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Simple Summary: The ongoing research of extracellular vehicles (EVs including exosomes, ectosomes,
and apoptotic bodies) is gaining momentum to understand these vesicles” biology and clinical
applications in cancer disease. The current limitations of using standard tumor biomarkers warrant
the development of novel and reliable biomarkers to meet clinical needs. Exosomes are used as
tumor biomarkers, for targeted therapy, for vaccine development, and as a vehicle for drug delivery.
Here, we summarized the current approaches for different methods of EV isolation and EV cargo
compositions, such as nucleic acids, proteins, and lipids. The unique cargo composition of exosomes
makes it a potential candidate for liquid biopsies in the diagnosis and prognosis of cancer patients.
Furthermore, the review highlights the use of machine learning algorithms to analyze complex EV
datasets and create more robust models for biomarker discovery.

Abstract: Early cancer detection and accurate monitoring are crucial to ensure increased patient
survival. Recent research has focused on developing non-invasive biomarkers to diagnose cancer
early and monitor disease progression at low cost and risk. Extracellular vesicles (EVs), nanosized
particles secreted into extracellular spaces by most cell types, are gaining immense popularity as novel
biomarker candidates for liquid cancer biopsy, as they can transport bioactive cargo to distant sites
and facilitate intercellular communications. A literature search was conducted to discuss the current
approaches for EV isolation and the advances in using EV-associated proteins, miRNA, mRNA, DNA,
and lipids as liquid biopsies. We discussed the advantages and challenges of using these vesicles in
clinical applications. Moreover, recent advancements in machine learning as a novel tool for tumor
marker discovery are also highlighted.

Keywords: tumor biomarkers; liquid biopsy; extracellular vesicles; isolation; cargo molecules

1. Introduction

Extracellular vesicles are nanosized, lipid-bound membrane-derived vesicles released
by almost all the cells into extracellular space under physiological and pathological condi-
tions [1]. After release, they circulate in body fluids, including blood, plasma, saliva, breast
milk, urine, and cerebral spinal fluid [2]. Based upon their cellular origin, function, size,
and content, EVs can be classified into three major subtypes: (1) small extracellular vesicles
(sEVs) or exosomes, which range from 30-150 nm in diameter. They are derived from the
inward budding of the endosomal membrane; (2) microvesicles (MVs), also referred to
as ectosomes, shedding vesicles or microparticles, range from 100-1000 nm in diameter.
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MVs originate from the budding of the plasma membrane, and (3) apoptotic bodies range
from 1000-5000 nm in diameter. Apoptotic bodies arise from the plasma membrane during
programmed cell death [3-5]. The biosynthesis of sEVs begins from the invagination of the
endosomal membrane to form multivesicular bodies. Lysosomes degrade these bodies or
can be released outside the cell as sEVs [6]. Ectosomes originate from the outward budding
of the plasma membrane, whereas apoptotic bodies originate from apoptotic cells. The
origins of exosomes and ectosomes are different, and although their contents have some
similarities, each type has its own unique membrane and cargo contents (reviewed in [7,8]).
EVs can carry highly heterogeneous content, including lipids, proteins, DNA, mRNA, and
non-coding RNA, including microRNAs (miRNAs or miRs), to adjacent or distant cells
while retaining markers specific to their cell of origin. The pathophysiological roles of EVs
have gained considerable attention due to their ability to facilitate cell-to-cell communica-
tion, transport of bioactive cargo, cellular homeostasis, inflammation, and their abundance
in the circulating biofluids [9]. EVs have gained extensive popularity due to their ability to
regulate various aspects of cancer progression, such as cancer cell proliferation, chemoresis-
tance, metastasis, angiogenesis, and immune system modulation. Tumor cell-associated
EVs are usually distinct from those derived from normal cells concerning their number,
morphology, functions, and bioactive content (proteins, miRNAs, and DNA), making them
ideal candidates to develop biomarkers for cancer diagnosis and progression [10].

Early detection is critical for reducing patient death associated with cancer, the second
leading cause of mortality worldwide. The current method of diagnosis and monitoring
cancer treatment response involves biopsy, which is highly invasive, might not accurately
represent tumors in the heterogenous tissue, and can fail to diagnose metastasis at sec-
ondary sites, making it hard to detect cancer at the advanced stages. Moreover, it has been
suggested that this procedure could expose the patients to the risk of developing metastasis
and enhanced tumor growth.

The use of biofluids such as blood or urine to detect cancer-derived molecules for the
detection and screening of cancer, as well as monitoring of cancer progression, is referred
to as liquid biopsy. Liquid biopsies allow for easy, non-invasive, and frequent sample
collection, which can help monitor cancer progression and its response to chemotherapeutic
agents, contributing to a faster evaluation and design of cancer treatment [11]. Currently,
circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs) are the only analytes
approved by the US Food and Drug Administration (FDA) for the diagnosis and screening
of cancer [12].

Due to the ubiquitous presence and relative abundance of cancer-derived circulating
EVs in various biofluids, they are being widely studied as novel analytes for liquid biopsies.
Moreover, the ability of EVs to carry bio-materials (DNA, miRNA, and proteins) on their
surface and lumen, some of which are fingerprints of their cell of origin, makes EV-based
liquid biopsy highly advantageous. Since exosomes remain the most studied component of
EVs, in this review article, we summarized the current knowledge about commonly used
methods for the isolation of EVs and discussed the recent advances in the use of EVs as
circulating biomarkers for the diagnosis and prognosis of cancer.

2. Methods of EV Isolations

The success of EVs as liquid biopsies is highly dependent on the choice of EV isolation
method, as shown in Table 1 and Figure 1. While pure preparation is critical to ensure the
success of downstream applications, other factors are to be considered when deciding on a
method of isolation, including yield and integrity of the purified EVs and the processing
time for subsequent analysis. Moreover, specimen handling conditions must also be
optimized, including source and collection of samples, storage conditions, and preparation.
EV liquid biopsy specimens include blood serum or plasma, urine, cerebrospinal fluid,
peritoneal fluid, pleural effusion, and tears. Present isolation procedures suffer limitations
due to ambiguous definitions and nomenclature of EV subtypes, loss of yield and purity,
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and damage to EV structures [13]. These methods used different physical and biological
properties, including size, shape, density, charge, and antigen exposure.
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Figure 1. A representative chart showing different methods for isolation of extracellular vesicles
(EVs) from body fluids.

Ultracentrifugation is one of the most commonly used procedures to isolate EVs,
and it can be divided into differential centrifugation and density gradient centrifugation.
Differential ultracentrifugation, a gold standard for EV isolation, uses centrifugal force to
pellet EVs based on size and density. Density gradient centrifugation isolates EVs based
on their size/density or both using a density gradient commonly generated by sucrose or
iodixanol. These ultracentrifugation techniques are time-consuming, laborious, and do
not yield pure preparations. Ultrafiltration and Size Exclusion Chromatography purifies
EVs based on their particle size. While ultrafiltration can be used to concentrate EVs from
a large volume and is usually time efficient, it could lead to sample loss and potential
contamination of proteins. Size exclusion chromatography enables efficient separation of
EVs from small sample volumes based on size and preserves their structural integrity and
bioactivity [14]. However, it may require prior purification steps and a longer processing
time. Polymer-based precipitation is another method to isolate EVs using water-excluding
polymers like polyethylene glycol (PEG), which reduce the solubility of EVs and lead to
their settling out of solution through low-speed centrifugation. It is an attractive choice
for EV isolation as it is fast, requires no specialized equipment, and can be used with
large sample volumes. Though this procedure results in a high yield of EVs, it can lead
to co-precipitation of other contaminants, resulting in an impure preparation (reviewed
in [15]). Immunoaffinity capture-based techniques exploit the interaction between EV
membrane proteins and antibodies immobilized on beads or matrices, resulting in a highly
specific, pure, rapid isolation of desired EVs: high cost, damage to EV structures, elution
from beads, and low yield. An innovative, rapid, and efficient technique for the recovery of
EVs is a microfluidics-based approach. Microfluids manipulate small volumes of liquids
in microsized channels using distinctive physical and biochemical properties like size,
density, and immune interactions. Extensive research must be carried out to overcome
limitations such as high cost, additional equipment, trained personnel, and damage to the
EV structures while recovering [16,17].
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Table 1. Methods of Extracellular Vesicles (EVs) isolation from different body fluids.

Ultracentrifugation
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c Polymer-based method Interaction between Small volumes of
ks Isolation based on that allows particles of EVs membrane liquids in microsized
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3. Use of EVs as Liquid Biopsy

sEVs and circulating tumor DNA (ctDNA) are both essential components of liquid
biopsies used in cancer diagnostics and prognostications [18,19]. However, sEVs offer
several advantages over ctDNA. The sEV cargo contains RNA that increases the number of
mutant copies available for sampling compared to ctDNA alone [20]. The homogeneous
size of these vesicles makes their detection easy by electron microscopy [21]. The cargo
contents of lipid bilayer sEVs are more stable, making them more robust for analysis than
ctDNA [22]. Moreover, the possibility of identifying gene mutations in sEVs is higher
than in ctDNA [23]. Additionally, sEV-associated mRNA is actively released from donor
cells compared to ctDNA released by necrotic or apoptotic cells [24]. Furthermore, using
sEV-associated RNA combined with either cfDNA or circulating tumor cells (CTCs) in
liquid biopsies has shown promise in identifying somatic mutations of tumor origin [25,26].

3.1. Proteins

sEVs carry multiple proteins, some of which are specific to the cell of their origin,
whereas others are conserved across all exosomes [8]. These proteins play an important role
in recognizing recipient cells for transferring bioactive content and regulating the sorting
of EV components (summarized in Table 2). A recent report by Melo et al. used Mass
Spectrometry to detect overexpression of Glypican-1 (GPC1), a cell surface expressing glyco-
protein, in cancer-derived exosomes. Using flow cytometry, GPC1+ exosomes were highly
enriched serum samples from patients suffering from Pancreatic Ductal Adenocarcinoma
(PDAC). Interestingly, they also established the importance of GPC1+ circulating exosomes
as a diagnostic marker in early-stage pancreatic cancer and a prognostic marker to monitor
survival post-surgery [27]. GPC1+ exosomes were also reported to be ten-fold elevated in
plasma samples collected from colorectal cancer patients compared to healthy controls [28].
Another 2017 report identified ephrin type-A receptor 2 (EphA2) as a candidate biomarker
for pancreatic cancer. They used the EphA2 antibody to detect EphA2 positive exosomes in
blood plasma using a gold nanoparticle-based nanoplasmon-enhanced scattering (nPES)
assay, which used the plasmon effect to detect sEVs. Eph2 A-positive exosome levels were
enriched in samples collected from early-stage pancreatic cancer patients compared to
normal controls or patients with pancreatitis [29]. Similarly, migration inhibitory factor
(MIF) was highly enriched in plasma samples from PDAC patients compared to healthy
controls or patients who have been disease-free for over 5 years. Moreover, they also
reported high MIF levels in exosomes before liver metastasis, adding to the clinical value
of MIF as a prognostic marker [30].

Leucine-rich a-2-glycoprotein (LRG1) was reported to be highly overexpressed in
urinary exosomes of patients suffering from Non-Small Cell Lung Cancer (NSCLC) using
mass spectrometry. These results were validated using Western blotting of exosome samples
and immunohistochemistry of lung tissue, which showed higher LRG1 expression in
urinary exosomes and lung tissues from NSCLC patients, respectively, compared with
healthy controls [31]. CD91 was also identified as a highly expressed protein on the surface
of exosomes from serum and blood plasma samples of patients with advanced NSCLC
using mass spectrometry and antibody microarray [32,33]. Similarly, Galectin-3-binding
protein (LG3BP) and polymeric immunoglobulin receptor (PIGR), which were selectively
enriched in exosomes isolated from the serum of patients suffering from liver and biliary
cancer, could be utilized for diagnosis of cancer [34].

A report by Yoshioka et al. 2014 identified the diagnostic use of CD147 in colorectal
cancer, as CD147 was highly expressed in exosomes from serum samples of patients with
colorectal cancer compared to healthy controls [35]. Another report identified Copine 3
or CPNE3 as elevated in exosomes isolated from the plasma of colorectal cancer patients
compared to healthy control. Furthermore, CPNE3 expression increased with cancer
progression, and CPNE3 enhanced the diagnostic power of carcinoembryonic antigen
(CEA), a previously identified biomarker, when used in conjunction [36].
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Survivin was reported to be a possible biomarker for the diagnosis and prognosis of
prostate cancer, as survivin levels were elevated in exosomes isolated from plasma/serum
samples of prostate cancer patients as compared to those isolated from healthy males [37]. Two
studies reported the use of prostate-specific antigen (PSA) and gamma-glutamyltransferase 1
(GGT1) to distinguish between normal or benign prostatic hyperplasia and prostate cancer
patients, as the PSA and GGT1 protein levels were markedly higher in exosomes isolated
from the blood of prostate cancer patients [38,39]. Our previous study demonstrated that
exosomal ITGA2 was highly enriched in the plasma collected from prostate cancer patients
compared to non-cancerous subjects [40].

In another study, mass spectrometry and ELISA were used to establish the association
of tumor-associated calcium-signal transducer 2 (TACSTD2) with bladder cancer in urinary
exosomes [41]. A surface plasmon resonance-based assay to detect exosomes was utilized to
report elevated levels of epithelial cell adhesion molecule (EpCAM) and CD24 in exosomes
from ascites of ovarian cancer patients, indicating their use as a diagnostic and prognostic
biomarker [42]. The cerebrospinal fluid of brain tumor patients also showed higher levels
of Interleukin 13 Receptor alpha 2 (IL13Rx2) when quantified using flow cytometry [43].
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Table 2. List of Extracellular Vesicle (EV)-associated proteins as tumor biomarkers.
Cancer Type Protein-Based Biomarker Isolated From Method of Isolation Biomarker Type Significance References
T ted calci onal Isotopic
Bladder Cancer umor-associated ca‘cium signa Urine dimethylation Diagnostic Patients > healthy controls [41]
transducer 2 (TACSTD2) .
labeling
Interleukin 13 receptor subunit Cerebrospinal fluid . . Diagnostic .
alpha 2 (IL13Ra2) Tissue culture Ultracentrifugation g Patients > healthy controls [43]
Brain Cancer . Ult trifugation
Epidermal growth factor receptor racentrifugatio: . . .
. .1 D t
variant 1l (EGFRVII) and Plasms Microfluldies-based  ~p enostic Prediction of tesmentresporse 14451
TGE-p1 Approach & p
Fibronectin and Developmental Immunoaffinity . . Patients > healthy controls or patients
. D
Breast Cancer endothelial locus-1 (Del-1) Plasma capture using ELISA lagnostic with post-surgery resection (46471
Galectin-3-binding protein
(LG3BP)
Cholangiocarcinoma and Serum Ultracentrifugation Diagnostic Patients > controls [34]
Polymeric Immunoglobulin
receptor (PIGR)
(Céi])%lc; n-1 Plasma Ultracentrifugation Diagnostic Patients > healthy controls [28]
I ffini . .
CD147 (Basigin) Serum mmunoatiinity Diagnostic Patients > healthy controls [35]
Colorectal Cancer capture
Patients > healthy controls CRC
. . . Diagnostic patients with lower exosomal CPNE3
1 f . g
Copine 3 (CPNE3) Plasma Ultracentrifugation Prognostic levels have better disease-free [36]

survival and overall survival
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Table 2. Cont.
Cancer Type Protein-Based Biomarker Isolated From Method of Isolation Biomarker Type Significance References
If;g?)e_rmh alpha-2 Urine Ultracentrifugation -  Diagnostic Patients > healthy controls [31]
Lung Cancer .
Immunoaffinity Di . )
CD91 (LRP1) Plasma capture - iagnostic Patients > healthy controls [32,33]
Tyrosinase-related protein-2
(TYRP2),
Very late antigen 4 (VLA-4), . . ) . .
Heat shock protein 70 (HSP70), Plasma Ultracentrifugation Prognostic Patients > healthy controls [48]
HSP90, and
Proto-oncogene c-Met (MET)
5100 calcium-binding protein B
Melanoma (5100B) Ultracentrifugation Diacnostic
and Serum Polymer-based P & . Patients > healthy controls [49]
1 - e s - rognostic
Melanoma inhibitory activity Precipitation
(MIA)
CD63 Immunoaffinity
and Plasma capture using ELISA -  Diagnostic Patients > healthy controls [50]
Caveolin (Exotest)
Epithelial cell adhesion molecule
Ovarian Cancer (EpCAM) Asates Ultracentrifugation -  Diagnostic Patients > healthy controls [42]
and Tissue culture
CD24
Glypican-1 . . .
(GPC1) Serum Flow Cryometry - Diagnostic Patients > healthy controls [27]
Pancreatic Cancer Ephrin type-A receptor 2 (EphA2)  Plasma Immunoaffinity - Diagnostic Patients .>.hea1thy control and [29]
capture Ppancreatitis
Migration inhibitory factor (MIF)  Plasma Ultracentrifugation -  Prognostic Patients > healthy controls [30]
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Table 2. Cont.
Cancer Type Protein-Based Biomarker Isolated From Method of Isolation Biomarker Type Significance References
.. Serum . . Diagnostic Patients > healthy controls
Ult trifugat .

Survivin (IAP4) Plasma racentrifugation Prognostic Relapsed patients > controls 371
Prostate-specific antigen (PSA) Ultracentrifugation . . ‘
and Serum Immunoaffinit Diacnostic Patients with prostate cancer > benign [38,39]

Prostate Cancer Gamma-Glutamyltransferase 1 Tissue culture y & prostatic hyperplasia o

capture

(GGT1)
Inteerin subunit aloha 2 Ultracentrifugation
negrin subunit alpha Plasma Polymer-based Diagnostic Patients > healthy controls [40]
(ITGA2) Precipitation
Carbonic anhydrase IX (CAIX),
Matrix metalloproteinase 9
(MMP-9),
Dickkopf related protein 4
(DKK4), o o

Renal cell carcinoma Ceruloplasmin (CP), Urine Ultracentrifugation Diagnostic Patients > healthy controls [51]
Podocalyxin (PODXL),
and

Extracellular matrix
metalloproteinase inducer
(EMMPRIN)
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Human blood plasma samples from melanoma patients had elevated levels of tyrosinase-
related protein-2 (TYRP2), very late antigen 4 (VLA-4), heat shock protein 70 (HSP70), an
HSP90 isoform, and MET oncoprotein in the exosomes detected using a combination of elec-
tron microscopy and Western blotting. Moreover, it was reported that co-expression of MET
and TYRP2 in exosomes could be used as a prognostic marker, and high levels of MET and
TYRP2 were observed during melanoma progression [48]. Similarly, S100 calcium-binding
protein B (5100B) and Melanoma Inhibitory Activity (MIA) protein levels were highly
elevated in serum exosomes of advanced-stage melanoma patients compared to healthy
and disease-free controls when detected by ELISA using specific antibodies [49]. CD63 and
caveolin were also identified to be enriched in exosomes from the plasma of melanoma
patients, using a combination of ELISA, Western blotting, and flowcytometry [50].

Mass spectrometry and Western blotting were used to identify the exosomal proteins
in urine samples of renal cell carcinoma patients, and these could be distinguished from
healthy controls due to their differential expression. These include Carbonic Anhydrase
IX (CAIX), Matrix metalloproteinase 9 (MMP-9), Dickkopf-related protein 4 (DKK4), Ceru-
loplasmin (CP) and Podocalyxin (PODXL) which were relatively abundant in urinary
exosomes of RCC patients and Extracellular Matrix Metalloproteinase Inducer (EMMPRIN)
which was significantly reduced in RCC patients [51]. EGFRVIII, genomic variant III of
epidermal growth factor receptor (EGFR), was also identified as an effective diagnostic
and prognostic biomarker for glioblastoma. This protein was highly upregulated in sEVs
isolated from sera and plasma samples of glioblastoma patients using Western blotting
and nuclear magnetic resonance systems [44,45]. Fibronectin was reported to be elevated
in EVs isolated from the blood plasma of advanced-stage breast cancer patients. In con-
trast, developmental endothelial locus-1 protein (Del-1) was abundant in EVs isolated
from plasma samples of early-stage breast cancer patients compared to healthy controls
or post-surgery patients [46,47]. Though protein-based biomarkers have been extensively
popular among EV biomarkers, their development faces challenges when working with
complex samples like plasma or serum, where a high abundance of non-vesicular proteins
makes the isolation of low abundance protein complex and the presence of heterogenous
posttranslational modification, which adds to the complexity of the sample.

3.2. miRNAs

The method of RNA isolation may affect the sEVs yield, purity, and stability, especially
RNA content. So, it is essential to select the method of RNA isolation according to the study
design and availability of body fluids. For example, a pure column method produces a
high RNA yield compared to the phenol extraction method [52]. Another research group
reported that EVs-associated RNA yield is high when isolated by membrane affinity column
versus conventional ultracentrifugation method [53].

miRNAs are the class of small non-coding RNAs that play a pivotal role in gene
expression at the post-transcriptional level. miRNAs contribute to various biological
processes, including normal and pathophysiological conditions [54]. A list of identified
EV-associated miRs is summarized in Table 3. A research team reported using miR-21 as
a biomarker for glioblastoma. miR-21 levels were significantly elevated in EVs isolated
from the cerebrospinal fluid of glioblastoma patients compared to non-oncological patients.
Moreover, miR-21 levels were found to be reduced post-surgical resection [55]. Another
study reported using miR-320 and miR-574-3p, along with a small nuclear RNA, RNU6-1, as
a diagnostic marker as they were elevated in the serum of glioblastoma patients compared
to healthy controls [56]. Early-stage colorectal cancer patients displayed higher levels of
miR-125a-3p in their exosomes isolated from plasma than healthy controls [57]. Similarly,
miR-19a and miR-92a were upregulated in exosomes isolated from plasma samples of
colorectal cancer patients as compared to healthy controls [58]. Some other miRNAs
identified to be explicitly upregulated in the exosomes isolated from colorectal cancer
patients include let-7a, miR-1224-5p, miR-1229, miR-1246, miR-150, miR-21, miR-223, and
miR-23a [59].
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Selected miR-1246, miR-4644, miR-3976, and miR-4306 were reported to be highly
elevated in exosomes isolated from the serum of pancreatic cancer patients in comparison
with healthy controls when quantified using quantitative Real-Time PCR (qPCR) [60].
Another study identified miR-17-5p and miR-21 as highly specific and sensitive biomarkers
as their levels were significantly elevated in serum exosomes of pancreatic cancer patients
compared to healthy individuals or chronic pancreatitis and benign pancreatic tumor
patients. Moreover, the predictive value of using miR-17-5p as a biomarker was reported as
its levels increased with the advanced stage of pancreatic cancer, which could help monitor
disease progression and metastasis [61]. A surface plasmon resonance-based assay and
qPCR were used to detect the abundance of miR-10b in plasma exosomes of pancreatic
cancer patients. Interestingly, this study reports higher miR-10b levels in plasma exosomes
in chronic pancreatitis patients than normal controls, whereas the highest miR-10b levels
were seen in pancreatic cancer patients. Thus, miR-10b could prove to be a valuable
biomarker for early diagnosis of PDAC [62]. Another report identified miR-10b, miR-21,
miR-30c, miR-181a, and miR-let7a to be upregulated in exosomes from plasma samples
of PDAC patients that can be useful in differentiating them from chronic pancreatitis
patients and normal individuals [63]. A recent report discussed the significant role of
EV-associated miRs in pancreatic cancer pathogenesis and their utility as future biomarkers
and therapeutic agents [64].

Table 3. List of Extracellular Vesicle (EV)-associated miRNAs as tumor biomarkers.

Cancer Type miRNA Isolated From Biomarker Type Significance References
miR-1246 . . .
miR-21 Plasma - Diagnostic Patients > healthy controls [65,66]
miR-21 Patients > healthy controls
miR-105 Plasma - Prognostic Metastatic > non-metastatic [67]

Breast Cancer patients
m}R—27a Predicts pathological
miR-155 .

. Plasma - Prognostic complete response after [68]
miR-376a di t th
miR-376c neoadjuvant therapy
miR-125a-3p Plasma - Diagnostic Patients > healthy controls [57]
miR-19a
miR-92a
let-7a

Colorectal miR-1224-5p ) )

Cancer miR-1229 Plasma - D1agnost}c Patients > healthy controls [58,59]
miR-1246 Serum - Prognostic Predicts tumor recurrence g
miR-150
miR-21
miR-223
miR-23a
miR-21 Cerebrospinal fluid -  Diagnostic Patients > healthy controls [55]

Glioblastoma : . .
miR-320 Serum - Diagnostic Patients > healthy controls [56]

miR-574-3p
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Table 3. Cont.
Cancer Type miRNA Isolated From Biomarker Type Significance References
miR-1247-3p Serum Prognostic Predicts lung metastasis [69]
Hepatocellular miR-18a
. HCC patients > chronic
Carcinoma iR- p
ﬂig_;g Serum Diagnostic hepatitis B and liver cirrhosis ~ [70]
miR-224 patients
let-7b-5p
let-7e-5p . . Distinguish early-stage
miR-21-5p Plasma Diagnostic patients from healthy controls (711
miR-24-3p
miR-151a-5p
Lung Cancer miR-30a-3p
miR-200b-5p . . .
miR-629 Plasma Diagnostic Patients > healthy controls [72]
miR-100
miR-154-3p
miR-21 Peritoneal fluid Prognostic Patients > healthy controls [73]
Ovarian
Cancer miR-30q-5p Urine Diagnostic Patients > healthy controls [74]
miR-1246
miR-4644 Diagnostic i
miR-3976 Serum & Patients > healthy controls [60]
miR-4306
miR-17-5 Patients > healthy controls or
miR-21 P Serum Prognostic chronic pancreatitis and [61]
Pancreatic benign pancreatic tumors
Cancer Pancreatic cancer patients >
miR-10b Plasma Diagnostic chronic pancreatitis > healthy  [62]
controls
miR-10b
miR-21 . e .
miR-30c Plasma Diagnostic Chronic pancreatitis patients > [63]
. healthy controls
miR-181a
miR-let7a
miR-375 Diagnostic Patients > healthy controls
miR-141 Plasma Prognostic Disease staging (751
miR-1290 . Associated with poor overall
Prostate miR-375 Plasma Prognostic survival [76]
Cancer -
m}R—6068 . . Patients > healthy controls
miR-1915-3p Diagnostic - . .
. Plasma . Stratify patients according to  [77]
miR-6716-5p Prognostic Gleason score and race
miR-3692-3p

miR-375 and miR-141 were highly upregulated in EVs isolated from the plasma of
patients who have metastatic prostate cancer, thus suggesting their use as a biomarker to
identify metastasis [75]. Similarly, miR-1247-3p levels were elevated in serum exosomes
from hepatocellular carcinoma (HCC) patients suffering from lung metastasis, which could
be useful in developing preventative and therapeutic treatment [69]. Huang et al. reported
the use of miR-1290 and miR-375 in plasma exosomes as prognostic markers for castration-
resistant prostate cancer (CRPC) since elevated levels of these miRNAs correlated with
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approximately 80% death rate and low levels of the miRNAs were associated with 10%
death rate [76]. Another report identified upregulation of miR-18a, miR-221, miR-222,
and miR-224 in serum exosomes of HCC patients compared to chronic hepatitis B and
liver cirrhosis patients [70]. Our recent study showed that exosomal miRNAs isolated
from the blood of prostate cancer patients can differentiate patients according to their
Gleason score and race and predict their recurrence-free survival [77]. Jin et al. reported
the use of let-7b-5p, let-7e-5p, miR-21-5p, and miR-24-3p, isolated from plasma exosomes,
as primary diagnostic markers to distinguish between early-stage NSCLC patients and
healthy individuals [71]. Another study identified miR-151a-5p, miR-30a-3p, miR-200b-5p,
miR-629, miR-100, and miR-154-3p in the plasma exosomes as potential biomarkers for the
diagnosis of lung adenocarcinoma [72].

A study reported high levels of miR-1246 and miR-21 in plasma exosomes of breast
cancer patients as compared to healthy individuals, which could serve as effective indica-
tors of early-stage breast cancer [65,66]. In addition, increased levels of miR-21 and miR-105
in the plasma exosomes of metastatic breast cancer patients as opposed to those from
healthy individuals or breast cancer patients with non-metastatic disease, thus posing as
candidates for an effective prognostic biomarker [67]. In another study, plasma exosomes
exhibited high levels of miR-27a, miR-155, miR-376a, and miR-376c in breast cancer pa-
tients. Interestingly, the expression of these miRNAs was downregulated post-neoadjuvant
therapy before surgery, similar to the levels in healthy controls [68].

Ovarian carcinoma patients showed high levels of miR-21 in exosomes isolated from
their peritoneal fluid samples. These results were also confirmed in ovarian carcinoma
and normal ovary specimens, where in situ hybridization showed high amounts of miR-21
expression in the former specimens [73]. Additionally, miR-30g-5p was highly concentrated
in the exosomes isolated from urine samples of ovarian cancer patients over healthy control,
where it was approximately 3-fold times lower [74].

3.3. mRNAs

The first study that reported the use of mRNA as biomarkers was by Skog et al., where
Glioblastoma patients displayed elevated EGFRvIII mRNA, a mutant version of EGFR, in
the microvesicles of their sera samples in approximately 28% of the patients. Importantly,
EGFRvIII mRNA was not detectable in serum samples of healthy individuals, along with
serum samples of patients who had undergone surgical removal of the tumor [78]. In a
study by Yokoi et al., MMP1 (Matrix Metallopeptidase 1) mRNA was highly enriched in
exosomes derived from ascites of ovarian cancer patients suffering from a high phenotype.
This exosomal MMP1 mRNA was implicated in inducing apoptosis in mesothelial cells
and peritoneal dissemination [79]. A similar report identifies high androgen-receptor splice
variant 7 (AR-V7) mRNA and low mRNA transcripts of its total length variant in urine
exosomes of advanced-stage prostate cancer [80].

Human telomerase reverse transcriptase (hnTERT) mRNA was detected in serum
exosomes of approximately 67% of cancer patients, whereas none was detected in the
healthy controls. Moreover, high hTERT mRNA in the exosomes was associated with
disease progression, which highlights its possible role as a pan-cancer biomarker [81], as
shown in Table 4.
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Table 4. Extracellular Vesicles (EV) are associated with RNA and DNA as tumor biomarkers.
Cancer Type Biomarker(s) RNA/DNA Isolated From Remarks Reference

EGFRVIII Detected in 28% of the patients

Glioblastoma Serum Not detectable in patients who had undergone [78]
(mutant EGFR) .

surgical removal of the tumor

Ovarian Cancer Matrix Metallopeptidase 1 Ascites Patients suffe?mg from aggressive phenotype with [79]
(MMP1) RNA poor prognosis

Pan-cancer Biomarker Human telomerase reverse Serum 67% of cancer patients compared to healthy controls [81]
transcriptase (hTERT) High levels are associated with disease progression
Androgen-receptor splice variant . Higher AR-V7 and lower AR-FL expressions in

Prostate Cancer 7 (AR-V7) Urine CRPC patients [80]

Colorectal Cancer Transforming Growth Factor Beta Cell lines Frameshift mutations of TGFBR2 were detected in 182]
Receptor Type 2 (TGFBR2) CRC-derived exosomes
KRAS and p53 genes Cell lines Determine genomic DNA mutations in pancreatic [83]

Serum cancer
. Mutation frequency > 1% is associated with
Pancreatic Cancer KRAS gene Plasma decreased survival probability of disease-free [84]
DNA patients post-treatment
NOTCH1 and BRCA? genes Perlpheral blood and pleural ~ Gene mute?non was identified in exosomes from [85]
effusion cancer patient
EVs showed the presence of genomic DNA
Prostate Cancer MLH]1, PTEN, and TP53 genes Plasma fragments in different sub-types of EVs, including  [86]

microvesicles and apoptotic bodies
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3.4. DNA

EVs have been shown to contain genomic DNA, mitochondrial DNA, single-stranded
DNA, and transposable elements, which has sparked considerable interest in using DNA
in circulating EVs as liquid biopsies [87]. As presented in Table 4, Thakur et al. reported the
importance of exosomal DNA as a circulating biomarker for cancer diagnosis. They showed
most DNA associated with the exosomes to be predominantly double-stranded, and this
exosomal DNA was representative of the entire genome and reflected the mutations in
parent tumor cells [88]. A study by Kahler et al. reported that exosomes in pancreatic cancer
cell lines and patients’ serum contain genomic DNA fragments spanning all chromosomes,
and this exosomal DNA contains mutations in KRAS and p53 genes [83]. A similar report
utilized the detection of KRAS gene mutations in plasma exosomal DNA to distinguish
PDAC patients from healthy controls. In addition, a KRAS mutation frequency of greater
than 1% was associated with decreased survival probability of disease-free patients post-
treatment, and KRAS mutation detection could predict PDAC with high sensitivity and
specificity [84].

A study reported high numbers of EVs in the plasma of prostate cancer patients in
comparison with healthy individuals, and these EVs showed the presence of genomic DNA
fragments in different sub-types of EVs, including macrovesicles, apoptotic bodies, and
exosomes [86]. Another group reported the use of exosome-based liquid biopsy where the
exosome DNA isolated from peripheral blood and pleural effusion samples of pancreatic
cancer patients strongly represented tumor DNA, and mutations in the NOTCH1 and
BRCA2 DNA sequence were also identified [85]. Exosomal DNA from colorectal cancer cell
lines displayed frameshift mutations in the microsatellite region of a tumor suppressor gene,
the Transforming Growth Factor Beta Receptor Type 2 (TGFBR2) gene, which is similar to
microsatellites of the cellular phenotype [82]. The analysis of genomic alterations in EV
DNA during tumor progression is an attractive strategy that highlights the clinical value
of EV DNA as potential biomarkers for cancer diagnosis and monitoring. EVs are highly
enriched with tumor DNA compared to cell-free DNA, as the DNA enclosed in the EV
membranes is relatively stable due to protection from DNases in the plasma. Moreover, the
short half-life of EV DNA enables accurate representation of the dynamic tumor signature,
which makes it a useful tool for long-term monitoring of tumor progression and its response
to chemotherapy.

3.5. Lipids

Lipids play critical roles in normal and cancer cells, and lipid metabolism is often
aberrated in the latter, which contributes towards cancer progression and metastasis. Lipids
are essential constituents of EV cargo and perform various functions, including maintenance
of EV structures, EV biogenesis, membrane trafficking, and signaling. Though using lipids
from exosomes as a biomarker is an attractive possibility, the molecular composition of
exosome lipids under normal and pathobiological conditions remains highly unknown.
A previous study identified 10 diagnostic biomarkers for prostate cancer patients using
quantitative and qualitative profiling of urinary phospholipids [89]. Of particular interest
is another report by Llorente et al., which uses quantitative lipidomics to identify potential
diagnostic markers associated with prostate cancer using exosomes isolated from a highly
metastatic prostate cancer cell line, PC-3. The lipid composition varied between parent cells
and exosomes, where some glycosphingolipids like HexCer and LacCer were detected at
elevated exosome levels [90]. The first report that used the lipidomics approach in patient
samples was a preliminary study by Boccio et al., where exosomes isolated from urine
samples of renal cell carcinoma patients were markedly different in their lipid composition
compared to exosomes from healthy controls [91]. A similar study described the use
of lipids in urinary exosomes as a potential biomarker, where they observed significant
differences in the levels of nine lipid species between normal and prostate cancer patients.
Moreover, a combination of three lipid species was able to diagnose the disease with a high
sensitivity and specificity [92]. A recent study employed a size-based lipidomic approach
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to observe differences between the urinary exosomes of prostate cancer patients and those
of healthy individuals. In this study, exosomes were first fractionated based on their size,
after which they were examined by mass spectrometry, where most lipids were elevated
twofold compared with healthy controls [93].

4. Machine Learning and Liquid Biopsy

Artificial intelligence (Al) has emerged as a favorable option for early detection of
different malignancies. Machine learning (ML) is a subcategory of Al that uses algorithms
to analyze collected data, learn from it, and develop models that assist in prediction and
making decisions. The rapidly growing field of MI has shown potential improvement in
diagnosing various diseases, including cancer. Shin et al. used Al to early detect six solid
cancer types by analyzing surface-enhanced Raman spectroscopy profiles of exosomes [94].
In another study, an ML-based computational method was used to differentiate different
cancer types using a panel of exosome-associated proteins [95]. In this study, highly
abundant Ezrin (EZR), Talin-1 (TLN1), Adenylyl cyclase-associated protein 1 (CAP1), and
Moesin (MSN) have been used as exosomal tumor biomarkers. Moreover, a deep learning
model was used to improve the diagnostic accuracy of lung cancer using digital cytological
images of respiratory specimens collected from over 200 multi-centers [96]. A multichannel
nanofluidic system was developed to analyze RNA isolated from exosomes derived from
pancreatic cancer samples, and an ML algorithm was used to generate predictive panels
that were able to identify tumors from healthy controls [97].

DNA point accumulation for imaging in nanoscale topography (DNA-PAINT) and an
ML algorithm have been utilized to automatically analyze data collected from four exoso-
mal surface markers at the single-exosome level [98]. This model was able to detect breast
and pancreatic cancers from unknown blood samples. ML technique was used to identify
specific exosomal RNA signatures for the prediction of hepatocellular carcinoma [99]. A
research team developed a novel ML model called ExoGRU to predict small RNA secretion
probabilities from primary RNA sequences [100]. The model revealed cis and trans factors
associated with small RNA secretion, including RNA-binding proteins. Kim et al. used
nanoplasmonic spectra and a deep learning algorithm to identify mutated proteins in
circulating exosomal cargo. The model used was able to locate different mutant forms of
epidermal growth factor receptor (EGFR) in blood collected from lung cancer patients [101].
Standardized ML is a useful tool for cancer detection. ML models should consider the
confounding factors in cancer samples and data collected from different centers to improve
cancer prediction.

5. Limitations and Challenges for EVs as Therapeutics in the Medical Field

Despite recent advancements in sEVs research, several barriers need to be addressed
to utilize these vesicles in the era of personalized medicine. These barriers include, but are
not limited to, technical issues, clinical obstacles, shared data, and the nature of conducted
research [102-108]. Technical issues comprise the nature and volume of the collected fluids,
stability of sEVs contents after collection, timing of sample collection, lack of standardized
sEVs isolation and validation methods, variations in detection methods, turnaround time,
and limited number of samples. Regarding clinical obstacles, there are inter- and intrain-
dividual variations, patient comorbidities, genetic backgrounds, received medications,
stage of the disease, the detection limit of the tumor, integrating biomarker data with other
clinical outcomes, misleading diagnosis, and cost-effectiveness of these biomarkers. Shared
data are critical to ensure the reproducibility and transparency of these data to test and
validate sEV biomarkers. Given the new advancement in OMICs technology and machine
learning approach, access to large datasets is essential. For research components, small-
scale studies, funding availability, limited collaborations, availability of tissue specimens
alongside clinical data, shared equipment, and models used for investigations limit the
current efforts to develop new tumor biomarkers from sEVs. Therefore, further studies are
needed to address these barriers for future sEV-based biomarkers.
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6. Conclusions and Future Prospective

An ideal biomarker should be noninvasive, cost-effective, reproducible, and enable
early disease diagnosis. Using EV proteins, miRNA, mRNA, DNA, and lipids found in body
fluids could serve as liquid biopsies, ensuring a less invasive approach for cancer diagnosis,
real-time monitoring of disease progression, and response to chemotherapeutic agents. sEV-
derived tumor biomarkers are undergoing clinical trials and have not yet received approval
from the Food and Drug Administration (FDA). However, they promise to develop novel
tumor biomarkers for unmet clinical needs. To determine the most effective detection
method for exosome proteins, mRNA, miRNA, DNA, and lipids, various studies have
been conducted focusing on different aspects of sEV analysis. For example, detecting sEV-
associated miRNAs has been a prominent area of research. Several studies have highlighted
the advantages of utilizing sEVs for miRNA detection. In addition to the traditional
methods for miRNA detection, innovative techniques have been developed to enhance the
detection sensitivity and efficiency of sEV-associated miRNAs [109]. These methods offer
advantages such as cost-effectiveness, non-invasiveness, and high sensitivity, making them
promising tools for biomarker development. The developed methods continuously evolve
to establish more efficient and reliable techniques for EV cargo detection.

Before using EV-based biomarkers, it is important to address some of the current
challenges of using sEVs in clinical applications. Nonetheless, the potential of EVs as liquid
biopsy is well-demonstrated. Further advances in the research of EV biology, characteri-
zation, and analysis could be instrumental in promoting their clinical application in the
diagnosis and prognosis of cancer. Additional studies and efforts are warranted to promote
the research of EVs as noninvasive biomarkers for different clinical applications.

Author Contributions: Study conception and design: P.D. and Z.Y.A.E,; Literature search: P.D., N.B.,
M.R. and M.M.M,; drafting of manuscript: P.D., N.B.,, M.R., M.M.M. and Z.Y.A E; Critical revision:
PD., N.B,, M.R,, M.M.M. and Z.Y.A.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was partially supported by the VCOM/Delta Collaboration Research Program,
funding #23-0047-P0001 to Z.Y.A.E.

Acknowledgments: We thank Jennifer Arnold from VCOM'’s Grant Development Office for editing
and proofreading the manuscript.

Conflicts of Interest: The authors declare no competing interests.

References

1. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]
[PubMed]

2. Armstrong, D.; Wildman, D.E. Extracellular Vesicles and the Promise of Continuous Liquid Biopsies. J. Pathol. Transl. Med. 2018,
52,1-8. [CrossRef] [PubMed]

3.  Cocucci, E.; Racchetti, G.; Meldolesi, ]. Shedding microvesicles: Artefacts no more. Trends Cell Biol. 2009, 19, 43-51. [CrossRef]
[PubMed]

4. Yamamoto, T.; Kosaka, N.; Ochiya, T. Latest advances in extracellular vesicles: From bench to bedside. Sci. Technol. Adv. Mater.
2019, 20, 746-757. [CrossRef] [PubMed]

5. Karn, V; Ahmed, S,; Tsai, L.W.; Dubey, R.; Ojha, S.; Singh, H.N.; Kumar, M.; Gupta, PX,; Sadhu, S.; Jha, N.K; et al. Extracellular
Vesicle-Based Therapy for COVID-19: Promises, Challenges and Future Prospects. Biomedicines 2021, 9, 1373. [CrossRef] [PubMed]

6. Yu, J.; Sane, S.; Kim, J.E.; Yun, S.; Kim, H.J.; Jo, K.B.; Wright, ].P.; Khoshdoozmasouleh, N.; Lee, K.; Oh, H.T.; et al. Biogenesis
and delivery of extracellular vesicles: Harnessing the power of EVs for diagnostics and therapeutics. Front. Mol. Biosci. 2023, 10,
1330400. [CrossRef] [PubMed]

7. Meldolesi, J. Exosomes and Ectosomes in Intercellular Communication. Curr. Biol. 2018, 28, R435-R444. [CrossRef]

8. Meldolesi, J. Unconventional Protein Secretion Dependent on Two Extracellular Vesicles: Exosomes and Ectosomes. Front. Cell
Dev. Biol. 2022, 10, 877344. [CrossRef] [PubMed]

9. Jabalee, J.; Towle, R.; Garnis, C. The Role of Extracellular Vesicles in Cancer: Cargo, Function, and Therapeutic Implications. Cells
2018, 7, 93. [CrossRef]

10.  Xu, R.; Rai, A.; Chen, M.; Suwakulsiri, W.; Greening, D.W.; Simpson, R.J. Extracellular vesicles in cancer—Implications for future

improvements in cancer care. Nat. Rev. Clin. Oncol. 2018, 15, 617-638. [CrossRef] [PubMed]


https://doi.org/10.1083/jcb.201211138
https://www.ncbi.nlm.nih.gov/pubmed/23420871
https://doi.org/10.4132/jptm.2017.05.21
https://www.ncbi.nlm.nih.gov/pubmed/29370511
https://doi.org/10.1016/j.tcb.2008.11.003
https://www.ncbi.nlm.nih.gov/pubmed/19144520
https://doi.org/10.1080/14686996.2019.1629835
https://www.ncbi.nlm.nih.gov/pubmed/31447954
https://doi.org/10.3390/biomedicines9101373
https://www.ncbi.nlm.nih.gov/pubmed/34680490
https://doi.org/10.3389/fmolb.2023.1330400
https://www.ncbi.nlm.nih.gov/pubmed/38234582
https://doi.org/10.1016/j.cub.2018.01.059
https://doi.org/10.3389/fcell.2022.877344
https://www.ncbi.nlm.nih.gov/pubmed/35756998
https://doi.org/10.3390/cells7080093
https://doi.org/10.1038/s41571-018-0036-9
https://www.ncbi.nlm.nih.gov/pubmed/29795272

Cancers 2024, 16, 2462 18 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yadav, D.K,; Bai, X.; Yadav, RK,; Singh, A.; Li, G.; Ma, T.; Chen, W.; Liang, T. Liquid biopsy in pancreatic cancer: The beginning of
a new era. Oncotarget 2018, 9, 26900-26933. [CrossRef] [PubMed]

Neumann, M.H.D.; Bender, S.; Krahn, T.; Schlange, T. ctDNA and CTCs in Liquid Biopsy—Current Status and Where We Need to
Progress. Comput. Struct. Biotechnol. ]. 2018, 16, 190-195. [CrossRef] [PubMed]

De Rubis, G.; Rajeev Krishnan, S.; Bebawy, M. Liquid Biopsies in Cancer Diagnosis, Monitoring, and Prognosis. Trends Pharmacol.
Sci. 2019, 40, 172-186. [CrossRef] [PubMed]

Wang, W.; Luo, J.; Wang, S. Recent Progress in Isolation and Detection of Extracellular Vesicles for Cancer Diagnostics. Adv.
Healthc. Mater. 2018, 7, €1800484. [CrossRef] [PubMed]

Taylor, D.D.; Shah, S. Methods of isolating extracellular vesicles impact down-stream analyses of their cargoes. Methods 2015, 87,
3-10. [CrossRef] [PubMed]

Konoshenko, M.Y.; Lekchnov, E.A.; Vlassov, A.V.; Laktionov, P.P. Isolation of Extracellular Vesicles: General Methodologies and
Latest Trends. Biomed. Res. Int. 2018, 2018, 8545347. [CrossRef] [PubMed]

Cufaro, M.C.; Pieragostino, D.; Lanuti, P.; Rossi, C.; Cicalini, I.; Federici, L.; De Laurenzi, V.; Del Boccio, P. Extracellular Vesicles
and Their Potential Use in Monitoring Cancer Progression and Therapy: The Contribution of Proteomics. J. Oncol. 2019, 2019,
1639854. [CrossRef] [PubMed]

Dang, D.K.; Park, B.H. Circulating tumor DNA: Current challenges for clinical utility. J. Clin. Investig. 2022, 132, e154941.
[CrossRef] [PubMed]

Yu, D,; Li, Y.; Wang, M.; Gu, J.; Xu, W,; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer
2022, 21, 56. [CrossRef]

Yu, W.; Hurley, J.; Roberts, D.; Chakrabortty, S.K.; Enderle, D.; Noerholm, M.; Breakefield, X.O.; Skog, ].K. Exosome-based liquid
biopsies in cancer: Opportunities and challenges. Ann. Oncol. 2021, 32, 466—477. [CrossRef] [PubMed]

Marrugo-Ramirez, J.; Mir, M.; Samitier, J. Blood-Based Cancer Biomarkers in Liquid Biopsy: A Promising Non-Invasive Alternative
to Tissue Biopsy. Int. |. Mol. Sci. 2018, 19, 2877. [CrossRef] [PubMed]

Wang, K.; Wang, X.; Pan, Q.; Zhao, B. Liquid biopsy techniques and pancreatic cancer: Diagnosis, monitoring, and evaluation.
Mol. Cancer 2023, 22, 167. [CrossRef] [PubMed]

Wen, X.; Pu, H,; Liu, Q.; Guo, Z.; Luo, D. Circulating Tumor DNA-A Novel Biomarker of Tumor Progression and Its Favorable
Detection Techniques. Cancers 2022, 14, 6025. [CrossRef] [PubMed]

Bang, Y.H.; Shim, ].H.; Ryu, K.J.; Kim, Y.J.; Choi, M.E.; Yoon, S.E.; Cho, J.; Park, B.; Park, W.Y.; Kim, W.S.; et al. Clinical relevance
of serum-derived exosomal messenger RNA sequencing in patients with non-Hodgkin lymphoma. J. Cancer 2022, 13, 1388-1397.
[CrossRef] [PubMed]

Zhou, H.; Zhu, L,; Song, J.; Wang, G.; Li, P,; Li, W.; Luo, P; Sun, X.; Wu, J.; Liu, Y;; et al. Liquid biopsy at the frontier of detection,
prognosis and progression monitoring in colorectal cancer. Mol. Cancer 2022, 21, 86. [CrossRef] [PubMed]

Krug, AK.; Enderle, D.; Karlovich, C.; Priewasser, T.; Bentink, S.; Spiel, A.; Brinkmann, K.; Emenegger, J.; Grimm, D.G;
Castellanos-Rizaldos, E.; et al. Improved EGFR mutation detection using combined exosomal RNA and circulating tumor DNA
in NSCLC patient plasma. Ann. Oncol. 2018, 29, 700-706. [CrossRef] [PubMed]

Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F.; Gammon, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.; Weitz, J.; Rahbari, N.;
et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 2015, 523, 177-182. [CrossRef] [PubMed]
Li, J.; Chen, Y.; Guo, X.; Zhou, L,; Jia, Z.; Peng, Z.; Tang, Y.; Liu, W.; Zhu, B.; Wang, L.; et al. GPC1 exosome and its regulatory
miRNAs are specific markers for the detection and target therapy of colorectal cancer. . Cell Mol. Med. 2017, 21, 838-847.
[CrossRef] [PubMed]

Liang, K.; Liu, F; Fan, J.; Sun, D.; Liu, C.; Lyon, CJ.; Bernard, D.W.; Li, Y.; Yokoi, K.; Katz, M.H.; et al. Nanoplasmonic
Quantification of Tumor-derived Extracellular Vesicles in Plasma Microsamples for Diagnosis and Treatment Monitoring. Nat.
Biomed. Eng. 2017, 1, 21. [CrossRef] [PubMed]

Costa-Silva, B.; Aiello, N.M.; Ocean, A.].; Singh, S.; Zhang, H.; Thakur, B.K,; Becker, A.; Hoshino, A.; Mark, M.T.; Molina, H.;
et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 2015, 17, 816-826. [CrossRef]
[PubMed]

Li, Y,; Zhang, Y.; Qiu, F; Qiu, Z. Proteomic identification of exosomal LRG1: A potential urinary biomarker for detecting NSCLC.
Electrophoresis 2011, 32, 1976-1983. [CrossRef] [PubMed]

Ueda, K,; Ishikawa, N.; Tatsuguchi, A.; Saichi, N.; Fujii, R.; Nakagawa, H. Antibody-coupled monolithic silica microtips for
highthroughput molecular profiling of circulating exosomes. Sci. Rep. 2014, 4, 6232. [CrossRef] [PubMed]

Jakobsen, K.R.; Paulsen, B.S.; Baek, R.; Varming, K.; Sorensen, B.S.; Jorgensen, M.M. Exosomal proteins as potential diagnostic
markers in advanced non-small cell lung carcinoma. J. Extracell. Vesicles 2015, 4, 26659. [CrossRef] [PubMed]

Arbelaiz, A.; Azkargorta, M.; Krawczyk, M.; Santos-Laso, A.; Lapitz, A.; Perugorria, M.].; Erice, O.; Gonzalez, E.; Jimenez-
Aguero, R.; Lacasta, A.; et al. Serum extracellular vesicles contain protein biomarkers for primary sclerosing cholangitis and
cholangiocarcinoma. Hepatology 2017, 66, 1125-1143. [CrossRef] [PubMed]

Yoshioka, Y.; Kosaka, N.; Konishi, Y.; Ohta, H.; Okamoto, H.; Sonoda, H.; Nonaka, R.; Yamamoto, H.; Ishii, H.; Mori, M.; et al.
Ultra-sensitive liquid biopsy of circulating extracellular vesicles using ExoScreen. Nat. Commun. 2014, 5, 3591. [CrossRef]
[PubMed]


https://doi.org/10.18632/oncotarget.24809
https://www.ncbi.nlm.nih.gov/pubmed/29928492
https://doi.org/10.1016/j.csbj.2018.05.002
https://www.ncbi.nlm.nih.gov/pubmed/29977481
https://doi.org/10.1016/j.tips.2019.01.006
https://www.ncbi.nlm.nih.gov/pubmed/30736982
https://doi.org/10.1002/adhm.201800484
https://www.ncbi.nlm.nih.gov/pubmed/30009550
https://doi.org/10.1016/j.ymeth.2015.02.019
https://www.ncbi.nlm.nih.gov/pubmed/25766927
https://doi.org/10.1155/2018/8545347
https://www.ncbi.nlm.nih.gov/pubmed/29662902
https://doi.org/10.1155/2019/1639854
https://www.ncbi.nlm.nih.gov/pubmed/31281356
https://doi.org/10.1172/JCI154941
https://www.ncbi.nlm.nih.gov/pubmed/35703177
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1016/j.annonc.2021.01.074
https://www.ncbi.nlm.nih.gov/pubmed/33548389
https://doi.org/10.3390/ijms19102877
https://www.ncbi.nlm.nih.gov/pubmed/30248975
https://doi.org/10.1186/s12943-023-01870-3
https://www.ncbi.nlm.nih.gov/pubmed/37803304
https://doi.org/10.3390/cancers14246025
https://www.ncbi.nlm.nih.gov/pubmed/36551512
https://doi.org/10.7150/jca.69639
https://www.ncbi.nlm.nih.gov/pubmed/35371331
https://doi.org/10.1186/s12943-022-01556-2
https://www.ncbi.nlm.nih.gov/pubmed/35337361
https://doi.org/10.1093/annonc/mdx765
https://www.ncbi.nlm.nih.gov/pubmed/29216356
https://doi.org/10.1038/nature14581
https://www.ncbi.nlm.nih.gov/pubmed/26106858
https://doi.org/10.1111/jcmm.12941
https://www.ncbi.nlm.nih.gov/pubmed/28233416
https://doi.org/10.1038/s41551-016-0021
https://www.ncbi.nlm.nih.gov/pubmed/28791195
https://doi.org/10.1038/ncb3169
https://www.ncbi.nlm.nih.gov/pubmed/25985394
https://doi.org/10.1002/elps.201000598
https://www.ncbi.nlm.nih.gov/pubmed/21557262
https://doi.org/10.1038/srep06232
https://www.ncbi.nlm.nih.gov/pubmed/25167841
https://doi.org/10.3402/jev.v4.26659
https://www.ncbi.nlm.nih.gov/pubmed/25735706
https://doi.org/10.1002/hep.29291
https://www.ncbi.nlm.nih.gov/pubmed/28555885
https://doi.org/10.1038/ncomms4591
https://www.ncbi.nlm.nih.gov/pubmed/24710016

Cancers 2024, 16, 2462 19 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Sun, B; Li, Y.;; Zhou, Y;; Ng, TK,; Zhao, C.; Gan, Q.; Gu, X,; Xiang, J. Circulating exosomal CPNE3 as a diagnostic and prognostic
biomarker for colorectal cancer. J. Cell Physiol. 2019, 234, 1416-1425. [CrossRef] [PubMed]

Khan, S.; Jutzy, ].M.; Valenzuela, M.M.; Turay, D.; Aspe, J.R.; Ashok, A.; Mirshahidi, S.; Mercola, D.; Lilly, M.B.; Wall, N.R.
Plasma-derived exosomal survivin, a plausible biomarker for early detection of prostate cancer. PLoS ONE 2012, 7, e46737.
[CrossRef]

Kawakami, K.; Fujita, Y.; Matsuda, Y.; Arai, T.; Horie, K.; Kameyama, K ; Kato, T.; Masunaga, K.; Kasuya, Y.; Tanaka, M.; et al.
Gamma-glutamyltransferase activity in exosomes as a potential marker for prostate cancer. BMC Cancer 2017, 17, 316. [CrossRef]
[PubMed]

Logozzi, M.; Angelini, D.E; Iessi, E.; Mizzoni, D.; Di Raimo, R.; Federici, C.; Lugini, L.; Borsellino, G.; Gentilucci, A.; Pierella, F,;
et al. Increased PSA expression on prostate cancer exosomes in in vitro condition and in cancer patients. Cancer Lett. 2017, 403,
318-329. [CrossRef] [PubMed]

Gaballa, R.; Ali, H.E.A.; Mahmoud, M.O.; Rhim, ].S.; Ali, H.I; Salem, H.F,; Saleem, M.; Kandeil, M.A.; Ambs, S.; Abd Elmageed,
Z.Y. Exosomes-Mediated Transfer of Itga2 Promotes Migration and Invasion of Prostate Cancer Cells by Inducing Epithelial-
Mesenchymal Transition. Cancers 2020, 12, 2300. [CrossRef]

Chen, C.L; Lai, Y.F; Tang, P.; Chien, K.Y.; Yu, J.S.; Tsai, C.H.; Chen, HW.; Wu, C.C.; Chung, T.; Hsu, C.W.; et al. Comparative
and targeted proteomic analyses of urinary microparticles from bladder cancer and hernia patients. J. Proteome Res. 2012, 11,
5611-5629. [CrossRef] [PubMed]

Im, H.; Shao, H.; Park, Y.I; Peterson, V.M.; Castro, C.M.; Weissleder, R.; Lee, H. Label-free detection and molecular profiling of
exosomes with a nano-plasmonic sensor. Nat. Biotechnol. 2014, 32, 490-495. [CrossRef] [PubMed]

Madhankumar, A.B.; Mrowczynski, O.D.; Patel, S.R.; Weston, C.L.; Zacharia, B.E.; Glantz, M.].; Siedlecki, C.A.; Xu, L.C.; Connor,
J.R. Interleukin-13 conjugated quantum dots for identification of glioma initiating cells and their extracellular vesicles. Acta
Biomater. 2017, 58, 205-213. [CrossRef] [PubMed]

Graner, M.W.; Alzate, O.; Dechkovskaia, A.M.; Keene, ].D.; Sampson, ].H.; Mitchell, D.A.; Bigner, D.D. Proteomic and immunologic
analyses of brain tumor exosomes. FASEB J. 2009, 23, 1541-1557. [CrossRef] [PubMed]

Shao, H.; Chung, J.; Balaj, L.; Charest, A.; Bigner, D.D.; Carter, B.S.; Hochberg, F.H.; Breakefield, X.O.; Weissleder, R.; Lee, H.
Protein typing of circulating microvesicles allows real-time monitoring of glioblastoma therapy. Nat. Med. 2012, 18, 1835-1840.
[CrossRef] [PubMed]

Moon, P.G;; Lee, ]J.E.; Cho, Y.E,; Lee, SJ.; Chae, Y.S.; Jung, ] H.; Kim, L.S.; Park, H.Y.; Baek, M.C. Fibronectin on circulating
extracellular vesicles as a liquid biopsy to detect breast cancer. Oncotarget 2016, 7, 40189-40199. [CrossRef] [PubMed]

Moon, P.G;; Lee, ].E.; Cho, YE.; Lee, S.J.; Jung, ] H.; Chae, Y.S.; Bae, H.I; Kim, Y.B.; Kim, L.S.; Park, H.Y.; et al. Identification of
Developmental Endothelial Locus-1 on Circulating Extracellular Vesicles as a Novel Biomarker for Early Breast Cancer Detection.
Clin. Cancer Res. 2016, 22, 1757-1766. [CrossRef] [PubMed]

Peinado, H.; Aleckovic, M.; Lavotshkin, S.; Matei, I.; Costa-Silva, B.; Moreno-Bueno, G.; Hergueta-Redondo, M.; Williams, C.;
Garcia-Santos, G.; Ghajar, C.; et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype
through MET. Nat. Med. 2012, 18, 883-891. [CrossRef] [PubMed]

Alegre, E.; Zubiri, L.; Perez-Gracia, J.L.; Gonzalez-Cao, M.; Soria, L.; Martin-Algarra, S.; Gonzalez, A. Circulating melanoma
exosomes as diagnostic and prognosis biomarkers. Clin. Chim. Acta 2016, 454, 28-32. [CrossRef] [PubMed]

Logozzi, M.; De Milito, A.; Lugini, L.; Borghi, M.; Calabro, L.; Spada, M.; Perdicchio, M.; Marino, M.L.; Federici, C.; Iessi, E.; et al.
High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. PLoS ONE 2009, 4, €5219. [CrossRef]
[PubMed]

Raimondo, F.; Morosi, L.; Corbetta, S.; Chinello, C.; Brambilla, P.; Della Mina, P; Villa, A.; Albo, G.; Battaglia, C.; Bosari, S.; et al.
Differential protein profiling of renal cell carcinoma urinary exosomes. Mol. Biosyst. 2013, 9, 1220-1233. [CrossRef] [PubMed]
Eldh, M.; Lotvall, J.; Malmhall, C.; Ekstrom, K. Importance of RNA isolation methods for analysis of exosomal RNA: Evaluation
of different methods. Mol. Immunol. 2012, 50, 278-286. [CrossRef] [PubMed]

Gutierrez Garcia, G.; Galicia Garcia, G.; Zalapa Soto, J.; Izquierdo Medina, A.; Rotzinger-Rodriguez, M.; Casas Aguilar, G.A;
Lopez Pacheco, C.P; Aguayo, A.; Aguilar-Hernandez, M.M. Analysis of RNA yield in extracellular vesicles isolated by membrane
affinity column and differential ultracentrifugation. PLoS ONE 2020, 15, e0238545. [CrossRef] [PubMed]

Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef] [PubMed]
Akers, ].C.; Ramakrishnan, V.; Kim, R.; Skog, J.; Nakano, I.; Pingle, S.; Kalinina, J.; Hua, W.; Kesari, S.; Mao, Y.; et al. MiR-21 in the
extracellular vesicles (EVs) of cerebrospinal fluid (CSF): A platform for glioblastoma biomarker development. PLoS ONE 2013, 8,
e78115. [CrossRef] [PubMed]

Manterola, L.; Guruceaga, E.; Gallego Perez-Larraya, J.; Gonzalez-Huarriz, M.; Jauregui, P; Tejada, S.; Diez-Valle, R.; Segura, V.;
Sampron, N.; Barrena, C.; et al. A small noncoding RNA signature found in exosomes of GBM patient serum as a diagnostic tool.
Neuro Oncol. 2014, 16, 520-527. [CrossRef] [PubMed]

Wang, J.; Yan, F; Zhao, Q.; Zhan, F; Wang, R.; Wang, L.; Zhang, Y.; Huang, X. Circulating exosomal miR-125a-3p as a novel
biomarker for early-stage colon cancer. Sci. Rep. 2017, 7, 4150. [CrossRef] [PubMed]

Matsumura, T.; Sugimachi, K.; linuma, H.; Takahashi, Y.; Kurashige, J.; Sawada, G.; Ueda, M.; Uchi, R.; Ueo, H.; Takano, Y.; et al.
Exosomal microRNA in serum is a novel biomarker of recurrence in human colorectal cancer. Br. J. Cancer 2015, 113, 275-281.
[CrossRef] [PubMed]


https://doi.org/10.1002/jcp.26936
https://www.ncbi.nlm.nih.gov/pubmed/30078189
https://doi.org/10.1371/journal.pone.0046737
https://doi.org/10.1186/s12885-017-3301-x
https://www.ncbi.nlm.nih.gov/pubmed/28476099
https://doi.org/10.1016/j.canlet.2017.06.036
https://www.ncbi.nlm.nih.gov/pubmed/28694142
https://doi.org/10.3390/cancers12082300
https://doi.org/10.1021/pr3008732
https://www.ncbi.nlm.nih.gov/pubmed/23082778
https://doi.org/10.1038/nbt.2886
https://www.ncbi.nlm.nih.gov/pubmed/24752081
https://doi.org/10.1016/j.actbio.2017.06.002
https://www.ncbi.nlm.nih.gov/pubmed/28583903
https://doi.org/10.1096/fj.08-122184
https://www.ncbi.nlm.nih.gov/pubmed/19109410
https://doi.org/10.1038/nm.2994
https://www.ncbi.nlm.nih.gov/pubmed/23142818
https://doi.org/10.18632/oncotarget.9561
https://www.ncbi.nlm.nih.gov/pubmed/27250024
https://doi.org/10.1158/1078-0432.CCR-15-0654
https://www.ncbi.nlm.nih.gov/pubmed/26603257
https://doi.org/10.1038/nm.2753
https://www.ncbi.nlm.nih.gov/pubmed/22635005
https://doi.org/10.1016/j.cca.2015.12.031
https://www.ncbi.nlm.nih.gov/pubmed/26724367
https://doi.org/10.1371/journal.pone.0005219
https://www.ncbi.nlm.nih.gov/pubmed/19381331
https://doi.org/10.1039/c3mb25582d
https://www.ncbi.nlm.nih.gov/pubmed/23511837
https://doi.org/10.1016/j.molimm.2012.02.001
https://www.ncbi.nlm.nih.gov/pubmed/22424315
https://doi.org/10.1371/journal.pone.0238545
https://www.ncbi.nlm.nih.gov/pubmed/33156858
https://doi.org/10.1038/sigtrans.2015.4
https://www.ncbi.nlm.nih.gov/pubmed/29263891
https://doi.org/10.1371/journal.pone.0078115
https://www.ncbi.nlm.nih.gov/pubmed/24205116
https://doi.org/10.1093/neuonc/not218
https://www.ncbi.nlm.nih.gov/pubmed/24435880
https://doi.org/10.1038/s41598-017-04386-1
https://www.ncbi.nlm.nih.gov/pubmed/28646161
https://doi.org/10.1038/bjc.2015.201
https://www.ncbi.nlm.nih.gov/pubmed/26057451

Cancers 2024, 16, 2462 20 of 22

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Ogata-Kawata, H.; Izumiya, M.; Kurioka, D.; Honma, Y.; Yamada, Y.; Furuta, K.; Gunji, T.; Ohta, H.; Okamoto, H.; Sonoda, H,;
et al. Circulating exosomal microRNAs as biomarkers of colon cancer. PLoS ONE 2014, 9, €92921. [CrossRef] [PubMed]
Madhavan, B.; Yue, S.; Galli, U.; Rana, S.; Gross, W.; Muller, M.; Giese, N.A.; Kalthoff, H.; Becker, T.; Buchler, M.W.; et al.
Combined evaluation of a panel of protein and miRNA serum-exosome biomarkers for pancreatic cancer diagnosis increases
sensitivity and specificity. Int. |. Cancer 2015, 136, 2616-2627. [CrossRef] [PubMed]

Que, R;; Ding, G.; Chen, J.; Cao, L. Analysis of serum exosomal microRNAs and clinicopathologic features of patients with
pancreatic adenocarcinoma. World J. Surg. Oncol. 2013, 11, 219. [CrossRef] [PubMed]

Joshi, G.K.; Deitz-McElyea, S.; Liyanage, T.; Lawrence, K.; Mali, S.; Sardar, R.; Korc, M. Label-Free Nanoplasmonic-Based Short
Noncoding RNA Sensing at Attomolar Concentrations Allows for Quantitative and Highly Specific Assay of MicroRNA-10b in
Biological Fluids and Circulating Exosomes. ACS Nano 2015, 9, 11075-11089. [CrossRef] [PubMed]

Lai, X.; Wang, M.; McElyea, S.D.; Sherman, S.; House, M.; Korc, M. A microRNA signature in circulating exosomes is superior to
exosomal glypican-1 levels for diagnosing pancreatic cancer. Cancer Lett. 2017, 393, 86-93. [CrossRef] [PubMed]

Tiwari, PK.; Shanmugam, P.; Karn, V.; Gupta, S.; Mishra, R.; Rustagi, S.; Chouhan, M.; Verma, D.; Jha, N.K.; Kumar, S. Extracellular
Vesicular miRNA in Pancreatic Cancer: From Lab to Therapy. Cancers 2024, 16, 2179. [CrossRef] [PubMed]

Hannafon, B.N,; Trigoso, Y.D.; Calloway, C.L.; Zhao, Y.D.; Lum, D.H.; Welm, A.L.; Zhao, Z]; Blick, K.E.; Dooley, W.C.; Ding, W.Q.
Plasma exosome microRNAs are indicative of breast cancer. Breast Cancer Res. 2016, 18, 90. [CrossRef] [PubMed]

Zhai, L.Y.; Li, M.X,; Pan, W.L,; Chen, Y; Li, M.M,; Pang, ] X.; Zheng, L.; Chen, ].X.; Duan, W.J. In Situ Detection of Plasma Exosomal
MicroRNA-1246 for Breast Cancer Diagnostics by a Au Nanoflare Probe. ACS Appl. Mater. Interfaces 2018, 10, 39478-39486.
[CrossRef] [PubMed]

Rodriguez-Martinez, A.; de Miguel-Perez, D.; Ortega, F.G.; Garcia-Puche, J.L.; Robles-Fernandez, I.; Exposito, J.; Martorell-
Marugan, J.; Carmona-Saez, P.; Garrido-Navas, M.D.C.; Rolfo, C.; et al. Exosomal miRNA profile as complementary tool in the
diagnostic and prediction of treatment response in localized breast cancer under neoadjuvant chemotherapy. Breast Cancer Res.
2019, 21, 21. [CrossRef] [PubMed]

Stevic, I.; Muller, V.; Weber, K.; Fasching, P.A.; Karn, T.; Marme, F.; Schem, C.; Stickeler, E.; Denkert, C.; van Mackelenbergh,
M.; et al. Specific microRNA signatures in exosomes of triple-negative and HER2-positive breast cancer patients undergoing
neoadjuvant therapy within the GeparSixto trial. BMC Med. 2018, 16, 179. [CrossRef] [PubMed]

Fang, T.; Lv, H.; Lv, G,; Li, T.; Wang, C.; Han, Q.; Yu, L.; Su, B.; Guo, L.; Huang, S.; et al. Tumor-derived exosomal miR-1247-3p
induces cancer-associated fibroblast activation to foster lung metastasis of liver cancer. Nat. Commun. 2018, 9, 191. [CrossRef]
[PubMed]

Sohn, W.; Kim, J.; Kang, S.H.; Yang, S.R.; Cho, ].Y.; Cho, H.C.; Shim, S.G.; Paik, Y.H. Serum exosomal microRNAs as novel
biomarkers for hepatocellular carcinoma. Exp. Mol. Med. 2015, 47, e184. [CrossRef] [PubMed]

Jin, X.; Chen, Y.; Chen, H; Fei, S.; Chen, D.; Cai, X,; Liu, L.; Lin, B.; Su, H.; Zhao, L.; et al. Evaluation of Tumor-Derived Exosomal
miRNA as Potential Diagnostic Biomarkers for Early-Stage Non-Small Cell Lung Cancer Using Next-Generation Sequencing.
Clin. Cancer Res. 2017, 23, 5311-5319. [CrossRef] [PubMed]

Cazzoli, R.; Buttitta, F.; Di Nicola, M.; Malatesta, S.; Marchetti, A.; Rom, W.N.; Pass, H.I. microRNAs derived from circulating
exosomes as noninvasive biomarkers for screening and diagnosing lung cancer. J. Thorac. Oncol. 2013, 8, 1156-1162. [CrossRef]
[PubMed]

Cappellesso, R.; Tinazzi, A.; Giurici, T.; Simonato, F.; Guzzardo, V.; Ventura, L.; Crescenzi, M.; Chiarelli, S.; Fassina, A. Programmed
cell death 4 and microRNA 21 inverse expression is maintained in cells and exosomes from ovarian serous carcinoma effusions.
Cancer Cytopathol. 2014, 122, 685-693. [CrossRef] [PubMed]

Zhou, J.; Gong, G.; Tan, H.; Dai, E; Zhu, X.; Chen, Y.; Wang, J.; Liu, Y.; Chen, P; Wu, X,; et al. Urinary microRNA-30a-5p is a
potential biomarker for ovarian serous adenocarcinoma. Oncol. Rep. 2015, 33, 2915-2923. [CrossRef] [PubMed]

Bryant, R.J.; Pawlowski, T.; Catto, ].W.; Marsden, G.; Vessella, R.L.; Rhees, B.; Kuslich, C.; Visakorpi, T.; Hamdy, F.C. Changes in
circulating microRNA levels associated with prostate cancer. Br. J. Cancer 2012, 106, 768-774. [CrossRef] [PubMed]

Huang, X,; Yuan, T.; Liang, M.; Du, M,; Xia, S.; Dittmar, R.; Wang, D.; See, W.; Costello, B.A.; Quevedo, F; et al. Exosomal miR-1290
and miR-375 as prognostic markers in castration-resistant prostate cancer. Eur. Urol. 2015, 67, 33—41. [CrossRef] [PubMed]

Ali, HEE.A.; Gaballah, M.S.A.; Gaballa, R.; Mahgoub, S.; Hassan, Z.A.; Toraih, E.A.; Drake, B.E.; Abd Elmageed, Z.Y. Small
Extracellular Vesicle-Derived microRNAs Stratify Prostate Cancer Patients According to Gleason Score, Race and Associate with
Survival of African American and Caucasian Men. Cancers 2021, 13, 5236. [CrossRef] [PubMed]

Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T., Jr.; Carter, B.S.; Krichevsky, A.M.;
Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470-1476. [CrossRef] [PubMed]

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

Woo, HK.; Park, J.; Ku, J.Y.; Lee, C.H.; Sunkara, V.; Ha, HK.; Cho, Y.K. Urine-based liquid biopsy: Non-invasive and sensitive
AR-V7 detection in urinary EVs from patients with prostate cancer. Lab. Chip 2018, 19, 87-97. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0092921
https://www.ncbi.nlm.nih.gov/pubmed/24705249
https://doi.org/10.1002/ijc.29324
https://www.ncbi.nlm.nih.gov/pubmed/25388097
https://doi.org/10.1186/1477-7819-11-219
https://www.ncbi.nlm.nih.gov/pubmed/24007214
https://doi.org/10.1021/acsnano.5b04527
https://www.ncbi.nlm.nih.gov/pubmed/26444644
https://doi.org/10.1016/j.canlet.2017.02.019
https://www.ncbi.nlm.nih.gov/pubmed/28232049
https://doi.org/10.3390/cancers16122179
https://www.ncbi.nlm.nih.gov/pubmed/38927885
https://doi.org/10.1186/s13058-016-0753-x
https://www.ncbi.nlm.nih.gov/pubmed/27608715
https://doi.org/10.1021/acsami.8b12725
https://www.ncbi.nlm.nih.gov/pubmed/30350935
https://doi.org/10.1186/s13058-019-1109-0
https://www.ncbi.nlm.nih.gov/pubmed/30728048
https://doi.org/10.1186/s12916-018-1163-y
https://www.ncbi.nlm.nih.gov/pubmed/30301470
https://doi.org/10.1038/s41467-017-02583-0
https://www.ncbi.nlm.nih.gov/pubmed/29335551
https://doi.org/10.1038/emm.2015.68
https://www.ncbi.nlm.nih.gov/pubmed/26380927
https://doi.org/10.1158/1078-0432.CCR-17-0577
https://www.ncbi.nlm.nih.gov/pubmed/28606918
https://doi.org/10.1097/JTO.0b013e318299ac32
https://www.ncbi.nlm.nih.gov/pubmed/23945385
https://doi.org/10.1002/cncy.21442
https://www.ncbi.nlm.nih.gov/pubmed/24888238
https://doi.org/10.3892/or.2015.3937
https://www.ncbi.nlm.nih.gov/pubmed/25962395
https://doi.org/10.1038/bjc.2011.595
https://www.ncbi.nlm.nih.gov/pubmed/22240788
https://doi.org/10.1016/j.eururo.2014.07.035
https://www.ncbi.nlm.nih.gov/pubmed/25129854
https://doi.org/10.3390/cancers13205236
https://www.ncbi.nlm.nih.gov/pubmed/34680382
https://doi.org/10.1038/ncb1800
https://www.ncbi.nlm.nih.gov/pubmed/19011622
https://doi.org/10.1038/ncomms14470
https://doi.org/10.1039/C8LC01185K
https://www.ncbi.nlm.nih.gov/pubmed/30500003

Cancers 2024, 16, 2462 21 of 22

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Goldvaser, H.; Gutkin, A ; Beery, E.; Edel, Y.; Nordenberg, J.; Wolach, O.; Rabizadeh, E.; Uziel, O.; Lahav, M. Characterisation
of blood-derived exosomal hTERT mRNA secretion in cancer patients: A potential pan-cancer marker. Br. . Cancer 2017, 117,
353-357. [CrossRef] [PubMed]

Fricke, E; Lee, ].; Michalak, M.; Warnken, U.; Hausser, I.; Suarez-Carmona, M.; Halama, N.; Schnolzer, M.; Kopitz, J.; Gebert, J.
TGFBR2-dependent alterations of exosomal cargo and functions in DNA mismatch repair-deficient HCT116 colorectal cancer
cells. Cell Commun. Signal 2017, 15, 14. [CrossRef] [PubMed]

Kahlert, C.; Melo, S.A.; Protopopov, A.; Tang, ].; Seth, S.; Koch, M.; Zhang, ].; Weitz, J.; Chin, L.; Futreal, A ; et al. Identification of
double-stranded genomic DNA spanning all chromosomes with mutated KRAS and p53 DNA in the serum exosomes of patients
with pancreatic cancer. J. Biol. Chem. 2014, 289, 3869-3875. [CrossRef] [PubMed]

Allenson, K.; Castillo, J.; San Lucas, FEA.; Scelo, G.; Kim, D.U.; Bernard, V.; Davis, G.; Kumar, T.; Katz, M.; Overman, M.].; et al.
High prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage pancreatic cancer patients. Ann. Oncol.
2017, 28, 741-747. [CrossRef] [PubMed]

San Lucas, FA.; Allenson, K.; Bernard, V.; Castillo, J.; Kim, D.U.; Ellis, K.; Ehli, E.A.; Davies, G.E.; Petersen, ]J.L.; Li, D.; et al.
Minimally invasive genomic and transcriptomic profiling of visceral cancers by next-generation sequencing of circulating
exosomes. Ann. Oncol. 2016, 27, 635-641. [CrossRef] [PubMed]

Lazaro-Ibanez, E.; Sanz-Garcia, A.; Visakorpi, T.; Escobedo-Lucea, C.; Siljander, P.; Ayuso-Sacido, A.; Yliperttula, M. Different
gDNA content in the subpopulations of prostate cancer extracellular vesicles: Apoptotic bodies, microvesicles, and exosomes.
Prostate 2014, 74, 1379-1390. [CrossRef] [PubMed]

Kalluri, R.; LeBleu, V.S. Discovery of Double-Stranded Genomic DNA in Circulating Exosomes. Cold Spring Harb. Symp. Quant.
Biol. 2016, 81, 275-280. [CrossRef] [PubMed]

Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.; Xiang, J.; et al.
Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014, 24, 766-769. [CrossRef] [PubMed]
Min, HK,; Lim, S.; Chung, B.C.; Moon, M.H. Shotgun lipidomics for candidate biomarkers of urinary phospholipids in prostate
cancer. Anal. Bioanal. Chem. 2011, 399, 823-830. [CrossRef] [PubMed]

Llorente, A.; Skotland, T.; Sylvanne, T.; Kauhanen, D.; Rog, T.; Orlowski, A.; Vattulainen, I.; Ekroos, K.; Sandvig, K. Molecular
lipidomics of exosomes released by PC-3 prostate cancer cells. Biochim. Biophys. Acta 2013, 1831, 1302-1309. [CrossRef]

Del Boccio, P.; Raimondo, E; Pieragostino, D.; Morosi, L.; Cozzi, G.; Sacchetta, P.; Magni, F,; Pitto, M.; Urbani, A. A hyphenated
microLC-Q-TOF-MS platform for exosomal lipidomics investigations: Application to RCC urinary exosomes. Electrophoresis 2012,
33, 689-696. [CrossRef] [PubMed]

Skotland, T.; Ekroos, K.; Kauhanen, D.; Simolin, H.; Seierstad, T.; Berge, V.; Sandvig, K.; Llorente, A. Molecular lipid species in
urinary exosomes as potential prostate cancer biomarkers. Eur. J. Cancer 2017, 70, 122-132. [CrossRef] [PubMed]

Yang, ].S.; Lee, ].C.; Byeon, S.K.; Rha, K.H.; Moon, M.H. Size Dependent Lipidomic Analysis of Urinary Exosomes from Patients
with Prostate Cancer by Flow Field-Flow Fractionation and Nanoflow Liquid Chromatography-Tandem Mass Spectrometry. Anal.
Chem. 2017, 89, 2488-2496. [CrossRef]

Shin, H.; Choi, B.H.; Shim, O.; Kim, J.; Park, Y.; Cho, S.K.; Kim, HK.; Choi, Y. Single test-based diagnosis of multiple cancer types
using Exosome-SERS-AI for early stage cancers. Nat. Commun. 2023, 14, 1644. [CrossRef] [PubMed]

Li, B.; Kugeratski, EG.; Kalluri, R. A novel machine learning algorithm selects proteome signature to specifically identify cancer
exosomes. Elife 2024, 12, RP90390. [CrossRef]

Kim, T.; Chang, H.; Kim, B.; Yang, J.; Koo, D.; Lee, J.; Chang, ] W.; Hwang, G.; Gong, G.; Cho, N.H.; et al. Deep learning-based
diagnosis of lung cancer using a nationwide respiratory cytology image set: Improving accuracy and inter-observer variability.
Am. . Cancer Res. 2023, 13, 5493-5503. [PubMed]

Ko, J.; Bhagwat, N.; Yee, S.S.; Ortiz, N.; Sahmoud, A.; Black, T.; Aiello, N.M.; McKenzie, L.; O’'Hara, M.; Redlinger, C.; et al.
Combining Machine Learning and Nanofluidic Technology To Diagnose Pancreatic Cancer Using Exosomes. ACS Nano 2017, 11,
11182-11193. [CrossRef] [PubMed]

Chen, C.; Zong, S.; Liu, Y,; Wang, Z.; Zhang, Y.; Chen, B.; Cui, Y. Profiling of Exosomal Biomarkers for Accurate Cancer
Identification: Combining DNA-PAINT with Machine- Learning-Based Classification. Small 2019, 15, €1901014. [CrossRef]
[PubMed]

Yap, J.Y.Y,; Goh, L.S.H.; Lim, AJ.W.; Chong, S.S.; Lim, L.J.; Lee, C.G. Machine Learning Identifies a Signature of Nine Exosomal
RNAs That Predicts Hepatocellular Carcinoma. Cancers 2023, 15, 3749. [CrossRef]

Zirak, B.; Naghipourfar, M.; Saberi, A.; Pouyabahar, D.; Zarezadeh, A.; Luo, L.; Fish, L.; Huh, D.; Navickas, A.; Sharifi-Zarchi,
A.; et al. Revealing the grammar of small RNA secretion using interpretable machine learning. Cell Genom. 2024, 4, 100522.
[CrossRef]

Kim, S.; Choi, B.H.; Shin, H.; Kwon, K;; Lee, S.Y.; Yoon, H.B.; Kim, H.K.; Choi, Y. Plasma Exosome Analysis for Protein Mutation
Identification Using a Combination of Raman Spectroscopy and Deep Learning. ACS Sens. 2023, 8, 2391-2400. [CrossRef]
[PubMed]

Yang, M.; Wu, S.Y. The Advances and Challenges in Utilizing Exosomes for Delivering Cancer Therapeutics. Front. Pharmacol.
2018, 9, 735. [CrossRef] [PubMed]

Di Bella, M.A. Overview and Update on Extracellular Vesicles: Considerations on Exosomes and Their Application in Modern
Medicine. Biology 2022, 11, 804. [CrossRef] [PubMed]


https://doi.org/10.1038/bjc.2017.166
https://www.ncbi.nlm.nih.gov/pubmed/28641311
https://doi.org/10.1186/s12964-017-0169-y
https://www.ncbi.nlm.nih.gov/pubmed/28376875
https://doi.org/10.1074/jbc.C113.532267
https://www.ncbi.nlm.nih.gov/pubmed/24398677
https://doi.org/10.1093/annonc/mdx004
https://www.ncbi.nlm.nih.gov/pubmed/28104621
https://doi.org/10.1093/annonc/mdv604
https://www.ncbi.nlm.nih.gov/pubmed/26681674
https://doi.org/10.1002/pros.22853
https://www.ncbi.nlm.nih.gov/pubmed/25111183
https://doi.org/10.1101/sqb.2016.81.030932
https://www.ncbi.nlm.nih.gov/pubmed/28424339
https://doi.org/10.1038/cr.2014.44
https://www.ncbi.nlm.nih.gov/pubmed/24710597
https://doi.org/10.1007/s00216-010-4290-7
https://www.ncbi.nlm.nih.gov/pubmed/20953865
https://doi.org/10.1016/j.bbalip.2013.04.011
https://doi.org/10.1002/elps.201100375
https://www.ncbi.nlm.nih.gov/pubmed/22451062
https://doi.org/10.1016/j.ejca.2016.10.011
https://www.ncbi.nlm.nih.gov/pubmed/27914242
https://doi.org/10.1021/acs.analchem.6b04634
https://doi.org/10.1038/s41467-023-37403-1
https://www.ncbi.nlm.nih.gov/pubmed/36964142
https://doi.org/10.7554/eLife.90390
https://www.ncbi.nlm.nih.gov/pubmed/38058836
https://doi.org/10.1021/acsnano.7b05503
https://www.ncbi.nlm.nih.gov/pubmed/29019651
https://doi.org/10.1002/smll.201901014
https://www.ncbi.nlm.nih.gov/pubmed/31478613
https://doi.org/10.3390/cancers15143749
https://doi.org/10.1016/j.xgen.2024.100522
https://doi.org/10.1021/acssensors.3c00681
https://www.ncbi.nlm.nih.gov/pubmed/37279515
https://doi.org/10.3389/fphar.2018.00735
https://www.ncbi.nlm.nih.gov/pubmed/30061829
https://doi.org/10.3390/biology11060804
https://www.ncbi.nlm.nih.gov/pubmed/35741325

Cancers 2024, 16, 2462 22 of 22

104.

105.

106.

107.

108.

109.

Ludwig, N.; Whiteside, T.L.; Reichert, T.E. Challenges in Exosome Isolation and Analysis in Health and Disease. Int. J. Mol. Sci.
2019, 20, 4684. [CrossRef] [PubMed]

Witwer, KW.; Buzas, E.L; Bemis, L.T.; Bora, A ; Lasser, C.; Lotvall, J.; Nolte-t Hoen, E.N.; Piper, M.G.; Sivaraman, S.; Skog, J.; et al.
Standardization of sample collection, isolation and analysis methods in extracellular vesicle research. J. Extracell. Vesicles 2013, 2,
20360. [CrossRef] [PubMed]

Jia, Y;; Yu, L.; Ma, T.; Xu, W.; Qian, H.; Sun, Y.; Shi, H. Small extracellular vesicles isolation and separation: Current techniques,
pending questions and clinical applications. Theranostics 2022, 12, 6548-6575. [CrossRef] [PubMed]

Bracht, ] W.P,; Los, M.; van Eijndhoven, M.A]J.; Bettin, B.; van der Pol, E.; Pegtel, D.M.; Nieuwland, R. Platelet removal
from human blood plasma improves detection of extracellular vesicle-associated miRNA. J. Extracell. Vesicles 2023, 12, €12302.
[CrossRef] [PubMed]

Yekula, A.; Muralidharan, K.; Kang, K.M.; Wang, L.; Balaj, L.; Carter, B.S. From laboratory to clinic: Translation of extracellular
vesicle based cancer biomarkers. Methods 2020, 177, 58-66. [CrossRef] [PubMed]

Lin, B.; Jiang, J.; Jia, J.; Zhou, X. Recent Advances in Exosomal miRNA Biosensing for Liquid Biopsy. Molecules 2022, 27, 7145.
[CrossRef] [PubMed]

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


https://doi.org/10.3390/ijms20194684
https://www.ncbi.nlm.nih.gov/pubmed/31546622
https://doi.org/10.3402/jev.v2i0.20360
https://www.ncbi.nlm.nih.gov/pubmed/24009894
https://doi.org/10.7150/thno.74305
https://www.ncbi.nlm.nih.gov/pubmed/36185597
https://doi.org/10.1002/jev2.12302
https://www.ncbi.nlm.nih.gov/pubmed/36788785
https://doi.org/10.1016/j.ymeth.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/32061674
https://doi.org/10.3390/molecules27217145
https://www.ncbi.nlm.nih.gov/pubmed/36363975

	Introduction 
	Methods of EV Isolations 
	Use of EVs as Liquid Biopsy 
	Proteins 
	miRNAs 
	mRNAs 
	DNA 
	Lipids 

	Machine Learning and Liquid Biopsy 
	Limitations and Challenges for EVs as Therapeutics in the Medical Field 
	Conclusions and Future Prospective 
	References

