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ABSTRACT: Small extracellular vesicles called exosomes are produced by cells and contain a range of biomolecules, including proteins, lipids,
and nucleic acids. Exosomes have been implicated in the development and spread of cancer, and recent studies have shown that their contents
may be exploited as biomarkers for early detection and ongoing surveillance of the disease. In this review article, we summarize the current
knowledge on exosomes as biomarkers of cancer. We discuss the various methods used for exosome isolation and characterization, as well as
the different types of biomolecules found within exosomes that are relevant for cancer diagnosis and prognosis. We also highlight recent stud-
ies that have demonstrated the utility of exosomal biomarkers in different types of cancer, such as lung cancer, breast cancer, and pancreatic
cancer. Overall, exosomes show great promise as noninvasive biomarkers for cancer detection and monitoring. Exosomes have the ability to
transform cancer diagnostic and therapeutic paradigms, providing promise for more efficient and individualized. This review seeks to serve as
an inspiration for new ideas and research in the never-ending fight against cancer. Moreover, further studies are needed to validate their clinical
utility and establish standardized protocols for their isolation and analysis. With continued research and development, exosomal biomarkers
have the potential to revolutionize cancer diagnosis and treatment.
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Introduction

Worldwide, cancer continues to be one of the primary causes of
illness and death. Improving patient outcomes requires early
identification. Cancer continues to demand innovative solu-
tions for early identification and effective treatment, making it
one of the most challenging issues in modern medicine. Cancer
cells are characterized by their high rate of division, ability to
self-renew, cancer stem cell (CSC) features, proclivity for
metastasis, and ability to switch between different metabolic
pathways to gain drug resistance.! Based on these features,
novel therapeutics such as nucleic acid medicines and antican-
cer pharmaceuticals has been developed to target cancer cells
and inhibit their spread. Furthermore, cutting-edge approaches,
like the use of nanoparticles, have been employed to precisely
deliver therapies to cancer cells.? Extracellular vesicles (EVs), a
unique kind of structure, have lately emerged as having a role in
cancer. Extracellular vesicles are micro- or nanovesicles that
emerge from the cell membrane.® All prokaryotic and eukary-
otic cells can produce these structures in a way that hasn’t
changed much throughout the course of evolution. Extracellular
vesicles were once thought to be cellular byproducts or entities
generated by cellular damage. However, further study of EV's
has shown that they perform critical biological activities and
serve as important cellular building blocks. Extracellular vesi-
cles are classified into many categories according to their size,

origin, and geographic location, and exosomes are one of the
examples of EVs. Recently, exosomes have taken on a tiny but
important function in the intricate realm of cancer research.
Numerous physiological and pathological processes have been
linked to these small vesicles, which are produced by several
cell types.* Particularly, their significance in cancer biology has
drawn a lot of interest. Exosomes, formerly thought to consti-
tute cellular waste, are now understood to be essential media-
tors of intercellular communication that transport bioactive
substances including proteins, nucleic acids, and lipids between
cells.> A rapidly expanding body of research is being done in an
effort to understand the different ways that exosomes play a
role in the origin, development, and spread of cancer as a result
of this increased understanding of their functional variety.
Conventional cancer biomarkers have limits in sensitivity and
specificity,and their application in clinical practice is restricted.®
Examples include tumor antigens and circulating tumor cells
(CTCs). In recent years, exosomes have become a potential
new class of biomarkers for the identification and monitoring
of cancer. Small EVs known as exosomes are produced by cells
and contain a range of biomolecules, including proteins, lipids,
and nucleic acids.”® These vesicles have been shown to be
essential for intercellular communication as well as the control
of cancer development and metastasis.”> Moreover, exosomes
are a desirable noninvasive method for cancer detection and
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monitoring since they can be extracted from a range of physi-
ological fluids, such as blood, urine, and saliva. According to
recent research, exosomes might be used to identify cancer
patients and follow how they react to therapy.” Exosomes are
EVs with a lipid bilayer membrane and a diameter of 40 to
150 nm. The lipid bilayer membrane keeps the proteins, micro-
RNA (miRNA), mRNA, and DNA that are carried by
exosomes stable as they move through the body.>® Because
exosomes are stable, they can be quickly separated from a num-
ber of fluids that are easy to get. As a result, they are attractive
candidates for the development of innovative cancer detection
systems.'? The most often unregulated genes for a certain can-
cer type must be identified before exosomes and exosomal
cargo may be used to diagnose cancer. This is because tumors
are complicated and exhibit tumor heterogeneity.!! Tumor het-
erogeneity refers to differences in genetic changes and cell
behaviors exhibited in the same tumor type in different people,
as well as differences between separate tumor forms and their
metastases.’? To optimize patient survival, the proper treat-
ment must be selected, and tumor heterogeneity is critical in
this process. As a result, a list of the most likely deregulated
genes for a certain tumor type or a group of tumors must be
established.’® As a consequence, much research has focused on
identifying deregulated genes specific to a certain tumor type
using bioinformatics, sequencing, and machine learning. This
review article aims to summarize the current knowledge on
exosomes as biomarkers of cancer.’* We will discuss the various
methods used for exosome isolation and characterization, as
well as the different types of biomolecules found within
exosomes that are relevant for cancer diagnosis and progno-
sis.’> We will also highlight recent studies that have demon-
strated the utility of exosomal biomarkers in different types of
cancer, including lung cancer, breast cancer, and pancreatic can-
cer.!® This review article provides a thorough analysis of the
several functions that exosomes perform in cancer biology. It
explores both their potential as diagnostic indicators for the
early diagnosis of cancer and the consequences for the creation
of cutting-edge treatment approaches. We want to present a
clear picture of the current state of knowledge and the immense
potential that lies ahead by carefully reviewing new research
and therapeutic developments.!” Our examination of this com-
plex web of exosome-mediated functions will emphasize their
significance in cancer detection, opening the door to more
effective and individualized treatment choices. We'll also
examine exosome-based therapeutic strategies for effective
drug delivery, immunotherapy, and tumor microenvironment

(TME) control.18

The History and Function of Exosomes

Exosomes were found in sheep reticulocyte culture supernatants
in 1983. Due to a lack of knowledge about exosomes’ functions,
it was previously believed that cells produced nonfunctional
microparticles.”” Exosome research has gotten a lot of interest

since then, as have other bioactive substances identified in
exosomes. Extracellular vesicles with a membrane are exosomes,
and their sizes and marker proteins can help to distinguish them
from other EVs.20 Exosomes are created when multivesicular
bodies (MVBs) join the plasma membrane. Exosomes have the
ability to travel through extracellular fluid and may be con-
sumed by other cells. The bioactive compounds that exosomes
carry affect a wide range of healthy and unhealthy processes in
the cells they are sent to.?! The lipid bilayer walls of exosomes
offer effective resistance against the potential of the extracellular
environment to destroy exosomal contents.?? Exosomes are a
special kind of intercellular communication since they act as
carriers for the 77 vivo transfer of signal molecules between dif-
terent cells. Exosome roles in pathophysiology have piqued the
curiosity of many researchers throughout the past decade.??
Exosomes regulate a variety of biological processes, such as
apoptosis, differentiation, and proliferation. Exosomes contain
tens of thousands of mRNAs, miRNAs, proteins, and long non-
coding RNAs (IncRNAs).?* Exosomal proteins and RNAs are
variably expressed in a variety of disorders, involving cancer, car-
diovascular disease, and diabetes mellitus, according to mount-
ing evidence. Exosome research is becoming more popular as a
useful indicator of disease, particularly cancer.”> Exosomal
miRNA-103, tripartite motif-containing 3 protein, glypican-1
protein, and hepatocyte growth factor-regulated tyrosine kinase
substrate protein have all been connected to the detection of
stomach, liver, pancreatic, and colon cancers. For many malig-
nancies, including Colorectal cancer (CRC), exosomes may
serve as a source of tumor markers.2

Formation, Release, and Uptake

Inward budding of the plasma membrane and the formation of
early endosomes are the first steps in the creation of exosomes.
Multivesicular bodies are formed throughout the early to late
stages of endosome formation.?” Multivesicular bodies may
subsequently bind to the plasma membrane and be released into
the extracellular environment. Exosomes are produced by a
number of proteins, but the precise mechanisms by which these
vesicles are secreted vary across cell types and remain unknown.?
Exosome synthesis and release involve complex pathways,
including both endosomal sorting complex required for trans-
port (ESCRT)-dependent and ESCRT-independent mecha-
nisms. ESCRT-Dependent Pathway: In the early endosome,
specific proteins and other molecules destined for exosomes are
sorted into intraluminal vesicles within the endosome.?? The
ESCRT machinery consists of multiple protein complexes that
are recruited to the endosomal membrane as shown in Figure 1.
ESCRT-0 recognizes and binds to ubiquitinated cargo pro-
teins, while other ESCRT complexes assemble to form a bud on
the endosomal membrane. ESCRT-3 drives membrane scis-
sion, pinching off the bud to form intraluminal vesicle ILVs
containing cargo within the endosome.’® The endosome, now
filled with (ILVs), is transformed into a MVB. Multivesicular
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Figure 1. An example of biogenesis and the components of HNSCC. Early endosomes are generated by plasma membrane invagination, which is
followed by the payload budding into the endosomal membrane to create multivesicular endosomes. Exosome release and plasma membrane fusion help
to mature the late endosome. Some late endosomes collaborate with lysosomes to degrade lysosomes. HNSCC exosomes include a range of biological
components, including proteins, lipids, and nucleic acids, all of which are required for signal transmission.

HNSCC indicates head and neck squamous cell carcinoma.

bodies may fuse with the cell’s plasma membrane, releasing
ILVs into the extracellular area as exosomes. ESCRT-
Independent Pathway: Some cells use ceramides to induce
membrane curvature and ILV formation without the ESCRT
machinery. Tetraspanins and lipid rafts can also play a role in
the ESCRT-independent formation of exosomes. Small
GTPases such as Rab35 and ARF6 are involved in the regula-
tion of exosome release through ESCRT-independent mecha-
nisms.3! Exosomes are released into the extracellular space
tollowing fusion of the MVB or endosomal membrane with the
plasma membrane, whether generated by ESCRT-dependent
or ESCRT-independent mechanisms. Exosomes secreted by
donor cells may enter receiving cells through endocytosis or
membrane fusion. They deliver their cargo, which may include
miRNA s, proteins, and lipids, to modulate various cellular pro-
cesses and participate in intercellular communication.3? It’s
important to note that the mechanisms of exosome synthesis
and release can vary depending on cell type and context. These
pathways are the subject of ongoing research, and new details
continue to emerge regarding their regulation and functions. In
certain cancer cells, the Rab GTPase family of molecules, which
includes membrane trafficking proteins Rab11, Rab27a, and
Rab31, facilitates exosome secretion. The Rab family, namely
Rab35, regulates exosome secretion by interacting with the

TBC1D10Ac protein to activate GTPases.33 Moreover, p53
activation increases exosome release considerably. This tumor
suppressor enhances exosome synthesis by activating route 6
(TSAP6).3* According to Lespagnol et al, TSAP6-null mice
showed significantly lower exosome synthesis. Exosome uptake
has been demonstrated to occur by phagocytosis as well as
endocytosis via clathrin, lipid rafts, and heparin sulfate proteo-
glycans.’® In addition to endocytosis, exosomes can also get
into cells by fusing directly with the plasma membrane. Also,
these EVs have molecules such as phosphatidylserine and
lysophosphatidyl-choline on their surface that help them stick
to cell receptors such as T-cell immunoglobulin mucin protein
4 (TIM4), T-cell immunoglobulin and mucin domain 1

(TIM1), and Lymphocyte function-associated antigen 1
(LFA1).36

Exosomal Markers in the Diagnosis and Monitoring
of Cancer

Because they are so common in human fluids, exosomal mark-
ers are great targets for the tools used to find cancer.3” Also,
tumors and other types of diseases make more exosomes than
healthy cells do, which may be a sign that a disease is present or
that a tumor is heavy. Exosomes can be taken out of any bodily
fluid, but plasma is the best way to find most solid tumors.3
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Table 1. Some of the different types of exosomes that have been studied as potential biomarkers for cancer diagnosis.

EXOSOME TYPE CANCER TYPE

CD63-positive exosomes Breast cancer

CD81-positive exosomes Lung cancer

EpCAM-positive exosomes Pancreatic cancer

Hsp70-positive exosomes Colorectal cancer

Annexin V-positive exosomes Prostate cancer

Glypican-1-positive exosomes ~ Melanoma

Abbreviations: PCR, polymerase chain reaction

Multiple studies on plasma exosomes have shown a link
between the amount of exosomes and the presence of tumors,
as well as a drop in the amount of exosomes after a tumor is
treated or removed.3? A pilot study, for example, looked at peo-
ple with stage 4 oral squamous cell carcinoma (OSCC) who
had exosomes that expressed CD63 and caveolin 1. After oral
tumors were removed, the number of exosomes that expressed
CAV1 went up. This goes against the theory that rising CAV1
expression is linked to tumor growth in oral malignancies.*
Conversely, a week after resection, CD63-expressing exosomes
started to decline. They noticed that longer-term survival was
connected to decreased levels of exosomes that expressed
CAV1 and CD63 in both situations. This study, therefore, sup-
ports the use of exosomal markers to monitor and predict the
prognosis of therapy-treated individuals. Cancer research needs
to learn more about how to use exosomes to diagnose cancer
and keep track of patients.* In the United States, it is now pos-
sible to get regular tests for breast, cervical, colorectal, endome-
trial, lung, and prostate cancers. Nevertheless, innovative
exosome-based screening strategies may be useful for validat-
ing tumor types for which established routine screenings
already exist as well as tumors for which such processes are not
yet customary or reliable.! While imaging scans cannot always
distinguish between benign and malignant lesions, exosomal-
based diagnostics might provide an additional tool to validate
the presence of a worrisome tumor as shown in Table 1. Those
with prostate cancer, for example, may have elevated blood lev-
els of the prostate-specific antigen (PSA) even in the presence
of benign illnesses. Yet, it was shown that the levels of exosomes
expressing CD81 and PSA in blood plasma were exclusively
higher in men with prostate cancer.*? The plasma of 80 men
with prostate cancer, 80 men with benign prostatic hyperplasia
(BPH), and 80 healthy donors was examined in a second inves-
tigation. In the patient sample, exosomes expressing CD81 and
PSA were discovered. Prostate cancer patients and healthy
donors could be distinguished in this clinical research with
100% sensitivity and specificity.®® Also, they noted that this
method has a 98% specificity and an 80% sensitivity for dif-
ferentiating between men with BPH and those with prostate
cancer. In both situations, the diagnostic performance of blood

BIOMARKER(S)

miR-21, miR-1246, HER2

EGFRuvIIl, EGFR L858R, EGFR T790M
KRAS mutation

CD44v6, CD133, EpCAM

PSA, PSMA

S100B, MIA

DETECTION METHOD

enzyme-linked immunosorbent assay
(ELISA), quantitative polymerase chain
reaction (QPCR), western blot

ELISA, immunoblotting, flow cytometry
Digital PCR

ELISA, flow cytometry, western blot
ELISA, flow cytometry, western blot

ELISA, flow cytometry, western blot

PSA levels alone is superior to that of PSA with CD81-
expressing exosomes.*

In another study, which was similar to the first, exosomes
were looked at as a way to confirm ovarian cancer when imag-
ing and CA-125 expression levels suggested it. They saw that
people with ovarian cancer had a lot more exosomes that were
positive for phosphatidylserine (PS) than people who didn't
have cancer.® In a study that used PS-labeled exosomes to find
pancreatic and breast cancers, an increase in the production of
tumor exosomes was found in the early stages of the disease,
even before there were any visible signs of the tumors. These
findings hint at a bright future for exosome-based pan-cancer
detection.*® It’s worth noting that research has revealed that
the acidic tumor environment may help explain why more
exosomes are produced, despite having a lower pH than
exosomes from healthy cells.*” Hence, based just on the pH of
the exosomes, it may be possible to detect cancer in a patient.
Our findings suggest that exosomes have clinical promise for
tumor identification, imaging scan confirmation, and tumor
burden monitoring in patients undergoing treatment.*8

Techniques for Identifying and Purifying Exosomes
in Cancer Diagnostics

The potential of exosomes as biomarkers is huge, and they
have the ability to dramatically change how we diagnose and
treat cancer. Vesicle purification and characterization might
benefit from the use of a number of contemporary techniques,
such as electron microscopy, Raman spectroscopy, and resistive
pulse sensing.* These include optical methods including flow
cytometry, dynamic light scattering (DLS), and nanoparticle
tracking analysis. Vesicular morphology may be revealed using
the teaching tool of electron microscopy. Nevertheless, this
method is inappropriate for everyday usage since it cannot
identify the quantity of soluble contaminants in the sample.
Proteins that do not take part in vesicle formation, such as
calnexin and gp96, have also been found using western blot-
ting. While this method is helpful, choosing such proteins is
challenging since it lacks quantitative data.’® Nevertheless,
existing particle tracking techniques cannot assess the whole
size range of sample vesicles or distinguish between vesicular
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Table 2. Some of the published clinical research on the use of exosomes as biomarkers for cancer diagnosis, prognosis, or prediction.

CANCER TYPE

EXOSOME
SOURCE

BIOMARKER(S)

RESULTS

REFERENCE(S)

Prostate cancer Serum miR-107, miR-574-3p,
miR-122-5p

Lung cancer Serum Colorectal neoplasia
differentially
expressed - h
(CRNDE-h)

Colorectal cancer  Plasma miR-146a-5p,
miR-106b-3p

Breast cancer Plasma Multiple proteins

Pancreatic cancer  Serum prostate cancer-
associated transcript
1 (PCAT1)

Melanoma Plasma Multiple miRNAs

Exosomal miRNA panel had AUC of 0.952 for
discriminating prostate cancer from healthy controls.

Exosomal CRNDE-h levels were elevated and related
to a worse prognosis in NSCLC patients compared
with healthy controls.

Poor overall survival and disease-free survival were
correlated with exosomal miR-146a-5p and miR-106b-
3p levels.

Exosomal protein panel had AUC of 0.944 for
discriminating breast cancer from healthy controls and
was associated with survival outcomes.

High levels of exosomal PCAT1 were associated with
poor prognosis and overall survival.

Exosomal miRNA panel had AUC of 0.974 for
discriminating early stage melanoma from healthy
control.

Zou et al52

Zhang et al5®

Ghafouri-Fard et al5*

van der Watt et al®®

Li et al%®

Makino et al5”

Abbreviations: AUC, area under the curve; miRNA, microRNA; NSCLC, non—small cell lung cancer.

and nonvesicular materials. Moreover, these techniques lack the
sensitivity needed to validate the observed EV heterogeneity.>!

Exosomes as a Promising Treatment Approach

Exosomes have properties that could make them a good choice
for developing new ways to treat cancer, in addition to their use
in diagnostic procedures as shown in Table 2. Earlier studies
have shown that tumor cells produce more exosomes than nor-
mal cells.’® As a result, lowering the abnormally high quantity
of exosomes in the blood to a normal level may be a viable
therapy method. There have been several research suggestions
to restrict tumor derived exosomes (TDE) release by concen-
trating on their creation, secretion, or interactions with recipi-
ent cells.”® Tetraspanins are 4-domain transmembrane proteins
with a variety of physiological functions in cells. Moreover, by
triggering certain signaling pathways, Ras homolog family
member A or ADP ribosylation factors-6 (ARFs) may regu-
late exosome production.®® By concentrating on these path-
ways, TDE generation is reduced. According to Bobrie et al,
lowering Rab27a inhibited TDE-dependent and TDE-
independent mechanisms that change the TME and presum-
ably limit cancer progression.®! Other members of the Rab
family, such as Rab35 and Rab11, prevent TDEs from entering
the plasma membrane, lowering exosome synthesis.®? Moreover,
Alonso et al demonstrated that downregulation of diacylglyc-
erol kinase alpha (DGKA) may result in a reduction in the
production of exosomes containing Fas ligand.®3 Later research
demonstrated that increasing dimethyl amiloride, a voltage-
gated calcium channel inhibitor, reduces exosome release.®
The pH of the microenvironment may also impact exosome
release. Therefore, changing proton pump inhibitors is another
possibility. Exosomes are secreted by healthy cells to impact a

range of physiological processes; suppressing exosome produc-
tion may result in complications and injury.%®

Another treatment strategy for cancer is to inhibit exosome
uptake. Many endocytic mechanisms, including clathrin-
dependent and autonomous endocytosis, allow exosomes to
enter cells.% There is evidence that the exosome surface proteins
may be necessary for exosome absorption. Phosphatidylserine,
which is found on the surface of TDEs, is one of these molecules
that aid in exosome absorption.®” Diannexin, a homodimer of
annexin A5, has a high affinity for this mediator and may bind
to it to prevent absorption.®® Heparan sulfate proteoglycan
receptors play an important role in absorption. TDE-induced
tumor cell movement was greatly inhibited by treating them
with heparin. Moreover, heparin inhibits the transfer of onco-
genic Epidermal growth factor receptor variant III (EGFRvIII)

mRNA by interfering with exosome fusion with recipient cells.®

Exosomes as Biomarkers

As we learn more about the exosome biological basics and how
they relate to cancer and treatment resistance, exosomes and
TME are becoming more and more fascinating therapeutic
targets.”’ Exosomes are sensitive, precise, and very encouraging
indicators of illness, drug resistance, and therapeutic response.
Exosomes may originate from any kind of tumor cell; there-
fore, they can provide a complete image of the whole tumor as
shown in Figure 2.7! Exosome profiling from a heterogeneous
cell population, such as a tumor, may 1day enable noninvasive
deconvolution of cell types and status with subsequent high-
throughput, high-content probing of pure exosomes.”? More
useful tactics are based on our present comprehension of
exosomes and the TME. Further advanced tumors are more
likely to develop exosomes. It has been hypothesized that the
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Figure 2. Exosome biomarkers." License Number: 5510271467159.
MVB indicates multivesicular body.

total exosome load in circulation may thus detect illness.
Exosome composition may also point to a disease.”> The mem-
brane-bound protein GPC1, which has been shown to be a
highly sensitive and specific diagnostic of early stage sickness,
has been revealed to be present in exosomes from individuals
with precancerous lesions or pancreatic cancer.”* Contrary to
breast cancers with hormone receptors, triple-negative breast
cancer patients’ serum samples contain a greater number of
RNA types. As previously noted, exosomal programmed death
ligand 1 (PD-L1) may serve as a regulator and biomarker of
melanoma patients’ responses to PD-1 inhibition. Exosomes
generated by endothelial cells may act as short-term markers of
cellular stress, cancer cell health, and the success of antiangio-
genic therapy.”” Exosomes may include nuclear DNA from
cancer cells, and their mutational status may be detected. How
much of the tumor DNA is present in exosomes or other EVs
is unknown. It’s also crucial to keep in mind that circulating
tumor DNA may now be detected using extremely precise and
sensitive technologies, so exosome separation may not be ben-
eficial. It is hard to estimate the extra utility of exosomes as
DNA biomarkers since it has not been properly described
which cell-free compartments contain circulating tumor
DNA.7¢ Exosomes show enormous promise as cancer bio-
markers; however, consistent isolation and characterization
procedures are required before they can be used in clinical tri-
als. The delivery of repeatable exosome yield and purity for
therapeutic applications is anticipated to be improved by devel-
opments in acoustic and/or microfluidic techniques.

EXOSOIIICS in Breast Cancer

Breast cancer is a heterogeneous disease, and the development
of effective biomarkers for its diagnosis and treatment is essen-
tial. Exosomes secreted by breast cancer cells contain unique
biomolecules that can reflect the tumor’s biological state, mak-
ing them a favorable source of biomarkers for breast cancer

diagnosis, prognosis, and treatment.”” Studies have shown that
the protein and nucleic acid content of exosomes can provide
information on the breast cancer subtype, stage, and response to
treatment. For example, the expression of certain proteins, such
as HER2 and EGFR, in exosomes has been associated with the
human epidermal growth factor receptor 2 (HER2)-positive
subtype of breast cancer.”® Exosomal miRNAs have also been
shown to express themselves differently in breast cancer patients
as compared with healthy people. Exosomes have several advan-
tages over traditional biomarkers for breast cancer. For example,
exosomes can provide a more accurate representation of the
tumor’s heterogeneity because they are released by various
tumor cells within the TME.” In contrast, traditional biomark-
ers may only reflect the characteristics of a single tumor cell.
Exosomes can be isolated from blood, serum, and other body
fluids, making them a minimally invasive source of biomarkers
for breast cancer.®? Furthermore, exosomes can be isolated using
a variety of techniques, including ultracentrifugation, size-
exclusion chromatography, and immunoaffinity capture.
Exosomes hold great promise as biomarkers for breast cancer
prognosis, diagnosis, and treatment. Future research is needed
to further characterize exosomes’ molecular content and validate
their clinical utility as biomarkers for breast cancer.®

Lung Cancer

Lung cancer is the primary reason for cancer-related fatalities
worldwide. The 3 main types of lung cancer are small-cell lung
cancer (SCLC), non—small cell lung cancer (NSCLC), and
lung carcinoid. Non—small cell lung cancer (80%-85%) and
SCLC (10%-15%) are the 2 most prevalent forms, nonethe-
less.”® Non—small cell lung cancer is further split into subtypes
that originate from various lung regions; all of these subtypes
are treated the same way and have comparable prognoses. The
3 most common subtypes of lung cancer are adenocarcinoma,
which accounts for 40% of all diagnosed cases; squamous cell
carcinomas, which account for 25% to 30% of lung tumors; and
large cell carcinomas, which are often undifferentiated tumors
and account for 10% to 15% of lung cancers. Less than 5% of
lung tumors are lung carcinoid tumors, which are connected to
neuroendocrine cells.”® Even though modern lung cancer
screening systems involve imaging scans, a diagnosis cannot be
made without examining lung cells for the existence of a tumor.
Collecting a patient’s sputum is the least invasive method of
searching for lung cancer. This method is effective for malig-
nancies that arise from the airways, like squamous cell carci-
noma. Pleural effusion collection is a somewhat more invasive
procedure; however, it may not be enough to determine the
tumor kind. A more invasive approach, like a needle biopsy of
the tumor, might cause the lung to collapse. As a result, less
invasive procedures for lung cancer diagnostics are necessary.
Exosomes isolated from serum or blood may be a less invasive
and potentially dangerous alternative. In pleural effusion, exo-
somal RNA expression levels may be used to distinguish
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between people who have lung inflammation and those who
have lung adenocarcinomas. A group of miRs, including miR-
200b, miR-200c, miR-141, and miR-375, showed much higher
expression levels in lung cancer than in lung inflammation that
was not harmful 8% Moreover, when assessed using receiver
operating characteristic (ROC) curves, these miRs had values
greater than 0.95. With an area under the curve (AUC) of 0.99,
lipocalin-2 (LCN2) has the best diagnostic potential of any
exosomal transcript. Even though this is a hopeful diagnosis,
collecting pleural effusions is a bit more invasive than collect-
ing blood. It would be intriguing to find out whether the same
results could be obtained using blood from individuals with
lung inflammation as opposed to lung cancer. In a clinical
experiment, the ability of exosomes to monitor patient response
to lung cancer treatment is being tested. In the clinical study
NCT02869685, the value of PD-L1 mRNA expression in
plasma exosomes as a measure of how well radiation works is
being looked into. Programmed death ligand 1 is a crucial
receptor for the activation of naive T cells, which is critical for
the elimination of tumor cells.82

Exosomes in Endometrial Cancer

Endometrial carcinoma is the fourth most common type of
cancer in the genital tracts of women around the world.”8
Recently, endometrial cancer has become more prevalent, espe-
cially in Europe. The endometrium is where the tumor first
develops because of aberrant cell proliferation that has the
potential to spread to other bodily organs.®3 The main cause of
early detection in most endometrial cancer patients is sympto-
matic postmenopausal hemorrhagia; nevertheless, 20% of cases
develop into high-stage malignancies.3* That is crucial since
the survival rate for these people is less than 15%. Even if sur-
gery is recommended as the primary treatment, patients may
have adjuvant radiation and chemotherapy. Identifying new
targets and indications to employ as valuable tools for endome-
trial cancer control is so critical. It is becoming more common
to look for circulating exosomes in a range of bodily fluids from
patients with different malignancies.®> Moreover, it is antici-
pated that cancer cells will create more exosomes than normal
cells. Exosome significance in the emergence of endometrial
cancer is gaining prominence as a research topic. It is believed
that exosomes harboring various regulatory RNAs allow endo-
metrial fibroblasts and endometrial cancer cells to communi-
cate with one another® Exosomes produced by
cancer-associated fibroblasts (CAFs) were discovered to hasten
the development of endometrial cancer, in part because the
exosomes lost miR-148b.8¢ A tumor suppressor called miR-
148b works to stop the progression of endometrial cancer by
specifically targeting DNA (cytosine-5) methyltransferase 1.
By accelerating the epithelial-mesenchymal transition, DNA
methyltransferase 1 enhances metastasis. Moreover, another
study discovered that the expression of exosomal miR-320a,
which is produced by CAFs, was lower in tissues and cells

carrying endometrial cancer.” They observed that miR-320a
inhibits cell proliferation by targeting HIF1, which lowers vas-
cular endothelial growth factor production. According to recent
research, endometrial cancer cells migrated exosomal miRNA-
21 when oxygen levels were low.®8 This helped turn monocyte
taxotere, herceptin, and pertuzumab-1 cells into macrophages
with an M2-like polarization.®? Also, as was already said, it was
found that exosomes taken from the blood of polycystic ovary
syndrome (PCOS) patients caused endometrial cancer cell
lines to move and spread. Surprisingly, these exosomes have the
highest amount of miR-27a-5p targeting sma of caenorhabdi-
tis elegans and mad of drosophila melanogaster4.?? Exosomal
hsa-miR-200c-3p was found to be the most important biologi-
cal miRNA in the urine of endometrial cancer patients. It is a
biomarker that doesn’t need to be taken out of the body.”
Another study found that EVs taken from the serum of stage 3
endometrial cancer patients had 209 circular RNA (circRNA)s
that were up-regulated and 66 that were down-regulated.”!
The sequestering of miRNAs linked to cancer was the primary
mechanism of action of these circRNAs. Most notably, real-
time quantitative PCR revealed that hsa circ 0109046 and hsa
circ 0002577 could generate a fold change greater than 2. In
uterine and peripheral blood samples from endometrial cancer
patients, increased concentrations of endothelial (CD144+),
total (TF+), and monocytic (CD14+) microparticles were
found as potential indicators.?> The histologic grade and clini-
cal cancer stage agreed with these findings.

Exosomes in Cervical Cancer

Squamocolumnar junction cells are the source of cervical can-
cer, which is the second most common type of cancer in young
women. The most prevalent sexually transmitted infection, the
human papillomavirus (HPV), is virtually always to blame.”
Early detection and disease progression prevention may arise
from successful early screening technology. Hence, research
into cervical cancer biomarkers is critical for early identifica-
tion and therapy.”* The finding of extracellular survival protein
inside exosomes in cervical cancer HelLa cells in 2009 resulted
in the first study showing the involvement of exosomes in
HPV pathogenesis. These cells have pro-proliferative and
antiapoptotic properties. In HeLa exosomes, there were 52
miRNAs with various levels of expression, and the silencing of
E6 and E7 had an effect on 23 of them.?> MicroRNA that were
up-regulated showed antiapoptotic and pro-proliferative
effects, while miRNAs that were down-regulated had the
opposite effect. Exosomal miRNAs may have a significant role
in the development of cervical cancer, according to multiple
studies. Previous studies revealed that cervical cancer patients
had higher levels of the miRNAs let-7d-3p and miR-30d-5p
in their plasma samples, higher levels of the miRNAs miR-21
and miR-146a in their cervicovaginal lavage specimens, lower
levels of the miRNA miR-125a-5p in their cervical cancer cell
lines, and higher levels of the miRNAs miR-221 and miR-222
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in their cervical cancer cell lines.®?” miR-221-3p has an
important role in controlling Epithelial-mesenchymal transi-
tion (EMT) in cancer cells. It is crucial for keeping local angio-
genesis under control. In addition, miR-221-3p may directly
target the thrombospondin-2 gene, according to bioinformat-
icsstudies.A geneneededforangiogenesisis Thrombospondin-2.
It’s noteworthy that releasing exosomes rich in miR-22 has
been suggested as a potential radiation delivery strategy for
cervical cancer. Human telomerase reverse transcriptase and
c-Myc binding protein (MYCBP) levels have been shown to
be decreased by miR-22.%8 Several studies have also shown that
exosomes from different experimental forms of cervical cancer
have other chemicals in them. So, the Hedgehog signaling sys-
tem is important for cervical cancer to start, grow, spread, and
become resistant to treatment. Moreover, rat sarcoma (RAS)
and activating transcription factor 1 (ATF1) levels were ele-
vated in mice tumors with cervical cancer. Cellular growth, sur-
vival, and other processes all depend on ATF1.% Moreover,
RAS proteins are tiny GTPases that are necessary for differen-
tiation and proliferation processes as well as activities involving
growth factor receptors.!® More research needs to be done to
figure out what role exosome cargo plays in cervical cancer and
to come up with new ways to use exosomes for therapeutic and
diagnostic purposes. This is because exosomes have a wide
range of contents and effects.

Exosomes in Ovarian Cancer
Ovarian cancer, which is the most frequent kind of malignant
tumor in a woman’s reproductive system, is the leading cause of
mortality from gynecologic cancer across the globe. Most ovar-
ian cancer patients who are sent to clinics have the illness in
late stages. Ovarian cancer is estimated to cause 230000 new
cases each year and kill 150000 individuals.”® It’s interesting to
note that fewer than 50% of patients survive for 5years. The
lack of early diagnostic techniques contributes to the patients’
poor quality of life and low survival rates.'! As a result, it is
critical to develop more helpful applications for sickness diag-
nosis and treatment to halt the rise in disease occurrence.
Ovarian cancer cells may produce exosomes that can be
ingested by other cancer cells or healthy cells.2 This improves
communication between cells, which is needed for tumors to
grow, spread, and invade. Exosomes from ovarian cancer may
possibly serve as new biomarkers and therapeutic targets.
Exosomes from ovarian cancer have been demonstrated to
contain or include a variety of proteins.’ Some of these pro-
teins contribute to the aggressiveness of the tumor. Exosomes
do, in fact, communicate with other cells and function as carri-
ers for numerous proteins. Proteins may change the TME or
impact cell signaling in this case, promoting metastasis and
tumor formation. Tetraspanins such as CD24, CD9, CD63,
and CD44, as well as exosome-transferred membrane proteins
including Alix and tumor susceptibility gene 101 (T'SG 101),

have been connected to the emergence of ovarian cancer.!%

Exosomal Hsp70 and Hsp90 are also thought to be involved in
the illness’s genesis. It’s worth noting that one study discovered
that ovarian cancer patients’ exosomes had higher levels of
Hsp27 expression.1%

Important exosomal proteins in ovarian cancer have been
found to be enzymes and antigens such as phosphate isomer-
ase, aldehyde reductase, peroxiredoxin, and fatty acid synthase.
These factors either influence tumor metastasis or tumor
development. Exosomal proteins may possibly play a role in
drug resistance. For instance, increased production of the exo-
somal protein annexin A3 by cisplatin-resistant cells has been
associated with platinum resistance in cancer cells. Exosomes
have been proven in recent studies to affect recipient cells’
chemo-susceptibility via influencing a number of biological
processes such as cell cycle and death. miR-130a, miR-106a,
miR-221, miR-222, miR-591, and miR-433 have been identi-
fied as modulators of therapy resistance in ovarian cancer.1%
Moreover, a recent study discovered that miR-223 is trans-
ported to epithelial ovarian cancer cells via macrophage-derived
exosomes, increasing treatment resistance through the PI3K/
serine/threonine AKT kinase signaling pathway. Since those
with epithelial ovarian cancer had greater levels of miR-200f in
their blood, earlier research suggested that miR-200f may be
employed as a diagnostic marker.!” Moreover, recent research
has shown that exosomal miRNAs generated by epithelial
ovarian cancer, such as miR-205 and miR-141-3p, promote
endothelial cell vascularization.108

Clinical Applications of Exosomes

Because of their flexibility, exosomes are an intriguing prospect
for therapeutic usage as personalized nanocarriers for biologi-
cal substances and markers of patient illness. The efficacy and
efficiency of exosome-derived therapies will advance as we
understand more about the molecular make-up and physiolog-
ical function of exosomes. Given the significance of exosome
signaling in the TME, focusing clinical therapeutics on
exosomes may be a potential technique for reducing the devel-
opment of cancer therapeutic resistance.

Exosomes in Immunotherapy

It has been shown that antibodies can break down immune
checkpoints like cytotoxic T-Lymphocyte associated protein 4
and the PD-L1/Programmed cell death protein 1 (PD-1)
signaling axis, which has dramatic and long-lasting effects on
a number of cancers. On the contrary, most patients don’t get
better from these treatments alone because they have natural
and learned ways to resist them.!? To treat solid tumors, there
is a lot of interest in combining immunotherapies with con-
ventional or targeted cytotoxic medications.'’® Exosome-
based response indicators and the development of rational
combinations of treatments may both benefit from a better
understanding of how exosomes in the TME suppress or
stimulate the immune system.!!! Recent research has shown
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that tumor exosomes contain functional PD-L1 and suppress
immunologic responses. Exosomal PD-L1 levels were also
associated with tumor size and treatment effectiveness in mel-
anoma patients receiving PD-1 inhibition.'? Exosomal
PD-L1 state may be beneficial as a biomarker for PD-1 inhi-
bition prediction, even if it is uncertain whether it directly cor-
relates with immunologic or neoplastic PD-L1 status.
Exosomes that carry PD-L1 may serve as indicators of treat-
ment resistance and regulators, much as exosomes do in con-
ventional therapy.”>

Cancer-Derived Exosomes in the Formation of
Biomarkers

The utilization of certain exosomal cargo as a cancer biomarker
in different malignancies and the diagnostic effectiveness of
such biomarkers in a particular clinical setting are the subjects
of several prospective observational studies. Due to rapidly
developing nanotechnologies that are producing a new type of
cell-free nanomedicine, exosomes may now be used and pro-
duced for therapeutic applications.!’® In the development of
cancer treatments, it may be tempting to pharmacologically
decrease exosome production to stop cancer progression at cer-
tain phases of the illness. The use of responsive exosome nano-
bioconjugates for cancer treatment has recently been shown.
These nanobioconjugates may actively target tumors by accu-
rately locating on the surface of tumor cells, blocking signaling,
and enhancing macrophage phagocytosis.!'* Further research
is being done on synthetic exosomes as possible therapeutic
agents or active drug delivery systems. By using the exosomal
organotropic properties, it may be possible to specifically target
a recipient cell for gene therapy using exosomes that deliver
therapeutic substances.

Exosomes Function in the Development and
Metastasis of Cancer

Some things are true of all malignant tumors, such as hypoxia,
not getting enough nutrients, and extracellular acidity.
Exosomes, which are EVs, have recently been found to be a
possible way for cells in the TME to talk to each other and
spread cancer.'’> When compared with a physiological pH, the
amount of exosomes made at a pH of 6.5 was found to be
higher. No matter what kind of cancer the cell lines came from
(prostate, melanoma, osteosarcoma, breast, or colorectal), they
all made more exosomes when they were grown in acidic con-
ditions.’® Also, exosomes generated at low pH consistently
had fewer size differences than exosomes produced at pH 7.4,
which exhibited more size variability.!” Increased exosome
release in vitro under acidic conditions was the same as the
higher levels of plasmatic exosomes found in prostate cancer
patients compared with healthy people or people with benign
prostatic enlargement, which were used as controls.®> On the
contrary, more and more evidence suggest that the acidity of
the TME may have a big effect on how much exosomes are

released when there is cancer.'® Exosomes play a critical role in
both the encouragement of malignant transformation in local-
ized mesenchymal stem cells and the establishment of tumor
niches in the organs that serve as the hosts as shown in Table 3.
All of these results show that exosomes are important in both
the growth of primary tumors and their spread to other parts of
the body (metastasis).'?” Some evidence, however, suggests that
exosomes play a big role in a recent Darwinian-like theory
about how tumors form. This theory says that as a tumor grows,
it picks out cells that are very good at adapting to their environ-
ment. This lets tumors live and grow in an environment that is
very bad for them.1?8 Also, the results of the experiments show
that the acidic environment of the tumor plays a key role in
making cancer cells release more exosomes. So, it’s possible that
the dangerous microenvironment, which probably chooses cells
that release vesicles outside the cell to get rid of toxic sub-
stances and stop them from building up inside the cell, is to
blame for tumor cell exosome hyperproduction.*” Exosomes
produced in an acidic environment exhibit ion transporter like
carbonic anhydrase IX (CA IX), which show complete enzy-
matic activity on exosomes, according to recent research. The
hypothesis that CA-IX expression and activity in plasmatic
exosome production could 1day serve as a crucial new cancer
diagnostic has been raised by several investigations that dem-
onstrated higher CA-related enzymatic action in plasmatic
exosomes from cancer patients.’? Extracellular vesicles are a
high-potential source of tumor biomarkers such as proteins,
lipids, and a variety of nucleic acids because of their broad pay-
load. On the plus side, this enables EVs to perform a variety of
functions within the TME.?3 The overexpression of estab-
lished tumor markers like PSA and proteins involved in ion
and proton transport, as well as the harsh microenvironmental
circumstances of hypoxia, acidity, and a lack of nutritional
availability, have increased the release of exosomes by tumor
cells.

The rise of circulating exosomes, which have been linked in
vitro to an acidic pH but have also been found in the plasma of
people with cancer, is a very interesting topic. Based on clinical
data gathered using an immunocapture-based technique, this
was assumed to be the case, and it was validated in patients
with malignancies of all sorts in 2017.38 Also, preclinical in
vivo research found a link between the amount of plasmatic
exosomes and the size of the tumor. This was proven by clinical
trials that showed a big drop in the amount of plasmatic
exosomes after the primary tumor was removed by surgery.!3!
This suggests that counting the number of exosomes in the
blood could be a useful way to track the results of both surgical
and medical treatments and to keep up with patients. Still,
given how important exosomes are to the spread of tumors, it is
possible that this huge number of circulating tumor exosomes
could pose a big risk to cancer patients. This finding also means
that in the future, antitumor drugs may try to reduce the num-
ber of exosomes that cancers make.
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Table 3. Plasmatic exosomes have been shown to contain protein tumor markers.

PROTEIN MARKER CANCER TYPE ROLE IN CANCER REFERENCE(S)
EpCAM Multiple types Tumor cell adhesion, migration, invasion Wortzel et al'1®
HER2/neu Breast cancer Cell proliferation, survival Ayala-Breton et al'20
EGFR Lung cancer Cell proliferation, angiogenesis, metastasis Zheng et al'?!
CA125 Ovarian cancer Cell adhesion, immune evasion lliescu et al'??
MUC1 Multiple types Cell adhesion, proliferation, immune evasion Madhavan et al'23
PSA Prostate cancer Cell growth, differentiation McKiernan et al'?4
CD44v6 Multiple types Cell adhesion, migration, invasion Wrana et al'?®
L1CAM Multiple types Cell adhesion, invasion, angiogenesis Wang et al'?6

Abbreviation: PSA, prostate-specific antigen.

Exosomes Clinical Significance as Cancer
Biomarkers

Even though there is more research on exosomes as a source of
tumor markers for a number of types of cancer, there are only a
tew diagnostic tests based on exosomes that can be used in clin-
ical settings right now. Immunocapture-based ELISA
(IC-ELISA) was used in the early 1990s to measure and
describe plasmatic exosomes. Using this method, it was found
that melanoma patients had a lot more plasma exosomes that
were CD63+ and CAV1+ than healthy donors. Based on the
early test results, the IC-ELISA was later made better and put
up against other modern technologies such as nanoparticle
tracking analysis (NTA) and nanofibrillated cellulose (NFC).13!
The combination of these 3 approaches demonstrated that can-
cer cells generated more exosomes in acidic environments, a fea-
ture common to nearly all malignancies. Immunocapture-based
ELISA and NFC were used in the same study to demonstrate
that when the environment was acidic, human prostate cancer
cells produced more exosomes expressing PSA.® The results
revealed that prostate cancer patients had much higher levels of
PSA-expressing plasmatic exosomes, which had significantly
higher sensitivity and specificity than traditional blood PSA in
the same people. While serum PSA and exosome PSA levels are
different measurements, the investigation results show that
blood PSA levels and exosome PSA levels (as determined by
either IC-ELISA or NFC) are significantly related, demon-
strating the same biological process.> Although plasmatic lev-
els of the exosomes that produce PSA could clearly identify
cancer patients from both healthy people and those with nontu-
mor illnesses like BPH, blood PSA was unable to discriminate
between Pca and BPH patients.* This is a significant result
since serum PSA testing has a high risk of false positives and
false negatives, which may have a range of detrimental effects.
Despite its widespread use today for Pca early diagnosis and
clinical follow-up, study results provide strong support for the
use of IC-based technologies for defining and monitoring cir-
culating exosomes, potentially exposing new sources of clinical

biomarkers for cancer patients and maybe others.*® In particu-
lar, IC-ELISA deserves attention because (1) it is noninvasive;
(2) it is quick, inexpensive, precise, quantitative, and versatile
(easily extendable to other markers or conditions); (3) it requires
little sample and has many readouts; (4) it allows for both
screenings and follow-up applications; and (5) it is affordable
enough to be used in all research and clinical laboratories around
the world. The investigation of the expression of known tumor
biomarkers, substitute tumor biomarkers, and even new tumor
biomarkers on exosomes in a single plasma sample is made pos-
sible by the use of IC-ELISA, which specifically permits the
evaluation of many markers in a single sample.

Exosomal miRINAs as Cancer Biomarkers

Along with the protein payload, exosomes from different body
fluids have a lot of DNA, miRNA, mRNA, and IncRNAs.
Since Valadi found exosomal mRNAs and miRNAs, which
are the most common types of RNA in exosomes and EVs,
there has been a lot of interest in exosomal miRNAs as shown
in Table 4.2° The content and amount of exosomal miRNAs
have been demonstrated to differ considerably between
healthy individuals and cancer patients, suggesting that they
might be used as noninvasive clinical markers.!3” Nevertheless,
technological and analytical biases that affect exosomal
miRNA synthesis, purity, and integrity have hitherto prohib-
ited its application in clinical cancer. The miRNAs in physio-
logical fluids are packed in vesicles, attached to RNA-binding
proteins or related to lipoprotein complexes.!3® RNA that isn't
from exosomes gets mixed in with exosomal preparations dur-
ing ultracentrifugation to get rid of exosomes.!? This means
that RNA gets into EV preparations. Exosome/EV immuno-
capture may be used as a feasible alternative before miRNA
detection is continued. The related exosome or EV population
may then be analyzed for miRNAs using this method. When
EVs are isolated from patient samples, there seems to be a
technological method that will permit more accurate RNA
characterization.140
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Table 4. A some of the RNA types that have been investigated as biomarkers in various cancer types.

RNATYPE CANCERTYPE ROLE IN CANCER
miRNA Multiple types
IncRNA Multiple types
circRNA Multiple types
tRNA Multiple types
rRNA Multiple types

Gene regulation, tumor suppression, oncogenesis

Gene regulation, epigenetic modification, cell differentiation
Gene regulation, protein translation, cellular signaling
Protein synthesis, regulation of gene expression, apoptosis

Protein synthesis, cell growth and division, tumor progression

REFERENCE(S)
Kikkawa et al'32
Statello et al'33
Qu et al'34
Goodarzi et al'3®

Zander et al'36

Abbreviations: circRNA, circular RNA; IncRNA, long noncoding RNA; miRNA, microRNA; rRNA, ribosomal RNA; tRNA, transfer RNA.

Examining the Exosomal Cargo: Limitations and
Significance in Cancer Biomarker Development
Exosomes may record aberrant cellular function, making them
potentially useful as biomarkers for cancer. Changes in a vari-
ety of biological components support this. Yet, this is a signifi-
cant obstacle to using exosomes as a source of biomarkers.
Research is being done on exosome enrichment, and it may be
possible to customize each step for a particular cargo, such as
protein, DNA, RNA, or another sort. Larger sample quantities
or more sensitive methods for detection and quantification
would be necessary for various biological preparations to eval-
uate each biological component in exosomes.!*! Exosome
enrichment is required to boost the exosome signal in bodily
fluids above nonexosomal noise using a certain volume of liq-
uid biopsy. Yet, each exosome enrichment method is likely to
have a specific bias based on the subtypes of exosomes recov-
ered and potential contaminants copurified with the exosomes.
Biologics that are co-enriched with exosomes but are not exo-
somal cargo in and of themselves are contaminants. They are
valuable as cancer biomarkers and therapeutically important.
The combination of numerous exosome cancer signals has so
far largely concentrated on different miRNA sequences, a
broad range of DNA alterations, or multiple proteins rather
than evoking diverse nucleic acid combinations or nucleic
acids in conjunction with proteins. The size of the sample and
the availability of data for specialist biological material pro-
cessing are the key causes of this. When CTCs are insufficient
or undetectable, exosomes may provide additional or alternate
sources of study materials. While CTCs in the blood may pro-
vide information about the prognosis of breast cancer, their
use in liquid biopsies of cancer poses a number of practical
difficulties. Exosomes are being studied as potential cancer
biomarkers in addition to cancer cells, unlike CTCs, as was
previously mentioned. As a consequence, we believe they
might be helpful for monitoring cancer development and
treatment response, as shown by stromal reactions.’*? Exosome
biomarker research enables nucleic acid and other cargo analy-
ses, which are presently difficult to investigate with CTCs, in
contrast to CTC detection. Other previously mentioned exo-
some biologics, such as lipids and metabolites, have not yet
been studied in large-scale samples for similar reasons. The

lack of mass spectrometers, which are necessary for sensitive,
high-throughput lipid, and metabolite analysis, makes these
problems worse. Future studies combining different biologics
for a particular target, such as DNA, RNA, and protein for
mutant Kras in pancreatic cancer, may aid in predicting the
course of the illness, with each biological material perhaps
boosting the sensitivity and specificity of the exosome bio-
marker.!*3 The “combined exosome cancer biomarker” would
probably be more accurate if more biologics were included,
with a relative score being assigned to the positive or negative
detection of various proteins and miRNAs, for instance.
Exosomes have the ability to record cellular activity and live
cell activities, which means that they may provide information
on not only the existence of a malignant lesion but also the
state of reoccurring illness and possible recurrence.l#
Exosomes are constantly lost, so it is exciting and encouraging
to create designs that incorporate exosome markers into
microfluidic devices or other analytical platforms for in-depth
studies of biological fluids. The exosome protein evaluation is
constrained (when using immunocapture) in favor of a more
complete analysis of a number of biological markers, which is
one of these approaches’ primary limitations. A multistep pro-
cess that comprises enrichment and identification of a pool of
exosomes based on protein presentation, followed by second-
ary analysis, may help to increase the signal-to-noise ratio for
a cancer-specific biomarker.'® With the development of new
techniques based on exosome size, charge, immunoaffinity, or
a combination of these, microfluidic devices may be used in
exosome biomarker research more often. A multistep approach
would be used to distribute liquid biopsy samples for research
on diverse biologics, but it would introduce more errors than
single-step techniques and be more difficult to implement for
high-throughput clinical needs.'# Even when the illness is
asymptomatic, exosomes may be employed as cancer biomark-
ers, albeit it is still unclear whether their presence should sig-
nal invasive therapeutic action or an expensive work-up.
Exosomes are heterogeneous in nature, both in their cargo and
cellular origins. This heterogeneity can make it challenging to
identify consistent and specific biomarkers for different cancer
types. Isolating and purifying exosomes from biological fluids
can be technically demanding. Existing isolation methods may
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not yield pure exosome populations, potentially leading to
contamination and inaccurate results. The sensitivity and
specificity of exosomal biomarkers may not always meet clini-
cal standards. False positives or false negatives can have sig-
nificant implications for patient care and treatment decisions.
In some cases, obtaining sufficient and high-quality samples
for exosome analysis, especially in early stage cancer, can be
challenging. This limitation can hinder the development and
validation of exosomal biomarkers. Exosomes are sensitive to
freeze-thaw cycles and long-term storage, which can affect the
stability of biomarkers. Proper handling and storage condi-
tions are critical. There are also an ethical and social implica-
tions of exosome use in cancer: The collection and analysis of
biological samples for exosome research raise concerns about
patient privacy and the need for informed consent, especially
if genetic or sensitive information is revealed. The sensitivity
of exosomal biomarkers may lead to the identification of can-
cers that might never cause symptoms or harm, potentially
resulting in overdiagnosis and overtreatment. The psychologi-
cal and emotional impact of receiving a cancer diagnosis based
on exosomal biomarkers should be considered, as it may differ
from traditional diagnostic methods. In summary, while exo-
somal biomarkers hold immense promise in cancer diagnosis
and treatment, addressing the associated limitations and ethi-
cal and social implications is essential to harness their poten-
tial effectively and responsibly in the clinical setting. Balancing
innovation with ethical considerations and equitable access is
a complex challenge that requires collaboration among
researchers, clinicians, policymakers, and ethicists.

Conclusions

In conclusion, exosomes represent a promising avenue for can-
cer biomarker discovery and detection. These small EV's contain
a wealth of information about cancer cells, including proteins,
lipids, and nucleic acids, that can be used to diagnose and moni-
tor cancer progression. In addition, exosomes offer several
advantages over traditional cancer biomarkers, including their
noninvasive nature, stability in bodily fluids, and ability to pro-
vide real-time information about cancer cells. Exosomes also
have the potential to revolutionize medicine. They may be used
as natural nanocarriers for the delivery of pharmaceuticals, ena-
bling the delivery of customized medicines with fewer adverse
effects. Exosomes may be used in immunotherapy to change
how the immune system responds to cancer cells. Exosomes’
ability to modify the TME also creates new opportunities for
therapeutic approaches that can slow the spread of cancer. It is
abundantly evident that exosomes’ huge significance transcends
even their minute size as we get closer to wrapping up our
inquiry into exosomes and cancer. These amazing EVs have
risen from relative obscurity to play pivotal roles in the develop-
ment of cancer medicines and diagnostics. The amazing
advances gained in understanding their biology and function
are shown by their potential to revolutionize therapeutic

practice and enhance the lives of cancer patients. Further studies
are needed to validate the clinical utility of exosomal biomarkers
and to establish guidelines for their routine use in the clinic.
With ongoing research and technological advancements, exoso-
mal biomarkers are poised to make a significant impact on the
field of cancer biology and clinical practice.

Author Contributions

QM, AS, YS, AW, and MM equally involved in concept and
design of study drafting, data analysis, critically revisiting, and
article formatting. All authors have made a significant contri-
bution to this study and have approved the final article.

ORCIDiD
Quratulain Magsood
9797

https://orcid.org/0000-0001-7342-

REFERENCES
1. Entezari M, Ghanbarirad M, Taheriazam A, et al. Long non-coding RNAs and

exosomal IncRNAs: potential functions in lung cancer progression, drug resis-
tance and tumor microenvironment remodeling. Biomed Pharmacother.
2022;150:112963.

2. Ashrafizadeh M, Kumar AP, Aref AR, Zarrabi A, Mostafavi E. Exosomes as
promising nanostructures in diabetes mellitus: from insulin sensitivity to ame-
liorating diabetic complications. Int ] Nanomedicine. 2022;17:1229-1253.

3. Paskeh MDA, Entezari M, Mirzaei S, et al. Emerging role of exosomes in cancer
progression and tumor microenvironment remodeling. J Hematol Oncol.
2022;15:1-39.

4. Hanjani NA, Esmaelizad N, Zanganeh S, et al. Emerging role of exosomes as
biomarkers in cancer treatment and diagnosis. Criz Rev Oncol Hematol.
2022;169:103565.

5. Makler A, Asghar W. Exosomal biomarkers for cancer diagnosis and patient
monitoring. Expert Rev Mol Diagn. 2020;20:387-400.

6. Egan TK. Monitoring patients undergoing cancer therapy. Lab Med.
2000;31:666-671.

7. Neal R, Tharmanathan P, France B, et al. Is increased time to diagnosis and
treatment in symptomatic cancer associated with poorer outcomes? Systematic
review. Br J Cancer. 2015;112:592-5107.

8. Sumrin A, Moazzam S, Khan AA, et al. Exosomes as biomarker of cancer. Braz
Arch Biol Technol. 2018;61:¢18160730.

9. Soung Y, Ford S, Zhang V, Chung ]J. Exosomes in cancer diagnostics. Cancers
(Basel). 2017;9:8.

10.  Zoller M. Exosomes in cancer disease. In: Gritzmann R, Pilarsky C, eds. Cancer
Gene Profiling: Methods and Protocols. New York: Springer; 2016:111-149.

11.  Jalalian SH, Ramezani M, Jalalian SA, Abnous K, Taghdisi SM. Exosomes, new
biomarkers in early cancer detection. Anal Biochem. 2019;571:1-13.

12. Xiong G, Feng M, Yang G, et al. The underlying mechanisms of non-coding
RNAs in the chemoresistance of pancreatic cancer. Cancer Lett.
2017;397:94-102.

13.  Theodoraki MN, Yerneni S, Gooding WE, et al. Circulating exosomes measure
responses to therapy in head and neck cancer patients treated with cetuximab,
ipilimumab, and IMRT. Oncoimmunology. 2019;8:1593805.

14.  Kim J-H, Kim E, Lee MY. Exosomes as diagnostic biomarkers in cancer. Mo/
Cell Toxicol. 2018;14:113-122.

15.  Nedaeinia R, Manian M, Jazayeri MH, et al. Circulating exosomes and exo-
somal microRNAs as biomarkers in gastrointestinal cancer. Cancer Gene Ther.
2017;24:48-56.

16.  Falcon-Perez ]. Exosome profiling: potential in cancer diagnosis and stratifica-
tion. In: Endocrine Abstracts. Bioscientifica; Published 2017. https://www.endo-
crine-abstracts.org/ea/0049/ea0049nsa2

17. Yu D, LiY, Wang M, et al. Exosomes as a new frontier of cancer liquid biopsy.
Mol Cancer. 2022;21:56.

18.  Zhao X, Ren Y, Cui N, Wang X, Cui Y. Identification of key microRNAs and
their targets in exosomes of pancreatic cancer using bioinformatics analysis.
Medicine (Baltimore). 2018;97:¢12632.

19.  Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation of
sheep reticulocytes in vitro: selective externalization of the receptor. Cell.
1983;33:967-978.


https://orcid.org/0000-0001-7342-9797
https://orcid.org/0000-0001-7342-9797
https://www.endocrine-abstracts.org/ea/0049/ea0049nsa2
https://www.endocrine-abstracts.org/ea/0049/ea0049nsa2

Magqsood et al

13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Létvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Na# Cell Biol. 2007;9:654-659.

Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular inter-
actions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol.
2014;30:255-289.

Xiao Y, Zheng L, Zou X, Wang J, Zhong ], Zhong T. Extracellular vesicles in
type 2 diabetes mellitus: key roles in pathogenesis, complications, and therapy. J
Extracell Vesicles. 2019;8:1625677.

EL Andaloussi S, Miger I, Breakefield XO, Wood M]. Extracellular vesicles:
biology and emerging therapeutic opportunities. Naz Rev Drug Discov.
2013;12:347-357.

Mathieu M, Martin-Jaular L, Lavieu G, Théry C. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communica-
tion. Nat Cell Biol. 2019;21:9-17.

Ko J, Bhagwat N, Black T, et al. miRNA profiling of magnetic nanopore—iso-
lated extracellular vesicles for the diagnosis of pancreatic cancer. Cancer Res.
2018;78:3688-3697.

Fu Q_, Jiang H, Wang Z, et al. Injury factors alter miRNAs profiles of exosomes
derived from islets and circulation. Aging (Albany New York). 2018;10:3986.
Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem. 2019;88:487-514.

Guo W, Gao Y, Li N, et al. Exosomes: new players in cancer. Onco/ Rep.
2017;38:665-675.

Jahangiri B, Saei AK, Obi PO, et al. Exosomes, autophagy and ER stress path-
ways in human diseases: cross-regulation and therapeutic approaches. Biochim
Biophys Acta Mol Basis Dis. 2022;1868:166484.

Sekhavati N, Noori E, Abbasifard M, Butler AE, Sahebkar A. How statin drugs
affect exosomes. J Cell Biochem. 2023;124:171-180.

Wei F, Li Y. The emerging roles of exosome-derived noncoding RNAs in the
tumor immune microenvironment and their future applications. Biomed Pharma-
cother. 2022;156:113863.

Liu Q. The emerging roles of exosomal long non-coding RNAs in bladder cancer.
J Cell Mol Med. 2022;26:966-976.

Rashed HM, Bayraktar E, Helal GK, et al. Exosomes: from garbage bins to
promising therapeutic targets. Inz ] Mol Sci. 2017;18:538.

Azmi AS, Bao B, Sarkar FH. Exosomes in cancer development, metastasis, and
drug resistance: a comprehensive review. Cancer Metastasis Rev. 2013;32:
623-642.

Lespagnol A, Duflaut D, Beekman C, et al. Exosome secretion, including the
DNA damage-induced p53-dependent secretory pathway, is severely compro-
mised in TSAP6/Steap3-null mice. Cel/ Death Differ. 2008;15:1723-1733.
Mousavi S, Moallem R, Hassanian SM, et al. Tumor-derived exosomes: poten-
tial biomarkers and therapeutic target in the treatment of colorectal cancer. J Ce//
Physiol. 2019;234:12422-12432.

Caivano A, Laurenzana I, De Luca L, et al. High serum levels of extracellular ves-
icles expressing malignancy-related markers are released in patients with various
types of hematological neoplastic disorders. Tumour Biol. 2015;36:9739-9752.
Cappello F, Logozzi M, Campanella C, et al. Exosome levels in human body flu-
ids: a tumor marker by themselves? Eur J Pharm Sci. 2017;96:93-98.

Shah R, Patel T, Freedman JE. Circulating extracellular vesicles in human dis-
ease. N Engl ] Med. 2018;379:958-966.

Rodriguez Zorrilla S, Pérez-Sayans M, Fais S, Logozzi M, Torreira MG, Garcia
AG. A pilot clinical study on the prognostic relevance of plasmatic exosomes lev-
els in oral squamous cell carcinoma patients. Cancers. 2019;11:429.

Smith RA, Andrews KS, Brooks D, et al. Cancer screening in the United States,
2019: a review of current American Cancer Society guidelines and current issues
in cancer screening. CA Cancer | Clin. 2019;69:184-210.

Schiffman JD, Fisher PG, Gibbs P. Early detection of cancer: past, present, and
future. Am Soc Clin Oncol Educ Book. 2015;35:57-65.

Logozzi M, Angelini DF, Giuliani A, et al. Increased plasmatic levels of PSA-
expressing exosomes distinguish prostate cancer patients from benign prostatic
hyperplasia: a prospective study. Cancers. 2019;11:1449.

Barry MJ, Simmons LH. Prevention of prostate cancer morbidity and mortality:
primary prevention and early detection. Med Clin North Am. 2017;101:787-806.
Lea ], Sharma R, Yang F, et al. Detection of phosphatidylserine-positive exo-
somes as a diagnostic marker for ovarian malignancies: a proof of concept study.
Oncotarget. 2017;8:14395.

Sharma R, Huang X, Brekken RA, Schroit AJ. Detection of phosphatidylserine-
positive exosomes for the diagnosis of early-stage malignancies. Br J Cancer.
2017;117:545-552.

Logozzi M, Capasso C, Di Raimo R, et al. Prostate cancer cells and exosomes in
acidic condition show increased carbonic anhydrase IX expression and activity. J
Enzyme Inhib Med Chem. 2019;34:272-278.

Boussadia Z, Lamberti J, Mattei F, et al. Acidic microenvironment plays a key
role in human melanoma progression through a sustained exosome mediated
transfer of clinically relevant metastatic molecules. J Exp Clin Cancer Res.
2018;37:245.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Smith Z]J, Lee C, Rojalin T, et al. Single exosome study reveals subpopulations
distributed among cell lines with variability related to membrane content. J
Extracell Vesicles. 2015;4:28533.

Welton JL, Khanna S, Giles PJ, et al. Proteomics analysis of bladder cancer exo-
somes. Mol Cell Proteomics. 2010;9:1324-1338.

LeBleu VS, Kalluri R. Exosomes as a multicomponent biomarker platform in
cancer. Trends Cancer. 2020;6:767-774.

ZouX, Xia T, Li M, et al. MicroRNA profiling in serum: potential signatures for
breast cancer diagnosis. Cancer Biomark. 2021;30:41-53.

Zhang R, Xia Y, Wang Z, et al. Serum long non coding RNA MALAT-1 pro-
tected by exosomes is up-regulated and promotes cell proliferation and migra-
tion in non-small cell lung cancer. Biochem Biophys Res Commun. 2017;490:
406-414.

Ghafouri-Fard S, Hussen BM, Badrlou E, Abak A, Taheri M. MicroRNAs as
important contributors in the pathogenesis of colorectal cancer. Biomed Pharma-
cother. 2021;140:111759.

van der Watt PJ, Okpara MO, Wishart A, et al. Nuclear transport proteins are
secreted by cancer cells and identified as potential novel cancer biomarkers. Inz J
Cancer. 2022;150:347-361.

LiS, YiM, Dong B, Tan X, Luo S, Wu K. The role of exosomes in liquid biopsy
for cancer diagnosis and prognosis prediction. Int J Cancer. 2021;148:
2640-2651.

Makino T, Kadomoto S, Izumi K, Mizokami A. Epidemiology and prevention
of renal cell carcinoma. Cancers. 2022;14:4059.

Uratani R, Toiyama Y, Kitajima T, et al. Diagnostic potential of cell-free and
exosomal microRNAs in the identification of patients with high-risk colorectal
adenomas. PLoS ONE. 2016;11:¢0160722.

Santos P, Almeida F. Exosome-based vaccines: history, current state, and clinical
trials. Front Immunol. 2021;12:711565.

Charrin S, Jouannet S, Boucheix C, Rubinstein E. Tetraspanins at a glance. J Ce//
Sci. 2014;127:3641-3648.

Bobrie A, Krumeich S, Reyal F, et al. Rab27a supports exosome-dependent and-
independent mechanisms that modify the tumor microenvironment and can pro-
mote tumor progression. Cancer Res. 2012;72:4920-4930.

Del Conde I, Shrimpton CN, Thiagarajan P, Lépez JA. Tissue-factor-bearing
microvesicles arise from lipid rafts and fuse with activated platelets to initiate
coagulation. Blood. 2005;106:1604-1611.

Alonso R, Mazzeo C, Rodriguez MC, et al. Diacylglycerol kinase o regulates
the formation and polarisation of mature multivesicular bodies involved in the
secretion of Fas ligand-containing exosomes in T lymphocytes. Ce/l Death Differ.
2011;18:1161-1173.

Chalmin F, Ladoire S, Mignot G, et al. Membrane-associated Hsp72 from
tumor-derived exosomes mediates STAT3-dependent immunosuppressive func-
tion of mouse and human myeloid-derived suppressor cells. J Clin Invest.
2010;120:457-471.

Logozzi M, Angelini DF, Iessi E, et al. Increased PSA expression on prostate
cancer exosomes in in vitro condition and in cancer patients. Cancer Lett.
2017;403:318-329.

Tian T, Zhu Y-L, Zhou Y-Y, et al. Exosome uptake through clathrin-mediated
endocytosis and macropinocytosis and mediating miR-21 delivery. J Biol Chem.
2014;289:22258-22267.

Ghasempour E, Hesami S, Movahed E, Keshel SH, Doroudian M. Mesenchy-
mal stem cell-derived exosomes as a new therapeutic strategy in the brain tumors.
Stem Cell Res Ther. 2022;13:527.

Xie Q-H, Zheng J-Q, Ding J-Y, et al. Exosome-mediated immunosuppression
in tumor microenvironments. Ce//s. 2022;11:1946.

Gourlay J, Morokoff AP, Luwor RB, Zhu HJ, Kaye AH, Stylli SS. The emergent
role of exosomes in glioma. J Clin Neurosci. 2017;35:13-23.

Peinado H, Ale¢kovi¢ M, Lavotshkin S, et al. Melanoma exosomes educate bone
marrow progenitor cells toward a pro-metastatic phenotype through MET. Na#
Med. 2012;18:883-891.

Melo SA, Luecke LB, Kahlert C, et al. Glypican-1 identifies cancer exosomes
and detects early pancreatic cancer. Nazure. 2015;523:177-182.

Nabet BY, Qiu Y, Shabason JE, et al. Exosome RNA unshielding couples stro-
mal activation to pattern recognition receptor signaling in cancer. Ce/l.
2017;170:352-366.¢13.

Wang X, Tian L, Lu J, Ng IO-L. Exosomes and cancer—diagnostic and prog-
nostic biomarkers and therapeutic vehicle. Oncogenesis. 2022;11:54.

de Jong OG, Verhaar MC, Chen Y, et al. Cellular stress conditions are reflected
in the protein and RNA content of endothelial cell-derived exosomes. J Extracell
Vesicles. 2012;1:18396.

Chen G, Huang AC, Zhang W, et al. Exosomal PD-L1 contributes to immuno-
suppression and is associated with anti-PD-1 response. Nazure. 2018;560:
382-386.

Newman AM, Lovejoy AF, Klass DM, et al. Integrated digital error suppression
DNA. Nat Biotechnol.

for improved detection of circulating tumor

2016;34:547-555.



14

Clinical Medicine Insights: Oncology

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Zhai L-Y, Li M-X, Pan W-L, et al. 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.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin.
2019;69:7-34.

Hannafon BN, Trigoso YD, Calloway CL, et al. Plasma exosome microRNAs
are indicative of breast cancer. Breast Cancer Res. 2016;18:1-14.

Ho AY, Tabrizi S, Dunn SA, McArthur HL. Current advances in immune
checkpoint inhibitor combinations with radiation therapy or cryotherapy for
breast cancer. Breast Cancer Res Treat. 2022;191:229-241.

Hydbring P, De Petris L, Zhang Y, et al. Exosomal RNA-profiling of pleural
effusions identifies adenocarcinoma patients through elevated miR-200 and
LCN2 expression. Lung Cancer. 2018;124:45-52.

Kim DH, Kim H, Choi Y], et al. Exosomal PD-L1 promotes tumor growth
through immune escape in non-small cell lung cancer. Exp Mol Med.
2019;51:1-13.

Leskela S, Pérez-Mies B, Rosa-Rosa JM, et al. Molecular basis of tumor hetero-
geneity in endometrial carcinosarcoma. Cancers. 2019;11:964.

Carvalho MJ, Laranjo M, Abrantes AM, Torgal I, Botelho MF, Oliveira CF.
Clinical translation for endometrial cancer stem cells hypothesis. Cancer Metas-
tasis Rev. 2015;34:401-416.

Muinelo-Romay L, Casas-Arozamena C, Abal M. Liquid biopsy in endometrial
cancer: new opportunities for personalized oncology. Int J Mol Sci. 2018;19:2311.
LiBL, Lu W, QuJJ, Ye L, Du GQ, Wan XP. Loss of exosomal miR-148b from
cancer-associated fibroblasts promotes endometrial cancer cell invasion and can-
cer metastasis. / Ce// Physiol. 2019;234:2943-2953.

Zhang N, Wang Y, Liu H, Shen W. Extracellular vesicle encapsulated
microRNA-320a inhibits endometrial cancer by suppression of the HIFla/
VEGFA axis. Exp Cell Res. 2020;394:112113.

Song Y, Wang M, Tong H, et al. Plasma exosomes from endometrial cancer patients
contain LGALS3BP to promote endometrial cancer progression. Oncogene.
2021;40:633-646.

Xiao L, He Y, Peng F, Yang J, Yuan C. Endometrial cancer cells promote
M2-like macrophage polarization by delivering exosomal miRNA-21 under
hypoxia condition. J Immunol Res. 2020;2020:9731049.

Srivastava A, Moxley K, Ruskin R, Dhanasekaran DN, Zhao YD, Ramesh R. A
non-invasive liquid biopsy screening of urine-derived exosomes for miRNAs as
biomarkers in endometrial cancer patients. 44PS J. 2018;20:1-11.

XuH, Gong Z, Shen Y, Fang Y, Zhong S. Circular RNA expression in extracel-
lular vesicles isolated from serum of patients with endometrial cancer. Epigenom-
ics. 2018;10:187-197.

Dziechciowski M, Zapala B, Skotniczny K, et al. Diagnostic and prognostic rel-
evance of microparticles in peripheral and uterine blood of patients with endo-
metrial cancer. Ginekol Pol. 2018;89:682-687.

Ault KA. Epidemiology and natural history of human papillomavirus infections
in the female genital tract. Infect Dis Obstet Gynecol. 2006;2006:40470.

Kori M, Yalcin Arga K. Potential biomarkers and therapeutic targets in cervical
cancer: insights from the meta-analysis of transcriptomics data within network
biomedicine perspective. PLoS ONE. 2018;13:¢0200717.

Khan S, Aspe JR, Asumen MG, et al. Extracellular, cell-permeable survivin
inhibits apoptosis while promoting proliferative and metastatic potential. Br J
Cancer. 2009;100:1073-1086.

LiuJ, Sun H, Wang X, et al. Increased exosomal microRNA-21 and microRNA-
146a levels in the cervicovaginal lavage specimens of patients with cervical can-
cer. Int J Mol Sci. 2014;15:758-773.

Lv A, Tu Z, Huang Y, Lu W, Xie B. Circulating exosomal miR-125a-5p as a
novel biomarker for cervical cancer. Onco/ Lett. 2021;21:54-51.

Pan ZX, Zhang XY, Chen SR, Li CZ. Upregulated exosomal miR-221/222 pro-
motes cervical cancer via repressing methyl-CpG-binding domain protein 2. Eur
Rev Med Pharmacol Sci. 2019;23:3645-3653.

ShiY, Wang W, Yang B, Tian H. ATF1 and RAS in exosomes are potential clin-
ical diagnostic markers for cervical cancer. Cel/ Biochem Funct. 2017;35:477-483.
Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. RAS oncogenes: weaving a tumori-
genic web. Nat Rev Cancer. 2011;11:761-774.

Szajnik M, Czystowska-Kuzmicz M, Elishaev E, Whiteside TL. Biological
markers of prognosis, response to therapy and outcome in ovarian carcinoma.
Expert Rev Mol Diagn. 2016;16:811-826.

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

Cheng L, Wu S, Zhang K, Qing Y, Xu T. A comprehensive overview of exo-
somes in ovarian cancer: emerging biomarkers and therapeutic strategies. J Ovar-
ian Res. 2017;10:1-9.

Nakamura K, Sawada K, Kinose Y, et al. Exosomes promote ovarian cancer cell
invasion through transfer of CD44 to peritoneal mesothelial cells. Mo/ Cancer
Res. 2017;15:78-92.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

LiQ-L, BuN, Yu Y-C, Hua W, Xin X-Y. Exvivo experiments of human ovarian
cancer ascites-derived exosomes presented by dendritic cells derived from umbil-
ical cord blood for immunotherapy treatment. C/in Med Oncol. 2008;2:461-467.
Kobayashi M, Salomon C, Tapia J, Illanes SE, Mitchell MD, Rice GE. Ovarian
cancer cell invasiveness is associated with discordant exosomal sequestration of
Let-7 miRNA and miR-200. J Trans/ Med. 2014;12:1-12.

ZhuX, Shen H, Yin X, et al. Macrophages derived exosomes deliver miR-223 to
epithelial ovarian cancer cells to elicit a chemoresistant phenotype. J Exp Clin
Cancer Res. 2019;38:1-14.

Pan C, Stevic I, Miiller V, et al. Exosomal microRNAs as tumor markers in epi-
thelial ovarian cancer. Mo/ Oncol. 2018;12:1935-1948.

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Sci-
ence. 2018;359:1350-1355.

Gharavi AT, Hanjani NA, Movahed E, Doroudian M. The role of macrophage
subtypes and exosomes in immunomodulation. Ce// Mol Biol Lett. 2022;27:83.
Patel SA, Minn AJ. Combination cancer therapy with immune checkpoint
blockade: mechanisms and strategies. Immunity. 2018;48:417-433.

Minn AJ, Wherry EJ. Combination cancer therapies with immune checkpoint
blockade: convergence on interferon signaling. Cell. 2016;165:272-275.

Jin H, Wu Y, Tan X. The role of pancreatic cancer-derived exosomes in cancer
progress and their potential application as biomarkers. Clin Transl Oncol.
2017;19:921-930.

Cheng N, Du D, Wang X, et al. Recent advances in biosensors for detecting can-
cer-derived exosomes. Trends Biotechnol. 2019;37:1236-1254.

Gillies R], Pilot C, Marunaka Y, Fais S. Targeting acidity in cancer and diabetes.
Biochim Biophys Acta Rev Cancer. 2019;1871:273-280.

Lugini L, Valtieri M, Federici C, et al. Exosomes from human colorectal cancer
induce a tumor-like behavior in colonic mesenchymal stromal cells. Oncotarget.
2016;7:50086-50098.

Logozzi M, Mizzoni D, Angelini DF, et al. Microenvironmental pH and exo-
some levels interplay in human cancer cell lines of different histotypes. Cancers.
2018;10:370.

Logozzi M, Spugnini E, Mizzoni D, Di Raimo R, Fais S. Extracellular acidity
and increased exosome release as key phenotypes of malignant tumors. Cancer
Metastasis Rev. 2019;38:93-101.

Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-mediated metastasis: com-
munication from a distance. Dev Cell. 2019;49:347-360.

Ayala-Breton C, Suksanpaisan L, Mader EK, Russell SJ, Peng KW. Amalgam-
ating oncolytic viruses to enhance their safety, consolidate their killing mecha-
nisms, and accelerate their spread. Mo/ Ther. 2013;21:1930-1937.

Zheng H, Zhan Y, Liu S, et al. The roles of tumor-derived exosomes in non-small
cell lung cancer and their clinical implications. / Exp Clin Cancer Res. 2018;37:1-11.
Iliescu FS, Poenar DP, Yu F, et al. Recent advances in microfluidic methods in
cancer liquid biopsy. Biomicrofluidics. 2019;13:041503.

Madhavan B, Yue S, Galli U, et al. Combined evaluation of a panel of protein
and miRNA serum-exosome biomarkers for pancreatic cancer diagnosis
increases sensitivity and specificity. In# J Cancer. 2015;136:2616-2627.
McKiernan J, Donovan MJ, O’Neill V, et al. A novel urine exosome gene expres-
sion assay to predict high-grade prostate cancer at initial biopsy. JAMA Oncol.
2016;2:882-889.

Wrana F, Détzer K, Priifer M, Werner J, Mayer B. High dual expression of the
biomarkers CD44v6/a.2p1 and CD44v6/PD-L1 indicate early recurrence after
colorectal hepatic metastasectomy. Cancers. 2022;14:1939.

Wang Y-T, Shi T, Srivastava S, Kagan J, Liu T, Rodland KD. Proteomic analysis
of exosomes for discovery of protein biomarkers for prostate and bladder cancer.
Cancers. 2020;12:2335.

Peinado H, Zhang H, Matei IR, et al. Pre-metastatic niches: organ-specific
homes for metastases. Nat Rev Cancer. 2017;17:302-317.

Mazzocca A, Ferraro G, Misciagna G, Fais S. Moving the systemic evolutionary
approach to cancer forward: therapeutic implications. Med Hypotheses.
2018;121:80-87.

Logozzi M, Mizzoni D, Capasso C, et al. Plasmatic exosomes from prostate can-
cer patients show increased carbonic anhydrase IX expression and activity and
low pH. J Enzyme Inhib Med Chem. 2020;35:280-288.

Lener T, Gimona M, Aigner L, et al. Applying extracellular vesicles based ther-
apeutics in clinical trials—an ISEV position paper. J Extracell Vesicles. 2015;4:
30087.

Logozzi M, De Milito A, Lugini L, et al. High levels of exosomes expressing
CD63 and caveolin-1 in plasma of melanoma patients. Plos One. 2009;4:¢5219.
Kikkawa N, Hanazawa T, Fujimura L, et al. miR-489 is a tumour-suppressive
miRNA target PTPN11 in hypopharyngeal squamous cell carcinoma (HSCC).
Br ] Cancer. 2010;103:877-884.

Statello L, Guo C-J, Chen L-L, Huarte M. Gene regulation by long non-coding
RNAs and its biological functions. Naz Rev Mol Cell Biol. 2021;22:96-118.
QuS, Yang X, Li X, et al. Circular RNA: a new star of noncoding RNAs. Cancer
Lett. 2015;365:141-148.



Magqsood et al

15

135.

136.

137.

138.

139.

Goodarzi H, Nguyen HCB, Zhang S, Dill BD, Molina H, Tavazoie SF. Modu-
lated expression of specific tRNAs drives gene expression and cancer progres-
sion. Cell. 2016;165:1416-1427.

Zander S, Jacob R, Gutschner T. Chemical modifications and their role in long
non-coding RNAs. In: Khalil A, ed. Molecular Biology of Long Non-Coding
RNAs. Cham: Springer; 2019:35-63.

Huang X, Yuan T, Tschannen M, et al. Characterization of human plasma-
derived exosomal RNAs by deep sequencing. BMC Genomics. 2013;14:
1-14.

Lapitz A, Arbelaiz A, O’Rourke CJ, et al. Patients with cholangiocarcinoma
present specific RNA profiles in serum and urine extracellular vesicles mirroring
the tumor expression: novel liquid biopsy biomarkers for disease diagnosis. Cells.
2020;9:721.

Mateescu B, Kowal EJ, van Balkom BW, et al. Obstacles and opportunities in
the functional analysis of extracellular vesicle RNA—an ISEV position paper. /
Extracell Vesicles. 2017;6:1286095.

140.

141.

142.

143.

144.

145.

146.

Arroyo JD, Chevillet JR, Kroh EM, et al. Argonaute2 complexes carry a popula-
tion of circulating microRNAs independent of vesicles in human plasma. Proc
Natl Acad Sci USA. 2011;108:5003-5008.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of exo-
somes. Science. 2020;367:eaau6977.

Alix-Panabieres C, Pantel K. Clinical applications of circulating tumor cells and
circulating tumor DNA as liquid Biopsy. Cancer Discov. 2016;6:479-491.

Zhang P, Zhou X, He M, et al. Ultrasensitive detection of circulating exosomes
with a 3D-nanopatterned microfluidic chip. Naz Biomed Eng. 2019;3:438-451.
Iliescu F'S, Vrtacnik D, Neuzil P, Iliescu C. Microfluidic technology for clinical
applications of exosomes. Micromachines. 2019;10:392.

Zhang P, Zhou X, Zeng Y. Multiplexed immunophenotyping of circulating exo-
somes on nano-engineered ExoProfile chip towards early diagnosis of cancer.
Chem Sci. 2019;10:5495-5504.

Zhu Q_, Heon M, Zhao Z, He M. Microfluidic engineering of exosomes: editing
cellular messages for precision therapeutics. Lab Chip. 2018;18:1690-1703.



