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ABSTRACT

Extracellular vesicles (EV) are lipid-bilayer enclosed vesicles in submicron size that are released from cells. A variety of molecules, including proteins, DNA frag-
ments, RNAs, lipids, and metabolites can be selectively encapsulated into EVs and delivered to nearby and distant recipient cells. In tumors, through such inter-
cellular communication, EVs can regulate initiation, growth, metastasis and invasion of tumors. Recent studies have found that EVs exhibit specific expression
patterns which mimic the parental cell, providing a fingerprint for early cancer diagnosis and prognosis as well as monitoring responses to treatment. Accordingly,
various EV isolation and detection technologies have been developed for research and diagnostic purposes. Moreover, natural and engineered EVs have also been
used as drug delivery nanocarriers, cancer vaccines, cell surface modulators, therapeutic agents and therapeutic targets. Overall, EVs are under intense investigation
as they hold promise for pathophysiological and translational discoveries. This comprehensive review examines the latest EV research trends over the last five years,
encompassing their roles in cancer pathophysiology, diagnostics and therapeutics. This review aims to examine the full spectrum of tumor-EV studies and provide a
comprehensive foundation to enhance the field. The topics which are discussed and scrutinized in this review encompass isolation techniques and how these issues
need to be overcome for EV-based diagnostics, EVs and their roles in cancer biology, biomarkers for diagnosis and monitoring, EVs as vaccines, therapeutic targets,
and EVs as drug delivery systems. We will also examine the challenges involved in EV research and promote a framework for catalyzing scientific discovery and

innovation for tumor-EV-focused research.

1. Introduction

Extracellular vesicles (EVs) were first observed in the 1980s as
secretory vesicles released by reticulocytes and were thought to be a
means of disposing cellular waste [1-3]. EVs have since become a focus
for research and it is now well-established and accepted that EVs play
crucial roles in cell-to-cell communication, contributing to various
pathological conditions including heart disease, neurodegenerative
diseases, mental disorders, and cancer [4-10].

EVs are lipid-bilayer enclosed vesicles that are released by virtually
every cell into extracellular space and are detectable in all somatic
fluids, including blood, urine, saliva, and cerebrospinal fluid [11-15].
Based on modes of biogenesis and size distribution, EVs are classified
into three subtypes: exosomes, microvesicles or micropaticles, and
apoptotic bodies and form by their own specific mechanisms (Fig. 1).
Among them, apoptotic bodies are the largest EVs ranging from 1 to 5
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pm in diameter. They are directly generated by blebbing from apoptotic
cells [16]. Microvesicles or microparticles, on the other hand, ranges
from 100 to 1000 nm in size. They are formed directly from outward
budding of the cell membrane [16]. The smallest EVs, termed exosomes,
are 30-120 nm particles and are generated by intraluminal buds fusing
with the cell membranes. Initially, the cell membrane invaginates to
form the early endosomes endosomes which comprise the multivesicular
body (MVB). The endosomal sorting complexes required for transport
(ESCRT) complex aids in the sorting and packaging of various cargoes
into these endosomes. The MVB will then fuse with either lysosomes for
degradation or with the cell membrane where the endosomes are
released into extracellular space, becoming exosomes [16,17]. Of note,
the exact biogenesis of exosomes and microvesicles is not fully under-
stood. To further confound classification, exosomes and microvesicles
exhibit a partial overlap in size and densities and share similar markers.
Because current isolation techniques are incapable of separating these
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two EVs with a high degree of purity, we will refer to them collectively
as small EVs (sEVs) which are conventionally precipitated at high speeds
(over 100,000 g fraction). sEVs contain tissue-specific signatures
wherein a variety of lipids, proteins, RNAs, and DNA fragments are
selectively inherited from parental cells and packaged [18]. These
molecules can be transferred between local or distant cells through
circulation and exhibit physiological and pathological regulatory func-
tions [19,20]. Substantial research has examined the effects of the
various EV contents and their roles in tumorigenesis and metastasis
[21]. For example, miR-27a, miR130a, and miR-7641 have exhibited
increased expression in SEVs isolated from colorectal cancer (CRC) pa-
tient plasma as well as CRC cells [22,23]. Likewise, SEV long non-coding
RNA (IncRNA) species exhibit altered expression in many tumors. For
example, metastasis associated lung adenocarcinoma transcript 1
(MALAT-1) is increased in sEVs. Growth arrest specific 5 (GAS5) exhibits
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a decrease in sEVs derived from non-small cell lung cancer (NSCLC)
patients, and is negatively correlated with NSCLC staging [24]. sEV
IncRNA HOX Transcript Antisense Intergenic RNA (HOTAIR) have been
shown to instigate epithelial to mesenchymal transition (EMT) in mul-
tiple tumors including bladder cancer and gliomas [25,26]. Similarly,
DNA species, including mitochondrial DNA (mtDNA), single-stranded
DNA (ssDNA), and double-stranded DNA (dsDNA), have also been
discovered in sEVs, and can potentially engage in horizontal transfer of
the gene fragment to recipient cells, thereby contributing to the
pre-metastatic niche and promoting metastasis [23,27-29]. In addition,
sEV can induce epigenetic changes by modulating methylation of the
genome in recipient cells [30-32]. For example, osteosarcoma derived
EVs mediate LINE1 hypomethylated DNA from osteosarcoma to recip-
ient cells causing epigenetic changes [33]. Also, typical protein markers
of sEVs, such as CD9, CD81, CD63, and TSG101aid in the identification
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and capture of EV populations which are further characterized by
tumor-specific markers such as Glypican-1 (GPC1) for pancreatic ductal
adenocarcinoma [34], EpCAM for a general tumor marker [35], and
HER?2 for breast cancer, to name a few [36]. On the other hand, sEVs
resemble their parental cells, like fingerprints, often displaying cellular
constituents which derive from the parent cell [37,38]. This has
contributed to their growing role as tumor biomarkers for diagnosis,
prognosis, and monitoring [39-41]. In general, precise characterization
and profiling of these internal genomic, transcriptomic, proteomic, and
metabolomic molecules in sEVs would deepen understanding of inter-
cellular communications in cancers.

To promote and streamline sEV-related studies, there are minimum
guidelines outlined by the International Society for Extracellular Vesi-
cles [42]. Additionally, the following databases are available to promote
further research: Vesiclepedia, ExoCarta, EVpedia, and EVmiRNA
[43-46]. Vesiclepedia (http://www.microvesicles.org/) is a web-based
compendium of RNA, proteins, lipids, and metabolites derived from
general EVs, which covers data from two origins, one submitted by EV
researchers, the other from the data manually curated from published
articles. To date, Vesiclepedia reports data from 1254 studies and has
catalogued 349,988 proteins, 27,646 mRNA entries, 10,520 miRNAs,
and 639 lipids [47]. This data is readily available for download and
encourages other researchers to contribute their findings, ensuring an-
notations are up to date. A concern, however, is that the data in-
corporates all EV studies and does not focus on EV subtypes, despite this,
the database is more comprehensive than other databases. Next, EXO-
carta (http://www.exocarta.org/credits) is another web-based com-
pendium which merely covers the exosomal genetic ingredients [48]. As
of the most recent update to the database, there are 41,860 proteins,
more than 7540 RNAs, and 116 lipids from 286 exosome-focused studies
have been hosted in this database [49]. EVpedia (https://omictools.co
m/evpedia-tool) is another public database integrating vesicular mole-
cules for sEVs research. The information is based off 2879 publications
incorporating 172,080 vesicular molecules from 163 high-throughput
datasets and has been visited more than 65,000 times since 2015,
indicating its huge potential as a repository for EV study [45]. In addi-
tion to thesegeneral repositories which encompass all EVs and their
components, some databases exist which only include specific compo-
nents found in EVs. For example, the first database to focus on profiling
miRNA in EVs is the EVmiRNA database (http://bioinfo.life.hust.edu.
cn/EVmiRNA), whichexclusively provides detailed miRNA expression
profiles in EVs and the related information of sample sources. Since
2019, 462 small RNA sequencing samples of EVs coming from 17
sources and diseases were manually curated in this database [46]. These
databases provide user-friendly interfaces for easy and rapid download
to facilitate EV-related research and applications, including biomarker
identification for liquid biopsy and function recognition of internal ge-
netic cargos. While many databases have been compiled to facilitate EV
research, no consensus has been reached for the isolation and purifica-
tion of pure EV subpopulations, thus researchers need to use these da-
tabases with caution. The difficulty in isolating pure EV samples
continues to impede further developments in this field. Much of the
research already mentioned utilizes different methods for isolating and
purifying EVs, resulting in concern regarding reliability and validity of
the data utilized to generate these EV compendiums. Low-purity isola-
tion of sEVs with co-isolated contaminants or incomplete isolation from
samples still needs to be tackled. Only the prerequisite is guaranteed:
that EVs and their contents were isolated. However, without accurate
characterization, it becomes difficult to accurately state that these ob-
servations were derived solely from one type of EV.

Reviews on specific topics including EV biogenesis, stem cells, tissue
engineering, and a variety of diseases are available elsewhere [50-54].
Therefore, in this review we present a comprehensive and updated re-
view with a specific focus in the cancer field. It covers the popular
isolation techniques for sEVs and the state-of-the-art methods which
have been reported over that last 3-5 years, especially as they pertain to
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cancer. It also reviews the roles of EVs in cancer pathology, diagnosis,
prognosis, and drug resistance as well as their potential as drug delivery
vehicles, vaccines, and therapeutic targets. Finally, we discuss the
challenges and future perspectives in the sEV field, including short-
comings of current isolation and analysis approaches, the difficulties in
relevant clinical translations of sEV-based diagnosis and therapeutics,
and their potential roles in cancer research in the future.

2. Isolation of SEVs

For sEVs to even be considered for diagnostic use, an ideal and
standardized isolation and analysis approach must address the following
concerns: (1) Rapidity. sEV isolation can range from several minutes to
more than 24 h. An ideal EV isolation method for clinical diagnosis
should decrease the amount of time needed to isolate EVs to under an
hour. (2) Isolation and retrieval efficiency. Current methods vary widely
in their yield, ranging anywhere from 1.5% to nearly 100%. An optimal
method should approach as close to 100% EV isolation and collection as
possible. (3) Purity. Along with rapid isolation and maximum yield, a
high degree of purity is also necessary. This is particularly important
when considering EV isolation from complex body fluids such as blood.
The current methods range from 20% to over 90%, and thus an ideal
method should minimize protein and free nucleic acid contaminants. (4)
Flexibility. Isolation of EVs should also integrate with downstream an-
alyses in order to accomplish a successful diagnosis. (5) Affordability.
The ideal assay or device must be capable of industry-scale production in
order to decrease cost. (6) Reliability. For clinical translation, reliability
of a diagnostic is imperative. An ideal method must offer consistency in
the aforementioned metrics to ensure an accurate diagnosis. (7)
Throughput. Toward clinical translation, it must be able to handle high
volumes of sample and process multiple samples, as necessary. Lastly,
(8) Ease of use and automation. The ideal assay or device must be easy to
operate with minimal training. It should be one-step operation wherein
the raw sample is added and the output is pure EVs for integrating into
additional devices for further analysis.

While new EV isolation methods are strongly desired, issues arise
when considering EV subpopulations, especially if a particular subtype
is more ideal for diagnostic purposes. EVs are a diverse group which
share many similarities between subtypes including density (1.1-1.2 g/
ml), size (30-200 nm), solubility, charge (negative), and surface pro-
teins (CD9, CD63, CD81, TSG101), making isolation of pure subtypes
difficult to achieve. Current isolation methods of EVs fall under the
following categories: density, size, solubility, charge, immunoaffinity,
and lipid self-assembly. Each of these categories contains specific
isolation methods discussed in this section. We will also examine the
pros and cons of each method (Table 1). Overall, the greatest challenge
facing clinical use of EVs is a lack of consensus regarding optimal
isolation methods, assays, or devices for isolation of SEVs [55].

2.1. Density-based sEV isolation

2.1.1. Differential ultracentrifugation

Differential UC (UC) is the most prevalent method utilizing size and
density for isolation of SEVs. UCt has been widely used in both funda-
mental and clinical studies over the last decades. Various UC protocols
exist forseparatig sEVs from cell culture supernatant and body fluids
[56]. Initial low-speed centrifugation (400xg) is used to deplete intact
cells, followed by 1000-20,000xg to remove cellular debris and medi-
um/large vesicles. Then, high speed (100,000-150,000xg) at 4 °C for at
least 2 h is used to precipitate sEVs [57,58]. Subsequently, the pellet of
sEVs are resuspended with PBS for direct characterization or other
molecular analyses. Alternatively, resuspended sEVs can be stored at
—80 °C or in liquid nitrogen indefinitely before further actions [59]. UC
can process multiple samples with minimal expertise required while
providing a moderate yield without the usage of damaging chemicals
[60,61]. However, UC still has disadvantages such as lengthy procedures
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Table 1
Existing techniques for sEVs isolations and their respective advantages and disadvantages.
Technique Advantages Disadvantages Volume Time
Density
Ultracentrifugation [56,61, Most widely used method; Minimal reagents and Time and labor intensive; Comparatively low Variable >2h
64-68] expertise required; Ability to process large volumes; throughput; Heavy protein contamination; Requires
Absence of chemicals which could damage EV integrity expensive equipment with the potential for cross-
contamination when the same tubes are reused; Loss and
damage of EVs due to repetitive centrifugation; Sample
type, rotors, and gravitational force result in varying
isolation efficiencies and amount of time required to
isolate EVs; Difficulty resuspending large pellets without
use of mechanical force or chemicals which can degrade
the EVs; Difficult to ensure sterility
Density Gradient Highest purity, considered gold standard; Sort EVs by Time and labor intensive; Requires expensive equipment; 200 pl 16-22h
Ultracentrifugation [59,61, density, allowing for isolation of specific subpopulations; ~ Extremely low recovery efficiency; Low throughput;
62,68-71] Todixanol and sucrose most common for generating Recovery dependent on type of fluid from which
gradients—few chemicals therefore required; exosomes are being harvested, rotors, and gravitational
force as well as percentage of sucrose and iodixanol
concentrations; Viral particle contamination possible if
sucrose gradient is used; Larger particles with similar
density cannot be isolated with purity; Iodixanol is toxic
Acoustofluidics [68,72] Rapid; Easily integrated into an automatic system; High protein contamination 20 pl 7-30
Requires minimal sample; Maintains EV integrity; min
Scalable
Solubility
Precipitation [61,68,71, Low labor required; Commercially available kits; Specific Commercial kits can be costly; Co-precipitates Variable 2-24h
73-75] for EV solubility; Minimal pre-treatment required; High guaranteed; Aggregation which can interfere with
yield; Preserves EV integrity downstream analyses; Lowest purity, often containing
protein and nucleic acid contaminants, especially when
processing plasma or serum samples; Additional steps
required to remove PEG
Size
Ultrafiltration [61,76-78] Highly adaptable and versatile: Easily integrated into Risk of pore clogging which can damage EVs as well as 10pl-150ml <1h
microfluidic devices or with other EV isolation methods; result in filter burst, introducing contaminants; Potential
Enables isolation of specific EV sizes; Can be multi-stepto  for deformation of EV structure if wrong filter sizes are
enhance purity; Rapid isolation; Minimal chemical and used; May not be as effective at generating pure samples
training requirements; Potential for clinical setting; as UG; Low throughput/cannot process large volumes
Size Exclusion Rapid; Integrity of EVs maintained; Simple with minimal ~ Co-isolation of similarly sized proteins; Fairly low yield; 200 pl-20ml <1 h
Chromatography [61, equipment; Commercial kits available; Can integrate Fraction is diluted and may require concentration for
79-82] with other methods; Scalable; Repeatable; High purity; downstream applications
Efficient
Immunoaffinity
Antibody [61,83-85] Specific to EV subpopulations; Rapid; Can be combined Comparatively low yield; Issues arise when downstream 10 pl-10 ml ~1h
with other methods to enhance purity; Provides very pure  analyses require intact vesicles as it is difficult to harvest
samples EVs from antibodies; Capture efficiency is altered by
sample media; Can be costly
Aptamer [86-89] Very specific for target; Minimal nonspecific binding; Growing field with comparatively fewer publications; 5 pl-2 ml ~2h
Easily separate from target; Scalable; Inexpensive; High Variable yield dependent on aptamer used
purity
Lipid Self Assembly
Lipid Nanoprobes [90-92] Rapid isolation; Easily modified to enhance downstream  Relatively new; Low purity; Expensive reagents; Strict <1 ml ~15
analysis; High yield; Easy to use; Does not require bulky ~ storage methods to maintain integrity of reagents min
or expensive equipment
Charge
Dielectrophoresis [93-95] Rapid; Requires minimal sample and reagents; Cost- Can potentially damage EV membranes; Low yield 25-200 pl 20-90
effective; Can separate specific EV subpopulations; Good min
purity
Ion Exchange High purity; Able to isolate EVs from complex body Cannot isolate specific sub-populations of EVs; Non- Variable 40
Chromatography/ fluids; Adaptable method specific binding min-3h

Electrostatic interaction
[96-99]

which offer inconsistent recovery efficiency, protein contamination, low
throughput, and the necessity for expensive equipment. Of note, the
inconsistent recovery efficiency results in an isolation efficiency of
10-70% and is influenced by external parameters including g force,
rotor type (e.g, fixed angle or swinging bucket), sample viscosity, and
sedimentation distance However, one study found that incorporating a
single 60% iodixanol cushion to generate a modest gradient increased
SEV yield from 30% to 70% and protein contamination from 0.3% to 6%
[62]. Thus, sEV yield can be improved with slight modifications though
at risk for increased protein contaminants [58,63]. Additionally, com-
plete resuspension of aggregated or agglomerated EVs often requires
shear force or trypsin, which potentially damages the isolated sEVs [59].
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Finally, the large ultracentrifuges required for such high g forces may not
be available in the clinical settings of underserved areas [56,60]. In
brief, these inherent limitations hamper the relevant clinical translation.

2.1.2. Density gradient ultracentrifugation

Density gradient ultracentrifugation (dgUC) is the gold standard for
isolation of sEVs from other particles by utilizing their respective den-
sities [100]. It follows UC and combines with linear sucrose or iodixanol
density gradient/cushions to float sEVs. Exosomes, the smallest subtypes
of EVs, exhibit typical floatation densities of 1.08-1.22 g/mL. This
density makes them distinct from other molecules, thus providing an
advantage of dgUC for enriching exosomes with high purity [101]. For
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example, one study examined patient serum and used several methods
for isolating sEVs and compared their yield and purity [102]. The serum
contained an average of 1.44 x 10! sEVs. For UC and dgUC, an average
of 6.27 x 10° and 4.93 x 10° particles, respectively, were recovered
from 200 pl of serum. When comparing protein co-sediments, dgUC
contained about 30 pg of protein while UC captured 40-50 fold more.
Similarly, other vesicles with different flotation density can be specif-
ically enriched in respective fractions. In brief, samples are pretreated
with UC as previously described to obtain the crude sEV pellets followed
by resuspension in PBS. Then, sEV suspension is carefully added onto the
sucrose or iodixanol gradient solution without disturbing the interphase.
Next, samples are ultracentrifuged at 160,000xg for 16-22 h at 4 °C to
reach equilibrium. Afterward, vesicles with respective densities can be
sequentially harvested [58,69]. Many studies report a preference for
iodixanol gradients over sucrose gradients for sEV isolation as iodixanol
more efficiently isolates particles of specific densities without
co-capturing most protein and viral contaminants [59,61,62]. Despite
the advantage of harvesting very pure sEVs, the application of dgUC is
impeded by the lengthy and labor intensive process, which may span
two days, and result in low recovery efficiency of total EVs (10-50%)
due to repetitive centrifugation [61,79,103]. Moreover, it is difficult to
isolate sEVs from other particles, such as lipoproteins, which have
similar sedimentation rates [102,104]. Given that UC and dgUC are the
most common methods, any new methods for sEV isolation should be
compared to these two standards and should provide comparable yields
and purity.

2.1.3. Acoustic wave isolation

Acoustic wave isolation (AWI) is a label-free method for direct
isolation of EVs from body fluids and is often integrated into micro-
fluidic chips [68,72]. Acoustic waves (AW) operate by creating a
gradient via acoustic radiation forces and acoustic streaming drag forces
within the liquid medium [68]. When these forces interact with any
particles within the medium, certain particles will be scattered while
other particles will aggregate. This effectively results in the isolation of
the particles of interest which associate with specific frequencies.
Acoustic separation is also scalable and capable of interacting with a
range of bioparticles which span tens of nanometers to hundreds of
micrometers. For example, AW have been used to isolate and lyse sEVs
from small amounts of patient plasma (20 pl) [105]. This method
detected 13x greater levels of liver cancer derived sEV-miR-21
compared to control samples in under 30 min. Additionally, AWI has
been used to separate sEVs from whole blood with 99.99% efficiency
and other EVs with 98.4% purity [106]. However, there are still issues
with effectively, and efficiently, isolating nanoparticles which are less
than 100 nm, thereby limiting its usage towards certain subpopulations
of sEVs [68]. Once this issue is addressed, acoustic wave separation can
potentially isolate sEVs with high purity, yield, and integrity, which
would make it an ideal method for point-of-care (POC) applications.

2.2. Solubility-based EV precipitation

Polymer-based precipitation (PBP) of sEVs frequently uses poly-
ethylene glycol (PEG). PEG interacts with water molecules to decrease
sEV solubility resulting in sEV precipitation. Precipitation of EVs in-
volves the incubation of the sample with the polymer solution for a few
hours or overnight followed by low speed centrifugation to harvest SEVs
[73,74]. Several commercial kits are available on the market, including
ExoQuick (System Biosciences, USA) and Total Exosome Isolation Re-
agent (Invitrogen, USA) as well as ExoPrep (HansaBioMed, Estonia),
Exosome Purification Kit (Norgen Biotek, Canada), and miRCURY Exo-
some Isolation Kit (Exiqon, Denmark) [61]. PBP of sEVs is quickly
becoming the preferred method for sEV isolation as it is easily scaled up,
requires much less labor, and offers high yield while maintaining sEV
integrity compared to UC. However, the pellet of PEG/SEV mixture will
not only harbor sEVs, but also free proteins, such as lipoproteins,
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immunoglubulins, and viral particles [61,74,75]. In fact, heavy protein
contamination is the main concern for PBP, limiting its relevant appli-
cations. The protein contaminants, adsorbed free RNAs, and residual
PEG could interfere with EV biofunction and cell interaction assays.
To alleviate protein co-precipitation, studies have optimized the PEG
concentration and molecular weight. One study reported a solution of
media and 8% PEG6000 yielded the least amount of protein contami-
nation while enhancing purity with a wash step incorporating UC [71].
The authors reported a level of purity comparable to both differential UC
and dgUC while requiring less time and labor. Another study compared
PEG6000, 8000, and 20,000 and found the greatest particle yield using
PEG6000 at 10-12% concentration, while PEG8000 and PEG20000
yielded 8-10% [107]. This study also used a wash step with UC to
remove excess PEG for harvesting purer EV samples. Studies have also
confirmed that PEG is much more cost effective, even reporting costs of
less than $0.01 per mL of sample, which is in stark contrast to the high
costs of commercial kits [71,108]. Thus, PBP of EVs can be modified to
fit the time and cost requirements of the study. However, despite some
protocols requiring an overnight incubation, the overall labor and cost
of EV isolation can be significantly decreased if using PEG. The other
concern is the aggregation of PEG/EVs. High molecular weight of PEG,
high centrifugal force, and long processing times could cause difficulties
in EV resuspension. While this method is simple and easy, residual PEG,
free proteins, and free nucleic acid contaminants may make
precipitation-based isolation unsuitable for EV functional studies.

2.3. Size-based EV isolation

2.3.1. Ultrdfiltration

Ultrafiltration (UF) utilizes decreasing filter pore sizes in order to
isolate particles of a specific size and may incorporate ultracentrifuga-
tion or gel filtration chromatography for increased purity [61,80,
109-111]. The filters used for progressive filtration have pore sizes with
diameters of 0.8, 0.45, 0.22, and 0.1 pm. Larger particle sizes are filtered
out while the EVs are concentrated into specific size fractions by the 0.22
and 0.1 pm filters. In theory, this should ensure purified EV fractions,
however, non-EV proteins and other particles of a similar size are likely
to be concentrated by respective pore sizes. Another disadvantage to UF
is clogging of the filter pores. This can result in sample loss and filter
burst, which can interfere with purity and yield. Sample loss by clogging
the filter can be mitigated by additional wash steps, though this carries a
risk of introducing proteins into the EV concentrate. However, it has
been reported that UF can isolate EVs with purity and numbers similar
to, and more efficiently than, UC [61,109,112]. For example, one study
compared five different centrifugal filters (Amicon Ultra-2 10k Regen-
erated cellulose (RC), Amicon Ultra-2 100k RC, Vivaspin 2 PES 10k,
Vivaspin 2 CTA 10k, and Vivaspin 2 Hydrosart 10k) to establish which
was most effective at isolating and purifying EVs [113]. Using 10'°
EV/mL spiked into PBS, it was determined that the Amicon 10k RC
exhibited the highest recovery of EVs and the lowest recovery of protein.

UF has been incorporated into many microfluidic devices to facilitate
effective point-of-care diagnostics. In 2017, a device was created that
utilized four layers of Poly (methyl methacrylate) (PMMA) and double-
sided adhesives and incorporated a 200 nm pore filter and a 30 nm pore
filter [76]. The flow, containing the EVs, is forced through the 200 nm
pore filter, through the isolation chamber, and then up through the 30
nm pore filter into the waste chamber. The isolation chamber contains
the flow depleted of particles greater than 200 nm and less than 30 nm.
The device captured significantly greater levels of sEVs from bladder
cancer patients compared to controls and this diagnostic exhibited a
sensitivity of about 80% and a specificity of 90%. Additionally, the de-
vice recovered 74% of sEVs, which is superior to UC. Another device,
called Exodisc, was able to purify sEVs from whole blood using 600 nm
and 20 nm pore filters under relatively low centrifugal force (<500 g)
Exodisc was also used to enrich sEVs for prostate cancer detection, and
found a greater yield in prostate cancer patients compared to controls.””



K. Abhange et al.

78 Similarly, another device, the Exosomal Total Isolation Chip
(ExoTIC) uses a series of smaller filter pores (200-100-80-50) and a sy-
ringe pump to isolate and purify sEVs and is reported to yield approxi-
mately 4-1000-fold greater sEV numbers compared to precipitation and
UC [114]. ExoTIC sports several other advantages in its design including
the ability to swap out filter sizes, can withstand typical pressures which
result in filter damage, utilizes small volumes of fluid ranging from 10 pL
to 150 mL, and can incorporate multiple filtration steps with minimal
cost and time.

While UF can isolate sEVs in under an hour with greater purity
compared to UC, it has disadvantages. UF suffers from effectively
isolating sEVs from blood, plasma, and serum due to their high protein
contents. By contrast, UF may be more suitable for less complex fluids
such as cell culture supernatant, cerebrospinal fluid, and urine as these
fluids contain less proteins. Another potential issue with UF, is that
while it can process fairly small volumes of sample, the accuracy and
specificity of a diagnostic may be impaired as the contents derived from
such small volumes of specimens may not support multiplex analyses.

2.3.2. Size exclusion chromatography

Size exclusion chromatography (SEC) is a column separation
approach based on size differences of EVs to isolate EVs from samples
such as cell culture supernatant, blood, and urine [81,115,116]. It is
constructed by heterogeneous porous beads packed in a column to form
a “maze-like” internal structure. The beads consist of numerous open-
ings and shafts of various sizes. When the sample is loaded, EVs and
other sample contents move through the pores in the beads. Smaller
molecules will take much longer to elute than larger particles due to a
more hindered path as the smaller ones get trapped in the beads [58].
Thus, the separation of EVs occurs via differential SEC as the sample
contents pass through the beaded columns. To enhance efficiency of
SEC, many commercial kits have also been developed by Sigma-Aldrich
(USA), Izon Science (UK), and GE Healthcare (Sweden) [61]. SEC can
also be scaled to match customized requirements. For example, sizes of
the pores and beads can be altered to isolate specific molecules and EV
types, and when coupled with longer columns, can also enhance reso-
lution, while wider columns can maximize processing of larger volumes
Additionally, because these samples are subjected to minimal pressure,
the structural integrity and biological properties of exosomes is guar-
anteed [58,61]. However, this process make take longer due to the
limited force from gravity flow pressure [117].

Bind Elute SEC (BE-SEC) and SEC are also comparable to UF and UC
in that the sEVs isolated from optimal fractions may be similar in size.
BE-SEC relies on trapping particles smaller than sEVs, thereby allowing
the sEVs to elute with the flow through, rather than the beads as is the
case with SEC. A major advantage of SEC isolation of EVs is that it results
in almost no sample loss compared to UF and UC. Despite this, UC may
still yield purer samples compared to SEC and UC is still necessary to
concentrate samples eluted from SEC [70,118]. Moreover, many papers
have published SEC coupled with methods, such as UF, UC, and dUC to
further enhance the efficiency and purity of EVs [62,79,80,109,111,
119-121]. These combination methods do improve purity compared to
either method alone, with menial loss to yield. However, these coupled
isolation methods also make the process more complicated, which hin-
ders clinical translation. These types of optimization experiments are
imperative if the field of EV research is to reach a consensus for standard
isolation procedures.

2.4. Immunoisolation of EVs

Immunoaffinity for EV isolation is based on antigen-antibody or
antigen-aptamer reactions [122]. While there are many proteins which
have been characterized on the surface of sEVs, the most commonly used
are CD9, CD63, CD81, Alix, and heat shock proteins [61,123]. Other
surface markers can be used as well for capture of specific
sub-populations of EVs. For example, one study chose chondroitin
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sulfate proteoglycan 4 (CSPG4) to capture a subpopulation of
melanoma-specific sEVs [84]. This study utilized mini-SEC to remove
plasma proteins from melanoma patient plasma before isolating sEVs
with immunoisolation beads. Streptavidin-coated beads with bio-
tinylated anti-CSPG4 were wused to isolate a fraction of
melanoma-derived sEVs. They reported a mean capture efficiency of
98% for these melanoma-specific sEVs from purified patient plasma.
They also reported that attempts to capture sEVs from plasma without
mini-SEC resulted in blockages of the antibodies, and thus prevented
capture. Another commonly used EV marker is EpCAM, which is often
used to identify and capture tumor specific EVs [124]. Because of this
potential for isolation of disease-specific EVs, specific antibodies and
aptamers targeting disease-derived EVs has gained immense attention
[125-127].

2.4.1. Antibody-conjugated methods

One publication used antibody cocktail-conjugated magnetic nano-
wires to isolate sEVs from the plasma of breast and lung cancer patients
[128]. This nanowire was functionalized with CD9, CD63, and CD81 in
order to pulldown as many sEVs as possible. The number of sEVs isolated
from the supernatant of four different cell culture models
(MDA-MB-231, HeLa, MCF7, and HCT116) was compared between
magnetic DynaBeads™ functionalized with anti-CD9 or anti-CD81; the
magnetic nanowires (MNW) functionalized with either anti-CD9
(CD9_MNW), CD81 (CD81_MNW), or all three (CD9, CD63, and CD81,
Abs_MNW); and UC. CD9 DynaBeads™ captured <20 x 108 total
sEVs/ml across all cell lines; CD81 DynaBeads™ captured <20 x 10°
sEVs from MDA-MB-231 and HeLa, while capturing about 50 and 40 x
108 sEVs for MCF7 and HCT116, respectively; across all cell lines, UC
isolated <20 x 10® sEVs. The MNWs, by contrast, captured greater
numbers of sEVs, regardless of antibody used. For CD9_MNWs, < 40 x
10® sEVs, ~80 x 108 ~60 x 10% and ~30 x 10® sEVs from
MDA-MB-231, Hela, MCF7, and HCT116, respectively. The
CD81_MNWs captured similar numbers of sEVs as the CD9_MNWs,
excepting HCT116, in which about 110 x 10® sEVs were isolated. The
Abs_ MNWs captured around 1.5-2x more sEVs from HelLa and MCF7
supernatant (~120 and ~150 x 108, respectively) compared to the CD9
and CD81_MNWs, while capturing about 70 x 108 from HCT116. In
summary, the Abs MNWs were superior to UC for isolating sEVs.
Furthermore, when they used the MNWs to capture sEVs from the
plasma of breast and lung cancer patients, they found that the cancer
patients exhibited a threefold increase in circulating sEVs compared to
the healthy controls. They also compared the MNW system to exosome
isolation kits Exoquick and Invitrogen’s total exosome isolation (TEI)
kit. Nanoparticle tracking analysis determined that the MNW system
isolated about 6.3 x 10° particles/ml compared to ExoQuick and Invi-
trogen which isolated about 2.4 x 10 and 1.73 x 10° particles/ml,
respectively. The MNW system therefore exhibits much higher yields
than both UC and precipitation methods, and reportedly takes 1 h to
capture, isolate, and elute sEVs for about $11 per 1 ml sample.
Furthermore, this method requires a minimum of 250 pl of plasma,
which is a smaller volume than other methods. This method is therefore
more efficient than UC, while providing greater yield, with less sample,
and is presumably a purer preparation, though it is unclear in the paper
what level of purity this method provides.

This superior efficiency of immunoisolation over commercial kits has
been reported in other research which examined EV capture from
prostate cancer patient plasma [83]. In this publication, the research
team utilized Prostate Specific Membrane Antigen to capture
prostate-specific EVs from 100 pl of patient plasma. They utilized atomic
force microscopy to establish the height and volume of sEVs present in
the immunocapture set up compared to the ExoQuick, ExoSpin, and TEI
commercial kits. The sEVs isolated from plasma, under AFM, exhibited
only events of sEV size, with no other events being observed, thereby
suggesting a very pure sample of sEVs. By comparison, TEI and Exospin
revealed few objects of sEV size, while exhibiting an abundance of
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proteins. ExoQuick did not show any topography >100 nm in height, but
a monolayer of protein was reported. This data shows that immu-
noaffinity methods are superior to precipitation methods, and supports
that immunoaffinity produces much higher yields, and highly pure
samples, when compared to commercial kits.

sEVs are often damaged when separated from their antibody. A
recent study aimed to solve this issue by using their previously designed
microfluidic device, called the OncoBean [85,129]. Their previous de-
vice utilized bean-shaped microposts (118 pm 1x 50 pm w x 100 pm h)
functionalized with biotin-conjugated EpCAM to capture circulating
tumor cells. They modified the device by replacing the biotin-conjugated
EpCAM antibodies with desthiobiotin-conjugated sEV markers CD9,
CD63, and CD81. The advantage of using desthiobiotin is that it has
lower binding affinity to avidin, and when eluted with a biotin solution,
facilitates the release of the captured molecule with no damage [85,90].
This method facilitated release of nearly all sEVs from the microposts
upon biotin elution without causing structural damage. This work sug-
gests a vast improvement over the current immunoisolation methods in
terms of maintaining the integrity of isolated sEVs for downstream
analysis.

Another study examined the effectiveness of an EV capture device
with pillars in the shape of intestinal microvilli, called NanoVilli, to
enhance capture efficiency by offering a much larger surface area for
EVs to bind to Ref. [124]. They designed this device using a silicon wafer
and silicon nanowires to attach the EpCAM antibodies. The device was
used to isolate EVs from 13 NSCLC patients. For this, they used 200 pl of
plasma from each patient. The isolated EVs were then analyzed for the
presence of CD74-ROS1 and EGFR T790 M mutations. Furthermore, the
NanoVilli was used to isolate EVs and monitor the presence of these
mutations in response to treatment over 279 days. One patient, for
example, exhibited an EV-EGFR T790 M mutation copy number
decrease from 225 to 9 with visible tumor shrinkage by day 146, thereby
proving the feasibility of NanoVilli to isolate EVs for monitoring patient
response to therapy. With NanoVilli able to capture a majority of EVs
from the sample in 30 min, and can effectively monitor patients un-
dergoing chemotherapy, NanoVilli exhibits obvious advantages over
current EV isolation methods. However, it is unclear to the purity of
these EV isolations as the paper does not discuss protein contamination.

2.4.2. Aptamer-conjugated methods

Aptamers are strands of nucleic acids which fold into 3D configura-
tions that bind specifically to their target ligands with high affinity and
specificity [86]. Aptamers offer benefits over antibodies by exhibiting
very low immunogenicity and therefore a low chance of nonspecific
binding, low variation between batches, and high specificity and
sensitivity. While aptamers have been around for several decades, their
use in EV capture and isolation is new, with PubMed reporting about
100 papers published between 2017 and 2020, with the most common
reported use of aptamers being for detection rather than isolation.
Aptamers for EV isolation is a growing field which requires further study
and offers strong potential for the future of EV isolation.

A common method is to conjugate magnetic beads with CD63-
binding aptamers [87,88]. This has been done for capturing liver
cancer-derived sEVs [87], breast cancer sEVs [88], and prostate cancer
(PCa) sEVs [130]. Liver cancer sEVs were captured by these CD63
aptamer-conjugated beads and amplified via cascade reactions between
the capture probes, fluorescent probes affixed to AuNPs and a reaction
between the AuNPs and p-mercaptoethanol to emit a fluorescence signal
[87]. They tested the system on the serum from two healthy controls and
two liver cancer patients and found that the healthy controls exhibited
< 2 x 107 particles/pl. By contrast, the liver cancer patients exhibited 2
to just over 2.5 x 107 particles/pl, which were also consistent with NTA.
Similarly, the breast cancer study utilized CD63 initially to isolate sEVs,
but found little difference in SEV numbers in tumor vs control samples
[88]. However, upon using MUC1, a common tumor marker, for sEV
capture, they found a significant increase from <10% of MUC1-sEVs in
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control patients to 25-35% SsEV capture in breast cancer patients.
Another platform was developed for the isolation and detection of
prostate cancer (PCa) specific sEVs using prostate specific membrane
antigen (PSMA), instead of CD63, for sEV capture from urine [130]. This
platform is composed of superparamagnetic conjunctions, instead of
AuNPs, and molecular beacons (SMC-MB). The SMC contains Fe3Og4
cores and aptamers specific for capture, while incorporating
fluorescent-hairpin complexes for amplification. Ten ml of urine was
collected from 20 PCa patients and 50 healthy donors for analysis using
this device. Fluorescent intensity was greater for the PCa compared to
the controls. Furthermore, SMC-MB shows promise for isolating specific
EVs with superior purity and comparable yield to UC. Similarly, MUC1
was used for capture of tumor-specific sEVs from breast cancer patients.
In general, the specificity, purity, yield, and POC potential of these
aptamer capture systems compared to UC make them a superior method
for sEV isolation towards specific tumor diagnosis.

Immunoisolation yields highly pure samples of EVs in a compara-
tively short time compared to other methods, and, with immunoaffinity
methods, it is possible to isolate specific subpopulations of EVs. How-
ever, preparing immunoisolation beads is costly. For example, Ther-
moFisher’s Dynabeads™ can cost anywhere from $548 for 2 ml up to
nearly $11,000 for 100 ml, for one example of commercially available
beads. Antibodies and aptamers to functionalize the beads can cost $269
for 2 pl for antibodies, while aptamers can offer a less expensive alter-
native of $100 for 1 mg, and these prices can vary widely, depending on
the manufacturer and product. Furthermore, while immunoisolation
exhibits greater purity, it does offer variable yield, depending on volume
used, the antibodies used for capture (which vary due to tumor het-
erogeneity), and sample type (plasma, cell culture, blood, etc) [61].
Taken together, these factors have the potential to negatively affect
isolation efficiency. Additionally, even if the correct antibodies are used,
thereby fixing the issue raised by tumor heterogeneity, using the anti-
body to isolate EV from plasma/serum is still very challenging due to the
high-abundance of serum proteins. It is also difficult to remove EVs
bound to their affinity molecules without damaging them and causing
issues for downstream functional analysis [61,131]. And while many
papers have been discussed here in which these issues have been
addressed, immunoisolation methods still require consensus and stan-
dardization before they can be viable for POC.

On the other hand, the selection of SEV membrane antigens for
isolation of sEV is also pivotal. The most common of these markers
include surface tetraspanins CD9, CD63, and CD81 [132]. While the
majority of previous papers suggest CD63 as the optimal choice for sEVs,
a recent publication suggests CD9 or CD81 may be more precise markers
[133]. Extensive analysis was conducted using pancreatic cancer and
lung cancer cell culture, tissue samples (tumor versus adjacent normal),
and plasma/serum samples from pancreatic or lung cancer patients.
Comparisons of expression were conducted from plasma and serum
between PDAC or lung cancer patients and controls without cancer. The
analysis compared total protein expression to determine which proteins
were the most highly expressed in tumor derived sEVs. With regards to
the traditional EV markers, CD81 and CD9 were observed in over 77% of
the sEVs. By contrast, CD63, which has been considered the most
common sEV marker, appeared to be more highly expressed in murine
cell culture sEVs and rarely found in sEVs collected from body fluids.
Moreover, the analysis found that beta-actin (ACTB), moesin (MSN), and
ras-related protein 1b (RAP1B) were markers that were found across
sEVs ranging from 60 to 80 nm and 90-120 nm as well as exomeres
which are non-vesicular particles < 50 nm. However, they found that
stomatin (STOM) is present only on sEVs (60-120 nm). Taken together,
this paper highlights the need for specific determination of sEV mem-
brane antigens in order to maximize sEV isolation.

2.5. Lipid nanoprobe

Lipid nanoprobes (LNP) are an emerging and novel tool for EV
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isolation [90]. The lipid nanoprobe is comprised of a diacyl lipid,
DSPE-PEG-biotin, labeling probe and a NeutrAvidin (NA)-coated mag-
netic sub-micrometer particle capture probe. The labeling probe tags
EVs in solution and then interacts with the capture probe in order to
isolate the EVs. The NA-biotin reaction-based isolation takes 15 min and
exhibited an isolation efficiency of approximately 80% when maximized
using 10 nmol of labeling probe. Additionally, when
DSPE-PEG-desthiobiotin is used for the labeling probe, the desthiobiotin
can be displaced with biotin, effectively freeing the captured EVs. The
release efficiency was about 84 + 3% within 30 min. The captured EVs
remained intact upon release and were effectively analyzed for their
DNA, RNA and protein cargoes and found that these EVs were able to
carry out their biological functions in wound healing assays with MCF-7
cells. Additionally, they found that the DNA, RNA, and protein profiles
of EVs captured using their LNP were consistent with the profiles of EVs
isolated via UC. To verify the clinical relevance of this method, the LNP
system was used to isolate EVs from 100 pl of blood plasma from stage IV
NSCLC patients. The contents of the captured EVs were successfully
analyzed for the presence of common NSCLC mutations such as
EGFR'8® and KRAS®'?" via PCR and NGS. LNP allows for shorter
isolation time of 15 min when compared to UC, which can require more
than 22 h. Isolation efficiency and cargo composition obtained from LNP
and UC showed great similarity, indicating good reliability of LNP for
isolation of EVs. Moreover, the LNP system did not require expensive
equipment or require extensive time and intensive lab work, which
makes LNP superior to existing methods such as UC and dgUC. However,
the clinical translation of these LNP has limitations with the processing
capability of the system. Therefore, to overcome this concern the LNP
system was further improved by grafting the LNPs on a fabricated silica
nanostructure surface [91]. The LNP were modified to include choles-
terol and PEGgp to improve capture. The isolation efficiency for this
modified system was 28.8 + 5.3% at a flow rate of 10 pl min~! when
isolating EVs from up to 2 ml of PANC1 and MDA-MB-231 cell culture
media. Compared to UC, this method also provides higher purity,
removing 96.5% of plasma protein, while UC removes about 71% of
protein from plasma. This fabrication design allowed for an increase in
the EV binding surface area, as well as an increase in sample volume
compared to their previous device, when the sample is passed through
the LNP system. Hence, concerns with isolation of EVs from tumor
derived plasma with low EV levels were eliminated. Also, this rede-
signed system in combination with digital droplet polymerase chain
reaction (ddPCR) facilitated more precise downstream molecular ana-
lyses of mutation allele frequency from tumor derived EVs. This would
enable development of a patient specific treatment as mutation allele
frequency is wide ranging. In addition, this system could potentially aid
in early diagnosis of cancer as the combination of LNP and ddPCR
provide high sensitivity and specificity and can detect allele frequency
lower than 0.01%.

Another paper aimed to improve capture efficiency by affixing DSPE-
PEG-biotin labels to the wing of a butterfly, Morpho Menelaus, which was
integrated into a microfluidic chip and exhibited a 70% isolation effi-
ciency of EVs in under 30 min for cell culture, while the isolation effi-
ciency for plasma was significantly less, at 51% [92]. The structure of
the butterfly wing incorporates natural 3D micro-groove structures
which create a vortex when liquid is poured onto it, thereby increasing
the potential for EVs to be caught on the structures. The ridges them-
selves run parallel on the wing, with distances ranging from 0.5 to 5 pm.
The wings also possess a natural photonic crystal, which enhances
fluorescent intensity, thereby making the wings attractive for use in
biological detection. Initial analyses were conducted using EVs isolated
from the cell culture media of MDA-MB-231 and MCF10a for the control.
Fluorescent intensity of captured EVs suggested that 88.1% of the EVs
from the cell culture media were captured, by contrast, when the back of
the wings were used (the non-photonic crystal side) to isolate the EVs,
the fluorescence suggested only 30% of the EVs were captured. Washing
with triethylamine successfully eluted all EVs off the wings, as well, as
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evidenced by no visible EVs on the wings under SEM imaging. The
isolation efficiency of the butterfly wing was compared to that of UC,
whereas the modified LNP wings were able to capture nearly 76% of
EVs, UC isolated about 14.3%. EVs captured from the cell culture media
were analyzed for the presence of GPCl and found that the
MDA-MB-231 exhibited lower Ct values for GPC1, then for MCF10a,
showing that the EVs from the tumor cell line expressed greater levels of
GPC1 compared to the control. Finally, they examined the wing chip
compared to a flat chip and found that the wing chip exhibited a capture
efficiency of 74.3% compared to 39.6% on the flat chip for breast cancer
patient plasma. The paper does not specify the volumes of cell culture
media or plasma used, however, despite this, the data supports the
validity of the usage of a wing-modified microfluidic chip and it’s
incorporation of LNPs to efficiently and rapidly isolate and release intact
EVs for diagnostics and downstream analyses.

Taken together, these studies show increasing promise for LNP
capture of EVs. This type of efficiency and high-throughput offers strong
potential for the future of EVs use in cancer diagnosis and treatment.
There are disadvantages however, including the high cost of reagents
and strict storage conditions. Improper storage can result in formation of
micelles or liposomes. It is also not possible to isolate specific sub-
populations of EVs with lipid nanoprobes alone, and would require
additional steps like SEC or other immunoaffinity capture methods.
Another disadvantage is that the lipid probe/lipophilic protein interac-
tion cannot be eliminated. However, the technology is still young and
therefore remains under intense investigation.

2.6. Charge-based sEV isolation

2.6.1. Ion exchange chromatography/electrostatic adsorption

Ion exchange chromatography (IEC) takes advantage of EVs’ nega-
tive charges to separate and purify them from other particles [96]. EVs
with negative charges bind to the positively charged chromatographic
column and detach from it by enhancing the ionic strength of the mobile
phase. The advantage to IEC is that it enables easy isolation of EVs,
however, this method does not allow for isolation of specific sub-
populations, and binding is non-specific. Furthermore, when processing
serum and plasma samples, the abundance of negatively charged pro-
teins can be adsorbed, leading to heavy protein contamination.
Regardless, this method has shown promise for isolating EVs from
certain types of body fluids like amniotic fluid (AF) [97]. In one study,
16 ml of AF was collected from a single woman. A reported 83.8%
capture efficiency and isolation of EVs in the sample was observed with a
purity of 80%. Another study reported a rapid, single-step, scalable
anion exchange column-based chromatography (AIEC) to isolate EVs
and compared it with “gold-standard” UC and tangential flow filtration
(TFF) on size distribution, surface marker, and morphology [98]. Results
displayed that EVs isolated by AIEC had relatively higher yield and more
expression of EV markers compared to the UC isolated EVs. Additionally,
AIEC exhibited superior purity compared to TFF with reduced contam-
ination from debris and proteins in isolated EV samples. A further study
created a device utilizing 2 pm ZnO nanowires coated in 10 nm thick
Al,03 embedded in a PDMS microfluidic chip [99]. The slightly positive
charge of the nanowire was able to capture EVs, and other negatively
charged free-floating elements from 1 ml of urine, with a reported 99%
collection efficiency. This high efficiency is largely due to the solution’s
pH of 6-8, resulting in the positive charge of the ZnO due to isoelectric
point. Any objects captured on the chip were subjected to 1 ml of lysis
buffer in order to analyze the EV-miRNA contents to facilitate the
development of a tumor diagnostic. Using this method to collect and
isolate EV-miRNA before microarray analysis, they report identifying
about 700-1000 different miRNA species, which was nearly fivefold
higher compared to. While IEC appears to offer high capture efficiency
from complex samples, it suffers in isolating pure samples due to the
negative charges of proteins and nucleic acid species, thus IEC may be
better used for preliminary isolation steps of EVs. Additionally, previous
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studies have reported co-isolation of viruses with EV fractions, also due
to the negative charges of viral particles, therefore contamination of
viruses, nucleic acids, and proteins continues to be an issue for IEC
[134]. Regardless, IEC offers a potentially novel method for fairly rapid
EV isolation, and, when integrated with other methods for analysis,
shows promise for cancer diagnostics.

2.6.2. Dielectrophoresis

Dielectrophoresis (DEP) uses electric fields to separate particles by
charge [93]. More polarized particles move faster towards the electrode
while lesser polarized particles move slower. This method has been
utilized to separate, trap, and sort different types of cells. DEP advan-
tages include label-free isolation which helps in cost effectiveness and
the method is reported to take minimal time compared to conventional
methods. A disadvantage to the method, however, is that the electric
current has been reported to damage cell membranes, and by extension,
EV membranes are likely to be damaged as well by the currents, which
could potentially interfere with downstream applications. Another
major disadvantage is the requirement of isotonic sucrose solution for
sample preparation prior to DEP. The sucrose raises the molarity for the
solution to physiological levels in order to minimize the chances of the
EVs being damaged by the change in currents. However, this also results
in ions forming a barrier around the electrodes. This weakens the overall
charge, thereby only EVs which hover long enough around the elec-
trodes can be captured. There are several devices that incorporate DEP
to isolate EVs [94,95,135-137]. Three papers report using alternating
current electrokinetic (ACE) devices [94,136]. The first, utilizes ACE for
isolation and recovery of glioblastoma EVs from plasma samples [94].
EVs were captured on the chip by AC and then fluorescently labeled to
validate their presence. Additionally, they were able to identify
glioblastoma-specific EGFRVIII using 30-50 pl of patient plasma. The
entire analysis including isolation, labeling, and EV-RNA analysis took
30 min. Purity and yield was not reported. This same chip was used for
the detection of PDAC from 25 pl of whole blood [136]. The samples
were incubated with CD63 and GPC1 fluorescent antibodies to validate
the capture of PDAC-specific sEVs. PDAC patients exhibited a larger
fluorescence range (5-20 fluorescence units) compared to the benign
pancreatic diseases (<5-10 units) and healthy controls (<5). Further-
more, this diagnostic method is reported to have a 99% sensitivity and
82% specificity and could detect PDAC sEVs in 90 min. Similarly, the
third work which uses the same device also utilized 30-50 pl of patient
sample to detect the presence of EV-Tau-5 and EV-GFAP (Glial fibrillary
acidic protein), two proteins which are commonly deregulated in pa-
tients with glioblastomas [95]. ACE isolation and on-chip IF for identi-
fication of EV-Tau and (GFAP) took about 90 min. The device reportedly
captured 60-70% of the EVs. The relative fluorescence of the concen-
tration of GFAP in glioblastoma, meningioma, and patients with
metastasis was about 1.7-2.2, 1.7-2.2, and 1.2 to almost 4 units while
the healthy controls did not exhibit any values over 1.7. The concen-
tration for EV-tau for the same was 5-~7.5, <2.5 to ~6, and >2.5 to
over 7.5. The healthy patients did not exhibit and values over 2.6.
Furthermore, EV-GFAP exhibited a sensitivity of 93% and a specificity of
38% with a positive predictive value (PPV) of 74% and a negative pre-
dictive value (NPV) of 75%. For EV-Tau, the sensitivity, specificity, PPV,
and NPV are 67%, 75%, 83%, and 55%. Thus, the two markers may
provide confirmation of a glioblastoma diagnosis. However, they do
report that all the patients exhibited sizeable brain tumors and as such,
they are unsure if this method would work for early detection. This ACE
device offers rapid and sensitive POC diagnostic potential. Two other
studies utilized insulated dielectrophoresis (iDEP), which enables trap-
ping of the EVs [135,137]. The first study used MCF-7-derived EVs. With
their system, they were able to trap the EVs between the insulated post
[135]. The process took 20 s to trap and separate the EVs. This method
used only 100 pl of MCF7 cell culture media. The second study used an
insulator-based dielectrophoretic device interfaced with an array of
borosilicate micropipettes [137]. They analyzed cell culture media,
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plasma, serum, and saliva. The process used 200 pl and took 20 min
under low voltage (10 V cm_l). The device captured as many as 1.1 x
10'2 particles/ml compared to dgUC, which isolated 6.95 x 10'° par-
ticles/ml from serum. Across all sample types, the iDEP method reported
two orders of magnitude greater EV recovery than differential
ultracentrifugation.

Taken together, all dielectrophoresis methods appear to require
minimal special reagents for the isolation and recovery of EVs. In gen-
eral, these methods are rapid and cost-effective, and at lower voltages,
are less likely to damage the EV membrane if it is required for down-
stream analyses. Another advantage is that all these devices require
minimal sample volume compared to conventional means and these
methods appear to provide high yield. Furthermore, dielectrophoresis is
also able to separate EV particles by size, which is another benefit over
other methods [135].

2.7. Lateral flow assays

Other methods exist as well which aim to isolate EVs with high purity
and yield with greater efficiency. Lateral flow assays, while commonly
used for detection, are also able to sort and isolate SEVs. A preliminary
study reported enrichment of medium-sized exosomes using lateral flow
[138]. To do this, they used a nano-deterministic lateral displacement
(nano-DLD) pillar array. In this system, they report the ability of this
nano-DLD to separate particles ranging from 20 to 110 nm. The
nano-DLD separates these particles based on their movement through
the device, with larger particles bumping between pillars while the
smaller particles have a zig-zagging and partial bumping path, with both
sizes collecting in respective parts of the device. Through this method,
they were able to separate 50 nm beads from 110 nm beads with a
separation resolution of 1.5. They used 200 pl of human urine-derived
exosomes to test the ability of the device to separate different-sized
sEVs and found the nano-DLD enriched sEVs within the size range of
60-70 nm in about 2 h. The paper does not examine the isolation effi-
ciency or retrieval efficiency of this method, nor is it clear how effective
this method is at deriving pure samples. In a follow-up design, however,
around 1000 of these nano-DLDs were arrayed on a chip for the analysis
of prostate cancer-sEVs [139]. With this arrangement, they were able to
process samples to a maximum of 900 pl/hr. The study examined the
ability of the device to concentrate and isolate EVs of different sizes
(bump vs zigzag particles, as previously described) compared to the
volume of serum or urine samples used. Approximately 2.0 E4+09 par-
ticles/ml of urine EVs and about 1.0 E+12 particles/ml of serum EVs
were introduced onto the device. As the EVs flowed through the device,
they concentrated into either the zigzag or bump collection chambers.
Additionally, the nano-DLD array was able to concentrate these sEVs
into the bump fraction at an approximate 3-fold increase compared to
the input volume for both urine and serum samples in an hour’s time.
Furthermore, the device was ~2-4x more effective at concentrating
serum EVs compared to UC, dgUC, qEV SEC, and ExoEasy, but not so
with urine EVs. The device also exhibited a significantly greater yield of
about 30-70% of serum EVs compared to the other methods while this
was true only in comparison to dgUC for urine samples. When they
modified this device further, by using 3840 parallel nano-DLD arrays,
they were able to increase concentration from 2.6x to about 60x for
urine samples and with 50x greater purity compared to the initial de-
vice. They then tested the modified array using serum EVs from 9
prostate cancer patients. They compared the number of RNA species
collected from EVs isolated by UC (2 ml) and the device (0.5 ml). Greater
miRNA percentage and less rRNA was observed in EVs isolated by the
device compared to EVs isolated by UC. The authors attribute this to the
device’s ability to enrich for sEVs compared to UC. Furthermore, they
report that most of the prostate cancer-specific markers were expressed
in both isolation methods; but while UC takes several hours, the
nano-DLD took only an hour to process the samples. Taken together, the
nano-DLD chip exhibits comparable, and in many ways superior,
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performance to the gold standard. However, the paper is unclear if the
nano-DLD chip can isolate sEVs with a purity that is comparable to
dgUC.

2.8. Summary

There are other methods for isolating EVs as well that are not dis-
cussed in this work. These other methods include precipitation with
sodium acetate, protamine. protein with organic solvents or affinity
using phosphatidylserine, heparin, binding of heat shock proteins, and
lectins [61]. Each with their own advantages and disadvantages, which
were not introduced in detail. Overall, isolation methods should ensure
vesicle integrity. Intact vesicles enable a more thorough and reliable
analysis of internal contents such as protein and nucleic acids, which can
provide greater insight into the mechanisms of particular tumors and
provide a more specific diagnostic. An ideal EV isolation method for
clinical implementation should offer consistently high purity and yield
while maintaining intact vesicles via a rapid, cost effective, and
easy-to-use method which is both sensitive and specific [140]. Thus,
current EV isolation techniques remain unviable for clinical settings and
new methods which address the aforementioned requirements are
strongly desired [141-149].

3. Direct on-chip detection of sEVs after isolation

While isolation of pure EVs is most important for downstream ana-
lyses, it is also necessary to develop more efficient and cost-effective
methods for EV detection. Direct detection of EVs can be labor inten-
sive and costly, however, with the development of various on-chip
detection methods, less time and effort are required for accurate iden-
tification of EVs for clinical application. Both are amenable to clinical
application, though ELISA offers a more direct observation via detect-
able color changes while bio and nanosensors may require specialized
equipment to measure fluorescence or record electrical signals.

3.1. Highly sensitive ELISA and lateral flow immunoassays

ELISA is often used in conjunction with lateral flow immunoassays
(LFIA). A LFIA platform was developed using the common sEV markers
CD9, CD63, and CD81 [150]. Their LFIA system utilizes Au-conjugated
anti-CD9 for the capture line and Au-conjugated anti-CD63 for the
detection/control line. The limit of detection (LOD) is 8.54 x 10° EV/, pl
and the assay takes 15 min to complete. A follow-up study incorporated
a tumor marker, MHC class I chain-related protein A (MICA), and found
that it was detectable with the same LFIA platform with the ability to
detect 5 x 10”7 EV/pl in 15 min [151].

In a recent publication, researchers engineered porous super-
paramagnetic gold-loaded ferric oxide nanocubes (Au-NPFe;O3NC)
with the intention of isolating exosomes from other EVs [152].
Au-NPFe,;03NC are able to functionalize with multiple probes, thereby
increasing capture efficiency and that are able to isolate, mix, separate,
and purify samples due to the magnetic properties of the nanocubes.
Additionally, the nanocubes also exhibit peroxidase-like activity, and
thus act as nanoenzymes for direct detection of captured and isolated
sEVs. For sEV capture, the Au-NPFe,0O3NC were functionalized with
anti-CD63, of which 5 pl were mixed with 100 pl of placental chorio-
carcinoma (BeWo cell line) cell culture media. The sEV-laden
Au-NPFe;03NC were then transferred to electrodes modified with
placental alkaline phosphatase (PLAP) to specifically capture
placenta-derived sEVs. To detect the presence of these specific exo-
somes, Au-NPFe,O3NC possesses intrinsic peroxidase-like activity that
catalyzes the oxidation of TMB in the presence of Hy0j, resulting in the
colorimetric detection of placenta-derived exosomes.

ELISA has also been used to develop a droplet-based assay for
counting single exosome-sized sEVs, which they call ExoELISA [153].
This paper reports the use of magnetic beads functionalized with
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anti-CD63 to capture sEVs and anti-GPC-1 for secondary antibodies for
tumor-sEVs. This was further conjugated with enzymatic reporter
B-Galactosidase. The beads with immunocomplex are then encapsulated
into microdroplets using a microfluidic chip, such that only one bead
with a captured sEV are encased in single microdroplets. Once the flu-
orescein-di-p-p-galactopyranoside substrate is catalyzed by the enzyme,
fluorescein is emitted, and the exosome concentration can be deter-
mined. The reported LOD of this assay is about 10 sEVs/pl. ExoELISA
was used to distinguish between breast cancer patients, benign breast
disease, and breast cancer patients post-surgery. About a 5-7 greater
fold change of exosomes/ul was observed in breast cancer patients
compared to the other groups, and a significant drop in exosome
numbers was observed in the two breast cancer patients post-surgery.
Thus, ExoELISA exhibits strong potential for use in early detection as
well as monitoring patients after treatment.

3.2. Biosensors and nanosensors

Several technologies are emerging from the biotechnology sector to
shorten the time needed to isolate sEVs without sacrificing yield or
purity. Regardless, even these methods still exhibit shortcomings, such
as complex fabrication methods or issues with scaling up, which must be
addressed and overcome for sEVs to be viable for tumor detection. To
address these issues, many types of biosensors have been examined
including plasmon resonance [154,155], quantum dots [156,157], and
others [158,159]. Bio and nanosensors offer rapid and sensitive detec-
tion and readouts with strong potential for compatibility with clinical
settings. They are commonly used commercially to detect the presence
of bacteria in food supply or to monitor fermentation. Glucometers are
the most common usage of biosensors in medicine, with the majority
being used for at-home glucose monitoring [160]. Recently, they have
become of great interest to the medical field for monitoring metabolic
diseases, viruses and bacterial infections, and cancer [161]. Biosensors
utilize electrochemical, piezoelectric, optical, or thermal means to
transduce a biological signal into a quantifiable measurement. Because
biosensors and nanosensors can encompass so many different types of
devices, this section is broken into specific biosensing subsections.

3.2.1. Surface plasmon resonance

Surface plasmon resonance (SPR) relies on light to excite electrons,
resulting in resonant oscillation currents. These oscillations are highly
sensitive to any disturbance, such as the addition of molecules, which
makes SPR attractive for detecting various analytes [162-164]. When an
analyte binds to the nanoparticles on the conducting surface, changes in
the oscillation and refractive index are observed and visualization can be
enhanced with fluorescent labels. This makes SPR highly amenable for
incorporation into microfluidic detection of nanoparticles such as sEVs
or even submicroscopic particles like miRNAs [164].

A nanoplasmon-enhanced scattering (nPES) assay was developed for
the detection of PDAC-derived sEVs with as little as 1 pl of plasma [154].
The silica sensor chip is functionalized with anti-CD81 to capture sEVs.
Samples are added to each well of the sensor chip. Then, the gold
nanospheres (AuS) and gold nanorods (AuR), which are functionalized
with anti-CD63 (AuS-anti-CD63) and anti-CD9 (AuR-anti-CD9), respec-
tively, are added to each well for sEVs labeling, forming AuS-EV-AuR
complexes. The two different Au nanoparticle (GNP) labels are used
due to their different optical properties which, when the distance is <
200 nm apart, results in a color shift and resultant scattering of yellow
light for greater signal intensity. Additionally, the nPES exhibited a LOD
of 0.23 ng/pl compared to ELISA which could not detect sEV concen-
trations lower than 10 ng/pl. Furthermore, each well of the nPES utilizes
1 pl of diluted plasma compared to 50 pl of undiluted plasma for ELISA
detection and is more cost effective. To assess the clinical application of
nPES, the AuS was modified with anti-EphA2 (anti-EphA2-AuS) for
specific detection of PDAC sEVs. EphA2 (ephrin type-A receptor 2) was
chosen due to its significant overexpression in pancreatic cancer tissues
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compared to chronic pancreatitis and normal pancreatic tissue as well as
for its association with tumor progression and metastasis. The nPES
functionalized with CD81 CD9-EphA2 was able to discriminate
pancreatic cancer patients by stage (I-III) and could distinguish PDAC
patients from chronic pancreatitis and normal controls (N = 48-49 per
group) with greater sensitivity and specificity compared to CA19-9, the
current standard. Furthermore, EphA2 levels decreased in patients (N =
23) who underwent successful neoadjuvant chemotherapy/radiation,
but not in patients with poor responses to treatment, while CA19-9
levels did not exhibit significant changes regardless of successful or
poor response to treatment.

A small, compact SPR system was previously developed for the
detection of sEVs from lung cancer [155]. This biosensor was designed
using a glass slide with a 2 nm titanium layer followed by 49 nm of Au
film. PDMS with a 6 mm hole was bound to the glass to serve as a sample
well. The chip was then functionalized with NeutrAvidin and bio-
tinylated anti-EGFR and anti-PD-L1 for tumor detection, and anti-IgG for
the control. sEVs isolated from 50 pl of serum from NSCLC patients (N =
5) and normal controls (N = 5) was resuspended in 50 pl of PBS and used
to test the device and compare it to ELISA. No difference was observed in
EV-EGFR between normal and cancer patients, however, there was a
difference in sEV-PD-L1 levels, suggesting the usefulness of PD-L1 as a
diagnostic for NSCLC. Additionally, the LOD for this device was 2 x 10'°
sEVs/mL which was only slightly more sensitive than ELISA, which was
reported to have a LOD of 4 x 10'° EV/mL. Thus, SPR may offer a viable
alternative to tumor detection than current methods.

3.2.2. Quantum dots

Quantum dots (QDs) are inorganic colloid tracers used in signal
transduction labeling and offer a direct and sensitive means for detecting
sEVs [156]. A QD system was developed wherein sEVs are first captured
from samples by magnetic beads functionalized with CD9 or CD63 an-
tibodies. These captured sEVs are then examined for breast and colon
cancer specificity by CdSeQDs functionalized with biotinylated HER2
and FAM143B antibodies. When the CdSeQDs are dissolved by nitric
acid, Cd?" ions are released and detected by square-wave anodic strip-
ping voltammetry (SWASV), thereby providing exact quantification of
sEVs with HER2 (breast cancer) or FAM143B (colon cancer). Using 10 pl
of cell culture media from SW-48 (colon cancer) and BT-474 (breast
cancer) a LOD of about 100 sEVs was reached, which is 10x higher than
that of NTA or qNano (10 EV/ul) and outperforms ELISA. The serum
from nine colon cancer patients of varying stages and one healthy con-
trol were obtained to test the clinical feasibility of this method. The
SWASV readout for the healthy control was 5 pA cm ™2 while the SWASV
of cancer patients ranged from 38 pA cm ™2 to 95 pA cm 2, with the
current density increasing with advanced staging. The capture and
analysis take about 2 h to complete and requires special equipment,
which may hinder its use in the clinic.

Another microfluidic chip utilizes micropillars to evenly disperse EV-
captured-beads and QD probes for clearer fluorescence observation
[157]. The initial capture beads were functionalized with anti-CD9 and
then mixed with QD probes for tumor sEV detection. The tumor-labeling
QD probes utilized carcinoembryonic antigen (CEA, lung adenocarci-
noma marker), fragments of cytokeratin 19 (Cyfra21-1, squamous can-
cer marker), and pro-gastrin-releasing peptide (ProGRP, small cell lung
carcinoma marker). The chip and micropillar array were made of PDMS.
Patient plasma samples were analyzed for the expression of these spe-
cific lung cancer markers. Ten lung cancer patients and 10 healthy
controls were used. Plasma samples were optimized to 10 pl with 8 nM
of QD probes. In the patient samples, Higher fluorescent intensities were
observed for lung cancer patients compared to controls. Furthermore,
the differences between CEA concentrations determined by the device
and clinical testing was minimal. Thus, such a device may one day be
useful as a minimally invasive, rapid, and sensitive alternative for
detection of specific types of lung cancer.
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3.2.3. Others

One ovarian cancer biosensor utilizes 3D-nanostructured herring-
bone (nano-HB) microelements to promote increased surface area for
probes to enhance sEV binding efficiency, promote mass transfer of the
bioparticles, and allow for drainage of the boundary fluids, thereby
aiding in maximizing surface binding of the particles [158]. The
nano-HB device utilizes 2 pl of plasma sample and reports a LOD of 10
sEVs/pl. The chip can directly sEVs captured on the chip were analyzed
for the presence of common ovarian cancer markers HER2, EGFR, FRa,
CA125, EpCAM and CD24 derived from SKOV2 and OVCARS3 cell lines.
The expressions of these nano-HB-captured sEV-mRNA were analyzed
via digital droplet PCR (ddPCR) and exhibited similar expression levels
as the sEVs isolated by UC from the same cell lines. In addition, the
fluorescence of the six aforementioned markers of sEVs captured by the
nano-HB was comparable to the fluorescence of the same markers
analyzed via commercial ELISA kits. Because FRa is present in low
levels, they used it to test the sensitivity of the nano-HB. The nano-HB
was able to detect FRa™ sEVs from 2 pl of ovarian cancer patient
plasma with a LOD of 10° total sEVs/pl. Finally, to test the validity of the
nano-HB for clinical use, 20 ovarian cancer patients and 10 healthy
controls were examined. FRa, CD24, and EpCAM was utilized for the
analysis, and when calibrated for protein expression, the nano-HB is
reported to have a LOD for FRa, CD24, and EpCAM of 100 fg/ml, 10
fg/ml, and 10 fg/ml, respectively. Furthermore, these proteins alone,
and in combination exhibits AUCs of 1.00 (CD24), 1.00 (EpCAM), 0.995
(FRa), and 1.00 (all three markers). Thus, this platform exhibits high
sensitivity and may be applicable for clinical settings with additional
testing and validation using a larger sample size.

Another device was developed using silicon and graphene coating
[159]. This label free device uses a reduced graphene oxide field effect
transistor. The device was functionalized with CD63 for specific capture
of exosomes/sEVs. sEV concentration was determined by level of
impedance with a decrease in current corresponding to increased sEV
concentrations. With just CD63 sEVs, the voltage value was -AcypV 48
mV. The device exhibits a LOD of 33 sEVs/pl, suggesting high sensitivity.
The device was able to detect sEVs in 10 pl of serum from 6 prostate
cancer patients compared to 8 healthy controls. The device detected
greater numbers of sEVs from prostate cancer patients (-AcnpV of
~40-80 mV) compared to the healthy controls (-AcnpV of ~30-40 mV).
Furthermore, the captured sEVs could dissociates from the probes and
recapture with minimal loss of quality. The device provides rapid
detection, requiring only 30 min incubation time with the sEVs, and
minimal sample for detection. However, the device suffers from a lack of
tumor-specific markers, thus the device may be able to detect the
presence of a tumor, but not the type.

3.3. Summary

Direct on-chip detection of sEVs is optimal for clinical settings. On-
chip detection should be rapid, sensitive, specific, and require little to
no additional equipment. Devices should also be easy to operate to
minimize user error. ELISA-based on-chip detection methods offer
visible color changes to indicate the presence of the target, and generally
take between 2 and 4 h to complete and exhibits high sensitivity,
reporting a LOD ranging from 10 EV/pl to 1000 EV/pl [152,153,165].
Similarly, LFIA also takes about 2 h but is not as sensitive as ELISA
[166]. SPR, on the other hand, has the potential to be label-free, though
labels enhance detection by offering visible color shifts and may be more
sensitive than traditional ELISAs [154,155]. Quantum dots provide
colorimetric changes as well in the presence of bound EV targets, and
can process small sample sizes, 10 pl, in about 20 min, with a high
sensitivity of 100 EV/pl [156,157]. Lastly, other devices such as bio and
nanosensors can produce results with minimal quantities of sample as
well, 2-10 pl, within 30 min, and can be designed for specificity while
maintaining sensitivity, with a LOD of femtograms [158,159]. These
newer methods may offer alternatives to current diagnostics while
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utilizing sEVs as the detection medium. Thus, if sEVs are ever to become
alternatives to current detection methods, much work is needed to
streamline the process, including requirements for minimum sample
volume, rapidity, and high sensitivity and specificity.

4. sEVs in cancer biology

Decades of sEV research has provided evidence showing sEV-
mediated intercellular communication and crosstalk between healthy
cells, tumor cells, and the tumor microenvironment. Tumor develop-
ment and progression is marked by constant inflammation, giving rise to
satellite instability and acquisition of mutations that alter the tumor at
all stages, from commencement to progression, invasion, metastasis and
even recurrence. Tumor-derived sEVs, and their contents, therefore,
reflect the evolving tumor cells at all its stages. Because sEVs are so
integral in intercellular communication, they are able to modify the
tumor microenvironment, thereby promoting tumor progression as
shown in Fig. 2. Angiogenesis, vascular leakage, formation of premeta-
static niches, modulation of immune response and drug resistance are a
few areas in which sEVs play a significant role in promoting tumor
progression [19,36]. In this section, we therefore discuss, in detail, the
role of sEVs in tumorigenesis and tumor progression over the last 5-8
years. Additional work done by peers beyond the timeline of this review
can be referred [167-1711.

4.1. Role of sEVs in angiogenesis

Tumors rely on angiogenesis for nutrient acquisition and metastasis
[172]. The tumor microenvironment, as well as the sEVs secreted by the
tumor cells, promote vascular growth via excitation of endothelial cells
[173]. For example, pancreatic cancer-derived sEVs have promoted
angiogenesis via >1.5-fold change upregulation of Human Umbilical
Vein Endothelial Cells (HUVECs) [174]. The increased expression of
phospho-Akt and phospho-ERK1/2 in HUVECs, along with tubule for-
mation caused by the dynamin dependent endocytosis behavior, dem-
onstrates the angiogenic phenomenon of the pancreatic cancer derived
exosomes. Angiogenesis is primarily caused by Vascular Endothelial
Growth Factor (VEGF), a soluble proangiogenic factor secreted by
endothelial cells, tumor cells, and tumor derived sEVs [175]. It has even
been proposed that sEVs carrying VEGF may be major contributors to
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early tumor angiogenesis [176]. Researchers have demonstrated the
activation of endothelial cells by tumor derived sEVs occurs via VEGF
[177]. Activation of endothelial cells by sEVs enhanced proliferation,
migration, and growth of endothelial cells. The primary aortic ring
(AoR) supported this claim as exosome mediated activation of endo-
thelial cells showed approximately 2-fold change in AoR on sEVs
treatment. In addition, Dio-Ac-LDL results showed that the recovery of
endothelial cells was increased after coculture with AS-Tspan8 exo-
somes. This suggests a crucial role for sEVs in tumorigenic angiogenesis.
Additionally, sEVs can cause tumor angiogenesis of MDA-MB-231 cells
by the activation of a specialized type of VEGF receptors known as 90
kDa VEGF (VEGFgok) [178]. VEGFgox was formed by crosslinking
VEGF;¢sk and catalyzed by enzyme tissue transglutaminase, which in-
teracts with sEVs via Hsp90 chaperone protein. The team further
observed Hsp90 localized to sEVs VEGF from breast cancer cells and
interfered with the effectiveness of breast cancer monoclonal antibody,
Bevacizumab. This suggests that VEGF-activated Hsp90 promotes tumor
viability. However, inhibition of Hsp90 by 17AAG (17-N-allylami-
no-17-demothoxygeldanamycin) in the presence of EV-VEGFgok
rendered the tumor cells sensitive to treatment with Bevacizumab.
Similar results were observed using MDA-MB-231 tumor xenografts
(p-value 0.001). Blocking Hsp90 in conjunction with anti-cancer drugs
may therefore provide therapeutic benefit. Other sEV proteins which are
known to promote angiogenesis, and could therefore be targets of
anti-angiogenic drugs, include carbonic anhydrase 9, annexin II, myo-
ferlin, and WNT4 [179—-182]. sEV carbonic anhydrase 9 in Renal Cell
Carcinoma aids angiogenesis by promoting migration (p < 0.01) and
tube formation (p < 0.05) associated with upregulation of MMP2 in-vi-
tro, however requires validation in-vivo [179]. Likewise, overexpression
of sEV annexin II in malignant and premetastatic breast cancer cells
promotes tPA-dependent angiogenesis (pre-treatment with tPA antibody
decreased the endothelial tube formation by approximately 3 folds with
compared to control) both in-vitro and in-vivo. The underlying mecha-
nism involved sEV Annexin II causing macrophage-mediated activation
of the p38MAPK, NF-kB, and STAT3 pathways and increased secretion of
IL6 and TNFa. Furthermore, in-vivo analysis revealed metastatic exo-
somes can create a microenvironment favorable for metastasis. Priming
with Annexin II depleted sEVs reduced brain (~4-fold) and lung
(~2-fold) metastasis [180]. Whereas depletion of myoferlin, commonly
overexpressed in cancers and found in sEVs from different breast and
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pancreatic cancer cell lines leads to a significantly modulated sEVs
protein load. Such sEVs have shown reduced functionality in trans-
ferring nucleic acids to HUVEC and they also have reduced capability to
cause migration and proliferation in HUVEC (Breast Cancer: migration p
< 0.02, proliferation p < 0.001 Pancreatic Cancer: migration p < 0.001,
proliferation p < 0.001) [181]. In colorectal cancer, sEVs mediate
Wnt/p-catenin signaling in endothelial cells under hypoxia promoting
tumor growth and angiogenesis as sEV Wnt4 increases p-catenin nuclear
translocation in endothelial cells. p-catenin is a critical player in
signaling of proliferation and migration of endothelial cells inhibited by
ICGOO01 [182]. In addition to the proteins, SEV RNA also plays a signif-
icant role in angiogenesis. Currently, sEV miRNAs are being studied
extensively to understand their role in tumor angiogenesis. A study
showed that delivery of EV-miR-130a from gastric cancer cells to
HUVECs promoted angiogenesis and tumor growth by targeting c-MYB
in both in vitro and in vivo models [183]. C-MYB functions as a tran-
scription factor and plays an important role in angiogenesis and various
biological processes like cell proliferation and migration [184-186].
Therefore, based on the role of c-MYB in angiogenesis, C-MYB expres-
sion is positively correlated with prognosis of gastric cancer. However,
the overexpression of EV-miR-130a resulted in significantly lower
expression of its downstream target c-MYB promoting poor prognosis of
gastric cancer. Likewise, leukemia derived extravesicular miR-92a,
when transfected with Cy3, enhanced the migration and vessel forma-
tion in endothelial cells [187]. The downstream target was identified as
integrin a5 however, the underlying signaling pathway was not fully
identified. On the other hand, miR-92a has been reported to inhibit
angiogenesis under some conditions [188,189]. Therefore, tumor sEVs
are known to affect the angiogenic process by engaging in intercellular
communication via the various cargos which exosomes shuttle. In
addition, conditions such as hypoxia [190,191] and loose cell to cell
[192] contact have also been documented for facilitating the angiogenic
properties of tumor cells. However, earlier studies which report sEV
involvement in these processes may need to be revisited in light of newer
sEV isolation techniques which yield purer sEV samples such that ac-
curacy of these earlier observations is maintained.

4.2. sEVs mediate vascular leakage in cancer

It is estimated that 90% of all cancer related deaths occur due to
metastasis [193]. Vascular leakage is considered one of the major factors
promoting metastasis [194]. During metastatic progression tumor sol-
uble factors like VEGF, Angptl4, CCL2, SDF-1, etc. activate different
signaling pathways that weaken the inter endothelial junctions
increasing the vascular permeability [193]. This defective vascular
anatomy allows cancer to metastasize and colonize at distant locations
[195]. Therefore, vascular leakage leading to tumor angiogenesis and
progression is of concern [196]. sEVs have also shown to play an
important role in mediating vascular leakage. Currently, tumor derived
sEVs are being extensively studied as they can alter cellular signaling
that potentially triggers vascular leakage [197] and recruitment of bone
marrow progenitor cells [198]. Some research groups have successfully
described the underlying process and/or mechanism by which sEVs
cause vascular leakage. For example, miR-105 from breast cancer
derived EVs targets tight junction protein ZO-1, destroying the natural
barrier of tight cell to cell contact against metastasis [192]. Over
expression miR-105 in non-metastatic cancer cells can cause metastasis
and vascular leakage to distant organs. Similar results were obtained
while studying lung cancer derived small extravesicular miR-23a [199].
Delivery of small extravesicular miR-23a to endothelial cells inhibited
the expression of tight junction protein ZO-1, favoring migration and
prognosis. Whereas in colorectal cancer, small extravesicular miR-200c,
miR-141 and miR-429 have been reported to alter the vascular barrier
by regulating ZEB proteins [200]. ZEB proteins are known to induce
EMT of epithelial cells into migratory mesenchymal cells. E-cadherin is
considered the downstream target of ZEB and downregulation of
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E-cadherin is also considered as a hallmark of EMT. In epithelial cells,
E-cadherin serves as cell adhesion molecule therefore its down-
regulation in tumor metastasis indicates reduction in cell adhesion of
tumor cells facilitating migration and invasion [201]. Collectively, ac-
tivity of sEV miRNAs from tumor cells in these studies have shown to
impact tumor prognosis due to loss of tight junctions. Vascular leakage is
also considered as a characteristic behavior leading to formation of pre
metastatic niches in metastatic cancers [202]. In brain metastasis, the
Blood Brain Barrier (BBB) is considered as the most important vascular
barrier. It functions in restricting the penetration of various molecules
into the brain and thus aids in preventing potential metastatic pro-
gression of the brain to a certain extend. Under such strict conditions,
permeability of cancer cells or cancer derived sEVs can likely be asso-
ciated with metastasis phenomena [203]. For example, transport of
Semaphorin 3A (in Sema3A/NRP1-dependent manner p < 0.05) and
VEGF-A factor (targeting brain endothelial cells p < 0.05) from glio-
blastoma derived sEVs promoted vascular permeability, leading to
metastasis of distant organs [204,205]. However, modulating the
permeability of these cancer cells has allowed researchers to use sEVs as
a therapeutic tool in case of brain metastasis [206]. Researchers believe
that having a better understanding of exosomal functions would help in
understanding the mechanism underlying brain metastasis. Various
research reports claim that small extravesicular miRNAs (let7 family and
miR-34a) affect the homeostasis of the tight junctions of blood brain
barrier [207-209]. MiR-34a is reported to mediate BBB through a
mitochondrial mechanism. Cytochrome ¢ was identified as the down-
stream target of miR-34a. In vitro studies reveal that miR-34a targets the
breakdown of BBB in the cerebrovascular endothelial cell monolayer.
This occurs because of reduced mitochondrial oxidative phosphoryla-
tion, adenosine triphosphate production, and decreased cytochrome c
levels. Similarly, sEV miR-181c from brain metastatic breast cancer cells
can destroy the blood brain barrier and promote brain metastasis [210].
This finding was supported by analyzing the expression of miR-181c in
sera from breast cancer patients. MiR-181c in sEVs collected from brain
metastasis patients (serum was significantly higher p < 0.05) compared
with non-brain metastasis patients. The mechanism leading to destruc-
tion of the BBB was demonstrated to be the degradation of PDPK1 gene
(responsible for actin dynamics) by miR-181c. Together, these findings
suggest that SEV miR-181c derived from metastatic brain tumor cells
trigger abnormal PDPK1-regulated actin localization as miR-181c in-
teracts with endothelial cells, thereby resulting in a weakening of the
cell-to-cell contact. Vascular leakage is marked by increased perme-
ability and directly contributes to metastasis. These scientific findings
have shown that sEVs play a crucial role in promoting leaky vessels.
Thus, the mechanisms contributing to vascular leakage are currently
under study to determine optimal therapies. Combination tumor ther-
apies should therefore include drugs that would target and mitigate
vascular leakage. Further research is necessary in order to fully under-
stand the mechanisms by which sEVs mediate vascular permeability and
how they interfere with tight cell-to-cell junctions.

4.3. Communication of sEVs with neighboring non-tumor cells

The tumor microenvironment is a highly potent and complex region
surrounding the tumor cells. It aids in their growth, invasion, and
metastasis [211]. The tumor microenvironment is comprised of the
tumor cells as well as the cells which support tumor growth. These
include fibroblasts, immune cells, adipose tissue, blood and lymphatic
vessel networks, and the extracellular matrix [212]. Researchers even
claim that non-tumor cells can potentially account for more than 50% of
the net tumor mass [213]. In addition, the tumor microenvironment also
constitutes complex communication pathways between the tumor cells
and the cells which support the tumor. EVs are known to play a key role
in these communication pathways. A group of researchers showed that
sEVs derived from several types of cancers (mesothelioma, prostate
cancer, bladder cancer, colorectal cancer, and breast cancer) were able
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to communicate with normal stromal fibroblasts [214]. They observed
that TGF-B1 from these tumor cells sEVs caused the fibroblasts to
differentiate into myofibroblasts, which are important in degrading the
extracellular matrix and contributing to metastases. Several other
research groups reported that transforming growth factor § (TGF- B)
from tumor derived sEVs are also capable of converting normal fibro-
blasts to Cancer Associated Fibroblasts (CAFs) [214,215]. Trans-
formation of normal fibroblasts to CAFs was also seen in adipose tissue
derived mesenchymal stem cells on treatment with breast cancer
derived sEVs. Breast cancer derived exosomes were capable of causing
this change by increasing the expression of TGF- §§ (average fold change
~3.5 folds), vascular endothelial growth factor (VEGF) (average fold
change ~5 folds), stromal cell-derived factor 1 (SDF-1) (average fold
change >20 folds), and C-C motif chemokine ligand 5 (CCL5)) (average
fold change >10 folds) [216].

The effects of cancer derived sEVs are seen on both tumor cells as
well as non-tumor cells such as endothelial cells, fibroblasts, and other
healthy tissue cells. sEVs released from glioblastoma promote primary
tumor growth and endothelial cell proliferation (p < 0.002) by deliv-
ering the EGFRVIII mRNA, miR-21 and angiogenic protein (angiogenin,
IL-6 and IL-8) contents within them [217]. They stimulate an angiogenic
phenotype in normal brain endothelial cells which initiates the prolif-
eration of other glioma cells. The angiogenic proteins contained within
them aids this process (angiogenin, FGF., IL-6, IL-8, TIMP-1, VEGF and
TIMP-2). These angiogenic proteins potentially interact with cognate
receptors on the surface of endothelial cells to promote angiogenesis.
Under certain conditions sEVs undergo lysis to release the proteins
within them. This process is supported by the acidic environment caused
by tumor [218]. Whereas angiogenic proteins like angiogenin require
transportation across the membrane to cause a biological effect, which
could be facilitated by the microvesicles [219]. From the mRNAs found
by the research team in glioblastoma sEVs, EGFR mRNA in particular
interested them as EGFRVIII mutant splice variant is found in many
glioblastomas and could serve as a biomarker [220]. This suggests the
use of tumor sEVs as a multicomponent delivery vehicle for mRNA,
miRNA and proteins to communicate genetic information as well as
signaling proteins to surrounding cells. Similarly, transfer of RNA mol-
ecules (Hsa-miR-574-3p, Hsa-miR-501-3p, Hsa-miR-1290, Hsa--
miR-2110, Hsa-miR-107, Hsa-miR-331-3p, Hsa-miR-375, Hsa-miR-21,
Hsa-miR-625, Hsa-miR-301a, Hsa-miR-143-3p, Hsa-miR-196a-5p,
Hsa-miR-196a-3p) from pancreatic cancer cell derived sEVs to recip-
ient osteoblasts which facilitated communication between them [221].
This sEV mediated communication altered the functioning of osteoblasts
such that it supports pancreatic cancer cell proliferation. Pancreatic cell
derived sEVs improved the osteoblast viability along with a favorable
environment for growth of pancreatic cancer cells when co-cultured
with osteoblasts that were pretreated with sEVs. In addition, charac-
terization of the RNA cargo of sEVs produced by the bone metastatic
pancreatic cancer cell line was significantly enriched in genes relating to
cell surface signaling, cell-cell interaction, and protein translation.

RNA molecules are most abundantly found in extravesicular cargo
and thus are of interest amongst researchers [57,222,223]. Transfer of
such exosomal mRNA and miRNA from mast cells to recipient cells is
capable of regulating gene expression [31]. Likewise, researchers have
observed the phenomenon of sEVs from miR-1227 enriched ameboid
tumor cells of RWPE-2 prostate cancer cells (isolated from 200 pl of
plasma) to enhance cancer associated fibroblast migration (fold change
>1.5 when compared to control) [224]. Distinct classes of miRNAs were
also expressed at higher levels in sEVs derived from the tumorigenic
cells when compared to their non-tumorigenic counterpart. In addition,
highly expressed miRNAs like miR-100-5p, miR-21-5p, and
miR-139-5p from prostate cancer stem cells and exosomes from the bulk
tumor on transfection into prostate fibroblasts, significantly increased
the expression of MMP 2, MMP 9, and MMP 13, as well as receptor
activator nuclear factor kB ligand (RANKL) expression leading to
increased fibroblast migration [225]. Whereas in-vitro analysis of liver
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cancer derived sEVs containing miR-1247-3p have been reported to
transform normal fibroblast to cancer associated fibroblasts (CAFs)
promoting primary tumor growth as well as proliferation in lung tissue
cells [222]. Since most studies involving miRNA mediated communi-
cation are done in vitro, it limits our knowledge of their functions in
living systems. However, the role of miRNA in mediating cellular
communication has been strongly supported by various research reports
studying tumor growth, progression, and metastasis.

4.4. Role of cancer derived sEVs in immune regulation

The phenomenon of immune regulation is very crucial in inflam-
matory diseases like cancer [226]. Intercellular communication is
considered key to immune regulation and thus sEVs play an important
role. In addition, based on their origin from cancer cells, sEVs exhibit
heterogeneities in their membranes as well as their cargo. These cargoes
include growth factors, proteins, genes, cytokines, chemokines, and
even miRNAs [227]. It is known that VEGF, IL10, and other soluble
factors released by tumor cells and the tumor microenvironment can
alter normal immune response [228]. Hodgkin lymphoma derived sEVs
promote the activation of normal fibroblasts into cancer associated fi-
broblasts, which leads to the secretion of pro-inflammatory cytokines
(IL-1a, IL-6, and TNF-a), growth factors like G-CSF and GM-CSF and
even pro-angiogenic factors VEGF that support tumor growth [229].
Collectively, these factors promote Hodgkin lymphoma via
TNF-a/NF-kB signaling thereby directing sEV dependent phenotype
changes in fibroblasts. This sEV dependent transformation of normal
fibroblast to CAFs was confirmed with a significant elevation in a-SMA
expression within xenograft model treated with Hodgkin lymphoma
sEVs compared to control (~3-fold change). Another unique study
showcased the ability of Burkitt’s lymphoma derived sEVs to activate
CD8' T cells by significantly improving the dendritic cell cross pro-
cessing ability [230]. Recent studies suggest that tumor derived sEVs are
also capable of modulating the dendritic cell property of eliciting an
immune response [231,232]. Dendritic cells are important antigen
presenting cells as they can coordinate both innate and acquired im-
munity. Therefore, alterations in processing of dendritic cells antigens
and intercellular signaling can be done to promote a long-lasting anti--
tumor response. Currently, the immunomodulatory influence of sEVs
with MUC1 tumor glycoantigen has been studied on clinical grade DCs
[230]. Phagocytosis plays an important role in antigen loading of den-
dritic cells used as cancer vaccines. In the phagosomal region, results
indicate a reduction in phagocytosis (p < 0.01) along with increase in
pH (from 7.01 to 7.35 pH) (p < 0.05) of dendritic cells upon interaction
with tumor derived sEVs. The increase in pH suggests a reduction in
antigen cross processing efficiency of the dendritic cells confirming an
altered immune response in clinical grade dendritic cells. These func-
tional changes in dendritic cells were compared to their normal func-
tioning. Therefore, this study points towards the significant role sEVs
play in dendritic cell immune modulation which can be used to develop
immunotherapy vaccines. The transfer of non-coding RNAs is another
direction that EVs follow to cause immune modulation. In colorectal
cancer the transfer of miRNAs (miR210, miR193a, miR19a), long coding
RNAs (MAGEA3, CRNDE-h) and circular RNAs (circ-KLDHC10,
circRTN4) leads to their interaction with respective mRNA transcripts
causing deregulation of the mRNA [233-235]. This causes their trans-
formation into oncogenes that promote progression and metastasis of
cancer. These deregulated mRNAs also modulate cells (epithelial,
endothelial and fibroblast) responsible for causing an immune response
and drug resistance within the tumor microenvironment by promoting
their proliferation.

For sEVs derived from cancer cells, immune regulation works both
ways i.e. in the form of suppression or activation of immune response
against cancer. This claim is supported by study involving sEVs derived
from metastatic melanomas carry programmed death-ligand 1 (PD-L1)
on their surface [236]. This programmed death-ligand 1 interacts with
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the corresponding programmed death — protein 1 causing inactivation of
CD8 T cells. Even stimulation with interferon-y increases the amount of
programmed death-ligand 1 on the surface of exosomes thereby sup-
pressing the function of CD8 T cells and facilitating tumor growth. While
some other studies claim that exosomes cause a cytotoxic T cell reaction
which generates an antitumor immune response with the help of tumor
specific antigens like CEA, HER2, mesothelin, CD24 and EpCAM present
within them [237-239]. Likewise, sEVs from irradiated tumor cells
appear to exhibit irradiated effects on neighboring nontumor cells [240,
241]. Thus, it can be concluded that cancer derived sEVs have a variable
function in immune regulation.

Toll-like receptors on the othr hand are a type of structural pattern
recognition receptors which upon activation can promote cancer
growth. These receptors are known to activate the NF-xB complex which
leads to secretion of pro-inflammatory cytokines and miRNAs from sEVs
in order to enhance the inflammation and cancer growth [175]. Similar
results were observed while studying lung metastasis caused from liver
cancer [222]. Here the activation of toll like receptors resulted due to
the transformation of fibroblasts in myofibroblasts. However, produc-
tion of multiple cytokines can potentially activate an anti-cancer
response as they are chemical messengers regulating innate and adap-
tive immunity [242,243]. Cytokines are also known to enhance the
detection of tumor cells with the help of cytotoxic effector cells. Stim-
ulating immune effector cells and stromal cells helps in this process. In
recent years animal studies involving cancer therapy have shown that
cytokines can be translated into several cancer therapies. These findings
are supported with cytokines like GM-CSF, IL-7, IL-12, IL-15, IL-18 and
IL-21 that are being studied in clinical trials for patient with advanced
cancer [243,244].

4.5. Cancer derived sEVs causing extracellular matrix (ECM) remodeling

The extracellular matrix is a macromolecule network which serves as
a physical and biochemical support for neighboring cells thereby regu-
lating their functioning [245,246]. Thus, extracellular matrix is
considered as an important part of the tumor microenvironment. In
cancer patients, it is subjected to dynamic changes resulting in remod-
eling of the ECM. Intercellular communicators are responsible for
causing these dynamic changes to the ECM [202]. Researchers believe
that remodeling of extracellular matrix causes quantitative as well as
qualitative changes in the ECM which promotes growth and metastasis
of cancer [247,248]. Fibrosarcoma derived sEVs promote cell adhesion
and motility in tumor cells by matrix remodeling caused by small
extravesicular fibronectin [249]. Remodeling of ECM also favors
tumor-stromal interaction. In addition, the functional as well as mo-
lecular difference in normal cells demonstrated in response to sEVs from
normal cells and cancer cells explains a strong molecular mechanism
responsible for modulating the ECM related genes resulting in its
remodeling [250]. BBOX1 and EFEMP1 are examples of such genes
observed by researchers. Their overexpression when compared to con-
trol is reported to be responsible for cancer growth and invasion [251,
252].

Small  extravesicular cargo like  Extracellular  Matrix
Metalloproteinase Inducer (EMMPRIN) has been reported to trigger
the ECM remodeling by production ofMatrix Metalloproteinase
(MMPs) in fibroblasts [253]. Moreover, tumor derived sEVs transform
the fibroblasts into myofibroblasts which secrete MMPs. These MMPs
then remodel the ECM by breaking it down and releasing the growth
factor within them, promoting cancer proliferation and metastasis
[202]. Another group of researchers reported similar results where
introduction of Rab27b in metastatic breast cancer cells resulted in an
exocytic secretion of sEVs, triggering MMP2 expression. This in turn
facilitated cancer migration and invasion as a result of matrix remod-
eling [254]. Growth and progression of breast cancer cells can also be
promoted by cancer derived sEVs [216]. Conversion of adipose derived
mesenchymal stem cells to cancer associated fibroblasts by tumor
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derived sEVs resulted in ECM remodeling. Elevated expression of myo-
fibroblast associated functional factor (a- SMA) in a dose dependent
manner, along with tumor promoting cytokines (SDF-1, VEGF, CCL5,
and TGF p), in the Adipose tissue derived Mesenchymal Stem Cells
(ADSCs) on exosome treatment supported their findings.

These scientific studies suggest that tumor derived sEVs influences
the biological behavior of cells and thus can remodel the ECM. However,
its underlying mechanism is complex and still requires study.

4.6. sEVs initiate the formation of the pre-metastatic niche

While studying distribution of secondary growths in breast cancer,
concept of “pre-metastatic niche” was introduced when tumor micro-
environment was observed to be responsible for metastasis leading to
invasion of different tumors to distant organs [255]. The ability of pri-
mary tumor to metastasize and spread to distant regions within the
human body is supported by the formation of pre-metastatic niche. This
occurs as a result of intercellular communication between tumor and
stromal cells. In cellular communication, tumor derived extracellular
vesicles are reported to contribute significantly to the formation of
pre-metastatic niche by transferring the cargo content within them.
However, the underlying mechanism remains unclear. It is still believed
that sEVs while transporting their cargo, stimulate vascular leakage
which allows them to selectively interact with cells from distant organs
[256]. Melanoma derived sEVs promote vascular leakage in the lymph
nodes leading to elevated levels of vascular growth factors (Tnfa,
Tnfaip2, Vegfb, Hifla, Thbsl) [257]. This ability of sEVs to modulate
pathophysiological processes like vascular leakage, support
pre-metastatic niche formation and subsequent metastasis. In addition,
previous studies have also reported that hypoxic tumor derived exo-
somes promote angiogenesis as well as vascular leakage resulting in
pre-metastatic niches causing tumor progression [191,258]. Exposure of
breast cancer and glioblastoma cells to hypoxic conditions in these
studies led to increased expression of tumor derived hypoxic sEVs to
facilitate their growth and invasion. These hypoxic sEVs secrete growth
factors, cytokines, miRNA (miR-210) that are known to promote
angiogenesis and vascular leakage facilitating pre-metastatic niche
formation.

sEVs are also able to promote the formation of pre-metastatic niches
by upregulating the inflammatory molecules and suppressing immune
response [259]. As inflammation favors tumor growth and metastasis,
the inflammatory microenvironment is an important factor in formation
of pre-metastatic niches. Production of VEGF, TNF-a, TGF-f IL-6, and
IL-10 is stimulated by inflammatory microenvironment which results in
migration of myeloid cells and ultimately forming pre-metastatic sites
[260]. Tumor derived small extravesicular integrins are able to target
distant organs by regulating pro inflammatory factors [261]. Tumor
derived small extravesicular integrins are responsible for elevated levels
of pro inflammatory factor S100, which promote cellular, as well as
molecular, changes in distant organ cells. In addition, upregulation of
pro inflammatory factors also results in recruitment of inhibitory im-
mune cells (tumor associated macrophages, tumor associated neutro-
phils, regulatory T cells and myeloid derived suppressor cells) to distant
organs and may potentially inhibit the antitumor immune response
[259,262,263].

Collectively, these studies highlight the contribution of sEVs in
metastatic disease progression by formation of pre-metastatic niches in
distant organs. However, a thorough understanding of the mechanisms
sEVs use to transfer specific cargo contents to alter biological processes
and conditions favoring pre-metastatic niche formation is needed.

4.7. Organotropic metastasis by sEVs
Organotropism can be defined as biological changes in an organ due

to an external stimulus. Moreover, it can be said that organotropic
metastasis is an extension to pre-metastatic niches. Previously, various
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cellular components have been reported to cause oraganotropic metas-
tasis. For example, high levels of chemokine receptors CXCR4 and CCR7
along with high expression chemokine receptive ligands CXCL12 and
CCL21 in distant organs promote organotropic metastasis of lung due to
breast cancer metastasis [264]. Similarly, periostin and tenascin are
some other cellular molecules promoting organotropic metastasis of
breast cancer and melanoma respectively [265,266]. Breast cancer cells
produce tenascin C as a metastatic niche component to colonize the
lungs. MSI1-dependent NOTCH signaling was determined to be the
underlying pathway supporting metastasis. Likewise, melanoma cells
produce periostin as a key niche component for wound metastasis of
melanoma. sEVs also play a vital role in promoting organotropic
metastasis of various cancers. Breast cancer derived exosomal content
like miR-181c, ave been reported to potentially cause organotropic
metastasis in lung, brain, bone, and skin [210,267,268]. These
breast-cancer-derived sEVs are also capable of redirecting tumor me-
tastases from bone to lung by contributing to the pre-metastatic niche
[269]. Small extravesicular integrins also explain organotropic metas-
tasis. Pancreatic cancer derived exosomal Integrin ofs stimulates
metastasis of the liver whereas exosomal integrins a6p4 and a6f1
(confine to laminin rich regions of the lung) from 4175-LuT breast
cancer cells stimulated lung metastasis [261,270]. Targeting the integ-
rins helped researchers in decreasing the sEVs uptake and thus metas-
tasis. Similar results were demonstrated where f1-integrin from hepatic
cancer derived sEVss triggered lung metastasis [222]. NF-xB was iden-
tified as the signaling pathway. In addition to the studies discussed
above and current scientific findings suggest small extravesicular
integrins and proteins which cause organotropic metastasis can poten-
tially be translated into clinical use as cancer biomarkers in the future.

4.8. sEVs promote coagulation/microemboli

In cancer patients suffering metastasis, the risk of developing
thrombotic problems is extremely high. These thrombotic conditions are
also reported to be a major factor contributing to deaths in metastatic
cancer patients [271]. Thrombotic conditions result in biological
changes caused by tumor cells that lead to coagulation as well as platelet
accumulation. Cancer cells promote this biological condition as it helps
prevent their recognition by immune cells [272]. Numerous reports
claim that sEVs are involved in promoting the coagulation leading to
cancer progression. For instance, microvesicles derived from either
cancer cells, platelets or inflammatory cells are capable of facilitating
coagulation [273]. Recently, researchers have observed podoplanin
expressing sEVs in plasma of pancreatic and colorectal cancer patients
[274]. Podoplanin is a membrane glycoprotein belonging to mucin type
proteins that are expressed on the surface of cancer cells [275,276].
These proteins exhibit in-vitro platelet aggregation based on podoplanin
expression [277]. Platelet aggregation from podoplanin expression
usually results in coagulation and even venous thromboembolism (VTE)
[278,279]. Hence, it can be said that tumor derived sEVs are potentially
responsible for coagulation or microemboli. However, activated plate-
lets have also been reported to cause accumulation of sEVs at thrombotic
sites. This occurs as a result of P-selectin glycoprotein ligand 1 (PSGL-1)
and integrins present on the surface of sEVs membranes [280]. Treat-
ment with P-selectin blocking antibody, RGD peptide, and clopidogrel in
animal models significantly inhibits the accumulation of sEVs [280,
281]. Some other groups of researchers have also reported that in cancer
patients with high thrombotic risk, an increased amount of micro-
vesicular tissue factors which promote coagulation is seen [273,282,
283]. A study demonstrated formation of arterial thrombus promoted
the binding of activated platelets [284]. The platelets were transformed
to an activated state by P-selectin and P-selectin glycoprotein ligand 1
(PSGL-1) dependent tissue factor enriched sEVs derived from mono-
cytes. In general, metastatic cancer cells express approximately 1000
folds higher levels of tissue factor than non-metastatic cancers [285].
Overexpression of tissue factor also has a correlation with cancer
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prognosis and procoagulant activity of tumor cells in certain types of
cancers [286-289]. High levels of K-ras-dependent tumorigenic and
angiogenic tissue factor in colorectal carcinoma derived sEVs were
observed by researchers contributing to its poor prognosis [290]. Acti-
vation of K-ras oncogene and inactivation of the p53 tumor suppressor,
in MEK/mitogen-activated protein kinase (MAPK) and phosphatidyli-
nositol 3’-kinase (PI3K) dependent manner were identified as the un-
derlying mechanism. Based on scientific evidence it can thus be
concluded that cancer derived sEVs significantly contribute to cancer
invasion and metastatic progression by promoting coagulation. They are
capable of triggering coagulation by expressing tissue factor, P-selectin
ligands, etc. Tumor cells circulate in the blood stream and localize at
metastatic sites. This causes platelet aggregation and is dependent on
coagulation factors carried by sEVs, as mentioned earlier [289].
Therefore, alterations in SEVs to reverse coagulation and thus metastatic
progression serves as a direction for development of therapies against
cancer.

4.9. sEVs in epithelial to mesenchymal transition (EMT)

In invasive cancer, EMT is a characteristic phenomenon in which
static epithelial cells transform into dynamic mesenchymal cells [291].
It is also believed that a relationship exists between sEVs derived from
mesenchymal cells and the triggering of EMT in epithelial cells [292].
However, it is yet pending scientific validation. Overexpression of HRAS
in Madin Darby canine kidney epithelial cells contributed to EMT and
the selective packaging of mesenchymal markers, such as vimentin, into
sEVs [292]. This selective packaging was noted to occur in response to
reduction in thrombospondin-1 and epithelial markers E-cadherin, and
EpCAM. Similar effects caused by linoleic acid, stimulated MDA-MB-231
derived sEVs in MCF10A epithelial cells [293]. In Normal epithelial
prostate cell lines RWPE-1 and PNT-2 treatment with sEVs from biopsies
of prostate primary tumors or plasma from prostate cancer patients,
stimulated alteration in prostate cancer related gene expression, thereby
promoting EMT as well as cancer progression in the cell lines [294]. A
study demonstrated that sEVs shed from invasive bladder cancer cell
lines (T24 and UMUCS3) could induce the expression of mesenchymal
markers (ax-smooth muscle actin, S100A4 and snail) in primary urothe-
lial cells [295]. Increase in mesenchymal markers was seen along with
varied gene expression between the two cell lines. Also, down regulation
of epithelial markers E-cadherin and f-catenin is closely related to
bladder cancer progression [296,297]. Of these, E-cadherin is generally
present in very low amount or completely absent in more than 80% of
muscle-invasive bladder cancer [298]. As downregulation of E-cadherin
causes release and translocation into the nucleus. This activates WNT
signaling leading to EMT and cancer metastasis. Also, full length tissue
factor (fITF) III and CD142 from tumor derived sEVs have promoted
EMT and aggressive metastases in tumors [299]. Previous studies have
reported that TGF-p from sEVs of tumors are important regulators in
EMT [300]. The role of itinerant exosomes in EMT as the transport of
morphogens and RNA is explored. This transport influences cell polarity
causing EMT in-vivo, however it requires further investigation [301].
Extravesicular miR-200a, miR-200b, miR-200c¢, miR-429 and miR-141
from the miR-200 family are also well known regulators of EMT
which modulate Zebl and Zeb2 expression [302]. sEVs obtained from
melanoma cells induce EMT in primary melanocytes [303]. Importantly,
EMT-derived sEVs mediated this through Let-7i. This finding was sup-
ported by evaluation of a Let-7i mimic in invasion assays and immu-
nofluorescence evaluation. Moreover, MAPK pathway activation was
observed following introduction of melanoma sEVs which induced EMT.
EMT-associated miRNAs (miR-191 and Let-7a) were found to be
enriched in serum sEVs obtained from melanoma patients in comparison
with non-melanoma subjects. Similar findings were reported in which
human lung adenocarcinoma A549 cells derived sEVs containing TGF-f1
induced EMT [304]. On EMT elevated miR-23a levels were seen that
promoted malignant progression by enhancing the transcriptional
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activity and abundance of p-catenin. Taken together, small extra-
vesicular protein and miRNA content can induce phenotypic as well as
physiological changes via autocrine signaling. Therefore, developing
strategies targeting sEVs released during disease condition or patho-
logical processes might serve as a breakthrough in inhibiting various
characteristics of sEVs. This in turn could provide an in-depth under-
standing of sEVs released during the EMT with key insights into the EMT
process and therapeutic opportunities aimed at halting and limiting
metastatic spread.

4.10. sEVs regulate therapeutic resistance

Evolution of cancer by sEVs mediated multi drug resistance is most
commonly reported by scientists [305,306]. sEVs can facilitate drug
resistance in several ways. The role of mesenchymal stem cell derived
sEVs in promoting immune suppression as well as chemo resistance of
gastric cancer is studied [307]. The molecular mechanism underlying
this  resistance involved sEVs mediated activation of
calcium/calmodulin-dependent protein kinases (CaM-Ks) and Raf/ME-
K/ERK kinase cascade in gastric cancer cells. Whereas, multidrug
resistance proteins like LRP and MRP are reported to be regulated by
mesenchymal stem cell exosomes in gastric cancer cells fighting against
5 fluorouracil and cisplatin [308]. Small extravesicular RNAs have also
been reported to enhance therapeutic resistance by educating the cancer
cells to alter their chemo resistance to chemotherapeutic drugs. sEVs
miR-1247-3p from hepatocellular carcinoma cells (HCC) demonstrated
high resistance to chemotherapeutic drug sorafenib when compared to
control [222]. These findings were further confirmed by blocking IL-6 or
IL-8 with neutralizing antibody which partially reversed the resistance
ability to sorafenib of HCC cells when incubated with media from fi-
broblasts pre-treated by miR1247-3p. In addition, the ability of sEVs to
transfer the multi drug resistance ability from docetaxel-resistant
variant of MCF-7 to drug-sensitive variant of MCF-7 is showcased by
monitoring P-glycoprotein expression of MCF-7 variants [309].
P-glycoprotein overexpression is considered one of the mechanisms
facilitating drug resistance by carrying a variety of anti-cancer and
cardiovascular drugs along other immunosuppressants [16,310,311]. A
significant increase in P-glycoprotein levels of drug sensitive MCF-7 cells
on incubation with sEVs from the drug resistant variant of MCF-7.
Together, sEVs from the drug resistant variant of MCF-7 were capable
of educating drug sensitive variant of MCF-7 breast cancer cells with the
help of intercellular communication facilitated by sEVs [309]. sEVs from
tumor microenvironment also mediate communication with cancer cells
improving their resistance capability against chemotherapy and radia-
tion therapy [305]. Coculturing stromal cell derived sEVs loaded with
5’triphosphate enhanced transposable RNAs in breast cancer cells [312].
The interaction of stromal cells with breast cancer cells resulted in
paracrine and juxtacrine signaling events to drive stroma mediated
resistance. Such sEVs cargos can also promote antiviral signaling by
activating pattern recognition receptor RIG — I. Upon activation, the
expression of interferon related DNA damage resistance signatures like
ISG15, IFIT1, MX1, OAS1, and STAT1 influencing radiation therapy and
chemo resistance are enhanced in cancer cells sensitive to chemo and
radiation therapy. Further it was also reported that paracrine antiviral
and juxtacrine Notch3 pathways combine into STAT1 which enhances
transcriptional responses to Notch3. This results in proliferative
expansion educating sensitive cancer cells to develop resistance against
chemo and radiation therapy [305,312]. However, the transfer of small
extravesicular miR21 from malignant adipocytes and fibroblasts to
ovarian cancer cells inhibits apoptosis and promotes chemoresistance by
interaction with Apoptotic protease activating factor 1 (APAF1), known
to facilitate tumor apoptosis [313]. In addition, cancer cells can not only
transmit therapeutic resistance through horizontal transfer of sEVs cargo
but also through drug efflux pumps. Small extravesicular P- glycopro-
tein, Multidrug resistance-1 (MDR-1), and ATP Binding Cassette Sub-
family B Member 1 (ABCB1) are a few, well studied drug efflux pumps
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whose transfer exhibit MDR in prostate cancer, ovarian cancers, acute T
lymphoblastic leukemia and osteosarcoma [314-317]. sEVs have
emerged as important modulators of drug resistance through a variety of
mechanisms described above. Drug resistance is still one of the biggest
hurdles in developing cancer therapies. Therefore, further development
of an approach to determine the accurate biological composition of sEVs
will not only explain their role in cancer with more details but also
would aid in the fight against cancer.

4.11. sEVs in hypoxia

In inflammatory diseases like cancer, blood supply plays an impor-
tant role in its growth and maintenance [318]. Lack of oxygen levels in
cancer cells triggers the clinical condition of hypoxia [319]. Hypoxia
stimulates vascular leakage, angiogenesis and immune suppression in
cancer cells. Generally, in a hypoxic environment cancer cells tend to
release extracellular vesicles stimulating angiogenesis of cancer [320].
However, the underlying mechanism of sEVs promoting angiogenesis is
complex. In some tumors there is a periodic cycling of oxygen resulting
in acute hypoxia [321]. Under such low hypoxic condition many cancer
cell types secrete sEVs due to selective transport of miRNAs and proteins
which promote angiogenesis and thus proliferation of cancer cells [319].
Small extravesicular miR-210 highly promoted angiogenesis of breast
cancer cells under hypoxia by suppressing the target genes and acti-
vating endothelial cells by miR-210 uptake by HIF-lalpha/VHL tran-
scriptional system but not HIF-2alpha [322]. Similarly, hypoxic
melanoma derived sEVs transfer exosomal miR-9 to endothelial cells
triggering angiogenesis via JAK-STAT signaling [323]. Hypoxic cancer
cells have been observed to trigger pro-angiogenic pathways due to the
release of cancer derived sEVs leading to triggering of
TF/VIla-dependent activation in a paracrine manner [324]. Activation
of VEGF by sEVs derived from hypoxic glial cancer cells due to changes
in pro-angiogenic pathway is one such example [325]. Additionally,
glial cells stimulated with hypoxic sEVs showed a significant upregula-
tion of small nucleolar RNA, C/D box 116-21 (SNORD116-21) transcript
among others while significantly downregulated the potassium
voltage-gated channel subfamily J member 3 (KCNJ3) message. Simi-
larly, sEVs which transferred EGFR to endothelial cells also promoted
angiogenesis by activating VEGF/VEGFR2 pathways [326]. The tran-
scription factor hypoxia inducing factor (HIF), is also considered to be a
major contributor to tumor progression. It is responsible for managing
angiogenesis, apoptosis and therapeutic resistance. Recently, it was
demonstrated that small extravesicular HIFla supports the invasive
potential of nasopharyngeal carcinoma. A type of oncoprotein known as
latent membrane protein 1 (LMP1) is responsible for facilitating con-
ditions which increase the HIF1a in exosomes derived from glial cancer
cells [327]. HIF also conditions tumor cells for the stress of a hypoxic
environment [320]. In conclusion, hypoxic sEVs from cancer cells pro-
mote cancer invasion and progression by stimulation of various physi-
ological conditions like angiogenesis. Therefore, investigating
methodologies to activate downstream hypoxia tolerance mechanisms
in target cell sEVs will serves as a future direction for prevention on
cancer.

5. sEVs DNA contents

Interest in exploring the genetic material present within sEVs cargo
has grown with the knowledge that sEVs can facilitate horizontal gene
transfer [328,329]. Research reports have demonstrated the presence of
DNA in sEVs [28,29,330]. This small extravesicular DNA is classified as
genomic (gDNA) or mitochondrial (mtDNA) based on their origin
[331-335]. Whereas, the cell line and surrounding factors can be further
used to classify them as single stranded (ssDNA) or double stranded DNA
(dsDNA) [27,336]. DNA from sEVs have also been reported with
possible origin from cell free DNA (cfDNA) found in apoptotic bodies
[337,338], vesicles released by apoptotic cells [339], or cfDNA attached
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to the surface of sEVs [340,341]. Various studies report, sSEVs DNA can
be enclosed with the sEVs or may be present on the surface of sEVs [28,
29,342-344]. DNA ranging from 100 base pairs (bp) to 2.5 kilobase
pairs (kB) can be enclosed within sEVs [29]. Researchers have demon-
strated that pancreatic cancer derived sEVs can carry >10 kb fragments
of dsDNA [343]. These dsDNA fragments aid in the detection of muta-
tions in KRAS and p53. In addition, serum sEVs from pancreatic ductal
adenocarcinoma containing dsDNA is known to span all chromosomes.
This enables the serum sEVs to be used in analyzing genomic DNA
mutations. On the contrary, studies also demonstrate that DNA is mainly
attached to the outer surface of sEVs [329,345]. Treatment of SEVs with
nucleases like DNase I and Exonuclease III, result in reduction of the
overall DNA from HCT116 derived sEVs (p < 0.05 and p < 0.01
respectively) [341]. Whereas, comparing DNA from untreated sEVs
group with DNase pretreated sEVs group revealed a decrease in dsDNA
longer than 2.5 kB as a result of enzymatic cleavage [29]. Suggesting
that long dsDNA fragments are present in sEVs but may not be enclosed
with the sEVs membrane protecting them from DNase activity. In
addition, extravesicular DNA on the surface of sEVs functions to alter the
potential of sEVs to attach to fibronectin [332]. This would potentially
help in determining the interaction between sEVs and tumor microen-
vironment. On the other hand, dsDNA from prostate cancer cells stim-
ulate mutations [334]. Analysis of genomic DNA fragments of MLHI,
PTEN, and TP53 genes from the prostate cancer derived sEVs supported
their discovery. TP53 and PTEN genes in sEVs are significantly mutated
in both prostate cancers (localized and castration-resistant). Moreover,
they also play a pivotal role in cancer initiation, progression and treat-
ment resistance [346]. Similar observations were made while studying
cell culture supernatants [29,334,343], plasma from tumor bearing mice
[29], as well as serum and plasma from cancer patients [343,347-351].
Interestingly, knockdown of sEVs release in human fibroblasts and
different malignant cell lines results in collection of damaged DNAs in
the cytoplasm [352]. Such cytoplasmic DNA can be perceived by DNA
detecting proteins, the actuation of which results in genomic DNA
damage, cell senescence, or apoptosis (via stimulation of the cGAS/ST-
ING inflammatory pathway). This demonstrates that sEVs function to
maintain cellular homeostasis by removal of damaged DNAs from the
cytoplasm.

Currently, DNA packing in sEVs is being studied extensively. It is
observed that extravesicular DNA from sources such as ectosomes, SEVs
and apoptotic bodies have distinctive DNA sequences that are shared
[334]. This sheds light on EVs having independent packaging mecha-
nisms for their subtypes but remain to be fully determined. Therefore,
while studying mechanisms of nuclear content loading to exosomes in
ovarian cancer, researchers explored the relation of cancer cell micro-
nuclei (markers of genomic instability) with nuclear contents in sEVs
[353]. It was observed that 10% sEVs (from cancer cells) and <1% SEVs
(from blood and ascites) carried nuclear contents. Genomic instability
induced by topotecan and olaparib facilitated micronuclei and nuclear
content production. In addition, a direct interaction between micro-
nuclei and sEVs markers such as Tetraspanins existed. Tetraspanins are
largely found in sEVs and are thought to be responsible for trafficking
cargo into these organelles but have been reported to contain a more
limited collection of the diverse molecules present in the extracellular
environment than assumed [354-356]. On the other hand, small EVs
including exosomes do not vehicle DNA release even though dsDNA can
be obtained as a byproduct from ultracentrifugation and sucrose density
gradient purification [352]. An autophagy and multivesicular
endosome-dependent, but exosome-independent mechanism has been
reported to be responsible for such extracellular DNAs [356]. It is due to
the presence of dsDNA and histones intracellularly in CD63 positive
compartments that are true to the size of multivesicular endosomes and
that intracellular CD63-and LC3B-decorated compartments may vehicle
their dsDNA cargo to the plasma membrane. Additionally, tumor
derived sEVs have been reported to carry dsDNA using dsDNA-specific
shrimp DNase and atomic force microscopy (AFM) [29]. Interestingly
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sEVs DNA is known to represent the entire genome and can also dictate
of potential cancer progression. Taken together, the ability of SEVs to
carry DNA allows for them to be harvested and analyzed via liquid bi-
opsies, offering a less invasive alternative to the more traditional bi-
opsies used to monitor the genetic changes in patients during disease
progression [334,357].

6. sEVs in cancer liquid biopsy

In 2020, The American Cancer Society estimates a diagnosis of about
1.8 million new cancer cases and 606,520 cancer deaths in the United
States. The increasing morbidity and mortality rates inspire scientists to
further develop more effective and less invasive diagnostics. Accurate
detection of malignancies at an early stage will not only ameliorate the
survival rate but also contribute significantly to the quality of the pa-
tient’s life. Currently, Biomedical Imaging techniques such as Computed
Tomography (CT), Magnetic Resonance Imaging (MRI) and pathological
fine-needle aspiration biopsy are being used for detection of cancer
[358,359]. However, aspiration tissue biopsy is invasive and can cause
bleeding, squamous metaplasia, fibrosis, and necrosis during collection
[360]. Additionally, medical imaging results are not always reliable as
they show some benign lesions which appear to have similar traits as
malignant ones, making the medical imaging-based differential diag-
nosis challenging [361]. These shortcomings impel scientists to develop
new strategies for diagnosis of cancers. In recent years, liquid biopsy has
emerged as a viable and newer method for early cancer detection. Like
traditionally used needle biopsy, this technique allows for diagnosis and
treatment of cancer [362]. Liquid biopsies allow for the analysis of
blood, plasma, and serum for tumor detection [363]. Through liquid
biopsies, it is possible to identify circulating tumor cells, SEVs, and
tumor-derived cell-free DNA. In addition, it allows for real time moni-
toring of patients undergoing cancer treatment by analyzing the effec-
tiveness of the treatment and identifying therapeutic targets. Because
sEVs are mediators of cellular communication and carry various tumor
signatures, they exhibit an advantage over the traditional methods of
cancer diagnosis. For example, liquid biopsies of small volume (1-2 mL
of sample) can be examined for tumor derived sEVs [364]. Therefore,
sEVs and sEVs-derived molecules have been adopted as additional
markers for diagnosis in cancers, such as prostate cancer, breast cancer,
lung cancer, and ovarian cancer [365-368]. In this section, we will
further discuss, in detail, the various small extravesicular biomarkers in
cancer detection.

6.1. Identified sEVs DNA biomarkers

Over last 60 years, there has been no new RNA and protein marker
translation into clinical use as DNA mutation is considered unequivocal for
cancer diagnosis and precision therapy when compared to protein or RNA
biomarkers. While exploring sEVs cargos, several research groups have
demonstrated the presence of sEVs-DNA, including mitochondria DNA
(mtDNA), single-stranded DNA (ssDNA), double-stranded DNA (dsDNA)
[27-29]. sEVs DNA is highly involved in the tumor-favorable effects, like
formation of pre-metastatic niche, modulation of extracellular space for
cancer progression, etc. Additionally, detection of oncogenetic mutations
in sEVs DNA has made researchers hypothesize their role as a biomarker
for cancer. Initially, studies reported traditional cell-free DNA (cfDNA)
isolated from blood useful for identifying genetic mutations [369]. As
cfDNA is isolated from dying cells, it results in a reduced sensitivity that
can lead to difficulties in identification of specific mutations [370]. Thus,
sensitivity of cfDNA is reserved. However, the emerging sEVs-DNA, might
provide a reliable and consistent alternative to replace cfDNA [29,371,
372]. Additionally, latest study indicates vast majority of cfDNA mutations
in cancer patients are highly correlated to leukocytes suggesting that
current cfDNA based liquid biopsies are less reliable [373]. Of note, a study
compared the mutations within sEVs DNA and fragmented circulating
cfDNA  collected from patients with NSCLC by using
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amplification-refractory-mutation-system-based PCR assay [374]. Their
results showed no correlation between the level of SEV DNA and cfDNA.
The detection sensitivity and specificity of using SEVs DNA as biomarkers
for early diagnosis of NSCLC were 25.7% and 96.6%, respectively. This is
superior to the cfDNA executing the same function for early diagnosis of
NSCLC, which exhibited a sensitivity of 14.2% and specificity of 91.7%. In
addition, sEVs derived from serum under various conditions including
4 °C, room temperature, and repeated freeze-thaw cycle were tested for
the stability of SEVs and sEVs DNA. Results showed that serum sEVs and
their DNA remained stable at 4 °C (24-168h), room temperature
(12-48h), and repeated freeze-thaw circle (up to five times) [371].
Collectively, these studies demonstrate the use of sEVs DNA to be a
promising diagnostic tool for cancer due to their better sensitivity, speci-
ficity, and stability. However, one of the biggest challenges for future
cfDNA applications will be to elucidate the underlying biology of DNA
release into the circulation. Table 2 compares forms of liquid biopsies
(sEV, ctDNA, and CTC) for cancer diagnosis.

Over the years use of sEVs-DNA to diagnose cancers throughout
copy-number variation detection, mutation detection has been studied
extensively. Researchers have the copy number of mitochondrial DNA
(mtDNA) within whole blood, circulating cell-free plasma, and sEVs
collected from patients with late-stage ovarian cancer. The highest copy
number was observed in sEVs followed by cell-free plasma and then
whole blood (sEVs > cell-free plasma > whole blood), indicating the
reliability of sEVs DNA-copy number in cancer diagnosis [377]. Addi-
tionally, levels of SEVs mtDNA are correlated with late stage cancer,
indicating that mtDNA copy number variation exhibits potential for
predicting cancer progression and metastasis [378]. Subsequently, a
study determined that chromosomal DNA was abundant in large sEVs
isolated from PCa patient’s plasma. The copy number variation of
mutated genes such as MYC, AKT1, PTK2, KLE10, and PTEN that was
found in the PCa-derived sEVs was reflective of those mutations within
the cells themselves. This demonstrates the vast potential for sEVs to be
used in diagnosis as well as enabling a deeper understanding of the
mutations driving a particular tumor [379]. Circular extrachromosomal
DNA (ecDNA), a type of long stranded DNA has been reported to pro-
mote cancer heterogeneity and chemoresistance [380]. These ecDNAs
have oncogenes encoded on them that are highly expressed genes in the
transcription of tumors, linking increased copy number with high
transcription levels. However, little is known about their ability to be
wrapped into sEVs. In recent years, SEVs DNA has also been reported to
facilitate diagnosis of ground-glass opacity (GGO), an early-stage lung
lesion hard to be diagnosed in CT [381]. A protein-based

Table 2
Comparison of three forms of liquid biopsies, including sEVs, ctDNA, and CTC.
sEVs ctDNA CTC
Origination Liver tumor cells Dying tumor Live solid tumor
cells
Required <1 ml plasma 5-10 ml blood 5-60 ml blood
sample
volume

Sample storage Plasma: —80 °C for Whole blood: Whole blood: <96 h,

years <96 h a few hours for viable
cells
Counting & 10%-10''/m1 10-400 ng/ml  1-100 cells/7.5 ml
DNA amount plasma; 5-200 ng/ plasma blood; ~10 pg/cell
ml plasma
Integrity of Medium: >10k bp Low: 100-300 High: intact DNA
DNA [343] bp [375,376]
DNA analysis Yes Yes Yes
RNA analysis Yes No Yes
Proteomics Yes No Yes, but not at single
analysis cell level
Lipidomic Yes No Yes, but not at single
analysis cell level
FDA approved Not available Available Available
assays
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molecular-affinity method (heparin/polymer coated microspheres) was
developed to isolate sEVs with 81% isolation efficiency from patient’s
plasma using targeted sequencing researchers have further analyzed
mutations in sEVs-DNA collected from patients with GGO and in
tissue-DNA. Results show 35.4% of sEVs DNA mutations found in tissue
DNA whereas 29% of tissue DNA is found in SEV DNA. The concordance
between the two types of DNAs was 39.8%, and EGFR, TP53, and NF1
were identified to have higher expression than other oncogenes as well
as antioncogenes associated with lung adenocarcinoma. This suggests
the combinational protein based molecular affinity microspheres and
targeted sequencing can potentially aid diagnosis of malignant GGO.
However, sEVs DNA mutations are not exactly same as tissue DNA
mutations. Biased tissue biopsies potentially cause these inconsistences,
therefore use of liquid biopsies can serve as an asset by reflecting the
overall status of tumors.

6.2. Identified sEVs RNA biomarkers

Since discovery of extracellular mRNAs and miRNAs, researchers
have confirmed the function of RNAs in sEVs and have explored the
various physiological and pathological phenomena mediated by them.
Interestingly, sEVs RNAs are resistant to RNases from the body fluids
[35]. Also, their biological cargo that is specific to the origin of the cells
they emerged from can be detected at different locations within the body
[35,382]. Together these factors allow for the use of small extravesicular
RNA in cancer diagnosis and monitoring.

MicroRNAs (miRNA) are small, non-coding, and single-stranded
RNA sequences with 18-22 nucleotides, crucial in regulation of pro-
tein coding genes [383]. In the past decade, researchers have deter-
mined a correlation between the expression level of miRNA and cancers
[384-386]. In lung cancer derived EVs the reduced expression of let-7
from metastatic tissue samples is correlated with poor prognosis
[385]. Likewise, let-7 and miR-18a from serum samples of multiple
melanoma sEVs showed a significant impact on the overall and pro-
gression free survival [387]. This suggests that circulating small extra-
vesicular miRNAs aid in distinguishing patients with poor prognosis.
Interestingly, SEVs isolated from serum are identified to have the highest
amount of miRNA compared to those in cell-free plasma, revealing that
sEVs could be a reliable source of miRNA for biomarker determination in
cancer diagnosis [388,389]. Similar findings were reported while
studying Esophageal Squamous Cell Cancer (ESCC) where high level of
exosomal miR-1246 from serum was observed when compared to biopsy
samples of ESCC [390]. Elevated miR-1246 level in serum has been re-
ported to serve as a diagnostic tool for ESCC with a sensitivity of 71.3%
and specificity of 73.9%. Upregulation of exosomal miR-21 in serum
from patients with ESCC compared to its expression in patents with
benign disease without systematic inflammation is yet another example
[391]. The expression level of small extravesicular miR-21 was also
correlated with the advanced cancer stage, lymph node status, and
tumor progression (TNM classification). Table 3 further summarizes
various small extravesicular miRNAs as biomarkers influencing cancer
growth and progression with changes in their expression levels.

Functionally small extravesicular mRNAs not only translate into
proteins but also dictate the transcriptional aspect of tumors to aid
cancer detection extent [35,364]. One such example is the study
involving urinary sEVs mRNA that aids in discriminating malignant
patients with prostate cancer from benign patients [405]. Similarly,
hnRNPH1 mRNA within serum sEVs derived from hepatocellular car-
cinoma (HCC) could distinguish HCC from chronic hepatitis B by the
AUC value of 0.865 with 85.2% sensitivity and 76.5% specificity [204].
Additionally, the combination of hnRNPH1 mRNA with o-fetoprotein
(AFP) to diagnose HCC, yielded an increase in AUC value to 0.891 with a
sensitivity of 87.5% and a specificity of 84.8%, which is higher than
hnRNPH1 mRNA alone. Researchers have also found small extra-
vesicular mRNA to mediate metastasis in ovarian cancer [406]. MMP1
mRNA from ovarian cancer sEVs is reported to incite apoptosis in
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Table 3
miRNAs derived from sEVs as a biomarker for cancer diagnosis.

miRNA species Expression condition Source Cancer Reference

miR-27a & miR130a Increase plasma CRC [22]

miR-7641 Upregulated SW620-cell lysates CRC [23]

miR-17-5p Upregulated serum NSCLC [392]

miR-451a High upregulation in NSCLC patients with recurrence Plasma NSCLC [393]

let-7d-3p & miR-30d- Decreased expression level in CINI II + group when plasma Cervical cancer [394]
5p compared with the CINI I+ group

miR-1246 Downregulated Serum Aggressive prostate cancer [395]

miR-21.miR-222 & Higher in high grade gliomas Serum Glioma [396]
miR-124-3p

miR-210 Increase Serum Glioma [397]

miR-223-3p Higher in invasive ductal carcinoma in situ (DCIS) Plasma DCIS breast cancer [398]

breast cancer

268miR-23b Lower expression in patients than healthy people Plasma Gastric cancer [399]

miR-6807-5p & miR- Higher expression Urinary Gastric cancer [400]
6856-5P

miR-191, miR-21, & Elevated expression Serum Pancreatic neoplasm [401]
miR-451a

266miR-122 & miR-21 Decreased Serum Hepatocellular carcinoma [402]

miR-204-5p Elevated Urinary of transgenic mice overexpressing Xp 11.2 Translocation renal [403]

human PRCC-TFE3 fusion gene cell carcinoma
miR-145 & miR-200c Higher expression Serum Ovarian Cancer [404]

mesothelial cells resulting in peritoneal metastasis of ovarian cancer.
This suggests the use of MMP1 carrying sEVs as biomarkers for early
stage detection of peritoneal metastasis. Another example of liquid bi-
opsy is for the accurate diagnosis of colorectal cancer. The combination
of VEGF and CD133 mRNA from sEVs have been reported to demon-
strate 100% sensitivity, 80% specificity and 93% accuracy [407].
Additionally, quantification of mRNA from urinary sEVs of prostate
cancer patients has revealed androgen receptor splice variant 7 mRNA as
a potential sEVs based biomarker [408].

Accumulating evidence suggests that RNA transcripts of more than
200 bp found in sEVs interact with DNA, RNA and protein molecules
[409,410]. During their interaction changes in the expression profiles of
such Long non-coding RNAs (IncRNAs) results in tumor growth and
metastasis [411]. Furthermore, long noncoding RNAs have been inves-
tigated in circulation sEVs and are highly correlated with tumor stage
and overall survival rate of patients [412-417]. A study involving
IncRNA growth arrest-specific transcript 5 (GAS5) collected from serum
sEVs of patients with NSCLC (n = 64) and healthy control (n = 40)
demonstrated that sEVsIncRNA GAS5 was downregulated in NSCLC
patients and inversely correlated with tumor size and advanced TNM
classification [418]. ROC analysis further showed that the IncRNA GAS5
could be utilized to distinguish patients with stage I NSCLC with an AUC
of 0.822. Also, exosomal IncRNA HOTTIP, another important IncRNA in
cancer progression, derived from sEVs in serum of gastric cancer (GC)
patients was analyzed using RT-PCR [417]. The results showed that
HOTTIP was upregulated in GC patients (n = 160) compared to the
healthy controls (n = 120), indicating the potential for HOTTIP as a
biomarker for GC diagnosis. Availability of nucleic acid-based detection
technologies like QPCR and RNA sequencing have proven to be an asset
in cancer detection. Advances in these technologies would allow for
having a more thorough understanding of sEVs RNAs and their role in
early cancer detection. In recent years use of combinational technology
integrating machine learning with nanofluidic technology to diagnose
pancreatic cancer has allowed for better diagnosis efficiency [419].
However, with sEVs RNA based cancer diagnoses majority of the studies
are limited to cell lines. In addition, clinical studies have sample size
limited to 30 making clinical validation by FDA challenging. Thus, FDA
approved sEVs RNA based technologies for cancer diagnosis are very
limited (miRNA or other RNA).

6.3. DNA methylation in sEVs

DNA methylation is an epigenetic process. It involves covalent
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transfer of a methyl group (CHs) to the CpG dinucleotides in C-5 position
of the DNA cytosine ring by DNA methyltransferases (DNMTs) [420].
This results in functional modification of genes (which do not alter the
nucleotide sequence) and gene expression depending on how the
methylation drivers are read and interpreted. Therefore, DNA methyl-
ation acts as a switch for transcriptional activation or repression of genes
that are essential for development and proper cellular functioning. Till
date, DNMT1, DNMT3A, DNMT3B, DNMT2 and DNMT3L are known
mammalian DNMTs [421-424]. Whereas activation induced cytidine
deaminase (AICDA) and thymine DNA glycosylase (TDG) are examples
of enzymes that demethylate DNA and protect unmethylated regions of
mammalian genomes from de novo methylation [425,426].

Currently cancer is considered a genetic disorder, involving nuclear
mutations in oncogenes that develop into tumors [427-429]. Typically,
a tumor contains several driver genes that regulate tumorigenic char-
acteristics. Functional genetic changes due to the nuclear mutations are
noticed in almost all types of cancer cells. These genetic changes are also
considered to be the cause of uncontrolled growth of cells, angiogenesis,
enhanced vascular leakage, immune resistance, invasion, and metastasis
typically observed in cancer [430,431]. Such functional changes in
cancer related genes caused by epigenetic mechanisms like DNA
methylation, histone modification and microRNA (miRNA), or long
noncoding RNA (IncRNA) regulation are hot topics in cancer research
[30]. Even though DNA methylation plays a pivotal role in biological
processes, prominent and untypical forms of methylation are observed
in cancers [432]. These changes affect the hallmarks of cancer and also
suggest for DNA methylation as biomarker for early detection and
treatment of cancer since they occur during early tumorigenesis [433].
In fact, DNA methylation is considered an alternative pathway to cancer
[434]. Similarly, sEVs due to their complex bioactive cargo, can cause
malignant transformation of normal cells. The significant contribution
of sEVs is cancer initiation, growth, diagnosis, and treatment are well
supported with numerous research studies discussed earlier. Addition-
ally, research reports suggest DNA, RNA, and protein contents in sEVs
can induce epigenetic changes by modulating methylation of the
genome in recipient cells [33]. For example, osteosarcoma derived sEVs
mediate global LINE1 hypomethylation in mesenchymal stem cells of
osteogenic lineage, but not pre-osteoblasts [33]. Also, tumor cell DNA
exhibits methylation at CpG region in the form of clusters and global
hypomethylation at intergenic region of the genome. These methylation
processes have also been reported to regulate physiochemical properties
like hydrophobicity, adsorption towards metal surfaces and flexibility
[435-439]. sEVs from leukemia cells have shown globally elevated DNA
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methylation levels in recipient cells [440]. Promoter regions of tumor
suppressor P53 and RIZ1 genes were hypermethylated resulting in the
elevated DNA methylation and to the increased level of DNMT3a and
DNMT3b mRNA and protein. Interestingly, protein and mRNA levels of
AICDA was also increased in recipient cells. Together these results
suggest that leukemic progression can be promoted due to genomic
instability in the recipient cells. Further, treatment of sEVs with RNase
resulted in decrease of DNMT3a, DNMT3b, and AICDA levels confirming
leukemia derived sEVs modulate methylation in recipient cell via
microvesicular RNA transmission. In K562 leukemia cell line breakpoint
cluster region-Abelson leukemia gene human homolog 1 (BCR-ABL1)
onco mRNA was dominant. Collectively, sEVs can transmit enzymes
responsible for both methylation and demethylation of recipient cells
resulting in changes facilitating tumor initiation, growth and metastasis.
Likewise, DNA methylation mediated decrease in small extravesicular
miR-652-5p from esophageal squamous cell carcinoma (OSCC) is re-
ported to be correlated with TNM stages, lymph node metastasis, and
short overall survival [441]. Hypermethylation at the promoter sites has
resulted in this change. Poly (ADP-ribose) glycohydrolase (PARG) and
vascular endothelial growth factor A (VEGFA) were identified as the
direct targets of miR-652-5p. Whereas miR-652-5p agomir delivery
significantly repressed the tumor growth and metastasis and PARG,
VEGFA protein expression in nude mice were also inhibited. This sug-
gests the use of serum miR-652-5p as a tumor marker to predict the
overall survival and as a therapeutic target in OSCC. In endometrial
cancer, DNMT1 has shown to be capable of enhancing cancer cell
metastasis by inducing EMT [442]. However, transfer of sEVs miR-148b
from CAFs to endometrial cancer cells suppressed tumor metastasis by
directly binding to DNMT1. These outcomes suggest the loss of
miR-148b in the sEVs of CAFs with a corresponding increase in the ex-
change of stromal cell derived miR-148b may serve as a potential
treatment to prevent endometrial cancer progression. There is a wealth
of research on sEVs RNA and proteins, however only a few works have
been done on sEVs DNA. EV DNAs are known to have similar solution
and surface based properties to cellular gDNA, which indicates that they
might carry similar methylation levels and patterns like their parent cell
gDNA [443]. The physicochemical properties of sEVs DNA can also be
utilized to develop a simple and multiplex liquid biopsy test for cancer.
Researchers have even developed liposome-based model to improve the
isolation of sEVs DNA that is free from cfDNA. This system evaluates the
methylation dependent physiochemical properties of sEVs DNA that can
be used to develop tests for detecting cancer sEVs DNA. In gastric can-
cers, the use of gastric juice DNA for molecular diagnostics is considered
impracticable because the DNA is easily degraded by gastric acidity
[444]. Hence, researchers have suggested the use of gastric washes to
address this concern. Using gastric washes, they have further developed
a method for early detection of gastric cancer by analyzing DNA
methylation of MINT25 and sex determining region Y-Box 17 (SOX17)
[444-446]. Additionally, sEVs from gastric juices of gastric cancer pa-
tients were looked at to determine if they contain significant amounts of
tumor related methylated DNA [447]. Bisulfite pyrosequencing analyses
for methylation levels of LINE1 and tumor related SOX17 gene revealed
that methylated DNA is efficiently packed in sEVs. This was supported
by comparing nuclear DNA and sEVs DNA from gastric cancer cells
where LINE1 methylation was reduced and methylation levels of SOX17
were the same. sEVs DNA from gastric juices further enabled researchers
to detect SOX17 DNA methylation that dictates the nuclear DNA
methylation level of the corresponding tumor. Collectively, these find-
ings shed light on the functional molecular content of tumor derived
sEVs to carry tumor methylated DNA and their potential use for
methylation analysis. However, the underlying mechanism for pack-
aging of tumor methylated DNA is yet to be explored.

6.4. Identified sEVs protein biomarkers

Proteins constitute a large amount of the sEVs cargo and can be used
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in cancer diagnosis and treatment [448,449]. They possess good tissue
permeability making them available throughout the human body for
sampling [450]. Small samples volumes have been reported to be effi-
cient for use in clinical diagnosis. Compared to serological markers small
extravesicular proteins are identified to have high sensitivity and spec-
ificity [449]. Additionally, they also demonstrate greater stability due to
protection from lipid bilayer membrane morphology [451]. Small
extravesicular protein markers are therefore attractive targets for cancer
detection and warrant great attention.

A major step towards treating disease like cancer is early detection.
Phosphoproteins from plasma sEVs are used in early detection of various
cancer types. Their characteristic potent nature and active phosphates in
blood are the reason for their use as diagnostic markers [449]. Hundreds
of phosphoproteins have been reported as diagnostic markers. Re-
searchers have used techniques like Liquid Chromatography Tandem
Mass Spectrometry (LC-MS/MS) and Parallel Reaction Monitoring
(PRM) to detect protein biomarkers. For example, X-box-binding protein
1 (NFX1), cGMP-dependent protein kinase 1 (PKG1), epithelial cell
adhesion molecule (EpCAM), tight junction protein 2 (TJP2), nuclear
transcription factor, and Ral GTPase-activating protein subunit alpha-2
(RALGAPA2), which showed significant upregulation in breast cancer
patients [366]. Similarly, overexpression of Glypican-1 (GPC-1), a cell
surface proteoglycan found in sEVs derived from tumor cells, helps in
early detection of breast and pancreatic cancer [449]. In pancreatic
cancer patients, GPC-1 positive sEVs have helped differentiate between
early and terminal stages [34]. GPC-1 positive sEVs in blood of
pancreatic cancer patients, increased significantly and were better
prognostic markers compared to CA19-9. After resection of pancreatic
lesions, GPC-1 positive sEVs have been reported to correlate with the
patient’s clinical outcome. On the contrary, GPC-1 has also demon-
strated inability to distinguish between pancreatic cancers and
non-cancerous controls [452]. Further the researchers found macro-
phage migration inhibitory factor (MIF) facilitating hepatic metastasis.
Suggesting its use as an early stage diagnostic marker for hepatic
metastasis of pancreatic cancer [34]. Additionally, MIF also serves as a
prognostic maker and initiates pre metastatic niche formation for
pancreatic cancer metastasizing to the liver [453]. Researchers have
developed ultrasensitive and inexpensive nanoplasmon enhanced scat-
tering (nPES) assay to quantify tumor derived sEVs from as little as 1 pl
of plasma [154]. Antibody conjugated gold nanospheres and nanorods
interact with sEVs that are captured by sEVs specific antibodies on a
sensor chip to produce a local plasmon effect. Using this technology,
ephrin type-A receptor 2 (EphA2), a pancreatic cancer sEVs biomarker
was identified to distinguish healthy patient from pancreatic cancer
patients. Recently, a microfluidic chip was designed to detect low levels
of ovarian cancer derived exosome in plasma that is reported to be un-
detectable by standard microfluidic systems for biosensing [158]. The
three-dimensional herringbone nanopatterns of this design allowed for
increase in surface area, microscale mass transfer, drainage of boundary
fluid, and increased efficiency as well as speed of exosome binding.
Application of the device in differentiating ovarian cancer patients (2ul
plasma sample) and controls expressing CD24, epithelial cell adhesion
molecule and folate receptor alpha proteins suggested sEVs folate re-
ceptor to be a potential biomarker for early detection of ovarian cancer
and that the nanolithography-free nanopatterned device should facili-
tate the use of liquid biopsies for cancer diagnosis. In addition to these
advances, liquid biopsy samples in the form of saliva and urine exhibit
an advantage over the traditional methods of cancer diagnosis. Research
studies reported significantly higher expression of sEVs EGFR and
leucine-rich alpha-2-glycoprotein (LRG1) from urinary sEVs in lung
cancer patients [454]. Additionally, Mimecan, Cystatin-SA, trans-
forming protein RhoA, Thrombospondin-1, Protein lifeguard 3, Azur-
ocidin, Tetraspanin, CD81 antigen, Antileukoproteinase, Dipeptidyl
peptidase 4, saliva sEVs proteins (Fold change greater than 2) are po-
tential biomarkers for lung cancer patients [455]. Recently, researchers
showcased sEVs proteins: alpha-2-HS-glycoprotein (AHSG) and
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extracellular matrix protein 1 (ECM1) as biomarkers for non-small cell
lung cancer (NSCLC) [451]. These sEVs proteins were highly expressed
and the diagnostic capacity with AUC values of 0.795 and 0.739 in
NSCLC and early stage patients, respectively was reported, Similarly,
various small extravesicular proteins have been identified as diagnostic
and prognostic markers. sEVs proteins like CD24 and claudin-4, can fill
in as promising biomarkers of ovarian malignancy [456,457]. Whereas,
EGFR, EGFRVIIL, and CD63 were identified in serum exosomes of glio-
blastoma patients [458]. Numerous melanoma-specific exosome pro-
teins, for example, caveolin-1, were also distinguished in clinical
examples [459]. Table 4 further summarizes various sEVs protein
markers in cancer. Thus, it can be said that extravesicular proteins are
not only aid in diagnosis and treatment of cancer but also help in real
time monitoring and evaluating reoccurrence of cancer.

6.5. Identified small extracellular lipid biomarkers

To identify diagnostic and prognostic biomarkers, protein and
nucleic acid content of sEVs has been thoroughly studied [474]. Like-
wise, various research groups have broken down the sEVs lipid profile to
better understand the lipid signature related to diseases [475]. Lipids are
known to play a role in sEVs release and their protection, additionally
they also serve as biomarkers [476]. During sEVs release the fatty acyl
composition of lipids dictates their structure to be conical (head group at
cone end) or that like lysolipids [477,478]. Whereas the lipid from the
sEVs provide better stability in varied extracellular environments and
facilitates their uptake by recipient/target cells [476].

Over the years lipidomic studies have reported several small extra-
vesicular lipids as promising biomarkers [479-482]. Recently, a
high-throughput mass spectrometry quantitative lipidomic analysis was
performed to profile lipids within urinary exosomes from patients with
prostate cancer and healthy individuals [480]. 107 lipid species were
quantified in urinary exosomes. The 107 lipid species were enriched for
36 of the most abundant lipids. These 36 were then analyzed in prostate
cancer patients (n = 15) and healthy individuals (n = 13). Results
exhibited significant differences in 9 of these lipid species between the
cancer and healthy patients, with phosphatidylserine (PS) and LacCer
exhibiting the highest incidences. When PS and LacCer were combined,
they were able to discriminate between the two groups with 93%

Table 4
Exosomal Protein markers in Cancer.
Cancer Types sEVs Protein Application Reference
Glioma IL13QD Detection and [460]
Relapse
Cholangiocarcinoma  VNN1, CRP, FIBG, Diagnosis [461]
IGHA1, and A1AG1
Colorectal cancer CD147 Detection and [462]
diagnosis
Colorectal cancer GPC1 Diagnosis and [463]
treatment
Pancreatic cancer Z1P4 Diagnosis [464]
Gastric cancer EGFR Detection and [465]
diagnosis
Pancreatic Cancer MIF Prognosis and [453]
treatment
Pancreatic Cancer Vimentin Diagnosis and [466]
treatment
Lung Cancer BPIFA1, CRNN, MUC5B, Detection [467]
and IQGAP
Lung Cancer Vasorin Treatment [468]
Lung Cancer LG3BP and PIGR Diagnosis [461]
Lung Cancer NY-ESO-1 Diagnosis [469]
Breast Cancer Her2 Diagnosis [470]
Breast Cancer PKG1, RALGAPA2, Diagnosis [366]
NFX1, TJP2
Colorectal Cancer CEA Diagnosis [471]
Prostate Cancer PSA Diagnosis [472]
Prostate Cancer GGT1 Diagnosis [473]
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sensitivity and 100% specificity. A study also revealed 277 lipid species
that were profiled from the cell and sEVs of malignant prostate cancer
cell [483]. Among them, a great enrichment of glycosphingolipids, such
as Hex and lactosylceramide (LacCer), were identified, showing high
potential for markers in diagnosis of prostate cancer and potentially
other cancers, as well. In addition, comparison of lipid composition from
serum sEVs of pancreatic cancer patients has revealed around 270 lipids
that were significantly dysregulated between the serum exosome of PC
patients and healthy controls [482]. Importantly, LysoPC 22:0, PC
(P-14:0/22:2) and PE (16:0/18:1) were associated with tumor stage,
CA19-9, CA242 and tumor diameter. Also, PE 16:0/18:1 was found to be
significantly correlated with patient overall survival. However, the
evaluation of the data presented by researchers in the form of relative
signal intensities of m/z signals is challenging. This is because it can
contain a combination of fatty acyl groups which were not thought of
being present in cellular membranes. Small extravesicular lipids from
plasma of multiple sclerosis (MS) patients and healthy volunteers has
also been analyzed by scientists [484]. Results show sulfatides,
belonging to glycosphingolipids class, that are highly expressed in brain
were found in these sEVs. Also, sEVs that were isolated from MS patients
showed higher levels of sulfatide C16:0 compared to healthy controls.
Likewise, SM 34:1 was reported to be more abundantly found in sEVs
from secondhand smoke exposure asthmatics compared to healthy
controls [481].

7. sEVs in cancer therapeutics

Extracellular vesicles are known to engage in crosstalk between both
nearby cells and distant tissues [485-490]. The cargo held within EVs
includes mRNA, miRNA DNA, lipids, proteins, and tRNA. These com-
ponents, when taken up by a distant cell, can enact a cellular response
[491]. Similarly, EVs can stimulate or dampen the immune response in
the same way by transferring their contents from an antigen-presenting
cell (APC) to a T-cell or vice versa. In fact, a study examined the effects of
exosomal miR-335 derived from T-cells When the exosomal miR-335
from the T-cells was transferred to dendritic cells, a decrease in the
expression of SOX4—a gene necessary for B-cell maturation—was
observed [492]. This is an example of immune dampening. Likewise,
EVs can stimulate the immune response. It is well-established that
dendritic cells can take up exosomes loaded with MHC class II molecules
and use that exosome-derived MHC class II to activate Helper T cells,
thereby stimulating an immune response [493-497]. Recently, it was
observed that DC-derived exosomes could directly stimulate CD8 T-cell
response [498]; CD8 T-cells give rise to cytotoxic T-lymphocytes which
are necessary for tumor cell destruction [499]. Inadvertently,
tumor-derived exosomes can result in the suppression of CD8 T-cells and
contribute to tumor progression [500]. These interactions between EVs,
immune cells, and target cells suggest promise for use in cancer thera-
peutics, and thus, this section aims to discuss how sEVs may be used as
novel cancer treatments (Fig. 3).

7.1. Vaccines

Using EVs for vaccines against cancer has existed since the 1990s,
though the early studies were met with limited success [501-506]. The
basic premise regardless, remains the same. To prime the immune
response against a tumor, a specific subset of T-lymphocytes, the
CD8'T-cells, need to be activated. Priming of naive CD8" T-cells re-
quires stimulation of the T-cell receptor (TCR) with the antigen-loaded
MHCI of the APC and co-stimulation of APC CD80 and CD28 of the
naive CD8'T-cell [507]. This results in proliferation of the cytotoxic
lymphocyte (CTL). Further release of specific cytokines such as
Interleukin-12 (IL-12) and interferon alpha (IFNa) by the APC actuate
CTL effector functions. CTL effectors kill tumor cells by releasing tumor
necrosis factor o (TNFa), IFNy, and cytolytic granzyme B. Additional
release of interleukin-15 (IL-15) results in the development of memory
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Fig. 3. sEVs in cancer therapy. Naive T-
cells can be activated by sEVs from tumor
and tumor-educated immune cells, thereby
priming them against tumors. sEVs loaded
with chemotherapeutics and toxic proteins
can be used to deliver therapy directly to
tumor cells, thereby avoiding the systemic
toxicity that is common when patients un-
dergo therapy. Drugs which interfere with
sEV formation can also be delivered to
tumor cells. This prevents tumor cells from
creating sEVs and may result in inhibiting
tumor progression.

Drugs which
interfere with seV
formation

CTLs. Vaccines are useful in developing these memory lymphocytes.

Extracellular vesicles released by tumor-activated DCs are often
loaded with these immune-activation receptors and cytokines and thus
may be useful in priming the innate and adaptive immune responses
against tumors [508]. One study utilized such a method to prime CD4"
helper T-cells (TH) against human epidermal growth factor receptor 2
(HER2)-positive, trastuzumab-resistant metastatic breast cancer [509,
510]. These DC-derived sEVs were introduced to immature TH cells.
These sEVs expressed MHCI with tumor antigen and CTL activation re-
ceptors CD80 and CD40L as well as cytokine, IL-2, which is necessary for
differentiating T-cells into effector and memory cells. TH recycled the
exosomal MHCI + tumor antigen complex as well as CD80 and CD40L
and fused those receptors to their own membranes. Furthermore, the TH
were able to express IL-2, thereby promoting the activation of new CTLs
and the rescuing of exhausted CTLs. The reactivation of these CTLs led to
a complete inhibition of tumor growth and inhibited tumor formation
upon later challenge in athymic mice, thereby suggesting the efficacy of
this type of vaccination. Similarly, EVs isolated from the ascites of T-cell
lymphoma (TCL)-bearing mice were used to vaccinate naive mice. This
elicited an anti-TCL immune response in the vaccinated mice, but did
not invoke an anti-mammary tumor response, thus suggesting specificity
of this anti-tumor vaccine [511].

Another type of vaccine used exosomes derived from non-metastatic
melanoma cell lines (EonM) [512]. These Exo™ were shown to inhibit
melanoma metastasis to the lungs in mice by nearly 10-fold compared to
mice receiving exosomes from metastatic melanoma cell lines (Exo™). It
is reported that in this study, these Exo™ educate patrolling monocytes
in the bone marrow, which leads to activation of the innate immune
response and abrogation of tumor progression at the premetastatic
niche. These data demonstrate that exosomes have the capacity to
inhibit lung metastasis. Another study utilized sEVs derived from acti-
vated M1 macrophages (anti-tumor macrophages), in conjunction with
the melanoma-associated tyrosinase related protein 2 (Trp2) peptide
vaccine to actuate the immune response [513]. They found that
M1-derived sEVs contributed to CTL activation and efficacy of Trp2
vaccine. Additionally, when they challenged the activated CTLs with the
Trp2 peptide, the CTLs responded by secreting large amounts of IFNy.
While this does not suggest the exosomes alone are useful as vaccines, it
does support their potential usage as a vaccine adjuvant.

Exosomes have also proven useful as vaccines for HPV-associated
neoplasms [514]. A mutant variation of a protein found in HIV, called
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Nef, was used to act as a vector incorporating HPV16-E7 tumor--
associated antigen. When this DNA vector incorporating mutant Nef and
HPV16-E7 (Nef™'/E7) was injected intramuscularly, the cells released
greater amounts of endogenous exosomes containing HPV16-E7. When
they examined the mice that had been injected with the plasmid vector
containing Nef™"/E7, they found the mice had developed CTL responses
to both Nef and E7 antigens through the endogenous release of exosomes
from these mice inoculated with these DNA vectors. The majority of
mice which had been inoculated with Nef™!/E7 exhibited a constant
tumor burden of <150 mm® with some mice showing a complete
reduction, compared to control mice and mice which had been inocu-
lated with only Nef™!, which showed a steadily increasing tumor
burden over the course of the 30 day monitoring period. Additionally,
they replicated this method using HER2 instead of E7 and found that
mouse models predisposed to developing HER2-positive mammary tu-
mors exhibited a delay in tumor formation from 17 weeks, for mice
which did not receive the vaccine, to 26 weeks of age in inoculated mice
[515]. These studies indicate that intramuscular inoculation of Nef™*in
conjunction with tumor-specific DNA can potentially generate endoge-
nously engineered exosomes which are capable of educating CD8" CTLs
against tumor-specific antigens.

Vaccines are useful tools for actuating the immune response against
viruses as well as tumors. Exosomes and exosome-like particles provide a
novel vaccination method against tumors. They can activate immune
responses in CTLs as well as support the immune response as adjuvants
for other types of vaccines. Additionally, vectors introduced into the
body can aid in the production of endogenous exosomes possessing
antigen, thereby promoting a native adaptive immune response in the
host and effectively boosting the immune response against specific
tumor antigens.

7.2. As drug delivery vesicles

EVs may prove beneficial as drug delivery vehicles due to their sta-
bility in body fluids, ability to transport various cargos, and their
immunogenicity. The main issue regarding EVs for use in this manner,
however, involves the issue of targeting, which will be discussed in this
section. Despite this obstacle, there has been several studies and reviews
that have examined and discussed exosomes as drug carriers [117,
516-523]. This section aims to discuss some of the studies that have
focused on sEVs as drug delivery systems, the types of drugs that
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exosomes can deliver, how sEVs are prepared from specific cell types
and primed to be drug carriers, and how they may be engineered for
targeting specific tumor cell types. Compared with commercial lipo-
somes and polymeric nanoparticles, sEVs as a natural delivery system
can evade phagocytosis, have extended blood half-life, and exhibit
optimal biocompatibility without potential long-term safety issues [524,
525]. sEVs can fuse with the cellular plasma membrane and deliver
drugs directly into cytoplasm. By evading the engulfment by lysosomes,
EVs remarkably enhance delivery efficiency of vulnerable molecules. In
addition, the small size of EVs facilitates their extravasation, trans-
location through physical barriers, and passage through extracellular
matrix. sEVs as drug delivery nanocarriers have two advantages: (1)
sEVs derived from certain cells express surface antigen CD47 (i.e.,
“Don’t eat me” signal) and, as a result, have extended blood circulation
times because they are not quickly cleared by monocytes. sEVs gener-
ated by certain cells can also achieve tumor- or tissue-specific delivery.
Currently the major challenge that sEVs drug delivery faces is the low
yield of sEVs, as a single cell secretes only ~50 sEVs/hour. To harvest a
sufficient amount of sEVs, abundant cells and a long period of time are
required, which makes large-scale applications unrealistic.

7.2.1. Drug type: siRNA, peptide, toxic protein, chemical drugs

One of the main issues regarding treating tumors is systemic toxicity
due to nonspecific targeting of cells by current therapies. sEVs loaded
with siRNA, toxic proteins, or chemotherapy can potentially enhance
specific targeting of cancer cells resulting in increased response to
therapy and a decrease in negative side effects. To load these cargos into
sEVs, cargo can be co-incubated with the donor cells to increase cargo
uptake and exosome secretion [526]. Another commonly used method is
electroporation, which administers electrical current to aqueous nano-
sized pores that results in increased cell permeability and allows cargo to
cross the membrane [527]. Other methods include sonication, thawing,
freeze and thaw cycles, and extrusion [528]. This section will explain
how these certain siRNA, proteins and drugs are applied within cancer
therapy.

Small interfering RNA (siRNA) can target and silence messenger RNA
(mRNA) that are responsible for cell proliferation [529]. In fact, a study
has examined the effects of priming sEVs with siRNA specifically tar-
geting KRAS®'P2 a gene that is associated with cell proliferation
exclusively in pancreatic ductal adenocarcinoma (PDAC) [530]. Mice
were injected with PANC1 cells and then treated with exosomes loaded
with the siRNA. Results showed that EVs loaded with the siRNA were
able to successfully target KRASC1?P, resulting in a nearly fourfold
decrease of KRAS®1?P transcripts and an overall decrease in cell prolif-
eration and increased apoptosis in the pancreatic tumor cells treated
with this siRNA. Additionally, mice which received treatment showed a
fourfold reduction in pancreatic tumor mass and all mice which received
the treatment were still alive after 87 days, whereas the mice which did
not receive si¥®S%12P haq all succumbed to the tumors. However, mice
which received the treatment did eventually succumb after 120 days,
thus their survival had been substantially increased compared to control
mice. Finally, these benefits were not observed in mice treated with
liposome-delivery of the siRNA, thereby suggesting sEVs-delivery of
siRNA is more effective.

sEVs can deliver different types of drug molecules such as anti-
inflammatory drugs, anti-cancer drugs or anti-fungal drugs [531]. An
early study examined SEVs loaded with curcumin, a hydrophobic
bioactive anti-inflammatory compound found in turmeric [532]. Cur-
cumin was mixed with sEVs derived from mouse lymphoma cell culture
model, EL-4. When equal amounts of curcumin were mixed into PBS or
PBS and sEVs, the concentration of curcumin in PBS and exosomes
increased fivefold compared to PBS alone, suggesting that the exosomes
participated in increasing the solubility of curcumin. Furthermore, this
study found that mice treated with a LDsg dose of curcumin without sEVs
exhibited poor survival, whereas mice which received
sEVs-encapsulated curcumin exhibited a greater overall survival as well
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as a nearly fourfold decrease in inflammatory cytokines. Another study
analyzed the effect of sEVs-curcumin on pancreatic cancer cell viability
[533]. Treatment with sEVs-curcumin showed a nearly 50% decrease in
cell viability after 48 h in both PANC1 and MIA PaCa-2 pancreatic
cancer cell culture models. A third study utilized murine exosomes,
functionalized with specific integrins (iRGD), from immature dendritic
cells to encapsulate doxorubicin, a common chemotherapy, to treat
MDA-MB-231 breast cancer xenografts [534]. The iRGD-exosomes were
administered intravenously to mice bearing tumors of approximately
0.2 mm? in size. These iRGD-exosomes were observed localizing to the
tumor site whereas exosomes without iRGD dispersed throughout the
body and collected in liver and spleen and did not collect in the tumor.
When iRGD-exosomes containing doxorubicin was administered to
mice, tumor growth was drastically inhibited, showing only a fourfold
increase in volume compared to untreated mice which exhibited a
15-fold increase in tumor burden. Additionally, mice treated with the
iRGD-exosome-doxorubicin did not exhibit morbidity or mortality dur-
ing the treatment, suggesting little to no toxicity from the delivery
method. Furthermore, the mice treated with the
iRGD-exosome-doxorubicin exhibited similar serum levels as control
mice of cardiac damage markers, creatine kinase MB isoenzyme and
aspartate aminotransferase, compared to mice treated with free doxo-
rubicin, which exhibited nearly double the amount of the cardiotoxic
serum markers as the control mice. Taken together, these studies show
that sEVs and exosomes are not only more efficient at localizing to tumor
sites, but also superior at mitigating systemic toxicity compared to
freely-circulating chemotherapies. The use of toxic proteins has been
well studied over several decades. Toxic proteins are specific proteins
which can interrupt cell function, alter cell composition, and promote
cell death. To target these cancer cells, specific ligands, antibodies or
receptors are identified within the cancer cell and this allows these
immunotoxins to attach and target the cancer cell to deliver and release
the specific toxic cargo into the cell cytosol to induce cell death [535,
536]. Most immunotoxins target elongation factor-2 (EF-2) which re-
sults in the suppression of protein synthesis, eventually leading to
apoptosis in healthy and tumor cells [535,537]. It is therefore impera-
tive that targeted therapy incorporating immunotoxins is highly
discriminatory to minimize uptake of the immunotoxins in healthy cells.
Toxic proteins have clearly been used with success to treat various types
of tumors, even without exosomes. However, exosome-delivery may
prove more beneficial at mitigating toxicity and increasing efficacy.

Toxic proteins tend to lack specificity on their own, oftentimes not
discriminating between healthy and cancer cells [537,538]. One study
functionalized sEVs with the K4-peptide, an antimicrobial peptide, to
better cluster the exosomes to E3-EGFR expressing MDA-MB-231 cell
[539]. These functionalized sEVs were loaded with saporin, a
plant-derived ribosome-inhibiting protein. They observed that the
K4-peptide on the sEVs was more effective at clustering, and therefore
activating, the EGFR. This resulted in increased uptake of the
saporin-loaded sEVs and subsequent apoptosis of the tumor cells,
resulting in 30% decline in cell viability compared to the control. The
donor cells from which the sEVs arise may also contain native immu-
notoxins. For example, a study found that sEVs derived from NK cells
contain cytotoxic perforin, granulysin, and granzymes A and B which are
the tumor-fighting arsenal of the NK cells [540]. When cell lines were
incubated with these activated NK cell-derived sEVs, an overall decrease
in tumor cell survival was observed. These studies thus show promise for
targeted delivery of immunotoxins by sEVs.

Toxic proteins have been widely researched over the decades for
their treatment of tumors. Unfortunately, many of these immunotoxins
lack specificity and therefore systemic toxicity is an issue. However,
sEVs may be useful in mitigating this concern. Utilizing sEVs to deliver
toxic proteins is a fairly untapped field of research, and thus information
regarding sEVs delivery of toxic proteins is limited. As more information
of EV biogenesis and functionalizing sEVs for effective targeting is
gathered, the use of toxic proteins in cancer treatment may exhibit a
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resurgence as more research is conducted on sEVs-mediated delivery of
these old types of therapies.

7.2.2. Donor cell types for preparation of SEVs

A variety of donor cells have been used as the source for exosome-
based delivery systems such as dendritic cells (DC), T-Cells, B-cells,
mesenchymal stem cells (MSC), specific cancer derived cells, immune
cells, and stem cells. This section aims to focus on discussing some of the
more commonly used cell-types for exosome harvest. Since exosomes
often display characteristics like the cells from which they are derived,
various cell types are considered when determining which attributes will
most successfully contribute to the desired drug-delivery method.

Exosomes derived from immune cells have been widely studied and
have exhibited a crucial role in antigen-specific immunity and tolerance
[541]. DC derived exosomes display membrane proteins such as MHC-I
and MHC-II, CD86 molecules, and a milk fat globule protein MFG-E8
that are useful for targeting, docking and cell fusion [541,542]. How-
ever, immature DCs can show immunosuppressive functions due to
certain expressions of co-stimulatory molecules, therefore, DCs are
primed with stimulatory agents to produce their therapeutic functions
[543]. For instance, when these DC derived exosomes are primed with
antigens, this activates both helper and killer T-Cells as well as B-cells
[544]. One study has concluded that exosomes derived from o-feto-
protein  (AFP)-expressing DCs not only showed a potent
antigen-immunogenetic response, but also an ability to significantly
suppress tumor growth in hepatocellular carcinoma tumors in mice
models [545]. This study therefore supported DC-derived exosomes,
specifically primed with tumor-specific antigens, as a promising cancer
therapy.

Mesenchymal stem cells (MSC) are known to aid in tissue repair by a
paracrine manner and thus may prove a novel use for cancer treatments
[546]. In fact, it is the only known cell donor to mass produce sEVs,
making MSCs a suitable candidate for exosome and sEVs harvest and
drug therapy [547]. MSC-sEVs have exhibited an ability to decrease
inflammation as well as display strong immunosuppressive properties
[548]. However, some studies have shown that MSC-cells can contribute
to angiogenesis and carcinogenesis [549,550]. On the other hand, an
early study found that MSC-sEVs suppressed the expression of vascular
endothelial growth factor (VEGF) in cancer cells via expression of
miR-16, which contributes to the inhibition of angiogenesis in vitro and
in vivo [551]. Regardless, MSC-sEVs can be loaded with therapeutic
RNA, chemotherapeutics, and proteins for tumor destruction [552]. For
example, another older study examined the effects of Paclitaxel loaded
into human bone marrow-derived mesenchymal stem cells (hMSCs) and
its effect on breast cancer xenografts [553]. To assess this, the
PTX-loaded hMSC sEVs were loaded into xenograft MDA-MB-231 breast
cancer mouse model. The results showed that the PTX-loaded hMSC
sEVs inhibited tumor growth and decreased in size by nearly 50%
compared to controls. Additionally, sEVs derived from irradiated MSCs
may increase the efficacy of radiotherapy and decrease the rate of
metastasis in melanoma mouse models [554]. Overall, early studies
suggest that MSC-sEVs can exert strong anti-cancer therapeutic effects.

Specific Immune cell-derived sEVs have shown remarkable abilities
to suppress immune responses in response to cancer therapy. Depending
on the type of sEVs and which antigens they express, sEVs can enhance
metastasis and cell proliferation, or they can promote cancer immuno-
surveillance [555]. For example, immune cells associated with innate
immune responses, such as Natural killer cells (NK), play a substantial
role in immunosurveillance and host defense against cancer due to their
expression of cytotoxic proteins and pro-apoptotic activities on cancer
cells [556]. Immune cell derived sEVs are also associated in acquired
immune responses as indicated by their ability to activate Dendritic cells
and T-cells [557]. Dendritic cells contain antigens including MHC-I and
MHC-II surface molecules that stimulate CD8" and CD4" T cell. As a
result, both the CD8" and CD4 " T cells promote the eradication of tumor
cells [558].
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Tumor-derived sEVs mimic the biological roles of the tumor cell.
Their roles in suppressing host anti-tumor activity, response to immu-
notherapy and mediating drug therapy are important to consider for its
uses in cancer therapy. One big advantage of these types of sEVs is that
they contain specific antigen surface molecules that can prime immune
cells to induce immunogenic responses, therefore increasing therapeutic
efficiency [528]. These sEVs contain MHC-1 molecules, HSP70 and an-
tigens that are used to gear the immune response against cancer [559].
One study has demonstrated that hepatocellular carcinoma (HCC)-der-
ived exosomes carried an array of HCC antigens that elicited a stronger
immune response than cell lysates in vitro and in vivo [560]. DCs, DC
lysates (DCiys), and DCs educated by tumor-derived exosomes (DCrex)
were compared for their abilities to activate cytolytic T-cell activities.
The DCs alone resulted in <20% cytolysis by CTLs while DCjys and DCrex
lysates caused <40% and 40-50% T-cell mediated cytolysis, respec-
tively. An overall decreased tumor burden over 25 days was also
observed in mice treated with DCrpx (<500 mm>) compared to mice
treated with DCpys (<600 mm3) and DCs alone (~1000 mm3). Addi-
tionally, the tumor immune microenvironment was significantly
improved in HCC mice, with a decrease in pro-tumorigenic regulatory
T-cells (<40% of activated T-cells compared to controls) and an increase
in CD8" T-cells (<30% of activated T-cells compared to controls).
Furthermore, 100% of the mice treated with DCrgx exhibited signifi-
cantly prolonged survival and decreased tumor burden 58 days after
tumor challenge, while none of the mice in the control groups had
survived passed day 58. Significant levels of anti-tumor cytokines were
also observed in DCrgx-treated mice, showing 2-3 fold higher levels of
IL2 and IFN compared to controls. Thus, sEVs donated by tumors appear
to exhibit a strong anti-tumor response when used to educate DCs.

The use of donor cell sEVs has been encouraging in response to
cancer therapy. Undeniably, there are situations wherein these sEVs are
either promoting angiogenesis and tumorigenesis or suppressing tumor
responses and promoting immunosurveillance. By understanding the
biological properties and roles of these sEVs derived from specific donor
cells, it may be possible to develop new and improved therapeutic
approaches.

7.2.3. Non-specific targeting of tumors using sEVs

Drug delivery is conducted via specific targeting or non-specific
targeting. Specific targeting involves usage of specific receptors or li-
gands that allow the drug to home to the cell or tissue of interest. There
are several methods for achieving targeting using exosomes, which will
be covered in the next section. This section will focus on non-specific
targeting. Non-specific targeting is a more passive process wherein the
drug is administered intravenously or orally. In this scenario, the drug
circulates throughout the body and may be taken up by any type of cell.
This often leads to a clearing of the drug before enough builds in the
tissue of interest, thereby resulting in low response to treatment. To
overcome this, a larger dose of the drug is needed to enact a therapeutic
response. This can potentially lead to accumulation of the medication in
the heart, liver, spleen, and other organs, resulting in negative side ef-
fects. This is often observed in cancer patients treated with chemo-
therapy [561].

sEVs can be used for non-specific targeting of tumors as well and with
fewer side effects compared to chemotherapy. For example, it is known
that the common chemotherapeutic, doxorubicin, causes cardiotoxicity
[534,562-565]. Though one study found that the ICsy of
exosome-loaded doxorubicin (Exo-Dox) in cell culture models (HEK293,
BT-20, SK-BR-3, HUVEC, PASMC, and hiPS cardiomyocytes) exhibited a
potency of 20x more than free dox, 5x more than liposomal dox (Myo-
cet), and 50x more potent than liposomal dox (Doxil) and there was little
difference in uptake between cardiomyocyte cultures and tumor cell
cultures [563]. Studies which utilized Exo-Dox found minimal accu-
mulation of doxorubicin in cardiomyocytes. In fact, Exo-Dox appeared
to reduce cardiotoxicity by 40% compared to free doxorubicin in mouse
xenografts [564]. Additionally, mice treated with Exo-Dox exhibited
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normal behaviors and displayed only a 10% weight reduction compared
to mice treated with free dox, which exhibited 25% weight reduction
and an observable decrease in normal behaviors. Furthermore, Exo-Dox
was just as effective as free dox, with both conditions exhibiting a 30%
decrease in tumor volume compared to untreated mice. A follow up
study found that even when concentrations of Exo-Dox, Dox, and Doxil
were increased to 5 mg/kg, mice treated with Exo-Dox and Doxil did not
exhibit any decline while mice treated with Dox began to lose weight
[565]. Tumors treated with Exo-Dox were observed to have twice as
much doxorubicin as tumors treated with free-dox, suggesting more
efficient uptake of Exo-Dox.

Another study examined the potential toxicity of wildtype sEVs
compared to engineered exosomes [566]. In this study, they used 8.5 pg
of sEVs from HEK293T and engineered cells loaded with a modified
protein containing pre-miR-199a-3p for monitoring uptake. These sEVs
were injected into the mice intravenously three times a week for three
weeks. They found no significant histopathological changes in the or-
gans of the mice and no immune responses were observed. They did find
accumulation of the sEVs in the pancreas though did not observe any in
the liver or spleen. Overall, the study suggests minimal cytotoxicity
across all major organs and tissues. However, the reporters do suggest
further studies are needed to determine if a higher dosage would result
in cytotoxicity.

It has been observed that non-specific targeting of tumors using sEVs
and liposomes resulted in a 10-fold higher accumulation of sEVs in the
tumor mass compared to liposomes [567,568]. The reason for increased
uptake of sEVs by tumor cells is likely due to higher vascularization as
well as the abnormal vascularization associated with tumors [568,569].
Additionally, another study observed an increased uptake of
tumor-derived exosomes by the tumors themselves by taking advantage
of this increased vascularity [569]. However, this group did PEGylate
the sEVs to ensure longer circulation times. Regardless, PEGylated sEVs
derived from tumors were found to accumulate with greater numbers in
tumors and tumor-associated immune cells compared to normal cells.
This study thus suggests that specific targeting can be obtained using
tumor-derived sEVs with minimal alterations.

Non-specific targeting of tumors using sEVs holds a great deal of
promise. Several studies have been conducted that confirm minimal, if
any, systemic toxicity when exosomes/sEVs or exosome-mimetics are
used to deliver chemotherapeutics [523,534,570]. sEVs delivery of
chemotherapeutics has also been shown to overcome drug resistance in
cancer stem cells [528,571]. Additionally, sEVs provide a more targeted
delivery to the tumor cells, even without modifications to enhance tar-
geting. However, sEVs-mediated drug delivery must overcome rapid
clearance by the liver and spleen in order to sustain long enough in
circulation to reach the tumor site.

7.2.4. Approaches for targeting

In most cases, the use of normal sEVs remains a challenge due its low
transfection efficiency. Altering the surface level proteins of an sEVs has
been commonly used to fix this dilemma. This can be achieved through
cell engineering of donor cells, recipient cells, or through the addition of
targeting ligands, in which these donor cells are genetically engineered
to induce the expression of fusion proteins or by using click chemistry to
add the targeting ligands [528]. In this section, we will go more into
depth on how these processes achieve targeting.

.An earlier study modified donor cells to express the transmembrane
domain of platelet derived growth factor receptor fused to the GE11
peptide in order to achieve better targeting of exosomes to EGFR +
breast cancer cells [572]. In this study, they found that the sEVs func-
tionalized with GE11 were less likely to enact EGFR-associated re-
sponses in the cells compared to sEVs functionalized with EGF. These
GE11 expressing sEVs were used to deliver let-7a miR to these tumor
cells in nude mouse models. Via fluorescent imaging assays, it was
observed that GE11-sEVs were 3 times as likely to collect in EGFR +
tumors then were control sEVs. Additionally, they did not accumulate in
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major organs, supporting a strong tumor-specific delivery method. Tu-
mors were injected with luciferin, and in those mice which were treated
with let-7a delivered by GE11-sEVs, minimal signal was observed. A
more recent study transfected HEK293T cells with tLyp-1 peptide to
generate tLyp-1 labeled sEVs [573]. The tLyp-1 peptide is known to
interact with specific receptors which exhibit high expression in
neoplastic vessels and tumor cells. These tLyp-1 sEVs were loaded with
siRNA for the SOX2 gene. Encapsulation efficiency of the siRNA into
targeting sEVs was nearly 15% greater than the encapsulation of the
siRNA into natural sEVs. When administered to A549 cells, the sEVs
functionalized for targeting tLyp-1 were about 1.5x more effective at
delivering the siRNA and knocking down SOX2 than natural sEVs or
liposome-based delivery system, Lipo3000. Even though these studies
were proven successful towards targeting, the use of using the donor’s
own cells for SEV harvest remains a challenge due to time-consuming
production and acquiring the specific sEVss from the patient’s own
body fluids [574].

A common ligand for targeting tumor cells is Transferrin, a trans-
membrane glycoprotein, which is abundant on cancer cells compared to
healthy cells [575,576]. In fact, a few studies have shown that the
overexpression of transferrin on the surface of lung cancer cells aids
better delivery of anti-cancer drugs to the cancer cells [577-579].
Therefore, the addition of a transferrin conjugated protein to sEVs can
increase targeting and cellular uptake of anti-cancer drugs. However,
other ligands can also be used. For example, a previously mentioned
study engineered immature dendritic cells from mice to express mem-
branal protein, Lysosome-associated membrane protein 2 (LAMP2B)
[534]. While we previously discussed this study under our drug delivery
subsection, it is important to note that the sEVs were generated by
modifying the immature dendritic cells to over express the LAMP2B
protein fused with av integrin-specific iRGD peptide to generate sEVs
which could target av integrin-positive breast cancer cells. As was pre-
viously discussed, the sEVs targeted the tumor cells more effectively,
exhibited greater therapeutic potential then free dox, and exhibited
minimal systemic toxicity.

Click chemistry has been increasingly popular since it does not alter
the structure or the biocompatibility of sEVs. Click chemistry is a
copper-catalyzed azide alkyne cycloaddition, which is suitable for the
attachment of small biomolecules to sEVs [580]. For example, the
cycloaddition of Arg-Gly-Asp-D-Try-Lys peptide was added to the sur-
face of mesenchymal stem cell (MSC) derived sEVs [581]. This modifi-
cation enabled targeting and treatment of ischemic reactive cerebral
vascular endothelial cells. This type of sEVs-functionalization can
therefore be helpful in the treatment of cancers. For example, a recent
study utilized click chemistry to functionalize sEVs with biocompatible
Cy5 fluorescent labeling in order to track the sEVs [582]. These
Cy5-labeled sEVs accumulated rapidly, and 1.53 fold greater than sEVs
labeled with carbocyanine lipophilic dye, in the tumors of mouse model
and exhibited a surprisingly low level of accumulation in organs usually
affected by systemic dosages. While more work is required to determine
how well this type of functionalization would work for treatment, it does
suggest potential for monitoring patients.

Triple negative breast cancer (TNBC) is difficult to treat due to the
lack of estrogen receptors, progesterone receptors, and human
epidermal growth factor receptor 2. A new study, however, has shown
that it is possible to use HER2+ EVs to functionalize TNBC cells with the
HER2 receptor, thereby rendering TNBC cells susceptible to chemo-
therapy [583]. HER2+ BT-474 cells were used to generate these HER2+
EVs. Introducing these HER2+ EVs into MDA-MB-231 triple negative
cells showed HER2 expression increase of 2.47 and 8.75-fold higher at 6-
and 12-h time periods when compared to negative controls. To ascertain
the effectiveness of conferring HER2 receptors to TNBC cells, liposomes
loaded with paclitaxel (LP-PTX) or tagged with HER2 antibody
(Ab-LP-PTX) were introduced to these HER2+ MDA-MB-231 cells. They
found that the Ab-LP-PTX had released 45% of its load compared to the
85% released by LP-PTX, suggesting a more controlled and targeted
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release by the Ab-tagged liposomes. This was verified when no fluo-
rescent signal was observed when the Ab-LP-PTX was introduced to
MDA-MB-231 control cells which had not been educated by the HER2+
EVs. To test this in mice, educated MDA-MB-231 cells were injected into
mice and then treated with Ab-LP-PTX and free PTX. Mice treated with
the Ab-LP-PTX showed a 34.6% decrease in tumor weight and a 33.3%
decrease in tumor volume over the course of 18 days. Thus, taken
together, it is possible to confer HER2 onto HER2-cells using HER2+ EVs
and then specifically target HER2+ cells for drug delivery by labeling
drug-loaded liposomes with HER2 antibody.

The incorporation of either genetically engineering donor cells or
targeting ligands have shown favorable responses for targeting specific
cell types or organs with sEVs. However, manipulation of the donor cells
and sEVs can affect the biocompatibility and structure. Therefore,
consideration should be taken when determining which methods should
be used and how that may influence the morphology of the donor cells or
exosomes [584].

7.2.5. Preparation of engineered sEVs

7.2.5.1. Mechanical extrusion. sEVs can also be engineered via me-
chanical extrusion of cells to form nanovesicles that mimic naturally-
produced sEVs. For example, studies have shown that these cell-
engineered nanovesicles (CNVs) can mediate cellular communication,
much like standard sEVs and have been found to improve wound healing
[585,586]. Extrusion is also more efficient for producing greater quan-
tities of vesicles compared to isolating sEVs [585,587]. Mechanical
extrusion involves forcing cells through a microporous filter, resulting in
the shredding of membranes into fragments that spontaneously reform
into small extracellular vesicle-like structures which contain fragments
of DNA, RNA, as well as proteins and other cellular components [587].
When engineering sEVs in this manner, if the cells being extruded are
mixed with the drug for loading, the drug will be encapsulated when the
membranes reform [520]. Thus, it is possible to utilize these structures
in place of sEVs. Two studies from the same lab have shown the viability
of these CNVs in cell-to-cell communication, similarly to natural SEVs. In
the first study, these nanovesicles were derived from embryonic stem
cells (ESCs), mechanically extruded, and the appropriate sizes isolated
via dgUC [585]. They then treated fibroblasts with these CNVs to
determine if they were readily taken up by the fibroblasts. To verify the
presence of the ESC CNVs, they analyzed the RNA of treated versus
untreated groups for the presence of pluripotent markers Oct3/4 and
Nanog and found that only the fibroblasts which were treated with the
CNVs expressed these pluripotent markers. They then conducted a
wound healing assay on the fibroblast groups treated with CNVs
compared to untreated groups and found increased proliferation in the
treated groups (188, 151, and 84%) compared to the untreated groups
(168, 103, and 62%). Furthermore, there was also a 2- and 4-times
greater increase in VEGFa and TGFp expressions, respectively, in the
treated groups compared to the untreated. The second study utilized
mesenchymal stem cells (MSCs) to generate the CNVs (MSCNVs) and
compared the efficiency of MSCNVs to EVs derived from MSCs
(MSCEVs) in wound healing [586]. They found that the fibroblasts
treated with MSCNVs were better at stimulating cell proliferation
compared to fibroblasts treated with MSCEVs and no treatment. Then,
they conducted a wound assay in nude mice, where one group was
treated with MSCNVs and the other did not receive treatment. Both
wounds were covered with tegaderm during the healing process. After 7
days, they analyzed the tissues of the two mice and found that the wound
treated with MSCNVs had increased to a thickness of 543 pm while the
untreated wound had a skin thickness of 423 ym After 13 days, the
wound that was treated with MSCNVs had almost completely filled the
dermis and epidermis with blood vessels, whereas the wound that
remained untreated did not exhibit significant vascular penetration.
Both studies utilized sEVs mimetics via mechanical extrusion of cells and
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found that extruded sEVs mimetics behave similarly to naturally pro-
duced sEVs, and may even be more effective than normal sEVs in wound
healing.

While sEVs-like particles can be generated via extrusion, sEVs
derived from cancer can also be extruded with other particles to increase
their uptake or drug delivery effectiveness. In one study, mechanical
extrusion through 100 nm filter was used to functionalize 70 nm posi-
tively charged gold nanoparticles with branched polyethylene imine
(AuNP-BPEI) to maximize interaction with the negatively charged sEVs
membranes [588]. The study examined the effects of membrane proteins
on sEVs and their uptake in cancer cells and macrophages. They did this
by using proteinase K to dissolve the proteins on the sEVs membranes
(PK-EV) and found that macrophage uptake of PK-EVs were 67% more
than sEVs with intact membrane proteins. Meanwhile, 4T1 cells took up
27% fewer PK-EVs compared to sEVs with proteins, suggesting specific
targeting of tumor cells by tumor-derived sEVs. Then they examined
whether the surface proteins remained intact through the extrusion
process by analyzing protein composition before extrusion and after.
There was no significant difference in the membrane proteins before and
after extrusion with AuNP-BPEL Finally, they analyzed the uptake of the
sEVs-coated AuNP-BPEI compared to AuNP-BPEI without sEVs coating
and observed a slight, but significant 15% decrease in macrophage up-
take of sEVs-coated AuNP-BPEI in relation to AuNP-BPEIL This study
suggest the potential for using sEVs membranes, not the sEVs them-
selves, for cloaking drugs and improving targeted delivery of these
treatments directly to cancer cells.

7.2.5.2. Ultrasonication. Sonication is another means by which sEVs
can be generated or encase drugs for therapeutic targeting. Sonication
utilizes sound waves to weaken the membranes of sEVs and cells,
resulting in more efficient dismantling of the cells and reforming into
nanovesicles [587,589] or more efficient drug loading of the sEVs [520,
590,591]. For the former, ultrasonication was utilized on human um-
bilical cord mesenchymal stem cells (huMSCs) to engineer sEVs (eEVs)
for skin treatment [589]. The cells were sonicated for 1 min to shear the
cells. The lipid bilayer membranes reformed, encapsulating bio-
molecules and mimicking naturally secreted EVs (nsEVs). They reported
that nsEVs and the eEVs did not exhibit any significant differences in
structure or size. Sonication generated ~20-fold greater sEVs and is
reported to be 100-fold faster than traditional EVs harvest. To verify if
the eEVs could educate cells similarly to nsEVs, human dermal fibro-
blasts (HDFs) were inoculated with either eEVs or nsEVs in a 96-well
plate. After 24 h, the control, nsEVs, and eEVs groups were examined.
The cell number increased from 44.8 + 3.2 cells to 56.7 & 2.9 (control),
45.8 £ 3.6 t0117.2 & 4.1 (nsEVs), and 42 + 3.6 to 137.2 & 9.4 (eEVs),
thereby showing that nsEVs and eEVs could significantly affect the
proliferation of HDFs. Similarly, nsEVs and eEVs increased proliferation
in a wound healing assay. After 48 h, the wound width was observed to
be 27.1 £10.6%, 5.3 & 3.1%, and 2.7 & 1.3% for the control, nsEVs, and
eEVs groups respectively. When a wound assay was conducted on mice,
the wounds which had been treated with nsEVs and eEVs exhibited
superior healing after 14 days with the wounds decreasing in size to 4.5
+ 2.7 and 4.1 + 0.7%, respectively, compared to the control (23.2 +
8.9%). Furthermore, in the mice treated with nsEVs or eEVs, there were
greater numbers of fibroblasts compared to the control, thereby con-
firming the wound-healing affects of both nsEVs and eEVs. Additionally,
this study suggests that there is not a significant difference between the
effectiveness of nsEVs and EVs generated by ultrasonication in wound
healing, which further supports the potential for eEVs to be used in place
of nsEVs for various purposes.

As has already been discussed in this review, sEVs innately target
tumor cells, whether it is from an increased uptake by the tumors or
direct homing. Thus, sEVs offer a strong alternative for drug delivery.
One group compared different methods for loading PTX into sEVs,
specifically exosomes, and assessed the ability of PTX-loaded exosomes
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(exoPTX) to enhance therapy in multiple drug resistant (MDR) tumors
[591]. The exosomes were first harvested from macrophage-like RAW
264.7 cells. The loading capacities (LC) of PTX into these exosomes for
incubation, electroporation, and sonication were compared. Sonication
exhibited the greatest LC (28.29 + 1.38%), meanwhile, incubation
exhibited the lowest (1.44 + 0.38) and electroporation also displayed a
low LG, 5.3 &+ 0.43%. Additionally, the LC of sonication is also report-
edly higher than commercial formulations such as Taxol (~1%) or
Abraxane (~10% LC). The delivery efficiency of exoPTX was compared
to other drug delivery methods such as liposomes and polystyrene
nanoparticles of the same size. Using fluorescent labels, it was observed
that a drug resistant Lewis lung carcinoma cell line (3LL-M27) cells took
up nearly 30x more exosomes than liposomes or nanoparticles. The IC50
of exoPTX, PTX, and taxol were also compared in MDCK (Madin-Darby
Canine Kidney) cells expressing the drug efflux transporter Pgp
(MDCKwpry1), drug sensitive MDCKyr, and 3LL-M27. In all cell lines,
exoPTX exhibited an IC50 of far less than taxol and PTX. For 3LL-M27,
MDCKwt, and MDCKypgr1, the IC50s (ng/ml) are as follows: 13.57 +
1.33,23.33 +£3.77, and 187.5 + 38.65 compared to that for taxol (23.16
+1.88,69.54 +11.5, and 1708.67 + 299.93) and PTX (126.41 + 31.31,
428.77 + 63.37, and >10,000). Finally, the antineoplastic effect of
exoPTX was examined in C57BL/6 murine models injected with
3LL-M27 cells. 48 h after tumor cell injection, exoPTX, Taxol, or saline
were intranasally administered every other day and tumor metastasis
and growth were monitored for 22 days. The data presented in the paper
shows a significant inhibition of metastasis by exoPTX compared to
controls and taxol. This work therefore shows the effectiveness of using
sonication to load drugs into EVs and overcoming drug resistance in
resistant tumors.

7.2.5.3. Exosome/liposome hybrid. Fusing sEVs and liposomes may in-
crease stability as well as promote uptake by target cells [592]. In this
paper, exosomes from RAW 267.4 cells were fused with liposomes via
freeze-thaw cycles. The efficiency of this method was tested using flu-
orescently labeled liposomes in a liposome-liposome system and an
exosome-liposome system. The efficiency for the double liposome sys-
tem was 2.1 + 0.1 compared to the exosome-liposome system, 3.3 + 0.2,
after 10 freeze-thaw cycles. Furthermore, exosomes fused with liposome
membranes did not exhibit any obvious morphological changes. CMS7
lines, which are normally HER2-negative, were then altered to express
HER2 so they could collect HER2-expressing exosomes to test fusion
with liposomes. They found that CMS7-HER2 derived exosomes fused
with liposomes at a higher efficiency (3.5 + 0.2 to 9 & 0.8, depending on
the liposome used) compared to the exosomes harvested from RAW
267.4 cells (1.7-7.6 + 0.5). To determine the cellular uptake efficiency,
HeLa cells were incubated with fluorescently labeled exosome-liposome
hybrids for 4 h and found that neutral and anionic lipids did not affect
uptake whereas cationic profiles did, while the hybrids incorporating
PEG-lipids significantly increased cellular uptake by almost two fold
compared to unmodified exosomes, as determined by mean fluorescence
(400 for unmodified exosomes and 800 for PEG-lipid-exosome hybrids).
This study therefore shows the potential effectiveness of using an
exosome-liposome hybrid for drug delivery by increasing circulation in
the bloodstream, due to PEGylation of the hybrid, while simultaneously
increasing its cellular uptake. Exosome/liposome hybrids have also
exhibited potential for delivering CRISPR/Cas9 gene editing to target
cells, thereby eliminating the need for potentially harmful viral vectors
for delivery [593]. Exosomes from HEK293FT cells were harvested via
PEG6000 precipitation before hybridization. The exosomes were incu-
bated with liposomes and CRISPR/Cas9 interference system targeting
mRunx2 gene or a CRISPR/Cas9 cleavage system targeting hCTNNB1
gene for 12 h at 37 °C before incubating with murine MSCs. They found
that the CRISPR system successfully decreased Runx2 expression by
about half in these MSCs compared to the untreated groups. By contrast,
exosomes derived from transfected cells exhibited little effect on Runx2
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expression in the MSCs. Similarly, in the cleavage system, only the
experimental group that was treated with exosome hybrid exhibited
successful gene editing as evidenced by the presence of the mismatch,
compared to the lipofectamine and exosome only groups. This data
therefore suggests that exosome/liposome hybrids can successfully
deliver functional CRISPR/Cas9 systems while only liposome or exo-
some could not.

Another paper describes the hybridization of exosomes and lipo-
somes via PEG-mediated fusion to develop a drug delivery method
[594]. EVs were harvested from human umbilical vein endothelial cells
(HUVEC) and mixed with rhodamine-labeled liposomes generated by
extrusion. The liposomes and exosomes were incubated in a 30% PEG
8000 concentration for 2 h before imaging. EVs possessing phosphati-
dylserine (PS) were tagged with Annexin V-FITC, whereas the liposomes
contained rhodamine. These hybrids contained most of the rhodamine
lipid fraction (69%) whereas the liposomes and exosomes that were
incubated in the absence of PEG exhibited less rhodamine integration,
suggesting less successful fusion. To determine the uptake efficiency of
the hybrid compared to liposomes or sEVs alone, sEVs harvested from
MSC cells were used and mixed with the liposomes in a 1/1 ratio with
PEG. Two groups were used, one wherein the liposomes were PEGylated
and the other group in which the liposomes were not PEGylated. The
PEGylated or non-PEGylated hybrids were then introduced to THP-1
derived macrophages. PEGylated hybrids were about 8-fold less inter-
nalized compared to non-PEGylated ones, showing that PEGylated hy-
brids were less likely to be opsonized by the macrophages, and thus
more likely to make it to their target. To test drug loading efficiency and
delivery, sEVs were fused with a mTHPC-encapsulated liposomes, called
Foslip, in the presence of PEG solution. Clinically, mTHPC is an anti-
tumor photosensitizer, which, when activated by light, results in
apoptosis of targeted cells. The mTHPC-loaded hybrids were compared
to the encapsulation performance of sEVs generated by cells which
preloaded with the drug. The hybrid exhibited 90% encapsulation effi-
ciency compared to 3% for the sEVs harvested from parent cells pre-
loaded with mTHPC. Cytotoxicity was measured in CT26 colon cancer
cells. Hybrid sEVs, Foslip, and free mTHPC were administered to culture
groups at three different doses (2.5, 0.5, and 0.1 pM) and incubated for
4 h. Nearly 60-70% of the hybrid EVs were internalized compared to
10-20% for Foslip or free mTHPC. Upon irradiation with 650 nm laser at
10 J/cm?, every condition, except for the lowest dose of 0.1 uM of free
mTHPC, exhibited nearly 100% toxicity. Taken together, SEVs can be
hybridized with liposomes to improve drug loading efficiency and better
performance than sEVs or liposome-delivery methods alone.

Once sEVs are engineered, several methods exist for further pre-
paring them for use as drug delivery systems. While it is possible to
generate sEVs from parent cells pre-loaded with drugs, this method is
inefficient because sEVs isolation methods are laborious or inconsistent,
and seldom produce enough sEVs for effective therapy. Thus, it is
possible to load drugs into sEVs via extrusion, ultrasonication, or hy-
bridizing them with lipids. Mechanical extrusion can risk damaging the
sEVs membranes. However, sEVs can also be prepared via extrusion, and
with greater efficiency than traditional isolation methods. These fabri-
cated sEVs successfully mimic natural sEVs, enacting similar, or even
better, wound healing abilities compared to natural sEVs. Similarly,
ultrasonication can also produce sEVs-like particles that exhibit similar
characteristics and functions as standard sEVs, including the ability to
affect cellular metabolism. Drug loading via ultrasonication is also
efficient compared to passive loading methods and appears to be more
efficient at delivering drugs. Hybridization of sEVs with liposomes ex-
hibits great versatility for drug delivery and design, with these hybrids
able to deliver different types of therapies while also being more
malleable to modifications which increase their circulation time.
Furthermore, hybridization also offers a benefit over liposomes, which
suffer from lower cellular uptake compared to sEVs or sEVs hybrids.
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7.3. As the treatment target: eliminate cancer-derived extracellular vesicle

It is widely known and accepted that exosomes modulate immune
response, prime distant sites for metastases, and contribute to chemo-
resistance [595-602]. Disrupting these actions may prove a beneficial
strategy for treating cancer patients. Previous studies have shown that
macrophages will phagocytose exogenous exosomes [603-605]. For
example, one study injected CD9 and CD63 antibodies dissolved in PBS
into mice [605]. They observed a decrease in breast cancer metastasis to
the lungs, especially in mice injected with anti-CD63 as determined by
the number of metastatic foci. For both anti-CD9 and anti-CD63 treated
groups, the foci numbered around 25 with very little variation,
compared to the control which showed above 25 foci and extensive
variation. However, they did not observe a decrease in primary tumor
size or neovascularization. This study suggests the feasibility of intro-
ducing methods for targeting specific tumor sEVs subpopulations to
minimize metastases.

Exosome populations can also be targeted using drugs that disrupt
their formation. These methods include the ESCRT-independent and
ESCRT-dependent mechanisms. It has previously been established that
syndecan-syntenin-ALIX signaling is involved in exosomal biogenesis
and could potentially be a therapeutic target for minimizing exosomes
release [41,606]. Additionally, ceramides can be targeted via sphingo-
myelinases [607,608]. Rab27a and Rab27b have also been implicated in
sEVs development and release, with inhibition of Rab27a resulting in a
50-75% decrease in sEVs population from tumor cells, and a 25-50%
decrease in tumor size and metastases. Other studies have also reported
that inhibition of Rab27a results in decreased tumor cell proliferation
and metastasis [41,608,609]. Interfering with the uptake of sEVs may
also be effective at impeding the functions of tumor-derived exosomes.
For example, chlorpromazine is known to inhibit clathrin-mediated
endocytosis and has been shown to decrease sEVs uptake by 41% [41,
610]. Blood filtration has also been proposed as a means of removing
tumor-derived sEVs and mitigating the immunosuppressive effects of
sEVs [41,611,612]. Still, more studies have been conducted identifying
proton pump inhibitors as potential targets for decreasing exosome
formation and release [41,320]. Thus, there are several ways in which
exosomes and sEVs can be targeted that could potentially mitigate tumor
progression.

EVs are crucial in cell-to-cell communication and contribute a great
deal to tumor progression and metastasis. However, with such a diverse
function, any broad methods for targeting sEVs could prove disastrous as
such methods could interfere with the functions of healthy cells. Tar-
geting sEVs has potential if specific tumor subpopulations of sEVs can be
eliminated. Regardless, targeting tumor-derived sEVs is not enough of a
treatment on its own, but it can certainly support traditional therapies
and mitigate drug resistance, metastases, and immunosuppressive ef-
fects of tumors.

7.4. Summary

sEVs offer a valuable alternative to the current therapeutic options.
sEVs are unique molecules with a wide array of application. They have
been explored for use as novel vaccines against tumors due to their
inherent characteristics, including ability to activate the immune
response. Furthermore, sEVs can evade degradation by immune cells
and are taken up in greater numbers by tumors, which makes them
useful as drug delivery vehicles. However, it is necessary to choose the
right cell type from which to harvest sEVs for use as a vaccine or drug
delivery vehicle. For example, tumor derived and dendritic cell derived
sEVs may provide more efficient delivery vehicles for chemotherapy and
vaccines due to their inherent roles in priming the immune responses
towards cancer. However, it is difficult to harvest enough sEVs from
these cell types in order to develop efficient delivery methods for
medical use. Thus, mechanical extrusion, ultrasonication, and hybrid-
izing exosomes with liposomes provide an alternative for mass
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production of viable sEVs-like structures and maximizing drug and
vaccine loading into these sEVs. Finally, it is possible to target sEVs as a
means of anti-tumor therapy by interrupting their formation. Much
research is still needed to validate sEVs for therapy, but the current
research suggests great promise as the field continues to grow and its
methods improve.

8. Conclusion

Extracellular vesicles are important modulators of inter- and intra-
cellular communication and are capable of enacting cellular responses
when their cargoes are internalized. The lipid bilayer membrane of EVs
confer stability in body fluids, allowing them to enact responses in
distant cells via their cargoes. These cargoes include DNA, mRNA,
miRNA, IncRNA, and proteins as well as other cellular constituents. The
internal and external contents of EVs therefore offer strong potential for
non-invasive tumor biomarkers as well as assessing patient prognosis
and monitoring response to therapy. However, EVs-based diagnostics
offer major challenges. One challenge is that EVs are a diverse group
with three major subtypes: exosomes, microvesicles, and apoptotic
bodies. Each subtype exhibits specific characteristics, compositions, and
functions which confound standardized isolation protocols. Thus, cur-
rent EVs isolation methods suffer from protein contamination and co-
isolation of other size-similar molecules, thereby making the isolation
of specific EVs sub-populations difficult. Additionally, other methods
which may yield high purity, may also yield high losses of sEVs. This is
concerning, especially when determining a pure sEVs-based tumor
diagnostic. Regardless, technology and methods continue to be
improved upon, with combinations of methods often offering higher
purity and yield.

Numerous studies have examined the relationship between tumor
derived sEVs and the tumor microenvironment. These studies have
determined that sEVs support the tumor microenvironment through
several key processes which involve the transfer of their cargoes to
neighboring and distant cells. These pro-tumorigenic-cargo-laden EVs
contribute to angiogenesis and the pre-metastatic niche, tumor growth,
increased vascular permeability, subversion of the immune response,
facilitation of EMT programs, and the reprogramming of stromal cells
[175]. Additionally, studies have identified a significant association
between hypoxia [613,614] and acidity [615-617] with tumor aggres-
siveness, and, evidently, both appear to contribute to increased EV
release [618,619]. Interestingly, studies have implicated hypoxia in
inducing the release of pro-angiogenic EVs [620,621] and EVs derived
from hypoxic environments have contributed to hypoxia tolerance in
other cells [620,622]. While more research is required to establish the
precise role of each EVs subpopulation in tumor progression, one recent
study has suggested that exosomes are the most bioactive and effective
at promoting hypoxic cell survival in the tumor microenvironment
[619].

Liquid biopsies complement and resolve the limitations of traditional
biopsies by facilitating assessment and analysis of tumor tissue when
acquiring tissue samples are impossible or if specimens were inadequate
[623]. Additionally, liquid biopsy enables a better understanding of the
wide array of mutations present within the heterogenous tumor.
Traditionally, liquid biopsy refers to the collection of circulating tumor
cells (CTCs) and cell-free nucleic acids from peripheral blood through
venipuncture. This offers considerably fewer risks, resources, and
expertise than serial biopsy which requires an experienced physician to
perform. Furthermore, liquid biopsies offer a noninvasive method for
determining specific tumor mutations which inform therapy options and
provide a means to monitor patient response to therapy as well as tumor
recurrence. Traditional liquid biopsies, however, suffer from low levels
of detection as CTCs are rare and cell-free nucleic acids are often
degraded in circulation. Current FDA-approved methods for liquid bi-
opsy therefore exhibit low sensitivity and specificity. A recent clinical
study, however, utilized liquid biopsy to analyze methylation signatures
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in cell-free DNA and was able to detect 50 different types of tumors, with
increasing sensitivity and specificity as staging progressed [624].
However, liquid biopsies utilizing EVs may offer a more robust tumor
detection as EVs resist degradation in the bloodstream, unlike cell-free
nucleic acids, and are considerably more abundant than CTCs
[625-627]. EVs have also shown potential for early tumor detection
even before the onset of clinical symptoms as well as ability to distin-
guish between benign lesions and tumors [40,618,626,628,629]. How-
ever, EVs carry a plethora of markers that offer diagnostic capability;
thus, optimization of biomarker selection is necessary to justify the
significant financial and time demands of assay development for clinical
application.

Current chemo- and radiotherapies often result in systemic toxicity
which can manifest in any organ or multiple organs, depending on the
therapy and dosage administered and its duration [630]. Immuno-
therapy decreases these negative side effects by targeting specific tu-
mors. However, some types of immunotherapy, such as monoclonal
antibodies, still induce negative side effects such as fever, muscle pain,
nausea and vomiting, as well as other flu-like symptoms [631]. sEVs, on
the other hand, have exhibited promise in tumor targeting with minimal
to no observed toxicity [566,632,633]. sEVs have been engineered to
deliver chemotherapy, toxic proteins, and tumor suppressing miRs/-
siRNA [39,531]. Even non-targeted delivery of sEVs have shown mini-
mal toxicity and an increased uptake by tumor cells compared to healthy
cells [528,634]. sEVs-mediated drug delivery also enables treatment to
effectively pass the blood-brain barrier, which is an advantage over
traditional chemotherapy [39,635]. Efficacy of sEVs-based delivery
systems, however, relies on identifying the optimal cell population for
sEVs harvest. sEVs for drug delivery have come from immune cell
populations as well as tumor cell populations, thereby enhancing
anti-tumor immune response in the host [636]. However, there are is-
sues that must be overcome for sEVs-based drug delivery systems to be
viable in the clinic. These systems still rely heavily on identifying the
most viable subpopulations of sEVs and isolating those purified samples.
Despite apparent tolerance of sEVs, and an observed lack of toxicity,
dosage must be optimized to minimize clearance and ensure enough
drug-carrying sEVs are sequestered by the tumor. Fortunately, sEVs
structure can be modified to enhance circulation time and ensure arrival
to and uptake at the tumor site [524,637-639].

Despite the hurdles facing clinical use of EVs, they remain incredibly
versatile. As the field of EVs research progresses and technology im-
proves, standardized isolation methods which enhance purity will be
determined and agreed upon for clinical applications. Once a stan-
dardized isolation protocol is determined, the next barrier to clinical EVs
application will involve enrichment for tumor-specific markers that can
diagnose, inform treatment, and facilitate patient monitoring. Deeper
understanding of the mechanisms governing EVs communication be-
tween cells will inform novel treatment options which include not only
utilizing EVs targeted drug delivery, but also potentially targeting EVs to
enhance current and future antitumor therapies. It is this versatility
which secures the future of EVs research and ensures their role in the
future of medicine.
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