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Abstract

Ovarian cancer accounts for more deaths than any other female reproductive tract cancer. The major reasons

for the high mortality rates include delayed diagnoses and drug resistance. Hence, improved diagnostic and thera-
peutic options for ovarian cancer are a pressing need. Extracellular vesicles (EVs), that include exosomes provide hope
in both diagnostic and therapeutic aspects. They are natural lipid nanovesicles secreted by all cell types and carry
molecules that reflect the status of the parent cell. This facilitates their potential use as biomarkers for an early diag-
nosis. Additionally, EVs can be loaded with exogenous cargo, and have features such as high stability and favorable
pharmacokinetic properties. This makes them ideal for tumor-targeted delivery of biological moieties. The Interna-
tional Society of Extracellular Vesicles (ISEV) based on the Minimal Information for Studies on Extracellular Vesicles
(MISEV) recommends the usage of the term “small extracellular vesicles (sEVs)” that includes exosomes for particles
that are 30-200 nm in size. However, majority of the studies reported in the literature and relevant to this review have
used the term “exosomes” Therefore, this review will use the term “exosomes”interchangeably with sEVs for consist-
ency with the literature and avoid confusion to the readers. This review, initially summarizes the different isolation
and detection techniques developed to study ovarian cancer-derived exosomes and the potential use of these
exosomes as biomarkers for the early diagnosis of this devastating disease. It addresses the role of exosome contents
in the pathogenesis of ovarian cancer, discusses strategies to limit exosome-mediated ovarian cancer progression,
and provides options to use exosomes for tumor-targeted therapy in ovarian cancer. Finally, it states future research
directions and recommends essential research needed to successfully transition exosomes from the laboratory

to the gynecologic-oncology clinic.
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Introduction
Ovarian cancer is the most devastating gynecologi-
cal cancer and is responsible for more deaths than any
other female reproductive cancer [1]. Statistics from
the American Cancer Society suggest that a woman has
an approximately 1 in 78 lifetime chance of developing
ovarian cancer, while her risk of dying from the disease
is approximately 1 in 108. Ovarian cancer, based its his-
tological features, is classified into high grade serous car-
cinoma (HGSC), low grade serous carcinoma (LGSC),
endometroid carcinoma (EC), clear cell carcinoma
(CCC), and mucinous carcinoma (MC). Among these
five histotypes, HGSC is the most aggressive cancer type
that is diagnosed in approximately 70% of ovarian cancer
patients [2]. Recent advancements in the healthcare field
and an early diagnosis have immensely contributed to a
better prognosis and improved survival of ovarian cancer
patients. However, two-third of patients are diagnosed
at an advanced stage of the disease which results in high
mortality rates [3, 4], and a 5-year survival rate of only
31% [5, 6]. Currently, cytoreductive surgery followed by
chemotherapy using platinum-based drugs is the treat-
ment of choice to manage ovarian cancer [7-9]. The lat-
est National Comprehensive Cancer Network guidelines
suggest using intravenous adjuvant therapy with or with-
out intraperitoneal administration [10-12]. However, all
the suggested treatments have significant toxicity profiles
[13, 14], and drug resistance results in disease relapse
[15, 16]. There are numerous ongoing research efforts
to improve ovarian cancer treatment, including the
potential use of nanomedicine, targeted therapy, immu-
notherapy, and their various combinations [17]. The pro-
gression of these treatment approaches, however, has yet
to achieve a cure for ovarian cancer [18]. Thus, there is an
urgent need to develop improved methods for the early
diagnosis of ovarian cancer and treatment options that
limit drug toxicity and combat drug resistance.
Extracellular vesicles (Evs) are lipid bilayer nanovesicles
of an endocytic origin secreted by almost all cell types.
They mainly include exosomes (30-150 nm, released
after fusion of multivesicular bodies with cell mem-
branes), microvesicles (200—-1000 nm, assembled and
released from the plasma membrane), and apoptotic bod-
ies (1000-5000 nm, released during apoptosis) [19-24].
However, advances made in the field of EVs has led to the
identification of additional vesicular particles such as the
small ectosomes and arrestin domain-containing protein
1-mediated microvesicles both of which fall in the size
range of 30 nm -150 nm but differ in their biogenesis.
The lack of specific markers to clearly distinguish exo-
some from other particles based on their biogenesis has
resulted in the usage of the term “exosomes “ for all parti-
cles in the range of 30—150 nm. As a result the literature
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is flooded with studies describing the role of exosomes
in cancer pathogenesis and their application in the diag-
nosis and therapy. For consistency and reproducibility
across study reports, the International Society of Extra-
cellular Vesicles (ISEV) upon the recommendation by the
Minimal Information for Studies in Extracellular Vesicles,
recommended using the terms small EVs (sEVs;<200
nm) and medium-large EVs (>200 nm) in lieu of particles
that fall within the size range irrespective of their bio-
genesis. In this article, the reference to exosomes is inter-
changeable to sEVs owing to the continued usage of the
term “exosomes” by numerous researchers, including us
[25]. Their composition varies based on the cellular ori-
gin; however, exosomes mainly consist of various soluble
proteins, antigens, and nucleic acids (such as mRNA and
miRNA) contained within an aqueous core surrounded
by a cellular membrane and membrane-related pro-
teins. Exosomes play a vital role in cellular signaling via
transferring biological molecules from originating cells
to receptor cells [26—28]. Early research on exosomes in
ovarian cancer patients noted that cancer cells release
a higher number of exosomes than normal ovarian epi-
thelial cells [29]. Since then, accumulating evidence from
experimental models and clinical datasets supports the
role of exosomes in the progression of various cancers,
including ovarian cancer. Different researchers indi-
cate that exosomes play a major role in the progression,
metastasis, and drug resistance of ovarian cancer [30].

Exosomes can be found in various body fluids, includ-
ing blood, urine, saliva, ascites, and cerebrospinal fluid
[31]. They are significantly more abundant in cancer
patients than in healthy individuals; therefore, exosomal
contents potentially reflect the disease pathology and are
extensively investigated as candidates for diagnosis and
therapy [32, 33]. Furthermore, several recent studies sug-
gest that exosomes possess numerous advantages over
conventional drug carriers that make them ideal candi-
dates for next generation drug-delivery systems. There
is an increasing trend in the number of exosome-related
articles across all cancer types available in PubMed
over the last two decades (Fig. 1). Studies investigating
exosomes for diagnosis, and prognosis and as a drug car-
rier in gynecological cancers especially in ovarian cancer
is more recent and show an increased trend in the past
five-six years (Fig. 1). The relatively new field of exosomal
research may potentially overcome the significant barri-
ers to the early diagnosis and efficient treatment of ovar-
ian cancer [30, 34].

As compared to existing available literature, the current
review highlights the association between exosomes and
ovarian cancer, provides in depth insights about different
novel isolation and detection techniques for ovarian can-
cer-derived exosomes, the emergence of exosomes as a
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Fig. 1 Number of exosome related publications available in PubMed. a graph showing number of articles obtained using the search terms
“exosomes”and “cancer’, "exosomes” and “ovarian cancer”including review articles categorized year wise. Venn diagram information summarizing
number of publications common to input search criteria organized as (b) “extracellular vesicles”and “ovarian cancer”v/s “exosomes”and ovarian
cancer; (c) "exosomes” and “therapeutics” and “ovarian cancer”, “"exosomes” and “diagnostics”and “ovarian cancer’, “exosomes”and “theranostics”

and "ovarian cancer”. Additionally, the number of exosomes related publications obtained with search terms (d) “ovarian cancer”and “peritoneal
cancers”; (e) “ovarian cancer”and “gynecological cancers”and (f) “ovarian cancer”and “peritoneal cancer”and “gynecological cancer”have been
compiled. Numbers are reflective of both research and review articles available in the database. Intersection areas are exclusive to publications
common under the different input criterion provided. Combining these search criterion gives a comprehensive dataset for a better understanding

of number of exosomes related research articles available across multiple cancer types. Figure created with Biorender.com
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potential biomarker for ovarian cancer, and different pos-
sible therapeutic approaches to treat ovarian cancer using
exosomes in detail. It also provides insights into the phar-
macokinetic properties and the distribution of exosomes
in the body, together with their safety and toxicity.

Ovarian cancer: genetic and epigenetic changes
and influence on exosomes

Occurrence of ovarian cancer is multifactorial and is
frequently associated with genetic and epigenetic altera-
tions that include oncogene activation, loss of tumor sup-
pressor function, and activation of aberrant cell signaling
pathways. For example, mutation in BRCA1 or BRCA2
tumor suppressor genes predispose individuals at risk
for developing ovarian cancer and breast cancer [35, 36].
Approximately 14-24% of individuals diagnosed with
ovarian cancer harbor BRCA1/BRCA2 mutation and
are often hereditary [37]. Additionally, alterations in the
proteins (e.g. RAD51C, RAD51D and BRIP1) that com-
plex with BRCA1/BRCAZ2 contribute to genomic instabil-
ity, deregulation of cellular machinery and uncontrolled
cell proliferation leading to cancer. p53 is another tumor
suppressor gene that is frequently mutated in ovarian
cancer. About 90% of high-grade serous tumor type har-
bor p53 mutation with missense mutation being the most
common type [38]. Loss of the p53 tumor suppressive
function leads to activation of oncogenes and in tumo-
rigenesis and metastasis. Additional gene mutations such
as KRas, PTEN and ARIDIA have also been reported
with some mutations occurring at higher frequency in
ovarian cancer sub-types [39-41].

Beyond gene alterations, epigenetic changes that affect
gene function and expression also play crucial role in
the development and progression of ovarian cancer.
Some of the epigenetic changes result in heritable traits
[42]. The epigenetic changes reported in ovarian cancer
include DNA methylation, histone modification, chro-
matin remodeling, and non-coding (nc) RNA regulation
[43]. A consequence of these changes results in influenc-
ing the tumor microenvironment and subsequently the
tumor growth, metastasis and response to treatment.
DNA methylation occurs in CpG dinucleotide motifs in
the DNA sequence and involves the addition of a methyl
group to the C5 position of cytosines (5mC). It is the most
common and widely investigated epigenetic modification
in cancer and includes hypomethylation and hypermeth-
ylation. Under hypomethylation state the expression of
numerous genes are activated that include increased
expression of oncogenes [44]. In contrast, hypermeth-
ylation suppresses gene expression including suppres-
sion of tumor suppressor genes (e.g. BRCA1, PTEN) that
are important for controlling cell cycle and growth [45].
Histones are susceptible to numerous modifications that
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include acetylation and deactylation, methylation, ubiqu-
tination, and deamination among others. Histone- acetyl
transferase (HATs) and deacetyltransferases (HDACs:)
are enzymes that modulate histone acetylation and dea-
cetylation and are deregulated in human cancers includ-
ing ovarian cancer [46, 47]. The discovery of ncRNA has
led to identification of their importance in the regulation
in several cellular processes and their role in cancer. The
ncRNA is a large family that includes short interfering
(siRNA), long non-coding (Inc) RNA, and micro (mi)
RNA among others. The ncRNAs participate in regulat-
ing mRNA stability, silencing of mRNA transcription and
translation, cell survival, protein function and several
other cellular properties. In ovarian cancer, the IncR-
NAs are over (e.g. HOTAIR, MALAT1)—or under (e.g.
TUB4B, GAS5) — expressed and have been assocated
with tumor growth, metastasis, angiogenesis, and drug
resistance. Changes in miRNA and IncRNA expression
influencing ovarian cancer have also been reported [48,
49]. For additional information on ncRNAs and their
role in ovarian cancer, readers are advised to refer to the
literature.

The molecular and genetic changes brought about in
ovarian cancer also influence the packaging of the intra-
cellular contents of EVs especially in exosomes produced
the tumor cells. The tumor-derived exosomes (TDEs) in
turn play an integral role in promoting tumor growth and
spread by communicating with adjacent tumor cells and
tumor-associated fibroblasts in an autocine and parac-
rine manner by transferring their intracellular contents
(miRNA, IncRNA, siRNA, protiens, nucleic acid frag-
ments [50]. The exosomal contents can govern various
processes of tumor progression such as tumor metastasis
(RNAs such as miR-200, miR-99a-5p, and circWHSC1),
immune regulation (proteins such as Hsp84/90, MHC
I and II, TSG 101, and CD63), and drug resistance
(Annexin A3 and miR21; Fig. 2) and discussed in the fol-
lowing sections.

Exosomes in the progression and metastasis of ovarian
cancer

Multiple studies confirm that cancer cell-secreted
exosomes can reprogram normal cells to increase tumor
survival and foster cancer progression and metastasis
[13, 51, 52]. Despite this, research focused on the role of
exosomal contents in ovarian cancer progression remains
limited [13]. Generally, the proteins found in exosomes
secreted by cancer cells significantly differ from those
found in normal cell-derived exosomes and can amend
the target cell phenotype and boost tumor progression
[51, 52]. Proteomics analysis identified various exoso-
mal proteins that significantly contribute to ovarian can-
cer development and/or tumorigenesis. These include
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tubulin B-3 chain (TUBB3), epithelial cell surface anti-
gen (EpCAM), proliferation cell nuclear antigen (PCNA),
epidermal growth factor receptor (EGFR), claudin 3
(CLDN3), apolipoprotein E (APOE), fatty acid synthase
(FASN), LICAM (CD 171), and erythroblastic oncogene
B (ERBB2) [53].

Exosomes are an integral part of the tumor micro-
environment (TME), which plays an important part in
ovarian cancer metastasis [54]. They are predominantly
associated with pre-metastatic niche development and
promote metastatic progression. Exosomes derived from
primary ovarian cancer cells can reconfigure the TME
through intercellular transmission between cancer cells
and normal stromal cells, immune cells, and cancer-asso-
ciated fibroblasts (CAFs) to stimulate metastatic incur-
sion [55]. These exosomes also transform fibroblasts (a
key player in homeostasis and normal tissue function-
ing) into CAFs [56]. Additionally, ovarian CAF-derived
exosomes carry transforming growth factor B-1 (TGE-
B1). This augments the potential of ovarian cancer cells
to migrate and invade and promotes epithelial-mesen-
chymal transition (EMT) by SMAD signaling activation
[57]. Mesenchymal stem cells derived from adipose tis-
sue (ADSCs) when treated with exosomes derived from
two ovarian cancer cells (OVCAR-3 and SK-OV-3) show

distinctive features of tumor-linked myofibroblasts as
characterized by elevated expression of a-smooth mus-
cle actin, TGF-p, stromal derived factor-1 (SDF-1), and
TGE-p receptor I and II. Additionally, there is a difference
in the signaling pathway modulated under each setting.
SK-OV-3-derived exosomes function via the SMAD-
dependent pathway, while OVCAR-3-derived exosomes
increase phosphorylated AKT levels via a SMAD-inde-
pendent pathway. Together, these data underscore the
significant contribution of exosomes derived from ovar-
ian cancer in the formation of tumor-associated myofi-
broblasts to create a suitable microenvironment for the
progression and invasion of cancer cells [58]. In addition,
various studies support the role of exosomes in promot-
ing the invasive abilities of cells. Morphological changes
and increased invasion capacity of human peritoneal
mesothelial cells (HPMCs) are observed upon treatment
with CD44 expressing tumor cell-derived exosomes.
Additionally, transfer of CD44 from the cancer cell-
derived exosomes to HPMC induced the secretion of
matrix metalloproteinase-9 (MMP-9) that dispersed the
mesothelial barrier and promoted cancer invasion [59].
In contrast, HPMCs treated with exosomes derived from
normal immortalized ovarian surface epithelial (IOSE)
cells did not show any effect. In another study, higher
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expression of CD24, EpCAM, and proteolytic enzymes
(pre-MMP2 and pre-MMP9) in malignant ascites-
derived exosomes was reported [60]. The presence of
MMPs in the exosomes would help degrade the ECM and
facilitate tumor invasion.

Likewise, exosomes from cancer cells transfer miRNA
to the stromal cells present in the TME which contributes
to tumor progression. Increased levels of exosomal miR-
99a-5p derived from epithelial ovarian cancer cells (TYK-
nu and HeyA8) causes HPMCs to increase the expression
of fibronectin and vitronectin, thereby promoting tumor
invasion [61]. Claudin 4 is overexpressed in exosomes
derived from BG-1 ovarian cancer cell line and in serum
from ovarian cancer patients; this protein controls the
permeability of the paracellular barrier and increases
metastasis potential and its suppression reduces invasion
and metastasis [62—-64].

In summary, cell-cell communication mediated by
tumor cell-derived exosomes and transfer of their cargo
significantly contribute to ovarian cancer invasion and
metastasis.

Exosomes in immune modulation

A variety of immune cells [including natural killer cells
(NK cells), macrophages, and T and B lymphocytes]
operate ubiquitously in the TME and various pro-
teins and RNAs regulate their function. Exosomes are a
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universal component of the TME and play a critical role
in the crosstalk among tumor cells and the immune sys-
tem. Specifically, cancer cell-derived exosomes support
cancer progression by helping cells escape the immune
system in several ways (Fig. 3). Hence, their potential role
in immune modulation has attracted researchers’ atten-
tion [65, 66]. Cancer-associated exosomes exert immu-
nosuppressive action via several mechanisms, including
T lymphocyte apoptosis via the Fas/Fas ligand pathway
and reducing NK cell activity through NKG2D ligands
[67-69]. Exposure of peripheral blood mononuclear
cells (PBMC) and dendritic cells (DCs) to ovarian can-
cer cell-derived exosomes induced apoptosis via the Fas/
FasL pathway and TNF-related apoptosis-inducing ligand
(TRAIL) [70]. Additionally, exosomes isolated by differ-
ential centrifugation from ovarian cancer patients’ amni-
otic fluid or ascites activate Toll-like receptor to boost
interleukin-6 (IL-6) production in monocytes and acti-
vate the STAT3 pathway in tumor cells, stromal cells, and
immune cells. Together, this helps tumor cells escape the
immune system [71]. Exosomes derived from the ascites
of ovarian cancer patients by applying chromatography/
centrifugation or density gradient centrifugation method,
induces T-cell apoptosis in vitro by suppressing key com-
ponents in the T cell activation pathway: Janus kinase
3 and CD3-zeta [72]. Similarly, Arginase-1-containing
exosomes isolated using sequential centrifugation from

IMMUNE RESPONSE

HLA-DR

o

’? Polarization k
Z/¥ =

872

1

M2 M1 Maaophage
Z Exosome =
o
o TIL'G’ lFasL,
E STAT 3 9@ & . 1cD3 zeta,
Activati = % Janus kinase 3
% vation 9& 5 %
A
2, 2 \
7 . B
= NKG2D o, 2 i yﬁ!“% Fas/FasL, e
Ligand % Eatly Y 2 TRAIL <
endosome ”“’ %
]
<)
z
Apoptosis < />’\ xActlvatmn 4 €]
—< Vg ‘ * X
) N K.
c/«//y\r/ x; [‘% * 5 o Apopt03|s
Dendritic cell NAU/ZIH T Lymphocyte
Tumor Associated Antigens

Fig. 3 Role of exosomes in immune modulation in ovarian cancer. The antigen carried on the surface of the exosomes may activate an immune
response, while different exosomal contents may suppress the immune system or help to evade immune recognition. Image created

with BioRender.com



Bhavsar et al. Journal of Ovarian Research (2024) 17:113

ascites and plasma of ovarian cancer patients contributed
to tumor progression and immune escape by suppressing
the CD3-zeta and -epsilon chain in T-cells and reduced
proliferation of CD4+and CD8+ T-cells in vitro and
in vivo [73]. Exosomes isolated by size exclusion chro-
matography and ultracentrifugation from the plasma of
ovarian cancer patients potentially mediate the conver-
sion of CD4*CD25™8 T cells into CD4*CD25"8" FOXP3*
Tregs, which inhibits the function of CD8% T cells and
CD4*CD25™¢ T cells. These exosomes encourage Treg
proliferation and increase immunosuppressive function
through mechanisms associated with TGF-p and IL 10
[74]. Reconfiguration of immune system also occurs by
transfer of miRNAs from cancer cell-derived exosomes
to tumor associated macrophages (TAMs). miR-222-3p
from ovarian cancer cell (SKOV3)-derived exosomes
when transferred to tumor associated macrophages
(TAMs) induced polarization to the immunosuppressive
M2 phenotype and involved the SOCS3/STAT?3 signaling
pathway [75]. miR-940 levels under hypoxia is increased
in cancer-derived exosomes and uptake of these
exosomes by unpolarized TAMs undergo transformation
to the M2-like phenotype [76, 77]. Exosomes-derived
from TAMs also contribute in promoting the immuno-
suppresive environment by transferring STAT3-targeting
miRNAs (miR-21-5p and has-miR-29a-3p) to T cells and
increasing the Treg/Th17 ratio and tumor progression.
Conversely, silencing of the two miRNAs with miRNA
mimics inhibited STAT3 and reversed the Treg/Thl7
ratio to a immune favorable environment and inhibition
of tumor growth [78]. All of these study results demon-
strate exosomes foster tumor progression by modulating
the immune response.

While the role of exosomes in tumor growth and
metastasis has been extensively studied, very few stud-
ies have described the role of exosomes in stimulating
the immune system in ovarian cancer. Considering the
immune-promoting action of exosomes in other diverse
tumor, ovarian cancer-derived exosomes may also mod-
ulate the innate and adaptive immune systems through
DC, NK-, or cytotoxic T-cell activation [79]. Gener-
ally, exosomes containing tumor-associated antigens
(TAAs) are identified by antigen-presenting cells such
as dendritic cells and macrophages and presented to T
cells for stimulating the anti-tumor activity of immune
cells [34, 80, 81]. Priming of dendritic cells with TAA
(MHC I, HSP70, HSP90, Martl, and Her2/Neu) carrying
exosomes derived from ovarian cancer ascites and subse-
quent exposure to resting T cells resulted in T cell activa-
tion and increased tumor cell cytotoxicity [82].

In conclusion, the exact role of exosomes in modulating
the immune system in ovarian cancer remains unknown,
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and more research is required to confirm their role as
stimulators and/or suppressors of the immune system.

Exosomes promote chemotherapeutic resistance

Drug resistance is considered a major reason for the fail-
ure of cancer therapy. Therefore, it is necessary to expli-
cate the molecular mechanism(s) of cancer progression
and therapeutic resistance to design novel, effective ther-
apeutic schemes. Metastasis or resistance to chemother-
apy is the key reason for the observed therapeutic failure
in ovarian cancer patients, specifically at advanced stages.
Recently, exosomes were identified as key players in the
development of drug resistance in several malignancies,
including ovarian cancer [83—-86]. There is an inverse
relationship between intracellular drug concentration
and the level of secreted exosomes in the context of ovar-
ian cancer; this confirms the crucial role of exosomes
in chemoresistance [79]. Ovarian cancer patients that
respond to chemotherapy have altered exosomal pro-
tein levels, while exosomal protein levels are unchanged
in unresponsive patients [87]. Thus, exosomal protein
contents may be a valuable tool to predict the therapeu-
tic response. The three recognized mechanisms wherein
exosomes promote drug resistance in ovarian cancer are
briefly described in the following sections.

Transfer of miRNAs to modify gene expression and exert
resistance

Exosomes modulate chemoresistance in cancer cells by
multiple mechanisms that includes transfer of miRNAs.
The role of exosomal miRNAs in chemoresistance was
delineated using paclitaxel and cisplatin in experimental
models. For example, miR-1246 targets the Cav-1/p-gp/
M2-type macrophage axis leading to paclitaxel resistance
in ovarian cancer cells. Meanwhile, combination treat-
ment using chemotherapy and an miR-1246 inhibitor
significantly reduced the tumor burden in vivo [88]. The
transfer of miR-21 from cancer-associated adipocytes
and cancer-associated fibroblasts (CAFs) to cancer cells
through exosomes suppresses apoptosis and promotes
resistance to paclitaxel in ovarian cancer cells by target-
ing apoptotic protease activation factor 1 [89]. Exosomal
miR-21-3p suppresses neuron navigator (NAV) 3 levels
which may increase the resistance of ovarian cancer cells
to cisplatin [90].

Transfer of proteins that export drugs out of cells

Studies on the connection of exosomal proteins and
chemoresistance in ovarian cancer reveal that exo-
some-mediated transfer of proteins promotes resist-
ance by inhibiting apoptosis or enhancing drug efflux
[79, 91-96]. Annexin A3, P-glycoprotein (P-gp), signal
transducer and activator of transcription 3 (STAT3),
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FAS, DNA methyltransferase-I (DNMT-1), multidrug
resistance protein 2 (MRP2), ATP 7A, and ATP 7B are
exosomal proteins that promote drug resistance in ovar-
ian cancer cells [79, 91-96]. Hypoxia-derived exosomes
contain high amounts of STAT3 and FAS proteins that
induce drug resistance. Increased levels of Annexin A3 in
platinum-resistant ovarian cancer cell lines impart drug
resistance by reducing the concentration of platinum
compounds within the cell and inhibiting apoptosis. The
confirmed presence of Annexin A3 in exosomes indi-
cates that they are involved in the intercellular transfer
of Annexin A3 to impart resistance [91, 92]. P-gp pro-
motes drug efflux, and the expression of P-gp is higher
in exosomes derived from platinum-resistant A2780 cells
than in those derived from platinum-sensitive wild-type
A2780 cells [93]. Elevated levels of DNMT1 in exosomes
and their contribution to drug resistance has also been
reported [96]. Exosomes from ovarian cancer patients
and SKOV3 ovarian cancer cell line highly enriched with
DNMT-1 protein levels abrogated the cytotoxic activity
of cisplatin and enhanced tumor growth in vivo. How-
ever, depletion of DNMT-1 enriched exosomes with
GW4869, a nSNMase2 inhibitor, restored cisplatin sen-
sitivity both in vitro and in vivo [96]. The results from
these studies demonstrate a role for exosomal proteins in
contributing to resistance to anticancer drugs.

Induction of EMT characteristics

EMT is known to promote tumor cell migration and
invasion and contribute to establishment of metasta-
sis at distant site. Studies exist demonstrating EMT as
one of the contributory mechanisms for drug resistance
and reversing the EMT phenotype reverts sensitivity to
anticancer drugs [97-99]. Epimorphin also known as
syntaxin-2 belongs to the SNARE family of proteins and
plays an important role in the cell morphogenesis and
protein transport [100, 101]. To determine if reversal of
MET phenotype with epimorphin will restore sensitivity
to cisplatin, a panel of ovarian cancer cell lines (A1847m,
A2780, OVCARI10) were treated with epimorphine and
observed for drug sensitivity. Epimorphine treatment
increased tumor cell sensitivity to platinum drugs owing
to the reversal of mesenchymal to epithelial phenotype
[102]. In another study, treatment of A2780 ovarian can-
cer cells with exosomes derived from three platinum-
resistant derivatives of A2780 (C30, CP70, and C200)
exhibited a considerable decrease in the expression of
epithelial markers (E-cadherin, EpCAM, and dystrogly-
can) and an increase in the expression of mesenchymal
markers (TWIST, vimentin, and paladin), and indica-
tor of EMT phenotype that coincided with resistance
to carboplatin [103]. These findings confirm the role of
exosomes in the induction of EMT and consequently
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in drug resistance in ovarian cancer. Further studies are
required to elucidate other likely mechanisms of exo-
some-mediated drug resistance.

Exosomes promote stem cell modification

Cancer stem cells (CSCs) can escape chemotherapy
and undergo self-renewal, and differentiation leading to
tumor recurrence and failure to therapy [104]. Ovarian
cancer is highly aggressive, often recurrent and drug-
resistant in nature, and CSCs is a contributing factor to
this recurrent and drug-resistant behavior [105]. Recent
evidence shows that ovarian cancer cells (SKOV3 and
CoC1) have elevated viability and stemness following
treatment with exosomes derived from MDA-MB-231
breast cancer cells. Molecular studies demonstrated
treatment of SKOV cells with MDA-MB-231-derived
exosomes increased miR-454 expression in CD44+/
CD133+SKOV cells through the activation of the Wnt
pathway via proline rich transmembrane protein 2 bind-
ing and increased stemness in vitro and tumor growth
in vivo [106]. Use of C59, a Wnt inhibitor reversed
stemness and increased tumor cell cytotoxicity. The
results showed the ability of tumor-derived exosomes to
modulate stemness and promote tumor growth. Expo-
sure of ovarian cancer stem-like cells to ascites-derived
exosomes showed maintenance of stemness and pro-
mote invasive propertise of the tumor cells [107]. While
reports on the role of cancer cell-derived exosomes on
CSCs modification and promotion are emerging, they
remain very limited in ovarian cancer and warrants fur-
ther investigation.

Exosome isolation approaches

Exosome isolation and purification are prerequisites
for diagnostic and therapeutic applications. How-
ever, the technology to consistently isolate highly puri-
fied exosomes to homogeneity is far from standardized
[108]. The presence of other vesicles including exomeres,
large EVs and microvesicles among others make it dif-
ficult to isolate pure exosomes from biological samples
[109, 110]. Conventional methods to isolate and purify
exosomes such as ultracentrifugation, ultrafiltration,
size exclusion chromatography (SEC), polymeric pre-
cipitation, and immunoaffinity are well established and
widely used. However, they are time consuming, require
bulk amounts of samples, and produce low-purity mate-
rials [111]. Therefore, there is a need to develop novel
exosome isolation methods. Summarized below are the
techniques used in studying exosomes on ovarian cancer.
Readers are informed that the description of the purifica-
tion processes described below is limited to investigating
exosomes in ovarian cancer and is not comprehensive as
several other techniques exist and are directed to refer
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to the literature. Figure 4 summarizes various conven-
tional exosome isolation methods with their merits and
demerits.

Ultracentrifugation is the most widely utilized
approach to separate exosomes from impurities. This
technique separates exosomes from other particles based
on their sedimentation rate due to their different den-
sities, sizes, and shapes [112, 113]. This process offers
advantages such as ease of use, an established protocol,
the ability to process most samples and a low cost [112,
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113]. However, this entire process is time consuming
[81, 114, 115], and low yielding with poor reproducibil-
ity [116], and contains impurities that may affect further
follow up analyses, even after multiple centrifugation
steps [116, 117]. Moreover, the prolonged high-speed
centrifugation may damage the exosomes and alter their
morphological and biological functions [116, 117]. Size
exclusion chromatography (SEC) (otherwise known
as gel filtration) utilizes a column with porous beads of
a specific pore size and separates the samples based on
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Fig. 4 Overview of conventional exosome isolation methods with its merits and demerits. Image created with BioRender.com
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their sizes [118]. The larger sized particles cannot pass
through the pores and elute faster than smaller particles
that enter the pores and elute at a later time. Thus, selec-
tive elution and separation of particles based on size are
achieved [108]. Exosomes from ovarian cancer patients
that were isolated using SEC have an almost identical
size, shape, and protein composition with those prepared
using ultracentrifugation [72].

Exosome purification can also be performed using
immunoaffinity and polymer-based precipitation
approaches depending on their functional characteristics
[119]. Immunoaffinity approaches utilize the interaction
of a specific antibody and antigen to separate and purify
exosomes. All exosomes have specific proteins on their
surfaces (such as tetraspanins and annexins) that can
interact with explicit antibodies, polysaccharides, or pep-
tides to facilitate their “pull down” and separation from
other biological components [113, 120-122]. A signifi-
cantly high amount of EpCAM-positive exosomes were
isolated from the sera of patients with benign diseases
compared with that from the sera of healthy individuals
using EpCAM modified magnetic activated cell sorting
process [123]. Furthermore, the amount of EpCAM-pos-
itive exosomes increases as the disease progresses. The
immunoaffinity approach is highly specific and capable
of precisely isolating subclasses of exosomes. However,
it is time-consuming, costly, and unable to process large
quantities of sample and may result in low purity owing
to potential isolation of other biological vesicles with
similar proteins [113, 121].

The polymer precipitation method is widely utilized
in commercial kits. The exosome solubility/dispersibil-
ity is altered with the help of different hydrophilic poly-
mers, and polyethylene glycol is the most widely used
[124, 125]. The exosomes are precipitated and collected
after low-speed centrifugation following the addition of
these polymers. This method (ExoQuick precipitation)
was used to isolate sEVs from SKOV3 cells. The purified
exosomes are spherical and 50-150 nm in size, and are
enriched with exosome-specific markers: CD9, CD63,
and CD81 [126]. This approach is simple and fast and
does not require any specialized instruments, other
approaches. However, the main shortcoming is pre-
cipitaion of other proteins, lipoproteins, and polymeric
material that can reduce the efficiency of exosome isola-
tion [112]. All the conventional techniques used to iso-
late exosomes have merits and demerits; it is important
to compare these methods to determine the best conven-
tional method to efficiently isolate high-purity ovarian
cancer-derived exosomes. The ExoQuick precipitation
method generates the highest quantity and purity of exo-
somal RNAs and proteins from the exosomes of ascites
derived from ovarian cancer patients compared with
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other techniques. Ultracentrifugation yields the least
pure exosomes with the lowest content of RNAs and pro-
teins. The purity of exosomal RNA is similar in exosomes
isolated using SEC and EpCAM dynabeads (an immu-
noaffinity approach), although there is a much high num-
ber of isolated exosomes using SEC. Meanwhile, similar
amount of proteins is isolated using EpCAM dynabeads,
SEC, and ultracentrifugation [127].

Conventional approaches are most widely used for exo-
some isolation; however, they have many limitations that
restrict their ability to meet the growing scientific needs.
Membrane-based and microfluidics-based techniques
are emerging approaches to isolate exosomes [111].
Exosomes are lipid bilayer nanovesicles; therefore, their
surface is enriched with the negatively charged lipid,
phosphatidylserine. This presents a possibility for innova-
tive techniques [128]. The expression of phosphatidylser-
ine is the highest in exosomes derived from the plasma of
ovarian cancer patients with malignant tumors, followed
by those of patients with the benign disease and healthy
individuals [129]. Thus, the isolation approaches using
phosphatidylserine might benefit ovarian cancer patients.

Innovative microfluidics-based approaches were
recently developed to purify exosomes [121]. Microflu-
idics utilizes a small lab-on-a-chip platform consisting
of micron-sized channels, to process micro to picolitre
amounts of samples [111, 130]. Microfluidics technol-
ogy rapidly isolates exosomes at a high level of sensitiv-
ity and purity with a reduced cost using few reagents in a
minimal time. Different techniques have been developed
for size-based isolation of exosomes using microfluidics
[131-134]. Electrical-based isolation techniques depend
on the intensity of the electric field, size, and the electric
properties. An AC electrokinetic-based platform was
used to isolate exosomes from the plasma of early stage
(stages I and II) ovarian-, pancreatic-, and bladder can-
cer patients in accordance with the ISEV 2018 guide-
lines [135]. A conventional immunoaffinity approach is
usually incorporated in the microfluidic device to iso-
late exosomes based on their function. Immunoaffinity
approaches depend on the interaction between antigens
and antibodies; therefore, the key factors to efficiently
isolate exosomes include appropriate antibody selection,
microscale bulk transfer stimulation, and optimized col-
lisions between the particle and surface [136, 137]. This
is mostly achieved using two methods: 1) Microchan-
nel surface modification with appropriate antibodies.
This type of microfluidic method was used to isolate
exosomes from the sera of high-grade serous ovarian
cancer patients [138]. The inner surface of the micro-
channel was modified by covalent attachment of antibod-
ies (anti-EpCAM or anti-CD9) against cancer and normal
exosome membrane biomarkers. This is an inexpensive,
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rapid, and specific method to obtain intact and label-
free exosomes. It results in a higher yield from a minimal
amount of sample than does other conventional isolation
method (ultracentrifugation and Exoquick followed by
conventional immunoaffinity). Furthermore, the increase
in the amount of EpCAM +exosomes positively corre-
lates with the progression of high-grade serous ovarian
cancer [138]. Similarly, functionalization of the inner
microchannel surface with anti-CD63 and anti-EpCAM
antibodies to isolate exosomes from conditioned culture
medium (OSE, FTSEC, and OVCAR-8 cell lines) results
in a significant increase in the amount of exosomes
obtained from OVCAR-8 cells [139]. This technique is
the quickest, the most cost effective, and specific and
results in the highest yield compared with conventional
approaches. 2) Addition of magnetic beads or other affin-
ity particles. An Exosearch chip was designed for the
quantitative isolation of exosomes from the plasma
of ovarian cancer patients using antibody-conjugated
magnetic beads in a microfluidics platform [140]. The
exosomes isolated with Exosearch have a narrow size dis-
tribution range, and the technique is more specific than
ultracentrifugation. The application of this system for
blood-based diagnosis of ovarian cancer results in highly
specific and simultaneous detection of three tumor anti-
gens within the same exosome subpopulation. It accu-
rately distinguishes between exosomes from the plasma
of ovarian cancer patients and that of healthy individu-
als. The developed chip is a low-cost and convenient
approach for the specific, rapid isolation of blood diag-
nostic exosomes.

Thus, the emerging lab-on-chip platforms are promis-
ing approaches capable of merging multiple necessary
steps such as sample loading, processing, and detection
for the downstream analysis of specific RNAs and pro-
teins on a single device that facilitates the clinical transla-
tion of extracellular vesicle analysis.

Novel technologies for exosome analysis in ovarian
cancer

Exosomes are routinely characterized for particles size,
distribution and number by nanoparticle tracking anal-
ysis (NTA); for morphology by electron microscopy
(EM); expression of specific proteins by western blot-
ting, enzyme-linked immunosorbent assay (ELISA), or
flow cytometry; and RNAs by PCR [141-143]. However,
the low expression of exosomal markers and the hetero-
geneity of exosomes limits their sensitivity and selectiv-
ity which restricts the application of these technologies
[144]. These techniques produce results on the bulk
sample rather than particular extracellular vesicles. Fur-
thermore, these methods cannot indicate correlations
of biomarkers in extracellular vesicles. Therefore, novel
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technologies capable of analyzing individual extracellular
vesicles are needed to overcome these limitations [145].
Single extracellular vesicle analysis increases the sensitiv-
ity and improves the specificity by measuring the levels
of specific cancer markers on extracellular vesicles or by
identifying the exclusive subpopulations of circulating
extracellular vesicles. Multiple single extracellular vesi-
cle analysis techniques are already at the prototype stage.
Extracellular vesicles are labelled in the solution phase in
nearly all techniques as it minimizes the loss of circulat-
ing extracellular vesicles [146].

Exosomes derived from human ovarian epithelial cells
(HOSEPIiC) and ovarian cancer (ES-2, OVCAR3, and
IGROV1) cell lines were characterized using electron
microscopy (EM), dynamic light scattering (DLS), and
NTA to study the difference between normal and malig-
nant cancer-derived exosomes [147]. The total num-
ber of exosomes released from ovarian cancer cell lines
is higher than that from normal cells. The exosomes
derived from OVCAR3 showed the highest number of
EpCAM-positive cells, while IGROV1 represented the
least number of EpCAM-positive exosomes. The charac-
teristics of exosomes were cell-type-specific, and NTA is
a useful and efficient method to study particle size and
concentration of exosomes in ovarian cancer.

Exosomes isolated from the blood of ovarian cancer
patients using SEC are best characterized using NTA,
compared with other conventional analysis methods like
DLS, EM, and submicron particle analysis, as it repre-
sents a narrow size distribution and defines the concen-
tration [148]. Clinical specimens consist of vesicles from
diverse cellular origins. Therefore, it is crucial to identify
their cell of origin, biological function, and the molecules
expressed on their surface. The NTA fluorescence mode
helps distinguish exosomes possessing specific mark-
ers. Surface-enhanced Raman spectroscopy (SERS) is
another technique that was used by different research-
ers to analyze extracellular vesicles derived from ovar-
ian cancer [149-152]. Multiple ovarian cancer cell lines
(OVCAR 3, OV 90, EOC 6, and EOC 18)-derived extra-
cellular vesicles were analyzed using SERS, and the major
compositional difference was determined using principal
component analysis [149]. Interestingly, machine learn-
ing based on logistic regression distinguishes ovarian
cancer cell line-derived extracellular vesicles from nor-
mal cell-derived extracellular vesicles and high-grade
ovarian cancer-derived extracellular vesicles from low-
grade ovarian cancer-derived extracellular vesicles with
approximately 99% accuracy, sensitivity, and specificity.
A nanobowl SERS substrate coated with silver to ana-
lyze SKOV3-derived exosomes proves that the system
characterizes exosomes at the molecular level [150]. A
hybrid nanoplasmonic scaffold discriminates individual
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malignancies from each other and from controls using
ovarian and endometrial cancer patients’ serum-derived
extracellular vesicles. However, further standardization,
validation, and cost effectiveness are required for clinical
translation [151]. Thiolated LXY30 peptide-conjugated
silver nanoparticles capture SKOV3-derived exosomes
and with the help of SERS; the isolated exosomes were
found pure, as multiple peaks associated with SKOV3
exosomes were present in SERS spectra, while these were
absent in exosomes derived from Jurkat cells [152].
Different microfluidic platforms were developed that
offer advantages in exosome isolation, proteomic and
genomic analyses, and quantitative biology. These meth-
ods require a low amount of sample and offer simple
processing, which makes their clinical translation prac-
tical [153]. Microfluidics-based platforms developed
to characterize ovarian cancer-derived exosomes dem-
onstrate promise for the prediction of ovarian cancer
in clinical utilities. For example, a nanoplasmonic exo-
some assay is used to quantitatively analyze label-free
exosomes [154]. The developed assay potentially recog-
nizes exosomes derived from ascites of ovarian cancer
patients by sensing CD24 and EpCAM. This approach
is highly sensitive and provides label-free analysis with
continuous real-time monitoring of exosome-specific
molecular markers, unlike conventional techniques. The
same laboratory that produced the Exosearch chip for the
isolation and characterization of ovarian cancer-derived
exosomes [140], developed a nano-IMEX microflu-
idic platform with the help of nanostructured graphene
oxide/polydopamine for exosome analysis. The designed
platform improves the immune-capture efficiency for
exosomes and depletes non-specific exosome adsorp-
tion. The device distinguishes ovarian cancer patients
from healthy controls, and requires only 2 pL of plasma
without sample processing. The chip efficiently analyzes
exosomes for the non-invasive diagnosis of disease and
precision therapy of ovarian cancer [155]. A portable,
eight-channel device was designed with an integrated
magneto-electrochemical feature to immunomagneti-
cally capture and characterize exosomes from the plasma
of ovarian cancer patients [156]. The design is highly
sensitive, capable of detecting cell-specific exosomes,
provides sensor miniaturization, and high-throughput
measurements. The sensor simultaneously detects multi-
ple protein markers within an hour using 10 pL of sam-
ples per marker. This completely outclasses conventional
methods in terms of speed and sensitivity. Furthermore,
the device can be used for real-time monitoring of exo-
somal markers (CD24 and EpCAM) in the plasma of
ovarian cancer patients pre-and-post drug treatment.
The patients that did not respond to the treatment have
elevated EpCAM and CD24 expression levels compared
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with patients who responded to the therapy. This device
has slightly less sensitivity and throughput compared
with iMEX, although it is less complex without nanofab-
rication. Therefore, it is a cost-effective portable platform
for the on-site detection of exosomes. The Exocounter is
a device that captures single exosomes in the groove of
an antibody-coated optical disc labeled with antibody-
conjugated magnetic beads, followed by counting using
an optical disk drive to quantify the exosomes in the sera
of ovarian cancer patients [157]. This device shows that
the number of HER2-positive exosomes is elevated in
the sera of ovarian cancer patients compared with those
of healthy controls or non-cancer patients. The device
is highly sensitive and represents linearity, unlike other
conventional techniques. Hence, this approach is appro-
priate for liquid biopsies of exosomal biomarkers for
ovarian cancer diagnosis. In addition to the above men-
tioned techniques, additional highly sensitive techniques
such as localized surface plasmon resonance (LSPR),
atomic force microscopy (AFM) [158-161], Imagestream
[162], and droplet digital PCR [163] have been developed
that can also be used for EV analysis in ovarian cancer.

In conclusion, all of the techniques developed for the
isolation and detection of exosomes can potentially be
used for diagnosing ovarian cancer and monitor can-
cer progression. However, some of these techniques will
require further testing and validation using using a large
cohort of ovarian cancer samples prior to their applica-
tion in the clinic.

Exosomes as biomarkers

The frequent late diagnosis of ovarian cancer at an
advanced stage is considered a major reason for its high
mortality rate [164]. Current techniques for the diagnosis
of ovarian cancer include determining the carbohydrate
antigen 125 (CA125) levels in the blood serum, trans-
vaginal ultrasound, or physical examination, all of which
have limited sensitivity and low specificity [15]. The level
of the CA125 biomarker is generally not elevated early
in ovarian cancer, and not all ovarian cancer patients
have elevated levels. Poor specificity is a concern even
in advanced disease, as CA125 levels can be elevated by
other pathological conditions such as pelvic inflamma-
tion, breast cancer, and endometriosis [165]. The analysis
of CA125 levels and transvaginal ultrasound in approxi-
mately 70,000 ovarian cancer patients showed that these
methods had no impact on mortality rates; these findings
should eliminate unnecessary surgeries due to false-posi-
tives [166]. Early diagnosis and subtype confirmation are
essential for clinicians to design an appropriate treatment
schema; therefore, there is an urgent need to identify
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novel biomarkers and methods for the early diagnosis
and/or subtyping of ovarian cancer.

Cancer-related exosomes have garnered increasing
attraction from researchers as possible cancer biomark-
ers owing to their presence in almost all body fluids and
their specific distinctive features based on the cell of ori-
gin, which profoundly differ from the features of non-
cancer exosomes [167]. These characteristics emphasize
the potential diagnostic and prognostic worth of
exosomes. Exosomes offer several advantages as a diag-
nostic marker. For example, their ubiquitous presence in
almost all body fluids, including plasma, makes them a
potential noninvasive alternative to biopsies. Moreover,
exosomes are stable for months or years under specific
storage conditions. Additionally, tumor-specific exoso-
mal cargoes represent a precise association with tumor
stages and prognosis [79]. The diagnostic worth of exo-
somal contents is confirmed using preclinical and clinical
samples (Table 1 and described below).

Preclinical samples

Exosomes derived from different ovarian cancer cell lines
are generally collected and analyzed for specific marker
expression in preclinical studies. The different proteins,
lipids, or nucleic acids in the ovarian cancer cell-derived
exosomes, can act as a prospective biomarker for the
early detection of ovarian cancer through their altered
expression. The activities of main regulatory enzymes
of the pentose phosphate pathway (transketolase, glu-
cose-6-phosphate dehydrogenase, and transaldolase)
are increased in exosomes derived from two late-stage
ovarian cancer cell lines: OVCA429 and HO8910PM
[199]. Levels of plasma gelsolin that is released through
exosomes are increased in chemoresistant ovarian cancer
cells compared with those of chemosensitive cells [168].
This correlates with poor overall survival and relapse-
free survival in ovarian cancer patients and shows that
the exosomal transfer of plasma gelsolin is a marker
for chemoresistance in ovarian cancer cells. Exosomes
derived from chemoresistant cells show high expression
of various resistance-related proteins, including MRP2,
Annexin A3, ATP 7A, and ATP 7B; this clearly indicates
the potential of exosomes to predict the efficacy of chem-
otherapy in ovarian cancer patients [92, 94]. The repres-
sion of N-glycosylation leads to alterations in the levels of
exosome components and reduces the expression of vari-
ous glycoproteins in ovarian cancer-derived exosomes
[173]. This demonstrates the possibility of using exosome
glycosignatures as biomarkers for ovarian cancer.

Few lipids have also been identified as potential bio-
markers based on the considerable differences in vari-
ous lipid species in exosomes derived from ovarian
cancer cells (SKOV3) and ovarian surface epithelial cells
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(HOSEPiC) [175]. SKOV3-derived exosomes exhibit
greater expression of ChE and ZyE lipids and produce a
greater amount of lipoprotein lipase and collagen type V
alpha 2 chain than do exosomes derived from HOSEPiCs.
This highlights the possible role of exosomal lipids in the
early detection of ovarian cancer.

Of the various exosomal payloads with diagnos-
tic potential, RNAs are distinct, as free RNA is rapidly
degraded in blood, whereas exosomal RNAs are pro-
tected from degradation [115]. Previous reports suggest
that unusual miRNA expression in tumor tissue samples
has diagnostic and prognostic potential in ovarian can-
cer. More recently, miRNA profiling of tumor-derived
exosomes from patient plasma has shown clinical appli-
cability of exosomal miRNAs as a circulating biomark-
ers [200]. Numerous studies emphasize the distinctive
miRNA pattern in ovarian cancer patient-derived
exosomes, and consistently show that exosomal miRNA
is a promising diagnostic material in ovarian cancer [123,
181-183]. The miRNA composition of exosomes derived
from ovarian cancer cell lines (CCCO, HRA, TOV-
112D, HAC-2, OVAS, and MCAS) show 143 miRNAs
with > 1.5-fold elevated expression compared with those
of normal cell (HOSE)-derived exosomes [176]. This sug-
gests that the altered miRNAs can be validated as bio-
markers for the progression of ovarian cancer.

It is evident from the study results described above
that analysis of exosomal contents as potential biomark-
ers hold promise for ovarian cancer. However, it is worth
mentioning that the histopathological origin of some
of the widely used cell line models do not necessarily
reflect the different subtypes of ovarian cancer. Hence the
importance of using well-characterized cell lines as mod-
els for the particular subtype of ovarian cancer studied
has been frequently emphasized [18].

Clinical specimens

Exosomes collected from different biological fluids
and tissue samples are tested as a source for prospec-
tive biomarkers for ovarian cancer diagnosis and prog-
nosis prediction. Expression of TGFB1l, melanoma
antigen (MAGE) 3, and 6 is upregulated in ovarian can-
cer derived-exosomes compared with that in exosomes
derived from benign ovarian lesions (serous cysts) or
normal cells suggesting that these proteins could be bio-
markers to distinguish malignant and benign tumors
[87]. Overexpression of CD24 and EpCAM in ovarian
cancer cells is associated with poor prognosis and drug
resistance. Both proteins are detected in exosomes from
ovarian cancer cell lines and exosomes from malig-
nant ascites. Analysis of a combination of CD24 and
EpCAM with CA125 as tumor-dervied exosomal mark-
ers improved the accuracy for early diagnosis of ovarian
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cancer [140]. Claudin 4 which is overexpressed in ovarian
cancer and associated with poor survival was detected
in the exosomes from 32 of 63 (50.8%) ovarian cancer
patients but in only 1 of 50 (2%) healthy individuals [64].
Therefore, claudin-4 is a potential biomarker for ovar-
ian cancer detection. Detection of a panel of biomarkers
(EGFR, CA125, EGFR?2, folate receptor a, CD9, CD24,
and EpCAM) in circulating exosomes not only identified
ovarian cancer patients from control subjects but also
distinguished between early- and advanced- stage ovar-
ian cancer [174]. Proteomic profiling of exosomes from
the plasma of epithelial ovarian cancer patients by liquid
chromatography tandem mass spectrometry (LC-MS/
MS) with tandem mass tagging (TMT) identified set of
proteins associated with coagulation pathway that was
not observed in exosomes from healthy individuals [180].
Additionally, set of four genes showed promise as diag-
nostic markers and two genes as prognostic markers in
ovarian cancer. Additionally, higher levels of proteins
in ovarian cancer-derived exosomes that have diagnos-
tic potential include CD24, CRABP2, MUC16, MSLN,
soluble form of activated leukocyte cell adhesion mol-
ecule, and soluble E-cadherin [171, 177-179]. Levels of
small heat shock proteins have also been reported to be
elevated in serum and peritoneal fluid-derived exosomes
from ovarian cancer patients that correlated with
immune cytotoxic markers; however, further research
is required to confirm their diagnostic potential [172].
Besides proteins, phospholipids on exosomes have also
been investigated as biomarkers in cancer diagnosis and
therapy. There is a notably greater amount of phosphati-
dylserine in exosomes derived from the plasma of ovar-
ian cancer patients than in those from healthy individuals
[129]. Furthermore, phosphatidylserine levels are higher
in patients with malignant tumors than in patients with
benign lesions. This provides proof of concept for the
diagnostic potential of phosphatidylserine in ovarian
cancer.

miRNAs enriched in exosomes have also been inves-
tigated as cancer biomarkers in the diagnosis of ovarian
cancer and in differentiating from benign diseases. Sev-
eral studies document differential and overexpression of
miRNAs in ovarian cancer than in benign disease and
healthy individuals. Exosomes isolated from circulating
tumor exosomes recovered from the sera of ovarian can-
cer patients showed differential and distinct expression of
eight miRNAs (miR-21, miR-141, miR-200a, miR-200b,
miR-200c, miR-203, miR-205, and miR-214) compared to
those with benign disease and not detectable in healthy
individuals [123]. Additionally, the cellular and exosomal
levels of the eight miRNAs in ovarian cancer patients
matched suggesting that the exosomes-based miRNAs
hold the potential to be used as diagnostic markers for
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screening and identifying ovarian cancer patients from
those with benign disease and a replacement for biopsy.
Serum-derived exosomal miR-34a expression is mark-
edly higher in early-stage ovarian cancer patients than in
advanced-stage patients, in non-metastatic patients than
in those with lymph node metastasis, and in non-relapsed
patients than in those who relapsed [184]. Exosomal miR-
34a expression was also examined across histological
types and found to be higher in early stage ovarian can-
cer compared to late stage ovarian cancer in non-serous
carcinoma (clear-cell, endometrioid, and mucinous car-
cinoma). However, no substantial variation in exosomal
miR-34a levels was seen between early and late stages of
serous carcinoma. These findings highlight the poten-
tial of exosomal miR-34a as a biomarker for detection of
ovarian cancer subtype and differentiating between early
and late stage of the disease. Analysis of a set of miRNAs
that are overexpressed in ovarian cancer showed miR-
200c, miR-145, and miR-93 is elevated in serum-derived
exosomes from ovarian cancer patients compared to
patients with benign disease and borderline ovarian can-
cer [185]. Furthermore, miR-200c but not miR-145 was
significantly increased in high grade serous carcinoma
compared to non-high grade serous carcinoma patients.
However, miR-145 showed the highest sensitivity in dis-
criminating ovarian cancer from benign disease holding
it to be promising biomarker for pre-operative diagnosis.
High levels of miR-21, miR-100, miR-200b, and miR-320
have been reported in plasma-derived exosomes from
epithelial ovarian cancer patients than in exosomes from
healthy controls [182]. From the four miRNAs identi-
fied, only miR-21 was found to be significantly less in
exosomes from patients with serous EOC compared
to patients with other histological subtypes. Increased
miR-200b expression correlated with CA125 levels and
overall poor survival. Significantly higher expression
of miR-200b and miR-200c is observed in stage III-IV
patients (including those with lymph node metastasis)
than in stage I-II patients [186]. miR-146b-5p expression
is found to be higher in exosomes from epithelial ovarian
cancer patients compared with that in the healthy con-
trol group [187]. Recently, exosomes in urine have drawn
researcher’s attention as they represent easily accessible
samples [32]. Urine-derived exosomes had higher lev-
els of miR-92a expression ovarian cancer patients [188].
Similarly, increased miR-30a-5p levels in exosomes from
urine samples of ovarian serous adenocarcinoma patients
compared with that in healthy individuals was reported
[189]. However, the diagnostic ability of urinary exoso-
mal miRNAs might be limited owing to their dependence
on urine fractions and their vulnerability to the external
environment. Additional exosomal miRNAs that have
been reported to serve as potential diagnostic markers



Bhavsar et al. Journal of Ovarian Research (2024) 17:113

for ovarian cancer include miRNA-205, miR-4732-5p,
miR-1290, miR-1260a, miR-7977, and miR-192-5p [190—
193]. These study results further demonstrate that exoso-
mal miRNA is a powerful diagnostic marker for ovarian
cancer.

Other exosomal nucleic acids including circRNAs,
such as Circ-0001068 [194] and CircFoxpl [195]; IncR-
NAs, such as MALAT1 [196] and UCA1 [197]; and mito-
chondrial DNA (mtDNA) [198] demonstrate potential
as biomarkers for the early detection of ovarian cancer.
Currently, there are two ongoing clinical trials to assess
the diagnostic potential of exosomal cargo. One study
analyzes the expression of miRNAs and IncRNAs in
exosomes from patients with high-grade serous ovarian
cancer and benign gynecologic diseases (NCT03738319).
The second study focuses on the diagnostic and prog-
nostic impact of circulating tumor (ct) DNA and
exosomes in digestive, gynecological, and breast cancers
(NCT04530890).

Despite the exciting findings in preclinical and clini-
cal studies, application of exosomal contents as cancer
diagnostic and prognostic markers remain investigational
and need to be compared with additional tumor-derived
biosources for efficiency as a liquid biopsy [201]. Thus,
extensive research is necessary to reveal the practicability
of exosomal cargo for ovarian cancer diagnosis and prog-
nosis prediction.

Exosomes in therapeutics

There is a burgeoning interest in exploring the use of
exosomes in the therapeutic arena. The likely therapeu-
tic approaches include restricting the secretion of tumor-
derived exosomes, encapsulating various cargoes such as
drugs or nucleic acids within exosomes, or augmenting
immunotherapy based on increased information about
the role of exosomes in cancer.

Targeting exosomes as a cancer treatment

Exosomes play a vital role in ovarian cancer progression
and metastasis. Therefore, targeting exosomes may have
fruitful clinical implications for the treatment of ovarian
cancer [65, 201]. This can be achieved by inhibiting the
production and secretion of exosomes from cancer cells
or through the removal of exosomes from peripheral
circulation.

Direct targeting of exosomes

There are no clinically available drugs to efficiently
remove tumor-derived exosomes from circulation in
cancer patients [65]. However, there are multiple options
available to target or exploit exosomes for ovarian can-
cer therapy [174]. High-throughput screening of 4580
compounds identified five molecules (ketoconazole,
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climbazole, tipifarnib, triadimenol, and neticonazole)
that inhibit exosome biogenesis and secretion in C4-2B
prostate cancer bone metastasizing cells [202]. How-
ever, additional research is needed to confirm their effi-
ciency in vivo. Various other small molecules have also
been found to inhibit exosome production. For example,
sphingomyelinase inhibitor, GW4869, leads to reduced
exosome formation in Oli-neu cells by inhibiting cera-
mide, an important molecule for exosome production
[203]. This is supported by a reduction in lung metastasis
following an inhibition of exosome secretion; this result is
partly reversed by injecting tumor-derived exosomes into
mice. Exosome secretion is mediated via H*/Na™ and
Na*/Ca*" channels. Blocking these channels using dime-
thyl amiloride reduced the exosomes production and
secretion and reduced the immunosuppressive action
of myeloid-derived suppressor cells (MDSCs), which
elevated the anticancer activity of cyclophosphamide
in three distinct mouse tumor models [204]. Rab fam-
ily proteins (Rab27a and Rab27b) play an important role
in exosome release and silencing these proteins reduced
exosome secretion in HeLa cells [205]. Inhibiting exo-
some secretion with GW4869 and exosome uptake using
5-(N-ethyl-N-isopropyl)-amiloride suppressed tumor
growth in an ES-2 xenograft mouse model of ovarian
cancer, and Rab27a knockdown inhibits tumor growth
and increases survival in mice [206]. Phosphatidylserine
is reported to be overexpressed on the surface of ovarian
cancer-derived exosomes. (ZnDPA),-DP-15 K referred
to as Exoblock is a novel multivalent phosphatidylser-
ine binder that has high binding avidity to exosomes.
Administration of Exoblock in vivo against an ovarian
tumor-based omental tumor xenograft model and a mel-
anoma-based xenomimetic (X-) mouse model reduces
phosphatidylserine positive exosomes and increases the
amount and function of CD4 and CD8 T cells leading to
the suppression of tumor recurrence of melanoma and
progression and metastasis of ovarian cancer [207].

Exosome elimination from peripheral blood circulation

Exosomes are closely associated with tumor invasion
and metastasis. Therefore, their removal from periph-
eral circulation may be of a therapeutic benefit. Aethlon
Medical, USA, has developed a proprietary lectin-based
affinity column-based filtration system called the
“Hemopurifier” that depletes tumor-derived exosomes
from the blood [208]. The Hemopurifier is a non-phar-
macological intervention that is free from drug-related
toxicities. A safety study of the device was recently com-
pleted, although the results are unavailable to the public
(NCT02215902). The Hemopurifier is analyzed in clini-
cal trials for the treatment of SARS-CoV-2 (COVID-19)
to clear the virus and improve the outcomes of infected
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Table 2 Characteristics of exosomes and other biological carriers explored for drug delivery [210-213]

Properties Exosomes RBCs Leukocyte Platelets
Amount (/mL, blood or plasma) ~10'° 42-60x10° 45-11.0x10° 15-45x 108
Size (Lm) 30-100%x 1073 ~7 7-15 1-4

Immunocompatibility Immunocompatible

Immunocompatible (autologous

Immunocompatible Immunocompatible

immunocompatibility)

Life span A few minutes to hours Long; 100 =120 days A few days 7-10 days
Targeting ability High Low High High
Tumor homing ability Able Unable Able Able
Need for ex vivo preparations Not required Not required Required Required

patients (NCT04595903). Furthermore, the device is
used in another trial in combination with pembroli-
zumab (Keytruda) as a first line treatment to clear immu-
nosuppressive exosomes in patients with advanced and/
or metastatic head and neck squamous cell carcinoma
(NCT04453046). The device has not been used in ovarian
cancer patients. A positive outcome of ongoing clinical
trials will help direct its use in different cancers, includ-
ing ovarian cancer.

Targeted drug delivery using exosomes

Improved drug delivery systems are a pressing need in
cancer therapy to increase therapeutic efficacy, reduce
toxicity burdens, and potentially reduce associated costs.
Exosomes are viewed as particularly promising candidate
drug carriers based on their ability to overcome exist-
ing pharmacokinetic complications. Furthermore, their
systemic stability, biocompatibility, immunocompatibil-
ity, cell uptake mechanism, and biodistribution proper-
ties make them ideal candidates for anticancer drug
delivery. They can enhance the therapeutic outcomes
by specifically targeting cancer cells and reducing unde-
sired side effects [209]. Table 2 presents comparisons of
some of the characteristics of exosomes with other cell-
based carriers, while, Fig. 5 highlights various advantages
of exosomes as drug carrier and delivery approaches in
attempts to treat ovarian cancer.

Advantages of exosomes as drug carriers

Immunogenicity Foreign particles are usually antigenic
and prompt immune activation [214]. Therefore, allo-
genic and/or heterologous cell-derived exosomes may
cause undesirable immune activation. However, blood or
plasma transfusions with over a trillion exosomes from
multiple sources without matching inter-patient human
leukocyte antigen (HLA) do not generate immune
responses in patients [215, 216]. Thus, exosomes derived
from allogenic and/or heterologous cells may not be
unduly immunogenic [209]. Despite other biological

nanoparticles, such as erythrocytes, are deemed immu-
nocompatible, they are largely immunocompatible in
autologous administrations, therefore a lot of research-
ers are attempting to create universal RBCs from non-O
group [210, 217]. Furthermore, in such cell-based carri-
ers, generally cargo is loaded on their surface, and that
may also contribute to immunogenicity [218].

A study to determine exosome toxicity and immuno-
genicity in mice by systemically administering HEK293T
cell-derived exosomes three times a week for three weeks
(total of 10 doses, 10'° exosomes per dose) found no sig-
nificant differences in proinflammatory cytokine levels,
biochemical parameters, or complete blood counts in
the treatment group compared with those of the con-
trol group [219]. A vast number of microbes (3.8 x 10'%)
are present in the human body (the microbiome), and
the membrane vesicles they secrete can enter the blood-
stream; microbe-derived extracellular vesicles are usu-
ally present without undue effects [220]. Plant- and
milk-derived exosomes do not generate any significant
immune response [221-223]. Nevertheless, the addi-
tion of DNA to parental cells to generate engineered
exosomes may alter the exosome composition. Hence, it
is necessary to systematically evaluate the immunogenic-
ity of engineered exosomes.

Stability Exosomes generally exhibit good stability and
integrity over a prolonged period of time. Urine sam-
ples stored at -20°C exhibit a significant loss of urinary
exosomes; however, almost all exosomes (86%) are recov-
ered from samples stored at -80°C [224]. Milk-derived
exosomes in simulated gastrointestinal fluid are stable for
2 h [225]. Long-term storage of the same exosomes at -80
°C shows no changes in physical properties or percent
drug loading over four weeks. Plasma-derived exosomal
miRNAs have exceptional stability under various storage
conditions [226]. Meanwhile, the size of exosomes from
three different cell types (mesenchymal stem cells, HEK
293T cells, and endothelial colony-forming cells) stored
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Fig.5 Exosomes as nanocarriers offers several benefits and numerous exosomes-based therapeutics are being applied for treating ovarian cancer.

Image created with BioRender.com

at -20 °C did not change, even after multiple freeze—thaw
or ultracentrifugation cycles [227]. Exosome-encapsu-
lated nucleic acids are protected from degradation by
RNases [228]. Thus, exosomal stability is an important
advantage for drug delivery and cancer therapy.

Biodistribution and pharmacokinetics It is necessary
to understand the pharmacokinetics of exosomes to fully
understand their biological function and apply them

therapeutically. The first step involves evaluating their
biodistribution [229]. Intravenously injected BL6F10 mel-
anoma cancer cell-derived exosomes mainly accumulate
in the bone marrow, lungs, liver, and spleen of mice [230].
The administration of mesenchymal stem cell-derived
exosomes to normal mice results in their accumulation in
the liver and spleen [231]. Orally administered exosomes
are equally distributed within the lungs, kidney, ova-
ries, pancreas, liver, colon, spleen, and brain, while
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intravenously administered exosomes primarily accumu-
late in the liver [223]. This reflects the importance of the
route of administration. Likewise, intravenous adminis-
tration of exosomes derived from bone marrow-derived
dendritic cells, murine B16F10 cells, HEK 293T cells,
and C2C12 myoblasts resulted in preferential accumula-
tion in the spleen, liver, lungs, and gastrointestinal tract.
These data support exosomes derived from various cel-
lular origins and route of administration influence their
organ specific homing abilities in vivo [232].

Multiple studies have assessed the pharmacokinetic
properties of exosomes. While fluorescent labelling of
exosomes reveals adequate in vivo accumulation, the low
sensitivity and release of the free dye limit the utility of
fluorescent dyes in assessing the pharmacokinetic profile
of exosomes [209, 229]. A better approach incorporates
luciferase, as bioluminescence detection offers greater
sensitivity [233]. Murine melanoma B16-BL6-derived
exosomes are rapidly eliminated after systemic adminis-
tration to mice (blood half-life=two minutes), which is
was determined using Gaussia luciferase and lactadherin
fusion protein [234]. The same method determined that
the half-life of multiple cell line-derived exosomes in
mice is between two and four minutes [235, 236]. How-
ever, recent studies showed that exosomes have unique
features that prolong their biological half-life. The
expression of CD47 in mesenchymal stem cell-derived
exosomes protects exosomes from recognition by phago-
cytic cells and increases their circulation time in vivo
[237]. Intraperitoneal administration of mesenchymal
stem cell-derived exosomes engineered to contain siR-
NAs targeting K-RAS mutants in pancreatic cancer show
exosomes in systemic circulation even after 24 h. Thus,
altering the exosomal surface to escape phagocytic cells
and the reticuloendothelial system may increase the bio-
logical half-life, and exosomes from mesenchymal stem
cells may be applicable for antitumor therapy.

Cellular uptake wmechanism The internalization of
exosomes occurs by different mechanisms includ-
ing endocytosis, micropinocytosis, phagocytosis, and
fusion. The internalization of exosomes by dendritic cells
occurs via clathrin-mediated endocytosis [238], while
exosomes are taken up by phagocytes via phagocytosis
[239]. Microglia take up exosomes via micropinocytosis,
and the exosomal surface lipids and phosphatidylser-
ine activate the process [240]. Exosomes fuse with the
membrane of melanoma cells to deliver loaded molecules
[241]. The interaction of SKOV3-derived exosomes with
ovarian cancer cells confirms that exosome internali-
zation occurs through an energy-dependent endocytic
pathway [242]. These discrete cellular internalization
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pathways support the potential therapeutic advantage of
exosomes as a drug carrier. However, thorough research
is required to understand the cellular uptake of exosomes
by specific cell types before developing novel exosome-
based cancer therapeutics.

Cell tropism and tumor homing Exosomes carry pro-
teins and lipids that reflect their cell origin; therefore,
they exhibit tropism toward their parental cells. This
unique property eliminates the requirement for surface
modification of the exosomes to achieve tumor-targeted
delivery. The administration of exosomes derived from
HT1080 or Hela cells to HT1080 tumor-bearing nude
mice confirms tumor homing by the cancer-derived
exosomes [243]. pH-sensitive exosomes derived from two
different tumor cell lines (BT-474 and SK-N-MC) have
tumor-homing ability [244]. Mesenchymal stem cell-
derived exosomes display tumor-homing ability [245];
this makes exosomes ideal candidates for tumor-targeted
drug delivery systems.

Drug loading into the exosomes

As exosomes possess natural ability to carry different
molecules inside their lumen and deliver the cargo to
target site, researchers have utilized them as a vehicle to
carry anticancer therapeutics. The methods to load anti-
cancer therapeutics within exosomes can be broadly clas-
sified into two categories: active or direct loading, and
passive or indirect loading. Readers can find the detailed
information about conventional drug loading techniques
in the article published by Srivasatava et al. [31]. More
recent advances in drug loading into exosomes include
microfluidics-based strategies. Exo-Load, a microflu-
idic device, was reported to load up to 19.7% of DOX in
glioma-derived exosomes, which was equivalent to elec-
troporation and sonication procedures [246]. By chang-
ing the instrument fabrication to sigmoid type, loading
efficiency of DOX was increased to 31.98% at 12.5 L/
min injection flow rate. Paclitaxel which is hydrophilic
was also effectively loaded into glioma-derived exosomes
using the apparatus. Though microfluidics-based tech-
niques can help increase drug loading into exosomes,
there are very few pre-clinical and clinical reports prov-
ing their performance at this time. Therefore additional
studies are needed to determine their drug loading effi-
ciency and anticancer efficacy.

Exosomes as a therapeutic platform for ovarian cancer
treatment

The percentage of drug cargo reaching the tumor after
in vivo administration using several drug delivery strat-
egies is low and inadequate to completely eradicate the
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tumor [247]. Exosomes display exceptional character-
istics that make them an ideal vehicle for drug delivery.
Therefore, they are being vigorously explored for the
loading of anticancer drugs and/or biologics with a view
to develop effective therapy against cancers, including
ovarian cancer. Table 3 presents published studies using
exosomes as nanocarriers to deliver therapeutic cargo in
ovarian cancer.

Exosomal chemotherapy Exosomes have been stud-
ied to deliver various synthetic and natural cargoes to
improve the therapeutic efficacy in ovarian cancer. The
delivery of doxorubicin by exosomes can overcome car-
diotoxicity. This facilitates greater efficacy of doxoru-
bicin against breast cancer and ovarian cancer in vivo
[248]. Similarly, the treatment of drug-resistant and
drug-sensitive ovarian cancer cells with cisplatin-loaded
exosomes from umbilical cord macrophages significantly
increases cytotoxicity [249]. The increase in cytotoxicity
is much higher in drug-resistant cells, and the exosomes
represent a potent carrier for treating drug-resistant can-
cers. It has been found that ovarian cancer cells (A2780
and A2780/DDP) exhibit greater integrin/CD29 recep-
tor expression, and M1 macrophage derived exosomes
contain highly expressed integrin/CD29 [266]. Exosome
uptake by A2780/DDP cells was drastically reduced when
CD29 was blocked. As a result, integrin/CD29 may be
regarded as a targeting receptor for the mechanism of
action of macrophage-derived exosomes against ovarian
cancer cells. Milk-derived exosomes loaded with cispl-
atin increase anti-cancer activity in vitro and in vivo in an
ovarian cancer xenograft model [250]. Exosomes deliver
drugs to resistant cells via clathrin-independent endo-
cytosis; this process improves anti-cancer activity, as it
evades endosome trapping. Mesenchymal stem cells and
human umbilical vein endothelial cell-derived exosomes
loaded with paclitaxel have 80—-90% cytotoxicity against
the ovarian cancer cell line (SKOV3), lung cancer cell line
(A549), and breast cancer cell line (MDA hybl), while
control exosomes are not significantly cytotoxic [251].
Exosomes and monocyte-derived exosome mimetics
loaded with doxorubicin showed increased cytotoxicity
compared to the free drug [252]. Milk-derived exosomes
loaded with berry anthocyanidins significantly elevate
antiproliferative activity and suppress the growth of
ovarian cancer cells. A2780 xenograft mice treated with
a combination of berry anthocyanidin and paclitaxel-
loaded exosomes showed considerably increased anti-
cancer activity; the authors concluded that milk-derived
exosomes are an outstanding platform for drug deliv-
ery in ovarian cancer [253]. Similarly, triptolide-loaded
SKOV3-derived exosomes profoundly inhibit tumor cell
proliferation and tumor growth in Balb/c nude mice
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bearing SKOV3 tumors [254]. Together, these studies
suggest that exosomes represent an efficient drug deliv-
ery vehicle, and exosomal drug delivery is an excellent
candidate for treating ovarian cancer.

Exosomal gene therapy Exosomal ncRNAs play a key
role in ovarian cancer pathogenesis. Therefore, design-
ing platforms that precisely target exosomal cargo holds
significant promise for ovarian cancer therapy [34].
Exosomes from the omental fibroblasts of ovarian cancer
patients loaded with miR-199a-3p restrict ovarian cancer
cell proliferation and invasion by downregulating c-Met
expression [255]. These exosomes dramatically reduced
peritoneal dissemination in a mouse model of ovarian
cancer [255]. Peptide-modified miR-92b-3p—transfected
exosomes have greater anti-angiogenic and antitumor
activity and are synergistic with apatinib in nude mouse
and zebrafish models of ovarian cancer [256]. Treat-
ment of drug-resistant SKOV3 cells and A2780 cells
with mesenchymal stem cell-derived exosomal miR-146a
inhibits cancer cell growth and drug resistance [257].
CRISPR/Cas9 directed genome editing of tumor-derived
exosomes inhibit poly (ADP-ribose) polymerase-1 lev-
els and enhance the sensitivity of the SKOV3 xenograft
mouse model to cisplatin; exosomes loaded with PARP-1
sgR/Cas9 reduce the tumor size in vivo [258]. Meanwhile,
carbonyl reductase 1-overexpressing exosomes signifi-
cantly inhibit the proliferation of ovarian cancer cells
[267]. Thus, exosomes can be successfully used as a car-
rier to deliver genes to treat ovarian cancer.

Exosomal immunotherapy Immunotherapy is increas-
ingly applied in cancer therapy, and exosomes can
be utilized in cancer immunotherapy owing to their
immunomodulatory characteristics [268]. Staphylococ-
cal enterotoxin B anchored to SKOV3-derived tumor
exosomes increase cytotoxicity and apoptosis upon treat-
ment of SKOV3 cells [260]. Furthermore, caspase-9 and
caspase-3 expression is upregulated, although there is
no change in the expression of cancer-promoting genes.
A dendritic cell-derived exosome-based vaccine for the
treatment of ovarian cancer was prepared by pulsing
dendritic cells with tumor antigen lysates and collecting
the dendritic exosomes with ovalbumin on their sur-
face [261]. Intraperitoneal injection of these exosomes
in a mouse model of metastatic ovarian cancer showed
superior accumulation of exosomes in tumors, peri-
toneal metastatic nodules, and the liver. These initial
results show that dendritic cell-derived exosomes are
a prospective candidate for metastatic ovarian cancer
therapy. Further investigations are continuing to deter-
mine the ability of exosomes to generate antitumor
immune activation and increase survival when combined
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with chemotherapy. Additionally, exosomes have immu-
notherapeutic potential, as they can transport various
ovarian cancer antigens. For example, the transfer of
antigen-containing tumor-derived exosomes to den-
dritic cells leads to cytotoxic T lymphocyte expansion
and generates an anticancer response [269]. Similarly,
the transfer of tumor-associated antigens from exosomes
derived from metastatic ovarian carcinoma to dendritic
cells increases their cytotoxicity [82]. However, there are
limited reports testifying the use of exosomes in ovarian
cancer immunotherapy, and more research is required,
to explore the potential of exosomes as ovarian cancer
immunotherapeutics.

Exosomal combination therapy Combination therapy
is the centerpiece of cancer treatment and includes the
combination of two or more therapeutic options [270].
Exosomes have been studied in combination therapy to
combat ovarian cancer. Loading the immune active pho-
tosensitizer (meta(tetrahydroxyphenyl)chlorin) in mes-
enchymal stem cell-derived exosomes to target peritoneal
metastasis triggers tumor-specific photodynamic cyto-
toxicity and generates an anticancer immune response.
These results suggest tumor specificity of the exosomes,
improved therapeutic efficacy, and decreased tumor
progression in peritoneal metastasis of ovarian cancer
[262]. CAR exosomes isolated from CAR-T cells loaded
with cetuximab or trastuzumab scFv, respectively target
and treat EGFR- or HER-2-positive breast and ovarian
cancer [263]. These CAR exosomes were highly cyto-
toxic, significantly inhibit tumor growth in vivo, and are
much safer than CAR-T therapy in a preclinical model
of cytokine release syndrome [263]. Exosomes from
expanded NK cells were shown to be preferentially taken
up by SKOV3 cancer cells resulting in their kiling [271]. It
was discovered that NK cells treated with expanded NK
cell derived exosomes have more cytotoxicity than con-
trol NK cells. Transcriptional analysis revealed altered
expression of various chemokine ligands on NK cells that
likely contributed to the increased cytotoxicity. Addi-
tionally, a recent targeted therapy approach was used to
engineer exosomes with a cyclic RGD peptide (referred
to as ASL exosomes) capable of targeting o [;integrin in
melanoma models (Fig. 6) [272]. Doxorubicin was fur-
ther loaded into these exosomes (dAExs). Treatment of
mouse bearing B16F10 melanoma tumors with dAExs
led to reduced tumor growth in mice. Additionally, the
ASL modification allows for efficient imaging of tumor
cells. A similar approach of exosome-based combina-
torial therapy may benefit ovarian cancer. Researchers
from Cardiff University, UK, provide a rationale for using
chemo-immunotherapy with Toll-like receptor agonists
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such as poly[I]:poly[C12U] and tumor exosomes to treat
advanced ovarian cancer, and clinical trials are planned
[273, 274]. Results from this clinical study will provide
more information on the efficacy of exosome-based com-
bination therapy in humans.

Other approaches Liposome-exosome hybrid nano-
particles were developed using a fusion technique to
simultaneously deliver triptolide and miR497 in ovar-
ian cancer [264]. These hybrid nanovesicles enhance the
cytotoxicity and apoptosis of ovarian cancer cells in vitro,
accumulate in tumors, and exhibit increased anticancer
activity in vivo. Furthermore, they overcome cisplatin
resistance in ovarian cancer cells. Exosomes derived from
the ascites of ovarian cancer patients were embedded in
a 3D scaffold and surgically implanted in female SCID
Beige mice [265]. This scaffold was used to trap ovar-
ian cancer cells that disseminate to the peritoneal cav-
ity, and a remarkable increase in the mean survival time
was observed in presence of the implant: 117.5 to 198.8
days. Removal of the implant increased the mean survival
time to 309.4 days. These reports show that exosomes
are either directly targeted or can be used to deliver
therapeutic cargoes for the treatment of ovarian cancer.
Another approach that holds promise for ovarian cancer
treatment is the use of exosomes loaded with epigentic
modulators in combination with chemotherapy, immu-
notherapy, and small molecule inhibitors [275].

Safety and toxicity considerations

Exosomes have low immunogenicity because of their
biological origin. There are many daily blood/plasma
transfusions resulting in the administration of count-
less exosomes to patients without evident side effects.
Exosomes are safer than other biological carriers (viral
vectors or cell therapy), as they are non-mutagenic and
cannot replicate. Thus, there are minimal regulatory
concerns regarding toxicity or neoplasia development.
Minimal to negligible toxicity is reported in in vivo exo-
somal therapeutic studies [276]. HEK293T cell-derived
exosomes are non-toxic upon systemic administration to
mice [219], while siRNA-engineered exosomes lack tox-
icity even after repeated administration in mice [237].
These studies and multiple other experiments prove
that exosomes are safe. However, the complement acti-
vation-related pseudoallergy (CARPA) in small animals
(rodents) and large animals is fundamentally different
[277], and safety trials in rodents need careful interpre-
tation. Serum-derived exosomes from virus-infected pigs
used as an intramuscular vaccine show no signs of toxici-
ties related to CARPA [278].
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Fig. 6 Exosome-based combination therapy for melanoma. Anchor (BODIPY)-spacer (PEG)-targeting ligand (cyclic RGD peptide) functionalized
exosomes loaded with doxorubicin for melanoma therapy. Image reproduced with permission from Kang et al. [272] copyright (2020) American

Chemical Society

There are two completed and thirteen ongoing clini-
cal trials to evaluate the safety of exosomes. Paracrine
Therapeutics Dermatology Pte. Ltd. in collaboration
with National University Hospital, Singapore, com-
pleted a clinical trial on the safety and tolerability of
a topical ointment prepared using mesenchymal stem
cell-derived exosomes for the treatment of psoriasis
(NCT05523011). The results are unreported. Other
phase I and II trial evaluated the safety and efficacy of
inhaled exosomes in SARS-CoV-2-associated pneumo-
nia patients (NCT04491240) [279, 280]. The exosomes
are completely safe, as no patient showed signs of
toxicity. Mild inflammatory responses at the site of
administration using dendritic cell-derived exosomes
during tumor vaccination were reported in half of the
patients during a phase I clinical trial. However, tox-
icity above grade 2 was not observed in any patient.
These results suggest that [279, 280] even autologous
exosomes may provoke CARPA.

Although numerous studies confirm the safety of
exosomes in general, specific concerns with individual
exosome however, need to be carefully investigated. In
particular, most exosomes are derived from immortal-
ized cell lines and may contain oncogenic molecules.
Therefore, it is essential to determine whether (and
to what extent) systemic repeated administrations of
exosomes prompt cell transformation. Furthermore,
the safety of engineered exosomes with different

moieties on their surface and hybrid exosomes must be
separately evaluated.

Conclusions

Mounting evidence supports a functional role of
exosomes in ovarian cancer progression, metastasis,
and chemoresistance. Exosomal analysis provides key
information for an early diagnosis of ovarian cancer
and, permits for real-time monitoring of its progres-
sion and treatment efficiency. Their ubiquitous pres-
ence in almost all body fluids, specific distinctive
features resembling their parent cells, and long-term
stability during storage make them an ideal candidate
for the early diagnosis of ovarian cancer. There are
several different proteins, miRNAs, circular RNAs,
IncRNAs, and lipids that are altered in ovarian cancer-
derived exosomes that can be employed as promising
biomarkers for ovarian cancer. Recent developments
in microfluidics-based platforms have facilitated rapid
and defined exosome isolation. Furthermore, they can
merge multiple critical steps such as sample loading,
processing, and detection in downstream analysis for
specific RNAs and proteins on a single device. This
enables the clinical translation of extracellular vesicle
analysis. Single extracellular vesicle analysis is an excit-
ing new area of research that increases the sensitivity
and improves the specificity by measuring the levels of
specific cancer markers on extracellular vesicles or by
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Fig. 7 Schematic representation of therapeutic and diagnostic applications of exosomes in ovarian cancer. Image created with BioRender.com

identifying the exclusive subpopulations of circulating
extracellular vesicles.

Exosomes can be used as biomarkers in ovarian cancer
and utilized for treatment. A good understanding of their
role in cancer development, eliminating exosomes, or
inhibiting exosome uptake by recipient cells can improve
therapeutic outcomes in ovarian cancer. Exosomes from
different sources can deliver cargo to ovarian cancer cells
to suppress tumor growth in vivo. Therefore, they can be
designed to deliver different chemo- and/or immuno-
therapeutics to treat ovarian cancer. Engineering the
exosome surface to prolong their half-life in circulation
and to target ovarian cancer will provide added ben-
efits. Developing hybrid exosomes is another promising
area for the treatment of ovarian cancer; various hybrid
exosomes have demonstrated efficacy against different
tumors in vivo. A thorough safety and toxicity study of
ovarian cancer-derived exosomes and their bioengi-
neered analogues is required for their clinical translation.

In summary, exosome-based diagnostics and thera-
peutics exhibit true potential to benefit ovarian cancer
patients (Fig. 7). However, exosomes face various scien-
tific and practical obstacles to translate this technology
to clinics, similar to any other novel nanomedicine-based
therapy. The technology to consistently isolate large
quantities of high-purity exosomes is far from stand-
ardized. There are recent improvements in exosome
isolation and analysis methods; however, more precise
isolation techniques are required to avoid the loss of rare
exosomes and prevent the overestimation and contami-
nation of exosomes. The exact mechanism of exosome
biogenesis remains unknown. The development of more
sensitive analytical methods for single extracellular vesi-
cle analysis may be beneficial. The novel microfluidics-
based isolation and analysis methods must be utilized to
investigate different new ovarian cancer-related markers
and validated with a high number of ovarian cancer sam-
ples to authenticate their clinical significance. The combi-
nation of a single extracellular vesicle analysis approach
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with cross sectional imaging can be of clinical inter-
est. Designing of an integrated system for production
of drug loaded exosomes can be of benefit with market
perspective. The variety of exosomal contents that may
be potentially used as biomarkers for the early detection
of ovarian cancer require further validation before their
clinical translation. Researchers demonstrate altered
concentrations of different exosomal markers in ovarian
cancer compared with those in healthy individuals; how-
ever, a valid biological range for these markers is mostly
unavailable. Storage conditions can impact the physico-
chemical properties of exosomes. Therefore, standard-
ized optimal storage conditions for exosomes need to be
determined. Despite these hurdles, the use of exosomes
may potentially overcome the existing limitations associ-
ated with the diagnosis and treatment of ovarian cancer.
Finally, debate on “exosomes “ versus “ small extracel-
lular vesicles (sEVs) “ continues to persist [281]. While
ISEV recommends usage of sEVs for all particles in the
size range of <200 nm unless clearly demonstrating exo-
some biogenesis, articles on exosomes continues to grow
and abound in the literature. Biotechnology and scien-
tific vendors promote “exosomes”-based products as it
is attractive. However, from a product development and
clinical testing perspective it is important that a consen-
sus among the scientific community studying extracel-
lular vesicles be arrived for defining that the product is
truly representive of exosomes or falls under the general
category of sEVs.
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CAFs Cancer-associated fibroblasts
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Cccc Clear cell carcinoma
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MDSCs Myeloid-derived suppressor cells
NAV Neuron navigator

NcRNA Non-coding RNA

NKcells  Natural killer cells

NTA Nanoparticle tracking analysis

P-gp P-glycoprotein

PBMC Peripheral blood mononuclear cells
PCNA Proliferation cell nuclear antigen
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SDF-1 Stromal derived factor-1
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SIRNA Short interfering RNA

STAT3 Signal transducer and activator of transcription 3
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TAM Tumor associated macrophages

TGF-B1 Transforming growth factor 3-1
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TRAIL TNF-related apoptosis-inducing ligand
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Acknowledgements
We thank Dr. Danny Morton for editorial assistance.

Statement related to ethics and integrity policies
The work presented herein has not been previously published and all authors
have read the article and approved for submission.

Authors’ contributions

DB, RR, and RR - conceptualized the manuscript theme; DB-wrote the
manuscript draft; DB, RR, DK, VS, XR, KM, AM and RR - reviewed and edited
the manuscript; VS, KM, AM and RR - funding acquisition; RR — supervised the
project.

Funding

The study was supported by grants (RO1 CA167516, R01T CA233201, RO1
CA254192, R0O1 CA282735) received from National Institutes of Health (NIH)/
National Cancer Institute (NCI) to RR; a Team Science Grant (DK, KM, and

RR) and a Pilot Grant (AM) funded by the National Cancer Institute Cancer
Center Support Grant P30CA225520 awarded to the University of Oklahoma
Stephenson Cancer Center; funds received from the Presbyterian Health
Foundation (PHF) Team Science Grant (RR and VS); and the Jim and Christy
Everest Endowed Chair in Cancer Developmental Therapeutics (RR). Rajagopal
Ramesh is an Oklahoma TSET Research Scholar and holds the Jim and Christy
Everest Endowed Chair in Cancer Developmental Therapeutics. The content
presented is solely the responsibility of the authors. The opinions, interpreta-
tions, conclusions and recommendations are those of the author and not
necessarily endorsed by or representative of the official views of NIH and PHF.

Availability of data and materials

The authors confirm that there is no data presented in the review article and
as such this section is not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 21 August 2023 Accepted: 16 April 2024
Published online: 25 May 2024



Bhavsar et al. Journal of Ovarian Research

(2024) 17:113

References

1.

2.

20.

21.

22.

23.

Jayson GC, Kohn EC, Kitchener HC, Ledermann JA. Ovarian cancer.
Lancet. 2014;384(9951):1376-88.

Kim J, Park EY, Kim O, Schilder JM, Coffey DM, Cho CH, et al. Cell Origins
of High-Grade Serous Ovarian Cancer. Cancers (Basel). 2018;10(11):433.
Tan DS, Agarwal R, Kaye SB. Mechanisms of transcoelomic metastasis in
ovarian cancer. Lancet Oncol. 2006;7(11):925-34.

Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD, et al.
Ovarian cancer statistics, 2018. CA Cancer J Clin. 2018;68(4):284-96.
Huang J, Chan WC, Ngai CH, Lok V, Zhang L, Lucero-Prisno DE, 3rd,

et al. Worldwide Burden, Risk Factors, and Temporal Trends of Ovarian
Cancer: A Global Study. Cancers (Basel). 2022;14(9):2230.

Baldwin LA, Huang B, Miller RW, Tucker T, Goodrich ST, Podzielinski

|, et al. Ten-year relative survival for epithelial ovarian cancer. Obstet
Gynecol. 2012;120(3):612-8.

Mandi¢ MT A, Vujkov T, Novta N, Rajovi¢ J. Ovarian cancer stage IlI/IV:
poor prognostic factors. Arch Oncol. 2001;9:13-6.

Gerestein CG, Damhuis RA, de Vries M, Reedijk A, Burger CW, Kooi GS.
Causes of postoperative mortality after surgery for ovarian cancer. Eur J
Cancer. 2009;45(16):2799-803.

Di Donato V, Kontopantelis E, Aletti G, Casorelli A, Piacenti |, Bogani

G, et al. Trends in Mortality After Primary Cytoreductive Surgery for
Ovarian Cancer: A Systematic Review and Metaregression of Ran-
domized Clinical Trials and Observational Studies. Ann Surg Oncol.
2017,24(6):1688-97.

Cristea M, Han E, Salmon L, Morgan RJ. Practical considerations in ovar-
jan cancer chemotherapy. Ther Adv Med Oncol. 2010;2(3):175-87.
Vasey PA, Jayson GC, Gordon A, Gabra H, Coleman R, Atkinson R, et al.
Phase Il randomized trial of docetaxel-carboplatin versus paclitaxel-
carboplatin as first-line chemotherapy for ovarian carcinoma. J Natl
Cancer Inst. 2004;96(22):1682-91.

Pignata S, Scambia G, Ferrandina G, Savarese A, Sorio R, Breda E, et al.
Carboplatin plus paclitaxel versus carboplatin plus pegylated liposomal
doxorubicin as first-line treatment for patients with ovarian cancer: the
MITO-2 randomized phase lll trial. J Clin Oncol. 2011;29(27):3628-35.
Wright JD, Hou JY, Burke WM, Tergas Al, Chen L, Hu JC, et al. Utilization
and Toxicity of Alternative Delivery Methods of Adjuvant Chemother-
apy for Ovarian Cancer. Obstet Gynecol. 2016;127(6):985-91.

Wenzel LB, Huang HQ, Armstrong DK, Walker JL, Cella D, Gynecologic
OG. Health-related quality of life during and after intraperitoneal versus
intravenous chemotherapy for optimally debulked ovarian cancer: a
Gynecologic Oncology Group Study. J Clin Oncol. 2007;25(4):437-43.
Alharbi M, Zuniga F, Elfeky O, Guanzon D, Lai A, Rice GE, et al. The
potential role of miRNAs and exosomes in chemotherapy in ovarian
cancer. Endocr Relat Cancer. 2018;25(12):R663-85.

Foster R, Buckanovich RJ, Rueda BR. Ovarian cancer stem cells: working
towards the root of stemness. Cancer Lett. 2013;338(1):147-57.
Corradetti B, Pisano S, Conlan RS, Ferrari M. Nanotechnology and Immu-
notherapy in Ovarian Cancer: Tracing New Landscapes. J Pharmacol
Exp Ther. 2019;370(3):636-46.

Vaughan S, Coward JI, Bast RC Jr, Berchuck A, Berek JS, Brenton JD, et al.
Rethinking ovarian cancer: recommendations for improving outcomes.
Nat Rev Cancer. 2011;11(10):719-25.

Rankin-Turner S, Vader P, O'Driscoll L, Giebel B, Heaney LM, Davies OG.
A call for the standardised reporting of factors affecting the exogenous
loading of extracellular vesicles with therapeutic cargos. Adv Drug Deliv
Rev. 2021;173:479-91.

Chinnappan M, Srivastava A, Amreddy N, Razag M, Pareek V, Ahmed R,
et al. Exosomes as drug delivery vehicle and contributor of resistance to
anticancer drugs. Cancer Lett. 2020;486:18-28.

Srivastava A, Babu A, Filant J, Moxley KM, Ruskin R, Dhanasekaran

D, et al. Exploitation of Exosomes as Nanocarriers for Gene-,

Chemo-, and Immune-Therapy of Cancer. J Biomed Nanotechnol.
2016;12(6):1159-73.

Srivastava A, Filant J, Moxley KM, Sood A, McMeekin S, Ramesh R.
Exosomes: a role for naturally occurring nanovesicles in cancer growth,
diagnosis and treatment. Curr Gene Ther. 2015;15(2):182-92.

Karami D, Srivastava A, Ramesh R, Sikavitsas VI. Investigating Cancerous
Exosomes'Effects on CD8+ T-Cell IL-2 Production in a 3D Unidirectional
Flow Bioreactor Using 3D Printed, RGD-Functionalized PLLA Scaffolds. J
Funct Biomater. 2022;13(1):30.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 29 of 35

Raguraman R, Bhavsar D, Kim D, Ren X, Sikavitsas V, Munshi A, et al.
Tumor-targeted exosomes for delivery of anticancer drugs. Cancer Lett.
2023;558:216093.

Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International Society
for Extracellular Vesicles and update of the MISEV2014 guidelines. J
Extracell Vesicles. 2018;7(1):1535750.

de Jong OG, Kooijmans SAA, Murphy DE, Jiang L, Evers MJW, Sluijter
JPG, et al. Drug Delivery with Extracellular Vesicles: From Imagination to
Innovation. Acc Chem Res. 2019;52(7):1761-70.

Kibria G, Ramos EK, Wan'Y, Gius DR, Liu H. Exosomes as a Drug Delivery
System in Cancer Therapy: Potential and Challenges. Mol Pharm.
2018;15(9):3625-33.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles,
and friends. J Cell Biol. 2013;200(4):373-83.

Taylor DD, Homesley HD, Doellgast GJ. “Membrane-associated” immu-
noglobulins in cyst and ascites fluids of ovarian cancer patients. Am J
Reprod Immunol (1980). 1983;3(1):7-11.

Tian W, Lei N, Zhou J, Chen M, Guo R, Qin B, et al. Extracellular vesicles in
ovarian cancer chemoresistance, metastasis, and immune evasion. Cell
Death Dis. 2022;13(1):64.

Srivastava A, Rathore S, Munshi A, Ramesh R. Organically derived
exosomes as carriers of anticancer drugs and imaging agents for cancer
treatment. Semin Cancer Biol. 2022;86(Pt 1):80-100.

Li X, Wang X. The emerging roles and therapeutic potential of
exosomes in epithelial ovarian cancer. Mol Cancer. 2017;16(1):92.
Nawaz M, Fatima F, Nazarenko |, Ekstrom K, Murtaza |, Anees M, et al.
Extracellular vesicles in ovarian cancer: applications to tumor biology,
immunotherapy and biomarker discovery. Expert Rev Proteomics.
2016;13(4):395-409.

Zhang Y, Wei YJ, Zhang YF, Liu HW, Zhang YF. Emerging Functions and
Clinical Applications of Exosomal ncRNAs in Ovarian Cancer. Front
Oncol. 2021;11:765458.

Hall JM, Lee MK, Newman B, Morrow JE, Anderson LA, Huey B, et al.
Linkage of early-onset familial breast cancer to chromosome 17g21.
Science. 1990;250(4988):1684-9.

Wooster R, Neuhausen SL, Mangion J, Quirk Y, Ford D, Collins N, et al.
Localization of a breast cancer susceptibility gene, BRCA2, to chromo-
some 13q12-13. Science. 1994;265(5181):2088-90.

Alsop K, Fereday S, Meldrum C, deFazio A, Emmanuel C, George J, et al.
BRCA mutation frequency and patterns of treatment response in BRCA
mutation-positive women with ovarian cancer: a report from the Aus-
tralian Ovarian Cancer Study Group. J Clin Oncol. 2012;30(21):2654-63.
Ahmed AA, Etemadmoghadam D, Temple J, Lynch AG, Riad M, Sharma
R, et al. Driver mutations in TP53 are ubiquitous in high grade serous
carcinoma of the ovary. J Pathol. 2010;221(1):49-56.

Obata K, Morland SJ, Watson RH, Hitchcock A, Chenevix-Trench G,
Thomas EJ, et al. Frequent PTEN/MMAC mutations in endometrioid
but not serous or mucinous epithelial ovarian tumors. Cancer Res.
1998;58(10):2095-7.

Nakayama N, Nakayama K, Yeasmin S, Ishibashi M, Katagiri A, lida K,

et al. KRAS or BRAF mutation status is a useful predictor of sensitivity to
MEK inhibition in ovarian cancer. Br J Cancer. 2008;99(12):2020-8.
Kuroda Y, Chiyoda T, Kawaida M, Nakamura K, Aimono E, Yoshimura

T, et al. ARIDTA mutation/ARID1A loss is associated with a high
immunogenic profile in clear cell ovarian cancer. Gynecol Oncol.
2021,162(3):679-85.

Xie W, Sun H, Li X, Lin F, Wang Z, Wang X. Ovarian cancer: epigenetics,
drug resistance, and progression. Cancer Cell Int. 2021;21(1):434.

Qian Z,Shen Q, Yang X, Qiu Y, Zhang W. The Role of Extracellular Vesi-
cles: An Epigenetic View of the Cancer Microenvironment. Biomed Res
Int. 2015;2015:649161.

Widschwendter M, Jiang G, Woods C, Muller HM, Fiegl H, Goebel G,

et al. DNA hypomethylation and ovarian cancer biology. Cancer Res.
2004,64(13):4472-80.

Dai F, Zhang Y, Zhu X, Shan N, Chen Y. Anticancer role of MUC1
aptamer-miR-29b chimera in epithelial ovarian carcinoma cells through
regulation of PTEN methylation. Target Oncol. 2012;7(4):217-25.

Audia JE, Campbell RM. Histone Modifications and Cancer. Cold Spring
Harb Perspect Biol. 2016;8(4):a019521.



Bhavsar et al. Journal of Ovarian Research

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

(2024) 17:113

Marsh DJ, Shah JS, Cole AJ. Histones and their modifications in ovar-
ian cancer - drivers of disease and therapeutic targets. Front Oncol.
2014;4:144.

Chang L, Guo R, Yuan Z, Shi H, Zhang D. LncRNA HOTAIR Regulates
CCND1 and CCND2 Expression by Sponging miR-206 in Ovarian Can-
cer. Cell Physiol Biochem. 2018;49(4):1289-303.

Liu S, Jiang X, Li W, Cao D, Shen K, Yang J. Inhibition of the long
non-coding RNA MALAT1 suppresses tumorigenicity and induces
apoptosis in the human ovarian cancer SKOV3 cell line. Oncol Lett.
2016;11(6):3686-92.

Sharma A. Bioinformatic analysis revealing association of exoso-

mal mRNAs and proteins in epigenetic inheritance. J Theor Biol.
2014;357:143-9.

Saleem SN, Abdel-Mageed AB. Tumor-derived exosomes in onco-
genic reprogramming and cancer progression. Cell Mol Life Sci.
2015;72(1):1-10.

LuJ, LiJ, Liu S,Wang T, lanni A, Bober E, et al. Exosomal tetraspanins
mediate cancer metastasis by altering host microenvironment. Onco-
target. 2017,8(37):62803-15.

Liang B, Peng P, Chen S, Li L, Zhang M, Cao D, et al. Characterization and
proteomic analysis of ovarian cancer-derived exosomes. J Proteomics.
2013;80:171-82.

Luo Z, Wang Q, Lau WB, Lau B, Xu L, Zhao L, et al. Tumor microen-
vironment: The culprit for ovarian cancer metastasis? Cancer Lett.
2016,377(2):174-82.

Feng W, Dean DC, Hornicek FJ, Shi H, Duan Z. Exosomes promote
pre-metastatic niche formation in ovarian cancer. Mol Cancer.
2019;18(1):124.

Giusti |, Di Francesco M, D'’Ascenzo S, Palmerini MG, Macchiarelli G,
Carta G, et al. Ovarian cancer-derived extracellular vesicles affect nor-
mal human fibroblast behavior. Cancer Biol Ther. 2018;19(8):722-34.
LiW, Zhang X, Wang J, Li M, Cao C, Tan J, et al. TGFbeta1 in fibroblasts-
derived exosomes promotes epithelial-mesenchymal transition of
ovarian cancer cells. Oncotarget. 2017;8(56):96035-47.

Cho JA, Park H, Lim EH, Kim KH, Choi JS, Lee JH, et al. Exosomes from
ovarian cancer cells induce adipose tissue-derived mesenchymal stem
cells to acquire the physical and functional characteristics of tumor-
supporting myofibroblasts. Gynecol Oncol. 2011;123(2):379-86.
Nakamura K, Sawada K, Kinose Y, Yoshimura A, Toda A, Nakatsuka

E, et al. Exosomes Promote Ovarian Cancer Cell Invasion through
Transfer of CD44 to Peritoneal Mesothelial Cells. Mol Cancer Res.
2017;15(1):78-92.

Runz S, Keller S, Rupp C, Stoeck A, Issa Y, Koensgen D, et al. Malignant
ascites-derived exosomes of ovarian carcinoma patients contain CD24
and EpCAM. Gynecol Oncol. 2007;107(3):563-71.

Yoshimura A, Sawada K, Nakamura K, Kinose Y, Nakatsuka E, Kobayashi
M, et al. Exosomal miR-99a-5p is elevated in sera of ovarian cancer
patients and promotes cancer cell invasion by increasing fibronectin
and vitronectin expression in neighboring peritoneal mesothelial cells.
BMC Cancer. 2018;18(1):1065.

Agarwal R, D'Souza T, Morin PJ. Claudin-3 and claudin-4 expres-

sion in ovarian epithelial cells enhances invasion and is associated
with increased matrix metalloproteinase-2 activity. Cancer Res.
2005;65(16):7378-85.

Huang YH, Bao Y, Peng W, Goldberg M, Love K, Bumcrot DA, et al. Clau-
din-3 gene silencing with siRNA suppresses ovarian tumor growth and
metastasis. Proc Natl Acad Sci U S A. 2009;106(9):3426-30.

Li J, Sherman-Baust CA, Tsai-Turton M, Bristow RE, Roden RB, Morin PJ.
Claudin-containing exosomes in the peripheral circulation of women
with ovarian cancer. BMC Cancer. 2009;9:244.

Nakamura K, Sawada K, Kobayashi M, Miyamoto M, Shimizu A, Yama-
moto M, et al. Role of the Exosome in Ovarian Cancer Progression and
Its Potential as a Therapeutic Target. Cancers (Basel). 2019;11(8):1147.
Li X, LiuY, Zheng S, Zhang T, Wu J, Sun Y, et al. Role of exosomes

in the immune microenvironment of ovarian cancer. Oncol Lett.
2021;21(5):377.

Andreola G, Rivoltini L, Castelli C, Huber V, Perego P, Deho P, et al. Induc-
tion of lymphocyte apoptosis by tumor cell secretion of FasL-bearing
microvesicles. J Exp Med. 2002;195(10):1303-16.

Lundholm M, Schroder M, Nagaeva O, Baranov V, Widmark A, Mincheva-
Nilsson L, et al. Prostate tumor-derived exosomes down-regulate

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 30 of 35

NKG2D expression on natural killer cells and CD8+ T cells: mechanism
of immune evasion. PLoS ONE. 2014;9(9):e108925.

Clayton A, Mitchell JP, Court J, Linnane S, Mason MD, Tabi Z. Human
tumor-derived exosomes down-modulate NKG2D expression. J Immu-
nol. 2008;180(11):7249-58.

Peng P, Yan Y, Keng S. Exosomes in the ascites of ovarian cancer
patients: origin and effects on anti-tumor immunity. Oncol Rep.
2011;25(3):749-62.

Bretz NP, Ridinger J, Rupp AK, Rimbach K, Keller S, Rupp C, et al.

Body fluid exosomes promote secretion of inflammatory cytokines

in monocytic cells via Toll-like receptor signaling. J Biol Chem.
2013;288(51):36691-702.

Taylor DD, Gercel-Taylor C. Tumour-derived exosomes and their

role in cancer-associated T-cell signalling defects. Br J Cancer.
2005;92(2):305-11.

Czystowska-Kuzmicz M, Sosnowska A, Nowis D, Ramiji K, Szajnik M,
Chlebowska-Tuz J, et al. Small extracellular vesicles containing argin-
ase-1 suppress T-cell responses and promote tumor growth in ovarian
carcinoma. Nat Commun. 2019;10(1):3000.

Szajnik M, Czystowska M, Szczepanski MJ, Mandapathil M, Whiteside
TL. Tumor-derived microvesicles induce, expand and up-regulate
biological activities of human regulatory T cells (Treg). PLoS ONE.
2010;5(7):211469.

Ying X, Wu Q, Wu X, Zhu Q, Wang X, Jiang L, et al. Epithelial ovarian
cancer-secreted exosomal miR-222-3p induces polarization of tumor-
associated macrophages. Oncotarget. 2016;7(28):43076-87.

Chen X, Ying X, Wang X, Wu X, Zhu Q, Wang X. Exosomes derived from
hypoxic epithelial ovarian cancer deliver microRNA-940 to induce
macrophage M2 polarization. Oncol Rep. 2017;38(1):522--8.

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

Zhou J, Li X, Wu X, Zhang T, Zhu Q, Wang X, et al. Exosomes Released
from Tumor-Associated Macrophages Transfer miRNAs That Induce a
Treg/Th17 Cell Imbalance in Epithelial Ovarian Cancer. Cancer Immunol
Res. 2018;6(12):1578-92.

Shen J, Zhu X, Fei J, ShiP.Yu S, Zhou J. Advances of exosome in the
development of ovarian cancer and its diagnostic and therapeutic
prospect. Onco Targets Ther. 2018;11:2831-41.

Whiteside TL. Immune modulation of T-cell and NK (natural killer) cell
activities by TEXs (tumour-derived exosomes). Biochem Soc Trans.
2013;41(1):245-51.

Bobrie A, Thery C. Exosomes and communication between tumours
and the immune system: are all exosomes equal? Biochem Soc Trans.
2013/41(1):263-7.

Li QL, Bu N, Yu YC, Hua W, Xin XY. Exvivo experiments of human ovarian
cancer ascites-derived exosomes presented by dendritic cells derived
from umbilical cord blood for immunotherapy treatment. Clin Med
Oncol. 2008;2:461-7.

Pujade-Lauraine E, Banerjee S, Pignata S. Management of Platinum-
Resistant, Relapsed Epithelial Ovarian Cancer and New Drug Perspec-
tives. J Clin Oncol. 2019;37(27):2437-48.

Corcoran C, Rani S, O'Brien K, O'Neill A, Prencipe M, Sheikh R, et al.
Docetaxel-resistance in prostate cancer: evaluating associated pheno-
typic changes and potential for resistance transfer via exosomes. PLoS
ONE. 2012;7(12):250999.

JiR, Zhang B, Zhang X, Xue J, Yuan X, Yan Y, et al. Exosomes derived
from human mesenchymal stem cells confer drug resistance in gastric
cancer. Cell Cycle. 2015;14(15):2473-83.

WeiY, Lai X, Yu'S,Chen S, MaY, Zhang Y, et al. Exosomal miR-221/222
enhances tamoxifen resistance in recipient ER-positive breast cancer
cells. Breast Cancer Res Treat. 2014;147(2):423-31.

Szajnik M, Derbis M, Lach M, Patalas P, Michalak M, Drzewiecka H, et al.
Exosomes in Plasma of Patients with Ovarian Carcinoma: Potential
Biomarkers of Tumor Progression and Response to Therapy. Gynecol
Obstet (Sunnyvale). 2013;suppl4:3.

Kanlikilicer P, Bayraktar R, Denizli M, Rashed MH, Ivan C, Aslan B, et al.
Exosomal miRNA confers chemo resistance via targeting Cav1/p-
gp/M2-type macrophage axis in ovarian cancer. EBioMedicine.
2018;38:100-12.



Bhavsar et al. Journal of Ovarian Research

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

106.

108.

(2024) 17:113

Au Yeung CL, Co NN, Tsuruga T, Yeung TL, Kwan SY, Leung CS, et al.
Exosomal transfer of stroma-derived miR21 confers paclitaxel resist-
ance in ovarian cancer cells through targeting APAF1. Nat Commun.
2016;7:11150.

Pink RC, Samuel P, Massa D, Caley DP, Brooks SA, Carter DR. The pas-
senger strand, miR-21-3p, plays a role in mediating cisplatin resistance
in ovarian cancer cells. Gynecol Oncol. 2015;137(1):143-51.

Yan X, Yin J,Yao H, Mao N, Yang Y, Pan L. Increased expression of
annexin A3 is a mechanism of platinum resistance in ovarian cancer.
Cancer Res. 2010;70(4):1616-24.

Yin J,Yan X, Yao X, Zhang Y, Shan Y, Mao N, et al. Secretion of annexin A3
from ovarian cancer cells and its association with platinum resistance in
ovarian cancer patients. J Cell Mol Med. 2012;16(2):337-48.

Zhang FF, Zhu YF, Zhao QN, Yang DT, Dong YP, Jiang L, et al. Microvesi-
cles mediate transfer of P-glycoprotein to paclitaxel-sensitive A2780
human ovarian cancer cells, conferring paclitaxel-resistance. Eur J
Pharmacol. 2014;738:83-90.

Safaei R, Larson BJ, Cheng TC, Gibson MA, Otani S, Naerdemann W, et al.
Abnormal lysosomal trafficking and enhanced exosomal export of
cisplatin in drug-resistant human ovarian carcinoma cells. Mol Cancer
Ther. 2005;4(10):1595-604.

Dorayappan KDP, Wanner R, Wallbillich JJ, Saini U, Zingarelli R, Suarez
AA, et al. Hypoxia-induced exosomes contribute to a more aggressive
and chemoresistant ovarian cancer phenotype: a novel mechanism
linking STAT3/Rab proteins. Oncogene. 2018;37(28):3806-21.

Cao YL, Zhuang T, Xing BH, Li N, Li Q. Exosomal DNMT1 medi-

ates cisplatin resistance in ovarian cancer. Cell Biochem Funct.
2017,35(6):296-303.

Marchini S, Fruscio R, Clivio L, Beltrame L, Porcu L, Fuso Nerini |, et al.
Resistance to platinum-based chemotherapy is associated with epithe-
lial to mesenchymal transition in epithelial ovarian cancer. Eur J Cancer.
2013;49(2):520-30.

Latifi A, Abubaker K, Castrechini N, Ward AC, Liongue C, Dobill F, et al.
Cisplatin treatment of primary and metastatic epithelial ovarian carci-
nomas generates residual cells with mesenchymal stem cell-like profile.
J Cell Biochem. 2011;112(10):2850-64.

Kurokawa M, Ise N, Omi K, Goishi K, Higashiyama S. Cisplatin

influences acquisition of resistance to molecular-targeted agents
through epithelial-mesenchymal transition-like changes. Cancer Sci.
2013;104(7):904-11.

Koshida S, Hirai Y. Identification of cellular recognition sequence

of epimorphin and critical role of cell/epimorphin interaction in

lung branching morphogenesis. Biochem Biophys Res Commun.
1997,234(2):522-5.

Bennett MK, Garcia-Arraras JE, Elferink LA, Peterson K, Fleming AM,
Hazuka CD, et al. The syntaxin family of vesicular transport receptors.
Cell. 1993;74(5):863-73.

Yew KH, Crow J, Hirst J, Pessetto Z, Godwin AK. Epimorphin-

induced MET sensitizes ovarian cancer cells to platinum. PLoS ONE.
2013;8(9):e72637.

Crow J, Atay S, Banskota S, Artale B, Schmitt S, Godwin AK. Exosomes

as mediators of platinum resistance in ovarian cancer. Oncotarget.
2017;8(7):11917-36.

Yu Z, Pestell TG, Lisanti MP, Pestell RG. Cancer stem cells. Int J Biochem
Cell Biol. 2012;44(12):2144-51.

Mitra T, Prasad P, Mukherjee P, Chaudhuri SR, Chatterji U, Roy SS.
Stemness and chemoresistance are imparted to the OC cells through
TGFbeta1 driven EMT. J Cell Biochem. 2018;119(7):5775-87.

Wang L, He M, Fu L, Jin Y. Exosomal release of microRNA-454 by breast
cancer cells sustains biological properties of cancer stem cells via the
PRRT2/Wnt axis in ovarian cancer. Life Sci. 2020;257:118024.

Chen SP, Xia YF, Jiang HH, Sun WY, Lou YH. Effects of ascites derived
exosomes on the stemness and invasion ability of ovarian cancer stem-
like cell. Zhonghua Fu Chan Ke Za Zhi. 2021;56(5):349-57.

Chen J,Li P, Zhang T, Xu Z, Huang X, Wang R, et al. Review on Strategies
and Technologies for Exosome Isolation and Purification. Front Bioeng
Biotechnol. 2021;9:811971.

Wu M, Ouyang Y, Wang Z, Zhang R, Huang PH, Chen C, et al. Isolation of
exosomes from whole blood by integrating acoustics and microfluidics.
Proc Natl Acad Sci U S A. 2017;114(40):10584-9.

110.

112.

113.

114.

119.

120.

121.

122.

124.

125.

127.

128.

130.

131.

132.

Page 31 of 35

Yuana, Levels J, Grootemaat A, Sturk A, Nieuwland R. Co-isolation of
extracellular vesicles and high-density lipoproteins using density gradi-
ent ultracentrifugation. J Extracell Vesicles. 2014,3:23262.

Li X, Corbett AL, Taatizadeh E, Tasnim N, Little JP, Garnis C, et al. Chal-
lenges and opportunities in exosome research-Perspectives from biol-
ogy, engineering, and cancer therapy. APL Bioeng. 2019;3(1):011503.
Zarovni N, Corrado A, Guazzi P, Zocco D, Lari E, Radano G, et al. Inte-
grated isolation and quantitative analysis of exosome shuttled proteins
and nucleic acids using immunocapture approaches. Methods.
2015;87:46-58.

Pariset E, Agache V, Millet A. Extracellular Vesicles: Isolation Methods
Adv Biosyst. 2017;1(5):21700040.

Contreras-Naranjo JC, Wu HJ, Ugaz VM. Microfluidics for exosome isola-
tion and analysis: enabling liquid biopsy for personalized medicine. Lab
Chip. 2017;17(21):3558-77.

Li M, Rai AJ, DeCastro GJ, Zeringer E, Barta T, Magdaleno S, et al.

An optimized procedure for exosome isolation and analysis using
serum samples: Application to cancer biomarker discovery. Methods.
2015;87:26-30.

Tauro BJ, Greening DW, Mathias RA, Ji H, Mathivanan S, Scott AM, et al.
Comparison of ultracentrifugation, density gradient separation, and
immunoaffinity capture methods for isolating human colon cancer cell
line LIM1863-derived exosomes. Methods. 2012;56(2):293-304.
Jeppesen DK, Hvam ML, Primdahl-Bengtson B, Boysen AT, White-

head B, Dyrskjot L, et al. Comparative analysis of discrete exosome
fractions obtained by differential centrifugation. J Extracell Vesicles.
2014;3:25011.

Boing AN, van der Pol E, Grootemaat AE, Coumans FA, Sturk A, Nieuw-
land R. Single-step isolation of extracellular vesicles by size-exclusion
chromatography. J Extracell Vesicles. 2014;3:23430.

Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in Exosome Isolation Tech-
niques. Theranostics. 2017;7(3):789-804.

Ruivo CF, Adem B, Silva M, Melo SA. The Biology of Cancer Exosomes:
Insights and New Perspectives. Cancer Res. 2017;77(23):6480-8.
Gholizadeh S, Shehata Draz M, Zarghooni M, Sanati-Nezhad A, Ghavami
S, Shafiee H, et al. Microfluidic approaches for isolation, detection, and
characterization of extracellular vesicles: Current status and future
directions. Biosens Bioelectron. 2017;91:588-605.

Tauro BJ, Greening DW, Mathias RA, Mathivanan S, Ji H, Simpson RJ. Two
distinct populations of exosomes are released from LIM1863 colon car-
cinoma cell-derived organoids. Mol Cell Proteomics. 2013;12(3):587-98.
Taylor DD, Gercel-Taylor C. MicroRNA signatures of tumor-derived
exosomes as diagnostic biomarkers of ovarian cancer. Gynecol Oncol.
2008;110(1):13-21.

Zeringer E, Barta T, Li M, Vlassov AV. Strategies for isolation of exosomes.
Cold Spring Harb Protoc. 2015;2015(4):319-23.

Weng Y, Sui Z, Shan Y, Hu Y, Chen Y, Zhang L, et al. Effective isolation of
exosomes with polyethylene glycol from cell culture supernatant for
in-depth proteome profiling. Analyst. 2016;141(15):4640-6.
Masoumi-Dehghi S, Babashah S, Sadeghizadeh M. microRNA-141-3p-
containing small extracellular vesicles derived from epithelial ovarian
cancer cells promote endothelial cell angiogenesis through activating
the JAK/STAT3 and NF-kappaB signaling pathways. J Cell Commun
Signal. 2020;14(2):233-44.

Taylor DD, Zacharias W, Gercel-Taylor C. Exosome isolation for prot-
eomic analyses and RNA profiling. Methods Mol Biol. 2011;728:235-46.
Deregibus MC, Figliolini F, D’Antico S, Manzini PM, Pasquino C, De Lena
M, et al. Charge-based precipitation of extracellular vesicles. Int J Mol
Med. 2016;38(5):1359-66.

Lea J, Sharma R, Yang F, Zhu H, Ward ES, Schroit AJ. Detection of
phosphatidylserine-positive exosomes as a diagnostic marker

for ovarian malignancies: a proof of concept study. Oncotarget.
2017;8(9):14395-407.

Whitesides GM. The origins and the future of microfluidics. Nature.
2006;442(7101):368-73.

Nge PN, Rogers Cl, Woolley AT. Advances in microfluidic materials, func-
tions, integration, and applications. Chem Rev. 2013;113(4):2550-83.
Kanwar SS, Dunlay CJ, Simeone DM, Nagrath S. Microfluidic device
(ExoChip) for on-chip isolation, quantification and characterization of
circulating exosomes. Lab Chip. 2014;14(11):1891-900.



Bhavsar et al. Journal of Ovarian Research

133.

134.

135.

136.

137.

138.

141.

142.

143.

144,

145.

146.

149.

151.

153.

154.

156.

(2024) 17:113

Chen C, Skog J, Hsu CH, Lessard RT, Balaj L, Wurdinger T, et al. Microflu-
idic isolation and transcriptome analysis of serum microvesicles. Lab
Chip. 2010;10(4):505-11.

Nahavandi S, Baratchi S, Soffe R, Tang SY, Nahavandi S, Mitchell

A, et al. Microfluidic platforms for biomarker analysis. Lab Chip.
2014;14(9):1496-514.

Hinestrosa JP, Kurzrock R, Lewis JM, Schork NJ, Schroeder G, Kamat AM,
et al. Early-stage multi-cancer detection using an extracellular vesicle
protein-based blood test. Commun Med (Lond). 2022;2:29.

Li G, Tang W, Yang F. Cancer Liquid Biopsy Using Integrated Microfluidic
Exosome Analysis Platforms. Biotechnol J. 2020;15(5):e1900225.

Zhang P, Zhou X, He M, Shang Y, Tetlow AL, Godwin AK, et al. Ultrasensi-
tive detection of circulating exosomes with a 3D-nanopatterned
microfluidic chip. Nat Biomed Eng. 2019;3(6):438-51.

Hisey CL, Dorayappan KDP, Cohn DE, Selvendiran K, Hansford DJ.
Microfluidic affinity separation chip for selective capture and release of
label-free ovarian cancer exosomes. Lab Chip. 2018;18(20):3144-53.
Dorayappan KDP, Gardner ML, Hisey CL, Zingarelli RA, Smith BQ,
Lightfoot MDS, et al. A Microfluidic Chip Enables Isolation of Exosomes
and Establishment of Their Protein Profiles and Associated Signaling
Pathways in Ovarian Cancer. Cancer Res. 2019;79(13):3503-13.

Zhao Z,Yang Y, Zeng Y, He M. A microfluidic ExoSearch chip for
multiplexed exosome detection towards blood-based ovarian cancer
diagnosis. Lab Chip. 2016;16(3):489-96.

Lin'S,Yu Z, Chen D, Wang Z, Miao J, Li Q, et al. Progress in Microfluidics-
Based Exosome Separation and Detection Technologies for Diagnostic
Applications. Small. 2020;16(9):21903916.

Ziaei P Berkman CE, Norton MG. Review: Isolation and Detection of
Tumor-Derived Extracellular Vesicles. ACS Applied Nano Materials.
2018;1(5):2004-20.

YuY, LiYT, Jin D, Yang F, Wu D, Xiao MM, et al. Electrical and Label-Free
Quantification of Exosomes with a Reduced Graphene Oxide Field
Effect Transistor Biosensor. Anal Chem. 2019;91(16):10679-86.

Lin B, Lei Y, Wang J, Zhu L, Wu Y, Zhang H, et al. Microfluidic-Based Exo-
some Analysis for Liquid Biopsy. Small Methods. 2021;5(3):2001131.
Hilton SH, White IM. Advances in the analysis of single extracellular
vesicles: A critical review. Sens Actuators Rep. 2021;3:100052.

Ferguson S, Yang KS, Weissleder R. Single extracellular vesicle analysis
for early cancer detection. Trends Mol Med. 2022;28(8):681-92.

Zhang W, Peng P, Kuang Y, Yang J, Cao D, You Y, et al. Characterization
of exosomes derived from ovarian cancer cells and normal ovar-

ian epithelial cells by nanoparticle tracking analysis. Tumour Biol.
2016;37(3):4213-21.

Gercel-Taylor C, Atay S, Tullis RH, Kesimer M, Taylor DD. Nanoparticle
analysis of circulating cell-derived vesicles in ovarian cancer patients.
Anal Biochem. 2012;428(1):44-53.

Culum NM, Cooper TT, Lajoie GA, Dayarathna T, Pasternak SH, Liu J, et al.

Characterization of ovarian cancer-derived extracellular vesicles by sur-
face-enhanced Raman spectroscopy. Analyst. 2021;146(23):7194-206.
Lee C, Carney RP, Hazari S, Smith ZJ, Knudson A, Robertson CS, et al. 3D
plasmonic nanobow! platform for the study of exosomes in solution.
Nanoscale. 2015;7(20):9290-7.

Rojalin T, Koster HJ, Liu J, Mizenko RR, Tran D, Wachsmann-Hogiu S, et al.
Hybrid Nanoplasmonic Porous Biomaterial Scaffold for Liquid Biopsy
Diagnostics Using Extracellular Vesicles. ACS Sens. 2020;5(9):2820-33.
Lee C, Carney R, Lam K, Chan JW. SERS analysis of selectively captured

exosomes using an integrin-specific peptide ligand. J Raman Spectrosc.

2017,48(12):1771-6.

Chang L, Ni J, ZhuY, Pang B, Graham P, Zhang H, et al. Liquid biopsy

in ovarian cancer: recent advances in circulating extracellular vesicle
detection for early diagnosis and monitoring progression. Theranostics.
2019,9(14):4130-40.

Im H, Shao H, Park Yl, Peterson VM, Castro CM, Weissleder R, et al.
Label-free detection and molecular profiling of exosomes with a nano-
plasmonic sensor. Nat Biotechnol. 2014;32(5):490-5.

Zhang P, He M, Zeng Y. Ultrasensitive microfluidic analysis of circulating
exosomes using a nanostructured graphene oxide/polydopamine
coating. Lab Chip. 2016;16(16):3033-42.

Jeong S, Park J, Pathania D, Castro CM, Weissleder R, Lee H. Integrated
Magneto-Electrochemical Sensor for Exosome Analysis. ACS Nano.
2016;10(2):1802-9.

157.

158.

159.

160.

161.

162.

163.

165.

170.

171.

174.

175.

176.

177.

Page 32 of 35

Kabe 'Y, Suematsu M, Sakamoto S, Hirai M, Koike I, Hishiki T, et al.
Development of a Highly Sensitive Device for Counting the Num-

ber of Disease-Specific Exosomes in Human Sera. Clin Chem.
2018;64(10):1463-73.

Thakur A, Qiu G, Xu C, Han X, Yang T, Ng SP, et al. Label-free sensing of
exosomal MCT1 and CD147 for tracking metabolic reprogramming and
malignant progression in glioma. Sci Adv. 2020;6(26):eaaz6119.
Thakur A, Xu C, Li WK, Qiu G, He B, Ng SP, et al. In vivo liquid biopsy

for glioblastoma malignancy by the AFM and LSPR based sensing of
exosomal CD44 and CD133 in a mouse model. Biosens Bioelectron.
2021;191:113476.

Thakur A, Qiu G, Ng SP, Guan J, Yue J, Lee Y, et al. Direct detection of
two different tumor-derived extracellular vesicles by SAM-AuNIs LSPR
biosensor. Biosens Bioelectron. 2017,94:400-7.

Liu L, Thakur A, Kar Li W, Qiu G, Yang T, He B, et al. Site specific bioti-
nylated antibody functionalized Ag@AuNIs LSPR biosensor for the
ultrasensitive detection of exosomal MCT4, a glioblastoma progression
biomarker. Chemical Engineering Journal. 2022;446.

Headland SE, Jones HR, D'Sa AS, Perretti M, Norling LV. Cutting-edge
analysis of extracellular microparticles using ImageStream(X) imaging
flow cytometry. Sci Rep. 2014;4:5237.

Liu G, Li B, Lin H, Yang C, Guo J, Cui B, et al. Multiplexed analysis of
small extracellular vesicle-derived mRNAs by droplet digital PCR and
machine learning improves breast cancer diagnosis. Biosens Bioelec-
tron. 2021;194:113615.

Rossing MA, Wicklund KG, Cushing-Haugen KL, Weiss NS. Predictive
value of symptoms for early detection of ovarian cancer. J Natl Cancer
Inst. 2010;102(4):222-9.

Charkhchi P, Cybulski C, Gronwald J, Wong FO, Narod SA, Akbari MR.
CA125 and Ovarian Cancer: A Comprehensive Review. Cancers (Basel).
2020;12(12).

Buys SS, Partridge E, Black A, Johnson CC, Lamerato L, Isaacs C, et al.
Effect of screening on ovarian cancer mortality: the Prostate, Lung,
Colorectal and Ovarian (PLCO) Cancer Screening Randomized Con-
trolled Trial. JAMA. 2011;305(22):2295-303.

Tang MK, Wong AS. Exosomes: Emerging biomarkers and targets for
ovarian cancer. Cancer Lett. 2015;367(1):26-33.

Asare-Werehene M, Nakka K, Reunov A, Chiu CT, Lee WT, Abedini

MR, et al. The exosome-mediated autocrine and paracrine actions

of plasma gelsolin in ovarian cancer chemoresistance. Oncogene.
2020;39(7):1600-16.

Yi XZH, Song J, Shen R, Su'Y, Lin D. Exosomes mediated pentose phos-
phate pathway in ovarian cancer metastasis: a proteomics analysis. Int J
Clin Exp Pathol. 2015;8:15719-28.

Sinha A, Ignatchenko V, Ignatchenko A, Mejia-Guerrero S, Kislinger T. In-
depth proteomic analyses of ovarian cancer cell line exosomes reveals
differential enrichment of functional categories compared to the NCl
60 proteome. Biochem Biophys Res Commun. 2014;445(4):694-701.
Soltesz B, Lukacs J, Szilagyi E, Marton E, Szilagyi Bonizs M, Penyige A,
et al. Expression of CD24 in plasma, exosome and ovarian tissue sam-
ples of serous ovarian cancer patients. J Biotechnol. 2019;298:16-20.
Wyciszkiewicz A, Kalinowska-Lyszczarz A, Nowakowski B, Kazmierc-
zak K, Osztynowicz K, Michalak S. Expression of small heat shock
proteins in exosomes from patients with gynecologic cancers. Sci Rep.
2019;,9(1):9817.

Gomes J, Gomes-Alves P, Carvalho SB, Peixoto C, Alves PM, Altevogt

P, et al. Extracellular Vesicles from Ovarian Carcinoma Cells Display
Specific Glycosignatures. Biomolecules. 2015;5(3):1741-61.

Zhang P, Zhou X, Zeng Y. Multiplexed immunophenotyping of circulat-
ing exosomes on nano-engineered ExoProfile chip towards early
diagnosis of cancer. Chem Sci. 2019;10(21):5495-504.

Cheng L, Zhang K, Qing Y, Li D, Cui M, Jin P, et al. Proteomic and
lipidomic analysis of exosomes derived from ovarian cancer cells and
ovarian surface epithelial cells. J Ovarian Res. 2020;13(1):9.

Horie K, Nanashima N, Yokoyama Y, Yoshioka H, Watanabe J. Exo-
somal MicroRNA as Biomarkers for Diagnosing or Monitoring the
Progression of Ovarian Clear Cell Carcinoma: A Pilot Study. Molecules.
2022,27(12):3953.

LiN, Lin G, Zhang Y, Zhang Q, Zhang H. Exosome-related protein
CRABP2 is upregulated in ovarian carcinoma and enhances cell prolif-
eration. Discov Oncol. 2022;13(1):33.



Bhavsar et al. Journal of Ovarian Research

178.

179.

180.

181.

182.

183.

185.

186.

187.

188.

189.

190.

192.

194.

198.

(2024) 17:113

Carbotti G, Orengo AM, Mezzanzanica D, Bagnoli M, Brizzolara A, Emi-
onite L, et al. Activated leukocyte cell adhesion molecule soluble form:
a potential biomarker of epithelial ovarian cancer is increased in type Il
tumors. Int J Cancer. 2013;132(11):2597-605.

Tang MKS, Yue PYK, Ip PP, Huang RL, Lai HC, Cheung ANY, et al. Soluble
E-cadherin promotes tumor angiogenesis and localizes to exosome
surface. Nat Commun. 2018;9(1):2270.

Zhang W, Ou X, Wu X. Proteomics profiling of plasma exosomes in
epithelial ovarian cancer: A potential role in the coagulation cascade,
diagnosis and prognosis. Int J Oncol. 2019;54(5):1719-33.

Yokoi A, Yoshioka Y, Hirakawa A, Yamamoto Y, Ishikawa M, lkeda S|, et al.
A combination of circulating miRNAs for the early detection of ovarian
cancer. Oncotarget. 2017;8(52):89811-23.

Pan C, Stevic I, Muller V, Ni Q, Oliveira-Ferrer L, Pantel K, et al. Exosomal
microRNAs as tumor markers in epithelial ovarian cancer. Mol Oncol.
2018;12(11):1935-48.

SuYY, Sun L, Guo ZR, Li JC, Bai TT, Cai XX, et al. Upregulated expression
of serum exosomal miR-375 and miR-1307 enhance the diagnostic
power of CA125 for ovarian cancer. J Ovarian Res. 2019;12(1):6.

Maeda K, Sasaki H, Ueda S, Miyamoto S, Terada S, Konishi H, et al. Serum
exosomal microRNA-34a as a potential biomarker in epithelial ovarian
cancer. J Ovarian Res. 2020;13(1):47.

Kim S, Choi MC, Jeong JY, Hwang S, Jung SG, Joo WD, et al. Serum
exosomal miRNA-145 and miRNA-200c as promising biomark-

ers for preoperative diagnosis of ovarian carcinomas. J Cancer.
2019;10(9):1958-67.

Meng X, Muller V, Milde-Langosch K, Trillsch F, Pantel K, Schwarzen-
bach H. Diagnostic and prognostic relevance of circulating exosomal
miR-373, miR-200a, miR-200b and miR-200c in patients with epithelial
ovarian cancer. Oncotarget. 2016;7(13):16923-35.

Wu Q,Wu X, Ying X, Zhu Q Wang X, Jiang L, et al. Suppression of
endothelial cell migration by tumor associated macrophage-derived
exosomes is reversed by epithelial ovarian cancer exosomal INncRNA.
Cancer Cell Int. 2017;17:62.

Zavesky L, Jandakova E, Turyna R, Langmeierova L, WeinbergerV,
Minar L. Supernatant versus exosomal urinary microRNAs Two frac-
tions with different outcomes in gynaecological cancers. Neoplasma.
2016;63(1):121-32.

Zhou J, Gong G, Tan H, Dai F, Zhu X, ChenYY, et al. Urinary microRNA-
30a-5p is a potential biomarker for ovarian serous adenocarcinoma.
Oncol Rep. 2015;33(6):2915-23.

Zhu Z, Chen Z, Wang M, Zhang M, Chen Y, Yang X, et al. Detection

of plasma exosomal miRNA-205 as a biomarker for early diagnosis

and an adjuvant indicator of ovarian cancer staging. J Ovarian Res.
2022;15(1):27.

Liu J, Yoo J,Ho JY, Jung Y, Lee S, Hur SY, et al. Plasma-derived exosomal
miR-4732-5p is a promising noninvasive diagnostic biomarker for
epithelial ovarian cancer. J Ovarian Res. 2021;14(1):59.

Jeon H, Seo SM, Kim TW, Ryu J, Kong H, Jang SH, et al. Circulating Exoso-
mal miR-1290 for Diagnosis of Epithelial Ovarian Cancer. Curr Issues Mol
Biol. 2022;44(1):288-300.

Chen L, Wang K, Li L, Zheng B, Zhang Q, Zhang F, et al. Plasma exosomal
miR-1260a, MiR-7977 and miR-192-5p as diagnostic biomarkers in
epithelial ovarian cancer. Future Oncol. 2022;18(26):2919-31.

Wang X, Yao'Y, Jin M. Circ-0001068 is a novel biomarker for ovarian
cancer and inducer of PD1 expression in T cells. Aging (Albany NY).
2020;12(19):19095-106.

LuoY, Gui R. Circulating exosomal circFoxp1 confers cisplatin resistance
in epithelial ovarian cancer cells. J Gynecol Oncol. 2020;31(5):e75.

Qiu JJ, Lin XJ, Tang XY, Zheng TT, Lin YY, Hua KQ. Exosomal Metastasis-
Associated Lung Adenocarcinoma Transcript 1 Promotes Angiogenesis
and Predicts Poor Prognosis in Epithelial Ovarian Cancer. Int J Biol Sci.
2018;14(14):1960-73.

Li Z, Niu H, Qin Q,Yang S, Wang Q, Yu C, et al. IncRNA UCA1 Mediates
Resistance to Cisplatin by Regulating the miR-143/FOSL2-Signaling
Pathway in Ovarian Cancer. Mol Ther Nucleic Acids. 2019;17:92-101.
Keseru JS, Soltesz B, Lukacs J, Marton E, Szilagyi-Bonizs M, Penyige A,
et al. Detection of cell-free, exosomal and whole blood mitochondrial
DNA copy number in plasma or whole blood of patients with serous
epithelial ovarian cancer. J Biotechnol. 2019;298:76-81.

199.

200.

202.

203.

204.

205.

206.

207.

208.

200.

210.

211,

212.

213.

214,

217.

218.

219.

220.

221.

Page 33 of 35

YiH, Zheng X, Song J, Shen R, Su'Y, Lin D. Exosomes mediated pentose
phosphate pathway in ovarian cancer metastasis: a proteomics analysis.
Int J Clin Exp Pathol. 2015;8(12):15719-28.

Sun Z, ShiK, Yang S, Liu J, Zhou Q, Wang G, et al. Effect of exosomal
miRNA on cancer biology and clinical applications. Mol Cancer.
2018;17(1):147.

Dorayappan KDP, Wallbillich JJ, Cohn DE, Selvendiran K. The biological
significance and clinical applications of exosomes in ovarian cancer.
Gynecol Oncol. 2016;142(1):199-205.

Datta A, Kim H, McGee L, Johnson AE, Talwar S, Marugan J, et al.
High-throughput screening identified selective inhibitors of exosome
biogenesis and secretion: A drug repurposing strategy for advanced
cancer. Sci Rep. 2018;8(1):8161.

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, et al.
Ceramide triggers budding of exosome vesicles into multivesicular
endosomes. Science. 2008;319(5867):1244-7.

Chalmin F, Ladoire S, Mignot G, Vincent J, Bruchard M, Remy-Martin

JP, et al. Membrane-associated Hsp72 from tumor-derived exosomes
mediates STAT3-dependent immunosuppressive function of

mouse and human myeloid-derived suppressor cells. J Clin Invest.
2010;120(2):457-71.

Ostrowski M, Carmo NB, Krumeich S, Fanget |, Raposo G, Savina A, et al.
Rab27a and Rab27b control different steps of the exosome secretion
pathway. Nat Cell Biol. 2010;12(1):19-30 (sup pp 1-13).

Shimizu A, Sawada K, Kobayashi M, Yamamoto M, Yagi T, Kinose Y, et al.
Exosomal CD47 Plays an Essential Role in Immune Evasion in Ovarian
Cancer. Mol Cancer Res. 2021;19(9):1583-95.

Bhatta M, Shenoy GN, Loyall JL, Gray BD, Bapardekar M, Conway A, et al.
Novel phosphatidylserine-binding molecule enhances antitumor T-cell
responses by targeting immunosuppressive exosomes in human tumor
microenvironments. J Immunother Cancer. 2021;9(10):e003148.
Marleau AM, Chen CS, Joyce JA, Tullis RH. Exosome removal as a thera-
peutic adjuvant in cancer. J Transl Med. 2012;10:134.

Nam GH, Choi Y, Kim GB, Kim S, Kim SA, Kim IS. Emerging Prospects of
Exosomes for Cancer Treatment: From Conventional Therapy to Immu-
notherapy. Adv Mater. 2020;32(51):2002440.

Tzounakas VL, Karadimas DG, Papassideri IS, Seghatchian J, Antonelou
MH. Erythrocyte-based drug delivery in Transfusion Medicine: Wander-
ing questions seeking answers. Transfus Apher Sci. 2017;56(4):626-34.
Wang S, Han K, Ma S, Qi X, Guo L, Li X. Blood cells as supercarrier
systems for advanced drug delivery. Medicine in Drug Discovery.
2022;13:100119.

Kumar SR, Kimchi ET, Manjunath Y, Gajagowni S, Stuckel AJ, Kaifi JT. RNA
cargos in extracellular vesicles derived from blood serum in pancreas
associated conditions. Sci Rep. 2020;10(1):2800.

Auber M, Svenningsen P. An estimate of extracellular vesicle secretion
rates of human blood cells. J Extracell Biol. 2022;1(6):e46.

Chaplin DD. Overview of the immune response. J Allergy Clin Immunol.
2010;125(2 Suppl 2):53-23.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications
of exosomes. Science. 2020;367(6478):eaau6977.

Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu CC, Gagea M,
et al. Generation and testing of clinical-grade exosomes for pancreatic
cancer. JCl Insight. 2018;3(8):99263.

Garratty G. Modulating the red cell membrane to produce uni-
versal/stealth donor red cells suitable for transfusion. Vox Sang.
2008;94(2):87-95.

Villa CH, Cines DB, Siegel DL, Muzykantov V. Erythrocytes as Carriers

for Drug Delivery in Blood Transfusion and Beyond. Transfus Med Rev.
2017,31(1):26-35.

Zhu X, Badawi M, Pomeroy S, Sutaria DS, Xie Z, Baek A, et al. Compre-
hensive toxicity and immunogenicity studies reveal minimal effects in
mice following sustained dosing of extracellular vesicles derived from
HEK293T cells. J Extracell Vesicles. 2017;6(1):1324730.

Ahmadi Badi S, Moshiri A, Fateh A, Rahimi Jamnani F, Sarshar M, Vaziri F,
et al. Microbiota-Derived Extracellular Vesicles as New Systemic Regula-
tors. Front Microbiol. 2017;8:1610.

Zhang M, Viennois E, Xu C, Merlin D. Plant derived edible nanoparti-
cles as a new therapeutic approach against diseases. Tissue Barriers.
2016/4(2):21134415.



Bhavsar et al. Journal of Ovarian Research

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241,

242.

243,

(2024) 17:113

Adriano B, Cotto NM, Chauhan N, Jaggi M, Chauhan SC, Yallapu MM.
Milk exosomes: Nature's abundant nanoplatform for theranostic
applications. Bioact Mater. 2021;6(8):2479-90.

Munagala R, Aqil F, Jeyabalan J, Gupta RC. Bovine milk-derived
exosomes for drug delivery. Cancer Lett. 2016;371(1):48-61.

Zhou H, Yuen PS, Pisitkun T, Gonzales PA, Yasuda H, Dear JW, et al. Col-
lection, storage, preservation, and normalization of human urinary
exosomes for biomarker discovery. Kidney Int. 2006,69(8):1471-6.
Agrawal AK, Agil F, Jeyabalan J, Spencer WA, Beck J, Gachuki BW, et al.
Milk-derived exosomes for oral delivery of paclitaxel. Nanomedicine.
2017;13(5):1627-36.

Ge Q, Zhou Y, Lu J, Bai Y, Xie X, Lu Z. miRNA in plasma exo-

some is stable under different storage conditions. Molecules.
2014;19(2):1568-75.

Sokolova V, Ludwig AK, Hornung S, Rotan O, Horn PA, Epple M, et al.
Characterisation of exosomes derived from human cells by nanopar-
ticle tracking analysis and scanning electron microscopy. Colloids
Surf B Biointerfaces. 2011:87(1):146-50.

Koga Y, Yasunaga M, Moriya Y, Akasu T, Fujita S, Yamamoto S, et al.
Exosome can prevent RNase from degrading microRNA in feces. J
Gastrointest Oncol. 2011;2(4):215-22.

Morishita M, Takahashi Y, Nishikawa M, Takakura Y. Pharmacokinetics
of Exosomes-An Important Factor for Elucidating the Biological Roles
of Exosomes and for the Development of Exosome-Based Therapeu-
tics. J Pharm Sci. 2017;106(9):2265-9.

Peinado H, Aleckovic M, Lavotshkin S, Matei |, Costa-Silva B, Moreno-
Bueno G, et al. Melanoma exosomes educate bone marrow progeni-
tor cells toward a pro-metastatic phenotype through MET. Nat Med.
2012;18(6):883-91.

Grange C, Tapparo M, Bruno S, Chatterjee D, Quesenberry PJ, Tetta C,
et al. Biodistribution of mesenchymal stem cell-derived extracellular
vesicles in a model of acute kidney injury monitored by optical imag-
ing. Int J Mol Med. 2014;33(5):1055-63.

Wiklander OP, Nordin JZ, O'Loughlin A, Gustafsson Y, Corso G, Mager
|, et al. Extracellular vesicle in vivo biodistribution is determined by
cell source, route of administration and targeting. J Extracell Vesicles.
2015;4:26316.

Badr CE, Tannous BA. Bioluminescence imaging: progress and appli-
cations. Trends Biotechnol. 2011;29(12):624-33.

Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T,

et al. Visualization and in vivo tracking of the exosomes of murine
melanoma B16-BL6 cells in mice after intravenous injection. J Bio-
technol. 2013;165(2):77-84.

Charoenviriyakul C, Takahashi Y, Morishita M, Matsumoto A, Nishi-
kawa M, Takakura Y. Cell type-specific and common characteristics
of exosomes derived from mouse cell lines: Yield, physicochemical
properties, and pharmacokinetics. Eur J Pharm Sci. 2017;96:316-22.
Lai CP, Mardini O, Ericsson M, Prabhakar S, Maguire C, Chen JW, et al.
Dynamic biodistribution of extracellular vesicles in vivo using a
multimodal imaging reporter. ACS Nano. 2014;8(1):483-94.
Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo CF, Melo SA, et al.
Exosomes facilitate therapeutic targeting of oncogenic KRAS in
pancreatic cancer. Nature. 2017,546(7659):498-503.

Morelli AE, Larregina AT, Shufesky WJ, Sullivan ML, Stolz DB, Papworth
GD, et al. Endocytosis, intracellular sorting, and processing of
exosomes by dendritic cells. Blood. 2004;104(10):3257-66.

Feng D, Zhao WL, Ye YY, Bai XC, Liu RQ, Chang LF, et al. Cellular
internalization of exosomes occurs through phagocytosis. Traffic.
2010;11(5):675-87.

Fitzner D, Schnaars M, van Rossum D, Krishnamoorthy G, Dibaj P,
Bakhti M, et al. Selective transfer of exosomes from oligodendrocytes
to microglia by macropinocytosis. J Cell Sci. 2011;124(Pt 3):447-58.
Parolini I, Federici C, Raggi C, Lugini L, Palleschi S, De Milito A, et al.
Microenvironmental pH is a key factor for exosome traffic in tumor
cells. J Biol Chem. 2009;284(49):34211-22.

Escrevente C, Keller S, Altevogt P, Costa J. Interaction and uptake of
exosomes by ovarian cancer cells. BMC Cancer. 2011;11:108.

Qiao L, Hu S, Huang K, Su T, Li Z, Vandergriff A, et al. Tumor
cell-derived exosomes home to their cells of origin and can

be used as Trojan horses to deliver cancer drugs. Theranostics.
2020;10(8):3474-87.

244,

245,

246.

247.

248.

249.

250.

251,

252.

253.

254,

255.

256.

257.

258.

259.
260.

261.

262.

263.

264.

265.

Page 34 of 35

Park J, Lee H, Youn YS, Oh KT, Lee ES. Tumor-Homing pH-Sensitive Extra-
cellular Vesicles for Targeting Heterogeneous Tumors. Pharmaceutics.
2020;12(4):372.

Sun Z, Zhang J, Li J, Li M, Ge J, Wu P, et al. Roles of Mesenchymal Stem
Cell-Derived Exosomes in Cancer Development and Targeted Therapy.
Stem Cells Int. 2021;2021:9962194.

Thakur A, Sidu RK, Zou H, Alam MK, Yang M, Lee Y. Inhibition of Glioma
Cells'Proliferation by Doxorubicin-Loaded Exosomes via Microfluidics.
Int J Nanomedicine. 2020;15:8331-43.

Wilhelm S, Tavares AJ, Dai Q Ohta S, Audet J, Dvorak HF, et al. Analysis of
nanoparticle delivery to tumours. Nat Rev Mater. 2016;1(5):16014.
Hadla M, Palazzolo S, Corona G, Caligiuri I, Canzonieri V, Toffoli G,

et al. Exosomes increase the therapeutic index of doxorubicin in

breast and ovarian cancer mouse models. Nanomedicine (Lond).
2016;11(18):2431-41.

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(7):1150-62.

Zhou G, GuY, Zhu Z, Zhang H, Liu W, Xu B, et al. Exosome Mediated
Cytosolic Cisplatin Delivery Through Clathrin-Independent Endocytosis
and Enhanced Anti-cancer Effect via Avoiding Endosome Trapping in
Cisplatin-Resistant Ovarian Cancer. Front Med (Lausanne). 2022;9:810761.
Melzer C, Rehn 'V, Yang Y, Bahre H, von der Ohe J, Hass R. Taxol-Loaded
MSC-Derived Exosomes Provide a Therapeutic Vehicle to Target
Metastatic Breast Cancer and Other Carcinoma Cells. Cancers (Basel).
2019;11(6):798.

Pisano S, Pierini I, Gu J, Gazze A, Francis LW, Gonzalez D, et al. Immune
(Cell) Derived Exosome Mimetics (IDEM) as a Treatment for Ovarian
Cancer. Front Cell Dev Biol. 2020;8:553576.

Aqil F, Jeyabalan J, Agrawal AK, Kyakulaga AH, Munagala R, Parker L,

et al. Exosomal delivery of berry anthocyanidins for the management of
ovarian cancer. Food Funct. 2017;8(11):4100-7.

Liu H, Shen M, Zhao D, Ru D, Duan Y, Ding C, et al. The Effect of Trip-
tolide-Loaded Exosomes on the Proliferation and Apoptosis of Human
Ovarian Cancer SKOV3 Cells. Biomed Res Int. 2019;2019:2595801.
Kobayashi M, Sawada K, Miyamoto M, Shimizu A, Yamamoto M, Kinose
Y, et al. Exploring the potential of engineered exosomes as delivery sys-
tems for tumor-suppressor microRNA replacement therapy in ovarian
cancer. Biochem Biophys Res Commun. 2020;527(1):153-61.

Wang J,Wang C, LiY, Li M, Zhu T, Shen Z, et al. Potential of peptide-
engineered exosomes with overexpressed miR-92b-3p in anti-angio-
genic therapy of ovarian cancer. Clin Transl Med. 2021;11(5):e425.

Qiu L, Wang J, Chen M, Chen F, Tu W. Exosomal microRNA-146a derived
from mesenchymal stem cells increases the sensitivity of ovarian cancer
cells to docetaxel and taxane via a LAMC2-mediated PI3K/Akt axis. Int J
Mol Med. 2020;46(2):609-20.

Kim SM, Yang Y, Oh SJ, Hong Y, Seo M, Jang M. Cancer-derived
exosomes as a delivery platform of CRISPR/Cas9 confer cancer cell
tropism-dependent targeting. J Control Release. 2017,266:8-16.
Takabayashi-Ebina MYKHYYA. Hirosaki Med J. 2021;71:120-30.
Mahmoodzadeh Hosseini H, Soleimanirad J, Mehdizadeh Aghdam E,
Amin M, Imani Fooladi AA. Texosome-anchored superantigen triggers
apoptosis in original ovarian cancer cells. Med Oncol. 2015;32(1):409.
Pisano S, Gonzalez D, Ferrari M, Conlan S, Corradetti B. Modeling ovar-
ian cancer for dendritic cells-derived exosomes treatment. The FASEB
Journal. 2020;34(S1):1-.

Pinto A, Marangon |, Mereaux J, Nicolas-Boluda A, Lavieu G, Wilhelm

C, et al. Immune Reprogramming Precision Photodynamic Therapy

of Peritoneal Metastasis by Scalable Stem-Cell-Derived Extracellular
Vesicles. ACS Nano. 2021;15(2):3251-63.

FuW, Lei C, Liu S, Cui Y, Wang C, Qian K, et al. CAR exosomes derived
from effector CAR-T cells have potent antitumour effects and low toxic-
ity. Nat Commun. 2019;10(1):4355.

LiL, He D, Guo Q Zhang Z, Ru D, Wang L, et al. Exosome-liposome hybrid
nanoparticle codelivery of TP and miR497 conspicuously overcomes
chemoresistant ovarian cancer. J Nanobiotechnology. 2022;20(1):50.

de la Fuente A, Alonso-Alconada L, Costa C, Cueva J, Garcia-Caballero
T, Lopez-Lopez R, et al. M-Trap: Exosome-Based Capture of Tumor

Cells as a New Technology in Peritoneal Metastasis. J Natl Cancer Inst.
2015;107(9):djv184.



Bhavsar et al. Journal of Ovarian Research (2024) 17:113

266.

267.

268.

2609.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Zhang X, Wang J, Liu N, Wu W, Li H, Lu W, et al. Umbilical Cord Blood-
Derived M1 Macrophage Exosomes Loaded with Cisplatin Target
Ovarian Cancer In Vivo and Reverse Cisplatin Resistance. Mol Pharm.
2023;20(11):5440-53.

Takabayashi-Ebina A, Yokoyama M, Horie K, Yokoyama Y. Carbonyl
reductase 1-overexpressing exosomes inhibit proliferation of ovarian
cancer cells. Hirosaki Med. 2021;71:120-30.

Syn NL, Wang L, Chow EK, Lim CT, Goh BC. Exosomes in Cancer
Nanomedicine and Immunotherapy: Prospects and Challenges. Trends
Biotechnol. 2017;35(7):665-76.

Andre F, Schartz NE, Movassagh M, Flament C, Pautier P, Morice P, et al.
Malignant effusions and immunogenic tumour-derived exosomes.
Lancet. 2002;360(9329):295-305.

Bayat Mokhtari R, Homayouni TS, Baluch N, Morgatskaya E, Kumar S,
Das B, et al. Combination therapy in combating cancer. Oncotarget.
2017,8(23):38022-43.

Luo H, ZhouY, Zhang J, Zhang Y, Long S, Lin X, 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.

Kang C, Han P, Lee JS, Lee D, Kim D. Anchor, Spacer, and Ligand-Mod-
ified Engineered Exosomes for Trackable Targeted Therapy. Bioconjug
Chem. 2020;31(11):2541-52.

Adams M, Navabi H, Croston D, Coleman S, Tabi Z, Clayton A, et al.

The rationale for combined chemo/immunotherapy using a Toll-like
receptor 3 (TLR3) agonist and tumour-derived exosomes in advanced
ovarian cancer. Vaccine. 2005;23(17-18):2374-8.

Navabi H, Croston D, Hobot J, Clayton A, Zitvogel L, Jasani B, et al.
Preparation of human ovarian cancer ascites-derived exosomes for a
clinical trial. Blood Cells Mol Dis. 2005;35(2):149-52.

Wang Y, Huang Z, Li B, Liu L, Huang C. The Emerging Roles and Thera-
peutic Implications of Epigenetic Modifications in Ovarian Cancer. Front
Endocrinol (Lausanne). 2022;13:863541.

Elsharkasy OM, Nordin JZ, Hagey DW, de Jong OG, Schiffelers RM,
Andaloussi SE, et al. Extracellular vesicles as drug delivery systems: Why
and how? Adv Drug Deliv Rev. 2020;159:332-43.

Dezsi L, Fulop T, Meszaros T, Szenasi G, Urbanics R, Vazsonyi C, et al.
Features of complement activation-related pseudoallergy to liposomes
with different surface charge and PEGylation: comparison of the por-
cine and rat responses. J Control Release. 2014;195:2-10.
Montaner-Tarbes S, Novell E, Tarancon V, Borras FE, Montoya M, Fraile L,
et al. Targeted-pig trial on safety and immunogenicity of serum-derived
extracellular vesicles enriched fractions obtained from Porcine Respira-
tory and Reproductive virus infections. Sci Rep. 2018;8(1):17487.
Escudier B, Dorval T, Chaput N, Andre F, Caby MP, Novault S, et al. Vacci-
nation of metastatic melanoma patients with autologous dendritic cell
(DC) derived-exosomes: results of thefirst phase | clinical trial. J Transl
Med. 2005;3(1):10.

Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, et al. A phase

I study of dexosome immunotherapy in patients with advanced non-
small cell lung cancer. J TransI Med. 2005;3(1):9.

Witwer KW, Thery C. Extracellular vesicles or exosomes? On primacy,
precision, and popularity influencing a choice of nomenclature. J
Extracell Vesicles. 2019:8(1):1648167.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 35 of 35



	Exosomes in diagnostic and therapeutic applications of ovarian cancer
	Abstract 
	Introduction
	Ovarian cancer: genetic and epigenetic changes and influence on exosomes
	Exosomes in the progression and metastasis of ovarian cancer
	Exosomes in immune modulation
	Exosomes promote chemotherapeutic resistance
	Transfer of miRNAs to modify gene expression and exert resistance
	Transfer of proteins that export drugs out of cells
	Induction of EMT characteristics

	Exosomes promote stem cell modification

	Exosome isolation approaches
	Novel technologies for exosome analysis in ovarian cancer
	Exosomes as biomarkers
	Preclinical samples
	Clinical specimens

	Exosomes in therapeutics
	Targeting exosomes as a cancer treatment
	Direct targeting of exosomes
	Exosome elimination from peripheral blood circulation

	Targeted drug delivery using exosomes
	Advantages of exosomes as drug carriers
	Drug loading into the exosomes
	Exosomes as a therapeutic platform for ovarian cancer treatment


	Safety and toxicity considerations
	Conclusions
	Acknowledgements
	References


