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Abstract

Hepatocellular carcinoma (HCC) stands as one of the most prevalent malignant tumors globally. Despite
considerable advancements in HCC therapies, therapeutic resistance remains a significant challenge that
compromises patient prognosis. Increasing evidence indicates that exosomes, which are secreted by cells in the
tumor microenvironment (TME), are pivotal players in the development of therapeutic resistance in HCC. These
nano-sized vesicles mediate intercellular communication in TME through the transfer of bioactive molecules such
as nucleic acids, lipids, and proteins. A comprehensive understanding of the role of exosomes in therapeutic
resistance could provide promising strategies for both the diagnosis and treatment of HCC. This review mainly
summarizes the involvement of exosomal cargos and elucidates their underlying mechanisms in resistance to
therapeutic treatments for HCC, and further discusses the potential clinical applications of exosomes as diagnostic
biomarkers and therapeutic targets to overcome drug resistance in HCC.
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INTRODUCTION

HCC, accounting for approximately 75% to 85% of primary liver cancers, consistently ranks as one of the
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most lethal malignancies worldwide". In clinical, HCC patients are frequently diagnosed at intermediate or
advanced stages, largely due to the lack of noticeable symptoms and effective diagnostic markers during the
early stages’. Moreover, the availability of effective treatment strategies for advanced HCC is still limited,
especially in the case of traditional chemotherapy involving cytotoxic drugs, which have shown
unsatisfactory results for the treatment of advanced HCC'. Since the U.S. Food and Drug Administration
(FDA) approved Sorafenib as the first-line molecularly targeted therapy for advanced HCC in 2008, there
has been rapid development in this field, offering new therapeutic possibilities. Numerous such drugs have
now entered different stages of clinical trials”. Notably, Lenvatinib was approved by the FDA as another
first-line targeted drug in 2018 for treating advanced HCC (NCTo01761266). In recent years,
immunotherapies that target immune checkpoints have shown potential in improving therapeutic outcomes
for advanced HCC. Several inhibitors (ICIs) against immune checkpoints, such as PD-1, PD-L1, and CTLA-
4, are currently under clinical trials'”. Interestingly, recent studies found the potential of combining
molecular targeted therapies with immune inhibitors to produce promising therapeutic effects on advanced
HCC"!. For example, the combination of Atezolizumab (a PD-L1 monoclonal antibody) and Bevacizumab
(a VEGF antagonist) demonstrated good tolerability and effectiveness in advanced HCC, thus becoming the
first FDA-approved combined therapy involving a molecular targeted drug and an immune inhibitor™®. At
present, systemic treatments for advanced HCC primarily include molecular targeted therapies, immune
checkpoint inhibitors, or a combination of both. However, clinical studies have shown that tumor cells
frequently develop resistance during treatment, which significantly reduces the therapeutic efficacy, thereby
greatly limiting the impact of these strategies'”. As a result, overcoming therapeutic resistance remains a
significant challenge in HCC treatment. Investigating the underlying molecular mechanisms that induce
therapeutic resistance and identifying reliable biomarkers for predicting and monitoring therapeutic
responses, are of paramount importance in addressing the issue of treatment resistance and enhancing
therapeutic efficacy across various tumors, including HCC.

The development of therapeutic resistance in HCC is generally associated with several key factors, including
tumor burden, tumor heterogeneity, tumor stem cells, undruggable cancer drivers, and TME, among
others"”. Exosomes, serving as critical mediators of intercellular communication within the TME, have
been shown to markedly impact a range of biological functions and pathological processes, including
proliferation, metastasis, stemness, and immune response in HCC""'"”. Exosomes are capable of modulating
drug sensitivity through several mechanisms, primarily by transmitting bioactive molecules such as
functional proteins and non-coding RNA molecules among heterogeneous tumor cells, immune cells, and
other stromal cells within the TME"". These communications may further result in therapeutic resistance
by altering the biological regulation process such as promotion of tumor cell survival, inhibition of
programmed tumor cell death, remodeling of the tumor environment, facilitation of epithelial-
mesenchymal transition (EMT) and tumor cell stemness, as well as deactivation or excretion of drug
molecules to decrease intracellular drug concentrations. Therefore, exploring the role of exosomes and their
contents in the emergence of HCC therapeutic resistance has attracted extensive attention. In this review,
we examine the roles of exosomes in contributing to therapeutic resistance in HCC. Specifically, we
summarized the latest research progress on the exosomal cargos and mechanisms by which exosomes
contribute to therapeutic resistance in HCC. Furthermore, we provide an overview of current advancements
in the application of engineered exosomes loaded with ani-tumor cargos such as nuclear acids, proteins, or
small molecules to overcome drug resistance and improve the treatment outcome of HCC.

EXOSOMES-MEDIATED THERAPEUTIC RESISTANCE IN HCC

Exosomes, derived from tumor, stromal, and immune cells, contribute to the multiple stages of cancer
progression. Previously, we have summarized the functions of exosomes originating from different sources
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in tumor development”. Here, given the proposed critical roles of exosomes in promoting therapeutic
resistance in HCC, we conducted a detailed review of research exploring the roles of exosomes in resistance
to systemic treatments including molecular targeted therapy, immunotherapy, chemotherapy, and
radiotherapy for HCC. Exosomal contents and mechanisms identified as promoters of therapeutic
resistance in HCC are summarized in Table 1. The representative mechanisms of exosome-mediated
therapeutic resistance are encapsulated in Figure 1.

Exosomes induce molecular targeted therapy resistance in HCC

Over the past few years, molecular targeted therapies have shown promising breakthroughs for patients
with advanced HCC™. However, targeted therapy still faces challenges including adverse events, low
response rates, and the presence of drug resistance®”. Currently, molecular targeted therapy mainly
involves the use of tyrosine kinase inhibitors (TKIs) and/or monoclonal antibodies. Sorafenib, the first
FDA-approved multiple-target TKI for advanced HCC, effectively inhibits tumor angiogenesis and cell
proliferation”*. However, despite its efficacy, patients with HCC usually develop resistance to
sorafenib!"***!],

Exosomes have emerged as key players in the development of resistance to sorafenib in HCC. Qu et al.
indicated that exosomes derived from HCC cells mediated sorafenib resistance by activating the HGF/c-
Met/Akt signaling pathway and inhibiting sorafenib-induced apoptosis'. Subsequent investigations
revealed that the cargo components of exosomes are closely associated with sorafenib resistance. In 2014,
Takahashi et al. identified the enrichment of long intergenic non-protein coding RNA, regulator of
reprogramming (lincRNA-ROR), within exosomes derived from HCC cells in response to TGFg"*. After
sorafenib treatment, the expression of lincRNA-ROR increased both in HCC cells and exosomes, leading to
a reduction in sorafenib-induced cell death. In 2019, Zhi et al. discovered that LincRNA-ROR could
function as a molecular sponge of miR-876-5p to upregulate FOXM1, a potent transcription factor with
oncogenic functions, resulting in the attenuated sensitivity to sorafenib*”. Linc-VLDLR, an exosome-
enriched IncRNA, was identified to be upregulated in HCC cell-derived exosomes upon exposure to
sorafenib. The transfer of linc-VLDLR through exosomes was correlated with elevated expression of
multidrug efflux transporter ABCG2, resulting in reduced sensitivity of HCC cells to sorafenib, doxorubicin,
and camptothecin®’. Circular RNAs (circRNAs) and micro RNAs (miRNAs) have also been found to play
important roles in the development of sorafenib resistance in HCC cells. CircRNA-SORE was discovered to
be highly expressed in sorafenib-resistant HCC cells and could interact with YBX1 to inhibit its
ubiquitination and degradation, thereby maintaining sorafenib resistance in HCC cells. Furthermore,
circRNA-SORE can be transferred between tumor cells via exosomes, leading to the acquisition of sorafenib
resistance in previously sensitive liver cancer cells. Therefore, exosomal circRNA-SORE plays a crucial role
in the maintenance and transmission of sorafenib resistance in HCC'". In addition, exosomal miR-494-3p,
upregulated by the oncoprotein Golgi phosphoprotein 3 (GOLPH3), has been found to be transferred to
recipient human umbilical vein endothelial cells (HUVECs) and HCC cells, suppressing PTEN protein
expression by directly targeting the 3' UTR of PTEN mRNA, and subsequently promoting angiogenesis and

enhancing sorafenib resistance””.

Besides sorafenib, studies have also reported the involvement of exosomes in HCC resistance to other TKIs.
Lenvatinib is another first-line molecular targeted drug approved by the FDA in 2018 for the treatment of
advanced HCC. Hao et al. reported that exosomes derived from lenvatinib-resistant HCC cells facilitate
lenvatinib resistance by transferring circular RNA PAK1 (circPAK1) to neighboring sensitive cells". In
HCC cells, circPAK1 interacts with YAP, a downstream regulator of the Hippo signaling pathway, leading
to the disruption of the recruitment and cytoplasmic binding of 14-3-3 ¢ to YAP, thus promoting the
nuclear localization of YAP and modulating the expression of genes associated with the malignant
progression of HCC.
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Table 1. Exosomal contents involved in therapeutic resistance of HCC
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Contents

Exosomal

Study

e e Origin of exosome Functions Mechanisms Year References
classification contents type
circRNAs HCC cells circUHRF1 Drive anti-PD1 resistance Inhibit NK cell function by regulating miR-449¢-5p/TIM-3 axis In vitro 2020 [14]
and in
vivo
HCC cells circRNA-SORE  Sorafenib resistance Block PRP19-mediated YBX1 degradation In vitro 2020 [15]
and in
vivo
HCC cells cricTMEM181  Contribute to immunosuppression Regulate miR-488-3p/CD39/eATP-adenosine pathway In vitro 2021 [16]
and anti-PD1 resistance and in
vivo
Cancer-associated circZFR Enhance cisplatin (DDP) Promote HCC development and cisplatin-resistance by targeting STAT3/ NF-kB In vitro 2022 [17]
fibroblast resistance signaling pathway and in
vivo
HCC cells circPAK1 Drive resistance to lenvatinib CircPAKT competitively binds 14-3-3 { with YAP, promoting YAP nucleus In vitro 2022 [18]
localization, leading to the inactivation of a Hippo signaling pathway and in
vivo
HCC cells circCCAR1 Promote CD8 + T-cell dysfunction CircCCAR1induces the upregulation of PD-L1 expression by binding B-catenin In vitro 2023 [19]
and anti-PD1 resistance and triggers the dysfunction of CD8+ T cells by stabilization of PD-1 and in
vivo
miRNAs HCC cells miR-21 Lead to sorafenib resistance Inhibit autophagy activity by the PTEN/AKT pathway In vitro 2015 [20]
and in
vivo
Adipose tissue-derived miR-122 Chemoresistance (Sorafenib and ~ Communicate between adipose tissue-derived mesenchymal stem cells In vitro 2015 [21]
mesenchymal stem cells 5-fluorouracil) (AMSCs) and HCC cells, rendering cancer cells sensitive to chemotherapeutic ~ and in
agents vivo
HCC cells miR-1247-3p Enhance sorafenib resistance MiR-1247-3p converts fibroblasts to CAFs via downregulating B4AGALT3, to In vitro 2018 [22]
activate the B1-integrin—NF-«kB signaling pathway, and the activated fibroblasts
further promote stemness, EMT by IL-6 and IL-8 secretion
M2 macrophage miR-27a-3p Drug resistance MiR-27a-3p downregulates TXNIP to induce stemness of HCC cells In vitro 2021 [23]
HepG2 cells miR-135a-5p Promote chemoresistance Inhibit Dox-induced apoptosis via the miR-135a-5p/VAMP2 axis In vitro 2021 [24]
HCC cells miR-494-3p Promote sorafenib resistance Inhibit PTEN expression by directly targeting the 3 UTR of PTEN mRNA In vitro 2022 [25]
HCC cells miR-4669 Lead to acquired sorafenib Induct M2 macrophage polarization to promote the immunosuppressive TME In vitro 2023 [26]
resistance
IncRNAs HCC cells linc-VLDLR Induce chemotherapy resistance  Increase the expression of multidrug efflux transporter ABCG2 In vitro 2014 [27]
HCC cells linc-ROR Mediate TGFB-dependent TGFp increased the expression of CD133" cells and colony growth In vitro 2014 [28]
chemoresistance
Protein HCC patient sera and plgR Promote sorafenib resistance Activate the PDK1/Akt/GSK3pB/B-catenin signaling axis In vitro 2022 [29]
HCC cells and in

vivo
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HCC cells S100A10 Enhance chemoresistance Upregulated EGFR, AKT and ERK signaling to increase the stemness and EMT In vitro 2023 [30]
including sorafenib, 5-FU, and features of HCC cells and in
cisplatin vivo
No classificati HCC cells exosomes Induce sorafenib resistance Activate the HGF/c-Met/Akt signaling pathway In vitro 2016 [31]
on and in
vivo
Liver cancer stem cells  exosomes Induce regorafenib resistance Induce Nanog expression to increase stemness features of HCC cells In vitro 2021 [32]
and in
vivo
HepG2 cells exosomes Transfer cisplatin resistance to Upregulate the expression of drug efflux transporters P-glycoprotein P-gp In vitro 2021 [33]
cisplatin-sensitive cells and in
vivo
HCC cells exosomes Induce everolimus (EVE) Induce mesenchymal phenotype and deregulation of the mTOR pathway In vitro 2022 [34]
resistance in EVE-sensitive HCC and in
cells vivo

HCC: hepatocellular carcinoma.

In summary, exosomes facilitate the transfer of drug resistance information among heterogeneous HCC cells through their cargo components, such as
IncRNAs, circRNAs, miRNAs and proteins, thereby modulating the sensitivity of HCC cells to molecular targeted drugs.

Exosomes induce immunotherapy resistance in HCC

The advent of checkpoint inhibitors in cancer immunotherapy has dramatically promoted the management of advanced malignancies, including HCC. The
immune checkpoint system, including inhibitory and stimulatory molecules, represents a set of ligand-receptor pairs that play important roles in modulating
immune responses. The majority of immune checkpoint molecules, expressed on adaptive immune cells (especially T cells) and innate immune cells, serve to
maintain self-tolerance and regulate the duration and intensity of immune responses in various tissues. Increasing evidence indicates that immune checkpoint
molecules are expressed in a substantial proportion of tumors, thereby facilitating immune evasion'’. Immune checkpoint inhibitors (ICIs) can block the
interactions between checkpoint molecules and their corresponding ligands, thereby activating T cell-mediated antitumor immune responses.

Currently, a wide range of immune checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4 have been developed and are being evaluated at different stages
of clinical trials for the treatment of various malignancies. Notably, Nivolumab and Pembrolizumab, which specifically target PD-L1, have been approved by
the FDA as conditional second-line therapies for HCC!***. However, despite the positive response observed in certain HCC patients treated with ICIs, only a
subset of HCC patients derive benefits from ICIs, and even those who initially favorably respond to ICIs may develop resistance during treatment'*’.
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Figure 1. Representative mechanisms of exosome-mediated drug resistance in HCC. Exosomes derived from cells in TME serve as
mediators to transport functional cargos that subsequently influence the signaling pathways and characteristics of target cells. HCC:
hepatocellular carcinoma; CMA: Chaperone-mediated autophagy; BMMSCs: bone marrow-derived mesenchymal stem cells; EMT:
Epithelial-Mesenchymal Transition; TAM, tumor-associated macrophage.

Recent evidence indicates the crucial involvement of exosomes in the remodeling of the tumor immune
microenvironment. Notably, studies demonstrated that PD-L1 could be packaged into exosomes by tumor
cells and transferred to other cells in the tumor microenvironment, thereby facilitating the evasion of
antitumor immunity by suppressing effector T cell activation””. Moreover, exosomal PD-L1 was observed
to compromise the effectiveness of antibody-mediated blockade of the PD-1 and PD-L1 interaction"**.
Additionally, the presence of other specific molecules within exosomes is crucial for modulating the tumor
immunosuppressive microenvironment.

Lu et al. reported that exosomal circTMEM181 functions as a miR-488-3p sponge, thereby upregulating
CD39 expression in macrophages"”. The increased CD39 levels in macrophages and CD73 levels in HCC
cells synergistically activate the eATP-adenosine pathway, resulting in enhanced adenosine production,
which further impairs CD8" T cell function, leading to immunosuppression and resistance to anti-PD1
therapy"?. Exosomal HMGB1 was demonstrated to induce the expansion of TIM-1* regulatory B (TIM-1*
Breg) cells through the Toll-like receptor (TLR) 2/4 and mitogen-activated protein kinase (MAPK) signaling
pathways. These TIM-1' Breg cells exhibited increasing expression of the immunosuppressive cytokine IL-
10 and displayed potent suppressive activity against CD8" T cells, thereby facilitating the immune evasion of
HCC cells"”. Zhang et al. demonstrated that HCC-derived exosomal circUHRF1(circular ubiquitin-like
with PHD and ring finger domain 1 RNA) inhibits the activity of NK cells by upregulating the expression of
TIM-3 via degradation of miR-449c-5p, thereby suppressing the secretion of NK cell-derived IFN-y and
TNF-o"*. CircUHRF1 was also identified to promote resistance to anti-PD1 immunotherapy in HCC
patients, but the potential mechanisms remain to be further clarified". Recently, Hu et al. revealed a
marked overexpression of circCCAR1 in both tumor tissues and the plasma exosomes of HCC patients"”.

In HCC cells, circCCAR1 could induce the upregulation of PD-L1 expression by binding B-catenin.
Moreover, upon being internalized by CD8" T cells, exosomal circCCAR1 could trigger the dysfunction of
CDs" T cells by stabilization of PD-1, collectively inducing the resistance to anti-PD1 immunotherapy"”. In
addition, Wang et al. uncovered that the 14-3-3¢ protein, transmitted by exosomes derived from HCC cells,
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has the potential to compromise the antitumor functionality of tumor-infiltrating T lymphocytes®". Pu et
al. demonstrated that exosomes derived from M2 macrophage could induce CD8" T cell exhaustion through
the miR-21-5p/YOD1/YAP/B-catenin signaling pathway, resulting in an immunosuppressive
microenvironment"”. All these findings hold substantial significance for elucidating the mechanisms
driving the tumor immunosuppression microenvironment of HCC.

In summary, exosomes mediate the transmission of immunosuppressive molecules in the TME, particularly
facilitating the communication between HCC cells and various immune cells, thereby impacting the
function of the immune cells through a variety of mechanisms. Currently, the research on exosome-
mediated immunosuppression remains in its infancy. The identification of novel, effective exosomal
components originating from various cells in the TME, including HCC cells, immune cells, adipocytes, or
other stromal cells, and understanding underlying mechanisms necessitates further exploration. The
potential application of these exosomal components as predictive biomarkers presents a promising non-
invasive strategy for monitoring responses to immunotherapy.

Exosomes promote chemotherapy resistance in HCC

Currently, chemotherapy remains one of the principal therapeutic approaches for HCC. Nonetheless, the
frequent development of chemoresistance following long-term chemotherapy for HCC significantly
impedes effective treatment outcomes. Resistance to clinically used therapeutic drugs such as oxaliplatin,
cisplatin, gemcitabine, doxorubicin, and 5-fluorouracil (5-FU) is a major cause of the failure of
chemotherapy in patients with advanced HCC. Studies demonstrated that exosomes could counteract the
therapeutic effects of chemotherapeutic drugs by suppressing apoptosis and promoting the survival of HCC

[53

cells during chemotherapy™. For example, Wei et al. identified that exosomal miR-135a-5p derived from
HCC with HBV infection promotes anti-apoptosis, cell proliferation, and chemical resistance to
doxorubicin hydrochloride (DOX) through miR-135a-5p/VAMP2 (vesicle-associated membrane protein 2)
axis®. In 2022, Zhou et al. discovered that exosomes derived from cancer-associated fibroblasts could
transfer circZFR to HCC cells, fostering HCC progression and cisplatin resistance by targeting the STAT3/

NF-«B signaling pathway!”.

Moreover, studies also have revealed that exosomes play important roles in HCC chemoresistance by
mediating the efflux of chemotherapeutic drugs. Multidrug resistance (MDR) is a critical obstacle in cancer
pharmacotherapy, representing a defensive mechanism employed by cancer cells that significantly limits the
effectiveness of treatment. One of the common mechanisms underlying MDR involves the overexpression
of ATP-binding cassette (ABC) efflux transporters in cancer cells"*. The ABC family transporters, including
P-glycoprotein (P-gp/ABCB1), multidrug resistance-associated protein 2 (MRP2/ABCCz2), and breast
cancer resistance protein (BCRP/ABCG2), utilize ATP to efflux various xenobiotics, thereby compromising
the efficacy of chemotherapeutic agents"™.

Exosomes were demonstrated to regulate drug efflux via modulation of ABC transporter family members,
which have been implicated in the development of chemoresistance. For example, in several studies,
exosomes were identified to mediate the transfer of drug efflux pumps such as the permeability glycoprotein
(P-gp), ABCG2 or MRP1 from donor drug-resistant cells to recipient-sensitive cancer cells, thereby
fostering the acquisition of drug resistance in the heterogeneous tumor cells***. Undoubtedly, exosomes
can confer chemoresistance to tumor cell populations via the aforementioned pathway. However, it should
be noted that direct in vitro and in vivo experimental evidence substantiating the role of exosome-mediated
transfer of drug efflux pumps among HCC cells, which leads to acquired drug resistance, remains elusive.
Therefore, additional experimental investigations are imperative to validate this mechanism, specifically in
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the context of HCC. Beyond the above mechanism, exosomes can influence the chemosensitivity of HCC
cells by regulating the expression of ABC transporters through the intercellular transfer of their functional
cargo molecules. As alluded to earlier, exosomal linc-VLDLR has the capacity to elevate the expression of
ABCG2, consequently engendering therapeutic resistance to drug molecules such as sorafenib,
camptothecin, and doxorubicin in HCC cells*”. Similarly, Tang et al. found exosomes derived from
cisplatin-resistant HepG2 cells enhance the protein expression of P-gp in HepGz2 cells, inducing these
sensitive cells to develop a drug-resistant phenotype.

In summary, through the intercellular transmission of bioactive molecules in TME, exosomes not only
modulate the pro-survival and anti-apoptotic abilities of HCC cells, but also regulate the expression of
multidrug resistance proteins, which consequently leads to the development of drug resistance against
various therapeutic agents.

Exosomes mediate radioresistance in radiotherapy of HCC

Radiotherapy, including radiofrequency ablation and stereotactic body radiation therapy, remains the
standard locoregional therapeutic option for unresectable or medically inoperable HCC**’.. However, the
resistance against radiotherapy poses a significant challenge to the successful treatment of HCC. The
mechanisms underlying radioresistance are complex, involving various factors such as radiation-induced
DNA damage repair, apoptosis escape, cell cycle arrest, abnormal autophagy, abundance of cancer stem
cells, and other dysregulated biological processes®’. Radioresistance is also highly associated with TME, a
critical factor influencing tumor progression and therapeutic response, which can be modulated through
intercellular communications mediated by exosomes'*>*..

Exosomes represent a significant environmental stressor for cells, with radiation treatment known to
intensify their release and modify their components. Exosomes derived from a variety of irradiated cancer
cells, including those of lung, breast, and glioblastoma, have been implicated in mediating bystander
effects’™). These effects facilitate the transmission of multiple factors in TME, thereby promoting
radiotherapy resistance by regulating pro-survival and anti-apoptotic pathways'*. Moreover, alterations
noted in exosomes and their contents post-radiotherapy could potentially serve as prognostic and predictive
biomarkers for monitoring radiation response®. However, based on our literature review, there is a
noticeable scarcity of research focusing on the significant changes in exosomal components and their
associated mechanisms contributing to the development of radioresistance in HCC following radiotherapy.
Consequently, exploring the alterations of exosomes in the TME post-radiotherapy is crucial for assessing
treatment efficacy and avoiding radioresistance.

Additionally, CSCs inherently exhibit greater resistance to radiation than typical cancer cells and are more
likely to survive post-radiotherapy'”*’. The surviving CSCs may transfer resistant or refractory signals to
recipient cells via exosomes, consequently reducing treatment efficacy. Therefore, exosomes associated with
liver CSCs represent potential contributors to radioresistance, emphasizing the need for more
comprehensive investigations in the future.

Exosomes promote stemness-related characteristics and EMT in drug resistance of HCC

Cancer stem cells (CSCs) are considered key determinants of drug sensitivity. Liver CSCs, a minority subset
of HCC cells, display distinctive stem cell-like characteristics such as potent self-renewal, differentiation
potential, and tumorigenicity, which significantly contribute to the recurrence, metastasis, and therapeutic
resistance in HCC"7', CD133" HCC cells have been identified as a CSC subset demonstrating substantial
resistance to chemotherapeutic agents such as doxorubicin and fluorouracil ™.
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Exosomes have been demonstrated to modulate the stemness of HCC cells and mediate drug resistance
through their cargos. Regorafenib, a potent multikinase inhibitor for second-line targeted therapy against
HCC, was shown to induce regorafenib resistance through RAB27A-dependent exosomes released by liver
CSCs"?. These exosomes could induce Nanog expression in their differentiated progenies, thereby
conferring regorafenib resistance in HCC. In 2021, Li et al. identified that exosomal miR-27a-3p, derived
from M2 macrophage, promotes both cancer stemness and drug resistance in HCC cells by facilitating the
downregulating TXNIP™/. Recently, Tey et al. found the expression of polymeric immunoglobulin receptor
(pIgR) was significantly elevated in circulating exosomes from patients with late-stage HCC™. pIgR-
enriched exosomes activate PDK1/Akt/GSK3p/B-catenin signaling cascades, promoting the cancer stemness
and suppressing the sensitivity of HCC cells to sorafenib®. Our previous study showed that S100 calcium-
binding protein A10 (S100A10) is enriched in exosomes derived from HCC cells. S100A10-enriched
exosomes promote the stemness and epithelial-mesenchymal transition (EMT) of HCC cells, thereby
inducing resistance against sorafenib, cisplatin, and 5-flurouracil™.

EMT is a biological process characterized by the loss of epithelial features and the acquisition of
mesenchymal cell phenotypes. Cells undergoing EMT experience a range of biochemical changes, such as a
decrease in tight cell-cell adhesion and an increase in invasive, migratory, and anti-apoptotic capabilities””.

Emerging evidence indicates that exosomes can mediate the transmission of pro-EMT factors in the TME,
thereby promoting the progression of HCC". Exosomes derived from highly metastatic HCC cells were
identified to induce EMT in low metastatic HCC cells by activating the MAPK/ERK signaling pathway,
leading to HCC progression and recurrence”. Similarly, exosomes derived from HCC cells resistant to
everolimus (an mTOR inhibitor currently under phase III trials) were shown to transmit the aggressive
phenotype by promoting the EMT phenotype and inducing the deregulation of the mTOR pathway".

Karaosmanoglu et al. discovered that HCC cells transfected with Slug, a key transcription factor of EMT,
demonstrated significant chemoresistance and stem-like characteristics””. Intriguingly, exosomes from
these HCC cells contained pro-EMT proteins such as fibronectin 1 (FN1), collagen type II alpha 1
(COL2A1), and native fibrinogen gamma chain (FGG). These findings suggest a potential role of these
exosomes in promoting the malignant progression and therapeutic resistance of HCC cells in the TME. In
2018, Fang et al. demonstrated that exosomal miR-1247-3p, derived from HCC cells, induces the
transformation of fibroblasts into cancer-associated fibroblasts (CAFs) through the downregulation of
B4GALT3". Importantly, these activated fibroblasts further stimulate stemness and EMT via the secretion
of IL-6 and IL-8, thereby enhancing resistance to sorafenib”. Recently, Shi et al. revealed that upregulation
of Linc-ROR promotes the EMT program and drives Adriamycin resistance by targeting AP-2a/Wnt/p-
catenin axis in HCC"”. Together with the aforementioned studies, Linc-ROR can be transferred via
exosomes to mediate resistance to sorafenib. These findings suggest that Linc-ROR can exert a potent drug
resistance effect by inducing EMT and CSC features through various signaling pathways. As a result, Linc-
ROR represents a promising target for drug design to overcome the therapeutic resistance of HCC. Despite
the identification of numerous exosomal components that contributed to EMT in HCC cells"™*,

experimental evidence substantiating their role as key contributors to drug resistance in HCC remains
scarce. Consequently, comprehensive studies elucidating how these exosomal cargos influence drug
resistance in HCC cells through the regulation of EMT are imperative. Such insights are pivotal for the
development of combined treatment strategies targeting multiple key biological processes.

In summary, highly malignant HCC cells in tumor cell populations can induce stem-like or mesenchymal-
like phenotypes in less malignant HCC cells through the secretion of exosomes, thereby promoting acquired
therapeutic resistance. Therefore, these exosomes, by modulating CSCs or EMT characteristics in tumor cell
subpopulations, represent a common mechanism employed by HCC to develop drug resistance and can
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serve as crucial potential targets for drug design strategies.

Exosomes induce autophagy in drug resistance

Autophagy, an evolutionarily conserved process responsible for the degradation of intracellular
components, plays a dual role in both suppressing and promoting tumor survival according to the
circumstance. Studies indicate that autophagy is intricately associated with the development and
maintenance of drug resistance in HCC*"*\. As early as 2011, Ying-Hong Shi and colleagues reported that
inhibiting autophagy, either through pharmacological inhibitors or the knockdown of essential autophagy-
related genes, enhanced cell death in sorafenib-treated HCC cells. A combination therapy involving
sorafenib and the autophagy inhibitor chloroquine yielded more substantial suppression of HCC'*". In 2018,
Zhang et al. identified that miR-142-3p could potentiate the sensitivity of HCC cells to sorafenib by
inhibiting autophagy via targeting autophagy-related 5 (ATG5) and autophagy-related 16-like 1
(ATG16L1)™!. Similarly, autophagy inhibition has also been shown to increase the anticancer effect of
bevacizumab in HCC™.

Recent studies indicate that exosome-induced autophagy may participate in the drug resistance of HCC
cells. Liu et al. found that exosomes derived from HBV-associated liver cancer affected cell survival by
upregulating the chaperone-mediated autophagy pathway, eventually facilitating chemoresistance in
patients with HBV-associated HCC"". Additionally, miR-21 was found to be upregulated in sorafenib-
resistant HCC cells in 2015. Exposure of HCC cells to sorafenib resulted in increased expression of miR-21.
MiR-21 contributes to the acquired resistance to sorafenib by suppressing autophagy through the Akt/
PTEN pathway in HCC™. Furthermore, in 2019, Tian et al. discovered that the acidic microenvironment in
HCC induces the release of miR-21-enriched exosomes to promote cancer cell proliferation and

metastasis’®®

. Based on these findings, we hypothesize that the transmission of miR-21 through exosomes in
response to an acidic microenvironment among HCC cells could suppress autophagy by modulating the

Akt/PTEN pathway, which plays a crucial role in the acquisition of sorafenib resistance in HCC.

In summary, most anticancer drugs primarily exert their therapeutic effects by inducing apoptosis in cancer
cells. However, under the stress of treatment, some cancer cells may adapt by evolving the mechanisms that
regulate cell death, thereby achieving evasion from programmed cell death. In HCC, autophagy emerges as
a key mechanism regulating cell survival or death, acting as a double-edged sword contingent on specitic
circumstances, conferring an enhanced adaptive capacity to cancer cells. Exosomes play a crucial role in
propagating these death-resistant signals among tumor cells, which consequently fosters cancer cell survival
and engenders therapeutic resistance through the modulation of autophagy. Although our understanding of
how exosome-derived cargos regulate autophagy and impact drug resistance is gradually improving, further
elucidation is necessary. Therefore, investigating the role and mechanism of exosomes in overcoming drug-
induced cell death modalities holds significant promise for the advancement of innovative anticancer drugs
and therapeutic strategies.

POTENTIAL CLINICAL APPLICATIONS OF EXOSOMES IN HCC THERAPEUTIC
RESISTANCE

With an increased understanding of the characteristics of exosomes and their association with therapeutic
resistance, as well as the different cargos identified under various disease conditions, exosomes have
emerged as one of the most promising research fields for improving treatment outcomes of HCC®!. Given
their roles in facilitating therapeutic resistance in HCC, exosomes not only represent potential targets for
cancer therapy but also prospective biomarkers for cancer diagnosis, therapeutic response evaluation, and

14,90]

prognosis prediction"**.
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Exosomes as predictive biomarkers for treatment efficacy in HCC

Biomarkers, which are molecules or substances detectable in blood, tissues, or other biological samples,
have the capacity to indicate the presence, progression, or prognosis of a disease. They hold important roles
in the detection and monitoring of disease status during cancer diagnosis and treatment. The number of
studies have been conducted to explore the potential use of exosomes as diagnostic or prognostic
biomarkers for HCC. Remarkably, non-coding RNAs and other components present in exosomes have been
identified as promising biomarker candidates for HCC"**"\. For instance, overexpression of exosomal miR-
4669 was identified to promote the immunosuppressive TME, potentially predicting therapeutic response
and recurrence probability of HCC"*. Serum exosomal Inc-FAM72D-3 and Inc-EPC1-4 were demonstrated
as potential diagnostic biomarkers of HCC"”. In a study by Ji et al., it was elucidated that exosomes carrying
ZFPM2-AS1 could promote HCC progression via the miR-18b-5p/PKM axis, thereby highlighting the
diagnostic and therapeutic potential of exosomal ZFPM2-AS1 in HCC patients". Circulating exosomal PD-
L1 was found to enhance the adaptive response of tumor cells to T cell reinvigoration and may serve as a
potential predictor of anti-PD-1 therapy efficacy in melanoma'”. However, the potential role of exosomal
PD-L1 in the context of immune therapy for HCC remains to be further elucidated. Moreover, Hoshino et
al. revealed a set of tumor-type-specific exosomal proteins in plasma and tissue explants, which facilitate the
classification of cancers of unknown primary origin and may serve as reliable biomarkers for cancer
detection and cancer type determination..

In summary, exosomes present a promising avenue for the identification of predictive biomarkers in HCC.
The analysis of exosomal cargos, especially differentially enriched non-coding RNAs or proteins that are
enriched in disease status, holds the potential for improving treatment selection and monitoring response in
HCC patients. Additional research efforts are required to validate the clinical utility of these exosomal
biomarkers and to develop standardized protocols for their detection and quantification.

Exosomes as therapeutic interventions in HCC therapeutic resistance

As discussed above, exosomes serve as important mediators to promote therapeutic resistance of HCC by
transferring specific components intercellularly in TME. Targeting exosomes emerges as a promising
strategy to counteract therapy resistance. An effective approach to mitigate exosome-mediated drug
resistance involves impeding the production of exosomes or obstructing the secretion of exosomes that are
enriched with drug resistance-related contents originating from specific cell types. For example, the
knocking-down of the expression of RAB27A or RAB27B, regulator of exosome secretion, significantly
improved the therapeutic effects of drugs in HCC***”. Therefore, a series of inhibitors targeting different
stages in exosome biogenesis and release were developed to interfere with the function of exosomes in the
progression of cancers”*”. Additionally, targeted elimination of circulating exosomes is another viable
strategy for tumor inhibition. Neutralizing antibodies that target exosomal S100A10 or pIgR have been
shown to effectively overcome drug resistance in HCC cells””. Hence, strategies that interfere with the
biogenesis, release, or transmission of exosomes present substantial potential for the development of
effective therapeutic approaches in treating various types of cancers. Particularly, the combination of
exosome inhibitors and anticancer drugs may offer a promising solution to overcoming tumor cell drug
resistance, thereby significantly improving clinical therapeutic outcomes. Nevertheless, there are still
numerous challenges in these therapeutic strategies, such as the lack of specific inhibitors. Moreover, the
paucity of relevant experimental research, especially those focusing on drug resistance in HCC, highlights
the need for further validation through extensive basic and clinical investigations.

In addition, exosomes, increasingly recognized as one of the most effective delivery vehicles for cancer
therapy, have the capability to transport antitumor drugs or therapeutic biomolecules with remarkable
histocompatibility, less immunogenicity, low cytotoxicity, and high specificity in targeting recipient
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cells® . These nano-sized vesicles can be readily internalized by recipient cells, facilitating the effective
delivery of therapeutic cargos such as nucleic acids, proteins, and anticancer drugs to the target site"*". Lou
et al. revealed that miR-122 could be effectively packaged into exosomes released from AMSCs (adipose
mesenchymal stem cells) post-transfection”’. These miR-122-enriched exosomes mediate miR-122
crosstalk between AMSCs and HCC cells, consequently enhancing HCC cell sensitivity to sorafenib both in
vitro and in vivo. Further research from the same group discovered that miR-199a-loaded exosomes from
AMSCs could increase HCC chemosensitivity to doxorubicin by targeting the mTOR pathway"*!. Similarly,
exosomes derived from siGRP78-modified bone marrow-derived mesenchymal stem cells (BMMSCs) were
reported to be able to sensitize sorafenib-resistant HCC cells and reverse the drug resistance"”. CD38
siRNA-loaded exosomes from BMMSCs were identified to reverse HCC resistance to PD-1/PD-L1
inhibitors in vivo"". Recently, engineered exosomes carrying sgRINAs/Cas9 targeting IQGAP1 and FOXM1
were developed to effectively reverse sorafenib resistance in HCC by suppressing CD133" HCC cells""”.
Moreover, exosomes are also being developed as prospective carriers for therapeutic drugs such as
curcumin, doxorubicin, and paclitaxel to increase drug efficacy, reduce side effects, and overcome drug
resistance in cancer treatment™'*. In HCC, exosomes encapsulating asiatic acid or sorafenib have shown
effective antitumor effects"*>'”). In brief, the development of innovative exosome-based strategies holds
great potential in improving the therapeutic outcomes for HCC patients.

CONCLUSIONS AND PERSPECTIVES

The resistance and low response rates remain significant challenges in the treatment of HCC. Exosomes,
emerging as important mediators of intercellular communication, exert critical roles in various biological
processes, including cancer progression and therapeutic resistance. In TME, exosomes act as a crucial
regulator of drug resistance by modulating mechanisms such as promoting drug efflux, inducing EMT and
CSC properties, regulating autophagic phenotypes, and driving immunosuppression. For clinical
applications, exosomes may serve as potential biomarkers for predicting and monitoring therapeutic
efficacy in HCC patients, especially for those undergoing radiotherapy. Moreover, exosomes serve as
promising targets to reverse exosome-mediated drug resistance. Additionally, utilizing exosomes for the
delivery of therapeutic anticancer drugs or other therapeutic agents provides a new approach to enhance the
efficacy of therapeutic drugs in HCC patients.

Similar to the antibiotic resistance developed by bacteria, tumor cells inevitably acquire drug resistance
under the prolonged influence of anticancer drugs. As anomalous tissues composed of eukaryotic
multicellular entities, tumors harbor complex intracellular and intercellular signaling networks that sustain
their survival, rendering the mechanisms of developing drug resistance more intricate. Therapies targeting a
single site often demonstrate effectiveness in the short term but are prone to induce therapeutic resistance
in tumor cells upon long-term use. Hence, developing multi-target anticancer drugs has greater therapeutic
potential. For example, the first-line molecular targeted drugs such as sorafenib and lenvatinib, which are
currently used successfully for advanced HCC treatment, typically inhibit the activity of a series of kinases.
Additionally, another effective strategy to prevent drug resistance involves the combination of drugs
targeting different specific cellular processes, such as the combination of molecular targeted drug
bevacizumab and immune checkpoint inhibitor atezolizumab, which brings new hope for cancer patients.
More importantly, since exosomes serve as the hub carriers of therapeutic resistant signals in TME, by
blocking the functionality of these exosomes, therapeutic resistance can be effectively counteracted.
Consequently, a combination strategy involving targeted inhibitors to suppress exosomal functions in the
TME along with other treatment modalities could emerge as a potent method to effectively inhibit tumor
progression and drug resistance. This approach may present one of the most promising therapeutic
strategies for cancer treatment in the foreseeable future.
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Despite the exciting potential applications, research on exosomes in HCC therapeutic resistance remains
nascent, with several pivotal challenges that need to be addressed in future investigations. (1) Currently,
most studies have primarily focused on exosomes derived from HCC cells, resulting in a significant
knowledge gap regarding the contributions of exosomes from other cellular sources such as immune and
stromal cells in TME. Deciphering the influences of these exosomes on HCC drug resistance and
pathological processes is critical for effectively exploiting the therapeutic potential of exosomes; (2)
Although RNAs in exosomes, including miRNA, IncRNA, and circRNA, have been extensively studied,
other cargos such as proteins, lipids, and other metabolic substrates remain inadequately investigated. Thus,
a more holistic understanding of the underlying mechanisms of exosome-mediated drug resistance is
crucial; (3) So far, although emerging studies investigate the role of exosomes in HCC therapeutic
resistance, the underlying mechanisms are still vague. Systematic and in-depth studies about the
mechanisms of exosome-mediated drug resistance are in urgent need and will further facilitate the
development of targeting exosomes to reverse the therapeutic resistance in HCC; (4) The utilization of
exosomes as drug delivery vehicles for antitumor therapies offers a promising avenue for enhancing the
efficacy of therapeutic agents in HCC patients. Despite recent advances in exosome-based carrier platforms,
these techniques often fall short in terms of yield, specificity, sensitivity, and heterogeneity. There is an
urgent need for simplified, reproducible methodologies for the purification and large-scale production of
quality-controlled exosomes and drug/gene-encapsulating exosomes. Additionally, the rigorous
characterization of exosomal RNA, lipids, and proteins also remains a pressing requirement. By addressing
these challenges, the therapeutic outcomes for HCC patients will be significantly improved with the use of
exosome-based strategies in the future.
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