, Lai Z, Yuan X, Jin Q, Shen H, Rao D, et al. Role of exosomes in the
development, diagnosis, prognosis and treatment of hepatocellular carcinoma. Mol
Med. (2023) 29:136. doi: 10.1186/s10020-023-00731-5

81. Taki M, Abiko K, Ukita M, Murakami R, Yamanoi K, Yamaguchi K, et al. Tumor
immune microenvironment during epithelial-mesenchymal transition. Clin Cancer
Res. (2021) 27:4669-79. doi: 10.1158/1078-0432.CCR-20-4459

82. Bhattacharya B, Nag S, Mukherjee S, Kulkarni M, Chandane P, Mandal D, et al.
Role of exosomes in epithelial-mesenchymal transition. ACS Appl Bio Mater. (2024)
7:44-58. doi: 10.1021/acsabm.3c00941

83. DaiJ, SuY, Zhong S, Cong L, Liu B, Yang J, et al. Exosomes: key players in cancer
and potential therapeutic strategy. Signal Transduct Target Ther. (2020) 5:145.
doi: 10.1038/541392-020-00261-0

84. Hoshino A, Kim HS, Bojmar L, Gyan KE, Cioffi M, Hernandez J, et al.
Extracellular vesicle and particle biomarkers define multiple human cancers. Cell.
(2020) 182:1044-1061.e18. doi: 10.1016/j.cell.2020.07.009

85. Cao LQ, Yang XW, Chen YB, Zhang DW, Jiang XF, Xue P. Exosomal miR-21
regulates the TETs/PTENp1/PTEN pathway to promote hepatocellular carcinoma
growth. Mol Cancer. (2019) 18:148. doi: 10.1186/s12943-019-1075-2

86. Zhou Y, Ren H, Dai B, Li J, Shang L, Huang J, et al. Hepatocellular carcinoma-
derived exosomal miRNA-21 contributes to tumor progression by converting
hepatocyte stellate cells to cancer-associated fibroblasts. J Exp Clin Cancer Res.
(2018) 37:324. doi: 10.1186/s13046-018-0965-2

87. Wu M, Wang G, Hu W, Yao Y, Yu XF. Emerging roles and therapeutic value of
exosomes in cancer metastasis. Mol Cancer. (2019) 18:53. doi: 10.1186/s12943-019-0964-8

88. Wang Q, Yang X, Zhou X, Wu B, Zhu D, Jia W, et al. MiR-3174 promotes
proliferation and inhibits apoptosis by targeting FOXO1 in hepatocellular carcinoma.
Biochem Biophys Res Commun. (2020) 526:889-97. doi: 10.1016/j.bbrc.2020.03.152

89. 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

90. Sun N, Lee YT, Zhang RY, Kao R, Teng PC, Yang Y, et al. Purification of HCC-
specific extracellular vesicles on nanosubstrates for early HCC detection by digital
scoring. Nat Commun. (2020) 11:4489. doi: 10.1038/s41467-020-18311-0

91. Lee YR, Kim G, Tak WY, Jang SY, Kweon YO, Park JG, et al. Circulating
exosomal noncoding RNAs as prognostic biomarkers in human hepatocellular
carcinoma. Int ] Cancer. (2019) 144:1444-52. doi: 10.1002/ijc.v144.6

92. Yu D, Li Y, Wang M, Gu J, Xu W, Cai H, et al. Exosomes as a new frontier of
cancer liquid biopsy. Mol Cancer. (2022) 21:56. doi: 10.1186/512943-022-01509-9

93. Alzhrani GN, Alanazi ST, Alsharif SY, Albalawi AM, Alsharif AA, Abdel-
Maksoud MS, et al. Exosomes: Isolation, characterization, and biomedical
applications. Cell Biol Int. (2021) 45:1807-31. doi: 10.1002/cbin.11620

94. Barros FM, Carneiro F, Machado JC, Melo SA. Exosomes and immune response in
cancer: friends or foes? Front Immunol. (2018) 9:730. doi: 10.3389/fimmu.2018.00730

95. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat
Cell Biol. (2019) 21:9-17. doi: 10.1038/s41556-018-0250-9

96. Wang D, Wang X, Si M, Yang J, Sun S, Wu H, et al. Exosome-encapsulated
miRNAs contribute to CXCL12/CXCR4-induced liver metastasis of colorectal cancer
by enhancing M2 polarization of macrophages. Cancer Lett. (2020) 474:36-52.
doi: 10.1016/j.canlet.2020.01.005

frontiersin.org


https://doi.org/10.1186/s12943-019-1085-0
https://doi.org/10.1186/s12885-022-10463-0
https://doi.org/10.1186/s12885-022-10463-0
https://doi.org/10.7150/ijbs.83170
https://doi.org/10.1016/j.isci.2024.108955
https://doi.org/10.1186/s12951-019-0461-7
https://doi.org/10.3390/ijms21165840
https://doi.org/10.1007/s00395-021-00881-9
https://doi.org/10.1186/s12951-024-02298-7
https://doi.org/10.1186/s12943-023-01891-y
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1007/s11010-024-04983-5
https://doi.org/10.1007/s11010-024-04983-5
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1097/HEP.0000000000000711
https://doi.org/10.1186/s13045-020-00991-2
https://doi.org/10.1007/s12072-023-10527-8
https://doi.org/10.3390/ijms22126234
https://doi.org/10.3390/ijms22126234
https://doi.org/10.1016/j.ejphar.2021.173960
https://doi.org/10.1016/j.ejphar.2021.173960
https://doi.org/10.1186/s12943-019-1074-3
https://doi.org/10.1186/s12943-019-1074-3
https://doi.org/10.1038/s12276-022-00856-3
https://doi.org/10.1002/jev2.12218
https://doi.org/10.1007/s12094-024-03620-3
https://doi.org/10.3389/fimmu.2020.00604
https://doi.org/10.3389/fimmu.2023.1323581
https://doi.org/10.3389/fimmu.2023.1323581
https://doi.org/10.1016/j.bbcan.2018.10.004
https://doi.org/10.1016/j.bbcan.2018.10.004
https://doi.org/10.1186/s12967-021-02985-1
https://doi.org/10.1158/1078-0432.CCR-22-1366
https://doi.org/10.1016/j.jhep.2021.03.002
https://doi.org/10.1002/path.2019.247.issue-4
https://doi.org/10.1038/s41467-018-02865-1
https://doi.org/10.3748/wjg.v29.i46.6060
https://doi.org/10.1186/s12964-022-00872-w
https://doi.org/10.1186/s10020-023-00731-5
https://doi.org/10.1158/1078-0432.CCR-20-4459
https://doi.org/10.1021/acsabm.3c00941
https://doi.org/10.1038/s41392-020-00261-0
https://doi.org/10.1016/j.cell.2020.07.009
https://doi.org/10.1186/s12943-019-1075-2
https://doi.org/10.1186/s13046-018-0965-2
https://doi.org/10.1186/s12943-019-0964-8
https://doi.org/10.1016/j.bbrc.2020.03.152
https://doi.org/10.1038/s41389-022-00431-5
https://doi.org/10.1038/s41389-022-00431-5
https://doi.org/10.1038/s41467-020-18311-0
https://doi.org/10.1002/ijc.v144.6
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1002/cbin.11620
https://doi.org/10.3389/fimmu.2018.00730
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1016/j.canlet.2020.01.005
https://doi.org/10.3389/fimmu.2024.1473030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

97. Wang D, Wang X, Si M, Yang ], Sun S, Wu H, et al. Corrigendum to “Exosome-
encapsulated miRNAs contribute to CXCL12/CXCR4-induced liver metastasis of
colorectal cancer by enhancing M2 polarization of macrophages. Cancer Lett. (2022)
525:200-2. doi: 10.1016/j.canlet.2021.11.010

98. Liu J, Fan L, Yu H, Zhang J, He Y, Feng D, et al. Endoplasmic reticulum stress
causes liver cancer cells to release exosomal miR-23a-3p and up-regulate programmed
death ligand 1 expression in macrophages. Hepatology. (2019) 70:241-58. doi: 10.1002/
hep.30607

99. Liang ZX, Liu HS, Wang FW, Xiong L, Zhou C, Hu T, et al. LncRNA RPPH1
promotes colorectal cancer metastasis by interacting with TUBB3 and by promoting
exosomes-mediated macrophage M2 polarization. Cell Death Dis. (2019) 10:829.
doi: 10.1038/s41419-019-2077-0

100. Wang Y, Liu J, Ma J, Sun T, Zhou Q, Wang W, et al. Exosomal circRNAs:
biogenesis, effect and application in human diseases. Mol Cancer. (2019) 18:116.
doi: 10.1186/s12943-019-1041-z

101. Zhu L, Zhao L, Wang Q, Zhong S, Guo X, Zhu Y, et al. Circulating exosomal
miRNAs and cancer early diagnosis. Clin Trans Oncol. (2022) 24:393-406. doi: 10.1007/
$12094-021-02706-6

102. Liu J, Xiao P, Jiang W, Wang Y, Huang Y. Diagnostic value of exosomes in
patients with liver cancer: a systematic review. Clin Transl Oncol. (2022) 24:2285-94.
doi: 10.1007/s12094-022-02906-8

103. Song T, Li L, Wu S, Liu Y, Guo C, Wang W, et al. Peripheral blood genetic
biomarkers for the early diagnosis of hepatocellular carcinoma. Front Oncol. (2021)
11:583714. doi: 10.3389/fonc.2021.583714

104. Pifiero F, Dirchwolf M, Pessda MG. Biomarkers in hepatocellular carcinoma:
diagnosis, prognosis and treatment response assessment. Cells. (2020) 9:1-16.
doi: 10.3390/cells9061370

105. Fornari F, Ferracin M, Treré D, Milazzo M, Marinelli S, Galassi M, et al.
Circulating microRNAs, miR-939, miR-595, miR-519d and miR-494, Identify Cirrhotic
Patients with HCC. PloS One. (2015) 10:¢0141448. doi: 10.1371/journal.pone.0141448

106. Ghosh S, Rajendran RL, Mahajan AA, Chowdhury A, Bera A, Guha S, et al.
Harnessing exosomes as cancer biomarkers in clinical oncology. Cancer Cell Int. (2024)
24:278. doi: 10.1186/s12935-024-03464-5

107. Qiu S, Xie L, Lu C, Gu C, Xia Y, Lv J, et al. Gastric cancer-derived exosomal
miR-519a-3p promotes liver metastasis by inducing intrahepatic M2-like macrophage-
mediated angiogenesis. ] Exp Clin Cancer Res. (2022) 41:296. doi: 10.1186/s13046-022-
02499-8

108. Duan W, Zhang W, Jia J, Lu Q, Eric Gershwin M. Exosomal microRNA in
autoimmunity. Cell Mol Immunol. (2019) 16:932-4. doi: 10.1038/s41423-019-0319-9

109. Liu Y, Gu Y, Han Y, Zhang Q, Jiang Z, Zhang X, et al. Tumor exosomal RNAs
promote lung pre-metastatic niche formation by activating alveolar epithelial TLR3 to
recruit neutrophils. Cancer Cell. (2016) 30:243-56. doi: 10.1016/j.ccell.2016.06.021

110. Guay C, Kruit JK, Rome S, Menoud V, Mulder NL, Jurdzinski A, et al.
Lymphocyte-derived exosomal microRNAs promote pancreatic B Cell death and
may contribute to type 1 diabetes development. Cell Metab. (2019) 29:348-361.e6.
doi: 10.1016/j.cmet.2018.09.011

111. Lou G, Song X, Yang F, Wu S, Wang J, Chen Z, et al. Exosomes derived from
miR-122-modified adipose tissue-derived MSCs increase chemosensitivity of
hepatocellular carcinoma. J Hematol Oncol. (2015) 8:122. doi: 10.1186/s13045-015-
0220-7

112. Zhao S, Li W, Yu W, Rao T, Li H, Ruan Y, et al. Exosomal miR-21 from tubular
cells contributes to renal fibrosis by activating fibroblasts via targeting PTEN in
obstructed kidneys. Theranostics. (2021) 11:8660-73. doi: 10.7150/thno.62820

113. Li XX, Yang LX, Wang C, Li H, Shi DS, Wang J. The roles of exosomal proteins:
classification, function, and applications. Int ] Mol Sci. (2023) 24:1-11. doi: 10.3390/
{jms24043061

114. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and
clinical potential. Cell Biosci. (2019) 9:19. doi: 10.1186/s13578-019-0282-2

115. Xu Z, Chen Y, Ma L, Chen Y, Liu J, Guo Y, et al. Role of exosomal non-coding
RNAs from tumor cells and tumor-associated macrophages in the tumor
microenvironment. Mol Ther. (2022) 30:3133-54. doi: 10.1016/j.ymthe.2022.01.046

116. Hu B, Liu G, Zhao K, Zhang G. Diversity of extracellular HSP70 in cancer:
advancing from a molecular biomarker to a novel therapeutic target. Front Oncol.
(2024) 14:1388999. doi: 10.3389/fonc.2024.1388999

117. Zhu L, Sun HT, Wang S, Huang SL, Zheng Y, Wang CQ, et al. Isolation and
characterization of exosomes for cancer research. ] Hematol Oncol. (2020) 13:152.
doi: 10.1186/s13045-020-00987-y

118. Villata S, Canta M, Cauda V. EVs and bioengineering: from cellular products to
engineered nanomachines. Int J Mol Sci. (2020) 21:1-24. doi: 10.3390/ijms21176048

119. Xu Z, Zeng S, Gong Z, Yan Y. Exosome-based immunotherapy: a promising
approach for cancer treatment. Mol Cancer. (2020) 19:160. doi: 10.1186/s12943-020-
01278-3

120. Wang LP, Lin ], Ma XQ, Xu DY, Shi CF, Wang W, et al. Exosomal DLX6-AS1
from hepatocellular carcinoma cells induces M2 macrophage polarization to promote
migration and invasion in hepatocellular carcinoma through microRNA-15a-5p/
CXCL17 axis. ] Exp Clin Cancer Res. (2021) 40:177. doi: 10.1186/s13046-021-01973-z

Frontiers in Immunology

15

10.3389/fimmu.2024.1473030

121. Zhang R, Zeng Y, Deng J-L. Long non-coding RNA H19: a potential biomarker
and therapeutic target in human Malignant tumors. Clin Exp Med. (2023) 23:1425-40.
doi: 10.1007/s10238-022-00947-5

122. LiX, Lei Y, Wu M, Li N. Regulation of macrophage activation and polarization
by HCC-derived exosomal IncRNA TUC339. Int ] Mol Sci. (2018) 19:1-17.
doi: 10.3390/ijms19102958

123. Wang Y, Yang L, Chen T, Liu X, Guo Y, Zhu Q, et al. A novel IncRNA
MCM3AP-ASI promotes the growth of hepatocellular carcinoma by targeting miR-
194-5p/FOXA1 axis. Mol Cancer. (2019) 18:28. doi: 10.1186/512943-019-0957-7

124. Xu M, Zhou C, Weng J, Chen Z, Zhou Q, Gao J, et al. Tumor associated
macrophages-derived exosomes facilitate hepatocellular carcinoma Malignance by
transferring IncMMPA to tumor cells and activating glycolysis pathway. J Exp Clin
Cancer Res. (2022) 41:253. doi: 10.1186/s13046-022-02458-3

125. Cha H, Kim M, Ahn N, Jeong SD, Ignatova E, Chi SW, et al. Role of UPFI in
IncRNA-HEIH regulation for hepatocellular carcinoma therapy. Exp Mol Med. (2024)
56:344-54. doi: 10.1038/s12276-024-01158-6

126. Wang W, Zhu N, Yan T, Shi YN, Chen J, Zhang CJ, et al. The crosstalk:
exosomes and lipid metabolism. Cell Communication Signaling. (2020) 18:119.
doi: 10.1186/s12964-020-00581-2

127. Zhang G, Huang X, Xiu H, Sun Y, Chen J, Cheng G, et al. Extracellular vesicles:
Natural liver-accumulating drug delivery vehicles for the treatment of liver diseases. ]
Extracell Vesicles. (2020) 10:¢12030. doi: 10.1002/jev2.12030

128. Zhu Y, Shen R, Vuong I, Reynolds RA, Shears MJ, Yao ZC, et al. Multi-step
screening of DNA/lipid nanoparticles and co-delivery with siRNA to enhance and
prolong gene expression. Nat Commun. (2022) 13:4282. doi: 10.1038/s41467-022-
31993-y

129. Chen Y, Zhao D, Xiao F, Li X, Li J, Su Z, et al. Microfluidics-enabled serial
assembly of lipid-siRNA-sorafenib nanoparticles for synergetic hepatocellular
carcinoma therapy. Adv Mater. (2023) 35:¢2209672. doi: 10.1002/adma.202209672

130. Woitok MM, Zoubek ME, Doleschel D, Bartneck M, Mohamed MR, Kiefiling F,
et al. Lipid-encapsulated siRNA for hepatocyte-directed treatment of advanced liver
disease. Cell Death Dis. (2020) 11:343. doi: 10.1038/s41419-020-2571-4

131. Wang H, Lu Z, Zhao X. Tumorigenesis, diagnosis, and therapeutic potential of
exosomes in liver cancer. ] Hematol Oncol. (2019) 12:133. doi: 10.1186/s13045-019-
0806-6

132. 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

133. Shaban AM, Raslan M, Sharawi ZW, Abdelhameed MS, Hammouda O, El-
Masry HM, et al. Antibacterial, antifungal, and anticancer effects of camel milk
exosomes: an in vitro study. Vet Sci. (2023) 10:1-13. doi: 10.3390/vetsci10020124

134. Badawy AA, El-Magd MA, AlSadrah SA. Therapeutic effect of camel milk and
its exosomes on MCF7 cells in vitro and in vivo. Integr Cancer Ther. (2018) 17:1235-46.
doi: 10.1177/1534735418786000

135. Ibrahim HM, Mohammed-Geba K, Tawfic AA, El-Magd MA. Camel milk
exosomes modulate cyclophosphamide-induced oxidative stress and immuno-toxicity
in rats. Food Funct. (2019) 10:7523-32. doi: 10.1039/C9FO01914F

136. Shaban AM, Raslan M, Qahl SH, Elsayed K, Abdelhameed MS, Oyouni AAA,
et al. Ameliorative effects of camel milk and its exosomes on diabetic nephropathy in
rats. Membranes (Basel). (2022) 12:1-13. doi: 10.3390/membranes12111060

137. Badawy AA, Othman RQA, El-Magd MA. Effect of combined therapy with
camel milk-derived exosomes, tamoxifen, and hesperidin on breast cancer. Mol Cell
Toxicol. (2021) 2021:1-9. doi: 10.1007/s13273-021-00163-4

138. Tawfic AA, Ibrahim HM, Mohammed-Geba K, El-Magd MA. Chitosan
nanoparticles, camel milk exosomes and/or Sorafenib induce apoptosis, inhibit
tumor cells migration and angiogenesis and ameliorate the associated liver damage
in Ehrlich ascites carcinoma-bearing mice. Beni-Suef Univ ] Basic Appl Sci. (2024)
13:74. doi: 10.1186/s43088-024-00535-4

139. Wu P, Wu W, Zhang S, Han J, Liu C, Yu H, et al. Therapeutic potential and
pharmacological significance of extracellular vesicles derived from traditional medicinal
plants. Front Pharmacol. (2023) 14:1272241. doi: 10.3389/fphar.2023.1272241

140. Yao M, Liang S, Cheng B. Role of exosomes in hepatocellular carcinoma and
the regulation of traditional Chinese medicine. Front Pharmacol. (2023) 14:1110922.
doi: 10.3389/fphar.2023.1110922

141. Mo C, Zhao J, Liang ], Wang H, Chen Y, Huang G. Exosomes: A novel insight
into traditional Chinese medicine. Front Pharmacol. (2022) 13:844782. doi: 10.3389/
fphar.2022.844782

142. Kugeratski FG, Kalluri R. Exosomes as mediators of immune regulation and
immunotherapy in cancer. FEBS J. (2021) 288:10-35. doi: 10.1111/febs.v288.1

143. Wan M, Ning B, Spiegel S, Lyon CJ, Hu TY. Tumor-derived exosomes (TDEs):
How to avoid the sting in the tail. Med Res Rev. (2020) 40:385-412. doi: 10.1002/
med.21623

144. Xie J, Zheng Z, Tuo L, Deng X, Tang H, Peng C, et al. Recent advances in
exosome-based immunotherapy applied to cancer. Front Immunol. (2023) 14:1296857.
doi: 10.3389/fimmu.2023.1296857

frontiersin.org


https://doi.org/10.1016/j.canlet.2021.11.010
https://doi.org/10.1002/hep.30607
https://doi.org/10.1002/hep.30607
https://doi.org/10.1038/s41419-019-2077-0
https://doi.org/10.1186/s12943-019-1041-z
https://doi.org/10.1007/s12094-021-02706-6
https://doi.org/10.1007/s12094-021-02706-6
https://doi.org/10.1007/s12094-022-02906-8
https://doi.org/10.3389/fonc.2021.583714
https://doi.org/10.3390/cells9061370
https://doi.org/10.1371/journal.pone.0141448
https://doi.org/10.1186/s12935-024-03464-5
https://doi.org/10.1186/s13046-022-02499-8
https://doi.org/10.1186/s13046-022-02499-8
https://doi.org/10.1038/s41423-019-0319-9
https://doi.org/10.1016/j.ccell.2016.06.021
https://doi.org/10.1016/j.cmet.2018.09.011
https://doi.org/10.1186/s13045-015-0220-7
https://doi.org/10.1186/s13045-015-0220-7
https://doi.org/10.7150/thno.62820
https://doi.org/10.3390/ijms24043061
https://doi.org/10.3390/ijms24043061
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1016/j.ymthe.2022.01.046
https://doi.org/10.3389/fonc.2024.1388999
https://doi.org/10.1186/s13045-020-00987-y
https://doi.org/10.3390/ijms21176048
https://doi.org/10.1186/s12943-020-01278-3
https://doi.org/10.1186/s12943-020-01278-3
https://doi.org/10.1186/s13046-021-01973-z
https://doi.org/10.1007/s10238-022-00947-5
https://doi.org/10.3390/ijms19102958
https://doi.org/10.1186/s12943-019-0957-7
https://doi.org/10.1186/s13046-022-02458-3
https://doi.org/10.1038/s12276-024-01158-6
https://doi.org/10.1186/s12964-020-00581-2
https://doi.org/10.1002/jev2.12030
https://doi.org/10.1038/s41467-022-31993-y
https://doi.org/10.1038/s41467-022-31993-y
https://doi.org/10.1002/adma.202209672
https://doi.org/10.1038/s41419-020-2571-4
https://doi.org/10.1186/s13045-019-0806-6
https://doi.org/10.1186/s13045-019-0806-6
https://doi.org/10.1038/s41419-021-04345-9
https://doi.org/10.1038/s41419-021-04345-9
https://doi.org/10.3390/vetsci10020124
https://doi.org/10.1177/1534735418786000
https://doi.org/10.1039/C9FO01914F
https://doi.org/10.3390/membranes12111060
https://doi.org/10.1007/s13273-021-00163-4
https://doi.org/10.1186/s43088-024-00535-4
https://doi.org/10.3389/fphar.2023.1272241
https://doi.org/10.3389/fphar.2023.1110922
https://doi.org/10.3389/fphar.2022.844782
https://doi.org/10.3389/fphar.2022.844782
https://doi.org/10.1111/febs.v288.1
https://doi.org/10.1002/med.21623
https://doi.org/10.1002/med.21623
https://doi.org/10.3389/fimmu.2023.1296857
https://doi.org/10.3389/fimmu.2024.1473030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

145. Wang Y, Niu X, Cheng Y, Zhang Y, Xia L, Xia W, et al. Exosomal PD-L1
predicts response with immunotherapy in NSCLC patients. Clin Exp Immunol. (2022)
208:316-22. doi: 10.1093/cei/uxac045

146. HuJ, Liu Y, DuY, Peng X, Liu Z. Cellular organelles as drug carriers for disease
treatment. ] Control Release. (2023) 363:114-35. doi: 10.1016/j.jconrel.2023.09.038

147. Chinnappan M, Srivastava A, Amreddy N, Razaq M, Pareek V, Ahmed R, et al.
Exosomes as drug delivery vehicle and contributor of resistance to anticancer drugs.
Cancer Lett. (2020) 486:18-28. doi: 10.1016/j.canlet.2020.05.004

148. Nie H, Xie X, Zhang D, Zhou Y, Li B, Li F, et al. Use of lung-specific exosomes
for miRNA-126 delivery in non-small cell lung cancer. Nanoscale. (2020) 12:877-87.
doi: 10.1039/CINR09011H

149. Wei H, Chen F, Chen J, Lin H, Wang S, Wang Y, et al. Mesenchymal stem cell
derived exosomes as nanodrug carrier of doxorubicin for targeted osteosarcoma
therapy via SDF1-CXCR4 axis. Int ] Nanomedicine. (2022) 17:3483-95. doi: 10.2147/
IJN.S372851

150. Miiller L, Kuhn T, Koch M, Fuhrmann G. Stimulation of probiotic bacteria
induces release of membrane vesicles with augmented anti-inflammatory activity. ACS
Appl Bio Mater. (2021) 4:3739-48. doi: 10.1021/acsabm.0c01136

151. Jung]I, Shin S, Baek MC, Yea K. Modification of immune cell-derived exosomes
for enhanced cancer immunotherapy: current advances and therapeutic applications.
Exp Mol Med. (2024) 56:19-31. doi: 10.1038/s12276-023-01132-8

Frontiers in Immunology

16

10.3389/fimmu.2024.1473030

152. Bahr MM, Amer MS, Abo-El-Sooud K, Abdallah AN, El-Tookhy OS.
Preservation techniques of stem cells extracellular vesicles: a gate for manufacturing
of clinical grade therapeutic extracellular vesicles and long-term clinical trials. Int J Vet
Sci Med. (2020) 8:1-8. doi: 10.1080/23144599.2019.1704992

153. Zhang Y, Bi J, Huang J, Tang Y, Du S, Li P. Exosome: A review of its classification,
isolation techniques, storage, diagnostic and targeted therapy applications. Int |
Nanomedicine. (2020) 15:6917-34. doi: 10.2147/IJN.S264498

154. Feng Q, Zhang Y, Fang Y, Kong X, He Z, Ji ], et al. Research progress of
exosomes as drug carriers in cancer and inflammation. J Drug Target. (2023) 31:335-
53. doi: 10.1080/1061186X.2022.2162059

155. Yim N, Ryu SW, Choi K, Lee KR, Lee S, Choi H, et al. Exosome engineering for
efficient intracellular delivery of soluble proteins using optically reversible protein-
protein interaction module. Nat Commun. (2016) 7:12277. doi: 10.1038/ncomms12277

156. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted drug delivery.
Theranostics. (2021) 11:3183-95. doi: 10.7150/thno.52570

157. Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo CF, Melo SA, et al
Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer.
Nature. (2017) 546:498-503. doi: 10.1038/nature22341

158. Jang SC, Kim OY, Yoon CM, Choi DS, Roh TY, Park J, et al. Bioinspired
exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to
Malignant tumors. ACS Nano. (2013) 7:7698-710. doi: 10.1021/nn402232g

frontiersin.org


https://doi.org/10.1093/cei/uxac045
https://doi.org/10.1016/j.jconrel.2023.09.038
https://doi.org/10.1016/j.canlet.2020.05.004
https://doi.org/10.1039/C9NR09011H
https://doi.org/10.2147/IJN.S372851
https://doi.org/10.2147/IJN.S372851
https://doi.org/10.1021/acsabm.0c01136
https://doi.org/10.1038/s12276-023-01132-8
https://doi.org/10.1080/23144599.2019.1704992
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.1080/1061186X.2022.2162059
https://doi.org/10.1038/ncomms12277
https://doi.org/10.7150/thno.52570
https://doi.org/10.1038/nature22341
https://doi.org/10.1021/nn402232g
https://doi.org/10.3389/fimmu.2024.1473030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of exosomes in liver cancer: comprehensive insights from biological function to therapeutic applications
	1 Introduction
	2 Formation, release and uptake of exosomes
	2.1.Exosome formation
	2.2 Exosome release and absorption

	3 Isolation and purification of exosomes
	4 The role of exosomes in the liver cancer microenvironment
	5 Exosomes in liver cancer angiogenesis
	6 Exosomes regulate the growth of liver cancer
	7 Exosomes and liver cancer immune escape
	8 Exosomes and liver cancer metastasis
	9 Exosomes as diagnostic and prognostic biomarkers in liver cancer
	10 Exosomal microRNA
	11 Exosomal proteins
	12 Exosomal lncRNA
	13 Exosomal lipids
	14 The role of exosomes in liver cancer therapy
	14.1 Exosome-based immunotherapy
	14.2 Exosomes serve as anticancer drug delivery carriers

	15 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


