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Abstract: Ovarian cancer remains a leading cause of death among gynecological cancers, largely
due to its propensity for peritoneal metastasis and the development of drug resistance. This review
concentrates on the molecular underpinnings of these two critical challenges. We delve into the
role of exosomes, the nano-sized vesicles integral to cellular communication, in orchestrating the
complex interactions within the tumor microenvironment that facilitate metastatic spread and thwart
therapeutic efforts. Specifically, we explore how exosomes drive peritoneal metastasis by promoting
epithelial-mesenchymal transition in peritoneal mesothelial cells, altering the extracellular matrix,
and supporting angiogenesis, which collectively enable the dissemination of cancer cells across
the peritoneal cavity. Furthermore, we dissect the mechanisms by which exosomes contribute to
the emergence of drug resistance, including the sequestration and expulsion of chemotherapeutic
agents, the horizontal transfer of drug resistance genes, and the modulation of critical DNA repair
and apoptotic pathways. By shedding light on these exosome-mediated processes, we underscore
the potential of exosomal pathways as novel therapeutic targets, offering hope for more effective
interventions against ovarian cancer’s relentless progression.

Keywords: ovarian cancer; exosomes; peritoneal metastasis; drug resistance; epithelial-mesenchymal
transition

1. Introduction

Ovarian cancer continues to represent one of the most lethal gynecological malignan-
cies, largely due to its asymptomatic progression and advanced stage at diagnosis [1,2].
The effective treatment of this disease is impeded by two significant obstacles: metastasis
and drug resistance [3-5]. These factors often result in poor prognoses and high mortality
rates [6]. A comprehensive understanding of the underlying mechanisms that drive these
processes is essential for the development of novel therapeutic strategies. Recent research
has underscored the pivotal role of exosomes, nano-sized vesicles secreted by cells, in
orchestrating diverse aspects of ovarian cancer progression, including metastasis and drug
resistance [7,8].

Exosomes, which typically range in diameter from 30 to 150 nm, are encapsulated
by a lipid bilayer membrane, and carry a diverse array of biologically active molecules,
including deoxyribonucleic acid (DNA), various forms of ribonucleic acid (RNA), proteins,
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and cytokines [9]. These vesicles are not mere cellular waste; rather, they play a pivotal role
in intercellular communication, influencing the behavior and fate of recipient cells [10,11].

In the context of cancer, exosomes have been demonstrated to facilitate tumor growth,
metastasis, and the development of drug resistance by transferring oncogenic molecules to
target cells [12]. This intercellular communication is of particular relevance in the context
of the tumor microenvironment, where exosomes have the capacity to modulate immune
responses, promote angiogenesis, and alter the behavior of stromal cells, thereby creating a
supportive niche for tumor cells [13,14].

The majority of ovarian cancer metastases occur in the peritoneal cavity, with cancer
cells spreading throughout the abdominal region [15]. Exosomes derived from ovarian
cancer cells have been demonstrated to play a role in this process through the induction of
epithelial-mesenchymal transition (EMT) in peritoneal mesothelial cells, thereby enhancing
their invasive capabilities [16,17]. Additionally, exosomes contribute to the remodeling
of the extracellular matrix and the creation of a pre-metastatic niche, thereby further
facilitating cancer cell dissemination [3]. Additionally, these vesicles play a pivotal role in
angiogenesis, a process vital for supplying nutrients and oxygen to growing tumors, and
in immune evasion, enabling cancer cells to evade detection and destruction by the host’s
immune system [18,19].

Another significant challenge in the treatment of ovarian cancer is drug resistance,
which exosomes are known to facilitate. They are capable of sequestering and expelling
chemotherapeutic drugs from tumor cells, thereby reducing the intracellular concentration
of these agents and diminishing their efficacy. Additionally, exosomes transfer drug
resistance-associated molecules, such as microRNAs and proteins, to drug-sensitive cells,
thereby disseminating resistance traits across the tumor population. Furthermore, exosomes
regulate DNA damage repair pathways and apoptotic responses, thereby promoting the
survival and proliferation of drug-resistant cancer cells [20-22].

This review endeavors to dissect the sophisticated molecular mechanisms by which
exosomes contribute to peritoneal metastasis and drug resistance in ovarian cancer. By
delving into the cellular and molecular dialogues facilitated by exosomes within the tumor
microenvironment, we aim to unravel how these vesicles mediate the transformation of
normal peritoneal cells, foster the degradation and remodeling of the extracellular matrix,
and establish new vascular networks, all of which are essential for metastatic coloniza-
tion. Simultaneously, we aim to clarify the molecular stratagems employed by exosomes
to circumvent chemotherapeutic interventions, including the direct expulsion of drugs,
the transfer of resistance-conferring genetic material, and the alteration of cell survival
pathways. Through a detailed understanding of these processes, this review aspires to
highlight novel molecular targets within the exosome-mediated pathways, paving the way
for innovative therapeutic strategies that could significantly ameliorate the prognosis and
treatment of ovarian cancer.

2. Biological Characterization of Exosomes

Exosomes are nano-sized vesicles, typically 30 to 150 nm in diameter, encapsulated
by a lipid bilayer membrane (Figure 1). The process of exosome production is primarily
divided into four stages: invagination of the cell membrane, formation of endosomes,
development of multivesicular bodies (MVBs), and ultimately, fusion of these bodies with
the plasma membrane followed by release into the cytosol as exosomes [23]. During
exosome formation, the plasma membrane invaginates in a cup-like structure, wrapping
cell surface proteins and soluble proteins associated with the extracellular environment to
form an early sorting endosome (ESE), and the Golgi apparatus and endoplasmic reticulum
assist in ESE formation. Later, the ESE matures into late sorting endosomes (LSE), and
LSE invagination leads to the formation of intracellular multivesicular bodies (MVBs)
containing intraluminal vesicles (ILVs). Then, MVBs fuse with the cell membrane and
cytosolizes to secrete exosomes [9]. These exosomes are rich in diverse biologically active
molecules, including DNA, various forms of RNA, proteins, and cytokines [9,24,25]. The
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exosome membranes are characterized by specific marker proteins such as CD9, CD63, and
CD81, which facilitate their recognition and binding to target cells [26-28].

Structure of extracellular vesicles
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Figure 1. Biogenesis and structure of extracellular vesicles (EVs) (created with BioRender.com
(accessed on4 August 2024)). This diagram illustrates the biogenesis and structural characteristics
of extracellular vesicles (EVs), specifically exosomes and microvesicles. Structure of extracellular
vesicles: The diagram highlights EVs’ surface and internal components. EVs are lipid bilayer-enclosed
structures displaying surface antigens (e.g., CD9, CD63), adhesion molecules, and cargo, including
nucleic acids (DNA, RNA), proteins, lipids, and metabolites. Exosomes (30-150 nm in diameter) are
typically depicted with a detailed cargo composition that facilitates various cellular functions and
signaling pathways. Exosome formation: The formation begins within the cell cytoplasm, where early
endosomes (EE) containing intraluminal vesicles (ILVs) mature into multivesicular endosomes (MVE)
under the influence of Rab27A. MVEs then fuse with lysosomes for degradation or fuse with the
plasma membrane to release ILVs as exosomes into the extracellular space (exocytosis). Microvesicle
formation: Microvesicles (100-1000 nm in diameter) are formed by the plasma membrane’s direct
outward budding and fission (ectocytosis).

Recent studies have emphasized the pivotal role of exosomes in the tumor microenvi-
ronment, where they influence critical aspects such as tumor cell proliferation, migration,
invasion, angiogenesis, immune modulation, and metabolic reprogramming [25]. These
processes collectively contribute to drug resistance and metastasis. Over the past decade,
exosome research has made considerable strides, highlighting their promise as novel
diagnostic biomarkers and therapeutic vehicles [29-31].

3. Mechanisms of Exosomes in Ovarian Cancer Metastasis

Ovarian cancer metastasis and drug resistance represent significant challenges in
the effective treatment of this malignancy. Exosomes, which play a critical role in these
processes, exert substantial influence on ovarian cancer progression and therapeutic out-
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comes [21,32,33]. These nano-sized vesicles deliver bioactive molecules, such as proteins,
RNAs, lipids and other factors, to recipient cells through membrane fusion, endocytosis,
and receptor-mediated uptake. This intercellular communication promotes tumor cell
proliferation, migration, invasion, and metastasis [34,35].

Exosomes can also affect other cells in the tumor microenvironment and promote
tumor progression by altering the original biological phenotypes of these receptor cells; for
example, tumor cell-derived exosomes promote endothelial cell proliferation and neovas-
cularization [36]. Exosomes of mesenchymal cell origin also promote tumor progression
by altering tumor cell phenotypes; for example, exosomes secreted by cancer-associated
fibroblasts (CAFs) promote tumor metastasis and chemoresistance by enhancing tumor cell
stemness and epithelial-mesenchymal transition (EMT) [20]. Thus, exosomes are critical
regulators of tumor microenvironment modulation and cancer metastasis (Figure 2 and
Table 1).

Exosomes promote ovarian cancer metastasis
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Figure 2. The role of exosomes in tumor microenvironment modulation and cancer metastasis (created
with BioRender.com (accessed on 4 August 2024)). This figure illustrates the multifaceted roles of
exosomes within the ovarian tumor microenvironment. Exosome functions: (a) Reprogramming
fibroblasts into cancer-associated fibroblasts (CAFs): Ovarian cancer cell-derived exosomes carry
TGFp and other factors that transform normal fibroblasts into CAFs. CAFs then enhance tumor
growth by remodeling the extracellular matrix and secreting growth factors. (b) Promoting epithelial-
mesenchymal transition (EMT): Exosomes from ovarian cancer cells deliver signals such as TGFf§,
miRNAs, and other EMT-promoting molecules to recipient epithelial cells. This induces EMT,
characterized by the loss of epithelial markers and the gain of mesenchymal traits, which increases cell
motility and invasiveness. (c) Facilitating angiogenesis: Exosomes from ovarian cancer cells promote
angiogenesis by transferring pro-angiogenic factors such as VEGF, miRNAs, and other signaling
molecules to endothelial cells. This results in the formation of new blood vessels, which supply the
growing tumor with nutrients and oxygen. (d) Modulating immune response: Exosomes influence
immune cells by promoting immunosuppressive T_REG and MDSCs while inhibiting cytotoxic T-cells
and NK cells, creating an immune-invasive environment for the tumor. (e) Facilitating metastasis:
Exosomes prepare distant organs for tumor cell colonization by modifying local cells and creating
pre-metastatic niches, thereby aiding in the spread of cancer cells.
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Table 1. Exosomes promote ovarian cancer metastasis.
Exo-Source Content Target Cells Mechanism Effect Refer.
Cancer cells CD44 HPMCs EMT and secrete MMP9 EMT [37]
Cancer cells ANXA2 HMRSV5 PI3K/AKT/mTOR pathway EMT [38]
Serum and Ascites ITGA5B1/AEP Mesothelial cells FAK/Akt/Erk pathway EMT [39]
Cancer cells PKR1 HUVECs STAT3/PKRI signaling Angiogenesis [40]
pathway
Cancer cells miR-205 HUVECs PTEN-AKT pathway Angiogenesis [41]
Ascites sE-cad HUVECs P-cateninand NF-Bsignaling o1 0 enesis [42]
pathways
Cancer cells miR-141 Stromal fibroblasts Hippo signaling pathway Rep rogj:a;g ming [3]
. Regulation of
CAFs miR-29¢c-3p Cancer cells Secrete MMP2 CAFs [43]
CAFs miR-21 Cancer cells Downregulation of APAF1 Regélzt;sm of [44]
Ascites Biomolecule Tocells Inhibition of T—c'ell Prohferatlon Immun.e [45]
and activation suppression
Cancer cells miR-155-5p T-cells PD-L1 Immun.e [46]
suppression
Cancer cells miR-181d-5p TAMs M2-type macrophage Immune [47]
polarization suppression
ntegrinav35/akt/spl pathway Immune
Cancer cells Laminin TAMs and M2-type macrophage . [48]
L suppression
polarization
TAMs miR-221-3p Cancer cells Inhibits CDKN1B Immun.e [49]
suppression
TAMs miR-29a-3p Cancer cells FOXO3-AKT/GSK3/PD-L1 Immune escape [50]
pathway
. STAT3 inhibition and Immune
TAMs miR-21-5p Treells Treg/Th17 ratio imbalance suppression (511

3.1. Exosomes Regulate Cancer-Associated Fibroblasts (CAFs) to Promote Ovarian

Cancer Metastasis

Cancer-associated fibroblasts (CAFs) represent a critical component of the tumor
microenvironment, exerting a substantial influence on tumor progression [52]. CAFs
facilitate tumor growth through the remodeling of the extracellular matrix (ECM); the
secretion of growth factors, cytokines, and chemokines; the regulation of tumor metabolism;
and the induction of angiogenesis. They also modulate immune cell function. They alter
the tumor immune microenvironment to suppress anti-tumor responses [53].

Tumor cells can influence the function of CAFs through exosomes, transforming
them into “helpers” that facilitate tumor growth, drug resistance, and metastasis [54].
Exosomes from ovarian cancer cells have been shown to activate fibroblasts into a CAF-like
state, enhancing their proliferation, motility, invasiveness, and enzyme expression [55].
Specifically, hsa-miR-141-3p (miR-141) secreted by ovarian cancer cells is transferred to
stromal fibroblasts via exosomes. By targeting YAP]I, a key effector of the Hippo signaling
pathway, miR-141 downregulates YAP1 expression and increases the secretion of the pro-
inflammatory chemokine GROw in stromal fibroblasts. This reprogramming of stromal
fibroblasts into pro-inflammatory CAFs facilitates the formation of a metastatic niche, thus
promoting ovarian cancer metastasis [3].
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On the other hand, CAF-derived exosomes may also be involved in cancer cell pro-
liferation, metastasis, and drug resistance. Growing evidence suggests that exosomes
mediate the interaction between CAFs and other cells in the tumor microenvironment,
contributing to tumor metastasis [56]. In ovarian cancer studies, the downregulation of
miR-29¢-3p in exosomes from CAFs has been associated with the promotion of peritoneal
metastasis. CAF-derived exosomes with low miR-29¢-3p levels enhance MMP2 expression
in ovarian cancer cells, accelerating intraperitoneal metastasis [43]. Additionally, high
levels of miR-21 in CAF-derived exosomes from the omental tumor microenvironment are
linked to ovarian cancer metastasis. These exosomes transfer miR-21 to ovarian cancer cells,
directly binding to APAF1 and downregulating its expression, which inhibits apoptosis
and confers paclitaxel resistance, thus promoting distant metastasis [44]. It was found
that the combination of the chemotherapeutic drug gemcitabine and the exosome inhibitor
GW4869 significantly reduced the number of exosomes released by CAFs, resulting in a
better therapeutic effect [57]. To summarize, exosomes provide an important link between
ovarian cancer cells and CAFs. Exosomes from ovarian cancer cells convert CAFs into
metastasis-supporting factors, while exosomes secreted by CAFs further enhance tumor
resistance and metastasis.

3.2. Exosomes Promote Ovarian Cancer Metastasis by Inducing Epithelial-Mesenchymal
Transition (EMT) in Peritoneal Mesothelial Cells

Ovarian cancer metastasis is unique compared to other cancers due to its primary
mode of spread, which is peritoneal metastasis. The peritoneum, mainly composed of
mesothelial cells and a small amount of connective tissue, is a crucial barrier preventing
ovarian cancer cells from invading the retroperitoneal cavity and protecting underlying
tissues [58]. However, within the tumor microenvironment, ovarian cancer cells secrete
oncogenic factors that induce a mesothelial-to-mesenchymal transition (MMT) in normal
mesothelial cells, transforming them into cancer-associated mesothelial cells (CAMs) [59].
This transformation results in the loss of the protective barrier function of mesothelial
cells. CAMs exhibit epithelial-mesenchymal transition (EMT) features, such as increased
expression of fibronectin, x-SMA, vimentin, and decreased E-cadherin levels. These CAMs
further secrete cytokines, chemokines, and exosomes, enhancing ovarian cancer cells’
metastatic potential [60-62].

Recent studies have highlighted the significant role of exosomes in mediating com-
munication between ovarian cancer cells and CAMs, thereby facilitating ovarian cancer
metastasis. For instance, Koji Nakamura et al. discovered that exosomes derived from
ovarian cancer cells were enriched with CD44. When co-cultured with human peritoneal
mesothelial cells (HPMCs), these exosomes induced high levels of CD44 expression in
HPMCs, leading to morphological changes and the adoption of an EMT phenotype in these
cells. This elevated CD44 expression promoted peritoneal metastasis by inducing HPMCs
to secrete MMP?9, thereby disrupting the peritoneal mesothelial barrier and enhancing the
invasive capacity of cancer cells [37].

Further research by Lingling Gao et al. demonstrated that annexin A2 (ANXA2),
a membrane-associated protein in ovarian cancer cells, could be transferred to human
peritoneal mesothelial cells (HMRSV5) via exosomes. ANXA2 regulated morphological
changes and fibrosis in these cells, promoting EMT and extracellular matrix degradation
through the PI3K/AKT/mTOR pathway. This process remodels the microenvironment,
creating favorable conditions for ovarian cancer metastasis [38].

Moreover, Xiaoduan Li et al. identified the ITGA5B1/AEP complex as highly ex-
pressed in the exosomes found in the serum and ascites of ovarian cancer patients. This
complex can be transferred to mesothelial cells via exosomes, activating the FAK/Akt/Erk
pathway, thereby promoting EMT in mesothelial cells. This activation regulates mesothelial
cell proliferation and migration, ultimately influencing peritoneal metastasis of ovarian
cancer [39]. Intriguingly, a recent study reported a novel mechanism where exosomes carry-
ing MMP1 mRNA in the ascites of ovarian cancer patients induce apoptosis in mesothelial
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cells, leading to the destruction of the peritoneal barrier, further facilitating peritoneal
metastasis [63].

Exosomes play a key role in communication between ovarian cancer cells and mesothe-
lial cells, promote EMT in mesothelial cells, and greatly facilitate peritoneal metastasis of
ovarian cancer by secreting MMP proteins and other factors that disrupt the peritoneal
barrier. Understanding these mechanisms is critical for designing cutting-edge therapies
to address ovarian cancer spread and improve patient survival. However, we should not
only focus on exosomes that promote EMT. An increasing body of research now indicates
that exosomes also play a role in inhibiting epithelial-mesenchymal transition (EMT) [64].
For example, it has been found that LBH-enriched exosomes inhibit tumor EMT by down-
regulating VEGFA signaling [65]. In addition, it has been found that exosomes derived
from mesenchymal stem cells (MSCs) have a role in inhibiting EMT in tumor cells, which
offers a new strategy for cancer treatment [66]. These studies suggest that exosomes may
function as a double-edged sword in regulating peritoneal metastasis of ovarian cancer
through epithelial-mesenchymal transition (EMT). Specifically, exosomes may promote
the EMT process of ovarian cancer cells under certain conditions, thereby enhancing their
invasiveness and metastatic potential, leading to disease progression. Conversely, under
other conditions, exosomes might inhibit the EMT process, reducing the invasiveness and
metastasis of cancer cells, thus alleviating the disease to some extent. Therefore, the role
of exosomes in ovarian cancer peritoneal metastasis is complex and variable, depending
on their microenvironment and specific regulatory mechanisms. These findings suggest
that when considering exosomes as therapeutic targets, their dual role must be carefully
considered to avoid potential adverse effects.

3.3. Exosome-Induced Angiogenesis Promotes Ovarian Cancer Metastasis

Angiogenesis is a critical factor in the progression of tumor metastasis and the devel-
opment of drug resistance [67]. Blood vessels, formed from a single layer of endothelial
cells, provide essential nutrients to tumor cells, creating a favorable environment for their
growth and aiding in immune evasion [12]. However, the structure and function of tumor-
induced neovascularization are often abnormal, characterized by an incomplete stroma,
and a propensity for leakage. This allows tumor cells to penetrate the vascular endothelium,
enter the bloodstream, and colonize other body parts, thus facilitating metastasis [68,69]. In-
creasing evidence underscores the significant role of vascular endothelial cells in promoting
tumor cell metastasis.

Tumor-associated exosomes are known to carry various proteins, RNAs, and factors
such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), trans-
forming growth factor 3 (TGF-f3), and tumor necrosis factor (TNF). These components
stimulate angiogenesis and alter the permeability of vascular endothelial cells, thereby pro-
moting the establishment of pre-metastatic niches that are favorable to tumor cells [70,71].
For instance, ovarian cancer cell-derived exosomes carrying the PKR1 protein have been
shown to activate the PKR1 signaling pathway by inducing STAT3 phosphorylation in
human umbilical vein endothelial cells (HUVECsS). This activation promotes HUVEC migra-
tion and tube formation, elucidating the mechanism by which ovarian cancer cell-derived
exosomes facilitate tumor angiogenesis [40].

Further studies have identified that miR-205 is highly expressed in the tumor tissues
and sera of ovarian cancer patients, and its elevated levels in circulating exosomes are
associated with tumor metastasis [41]. Mechanistically, exosome-dependent secretion of
miR-205 from ovarian cancer cells to neighboring vascular endothelial cells, mediated by
endocytosis via lipid rafts, regulates the PTEN-AKT pathway, inducing angiogenesis and
subsequent tumor metastasis [41]. Additionally, Tang, M.K.S., et al. discovered that soluble
E-cadherin (sE-cad), abundantly present in the malignant ascites of ovarian cancer patients,
is a potent inducer of angiogenesis. These sE-cad-positive exosomes form heterodimers
with VE-cadherin on endothelial cells, triggering a novel sequential activation of (3-catenin
and NF-«B signaling pathways, thereby enhancing angiogenesis in ovarian cancer [42].



Biomolecules 2024, 14, 1099

8 of 19

In summary, exosomes exert a profound influence on the angiogenic and metastatic
processes in ovarian cancer by transporting essential pro-angiogenic factors and regulatory
molecules. The insights gained from studying the exosome-mediated signaling pathways
and their effects on vascular endothelial cells offer a valuable understanding of the pro-
gression of ovarian cancer and present potential avenues for developing novel therapeutic
strategies. Exosomes derived from miR-16-containing mesenchymal stem cells have been
reported to down-regulate vascular endothelial growth factor expression, thereby inhibit-
ing angiogenesis in vitro and in vivo [72]. In addition, the combination of exosomes with
monoclonal antibodies against vascular endothelial growth factor provides a new idea for
cancer treatment [73].

3.4. Exosomes Requlate Immune Cells to Promote Ovarian Cancer Metastasis

Immune cells, including lymphocytes, dendritic cells, monocytes, macrophages, gran-
ulocytes, and mast cells, play vital roles in antigen recognition, presentation, and immune
response [74]. While these cells typically act as defenders against cancer, their function
can be altered within the tumor microenvironment, aiding immune escape and promoting
drug resistance and metastasis [75,76].

Exosomes mediate intercellular communication and significantly influence the tumor
immune microenvironment [77]. They are involved in both immune stimulation and
immunosuppression within ovarian cancer. On the one hand, exosomes can stimulate
immune cells to exert anti-tumor functions by secreting biological factors and transmitting
bioactive substances. On the other hand, exosomes secreted by ovarian cancer cells can
shift immune cells from an activated state to an immunosuppressive one, facilitating tumor
growth, drug resistance, and metastasis by evading immune surveillance [78,79]. Exosomes
carry immunoreactive molecules, including major histocompatibility complex (MHC I),
heat shock proteins (HSPs), and CD81, which stimulate anti-tumor immune responses [80].
However, they can also enhance immune escape by promoting immunosuppression, hereby
promoting tumor development and metastasis [81].

CD4(+) and CD8(+) T lymphocytes are crucial for specific anti-tumor immunity. Emerg-
ing evidence suggests that exosomes can carry various immunosuppressive signals to in-
hibit T-cell proliferation and function, contributing to tumor immunity [82]. Exosomes iso-
lated from the ascites of ovarian cancer patients can inhibit T-cell receptor (TCR)-dependent
T-cell activation, affecting endpoints such as NF-«B and NFAT translocation, CD69 and
CD107a upregulation, cytokine production, and cellular proliferation. This immune sup-
pression is reversible, and blocking these exosomes can reactivate anti-tumor responses in
suppressed tumor-associated T-cells [45].

The programmed death ligand-1/programmed death receptor-1 (PD-L1/PD-1) signal-
ing pathway is crucial to tumor immunosuppression. It inhibits T lymphocyte activation
and enhances tumor immune tolerance, facilitating immune escape [83-85]. For example,
elevated reactive oxygen species (ROS) in ovarian cancer downregulate exosomal miR-
155-5p, increasing PD-L1 expression and reducing CD8(+) T lymphocytes, thereby aiding
immune escape [46]. Cisplatin-resistant ovarian cancer cells secrete exosomes carrying
plasma gelsolin (pGSN), which induce CD8(+) T lymphocyte apoptosis, decrease IFN-y
secretion, and increase the glutathione (GSH) content in ovarian cancer cells, enhancing
immune resistance [86].

Studies on the impact of exosomes on the tumor immune microenvironment in ovar-
ian cancer have mainly focused on tumor-associated macrophages (TAMs) [87]. TAMs
release exosomes, cytokines, chemokines, and enzymes that enhance ovarian cancer cell
invasiveness and chemoresistance, playing a crucial role in peritoneal metastasis by aiding
tumor cell adhesion and sphere formation [88]. M2-type macrophages, predominantly
found among TAMs, are pro-carcinogenic [89]. Hypoxia increases the secretion of exosomes
carrying miR-21-3p, miR-125b-5p, and miR-181d-5p from ovarian cancer cells, promoting
M2 macrophage polarization and furthering tumor cell proliferation and migration [47].
Elevated ROS levels in ovarian cancer cells reduce exosomal miR-155-5p uptake by TAMs,
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upregulating immunosuppressive factors like PD-L1 and promoting immune escape [46].
Additionally, ovarian cancer cells with high ETS proto-oncogene 1 (ETS1) expression release
laminin-rich exosomes that promote M2 macrophage polarization and CXCL5 and CCL2
secretion via the integrin av35/akt/spl pathway, supporting metastasis [48].

TAM-derived exosomal miRNAs also play significant roles in ovarian cancer metasta-
sis. For instance, miR-221-3p in M2-TAM exosomes inhibits CDKN1B, promoting tumor
cell proliferation and peritoneal metastasis [49]. miR-29a-3p in TAM exosomes enhances
PD-L1 expression in ovarian cancer cells via the FOXO3-AKT/GSK3p pathway, aiding
immune escape [50]. TAMs also interact with other tumor microenvironment cells, as seen
in exosome-mediated miR-29a-3p and miR-21-5p interactions with T-cells, leading to STAT3
inhibition and Treg/Th17 ratio imbalance, fostering an immunosuppressive environment
and promoting metastasis [51].

These findings provide new insights into the role of immune cells in the ovarian
cancer tumor microenvironment, highlighting potential diagnostic markers and therapeutic
targets. However, in ovarian cancer research, we have found that most studies have
focused primarily on exosomes inhibiting immune responses, while there is a lack of
attention to the other side of the coin, i.e., that exosomes can also activate immunity [90].
For example, it was found that exosomes are involved in antigen presentation to modulate
the immune response. In a pancreatic cancer study, tumor-derived exosomes interacted
with antigen-presenting cells (APCs) to efficiently kill tumors by activating tumor antigen-
specific cytotoxic T-cell (CTL) responses [91]. Thus, further comprehensive investigation of
the mechanisms of exosomal influence on the immune system is warranted.

4. Mechanisms of Exosomes in Ovarian Cancer Drug Resistance

Exosome secretion is a universal capability of all cell types, enabling them to mediate
intercellular communication and modulate the function of recipient cells. These functions
are inextricably linked to many physiological processes and the progression of various
diseases [92-95]. For example, exosomes secreted by drug-resistant tumor cells can cause
drug-resistant phenotypic changes in sensitive cells, and information transfer between
tumor cells via exosomes allows tumor cells to escape immune killing [94] better.

They modulate immune cell activity and can alter the expression of drug-resistant
genes and survival pathways, thereby affecting the sensitivity of tumor cells to chemother-
apy and promoting the development of drug resistance [96-98]. Understanding the diverse
mechanisms through which exosomes contribute to ovarian cancer drug resistance is crucial

for developing novel therapeutic strategies to overcome these challenges (Figure 3 and
Table 2).

Table 2. Exosomes promote drug resistance in ovarian cancer.

Exo-Source Content Target Cells Mechanism Effect Refer.
. . Transmembrane protein
Cancer cells Cisplatin N/A TMEM205 Drug Efflux [99,100]
Cancer cells Cisplatin N/A Sorting and release Drug Efflux [101]
Cisplatin, STAT3, and Rab27a, Rab7, LAMP1/2
Cancer cells FAS N/A and NEU-1 Drug Efflux [102]
Cancer cells DNMT1 Sensitive cells DNA rep hcatlon. and DNA repair [103]
damage repair
Cancer cells miR-429 Sensitive cells CASR/STAT3 pathway DNA repair [104]
Cancer cells hsa_circ_0010467 Sensitive cells LIF/STAT3 pathway DNA repair [105]
CAAs and CAFs miR-21 Cancer cells Down-regulating APAF1 Inhibiting [44]

apoptosis
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Table 2. Cont.
Exo-Source Content Target Cells Mechanism Effect Refer.
. Down-regulating Inhibiting
CAFs miR-98-5p Cancer cells CDKNI1A apoptosis [106]
Cancer cells mlR—21-3p and Sensitive cells DNA repair mechanisms Inhlbltm.g [107]
miR-891-5p apoptosis
Cancer cells miR-1246 TAMs M2-type macrophage Immune [108]
polarization suppression
TAMs miR-223 Cancer cells PTEN-PISK/AKT Immune [109]
pathway suppression
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Figure 3. The role of exosomes in ovarian cancer drug resistance (created with BioRender.com
(accessed on 22 August 2024)). This figure schematically depicts the three principal pathways by
which exosomes in the tumor microenvironment promote drug resistance in ovarian cancer. These
are as follows: (1) the activation of the mid-tumor DNA repair system and inhibition of the death
pathways; (2) direct promotion of drug efflux to reduce intracellular drug concentrations in tumor
cells; and (3) direct modulation of immune cells to create an immunosuppressive microenvironment.

4.1. Exosome-Promoted Drug Efflux Leads to Drug Resistance in Ovarian Cancer

Decreased intracellular concentrations of anti-cancer drugs contribute significantly
to tumor cell drug resistance. Hydrophobic drugs and their breakdown products interact
with exosome lipid membranes, becoming encapsulated and expelled from tumor cells.
Understanding the mechanism of exosome-mediated drug exocytosis is crucial for devel-
oping therapies for chemotherapy-resistant ovarian cancer [12]. It is well documented that
drug-resistant ovarian cancer cells secrete more exosomes than drug-sensitive cells, a phe-
nomenon linked to the transmembrane protein TMEM?205 [99,100]. Safaei et al. found that
the cisplatin (CDDP)-resistant ovarian cancer cell line 2008/C13x5.25 released 2.6 times
more CDDP in exosomes than CDDP-sensitive cells, with CDDP concentrated in lysosomes,
indicating that exosomes contribute to resistance through abnormal protein sorting and
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release, leading to increased CDDP expulsion [101]. Under hypoxic conditions, ovarian
cancer cells upregulate Rab27a and downregulate Rab7, LAMP1/2, and NEU-1, promot-
ing exosome release. Hypoxic ovarian cancer cell exosomes carrying STAT3 and FAS
significantly increase chemotherapy resistance in vitro [102].

Increased drug efflux is one of the causes of drug resistance in tumors. Increased
exosome secretion leads to drug efflux, preventing chemotherapeutic agents from ade-
quately killing tumor cells [110]. Combining the exosome release inhibitor GW4869 with
chemotherapeutic drugs has been reported to restore chemosensitivity in tumors [111].

4.2. Exosomes Promote Drug Resistance in Ovarian Cancer by Modulating DNA Damage Repair
Systems and Death Pathways

Exosomes can significantly contribute to the development of drug resistance by deliv-
ering drug resistance-associated molecules to drug-sensitive cells. Wang et al. reported that
the expression of PANDAR (promoter of CDKN1A antisense DNA damage-activated RNA)
is higher in cisplatin-resistant ovarian cancer tissues and cells from patients with wild-type
P53 ovarian cancer than in cisplatin-sensitive cases [112]. Their studies showed that exo-
somes from ovarian cancer cell lines carrying PANDAR increased the SIRT4/SIRT6 mRNA
proportion in ovarian cancer cells by interacting with the target gene SRSF9, significantly
enhancing tumor cell survival and chemotherapy resistance in vitro [113].

DNA methyltransferase 1 (DNMT1) plays an essential role in maintaining genome-
wide methylation during DNA replication and damage repair, and its oncogenic potential
has been well documented [103]. Recently, DNMT1 was highly enriched in exosomes se-
creted by ovarian cancer cells. In vivo experiments demonstrated that DNMT1-containing
exosomes promoted tumor resistance, while treatment with the exosome inhibitor GW4869
almost wholly restored the sensitivity of resistant cells [114]. Additionally, higher plasma
gelsolin (pGSN) expression was observed in chemotherapy-resistant ovarian cancer cells
compared to sensitive ones. This was mediated through exosomal secretion, which upregu-
lated HIF1 o expression and conferred cisplatin resistance to other chemotherapy-sensitive
cells [115]. pGSN in exosomes also induced CD8(+) T-cell apoptosis, leading to reduced
IFNY secretion and increased glutathione (GSH) production in ovarian cancer cells, enhanc-
ing resistance to CDDP-induced cell death [86].

The role of tumor cell-derived exosomal miRNAs (exo-miRNAs) in fostering drug
resistance has garnered significant attention. Exo-miRNAs regulate gene expression in
target cells locally and systematically, influencing disease progression by modulating DNA
damage repair systems and death pathways and promoting chemoresistance [116]. For
example, miR-429 was highly expressed in multidrug-resistant SKOV3 cells and their
secreted exosomes, compared to sensitive A2780 cells. miR-429 promoted A2780 cell
proliferation and drug resistance by targeting the calcium-sensing receptor (CASR)/STAT3
pathway [104].

Interestingly, increased expression of circular RNA hsa_circ_0010467 was observed in
exosomes from platinum-resistant ovarian cancer cells. RNA-binding protein AUF1 pro-
motes the biogenesis of hsa_circ_0010467 in ovarian cancer, which activates the LIF/STAT3
signaling pathway by mediating the inhibitory effect of miR-637 on leukemia inhibitory
factor (LIF), thereby promoting platinum resistance [105]. Exo-miRNAs also play crucial
roles in inhibiting apoptosis and regulating DNA damage repair, contributing to drug
resistance. For instance, Zou et al. reported that exosomal miR-6836 can be transferred
to cisplatin-sensitive epithelial ovarian cancer (EOC) cells, promoting drug resistance by
targeting DLG2 and enhancing Yap1 nuclear translocation, forming a TEAD1-regulated
positive feedback loop that increases cell stemness and inhibits apoptosis [22].

Levels of miR-21 are markedly elevated in exosomes derived from cancer-associated
adipocytes (CAA) and fibroblasts (CAF) harvested from the omental tumor milieu. These
exosomes convey miR-21 to ovarian cancer cells, where it binds directly to APAF1, sup-
presses its expression, impedes apoptosis, and bestows resistance to paclitaxel [44]. Guo
et al. found that cyclin-dependent kinase inhibitor 1A (CDKN1A) is highly expressed in
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cisplatin-sensitive ovarian cancer cells. CAF-derived exosomes carrying miR-98-5p increase
OC cell proliferation and cell cycle entry, inhibit apoptosis, and promote cisplatin resistance
by downregulating CDKN1A [106].

Moreover, exosomes originating from ovarian cancer cells are notably enriched with
miR-21-3p, miR-21-5p, and miR-891-5p [117]. Quantitative MS/MS analyses have shown
that miR-21-5p stimulates glycolysis and elevates the levels of ATP-binding cassette family
proteins as well as detoxifying enzymes. Both miR-21-3p and miR-891-5p play roles in
regulating proteins linked to DNA repair processes; collectively aiding in the development
of carboplatin resistance in ovarian cancer [107]

In summary, exosomes contribute to drug resistance in ovarian cancer through com-
plex interactions with DNA damage repair systems and apoptotic pathways. A deeper
understanding of these mechanisms could help create innovative therapeutic approaches
to circumvent chemoresistance in ovarian cancer. Interestingly, it was previously reported
that miR-21, which is highly expressed in ovarian cancer, impedes tumor cell apoptosis and
leads to paclitaxel resistance [44]. Then, we found that in another report, the researchers’
engineered exosome-based co-delivery system of the chemotherapeutic drug 5-FU and
the miR-21 inhibitor oligodeoxynucleotide (miR-21i) efficiently promoted 5-FU-resistant
HCT116 cells to undergo apoptosis and reverse drug resistance [118]. This makes us won-
der whether an engineered exosome co-delivery system constructed in the same way as
paclitaxel and miR-21i would be effective in reversing drug resistance in ovarian cancer.

4.3. Exosomes Regulate Immune Cells to Promote Drug Resistance in Ovarian Cancer

Recent studies investigating the interplay between tumor-associated immune cells
and exosomes in ovarian cancet, particularly concerning mechanisms of drug resistance,
are primarily centered on tumor-associated macrophages (TAMs) [119]. TAMs are the
predominant immune cell population in the ovarian tumor microenvironment, character-
ized by high plasticity. They can be easily polarized into an immunosuppressive M2-like
phenotype by colony-stimulating factor-1 released by tumor cells, which is closely linked
to ovarian cancer progression and chemoresistance [87].

Previous studies have shown that ovarian cancer cell-derived exosomal miR-1246
confers chemoresistance to OC cells by directly targeting Cavl; when OC cells were co-
cultured with macrophages, they transferred their oncogenic miR-1246 to M2-type TAMs,
rather than MO-type TAMs. This suggests that ovarian cancer cells promote tumor resistance
through exosomes transferred to adjacent infiltrating immune cells [108]. Conversely,
exosomes isolated from OC cells treated with naphthoquinone shikonin (SK), which has
anti-tumor effects, were found to inhibit M2 polarization of macrophages by blocking 3-
catenin activation mediated by exosomal galectin-2 (LGALS2). This reduced the infiltration
of M2 macrophages in tumor tissues, providing a novel approach for immunotherapy
against ovarian cancer resistance [120].

Furthermore, recent research indicates that hypoxic environments within epithelial
ovarian cancer (EOC) cells initiate the recruitment of macrophages and stimulate their
transformation into a phenotype resembling tumor-associated macrophages (TAMs). [121].
MiR-223 was found in high concentrations in TAM-derived exosomes produced under
hypoxic conditions and could enhance drug resistance in epithelial ovarian cancer (EOC)
cells through the PTEN-PI3K/AKT signaling pathway [109].

Despite these insights, there remains a significant gap in understanding the drug
resistance mechanisms of immune cell-derived exosomes in the ovarian cancer tumor
microenvironment beyond TAMs. In exosome-mediated drug resistance, research on other
immune cells, such as lymphocytes, NK cells, dendritic cells, monocytes, granulocytes, and
mast cells, is sparse and warrants further exploration.

5. The Potential of Exosomes in the Treatment of Ovarian Cancer

The significant role of exosomes within the ovarian cancer tumor microenvironment
establishes them as effective therapeutic targets for therapy and treatment approaches [122,123].
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The findings discussed earlier about exosomes promoting metastasis and drug resistance
suggest potential therapeutic applications targeting exosomes in ovarian cancer. With their
ability to target specific cells and deliver bioactive molecules, exosomes have become a focal
point in drug delivery research owing to their excellent biocompatibility, high permeability,
and low immunogenicity [9]. For instance, the cisplatin-loaded exosomes from umbilical cord
blood-derived M1 macrophages could target ovarian cancer and reverse cisplatin resistance
in vivo [124]. Exosomes can also serve as carriers of siRNA for ovarian cancer treatment [125].
Recently, cell-free immunotherapy has emerged as a noteworthy approach to treating ovarian
cancer. In this domain, exosomes derived from immune cells are recognized for their capacity
to modulate immune responses. Heyong Luo et al. have shown that using exosomes from
NK cells to deliver cisplatin can rejuvenate the immune activity of NK cells in the tumor
microenvironment, offering an innovative treatment method [126].

Cutting-edge technologies, like the M-Trap, have been designed to isolate T-cells,
aiming to treat peritoneal metastases stemming from ovarian cancer [127]. Simone Pisano
et al. pioneered the development of immune cell-derived exosome mimetics (IDEMs),
introducing a new strategy to combat ovarian cancer [128]. Furthermore, Longxia Li
et al. demonstrated that combined delivery of TP and miR-497 using exosome-liposome
composite nanoparticles effectively overcome drug resistance in ovarian cancer [129].

Given that most ovarian cancer patients are diagnosed at advanced stages with extensive
peritoneal metastases, the importance of targeted delivery systems becomes paramount. Qian Li
et al. have shown that a peritoneal-localized hydrogel is based on an artificial exosome derived
from engineered M1-type macrophages. This hydrogel can regulate peritoneal macrophages’
polarization and phagocytic function following X-ray radiation-induced immunogenicity, en-
hancing phagocytosis and antigen presentation to ovarian cancer cells [130].

Despite significant advancements, there are still considerable hurdles to surmount
before exosome-based therapies can be effectively translated from bench to bedside. The
intricate nature of exosome biology, challenges in large-scale production, and the need for
precise targeting mechanisms are among the hurdles that need to be addressed to realize
the full therapeutic potential of exosomes in the fight against ovarian cancer.

6. Conclusions

Exosomes emerge as central orchestrators of the molecular events that drive peritoneal
metastasis and drug resistance in ovarian cancer. This discussion has highlighted the
complex roles of exosomes in modulating key processes such as epithelial-to-mesenchymal
transition (EMT), which primes cancer cells for metastasis, and the re-engineering of the
extracellular matrix, which clears the path for tumor invasion. Furthermore, exosomes are
implicated in fostering new blood vessel formation, ensuring the metastatic cells’ survival
and spread. On the front of drug resistance, exosomes are revealed to be conveyors of
chemoresistance, facilitating the horizontal transfer of drug-resistant genetic material and
modulating cell survival pathways to evade the cytotoxic effects of therapy. This review
has underscored the intricate molecular mechanisms at play, suggesting that disrupting
exosome-mediated communication could be a promising strategy for stalling the progres-
sion of ovarian cancer. Further investigative efforts into these pathways may unlock new
avenues for therapeutic intervention, potentially leading to more effective management of
the disease and improved patient survival rates.

Author Contributions: Conceptualization, M.S., Y.G., X.X., D.W.C.,, and ].D.; writing—original draft
preparation, M.S., Y.G. and X.X.;; D.W.C. and ].D.; review and editing, D.W.C. and ].D.; visualization,
M.S. and Y.G.; supervision, D.W.C. and ].D.; funding acquisition, J.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by National Natural Science Foundation of China (82273391).
Acknowledgments: Figures were created with BioRender (license agreement).

Conflicts of Interest: The authors declare no conflicts of interest.



Biomolecules 2024, 14, 1099 14 of 19

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer |. Clin. 2023, 73, 17-48. [CrossRef] [PubMed]
Mo, Y.; Leung, L.L.; Mak, C.S.L.; Wang, X.; Chan, W.S.; Hui, LM.N.; Tang, HW.M.; Siu, M.K\Y,; Sharma, R.; Xu, D.; et al.
Tumor-secreted exosomal miR-141 activates tumor-stroma interactions and controls premetastatic niche formation in ovarian
cancer metastasis. Mol. Cancer 2023, 22, 4. [CrossRef]

Tan, D.S.; Agarwal, R.; Kaye, S.B. Mechanisms of transcoelomic metastasis in ovarian cancer. Lancet Oncol. 2006, 7, 925-934.
[CrossRef] [PubMed]

Wang, L.; Wang, X.; Zhu, X.; Zhong, L.; Jiang, Q.; Wang, Y.; Tang, Q.; Li, Q.; Zhang, C.; Wang, H.; et al. Drug resistance in ovarian
cancer: From mechanism to clinical trial. Mol. Cancer 2024, 23, 66. [CrossRef]

Bowtell, D.D.; Bchm, S.; Ahmed, A.A.; Aspuria, PJ.; Bast, R.C., Jr.; Beral, V.; Berek, ].S.; Birrer, M.].; Blagden, S.; Bookman, M.A ;
et al. Rethinking ovarian cancer II: Reducing mortality from high-grade serous ovarian cancer. Nat. Rev. Cancer 2015, 15, 668—679.
[CrossRef]

Pascual-Anton, L.; Cardefes, B.; Sainz de la Cuesta, R.; Gonzalez-Cortijo, L.; Lépez-Cabrera, M.; Cabaiias, C.; Sandoval, P.
Mesothelial-to-Mesenchymal Transition and Exosomes in Peritoneal Metastasis of Ovarian Cancer. Int. ]. Mol. Sci. 2021, 22, 11496.
[CrossRef]

Shimizu, A.; Sawada, K.; Kimura, T. Pathophysiological Role and Potential Therapeutic Exploitation of Exosomes in Ovarian
Cancer. Cells 2020, 9, 814. [CrossRef]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
Kimiz-Gebologlu, I.; Oncel, S.S. Exosomes: Large-scale production, isolation, drug loading efficiency, and biodistribution and
uptake. J. Control. Release Off. ]. Control. Release Soc. 2022, 347, 533-543. [CrossRef]

Wei, H.; Chen, Q.; Lin, L.; Sha, C; Li, T,; Liu, Y,; Yin, X,; Xu, Y.; Chen, L.; Gao, W.; et al. Regulation of exosome production and
cargo sorting. Int. J. Biol. Sci. 2021, 17, 163-177. [CrossRef] [PubMed]

Mashouri, L.; Yousefi, H.; Aref, A.R.; Ahadi, A.M.; Molaei, F.; Alahari, S.K. Exosomes: Composition, biogenesis, and mechanisms
in cancer metastasis and drug resistance. Mol. Cancer 2019, 18, 75. [CrossRef]

Becker, A.; Thakur, B.K.; Weiss, ] M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer: Cell-to-Cell Mediators of
Metastasis. Cancer Cell 2016, 30, 836—848. [CrossRef] [PubMed]

Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208-1215. [CrossRef]

Lengyel, E. Ovarian cancer development and metastasis. Am. . Pathol. 2010, 177, 1053-1064. [CrossRef] [PubMed]

Cai, J.; Gong, L.; Li, G.; Guo, J.; Yi, X.; Wang, Z. Exosomes in ovarian cancer ascites promote epithelial—Mesenchymal transition
of ovarian cancer cells by delivery of miR-6780b-5p. Cell Death Dis. 2021, 12, 210. [CrossRef]

Onallah, H.; Mannully, S.T.; Davidson, B.; Reich, R. Exosome Secretion and Epithelial-Mesenchymal Transition in Ovarian Cancer
Are Regulated by Phospholipase D. Int. J. Mol. Sci. 2022, 23, 13286. [CrossRef]

Li, C,; Teixeira, A.F; Zhu, H.]J.; Ten Dijke, P. Cancer associated-fibroblast-derived exosomes in cancer progression. Mol. Cancer
2021, 20, 154. [CrossRef]

Kanada, M.; Bachmann, M.H.; Contag, C.H. Signaling by Extracellular Vesicles Advances Cancer Hallmarks. Trends Cancer 2016,
2, 84-94. [CrossRef]

Feng, Y.; Hang, W.; Sang, Z.; Li, S.; Xu, W.; Miao, Y.; Xi, X.; Huang, Q. Identification of exosomal and non-exosomal microRNAs
associated with the drug resistance of ovarian cancer. Mol. Med. Rep. 2019, 19, 3376-3392. [CrossRef]

Namee, N.M.; O'Driscoll, L. Extracellular vesicles and anti-cancer drug resistance. Biochim. Biophys. Acta (BAA)-Rev. Cancer 2018,
1870, 123-136. [CrossRef]

Zou, Y.; Zhao, Z.; Wang, J.; Ma, L; Liu, Y.; Sun, L.; Song, Y. Extracellular vesicles carrying miR-6836 derived from resistant
tumor cells transfer cisplatin resistance of epithelial ovarian cancer via DLG2-YAP1 signaling pathway. Int. J. Biol. Sci. 2023, 19,
3099-3114. [CrossRef]

Arya, S.B.; Collie, S.P.; Parent, C.A. The ins-and-outs of exosome biogenesis, secretion, and internalization. Trends Cell Biol. 2024,
34,90-108. [CrossRef] [PubMed]

Dafler-Plenker, J.; Kiittner, V.; Egeblad, M. Communication in tiny packages: Exosomes as means of tumor-stroma communication.
Biochim. Biophys. Acta (BAA)-Rev. Cancer 2020, 1873, 188340. [CrossRef] [PubMed]

Wortzel, I.; Dror, S.; Kenific, C.M.; Lyden, D. Exosome-Mediated Metastasis: Communication from a Distance. Dev. Cell 2019, 49,
347-360. [CrossRef]

Pegtel, D.M.; Gould, S.J. Exosomes. Annu. Rev. Biochem. 2019, 88, 487-514. [CrossRef] [PubMed]

Tang, Z.; Li, D.; Hou, S.; Zhu, X. The cancer exosomes: Clinical implications, applications and challenges. Int. |. Cancer 2020, 146,
2946-2959. [CrossRef] [PubMed]

Al-Madhagi, H. The Landscape of Exosomes Biogenesis to Clinical Applications. Int. |. Nanomed. 2024, 19, 3657-3675. [CrossRef]
El Andaloussi, S.; Méger, 1.; Breakefield, X.O.; Wood, M.]. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]


https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1186/s12943-022-01703-9
https://doi.org/10.1016/S1470-2045(06)70939-1
https://www.ncbi.nlm.nih.gov/pubmed/17081918
https://doi.org/10.1186/s12943-024-01967-3
https://doi.org/10.1038/nrc4019
https://doi.org/10.3390/ijms222111496
https://doi.org/10.3390/cells9040814
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.jconrel.2022.05.027
https://doi.org/10.7150/ijbs.53671
https://www.ncbi.nlm.nih.gov/pubmed/33390841
https://doi.org/10.1186/s12943-019-0991-5
https://doi.org/10.1016/j.ccell.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27960084
https://doi.org/10.1172/JCI81135
https://doi.org/10.2353/ajpath.2010.100105
https://www.ncbi.nlm.nih.gov/pubmed/20651229
https://doi.org/10.1038/s41419-021-03490-5
https://doi.org/10.3390/ijms232113286
https://doi.org/10.1186/s12943-021-01463-y
https://doi.org/10.1016/j.trecan.2015.12.005
https://doi.org/10.3892/mmr.2019.10008
https://doi.org/10.1016/j.bbcan.2018.07.003
https://doi.org/10.7150/ijbs.83264
https://doi.org/10.1016/j.tcb.2023.06.006
https://www.ncbi.nlm.nih.gov/pubmed/37507251
https://doi.org/10.1016/j.bbcan.2020.188340
https://www.ncbi.nlm.nih.gov/pubmed/31926290
https://doi.org/10.1016/j.devcel.2019.04.011
https://doi.org/10.1146/annurev-biochem-013118-111902
https://www.ncbi.nlm.nih.gov/pubmed/31220978
https://doi.org/10.1002/ijc.32762
https://www.ncbi.nlm.nih.gov/pubmed/31671207
https://doi.org/10.2147/IJN.S463296
https://doi.org/10.1038/nrd3978

Biomolecules 2024, 14, 1099 15 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles. Trends Cell Biol. 2015,
25,364-372. [CrossRef]

Lange, M.; Babczyk, P; Tobiasch, E. Exosomes: A New Hope for Angiogenesis-Mediated Bone Regeneration. Int. |. Mol. Sci. 2024,
25,5204. [CrossRef] [PubMed]

Samuel, P.; Fabbri, M.; Carter, D.R.F. Mechanisms of Drug Resistance in Cancer: The Role of Extracellular Vesicles. Proteomics
2017, 17, 1600375. [CrossRef] [PubMed]

Zhang, D.X.; Vu, L.T,; Ismail, N.N.; Le, M.T.N.; Grimson, A. Landscape of extracellular vesicles in the tumour microenvironment:
Interactions with stromal cells and with non-cell components, and impacts on metabolic reprogramming, horizontal transfer of
neoplastic traits, and the emergence of therapeutic resistance. Semin. Cancer Biol. 2021, 74, 24—44. [CrossRef]

Tang, M.K.; Wong, A.S. Exosomes: Emerging biomarkers and targets for ovarian cancer. Cancer Lett. 2015, 367, 26-33. [CrossRef]
Cheng, L.; Wu, S.; Zhang, K.; Qing, Y.; Xu, T. A comprehensive overview of exosomes in ovarian cancer: Emerging biomarkers
and therapeutic strategies. J. Ovarian Res. 2017, 10, 73. [CrossRef]

Qiu, S,; Xie, L.; Lu, C,; Gu, C; Xia, Y,; Lv, J.; Xuan, Z.; Fang, L.; Yang, J.; Zhang, L.; et al. Gastric cancer-derived exosomal
miR-519a-3p promotes liver metastasis by inducing intrahepatic M2-like macrophage-mediated angiogenesis. J. Exp. Clin. Cancer
Res. 2022, 41, 296. [CrossRef]

Nakamura, K.; Sawada, K.; Kinose, Y.; Yoshimura, A.; Toda, A.; Nakatsuka, E.; Hashimoto, K.; Mabuchi, S.; Morishige, K.I;
Kurachi, H.; et al. Exosomes Promote Ovarian Cancer Cell Invasion through Transfer of CD44 to Peritoneal Mesothelial Cells.
Mol. Cancer Res. 2017, 15, 78-92. [CrossRef] [PubMed]

Gao, L.; Nie, X.; Gou, R.; Hu, Y;; Dong, H.; Li, X,; Lin, B. Exosomal ANXA?2 derived from ovarian cancer cells regulates
epithelial-mesenchymal plasticity of human peritoneal mesothelial cells. J. Cell. Mol. Med. 2021, 25, 10916-10929. [CrossRef]
[PubMed]

Li, X;; Tang, M.; Zhu, Q.; Wang, X.; Lin, Y.; Wang, X. The exosomal integrin «531/AEP complex derived from epithelial ovarian
cancer cells promotes peritoneal metastasis through regulating mesothelial cell proliferation and migration. Cell. Oncol. 2020, 43,
263-277. [CrossRef]

Zhang, X.; Sheng, Y.; Li, B.; Wang, Q.; Liu, X.; Han, J. Ovarian cancer derived PKR1 positive exosomes promote angiogenesis by
promoting migration and tube formation in vitro. Cell Biochem. Funct. 2021, 39, 308-316. [CrossRef]

He, L.; Zhu, W,; Chen, Q.; Yuan, Y.; Wang, Y.; Wang, J.; Wu, X. Ovarian cancer cell-secreted exosomal miR-205 promotes metastasis
by inducing angiogenesis. Theranostics 2019, 9, 8206-8220. [CrossRef] [PubMed]

Tang, M.K.S.; Yue, PYK.; Ip, PP; Huang, R.L.; Lai, H.C.; Cheung, A.N.Y.; Tse, K.Y,; Ngan, H.Y.S.; Wong, A.S.T. Soluble E-cadherin
promotes tumor angiogenesis and localizes to exosome surface. Nat. Commun. 2018, 9, 2270. [CrossRef]

Han, Q.; Tan, S.; Gong, L.; Li, G.; Wu, Q.; Chen, L.; Du, S.; Li, W.; Liu, X,; Cai, ].; et al. Omental cancer-associated fibroblast-derived
exosomes with low microRNA-29¢c-3p promote ovarian cancer peritoneal metastasis. Cancer Sci. 2023, 114, 1929-1942. [CrossRef]
[PubMed]

Au Yeung, C.L.; Co, N.N,; Tsuruga, T,; Yeung, T.L.; Kwan, S.Y,; Leung, C.S.; Li, Y.; Lu, E.S.; Kwan, K.; Wong, K.K.; et al. Exosomal
transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian cancer cells through targeting APAF1. Nat. Commun.
2016, 7, 11150. [CrossRef] [PubMed]

Shenoy, G.N.; Loyall, J.; Maguire, O.; Iyer, V.; Kelleher, R.J., Jr.; Minderman, H.; Wallace, PX.; Odunsi, K.; Balu-lIyer, S.V.; Bankert,
R.B. Exosomes Associated with Human Ovarian Tumors Harbor a Reversible Checkpoint of T-cell Responses. Cancer Immunol.
Res. 2018, 6, 236-247. [CrossRef]

Li, X.; Wang, S.; Mu, W,; Barry, J.; Han, A.; Carpenter, R.L; Jiang, B.H.; Peiper, S.C.; Mahoney, M.G.; Aplin, A.E.; et al. Reactive
oxygen species reprogram macrophages to suppress antitumor immune response through the exosomal miR-155-5p/PD-L1
pathway. J. Exp. Clin. Cancer Res. 2022, 41, 41. [CrossRef]

Chen, X.; Zhou, J.; Li, X.; Wang, X,; Lin, Y.; Wang, X. Exosomes derived from hypoxic epithelial ovarian cancer cells deliver
microRNAs to macrophages and elicit a tumor-promoted phenotype. Cancer Lett. 2018, 435, 80-91. [CrossRef]

Li, H.; Zeng, C.; Shu, C.; Cao, Y.; Shao, W.; Zhang, M.; Cao, H.; Zhao, S. Laminins in tumor-derived exosomes upregulated by
ETS1 reprogram omental macrophages to promote omental metastasis of ovarian cancer. Cell Death Dis. 2022, 13, 1028. [CrossRef]
Li, X.; Tang, M. Exosomes released from M2 macrophages transfer miR-221-3p contributed to EOC progression through targeting
CDKNI1B. Cancer Med. 2020, 9, 5976-5988. [CrossRef]

Lu, L.; Ling, W.; Ruan, Z. TAM-derived extracellular vesicles containing microRNA-29a-3p explain the deterioration of ovarian
cancer. Mol. Ther.-Nucleic Acids 2021, 25, 468-482. [CrossRef]

Zhou, J.; Li, X.;; Wu, X,; Zhang, T.; Zhu, Q.; Wang, X.; Wang, H.; Wang, K; Lin, Y.; Wang, X. Exosomes Released from Tumor-
Associated Macrophages Transfer miRNAs That Induce a Treg/Th17 Cell Imbalance in Epithelial Ovarian Cancer. Cancer Immunol.
Res. 2018, 6, 1578-1592. [CrossRef] [PubMed]

Mao, X.; Xu, J.; Wang, W.; Liang, C.; Hua, J.; Liu, J.; Zhang, B.; Meng, Q.; Yu, X; Shi, S. Crosstalk between cancer-associated
fibroblasts and immune cells in the tumor microenvironment: New findings and future perspectives. Mol. Cancer 2021, 20, 131.
[CrossRef]

Mhaidly, R.; Mechta-Grigoriou, F. Role of cancer-associated fibroblast subpopulations in immune infiltration, as a new means of
treatment in cancer. Immunol. Rev. 2021, 302, 259-272. [CrossRef] [PubMed]


https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.3390/ijms25105204
https://www.ncbi.nlm.nih.gov/pubmed/38791243
https://doi.org/10.1002/pmic.201600375
https://www.ncbi.nlm.nih.gov/pubmed/28941129
https://doi.org/10.1016/j.semcancer.2021.01.007
https://doi.org/10.1016/j.canlet.2015.07.014
https://doi.org/10.1186/s13048-017-0368-6
https://doi.org/10.1186/s13046-022-02499-8
https://doi.org/10.1158/1541-7786.MCR-16-0191
https://www.ncbi.nlm.nih.gov/pubmed/27758876
https://doi.org/10.1111/jcmm.16983
https://www.ncbi.nlm.nih.gov/pubmed/34725902
https://doi.org/10.1007/s13402-019-00486-4
https://doi.org/10.1002/cbf.3583
https://doi.org/10.7150/thno.37455
https://www.ncbi.nlm.nih.gov/pubmed/31754391
https://doi.org/10.1038/s41467-018-04695-7
https://doi.org/10.1111/cas.15726
https://www.ncbi.nlm.nih.gov/pubmed/36644823
https://doi.org/10.1038/ncomms11150
https://www.ncbi.nlm.nih.gov/pubmed/27021436
https://doi.org/10.1158/2326-6066.CIR-17-0113
https://doi.org/10.1186/s13046-022-02244-1
https://doi.org/10.1016/j.canlet.2018.08.001
https://doi.org/10.1038/s41419-022-05472-7
https://doi.org/10.1002/cam4.3252
https://doi.org/10.1016/j.omtn.2021.05.011
https://doi.org/10.1158/2326-6066.CIR-17-0479
https://www.ncbi.nlm.nih.gov/pubmed/30396909
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1111/imr.12978
https://www.ncbi.nlm.nih.gov/pubmed/34013544

Biomolecules 2024, 14, 1099 16 of 19

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.
77.
78.

Galbo, PM,, Jr.; Zang, X.; Zheng, D. Molecular Features of Cancer-associated Fibroblast Subtypes and their Implication on Cancer
Pathogenesis, Prognosis, and Immunotherapy Resistance. Clin. Cancer Res. Off. |. Am. Assoc. Cancer Res. 2021, 27, 26362647 .
[CrossRef] [PubMed]

Giusti, I; Di Francesco, M.; Poppa, G.; Esposito, L.; D’Ascenzo, S.; Dolo, V. Tumor-Derived Extracellular Vesicles Activate Normal
Human Fibroblasts to a Cancer-Associated Fibroblast-Like Phenotype, Sustaining a Pro-Tumorigenic Microenvironment. Front.
Oncol. 2022, 12, 839880. [CrossRef]

Fiori, M.E.; Di Franco, S.; Villanova, L.; Bianca, P,; Stassi, G.; De Maria, R. Cancer-associated fibroblasts as abettors of tumor
progression at the crossroads of EMT and therapy resistance. Mol. Cancer 2019, 18, 70. [CrossRef]

Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast exosomes regulate
survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770-1778. [CrossRef] [PubMed]

Kenny, H.A.; Krausz, T.; Yamada, S.D.; Lengyel, E. Use of a novel 3D culture model to elucidate the role of mesothelial cells,
fibroblasts and extra-cellular matrices on adhesion and invasion of ovarian cancer cells to the omentum. Int. J. Cancer 2007, 121,
1463-1472. [CrossRef]

Sandoval, P; Jiménez-Heffernan, J.A.; Rynne-Vidal, A.; Pérez-Lozano, M.L.; Gilsanz, A.; Ruiz-Carpio, V.; Reyes, R.; Garcia-Bordas,
J.; Stamatakis, K.; Dotor, ].; et al. Carcinoma-associated fibroblasts derive from mesothelial cells via mesothelial-to-mesenchymal
transition in peritoneal metastasis. J. Pathol. 2013, 231, 517-531. [CrossRef]

Pascual-Antdn, L.; Sandoval, P.; Gonzalez-Mateo, G.T.; Kopytina, V.; Tomero-Sanz, H.; Arriero-Pais, E.M.; Jiménez-Heffernan,
J.A.; Fabre, M.; Egafia, I; Ferrer, C.; et al. Targeting carcinoma-associated mesothelial cells with antibody-drug conjugates in
ovarian carcinomatosis. J. Pathol. 2023, 261, 238-251. [CrossRef]

Chauvin, M.; Meinsohn, M.C.; Dasari, S.; May, P; Iyer, S.; Nguyen, N.M.P,; Oliva, E.; Lucchini, Z.; Nagykery, N.; Kashiwagi, A.;
et al. Cancer-associated mesothelial cells are regulated by the anti-Miillerian hormone axis. Cell Rep. 2023, 42, 112730. [CrossRef]
Zheng, A.; Wei, Y.; Zhao, Y.; Zhang, T.; Ma, X. The role of cancer-associated mesothelial cells in the progression and therapy of
ovarian cancer. Front. Immunol. 2022, 13, 1013506. [CrossRef]

Yokoi, A.; Yoshioka, Y.; Yamamoto, Y.; Ishikawa, M.; Ikeda, S.I.; Kato, T.; Kiyono, T.; Takeshita, F.; Kajiyama, H.; Kikkawa, F; et al.
Malignant extracellular vesicles carrying MMP1 mRNA facilitate peritoneal dissemination in ovarian cancer. Nat. Commun. 2017,
8,14470. [CrossRef] [PubMed]

Mirzaei, S.; Gholami, M.H.; Aghdaei, H.A.; Hashemi, M.; Parivar, K.; Karamian, A.; Zarrabi, A.; Ashrafizadeh, M.; Lu, ]. Exosome-
mediated miR-200a delivery into TGF-p-treated AGS cells abolished epithelial-mesenchymal transition with normalization of
ZEB1, vimentin and Snaill expression. Environ. Res. 2023, 231, 116115. [CrossRef]

Wu, A,; Luo, N.; Xu, Y;; Du, N,; Li, L.; Liu, Q. Exosomal LBH inhibits epithelial-mesenchymal transition and angiogenesis in
nasopharyngeal carcinoma via downregulating VEGFA signaling. Int. |. Biol. Sci. 2022, 18, 242-260. [CrossRef] [PubMed]

Lin, Z; Wu, Y,; Xu, Y,; Li, G.; Li, Z; Liu, T. Mesenchymal stem cell-derived exosomes in cancer therapy resistance: Recent
advances and therapeutic potential. Mol. Cancer 2022, 21, 179. [CrossRef]

Bejarano, L.; Jordao, M.J.C.; Joyce, J.A. Therapeutic Targeting of the Tumor Microenvironment. Cancer Discov. 2021, 11, 933-959.
[CrossRef] [PubMed]

Kanugula, A K.; Adapala, RK.; Jamaiyar, A.; Lenkey, N.; Guarino, B.D.; Liedtke, W.; Yin, L.; Paruchuri, S.; Thodeti, C.K.
Endothelial TRPV4 channels prevent tumor growth and metastasis via modulation of tumor angiogenesis and vascular integrity.
Angiogenesis 2021, 24, 647-656. [CrossRef]

Moserle, L.; Casanovas, O. Anti-angiogenesis and metastasis: A tumour and stromal cell alliance. J. Intern. Med. 2013, 273,
128-137. [CrossRef]

Sun, Z.; Shi, K; Yang, S.; Liu, J.; Zhou, Q.; Wang, G.; Song, ].; Li, Z.; Zhang, Z.; Yuan, W. Effect of exosomal miRNA on cancer
biology and clinical applications. Mol. Cancer 2018, 17, 147. [CrossRef]

Zeng, Z.;Li, Y,; Pan, Y;; Lan, X.; Song, E; Sun, J.; Zhou, K.; Liu, X;; Ren, X.; Wang, E,; et al. Cancer-derived exosomal miR-25-3p
promotes pre-metastatic niche formation by inducing vascular permeability and angiogenesis. Nat. Commun. 2018, 9, 5395.
[CrossRef]

Lee, ] K; Park, SR; Jung, BK,; Jeon, YK,; Lee, Y.S.; Kim, M.K,; Kim, Y.G.; Jang, ].Y.; Kim, C.W. Exosomes derived from
mesenchymal stem cells suppress angiogenesis by down-regulating VEGF expression in breast cancer cells. PLoS ONE 2013, 8,
e84256. [CrossRef] [PubMed]

Aravindhan, S.; Ejam, S.S.; Lafta, M.H.; Markov, A.; Yumashev, A.V.; Ahmadi, M. Mesenchymal stem cells and cancer therapy:
Insights into targeting the tumour vasculature. Cancer Cell Int. 2021, 21, 158. [CrossRef]

Parkin, J.; Cohen, B. An overview of the immune system. Lancet 2001, 357, 1777-1789. [CrossRef] [PubMed]

Janssen, LM.E.; Ramsay, E.E.; Logsdon, C.D.; Overwijk, W.W. The immune system in cancer metastasis: Friend or foe?
J. Immunother. Cancer 2017, 5, 79. [CrossRef] [PubMed]

Kitamura, T.; Qian, B.Z.; Pollard, ].W. Immune cell promotion of metastasis. Nat. Rev. Immunol. 2015, 15, 73-86. [CrossRef]
Buzas, E.I. The roles of extracellular vesicles in the immune system. Nat. Rev. Immunol. 2023, 23, 236-250. [CrossRef]

Wang, S.; Li, E; Ye, T.; Wang, J.; Lyu, C.; Qing, S.; Ding, Z.; Gao, X,; Jia, R.; Yu, D.; et al. Macrophage-tumor chimeric exosomes
accumulate in lymph node and tumor to activate the immune response and the tumor microenvironment. Sci. Transl. Med. 2021,
13, eabb6981. [CrossRef]


https://doi.org/10.1158/1078-0432.CCR-20-4226
https://www.ncbi.nlm.nih.gov/pubmed/33622705
https://doi.org/10.3389/fonc.2022.839880
https://doi.org/10.1186/s12943-019-0994-2
https://doi.org/10.1038/onc.2016.353
https://www.ncbi.nlm.nih.gov/pubmed/27669441
https://doi.org/10.1002/ijc.22874
https://doi.org/10.1002/path.4281
https://doi.org/10.1002/path.6170
https://doi.org/10.1016/j.celrep.2023.112730
https://doi.org/10.3389/fimmu.2022.1013506
https://doi.org/10.1038/ncomms14470
https://www.ncbi.nlm.nih.gov/pubmed/28262727
https://doi.org/10.1016/j.envres.2023.116115
https://doi.org/10.7150/ijbs.66506
https://www.ncbi.nlm.nih.gov/pubmed/34975330
https://doi.org/10.1186/s12943-022-01650-5
https://doi.org/10.1158/2159-8290.CD-20-1808
https://www.ncbi.nlm.nih.gov/pubmed/33811125
https://doi.org/10.1007/s10456-021-09775-9
https://doi.org/10.1111/joim.12018
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1038/s41467-018-07810-w
https://doi.org/10.1371/journal.pone.0084256
https://www.ncbi.nlm.nih.gov/pubmed/24391924
https://doi.org/10.1186/s12935-021-01836-9
https://doi.org/10.1016/S0140-6736(00)04904-7
https://www.ncbi.nlm.nih.gov/pubmed/11403834
https://doi.org/10.1186/s40425-017-0283-9
https://www.ncbi.nlm.nih.gov/pubmed/29037250
https://doi.org/10.1038/nri3789
https://doi.org/10.1038/s41577-022-00763-8
https://doi.org/10.1126/scitranslmed.abb6981

Biomolecules 2024, 14, 1099 17 of 19

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Yang, E.; Wang, X.; Gong, Z.; Yu, M.; Wu, H.; Zhang, D. Exosome-mediated metabolic reprogramming: The emerging role
in tumor microenvironment remodeling and its influence on cancer progression. Signal Transduct. Target. Ther. 2020, 5, 242.
[CrossRef]

Andre, F; Schartz, N.E.; Movassagh, M.; Flament, C.; Pautier, P.; Morice, P.; Pomel, C.; Lhomme, C.; Escudier, B.; Le Chevalier, T.;
et al. Malignant effusions and immunogenic tumour-derived exosomes. Lancet 2002, 360, 295-305. [CrossRef]

Hu, Z.; Chen, G.; Zhao, Y.; Gao, H,; Li, L,; Yin, Y,; Jiang, J.; Wang, L.; Mang, Y.; Gao, Y.; et al. Exosome-derived circCCAR1
promotes CD8+ T-cell dysfunction and anti-PD1 resistance in hepatocellular carcinoma. Mol. Cancer 2023, 22, 55. [CrossRef]
[PubMed]

Xie, Q.H.; Zheng, J.Q.; Ding, J.Y.; Wu, Y.F; Liu, L.; Yu, Z.L.; Chen, G. Exosome-Mediated Immunosuppression in Tumor
Microenvironments. Cells 2022, 11, 1946. [CrossRef]

Chen, L.; Han, X. Anti—PD-1/PD-L1 therapy of human cancer: Past, present, and future. J. Clin. Investig. 2015, 125, 3384-3391.
[CrossRef]

Jiang, X.; Wang, J.; Deng, X.; Xiong, F,; Ge, |.; Xiang, B.; Wu, X.; Ma, J.; Zhou, M.; Li, X,; et al. Role of the tumor microenvironment
in PD-L1/PD-1-mediated tumor immune escape. Mol. Cancer 2019, 18, 10. [CrossRef]

Leuzzi, G.; Vasciaveo, A.; Taglialatela, A.; Chen, X,; Firestone, T.M.; Hickman, A.R.; Mao, W,; Thakar, T.; Vaitsiankova, A.; Huang,
J.W,; et al. SMARCALL is a dual regulator of innate immune signaling and PD-L1 expression that promotes tumor immune
evasion. Cell 2024, 187, 861-881.E32. [CrossRef]

Asare-Werehene, M.; Communal, L.; Carmona, E.; Han, Y.; Song, Y.S.; Burger, D.; Mes-Masson, A.M.; Tsang, B.K. Plasma Gelsolin
Inhibits CD8" T-cell Function and Regulates Glutathione Production to Confer Chemoresistance in Ovarian Cancer. Cancer Res.
2020, 80, 3959-3971. [CrossRef]

Nowak, M.; Klink, M. The Role of Tumor-Associated Macrophages in the Progression and Chemoresistance of Ovarian Cancer.
Cells 2020, 9, 1299. [CrossRef] [PubMed]

El-Arabey, A.A.; Alkhalil, S.S.; Al-Shouli, S.T.; Awadalla, M.E.; Alhamdi, HW.; Almanaa, T.N.; Mohamed, S.; Abdalla, M.
Revisiting macrophages in ovarian cancer microenvironment: Development, function and interaction. Med. Oncol. 2023, 40, 142.
[CrossRef] [PubMed]

Xiang, X.; Wang, J.; Lu, D.; Xu, X. Targeting tumor-associated macrophages to synergize tumor immunotherapy. Signal Transduct.
Target. Ther. 2021, 6, 75. [CrossRef]

Essola, ] M.; Zhang, M.; Yang, H.; Li, F; Xia, B.; Mavoungou, ].F,; Hussain, A.; Huang, Y. Exosome regulation of immune response
mechanism: Pros and cons in immunotherapy. Bioact. Mater. 2024, 32, 124-146. [CrossRef]

Zech, D.; Rana, S.; Biichler, M.W.; Zoller, M. Tumor-exosomes and leukocyte activation: An ambivalent crosstalk. Cell Commun.
Signal. 2012, 10, 37. [CrossRef]

Wan, Z.; Gao, X.; Dong, Y.; Zhao, Y.; Chen, X.; Yang, G.; Liu, L. Exosome-mediated cell-cell communication in tumor progression.
Am. |. Cancer Res. 2018, 8, 1661-1673.

Guo, X,; Sui, R;; Piao, H. Exosomes-mediated crosstalk between glioma and immune cells in the tumor microenvironment. CNS
Neurosci. Ther. 2023, 29, 2074-2085. [CrossRef]

Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575-581.
[CrossRef]

Kahlert, C.; Kalluri, R. Exosomes in tumor microenvironment influence cancer progression and metastasis. J. Mol. Med. 2013, 91,
431-437. [CrossRef]

Wang, C.; Li, Z,; Liu, Y.; Yuan, L. Exosomes in atherosclerosis: Performers, bystanders, biomarkers, and therapeutic targets.
Theranostics 2021, 11, 3996-4010. [CrossRef]

Norouzi-Barough, L.; Asgari Khosro Shahi, A.; Mohebzadeh, F.; Masoumi, L.; Haddadi, M.R.; Shirian, S. Early diagnosis of breast
and ovarian cancers by body fluids circulating tumor-derived exosomes. Cancer Cell Int. 2020, 20, 187. [CrossRef]

Zhang, X.; Liu, L.; Tang, M.; Li, H.; Guo, X.; Yang, X. The effects of umbilical cord-derived macrophage exosomes loaded with
cisplatin on the growth and drug resistance of ovarian cancer cells. Drug Dev. Ind. Pharm. 2020, 46, 1150-1162. [CrossRef]

Calo, C.A.; Smith, B.Q.; Dorayappan, K.D.P.; Saini, U.; Lightfoot, M.; Wagner, V.; Kalaiyarasan, D.; Cosgrove, C.; Wang, Q.E.;
Maxwell, G.L.; et al. Aberrant expression of TMEM205 signaling promotes platinum resistance in ovarian cancer: An implication
for the antitumor potential of DAP compound. Gynecol. Oncol. 2022, 164, 136-145. [CrossRef] [PubMed]

Saini, U.; Smith, B.Q.; Dorayappan, K.D.P,; Yoo, ].Y.; Maxwell, G.L.; Kaur, B.; Konishi, I.; O'Malley, D.; Cohn, D.E.; Selvendiran, K.
Targeting TMEM205 mediated drug resistance in ovarian clear cell carcinoma using oncolytic virus. J. Ovarian Res. 2022, 15, 130.
[CrossRef] [PubMed]

Safaei, R.; Larson, B.].; Cheng, T.C.; Gibson, M.A.; Otani, S.; Naerdemann, W.; Howell, S.B. Abnormal lysosomal trafficking and
enhanced exosomal export of cisplatin in drug-resistant human ovarian carcinoma cells. Mol. Cancer Ther. 2005, 4, 1595-1604.
[CrossRef]

Dorayappan, K.D.P.; Wanner, R.; Wallbillich, J.J.; Saini, U.; Zingarelli, R.; Suarez, A.A.; Cohn, D.E.; Selvendiran, K. Hypoxia-
induced exosomes contribute to a more aggressive and chemoresistant ovarian cancer phenotype: A novel mechanism linking
STAT3/Rab proteins. Oncogene 2018, 37, 3806-3821. [CrossRef]

Wong, K. K. DNMT1: A key drug target in triple-negative breast cancer. Semin. Cancer Biol. 2021, 72, 198-213. [CrossRef] [PubMed]


https://doi.org/10.1038/s41392-020-00359-5
https://doi.org/10.1016/S0140-6736(02)09552-1
https://doi.org/10.1186/s12943-023-01759-1
https://www.ncbi.nlm.nih.gov/pubmed/36932387
https://doi.org/10.3390/cells11121946
https://doi.org/10.1172/JCI80011
https://doi.org/10.1186/s12943-018-0928-4
https://doi.org/10.1016/j.cell.2024.01.008
https://doi.org/10.1158/0008-5472.CAN-20-0788
https://doi.org/10.3390/cells9051299
https://www.ncbi.nlm.nih.gov/pubmed/32456078
https://doi.org/10.1007/s12032-023-01987-x
https://www.ncbi.nlm.nih.gov/pubmed/37039909
https://doi.org/10.1038/s41392-021-00484-9
https://doi.org/10.1016/j.bioactmat.2023.09.018
https://doi.org/10.1186/1478-811X-10-37
https://doi.org/10.1111/cns.14239
https://doi.org/10.1016/j.ceb.2009.03.007
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.7150/thno.56035
https://doi.org/10.1186/s12935-020-01276-x
https://doi.org/10.1080/03639045.2020.1776320
https://doi.org/10.1016/j.ygyno.2021.10.076
https://www.ncbi.nlm.nih.gov/pubmed/34756749
https://doi.org/10.1186/s13048-022-01054-5
https://www.ncbi.nlm.nih.gov/pubmed/36476493
https://doi.org/10.1158/1535-7163.MCT-05-0102
https://doi.org/10.1038/s41388-018-0189-0
https://doi.org/10.1016/j.semcancer.2020.05.010
https://www.ncbi.nlm.nih.gov/pubmed/32461152

Biomolecules 2024, 14, 1099 18 of 19

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Li, T,; Lin, L.; Liu, Q.; Gao, W.; Chen, L.; Sha, C.; Chen, Q.; Xu, W,; Li, Y.; Zhu, X. Exosomal transfer of miR-429 confers
chemoresistance in epithelial ovarian cancer. Am. J. Cancer Res. 2021, 11, 2124-2141.

Wu, Y; Xu, M,; Feng, Z.; Wu, H.; Wu, J.; Ha, X;; Wu, Y,; Chen, S.;; Xu, F; Wen, H,; et al. AUFl-induced circular RNA
hsa_circ_0010467 promotes platinum resistance of ovarian cancer through miR-637/LIF/STAT3 axis. Cell. Mol. Life Sci. 2023, 80,
256. [CrossRef]

Guo, H.; Ha, C.; Dong, H.; Yang, Z.; Ma, Y.; Ding, Y. Cancer-associated fibroblast-derived exosomal microRNA-98-5p promotes
cisplatin resistance in ovarian cancer by targeting CDKN1A. Cancer Cell Int. 2019, 19, 347. [CrossRef]

Alharbi, M.; Sharma, S.; Guanzon, D.; Lai, A.; Zuiiiga, F.; Shiddiky, M.J.A.; Yamauchi, Y.; Salas-Burgos, A.; He, Y.; Pejovic, T.; et al.
miRNa signature in small extracellular vesicles and their association with platinum resistance and cancer recurrence in ovarian
cancer. Nanomed. Nanotechnol. Biol. Med. 2020, 28, 102207. [CrossRef] [PubMed]

Kanlikilicer, P.; Bayraktar, R.; Denizli, M.; Rashed, M.H.; Ivan, C.; Aslan, B.; Mitra, R.; Karagoz, K.; Bayraktar, E.; Zhang, X; et al.
Exosomal miRNA confers chemo resistance via targeting Cav1/p-gp/M2-type macrophage axis in ovarian cancer. eBioMedicine
2018, 38, 100-112. [CrossRef] [PubMed]

Zhu, X,; Shen, H.; Yin, X,; Yang, M.; Wei, H.; Chen, Q.; Feng, E; Liu, Y.; Xu, W.; Li, Y. Macrophages derived exosomes deliver
miR-223 to epithelial ovarian cancer cells to elicit a chemoresistant phenotype. J. Exp. Clin. Cancer Res. 2019, 38, 81. [CrossRef]
Milman, N.; Ginini, L.; Gil, Z. Exosomes and their role in tumorigenesis and anticancer drug resistance. Drug Resist. Updat. Rev.
Comment. Antimicrob. Anticancer Chemother. 2019, 45, 1-12. [CrossRef]

Casagrande, N.; Borghese, C.; Avanzo, M.; Aldinucci, D. In Doxorubicin-Adapted Hodgkin Lymphoma Cells, Acquiring
Multidrug Resistance and Improved Immunosuppressive Abilities, Doxorubicin Activity Was Enhanced by Chloroquine and
GW4869. Cells 2023, 12, 2732. [CrossRef]

Wang, H.; Fang, L.; Jiang, J.; Kuang, Y.; Wang, B.; Shang, X.; Han, P,; Li, Y.; Liu, M.; Zhang, Z.; et al. The cisplatin-induced IncRNA
PANDAR dictates the chemoresistance of ovarian cancer via regulating SFRS2-mediated p53 phosphorylation. Cell Death Dis.
2018, 9, 1103. [CrossRef]

Wang, H; Li, Y,; Wang, Y.; Shang, X.; Yan, Z.; Li, S.; Bao, W. Cisplatin-induced PANDAR-Chemo-EVs contribute to a more
aggressive and chemoresistant ovarian cancer phenotype through the SRSF9-SIRT4/SIRT6 axis. J. Gynecol. Oncol. 2024, 35, e13.
[CrossRef]

Cao, Y.L.; Zhuang, T.; Xing, B.H.; Li, N.; Li, Q. Exosomal DNMT1 mediates cisplatin resistance in ovarian cancer. Cell Biochem.
Funct. 2017, 35, 296-303. [CrossRef]

Asare-Werehene, M.; Nakka, K; Reunov, A.; Chiu, C.T,; Lee, W.T.; Abedini, M.R.; Wang, PW.; Shieh, D.B.; Dilworth, FJ.; Carmona,
E.; et al. The exosome-mediated autocrine and paracrine actions of plasma gelsolin in ovarian cancer chemoresistance. Oncogene
2020, 39, 1600-1616. [CrossRef]

Alharbi, M.; Zuiiiga, E; Elfeky, O.; Guanzon, D.; Lai, A.; Rice, G.E.; Perrin, L.; Hooper, ].; Salomon, C. The potential role of
miRNAs and exosomes in chemotherapy in ovarian cancer. Endocr.-Relat. Cancer 2018, 25, R663-R685. [CrossRef]

Pink, R.C.; Samuel, P; Massa, D.; Caley, D.P,; Brooks, S.A.; Carter, D.R. The passenger strand, miR-21-3p, plays a role in mediating
cisplatin resistance in ovarian cancer cells. Gynecol. Oncol. 2015, 137, 143-151. [CrossRef]

Liang, G.; Zhu, Y,; Ali, D.J.; Tian, T.; Xu, H.; Si, K.; Sun, B.; Chen, B.; Xiao, Z. Engineered exosomes for targeted co-delivery of
miR-21 inhibitor and chemotherapeutics to reverse drug resistance in colon cancer. J. Nanobiotechnol. 2020, 18, 10. [CrossRef]

Li, H,; Luo, F; Jiang, X.; Zhang, W.; Xiang, T.; Pan, Q.; Cai, L.; Zhao, J.; Weng, D.; Li, Y.; et al. CircITGB6 promotes ovarian cancer
cisplatin resistance by resetting tumor-associated macrophage polarization toward the M2 phenotype. J. Immunother. Cancer 2022,
10, €004029. [CrossRef]

Wang, M.; Sun, Y,; Gu, R.; Tang, Y.; Han, G.; Zhao, S. Shikonin reduces M2 macrophage population in ovarian cancer by repressing
exosome production and the exosomal galectin 3-mediated (3-catenin activation. J. Ovarian Res. 2024, 17, 101. [CrossRef]

Na, Y.R;Je, S.; Seok, S.H. Metabolic features of macrophages in inflammatory diseases and cancer. Cancer Lett. 2018, 413, 46-58.
[CrossRef]

Spugnini, E.P; Logozzi, M.; Di Raimo, R.; Mizzoni, D.; Fais, S. A Role of Tumor-Released Exosomes in Paracrine Dissemination
and Metastasis. Int. J. Mol. Sci. 2018, 19, 3968. [CrossRef] [PubMed]

Zhang, C.; Qin, C.; Dewanjee, S.; Bhattacharya, H.; Chakraborty, P; Jha, N.K.; Gangopadhyay, M.; Jha, S.K.; Liu, Q. Tumor-derived
small extracellular vesicles in cancer invasion and metastasis: Molecular mechanisms, and clinical significance. Mol. Cancer 2024,
23, 18. [CrossRef]

Zhang, X.; Wang, J.; Liu, N.; Wu, W.; Li, H.; Lu, W.; Guo, X. Umbilical Cord Blood-Derived M1 Macrophage Exosomes Loaded
with Cisplatin Target Ovarian Cancer In Vivo and Reverse Cisplatin Resistance. Mol. Pharm. 2023, 20, 5440-5453. [CrossRef]
Shimizu, A.; Sawada, K.; Kobayashi, M.; Oj, Y.; Oride, T.; Kinose, Y.; Kodama, M.; Hashimoto, K.; Kimura, T. Patient-Derived
Exosomes as siRNA Carriers in Ovarian Cancer Treatment. Cancers 2024, 16, 1482. [CrossRef]

Luo, H; Zhou, Y.; Zhang, ].; Zhang, Y.; Long, S.; Lin, X,; Yang, A.; Duan, J.; Yang, N.; Yang, Z.; et al. NK cell-derived exosomes
enhance the anti-tumor effects against ovarian cancer by delivering cisplatin and reactivating NK cell functions. Front. Immunol.
2022, 13, 1087689. [CrossRef]

de la Fuente, A.; Alonso-Alconada, L.; Costa, C.; Cueva, J.; Garcia-Caballero, T.; Lopez-Lopez, R.; Abal, M. M-Trap: Exosome-
Based Capture of Tumor Cells as a New Technology in Peritoneal Metastasis. . Natl. Cancer Inst. 2015, 107, djv184. [CrossRef]
[PubMed]


https://doi.org/10.1007/s00018-023-04906-5
https://doi.org/10.1186/s12935-019-1051-3
https://doi.org/10.1016/j.nano.2020.102207
https://www.ncbi.nlm.nih.gov/pubmed/32334098
https://doi.org/10.1016/j.ebiom.2018.11.004
https://www.ncbi.nlm.nih.gov/pubmed/30487062
https://doi.org/10.1186/s13046-019-1095-1
https://doi.org/10.1016/j.drup.2019.07.003
https://doi.org/10.3390/cells12232732
https://doi.org/10.1038/s41419-018-1148-y
https://doi.org/10.3802/jgo.2024.35.e13
https://doi.org/10.1002/cbf.3276
https://doi.org/10.1038/s41388-019-1087-9
https://doi.org/10.1530/ERC-18-0019
https://doi.org/10.1016/j.ygyno.2014.12.042
https://doi.org/10.1186/s12951-019-0563-2
https://doi.org/10.1136/jitc-2021-004029
https://doi.org/10.1186/s13048-024-01430-3
https://doi.org/10.1016/j.canlet.2017.10.044
https://doi.org/10.3390/ijms19123968
https://www.ncbi.nlm.nih.gov/pubmed/30544664
https://doi.org/10.1186/s12943-024-01932-0
https://doi.org/10.1021/acs.molpharmaceut.3c00132
https://doi.org/10.3390/cancers16081482
https://doi.org/10.3389/fimmu.2022.1087689
https://doi.org/10.1093/jnci/djv184
https://www.ncbi.nlm.nih.gov/pubmed/26150590

Biomolecules 2024, 14, 1099 19 of 19

128. Pisano, S.; Pierini, I.; Gu, J.; Gazze, A.; Francis, L.W.; Gonzalez, D.; Conlan, R.S.; Corradetti, B. Immune (Cell) Derived Exosome
Mimetics (IDEM) as a Treatment for Ovarian Cancer. Front. Cell Dev. Biol. 2020, 8, 553576. [CrossRef] [PubMed]

129. Li, L.; He, D.; Guo, Q.; Zhang, Z.; Ru, D.; Wang, L.; Gong, K.; Liu, F,; Duan, Y.; Li, H. Exosome-liposome hybrid nanoparticle
codelivery of TP and miR497 conspicuously overcomes chemoresistant ovarian cancer. J. Nanobiotechnol. 2022, 20, 50. [CrossRef]

130. Li, Q.; Song, Q.; Zhao, Z; Lin, Y.; Cheng, Y.; Karin, N.; Luan, Y. Genetically Engineered Artificial Exosome-Constructed Hydrogel
for Ovarian Cancer Therapy. ACS Nano 2023, 17, 10376-10392. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fcell.2020.553576
https://www.ncbi.nlm.nih.gov/pubmed/33042993
https://doi.org/10.1186/s12951-022-01264-5
https://doi.org/10.1021/acsnano.3c00804

	Introduction 
	Biological Characterization of Exosomes 
	Mechanisms of Exosomes in Ovarian Cancer Metastasis 
	Exosomes Regulate Cancer-Associated Fibroblasts (CAFs) to Promote Ovarian Cancer Metastasis 
	Exosomes Promote Ovarian Cancer Metastasis by Inducing Epithelial–Mesenchymal Transition (EMT) in Peritoneal Mesothelial Cells 
	Exosome-Induced Angiogenesis Promotes Ovarian Cancer Metastasis 
	Exosomes Regulate Immune Cells to Promote Ovarian Cancer Metastasis 

	Mechanisms of Exosomes in Ovarian Cancer Drug Resistance 
	Exosome-Promoted Drug Efflux Leads to Drug Resistance in Ovarian Cancer 
	Exosomes Promote Drug Resistance in Ovarian Cancer by Modulating DNA Damage Repair Systems and Death Pathways 
	Exosomes Regulate Immune Cells to Promote Drug Resistance in Ovarian Cancer 

	The Potential of Exosomes in the Treatment of Ovarian Cancer 
	Conclusions 
	References

